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ABSTRACT 

High Performance Membranes for Solvent Resistant Ultra and 

Nanofiltration 

Bruno Antonio Pulido Ponce de León 

The aim of this work is the preparation of porous polymeric membranes for liquid 

separations stable in organic solvents, high temperature and/or extreme acid or basic 

conditions. Polymeric membranes with these properties could replace more traditional and 

energy-expensive separation processes like distillation, competing with ceramic 

membranes due to their easy processability and scalability.  

A limited library of polymers have been successfully used for decades in water-based 

applications.  They are however unstable in organic solvents without an additional 

treatment, which is usually a crosslinking reaction. In this dissertation different high-

performance polymeric membranes and crosslinking strategies are presented and 

discussed, allowing their use in harsh environments.  

We present for the first time the preparation of porous membranes using poly(oxindole) 

derivatives. These polymers were prepared by superacid catalyzed polyhydroxyalkylation, 

which is a novel one-pot, room-temperature, metal-free polymerization method. The 

obtained polymers were fully characterized and then manufactured into membranes by the 

non-solvent induced phase separation method. The crosslinking of these membranes was 

achieved by different protocols. First, we reacted the oxindole group in the polymer 

backbone with a variety of dibromides of different chemical structure. Secondly, we 

incorporated a propargyl side group, followed by a crosslinking in hot glycerol. Moreover, 
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the strategy of crosslinking using propargyl as pendant group was successfully 

demonstrated in membranes made of poly(benzimidazole) and poly(triazolebisphenol-AF). 

And thirdly, we prepared membranes from hydroxyl-functionalized poly(oxindole), and 

conducted a controlled thermal oxidation, which resulted in the crosslinking by phenoxy 

radicals. In each case, the resulting membranes achieved insolubility in polar aprotic 

organic solvents, high resistance in acid medium and had high decomposition temperatures. 

In each case, the resulting membranes achieved not only insolubility in polar aprotic 

organic solvents and resistance to acid media but also showed high decomposition 

temperatures. Finally, we demonstrated for the first time the preparation of porous 

membranes based on recycled poly(ethylene terephthalate) plastic bottles and their 

potential application for separations in an organic solvent medium. 
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Chapter 1: Introduction 

1.1. Foreword 

This introductory chapter aims to provide the reader with the necessary information to 

contextualize the work contained and discussed in this dissertation. Firstly, a quick 

explanation of the relevance of membranes in the modern world followed by a summary 

of the historical milestones in the development of membrane science. After this, a general 

discussion on membranes formation processes and materials, followed by the motivation 

to explore separation processes in organic solvents and other unusual conditions, 

mentioning current applications, materials, and challenges. The next section focusses on 

membrane materials, particularly polymers and its evolution, ending with the introduction 

of a new generation of polymers with promising properties for membrane preparation. 

Finally, a brief discussion on the sustainability aspect of membrane technology is offered 

and, closing this chapter, specific objectives for this project are discussed. 

Mixtures and blends are ubiquitous in nature, and since very ancient times, humanity has 

been developed methods to separate these mixtures in its pure components, being the 

ultimate alchemist dream to achieve the extraction of the quintessence1 or spirit from 

vulgar matter. Nowadays, the chemical industry leads the way and spends vast amounts of 

energy to fulfill the purpose of separation, concentration and purification of chemicals 

using methods such as distillation, crystallization, precipitation, extraction and adsorption. 

In recent decades, these conventional techniques have found a new ally in membranes as 

semipermeable separation barriers [1]. Membranes are often chosen in refining processes 

 
1 A refined essence or extract of a substance. 
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due to their low energy consumption, safety, simple operation, and easy scale-up. 

Membrane technology allows for the recovery of high-grade products, removal of toxic 

waste from industrial and urban waste effluents, seawater desalination and water 

potabilization, obtention of pure gases and vapors, among others. As well, membranes play 

a crucial role in energy conversion and storage, drug delivery devices, and artificial organs. 

During the 20th century, membranes went from seldom use as an analytical tool in the lab, 

to large scale industrial installations with a critical commercial impact. There is an 

extensive and diverse library of materials and membranes available depending on the 

process conditions and particular application. In general, membranes are prepared from 

polymers [2], ceramics [3], a mixture of both (mixed matrix membranes, MMM) [4] and 

in more particular cases from metal [5] and glass [6]. A general classification of membranes 

is shown in Figure A1.1. Of course, each material possesses a set of advantages and 

disadvantages that make it suitable for specific purposes. For example, polymeric 

membranes are mostly found for filtration aqueous separation processes, while ceramic 

membranes are used in harsh conditions applications, when temperatures above 150 oC, 

exposition to oxidative medium or organic solvents are the needed condition. 

As it has been commented by Sholl and Lively [7], there is a promising niche for membrane 

technology to unlock resources from currently inviable mixtures. Examples of this are the 

recovery of rare metals from ores, uranium from seawater and greenhouse gases from dilute 

emissions. Additionally, mixtures involving organic compounds in organic solvents are 

desirable, and of great interest to the pharmaceutical and synthetic chemistry industry. 

Moreover, the development of new polymers opens the door to explore additional 

applications, which were out of range for previously available materials. In order to 
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overcome the common process limitations of polymeric and ceramic membranes in 

separation technology, efforts are needed to develop more stable membranes for harsh 

conditions for liquid phase processes. These materials should be able to withstand one or 

more of the following conditions: high temperature and pressure, extreme pH range, 

reductive/oxidative media, and aggressive organic solvents. The present dissertation aims 

to tackle these challenges by introducing novel membranes and preparation methods to be 

applied in harsh conditions separation applications. However, before, a quick stroll through 

how membrane came to be. 

 

1.2. Brief history of membrane development 

The evolution of membrane technology can be divided into two main stages. The scientific 

phase and the commercial phase. The former one started in the eighteenth century. The 

later one begins at the dawn of the twentieth century after synthetic membranes became 

available. However, it is worth to mention that probably the first membranes ever used 

were hand-carved volcanic stone filters, commonly constructed and used in pre-Hispanic 

America. These devices are still in use in rural areas and are capable of removing bacteria 

and providing several liters of clean, cool water a day [8, 9].  

Leaving aside stone filters, the modern membrane science begun with a series of 

observations and theoretical considerations, which were necessary before practical 

membrane applications could be developed. In 1748 Abbé Nolet observed osmosis when 

he noticed the diffusion of water from a dilute to a concentrated solution, separated by a 

semipermeable membrane. Although other scientists also noted this phenomenon, it was 

not until Fick published his laws of diffusion in 1855, that a more rigorous research effort 
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unfolded. The modern membrane science started in the 19th century; the Journal of 

Membrane Science in its commemorative 100th issue recollected the original contributions 

of the early scientists [10]. At that time, membranes would be used as laboratory tools by 

scientists to understand physical and chemical theories. Examples of these are the 

fundamental development of dialysis by Graham in 1861, understanding of osmotic 

pressure by Van´t Hoff in 1877 and the description of electrolyte transport in 1889 by 

Nernst and Planck. So far, the membranes used for these studies came from animal bladders 

and guts. Later on, in 1907 Bechhold introduced synthetic membranes made from collodion 

(partially nitrated cellulose). As a side note, it is interesting to mention that ethanol/ether 

collodion solutions were early used to treat wounds on the battlefield, by the formation of 

a protective “membrane” or artificial skin after the evaporation of the solvent. This early-

stage membrane technology resulted in the first commercial product in 1927, the 

“Zsigmondy Membranfilter,” a microporous membrane commercialized by Sartorius-

Werke Aktiengesellschaft. These collodion microfiltration membranes were used during 

the German war efforts in World War II, by the University of Hamburg, to filter and culture 

bacteria. In 1950, the research in microfiltration (MF) was continued by Dr. Alexander 

Goetz in the US. The Goetz membrane was prepared using a blend of collodion and 

cellulose acetate (CA), precipitated with a controlled vapor phase, this technology was 

transferred to Lovell Chemical Company in 1952 and then to Millipore Corporation in 

1954, which produced Goetz membranes on a commercial scale. 

However, the real take-off of membrane research occurred after the US interest and funding 

in desalination technologies, through the Water Conversion Act in 1952 and the 

establishment of The Office of Saline Water in 1955 (later Office of Water Research and 
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Technology). It was under this endeavor that Loeb and Sourirajan in UCLA developed the 

non-solvent induced phase separation (NIPS) to prepare anisotropic cellulose acetate 

membranes. These membranes, used for reverse osmosis, provided breakthrough fluxes 

and rejections and made it possible to scale up and commercialize desalination via reverse 

osmosis (RO).  

The success of cellulose acetate membranes in RO encouraged others to explore further 

materials, better than CA, which is susceptible to hydrolysis. Companies like Toray, 

Monsanto, and DuPont developed aromatic polyamide membranes; however, these 

membranes have the disadvantage of being vulnerable to degradation by chlorine. The next 

significant innovation in RO membrane performance was done by Cadotte et al. [11]. with 

the preparation of a thin-film aromatic polyamide layer, synthesized by interfacial 

polymerization of trimesoyl chloride and m-phenylenediamine. This type of membrane is 

still the most successful and widely used today for the commercial preparation of RO 

membranes.  

Besides RO and MF, membranes prepared by the NIPS method with an intermediary pore 

size have found applications in ultrafiltration (UF) in different industrial sectors. They are 

based on cellulose derivatives and others, such as polysulfone (PSU), poly(vinylidene 

fluoride) (PVDF), which are chemically and thermally more resistant.  

Additionally, the commercial implementation of spiral-wounds modules, fine hollow-

fibers, tubular, plate and frame modules in the 70’s helped to expand the commercial 

growth of membrane applications. By 1980, microfiltration, ultrafiltration, reverse osmosis 

and electrodialysis were all mature technologies with worldwide plants installed. After 

1980, main industrial developments were in the gas separation field, by Monsanto, Cynara 
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and Separex, Air Products, MTR and GMT and the emerging of pervaporation systems for 

dehydration of alcohol by GFT in Germany.  Nanofiltration has had a fast growth since the 

90’s and will be more specifically discussed later in this text. 

An overview of membrane kinds, classified by pore size and applications is seen in Figure 

1.1. The quest for better membranes and processes will continue, unconventional 

applications will hit the market and create new challenges and possibilities. For example, 

during the last two decades, membrane research has been hugely impacted by the always-

growing analytical and synthetic chemistry toolbox, particularly on the topic of bio- and 

nano-technology.  

 

Figure 1.1. Diagram showing the different types of filtration according to pore size and 

solute rejected, including examples of solutes. 

 

1.3. Membrane fabrication 

Depending on the application, membranes will possess different morphological 

characteristics and surface pore size. Generally, membranes can be mainly constituted by 

organic polymers, oxides, ceramics, metals and carbon-based materials. The different 
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preparation methods include casting and phase separation, sol-gel process, interface 

reaction, coating, electrospinning, stretching, extrusion, track-etching, micro-fabrication, 

etc.  The majority of membrane output by area belongs to organic polymeric membranes, 

due to the cheap and easy scale up production by roll-to-roll methods.  

Hereafter, the phase inversion process will be described in more detail. This process is 

typically used when organic polymeric materials are chosen for membrane preparation and 

allow the tuning of pore size in all the range of membrane applications, from reverse 

osmosis to microfiltration. The “phase inversion” process is a simple and elegant 

manufacture method for anisotropic membranes. Starting from a thermodynamically stable 

polymer solution, going through a phase separation process, leading to the final porous 

structure. The main phase separation methods are  1) non-solvent induced phase separation 

(NIPS)), 2) thermal-induced phase separation (TIPS), 3) vapor-induced phase separation 

(VIPS) and 4) evaporation-induced phase separation (EIPS) [2, 12]. Of these four, the most 

widely used is NIPS. The NIPS process starts with a homogeneous polymer with a typical 

concentration range of 10 to 20 wt %. This solution is then cast on a support with the aid 

of a casting blade with a gap between 50 and 500 μm. The homogeneous polymer solution 

film is then carefully immersed in a non-solvent, most commonly water. A general view 

of the morphology of different membrane cross-section is shown in Figure. A1.2. 

The rationalization of the pore formation process is usually done using ternary diagrams, 

displaying the composition of the three-component system polymer/solvent/non-solvent, 

Figure 1.2. This diagram shows a one-phase stable region, one-phase metastable region, 

and a two-phases region. Before the membrane formation begins, the composition of the 

polymer solution is denoted at point A. From this point, there is a solvent-non solvent 
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exchange, until point B is reached at the binodal boundary. The initial precipitation at the 

surface of the membrane can take from a few milliseconds to as long as 30-60 s to be 

completed; depending on the solution composition. The process is governed by 

thermodynamical and kinetic factors. Depending on the polymer concentration and how 

fast the solvent exchange is, one of two phase separation mechanisms will predominate: 

nucleation and growth or spinodal decomposition [13]. Every point across the membrane 

will follow a slightly different path on the three-phases diagram. The layer in direct contact 

with the non-solvent will demix faster forming a less porous membrane surface, which will 

reduce the rate of non-solvent migration to the bottom of the membrane. The pore size 

increases across the membrane because the two phases have more time to grow. Point D 

shows an average composition, between the polymer-poor and polymer-rich phase after 

membrane formation, is completed.  

 

Figure 1.2. Scheme of the ternary phase diagram showing the formation process of NIPS 

membranes. 
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high molecular weight. Common high molecular weight additives are polymers like 

poly(ethylene glycol), poly(vinylpyrrolidone), poly(vinyl alcohol), specific molecular 

weight and dispersity will also show an effect. On the low molecular weight side, glycerol, 

alcohols, diols, dicarboxylic acids, and several inorganic salts (LiCl, ZnCl2, Na2CO3, NaCl, 

NaF) are commonly found [14, 15]. Further reading on membrane preparation processes 

can be found in standard textbooks [1, 16, 17] and reviews [18]. 

 

1.4. From water to organic solvents 

As mentioned previously, after the breakthroughs in membrane technology during the 

1950- 1980 period, the research endeavor has been oriented to process optimization and 

incremental improvements. Mainly, water-based separations are mature and commercially 

available. The example par excellence is seawater reverse osmosis (SWRO), capable of 

unlocking seawater for human consumption, in a more energy-efficient manner compared 

to thermal desalination. The SWRO technology has allowed cities and communities to 

thrive in arid, and water-stressed coastlines. However, as the process efficiency approaches 

the thermodynamically minimum, it seems that there is little improvement to be done. 

Although paradigmatic problems, such as concentration polarization, membrane fouling, 

and module optimization, will continue to be addressed, it seems that it is time for research 

efforts to migrate to more exciting and urgent topics. Encouraged by these points, for the 

last 20 years, a novel research frontier has been exploring non-aqueous liquid filtration, 

frequently referred as organic solvent nanofiltration (OSN), solvent resistant nanofiltration 

(SRNF) or organophilic nanofiltration (ONF). The leading advances in this field has been 

summarized by Marchetti et al. [19, 20], Szekely et al. [21], and Galizia et al. [22].  
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Great part of the organic solvent separations currently under consideration require 

membranes with a molecular weight cut-off (MWCO) in the range of 200-2000 g/mol. 

Examples are the separation, recovery, and polishing of high-value chemicals, such as 

catalysts and active pharmaceutical ingredients (API).  

The principal motivation is the potential energy savings that could be obtained by replacing 

thermal-based separation in the chemical industry; distillation accounts for 80% of the 

energy used in separation processes [23]. Single-phase pressure-driven membrane 

separations consumed much less energy, compared to a process that requires phase change 

(evaporation/condensation) steps. 

One example of a successful large-scale application of OSN is the MAX-DEWAX process 

consisting in the dewaxing of lubricating oil. A plant was installed at the ExxonMobil 

Beaumont refinery, reducing 20 % of the operating energy, preventing yearly emissions of 

20,000 tons of greenhouse gases and 125 tons of volatile organic compound, as well as 

saving 15 million liters of water usage a day [24]. Another challenging process where 

membranes are also being applied is the biodiesel production [25]. Biodiesel is produced 

by different methods such as direct/blends, microemulsion, pyrolysis, and 

transesterification. The latter is the most adopted method, and recently the introduction of 

membrane reactors was particularly useful because they can block the unreacted 

triglyceride, allowing to obtain high purity biodiesel that can fulfill the international 

standards (biodiesel yield of 96.5%). These applications indicate that not only economic 

advantages but also environmental ones can be obtained by using organic solvent filtration 

systems, as part of the attainment of sustainable industrial development.  
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As mentioned before, one of the most relevant applications of highly stable membranes is 

the recovery and separation of valuable products in homogeneous catalysis. The use of 

polymeric membranes in catalytic reactors was reported in a review by Vankelecom et al. 

[26] and Drioli et al. [27, 28]. Marchetti et al. [19] dedicated in her review a section to the 

application of OSN in catalytic processes. Most of the reported processes are at room 

temperature, disregarding the organic solvent used. However, polymeric membranes could 

be useful at much higher temperatures than currently applied. One example of potential 

application is high-temperature homogeneous catalysis reactions, for the non-destructive 

separation of the catalyst from the organic solution. Below, some relevant works for 

catalytic systems are mentioned. Aerts et al. [29] applied OSN for the recycling of Co-

Jacobsen catalyst in the hydrolytic kinetic resolution of epoxides. In their report, 

commercial NF membranes were used and the catalytic temperatures for the test reactor 

were 45 and 60 °C with isopropanol and diethyl ether. Another study from Wong et al. [30] 

described the use of OSN in asymmetric hydrogenation with the enhancement of 

enantioselectivity using ionic liquids to keep the catalyst stable and selective.  Scarpello et 

al. [31] reported a detailed study testing the commercial membranes Startmem 122, 120, 

240, (W.R. Grace, Polyimide); MPF-50 (Koch Membrane Systems Inc. Polyxiloxane 

composite) and Desal-5 (Osmonics). For their study, three different solvents were used 

(dichloromethane, THF, ethyl acetate) and three commonly used catalysts (Jacobsen 

catalyst, Wilkinson catalyst, Pd-BINAP) at a temperature of 40 °C. 
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1.5. Membranes for solvent resistance separations and beyond that 

Membranes are already playing an essential role in the oil refinery and petrochemical 

industry, but the majority of these applications involve a gas or vapor phase. The 

knowledge and technology transfer from gas or aqueous to organic solvents systems is not 

straightforward. Researchers in this field, quickly realized that traditional polymer 

materials do not have satisfactory properties to operate in processes involving organic 

solvents. They are frequently chemically instable or soluble. The solvent stability of 

membranes can be achieved through an intrinsic insolubility or by crosslinking methods. 

The disadvantage of the former is that such resistant polymers are hard to process in most 

common organic processing/casting solvents. In the case of the latter, the crosslinking 

reaction implies an extra step in the membrane preparation, and the resulting product 

(polymeric network) cannot be reprocessed, but this is the most used strategy. The 

interactions between the membrane, solute and solvent are critical in the separation 

mechanism. In Scheme 1.1, the most used polymers for solvent resistant membranes are 

shown, many of them require an additional crosslinking step to be used in organic media. 
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Scheme 1.1. Examples of polymer used for organic solvent applications. 

Besides solubilization, additional challenges are the membrane aging and swelling. In 

general, organic polymers swell little in water, but in organic solvents this phenomenon is 

critical. Swelling could compromise the mechanical stability and long-term performance 

and needs to be taken into consideration, when developing a membrane.  
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Burgal et al. [32]  reported the use of PEEK with different grades of sulfonation for use in 

harsh conditions.  They reported good performance in basic medium at 80 °C in DMF.  

Peeva et al. [33-35] reported the application of this process for a in continuous Heck 

coupling reaction using DMF at 80 °C under basic conditions with a PEEK membrane. 

Nowadays, there is a growing number of membranes able to withstand most organic 

solvents at low temperatures (room temperature), as listed in Scheme 1.1. The availability 

of membranes for OSN in relatively high-temperature processes is more limited, but is now 

gaining attention. The motivation is the potential use in the chemical industry, for instance 

for homogeneous catalytic processes. The temperature for a homogeneous catalytic 

reaction can go up to 250 °C depending on the boiling point of the solvent, as well as the 

intrinsic thermal stability of the catalyst. Part of the materials in Scheme 1.1 could be also 

used for membranes operating at least above 70 oC. An example of polymeric material 

tested for membranes at high temperature is polyaniline. Loh et al. [36] reported the use of 

polyaniline crosslinked with a,a-dichloro-p-xylene and glutaraldehyde as membrane 

material. The membranes had good performance in N-dimethylformamide (DMF) at 70 

°C, with MWCO of 150-200 g mol-1. Sairam et al. [37] synthesized polyaniline membranes 

using organic acids as templates for creating nanoporosity. They were removed by alkaline 

extraction and the membrane was thermally crosslinked. These membranes could be used 

in methanol, ethyl acetate, acetonitrile, and acetone at 30 and 70°C, and in principle up to 

150 °C. This concept was used in spiral-wound modules and was tested under different 

organic solvents (DMF, acetone, THF) up to 65 °C with MWCO of 150-300 g mol-1 at 30 

°C [38]. A completely different material has been more recently introduced by Gorgojo et 

al. [39] who reported the use of a membrane with intrinsic porosity (PIM-1, Evonik) for 
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filtration of hexaphenylbenzene in heptane at 30°C with 90 % of permeation. Even when 

the membrane was annealed at 150°C, it conserved its permeation properties. 

Carbon molecular sieves (CMS) are being explored as membranes and hollow fibers for 

organic solvent filtration and harsh conditions environments [40]. CMSs are made by 

controlled pyrolysis of polymeric materials, such as PVDF or polyacrylonitrile (PAN)IRE. 

Pyrolytic membranes combine the morphology tuning capacity, the excellent resistant 

properties of a graphite-based material and the processability of polymeric materials as 

flat-sheet and hollow fibers. Brittleness can be however a problem.  

Besides organic solvent filtration, there are other demanding applications for membranes, 

which requires stability under harsh conditions. Paul and Jons [41] reviewed emerging, 

challenging conditions specifically for nanofiltration. These conditions include but are not 

limited to high temperature, aqueous oxidative media, and extreme pH. Potential processes 

could include one or more of the variables above. Therefore, membranes stable under 

different conditions are required. For example, the use of nanofiltration PEEK membranes 

in conditions that combine organic solvents in strong caustic and acidic media at high 

temperature has been reported [33, 34, 42]. Just a handful of high-performance polymers 

are used in the vast majority of membrane research. Critical examples are polyarylene 

sulfide sulfone (PASS), polyphenylsulfone (PPSU), polyaniline (PANI), polysulfone 

(PSU), derivatives of polyetheretherketone (PEEK), and polybenzimidazole (PBI).  

A particular space where membranes with resistance to harsh conditions could have an 

impact is in the mining refining industry. Membranes could be used in metal plating 

operations to separate metals (Al, Cu, Fe), which is conducted in strong acids, and also 

membrane could be used to recover/reuse sulfuric acid used for the leaching of metal ores. 
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On the other side of the acidity spectrum, cleaning operation in the industry often uses 

sodium hydroxide, which could also be recovered/reused [41].  

The temperature is a crucial variable in membrane technology processes. However, as 

mentioned above, until today, very little research has been done on high-temperature 

applications for polymer membranes. In general, membrane processes rarely surpass the 

80 °C limit. The main reason for this is the inherent lack of stability for available materials. 

Currently, high-temperature separation processes are carried out by ceramic or metallic 

membranes, which can comfortably operate at very high conditions. However, as 

previously discussed, the production of ceramic and metallic membranes remains limited 

by price. Currently, there are plenty low temperature applications using thermal resistant 

polymers, therefore missing the opportunity to exploit this property.  

Some gas separation mixtures could be addressed at high temperature, for example, the 

CO2/H2 mix for the recovery of hydrogen from synthesis gas, syngas. PBI has been widely 

investigated for high-temperature gas separation; selected examples are: pristine PBI [43], 

thermally rearranged PBI [44], ZIF-8 PBI composite membranes [45], crosslinked PBI [46] 

membranes have been used for CO2/H2 separation in temperatures from 150-400 °C. 

Other examples of high-temperature application for membranes are steam recovery and 

steam sterilization of membrane bioreactors at 140 °C with polysulfone, polyetherimide 

[47] [48]. Matrimid 5218 membranes have been used for humidified gas stream separation 

up to 200 °C [49]. 

NafionÒ and PEEK have been used in thermochemical cycles in sulfuric acid at 100 °C, 

hydroiodic acid at 134 °C and hydrogen at 300 °C [50] and NafionÒ membranes for the 

concentration of sulfuric acid by pervaporation at 120 °C [51]. A hollow fiber composite 
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made with TeflonÔ/UltemÒ was used for alcohol dehydration via vapor permeation at 125 

°C [52] and pervaporation of different alcohols used PBI/P84 co-polyimide hollow fibers 

was done at 100 °C [53]. Also, high-temperature PTFE hollow fibers have been used for 

direct contact membrane distillation at 120 °C [54, 55]. Finally, hot filtration was of solid 

particles from flue gas at 250 °C was implemented using  PTFE [56], polyphenylene sulfide 

[57], polyimide nanofibers [58], and meta-aramide fibers [59]. 

Along with polymeric membranes, ceramic membranes have been reported for the 

following specific applications, which could in principle be also addressed by polymeric 

membranes. Some examples are mentioned here. Van Gestel et al. [60, 61] demonstrated 

the use of ϒ-Al2O3/TiO2 membrane at 25 °C for filtration operation with polar organic 

solvents and in corrosive medium (low pH values with HNO3). Later, Gevers et al. [62] 

reported the use of crosslinked polydimethylsiloxane (PDMS) membranes with zeolites in 

organic solvents. They demonstrated a good performance in solute rejection in non-polar 

solvents (toluene, ethyl acetate, dichloromethane, tetrahydrofuran) and at different 

temperatures (30, 50, and 80 °C in toluene). Dobrak et al. [63] successfully used 

hydrophilic TiO2 and a hydrophobic ZrO2 membranes at 25 and 50 °C in water, methanol, 

2-propanol, toluene and n-hexane. Da et al. [64] reported yttria-stabilized-zirconia (YXZ) 

membranes with good salt rejection and flux at 60 °C, claiming that ceramic membranes 

were the technology of choice in the treatment of high-temperature dye wastewater. 

