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Abstract

Membrane separation is one of the most widespread sustainable and ecological tech-

nologies for purifying and separating waste streams. This process can substitute thermal

separation processes such as distillation, evaporation, and crystallisation. Membrane

separation has been proven to be promising for liquid separations due to the high efficiency,

low operation cost and energy-saving performance in numerous applications of this process.

Nanofiltration (NF) is a pressure-driven membrane separation process that employs

membranes for molecular separation and purification in liquid applications. Organic solvent

nanofiltration (OSN) is a membrane process for molecular separation in harsh organic

media. It excludes molecules dissolved in organic solvents based on shape, charge and

size, allowing the reuse of solvents. NF membranes are typically produced as thin-film

composite (TFC) membranes comprising of a thin porous selective layer typically derived

from amines and acyl chlorides deposited on a porous substrate created from petroleum-

derived synthetic polymers. The materials used in both layers are toxic, hazardous,

petroleum-derived and non-biodegradable contributing to landfill and pollution. In recent

years, works reported in the literature have been invested in embedding sustainability into

membrane fabrication through the use of bio-renewable solvents and the use of sustainable

raw materials. Although considerable progress has been made in the past few years with

the production of green solvents from renewable feedstock, the use of these solvents for

membrane fabrication has not been fully explored as new solvents are constantly emerging.
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The work in this thesis aims to replace conventional materials used for membrane

fabrication to create membranes that have lower environmental impact and health and

safety concerns through the use of bio-renewable solvents and sustainable fabrication

methods. The work in this thesis extends current research in green solvents through the

exploration of Cyrene™ and 2-Methyltetrahydrofuran (2-MeTHF) for TFC membrane

fabrication, two solvents that have not yet been explored. The work also investigated the

application of these bio-renewable membranes in aqueous and organic solvent nanofiltration.

The thesis starts with the development of support that is stable in a wide range of

organic solvents, allowing it to become the foundation of a thin film composite membrane

that could be utilised in OSN applications. A comparative study was carried out, and

supports were produced using Dimethylformamide, (DMF) (the conventionally used solvent)

which were compared to supports produced using Cyrene™ (the bio-renewable alternative).

The study looked at investigating the effects of using a bio-renewable solvent on the

resultant support characteristics. The thermal and chemical stability, solvent filtration and

morphology of the two supports were investigated. An important aspect considered in this

project was the operating conditions for membrane fabrication. Traditional membranes are

produced using complicated lengthy sixteen-hour energy-intensive procedures, the work

in this project aimed to produce membranes using benign room temperature conditions.

The fabrication of polyimide (PI) the most conventional polymer used in OSN membrane

fabrication and Cyrene™ were explored and the combination of the polymer/solvent/non-

solvent was unsuccessful in creating support. The polymer was changed to a renewable

polymer, cellulose acetate (CA), and quick room temperature fabrication methods for

90 minutes were utilised to produce supports stable in harsh organic environments. The

bio-renewable supports exhibited excellent permeance of solvents, and a 115% increase in

water permeation was experienced compared to the traditional support produced using

DMF. Protocols in this work were established that produced supports that maintained

structural integrity and excellent stability in DMF immersion at 100 °C and performed

well in different solvent environments.
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The second part of this thesis was to fabricate polyamide, the selective layer used in a

TFC membrane using 2-MeTHF. The polymer was studied and fully characterised and

compared to the traditional polyamide produced using the petroleum-derived n-hexane

solvent. The two polyamide layers were deposited onto the support produced using

Cyrene™, and a TFC membrane was created using only bio-renewable solvents. Ethanol

permeance of 2.5 L m−2 h−1 bar−1 was experienced when using the n-hexane derived

polyamide, and this increased to 11.2 L m−2 h−1 bar−1 when 2-MeTHF was utilised as

the solvent for interfacial polymerisation. A further 900% increase of ethanol permeance

was experienced after DMF activation, reaching 25 L m−2 h−1 bar−1. A detailed study

was carried out to test for OSN applications with a range of dyes with varying molecular

weights and charges and the molecular dye rejection rates of the bio-renewable TFC

membrane reached 98%, higher than the n-hexane derived polyamide TFC membrane at

94%. The membrane produced solely from bio-renewable solvents outperformed current

state-of-the-art membranes and mixed matrix membranes that incorporate fillers into the

membrane for enhanced separation performance.

The final part of the thesis explored the potential of the bio-renewable TFC membranes

being utilised in aqueous NF applications using a feed solution of different salts. The per-

formance capabilities of the bio-renewable membrane were compared with a commercially

available NF TFC membrane, NF 270. The bio-renewable TFC membrane experienced

a higher water permanence compared to the NF 270 TFC membrane at 17.8 L m−2 h−1

bar−1 and 11.8 L m−2 h−1 bar−1 respectively. Further to this, magnesium chloride rejection

for the bio-renewable TFC membrane reached 39% while the NF 270 TFC membrane

reached 36%. The bio-renewable membrane outperformed the commercial membrane, and

this opens up an interesting avenue of research, as the use of sustainable materials and

benign operating conditions could compete with the current state-of-the-art membranes.

