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ABSTRACT 

Bioinspired solvent resistant nanofiltration membranes 

 

In the last decades, there has been a trend towards bio-inspired approaches for the formation 

of nanocoatings as well as to accomplish energy-intensive industrial separations in a more 

sustainable fashion. Solvent Resistant Nanofiltration (SRNF) is a pressure driven technology 

where the operation conditions are moderate and additional waste streams are minimized, 

making this a favorable energy efficient approach for challenging molecular separations such 

as purification of active pharmaceutical ingredients, production of specialty chemicals and in 

the petrochemical industry just to mention a few examples, where this technology can be 

currently applied. The overall performance of SRNF membranes is determined by 

solute/solvent interactions with the membrane top layer. Therefore, the modification of the 

membrane surface becomes crucial to obtain high -performance SRNF membranes, as well as 

exploring novel and green approaches to improve the separation properties of SRNF 

membranes, without sacrificing their permeation properties. One alternative for the 

fabrication of the thin-films in SRNF membranes proposed in this work is the use of bio-

polyphenolic molecules. Among the many classes of phenolic biomolecules, plant phenols 

are capable of binding and cross-linking due to their strong interfacial activity. Here, the 

successful optimization of the interfacial polymerization reaction for the manufacture of 

SRNF membranes is demonstrated by replacing the common toxic amines used for this 

method with natural occurring bio-polyphenols such as dopamine, tannic acid, morin hydrate 

and catechin. These bio-polyphenols can be found in mussels, date fruits, guava fruits and 

green tea respectively and they were used to form a selective thin film on top of a crosslinked 

polyacrylonitrile or a cellulose support. These membranes have shown an exceptional 

performance and resistance towards harsh solvent environments. Due to the incorporation of 
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natural compounds for the manufacture, they provide a cost-effective alternative for industrial 

separations due to the ease of chemical modification and preparation, which is potentially 

easy to scale up at low cost taking advantage of the natural compounds for their manufacture. 
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Chapter 1      

Introduction and Dissertation Structure 

1.1 Motivation 

The development of solvent resistant nanofiltration (SRNF) has recently gained significant 

attention in the petrochemical, biotechnological and pharmaceutical industries due to its 

lower economical and environmental cost compared to conventional separation techniques 

such as chromatography, distillation, extraction or crystallization. It is generally more energy 

efficient, mostly does not create extra waste streams and allows for mild operating conditions 

[1]. According to a recent extensive sustainability assessment, SRNF has a huge potential in 

becoming the best available technology (BAT) among the separation techniques in organic 

media [1]. SRNF can also very well complement the conventional separation techniques into 

more efficient hybrid processes. In industry, SRNF may be applied in many solvent-intensive 

processes, some of them with a large economic impact, such as edible oil refining and 

degumming, catalyst recovery, solvent recycling in the pharmaceutical industry, solvent 

dewaxing, polymer fractionation and athermal solvent exchange [2]. 

Polymeric membranes are considered to be the most interesting material for SRNF 

applications. Advantages are the large variety of available polymers, their relatively low price 

and the ease of fabrication and up scaling of polymeric membranes. However, an important 

limitation of polymeric membranes is their limited thermal and chemical stability. 

Interactions between organic solvents and the membrane can cause these membranes to swell 

extensively, or ultimately even to dissolve resulting in loss of selectivity [2]. 

Polyacrylonitrile (PAN) membranes are well known for their solvent resistance and low 

fouling character for aqueous filtrations due to their hydrophilic nature [3]. Compared to 
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other polymer materials, PAN also has good resistance against chlorine [4], but it is unstable 

in certain classes of solvents, such as aprotic solvents like DMF, which is a common solvent 

for this polymer. Numerous methods have been reported to develop PAN membranes with 

improved chemical stability to various types of solvents. Most of the methods involved cross-

linking either of the neat PAN or of PAN copolymers. Crosslinking of membranes generally 

promotes resistance to chemical attacks [5–11] and reduces the mobility of the polymer 

chains, allowing membranes to exhibit a higher selectivity while maintaining permeability [7, 

8,12]. Crosslinking is widely applied to polyimide membranes [13–15] in the field of NF 

membranes. Crosslinked membranes have better stability in organic solvents, high heat 

resistance and improved mechanical strength. The procedures applied for PAN included 

systems such as PAN/metal ethoxides [16], PAN/sodium hydroxide with heating[17,18], 

PAN-co-polymers such as poly(acrylonitrile-co-glycidylmethacrylate) [19,20] and 

hydrolyzed polyacrylonitrile [21] to form cross- linked networks. 

The use of neat PAN as a substrate layer for making thin film composite (TFC) membranes 

by interfacial polymerization technique has been developed earlier and their performances 

were tested with several solvents [22] except DMF. For this project we have chosen 

hydrazine hydrate as a crosslinking agent. This particular crosslinker has been previously 

used to modify PAN fibers for heavy metal absorption [23] and we expect it to be a 

successful candidate for solvent resistant applications as it was previously reported as 

crosslinking agent to avoid PAN fibers from solubilizing in organic solutions [24]. 

Cellulose based membranes are another alternative for SRNF as cellulose is a sustainable 

biopolymer extracted from plants and living microorganisms[25,26]. It is characterised by 

chemical and thermal stability, low cost, availability and biodegradability that makes it a 

potential alternative to hydrocarbon-based polymers as a support material[27]. Its solubility 
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in ionic liquids has opened a new route for the preparation of cellulose membranes by the 

phase inversion technique[28,29]. Ionic liquids are also considered environmentally friendly 

solvents due to their high thermal stability, non-flammability, negligible vapour pressure and 

low chemical activity[30].  

 

Many efforts have been devoted to improve the membrane performance and extend their 

application via the methodology of surface engineering. A promising strategy is through 

marine [31] and plant polyphenol inspired chemistry [32], which might become a powerful 

tool in membrane fabrication and modification because of its universality and versatility. 

 Substrates immersed in aqueous solutions of dopamine spontaneously form thin, surface-

adherent polydopamine films. Polydopamine coating formation is simple, starting from the 

autoxidation to form a reactive o-quinone, in analogy to melanogenesis [33,34] and 

polymerization of dopamine in a basic solution [35]. This reaction can be easily modulated 

by varying dopamine concentration, deposition time or temperature [36], and furthermore, the 

active groups of PDA enable a secondary reaction to take place with amino-/thiol-terminated 

compounds [37].  

Due to structural resemblance to dopamine, plant (poly)phenols possessing a remarkable 

abundance and density of catechol, phenol and gallol (1,2,3-trihydroxyphenyl) functional 

groups, are expected to exhibit strong solid–liquid interfacial properties. The common name 

for the class of plant (poly)- phenols capable of binding, cross-linking, or precipitating 

proteins is tannins, and their strong interfacial activity is the basis of the astringency effect 

and their historical use in leather tanning [38].  The use of plant-derived (poly)phenols as 

precursors for spontaneous, multifunctional, and substrate-independent nanocoatings was 

recently reported [39-42]. These studies have revealed the potential of tannic acid, cathechin, 
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quercetin and morin as nature derived polyphenols able to form thin adherent films [32]. 

The aim of this project is to develop solvent resistant nanofiltration membranes using cross-

linked PAN and cellulose as a solvent stable substrate to fabricate TFC membranes with a 

greener approach by using bio-based polyphenols for their manufacture. This 

interdisciplinary research involving material science, chemical synthesis and the 

incorporation of natural compounds for the manufacture of TFC membranes resistant to harsh 

environments such as DMF and other organic solvents, is important for the petrochemical, 

biotechnological and pharmaceutical industries, as it opens perspectives towards new 

potential applications, such as purification of pharmaceuticals, catalyst recovery, solvent 

recycling, etc. 

1.2 Organization of Chapters 

This PhD dissertation work is composed by 9 Chapters, all focused on the development of 

solvent resistant nanofiltration membranes by using bioinspired materials with the aim of 

providing greener alternatives for the membrane manufacture. 

 

Chapter 1 gives a brief introduction about the topic of solvent resistant nanofiltration. It 

describes the growing interest in this field in the last decades, the current challenges and a 

description of the polymers used in this project for the membrane support such as PAN and 

cellulose. It also gives a brief description of the biopolyphenols used for the manufacture of 

the thin film composite membranes as well as the importance of TFC in different industries. 

 

Chapter 2 gives deeper insight in solvent resitant nanofiltration, the way membranes are 

classified according to operating pressure, retained solute/pore size [nm], molecular weight 

cutoff [g mol−1], transport mechanism, and examples of applications. Also it talks about 
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membrane classification regarding it’s morphology and preparation techniques, as well as it 

describes in depth in the fabrication of thin film composite membranes as these are the type 

of membranes developed in this dissertation project. At the end of this chapter a description is 

given of the biophenols used in this project as well as the advantages that this compounds 

provides while utilizing them for membrane surface modification. 

 

Chapter 3 focuses on the crosslinked PAN support for the fabrication of TFC membranes. 

This chapter describes a cost effective and easy to scale up crosslinking method by using 

hydrazine hydrate as a crosslinker, making these membranes extremely resistant to harsh 

solvent environments such as DMF, showing good performance and reproducibility. The 

content of this chapter has been published in L. Pérez-Manríquez, J. Aburabi’e, P. 

Neelakanda, K-V. Peinemann, Cross-linked PAN-based thin-film composite membranes   for 

non-aqueous nanofiltration , Reactive & Functional Polymers 86 (2015) 243–247. 

 

Chapter 4 starts introducing the utilization of biopolyphenols in the manufacture of TFC 

membranes by taking our support described in chapter 3 and performing an interfacial 

polymerization using dopamine, a compound found in mussels, and terephthaloyl chloride. 

The result is an ultra thin solvent resistant nanofiltration membranes with a selective layer of 

approx 5nm thickness with a smooth surface and excellent permeation and rejection 

performance in DMF making this membrane attractive for industrial harsh solvent separation 

processes as it is a simple and easy to scale up method. The content of this chapter has been 

published in L. Perez-Manriquez, A. Behzad, K.-V. Peinemann, Sub-6 nm thin cross-linked 

dopamine films with exceptional stability for organic solvent nanofiltration, Macromolecular 

Materials and Engineering 301 (2016) 1437-1442. 
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Chapter 5 provides an alternative for the interfacial polymerization reaction by using the 

natural oligomer tannic acid, found in high content in date fruits, and terephthaloyl chloride 

on top of a crosslinked polyacrylonitrile (PAN) membrane support. The resulting thin film 

composite membrane showed excellent stability in harsh solvent environments and this time 

the study was focused in particular on N-methyl-2-pyrrolidone (NMP). The exceptional 

stability in NMP and the incorporation of natural compounds like tannic acid for the 

manufacture of organic solvent nanofiltration membranes is providing another cost-effective 

alternative for industrial separations due to the simplicity of the interfacial reaction and the 

replacement of the commonly applied toxic aromatic amines. The scale up of the 

manufacturing process is not difficult and the low price of the natural tannic acid is another 

advantage that this membrane offers. The content of this chapter has been published in L. 

Pérez-Manríquez, P. Neelakanda, K. -V. Peinemann, Tannin-based thin-film composite 

membranes for solvent nanofiltration, Journal of Membrane Science 541 (2017) 137–142. 

 

Chapter 6 describes the successful optimization of the interfacial polymerization reaction for 

the manufacture of organic solvent nanofiltration membranes by replacing the toxic amines 

commonly used for this method with the natural occurring bio-polyphenol morin, a 

compound that can be found in the guava fruit. For the manufacture of this type of OSN 

membrane our previously reported crosslinked PAN support was coated by interfacial 

polymerization using morin  as the monomer of the aqueous phase and terephthaloyl chloride 

as the monomer of the organic phase. These membranes showed an exceptional performance 

and resistance to NMP, even better than the one we reported for our membranes in Chapter 5 

by having a a permeance of 0.3 Lm-21h-1bar-1, in NMP with a rejection of 96% of Brilliant 

Blue dye which has a molecular weight of 825.97 g/mol, which makes these membranes 

attractive for harsh industrial separation processes due to their ease of manufacture, low cost, 
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and excellent performance. The content of this chapter has been published in L. Pérez-

Manríquez, P. Neelakanda, K. -V. Peinemann, Morin-based nanofiltration membranes for 

organic solvent separation processes, Journal of Membrane Science, 554 (2018) 1-5. 

 

Chapter 7 describes the use of a cellulose support to give a greener alternative prepared by 

non-solvent induced phase separation from a dope solution containing an ionic liquid as an 

environmentally friendly solvent. The polyester film was formed via interfacial 

polymerization between quercetin, a compound that can be  found in nature in grapefruit, and 

terephthaloyl chloride. We also introduce the use of alpha pinene as a green alternative 

solvent to dissolve TPC while quercetin was dissolved in a 0.2 M NaOH solution. The 

composite membrane showed an outstanding performance with a molecular weight cut-off 

around 330 combined with a dimethylformamide (DMF) permeance up to 2.8 Lm-21h-1bar-1, 

making this membrane attractive for potential applications in the pharmaceutical and 

petrochemical industries. The content of this chapter has been published in M. H. Abdellah, 

L. Pérez‐Manríquez, T. Puspasari, C. A. Scholes, S. E. Kentish, K.‐V. Peinemann, 

Effective interfacially polymerized polyester solvent resistant nanofiltration membrane from 

bioderived materials, Advanced Sustainable Systems, 2, (2018),  1800043. 

https://doi.org/10.1002/adsu.201800043. 

 

 Chapter 8 gives another green alternative for membrane manufacture for SRNF applications 

by continuing using our previously reported cellulose support in Chapter 7 but this time the 

polyester film was formed by the interfacial reaction between catechin, a bio-polyphenol 

found in green tea, and terephthaloyl chloride (TPC). The membranes showed an average 

DMF permeance of 1.2 L m-2 h-1 bar-1 with a molecular weight cut-off of around 500 g mol-1, 

showing a much higher performance in DMF compared to our work previously reported in 
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the previous chapters and also quite competitive with the ones found in the literature. The 

content of this chapter has been published in M.H. Abdellah, L. Pérez-Manríquez, T. 

Puspasari, C.A Scholes, S.E Kentish, K-V. Peinemann, A Catechin/Cellulose Composite 

Membrane for Organic Solvent Nanofiltration, Journal of Membrane Science 567 (2018) 

139–145. 

 

Chapter 9 gives a summary about all the findings in this PhD dissertation work; it provides 

suggestions for future possible work. Examples are the use of other biopolyphenols that can 

be used for the fabrication of TFC membranes, making TFC hollow fibers by interfacial 

polymerization using the same crosslinked PAN or crosslinked cellulose as supports and 

different biopolyphenols for the thin film formation and also testing the membranes for 

challenging industrial separation procceses such as purification of active pharmaceutical 

ingredients. 
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Chapter 2  

Literature review  

2.1 Solvent resistant nanofiltration 

Solvent resistant nanofiltration (SRNF) is a pressure driven technique to perform membrane 

separations up to a molecular level in solvent streams [1]. 

The semi-permeable membrane acts as a barrier which retains larger particles, while allowing 

smaller molecules (with a typical molecular weight in most applications between 200 and 

1000 Da) to pass through the membrane into the permeate.  

The majority of SRNF-applications reported in literature have been obtained on lab-scale set-

ups in dead-end filtration mode (Fig. 2.1a), while industrial membrane applications generally 

run in cross-flow mode (Fig. 2.1b). In dead-end, the feed is forced through the membrane by 

a pressure perpendicular to the membrane surface, whereas in cross-flow, the feed flows 

parallel to the membrane surface, as shown in Figure 1.1. 

 

 

 

 

Figure 2.1 Schematic representation of membrane filtration system design: (a) dead-end, (b) cross-

flow mode [1] 

As shown on Figure 2.2, pressure-driven membrane filtration processes have been classified, 

according to: 
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I) The pressure required for the separation 

II) The size of the rejected solute or, in turn, the size of the pore; 

III)  The molecular weight cutoff (MWCO);  

IV) The transport mechanism governing the separation. 

 

 

Figure 2.2 Classification of membrane processes according to operating pressure, retained solute/pore size [nm], 

molecular weight cutoff [g mol
−1

], transport mechanism, and examples of applications [2]. 

I) According to the classification based on the pressure required for the separation, Mulder 

[3] classified UF as a process in which pressures from 1 to 5 bar are applied, NF as a process 

in which pressures from 5 to 20 bar are applied, and RO as a process with operating pressure 

higher than 10 bar. Because many recent NF membranes have been used up to higher 

pressure values, we propose to extend the pressure range for NF up to 40 bar. 

II) According to the classification based on the size of the retained solute, UF is classified as 

a process in which molecules from 2 to 100 nm are retained, NF as a process in which 

particles up to 2 nm are retained, and RO as a process in which only solvent permeates [4]. 
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The term “Nanofiltration” was proposed for the first time during a Film Tec meeting 

in 1984 to solve the terminology problem for a selective reverse osmosis process that 

allows ionic solutes in a feed water to permeate through a membrane [5]. 

III) For commercial purposes, NF membranes are often characterized by their nominal 

MWCO, defined as the molecular weight of a reference compound, which is typically 

rejected by 90%. Because the MWCO value is obtained from rejection experiments, this 

characterization is strongly dependent on the properties of the solute and solvent, and the 

operating conditions chosen for the test [6]. 

IV) According to the transport mechanism, membrane separation is based on both size 

exclusion and additional effects, characteristic of the molecular level. Baker reported that UF 

and MF are characterized by a sieving transport mechanism through pores of significant 

dimension, therefore described by the pore-flow theory, while RO is characterized by the 

solution- diffusion transport mechanism, because the free volume is so small, that it is in the 

range of thermal motion of the polymer chains that form the membrane. NF is intermediate 

between the two, and characterized by both solution-diffusion and pore- flow transport 

mechanisms [7].  

Moreover, the transport mechanism through SRNF membranes is more complex than 

for aqueous applications. The wide variety of solvents that constitute the feed will all 

interact in a very different way with the membrane material. This renders a membrane 

excellent in one solvent and useless in another, even to retain the same solute. 

Membrane stability in a wide range of organic solvents, combined with excellent and 

reproducible performances on the long term are thus the main challenge for the further 

expansion of SRNF [2].  
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Solvent resistant nanofiltration (SRNF) (or its synonyms organic solvent 

nanofiltration and organophilic nanofiltration) is a relatively young technology. 

Sourirajan reported in 1964 the first application of membranes for non-aqueous 

systems for the separation of hydrocarbon solvents using a cellulose acetate 

membrane [8], and Loeb mentioned pressure-driven solvent separations in 1965 [9]. 

Since then, grown interest into applications in organic solvents is evident by the 

increasing number of patents about new materials and processes for applications in 

organic solvents, published from 1980 onward, by major oil companies, such as 

Exxon [10-16] and Shell [17-19], and chemical companies, such as Union Carbide 

[29].  As reported by Peeva et al. [30], major potential applications were for oil 

recovery [10-12], enrichment of aromatics [14-16,19],  and homogeneous catalyst 

recycle [20].  

The first commercial products on the market appeared from the mid-1990s, by the 

membrane producers Grace Davison [14-24], Koch [25], Solsep [26], and GMT [27].  

The largest success at the industrial scale so far is the MAX- DEWAX process, 

installed at ExxonMobil Beaumont refinery and used for the recovery of dewaxing 

solvents from lube oil filtrates [24].  

The increase of the number of publications per year in the last two decades shown in 

Figure 2.3 for “organic solvent nanofiltration” or “solvent resistant nanofiltration” 

when used as a keyword, represents the rising interest in this technology by both the 

scientific community and industrial producers and users.  
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Figure 2.3. Growing interest in SRNF, demonstrated by the increasing number of publications per year in the 

field. The research has been carried out in Web of Knowledge, using “organic solvent nanofiltration” or 

“solvent resistant nanofiltration” as a keyword. 

Solvent resistant nanofiltration membranes have been prepared from both polymeric and 

inorganic materials. Some of the advantages that polymeric membranes have are their 

relatively low price and ease of fabrication and upscaling, whereas ceramic membranes on 

the other hand are superior regarding mechanical, thermal and chemical stability at a higher 

cost but they are most of the times more brittle than polymeric membranes and difficult to 

upscale.  One important factor to take into consideration as well, is the wide range of 

available polymers to fabricate SRNF membranes in contrast to the limited amount of 

materials to fabricate ceramic ones. Membrane stability in a wide range of solvents, 

combined with excellent and reproducible performance in the long term are the main 

challenge for SRNF technology as well as the continued reluctance of the chemical industry 

to implement new technologies. 