Finally, Pinheiro et al. [65] reported the development of a PDMS-grafted ϒ-Al2O3 

membrane with MWCO of 500 g mol-1 and excellent stability in hexane, toluene, and 2-

isopropanol over test periods up to 170 days. 
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From the previous examples, it can be seen that membrane separation processes have been 

providing innovative engineering solutions to separate complex mixtures in organic solvent 

medium. However, much still needs to be done to provide better membrane materials with 

good stability and processability. Henceforth, to address the challenge of preparing solvent, 

thermal, and pH resistant membranes, novel polymers and crosslinking strategies need to 

be implemented. In the following section, an introduction to such materials is presented.  

 

1.6. New polymer materials 

The general strategy for the preparation of new organic solvent resistant membranes, as 

followed in this dissertation, can be summarized in Figure 1.3. After synthesis, the polymer 

can be further functionalized in solution (homogeneous system) followed by the membrane 

preparation, path 1; or, the original polymer could be prepared first into membranes 

followed by functionalization of the membrane (heterogeneous system), path 2. The chosen 

path is determined by the processability/solubility of the polymers and the reactivity of the 

modification step. Generally, heterogeneous systems have a lower reaction yield compared 

to homogeneous ones. The latter requires a lesser amount of chemicals. The resulting 

functional membranes can then undergo a required crosslinking to achieve the desired 

solvent resistance. Depending on the functionality, the crosslinking can be done using 

different triggers, such as specific chemicals, light, and heat. A comprehensive description 

of crosslinking strategies used for membranes in organic solvents has been recently 

published by Tashvigh et al. [66]. Most crosslinkers consist of bifunctional or trifunctional 

small molecules which react with phase-inversed polymer membranes. Diamines, 

dihalogens, hydrazine hydrate, glutaraldehyde are among the primary examples. A final 
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case, path 3 Figure 1.3, for the preparation of solvent-resistant membranes, would be to 

exploit the inherent insolubility of the starting polymer; by having a narrow solubility 

window, the polymer could be prepared into membranes using a particular/rare solvent, so 

the crosslinking step wouldn’t be necessary. 

 

Figure 1.3. General strategy for the preparation of organic solvent resistant membranes. 

 

As mentioned before, PEEK has been successfully demonstrated  as material for solvent-

resistant membranes [67]. However, its use is disadvantageous due to its poor solubility; 

membranes made from PEEK are prepared in sulfuric acid, and an inevitably sulfonation 

occurs. Some groups had attempted to prepare soluble PEEK by attaching groups to the 

backbone [68]. Another approach to obtain soluble PEEK is its preparation along with 

another functional group, like phthalazine. Jian et. al [69] demonstrated the successful 

preparation of poly (phthalazine ether sulfone ketone) (PPESK), a PEEK analog with good 

solubility,  which was manufactured into membranes and used in strong acidic and caustic 

medium, as well as high temperature. Another extensively used membrane material for 

organic solvents is PBI [70, 71], which is soluble in a gentler medium, such as DMAc. 

Unfortunately, its mechanical properties leave a lot to be desired; PBI membranes are 

usually brittle, and just bending or drying would cause cracks. However, when PBI is used, 
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a crosslinking step is required to guarantee steady and good performance in organic 

medium. The discussion above serves as a justification for the quest for novel materials. 

The strategy mostly adopted in this dissertation is the reaction catalyzed by super acids. 

During the last decade, Zolotukhin´s group and collaborators had developed a novel 

polymerization method, which has permitted to obtain an extensive library of functional, 

high-performance polymers. The polymerization is a step-growth polycondensation of an 

aromatic compound with a carbonyl group. The condensation product is water and a strong 

Lewis or protic acid is necessary to catalyze the reaction, the general reaction is shown in 

Scheme 1.2. 

 

Scheme 1.2.  General reaction of hydroxalkylation. 

 

The polymerization reaction is a Friedel-Craft type electrophilic substitution. The catalysts 

for the polycondensation are super-acids such as trifluoromethanesulfonic acid (TFSA) and 

trifluoroacetic acid (TFA). These catalysts have advantages such as accessible methods for 

preparation and purification, and allow homogeneous reaction systems, due to the good 

solubility of the monomers in the catalyst medium. The acid-catalyzed condensation of 

aldehydes or ketones with aromatic compounds is known as hydroxyalkilation. The general 

proposed mechanism is depicted in Scheme 1.3. 

Lewis or protic acids
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Scheme 1.3. General proposed mechanism for the polyhydroxyalkilation reaction. 

 

Polymerization mechanisms fall mainly in one of two categories, either chain-growth or 

step-growth polymerization [72]. During the last 15 years, there has been a substantial 

development in chain-growth polymer synthesis, allowing the development of different 

controlled/living polymerization, which is capable to precisely control molecular weight, 

as well as molecular weight distribution (D, dispersity). Flory [73] established 70 years ago 

the underlying theoretical framework for polycondensation, and since then, not much 

improvement has been gained for the control of polymer dispersity in step-growth systems. 

The traditional polycondensation theory demands a perfect balance of A2 and B2 

monomers, in order to achieve the maximum possible conversion and molecular weight. 

According to the classical theory, at high AB or A2B2 conversions, in a good scenario, 

dispersity approaches the value of 2, and higher dispersity values are prevalent.  

However, the research on the polymerization via superacid catalyzed polyhydroxialkilation 

of carbonyl and aromatic monomers revealed an unexpected discovery. It was noted that 

when a stoichiometric monomer imbalance was used, higher molecular weight, low 

O

R

H H+

O

R

HH

X

X
R

H
HO

-H+

X
R

H
OH

H+
X

R

H
O
H

H

X
R

H
X

-H+
X

R

H
X



48 
 

dispersity and faster reaction rates were observed. Theoretical, kinetical, and computational 

studies were carried out to understand the fundamentals of this phenomenon [74, 75]. The 

main reason for this behavior lays on the difference in reactivity of the carbonyl group. The 

carbonyl group can be described as an AA’ monomer (instead of A2) after the first reaction 

with the other aromatic monomer, the reactivity of the resulting tertiary alcohol (carbinol) 

is much higher, and it quickly reacts with another aromatic monomer. This differentiated 

reactivity on the same monomer is what causes the enhancement of the reaction [76, 77]. 

This phenomenon has been called the non-stoichiometric effect. This kind of polymer 

chemistry has been also observed in other systems [78]. Although the Flory-Carothers 

theory for polycondensation predicts a very high molecular weight for polycondensates at 

high conversion, in reality, the molecular weight of these polymers is limited by the 

formation of macrocycles. When the non-stoichiometric effect is present, the macrocycle 

formation is suppressed. This allows the synthesis of very high molecular weight materials.  

As mentioned before, these polymers are made by using carbonyl and aromatic monomers. 

Examples of carbonyl compounds are aldehydes, fluoroaldehydes [79] [80], ketones, 

fluoroketones, 1,2-diketones [81] and 4-piperidones [82]. Examples of aromatic monomers 

are activated aromatic hydrocarbons (2,2´-dihydroxy-1,1´-biphenyl, n-ethylcarbazole 

[83]); non-activated aromatic hydrocarbons[84] (fluorene derivates, biphenyl, terphenyl, 

p-quaterphenyl [85]. Examples of some of the obtained polymer structures are illustrated 

in Scheme 1.4. 

Besides the polymerization reaction carried on according to the general scheme, some 

systems undergo additional structural changes to form ladder polymers [86]. A wide variety 

of functional polymers, 3F, 5F, 8F and other fluorinated [87, 88] copolymers [89], 



49 
 

fluorinated polymers are of particular interest due to its enhanced thermal resistance and 

potential hydrophobicity. The use of these materials in different applications has been 

explored. Selected examples are in the field of optoelectronics [90] cell imaging [91] 

nanoparticle preparation [92], electroluminescence devices [93] and preparation of OLEDs 

[94]. Also, extensive studies have been dedicated to gas separation [95-97]. 

 

Scheme 1.4. Selected examples of polymers prepared by superacid catalized 

polycondensation. 
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This polymerization system is characterized by being a one-pot, one-step, metal-free, 

room-temperature, mild-atmosphere system with reaction times in the order of a few hours, 

and as previously discussed, the reaction is robust to stoichiometric monomer imbalances. 

These advantages on the synthetic method increase the applicability of these polymers in 

various research areas and open the possibility of commercial scale-up of best-performing 

polymers. In this dissertation, a particular polymer was considered a strong candidate to be 

used as membrane starting material. Such polymer is prepared by the polycondensation of 

isatin and biphenyl. This polymer can be prepared using reactants as received, obtaining a 

high molecular weight with good mechanical properties. The easy synthesis of these 

polymers, also tackles the growing environmental concerns for the chemical industry, the 

following section provides a quick glance regarding these issues. 

 

1.7. Sustainability in membrane technology 

As previously mentioned, membrane processes are far more energy-efficient compared to 

other traditional purification and separation methods. However, on the downside, 

membrane processes require a steady and reliable supply of membranes and modules. 

Synthetic membrane preparation uses chemicals and solvents, many of which can be 

harmful for humans and the environment [98]. Additionally, membranes have a limited 

operation lifetime after which the membrane module would be disposed as waste. If the 

intention to revolutionize the chemical separation and purification industry is authentic, 

assessment and action for the sustainable preparation of membranes must be taken. 

Following the principles of green chemistry, Szekely and coworkers [21] summarize the 

strategy for the development of greener membranes. Among the main points, are the use 
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of greener solvents and low toxicity chemicals, the reduction of waste and energy by 

minimizing production steps, the utilization of renewable or raw materials, and ultimately 

the design of membranes to naturally degrade after their lifetime. 

Regarding the membrane source material, natural biopolymers like cellulose [105] and 

chitosan [106] have been used.  The development of green strategies for membrane 

manufacture adds to the already low carbon footprint of membrane separations. On top of 

that, if the target is harsh conditions filtrations, the energy, and positive environmental 

impact increases. From this discussion, it can be seen that a holistic approach has been 

taken by membrane scientists to meet the current sustainability challenges. Furthermore, 

the use of plastic waste as a polymer source for membrane manufacture would be a plus 

point for the sustainability of the process. Among everyday recyclable polymers, 

poly(ethylene teraphthalate) (PET) stands as an excellent candidate, Scheme 1.5. PET is 

highly used for bottles. In recent years, some preliminary results using PET for preparing 

membranes have been reported, but only of application in aqueous media, without 

explointing its good stability in solvents.  

 

Scheme 1.5. Chemical structure of PET. 

 

In summary, membrane technology is having a growing influence in the industry and 

society in general. During the last century key technologies such as gas separation, water 

desalination, and dialysis were developed. As better materials became available, new doors 

opened for novel applications. In particular, filtration in organic solvents and other harsh 
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conditions are promising to improve separation processes and access resources hitherto out 

of reach. In Appendix 6 a comment on nanotechnology and biological membranes is 

presented, as a connection to the future of membrane technology. However, there are 

challenges to overcome. Examples are the stability and robustness of the membranes during 

the operation process, as well as the sustainability of the manufacture.  

 

1.8. Objectives and Contributions 

The main objective of this work is the preparation of porous polymeric membranes that 

can be used in harsh conditions, such as hot organic polar aprotic solvents to separate 

compounds efficiently in the nanofiltration and ultrafiltration range. The contributions of 

this thesis fall in the following streams: 

1) Identification of promising polymeric materials for membrane preparation.  

2) Optimization of membrane morphology by preparation conditions. 

3) Exploration of different crosslinking techniques. 

4) Testing and application of membranes in different harsh environments. 

5) Recommendations for the future development of thermal and organic solvent 

resistant membranes. 
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Chapter 2: Porous Polymeric Membranes with Thermal and Solvent 

Resistance 

 

 

 

This chapter was published as: 

 

Pulido B., Waldron C., Zolotukhin M.G., Nunes S.P., 2017 Porous polymeric membranes 

with thermal and solvent resistance. Journal of Membrane Science, 539, pp. 187-196. 

 

The author’s contribution in this work was on the morphological study for membrane 

formation and the development of the crosslinking methodology which allowed the 

preparation of solvent and thermal resistant membranes. The non-commercially available 

high-performance polymer used here was synthesized in our lab following advice and 

protocols from Prof. Mikhail Zolotukhin’s lab, with the advice from Dr. Lilián Olvera 
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2.1. Introduction 

Membranes are essential components of water treatment systems used for desalination and 

different medical / pharmaceutical separation and purification processes [1, 2]. Polysulfone 

(PSf), cellulose acetate (CA), polyacrylonitrile (PAN) and poly(vinylidene fluoride) 

(PVDF) are the main materials for membrane fabrication, which can be easily achieved by 

phase inversion in continuous machines and manufactured into modules. Polymeric 

membranes are up to five times cheaper than ceramics, the preparation is simpler, easy to 

scale-up, the packing density in modules is higher and sealing is easily done. Compared to 

ceramic analogs, polymeric membranes are also less brittle. However, the use of 

conventional polymeric membranes for challenging processes is limited to relatively mild 

operational conditions, within a range of solvents, temperatures and pH. Usually, when 

harsh conditions arise or operation at temperatures above 100 oC is needed, ceramic 

membranes prevail [3]. This is the case of the following processes: (i) agro food industry 

for high temperature separation processes using organic solvents; (ii) production of 

chemically modified sugars in N-methylpyrrolidone (NMP); (iii) treatment of sugar juices, 

for the purification of clarified juices, with sugar concentration ranging from 7 to 25 oBrix 

and a feed solution temperature of 90-100 oC; (iv) treatment of different wastewater in the 

dye industry, in alkaline solutions from bottle washing machines, or in bath solutions from 

the metal working industry as well as for the treatment of nuclear wastewater [4-7]. 

Polymeric membranes with better chemical and thermal stability would extend the 

applications to conditions currently only covered by ceramics [8], keeping the advantages 

in their manufacture and module characteristics. High performance polymers are available 

with stability at temperatures even higher than 400 oC [9, 10]. 
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There is a limited selection of polymeric membranes available for harsh conditions. Good 

examples are SelROTM membranes. Goatley et al. [11] reported the use of different grades 

of commercial SelROTM membranes, which were stable over a wide pH range (pH 0 to 14), 

with an operation temperature of 80 oC, and in different solvents. Ba et al. [12] 

demonstrated that P84 copolymide membranes coated by polyethylenimine could be used 

in nanofiltration for salt separation, withstanding mildly acidic and basic conditions (2 ≤ 

pH ≤ 10), and organic solvents. Thin composite membranes, made from 

poly(phthalazinone ether sulfone ketones)s (SPPESK)  and polysulfone [13] were used for 

salt and dye separation. pH-stable membranes could be applied in many industrial process 

streams, such as the treatment of acidic and basic streams in pulp and paper manufacture 

and in the pharmaceutical and paint industries [14]. The examples above are however a 

relatively small number, compared to the large number of membranes developed and tested 

for aqueous media at room temperature. 

A notable growing field is that of solvent resistant nanofiltration (SRNF) membranes, also 

known as organic solvent nanofiltration (OSN) membranes, with the perspective of 

applications in the pharmaceutical and chemical industries. Membrane technology could 

allow more efficient separation and purification processes in organic solvents, compared 

to traditional processes (distillation, selective crystallization, etc.). For example, one of the 

most promising applications for OSN is the recovery of transition metal catalysts from 

homogeneous catalytic reactions [15-17]. Pioneering work on the development of solvent 

resistant membranes was conducted by Linder and coworkers [18]. Excellent reviews on 

this topic have been published by Livingston’s [19] and Vankelecom’s [20] groups. The 

main requirement for successful implementation of SRNF or OSN is the development, 
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understanding and implementation of membranes able to withstand organic solvent 

conditions [21]. This can be achieved by tuning the polymer solubility by polymer 

modification [22] or by crosslinking [23, 24]. Crosslinked polyimide [25], polyetherketone 

[22] and polybenzomidazole [23, 26] are some of the polymers used for solvent resistant 

membranes, and the use of hollow fibers was reported by Chung and coworkers [25]. Mix-

matrix membranes for OSN have also been reported [27]. 

Polyoxadiazole membranes have been applied in harsh conditions [28, 29]. Fluorinated 

polyoxadiazole is a high performance polymer, previously used for fuel cell technology 

[30, 31], which also requires high stability in acids, and in oxidative media. The polymer 

has a glass transition temperature (Tg) close to 300 oC, with degradation temperature of 

475 oC. We are now exploring other polymers for membrane preparation with stability at 

extreme conditions. During the last decade, a new family of high performance polymers 

[32-34], based on the superacid condensation of isatin and different arylene monomers 

have been prepared and studied. Poly(oxindolebiphenylylene) (POXI) dense films were 

evaluated for gas separation [35] and fuel cells [36]. This material shows good solvent 

stability, mechanical strength and high glass transition temperature, desirable properties to 

prepare porous membranes for challenging applications where chemical and thermal 

stability are needed. In this work, our aim is to explore the preparation and performance of 

porous asymmetric poly(oxindolebiphenylylene)s membranes crosslinked with various 

dibromides, in order to extend their application in organic solvents and at high 

temperatures. 
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2.2. Experimental 

2.2.1. Materials 

All chemical reagents are commercially available. Isatin, biphenyl, trifluoroacetic acid 

(TFA), trifluorosulfonic acid (TFSA), methylene chloride, 1-bromooctane (BO), 1,8-

dibromooctane (DBO), 1,4-dribromobutane (DBB), 1,4-diiodobutane (DIB), 1,4-dibromo-

2,3-butadione (DBD), α,α’-dibromo-p-xylene (DBX), N-methyl pyrrolidone (NMP), 

dimethylsulfoxide (DMSO), N,N-dimethylformamide (DMF), N,N-dimethylacetamide 

(DMAc), acetonitrile (MeCN), potassium carbonate (K2CO3), poly (ethylene glycol) 

(PEG), different molecular weights, were obtained from Sigma-Aldrich. 1,5-dibromo-

1,1,3,3,5,5-hexafluropentane (DBHF) was obtained from VWR. Isatin was purified by 

recrystallization from ethanol with charcoal. TFA and TFSA were purified by distillation. 

The rest of the reagents were used as received. 

 

2.2.2. Synthesis of poly(oxindolebiphenylylene) (POXI) 

Poly(oxindolebiphenylylene) was prepared by superacid polycondensation reaction, as 

illustrated in Scheme 1, according to a synthesis route reported elsewhere [33]. In a typical 

synthesis to produce POXI, the 4.65 mL of trifluoroacetic acid (TFA), and 8 mL of 

trifluorosulfonic acid (TFSA) are poured into a 20 mL one-necked round flask followed by 

the addition of biphenyl (1.542 g, 0.01 mol). The clear mixture is mechanically stirred and 

cooled by an ice/water bath. After biphenyl is completely solubilized, isatin (1.4715 g, 0.01 

mol) is added. The reaction is under nitrogen flux and the ice bath is kept for 10 minutes. 

After 3.5 hours a high viscosity solution is obtained. A red colored reaction mixture was 

observed, which was then quenched by pouring it into methanol. The white fibrous product 
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is then filtered and copiously washed with methanol and dried in vacuum oven overnight. 

Yield 99%. The resulting polymer has an inherent viscosity (ηihn) of 0.77dL/g (NMP), 

measured at 25 °C with a Lauda-Ubbelohde viscometer.  

 

Scheme 2.1. Synthesis of poly(oxindolebiphenylylene) (POXI) via superacid 

polycondensation. 

 

2.2.3. Preparation of POXI membranes by phase inversion 

POXI asymmetric porous membranes were prepared by non-solvent induced phase 

separation (NIPS) [37, 38]. POXI is soluble in organic, aprotic, and polar solvents, such as 

NMP, DMSO, DMF and DMAc. Polymer solutions in NMP (10 wt%, 12 wt%, 14 wt%, 

15 wt%), DMSO (10 wt%, 12 wt%), DMAc (12 wt%), and DMF (12 wt%) were prepared. 

The polymer solutions were stirred during 12h at ambient temperature, followed by a 12h 

resting time to eliminate air bubbles. Membranes were prepared by casting the polymer 

solution onto a clean glass surface with a metal rod with a 150 μm gap. No evaporation 

was promoted before immersion into a Milli-Q water coagulation bath at ambient 

temperature.  

 

 

 

N
H

O

O +

N
H

O

n

CF3SO3H
CH2Cl2
-H2O



70 
 

2.2.4. Membrane crosslinking with dibromides 

Membranes prepared from 14 %wt solutions in NMP were modified by immersion in a 

refluxing stirred solution of the crosslinker (0.002 mol) in acetonitrile (10 g) in the presence 

of K2CO3 (0.5 g) for 24 h, see Scheme 2.2. The used crosslinkers are depicted in Scheme 

2.3. After modification the membrane was thoroughly washed with clean acetonitrile. 

 
Scheme 2.2. Chemical modification reaction for POXI membranes. 

 

 
Scheme 2.3. Chemical structure of crosslinkers used for membrane modification. 
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2.2.5. Characterization 

2.2.5.1. Spectroscopy 

The synthetized polymer was characterized by proton and carbon nuclear magnetic 

resonance (1H-NMR and 13C-NMR) spectroscopy. The NMR spectra was recorded in a 

Bruker Avance-III 400 MHz and 600 MHz NMR spectrometer equipped with a Z-axis 

gradient BBO probe and a B-ACS 60 automatic sample changer. The sample was 

solubilized in DMSO-d6. 

The Fourier Transformed Infrared (FTIR) spectra of the polymers and crosslinked 

membranes were obtained on a Thermo Scientific Nicolet iS10 FTIR Spectrometer 

equipped with a universal attenuated total reflectance (ATR) sampling accessory. Data 

were collected over 64 scans with spectral resolution of 4 cm-1 from 500 to 4000 cm-1. 

The X-ray photoelectron spectroscopy (XPS) experiments were performed on a Kratos 

Axis Ultra DLD instrument equipped with a monochromatic Al Kα x-ray source (hν = 

1486.6 eV) operated at a power of 150 W and under UHV conditions in the range of ∼ 10−9 

mbar. All spectra were recorded in hybrid mode using electrostatic and magnetic lenses 

and an aperture slot of 300 μm × 700 μm. The survey and high-resolution spectra were 

acquired at fixed analyzer pass energies of 160 eV and 20 eV, respectively. The samples 

were mounted in floating mode in order to avoid differential charging. Therefore, XPS 

spectra were acquired using charge neutralization. We have ensured that the chemical 

structure of the polymer remains unchanged under prolonged X-ray and charge neutralizer 

bombardment. The effect of the X-ray and charge neutralizer on the polymer structure was 

investigated by acquiring three C 1s spectra at the beginning of the experiment that were 
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compared to three C 1s spectra acquired at the end of the experiment. All C 1s spectra were 

identical confirming the absence of damage.  

 

2.2.5.2. Thermal and Mechanical Analysis  

The thermal stability was evaluated by thermo gravimetric analysis (TGA) in a TA 

Instruments TGA-Q50 equipment from 25-800 °C with a heat ramp of 10 °C/min. The 

study was carried out in inert (N2) and oxidative (Air) atmosphere. 

The strain-stress curves for the membranes were obtained by dynamical mechanical 

analysis (DMA) using TA Instruments DMA-Q800 equipped with film tension clamp 

(torque limit of 3.4 kg cm). Experiments were carried out at 25°C with controlled force 

method with a force ramp of 0.05N/min and a preload force of 0.001N. Five rectangular 

pieces were cut with 5 mm width and 15 mm length. The membrane thickness was 

measured with a Mitutoyo-Absolute micrometer and ProMax-Fowler caliper. 

 

2.2.5.3. Contact Angle (CA) 

The effect of crosslinking on the hydrophobicity of the membranes was analyzed by static 

contact angle water-membrane measurements in a KRUSS Easy Drop Goniometer with 

0.16 mL volume drops. Samples were freeze-dried followed by vacuum oven overnight 

before the measurement. Reported contact angle values were averaged from five 

measurements. 
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2.2.5.4. Scanning Electron Microscopy (FESEM) 

The morphology of the membranes was characterized by field emission scanning electron 

microscopy (FESEM) on a Nova Nano FEI microscope. All samples were freeze-dried, 

and for cross sections membranes were fractured in liquid nitrogen, followed by sputtering 

under vacuum with 3 nm of Pt in a K575X Emitech equipment. 

 

2.2.5.5. Organic Solvent Resistance 

The organic solvent resistance was evaluated by immersing 2 mg pieces of the crosslinked 

POXI membranes into 1.5 mL of selected solvents (DMF, DMAc, NMP and DMSO) 

during 40 days. The membrane stability was monitored by measuring the UV absorption 

of the solvent in contact with the membrane, using a Thermo Scientific Nanodrop 2000c 

UV-VIS Spectrometer, taking into account that any polymer fraction dissolved from the 

membrane would cause an increase of absorption, analogously to the procedure described 

before [29]. The integrity of the membrane or its resistance in organic solvent was 

quantified by Equation 2.1: 

𝑂𝑟𝑔𝑎𝑛𝑖𝑐	𝑆𝑜𝑙𝑣𝑒𝑛𝑡	𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒	(%) = (1 − @A
@B
) × 100    (2.1) 

where A1 and A0 are the absorptions of the solvent in contact with a defined weight of 

membrane after and before 40 days of exposure, respectively. 

 

2.2.5.6. Filtration Experiments 

The setup used for dead end filtration experiments consisted of dry N2 gas cylinder with 

gas pressure regulator. Water filtration experiments were performed on a plastic Amicon™ 

cell with an effective area of 4.1 cm2 and a total volume capacity of 10 mL, connected to a 
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4L water container. The water filtration experiments were performed at 3.5 bar. The pure 

water flux (PWF) was calculated by direct measurement of the permeate flow (L m-2 h-1) 

at different transmembrane pressures from 0.5 to 4 bar in 0.5 bar intervals. 