The results presented in this thesis make a valuable contribution to the exploration

of the two bio-renewable solvents for membrane fabrication. The fabrication strategies

developed in this work are time-saving, energy-efficient and cost-effective and protocols
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were established that have improved health, safety and environmental impact. Next-

generation membranes can be fabricated with sustainable materials to produce membranes

that potentially have higher through-puts and require less energy for separations to occur

which could potentially transform polymer membrane fabrication into a more sustainable

process.
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1.1. Project background and motivation

1.1 Project background and motivation

Separation processes are essential in numerous industries, however, the energy con-

sumption of these processes contributes to 40% of the global energy output. A phase

change in thermal separation processes such as distillation, evaporation, and crystallisation

is required, resulting in high-energy consumption [1]. The removal of this phase change

through membrane technology is an ecological solution that can be applied to transform

the current industrial processes [1]. The use of membrane technology can help reach the

target of zero emissions of greenhouse gases in 2050 in an attempt to stop or revert the

global temperature increase [2].

Membranes have the capability for separating media at the industrial level with

applications in food engineering, desalination and pharmaceutical industries with the

potential of replacing distillation and crystallisation [3]. Recently, the fabrication of

organic solvent nanofiltration membranes has opened up a new avenue of application

exploration as these membranes are stable in harsh organic media. OSN membranes

have the capability to be used in numerous applications such as hydrocarbon separation,

catalyst recovery and product purification [1].

Many conventional separation and purification processes in oil refining, chemical and

pharmaceutical industries use large amounts of organic solvents which require purification

and involve high-energy consumption, utilising membrane technology in these processes

could compete or complement these processes [1]. Employing this sustainable separation

process in industries has the potential to reap major benefits: reduced energy consumption

by an order of magnitude, increased separation performance, simplification of solvent

renewable processes, the transformation of processes from batch to continuous, lower spatial

requirements and cost of equipment [1]. In addition to this, incorporating membrane

technology yields significant environmental benefits in waste minimisation as industrial

chemical processes generate large amounts of waste, thus imposing an increased burden on
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the environment [1], [4]. Recycling this waste through membrane technology presents many

advantages, such as a substantial reduction of solvents released into the atmosphere which

can significantly diminish environmental pollution, and health risks. Solvent recovery

through a sustainable means allows for a considerable reduction in CO2 emitted during

processes which are in line with the target of zero emissions of greenhouse gases in 2050

[2].

Polymeric membranes are the most commonly used separation media at the industrial

level for applications in the food, and water treatment industries [5]. Polymeric membranes

exhibit good performance, are easy to fabricate, low cost and have a wide operating range

[6]. Membrane technology has been recognised as a green sustainable process, however, the

fabrication of polymeric membranes offsets the green credential of membrane technology

as the materials chosen for fabrication are derived from major chemical building blocks of

the petrochemical industry, obtained by the fractional distillation of crude oil and natural

gas [4]. Further to this, the solvents used in fabrication are volatile, highly flammable,

toxic to reproduction and carcinogenic and are listed as substances of very high concern

[2].

The membrane manufacturing industry itself needs to be part of the transition to

minimise the environmental impact of membrane manufacture and look for alternative

biodegradable and sustainable materials that do not compromise the performance of

membranes [4]. The design criteria for an effective membrane include: adequate sized

pores, a narrow pore size distribution, a thin active layer, a high level of chemical

and physical stability, robust mechanical strength, and simple fabrication methods [6].

Producing membranes from green alternative materials that offer the same performance is

a great challenge.

In 2010 Paul Anastas developed the 12 Principles of Green Chemistry, which looked at

the molecular level to achieve sustainability [7]. From this, many industries adopted their

own principles, such as the pharmaceutical industry applying solvent selection guides to
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change the current solvent usage to benign alternatives [8]. The development of new ’green’

bio-renewable solvents which are derived from the processing of agricultural crops has

opened up extensive works recently to see if the green bio-renewable solvents can be used in

membrane fabrication [9]–[13]. Solvent waste from membrane fabrication accounts for up

to 85 % of the waste derived from membrane fabrication [4]. The need to replace hazardous,

toxic and petroleum-derived solvents is of great advantage. Further to this, extensive

work has also been carried out using the principles of Green Chemistry to investigate

different fabrication techniques, such as using alternative bio-materials in conjunction with

the bio-renewable solvents or carrying out fabrication at room temperature and recycling

waste materials for fabrication [14]–[20].