Because of their specific characteristics (i.e. very thin top- layers), thin film composite (TFC) 
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membranes can be of great value here, complementing the so-called integrally skinned 

asymmetric SRNF membranes prepared via phase inversion. Figure 2.4 shows a schematic 

representation of the membrane material, type of membrane and preparation technique, 

highlighting with a checkmark the ones that this dissertation projct focuses on. Polysulfone 

[28], polyimide [29,30], polybenzimidazole [31], poly(ether ether ketone) [32] and 

polyaniline [33] have already proven to be valuable polymers for the preparation of SRNF 

membranes via phase inversion, even more so after introducing crosslinking. Since SRNF is a 

relatively young technique, many materials are yet to be explored for use in this field [2].  

 

 

Figure 2.4 Membrane taxonomy chart. 

2.2 TFCs for SRNF: general considerations 

TFC membranes consist of a very thin, selective layer on top of a porous ultrafiltration (UF) 

support. Since support and top-layer are synthesized separately, both layers can be 

independently optimized to achieve a good membrane performance. In general, a TFC 

Membrane	material 

Type	of	membrane 

Preparation	technique 
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membrane comprises three distinct layers (Figure 2.5): first, a ‘non-woven’ fabric, typically 

made from solvent stable polyester or polypropylene, providing mechanical strength and easy 

handling of the membrane, second, a porous support layer, allowing for a defect-free top-

layer formation, and third, a thin top- layer, which is the actual selective barrier [34]. 

 

Figure 2.5.  Scheme of a TFC membrane consisting of a non-woven fabric, a porous support layer and a thin, 

selective top-layer [2]. 

The support layer of a TFC membrane is typically prepared via phase inversion, which refers 

to the controlled transformation of a cast polymer solution from a liquid into a solid state 

[35]. Phase inversion via immersion precipitation is the most widely used membrane 

preparation method.  

Figure 2.6  is a representation of a membrane formation process by phase inversion. The film 

rapidly precipitates from the top surface down, due to water absorption and loss of solvent. A 

casting solution consisting of only one phase is precipitated into two phases: a polymer-rich, 

solid phase that forms the matrix of the membrane and a polymer-poor, liquid phase that 

forms the membrane pores [7]. Because of contact with water, the top surface of the cast film 

precipitates rapidly, forming the selective porous or dense layer. This layer slows the entry of 

water into the underlying polymer solution, which precipitates much more slowly and forms a 

more porous substrate.  
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Figure 2.6. Membrane formation process via phase inversion technique in our semi-industrial casting machine.  

The key for high performance is the thin skin layer, which makes higher selectivity and 

permeance possible [3]. To prepare membranes by the phase inversion technique, the 

polymer must be soluble in a solvent to form a casting solution. This means that once the 

membrane is formed, it could redissolve in the solvent used for the casting solution, resulting 

in poor membrane stability. To overcome this problem, several post formation modifications, 

such as crosslinking are possible to make the membrane stable in such organic solvents.  

The crosslinking of the polymer is often required to obtain stability in harsh organic solvents, 

like dimethylformamide (DMF), and can be done thermally, chemically or by means of UV 

irradiation [36,37]. 

The most common methods to create a selective layer on top of these support layers 

are interfacial polymerization (IP) and coating where a polymer solution is contacted with the 

Polymer	casting	
solution	

Casting	knife	

Non-woven	

	

	

Final	Membrane	

Coagulation	bath	
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support membrane.  

In IP, a very thin top-layer is formed on a porous support by the reaction between two 

monomers at the interface of two immiscible solvents, one impregnated in the support and 

another present on top of it during reaction. This technique has been widely applied for the 

synthesis of TFC membranes for aqueous nanofiltration and reverse osmosis, in which 

piperazine (PIP) or m-phenylenediamine (MPD) and trimesoylchloride (TMC) are commonly 

used as amine and acyl chloride monomers to form a polyamide (PA) top-layer [2]. 

 

1)  2)  3) 

            

 

     4)  5) 

 

 

Figure 2.7. Schematical representation of IP process. 1) Immersion of the membrane in an amine aqueous 

solution. 2) Remove the excess of the solution by pressing the membrane into a filter paper with a rubber roller. 

3) Mount the membrane into a teflon frame with the polymeric side facing up. 4) Pour the organic phase with an 

acyl chloride over the exposed side of the membrane in the frame and let it react for some time. 5) Remove the 

membrane from the frame to let it air dry. 

As shown on Fig. 2.7, first the wet polymeric membrane is immersed in the amine aqueous 

solution, then the excess solution is removed from the surface by pressing the membrane into 

a filter paper with a rubber roller. Subsequently, the impregnated membrane is then put into a 
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Teflon frame to be soaked with the organic phase of acyl chloride. After that the membrane is 

removed from the frame and air dried.  

In TFC membrane synthesis via coating, a top-layer is formed by applying a polymer, 

prepolymer or monomer solution onto a porous support layer, followed by evaporation of the 

solvent and, if required, further polymerization [2]. 

 

2.3 Bio-polyphenolic precursors for membrane coatings 

Phillip B. Messersmith and co-workers in 2007 [38] found that dopamine, an important 

neurotransmitter in human body, could play an intriguing role in surface science, which was 

inspired by the strong adhesion of mytilus edulis foot, illustration shown on figure 2.8. It can 

form a self-polymerized coating on various substrates under alkaline condition and air 

atmosphere. It has been widely accepted that the catechol structure with strong adhesion and 

the “crosslink network” formed via autoxidation are the main reasons for PDA attachment on 

various surfaces [38]. 

 

 

 

 

 

Figure 2.8. Dopamine contains both amine and catechol functional groups found in Mefp-5 mussel’s protein and 

was used as a molecular building block for polymer coatings [38]. 
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Compared to traditional methods, the deposition of dopamine is more simple and 

controllable, which can be adjusted by changing pH, concentration, deposition time, and 

atmosphere [39–41]. The coating process occurs in the solution without any external stimuli 

such as light or heat, and its uniformity depends on the diffusion and reactivity along the 

membrane. It usually involves the reaction of dopamine hydrochloride with TRIS buffer in 

water at pH 8.5 (Figure 2.9). 

 

 

 

 

 

Figure 2.9. Dip coating process of Dopamine in TRIS buffer 8.5 [42]. 

Although the oxygen diffusion barrier is still a problem, which may affect the self-

polymerization of dopamine [43], it can be addressed via mild oscillation during the 

deposition process. And the polydopamine (PDA) coating keeps stable in solutions with a 

relative wide pH range [44]. Thanks to the above advantages, the interest in the surface 

engineering of membrane by catecholamine has surged in recent years, leading to a large 

number of studies involving this hot topic. 

Since 2007, polydopamine has become a famous “bio-glue” attributed to its strong and 

universal adhesion ability, the simple and facile deposition process, as well as its versatile 

and wide applications [38]. Catechols are widely applied in functional coatings [45,46], 

biomedicine [47], electronics [48] and other fields as reviewed previously [49,50]. To date, 
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several dopamine and dihydroxy-phenylalanine (DOPA) analogs have been developed for 

surface modification, which include norepinephrine [51,52] and other polyphenols [54–55].  

Phenols and polyphenols are widely distributed in plant tissues, where they are linked to 

diverse biological functions such as chemical defense, pigmentation, structural support, and 

prevention of radiation damage [56,57]. Members of this large family of compounds include 

tannic acid (TA) which common plant source is the oak or can also be found at the early 

development stage of datefruits, Morin which can be found in high content in the guava fruit, 

catechin (Ctn) which can be found in chocolate and green tea and quercetin which ca be 

found in caper, grapefruit, black tea and blueberries just to name a few (Figure 2.10). 

 

 

 

 

 

 

 

Figure 2.10. Summary of coating precursors studied, their plant sources, and their ability to form spontaneous 

coatings [58]. 

Plant polyphenols display a rich and complex spectrum of physical and chemical properties 

[57], giving rise to broad chemical versatility including absorption of UV radiation, radical 

scavenging, and metal ion complexation. In addition, significant attention has been given to 
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the health benefits associated with the consumption of foods and beverages rich in plant 

polyphenols [59-61]. 

The strong solid–liquid interfacial activity exhibited by plant polyphenols, a property that is 

reflected in their historical use as binding agents (lignin) and in leather manufacturing 

(vegetable tannins). The high dihydroxyphenyl (catechol) and trihydroxyphenyl (gallic acid, 

GA) content of plant polyphenols is of high interest for surface modification, as catechols are 

known to strongly bind to surfaces through covalent and noncovalent interactions [62] and 

are prominent constituents of marine polyphenolic protein adhesives as previously described 

with polydopamine coatings [63,64]. 

Although polydopamine (PDA) is simple to apply to substrates, it deposits on a wide range of 

materials and offers many potential applied uses, the high costs of dopamine and the 

characteristically dark color of PDA coatings may be impediments for some practical 

applications. Plant polyphenol-inspired coatings retain many of the advantages of PDA and 

deposit under similar conditions, yet are colorless and derived in some cases from reagents 

hundredfold less costly than dopamine. Therefore we are considering them as another 

promising alternative for bio-based polyphenolic coatings.  
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Chapter 3  

Cross-linked PAN-based thin-film composite membranes   for non-aqueous 

nanofiltration* 

 

3.1 Abstract 

 

 

 

 

 

 

 

 

A new approach on the development of cross-linked PAN based thin film composite (TFC) 

membranes for non-aqueous application has been presented in this work. Polypropylene 

backed neat PAN membranes fabricated by phase inversion process had been cross-linked 

with hydrazine hydrate to get an excellent solvent stability towards Dimethylformamide 

(DMF). By interfacial polymerization method a selective polyamide active layer was 

developed over the cross-linked PAN using N,N’-diamino piperazine (DAP) and trimesoyl 

chloride (TMC) as monomers.  Permeation and Molecular Weight Cut Off (MWCO) 

experiments using various dyes were done to evaluate the performance of the membranes. 

Membranes developed by such method are highly reproducible with excellent solvent 

																																																								
*	The	content	of	this	chapter	has	been	published	in	L.	Pérez-Manríquez,	J.	Aburabi’e,	P.	
Neelakanda,	K-V.	Peinemann.	Reactive	&	Functional	Polymers	86	(2015)	243–247.	
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stability towards DMF with a permeance of 1.7 L/m2 h bar and a molecular weight cut-off of 

less than 600 Da.  

 

3.2 Introduction 

Development of thin film composite (TFC) polyamide (PA) membranes by Cadotte and co-

workers some decades ago brought a radical change to the reverse osmosis (RO) and the 

nanofiltration (NF) type membranes. NF is considered as a new generation membrane which 

has the properties between those of ultrafiltration (UF) and reverse osmosis (RO). It is a 

pressure driven membrane process used to separate molecules in the range of 200-2000 gmol-

1 molecular weight range.  Due to their low operating pressure, high flux and low operating 

cost, NF is been widely used for aqueous systems but the application towards organic 

solvents are limited due to their insufficient stability [1]. The development of solvent resistant 

NF has recently gained significant attention to cater the demand in the petrochemical [2], 

biotechnological and pharmaceutical industries [3] due to its lower economical and 

environmental reasons compared to the conventional separation techniques such as 

distillation and evaporation processes or waste-generating extractions by simply applying a 

pressure gradient over a membrane [4].  

Interfacial polymerization (IP) is a common technique used mostly for the preparation of 

nanofiltration (NF) [5] and reverse osmosis (RO) [6] composite membranes. Such 

membranes generally called thin film composite (TFC) membranes which consist of an ultra-

thin defect free polyamide skin layer formed by IP reaction between two monomers namely 

aqueous amine solution and organic acid chloride solution. The skin layer is formed rapidly 

due to the solubility preference of monomers, immiscibility of aqueous and organic phases 

[7].  
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Such membranes gain much attention in the field of membrane technology due to their 

controlled separation layer which in turn, enhances better separation performances [8]. Most 

commercial NF and RO membranes that are available are produced by the IP method. Since 

these membranes exhibit high water permeation and salt rejection they are widely used for 

the aqueous systems but their applications towards organic solvents are very much limited 

due to their instable nature. A recent study published by Livingston et al. [9] reveals that IP 

procedure has seldom been applied for the manufacturing of solvent resistant NF membranes.  

PAN membranes are well known for their solvent resistance and low fouling character for 

aqueous filtrations due to their highly hydrophilic nature [10]. Compared to other polymer 

materials, PAN also has good resistance against chlorine [11], but it is unstable in certain 

classes of solvents, such as aprotic solvents like DMF, which is a common solvent for this 

polymer. Different techniques have been reported to develop PAN membranes with improved 

chemical stability to various types of solvents. These approaches used systems such as 

PAN/metal ethoxides [12], PAN/sodium hydroxide with heating [13,14]. PAN-co-polymers 

such as poly(acrylonitrile-co-vinylacetate)/hydroxylamine/sodium carbonate/cyanuric 

chloride[15], poly(acrylonitrile-co-glycidylmethacrylate) or poly(acrylonitrile-co-

vinylbenzylchloride)/multifunctional amines [3,16-17] and hydrolyzed polyacrylonitrile [18] 

to form crosslinked networks. Apart from the above approaches another way to improve the 

chemical stability of polymeric membranes are by crosslinking. Cross-linking of membranes 

generally promotes resistance to chemical attacks [19-25] and reduces the mobility of the 

polymer chains, allowing membranes to exhibit a higher selectivity while maintaining 

permeability [21,22,26]. Crosslinking is widely applied to polyimide membranes [27-29] in 

the field of NF membranes. Crosslinked membranes have better stability in organic solvents, 

high heat resistance and improved mechanical strength.  
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Use of neat PAN as a substrate layer for making TFC membranes by IP technique has been 

developed earlier and their performances were tested with several solvents [30] except DMF. 

In this work we have developed a cross-linked PAN membrane by hydrazine hydrate as a 

crosslinking agent. Such cross-linked PAN membranes serve as a solvent stable substrate to 

fabricate a polyamide TFC membrane by IP method. This particular crosslinker has been 

used to modify PAN fibers for heavy metal absorption [31, 32].  

By optimizing the crosslinking methods we have successfully developed a solvent stable TFC 

membrane with excellent permeation and rejection performance in DMF. Morphological 

studies were determined by scanning electron microscopy (SEM), and the effects of 

crosslinking on the membranes were carried out by Fourier transform infrared spectroscopy 

(FTIR).  

3.3 Experimental 

3.3.1 Materials 

Polyacronitrile (PAN) polymer with molecular weight larger 100.000 g/mol was kindly 

supplied by GMT Membrantechnik GmbH; Germany,  N, N-dimethylformamide, hydrazine 

monohydrate, Rose Bengal dye, trimesoyl chloride and Protoporphyrin IX dimethyl ester, 

were purchased from Sigma-Aldrich; Brilliant Blue R250 and Methyl Orange were purchased 

from Fisher BioReagents®, and  Acros Organics; Polypropylene nonwoven material was 

purchased from Sojitz Europe, Germany and 1,4-diaminopiperazine was synthesized in our 

lab [33].  

3.3.2 Fabrication of PAN substrate membranes 

Microporous	 support	 membranes	 were	 fabricated	 from	 PAN	 polymer	 via	 phase	

inversion	method.		A	solution	of	12	%	(w/w)	PAN	was	prepared	in	DMF	at	70°C	under	a	

constant	 mechanical	 stirring	 for	 12	 hours.	 Obtained	 homogenous	 solution	 was	 left	
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overnight	 to	 allow	air	 bubbles	 to	 settle	 prior	 to	 casting.	 	 	Membranes	were	 cast	 on	 a	

polypropylene	 fabric	 support	 with	 the	 prepared	 PAN	 polymer	 solution	 on	 a	

continuously	operating	casting	machine	with	an	adjustable	casting	thickness	of	150	µm	

at	a	casting	speed	of								2	m/min.	Casted	membranes	were	immediately	immersed	in	a	

water	 bath	 at	 room	 temperature	 where	 the	 precipitation	 occurs	 by	 phase	 inversion	

process	[34].	 	After	the	casting	process,	precipitated	wet	membranes	were	transferred	

to	a	hot	water	bath	(90°C)	for	45mins	for	its	rinsing	to	remove	the	excess	solvents. 

Developed PAN membranes were cross-linked at 85°C for 6 h in 20 % (v/v) of hydrazine 

hydrate in deionized water (Fig. 3.1) in order to enhance the chemical stability and rejection 

properties. Crosslinking condition was optimized to identify the time and concentration of the 

crosslinker. It was found that 6 hours crosslinking produced better membranes with good 

mechanical stability. Membranes crosslinked over this period of time were fragile and tends 

to brittle upon handling. Concentration of crosslinker was optimized to 20 % (v/v) of 

hydrazine hydrate in deionized water, membranes crosslinked with lesser concentration were 

not stable in DMF during the membrane stability tests. 

Cross-linked membranes were finally washed and stored in DI water to remove any excess 

cross linkers and to maintain its wettability.



 

 

 

 

 

 

 

 

 

Figure 3.1. Crosslinking reaction of PAN with hydrazine hydrate 

 

3.3.3 Fabrication of TFC membranes by IP 

Thin film composite (TFC) membranes were prepared by IP technique with diamino 

piperazine (DAP) and trimesoyl chloride (TMC) as monomers in deionized water and n-

hexane. The wet cross-linked PAN membrane was immersed in 3% (w/v) aqueous 

solution of DAP for 5 min and the excess solution was wiped out from the surface by a 

rubber roller. Subsequently, the impregnated membranes were immersed in an organic 

solution of 0.2 % (w/v) TMC in cyclohexane. Membranes were withdrawn after a minute 

from the cyclohexane and dried for 5 min at atmospheric condition. This procedure was 

repeated twice, to ensure that no defects were formed on the surface of the TFC 

membranes. Finally, the membranes were stored in water at room temperature for its 

performance studies.  
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3.4 Characterization of TFC membranes 

3.4.1 Fourier transform infrared (FTIR) 

In order to confirm the degree of crosslinking of PAN membranes, Fourier transform 

infrared (FTIR) spectra of the membranes were recorded on a Nicolet iS10 FTIR 

spectrometer in the range of 4000–600 cm
-1 at room temperature. 

3.4.2 Scanning electron microscopy (SEM) 

 The morphology of the membrane was characterized by a field emission scanning 

electron microscope (FESEM). Membrane surfaces and cross-section were imaged with a 

Nova Nano 630 microscope using a voltage of 5kV. Samples to be analyzed were 

fractured in the liquid nitrogen and mounted on an aluminum stub. To dissipate charging, 

mounted samples were sputter coated with 2nm – thick iridium target.  

3.4.3 Performance of TFC membranes   

Membrane performances were evaluated according to the permeance and molecular 

weight cut off (MWCO) curves. Filtration experiments were carried out at 15 bar and 

23°C on a dead-end filtration cell with an effective area of 12.6 cm2.  Permeate and 

rejection samples were collected after achieving steady state condition. Dyes like Rose 

Bengal, Brilliant Blue R250 protoporphyrin IX dimethylester and methyl orange were 

used, each at a concentration of 35 µmol in DMF to evaluate the rejection performance of 

membranes. Chemical structures and molecular weights of the dyes used are given in 
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Table 3.1.  

Permeate samples were collected as a function of time to determine the permeance (P, 

L/m2 bar h) and solute retentions (R, %) was measured from the feed and permeate 

solution using the following equation: 

Rejection (%) = (1−  )×100  

         

where Cf and Cp refers to the solute concentrations of the feed and permeate solution, 

respectively. Dye concentrations were measured on a UV VIS/near IR (Perkin Elmer 

Lambda 1050) spectrophotometer at the wavelengths indicated in Table 3.1. 