For filtration experiments in organic solvents a stainless-steel cell was used with an 

effective area of 1.1 cm2 and total capacity of 300 mL, with magnetic stirring to reduce 

concentration polarization. The permeance is defined as the volume of solvent per unit of 

membrane area per unit of time at a given transmembrane pressure according to Equation 

2.2:  

𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒 = F
@G∆I

(𝐿𝑚KLℎKN𝑏𝑎𝑟KN)      (2.2) 

where V is collected permeate volume, A is the membrane area, t is the time and ∆𝑃 the 

applied transmembrane pressure.  

The rejection experiments in water were performed using 0.1%wt solutions of different 

molecular weight PEG. Two different PEG feed compositions were used, one containing 

1, 6, 10, 20 kg/mol and another with 3, 6, 10, 20, 35, 100 kg/mol. The molecular weight 

cut off (MWCO) is defined as the lowest molecular weight solute in which 90% of the 

solute is retained by the membrane. For membranes with low MWCO dyes were used 

(Direct red 80, 1373 g/mol and methylene blue 320 g/mol). The MWCO for the studied 

membranes was determined by gel permeation chromatography (GPC) in an Agilent 

Technology 1200 Series Chromatograph equipped with PL-Aquagel OH-40 and OH-60 

with refractive index detector. Solute rejections were calculated by analyzing 

concentrations of feed (Cf) and permeate (Cp), according to Equation 2.3: 

𝑆𝑜𝑙𝑢𝑡𝑒	𝑅𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛	(%) = 100R𝐶T − 𝐶IU/𝐶T      (2.3) 
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2.3. Results and Discussion 

In the present study the polymer synthesis, and the membrane preparation and modification 

are presented. The novel material poly(oxindolebiphenylylene), POXI was prepared from 

isatin and biphenyl monomers by superacid polycondensation (section 2.3.1), the obtained 

polymer was manufactured into phase inversion membranes from different organic solvent 

solutions (NMP, DMF, DMAc, DMSO) and the filtration performance was evaluated 

(section 2.3.2). Best performing membranes underwent a network forming process (section 

3.3) using different crosslinkers (section 2.3.3). Finally, (section 2.3.4) the crosslinked 

membranes are tested for organic solvent resistance filtration. 

 

2.3.1. POXI synthesis  

POXI was obtained by superacid catalyzed reaction polymerization, following Scheme 1. 

This one-pot, metal-free, room temperature method allows the easy preparation of 

polymers with good yield and high molecular weight in a few hours using commercially 

available materials. This methodology can be used for the synthesis of a broad family of 

polymers with different carbonyl and aromatic monomers [39]. A polymer with high 

decomposition temperature, high chemical resistance and good mechanical properties was 

obtained. The product was characterized by FTIR and 1H-NMR, as shown in Figure 2.1. 

In the spectral region around 3000 cm-1 the N-H and C-H aromatic stretch vibrations can 

be observed. The strong peak at ~1700 cm-1 corresponds to the carbonyl group from the 

oxindole ring. Absorption peaks from 1000 cm-1 to 1250 cm-1 can be attributed to C-N 

vibrations: while the peaks from 1500 cm-1 to 1600 cm-1 are due to the C-C aromatic ring 

stretching. The 1H-NMR spectrum confirms the expected chemical structure. The 
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polymerization reaction follows the electrophilic aromatic substitution (EAS) mechanism. 

Each phenyl ring from the biphenyl monomer will act as a para-/ortho- directing group, 

however, para- positions will be preferred due to steric hindrance on the ortho- positions. 

The polymer repeating unit possesses seven distinct hydrogen nuclei; six aromatic protons 

(δ: 6.99, 7.26 and 7.59 ppm), and an N-H (proton 7) signal at a lower field with δ  = 10.84 

ppm. The coupling constant for protons 1 (doublet, J = 7.65 Hz) and 2 (doublet, J = 7.82 

Hz) correspond with a para- position substitution on the biphenyl. The clear spectrum is 

evidence of the high selectivity of the polymerization reaction and the well-defined 

chemical structure. Subsequent thermal analysis revealed a high decomposition 

temperature, and no Tg could be detected below 400°C, which is advantageous compared 

with other polymers used in the field (Matrimid Tg = 313 °C and polyphenylsulfone Tg = 

220 °C). It preserves its mechanical properties in a large range of temperatures [33]. 
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(b) 

Figure 2.1. (a) ATR-FTIR, and (b) 1H-NMR spectra of the synthesized POXI (solution in 
DMSO-d6). 

 
2.3.2. Non-crosslinked POXI Membrane Preparation and Characterization 

This is the first time that POXI was used to prepare porous membranes. When considering 

post-synthesis crosslinking or functionalization, POXI is an interesting polymer, due to its 

accessible functionalization via the N-H group in the oxindole fragment. Self-standing (no 

need for a support) membranes can be prepared starting from 8 wt% solutions in NMP. 

Despite its rigid aromatic backbone, POXI is soluble in polar aprotic solvents, due to strong 

hydrogen bond and dipole interactions with the amide group in the oxindole ring.   

The flexibility of POXI makes it possible to prepare membranes that are easy to handle and 

be used without the need for a support. In contrast, the high-performance membranes used 

in organic solvent nanofiltration based on polybenzimidazole are frequently brittle and 
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need to be cast onto polypropylene (PP) or polyester support to achieve acceptable 

mechanical stability.  

Table 2.1 shows the values of inherent viscosity measured for 0.2 g/dL POXI solutions in 

DMSO, DMAc, DMF, NMP, measured at 25 °C with a Lauda-Ubbelohde viscometer.  

They give a rough indication of the solvent quality for POXI, NMP being the best solvent, 

followed by DMSO, DMAc and DMF. When a good solvent is used, polymer coils unroll, 

increasing the viscosity of the solution. 

 

Table 2.1. Dynamic and inherent viscosity measurements for polymer solutions in selected 

polar aprotic solvents, used as an indication for solvent quality. 

 

Solvent 

Dynamic 
viscosity 

(Pa s) 

Inherent 
viscosity 

(dL/g) 

DMSO 1.99 0.67 
NMP 1.65 0.75 

DMAc 0.95 0.49 
DMF 0.92 0.41 

 
The effect of solvent and concentration on the membrane morphology and performance 

was then investigated. Membranes were prepared from 10, 12, 14, 15 wt% POXI solutions 

in NMP and from 12 wt% POXI solution in other solvents (DMSO, DMAc, NMP and 

DMF), following the general methodology described in the experimental chapter. Figures 

2.2 and 2.3 show the membrane cross section morphology imaged by FESEM. Macro voids 

are observed in membranes obtained from solutions from 10 wt% to 14 wt%. When 15 

wt% POXI concentration is used a sponge-like structure was obtained. As viscosity of the 
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solution increases, non-solvent exchange is slower preventing the macrovoid formation, as 

can be seen on Figure 2.2a. This is also observed when a high viscosity solvent like DMSO 

is used, Figure 2.3a, in comparison with the other solvents while keeping polymer 

concentration (12 wt%). 

 
Figure 2.2. Cross-section images of membranes cast from (a) 12 wt% POXI solutions in  

 

DMSO, DMF, NMP, DMAc and (b) different concentrations of POXI solutions in NMP. 

Permeation tests were performed with the prepared membranes. Water flux as a function 

of applied pressure for the different membranes showed high linear response in all cases, 

this is an evidence of the membrane stability, i.e. no compaction or pore collapse. The 

selectivity of the membranes was then evaluated, by testing the rejection of low-molecular 

weight dye molecules, and a mixture of different molecular weights of PEG’s, leading to 

the MWCO values listed in Table 2.2. As expected, and shown in Figure 2.4, permeance 
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decreases as casting polymer solution concentration increases. Solutions in DMSO were 

more viscous than in NMP. The maximum polymer concentration in DMSO chosen for 

membrane preparation was therefore 10 wt %. Higher concentrations in DMSO resulted in 

uneven membranes. By increasing the polymer concentration in NMP from 12 to 14 wt% 

a substantial decrease of permeance was observed.  

After filtration with PEG solutions, membranes were washed with MilliQ water for two 

hours to remove PEG, and pure water permeance was measured again. Water permeance 

values above 50 L m-2 h-1 bar-1 were measured for all membranes prepared from 12wt% 

polymer solutions, with high recovery of pure water permeance after filtration of PEG 

solutions. Membranes from 15 wt% solution in NMP have a fully sponge-like structure, as 

it can be seen in Figure 2.2a. The permeance recovery after filtration with PEG was only 

low only in this case.  

Table 2.2 shows the MWCO values for all membranes, which are in the low range of 

ultrafiltration (UF). It can be seen that membranes cast from 14 wt% and 15 wt% polymer 

solution in NMP have similar MWCO. Membranes prepared from 14 wt % solutions in 

NMP reject 100% of Direct Red 80 (1373 g/mol, 100 ppm concentration). Since the 

permeance was better with 14wt%, these membranes were chosen for further modification 

and organic solvent applications. Figure A2.1 shows the solute rejection curves used to 

determine the MWCO values presented in Table 2.2 
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Figure 2.3. Water permeance experiments before, during and after filtration of PEG 

solutions. 

Table 2.2. MWCO in water for POXI membranes cast from solutions with different 

polymer concentrations and solvents. 

 

 

2.3.3 Crosslinking of POXI membranes  

The use of POXI has resulted in membranes with exceptional thermal properties. Figure 

2.4 shows that the thermal degradation of POXI membranes starts above 500 oC. This 

means an exceptional enlargement of the window of operation temperature for polymeric 

membranes, compared to the characteristics of currently commercial membranes.  

Casting POXI 
solutions 

MWCO 
(kg mol-1) 

10 wt% in DMSO  18 
10 wt% in NMP 9 
12 wt% in DMF 10 
12 wt% in DMAC 9 
12 wt% in NMP 8 
14 wt% in NMP 5 
15 wt% in NMP 5 
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As important as thermal stability is the solvent resistance. To address this issue, we 

investigated the chemical crosslinking with dibromides, using the strategy depicted in 

Scheme 2.2. The membrane modification takes place via the oxindole ring by the 

nucleophilic attack of the nitrogen towards electrophiles, in this case the immediate carbon 

to the halide. Two of the selected dibromides (DBB and DBX) were used before to 

crosslink polybenzimidazole (PBI) membranes for organic solvent resistant processes [24, 

40]. Herein, we studied a broader family of modifiers with varying chemical structures and 

reactivities, listed in Scheme 2.3. We investigated the effect of carbon chain structure 

(aromatic DBX / aliphatic DBB), halide (iodide DIB / bromide DBB), length (butane DBB 

/ octane DBO) and bi/mono functionality (DBO, BO). 

Previous work has shown that the complete modification of the oxindole group can be 

achieved from a NMP polymer solution after 24 hours in the presence of K2CO3 at room 

temperature [33]. However, for the heterogeneous membrane modification, acetonitrile 

was used as non-solvent polar aprotic reaction medium, since the membranes are insoluble 

in it, but soluble in NMP. All modifiers were solubilized in acetonitrile with a high 

stoichiometric molar ratio (10:1) with respect to the polymer repeating unit.  

TGA was used in order to quantify the weight loss associated to the crosslinker, and by 

inference, to determine the extent of crosslinking. TGA analysis (Figure 2.4, Table 2.3) 

was performed in both oxidative (air) and inert (nitrogen) atmospheres. The crosslinkers 

are placed in descending order from the higher (DBD) to the smaller (DBHF) weight loss 

percentage (WLP). These values were obtained by using the difference in WLP before and 

after the 1st degradation step on the thermograms (determined by onset method). From the 

chart, it can be seen that all crosslinkers segments containing C-H, C-C, C-X bonds degrade 
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in the temperature range from 246 °C to 294 °C in the oxidative atmosphere and from 255 

°C to 307 °C in inert atmosphere. DBD, which contains a C-O bond, seems to have a lower 

thermal resistance with a degradation temperature at 223 °C (air) and 219 °C (nitrogen). 

The DBHF shows the most remarkable thermal resistance, with degradation temperatures 

as high as 329 °C (air) and 344 °C (nitrogen). This is a very positive aspect, which 

considerably enhances the temperature application window for the DBHF-POXI modified 

membrane is enhanced as a result. In general, the WLP in oxidative atmosphere is slightly 

higher, due to oxidation processes during the degradation (adding oxygen to the sample, 

and therefore mass). The 2nd degradation step is related to the POXI backbone and the 

influence of crosslinker in this case is not relevant. The CX-POXI columns in Table 2.3 

list the crosslinker molar ratios (modifier relative to polymer repeating unit (POXI)), 

calculated based on the TGA results. Since all modifiers have different molecular weights, 

the molar ratios are a clearer indication of the extent of crosslinking than weight percent. 

The values were estimated in air and inert atmosphere.  

Additional experiments were then performed, adding DBX to the casting solution, before 

the membrane preparation. The membrane cast from the DBX enriched POXI NMP 

solution was modified with the same protocol reported in Scheme 2.2. By this strategy, a 

higher incorporation was obtained, 0.21 CX:POXI mol ratio against 0.08 from the non 

enriched. All membranes were reacted for a period of two days. One day modification 

using DBHF and DBD was enough to achieve the substitution limit for DBHF (0.15 

CX:POXI mol ratio), however for DBD the mol ratio went from 0.21 to 0.42, when time 

was increased, indicating that one day is not sufficient for complete modification. 
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Figure 2.4. TGA curves of POXI pristine and modified membranes in oxidative 

atmosphere. 
 

Table 2.3. Thermal stability data for POXI non-crosslinked and crosslinked membranes in 

oxidative and inert atmospheres; molar ratios of crosslinker per POXI membrane polymer 

repeating unit are presented, calculated from thermogravimetrical analysis (TGA). 

Crosslinker 

Oxidative atmosphere Inert atmosphere 
Weight 

loss 
1st 

degradation 
2nd 

degradation CX:POXI Weight loss 
1st 

degradation 
2nd 

degradation CX:POXI 

(%) (°C) (°C) 
(mol 
ratio) (%) (°C) (°C) 

(mol 
ratio) 

DBD 11.1 223 504 0.42 10.3 219 517 0.39 
DBHF 8.5 329 511 0.15 10.9 344 543 0.19 
BO 4.3 246 520 0.11 2.2 248 518 0.06 
DIB 3.4 294 527 0.18 2.6 307 537 0.14 
DBX 2.8 270 525 0.08 2.2 268 539 0.06 
DBO 2.8 265 527 0.07 2.7 257 532 0.07 
DBB 2.5 278 496 0.13 1.8 257 508 0.09 
DBX enri 7.3 285 495 0.21 7.3 317 516 0.21 
DBHF 1d 8.4 339 516 0.15 8.4 346 544 0.15 
DBD 1d 7.0 252 509 0.25 7.3 245 532 0.26 
None ---- ---- 522 ---- ---- ---- 543 ---- 
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Complementing the TGA results, the membranes were analyzed using X-ray photoelectron 

spectroscopy (XPS), which can be used to accurately determine the surface (~0-10 nm) 

elemental stoichiometries of the samples, validating the TGA data. The wide-scan XPS 

spectra, and sensitivity-factor corrected spectral area ratios with peak assignments for each 

membrane (pristine, plus DBHF, DIB, BO and DBD crosslinked) are given in Figure 2.5 

and Table 2.4 respectively. 

Initially the pristine, non-crosslinked membrane was examined. This analysis shows four 

major peaks in the wide-scan spectrum (Figure 2.6a) with binding energies of (BEs) 284, 

531.40, and 399.10 eV, which correspond to C 1s, O 1s, and N 1s, and are consistent with 

the chemical structure of the material. A discrepancy between the O and N ratios can be 

seen (which should be 1:1), however this is a common phenomenon and can be attributed 

to oxidation of the surface, or otherwise adventitious contamination with oxygen or water. 

In the case of the DBHF crosslinked membrane (Figure 2.5b), in addition to the main C, O 

and N peaks previously seen, the XPS spectrum shows a new peak at 687 eV, attributable 

to F 1s and is proof that the crosslinker has been chemically incorporated into the structure. 

The XPS-derived elemental compositions are also in close agreement with the previous 

elemental analysis provided by TGA, and thus these results provide validation for both 

methods. Furthermore, this also demonstrates that the membrane modification is 

homogeneous, since TGA accounts for the membrane bulk properties, while XPS evaluates 

only the surface. 

A crucial observation regarding the POXI membranes modified with DBHF, BO and DIB 

is that there is an absence (or near absence in the case of DIB, with an I at% of 0.03) of the 

bromine or iodine atoms from the crosslinking molecule which is an evidence of (i) no 
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halide-salt formation by nitrogen quaternization, in opposite to previous observations [24] 

for PBI modified with similar methodology; (ii) reaction of both terminal halide groups of 

the crosslinker and (iii) no residual unreacted crosslinker trapped in the polymer matrix. 

This is particularly notable in the case of DBHF, where the fluorine atoms of the crosslinker 

can be detected, but no bromine. 

 
Figure 2.5. XPS spectra for modified and unmodified selected POXI membranes showing 

characteristic peaks for elemental composition 
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Table 2.4. XPS data for peak assignment and binding energy (eV) with atom % for 

modified and unmodified selected POXI membranes.  

POXI unmodified membrane DBHFa modified membrane 

Binding  
Energy (eV) Assignment Atom % Binding  

Energy (eV) Assignment Atom % 

284 C 1s 88.66 284 C 1s 82.21 
399 N 1s 3.8 399 N 1s 3.95 
531 O 1s 7.54 531 O 1s 9.29 

      687 F 1s 4.55 

      
DBDb modified membrane DIBc modified membrane 

Binding  
Energy (eV) Assignment Atom % Binding  

Energy (eV) Assignment Atom % 

182 Br 3p 3.49 284 C 1s 89.44 
284 C 1s 74.1 399 N 1s 4.08 
399 N 1s 0.72 531 O 1s 6.42 
531 O 1s 21.68 619 I 3d 0.07 

BOd modified membrane 

Binding  
Energy (eV) Assignment Atom % 

284 C 1s 88.90 
399 N 1s 4.00 
531 O 1s 7.11 

Membrane modifiers: a) DBHF: dibromohexafluoropentane b) DBD: dibromobutadione c) DIB: diiodobutane 
d) BO: bromooctane. 
 
Except for bromooctane (BO), all modifiers were bifunctional and should lead to a 

crosslinked membrane. However, BO incorporation into the membrane accounts for 0.11 

BO:POXI mol ratio, which was enough to inhibit the solubility in NMP and other organic 

common solvents, probably by the removal of hydrogen bond opportunities, therefore 

reducing the interaction between solvent and polymer. All modified membranes were 

insoluble. 
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Although all modify membranes were insoluble in organic solvents, only DBHF and DBD 

maintained the physical integrity to be used as filtration membranes, the rest of the 

membranes swells considerably or were easily broken, the chemistry followed by this 

crosslinker is presented in Scheme A2.1. Considering the modifiers used in this study, 

DBHF seems to be the most compelling case as the crosslinker of choice, given the desired 

applications of the membranes. DBHF has high reactivity, and thermal resistance conferred 

from its fluorinated backbone; the C-F bonds are stronger (116 kcal/mol) than C-H 

(104kcal/mol) bonds [41] of analogous aliphatic crosslinkers. Moreover, DBHF possess a 

higher reactivity towards nucleophilic substitution, due to the high electronegativity 

difference between carbon and fluorine, providing in this way a strong electron-

withdrawing effect on terminal carbon atoms, in addition to the already present 

nucleophilic activation by the bromine.  

FTIR spectra of all membranes showed little or no change for most membrane 

modification, due to the relatively small amount of substitution. Only in the case of DBHF 

(Figure 2.6) the emergence of new absorption peaks could be seen in the 1000-1360 cm-1 

wavenumber range, which are characteristic of -CF2- stretching vibrations, also a decrease 

in N-H vibration is observed above 3000 cm-1. 
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Figure 2.6. FTIR spectra of POXI membranes. Above (black), non-crosslinked POXI 

membrane, below (red) POXI membrane modified with the crosslinker DBHF.  

 

A mechanical analysis, comparing the DBHF-POXI modified membranes and the pristine 

POXI membrane, was carried out, as reported in Table 2.5. In Figure A2.2 the strain-stress 

curves are presented. The results show that, as consequence of the modification, the stress 

and strain limits are slightly reduced with the incorporation of crosslinked segments. The 

elastic modulus did not significantly change [42]. The results confirmed that the POXI 

good mechanical properties, in terms of elasticity and brittleness, are maintained after 

crosslinking, meaning that the membranes can be used in separation modules under 

pressure. 
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Table 2.5. Comparison of mechanical properties of pristine and modified POXI 
membranes. 

POXI Membranes 

Young’s 
Modulus 
(MPa) 

Strain 
(%) 

Stress  
(MPa) 

Pristine 193 ± 19 7 ± 2 7 ± 1 
DBHF-modified  188 ± 11 5 ± 1 6 ± 1 

 
Contact angle measurements (Figure 2.7) show a decrease of hydrophobicity, when non-

polar modifiers were used. As the reaction takes place, the N-H bonds on the surface are 

replaced by N-C bonds, decreasing in this way the possibility of hydrogen bonds with 

water, and therefore the hydrophilicity [43]. However, when a polar modifier like DBD is 

used, the membrane becomes more hydrophilic, compared to the POXI pristine membrane. 

The hydrophilicity of the DBD-POXI modified membranes can be attributed to the polar 

carbonyl groups. In addition, nucleophilic attack on DBD could occur on the carbonyl 

group, generating a –OH group, which would contribute to the hydrophilicity [44-46]. 

 

 
Figure 2.7. Water contact angle measurements for modified POXI membranes (left). POXI 

pristine (non-crosslinked) and DBD, DBHF modified membranes and respective image of 

water droplets on their surface (right). 
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2.3.4. Organic solvent resistance 

POXI is intrinsically resistant to several organic solvents. The membranes can be used 

without further modification for filtration applications in alcohols, acetone, acetonitrile and 

hexane as well as in a wide range of pH (0-14) and oxidative environments as hot Fenton’s 

reagent. However, the pristine (unmodified) polymer is soluble in polar aprotic solvents 

like DMF, DMAc, DMF and DMSO. The crosslinking strategy described above had the 

main purpose of enabling applications in these environments. Among all tested 

crosslinkers, DBHF provided the POXI membrane with the best resistance towards those 

organic solvents. In Figure A2.3 the TGA of the DBHF-POXI membrane after and before 

immersion in Fenton’s reagent proves the stability of the membrane. The organic solvent 

resistance of the DBHF-POXI membranes was tested over 40 days; equal size membranes 

samples were immersed in one of the selected solvents. The DBHF modified membranes 

remained visually unaffected. A piece of unmodified POXI membrane was solubilized in 

NMP and this solution was used as a standard. The integrity of the membranes upon 

exposure to different solvents was expressed by Equation 2.1, after measuring changes in 

UV absorption (277nm), a representation of this analytical protocol can be found in 

Scheme A3.1. The results are shown in Figure 2.8 a). It can be seen that crosslinked 

membranes with DBHF are stable in all tested solvents, with around 98% resistance 

towards polar aprotic solvents. 

Followed by these findings, the permeance values tested for DMSO, NMP, DMF and 

DMAc were evaluated at ambient temperature from a DBHF crosslinked membrane cast 

from a 14 wt% NMP POXI solution. The permeance values are lower than those obtained 

in water for membranes prepared in analogous conditions. However, membranes in these 
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organic solvents tend to swell, changing the pore size and therefore permeation properties. 

Figure 2.8b shows how permeance correlates with the solvent viscosities.  As viscosity 

increases, permeance decreases. DMF was chosen for high temperature tests due to better 

permeance values in comparison with other solvents and because it’s a widely used solvent 

for potential membrane reactor applications. DBHF-POXI modified membranes were 

tested up to 120 °C in DMF at 7 bar (Figure 2.8c). The rejections of Rhodamine B 

(480g/mol) and Red Direct 80 (1375 g/mol) were respectively 78% and 99%. The, rejection 

of Direct Red 80 was constant at least up to 70 °C. 

 

Figure 2.8. a) Integrity of DBHF-modified POXI membranes exposed to organic solvents 

during 40 days. Solvents: DMAc, DMSO, NMP and DMF. Values on y-axis calculated 
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from Equation 1. b) Solvent viscosity as a function of their permeance in DBHF-POXI 

membranes; c) Pure DMF permeance as a function of temperature; d) Filtration of Red 

Direct 80 in DMF at 70 °C. 

 

2.4. Conclusions 

Herein we report, for the first time, the manufacture of porous asymmetric 

poly(oxindolebiphenylylene)-based membranes, using the non-solvent induced phase 

separation method. The polymer membranes display stability in temperatures as high as 

500oC. Since the polymer under study is soluble in common organic solvents, the same 

manufacturing methods used for currently commercial membranes could be utilized. The 

membrane separation performance was investigated, placing their selectivity in the 

ultrafiltration range.  

Additionally, by crosslinking the membranes with a series of bifunctional halides the 

membrane stability in organic solvents, such as DMSO, NMP, DMF and DMAc, was 

achieved. The efficiency of the crosslinker and the properties of the membranes were 

compared. The thermal stability of membranes crosslinked with a fluorinated crosslinker 

(dibromohexafluoropentane), was the highest one, with a degradation step starting at 

329oC. The crosslinked polymer membrane rejected 99% of Red Direct 80 in DMF at 70 

°C. With these developments, high temperature and organic solvent stability, we can 

potentially extend the range of applications for polymeric membranes into conditions 

practically only currently covered by ceramic ones. 
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3.1. Introduction 

Membrane based separations can have a major contribution for improving the efficiency 

of purification processes in the chemical industry [1, 2]. During the last decade, the 

membrane technology has been moving into more challenging applications, extending the 

widespread use in water-based separation to analogous processes such as ultrafiltration, 

nanofiltration [3, 4], reverse osmosis [5] and forward osmosis [6] conducted in organic 

solvent medium. 

Besides the resistance to organic solvents, thermal robustness is desirable to target 

processes that currently are being addressed only with ceramic membranes. Although 

ceramic membranes are known for their good solvent and thermal resistance [7], polymer 

membranes surpass them regarding manufacture, processability and capital cost. 