Although great progress has been made in the development of the fabrication of

membranes using bio-renewable materials in the last few years, the emergence of new

green solvents in the market allows for further exploration in this field. This PhD project

looks at the application of two bio-renewable solvents for membrane fabrication.

1.2 Aim and objectives

The aim of this thesis is to assess the suitability of bio-renewable solvents for the fabri-

cation of membranes and to determine the suitability of these membranes in nanofiltration

applications. The bio-renewable solvents were compared to their petroleum-derived coun-

terparts to determine if the use of the green bio-renewable solvent can produce membranes

that exhibit similar properties whilst offering a sustainable alternative to current solvent

systems.

Cyrene™ is a benign bio-renewable solvent derived from waste cellulose in a two-step

process first developed by Circa Group in partnership with Professor James Clark at the

University of York. It has demonstrated the capability of substituting toxic petroleum-
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derived solvents such as DMF and N-Methyl-2-pyrrolidone (NMP), the two most commonly

used solvents for membrane fabrication due to the similarities in density and polarity the

solvent exhibits [21], [22]. Cyrene™ offers a safer alternative to the current solvents used,

as the only hazardous risk associated with the solvent is that it is flammable.

2-Methyltetrahydrofuran is a bio-renewable solvent produced from corncobs which

has limited miscibility with water and can potentially be used as an alternative to the

traditional solvent n-hexane used for interfacial polymerisation to produce polyamide [23],

[24]. Polyamide is the selective layer that is deposited onto support to produce a thin

film composite membrane. The two parts of the membrane: the support and the selective

layer, were produced through bio-renewable solvents and the membranes were tested for

nanofiltration applications in both aqueous and organic feed solutions. The membranes

were compared to a membrane produced using traditional solvents to explore the feasibility

of successfully substituting the solvents.

1.3 Thesis structure

The thesis is structured into seven chapters. Chapter 1, is an introduction to the project

background and the motivation for this thesis. The main objective and the contribution of

this PhD project were also stated. Chapter 2, provides the literature review relevant to

this project, background information about membrane fabrication, the design principles,

fabrication methods, and applications in separation processes, were provided. In Chapter 3,

details about the different materials that have been used in this work were stated. Further

to this, the main methodologies that were developed for different experiments in this work

were provided, as well as the different characterisation techniques used to characterise the

materials were given.

Contents in Chapter 4 to Chapter 6 were the main body of this thesis and present
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the experimental work that was carried out during the PhD. In these four chapters, the

experimental work, results and discussions on the preparation of membranes using green

solvents for nanofiltration applications were presented.

In Chapter 4, a comparative study of Cyrene™ and DMF membrane fabrication is

presented. Supports were fabricated that were stable in organic solvents, allowing them to

be utilised in organic solvent nanofiltration applications. Protocols were established to

produce supports in quick and benign fabrication conditions. Different characterisation

techniques were conducted to investigate the difference in structure and morphology that

the two supports had, and the influence of the fabrication solvent on the resultant support

is presented.

In Chapter 5, a comparative study was carried out producing polyamide - the conven-

tional selective layer used in thin film composite membranes. The traditional petroleum-

derived n-hexane solvent conventionally used for interfacial polymerisation to produce

polyamide was compared to the polyamide fabricated using 2-MeTHF. Different charac-

terisation techniques were employed to characterise the two polymers. The two selective

layers were then deposited onto the support produced in chapter 4 and the two thin film

composite membranes were tested for organic solvent applications with a feed solution of

ethanol and different dyes of different molecular weights and charges.

In Chapter 6, the two selective layers established in chapter 5 were deposited onto a

cellulose acetate support and were tested for aqueous nanofiltration with a feed solution

consisting of different salt solutions. As the support for aqueous nanofiltration does not

require cross-linking, supports using Cyrene™ and methanol were produced at room

temperature. Methanol was used as this solvent is commonly used with CA support

fabrication. The two thin film composite membranes were then compared to NF 270 a

commercially available membrane to test the performance of the bio-renewable thin film

composite membrane with a commercial membrane.
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Chapter 7 presents the major conclusions and highlights the significance of this work.

The limitations of this study are addressed, and suggestions for future work are also

proposed.
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2.1. Background

This review aims to provide insight into current state-of-the-art research in thin film

composite membranes for both aqueous and organic nanofiltration applications. It will

focus on membrane fabrication, the different parameters in membrane formation and

the materials currently employed. A future challenge of membrane fabrication is to

develop membranes using materials that have lower toxicity and better health, safety and

environmental impact and the current work focused on this will also be presented.