Table 3.1 Principle characteristics of dyes used  

        Dye    Charge          Chemical structure Wavelength 

 

Rose Bengal        

(Mw: 1017.64 g/mol) 

 

Negative 

 

 

 

 

 

 

563 

Brilliant Blue R250 

(Mw: 825.97 g/mol) 

         

Negative 

 

 

 

592 
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Protoporphyrin IX 

dimethyl ester   

(Mw: 590.71 g/mol) 

 

 

Neutral 

 

 

 

 

406 

 

 

Methyl Orange 

 

(Mw: 327.32 g/mol) 

 

 

 

 

Negative 

 

 

 

 

 

 

 

420 

 

3.5 Results and discussion 

3.5.1 Stability in DMF 

Immersion tests were carried out with non-crosslinked and crosslinked PAN membranes 

to determine their stability in DMF. It is observed that non-crosslinked PAN membranes 

readily dissolved in DMF leaving the backing un-dissolved. This is unremarkable given 

that the PAN is known to be soluble in DMF, and the membranes themselves have been 
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prepared from DMF.  However, crosslinked PAN membranes showed excellent stability 

and remained un-dissolved in DMF even after several days.  

 

3.5.2 Effect of crosslinking on FTIR  

The degree of crosslinking of the membranes can be easily identified by comparing the 

FTIR spectrum of the original and crosslinked membranes (Fig.3.2). IR spectrum of pure 

PAN, crosslinked PAN (XPAN) for 6h and 24h were compared to study the effect of 

crosslinking. 

 

Figure 3.2.  IR spectra of PAN, XPAN 6h, XPAN 24h 
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From the IR spectra, a new broad absorption band was observed at 3340cm-1 for the 

6hXPAN and 24hXPAN confirming the formation of N-H groups by the reaction of 

hydrazine with the acrylonitrile group in the crosslinked PAN membrane. For the pure 

and the crosslinked PAN, a strong absorption band observed at 2252cm-1 corresponds to 

the C≡N stretching vibration, but the intensity of C≡N peak became weaker for the 

6hXPAN and 24hXPAN. This reveals the conversion of the acrylonitrile group into the 

imino (C=NH) group. The absorption band at 1626cm-1 and 1261cm-1 corresponds to the 

formation of C=N group and the intensity of C=N characteristic peaks increased with 

increase in crosslinking time. Also the N-N vibrational band observed at 1088cm-1 proves 

the addition of hydrazine moiety in the polyacrylonitrile membrane. The other peaks 

observed at 2920cm-1, 1459 cm-1 and 810cm-1 are due to the C-H band of alkane groups 

present in the PAN membrane. All the above data suggests the occurrence of crosslinking 

reaction (Fig. 3.1) between the hydrazine and the acrylonitrile group in the PAN 

membranes and also proves that the crosslinking reaction increases with time.  

 

3.5.3 Membrane morphology on SEM  

The surface structure of the crosslinked PAN and the TFC membrane was observed by 

SEM (Fig.3.3). Figure 3.3 (a & c) represents the crosslinked PAN membrane, where a 

highly porous membrane surface is clearly visible, contrasting with Figure 3.3(b, d) that 

corresponds to IP over crosslinked PAN membrane, where a dense layer is observed on 

the membrane surface.  
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Figure 3.3.  Surface and cross-section of the crosslinked PAN (A-B) and  

 TFC over crosslinked PAN (C-D)  

 

3.5.4 Membrane performance  

Crosslinked PAN membranes gave a permeation of 3.8 L/m2/h/bar in DMF and a low 

rejection performance with solute dyes. Permeation of pure DMF on TFC membranes 

B	

A	 C	

D	
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gave a flux of 0.86 L/m2/h/bar, the decrease of flux is due to the thickness of the ultrathin 

skin layer of TMC, which resists the mass transport of solvent. This thickness can be 

controlled by many factors such as reaction time, concentration of the monomers, 

diffusion of amine to the organic phase, pore size of the support [9].  Table 3.2 represents 

the permeation and rejection studies over various dyes in DMF on TFC membranes. 

MWCO studies on TFC membranes (Figure 3.4) showed high cutoff for dyes that are 

more than 600 Daltons whereas the permeation increased with the decrease of molecular 

weight of dyes except in Protoporphyrin IX dimethyl ester. But this could be due to the 

fact of its neutral charge that might have adsorbed on the membranes surface decreasing 

its transport rate.  Methyl Orange which is negatively charged showed a higher flux and 

lower rejection.  

The only other research paper, which describes the modification of PAN membranes for 

application in DMF is from Wang et al. [18]. A DMF flux of 0.09 L/m2 h bar is given in 

this paper. Based on these previous results, the permeances obtained in our work are 

remarkably higher showing that this novel approach to obtain SRNF membranes has 

improved the performance of modified PAN membranes in DMF.  
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Figure 3.4. MWCO curve of TFC membrane over cross-linked PAN substrate. 

 

Table 3.2 Permeance and rejection of TFC membranes  with various dyes in DMF 

 

Solutes Permeance                                                    

(L/m2/h/bar) 

Rejection (%) 

Rose Bengal                                                                                                  

(Mw: 1017.64 g/mol) 0.75 95% 

Brilliant Blue R250                                  

(Mw: 825.97) 1.10 95% 

Protoporphyrin IX 

dimethyl ester      

(Mw: 590.71) 

0.40 94% 
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Methyl Orange     

(Mw: 327.32) 

 

1.70 

 

30% 

 

3.6 Conclusion 

The chemical crosslinking of PAN on polypropylene non-woven support with hydrazine 

hydrate followed by interfacial polymerization using N,N´-diamino piperazine and 

trimesoyl chloride, resulted in a new type of PAN solvent resistant nanofiltration 

membranes. No change in the morphology of the membranes was observed in DMF even 

after several days. The resulting thin-film composite membrane showed permeances up to 

1.7 L/m2 h bar combined with a molecular weight cut-off below 600 Da. This is a clear 

improvement compared to previously reported solvent resistant PAN membranes [18] 

which produced a flux of 0.09 L/m2 h. The remarkable stability in DMF, the ease of 

chemical modification and preparation makes this membrane potentially easy to scale up. 

It opens perspectives towards new potential applications in harsh solvent environments. 
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Chapter 4 

Sub-6 nm thin cross-linked dopamine films with exceptional stability for 
organic solvent nanofiltration* 
 
4.1 Abstract 

 

 

 

Ultrathin mussel-inspired solvent resistant nanofiltration membranes fabricated by 

interfacial polymerization of dopamine and  terephthaloyl chloride on a cross-linked PAN 

support exhibit excellent permeation and rejection performance in DMF.  The thickness 

of the selective layer is ~ 5nm with a smooth surface, making this membrane attractive 

for industrial harsh solvent separation processes as it is a simple and easy to scale up 

method. 

																																																								
*	The	content	of	 this	chapter	has	been	published	 in	L. Perez-Manriquez, A. Behzad, 
K.-V. Peinemann. Macromolecular Materials and Engineering 301 (2016) 1437-1442. 
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4.2 Introduction 

The development of solvent resistant nanofiltration (SRNF) has recently gained 

significant attention in the petrochemical, biotechnological and pharmaceutical industries 

due to its lower economical and environmental cost compared to conventional separation 

techniques such as chromatography, distillation, extraction or crystallization. It is 

generally more energy efficient, as it is a pressure driven technique that allows 

separations down to a molecular level (between 200-2000 Da); the operation conditions 

are mild and extra waste streams are minimized.[1] SRNF may be applied in many 

solvent-intensive processes, some of them with a large economic impact such as catalyst 

recovery, solvent recycling, organic synthesis in the chemical and pharmaceutical 

industry and athermal solvent exchange. The costs of processing these organic solvents 

for separation, recovery, or disposal are substantial and comprise a significant fraction of 

chemical process operating expenses.[2,3] 

Most commercial nanofiltration membranes are produced by interfacial polymerization, 

where a thin layer is formed rapidly on top of a porous support at the interface of an 

organic and aqueous phase. Since these membranes exhibit high water permeation and 

salt rejection they are widely used for aqueous systems but their applications toward 

organic solvents are quite limited, because the common porous supports (e.g. 

polysulfone) are not solvent resistant.[4] 

Polyacrylonitrile (PAN) membranes are well known for their solvent resistance and low 

fouling character for aqueous filtrations due to their hydrophilic nature. [5] Compared to 

other polymer materials, PAN is a low-cost polymer which also has good resistance 

against chlorine,[6] but it is unstable in certain classes of solvents, such as aprotic solvents 
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like dimethylformamide (DMF), which is a common solvent for this polymer. The use of 

neat PAN as a substrate layer for making thin film composite (TFC) membranes by 

interfacial polymerization (IP) technique has been developed earlier and their 

performances were tested with several solvents [7] except DMF, until our group recently 

reported a cross-linked PAN thin film composite membrane with excellent solvent 

stability in DMF. [4] 

Many efforts have been devoted to improve the membrane performance and extend their 

application via surface modification. Inspired by the composition of adhesive proteins in 

mussels, dopamine has been utilized as a versatile and intriguing starting material for 

surface modification under mild conditions.[8-11] Zhao et al. recently reported the use of 

dopamine as monomer in aqueous solution to prepare composite membranes by 

interfacial polymerization for wastewater applications,[12] However, a polyethersulfone 

support is not stable in harsh solvent environments like DMF. 

Here, we report the for the first time the use of dopamine/ terephthaloyl chloride for the 

fabrication of a smooth ultra-thin film composite membrane (~5.4 nm thickness) for 

solvent resistant nanofiltration applications by optimizing the interfacial polymerization 

and crosslinking techniques with excellent permeation and rejection performance using 

DMF solutions. The ease of chemical modification and preparation makes this 

membranes potentially easy to scale up at low cost. 

 

4.3 Experimental Section 

4.3.1 Materials                    

Polyacronitrile (PAN) polymer with molecular weight larger 100.000g/mol was supplied 
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by Kelheim Fibers GmbH, Germany, N,N-dimethylformamide, hydrazine monohydrate, 

Rose Bengal dye (purity 90%), terephthaloyl chloride, protoporphyrin IX dimethyl ester 

(purity 90%), sodium phosphate monobasic monohydrate (purity 99%) and sodium 

phosphate dibasic hydrate (purity 98.5%) were purchased from Sigma–Aldrich; Brilliant 

Blue R250 was purchased from Fisher BioReagents; dopamine hydrochloride (purity 

99%) was purchased from Alfa Aesar  and polypropylene nonwoven material was 

purchased from Sojitz Europe, Germany. 

4.3.2 Fabrication of PAN support membrane       

 Microporous support membranes were fabricated from PAN polymer via phase 

inversion. A solution of 12% (w/w) PAN was prepared in DMF at 70 °C under constant 

mechanical stirring for 12 h. The obtained homogenous solution was left overnight to 

allow air bubbles to settle prior to casting. Membranes were cast on a polypropylene 

fabric support with the prepared PAN polymer solution on a continuously operating 

casting machine with a casting thickness of 150 µm at a casting speed of 2 m/min. Casted 

membranes were immediately immersed in a water bath at room temperature where the 

precipitation occurs. [13] After the casting process, the wet membranes were transferred to 

a hot water bath (90 °C) for 45 min to remove the excess solvents. 

The PAN membranes were cross-linked at 85 °C for 6 h in 20% (v/v) of hydrazine 

hydrate in deionized water in order to enhance the chemical stability and rejection 

properties obtaining solvent-stable membranes with good mechanical stability. [4] Cross-

linked membranes were finally washed and stored in DI water to remove any excess cross 

linker and to maintain their wettability. 
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4.3.3 Fabrication of TFC membranes by IP      

Thin film composite membranes were prepared by interfacial polymerization with 

dopamine and terephthaloyl chloride (TPC) as monomers in phosphate buffer pH 7 and 

cyclohexane. The wet cross-linked PAN membrane was immersed in 0.5 wt% aqueous 

solution of dopamine for 30 min at 50°C under stirring and the excess solution was gently 

removed from the surface with a filter paper and a rubber roller. Subsequently, the 

impregnated membrane was mounted between two Teflon frames (with the PAN surface 

facing up) using a silicon gasket in between the 2 frames and metal clips to hold the two 

pieces together (Figure 4.S1). Then the TPC in cyclohexane solution [0.3 wt%] was 

poured on the dopamine treated membrane. After 2 min reaction time the excess of 

organic solution was drained and the coated surface was air-dried. Finally, the obtained 

dopamine/TPC composite membranes were stored in water at room temperature for 

testing. 

4.4 Characterization of the composite membranes   

   

To investigate the functional groups on the membrane surface, Fourier transform infrared 

(FTIR) spectra were recorded on a Nicolet iS10 FTIR spectrometer in the range of 2800–

900cm
-1 at room temperature. Membrane samples were dried for 24 h at 80 °C before 

analysis. The surface chemical compositions of the composite membrane were 

investigated by X-ray Photoelectron Spectroscopy (XPS) in a Kratos Axis Ultra DLD 

spectrometer equipped with a monochromatic Al Kα x-ray source at 1486.6 eV. Charge 

neutralization was required for the analysis of the membrane sample. Binding energies 
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were referenced to the aromatic sp2 hybridized (C=C) carbon for the C1s peak set at 

284.5 eV.  The morphology of the membrane was characterized by a field emission 

scanning electron microscope (FESEM). Membrane surfaces and cross-section were 

imaged with a Magellan microscope using a voltage of 1kV. Samples to be analyzed 

were fractured in liquid nitrogen and mounted on an aluminum stub. To dissipate 

charging, mounted samples were sputter coated with a 2 nm thick iridium layer.  Cross-

sectional images of TFC membranes were obtained using transmission electron 

microscopy (TEM, Titan Cryo Twin, FEI Company) operating at 300 kV .To prepare 

TEM samples, the polypropylene fabrics were removed from TFC membranes, and the 

prepared samples were embedded in epoxy resin and put to polymerize for 16h at 60°C. 

Thin sections (100 nm  thickness) were cut using an ultra microtome (Leica UC6) and 

collected on copper grids. The cross-sections of the selective layers of TFC membranes 

were recorded with a 4k x 4k CCD camera (Gatan Inc., Pleasanton, CA). The surface 

root-mean-square (rms) roughness of membranes was estimated from the topography 

images of 2 µm x 2 µm area using atomic force microscopy (AFM, Agilent 5500 SPM) 

operated in acoustic AC mode under air atmosphere. 

 

4.5 Membrane performance   

Filtration experiments were carried out at 5 bar and 23 °C using a stirred dead-end 

filtration cell with an effective membrane area of 12.6 cm
2
. Permeate and retentate 

samples were collected after achieving steady state condition. Dyes like Rose Bengal, 

Brilliant Blue R250 and protoporphyrin IX dimethylester were used, each at a 
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concentration of 35 µmol/l in DMF to evaluate the rejection performance of the 

membranes.  

The stainless steel cell was filled with 25 ml feed solution. 2 ml permeate samples were 

collected after discarding the first 10 ml permeate. Solute retentions (R, %) were 

measured from the retentate and permeate solution using the following equation:   

Rejection (%) = 1 –   where Cr and Cp refers to the solute concentrations of 

the retentate and permeate solution, respectively. Dye concentrations were measured on a 

UV VIS/near IR (Perkin Elmer Lambda 1050) spectrophotometer at the wavelengths 

indicated in Table 4.1. 

4.6 Results and Discussion 

For the optimization of the interfacial polymerization reaction we consider that dopamine 

self-polymerization reaction and the adsorption of dopamine as monomer for interfacial 

polymerization happen simultaneously in aqueous solution at pH 7. [11] At this pH the 

dopamine polymerization is very slow. [14] The dopamine monomer in solution with 

amine and phenol groups as well as the catechol groups of polydopamine [15-17] can react 

with acyl chloride groups of terephthaloyl chloride (TPC), as shown in Figure 4.1.  
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Figure 4.1. Scheme of the interfacial polymerization reaction between 

dopamine and terephthaloyl chloride (TPC).  

 

The dopamine deposition was performed under stirring and vertical sample orientation, as 

it has been noted as a way of avoiding the deposition of micrometered-sized particles of 

polydopamine on surfaces. [15] The combination of the neat crosslinked PAN support [4] 

with our approach of using dopamine and terephthaloyl chloride as monomers for the 

interfacial polymerization reaction  resulted in a composite membrane with an ultrathin 

separation layer with exceptional solvent stability towards DMF, minimal surface 

roughness and excellent permeation and rejection performance.  

Chemical analysis via Fourier transform infrared (FTIR) spectra of the membranes 

confirms the interfacial polymerization reaction between dopamine and TPC on the 

cross-linked PAN support. As shown on Figure 4.2a, it is evident that besides the bands 

corresponding to the crosslinked-PAN substrate shown in the blue spectra, the composite 

membranes possess additional peaks after 30min of being immersed in the dopamine 

solution. The peak at 1616cm-1 in the green spectra corresponds to the N-H bend 

exclusive of a primary amines and as well to an aromatic C=C stretching in that same 

region suggests that during the self-polymerization reaction of dopamine, there are still 

some dopamine fragments[17] available to react with the terephthaloyl chloride groups. 

This can be clearly confirmed by the peaks at 1750cm-1 and 1658cm-1 in the red spectra, 

which correspond to the C=O ester stretching vibrations and C=O stretching vibrations in 

amide groups respectively. These characteristic bands, as well as the multiple peaks 
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shown from 100-1300cm-1 corresponding to C-O ester stretching suggest that dopamine/ 

terephthaloyl chloride thin film composite membranes were successfully formed. 

Moreover the high-resolution C1s core-level XPS spectrum of the composite membrane 

shown in Figure 4.2b shows peaks at the bonding energy of 284.5, 285, 286.3, 287.8 and 

288.7 eV that correspond to C=C, C–C, C–N and C–O, O=C–N and O=C–O functional 

groups, respectively. The peaks of the O=C–N and O=C–O species at 286.3 and 287.8 eV 

indicate the formation of amide and ester groups, [18] which were produced by the  

catechol groups of polydopamine, the phenolic hydroxyl, and primary amine groups of 

dopamine reacting with acyl chloride of TPC. Therefore, XPS analysis also confirms that 

the dopamine/TMC thin-film layer was successfully formed. 

a) 
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b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.  a) FTIR spectra of CL PAN, CL PAN 30’ Dopamine, CL PAN 30’ 

Dopamine/2min TPC. b) High-resolution C1s core-level XPS spectrum of the 

dopamine/TPC thin film composite membranes. 

Scanning electron microscopy (SEM), Transmission electron microscopy (TEM) and 
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atomic force microscopy (AFM) were used to characterize the morphology and thickness 

of the selective layers (Figure 4.3). SEM images (Figure 4.3A and 4.3C) represent the 

cross-linked PAN membrane, where a highly porous membrane surface is clearly visible, 

contrasting with images 2B and C which show the interfacially polymerized 

dopamine/TPC crosslinked-PAN membrane composite membrane, where an ultra-thin 

film is observed on the membrane surface. Furthermore, the thickness of the selective 

layer was determined to be ~ 5.4 nm estimated from the difference between two 

boundary positions (support-selective layer and selective layer-embedding resin) by TEM 

shown in Figure 4.2F. Boundaries were defined as the positions where a drastic contrast 

change takes place. The root mean square (rms) roughness of the dopamine/TPC 

composite membrane was estimated by AFM to be 2.62 nm (Figure 4.2E). If we compare 

this value to traditional MPD/TMC (rms=55.61 nm) [19], PIP/TMC (rms=38.29 nm) and 

DAP/TMC (rms=1.70 nm) [20] membranes, our results demonstrate an extremely thin and 

smooth selective thin layer on top of the cross-linked PAN support. This is the first time 

that a selective layer below 8 nm could be manufactured directly by interfacial 

polymerization on the surface of a macroporous support. Karan et al. reported an  8 nm 

thin polyamide film. [21]  But the manufacturing procedure was tedious, a sacrificial 

intermediate layer and a film transfer was required. At this stage of the development it is 

not totally clear why in our case the layer formed by interfacial polymerization is so 

extremely thin. One reason might be the partial polymerization of the dopamine layer. 

Once a thin layer is formed by the interfacial reaction, the dopamine oligomers cannot 

diffuse through this layer. In addition, these oligomers have a very strong adhesion to the 

modified PAN support. 
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Figure 4.3. SEM images of surface and cross-section of cross-linked PAN (A, C) and 

after interfacial polymerization with dopamine/ihaloyl chloride (B, D). AFM (2µmx2µm) 

(E) after interfacial polymerization with dopamine/terephthaloyl chloride and TEM cross-

section (F). 