The development of thermal resistant dense polymer membranes has been successful for a 

variety of applications. Examples are high temperature fuel cell (HTFC) [8] technology, 

gas separation, such as CO2/H2 [9], syngas [10], and others. Much less has been reported 

regarding porous membranes. Among their applications are hot gas filtration [11], steam 

sterilization [12], and heat resistant battery separations [13]. 

Aromatic high-performance polymers, such as polyimide (PI), polysulfone (PSf), 

polyphenilenesulfide (PPS), polyarylsulfone (PAS) and, polyethersulfone (PES), are those 

mostly used for organic solvent nanofiltration. They require crosslinking to achieve the 

desired solvent resistance. Frequently, the crosslinking step incorporates chemical groups 

that hamper the thermal resistance of the material. To overcome this issue, a thermal 

resistant crosslinking group would be required. In this work, we explored a 

functionalization strategy that enables a further step of thermally induced crosslinking and 
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leads to materials with inherent thermal resistance. Different thermal approaches have been 

proposed to obtain membranes with low plasticization for gases or vapor separation. Lee’s 

group [14, 15] pioneered in the polymer thermal rearrangement for this purpose, without 

crosslinking. Thermal crosslinking has been explored by Chung’s group for polymide 

membranes [16-19] applied for hydrocarbon separation. Koros et al. [20] reported 

crosslinked hollow fibers obtained by thermal decarboxylation.  

An interesting approach for polymer crosslinking involves different reactions of carbon 

triple-bonds, which can be part of the polymer backbone or be present as pendant and 

terminal groups. This has been previously applied for gas separation [21], fuel cell [22], 

optical [23-26] and photosensitive materials [27], sensors [28-31], polymer nanoparticles 

[32], crosslinked micelles [33], shape memory polyurethane [34], high temperature 

performing materials [35-37], and mechanically stable polyamides [38]. Some of the 

reactions involving triple bonds are click cycloaddition [39], photo-activated thiol-yne 

chemistry [40]  and Glaser-Hay coupling [41]. For membrane crosslinking, carbon triple 

bond functionalizations have been explored aiming at gas separation [42-47], desalination 

[48] and  fuel cell [49-53]. Carbon double-bond thermal crosslinking have been previously 

applied to membranes [54-56].  

In this work, we explore for the first time for organic solvent resistant porous membranes 

a crosslinking approach based on a thermal carbon-carbon triple bond reaction. We 

functionalized polymers known for high thermal stability with propargyl groups and 

thereby enabled their thermal crosslinking. The three chosen high-performance polymers 

were polyoxindolebiphenylene (POX-NH), hydroxyl-polytriazole (PTA-OH), and 

polybenzimidazole (PBI-NH), which have all thermal degradation temperature, Td, above 
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500 °C. These polymers have been previously used to manufacture membranes for organic 

solvent resistant applications [57-61], crosslinked by using other routes. The solvent 

resistance was achieved, but the crosslinking segments contributed to reduce the thermal 

stability. The main advantage of the new crosslinking strategy is that the high thermal 

stability of the pristine polymers is retained after the reaction. Furthermore, the 

modification with propargyl is an easy one-step room-temperature method that could be 

applied to different polymer systems. The thermal crosslinking was achieved by simply 

immersing the membranes in hot glycerol for a short time, without the need of additional 

chemicals or catalysts.  

 

3.2. Experimental  

3.2.1. Materials 

Biphenyl (99.5 %), isatin (97 %), potassium carbonate (K2CO3, 99 %), 

trifluoromethansulfonic acid (TFSA, 98 %), N,N-dimethylformamide (DMF, 99%), N-

methyl-2-pyrrolidone (NMP, 99 %), dimethyl acetamide (DMAc), dimethyl sulfoxide 

(DMSO), glycerol,  propargyl bromide (80 % toluene solution), acetonitrile (MeCN), and 

polyethylene glycol (PEG) were purchased from Aldrich. Trifluoroacetic acid (TFA, 99.5 

%) was provided by Alfa-Aesar. Polyester (PET) and phenylene sulfide (PPS) non-wovens 

were used for membrane casting.   

 

3.2.2. Synthesis of membrane polymeric materials 

Three different polymers were used as base for the membrane preparation: 

polybenzimidazole (PBI-NH), polytriazole (PTA-OH) and polyoxindolebiphenylene 
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(POX-NH). The termination -NH and -OH are used in the text to indicate the groups 

available for reaction and later incorporation of the triple bonds. For the PBI-NH 

membranes, a commercial 26 wt% PBI solution in DMAc was purchased from PBI 

Performance Products.  

 

3.2.3. Synthesis of hydroxyl functionalized polytriazole (PTA-OH) 

Hydroxyl-functionalized polytriazole (98 % monomer functionalization) (PTA-OH) was 

synthesized according to a procedure previously reported in ref. [61], using polyoxadiazole 

as precursor [62]. In a typical reaction, polyoxadiazole (50 g, 0.135 mol) was dissolved in 

a 2 L three neck flask and dissolved in 333 mL of NMP. To the homogeneous solution, 2 

g of PPA and 37 g of 4-aminophenol was added and then the reaction was brought to 195 

°C. The reaction was kept under nitrogen for 15 h. The resulting polymer solution was 

precipitated in a mixture of water-methanol at 60 °C. The obtained polymer was purified 

by re-precipitation in methanol from a 15 wt% polymer solution in NMP.  

 

3.2.4. Synthesis of amino-functionalized polyoxindole (POX-NH) 

Amine-functionalized polyoxindole was synthesized by superacid condensation of isatin 

and biphenyl following the procedure reported in ref. [61], as is described below. Biphenyl 

(1.542 g, 10 mmol), trifluoroacetic acid (TFA, 4.65 mL) and trifluoromethanesulfonic acid 

(TFSA, 8.00 mL) were added into a 25 mL single-neck round-bottom flask. The mixture 

was magnetically stirred and cooled down to 0 °C. The isatin (1.4715 g, 10 mmol) was 

promptly added to the mixture. The reaction was kept under inert atmosphere. The cooling 

bath was removed 15 minutes after the reaction started. The reaction continued at room 
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temperature during 3 h. The resulting polymer solution was precipitated in methanol at 

room temperature. The obtained polymer was purified by re-precipitation in methanol from 

a 15 wt% polymer solution in NMP.  

 

3.2.5. Alkyne functionalization  

The introduction of the alkyne groups was conducted to later promote the thermal 

crosslinking. In the case of PBI-NH, the modification was performed after the membranes 

preparation, while for the PTA-OH and POX-NH the modification was done in solution, 

before casting the membranes. 

 

3.2.6. Modification of the polymers PTA-OH and POX-NH 

The polymer (1 g) was dissolved in N-methyl-2-pyrrolidone (NMP) (19 mL) in a 50 mL 

single-necked round-bottom flask and magnetically stirred until a transparent 

homogeneous solution was obtained. Potassium carbonate (K2CO3) (2 g, 14.4 mmol) was 

added. Propargyl bromide (80% toluene solution) (2 mL, 18.5 mmol) was dropwise poured 

to the reaction mixture. The reaction was kept at inert atmosphere and room temperature 

for 24 hours for POX-NH and 48 hours for PTA-OH. The polymer reaction mixture was 

precipitated in water. The obtained threads were copiously washed with water and 

methanol and then dried in vacuum-oven overnight. The modified polymers were further 

purified by re-precipitation in water from NMP 15 wt% solutions. The modification 

procedures are shown in Schemes 3.1 and 3.2. 
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Scheme 3.1. Modification of poly(oxindolebiphenylene) (POX-NH). 

 

Scheme 3.2. Modification of polytriazole (PTA-OH). 

3.2.7. Membrane preparation 

Porous membranes were prepared by non-solvent induced phase separation (NIPS). 

Polymer (plain PBI and alkyne-functionalized PTA-OH and POX-NH) solutions in DMAc 

were poured onto a glass plate, PET or PPS non-wovens and the solution was 

homogeneously spread with a casting knife adjusted with a 150 µm gap. Immediately after 

(no evaporation time), the incipient membrane was immersed in MiliQ water (25 °C). The 

membranes were kept in water for 4 hours before use. The plain PBI membrane was then 

post-modified with propargyl bromide as described below.  

 

3.2.8. Membrane modification of PBI-NH  

The pre-cast PBI membranes were immersed in a 10 wt% propargyl bromide solution in 

acetonitrile (MeCN). Potassium carbonate was added, the system was kept at room 
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temperature under stirring for 48 hours. After the modification was completed, the 

membranes were washed with MeCN and transferred to methanol. The modification’s 

route is shown in Scheme 3.3. 

 

Scheme 3.3. Modification of polybenzimidazole (PBI-NH). 

3.2.9. Membrane thermal crosslinking 

The membranes with alkyne-containing polymer membranes were immersed in glycerol, 

followed by a temperature increase to 200 °C. The membranes were kept at this 

temperature for 1 hour. After this time, the membranes were transferred to a glycerol bath 

at room temperature and then to a methanol bath, where they were kept during 12 hours 

before use. Before choosing this optimized condition, the crosslinking efficiency was 

investigated by immersing equal sized membranes (5x5 mm) at temperatures varying from 

170 °C to 210 °C during time intervals of 10 s to 2 h.  

 

3.2.10. Characterization 

3.2.10.1. Spectroscopic characterization (FTIR, NMR, UV-VIS) 

Nuclear Magnetic Resonance (NMR) spectra was recorded in Bruker Avance-III 400 MHz 

and 600 MHz NMR spectrometers, equipped with a Z-axis gradient BBO probe and a B-

ACS 60 automatic sample changer. The samples were solubilized in DMSO-d6. 
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The Fourier Transformed Infrared (FTIR) spectroscopy was performed in a Thermo 

Scientific Nicolet iS10 FTIR Spectrometer, equipped with a universal attenuated total 

reflectance (ATR) sampling accessory. Data were collected over 64 scans with spectral 

resolution of 4 cm-1 from 600 to 4000 cm-1. 

The UV-VIS analysis was conducted on a Thermo-Scientific NanoDrop 2000c UV-VIS 

Spectrometer in drop mode.  

Raman spectra were taken with a Horiba-Aramis micro Raman equipment using a HeNe 

633 nm laser. 

 

3.2.10.2. Field emission scanning electron microscopy (FESEM) 

The morphology of the membranes was characterized by FESEM on a Nova Nano FEI 

microscope. All samples were freeze-dried.  The cross-sections morphology of the 

membranes was obtained after fracturing them in liquid nitrogen, followed by sputter-

deposition of 3 nm of Pt in a K575X Emitech equipment. 

 

3.2.10.3. Thermal analysis (TGA and DSC) 

Thermal properties were evaluated by thermogravimetric analysis (TGA) in a TA 

Instruments TGA-Q50 equipment, performed from 25 to 800°C with a heat ramp of 10 

°C/min inert (N2) and oxidative (Air) atmosphere. Differential scanning calorimetry (DSC) 

was done in a Netzsch DSC 204 F1 Phoenix, in cycles from 100 °C to 300 °C in inert 

atmosphere at a heat ramp of 5 °C/min. 
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3.2.10.4. Filtration performance 

Filtration experiments were performed in a dead-end, N2 pressurized stainless steel cell 

with a total capacity of 300 mL. High temperature experiments were performed by 

gradually heating the cell up to the target temperature (120°C). The permeance is defined 

as the volume of solvent, V, passing the membrane normalized by area, A, at a specific 

time, t, at a given transmembrane pressure, ∆𝑃, according to Equation 3.1:  

𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒 = F
@G∆I

(𝐿𝑚KLℎKN𝑏𝑎𝑟KN)      (3.1) 

The membrane solute rejection was determined by using 0.1 wt% solutions of different 

molecular weight PEG (1, 6, 10, 20, 35, and 100 kg mol-1) in the organic solvent DMF. 

PEG feed solutions with each molecular weight were individually filtered through the 

membranes. The relative PEG concentration in the feed, retentate and permeate was 

determined by Gel Permeation Chromatography (GPC) in an Agilent Technologies 1260 

Infinity equipped with two PolarGel-M columns and RI detector. Solute rejections were 

calculated by analyzing the relative concentrations of feed (Cf) and permeate (Cp), 

according to Equation 3.2. 

𝑆𝑜𝑙𝑢𝑡𝑒	𝑅𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛	(%) = 100R𝐶T − 𝐶IU/𝐶T      (3.2) 

The molecular weight cut-off (MWCO), defined as the smallest molecular weight that is 

90% rejected by the membrane, was obtained from the solute rejection curve. For 

membranes with low MWCO, a 100 ppm Direct Red 80 (1373 g/mol) feed solution in DMF 

was additionally tested. The solute rejections were calculated by analyzing the feed (Cf) 

and permeate (Cp) concentrations, according to Equation 3.2. 
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3.2.10.5. Determination of non-crosslinked polymer fraction 

Equal sized (5x5 mm, with an approximate mass of 1.5 mg) crosslinked membranes 

exposed to different crosslinking conditions were immersed in 1.5 mL NMP (a good 

solvent for all polymers). By using UV-VIS absorption, the soluble fraction of the 

membranes was determined. Dilute solutions of non-crosslinked polymers were used as 

reference. The non-soluble fraction of the membrane was quantified by Equation 3.3: 

𝐼𝑛𝑠𝑜𝑙𝑢𝑏𝑙𝑒	𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒	𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛	(%) = (1 − @A
@B
)´100    (3.3) 

This method was also used to quantify the integrity of the membranes in different solvents 

(DMSO, NMP, DMF, THF) over a long period of time (three weeks test). 

 

3.3. Results and Discussion 

3.3.1. Polymer modification 

The preparation of crosslinked and highly temperature and solvent stable membranes in 

this work is based on the thermal treatment of polymers with side carbon triple bond 

groups. The first step of the modification was the reaction of propargyl bromide with 

different high-performance polymers through amino or hydroxyl groups.  The success of 

these reactions (Schemes 3.1, 3.2, 3.3) was confirmed by spectroscopy (1H-NMR, and 

FTIR). After the modification of PTA-OH, the FTIR broad signal at 3000-3500 cm-1, 

assigned to –OH, disappeared (Figure. A3.1). A characteristic peak for the carbon-carbon 

triple bond vibration appeared at 2115 cm-1 and another one assigned to C-H from the 

propargyl fragment can be seen at 3302 cm-1, as well as a signal for the C-O aliphatic bond 

at 1020 cm-1 [36]. These results confirm that the side triple bonds were added to PTA-OH. 
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The modified product is here mentioned as PTA-O-Pr. Additionally, the 1H-NMR spectra, 

Figure. 3.1 confirmed a complete substitution, in the form of two new peaks at d = 4.9 ppm 

(CH2) and d = 3.6 ppm (CH), while the signal at d = 10.2 ppm (–OH) disappeared.  

 

Figure 3.1. 1H-NMR spectra of PTA-OH before and after the modification with propargyl 

bromide. 

POX-NH and the corresponding triple bond modified polymer, POX-N-PR, were prepared 

adapting previously reported methodologies [58, 60, 61, 63]. The POX-NH FTIR spectra 

have a strong characteristic peak for the carbonyl group (C=O) at 1711 cm -1 and other 

common peaks for C-C aromatic vibration at 1492 and 1470 cm-1 (Figure. A3.2). The 

conversion to POX-N-PR was confirmed by a new prominent signal at 3287 cm-1 and a 

small one at 2125 cm-1 assigned to C-H from the propargyl fragment and carbon-carbon 
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triple bond (C≡C) respectively [36]. The symmetry, and therefore lack of bond polarity of 

the carbon triple bond make it difficult to confirm by FTIR. For this reason, Raman [64] 

spectra (Figure. A3.3) was obtained for this polymer, showing a stronger signal for the 

characteristic peak at the same wavelength. Figure. 3.2 shows the 1H-NMR, confirming the 

complete substitution: the amide proton, d = 10.85 ppm, was replaced by the propargyl 

respective signals, d =4.61 ppm and d = 2.27 ppm. In Figure. 3.4 it can be seen that after 

the crosslinking reaction, the propargyl peaks for C-H and C≡C disappeared. Since the 

crosslinking reaction gives place either to conjugated double bonds, no new characteristic 

peaks could be seen by FTIR. 

 

Figure 3.2. 1H-NMR spectra of POX-NH before and after the modification with propargyl 

bromide.  
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POX-N-PR and PTA-O-PR are soluble in organic solvents such as NMP, DMF, DMAc 

and DMSO and could be used for casting membranes. The modification of PBI-NH in 

solution was unsuccessful due the precipitation of PBI-N-PR, and is not suitable for 

membrane fabrication. For this reason, the unmodified PBI-NH was first used to cast 

membranes and these membranes were then modified with propargyl bromide. For that 

propargyl bromide in a non-solvent (MeCN). A partially insoluble membrane was formed 

even without any further thermal treatment.   

The PBI-NH spectra (Figure. A3.4) is characterized by a very broad signal from 2900 cm-

1 to 3600 cm-1, as well as signals between 1400 cm-1 and 1454 cm-1, corresponding to the 

C-N stretching and at 1614 cm-1 for aromatic C-C. After the modification of the membrane, 

a small new peak appeared at 2123 cm-1, which corresponds to the carbon-carbon triple 

bond [37]. The 1H-NMR and spectra of PBI-N-PR membranes have an additional set of 

peaks after the modification. In Figure. 3.3, it can be seen that the imidazole proton of the 

PBI-NH appears at d = 9.53 ppm. After the modification, new peaks at d = 9.21 ppm and 

d = 9.15 ppm indicate imidazole protons in a different chemical environment; the –CH2– 

and –CH– protons of the propargyl group are seen at 5.73 and 3.72 ppm, respectively [60]. 

By integrating the area beneath the peaks, 19% substitution of the total imidazole available 

reactive sites could be estimated.  
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Figure 3.3. 1H-NMR spectra of PBI-NH before and after the modification with propargyl 

bromide. 
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Figure 3.4. ATR-FTIR for the propargyl functionalized polymers before and after thermal 

crosslinking. 

3.3.2. Membrane preparation 

The propargyl-modified polyoxadiazole (POX-N-PR) and polytriazole (PTA-O-PR) were 

soluble in the organic solvents shown in Table A3.1. Phase inversion membranes were 

prepared from polymer solutions (POX-N-PR 14.5 wt%, PTA-O-PR 20 wt%) in NMP 

using water as non-solvent. The obtained membranes had good mechanical properties and 

were easy to handle. The PBI-NH membrane was prepared from a 17 wt% solution in 

DMAc. The FESEM images of the surface and cross section are shown in Figure. 3.5. The 

membranes are characterized by finger-like cavities and the pores are in the ultrafiltration 

range, as confirmed by the MWCO evaluation. 
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Figure 3.5. FESEM images of the surface (top) and cross section (bottom) of the 

propargyl modifed membranes: (a,d) POX-N-PR, (b,e) PTA-O-PR and (c,d) PBI-N-PR. 

 

3.3.3. Thermal analysis of membrane materials 

The three pristine polymer membrane systems (PTA-OH, POX-NH, PBI-NH) investigated 

in this work have a high (onset) degradation temperature, TdON, above 500 °C. The 

correspondent thermograms for the membranes are shown in Figure 3.6 and the data are 

summarized in Table 3.1. For the propargyl modified systems, the thermograms show no 

difference before and after the heat treatment. The thermal crosslinking in this case 

occurred during the thermogravimetric analysis itself, without any corresponding weight 

loss.  
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The crosslinking of the polymers is due to the intermolecular reaction of the propargyl 

units. The propargyl groups undergo a combination of dimerization, or a direct 1,2-

oligomerization when heat is applied [21, 24]. In case of propargyl functionalized polymer 

membranes, the extent of the reaction will depend on the local orientation and vicinity of 

other propargyl groups. When a sufficient number of propargyl groups react, they will form 

a conjugated system that changes the color of the membrane to orange or brown by 

following the proposed pathway depicted in Scheme 3.4. The addition of the crosslinking 

groups slightly decreased the Td, due to the susceptibility of the new bonds to oxidative 

degradation.  

This is large improvement, taking into account that by other crosslinking strategies, 

promoted by reaction with bifunctionalized segments, a considerable loss of stability is 

observed. In a previous work of our group [57], we crosslinked poly(oxindolebiphenylene) 

with different dibromides with DBHF. The degradation temperature was 329 °C in 

oxidative medium, which is a very good one for a large spectrum of applications, but it is 

clearly lower than the stability of the pristine polymer (522 °C). With the thermal route 

demonstrated in this work the degradation temperature (TdON) of the crosslinked 

membranes is 496 °C. 

The method was extended to PBI-NH and PTA-OH. Although PBI-NH is known for its 

remarkable thermal and solvent resistant properties, the PBI-NH membranes have 

frequently poor mechanical properties, the higher thermal resistance and brittleness of PBI-

NH with respect to POX-NH or PTA-OH is due to the absence of sp3 carbon, which in the 

latter two improve the chain flexibility. Therefore, PBI membranes are often cast onto 

supports like polypropylene (PP) or polyester (PET). However, the use of supports limits 
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the temperature application window for the membrane, as can be seen in Figure. 3.7d, 

where PBI-N-PR cast on PET decomposes at 370 °C. For this reason, poly(phenylene 

sulfide) (PPS) was chosen as a suitable support for PBI-N-PR, extending the potential 

operation window to 464 °C. Moreover, the crosslinking reaction helped to chemically 

bind the PBI-N-PR to the support, improving in this way the membrane mechanical 

properties. In the other hand, POX-O-PR and PTA-O-PR, can be used without support, as 

self-standing membranes, with thermal resistance up to 500 °C. 

 

    

                                (a)                                                           (b) 

  

                                (c)                                                           (d) 

Figure 3.6. Thermogravimetric analysis of (a) POX, (b) PTA-OH and (c, d) PBI 

membranes on (c) PPS and (d) PET non wovens in inert and oxidative atmosphere. 
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The pristine polymer systems (PBI-NH, PTA-OH, POX-NH) without alkyne modification 

have no thermal transitions when heated up to 300 °C. The DSC thermograms are 

characterized by a flat line. However, when the alkyne-modified membranes are heated, a 

strong exothermic peak starts at 200°C, corresponding to the thermal induced crosslinking 

reaction, as shown in Figure. 3.7. A second heating run for the alkyne-modified materials 

show no exothermic peak, indicating that the crosslinking reaction is complete.  

 

Table 3.1. Decomposition temperatures of the membranes in inert (nitrogen) and oxidative 

(air) atmosphere. 

 
Td5 (°C) a TdON (°C) b Char yield 

c (%)   Air Nitrogen Air Nitrogen 

POX-NH 484 515 522 533 53 

POX-N-PR 407 497 496 535 61 

PTA-OH 468 496 501 492 55 

PTA-O-PR 396 497 507 535 61 

PBI-NH 518 581 568 577 81 

PBI-N-PR 445 443 572 647 78 

PBI-N-PR Sup d 464 477 485 499 52 

a Decomposition temperature determined by 5% of weight loss, b Decomposition 

temperature determined by onset method; c weight % at 800 °C in nitrogen atmosphere d 

PBI-N-PR cast on PPS support. 
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The exothermic peaks for PTA-O-PR and POX-N-PR are more intense than PBI-N-PR, 

because the degree of alkyne substitutions in the latter is lower. The alkyne incorporation 

to PTA-OH and POX was performed in solution, while for PBI it was conducted on the 

pre-formed membrane, without full access to the polymer bulk.  

 

  

(a)     (b)     (c)  

Figure 3.7. DSC thermograms following the thermal crosslinking of (a) POX-N-PR, (b) 

PTA-O-PR and (c) PBI-N-PR. 

 

  

 

Scheme 3.4. Representation of the thermal induced crosslinking of propargyl bearing 

polymers; R1, R2, and R3 represents different polymer chains. 

 

3.3.4. Optimization of crosslinking reaction conditions 

This is the first time that alkyne crosslinking strategy is applied to porous membranes. 

Different conditions for the thermal crosslinking were evaluated. The first approach 

-1 
-0.8 
-0.6 
-0.4 
-0.2 

0
0.2
0.4
0.6

110 160 210 260 310

DS
C	
(m

W
/m

g)

Temperature	(˚C)

POXI-N-PR

1st run

2nd run

exo
1st run

2nd run

-1 
-0.8 
-0.6 
-0.4 
-0.2 

0
0.2
0.4
0.6

110 160 210 260 310

DS
C	
(m

W
/m

g)

Temperature	(˚C)

PTA-O-PR

exo

-1 
-0.8 
-0.6 
-0.4 
-0.2 

0
0.2
0.4
0.6

110 160 210 260 310

DS
C	
(m

W
/m

g)

Temperature	(˚C)

PBI-N-PR

1st run

2nd run

exo

R1
C C CCH H

R2
+

R1
C C

R2
C
CH2

R1
C C

H

R2
C
CH2C

C

R3

CCH
R3

Heat Heat



120 
 

promoted the membrane heating at 210 °C in air. However, under these conditions, the 

membranes achieved the desired solvent resistance but they became brittle and fragile.  

The second approach promoted the crosslinking in the wet state. In order to achieve this, a 

solvent with a high boiling point was chosen, in which the alkyne-containing polymer 

membranes would not be soluble. DMF, DMSO, DMAC, NMP and sulfolane have 

relatively high boiling point, but solubilize the propargyl functionalized membranes. Poly 

(ethylene glycol) with molecular weight 400 g/mol (PEG 400) was investigated as potential 

medium for the thermal reaction. A short immersion in hot PEG 400 led to a fast 

crosslinking. However, the membrane immersion at room temperature followed by slow 

heating led to plasticization and excessive swelling, before the crosslinking could be 

effectively initiated. Glycerol was then chosen due to its thermal stability, as well as for 

being considered a green solvent [65]. The membrane preparation and crosslinking process 

is shown in Scheme 3.5. After casting, the alkyne-polymer membranes were immersed in 

glycerol during different times and temperatures. Glycerol, besides being the heating-bath 

to promote the thermal reaction, can partially plasticize the polymers, working as a spacer 

agent between chains, and reducing the density of crosslinking points. It avoids in this way 

the excessive crosslinking that would contribute to the brittleness. When the membrane is 

thermally treated without glycerol, dry and exposed to air, the polymer reacting sites are 

closer to each other. Additionally, the glycerol prevents the immediate contact with air and 

therefore protect the polymer from undesirable oxidative side reactions, that could lead to 

chain scission.  