2.1 Background

A membrane is a molecular sieve that allows the separation of solutes and employs

a driving force to push a feed stream through a membrane [1]. The fraction of the feed

stream that passes through the membrane is known as the permeate, and the fraction that

cannot pass through the membrane produces the retentate stream, as shown in Figure

2.1 [1]. Membrane separation is one of the most widespread sustainable technologies for

purifying and separating waste streams and can be utilised in a wide range of industries

such as desalination, wastewater treatment, chemical production, pharmaceutical and

food engineering [1], [2]. Membrane technology is considered a sustainable process when

compared with conventional separation methods such as evaporation and distillation, which

are widely used in industry, due to the improved energy efficiency, reduced environmental

impact, and the ease of scale up this technology offers [1]–[3].

2.1.1 Pressure driven membranes

Pressure-driven membranes utilise pressure as a driving force for separation and the

separation process can be categorised according to (1) the pressure required for the

separation; (2) the size of the rejected solute or, the size of the pore; (3) the molecular

weight cut off (MWCO); and (4) the transport mechanism governing the separation [1].
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2.1. Background

These categories include: microfiltration (MF), ultrafiltration (UF), nanofiltration (NF),

and reverse osmosis (RO) membranes, see Figure 2.2 for the pore size classification for

these membrane processes. [1].

Figure 2.1: Diagram depicting a pressure-driven membrane separation process

MF membranes have pore sizes ranging from 0.1 - 10 µm and are used for the removal

of large particulates, colloids, and bacteria from feed streams [1]. UF membranes have

smaller pore sizes ranging from 0.1 - 0.01 µm and are used for rejecting viruses and

polypeptides, and are widely used in protein concentration and wastewater treatment [1].

The pressure employed for UF separation ranges from 1-5 bar [4], [5]. The composition of

MF and UF membranes are predominantly of asymmetric configuration, as the size of the

contaminants are able to be rejected by the pore size in the asymmetric membranes [1],

[6].
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Figure 2.2: Overview of pressure driven membrane processes available for wastewater
treatment, adapted from [1]

Nanofiltration membranes are able to reject multivalent salts, uncharged solutes and

various organic molecules with pore sizes in the range of 0.01 - 0.001 µm with operating

pressures ranging from 5 to 60 bar [5], [6]. Due to the relatively low operating pressures,

NF membranes experience high flux and high rejection to contaminants. Reverse osmosis

membranes are tighter than NF membranes and are able to reject monovalent ions while

allowing water molecules to pass through in aqueous solutions. Common applications

for reverse osmosis include seawater desalination and industrial water treatment [1].

Nanofiltration and reverse osmosis membranes can be asymmetric membranes with a dense

highly rejecting top layer (50-150 nm) or composite membranes where a polymer layer (<1

µm) is derived on top of a porous asymmetric layer [1]. These membrane configurations

allow the membranes to be suitable for small ion selectivity. [1], [4], [6].
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2.1.2 Membrane performance

Membrane functional characterisation is a measure of the membrane’s performance

and is determined by permeability and solute/particle rejection. Permeability is a measure

of the flux that permeates the membrane as a function of transmembrane pressure (∆P).

The flux (J) is calculated by measuring the permeate volume (V) per unit area (A) per

unit time (t) and is expressed in terms of Equation 2.1. The flux is proportional to the

applied pressure to the membrane, and the permeability of the membrane is expressed as

Equation 2.2 with the units L m−2 h−1 bar−1.

Selectivity is a measure of the membrane’s capability to reject solutes and is conven-

tionally measured as rejection. It is calculated as a function of the solute concentration in

the permeate CP and the feed streams, CF which is expressed as Equation 2.3.

Flux = V

At
(2.1)

Permeance = V

At∆P
∗ 100% (2.2)

The rejection of the membranes was calculated using the following equation:

Rejection% = (1 − CP

CF

) ∗ 100% (2.3)

The separation performance of a membrane can also be defined by the molecular weight

cut-off (MWCO). MWCO is defined as the lowest molecular weight at which greater than

90% of a solute with a known molecular weight is rejected by the membrane [1]. The

MWCO measures the rejection to selected solutes with different molecular weights under
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controlled conditions [1]. The solutes cover the expected size range for the membrane

with 0% to 100% rejection, and ideally should not interact with the membrane. Typical

oligomers used for MWCO experiments include polyethylene glycol and polystyrene [6]. The

MWCO of a membrane is derived from an MWCO curve, which features the membrane’s

rejection of solutes over a range of molecular weights as shown in the example in Figure

2.3, (in this membrane the MWCO would be determined to be 360 g/mol) [6], [7].