 

Table 4.1 represents the permeation and rejection data of various dyes in DMF of the 

dopamine/TPC composite membranes. The membranes showed high rejections (around 

97%) for dyes with a molecular weight higher than 800 Daltons, whereas the permeation 

increased with the decrease of molecular weight of dyes. Both Rose Bengal and Brilliant 

Blue are negatively charged dyes which showed higher rejections contrasting with 

protoporphyrin IX dimethyl ester, which is a neutral dye. The increase of the retentate 

E	

F	
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concentration, as well as the nearly unchanged color of the membranes after the filtration 

experiments (Figure 4.S2, Supporting Information) confirms that the membranes are 

actually rejecting the dyes, rather than adsorbing them on the surface. It should be 

mentioned, that we found a relatively large standard deviation in permeance (σ = 0.8), 

when we compared different membrane batches. The most likely reason for this flux 

variation is the imperfect reproducibility of the hand-made interfacial polymerizati 

 

Solute Permeance in DMF 

L m-2 h-1 bar-1. 

Rejection % 

 

Rose bengal 

(Mw: 1017.64 g/mol)  

Absorbance taken at 563nm 

 

 

 

3.1 

         

        

93% 

Brilliant blue R250  

(Mw: 825.97 g/mol)  

Absorbance taken at 592nm 

 

 

4.1 

        

97% 

Protoporphyrin IX dimethyl ester  

(Mw: 590.71 g/mol) 

Absorbance taken at 406nm 

 

 

5.0 

        

 

68% 

 

Table 4.1. Permeance and rejection performance of dopamine/TPC composite 

membranes with different molecular weight dyes in DMF. 
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4.7 Conclusion 

The chemical crosslinking of PAN on polypropylene non-woven support with hydrazine 

followed by interfacial polymerization using dopamine and terephthaloyl chloride, 

resulted in a new type of solvent resistant nanofiltration membrane. No change in the 

morphology of the composite membrane was observed in DMF even after several days. 

The resulting composite membrane showed permeances up to 5 L/m2 h bar combined 

with a molecular weight cut-off below 800Da. This is a clear improvement compared to 

previously reported solvent resistant PAN membranes which produced a permeance of 

1.7 L/ m2 h bar. [4] The remarkable stability in DMF, the ease of chemical modification 

and preparation, as well as the extremely thin and smooth selective layer, make this new 

type of bio-inspired solvent resistant nanofiltration membranes attractive for a more 

effective approach in industrial harsh solvent separation processes. 
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4.8 Supporting Information  

 

 

 

Figure 4.S1. Digital images of the fabrication of dopamine/ terephthaloyl chloride thin-

film composite membranes by interfacial polymerization. 

 

1) The wet cross-linked PAN membrane was immersed in [0.5 wt%] aqueous 

solution of dopamine for 30 min at 50°C under stirring. 

2) The excess solution was gently removed from the surface with a filter paper and a 

rubber roller.  

3) The impregnated membrane was then mounted between two teflon frames (with 

the PAN surface facing up) using a silicon gasket in between the 2 frames and 
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metal clips to hold the two pieces together. 

4) The TPC in cyclohexane  solution [0.3 wt%] was poured onto the top oft the 

membrane and let it react for 2 min.  

5) Excess of organic solution was drained and the coated surface was air-dried 

 

 

 

 

     

 

Figure 4.S2. Digital images of Dopamine/TPC after permeation tests in a) Rose 

Bengal/DMF [35µM], b) Brilliant Blue/DMF [35µM],  c) Protoporphyrin IX dimethyl 

ester/DMF [35µM] 
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Chapter 5  

Tannin-based thin-film composite membranes for solvent 

nanofiltration* 

 

5.1 Abstract  

 

  

 

The natural oligomer tannic acid was used as a reactant for an interfacial polymerisation 

on top of a crosslikned polyacrylonitrile (PAN) membrane. The PAN membrane was 

soaked with the aqueous tannic acid solution and contacted with a dilute solution of 

teraphtaloylchloride in hexane. Since both layers, the PAN support and the thin tannin-

																																																								
*	The	content	of	this	chapter	has	been	published	in	L. Pérez-Manríquez, P. 
Neelakanda, K. -V. Peinemann. Journal of Membrane Science 541 (2017) 137–142.	
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based layer, are highly crosslinked, the resulting thin film composite membrane is stable 

in harsh solvent environments such as N-Methyl-2-pyrrolidone (NMP). NMP permeances 

of up to 0.09 L/m2 h bar with a molecular weight cut-off approximately 800 g/mol were 

obtained. The exceptional stability in NMP and the incorporation of natural compounds 

like tannic acid for the manufacture of organic solvent nanofiltration membranes provides 

a cost-effective alternative for industrial separations due to the simplicity of the 

interfacial reaction and the replacement of the commonly applied toxic aromatic amines. 

The scale up of the manufacturing process is not difficult; the low price of the natural 

tannic acid is another advantage.  

Keywords: solvent resistant nanofiltration; tannic acid; terephthaloyl chloride; interfacial 

polymerization; polyacrylonitrile.  

5.2 Introduction  

Nanofiltration is a well established technique for the separation of low molecular weight 

organic components from aqueous liquid streams. With the development of organic 

solvent stable membranes numerous new applications are emerging. Organic solvent 

nanofiltration (OSN) can replace distillation in many cases [1,2]. This technique has 

recently attracted a lot of attention due to its proposed simplicity and great energy 

efficiency as it is a pressure driven technology where the operation conditions are 

moderate and additional waste streams are minimized [3]. OSN is a simple filtration 

process without phase change and it is energy efficient, additional waste streams can be 

minimized [3]. An increasing number of industrial applications can be found in the 

literature ranging from petrochemistry [4], through manufacture of pharmaceuticals [5-8] 
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to various catalytic processes [9-11].  

These membranes are usually called thin-film composite membranes. A very thin 

polymerization layer is formed at the interface of a mesoporous ultrafiltration membrane 

by the interfacial reaction of two monomers, one dissolved in water and the other one in a 

hydrocarbon [12]. Due to the high water permeation combined with high rejection for 

bivalent salts these membranes are extensively used for aqueous systems, yet their 

applications towards organic solvents are quite restricted, due to the poor solvent stability 

of their common microporous supports used for their manufacture (e.g. polysulfone)  

[13].  

Polyacrylonitrile (PAN) membranes are stable in mild solvent environments and  they 

have low fouling capacity in aqueous filtrations because of their strong affinity for water 

[14]. PAN is a low-cost polymer and it is quite resistant to chlorine [15], yet it is unstable 

in certain classes of harsh solvents like N-methyl-2-pyrrolidone (NMP), which is a 

common solvents for this polymer.  

During the last years much work has been carried out on the development and 

improvement of membrane stability in harsh solvent environments via crosslinking of the 

polymer chains [16-19]. Excessive swelling is reduced and chemical and thermal stability 

is promoted by reducing the mobility of the polymer chains. Higher selectivity can be 

obtained [20-23]. Various procedures are found in the literature in order to manufacture 

solvent stable PAN membranes such as the use of PAN/metal ethoxides [24], 

PAN/NaOH with heating [25,26], PAN-co-polymers [27,28] and hydrolyzed-PAN [29].  

The use of pure polyacrylonitrile as a microporous support layer for making thin film 
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composite membranes by interfacial polymerization has been previously reported. The 

membranes were tested with various solvents [30] but their application in aggressive 

solvents like NMP is not possible. 

A wide variety of monomers have been used for interfacial polymerization reactions to 

form thin films on porous supports for obtaining thin film composite nanofiltration 

membranes. Numerous monomers have been used for the preparation of thin selective 

coatings (polyamides, polyesters, polyurea and others) on porous membranes[31]. 

Inspired by the abundance of date fruits in the Kingdom of Saudi Arabia we chose tannic 

acid as monomer for membrane preparation. Tannic acid can be found at the early 

development stage of dates known as Kimri by their Arabic name. In this stage the date 

fruit has elevated levels of acidic substances and astringent tannins such as tannic acid 

[32]. Therefore we decided to choose tannic acid  (TA) as reactant for the interfacial 

polymerization in the aqueous phase and terephthaloyl chloride (TPC) for the organic 

phase to form our thin film on top of our previously reported crosslinked PAN support 

[13].  

The use of tannic acid as monomer for the manufacturing of nanofiltration membranes 

was pioneered by Zhang et al. [33]. They used trimesoylchloride as second monomer and 

applied polyethersulfone as support. A membrane with good potential for waste water 

treatment was obtained. Here, we report the application of tannic acid/ terephthaloyl 

chloride for the manufacturing of an ultra smooth thin film composite membrane (~2.6 

nm rms roughness) for solvent resistant nanofiltration applications. A cross-linked PAN 

membrane served as support and the interfacial polymerization was optimized, obtaining 
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excellent permeation and rejection performance in NMP. The incorporation of natural 

compounds like tannic acid for the manufacture of nanofiltration membranes provides a 

cost-effective alternative for industrial separations due to the simple preparation 

procedure.  

5.3 Experimental  

5.3.1 Materials  

Polyacronitrile polymer with molecular weight of approximately 200,000 g/mol was 

supplied by Kelheim Fibers GmbH, Germany. Brilliant Blue R250 was acquired from 

Fisher Bio Reagents. N,N-dimethylformamide, N-Methyl-2-pyrrolidone, hydrazine 

hydrate, cyclohexane, terephthaloyl chloride, tannic acid, Rose Bengal dye (purity 90%), 

Congo red dye, sodium dihydrogen phosphate (purity 99%) and disodium hydrogen 

phosphate (purity 98.5%) were all acquired from Sigma-Aldrich; polypropylene 

nonwoven material was acquired from Sojitz Europe, Germany. 

5.3.2 Fabrication of polyacrylonitrile  microporous support membranes  

Water induced phase separation was used to fabricate the polyacrylonitrile  microporous 

support membranes. The PAN powder was dissolved in DMF under stiring at 70 °C to 

obtain a 12 wt.% solution. The clear PAN solution was set aside for about 12 hours to 

remove gas bubbles and was then cast on a polypropylene nonwoven using a 

continuously operating casting machine. Knife air gap was adjusted at 150 µm, the 

casting speed was 2 m min−1. The coagulation bath was tap water at room temperature 

[34]. After precipitation and washing the membranes  were annealed for 45 min in a hot 
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water bath at 90 °C.   

Finally the wet membranes were cross-linked by immersing them for 6 h in a 20% (v/v) 

aqueous solution of hydrazine hydrate in deionized water at 85 °C, these were the 

optimum conditions previously reported [13] in order to produced solvent-stable 

membranes with good mechanical stability. The obtained ultrafiltration membranes were 

stable in DMF. The crosslinked membranes were carefully washed to remove excess 

hydrazine. They were stored in DI water until further use. 

5.3.3 Composite membrane manufacturing by interfacial 

polymerization 

Composite membranes were manufactured by interfacial polymerization using tannic 

acid (TA) in phosphate buffer pH 7 as the aqueous phase and terephthaloyl chloride 

(TPC) in cyclohexane as the organic phase (Fig. 5.1).  The wet cross-linked PAN 

membranes were soaked with a dilute aqueous solution of tannic acid (0.1 wt.%) for 10 

min. After removal from this bath excess solution was removed from the surface by 

placing the membrane between 2 filter papers  and gently rolling a rubber roller over the 

back side of the membrane. The tannic acid treated membrane was then mounted into a 

Teflon frame (Fig. 5.1). The membrane surface was then contacted with a solution of 

TPC in cyclohexane (0.1 wt%) for 3 min. Then the TPC/cyclohexane solution was 

drained, the Teflon frames were removed and the membrane was hanged with metal clips 

until dried at room temperature. The coated membranes were stored in water before 

performing filtration experiments. 
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Figure 5.1. Digital images of the fabrication by interfacial polymerization of tannic acid / 

terephthaloyl chloride thin-film composite membranes. 

 

5.4 Membrane characterization 

5.4.1 Fourier transform infrared spectroscopy (FTIR) 

The membrane surface was examined by Fourier transform infrared (FTIR) analysis, 

spectra were taken on a FTIR spectrometer model Nicolet iS10 in the range of 3700–900 

cm−1. All membrane samples were dried at 80 °C in a laboratory oven prior analysis.  
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5.4.2 Scanning electron microscopy (SEM)  

The membrane surface and cross-section were imaged by using a FEI Magellan 

XHRSEM microscope with a voltage of 1 kV. In order to analyze the morphology of the 

membranes, samples were fractured in liquid nitrogen in order to obtain a sharp and well 

defined cross-section, samples were then mounted on aluminum stubs. The samples were 

sputtered with a 2 nm thin iridium layer to avoid electrostatic charges. 

5.4.3 Atomic force microscopy (AFM) 

The roughness of membranes was estimated using atomic force microscopy (AFM, 

Agilent 5500 SPM) from the images of 2 × 2 micrometer area.  The equipment was 

operated under air atmosphere in acoustic AC mode. 

5.4.4 Membrane performance 

A dead-end stirred stainless steel cell was used for the filtration experiments. The applied 

pressure was 20 bar, filtration was performed at 23 °C with a membrane area of 12.6 cm2.  

Samples of permeate and retentate were taken after reaching a steady state flux.  All dye 

solutions used for this study were prepared at a concentration of 35 µmol/L in NMP to 

determine the  molecular weight cut-off of the membranes. 

50 ml of feed solution was poured into the stainless filtration cell, which contained one of 

the dyes mentioned above. The first 10 ml of permeate were discarded and samples of 3 

ml were collected by triplicate. Retentate and permeate concentrations were then used to 

calculate the dye rejection using the equation: 
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Rejection (%) = (1- ) x 100 

Cr and Cp are the solute concentrations of retentate and permeate, respectively. A UV 

VIS/near IR (Perkin Elmer Lambda 1050) spectrophotometer was used to determine the 

dye concentration using dye’s different wavelengths shown in Table 5.1. 

5.5 Results and discussion  

5.5.1 Stability in NMP 

Non-crosslinked and crosslinked PAN membranes were immersed for a prolonged period 

of time in NMP. The non-crosslinked polyacrylonitrile membranes rapidly dissolved in 

NMP. This was no surprise given the fact that polyacrylonytrile is known to be soluble in 

NMP. However, the crosslinked PAN membranes did not change in NMP even after 3 

months storage time; they still showed the same shiny appearance characteristic of a PAN 

membrane. 

5.5.2 Fourier transform infrared spectroscopy (FTIR) 

The membrane analysis via FTIR corroborate that the interfacial polymerization reaction 

between tannic acid and terephthaloyl chloride on the cross-linked PAN support was 

successfully performed. Figure 5.2 shows clearly that besides the characteristic bands of 

the crosslinked PAN substrate (red spectrum) the composite membranes has 

characteristic additional peaks. The peak at 1750 cm−1 in the blue spectrum corresponds 

to ester groups (C=O). The ester groups from the tannic acid reactant and the polyester 

formed during the interfacial polymerization contribute to this peak. Also the multiple 
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peaks found in the region 1000-1300 cm−1 are characteristic for the C-O group found in 

the ester. The peak at 1400 cm−1 indicates the presence of aromatic C=C groups which 

are not found in the cross-linked PAN membrane. The elongated peak at 1680 cm−1 is 

also an indication for a higher amount of C=C groups present in the composite membrane 

due to the interfacial polymerization reaction. At last, the strong broad band in the 3200-

3600 cm−1 region indicates the presence of OH groups from the tannic acid. It is 

important to mention again that these membranes were dried in a laboratory oven for 24 h 

at 80 °C prior analysis to avoid any water residues in the samples. 

 

 

 

 

 

 

 

 

Figure 5.2. FTIR spectra of the crosslinked PAN membrane (CL PAN) and the composite 

membrane with tannic acid and terephthaloyl chloride (TA TPC 0.1wt%). 
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5.5.3 Scanning electron microscopy (SEM) 

The membrane surfaces (crosslinked PAN and thin-film composite membrane) were 

observed by SEM.  Fig. 5.3A and B show the crosslinked PAN membrane surface, where 

many pores are clearly visible. Fig. 5.3C and D show the interfacially polymerized layer 

on top of the crosslinked polyacrylonitrile support; a thin dense layer is observed and the 

surface porosity is clearly reduced. 

 

 

 

 

 

 

 

 

 

Figure 5.3. Surface and cross-section of the cross-linked PAN (A and B) and tannic 

acid/TPC over cross-linked PAN (C and D). 
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5.5.4 Atomic Force microscopy (AFM) 

The surface roughness (rms) of the crosslinked PAN membrane and the tannic acid/TPC 

thin film composite membrane was estimated by Atomic force microscopy 2D/3D 

analysis to be 5.81 nm for the crosslinked PAN membrane (Figures 5.4 A,B) and 2.61 nm 

for the TA/TPC thin-film composite membrane (Figures 5.4 C,D). If we compare these 

results with traditional nanofiltration membranes made from metaphenylene 

diamine/trimesoylchloride (MPD/TMC), which rms = 55.61 nm [35],  

piperazine/trimesoylchloride (PIP/TMC) with a rms = 38.29 nm, these membranes show 

a much higher surface roughness. The also traditional IP system of 

diaminopiperazine/trimesoylchloride (DAP/TMC) with a reported value of rms = 1.70 

nm) [36] shows a much more smooth surface similar to our tannic acid based layer which 

is quite thin and smooth. This analysis also demonstrates once more how the porosity of 

the membrane is reduced due to the IP reaction as shown in Fig. 5.4A where the cross-

linked PAN membranes exhibits a really porous surface, contrasting with Fig. 5.4C 

where we can barely see the pores of the membrane.  
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Figure 5.4.AFM (2 µm × 2 µm) 2D/3D images of CL PAN membrane (A,B) and 

TA/TPC thin-film composite membrane (C,D). 

5.5.5 Membrane permeance and rejection performance 

 

Solutes 

Permeance in NMP 

(L m-2 h-1 bar-1.) 

 

Rejection (%) 

Rose BengalMw: 1017.64 

g/mol 
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Absorbance taken at 563 nm 0.08 93 

Brilliant Blue R250 

Mw: 825.97 g/mol 

Absorbance taken at 592 nm 

 

0.08 

 

95 

Congo Red 

Mw: 696.66 g/mol 

Absorbance taken at 534 nm 

 

0.09 

 

88 

 

Table 5.1. Permeance and rejection values of tannic acid/TPC thin film composite 

membranes tested with different molecular weight dyes in NMP.  

There are few papers in the literature reporting NMP fluxes and rejection of 

nanofiltration membranes. Vanherck et al. [19] reported a new diamine crosslinking 

method that resulted in membranes with an NMP permeance of 0.2 L m-2 h-1 bar-1. and a 

Rose Bengal (1017.64 g/mol) rejection of 98%. A similar performance of 0.2 L m-2 h-1 

bar-1. and a Remazol Brilliant Blue R (626 g/mol) rejection of 94% was reported in a 

recent paper by Volkov et al. [37] Our membranes have a similar molecular cut off by 

showing a 95% rejection of Brilliant Blue dye (Mw: 825.97 g/mol) with a lower 

permeance of 0.08 L m-2 h-1 bar-1.. This is still a competitive performance compared to 
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the other two reported membranes resistant to NMP.  It is also important to mention that 

we found a significantly small standard deviation in permeance (σ = 0.009), when we 

compared the 9 different membranes tested, 3 membranes per solvent/dye mixture. The 

most likely reason for this small flux variation is the high reproducibility of the hand-

made interfacial polymerization due to the high reactivity of the tannic acid with the 

terephthaloyl chloride producing a smooth and even thin layer on top of the crosslinked 

PAN support. 