The degree of crosslinking was indirectly monitored by using UV-VIS spectroscopy and 

equation (3.3), by measuring the absorbance of the soluble fraction of equal-size and mass 
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(5x5 mm) polymer membranes immersed in NMP, which is a good solvent for the un-

crosslinked polymers. The results are summarized in Figure 3.8. The higher the degree of 

crosslinking the smaller the amount of polymer that will migrate from the membrane to the 

solvent. The concentration of the soluble fraction is proportional to the solution 

absorbance.  

 

Figure 3.8. Membrane stability in NMP. (a) Fraction (%) of insoluble polymer as a function 

of crosslinking temperature (2 min treatment); (b) Fraction (%) of insoluble polymer 

treated at 200 °C, as a function of crosslinking time; (c) Membrane area as a function of 

the crosslinking time at 200 °C, after immersion in NMP. 

 

For the method optimization, first the effect of temperature was investigated, as shown in 

Figure. 3.8a. The crosslinking reaction starts around 190 °C and it continues as the 

temperature increases. As previously discussed, the PBI-N-PR is already partially 

insoluble, however the solvent resistance is significantly improved by the thermal 

treatment. The soluble fraction of thermal treated PTA-O-PR and POX-O-PR in NMP 

decreased linearly with the increase of the crosslinking temperature, meaning that the rate 

of the reaction also increases. However, it was our objective to keep the conditions as mild 
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as possible, so 200 °C was chosen as the optimal working temperature. The reaction time 

was then optimized, starting from 10 seconds up to 2 hours (Figure 3.8b). As the plot 

shows, after 30 minutes, a fairly high solvent resistance is observed (more than 90% 

polymer fraction was insoluble in NMP). For reaction times longer than one-hour, little 

improvement was observed. In addition, the area of the membranes treated at different 

times and immersed in NMP was used as an indication of swelling (Figure 3.8c), which is 

indirectly related to the crosslinking degree. It can be seen that all membranes converge to 

the 25 mm2 original size as the reaction time reaches 2 h, Figure A3.5. The PBI-N-PR 

membrane became stable in solvents after only 10 seconds of heat treatment. 

The PTA-O-PR and POX-O-PR membranes were only mechanically stable and NMP 

resistant if the thermal treatment was longer than 20 minutes. The PTA-O-PR required an 

even longer reaction time to achieve similar solvent resistance, compared to POX-N-PR. 

The probable reason is that PTA-O-PR follows a different reaction path than that shown 

for POX-N-PR and PBI-N-PR in Scheme 3.4. The propargyl aryl ether fragment in PTA-

O-PR has a tendency to form a chromene group [36] through a [3,3]-sigmatropic 

rearrangement [66, 67] (Scheme A3.1), the chromene group will continue to react to 

formed the polymer network [36, 68]. No considerable improvement was observed by 

increasing the treatment time from one hour to two hours. By increasing the treatment time, 

the membrane swelling was minimized. In conclusion, the optimal chosen conditions for 

the membrane crosslinking were immersion in glycerol at 200°C for one hour. The 

illustration of the two-step process for the preparation of solvent and thermal resistant 

membranes is depicted in the Scheme 3.5. The solubility for the membrane materials in 
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different organic solvents, before and after modification with propargyl bromide and then 

after thermal crosslinking is summarized in the table A3.1. 

 

Scheme 3.5 Representation of the two steps process for the preparation of solvent and 

thermal resistant membranes.  

 

3.3.5. Long-term stability and performance of crosslinked membranes 

The long-term solvent resistance of the crosslinked membranes was investigated. The 

membranes were kept in different organic solvents for a period of 21 days. The results are 

shown in Table 3.2 In all cases, the soluble fractions reflect unreacted polymer chains that 

migrate from the membrane to the solution. Figure 3.9 shows that >98% of the PBI-N-PR 

and POX-O-PR membranes weight was maintained insoluble in all tested solvents.  In the 

case of PTA-O-PR, this value was 97 % in THF and NMP. 6 % weight loss was detected 

for the PTA-O-PR membranes in DMF and DMSO in the first days of immersion without 

any additional loss in longer time.  
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(a)                                            (b)                                               (c) 

Figure 3.9. Long-term exposure of the crosslinked membranes to THF, DMF, DMSO and 

NMP over 21 days: (a) POX-N-PR, (b) PTA-O-PR, (c) PBI-N-PR. 

 

Table. 3.2. Thermal treated membranes resistances (% insoluble fraction) after 21 days of 

immersion in solvents 

  THF DMF DMSO NMP 

POX-N-PR 98.1 98.6 99.1 98.7 

PTA-O-PR 97.4 94.0 94.0 97.0 

PBI-N-PR 98.5 99.3 99.3 98.1 

 

Among the three propargyl-functionalized and thermal treated membranes, POX-N-PR and 

PBI-N-PR were the most stable. Their filtration performance was then investigated in 

different organic solvents. Figure 3.10 shows the permeances of thermal treated POX-N-

PR and PBI-NPR membranes for different organic solvents. They are inversely 

proportional to the solvent viscosities. At room temperature, the POX-N-PR membrane 

had a DMF permeance of 15 Lm−2 h−1 bar−1, with a MWCO around 32 kg/mol. The 

permeance increased to 68 Lm−2 h−1 bar−1at 120 °C and 90 Lm−2 h−1 bar−1at 140 °C, while 
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the PEG rejections are slightly higher, indicating a membrane MWCO close to 20 kg/mol, 

as shown in Figure 3.11. The PBI-N-PR membrane had a permeance going from 12 Lm−2 

h−1 bar−1 at 25 °C up to around 50 Lm−2 h−1 bar−1 at 140 °C. The membrane was operated 

for several hours at 140 °C without a change in flux. In the case of PBI-N-PR, the MWCO 

is close to the nanofiltration range, with 90% rejection of Red Direct 80 (MW 1373 g/mol) 

(see Figure. A3.6) in DMF and 74% in THF. The MWCO measured in DMF with PEG, 

was 4 kg/mol. The MWCO was preserved at higher temperature, with small changes in the 

rejection of low molecular weight solutes. The rejection of PEG 1k decreased from 76 to 

71 wt% as the temperature increased to 140 °C. The MWCO for these membranes could 

be tune by changing the casting conditions 

 

                                    (a)                                                           (b) 

Figure 3.10. Permeance of thermal treated (a) PBI-N-PR and (b) POX-N-PR membranes 

for different solvents at room temperature. 
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Figure 3.11. DMF permeances in (a) POX-N-PR and (b) PBI-N-PR thermally crosslinked 

membranes and corresponding MWCO of (c) POX-N-PR (at 25 and 120 °C) and (d) PBI-

N-PR membranes. 

 

The increase of permeation as a function of temperature is mainly due to the DMF viscosity 

decrease. In the case of DMF, a temperature change from 30° to 40 °C already causes a 

viscosity decrease from 0.759 to 0.678 mPa s [69]. According to the Hagen-Poiseuille 

equation, the volumetric flow rate is inversely proportional to the viscosity. A proper 

comparison with previous work in the field would require similar conditions of temperature 

and solvents. As an indication of previous achievements in the field, we mention here a 

few results obtained by testing at room temperature. We reported PTA membranes 

crosslinked with poly(ethylene glycol) diglycidyl ether [61], leading to MWCO around 8 

kg/mol and permeation in DMF of 20 Lm−2 h−1 bar−1. Valtcheva et al. [70] reported PBI 
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membranes crosslinked with dibromoxylene with 500 g/mol MWCO, tested with a 

permeance of 18 Lm−2 h−1 bar−1 in acetonitrile. Xing et al. [71] reported chemically (based 

on glutaraldehyde) crosslinked PBI membranes with MWCO around 600 g/mol with 

ethanol permeance 3.7 Lm−2 h−1 bar−1. The membranes we reported in this work are in the 

ultrafiltration range. We demonstrated that asymmetric porous membranes with high 

temperature and solvent stability could be prepared by phase inversion of 

polybenzimidazole, polytriazole and poly(oxindolebiphenylene), followed by thermal 

crosslinking. We expect that the optimization of the preparation conditions would reduce 

the MWCO to a smaller solutes size range. At this stage the membranes would be useful 

for instance as supports for the preparation of solvent resistant nanofiltration membranes, 

by adding a selective layer prepared by interfacial polymerization. Potential applications 

in this case would be found in the pharmaceutical and chemical industry such as in the 

catalyst recovery. 

The membranes could be used as support for selective layers (polymeric or ceramic) to be 

used in gas separation applications. Water gas shift reaction processes start to be feasible 

in temperatures at which these membranes are stable. Furthermore, even if the final 

application does not require an exceptional stability, stable porous supports would enable 

other methods of selective layer deposition, by nanofabrication, plasma, atomic layer 

deposition or coating of thin polymeric layers using materials only soluble in harsh organic 

solvents. 
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3.4. Conclusions 

Asymmetric porous membranes were prepared from PBI-NH, PTA-OH and POX-NH, 

functionalized with propargyl bromide, by phase inversion, followed by thermal 

crosslinking. The crosslinking, promoted by the reaction between the added triple bond 

functionalities, led to membranes stable at temperatures as high as 445, 396, 407 °C, 

respectively. High stability in solvents such as DMF was demonstrated. After 21 days, a 

weight loss smaller than 1 wt% was detected for the PBI and POX membranes. DMF 

permeance of 90 L m−2h−1bar−1was measured for the POX membranes and 50 L 

m−2h−1bar−1for PBI membranes at 140 °C, which could operate for hours without 

measurable changes. In the latter case 90% rejection of Red Direct 80 (MW 1373 g/mol) 

was demonstrated. The crosslinking reaction was optimized by using glycerol as green 

reaction media. Further exploration of the preparation conditions should be able to decrease 

the MWCO. At this stage the membranes could be used for ultrafiltration or as support for 

further coating or interfacial polymerization if nanofiltration or gas separation would be 

the aimed application.  
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Chapter 4: Membranes based on Poly(oxindole-2,2’-biphenol)  

(POXI-OH) 

 

 

 

 

 

 

This chapter is intended to be published in two parts. The first one regarding the oxidative 

thermal crosslinking of POXI-OH membranes and the second on the water-based 

preparation of POXI-OH membranes.  
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4.1. Introduction 

Membranes are an increasingly important technology in industry and research due to their 

versatility, low energy consumption and high-resolution separation. The advancement of 

membrane technology to more challenging applications strongly depends on the available 

polymer materials [1]. High performance polymers have been used for the preparation of 

synthetic membranes for many years. However, as new separation processes arise [2], the 

demand for polymer membranes with novel functionalities increases. 

In particular, the rapid growing field of organic solvent nanofiltration (OSN) has been 

exploring a broad library of polymer materials for membranes [3]. High performance 

polymers are typically prepared by polycondensation reactions, with rigid aromatic 

backbones. These polymers have good mechanical properties and good solubility. 

Polymeric membranes for OSN are either intrinsically skinned asymmetric membranes [4] 

or thin film composite (TFC) membranes grown on a porous support [5]. In both cases, the 

polymer support is usually prepared by the non-solvent induced phase separation (NIPS) 

method. After the porous membranes are prepared, a crosslinking step is necessary, in order 

to reduced swelling and provide the required solvent resistance. Chung et al. [6] recently 

reported a summary of crosslinking techniques for polymeric membranes. Most membrane 

crosslinking techniques involve the immersion of the pristine polymeric membrane in a 

solution of bi- or tri- functional small molecules [7]. However, with this method only a 

small amount of crosslinker molecules are incorporated into the membranes, and most of 

them remains unused in the solution. 

A more molecular efficient approach is to prepare the membranes from a polymer that 

could react with itself without an additional agent. Examples of these materials are 
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thermally rearranged (TR) polymers and polymers with thermally crosslinkable pendant 

groups. For example, membranes prepared from TR polyimide polymers have improved 

tolerance towards high temperatures and aggressive solvents, although most of the TR 

membranes are used for gas separation [8], their applications in organic solvent media is 

gaining attention. For example, Kim et al. [9] reported a thermally rearranged benzoxazole 

membrane support. Fang et al. [10] demonstrated the preparation of membranes starting 

from a polyamide precursor, followed by a thermal induced imidization. The resulting 

membrane was tested for organic solvent nanofiltration.  

Besides thermal rearrangements, thermally induced crosslinking is a complementary ideal 

approach due to the high density of crosslinking points, which leads to a more robust 

membrane. For example the crosslinking of pendant propargyl groups has been 

successfully used for gas separation [11] and for the preparation of solvent and thermal 

resistant porous membranes. [12, 13] Other polymers have been also explored. 

Polybenzoxazine and poly(arylene ether ketone) membranes have been thermally 

crosslinked, respectively, for the separation of water from toluene [17]  and methane from 

CO2 [14, 15]. Recently, Deng et al. [16] used a polyimide functionalized with lactone to 

carry on a thermal oxidation of dense membranes, with the objective of reducing the CO2 

plasticization.  

In this work, we propose poly(oxindole-2,2’-dihydroxybiphenyl) for the preparation of 

porous membranes. We explore three innovative aspects: (1) the membrane crosslinking 

by thermal oxidation, leading to solvent and thermal resistant membranes; (2) the (pH-

color) stimuli response behavior of the thermal treated POXI-OH membranes; (3) the 

preparation of POXI-OH membranes purely based on water as solvent and non-solvent.  
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Particularly, the third approach responds to the growing concern on using organic solvents 

such as dimethylformamide for membrane manufacture, and the efforts to replace them by 

less-toxic homologues. Examples of emerging solvents in membrane preparation are ionic 

liquids for phase inversion [17-19] and interfacial polymerization [20]. Other new organic 

solvents with low toxicity for membranes are Rhodiasolv PolarClean® [21], TamiSolve 

NxG® [22], Cyrene® [23] and DMSO EVOL® [24]. However, preparing polymeric 

membranes using only water as solvent would be the ideal solution. 

 

4.2. Experimental 

4.2.1 Materials 

Isatin, 2,2’-biphenol, trifluoroacetic acid (TFA), trifluoromethanesulfonic acid (TFSA), 

methylene chloride (MC), N-methylpyrrolidone (NMP), N-dimethylformamide (DMF), 

N,N-dimethylacetamide (DMAc), dimethylsulfoxide (DMSO), acetonitrile (MeCN) 

tetrahydrofuran (THF), potassium carbonate (K2CO3), propargyl bromide (80 wt % toluene 

solution), 1,5-dibromo-1,1,3,3,5,5-hexafluoropentane (DBHF), sodium hydroxide (NaOH, 

pellets), hydrochloric acid (HCl, 37 wt%), glacial acetic acid, commercial white vinegar, 

poly (ethylene glycol) (PEG) of different molecular weights. 

 

4.2.2. Synthesis of POXI-OH 

POXI-OH was prepared by superacid catalyzed polycondensation method, adapted from a 

published protocol [25]. The reaction setup consisted of a mechanically stirred dry three-

necked 250 mL round-bottom flask with nitrogen intake and oil bubbler. In a typical 

polymerization, initially liquid reagents were poured into the flask and mixed. First 
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methylene chloride, (18 mL), was added, followed by TFA (18 mL) and TFSA (5 mL). 

The liquid mixture was homogenized and cooled down in an ice-water bath. With a funnel, 

the 2,2-biphenol (5.02 g, 26.9 mmol) was added until homogenization, followed by the 

isatin (3.97 g, 26.9 mmol). Ice-bath was removed and the reaction was allowed to proceed 

at room temperature for 24 hours. After this time, the reaction was quenched in a 1:1 

H2O/MeOH mixture. The precipitated white fibers were copiously washed and then dried. 

Further purification was done by reprecipitation in NMP, followed by washing and drying 

at 70 °C in vacuum overnight. 

 

4.2.3. Modification of POXI-OH with propargyl bromide 

POXI-OH was modified using propargyl bromide, similar to the previous modification of 

POX-NH discussed in Chapter 3. The modification was done in a 25 mL single necked 

round-bottom flask. The polymer (1 g) was dissolved in NMP (10 mL), potassium 

carbonate (K2CO3) (2 g, 14.4 mmol) was then added to the homogeneous solution. 

Propargyl bromide (80% toluene solution) (2 mL, 18.5 mmol) was dropwise poured to the 

reaction mixture. The reaction was kept at inert atmosphere and room temperature for 24 

hours. The reaction was quenched in methanol and then washed with a mixture of water 

and methanol. White fibers were obtained with 1.15 g yield. 

 

4.2.4. NIPS Membrane preparation and modification 

Integrally skinned asymmetric membranes from POXI-OH were prepared by non-solvent 

induced phase separation (NIPS) method, using organic aprotic solvents for the polymer 

solutions. The casting solutions compositions were 14, 17 and 20 wt % polymer in NMP 
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and 17 wt % polymer in DMF, DMAc and DMSO. The polymer solutions were cast onto 

a glass plate using a casting rod with a 150 µm gap. MiliQ water was used as non-solvent. 

After a few minutes, the self-standing membranes detached from the glass and floated. 

Humidity and temperature were controlled during the process with values of 60 % RH and 

22 °C, respectively. Membrane circles were cut, freeze dried, and reserved for further 

modification and characterization. The dry pieces of membranes were treated at different 

conditions of time and temperature using a TA Instrument TGA-50. For optimal 

conditions, larger membranes were thermal-treated in a Thermo-Scientific Thermolyne 

furnace and used for the filtration experiments. 

 

4.2.5. Crosslinking of POXI-OH membranes with dibromohexafluoropentane 

(DBHF) 

The crosslinking protocol was adapted from Chapter 2. First the POXI-OH membrane was 

dried and then immersed in acetonitrile. The reaction solution was prepared in a 25 mL 

polypropylene centrifuge tube by adding 10 mL of acetonitrile, 1 mL of the DBHF 

crosslinker and 0.5 g of potassium carbonate (K2CO3). The membranes were transferred to 

the reaction solution. The reaction tubes were tightly closed and then heated at 70 °C in a 

water bath 24 and 48 hours. Afterwards, the membranes were transferred to a recipient with 

clean MeCN and finally washed with MeOH. 

 

4.2.6. Water-based POXI-OH membrane preparation 

The 20 wt % POXI-OH casting solution was prepared by dissolving 100 mg of polymer in 

400 mg of 1M NaOH solution. The aqueous polymer solution was cast on a support, using 
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a doctor blade with a 200 𝜇m gap. Temperature and humidity were kept constant at RH 

55% and 22 °C, respectively. The film was then immersed in the coagulant bath. Three 

coagulation baths were used, a) 1M HCl, b) glacial acetic acid, and c) commercial white 

vinegar. 

 

4.2.7. Characterization 

The structural characterization of the polymer was done by nuclear magnetic resonance 

(1H-NMR and 13C-NMR) recorded in a Bruker Avance-III 500 MHz NMR spectrometer 

equipped with a Z-axis gradient BBO probe. The success of the oxidative thermal 

crosslinking reaction was confirmed by CP-MAS 13C solid state NMR spectroscopy. 

Al 13C NMR spectra were recorded using WB Bruker 400 AVANAC III spectrometer 

equipped with 4 mm double resonance CP MAS Bruker Probe (BrukerBioSpin, 

Rheinstetten, Germany). To create comparable data, all spectra were recorded under the 

same conditions and same instrumental parameters. The spectra were recorded by 

collecting 12k scans using cp pulse program from Bruker pulse library with recycle delay 

time of 5 s. The infrared spectra for the polymer characterization and modification 

monitoring was done in a Thermo Scientific Nicolet iS10 FTIR Spectrometer, equipped 

with an universal attenuated total reflectance (ATR) sampling accessory. The crystallinity 

of the membranes prepared under different conditions was investigated using a Bruker D8 

Advance diffractometer with Cu-Kα radiation source (λ = 0.154 nm), operating at 40 kV 

and 40 mA. The diffraction data was measured in the range of 4°–40° using the low angle 

kit accessory. The inherent viscosity of the synthetized polymers was measured via a 

Lauda-Ubbelohde viscometer using 0.2 g/mL solutions in NMP at 25 °C.  
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The thermogravimetrical analysis (TGA) was recorded on a TA Instruments TGA-Q50 

from 25 to 800 °C at 10 °C/min, DSC curves were obtained in a TA Instruments DSC-Q20 

equipment from 150 to 400 °C at heat speed of 3 °C/min. A Thermo Scientific Nanodrop 

2000c UV-VIS Spectrometer was used for polymer modification monitoring and to 

measure the organic solvent resistance. The water/air contact angle (CA) was measured in 

a KRUSS Easy Drop Goniometer.  

The imaging of the surface and cross-section of the membranes was done by Field 

Emission Scanning Electron Microscopy (FESEM) on a Nova Nano FEI microscope. Cross 

sections were obtained by fracturing the membranes in liquid nitrogen. All samples were 

coated with 3 nm of Ir using a K575X Emitech equipment.  

Filtration Performance 

The pure water permeance (in Lm-2h-1bar-1) was determined in a 300 mL dead-end 

stainless-steel cell, using compressed N2 as pressure source. The membrane effective area 

was 0.95 cm2 with an operation pressure of 3 bar and magnetic stirrer agitation of 400 rpm. 

The permeance was calculated by equation (4.1), in which V is the collected solvent 

volume, A is the effective membrane area, t is time and ΔP is the applied pressure. 

𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒 = F
@G∆I

(𝐿𝑚KLℎKN𝑏𝑎𝑟KN)      (4.1) 

The molecular weight cut off (MWCO) was determined from the rejection curve. The 

MWCO is define as the molecular weight of the smallest solute with a 90% rejection, 

according to equation (2), where Cf and Cp are the concentrations of the feed and permeate, 

respectively.  

𝑆𝑜𝑙𝑢𝑡𝑒	𝑅𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛	(%) = 100R𝐶T − 𝐶IU/𝐶T      (4.2) 
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Rejection curves were acquired by using an aqueous solution containing PEG with 

different molecular weights (600, 3000, 10000 and 35000 g mol-1) with a total 

concentration of 0.1 wt. %. The feed and permeate concentration were determined using 

gel permeation chromatography (GPC) in an Agilent Technology 1200 series 

Chromatograph equipped with PL-Aquagel OH-40 and OH-60 with refractive index 

detector. Dye rejection was determined using a 100 ppm solution of Red Direct 80 (MW 

1373 g mol-1). The dye concentration was determined with UV/VIS NanoDrop 2000c 

spectrometer.  

 

4.3. Results and Discussion 

4.3.1. Polymer synthesis 

POXI-OH is an attractive polymeric material because the rigid aromatic backbone is highly 

thermally stable and the addition of versatile functional groups can be easily done. POXI-

OH was synthesized for the first time by Gutierrez-Hernandez [25] using a superacid 

catalyzed polyhydroxyalkylation reaction. This method allows the preparation of high-

performance polymers using carbonyl monomers (i.e. ketones, aldehydes) with aromatic 

hydrocarbons, especially with non-activated rings (i.e. biphenyl, p-terphenyl, fluorene). 

The polymerization reaction requires the use of a superacid, such as 

trifluoromethanesulfonic acid, as catalyst. The reaction is an electrophilic aromatic 

substitution (EAS), in which the electron-rich positions of the aromatic ring will undergo 

a nucleophilic attack on the partial positive charged carbon of the carbonyl. The acid serves 

a double role, in the first step of the polymerization it enhances the carbonyl dipole, by 

protonating the oxygen, and in the second step it promotes the release of water by the 
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dehydration of the tertiary alcohol formed as a result of the first step. Theoretical studies 

regarding the mechanistic aspects of this type of polymer synthesis has been reported and 

described by Nieto et al. [26, 27].  

An important factor to consider is how good nucleophiles are the aromatic hydrocarbons. 

Activated (electron-rich) aromatic hydrocarbons react easier than the non-activated ones 

with carbonyl compounds, due to their higher nucleophilicity. This makes possible to use 

milder reaction conditions, for example, the polymerization of isatin with biphenyl requires 

pure TFSA; however, if 2,2’-biphenol is used, a mixture of TFSA and TFA is enough to 

carry on the polymerization. Moreover, Gutierrez-Hernandez and Cruz [28, 29] reported 

the use of a monomer stoichiometric imbalance to obtain isatin and biphenyl high 

molecular weights polymers with low polydispersity. This phenomenon is called non-

stoichiometric effect and has been reported for other polymerization systems [30]. In the 

present work, we explore for the first time the synthesis of poly(oxindole-2,2’-

dihydroxybiphenyl) using the non-stoichiometric effect, as in Scheme 4.1. 

 

Scheme 4.1. Synthesis of poly(oxindole-2,2’-dihydroxybiphenyl) by superacid 

polyhydroxyalkylation. 

 

The polymerization reaction is heat-sensitive and an increase in temperature would turn 

the aromatic monomer non-selective, leading to polymer crosslinking. When all reagents 
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are mixed, the initial acid-base reaction heats the reaction mixture. To prevent these hot-

spots, the reactor with the initial mixture of solvent, catalyst and the aromatic monomer is 

cooled with an ice-bath, before adding the carbonyl (isatin) monomer. As the reaction 

proceeds, the viscosity increases, and in order to keep a homogeneous mechanical stirring, 

methylene chloride is added in small amounts. The reaction needs to be quenched before 

the crosslinking occurs. This happens by the participation of other positions of the aromatic 

ring, as the preferable para- reactive sites of the 2,2´-biphenol are consumed. 

Regarding the non-stoichiometric effect, it was observed that a 1:1 stoichiometric reaction 

reached a viscosity plateau after 8 hours of reaction time, whereas a 1.2:1 stoichiometric 

reaction with isatin in excess had to be stopped after 3 hours to prevent crosslinking. 

Moreover, values of inherent viscosity revealed a significant difference in molecular 

weight, 0.9 dL/g for the stoichiometric and 5.0 dL/g for the non-stoichiometric condition. 