Figure 2.3: Example of molecular weight cut-off curve
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2.2 Nanofiltration

Nanofiltration membranes are a type of pressure-driven membrane process with prop-

erties in between reverse osmosis and ultrafiltration membranes [1]. NF membranes have

the capability to reduce the ionic strength of solutions and remove hardness, organics and

particulate contaminants [2]. The key distinguishing characteristics of NF membranes

are that they offer low rejection of monovalent ions, high rejection of divalent ions and

higher flux compared to RO membranes [8]. Further to this, nanofiltration offers several

advantages over reverse osmosis, such as relatively lower investment and lower operation

and maintenance costs [1]. Due to the number of advantages that this technology offers,

the use of nanofiltration membranes has increased [2], [9]. Further to this, NF has grown

rapidly in the last few decades as this technology has the unique ability to separate and frac-

tionate ionic and low molecular weight organic species. NF is used in aqueous separations

such as desalination, wastewater treatment, pharmaceutical purification and biomedical

applications, but also organic solvent-based separations emerging in the chemical, and

petrochemical industries [1], [10], [11].

The separation mechanism of nanofiltration membranes can be attributed to a combina-

tion of size-based and Donnan exclusion principles [8]. The Donnan exclusion describes the

equilibria and potential interactions between a charged species and the charged interface

of the membrane [1]. The membrane charge originates from the dissociation of ionisable

groups at the membrane surface and from within the membrane pore structure [1], [8]. As

the Donnan exclusion effect is much stronger for multivalent ions than for monovalent ions,

the selective layer is able to reject multivalent ions but allows the monovalent ions to pass

relatively unhindered [1]. The transport of neutral solutes is via size-based exclusion [1].
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2.2.1 Aqueous nanofiltration

Nanofiltration membranes are used in the treatment of groundwater [12], surface water

[13] and wastewater reclamation [14] [1]. Another application for nanofiltration membranes

is in the textile industry. The textile industry consumes large amounts of water and

chemicals for the processing of textiles. The concentrations of dyes in the effluent are

undesirable, and the application of nanofiltration membranes to remove these dyes is

advantageous. The removal of dyes from wastewater has been studied extensively by many

researchers [15]–[19]. Commercially available membranes that are used for nanofiltration

and the properties are listed in Table 2.1.

Table 2.1: Commercial NF membranes and their characteristics

Membrane Manufacturer Selective layer Salt rejection

SW30 HRLE-400 Dow Filmtec PA TFC 99.8% NaCl

NF270-400/34i Dow Filmtec alkanes, PA TFC 97% NaCl

TrisepTS40 Trisep Polypiperazineamide
TFC 99% MgCl

T880 Trisep Trisep PA TFC 99.2 %
MgSO4

4040-HR Koch PA TFC 99.2% NaCl

8040-SW-400-34 Koch PA TFC 99.5% NaCl

2.2.2 Organic solvent nanofiltration

Recently, the development of membranes suitable for organic solvent nanofiltration

has opened up a wide range of potential applications for NF membranes in separations

involving non-aqueous solutions. The operating range of these membranes is similar to

that of NF membranes used in aqueous membranes, but the support has to be modified

for enhanced applications involving alcohols and polar aprotic solvents [11]. Applications
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for this technology can replace distillation, crystallisation, chromatography and adsorption

in the food, chemical, pharmaceutical and petroleum industry [20]–[25].

Compared to traditional separation processes, the use of OSN membranes offers sustain-

able advantages such as high efficiency, and reduced energy consumption as distillation and

crystallisation operations are no longer required. In a study conducted by Rundquist et al.,

it was found that OSN membranes are able to use 25 times less energy per volume of the

recovered solvent when compared to distillation for solvent recovery from crystallisation

[26]. Further to this, other authors affirm that the energy required when using OSN

membranes can be as little as 10% of that required by distillation, and operations can

proceed at room temperature with no vacuum requirement [7], [27]. OSN allows for low

operating temperatures as separation can proceed at room temperature and membranes

can be easily installed as a continuous process or combined with existing processes to form

a hybrid process [7], [27].

OSN requires solvent-resistant membranes that are able to preserve their separation

characteristics while processing a large range of solvents with defect-free morphology and

controlled molecular weight cut-off [11]. To meet the industrial requirement, membranes

should exhibit high permeance, increased rejection, excellent solvent resistance and long-

term stability [11]. Commercially available OSN membranes that are available, and the

operating ranges, are listed in Table 2.2.

Table 2.2: Commercial OSN membranes and their characteristics

Membrane Material Stability range MWCO Da
Evonick MET

Germany,
Duramem &

Puramem

Lenzing P84
Alcohols, aromatics,
esters, ketones, polar

aprotic

150 - 900 &
280 - 600

Borsig Membranes
Technology
Germany,

GMT-oNF

PDMS based
composites

alkanes, alcohols,
aromatics, ethers,

esters, ketones
unspecified
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2.3 Membrane fabrication

Membranes can be classified into different categories depending on the material,

structure and application [1]. Membrane materials can include organic materials such as in

polymer membranes or inorganic materials such as in ceramic membranes [1]. Polymeric

membranes lead the membrane separation industry and market due to the straightforward

pore-forming mechanism, higher flexibility, smaller footprints required for installation, and

relatively low cost compared to inorganic membrane equivalents [1]. Polymeric membranes

can be classified into two groups based on membrane structures: asymmetric membranes

and thin film composite (TFC) membranes [1], [28].