Fontananova et al. [38] reported a copolyimide membrane with an NMP permeance of 

0.1 L m-2 h-1 bar-1. with  a rejection of 62% for Solvent Blue 35 dye (Mw: 350 g/mol) and 

Dutczak et al. [39] reported a polyamide-imide membrane with an NMP permeance of 

0.06 L m-2 h-1 bar-1. and a rejection of 93% of polystyrene (Mw: 500 g/mol).  A drawback 

of this last work is that in order to make this solvent resistant membranes, these are left 

with the crosslinking agent and a mixture of catalyst for 13 days at 50°C. Taking into 

account previously published work we conclude that our membranes made with the 

natural substance tannic acid as one building block is competitive for organic solvent 

nanofiltration with a facile method of fabrication. It is important to mentioned that prior 

to the interfacial polymerization reaction, the Crosslinked PAN membranes showed an 

average NMP permeance of 115 L m-2 h-1 bar-1. and a low rejection for dyes in the feed 

mixtures mentioned before, by having an extreme reduction in flux and a rejection of 

above 90% of the dyes/solvent mixtures it is another indicator of a successful thin film 

layer formation on top of the crosslinked PAN support by being able to reject molecules 

of approximately 800 g/mol. 
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5.6 Conclusion  

We demonstrated that the natural compound tannic acid is an effective building block for 

the manufacturing of nanofiltration membranes, which can withstand harsh organic 

solvents like NMP. The composite membranes were prepared by interfacial 

polymerization on the surface of cross-linked PAN ultrafiltration membranes. The 

resulting composite membrane showed NMP permeances up to 0.09 L/m2 h bar with a 

molecular weight cut-off of approximately 800 g/mol. These are the first reported tannic 

acid modified PAN membranes resistant to NMP with a competitive performance for 

organic solvent nanofiltration. Future modifications of the preparation steps should try to 

increase the membrane’s permeance. Tannic acid is a green alternative for the frequently 

used toxic aromatic diamines in the interfacial polymerization process. Other natural 

occurring polyphenols will be tested in future experiments for the preparation of solvent 

resistant nanofiltration membranes. 
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Chapter 6  

Morin-based nanofiltration membranes for organic solvent separation 

processes* 

 

6.1 Abstract 

 

 

 

In this work we demonstrate the successful optimization of the interfacial polymerization reaction 

for the manufacture of organic solvent nanofiltration membranes by replacing the toxic amines 

commonly used for this method with the natural occurring bio-polyphenol morin. For the 

manufacture of this type of OSN membrane a crosslinked PAN support was coated by interfacial 

polymerization using morin hydrate as the monomer of the aqueous phase and terephthaloyl 

chloride as the monomer of the organic phase. These membranes showed an exceptional 

performance and resistance to NMP by having a a permeance of 0.3 L m-2 h-1 bar-1 in NMP with 

a rejection of 96% of Brilliant Blue dye which has a molecular weight of 825.97 g/mol, making 

these membranes attractive for harsh industrial separation processes due to their ease of 

manufacture, low cost, and excellent performance. 
																																																								
*	The	content	of	this	chapter	has	been	published	in	L. Pérez-Manríquez, P. 
Neelakanda, K. -V. Peinemann. Journal of Membrane Science, 554 (2018) 1-5.	
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6.2 Introduction 

 

In the last decade there has been a trend towards bio-inspired approaches for the formation of 

nanocoatings as well as to accomplish energy-intensive industrial separations in a more 

sustainable fashion.  Organic solvent nanofiltration (OSN) is a pressure driven process, where the 

operation conditions are moderate and additional waste streams are minimized [1].  Compared to 

distillation OSN is an energy efficient approach for challenging molecular separations such as 

purification of active pharmaceutical ingredients [2-4], production of specialty chemicals [5-7] 

and separations in the petrochemical industry [8-10]. 

 

The overall performance of OSN membranes is determined by solute/solvent interactions with the 

membrane top layer [11].  Therefore, the modification of the membrane surface becomes crucial 

in order to obtain high-performance OSN membranes. The first commercial OSN membranes had 

an integral-asymmetric structure made from cellulose acetate or crosslinked polyimides; but 

recently thin-film composite membranes with superior properties have been developed. Karan et 

al. described coatings as thin as 10 nm with ultrahigh solvent fluxes [12], Jiminez-Salomon et al. 

used contorted monomers, which are known for the manufacturing of polymers with intrinsic 

microporosity, for the fabrication of solvent resistant nanofilms by interfacial polymerization 

[13]. Sorribas et al. introduced metal-organic framework based nanocomposite films for OSN 

[14]. Recently a growing interest exists to use “green approaches” and less toxic monomers for 

the preparation of OSN membranes without sacrificing their permeation properties. One “green” 

option for the fabrication of the thin-films in OSN membranes proposed in this paper is the use of 

bio-polyphenolic molecules. Among the many classes of phenolic biomolecules, plant phenols 

are capable of binding and cross-linking due to their strong interfacial activity. Therefore the use 

of plant-derived polyphenols as precursors for spontaneous, multifunctional, and substrate-
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independent nanocoatings has been recently reported [15-20]. 

In this paper we decided to use morin hydrate, a naturally occurring polyphenolic compound that 

can be isolated from the common guava plant (Psidium guajava) [21], as one of the monomers to 

fabricate thin-film composite membranes through interfacial polymerization to replace the 

commonly applied toxic aromatic amines. The use of this particular bio-polyphenol has never 

been reported before for OSN membrane fabrication, which makes this particular molecule quite 

attractive as a new natural approach to form thin-films. 

Here, we report the application of morin hydrate/terephthaloyl chloride for the manufacturing of 

organic solvent nanofiltration membranes.  For the membrane support, we used our previously 

reported crosslinked PAN support [22] as it exhibits exceptional stability in organic solvents.. 

The interfacial polymerization reaction was optimized in order to obtain competitive permeation 

and rejection performance in NMP.  

 

6.3 Experimental  

6.3.1 Materials  

Polyacronitrile (PAN) polymer with a molecular weight of approximately 100,000 g/mol 

was supplied by Kelheim Fibers GmbH, Germany. Methanol, hexane, N,N-

dimethylformamide, N-Methyl-2-pyrrolidone, hydrazine hydrate, terephthaloyl chloride, 

morin hydrate, Rose Bengal dye (purity 90%) and Congo Red dye, were all acquired 

from Sigma-Aldrich. Brilliant Blue R250 was acquired from Fisher Bio Reagents and  

polypropylene nonwoven material was acquired from Sojitz Europe, Germany. 
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6.3.2 Fabrication of polyacrylonitrile membrane support  

The PAN ultrafiltration support was fabricated via water induced phase separation 

proccess. First, the PAN powder was dissolved in DMF under stirring at 70 °C to obtain a 

12 wt.% solution. The clear PAN solution was set aside for about 12 hours for degassing 

and was then cast on a polypropylene nonwoven support using a continuously operating 

casting machine. Knife air gap was adjusted at 150 µm, the casting speed was 2 m min−1. 

The coagulation bath was tap water at 23°C. Then, after polymer precipitation on the 

nonwoven support and after washing the membranes were treated in a hot water bath for 

45 min at 90 °C.   

Finally the wet membranes were cross-linked by immersing them for 6 h in a 20% (v/v) 

aqueous solution of hydrazine hydrate in deionized water at 85 °C; these were the 

optimum conditions previously reported [19] in order to produce solvent-stable 

membranes with good mechanical stability. The obtained ultrafiltration membranes 

showed excellent stability in both DMF and NMP. The crosslinked membranes were 

carefully washed to remove excess hydrazine and prior to be used, they were stored in 

deionzed water . 

 

6.3.3 Thin-Film composite membrane manufacturing by interfacial 

polymerization 
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Since morin has a poor solubility in water, methanol was selected as solvent. Composite 

membranes were manufactured by interfacial polymerization using morin hydrate in 

methanol [2wt%] as the polar phase and terephthaloyl chloride (TPC) in cyclohexane 

[0.2wt%] as the organic phase (Fig. 6.1).  The wetted crosslinked PAN membranes were 

soaked with the methanol solution of morin hydrate for 5 min. After removal from this 

bath excess solution was removed from the surface by placing the membrane between 2 

filter papers and gently rolling a rubber roller over the backside of the membrane. Morin 

hydrate treated membranes were then mounted into a Teflon frame (Fig. 6.1). The 

purpose of placing the membranes in this Teflon frame is to avoid the contact of the 

organic phase with the back of the membrane and just letting it react with the top side of 

the membrane so the interfacial polymerization reaction can take place. The membrane 

surface was contacted with a solution of TPC in cyclohexane (0.2 wt%) for 2 min. Then 

the TPC/cyclohexane solution was drained, the Teflon frames were removed and the 

membranes were put in the oven at 85 °C for 10 min. This annealing step is crucial for 

the formation of the thin film when we use this combination of monomers for the 

interfacial polymerization process. . The bio-polyphenolic coated membranes were stored 

in water before performing filtration experiments. 
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Figure 6.1. Digital images of the fabrication by interfacial polymerization of morin 

hydrate / terephthaloyl chloride thin-film composite membranes.  1) Contacting the 

crosslinked PAN support with the morin hydrate solution (2 % w/v) in methanol for 5 

min, 2) removal of residual morin hydrate solution droplets on the membrane surface 

using a rubber roller, 3) fixing the membrane between the plate and frame assembly, 4) 

contacting the membrane with the organic phase of 0.2 % (w/v) TPC/hexane for 2 mins, 

5) annealing the membrane at 85°C for 10 min under atmospheric pressure. 

 

6.4. Membrane characterization. 

6.4.1 Fourier transform infrared spectroscopy (FTIR) 

The membrane surface was examined by Fourier transform infrared (FTIR) analysis, 

spectra were taken on a FTIR spectrometer model Nicolet iS10 in the range of 3700–900 
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cm−1. All membrane samples were dried at 80 °C 24h in a laboratory oven prior analysis.  

6.4.2 X-ray photoelectron spectroscopy (XPS) 

The surface chemical compositions of the composite membrane were investigated by X-

ray photoelectron spectroscopy (XPS) in a Kratos Axis Ultra DLD spectrometer equipped 

with a monochromatic Al Kα x-ray source at 1486.6 eV. Charge neutralization was 

required for the analysis of the membrane sample. Binding energies were referenced to 

the aromatic sp2 hybridized (C=C) carbon for the C1s peak set at  284.5 eV.  

6.4.3 Scanning electron microscopy (SEM)  

The membrane surface and cross-section was imaged using a Helios™ G4 DualBeam 

microscope with a voltage of 1 kV. Low voltage and a high resolution microscope was 

needed to image these membranes as they were beam sensitive. In order to analyze the 

morphology of the membranes, samples were fractured in liquid nitrogen to obtain a 

sharp and well defined cross-section and then they were mounted on aluminum stubs. 

The samples were sputtered with a 2 nm thin iridium layer to avoid electrostatic charges. 

6.4.4 Membrane performance 

A dead-end stainless steel cell with a magnetic stirrer was used for the filtration 

experiments. The applied pressure was 20 bar, filtration was performed at 23 °C with a 

membrane area of 12.6 cm2.  Various samples of permeate and retentate were taken after 

reaching a steady state flux. Each dye solution of Rose Bengal (Mw: 1017.64 g/mol), 

Brilliant Blue R250  (Mw: 825.97 g/mol) and Congo Red(Mw: 590.71 g/mol), was tested 
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at least with 3 different membrane coupons.  The concentration of all dye solutions used 

for this study was 35 µmol/L in NMP in order to be able to determine the molecular 

weight cut-off of the membranes. 

50 ml of feed solution was poured into the filtration cell, which contained one of the dyes 

mentioned above. The first 10 ml of permeate were discarded and samples of 3 ml were 

collected by triplicate. Retentate and permeate concentrations were then used to calculate 

the dye rejection using the equation: 

Rejection (%) = (1- ) x 100 

Cr and Cp are the solute concentrations of retentate and permeate, respectively. A UV 

VIS/near IR (Perkin Elmer Lambda 1050) spectrophotometer was used to determine the 

dye concentration using dye’s different wavelengths shown in Table 6.1.  

6.5 Results and discussion   

6.5.1 Stability in NMP 

Non-crosslinked and crosslinked PAN membranes were immersed for a prolonged period 

of time in NMP. The base polyacrylonitrile membranes rapidly dissolved in NMP as 

expected, given the fact that polyacrylonitrile is known to be soluble in NMP. However, 

the crosslinked PAN membranes did not change in NMP even after 3 months storage 

time; they still showed the same shiny appearance characteristic of a PAN membrane. 

6.5.2 Fourier transform infrared spectroscopy (FTIR) 
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FTIR membrane analysis was used to corroborate that the interfacial polymerization 

reaction between morin hydrate and terephthaloyl chloride on the cross-linked PAN 

support was successfully performed as shown in Figure 6.2. The FTIR spectra (Fig. 6.3) 

show the characteristic bands of the crosslinked PAN (blue spectrum) and characteristic 

additional peaks for the coating. The multiple peaks found in the region 1000-1300 cm−1 

are characteristic for the C-O group found in the ester groups, that were formed by the 

reaction of morin hydrate OH groups with terephthaloyl chloride . The peak at 1450 cm−1 

indicates the presence of aromatic C=C groups which are not found in the cross-linked 

PAN membrane but they are present in both the morin hydrate and the acyl chloride 

reactants. The elongated peak at 1680 cm−1 is also an indication for a higher amount of 

C=C groups present in the composite membrane due to the interfacial polymerization 

reaction. At last, the strong broad band in the 3200-3600 cm−1 region indicates the 

presence of OH groups from the morin hydrate natural polyphenol. It is important to 

mention again that these membranes were dried in a laboratory oven for 24 h at 80 °C 

prior analysis to avoid any water residues in the samples so this last strong brand indeed 

corresponds to the OH functional group present in the bio-polyphenol and is not due to 

water traces in the membrane cupon. 

 

Figure 6.2. Chemical reaction between the crosslinked PAN support, morin  and 
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terephthaloyl chloride. 

 

Figure 6.3. FTIR spectra of the crosslinked PAN membrane (CL PAN) and the composite 

membrane with morin acid and terephthaloyl chloride (Morin/TPC). 

 

6.5.3  X-ray photoelectron spectroscopy (XPS) 

The high-resolution C1s core-level XPS spectrum of the composite membrane shown in 

Figure 6.4 shows peaks at the binding energy of 284.5, 285, 286.3, 287.8, and 288.7 eV 

that correspond to C=C, C-C, C-N and C-O, O=C–N, and O=C–O functional groups, 

respectively. The peaks of the O=C-N and O=C-O species at 286.3 and 287.8 eV indicate 

the formation of amide and ester groups [23], the peak at 286.3 corresponds to C-N and 

C-O species. The O=C-O group is formed by the reaction between terephthaloyl chloride 
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and morin, whereas the O=C-N group formation is due to the interaction between the 

nitrogen groups present in the crosslinked PAN support with both interfacial 

polymerization reactants, morin  and the acyl chloride. The C-N and C-O species shown 

in the spectra are a result of the reaction of the crosslinked PAN support and the morin. 

The C=C peak at 284.5eV is another indicator of the introduction of the aromatic bio-

polyphenol into the membrane structure. All these XPS data confirm, that the morin /TPC 

thin-film layer was successfully formed as shown in  Figure 6.2.  

 

Figure 6.4. XPS spectra of the PAN/morin-TPC composite membrane 

 



	
	
	

114	

6.5.4 Scanning electron microscopy (SEM) 

The membrane surfaces of both, crosslinked PAN and morin/TPC thin-film composite 

membranes, were observed by SEM.  Fig. 6.5A shows the crosslinked PAN membrane 

surface, where many large pores are clearly visible. Due to the beam sensitivity of the 

morin/TPC coating the SEM image of the coating is not perfect, but it can be seen, that 

the porosity and pore size decrease drastically after the coating by interfacial 

polymerization (Fig. 6.5B). 

 

Figure 6.5. Surface of the crosslinked PAN membrane (A) and the morin/TPC thin-film 

composite membrane (B). 

 

6.5.5 Membrane permeance and rejection performance  

The morin-based composite membranes have been tested for permeance and rejection 

using three dyes dissolved in NMP.  Permeance and rejection are summarized in Table 

6.1. Prior to the interfacial polymerization reaction, the crosslinked PAN support 
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membranes showed an average NMP permeance of 110 L m-2 h-1 bar-1. and a low or zero 

rejection for dyes in the feed solutions. After the interfacial polymerization using morin 

as one monomer the flux decreased drastically and the rejection for all dyes increased to 

above 90%. This is a clear indicator for a successful film formation on top of the 

crosslinked PAN membrane. 

Table 6.1. Permeance and rejection of morin /TPC thin-film composite membranes tested 

with different molecular weight dyes in NMP.  

 

Solute Permeance in NMP   

  L m-2 h-1 bar-1. 

Rejection % 

Rose bengal                             (MW: 

1017.64 g/mol)  

Abs at 563nm, (-) charge 

                    0.2       σ= 0.004* 97% 

Brilliant blue R250               (MW: 

825.97 g/mol) 

Abs at 592nm, (-) charge 

                0.3        σ= 0.008* 96% 

Congo Red  

(Mw: 590.71 g/mol), 

Abs at 406nm, neutral 

               0.5        σ=0.005* 89% 

• Standard deviation for each of the different solvent/solute mixtures tested (3 coupons per solvent/solute 

mixture were tested).  
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The work presented here is focused on the solvent NMP, which is a special challenge for 

OSN using polymeric membranes, because NMP is good solvent for many polymers. 

NMP is an important solvent in the chemical and petrochemical industry. A relatively 

small number of publications describe the application of polymeric nanofiltration 

membranes for NMP containing solutions. Dutczack et al.[25] reported a polyamide-

imide membrane with an NMP permeance of 0.06 L m-2 h-1 bar-1. and a rejection of 93% 

of polystyrene (Mw: 500 g/mol), Fontananova et al. [26] reported a copolyimide 

membrane with an NMP permeance of 0.1 L/m2 h bar and a rejection of 62% for Solvent 

Blue 35 dye (Mw: 350 g/mol). A similar performance as our morin-modified membrane 

was reported by Anokhina et al. [27] with a permeance of 0.2 L m-2 h-1 bar-1. and a 

Remazol Brilliant Blue R (626 g/mol) rejection of 94%. Another good performance was 

published by Vanherck et al. [28] who reported a simplified diamine crosslinking 

method, that resulted in membranes with an NMP permeance of 0.2 L m-2 h-1 bar-1. and a 

rejection of 98% of Rose Bengal dye (1017.64 g/mol). This comparison shows, that the 

morin-based membranes can compete with the best published performances in NMP 

solutions. It is also important to mention, that only a small flux variation was observed, 

when different membranes were tested. This small flux variation shows that the 

manufacturing of this membrane was reproducible; the high reactivity of the morin with 

the terephthaloyl chloride created a smooth and thin layer on top of the crosslinked PAN 

support.  

We reported recently another membrane for solvent resistant nanofiltration, where  tannic 

acid was used as monomer for the interfacial polymerization. Permeances up to 0.09 L m-

2 h-1 bar-1. with a molecular weight cut-off of approximately 800 g/mol (determined with 
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dyes of different molecular weights) were obtained [24]. The replacement of tannic acid 

with morin resulted in membranes with a 3 times higher permeance with a similar 

MWCO of approx. 800 Dalton. The new reactant morin in the current work was 

dissolved in methanol and the crosslinked PAN support was conditioned with methanol 

prior the interfacial polymerization. This might have contributed to the increase in 

permeance. 

 

6.6 Conclusion 

With this work we demonstrated that morin, a bio-polyphenolic molecule abundant in 

nature in the guava plant (Psidium guajava), can be used as a monomer for the successful 

fabrication of solvent resistant nanofiltration membranes through interfacial 

polymerization using as a support a crosslinked PAN ultrafiltration membrane. The 

method of fabrication is simple and reproducible and therefore easy  to upscale. This type 

of OSN membranes can withstand the harsh organic solvent NMP with an excellent 

performance, showing a permeance of 0.3 L m-2 h-1 bar-1. with a rejection of 96% of 

Brilliant blue dye, which has a molecular weight of 826 g/mol. This permeance is 

superior to  previously reported NMP resistant membranes and it is evident, that morin is 

a “green” alternative to be used as a monomer for the fabrication of OSN membranes via 

interfacial polymerization. The cost of morin is low due to the abundance of this bio-

polyphenol in nature, making this type of OSN membranes attractive for industrial harsh 

solvent separation processes. 
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Chapter 7  

 

Effective interfacially polymerized polyester solvent resistant 

nanofiltration membrane from bioderived materials* 

 

7.1 Abstract 

 

 

 

Utilization of sustainable and environmentally friendly solvents for the preparation of 

membranes has attracted growing interest in recent years. In this work, a polyester thin 

film composite solvent resistant nanofiltration (SRNF) membrane was prepared by 
																																																								
*	The content of this chapter has been published in M. H. Abdellah, L. Pérez‐Manríquez, T. 
Puspasari, C. A. Scholes, S. E. Kentish, K.‐V. Peinemann, Advanced Sustainable Systems, 2, 
(2018),  1800043. https://doi.org/10.1002/adsu.201800043. 
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interfacial polymerization on a cellulose support. The cellulose support was prepared by 

non-solvent induced phase separation from a dope solution containing an ionic liquid as 

an environmentally friendly solvent. The polyester film was form via interfacial 

polymerization between quercetin, a plant-derived polyphenol, and terephthaloyl 

chloride. Alpha pinene was used as a green alternative solvent to dissolve TPC while 

quercetin was dissolved in a 0.2 M NaOH solution. The interfacial polymerization 

reaction was successfully confirmed by Fourier Transform Infrared and X-Ray 

Photoelectron Spectroscopy while scanning electron and atomic fore microscopy were 

used to characterize the membrane structure. The composite membrane showed an 

outstanding performance with a molecular weight cut-off around 330 combined with a 

dimethylformamide (DMF) permeance up to 2.81 L m-2 h-1 bar-1. The membrane was 

stable in strong aprotic solvents such as DMF offering potential application in the 

pharmaceutical and petrochemical industries. 