It is important to mention that the polymers obtained by either way have good mechanical 

and solubility properties, allowing their used to prepare membranes, as it will be discussed 

later. 

The polymer structure was determined by spectroscopic techniques. The FTIR spectra 

shows a characteristic broad -OH peak in 3200 cm-1 and the intense carbonyl absorption in 

1700 cm-1. The 1H and 13C NMR are shown in Figure 4.1. The -NH oxindole proton is 

observed at a chemical shift of 𝛿 = 10.57 ppm. The particular arrangement of the hydroxy 

group on the orto- position to the ring-ring bond allows a free rotation of the -OH groups 

and they can create intramolecular hydrogen bond, which explains the -OH NMR signal to 

be a broader peak centered at 𝛿 = 9.51 ppm. The rest of the NMR signals, in the interval 

from 6.9 to 7.3 ppm correspond to the aromatic protons. In the 13C-NMR shown in Figure 
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4.1, peaks for the 14 different carbons can be clearly identify. Of relevance are the carbonyl 

carbon at 𝛿 = 179.28 and the spiro sp3 carbon in 𝛿 = 61.33 ppm.  

 

 

Figure 4.1. 1H-NMR and 13C-NMR spectra for POXI-OH in DMF d7. 
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4.3.2. Membrane preparation 

The POXI-OH membranes were prepared by the non-solvent induced phase separation 

(NIPS) method. The surface porosity and morphology could be tuned by changing the 

composition of the casting solution. In Figure 4.2, the FESEM images of membranes 

prepared from polymer solutions in NMP are shown. As the polymer concentration 

increases, the pore size becomes smaller and the cross-section becomes thicker and denser. 

Additionally, in Figure 4.3 similar FESEM images are depicted for POXI membranes, 

prepared using 17 wt. % from different solvents. The surface of the membranes prepared 

from solutions in DMF and DMAc have low porosity, while the surface of the membrane 

prepared from solutions in DMSO has abundant and small pores.  

 

Figure 4.2. FESEM images of the surface (top) and cross section (bottom) for membranes 

prepared from (a, d) 14 wt %, (b, e) 17 wt % and (c, f) 20 wt % POXI-OH solutions in 

NMP. 
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Figure 4.3. FESEM images of the (top) surface and (bottom) cross section of membranes 

prepared from 17 wt % POXI-OH solutions in (a,d) DMF, (b,e) DMAc and (c,f) DMSO. 

 

4.3.3. Membrane thermal crosslinking 

When exposed to increasing temperatures, the POXI-OH membranes had a first step of 

weight loss starting at 200 °C under air atmosphere. This step is not observed when the test 

is performed in inert atmosphere and suggests an oxidation decomposition. Under air after 

the first decomposition step, there is a stability zone, before a second step of weight loss 

starts around 370 °C. Under nitrogen, the decomposition starts at around 390 °C. The DSC 

analysis of the same sample shows 2 exothermic peaks at around 330 °C and 370 °C, 

indicating that reactions are taking place at these conditions.  Based on this evidence, a 

more detailed investigation was undertook, applying additional temperature “heat and 

hold” programs for the TGA, as shown Figure A4.1. First, we exposed the membrane to 
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different temperatures in the interval between 200 to 350 °C at a fix time of 30 min, and 

then we changed the exposure time from 1 min to 120 min, keeping the temperature fixed 

at 300 °C. In all cases, the heating speed was kept at 20 °C/min. 

 

(a)                                                               (b) 

Figure. 4.4. (a) TGA and (b) DSC analysis of POXI-OH membranes. 

In Figure 4.5, the membranes treated at different exposure time and temperature are shown. 

The membranes are numbered from 0 to 10. Membrane 0 is the reference, which is white 

before any treatment. When treated at 200 °C for 30 minutes or 300 °C for 1 minute a 

similar change of color to dark orange is observed. For all other conditions, this color is 

also observed with different levels of intensity. It is characteristic of phenol-derived 

oxidation products [31]. However, the membrane 5, which was treated under nitrogen, has 

a much lighter color intensity. According to the thermogram in Figure 4.4a at 250oC, 

practically no decomposition or oxidation takes place.  Membranes 0, 1, 5 and 7 are 

completely soluble in NMP. Figure 4.5 also shows the membranes after immersion in 

NMP. The achieved solvent resistance is an evidence of membrane crosslinking. A partial 

swelling was observed for membranes submitted to intermediary mild conditions. 
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Membranes 2, 6 and 8 had a high degree of swelling with very poor mechanical properties 

after immersion in NMP. Finally, membranes 3, 4, 9, and 10 had good stability in NMP. 

Only minor swelling was observed. 

 

Figure 4.5. Compilation of POXI-OH membranes. On the left the membranes treated 

under different conditions of time and temperature. On the right the stable membranes 

after immersion in NMP. 

 

Surprisingly, a characteristic deep green color was observed in Figure 4.5 for the 

membranes immersed in NMP. The origin of this color could be associated with the in-situ 

formation of phenoxy radicals (•OPh), promoted by the thermal oxidation. Moreover, if 
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compounds tend to oxidize by the solubilized oxygen. [32] The formed radicals contribute 

to the crosslinking, since several coupling reactions are possible [33]. To better understand 

the process, we recorded the UV-VIS spectra of the NMP solutions where the membranes 

were immersed, as shown in Figures 4.6 and A4.2. The reference, Membrane 0, dissolves 
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In Figure 4.6a, we see that when the membrane is treated at 200, 250, 300 and 350 °C, 

respectively, the absorbance at 625 nm first increases, and is maximum when treated at 250 

°C (blue line). If the treatment temperature is further increased to 350 °C (purple line), the 

absorbance decreases to a value similar to that for the reference membrane (black line). 

When treated at 300 and 350 °C , a new shoulder appears in the region of 400-440 nm. A 

similar behavior is observed in Figure 4.6b, in which the temperature was kept constant as 

300oC and the time was gradually increased. As time progresses, the absorbance at 625 

nm, associated to the phenoxy radical, increases in treatments conducted up to 10 min and 

then decreases as the treatment time is further increased (red line). Nevertheless, the 

absorbance in the 400-440 nm region steadily increases. This behavior is an indication that 

the phenoxy radicals are intermediary products of the thermal treatment and are consumed, 

as the reaction proceeds. In summary, the first step in the crosslinking mechanism is the 

formation of the radicals, which will then react to create the new bonds responsible for the 

absorption around 400 nm. 
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(a)                                                                         (b) 

Figure 4.6. UV-VIS spectra of the soluble fraction of POXI-OH membranes treated (a) 

during 30 min at different temperatures and (b) at 300oC during different times. After the 

thermal treatment, equal sized pieces of membrane are immersed in a fixed ammoun of 

NMP. The membranes are left to dissolve or swell for one day, and then the UV-VIS 

spectra is measured.  

 

Phenoxy radicals are characterized by two main transitions, one in the 370-440 nm range 

and a second one at a higher wavelength, 600-800 nm [34]. For the polymer under 

investigation here, the second transition happens at λ = 625 nm.  

Interestingly, the absorption at 625 nm can be shifted by protonation. The crosslinked 

POXI-OH membrane becomes therefore pH responsive. The instantaneous and reversible 

change of color with pH in water is presented in Figure 4.7. 
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Figure 4.7. Color-pH responsive behavior of thermally crosslinked POXI-OH 

membranes. 

In Figure 4.8 the TGA analysis of the membranes kept at different temperatures for 30 

minutes shows that the membranes are relatively stable at temperatures of 200 oC, 250 oC 

and 300 oC, and no major weight loses were observed. However, when the membrane was 

treated at 350 °C (green line), a weight loss of more than 9 % was observed, indicating the 

beginning of the main thermal decomposition of the polymer. 

 

Figure 4.8. Weight loss of POXI-OH membranes as a function of time, when treated at 

different temperatures. 

Figure 4.9 shows the FTIR spectra of POXI-OH membranes treated at different 

temperatures and times. In Figure 4.9a and 4.9b, the FTIR spectra of the membranes treated 

for 30 min at 200, 250, and 300 °C show minor differences, compared to the reference 

untreated membrane. However, when the temperature was raised to 350 °C, the FTIR 
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spectra indicated a major change in the structure. Moreover, the membranes 9 and 10 

(thermal treatments of 350 °C 30 min and 300 °C 120 min respectively) have very similar 

FTIR spectra. The -OH signal centered at 3200 cm-1 almost disappeared, the carbonyl 

signal shifted to a higher wavenumber and new peaks appeared at  In Figure 4.9c and 4.9d, 

the temperature was kept at 300 °C and the time was varied from 1 to 120 minutes. It this 

case, a flattening of the -OH signal was observed as time elapses (Figure 4.9c), as well as  

a progressive decrease of the absorbance related to the  C-C aromatic bond stretching in 

1505 cm-1 followed by an increase of a shoulder at 1495 cm-1,,indicating the creating of 

new bonds to the polymer backbone. More importantly is the emergence of a peak in 1194 

cm-1 which corresponds to the newly created bonds the C-O-C, as a consequence of the 

crosslinking. 
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Figure 4.9. Zoomed FTIR spectra of POXI-OH membranes treated under different 

conditions: (a, b) different temperatures for 30 min; (c, d) different times at 300oC. 

 

The solid state 13C-NMR spectra of the reference membrane shown in Figure 4.10a have 

clear peaks that could be correlated with the liquid NMR spectra in Figure 4.1. Of major 

relevance are the carbonyl peak at 181. 6 ppm, the aromatic carbon link to oxygen at 153.0 

ppm and the spiro sp3 carbon at 62.8 ppm. After the crosslinking, a broadening of the peaks 

was observed, as an evidence of the formation of new bonds, which cause a reduction of 

polymer backbone symmetry and the diversification of the chemical environment around 

the carbon nuclei. Furthermore, a new peak appears at 149.5 ppm, which can be associated 
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to the newly formed C-O-C diphenyl ether bonds, created by the reaction of the hydroxy 

fragment and the aromatic ring of the oxindole group, also confirmed by FTIR. A proposed 

structure is presented in Scheme 4.2.  

The diffractogram in Figure 4.10b has three broad peaks at 2q values of 10, 17, and 25 °. 

These signals remained after the thermal treatment. However, the relative intensity of the 

peaks changes, indicating a redistribution of the average interchain distance, as a 

consequence of the new chemical bonds created during the crosslinking. Finally, the 

water/air contact angle images presented in Figure 4.10c show a decrease of hydrophilicity 

of the polymer membranes with the contact angle increasing from 82 ± 2 to 99 ± 4 °, which 

would be expected, as the presence of the strong hydrogen bonding hydroxy groups are 

consumed during the reaction. 
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Figure 4.10. (a) Solid-state 13C-NMR, (b) XRD pattern, and (c) water/air contact angle 

for POXI-OH membranes, before and after the thermal treatment at 300 °C for during 

120 min. 

 

Scheme 4.2. Proposed structure for POXI-OH after the thermal crosslinking. 

 

Besides the material characterization and structure elucidation to understand the 

crosslinking process, it is critical to evaluate the stability of the membrane morphology 
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during the thermal treatment. In Figure 4.11 the surface and cross-section images of a 

reference and crosslinked membranes are shown. The spongy structure on the cross-section 

and the pores on the surface remained unchanged.  

 

Figure 4.11. POXI-OH membranes (a, c) before and (b, d) after oxidative thermal 

crosslinking. (a, b) Surface and (c, d) zoomed cross-section. The inserts in (a) and (b) are 

photographs of the membranes. 

 

4.3.4. Filtration Performance 

POXI-OH membranes can be used without further modification in water and selected 

organic solvents. However, it was found that it is necessary to first dry the membranes in 

order to achieve solvent stability in mild organic solvents such as methanol, ethanol and 

acetone. The hydroxy (-OH) groups in the polymer make strong hydrogen bonds with the 

water in which the membranes are prepared. The strong hydrogen bonding character of the 
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hydroxy groups was confirmed by chemical shifts in the NMR spectra, when using 

different deuterated solvents. However, when the membrane dries, the polymer can then 

create strong interchain hydrogen bonds, enhancing the POXI-OH membranes stability for 

their use in organic solvents. Nevertheless, in order to achieve stability in a broader 

portfolio of solvents, an oxidative thermal crosslinking was used, as discussed in the 

previous section. Among the different tested conditions, 2 hours and 330 °C were that 

chosen to prepare membranes for the filtration experiments. First, the obtained membranes 

were immersed in different organic solvent, and the fraction of insoluble polymer, after 24 

hours, was determined. They were 94 % in DMF, 95 % in DMAc and NMP, 97 % in DMSO 

and 98 % in THF. The membranes were mechanically stable with minimum swelling. 

Afterwards, the membrane permeance to different solvents was measured, as shown in 

Figure 4.13a. Except for THF, a linear correlation of solvent permeance and dynamic 

viscosity was observed. The DMF permeance was evaluated at different temperature, up 

to 120 °C, as shown in Figure 4.13b.  A four hours permeance test at 80 °C is shown in 

Figure 13c.  It can be seen that the permeance initially declines before stabilizing after two 

hours of testing. Finally, in Figure 4.13d the solute rejection curve is displayed with an 

estimated MWCO of 20 kg mol-1. 
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Figure 4.13. (a) Membrane permeance values to different solvents as a function of 

viscosity at room temperature; (b, c) permeance to DMF as a function of temperature and 

time (at 80 °C), and (d) solute-rejection curve (at 80 °C). 

 

4.3.5. Exploring functionalization of POXI-OH membranes 

The further modification of POXI-OH can be easily done, due to the hydroxyl (-OH) and 

amino (-NH) groups. Previously the use of propargyl bromide to functionalize the oxindole 

group has been demonstrated [12]. This propargyl functionalization can then be used for 

click chemistry and thermal crosslinking. In the case of POXI-OH, propargyl bromide 

would react with both hydroxy and amino groups. When solubilizing POXI-OH in NMP, 

an orange solution was obtained. After adding potassium carbonate, the solution turned 
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green, the potassium carbonate remained suspended during the reaction. After 24 hours, 

the reaction medium was quenched in methanol, and white sticky fibers were obtained. The 

modified polymer was soluble in THF, whereas the original polymer was not. The reaction 

scheme is show in Scheme 4.3.  

 

 

Scheme 4.3. Modification of POXI-OH membranes with propargyl bromide. 

 

The modified polymer is soluble and the 1H-NMR analysis revealed that propargyl 

substitution was partial. Although the reaction conditions can be changed to completely 

substitute all amino and hydroxy groups, however the partial substitution provide an 

opportunity to exploit both functionalities. As it has been discussed above, the pristine 

POXI-OH will undergo a radical-driven oxidation crosslinking above 300 °C. At certain 
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conditions this would generate phenoxy radicals with a color-pH responsive behavior. 

According to Figure 4.5, membrane 6 exhibits a characteristic green color. However, a very 

poor solvent resistance and extreme swelling was observed. A membrane prepared from 

POXI-OH, partially modified with propargyl pendant groups, can be thermally crosslinked 

at 200 °C in one hour. This process provided membranes with color-pH response and 

solvent resistance. The FTIR spectra is shown in Figure 4.14. After modification with 

propargyl bromide, three new characteristic peaks are visible: the C-H vibration at 3280 

cm-1, the C-C triple bond at 2122 cm-1 and the aliphatic C-C at 1013 cm-1. 

  

Figure 4.14. FTIR of POXI-OH (red) modified with propargyl fragment (black) followed 

the thermal crosslinking (blue). 
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The modification with propargyl groups hindered the swelling, when the membrane was 

immersed in polar aprotic solvents. A membrane color change occurred at a pH = 8.5 as 

shown in Figure 4.15. The membranes preserved their color when dry. In Figure 4.16 the 

solid-state UV-VIS spectra shows an absorption peak at 625 nm and a shoulder around 450 

nm. As discussed above, these absorptions are due to the formation of radical phenoxy 

phenoxy groups in the polymer backbone. 

 

 

Figure 4.15. Color-pH responsive behavior of the propargyl functionalized POXI-OH 

followed by a thermally crosslinking at 200 °C.  

 

Figure 4.16. Solid UV-VIS spectra of the POXI-OH-Pr membrane (white), and the 

crosslinked membranes dried from low pH (orange) and high pH (blue).  
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The use of dibromide crosslinkers to prepare solvent resistant membranes based on 

poly(oxindole biphenylene) was discussed in Chapter 2. In that work we concluded that 

the DBHF fluorinated crosslinker was particularly efficient. The same methodology can be 

applied to crosslink POXI-OH, following Scheme 4.4. The reaction was performed in a 

close tube with MeCN at 70 °C. The solution was initially transparent and clear and 

changed its color to brown. The membrane turned yellowish. In Figure A4.5, it can be seen 

that after 24 hours of reaction time, the crosslinked POXI-OH membrane is stable in NMP, 

however the swelling is significant. On the same image, a much more stable membrane 

after 48 hours of crosslinking reaction can be seen.  

 

 

Scheme 4.4. Crosslinking reaction of POXI-OH membranes using a fluorinated dibromide. 
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4.3.6. Water-based, pH-Induced phase separation 

As discussed above, the polymer POXI-OH is soluble in polar aprotic solvents, such as 

DMSO, DMF, NMP, and DMAc, and porous membranes can be obtained by casting and 

immersion in water as non-solvent. However, the desire to abstain from these organic 

solvents has grown, due to increasing environmental concerns. The functional groups in 

POXI-OH open an alternative preparation method by exploiting the pH chemistry of the 

2,2’-biphenol, which allows water to be used as solvent. In its monomer form, the white 

crystal compound is insoluble in water; however, it solubilizes when the pH is increased 

[33]. By extension, we discovered that POXI-OH also solubilizes in water by increasing 

the pH. Using 1M NaOH, we were able to prepare a 20 wt% polymer aqueous solution. 

However, it was observed that the polymer would only solubilize in a pH above 14. This 

can be rationalized by the pKa values shown in Scheme 4.5.  The reported pKa values are 

for the 2,2’-biphenol alone, but they provide a good guide to understand the solubility 

behaviors for POXI-OH. Only when both oxygens are deprotonated, above pH = 13.7, the 

polymer is soluble in water. The capacity of POXI-OH to form homogeneous, stable 

aqueous solutions allows the preparation of membranes by a variation of the NIPS method, 

which we called pH-induced phase separation, pHIPS. 

 

Scheme. 4.5. Deprotonation mechanism proposed for POXI-OH. Note: the reported pKa 

values are for 2,2’-biphenol [33]. 
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NIPS membranes are usually characterized by an asymmetric cross-section structure, 

where the presence of macrovoids is frequent. The exchange of solvent and non-solvent is 

one of the critical factors that govern the final morphology of a NIPS membrane. However, 

in the membrane prepared by pHIPS, the solvent (1M NaOH) and non-solvent (1M HCl) 

are both aqueous solutions. From a composition point of view, the solvent and non-solvent 

are approximately 96 wt% and 97 wt% water, respectively. Therefore, in this case, the 

enthalpy of mixing will not be the determining factor for the membrane formation. The 

critical difference between the non-solvent and the solvent is their acid-base character, pH 

= 1 and pH = 14, respectively. The membrane preparation process is shown in Figure 4.17. 

When in contact with the non-solvent, there is no finger-like cavity or pore formation 

analogous to the NIPS process.  

Consequently, it is proposed that the membrane formation mechanism occurs through in-

situ precipitation by protonation of the POXI-OH polymer. Ultimately, the precipitation is 

triggered by a fast acid-base reaction. The membrane precipitation occurs instantly, which 

would explain the isotropic and relatively dense/spongy structure of the cross-section. In 

other words, we suggest that the membrane is formed without evolution of the phase 

separation into polymer-lean and polymer-rich phases. The membrane is transparent, and 

can be cast free-standing or on a non-woven polyester support. It has good mechanical 

properties and it can be easily handled. However, if the difference in pH is not enough the 

membrane is not formed, and the polymer film is dissolved, as it is observed when the non-

solvent bath is water (pH = 7) or HCl solution at pH of 5 or 3. 
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Figure 4.17. Membrane preparation process by ph-induced phase separation (pHIPS). 

 

In order to prepare the pHIPS membranes in milder conditions, white vinegar (pH = 2.5) 

and glacial acetic acid (pH = 1.7) were used as the non-solvent bath. Acetic acid is cheap 

and commercially available and a less corrosive alternative to HCl. The surface and cross-

section for these membranes are shown in Figure 4.18. In the three cases, the casting 

solution was a 20 wt% POXI-OH in water pH = 14. It can be seen that the different non-

solvents affect the surface topography of the membranes, however, no major differences 

in the cross-sections are observed. 

In the boundary between the polymer solution and non-solvent, a pH gradient is formed. 

While protons move fast into the solution of higher pH, the polymer tends to slowly move 

into the lower pH region, but it becomes protonated, gels and solidifies. This could explain 

the features in the shape of waves and ridges observed on the surface FESEM images when 

using 1M HCl and white vinegar as non-solvent, for which the pH gradient is smooth and 

the polymer slightly diffuses, before solidifying. However, there is a steep pH gradient 

when glacial acetic acid is used. The driving force for the proton transport is higher. The  

polymer becomes immediately insoluble, before  having time to diffuse. The chains 

distribution is practically immobilized before any segregation takes place. A homogeneous 

isotropic membrane with a flat surface is formed. The whole membrane thickness acts as a 
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selective layer. The porous gel significantly shrinks upon drying, leading to collapse of the 

structure.  

 

 

(a)                                           (b)                                         (c) 

Figure 4.18. FESEM images of the surface and cross-section of pHIPS membranes, using 

three different precipitation baths for the membrane formation: (a) commercial white 

vinegar, (b) 1M HCl, and (c) glacial acetic acid. 

 

The filtration performance of the membranes was evaluated in water. The membranes 

prepared using HCl 1M and commercial acetic acid presented a water permeance of 6.9 ± 

0.6 and 9.0 ± 1.2 L m–2 h–1 bar–1 respectively. In addition, both membranes had a similar 

MWCO, of around 2000 g mol-1. When using glacial acetic acid, higher water permeance 

and MWCO was observed, 23.8 ± 2.2 L m–2 h–1 bar–1 and 6000 g mol-1. The GPC elugrams 
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show a sharp MWCO for all membranes, with almost 100 % rejection for the highest 

molecular weight PEGs, as in Figure 4.19d.  

 

    (a)          (b)              (c) 

 

(d) 

Figure 4.19. GPC time elugrams for membranes prepared using different coagulation 

baths: (a) commercial white vinegar, (b) hydrochloric acid 1M, (c) glacial acetic acid. (d) 

Resulting rejection curves for the POXI-OH membranes prepared with the different 

coagulation baths. 

 

Moreover, the chemical structure of the 2,2-biphenol fragment in POXI-OH is similar to 
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much of the known chemistry of dopamine could potentially be applied. For example, we 

observed an instant iron complexation of the pHIPS membranes, resulting in the 

characteristic deep-purple color associated with the complex. Moreover, the particular 

arrangement of the -OH groups could form complexes stabilized by a low sterical 

hinderance seven-member ring. Additional studies are needed to fully understand and 

exploit the potential capabilities of these membranes. In summary the water-based 

preparation of POXI-OH opens the door also to many other potential functionalities.  

 

4.4. Conclusions 

POXI-OH proved to be a good polymer platform for the preparation of high-performance 

functional porous membranes. We demonstrated 3 different aspects, which makes these 

membranes unique. First, the POXI-OH membranes can undergo oxidative thermal 

crosslinking 300 °C and a detailed study of this process was presented and discussed. After 

crosslinking, the membranes can be used for organic solvent filtration. Second, we found 

out that the thermally crosslinked POXI-OH membranes present a pH-color stimuli 

response behavior as a consequence of the in-situ phenoxy radicals. POXI-OH can be 

modified with propargyl side groups and membranes prepare from this functionalized 

polymer can be crosslinked at 200 °C, while simultaneously obtaining also stimuli response 

properties. Furthermore, it was also demonstrated that dibromide crosslinking is also 

feasible to provide the membranes with robustness towards organics solvents. Finally, we 

proposed the preparation of POXI-OH membranes without the need of organic solvents, 

by a pH-induced phase separation (pHIPS). 
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5.1. Introduction 
The evolution of the chemical industry towards more environmentally friendly processes 

is capital for a sustainable future. 40% of the operational energy in this industry is 

consumed by thermal based separation and purification processes [1]. Membrane-based 

separations are a strong alternative compared to other traditional processes such as 

distillation, crystallization, etc. In particular, the treatment of systems containing organic 

solvents through membrane filtration stands as a high value application in the 

petrochemical, pharmaceutical, and food industries [2, 3]. The field of organic solvent 

filtration is therefore rapidly growing, with promising perspectives [4]. 

However, the limited availability of solvent resistant membranes is an obstacle yet to 

overcome. The membrane market has largely increased in the last decades, dominating 

applications such as desalination and hemodialysis. However, most commercially available 

polymeric membranes are not stable in organic solvents or at temperatures much higher 

than 100 °C. On the other hand, the scalability and cost are still bottlenecks for the 

implementation of ceramic membranes in the industry [5]. With this motivation, our group 

has been synthesizing high performance polymers, such as polyoxadiazole [6], polytriazole 

[7], and poly(oxindolebiphenylylene) [8], and exploring them for membrane manufacture 

[9] and application in organic media. While some of the newly synthesized polymers can 

be used in challenging conditions such as temperatures close to 500 °C, commercial 

polymers would be convenient for membrane fabrication, when considering a faster 

technology transfer, if the required properties would be addressed. Polyimide[10], 

polyamide[11], polydimethylsiloxane [12-14], poly(ether ether ketone) [15], 
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polyvinylidene fluoride [16] and polybenzimidazole [17] are the most investigated 

commercial polymers for applications in organic solvents.  

In order to make this technology more sustainable and attractive, it is important to obtain 

the polymers for the membranes from zero carbon footprint sources, such as plastic waste. 