The most common and versatile process employed to produce polymeric membranes

is through phase inversion using the Loeb–Sourirajan method [3]. Phase inversion is a

demixing process in which a homogeneous polymer dope solution is transformed from a

liquid phase to a solid phase through different stages to produce an asymmetric membrane,

(see Figure 2.4a for the illustration) [3]. The most widely adopted method to fabricate

membranes through phase inversion is using the Non-solvent Induced Phase Separation

(NIPS) process [1]. A polymer dope solution containing a polymer dissolved in a suitable

solvent at typical concentrations ranging from 10 to 25 wt% is used [2]. An even film of

the polymer dope solution is spread across a non-woven support material taped to a glass

plate with a casting knife at a thickness between 50-500 µm [1]. After casting, the solution

is left to stand for a few seconds (10-100 s) before being submerged into a coagulation

bath using a non-solvent to precipitate the film and form a membrane. The non-solvent

precipitates in the top surface of the cast film rapidly to form a dense surface layer of

approximately 100 nm thick [1]. This layer then slows the entry of the non-solvent into

the underlying polymer solution, which precipitates much slower to form a more porous

substructure to produce an asymmetric membrane.
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Figure 2.4: Schematic diagram representing polymeric membranes a) integrally skinned
asymmetric membrane b) thin film composite membrane adapted from [1].

Thin film composite membranes typically consist of at least three components: (1)

a top thin selective layer; (2) a bottom porous sublayer (e.g. an asymmetric membrane

as described above); and (3) a non-woven backing material, [29] (see Figure 2.4b for

the illustration). The porous support provides the required mechanical stability for the

whole membrane structure to operate under high pressures (5-40 bar), while the ultrathin

top surface layer plays the principal role in the rejection of contaminants [1], [29]. The

multilayer feature of TFC membranes exploits the highly desirable advantage that each

layer in the composite membrane can be independently optimised with the choice to tailor

materials and preparation methods to target specific applications [9]. Thin film composite

membranes experience extremely high salt rejections at over 99.5% and are widely used for

industrial applications in RO and NF [1], [29]–[31]. The membranes are also stable over a

larger pH range (pH 5-13) and are able to withstand high temperatures as they are stable

up to 70° C [32], [33]. The disadvantage to this membrane is that it is more expensive

compared to asymmetric membranes, as more materials are required for fabrication [2].

The most widely adopted technique to prepare TFC membranes is interfacial polymeri-

sation (IP) due to the high manufacturing efficiency and the robust separation performance

of the resulting TFC membrane [1]. Key for IP is the interface between two immiscible

solvents, water and an organic solvent [9]. Monomers that are only soluble in each phase

diffuse towards the interface and polymerise in this region of significant chemical potential

difference to produce a thin film, (see Figure 2.5 for the diagram of this process) [9]. During

IP, an aqueous amine solution is deposited onto an asymmetric support of ultrafiltration
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performance characteristics. This amine solution penetrates the pores of the support,

and then the amine-loaded support is immersed into an organic solution containing an

acyl chloride. The two monomers react instantly at the interface of the two immiscible

solvents until a thin (∼ 200 nm) highly cross-linked polyamide (PA) film is produced on

the support [1], [9]. The chemical and physical characteristics of the interfacially formed

polyamide film are dependent on a number of important variables such as: monomer

type, concentration and partition coefficient of monomer, type of organic solvent, overall

kinetics and diffusion rates of monomer, reaction time, presence of additive/surfactant

and post-treatment of the resulting polymer film [9].

Figure 2.5: Schematic diagram representing the process of interfacial polymerisation to
create a thin film composite membrane

There are five parameters that influence membrane fabrication: (1) solvents used for

support fabrication; (2) solvents used for IP; (3) polymer used for support fabrication;

(4) monomers used for IP; (5) fabrication conditions (temperature of the dope solution,

coagulant used for phase inversion, operating temperatures). All five parameters will be
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presented and discussed in this chapter.

2.3.1 Solvents used for membrane fabrication

The choice of solvent for membrane fabrication is based on several factors: a solvent

is selected for the capability to dissolve the polymer at either room temperature or high

temperatures suitable for use in NIPS or TIPS [1]. The characteristics of the solvent

will influence the membrane morphology, as membranes prepared with different solvents

will exhibit different properties [1], [34]. The most commonly used solvents employed

for membrane fabrication are aprotic solvents such as dimethylformamide, N-Methyl-2-

pyrrolidone and dimethylacetamide (DMAc) [2], [35]–[39]. These solvents dissolve a wide

range of polymers, and polymer dope solutions based on these solvents precipitate rapidly

when immersed in a coagulation bath containing water to produce porous anisotropic

membranes [1]. Producing dope solutions using low solubility-parameter solvents, such

as tetrahydrofuran, acetone, or dioxane are generally not appropriate as they slow the

precipitation and produce non-porous membranes [1], [2].