7.2 Introduction 

Solvent resistant nanofiltration (SRNF) is a versatile technology that has received 

considerable attention in recent years. This technology represents a promising alternative 

to conventional separation techniques such as distillation, evaporation and liquid-liquid 

extraction[1,2]. This technology represents a promising alternative to conventional 

separation techniques such as distillation, evaporation and liquid-liquid extraction[1,2]. 

Compared with these technologies, SRNF is characterized by a low energy consumption 

as the separation occurs without phase transition[3]. Further, it operates at mild 

temperature preserving the heat-sensitive components that are found in the 
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pharmaceutical and food industries[4]. Many industrial applications of SRNF such as the 

recovery of vegetable oil, homogeneous catalysts and active pharmaceutical ingredients 

have been reported in the literature[5–12]. In spite of the clear advantages of SRNF, its 

widespread application at an industrial scale is still limited. The strong swelling and 

limited stability of most polymeric SRNF membranes represent the main barrier for such 

upscaling. Over the last few years, much work has been directed to improve the 

membrane stability in harsh solvents mainly by the chemical crosslinking of polymer 

chains[13–16]. 

 

Interfacial polymerization is one of the most widely used techniques for the preparation 

of SRNF composite membranes[1]. In this approach, a thin film is formed by an 

instantaneous condensation reaction between two polyfunctional monomers dissolved in 

two immiscible solvents, one of which is typically water[17].  Interfacial polymerization 

can be used for the preparation of polyamide or polyester films on the top of a porous 

solvent stable support[15,18]. Polyester, the focus of the present current work is produced 

by the reaction between an organic acid chloride dissolved in an organic solvent and a 

diol dissolved in water. An inorganic base is sometimes added to the aqueous phase in 

order to activate the diol and neutralize the by-product acid[17]. The quality and thickness 

of the film are affected by factors such as the concentration of reactants, the reaction time 

and the type of support[17].  Plant-derived poly-phenols represent environmentally 

friendly monomers for the preparation of polyester films by interfacial polymerization 

with organic acid chloride[19]. Quercetin (Fig. 7.1) is a polyphenol that can be found in 

many plants such as caper, grapefruit, black tea, blueberries etc.[19,20]. It is characterized 
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by a strong interfacial activity and a high crosslinking density that make it a potential 

alternative to harmful petrochemical-based phenols[19]. The fabrication of membranes 

using ‘green’ solvents is also an increasing focus of research. For example, Soroko et 

al.[13] substituted harmful dimethylformamide (DMF) and 1,4 dioxane solvents with less 

toxic dimethylsulfoxide and acetone for the preparation of the polymer dope solution of 

crosslinked polyimide-based SRNF membranes. The authors also used water as an 

alternative to isopropanol in the crosslinking step. 

 

Many materials have been used a support for the preparation of composite membranes by 

interfacial polymerization[18,21–23]. However, in SRNF applications, the stability of the 

support material in organic solvents is very important. Cellulose is considered the most 

abundant renewable biopolymer on the earth[24]. It is produced from plants, trees and 

some living microorganisms through the condensation polymerization of glucose[25]. 

Cellulose has strong potential to replace hydrocarbon-based polymers as a membrane 

support material due to its biodegradability, chemical and thermal stability, low cost, and 

sustainability[26]. However, due to its limited solubility in common solvents, the 

utilization of cellulose for the preparation of membranes has been limited[27]. Recently, 

ionic liquids have shown the ability to dissolve cellulose opening a new route for the 

preparation of cellulose membranes via phase inversion [28–31]. Ionic liquids represent 

promising alternatives to volatile, toxic and flammable hydrocarbon solvents. They are in 

a liquid state at room temperature, consisting of a stable organic cation and an inorganic 

or an organic anion[32]. They are characterized by high thermal stability, nonflammability, 

negligible vapour pressure and low chemical reactivity[33]. Ionic liquids are considered as 



	
	
	

126	

“green solvents” mainly because of their very low vapour pressure. There are however 

questions about their toxicity in waste water and their lifetime in the environment[8,35]. N-

methylpyrrolidone (NMP) and dimethylacetamide (DMAc) are common solvents for 

polymeric membrane manufacturing. The long-term exposure to vapours of these 

solvents is a known risk for human health. Therefore, these solvents are listed in the 

Registration, Evaluation, Authorization and Restriction of Chemicals in the European 

Agency (REACH) and they may be banned for industrial use in the future[36]. The 

exposure to harmful vapours is eliminated with the use of ionic liquids as polymer 

solvent, but the ionic liquid ends up in the water used for membrane precipitation. This is 

of course the same in the case of conventional solvents. Large membrane manufacturers 

like hemodialyzer producer Fresenius Medical Care in Germany recover 100% of the 

used solvent by distillation. A recent study on sustainable wastewater treatment published 

in Green Chemistry concludes that adsorption technology is an even more effective 

technology for solvent recovery from wastewater[37]. Ionic liquids can be recovered from 

the aqueous precipitation bath by the same techniques. There are no quantitative data 

available yet, but it is very likely that the recovery of ionic liquids from wastewater is 

more efficient and requires less energy than the recovery of conventional solvents like 

DMF, DMAc and NMP. Distillation is simpler because of the negligible vapour pressure 

of ionic liquids. Adsorbents will be more effective and selective because of the ionic 

charges. Nanofiltration is an additional promising technique for ionic liquid recovery 

[38].Hence, it can be concluded that the use of ionic liquids for membrane production 

eliminates the exposure of workers to harmful solvent vapours; this is the most important 
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point. But secondly it is evident that the recovery of ionic liquids from wastewater will be 

more efficient than the recovery of conventional solvents.  

The objective of the current work is the preparation of a polyester thin film composite 

membrane for SRNF applications by interfacial polymerization via an environmentally 

friendly route. A cellulose support membrane is prepared from a dope solution containing 

an ionic liquid as the solvent. For the interfacial polymerization, quercetin dissolved in 

NaOH solution is used as the aqueous phase while terephthaloyl chloride (TPC) dissolved 

in pinene acts as the organic phase. TPC is of course not a green reagent. Therefore, we 

kept the amount of TPC as low as possible by using a dilute solution with only 0.2 % 

TPC. When the membrane will be produced on a continuous coating machine, the TPC 

solution will be applied as a liquid film not thicker than 10 µm by a wick applicator or a 

similar device. This means, that the consumption of TPC will be below 20 mg per square 

meter produced membrane. This might be tolerable taking into account that the other 

membrane components are bio-derived materials. pinene is selected as a green 

substitute for harmful hydrocarbon-based solvents such as n-hexane and cyclohexane. 

The pinene is recovered form turpentine oils extracted from plants such as basil, 

rosemary, yarrow, parsley, and roses[39]. Compared with typical solvents, pinene has a 

very low flash point, a negligible vapour pressure and a high boiling point eliminating 

fire and explosion hazards. The resulting composite membrane is characterised by 

filtration of DMF as an aprotic solvent to evaluate its potential for SRNF applications.  
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Figure 7.1. Chemical structure of quercetin	

7.3 Results and Discussion 

7.3.1 Membrane characterization 

The proposed interfacial polymerisation reaction to form the polyester film is shown in 

Fig. 7.3. The reactivity of the quercetin is attributed to the formation of more reactive 

phenoxide ions upon dissolution of the quercetin in NaOH solution[40]. Generally, 

phenols are characterized by partial acidity as they can react with strong bases resulting 

in the conversion of hydroxyl groups (–OH) to phenoxide ions (-O-1)[40,41]. The polyester 

film formation was confirmed by FTIR analysis (Fig. 7.2). There is no significant change 

in the intensity of the O-H band in the 3000-3670 region between the cellulose support 

and the composite membrane. However, compared with the cellulose support, an 

additional strong peak corresponding to the carbonyl group (C=O) is observed at 1730 in 

the composite membrane. This carbonyl group forms as a result of the reaction between 

quercetin and TPC (Fig. 7.3). The strong peak observed at 1250 in the composite 

membrane represents the aromatic C=C bond that also does not exist in the cellulose 

support.  
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Figure 7.2. FTIR spectra of the cellulose support and quercetin/TPC thin-film composite 

membrane 
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Figure 7.3. The reaction scheme between TPC and quercetin during interfacial 

polymerization 

The deconvolution of the C 1s core level XPS peak of the cellulose support and the 

composite membrane is presented in Fig. 7.4A and B, respectively. For the cellulose 

support (Fig. 7.4A), three peaks are observed at binding energies of 284.4, 286.2 and 287 

ev. These peaks correspond to the C-C, C-O and O-C-O functional groups. Unlike the 

cellulose support, a newly formed peak at a binding energy of 288.7 is observed for the 

composite membrane (Fig. 7.4B). This peak corresponds to the ester functional group, 

O=C-O. The deconvolution of O 1s XPS peak of the cellulose support and the composite 

membrane is also presented in Fig. 7.5A and B, respectively. For both samples, the peak 

observed at a binding energy of 531.8 corresponds to the C-O functional group. For the 

composite membrane, the new peak formed at a binding energy of 533.2 ev corresponds 

to the ester functional group, O=C-O. The appearance of the ester group in the composite 
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membrane sample confirms the successful reaction between the quercetin and the TPC 

and the formation of the polyester film.   

 

 

 

Figure 7.4. A high-resolution C 1s core-level XPS spectrum of A) the cellulose support 

B) the composite membran	
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Figure 7.5. A high-resolution O 1s core-level XPS spectrum of A) the cellulose support 

B) the composite membrane 

Fig. 7.6 A and B exhibits surface and a cross-sectional images of the thin film composite 

membrane. A uniform thin film with no observed pores can be seen on the top of a 

sponge-like porous sublayer being the cellulose support. 
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Figure 7.6. SEM images of the quercetin/TPC thin-film composite membrane A) surface, 

and B) cross-section 

The surface roughness of the cellulose support and the thin film quercetin/TPC 

composite membrane was estimated from 2D/3D AFM images. The root-mean-square 

roughness (Rrms) was 3.5 nm for the cellulose support and 9.5 nm for the composite 

membrane, indicative of smooth films. There is no evidence of the ‘ridge and valley’ 

structure characteristic of classical polyamide films formed from phenylene diamine, 

which give root mean square roughness of 40 -70 nm[45–47]. This suggests that the 

diffusion of quercetin into the organic phase is slow, either due to interactions of this 

species with the support material, or because the interfacial film that forms is 

impermeable to this species[45,46].   

7.3.2 Membrane performance 

The membrane performance was evaluated in terms of solvent permeance and the 

rejection of different molecular weight dyes (Table 7.1). The average pure DMF 
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permeance through the cellulose support was 18.2 L m-2 h-1 bar-1, which is expected 

considering that cellulose membranes prepared by the NIPS method are typically porous 

[47]. Jimenez-Solomon et al. achieved values of 8 to 10 L m-2 h-1 bar-1 for water permeance 

through poly ether ketone and polyimide support structures and an acetone permeance of  

around 19  L m-2 h-1bar-1 for a crosslinked polyimide support[46,48]. The permeance of 

pure DMF through our composite membrane was 3.4 L m-2 h-1bar-1. This significant 

reduction in the permeance is attributed to the additional mass transfer resistance 

introduced by the thin polyester film on the top of the porous cellulose support. The 

rejection of the different dyes, and the DMF permeance in the presence of these dyes is 

presented in Table 7.2. The TFC membranes prepared in this work have a MWCO of 

around 300 Da (Fig. 7.4) and a very good DMF permeance of 2.4 to 2.8 L m-2 h-1 bar-1, 

when compared with other work in literature that use a polymer support (see Table 7.1).  

Karan et al. were able to achieve outstanding fluxes of up to 20 L m-2 h-1bar-1when 

using a sacrificial layer of cadmium hydroxide nanostrands[23]. These layers are 

remarkably thin (~8.4nm) but the approach uses chemicals that are far from 

environmentally friendly. 

 

Table 7.1 DMF flux and the approximate MWCO of the current work and those reported 

in the literature 

 Membrane type 

DMF 

Permeance 

(L m-2 h-1 bar-

Approximate 

MWCO 
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1) 

This Work  2.6 300 

Pérez-Manríquez et 

al.[49]  

TFC polyamide membrane by 

Interfacial polymerization of N,N’-

diamino piperazine (DAP) and 

trimesoyl chloride on crosslinked 

polyacrylonitrile support 

1.7 600 

Jimenez et al.[21,46] TFC polyamide membrane by 

Interfacial polymerization of a 

mixture of acyl chlorides and MPD   

1.5 236 

See Toh, et al.[50] Asymmetric P84 0.5 236 

Soroko et al.[51]  Crosslinked asymmetric Matrimid 1.0 500 

Loh et al.[52] Crosslinked polyaniline (PANI) 0.6 500 

Li et al.[53] TFC of polypyrrole on hydrolyzed 

PAN 
0.05 <1017 

Karan et al.[23] TFC polyamide membrane by 

interfacial polymerization of 4 

wt% MPD and 0.2 wt% TMC on 

alumina, using a sacrificial layer of 

20 300 
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cadmium hydroxide nanostrands 

Karan et al.[23] TFC polyamide membrane by 

interfacial polymerization of 4 

wt% MPD and 0.2 wt% TMC on 

polyimide, using a sacrificial layer 

of cadmium hydroxide 

nanostrands) 

9 300 

	
	
	

Table 7.2 Characteristics of dyes used in the current study 

	

Dye 

Molecular 

weight  

(g mol-1) 

Wavelength 

  

Sudan II orange 276 419 

Methyl orange 327 424 

Thymol Blue 467 402 

Amido Black 10 

B 
616 625 

Brilliant Blue 

R250 
825 592 

Reactive black 5 992 594 
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Reactive green 19 1419 634 

 

 

Table 7.3 Permeance and rejection values of different molecular weight dyes through 

quercetin/TPC thin-film composite membranes  

Dye % Rejection 

Permeance 

(L m-2 h-1 

bar-1) 

Feed-

Permeate-

Retentate 

Sudan 

Orange 

58 
2.6  

 

Methyl 

Orange 

90 
2.4  

 

Thymol 

Blue 

94 
2.7  

 

Amido-

black 

96 
2.6  

 

Brilliant 

Blue 

97 
2.4  

 

Reactive 

Black 

98 
2.6  
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Reactive 

green 

100 
2.8  

 

 

 

 

Figure 7.4  MWCO of quercetin/TPC thin film composite membrane 

The membranes described in this work have been manufactured on small laboratory 

scale. Since coating by interfacial polymerization is a standard technique for industrial 

membrane manufacturing, the up-scaling of the manufacturing process described here 

should be possible.  

7.4 Conclusions  

A polyester/cellulose thin film composite membrane was successfully prepared by the 

interfacial polymerization method. An environmentally friendly ionic liquid was used to 
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prepare the dope solution utilized for the preparation of a porous cellulose support. The 

green solvent pinene was used as an alternative to harmful hydrocarbon solvents to 

dissolve the TPC monomer. As a substituent to widely-used toxic aromatic amines, 

naturally-occurring quercetin was used as the second monomer for the interfacial 

polymerization reaction. The composite membrane showed a high stability in harsh 

aprotic solvents such as DMF and had a MWCO of around 300 Da (determined by 

different molecular weight dyes) combined with a DMF permeance of up to 2.8 L. m-

2bar-1hr-1. These values that are highly competitive with other polymeric systems reported 

in the literature. The results open the window for the utilization of sustainable, 

environmentally friendly materials for the preparation of SRNF membranes that are able 

to compete with commercially available membranes. 

7.5 Experimental Section 

Cellulose powder (Avicel PH101), pinene (>98 %), N,N-dimethylformamide (DMF), 

quercetin, terephthaloyl chloride (TPC), 1-ethyl-3-methylimidazolium acetate (EMIM 

Ac, purity 97 %),  sodium hydroxide pellets, Reactive Green dye, Reactive Black dye, 

Methyl Orange, Sudan Orange were obtained from Sigma-Aldrich. Brilliant Blue R250 

and Thymol Blue (ACROS OrganicsTM) were purchased from Fisher Scientific. Amido 

Black 10 B was received from MP Biomedicals, France. Non-woven polyester support 

was purchased from Sojitz Europe, Germany. 

7.5.1 Membrane Preparation 
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The cellulose support membrane was prepared by a modified non-solvent induced phase 

separation (NIPS) method reported in the literature[52,54]. A dope solution of 12.5 wt% 

cellulose was prepared by dissolving the cellulose powder in EMIM Ac at 80 °C. The 

solution was stirred overnight until a homogenous solution was obtained. To minimize 

the potential for defect formation during membrane casting, the dope solution was 

degassed using an ultrasonic bath (Branson 2510) for 1 h prior to casting. A 250 µm thick 

film was cast using an adjustable casting knife (BYK-Gardner) on a nonwoven polyester 

support. The membrane was subsequently immersed in a water coagulation bath (23 1 

°C) to complete the polymer precipitation. The membrane was kept in deionized water at 

ambient conditions until further use.  

The polyester film was formed on the surface of the cellulose support membrane by 

interfacial polymerization. The wet cellulose support was fixed between a plate and 

frame with a rubber gasket using binder clips (Fig. 7.8A).  15 ml of 2 % (w/v) quercetin 

in 0.2 M NaOH solution was poured on the top of the cellulose support within the frame 

(Fig. 7.8B). Quercetin was dissolved in NaOH solution due to its limited solubility in 

water and to enhance the interfacial polymerization reaction. The aqueous solution was 

maintained in contact with the cellulose support for 15 min ensuring the penetration of 

the quercetin monomer into the pores of the support. The remaining aqueous solution was 

then drained, and the plate-and-frame setup was disassembled. The membrane was placed 

on top of a filter paper and a rubber roller was gently rolled across the membrane to 

remove residual liquid droplets (Fig. 7.8C). Afterwards, the cellulose membrane was 

fixed again between the plate-and-frame and 15 ml of 0.2 % (w/v) TPC/ pinene solution 

was poured into the frame (Fig. 7.8D). After 3 h, the excess organic solution was drained, 
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and the membrane was washed using pure alpha-pinene to remove unreacted monomers, 

then left to dry at ambient conditions for 10 min (Fig. 7.8E). Finally, the composite 

membrane was annealed at 50 °C for 5 min under atmospheric pressure (Fig. 6.8F). The 

resulting membranes were stored in dry conditions until use.   

 

Figure 7.8. The protocols for the preparation of polyester TFC membranes. A) fixing the 

set cellulose support between the plate and frame assembly, B) Contacting the cellulose 

surface with the aqueous quercetin solution (2 % w/v) for 15 min, C) removal of residual 

aqueous solution droplets on the membrane surface using a rubber roller, D) contacting 

the membrane with the organic phase of 0.2 % (w/v) TPC/ α-pinene for 3 hrs, E) washing 

the membrane with pure α-pinene to remove excess monomer,  and F) annealing the 

membrane at 50 °C for 5 min under atmospheric pressure. 

7.5.2 Membrane characterization 

In order to confirm the successful reaction between quercetin and TPC, Fourier 

Transform Infrared Spectroscopy (FTIR, Thermo Fisher Scientific, Model Nicolet iS10) 
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was used. The measurement was conducted in the range of 3700-900 cm-1. Prior to 

analysis, the membrane samples were fully dried at 30 °C under vacuum.                   