In this scenario, PET stands as a promising alternative to traditional polymeric materials, 

due to its recyclability and chemical resistance. The global production of PET in 2016 was 

50 million metric tons, which accounts for 9% of the total plastic market. Currently, PET 

is used to make synthetic fibers (60%) and packaging for the food industry (30%), 

including single-use bottles. Most opportunities for reuse of PET follow a downcycling 

process [18-20], in which the plastic is used for lower-end applications, such as fabrics for 

clothing. Hence, the membrane manufacture with PET would be a commercially attractive 

high-end niche application for recycling a highly abundant plastic [20]. 

PET has been used in membrane technology, but mostly as non-woven support for 

multilayered porous membranes, for the preparation of electrospun nanofibers [21-23], and 

as braid support or coating for hollow fibers [24-27], ion tracked-etched membranes [28, 

29] or, more recently, track-UV membranes.[30] In the fibers and textile industry PET 

hollow fibers are prepared via melt spinning [31]. Coating of these fibers with silver ions 

has been tested for antibiological properties [32, 33]. 

PET has been seldomly reported as material for phase inversion membranes. Among the 

few examples are a porous composite membrane made of PET dissolved in 

phenol/tetrachloroethane mixed with bamboo husk, tested for cationic dye adsorption [34]; 

a membrane prepared from copolymers of PET and polysulfone used for protein 

ultrafiltration [35], and a recently reported morphological investigation of porous films 
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prepared from PET dissolved in trifluoroacetic acid/dichloromethane coagulated in water 

[36]. All these porous PET membranes were used only in aqueous media, and therefore 

missing the opportunity to exploit the intrinsic solvent and heat resistance for this material. 

The present study aims to demonstrate the successful preparation of membranes from waste 

PET for their application in solvent and high-temperature systems. Another advantage of 

using PET is the avoidance of a crosslinking step, which is usually necessary to achieve 

solvent resistance. By skipping this step the carbon foot print and economical cost is 

significantly reduced [20], and permits the further recycling of the membranes, in 

comparison to crosslinked materials which cannot be reprocessed. The use of PET as a 

recyclable high performing material for membranes has the potential to contribute for the 

sustainability of the purification and separation processes, particularly in the pharma and 

food industry [37]. 

 

5.2. Experimental 

5.2.1. Materials 

The poly(ethyelene terephthalate) (PET) used in this work was obtained from waste plastic 

bottles and purified by re-precipitation. Trifluoroacetic acid (TFA), dichloromethane 

(DCM), hexafluoroisopropanol (HFIP), polyethyelene glycol (PEG) standards of different 

molecular weight, acetone, ethanol, were purchased from Sigma-Aldrich and used without 

further purification.  

The PET bottles were washed and rinsed with acetone. In a typical purification, 32 g of 

PET were dissolved in a mixture of 30 mL of TFA and 60 mL of DCM. The final PET 

concentration was 20.5 wt %. The polymer solution was then precipitated in ethanol at 50 
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°C. Afterwards the polymer fibers were washed with ethanol. The white fibers were dried 

in vacuum oven at 70 °C for 24 h.  

 

5.2.2. Polymer characterization 

The chemical characterization of the recycled polymers was first performed by Fourier 

Transformed Infrared (FTIR) spectroscopy on a Thermo-Scientific Nicolet iS10 FTIR 

Spectrometer, equipped with a universal attenuated total reflectance (ATR) sampling 

accessory. 1H and 13C Nuclear Magnetic Resonance (NMR) spectra were recorded in 

CDCl3 with drops of TFA on a Bruker Avance-III 400 MHz equipment with a Z-axis 

gradient BBO probe and a B-ACS 60 automatic sample changer.  

The thermal stability was evaluated by thermal gravimetrical analysis (TGA), performed 

on a TA TGA-Q50 equipment from 25–800 °C with a heat ramp of 10 °C min–1. The glass 

transition and melting temperatures were evaluated by differential scanning calorimetry on 

a TA DSC-Q20 equipment from 25-300 °C with a heat ramp of 5 °C min–1. 

The molecular weight was estimated from the intrinsic viscosity of PET solution in TFA 

at 30°C using the Mark–Houwink–Sakurada equation Eq. (5.1). 

[h] = 𝐾𝑀a        (5.1) 

where [h] is the intrinsic viscosity, K and a are the equation parameters, and M is the 

viscosity average molecular weight.  

5.2.2.1. Solubilization  

The solubility of polymers in solvents can be estimated by values of Hansen solubility 

parameters (d). dD, dP and dH are the dispersion, polar and hydrogen-bonding components 

for the solubility parameter. Similar d values predict higher solubility. Relevant d values 
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are listed in Table A5.1. Similarity can be better quantified by values of the distance and 

relative energy difference (RED), calculated using equations Eq. (5.2) and Eq. (5.3). 

  (5.2) 

       (5.3) 

where Ra is the distance between two substances in the Hansen space. R0 is the interaction 

radius [38]. RED values for selected polymer/solvent pairs are listed in Table A5.2. 

 

5.2.3. Membrane preparation 

PET membranes were prepared by the non-solvent induced phase separation (NIPS) 

method. The humidity and temperature were kept constant at 20 °C and 60% RH, 

respectively. Membranes were prepared, following the conditions listed in Table 5.1. The 

polymer solutions were cast onto a glass plate using a glass rod sliding over a 125 µm-

thick silver wire, followed by immersion in a non-solvent bath. When a polyester non-

woven support was used, the casting thickness was 250 µm.  

 

 

 

 

 

 

 

Ra
2 = 4 δ D1 −δ D2( )2 + δ P1 −δ P2( )2 + δ H1 −δ H 2( )2

RED =
Ra
R0
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Table 5.1. PET membrane preparation conditions 
 

Membrane Polymer concentration 
(wt%) 

Evaporation 
Time (s) 

Non-solvent Ethanol Permeance 
(L m–2 h–1 bar–1) 

PET PEG 
0.2K 

PEG 
1K 

 

M1 10 
  

0 Water  
M2 10 

  
30 Water 4.4 ± 0.6 

M3 10 
 

2 30 Water 5.5 ± 0.2 
M4 10 

 
4 30 Water 1.9 ± 0.4 

M5 10 
 

6 30 Water 3.9 ± 0.5 
M6 10 

  
0 Ethanol 48 ± 6 

M7 10 
 

2 0 Ethanol 58 ± 14 
M8 10 

 
4 0 Ethanol 98 ± 23 

M9 10 
 

6 0 Ethanol 124 ± 37 
M10 10 2 

 
0 Ethanol 112 ± 35 

M11 10 4 
 

0 Ethanol 300 ± 56 
M12 10 6 

 
0 Ethanol 597 ± 66 

M13 10 
 

4 20 Ethanol 3 ± 2 
M14 10 

 
4 40 Ethanol 8 ± 4 

M15 12 
 

4 0 Ethanol 35 ± 14 
M16 14 

 
4 0 Ethanol 19 ± 5 

M17 10 
 

4 0 Methanol 411 ± 45 
M18* 10 

 
4 0 Ethanol 113 ± 36 

*HFIP as solvent; TFA in all other cases 
 

5.2.4. Membrane characterization  

The morphology of the membranes was characterized by Field Emission Scanning Electron 

Microscopy (FESEM) on a Nova Nano FEI and a Teneo FEI microscopes. All samples 

were freeze-dried. The cross-section morphology of the membranes was obtained by 

fracturing the frozen membranes in liquid nitrogen after immersion in ethanol. Membranes 

were sputter-coated with 3 nm of Pt in a K575X Emitech equipment. The membrane pore 

size distribution was determined with a Porolux 1000 porometer from Porotech using 

Porefil as wetting liquid. 
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The water-membrane contact angle (CA) was measured in a KRUSS Easy Drop 

Goniometer. Reported contact angle values were averaged of five measurements. 

The strain-stress curves of the membranes were obtained on a TA Instruments DMA-Q800 

equipment with a force ramp of 0.05 N min–1 and a preload force of 0.001 N at 25 °C. 

 

5.2.5. Membrane performance  

The filtration experiments in water and ethanol were performed in dead-end AmiconÔ 

cells with 10 mL capacity, pressurized with N2 (g). For the filtration in organic solvents 

and at high temperature (up to 140 °C), pressurized stainless steel cells with a total capacity 

of 300 mL were used. The solvent permeance is defined as the volume of solvent, V, 

passing through the membrane, normalized by area, A, at a specific time, t, at a given 

transmembrane pressure, ∆P, according to Eq. (5.4).  Since the filtration data is recorded 

with balances, density correction is made when a non-aqueous solvent is used. Permeance 

of membranes is tested with enough solvent to obtain two hours of stable flux after 

membrane stabilization. 

𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒 = F
@G∆I

(𝐿𝑚KLℎKN𝑏𝑎𝑟KN)      (5.4) 

The molecular weight cut-off (MWCO) is defined as the minimal solute molecular weight 

90% rejected by the membrane. In the present study, poly(ethylene glycol) (PEG) of 

different molecular weights (1.5, 6, 10, 35, 100 and 300 kg mol-1) were used.  The total 

PEG concentration was 0.1 wt% in water or DMF. Rejection experiments were performed, 

using 20 mL of feed solution, discarding the first 4 mL of permeate and analyzing the 

concentration of the next milliliter of permeate. The relative PEG concentrations in the 

feed (Cf), retentate and permeate (Cp) were determined by Gel Permeation Chromatography 
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(GPC) in an Agilent Technologies 1260 Infinity chromatographer equipped with two 

PolarGel-M columns and a RI detector. The solute rejections were calculated according to 

Eq. (5.5): 

𝑆𝑜𝑙𝑢𝑡𝑒	𝑅𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛	(%) = 100R𝐶T − 𝐶IU/𝐶T      (5.5) 

The PET membranes were kept in water before testing. When testing with nonaqueous 

solvents, the membranes were first immersed in ethanol, to prevent any miscibility problem  

5.3. Results and Discussion 

Plastic waste is an issue of growing concern [39, 40], and the possibility of recycling while 

creating a high value product is attractive, since usually the recycled products are of lower 

quality. PET waste bottles are an abundant and homogeneous high-quality source material. 

The PET purification yield, after re-precipitation, is higher than 99.5%. The purity and 

structural confirmation were done by spectroscopic techniques. The characteristic ATR-

FTIR peaks are at 2955, 1715, 1408, 1239, 1092, 1017, 874, 723 cm–1; the 1H-NMR peaks 

are 8.14, and 4.79 ppm; 13C-NMR peaks are at 167.09, 133.41, 130.01, 63.71 ppm. The 

spectra are shown in Figure A5.1 and A5.2. The peak at 1715 cm–1 corresponds to the 

carbonyl group from the ester and the 2955 cm–1 peak to the C–H aliphatic vibrations. The 

two peaks observed in 1H-NMR correspond to the four equivalent protons from the 

aromatic ring and four equivalent protons from the methylene –CH2–. 13C-NMR depicts 

four signals that correspond to the expected carbons of the polymer backbone. Besides the 

solvent peaks, no additional signals were found, indicating that no impurity was present. 

The thermogravimetric analysis (TGA) (Figure. A5.3a shows no mass losses until the 

decomposition temperature at Td5 = 348 °C. The differential scanning calorimetry (DSC) 
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(Figure A5.3b) indicates a Tg = 80 °C and Tm = 248 °C, in the range previously reported 

for PET samples [41]. The molecular weight of the commercial PET was estimated as Mn 

= 44,500 g mol–1 by measuring the inherent, reduced and intrinsic viscosities as in Figure 

A5.4, and applying the Mark-Houwink-Sakurada equation (Eq. 5.1). This value is similar 

to previously reported molecular weight for PET used in bottles of other brands, Mn and 

Mw of 45,000 g mol–1 and 82,000 g mol–1 respectively with a polydispersity of 1.8 [42]. 

The aforementioned analysis of the purified PET polymer confirmed its suitability to be 

used for membrane preparation study. The high degradation and melting temperatures 

would allow the use of the membranes even above 200 °C.  

Among the solvent systems evaluated to solubilize PET, TFA and HFIP were the most 

convenient ones, due to their miscibility with water and for being used as solvent in green 

processes [43, 44]. PET is soluble at room temperature in pure TFA and HFIP, as well as 

in a mixture of these solvents with DCM. The polymer quickly dissolves, leading to 

colorless transparent solutions. Other solvent systems used in the literature for PET are o-

chlorophenol, o-cresol at temperatures of 80–90 °C, and sodium hydroxide glycol solutions 

near the boiling point (197 °C). However, these systems are much less attractive, due to 

their toxicity and difficult handling.  

Based on the good affinity between PET and TFA with similar Hansen solubility 

parameters (Table A5.1), pure TFA was first evaluated as the solvent for PET. Membranes 

obtained from casting solutions containing only PET and TFA, using either water or 

ethanol as non-solvent, led to dense membranes (Figures 5.1a, 5.1b, 5.2a) with defects and 

poor cross-section structures. In order to enhance the porosity of the surface and internal 

cavities, potential solvent mixtures and additives were explored. The initial studies were 
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carried out with a mixture of a 1:2 TFA/DCM as a solvent. This solvent system and water 

are immiscible. Therefore, ethanol was chosen as non-solvent. Casting solutions of 12 wt% 

and 16 wt% of PET led to the formation of membranes with ethanol permeance of 0.2 ± 

0.1 L m–2 h–1 bar–1 and 1.0 ± 0.2 L m–2 h–1 bar–1, respectively. The 12 wt% membrane was 

tested in DMF with a permeance of 1.7 ± 0.2 L m–2 h–1 bar–1. The MWCO of this membrane 

was close to 10 kg mol–1, measured with PEG standards in DMF at room temperature, as 

shown in Figure A5.5. The relatively low permeance of this membrane was unexpected 

since the FESEM surface image indicates pores with diameter ranging from 20–50 nm. 

The cross-section revealed the inner structure of the membrane, consisting of uniform 

cavities, with low interconnectivity, Figure A5.6. 

The second factor to be investigated was the effect of pore-forming additives, other than 

solvent mixtures. They should be soluble in the casting solvent and in the non-solvent, and 

they should preferentially leach out of the PET polymer membrane matrix during phase 

inversion. Common additives for membrane preparation are polyvinylalcohol (PVA), 

poly(ethylene glycol) (PEG) and polyvinylpyrrolidone (PVP) [45]. However, additives 

might also induce phase separation. This is the case of PVA added to PET/TFA solutions 

at room temperature. The PET solubility limit in pure TFA is around 30 wt%. In the 

presence of additives, the polymer solubility might decrease significantly. The molecular 

weight, concentration and chemical structure of the additive need to be carefully chosen to 

obtain a homogeneous and stable polymer/additive/solvent system. With this in mind, 

different amounts and molecular weights of PEG were then added to PET in TFA casting 

solutions. These experiments indicated that the upper limits for the addition of PEG 

considering size and concentration would be 6 kg mol–1 and 6 wt%, respectively. A larger 
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molecular weight or higher concentration would lead to denser membranes with low 

permeances. Based on these observations, the compositions listed in Table 5.1 were finally 

chosen to prepare the PET membranes. Beside the polymer solution composition, the effect 

of the evaporation time and the non-solvent (water and ethanol) were investigated. Due to 

the high vapor pressure of TFA (11 kPa at 20 °C, b.p. 72 °C), the evaporation time is critical 

in the membrane formation process.  

By keeping the evaporation time constant as 30s, the effect of PEG with molecular weight 

1 kg mol–1 as an additive was investigated. The surface morphology is shown in Figure 5.1. 

While the surface of membranes prepared without additive are dense or contain large 

scattered pores, the membrane with 2 wt% PEG has a high density of pores with a size 

ranging from 30 to 35 nm. When increasing the PEG concentration to 4 wt% and 6 wt%, 

the pore size and density were reduced. PEG is a hydrophilic polymer additive. The 

addition of 2 wt% PEG promotes the pore formation in the membrane compared to pure 

PET system. At higher concentration of PEG, changing from 2 to 4 and 5 wt %, the most 

important factor might be the consequent increase of the casting solution viscosity. As a 

result, the kinetics of phase separation is slowed down as a whole. In intrusion of 

nonsolvent becomes less abrupt, and less finger like cavities are formed. Once enough 

water penetrates the polymer solution to initiate the phase separation, the size evolution of 

the polymer-lean domains is also slower than that without the additive. Smaller pores are 

formed, before the polymer-concentrated matrix phase gels and solidifies into the final 

morphology.  
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(a)                           (b)                          (c)                         (d)                         (e) 

Figure 5.1. FESEM images of the surface of membranes cast from 10 wt% PET solutions 

in TFA with evaporation time (a) 0 and (b-e) 30 s. Effect of the concentration of PEG 1 kg 

mol–1 as an additive, using water as non-solvent: (a, b) 0, (c) 2, (d) 4 and (e) 6 wt%.  

 

(a)                                (b)                                 (c)                             (d) 

Figure 5.2. FESEM images of the surface (top) and cross-section (bottom) of membranes 

cast from 10 wt% PET solutions in TFA with 0 s evaporation time, immersed in ethanol. 

Effect of the concentration of PEG 1 kg mol–1 as an additive: (a) 0, (b) 2, (c) 4 and (d) 6 

wt%.  

The morphology imaged by FESEM and the ethanol permeance were first used as 

parameters to screen and optimize the conditions for the membrane preparation. By using 
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water as the nonsolvent, the change of the PEG content from 2 to 4 and 6 wt % decreased 

the pore size, as depicted in Figure 5.1. Low ethanol permeances were measured, as shown 

in Table 5.1. To further improve the membrane structure and performance, the nonsolvent 

bath was changed to ethanol, starting with 0 s evaporation time Figure 5.2. 

When no additive is used, the membrane has fractures and irregular pores. With the use of 

PEG 1 kg mol–1, the homogeneity and the porosity were improved. A high density of pores 

was achieved particularly with 4 and 6 wt% PEG. This resulted in an increase of ethanol 

permeation from 48 to 124 L m–2 h–1 bar–1. An even more pronounced effect with higher 

ethanol permeation was observed when lower molecular weight PEG (0.2 kg mol–1) was 

used. However, Figure 5.3 shows that membranes prepared from casting solutions with 2 

wt% PEG 0.2 kg mol–1 have visible defects. Those prepared from casting solutions with 4 

and 6 wt% have more uniformly distributed pores.  
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(a)                                 (b)                               (c) 

Figure 5.3. FESEM surface (top) and cross-section (bottom) images of membranes cast 

from 10 wt% PET solutions in TFA with 0 s evaporation time, immersed in ethanol. Effect 

of the concentration of PEG 0.2 kg mol–1 as an additive: (a) 2, (b) 4 and (c) 6 wt%.  

 

The effect of the evaporation time on the membrane morphology can be seen by comparing 

membranes prepared from casting solutions with 10 wt% PET and 4 wt % PEG 1 kg mol–

1 in TFA, immersed in ethanol. Surface and cross-section FESEM images of membranes 

prepared with evaporation times 0, 20 and 40 s are respectively shown in Figures 3.2c, 3.4a 

and 3.4b. Given the high volatility of TFA, as the evaporation time increases, the 

membrane thickness decreased from 46 to 29 and 21 µm, respectively. The porosity is also 

reduced, particularly by increasing the evaporation time from 0 to 20 s. The ethanol 

permeance dramatically decreases from 98 to about 10 L m–2 h–1 bar–1, as shown in Table 

5.1. The effect of the PET polymer concentration is shown, by comparing Figures 5.2c, 

5.5a and 5.5b, varying from 10 to 12 and 14 wt% PET and keeping 4 wt% PEG 1 kg mol–
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1 in TFA. The membrane thickness increases from 46 to 56 and 65 µm, while the ethanol 

permeance decreases from 98 to 35 and 19 L m–2 h–1 bar–1, respectively. 

 

(a)                           (b) 

Figure 5.4. FESEM surface (top) and cross-section (bottom) images of membranes cast 

from solutions with 10 wt% PET and 4 wt% PEG 1 kg mol–1 in TFA with (a) 20 and (b) 

40 s evaporation time, immersed in ethanol. 
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(a)                              (b) 

Figure 5.5. FESEM surface (top) and cross-section (bottom) images of membranes cast 

from solutions with (a) 12 wt% and (b) 14 wt% PET containing 4 wt% PEG 1 kg mol–1 in 

TFA with 0 s evaporation time, immersed in ethanol. 

 

From the morphological investigation and permeation measurements, we considered the 

membrane prepared from 10 wt% PET solutions in TFA with 4 wt% PEG 1 kg mol–1, 0 s 

evaporation time, immersed in ethanol, the one with the most promising characteristics of 

high porosity, homogeneity and ethanol permeation. We tested then the possibility of 

further improvement by changing the non-solvent to methanol. As a result, the ethanol 

permeance increased 4 times, as well as the porosity of the membrane, as shown in Figure 

5.6a. Finally, the substitution of HFIP with TFA as solvent was explored. HFIP has been 

recently reported as an attractive solvent[46] for synthetic chemistry, due to its potent 

hydrogen-bonding abilities via the fluorine atoms, and it has been used as solvent in green 

DES systems for extraction of plant components[44]. This characteristic is key for the 

solubility of PET. Moreover, in terms of acidity, HFIP (pKa = 9.23) is significantly less 

20 µm 20 µm

56 µm 65 µm

1 µm

M16
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corrosive than TFA (pKa = 0.23), and it can be used with steel equipment, an important 

consideration for future scale-up. HFIP (16 kPa at 20 °C, b.p. 58 °C) as a solvent could 

allow the preparation of membranes with standard roll-to-roll membrane casting systems. 

HFIP has similar dD and dP values as TFA and PET; dH is higher, reflecting the high H-

bonding capacity. The RED values calculated with Eq. 1 and 2 for PET in TFA and HFIP 

are 0.8 and 1.1, respectively. Small RED values indicate than both solvents have good 

affinity with the polymer. By changing the solvent from TFA to HFIP, keeping ethanol as 

non-solvent, an increase of porosity was observed, as shown in Figure. 5.6b, with a 15% 

increase in ethanol permeance.  

 

(a)                                 (b) 

Figure 5.6. FESEM surface images of membranes prepared from casting solutions with 10 

wt% PET and 4 wt% PEG 1 kg mol–1 in (a) TFA or (b) HFIP with 0 s evaporation time, 

immersed in (a) methanol or (b) ethanol.  

Membranes prepared with 10 wt % PET, 4−6 wt % PEG 1 kg mol−1, 0 s evaporation time, 

and ethanol (M8, M9) or methanol (M17), as well as the membrane prepared from the 

casting solution in HFIP (M18), were further investigated, due to the promising ethanol 

permeance in Table 5.1 and their more homogeneous morphology. At least as important as 

the permeation are the pore size distribution and the molecular weight cut-off (MWCO) of 
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the membranes. Figure 5.7 depicts the pore size distribution of these membranes. The 

membranes M8 and M9, differing only by the PEG concentration, have ethanol permeance 

98 and 124 L m–2 h–1 bar–1, respectively, and pore size distribution mostly in the range of 

75 to 85 nm. The values are relatively similar, compared to those measured for M17 and 

M18. The membrane prepared with methanol as non-solvent (M17) has the smallest pore 

sizes (35–40 nm) with ethanol permeance as high as 411 L m–2 h–1 bar–1. The membrane 

prepared from the PET solution in HFIP (M18) has the narrowest pore size distribution 

with pore sizes around 45 nm. These results are consistent with the respective porosity and 

pore size observed by FESEM. The image analysis for membranes M8 and M17 indicates 

porosity values of 5.8% and 9.5%, respectively. These porosity values are clearly higher 

(2-fold and 8-fold for M8 and M17) than those reported for commercial PET tracked-

etched membranes with similar pore sizes: 3.0% for 80 nm and 1.2% for 50 nm. 

   

(a)                                                              (b) 

Figure 5.7. Pore size distribution of membranes a) M8 and M9 and b) M17 and M18 cast 

from solutions with 10 wt% PET and 4 (M8, M17, M18) or 6 wt % (M9) PEG 1 kg mol-1, 

with 0 s evaporation time, using ethanol (M8, M9 and M18) or methanol (M17) as non-

solvent. The solvent is for M18 is HFIP. 
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(a)                                                       (b) 

Figure 5.8. MWCO of (a) M8, M17 and M18 membranes in DMF at room temperature and 

of (b) M8 membrane in water and DMF at different temperature. 

The MWCOs of the M8, M17 and M18 membranes were estimated based on rejection 

experiments with a mixture of PEG with different molecular weights in DMF at room 

temperature (Figure. 5.8a). The MWCO for M8 was 50 kg mol–1, and for M17 and M18 

the values were around 40 kg mol–1. However, M17 has a DMF permeance of 226 ± 24 L 

m–2 h–1 bar–1, which is more than 5 times higher than the M8 permeance of 40 ± 15 L m–2 

h–1 bar–1. 

The rejections in water and DMF, exemplified for the M8 membrane at room temperature, 

differ leading to MWCO of 210 kg mol–1 and 50 kg mol–1, respectively. The observed 

difference in MWCO in water and DMF can be explained by analyzing the d values. To 

determine the rejection curve, the same molecular weight PEG standards were used in 

water and DMF. However, the actual size of the linear polymer coil, the hydrodynamic 

volume, is different in solvents of different quality. Table A5.1 shows the d values for PEG, 

DMF, and water. When comparing the pairs PEG/water and PEG/DMF, it can be seen that 

values of RED for PEG/DMF (Ra = 7.3 MPa1/2 RED = 0.9) are lower than for PEG/water 
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(Ra = 37.9 MPa1/2 RED = 4.7). The lower magnitude of these values indicates that DMF is 

a better solvent than water because the PEG coil expands more in DMF. The PEG coil size 

in water is smaller and effectively leads to higher MWCO. Expansion or contraction of the 

PEG coil is hypothesized to be partly responsible for the change of MWCO with 

temperature, as the enthalpic interactions are temperature dependent.  