2.3.2 Monomers used during interfacial polymerisation

The physicochemical properties of the selective layer are an important factor in

determining the membrane separation efficiencies [40]. For high permeability and selectivity,

the selective layer of the TFC membrane should be very thin with a highly cross-linked

structure [9]. The structure of the PA is an important factor in determining the permeation

characteristics of the membrane. The pore size and the free volume of the selective layer

influence the MWCO and permeation rate [9]. Generally, membrane performance is

tailored to meet the required application by adjusting the IP parameters and these include:

the reactive monomers, additives, monomer concentration, reaction time, temperature,
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and post-treatment conditions [9], [34].

The commonly used reactive amines to produce polyamide are aliphatic or aromatic

diamines such as piperazine (PIP), m-phenylenediamine (MPD) or p-phenylenediamine

(PPD) respectively [41]. The commonly used acyl chloride monomers used include trimesoyl

chloride (TMC), isophthaloyl chloride (IPC) or terephthaloyl chloride (TPC) [9].

Amines used during Interfacial polymerisation

The most commercially successful method employed to produce a polyamide selective

layer is to use MPD in an aqueous solution reacting with TMC in an organic solvent.

Membranes produced using aromatic diamines such as MPD produce a more cross-linked

polyamide selective layer compared to an aliphatic amine such as PIP and are able to

reject NaCl at 99.5 % [29]. This method is used to produce FT-30, a reverse osmosis

membrane produced by Filmtec [29].

Alternatively, an aliphatic monomer such as PIP can also react with aromatic TMC

to form a semi-aromatic poly(piperazinamide) [29]. Membranes based on this chemistry

exhibit low rejections of NaCl (50%) [29], [42]. Commercial membranes that employ this

selective layer include NF270 from Filmtech [29]. The membranes produced in this work

were carried out using this chemistry, as this is the most commonly used monomer for

nanofiltration applications.

The concentration of the monomer is crucial for the performance of the membrane. A

study conducted by Khorshidi et al. investigated the effect of the monomer concentration

on the salt rejection and water flux of the TFC membrane. It was found that increasing

the MPD concentration from 1% to 2% increased the salt rejection from 95% to 97% and

decreased the water flux from 45 L m−2 h−1 to 15 L m−2 h−1 at 15 bar [30].
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Acyl chlorides used during interfacial polymerisation

The structure and the number and position of the acyl halide group on the aromatic ring

influence the structure of the resulting polyamide [9]. In addition to the most commonly

used trifunctional monomer TMC, membranes have also been prepared from bifunctional

acyl chlorides such as IPC or TPC [41], [43], [44]. The use of these bifunctional acyl

chlorides reduces the amount of unreacted acyl chloride group and also produces a linear

polyamide rather than a more cross-linked structure when reacted with amines [41]. This

difference in the degree of cross-linking results in lower rejections in membranes produced

using IPC and TMC, as Saha et al., found that a PIP-IPC PA TFC membrane had a water

flux of 25 L m−2 h−1 and NaCl rejection of 40 % compared to a water flux of 90 L m−2 h−1

at 10 bar and a NaCl rejection of 50 % when using a PA fabricated using PIP-TMC [42].

The concentration of acyl chloride is also crucial for the performance of the membrane.

Khorshidi et al., also investigated the effect of increasing the acyl chloride concentration

from 0.15 % to 0.35 %. It was found that the increase in concentration resulted in higher

water flux 13 L m−2 h−1 to 45 L m−2 h−1 at 15 bar. However, the salt rejection decreased

from 97.5 % to 95 % [30].
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2.3.3 Solvents used during interfacial polymerisation

The organic solvent used for IP must be immiscible in water, and n-hexane is the

most widely used solvent for IP [1]. Studies have also been carried out using heptane,

cyclohexane, isopar G, benzene and 1,2-Dichloroethane [30], [40], [45], [46]. A study, carried

out by Hu et al., investigated the effect of the organic solvent used during interfacial

polymerisation and the effect this solvent has on the resulting TFC membrane in terms of

salt rejection and water flux [47]. PIP and TMC were used as the monomers, and the feed

solution comprised of an aqueous Na2SO4 solution. Cyclohexane, (68.1 L m−2 h−1, 96.9 %)

n-hexane, (57.5 L m−2 h−1, 97.7 %), toluene, (43.9 L m−2 h−1, 87.2 %) and xylene, (34.6

L m−2 h−1, 91.8 %) were tested at 10 bar, and it was found that from the four solvents,

cyclohexane performed the best in terms of water flux and salt rejection [47].