X-ray Photoelectron Spectroscopy (XPS) analysis of the polyester film was carried 

out on a Kratos Axis Supra spectrometer equipped with a monochromatic Al Ka X-ray 

source (hν = 1486.6 eV) operating at 150 W, a multi-channel plate and delay line detector 

under a vacuum of ~10-9 mbar. All spectra were recorded using an aperture slot of 300 

µm x 700 µm. Survey spectra were collected using a pass energy of 160 eV and a step 

size of 1 eV. A pass energy of 20 eV and a step size of 0.1 eV were used for the high-

resolution spectra. Samples were mounted in floating mode in order to avoid differential 

charging. Charge neutralization was required for all samples. Binding energies were 

referenced to the C 1s binding energy of Sp2 hybridized carbon taken to be 284.5 eV. 

The membrane surface and cross-section were imaged by using a FEI Magellan XHR 

Scanning Electron microscope (SEM) with a voltage of 1 kV. In order to obtain sharp and 

well-defined cross-section images, samples were fractured in liquid nitrogen after 

removing the nonwoven polyester backing. The samples were then mounted on an 

aluminium stub and sputtered with a 2-nm thick iridium layer to avoid electrostatic 

charge. 

The roughness and the topography of membranes were estimated using atomic force 

microscopy (AFM, Agilent 5500 SPM) from images of 5 × 5 µm area. The equipment 

was operated under atmospheric air in acoustic AC mode. 

7.5.3 Permeation experiments  
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The filtration experiments were carried out in a dead end-flow cell (STERLITECH 

HP4750) with a membrane active area of 12.6 cm2 (Fig. 7.3). All experiments were 

conducted at 23  °C and 10 bar using DMF as a solvent. The molecular weight cut-off 

(MWCO) was determined by measuring the rejection of different molecular weight dyes 

from DMF feed solutions with concentration of 35 mol/l. For each of the dyes, a new 

membrane coupon was used. Prior to filtration experiments, each of the membrane 

coupons was conditioned by permeating 50 ml of pure DMF at the conditions mentioned  

earlier. 50 ml of the dye solution was then loaded into the cell and 7 ml of the permeate 

were collected in triplicate after discarding the first 10 ml. The membrane permeance (P) 

was calculated as follows, 

where V is the permeate volume collected ( ), A is the active membrane area ( ),  is 

the transmembrane pressure across the membrane (bar) and t is the time (h). 

 

        (1) 

 

The rejection was calculated by measuring the dye concentration in the permeate and the 

retentate solutions after collecting 20 ml of the permeate. The dye concentration was 

measured using a NanoDrop 2000/2000c spectrophotometer (Thermo-Fisher Scientific) 

adjusted to a wavelength corresponding to the maximum absorbance (Table 7.1). The 

percentage dye rejection (% R) was calculated according to the following equation: 

 

 

 
(2) 
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Where  and  are the oil concentration ( mol/l) in the retentate and the permeate 

solution, respectively. 
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Chapter 8  

A Catechin/Cellulose Composite Membrane for Organic Solvent 

Nanofiltration* 

8.1 Abstract 

In this work, a novel thin-film composite membrane composed of a polyester film on a 

cellulose support was successfully synthesised. The polyester film was formed from the 

interfacial reaction between catechin, a bio-derived poly-phenol, and terephthaloyl 

chloride (TPC). The cellulose support was prepared by non-solvent induced phase 

inversion from a 12.5 wt % cellulose dope solution in 1-ethyl-3-methylimidazolium 

acetate ionic liquid. The composite membrane was characterized by Fourier Transform 

Infrared and X-Ray Photoelectron Spectroscopy to confirm the success of the interfacial 

reaction. Scanning electron and atomic force microscopy were used to study the surface 

morphology and roughness of the membranes produced. The performance of the 

composite membranes in terms of solvent permeance and solute rejection was 

investigated by studying the rejection of a broad range of different molecular weight dyes 

in dimethylformamide (DMF) solution. The membranes showed an average DMF 

permeance of 1.2 L m-2 h-1 bar-1 with a molecular weight cut-off of around 500 g mol-1. 

The membrane was stable in DMF over 30 days with no significant change in 

performance. The membrane has potential application in the food and pharmaceutical 

industries. 
																																																								
	*	The	content	of	this	chapter	has	been	published	in	M.H.	Abdellah,	L.	Pérez-
Manríquez,	T.	Puspasari,	C.A	Scholes,	S.E	Kentish,	K-V.	Peinemann	
Journal	of	Membrane	Science	567	(2018)	139–145.	
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8.2 Introduction  

Organic solvent nanofiltration (OSN) is a versatile technology that has received growing 

attention over recent years. This technology offers a promising alternative to 

conventional separation processes such as distillation and evaporation[1,2]. Organic 

solvent nanofiltration is distinguished by the low energy requirements as the separation 

occurs without phase transition[3]. Moreover, it operates at ambient temperature which 

obviates the thermal degradation of heat sensitive ingredients which is common in the 

pharmaceutical and food industries[4]. Furthermore, it is considered an environmentally 

favourable process, as the release of harmful vapours to the atmosphere is minimised and 

the carbon foot print is low [2].   

The stability of polymeric OSN membranes in organic solvents is one of the main issues 

that prevents the commercialisation of this technology [1]. Dimethyl formamide (DMF) 

is one such solvent that is widely used in many industries such as pharmaceutical and 

petrochemical production [5]. Due to its high dielectric constant and aprotic nature, DMF 

is a good solvent for many polymers such as polyimide (PI), polyacrylonitrile (PAN), 

polyurethane (PU) and polyvinylchloride (PVC)[5].  In the past few years, chemical 

cross-linking using aromatic diamines has been used to stabilise PI asymmetric 

membranes against such polar aprotic solvents[6–11]. However, this results in a thick, 

dense active layer than subsequently leads to low solvent flux.  

Interfacial polymerization is an alternative approach that produces a thin film composite 

(TFC) membrane with higher solvent flux [12,13].  In this method, a very thin selective 

film of polyamide or polyester is produced on the top of a porous support membrane by 

an instantaneous reaction between two reactive monomers[12–16]. These monomers are 
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dissolved in two immiscible solvents; typically water and an organic solvent. The quality 

and thickness of the film produced depends on many parameters such the concentration 

of the aqueous and organic phases, the reaction time,  and the nature and number of 

reactive functional groups in each of the monomers[17].  DMF-stable OSN membranes 

have been prepared using this approach[18]. However, the organic solvent used was 

hexane. According to recent European legislation (REACH), n-hexane and a broad range 

of other organic solvents have been classified as carcinogenic and are expected to be 

banned from industrial use in the future[19]. 

Such environment and health concerns had drawn the attention of many researchers to 

find more sustainable and environmentally friendly approaches to the interfacial 

polymerisation technique. Szekely et al.[20] outlined the main principles needed for 

sustainable and benign OSN technology as  (a) the utilization of green solvents which 

account for the majority of the waste formed during the production process, (b) the use of 

low toxicity chemicals, (c) the use of renewable and sustainable raw materials, (d) 

fabrication of the membrane at ambient temperature to reduce energy consumption and 

(e) the design of biodegradable membranes.       

Bio-inspired polyphenols extracted from plants represent promising alternatives to 

hydrocarbon-based phenols for the preparation of selective polyester films[21]. Catechin 

(Fig. 8.1) is a polyphenol that is present in many plants and fruits such as apples, 

blueberries, gooseberries, grape seeds, kiwi fruit and strawberries[22]. The large number 

of cross-linkable hydroxyl groups as well as the strong interfacial activity of polyphenols 

make catechin a potential substituent to commonly used harmful phenols [21]. 

Terephthaloyl chloride (TPC), a typical acid chloride, is widely used for preparation of 
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polyamide and polyester interfacial films[13,15,16,24,25]. TPC is typically dissolved in 

n-hexane or cyclohexane to form the organic phase. Therefore, alternative safe solvents 

able to dissolve TPC, but are immiscible with an aqueous phase are needed. Alpha-

pinene, which is extracted from plants such as rosemary, basil, pine and parsley is 

considered a green and sustainable alternative to n-hexane[26]. It has a very low flash 

point and negligible vapour pressure that eliminate the possibility of explosion, making it 

safe to the environment[27–29].  

Cellulose is a sustainable biopolymer extracted from plants and living 

microorganisms[30,31 ]. It is characterised by chemical and thermal stability, low cost, 

availability and biodegradability that make it a potential alternative to hydrocarbon-based 

polymers as a support material[32]. Its solubility in ionic liquids has opened a new route 

for the preparation of cellulose membranes by the phase inversion technique[33,34]. 

Ionic liquids are also considered environmentally friendly solvents due to their high 

thermal stability, non-flammability, negligible vapour pressure and low chemical 

activity[35].  

The objective of this work is the synthesis of OSN TFC membranes of a polyester 

selective layer on a cellulose support membrane through an environmentally friendly 

route.  Using non-solvent induced phase separation, the cellulose support was prepared 

from a dope solution of 12.5 wt % cellulose dissolved in 1-ethyl-3-methylimidazolium 

acetate ionic liquid. The selective polyester film was formed on the cellulose support via 

interfacial polymerization between aqueous catechin and organic TPC solutions. The 

performance of the composite membrane produced was evaluated by the filtration of 

different molecular weight dyes in DMF. 
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Figure 8.1. Molecular structure of catechin 

	

	
	

8.3 Experimental 

8.3.1 Materials 
	
Catechin, cellulose powder (Avicel PH101), alpha-pinene, dimethylformamide (DMF), 

terephethaloyl chloride (TPC), sodium hydroxide pellets, 1-ethyl-3-methylimidazolium 

acetate (EMIM Ac, purity 97 %), Sudan Orange (276 g mol-1), Sudan Blue (350 g mol-1), 

Reactive Black dye 5 (992 g mol-1), Reactive Green dye (1419 g mol-1) were obtained 

from Sigma-Aldrich. Amido Black 10 B (616 g mol-1) was received from MP 

Biomedicals, France. Thymol Blue (467 g mol-1) (ACROS Organics TM) and Brilliant 

Blue R250 (825 g mol-1) were purchased from Fisher Scientific. Non-woven polyester 

support was purchased from Sojitz Europe, Germany. 

 

8.3.2 Preparation of cellulose support membrane 
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The non-solvent induced phase inversion technique was used for the preparation of the 

cellulose support membrane[33]. Cellulose powder was dissolved in EMIM Ac at 80 °C 

overnight to obtain a dope solution of 12.5 wt%. Trapped air bubbles in the dope solution 

were removed by sonication for 1 hr to minimise the potential of defect formation during 

the casting process. The nonwoven polyester fabric was fixed onto a clean glass plate in a 

horizontal position. An adjustable casting knife (BYK-Gardner) was used to create a 250-

µm thick film on the polyester support. The membrane was immediately immersed in a 

water bath at 23 1 °C for 24 hrs to complete polymer precipitation. After complete 

precipitation, the membrane was washed and kept in deionized water until further use. 

 

8.3.3 Synthesis of the TFC membrane by interfacial polymerization  

The polyester/cellulose composite membrane was fabricated by the interfacial 

polymerization reaction between catechin and TPC. Due the acidic nature of phenols, a 

20 g L-1 catechin solution was prepared in sodium hydroxide solution at pH 12.4 due to 

its limited solubility at lower pH conditions [36,37]. A 2 g L-1 TPC solution was prepared 

in alpha-pinene. To begin the synthesis, the wet cellulose support membrane was cut and 

fixed between a plate and frame (open area of 7×7 cm2) with a rubber gasket in between 

to avoid any leakage of the reacting solutions. 15 mL of the catechin solution was poured 

into the frame and left in contact with the cellulose support for 15 mins. Then, the 

residual catechin solution was removed and the setup dismantled. To avoid defect 

formation in the selective top film, the residual droplets of catechin solution on the 

surface of the cellulose support was removed by gently pressing the membrane on a filter 

paper using a rubber roller. The membrane was then fixed between the plate and frame 
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and 15 mL of the TPC solution were poured inside the frame and left for 3 hrs. 

Afterwards, the excess solution was drained and the membrane was rinsed with pure 

alpha-pinene to remove unreacted monomers. The membrane was left to dry under 

ambient conditions for 10 min before it was annealed at 50 °C under atmospheric 

pressure for 5 min. The resulting membrane was kept in dry conditions until use. 

 

8.4 Membrane characterization 

8.4.1 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR spectrometer (Nicolet iS10) was used to confirm the successful interfacial reaction 

between the reacting monomers and examine both the composite membrane and the 

cellulose support. The measurement was conducted in the range of 3700-900 cm-1. Prior 

to the analysis, membrane samples were dried overnight under vacuum at 30 °C.     

               

8.4.2 X-ray Photoelectron Spectroscopy (XPS) 

XPS analysis was conducted in a Kratos Axis Supra spectrometer equipped with a 

monochromatic Al Ka X-ray source (hν = 1486.6 eV) operating at 150 W, a multi-channel plate 

and delay line detector under a vacuum of ~10-9 mbar.  High-resolution spectra were recorded 

using an aperture slot of 300 µm x 700 µm, a pass energy of 20 eV and a step size of 0.1 eV. 

Membrane samples were mounted in floating mode to avoid differential charging. Charge 

neutralization was required for all samples. Binding energies were referenced to the C 1s binding 

energy of Sp2 hybridized carbon taken to be 284.5 eV. 
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8.4.3 Scanning Electron Microscopy (SEM) 

An FEI Magellan XHR SEM microscope with a voltage of 1 kV was used to obtain high-

resolution surface and cross-sectional images of the composite membrane. The 

membrane samples were snapped in liquid nitrogen after removing the nonwoven 

polyester packing to obtain sharp and well-defined cross-section images. The samples 

were then mounted on an aluminium stub and sputtered with 2-nm thick iridium layer. 

 

8.4.4 Atomic Force Microscopy (AFM) 

Atomic force microscopy (AFM, Agilent 5500 SPM) was used to estimate the surface 

roughness and the topography of membranes from 2D/3D images of 5 × 5 µm. The 

equipment was operated under atmospheric air in acoustic AC mode. 

 

8.5 Permeation experiments 

The filtration experiments were carried out in the setup shown in (Fig. 8.2). A dead end-

flow cell (STERLITECH) with a membrane active area of 12.6 cm2 was connected to a 

high-pressure N2 cylinder to apply the required permeation pressure, measured by a 

pressure gauge mounted on the connection line. To minimise concentration polarisation 

effects, the feed solution was stirred during filtration by placing the cell on a magnetic 

stirrer plate. All experiments were conducted at room temperature (23 1 °C) and 10 bar 

using DMF solvent. A new membrane coupon was used for each experiment. Prior to the 

filtration experiments, the membrane was conditioned by permeating 50 ml of DMF at 10 

bar. Then, 75 ml of each dye solution (35 µmol L-1) was loaded into the cell and the feed 

pressure was adjusted at 10 bar. A sample of 5 ml of the permeate was collected in 
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triplicate for analysis, after discarding the first 10 ml. The composite membrane 

performance was evaluated in terms of DMF permeance and the rejection of different 

molecular weight dyes (Table 8.1). The membrane permeance was calculated as follows,  

 

 
(1) 

 

where V (L) is the permeate volume collected within time (t, h), A is the membrane 

active area (m2), ∆P is the transmembrane pressure across the membrane (bar) 

For rejection calculations, the concentration of the dye in the retentate and permeate 

solutions was measured using a NanoDrop 2000/2000c spectrophotometer (Thermo-

Fisher Scientific). The instrument was set at the wavelength (λmax) corresponding to the 

maximum absorption of the corresponding dye (Table 8.1). The percentage rejection was 

calculated as follows,  

 

 

(2) 

Where Cr  and Cp are the dye concentrations in the retentate and the permeate solution, 

respectively.  
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Figure 8.2. The dead-end flow setup used for the filtration experiments 

 

8.6 Results and discussion 

8.6.1 Fourier transform infrared spectroscopy (FTIR) 

Generally, phenols in solutions behave like weak acids that have a low reactivity toward 

acylation, the characteristic reaction that occurs during interfacial polymerization[38]. 

Upon reacting with strong bases such as sodium hydroxide they convert to more reactive 

phenoxide ions[39]. These phenoxide ions react easily with TPC monomers through the 

interfacial reaction to form the polyester film according to the proposed reaction scheme 

shown in Fig. 8.3. The success of this reaction was confirmed by the FTIR spectra of the 

cellulose support and the composite membrane exhibited in Fig. 8.4. In comparison with 

the cellulose spectrum, there is a strong additional peak in the composite membrane 

spectrum at a wavenumber of 1730 cm-1. This peak corresponds to the carbonyl group 

(C=O), the functional group of esters, which forms as a result of the reaction between the 

acyl group in the TPC and phenoxide ion (Fig. 8.3). There is also another strong peak in 

the composite membrane spectrum at 1250 cm-1 which does not appear in the cellulose 
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spectrum. This peak represents the SP2 hybridised carbon (C=C) of the benzene rings. No 

significant change can be detected in the intensity of the OH peak for cellulose and 

composite membrane which suggests complete reaction of all OH sites in the catechin. 

 

 

 

 
Figure 8.3. The reaction scheme for the interfacial reaction between catechin and TPC to form the polyester film 
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Figure 8.4. FTIR spectra of the cellulose support and the polyester TFC composite membrane 

	
	
8.6.2 X-ray infrared spectroscopy (XPS) 

Further confirmation of the interfacial polymerisation reaction was provided by an 

analysis of the C1s and O 1s XPS peaks of both the cellulose support and the composite 

membrane. Fig. 8.5A and B depicts the deconvolution of the C 1s core level XPS peak 

the cellulose support and the composite membrane, respectively. For both samples, the 

peaks appear at binding energies of 284.8, 286.3 and 288 eV representing the C-C, C-O 

and O-C-O functional groups, respectively. The extra peak observed in the composite 

membrane (Fig. 8.6B) at a binding energy of 289 eV corresponds to the ester functional 
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group (O=C-O) which results from the interfacial reaction between catechin and TPC 

(Fig. 8.3). The deconvolution of O 1s XPS peaks for cellulose and the composite 

membrane is presented in Fig. 8.5A and B. The common peak observed at a binding 

energy of 531.8 eV in both samples represents the C-O functional group. The new extra 

peak which appears in the composite membrane at a binding energy of 532.9 eV (Fig. 

7.6B) confirms the existence of the ester functional group (O=C-O) and the successful 

formation of the polyester film on the top of the cellulose support.   

 
 

 

Figure 8.5. A high-resolution C 1s core -level XPS spectrum of A) the cellulose support and B) the polyester/cellulose 

composite membrane 
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Figure 8.6. A high-resolution O 1s core -level XPS spectrum of A) the cellulose support and B) the polyester/cellulose 

composite membrane 

8.6.3 Scanning Electron and Atomic Force Microscopy 

Fig. 8.7A shows a surface image of the cellulose support where many pores (average size 

= 36  8 nm) can be observed. Fig 8.7B and C shows surface and cross-sectional images 

of the polyester composite membrane. A continuous uneven surface of the polyester layer 

can be clearly seen on the top of a porous cellulose sublayer. This rough morphology is 

known as the “rigid and valley” structure which is a characteristic feature of membranes 

prepared by interfacial polymerization [40–45]. The ‘protuberances’ can be attributed to 
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the rapid diffusion of catechin molecules into the organic phase, which is then hindered 

by the equally rapid formation of the interfacial film[46–48] .  

 

 

Figure 8.7. SEM images of A) cellulose support (surface), B) the composite membrane (surface) and C) the composite 

membrane (cross-sectional) 

Atomic force microscopy analysis was used to measure the surface roughness of the 

cellulose support and the composite membrane (Figure 8.1s, Supplementary 

Information). The root-mean roughness (RMS) was 3.5 nm for the cellulose support and 

15.2 nm for the composite membrane. Although the rigid and valley structure is clearly 

seen in the SEM images (Fig. 8.7 B and C) the RMS value for this composite membrane 

is lower than values reported by others  for membranes formed with m-phenylene 

diamine (MPD) (40 – 190 nm)[49,50]. It is comparable to those formed from semi-

aromatic amines such as piperazine (< 20nm)[49]. These differences reflect the relative 

diffusion rates of the respective amine monomers.  

 

8.6.4 Stability of cellulose support in DMF 

The initial DMF permeance through the fresh membranes was 18  3 and 1.7  0.1 L m-

2 h-1 bar-1 for the cellulose support and the composite membrane, respectively. The 
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significantly lower DMF permeance through the composite membrane is expected and 

attributed to the dense polyester film formed on the porous cellulose support.  The 

characteristics of the cellulose support and the composite membrane are presented in 

Table 8.1. 