The rejections of M8 membrane to PEG molecules of different molecular weights in DMF 

and the DMF permeance at different temperature are shown in Figure 5.8. All membranes 

were tested for ethanol permeance, as quality control, before and after the permeance 

evaluation for another solvent. It was observed that the original ethanol permeances were 

recovered within 90% of the initial value, after the test in almost all solvents. The only 

exception was toluene. In this case, the ethanol permeance dramatically decreased. Such 

phenomenon has been observed before [47] and it is an indication of the strong interaction 

between the treatment solvent (toluene) and the membrane. The intrinsic properties of PET 

allow its use in a wide range of organic solvents, permitting the implementation of PET 

membranes in various applications. They could be used for nanofiltration in nonaqueous 

solvents by coating with interfacially polymerized layers or with graphene oxide thin films 

[48]. Besides the high resistance in organic solvents, the PET membrane is also stable in 

acidic aqueous media (pH = 1, HCl) and commercial bleach solutions (5% sodium 

hypochlorite) (Figure 5.9) [49-51]. This chemical resistance is attractive for membrane 

systems that require de-scaling of deposited minerals and biological disinfection. The 

resistance in N,N-dimethylformamide (DMF) is relevant due to the lack of polymer 

membranes that can operate in polar aprotic solvents. DMF is a commonly used solvent in 

synthetic organic chemistry. Other potential applications requiring solvent-resistant 
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membranes are the optimization of chemical processes by coupling reactors with 

membrane systems [52, 53]. An interesting example is the membrane enhanced peptide 

synthesis [54]. 

 

Figure 5.9. Permeance of different solvents using M8 membrane. 

The measurement of the DMF flux as a function of pressure for PET membranes at room 

temperature, shown in Figure. 5.10a, demonstrates that the membranes suffer only 

compaction around 10% when the pressure is increased from 1 to 10 bar. When the pressure 

is again reduced to 1 bar, the initial permeance is recovered, indicating that the compaction 

is reversible. 

  

(a)                                                            (b) 

Figure 5.10. The effect of pressure (a) and temperature (b) on the flux and permeance for 

M8 membranes tested at 2 bar. 
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The characterization of polymeric membranes at high temperature in non-aqueous solvent 

filtration is still scarce [8, 9, 55, 56]. The M8 membrane was tested in DMF at temperatures 

as high as 140 °C (Figure. 5.10b) and a pressure of 2 bar. The increase of the permeance is 

due to decrease in the solvent viscosity and membrane swelling among other factors. 

However, regarding membrane stability, rejection and permeance at room temperature 

were evaluated before and after testing at high temperature (120 °C) and it was observed 

that both, MWCO and permeance, were preserved.  

The PET membranes are mildly hydrophilic, as shown in Figure A5.7. The contact angle 

for a dense PET membrane is 83 ± 2 ˚. Lower values were measured for the porous 

membranes. For a membrane prepared with 10 wt% PET in TFA, without any PEG additive 

(M2), the contact angle was 73 ± 2 ˚. This change follows the Cassie-Wenzel’s models for 

wettability of nanostructured surfaces. Moreover, membranes prepared with PEG as 

additive (M8 and M17) had even smaller contact angle values, 68 ± 3 ˚ and, 62 ± 2 ˚, 

respectively. Beside the effect of the structuration, in these cases it is possible that some 

PEG remains in the membrane even after long washing with water. The exposed terminal 

–OH groups from the PEG would increase the hydrophilicity.  

PET bottles are manufactured by stretch blow molding at high temperature. The XRD 

curve for a pristine PET bottle is shown in Figure A5.8.  A characteristic peak can be seen 

at 25 ˚. This peak is not present for the PET membranes (M8) prepared by phase inversion. 

New peaks or shoulders emerged at lower angles, an indication of an increase in average 

interchain distance. The decrement in crystallinity also explains the substantial flexibility 

of the porous membranes. 



200 
 

The mechanical stability of the membranes is important for their operation. The strain-

stress curves were measured for free standing M8 (casting solution with 4 wt% PEG) and 

M2 (without PEG) membranes. An elastic region with Young’s module of E = 95 MPa for 

the M8 and E = 98 MPa for the M2 membrane was observed, as shown in Figure A5.9. 

Then, around 3% of strain these membranes yielded to a non-elastic deformation region. 

The M2 and M8 membranes are flexible and will elongate to 147 and 107 strain % before 

reaching the fracture point. Membranes for industrial application are frequently prepared 

on non-woven supports to improve mechanical stability. Strain-stress curve for membrane 

M8 (Figure A5.9) on polyester support shows a Young module of E = 680 MPa, 7-fold 

higher than the free-standing membranes. PET membranes cast on glass plates (free-

standing) and on polyester non-woven had similar surface morphology, as shown in Figure 

A5.10 additionally, in Figure A5.11 a cross-section of M8 on support is shown. 

The membranes MWCO was measured with PEG as testing solute dissolved in DMF. 

MWCO values of 50 kg mol–1 at room temperature and 100 and 105 kg mol–1 at 80 and 

100 °C, respectively, were obtained. It is possible that the PEG coil dimension changes 

with the temperature, due to changes of the enthalpic interactions between PEG and DMF. 

At higher temperatures, as confirmed for measurements at 140 °C, the rejection was lost. 

The Tg of PET is in the range 75–90 °C, and a membrane softening could lead to a change 

of pore size. The degree of crystallinity of the membranes is low, according to the XRD 

pattern in Figure A5.8, but still helps to maintain the membrane physical integrity at least 

up to 100 °C. When the membranes were tested again at room temperature, practically the 

same values were obtained as before. Above 140 °C, the membrane should not be applied. 
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5.4. Conclusions 

Recycled PET from plastic waste can be successfully used for a high-value application, the 

manufacture of high-performance membranes. The optimized PET membranes have a pore 

size range of 35 to 100 nm, prepared by non-solvent induced phase separation in ethanol 

or methanol. The membranes have high resistance to acidic and oxidative media as well as 

organic solvent (DMF at 100 °C), being promising for ultrafiltration or as support for 

further modification, aiming at nanofiltration. These PET membranes stand as an 

economical and environmentally competitive candidate compared with membranes used in 

similar applications. 

Although all membranes studied in this work were prepared from the purified PET, it was 

observed that membranes prepared straight from the plastic bottle show equal 

characteristics. Therefore, the purification step would not be necessary in a large-scale 

membrane preparation. 

In summary, the proposed methodology uses 1) essentially cost-free polymer material to 

prepare solvent resistant membranes in one step with 2) non-toxic solvents at room 

temperature for 3) high-value niche separation/filtration applications. Additionally, 

recycled PET from waste bottles is an approved material by the FDA[57], allowing further 

exploitation of the recycled PET membranes in the food and pharmaceutical industries.  
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Chapter 6: General Conclusion 

The main focus of this dissertation was to propose different new approaches for the 

preparation of porous polymer membranes with tolerance towards organic solvents and 

high temperatures. These approaches were demonstrated and the membranes characterized. 

Our expectation is that the ability of these membranes to withstand harsh environments 

should open the opportunity for novel separation processes, which, if implemented, will 

positively impact the chemical industry, economically and environmentally. This last 

chapter provides an overview of the achievements, challenges, and future opportunities 

based on the results presented in this dissertation.   

 

6.1. Summary and learned lessons  

In order to bring innovation to the field of hot organic solvent nanofiltration (HOSN), as 

we will refer later in this section, the first step was the identification of novel polymers that 

would offer some advantages in comparison with traditional polymers currently used in 

membrane science. The desired characteristics are a high degradation temperature, high or 

absent glass transition temperature, and the presence of chemical groups that would allow 

further modification or crosslinking.   

We considered condensation polymers prepared by superacid catalyzed 

polyhydroxyalkylation excellent candidates for membrane materials, since they fulfill the 

requirements mentioned above. In particular, their good solubility in common organic 

solvents and high molecular weight allowed us to prepare robust porous membranes by the 

traditional non-solvent induced phase separation (NIPS) method. This is a scalable and 

simple way to prepare porous polymer membranes and although the generalities of the 
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membrane formation process are known, it is always necessary to undergo a trial and error 

optimization process. 

 

In Chapter 2, we synthesized poly(oxindolebiphenylylene) (POXI) from the monomers 

isatin and biphenyl and used it to prepare porous membranes. This polymer has a Td over 

500 °C and does not have an observable Tg. Additionally, the -NH group is available for 

chemical functionalization, for example, by nucleophilic substitution (SN2). Anisotropic 

skinned layer membranes were prepared using different casting solvents and polymer 

concentrations to tune the membrane morphology. Afterwards, the membranes were 

crosslinked using dibromides of different chemical structure, in order to identify the most 

effective one. Thermogravimetrical analysis was used to determine the degree of 

crosslinking and the degradation temperature. Among the different dibromides, the most 

convenient was 1,5-dibromo-1,1,3,3,5,5-hexafluropentane (DBHF), which led to the 

highest level of incorporation in the membrane and highest Td value of 329 °C. The stability 

of the membranes was then tested in organic solvents.  A rejection of 99% of Red Direct 

80 was measured at 70 °C. Besides the stability in organic solvents, stability in extreme 

acidity/basicity and to oxidative environments was also attained. 

 

In Chapter 3, we functionalized poly(oxindolebiphenylylene), polybenzimidazole, and 

poly(triazolebisphenol-AF) with a side propargyl group.  These are all considered high-

performance polymers. The modified polymers were soluble and could be applied for 

membranes manufacture. The propargyl-functionalized membranes could undergo a 

thermal-induced crosslinking at 200 °C. We found out that in order to preserve mechanical 
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properties and porosity, a crosslinking in liquid medium was necessary. For this reason, 

the membranes were immersed in a hot glycerol bath, and in one hour, the curing process 

was completed. The obtained membranes were solvent resistant and thermally stable up to 

400 °C. Moreover, this protocol is convenient, since it can be performed in one step, does 

not require additional chemicals, and is performed in a green, cheap, and reusable medium. 

Furthermore, this methodology can be extended to any membrane with available amino or 

hydroxy groups. 

 

In Chapter 4 we synthesized poly(oxindole-2,2’-biphenol) from the monomers isatin and 

2,2’-biphenol. This polymer has two hydroxyl groups per repetitive unit. It is only soluble 

in polar aprotic solvents such as NMP, DMSO, DMF, and DMAc. When heat is applied, 

this polymer undergoes a crosslinking process driven by the formation of phenoxy radicals. 

We found out that the membrane became pH-color responsive. The crosslinked membrane 

has a Td at 380 °C and is highly resistant to organic solvents.  

In this chapter, we also propose a new method of membrane preparation, the pH-induced 

phase separation (pHIPS), fully conducted in aqueous solution.  The key factor leading to 

this method was the observation that the polymer is soluble in water at pH = 14, and it can 

be precipitated at low pH. Furthermore, we demonstrated that the crosslinking techniques 

used in Chapter 2 and 3 can be applied to POXI-OH. 

 

For Chapter 5, a different approach was taken. In this case, the polymer source for the 

membrane preparation was poly(ethylene terephthalate) PET, from recycled plastic bottles. 

PET is a very attractive material to be used in organic medium because it is inherently 
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insoluble in many organic solvents, and therefore, there is no need for a crosslinking step. 

This fact, combined with the null cost of the polymer material, makes PET membranes 

economically attractive for large scale production. It recycles polymers used in large-scale 

for other applications and does not add the footprint relative to more polymer production. 

The PET membranes were prepared using trifluoracetic acid (TFA) or 

hexafluoroisopropanol (HFIP) as solvent. The effect of polymer concentration, additives, 

evaporation time, and non-solvent was explored. We found out that polyethylene glycol 

(PEG) as an additive was required in order to obtain membranes with good porosity and 

morphology. The prepared PET membranes are capable of operating in a variety of organic 

solvents. We demonstrated a successful operation at temperatures as high as 100 °C in 

DMF, while preserving the molecular separation ability measured at room temperature. 

Additionally, since PET is an FDA approved material, the membranes could be used in 

food and pharma applications. The polymers used for the membrane manufacture are 

frequently considerably expense. The methodology proposed in this chapter aims to unlock 

a high-quality cheap material for membrane preparation. 

 

6.2. Challenges and recommendations 

• In-depth analysis of the solvent-membrane interaction to understand and balance 

the effect of swelling and aging on the membrane morphology and separation 

performance. It has been observed that, depending on the type and density of 

crosslinking, these two factors can be controlled. However, there is a balance 

between processability and membrane stability. Highly crosslinked membranes 
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might become brittle and therefore difficult to handle. Moreover, standardized 

procedures to study swelling and aging at high-temperature and pressure are needed 

to clearly understand the membrane behavior under operation conditions. Beyond 

the stability of the membrane itself in organic solvents, it is crucial to address the 

stability of the other components that are part of the membrane module, such as 

supports, spacers, sealants, and tubing.  

 

• Clear identification of the economic and environmental factors governing the 

successful scale-up and commercialization of a particular membrane. In order to 

go from lab-to-fab is paramount to assess the potential of a particular polymer, and 

the membrane prepared from it, to make it to the market, otherwise, the claims on 

positively transforming the chemical industry will only have academic impact.  

 

• Identification of niche applications for HOSN. Unlike water-based separations, 

HOSN processes deal with more complex systems. A more intense contact with the 

chemical industry and a more open feedback from their side would help to identify 

potential applications. 

 
 

6.3. Opportunities and future plans 

• Further exploration of polymers synthetized by superacid polycondensation 

for membrane preparation. For example, with the backbone composed of 

bulkier aromatic hydrocarbons such as carbazole, fluorene, 4,4’-biphenol, 
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naphthalene, p-terphenyl, p-quaterphenyl or anthracene, and moieties with 

additional functionalities like pyridine, pentafluorobenzene and aliphatic 

bromides could be explored. Protocols for the preparation of these polymers 

and more are available. 

 

• The preparation of hollow fibers using the polymers and crosslinking 

strategies presented in this work. Hollow fibers are attractive because of the 

higher area to volume ratio a module can acommodate. Moreover, hollow 

fibers modules do not require non-woven support or spacer.  

 

• Exploration of other functionalization strategies. The propargyl 

modification strategy, which allows the preparation of polymers and 

membranes with carbon-carbon triple bonds, opens the door to further 

functionalities, for example, click-chemistry with azide and the thyol-yne 

groups. Moreover, allyl functionalization of polymers could also be used, 

leading to additional chemical modifications. 

 

• Assessment of commercial value of the polymers used in this work. 

Poly(oxindolebiphenylylene) and poly(oxindole-2,2’-biphenol) are 

prepared from cheap and commercially available monomers. Their 

synthesis is robust due to the non-stoichiometric effect, which permits the 

synthesis using monomers as received without the need of additional 

purification. Moreover, the reaction set-up is simple and proceeds at room 
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temperature without strict atmospheric requirements. A ballpark estimation 

of the price, considering only reagents costs taken from Sigma-Aldrich, 

indicates that the cost of these polymers is in the range of 2 - 6 €/g where 

the catalyst alone accounts for 80 % of that price. Process optimization and 

scaling-up would certainly bring that figure very close to the price of other 

polymers considered for membrane applications; for example, PBI is 0.4 

€/g, PSf 0.5 €/g and PEEK 1€/g. 

 

• Poly(oxindole-2,2’-biphenol) can also be crosslinked, by following the 

similar dibromide approach, used for poly(oxindolebiphenylylene), 

probably with a higher degree of crosslinking due to the higher reactivity 

from the hydroxy groups. Moreover, dense membranes of this polymer 

could be used for gas separation, exploring the effect of the thermal 

oxidation/crosslinking discussed in Chapter 4.  

 

• Targeting organic solvent separation in non-polar solvents such as 

hydrocarbons as well as the identification of niche high-value separation 

processes where organic solvent resistant membranes can be implemented, 

expanding the scope to high-temperature separations 

 

• Additional efforts to bring high-resolution separation at the nanofiltration 

range. This can be achieved by using the membranes presented in this work 

as porous support for the preparation of thin-film composites (TFC). 
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• Preparation of carbon molecular sieves (CMS) using poly(oxindole) 

derivatives as precursors. The high Td and high carbon yield from the 

carbonization in nitrogen make them suitable for controlled pyrolysis of 

membranes and hollow fibers, which could be applied for even more 

challenging organic solvent separations. 

 

• Targeting sustainability and environmental impact to membrane 

preparation by exploring non-toxic solvents such as ionic liquids, 

polyglycols, deep eutectic solvents, and ultimately water. Furthermore, not 

only solvents, but the implementation of circular economy principles to the 

membrane manufacture and membrane processes would further decrease 

their environmental footprint.   

 

6.4. Final comment 

Scientific advancement, like the corners of a tetrahedron, relies mainly on four aspects: 

academia, industry, market and public. The interplay between them is essential for the 

discovery and the development of new solutions concerning the global challenges we face 

today, and whose repercussions concern not only science but also society, politics, and 

economics. For this linkage to be fruitful, interdisciplinary collaboration, teamwork, and 

multicultural synergy are vital, for they allow the conjunction of sundry viewpoints that 

improve and advance our understanding of cutting-edge research topics, braking paradigms 

and creating knowledge.  
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APPENDICES 

Appendix A1 

 

Figure A1.1. General classification of synthetic membranes. 

 

Figure A1.2. Different cross-section morphologies of synthetic membranes. a) Dense 

membrane, b) porous isotropic membrane, c) porous integrally skinned asymmetric 

membrane, d) thin film composite membrane on porous support. 
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Appendix A2 

 

Figure A2.1. Solute rejection curves for POXI membranes in water, using PEG as testing 

solute. 
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b) 

Figure A2.2. Strain-stress curves for POXI before (a) and after (b) crosslinking with 

DBHF. Highlighted are the average values of strain % (blue), stress (orange) and the area 

selected to calculated Young’s Module (green). 

 

 

Figure A2.3. TGA thermogram of DBHF-POXI membrane before (blue) and after (red) 

immersion in a Fenton’s reagent oxidizing solution. 
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Scheme A2.1. Proposed chemical structure for the crosslinking unit, when 1,4-dibromo-

2,3-butadione is used. 

 

 

Scheme. A2.2. Representation of the methodology employed to determine the insoluble 

fraction of a crosslinked membrane, using UV-VIS absorption (Polym. Chem., 2015,6, 

543-554). 
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Appendix A3 

 

Figure. A3.1. ATR-FTIR spectra of PTA-OH, PTA-O-PR and PTA-O-PR* membranes  

(* = after heating). 

  

Figure.A3.2. ATR-FTIR spectra of POX-NH, POX-N-PR and POX-N-PR* membranes  

(* = after heating). 

40

50

60

70

80

90

100

600110016002100260031003600

Tr
an

sm
itt

an
ce

 (%
)

Wavenumber (cm-1)

PTA-OH 

PTA-O-PR 

PTA-O-PR* 

70

80

90

100

600110016002100260031003600

Tra
ns

mi
tta

nc
e (

%)

Wavenumber (cm-1)

POX-N-PR* 

POX-N-PR 

POX-NH 



222 
 

 

Figure A3.3. Raman spectrum of the POX-N-PR membrane. 

 

Figure A3.4. ATR-FTIR spectra of PBI-NH, PBI-N-PR and PBI-N-PR* membranes  

(* = after heating). 
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Figure A3.5. Effect of the reaction time on the swelling of PBI-N-PR, PTA-N-PR and 

POX-N-PR, after the thermally induced crosslinking. 

 

 

 

Scheme A3.1. Proposed mechanism for the PTA-O-PR thermal induced crosslinking based 

on chromane formation by [3,3]-sigmatropic rearrangement.  

CF3

CF3 N N

N

OH

n

CF3

CF3 N N

N

O

n

CF3

CF3 N N

N

O

n

CF3

CF3 N N

N

O

n



224 
 

Table A3.1. Solubility of the polymeric membranes in selected solvents. 

Polymer 

membrane 

Solvents 

NMP DMF DMAc DMSO THF CHCl3 Dioxane 

POX-NH Yes Yes Yes Yes Yes (turbid) No No 

POX-N-

PR Yes Yes Yes Yes Yes Yes Yes 

POX-N-

PRa No No No No No No No 

        
PTA-OH Yes Yes Yes Yes Yes (turbid) No No 

PTA-O-

PR Yes Yes Yes Yes Yes Yes Yes (turbid) 

PTA-O-

PRa No No No No No No No 

              
 

PBI-NH Yes Yes Yes Yes No No No 

PBI-N-

PRb Yes Yes Yes Yes No No No 

PBI-N-PRa No No No No No No No 

Solvents: N-methylpyrrolidone (NMP), dimethylformamide (DMF), dimethylacetamide 

(DMAc), dimethylsulfoxide (DMSO), tetrahydrofurane (THF), chloroform (CHCl3). 

 aMembranes after heat treatment. 

 bPartial propargyl (-PR) substitution 

 
Figure A3.6. Rejection of Red Direct 80 in DMF using PBI-N-PR. Retentate (left) and 

permeate (right).  
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Appendix A4 

 

a)         b) 

Figure A4.1. The temperature “heat and hold” programs for the POXI-OH membranes. 

Effect of (a) time and (b) temperature. 

 

 

Figure A4.2. POXI Compilation of POXI-OH membranes treated under different 

conditions of time and temperature immersed in NMP (complement of Figure 4.5). 
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Figure A4.3. Complete UV-VIS spectra for the soluble fraction of POXI-OH membranes 

treated under different conditions of time and temperature 

 

 

Figure A4.4. Crosslinked POXI-OH membrane immersed in NMP. Reaction time 24 hours 

(left) and 48 hours (right).  
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Appendix 5 
 

Table A5.1. Hansen solubility parameters (δ) for selected polymers and solvents 
(dispersive, polar and hydrogen bond contributions) 

  
δD 

(MPa½) 
δP 

(MPa½) 
δH 

(MPa½)   

PET 18.2 6.4 6.6 8 
PEG 17.0 10.0 5.0 8 
TFA 18.3 7.0 13.0  
DMC 18.2 6.3 6.1  
HFIP 17.2 4.5 14.7  
DMF 17.4 13.7 11.3  
THF 16.8 5.7 8.0  
WATER 15.5 16.0 42.3  

 
Table A5.2. Hansen solubility parameters distance (Ra) and relative energy difference 
(RED) for selected pairs of polymers and solvents, calculated from Eq. 5.2 and 5.3. 

  
Ra 

(MPa½) RED 

PEG / 
WATER 37.9 4.7 
PEG / DMF 7.3 0.9 
PET / TFA 6.4 0.8 
PET / HFIP 8.6 1.1 

 

 
Figure A5.1. ATR-FTIR spectrum of the recycled PET. 
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(a)                                                                                (b) 

 
Figure A5.2. (a) 1H-NMR and (b) 13C-NMR spectra of the recycled PET. 

 
(a)                                    (b) 

Figure A5.3. (a) TGA and (b) DSC of the recycled PET. 

 
Figure A5.4. Viscosity analysis to determine the molecular weight of the recycled PET. 
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Figure A5.5. GPC elugrams, showing the rejection of PEG with different molecular 
weights in DMF for a membrane prepared from 12 wt % PET in 1:2 TFA/DCM, using 
ethanol as non-solvent. 
 

 
Figure A5.6 FESEM images of the surface and cross-section of a membrane obtained from 
a 12 wt % PET solution in 1:2 TFA/DCM, using ethanol as non-solvent. 
 

 

 
 

Figure A5.7. Water contact angle (CA) of selected PET membranes.  
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Figure A5.8. XRD of the recycled PET and the membrane prepared therefrom by phase 
inversion (M8).  

 
Figure A5.9. Strain-Stress curves for self-standing M2 and M8 membranes and M8 on 
polyester support. Where E is the Young’s Modulus, and e is the strain.  
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Figure A5.10. FESEM images of the M8 and M17 membranes surfaces, prepared as free-
standing or on non-woven support. 
 

 
A5.11. FESEM cross-section image of the M8 membrane on a non-woven support. 

 

 
A6.1. Photograph cross-section of mango mousse dessert. 
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Appendix 6 
 

A comment on nanotechnology and biological membranes. 

The new millennium brought back the interest in nanotechnology, sown by Richard 

Feynman in his famous lecture “There is plenty of room at the bottom” given in 1959 [1, 

2]. The early 2000s saw the emergence of the word “nano” as a keyword in most scientific 

fields [3], and membrane science would not stay behind [4, 5]. Scientists in the chemical 

separation and purification guild quickly realized the power of nanoscience for the 

development of new membranes materials and the accurate understanding of the 

molecular-level interactions of membranes with solutes and solvents [6]. 

At the nanoscale, biomolecular machines operate with incredible precision and reliability. 

In particular, biological membranes are an example of smart semipermeable barriers with 

unparallel permeability and selectivity. Therefore, trying to understand and mimic them 

has been a long-searched goal. Nature has always been a source of great inspiration for 

scientists [7]. It was time and environmental selection, through an iteration process over 

millions of years what ultimately created the first biological membranes. Somewhere on 

the young salty oceans of this planet, around 4 billion years ago, the first protocells 

appeared [8]. It was inside these simple micelle-like envelopes where the gears of life 

started to spin, creating new organic molecules with ever-increasing complexity. 

Eventually, proteins would be used to fabricate ionic pumps, ionic channels, water 

channels, and other fascinating architectures. In recent years, attempts to incorporate these 

protein-based structures, such as the water channel aquaporin into synthetic membranes 

has been demonstrated with mild success, but biological stability continues to be an issue. 

A more daring approach is to mimic the functional structure of aquaporin with artificial 
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water nanochannels, if successful, this would undoubtedly revolutionize water purification 

applications [9, 10]. Additionally, the nanostructures and chemical composition of 

occurring natural surfaces, with properties such as bio-adhesion, self-cleaning and bio-

mineralization, have served as inspiration to engineer new bio-inspired membranes [11]. 

None of this would have happened without the inherent capacity of some molecules to self-

assemble. By learning from biological systems, polymer and material scientists developed 

the understanding to create several artificial molecular self-assemble systems. This know-

how has been used to prepare membranes with astonishing regular and high porosity as 

well as long-range periodicity. This type of membranes is characterized by top-notch fluxes 

and excellent separation resolution and the possibility to fine-tune porosity and 

morphology [12]. 

At the time of writing, it seems safe to assure critical discoveries in membrane and 

separation science are still waiting around the corner. Membrane technology, which started 

with animal bladders, has grown tremendously, and its central role in the present and future 

of humanity is beyond doubt.  
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