 

Table 8.1. Characteristics of the cellulose support and the catechin/ cellulose composite 
membrane. 

 Cellulose support Composite membrane 

Top layer thickness (nm) 9443  442 340  17 

Pure DMF permeance  

(L m-2 h-1 bar-1) 

18  3 1.7  0.1 

Roughness (RMS) (nm) 3.5 15.2 

   

 

The stability of both the cellulose support and the composite membrane was then studied 

by soaking the membranes in DMF at ambient temperature over a period of 30 days. The 

permeance of both membranes was unchanged after this treatment, with values of 19.1  

0.5 and 1.7  0.4 L m-2 h-1 bar-1 for the cellulose support and the composite membrane, 

respectively. This confirms the stability of both the cellulose and the composite 
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membrane in DMF. Visual inspection of the samples revealed no variation in either the 

colour or the texture of the membranes. 

 

8.6.5 Membrane performance  

The rejection of the cellulose support was evaluated with Reactive Black dye solution 

and found to be 15 %. This low rejection value is expected due to the porous nature of the 

cellulose support. The composite membrane showed an average DMF permeance of 1.2 ± 

0.2 L m-2 h-1 bar-1 and a molecular weight cut-off around 500 g mol-1 (Fig. 8.8). The 

digital photographs taken for the cellulose support (Figure 8.2s, Supplementary 

Information) before and the after the filtration experiment showed colouring of the 

membrane with the dye colour. This implies that the rejection observed was mainly due 

to adsorption effects. On the other hand, those photographs of the composite membrane 

(Figure 8.1s, Supplementary Information) remained unchanged confirming that the 

rejection observed was due to solute repelling rather than adsorption effects. 

The performance of the catechin/cellulose composite membrane developed in the present 

work and those developed in the literature is reported in Table 8.2. Enrica et al. [51] 

reported 0.7 L m-2 h-1 bar-1 DMF permeance with 46 % rejection of Solvent Blue 35 (350 

g.mol-1) through crosslinked polyimide integrally skinned asymmetric membranes. Using 

polypyrrole/hydrolysed PAN composite membrane, Li et al.[52] reported a DMF 

permeance of 0.05 L m-2 h-1 bar-1 combined with 91 % rejection of Rose Bengal ( 1017 

g.mol-1). Jimenez et al.[18] reported a DMF permeance of 1.5 L m-2 h-1 bar-1 through a 

polyamide/polyimide (P84) TFC and a molecular weight cut-off of 236 g mol-1. Taking in 

to account the environmental friendly route used, the polyester/ cellulose TFC 
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membranes fabricated here are considered a new class of OSN membranes that can 

compete with those prepared through conventional approaches.  

 

Table 8.2. DMF permeance and rejections of the our catechin/cellulose composite 
membrane and those reported in the literature 

Membrane type 
Membrane 

material 
marker 

DMF permeance 

(L m-2 h-1 bar-1) 

Rejection (%) Reference 

TFC  by 

interfacial 

polymerisation 

PA/Cellulose 
Amido-Black (617 g 

mol-1) 
1.4 92 

This 

work 

 
PA/ cross linked 

P84 PI 

Polystyrene 

oligomers (236-1200 

g mol-1) 

1.5 (236) 91 [14] 

 
PA/cross linked 

PAN 

Brilliant blue R250 

(826 g mol-1) 
1.1 95 [53] 

 PA/ Cellulose 
Methyl Orange (327 g 

mol-1) 
2.4 90 [16] 

TFC via Polypyrole/ Rose Bengal (1017 g 0.05 91 [52] 
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coating hydrolyzed PAN mol-1) 

 
Pebax 1657/ 

Crosslinked PAN 

Brilliant Blue 250 

(826 g mol-1) 
1 95 [54] 

Polymeric ISA 
Cross limked P84 

PI/ P84 PI 

Solvent Blue 35 (350 

g mol-1) 
0.7 46 [51] 

 
Cross linked 

Matrimid PI 

Polystyrene 

oligomers (236-1200 

g mol-1) 

1 90 (500) [55] 

 
Cross linked 

polyaniline 

Polystyrene 

oligomers (236-1200 

g mol-1) 

0.6 95 (300) [56] 
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Figure 8.8. DMF permeance and rejection values of different molecular weight 
dyes through catechin/cellulose TFC membranes 

 

8.7 Conclusions  

A novel composite polyester/cellulose OSN membrane was successfully synthesised via 

the interfacial polymerisation reaction between bio-derived catechin and TPC. The 

cellulose porous support was prepared by non-solvent induced phase separation from a 

dope solution of cellulose dissolved in an environmentally friendly ionic liquid. The 

hydrocarbon-based solvent for the interfacial polymerisation was replaced by bio-derived 

alpha-pinene. The composite membrane showed a good DMF permeance of 1.2 L m-2 h-1 

bar-1 with a MWCO of 500 g mol-1 measured from the rejection of different molecular 

weight dyes. The cellulose support and the composite membrane showed stable 
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performance over a period of 30 days. The results obtained from this study show 

potential for the utilization of these membranes in the food and pharmaceutical industries. 

8.8 Supplementary Information 

	

Figure	8.1S.	2D/3D	AFM	images	of	the	cellulose	support	(A	&B)	and	the	catechin/cellulose	
composite	membrane	(C	&D) 
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Figure	8.2s.	Digital	photos	of	the	cellulose	support	and	the	composite	membrane	before	

and	after	the	filtration 
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Chapter 9 

Summary and Future Directions 

 

9.1 Summary 

This dissertation presents different strategies for the manufacture of Solvent Resistant 

Nanofiltration membranes in a much greener fashion by using a bioinspired approach. In 

this work the successful variation of the interfacial polymerization reaction for the 

manufacture of SRNF membranes is demonstrated by replacing the common toxic amines 

used for this method with natural occurring bio-polyphenols, such as dopamine, tannic 

acid, morin and catechin, which are capable of binding and cross-linking due to their 

strong interfacial activity. These bio-polyphenols can be found in mussels, date fruits, 

guava fruits and green tea respectively and they were used to form a selective thin film on 

top of a crosslinked polyacrylonitrile or a cellulose support. These membranes have 

shown an exceptional performance and resistance towards harsh solvent environments. 

Due to the incorporation of natural compounds for the manufacture, they provide a cost-

effective alternative for industrial separations due to the ease of chemical modification 

and preparation, which is potentially easy to scale up at low cost taking advantage of the 

natural compounds for their manufacture. 

 

 

Chapter 1 and 2 gave an introduction about the topic of solvent resistant nanofiltration. 

The growing interest in this field in the last decades, the current challenges and a 

description of the polymers used in this project for the membrane support such as PAN 
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and cellulose. It also describes the importance of thin film composite (TFC) membranes 

in different industries, it lists the biopolyphenols used in this project and the advantages 

of these compounds for membrane surface modification. 

 

Chapter 3 focused on the successful chemical crosslinking reaction using hydrazine 

hydrate with PAN on polypropylene non-woven support for the fabrication of TFC 

membranes. This reaction was followed by interfacial polymerization using N,N´-

diamino piperazine and trimesoyl chloride, which resulted in a new type of PAN-based 

solvent resistant nanofiltration membranes. No change in the morphology of the 

membranes was observed in DMF even after several days. The resulting thin-film 

composite membrane showed permeances up to 1.7 L/m2 h bar combined with a 

molecular weight cut-off below 600 Da. This is a clear improvement compared to 

previously reported solvent resistant PAN membranes in the literature [1] which 

produced a flux of 0.09 L/m2 h bar. The remarkable stability in DMF, the ease of 

chemical modification and preparation makes this membrane potentially easy to scale up 

and it opens perspectives towards new potential applications in harsh solvent 

environments. The successful crosslinking reaction was our starting point for the 

subsequent surface modifications using the biopolyphenols described in the subsequent 

chapters. 

 

Chapter 4 introduced the utilization of biopolyphenols in the manufacture of TFC 

membranes by taking the crosslinked	PAN	on	polypropylene	non-woven	support	with	

hydrazine	 and performing an interfacial polymerization reaction using dopamine, a 
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compound found in mussels, as the monomer of the aqueous phase and terephthaloyl 

chloride for the non-aquous phase. This resulted in an ultra thin solvent resistant 

nanofiltration membranes with a selective layer of approx 5nm thickness with a smooth 

surface and excellent permeation and rejection performance in DMF making this new 

membrane attractive for industrial harsh solvent separation processes as it is a simple and 

easy to scale up. No	 change	 in	 the	 morphology	 of	 the	 composite	 membrane	 was	

observed	 in	 DMF	 even	 after	 several	 days.	 The	 resulting	 composite	 membrane	

showed	permeances	up	to	5	L/m2	h	bar	combined	with	a	molecular	weight	cut-off	

below	 800Da.	 This	 is	 a	 clear	 improvement	 compared	 to	 our	 previously	 reported	

solvent	resistant	PAN	membranes,	which	produced	a	permeance	of	1.7	L/	m2	h	bar	

[2].	 The	 remarkable	 stability	 in	 DMF,	 the	 ease	 of	 chemical	 modification	 and	

preparation,	as	well	as	the	extremely	thin	and	smooth	selective	layer,	make	this	new	

type	 of	 bio-inspired	 solvent	 resistant	 nanofiltration	 membranes	 attractive	 for	 a	

more	effective	approach	in	industrial	harsh	solvent	separation	processes. 

 

Chapter 5 provided another alternative for the interfacial polymerization reaction by 

using the natural oligomer tannic acid, found in high content in date fruits, combined with 

terephthaloyl chloride on top of a crosslinked polyacrylonitrile (PAN) membrane support. 

The resulting thin film composite membrane showed excellent stability in harsh organic 

solvent environments. The resulting composite membrane showed NMP permeances up 

to 0.09 L/m2 h bar with a molecular weight cut-off of approximately 800 g/mol. These 

are the first ever reported tannic acid modified PAN membranes resistant to NMP with a 

competitive performance for organic solvent nanofiltration. Nevertheless, future 
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modifications of the preparation steps should be tried to increase the membrane’s 

permeance. The exceptional stability in N-methyl-2-pyrrolidone (NMP) and the 

incorporation of natural compounds like tannic acid for the manufacture of organic 

solvent nanofiltration membranes provided another cost-effective alternative for 

industrial separations due to the simplicity of the interfacial reaction and the replacement 

of the commonly applied toxic aromatic amines. The scale up of the manufacturing 

process is not difficult and the low price of the natural tannic acid is another advantage 

that this membrane offers. 

In chapter 6 we demonstrated that morin, a bio-polyphenolic molecule abundant in nature 

in the guava plant (Psidium guajava), can be used as a monomer for the successful 

fabrication of solvent resistant nanofiltration membranes through interfacial 

polymerization. For the manufacture of this type of SRNF membrane our previously 

reported crosslinked PAN support was coated by interfacial polymerization using morin 

as the monomer of the aqueous phase and terephthaloyl chloride as the monomer of the 

organic phase. These membranes showed an exceptional performance and resistance to 

NMP, even superior than the one we reported for our membranes in Chapter 5 by having 

a a permeance of 0.3 Lm-21h-1bar-1, in NMP with a rejection of 96% of Brilliant Blue dye 

which has a molecular weight of 825.97 g/mol, making these membranes attractive for 

harsh industrial separation processes due to their ease of manufacture, low cost, and 

excellent performance. 

Chapter 7 described the use of a solvent resistant cellulose support to give a greener 

alternative prepared by non-solvent induced phase separation from a dope solution 

containing an ionic liquid as an environmentally friendly solvent. The polyester film was 
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formed via interfacial polymerization between quercetin, a compound that can be found 

in nature in grapefruit, and terephthaloyl chloride (TPC). We also introduce the use of α-

pinene as a green alternative solvent to dissolve the TPC while quercetin was dissolved in 

a 0.2 M NaOH solution. The composite membrane showed an outstanding performance 

with a molecular weight cut-off around 330 g mol-1 combined with a dimethylformamide 

(DMF) permeance up to 2.8 Lm-2h-1bar-1. These values are highly competitive with other 

polymeric systems reported in the literature. The results opened the window for the 

utilization of sustainable, environmentally friendly materials for the preparation of SRNF 

membranes that are able to compete with commercially available membranes. 

 

 Chapter 8 gave another green alternative for membrane manufacture for SRNF 

applications by continuing using our previously reported cellulose support prepared by 

non-solvent induced phase separation from a dope solution of cellulose dissolved in an 

environmentally friendly ionic liquid. This time a polyester film was formed by the 

interfacial reaction between catechin, a bio-polyphenol found in green tea, and 

terephthaloyl chloride (TPC). The hydrocarbon-based solvent for the interfacial 

polymerisation was replaced by bio-derived α-pinene. The membranes showed an 

average DMF permeance of 1.2 L m-2 h-1 bar-1 with a molecular weight cut-off of around 

500 g mol-1, showing a much higher performance in DMF compared to our previously 

reported work in the previous chapters and the membrane is also quite competitive with 

the ones found in the literature. The results obtained from this study show potential for 

the utilization of these membranes in the food and pharmaceutical industries. 
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All these compounds mentioned before represent different alternatives to replace the toxic 

amines used in the traditional interfacial polymerization procedure.  On the other hand, 

this dissertation project followed some of the principles of green chemistry such as using 

greener solvents, such as the ionic liquid used for the for casting the cellulose membrane 

support used in chapters 7 and 8, which allowed us now not only to provide a green 

alternative for membrane surface modification but at the same time it gives alternatives to 

fabricate a much greener support with the use only an ionic liquid and cellulose. Also, the 

use of low toxicity and environmentally friendly chemicals such as the alpha pinene as 

solvent for the non-aqueous phase for the interfacial polymerization reaction gave as a 

result membranes with excellent solvent stability and great performance. Due to the ease 

of chemical modification and preparation these membranes are potentially easy to scale 

up at low cost taking advantage of the bioinspired or bioderived compounds used for their 

manufacture. 

 

9.2 Future Directions 

After presenting different alternatives of manufacturing bioinspired membranes for 

solvent resistant nanofiltration, the following topics are suggested for future work that 

can be continued by other fellow scientist interested in this field. 

 

9.2.1 Use of other biopolyphenols for the fabrication of TFC membranes 

Fascinated by their versatility in applictions, as well as their low cost and ease of handle, 

I suggest a couple of other biopolyphenols to fabricate solvent resistant thin film 

composite mebranes via interfacial polymerization. The first one is catechol (Ctl), which 
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is one of the main natural phenols in argan oil. This compound is water-soluble and its 

reactivity could be enhanced by using diluted NaOH as the aqueous phase in the IP 

reaction with the acyl chloride of your preference. I suggest as well continuing utilizing 

solvents such as alpha pinene for the non-aqueous phase and to optimize the reaction. 

The second potential monomer is pyrogallol (PG), which can be found in the aquatic 

plant Eurasian Watermilfoil, this particular compound is quite oxygen sensitive, changes 

to a brown color when oxidized. I also suggest to work with this monomer with an 

alkaline solution to perfom the IP reaction. The third and the fourth compound is 

Epigallocatechin (EGC) and Epigallocatechin gallate (EGCG) which is the ester of 

Epigallocatechin and gallic acid, these two compunds can be found in green tea. These 

two compounds have shown to be able to form spontaneous coatings under alkaline 

conditions [3] and they also turn brown from a colourless solution when they absorb 

oxygen from the air. For these four proposed biopolyphenolic monomers for the IP 

reaction I also suggest to keep working with the crosslinked cellulose support, as it 

provides a much greener alternative than our previously reported crosslinked PAN 

support. 

9.2.2 Fabrication of solvent resistant nanofiltration thin film composite 

hollow fiber membranes. 

Another topic that would be interesting to investigate, is the manufacture of SRNF 

hollow fiber membranes. For this particular topic I suggest to manufacture first the 

solvent resistant hollow fiber cellulose membrane supports and then modifying the inner 

surface of the hollow fiber via interfacial polymerization using the preparation procedure 

previously suggested by Verissimo [4]. The preparation procedure of the fibers consists 
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on the passage of the several solutions inside the fiber in the following sequence: aqueous 

solution of the biopolyphenols, organic liquid (octane for example or any other organic 

liquid not miscible with water between and the monomer solutions), solution of TPC and 

finally water. The optimization of both the hollow fiber membrane manufacture as well 

as the conditions for the IP reaction are some of the main parameters that need to be 

investigated for this particular topic.  

 

9.2.3 Testing the membranes for specific industrial separation 

procceses. 

The last topic that I suggest to investigate is the actual use of these SRNF membranes in 

challenging industrial separation processes such as the purification of active 

pharmaceutical ingredients. For this particular application I would suggest to start testing 

the rejection of a popular antibiotic called Erythromycin, this compound is synthesized 

by using DMF as a solvent and it has a molecular weight of 733.93 g/mol. Both cellulose 

based membranes prepared with catechin and quercitin for the IP reaction showed 

excellent DMF stability and performance as well as a molecular weight cuff below 700 

making these two membranes suitable to be tested for the rejection of Erythromycin in 

DMF. Let us not forget that the use of membrane technology for such application means 

less energy consumption, which not only is more cost-effective but at the same time is a 

much greener alternative than the common distillation separation processes used in the 

pharmaceutical industry. 
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9.2.4 Use of other bioderived monomers for the fabrication of TFC 

membranes. 

Chitin is an abundant naturally occurring biopolymer and is found in the exoskeleton of 

crustaceans. It is mainly mainly poly(β-(1–4)-2-acetamido-D-glucose), which is 

structurally identical to cellulose except that a secondary hydroxyl on the second carbon 

atom of the hexose repeat unit is replaced by an acetamide group. Chitosan, a natural 

linear biopolyaminosaccharide is obtained by alkaline deacetylation of chitin. Chitosan is 

a weak base and is insoluble in water and organic solvent. However, it is soluble in dilute 

aqueous acidic solution (pH<6.5). These two compounds have shown to be able to form 

films [5] and can be bioderived alternatives to be used to form a thin film over our 

previously reported crosslinked cellulose support. A third option is the use of 

poly(furfuryl alcohol) (PFA). PFA composite membranes have been previously 

reported [6] through the polymerization of furfuryl alcohol on a porous polymer 

(polysulfone) substrate using sulfuric acid as the catalyst. Furfuryl alcohol is a bio-based 

chemical. The raw materials for its manufacture are waste vegetable materials such as 

sugar cane bagasse, oat hulls, corn cobs and rice hulls. Therefore, I consider that our 

crosslinked cellulose support could be used and on top of it fabricate a thin film of PFA 

under an acidic media to form a new type of thin film composite mebranes for SRNF 

applications. 

It is also important to mention that there are many other aspects of the membrane 

manufacture process to be further studied in order to to be optimized. The first one is the 

reduction of solution used for the IP reaction in order to avoid waste, taking into 
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consideration that the IP reaction only occurs at the interface of both reactatant phases at 

the surface of the membrane. One way to optimize this reaction, is to only expose the 

surface of the membrane to both aqueous and non-aqueous while mounted on the teflon 

frame. In this way the aqueos solution is significantly less and the performance of the 

membrane should remain the same. 

Another aspect to be considered is the reaction time for the membranes that use alpha-

pinene as the solvent of the organic phase. The advantage of this is that we are replacing 

a more toxic compound such as hexane with a green solvent (alpha-pinene) but the 

reaction time is extremely high while compared to the IP reaction where hexane is used.  

This reaction occurs in 3-5 mins in hexane while it takes 3h in alpha pinene. This gives 

place to further study and optimization of such reaction, in order to make the membrane 

production process more advantageous. 

All our membranes are highly reproducible for their manufacture process; at least 3 

coupons were used for each of the solution-dyes mixtures in order to evaluate their 

performance, obtaining results with a small standard deviation for each experiment. 

Nevertheless, the membranes were only tested for a couple of hours and further long-term 

analysis of the membrane performance should be studied as well.  

Lastly, another factor of further improvement will be to avoid the annealing step in the 

manufacture process of some of our membranes presented. Having this annealing step 

represents an extra cost in the manufacture of the membranes as it represents a more 

energy demanding process.  Looking for other green ways of manufacturing membrane 

supports and the use of environmentally friendly IP reactants, green crosslinkers and 
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monomers should give us other alternatives to further improve the manufacture and the 

performance of SRNF membranes in the future. 
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