The addition of solvents to the aqueous or organic phase can alter the interfacial

properties and improve the polymerisation efficiency. Solvents employed for this include

n-propanol, i-propanol and DMF as they have good solubility towards polyamide [48].

Akbari et al., added dimethyl sulfoxide (DMSO) in the aqueous phase during interfacial

polymerisation and the resultant TFC membranes experienced a flux increase of 46 % and

the salt rejection remained unaltered [49].
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2.3.4 Current protocols and chemicals used in membrane

fabrication

Organic Solvent Nanofiltration Membrane Fabrication

Different to membranes that are employed for aqueous applications, OSN membranes

require stability in harsh organic media for them to be utilised in a wide range of solvents

[11]. Conventional TFC membranes, when in contact with organic solvents, swell or

undergo dissolution as the structure of the polymer is not able to withstand the harsh

organic nature of solvents [11]. To overcome this, a cross-linking step is required to enhance

membrane stability [7]. Polymer cross-linking can take place using chemical cross-linking,

plasma cross-linking or UV cross-linking [50]. Chemical cross-linking is the most widely

adopted technique for OSN membranes due to the relative ease of the method compared

to the use of UV or plasma crosslinking, covalent bonds are formed to join polymer chains

together, which allow for stability in polar aprotic solvents [11].

The polymer chosen for a membrane affects the pore size, morphology and chemistry

of the membrane. The support is the foundation of the TFC membranes and the interface

where IP occurs. Polymer choice for membrane fabrication is determined by the polymer’s

chemical and thermal stability, film forming properties, tolerance to a wide range of

pH, availability and price [1], [7]. Polymers undergo dissolution in organic solvents at

temperatures above 50 °C to form a polymer dope solution suitable for casting, and

consequently, high glass transition temperatures are required [1]. Common synthetic

polymers utilised for membrane fabrication typically include polyacrylonitrile (PAN) [51]–

[54], polybenzimidazole (PBI) [39], [51], polyimide (PI) [37], [51], [55]–[57], polyaniline

(PANI) [36], [58]–[61], polythiosemicarbazide (PTSC), polysulfone (PSf), polyvinylidene

difluoride (PVDF) [38], [51], [62], [63] and poly(ether–ether–ketone) (PEEK) [64]–[66].

Current membrane protocols for fabricating OSN membranes require lengthy fabrication
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procedures and produce substantial amounts of hazardous waste. To begin with, polymer

solutions are heated at temperatures greater than 70 °C for over 8 hours to form a dope

solution [27]. Membrane supports are fabricated using phase inversion and then undergo

chemical cross-linking, a procedure based on the polymer type. The most commonly

employed polymer for OSN is polyimide and supports undergoing a sixteen-hour cross-

linking procedure in a hexanediamine and isopropanol solution to allow stability in organic

solvents [37], [55]. Other common polymers used to produce membranes used in OSN and

the common cross-linking procedures are shown in Table 2.3.

Table 2.3: Common polymers and solvents used for OSN membrane fabrication

Polymer
Dope

Solution
Solvent

Cross-linking reagent
Cross-linking

Reaction
conditions

Ref

PAN DMF Hydrazine
hydrate/water 8 h, 80 °C [35]

PANI NMP/maleic
acid

α, α-dichloro-p-
xylene in

acetone/hexane
144 h, 25 °C [36]

PI DMF hexanediamine in
isopropanol 16 h, 25 °C [37]

PBI DMA
α, α

-dibromo-p-xylene in
acetonitrile

24 h, 80 °C [39]

PVDF NMP/THF

Methanol solution of
sodium hydroxide,

para-xylenediamine
and magnesium oxide

24 h, 25 °C [38]

Solvent activation

A common post-treatment method employed to enhance flux and selectivity is solvent

activation [67]. The solvent is passed through the membrane for a duration of time to

remove any contaminants or oligomers within the membrane [37]. An increase in flux

and selectivity is experienced after solvent activation, and this can be attributed to the
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opening of the membrane pores that may have been previously blocked [68]. Activating

the membrane with a solvent irreversibly modifies the membrane surface [69].

The solvent choice for activation is determined by the similarities in the Hildebrand

solubility parameters of the activating solvent and the selective polyamide layer [37]. The

Hildebrand solubility parameter of different solvents and polyamide can be seen in Table

2.4. Polar aprotic solvents have a better affinity to polyamide compared to alcohols and

the top 3 solvents for activation are NMP, DMAc and DMF. Solvent activation has been

applied to RO and NF membranes where the use of alcohols such as ethanol, methanol

or isopropanol are used [69], [70]. These solvents are chosen as the membrane is able to

interact with the solvent without dissolution [69], [70]. Kulkarni et al. reported the use of

ethanol for solvent activation and this increased water permeance from 6 L m−2 h−1 bar−1

to 20 L m−2 h−1 bar−1 and increased NaCl rejection slightly from 70 % to 75 % [70].

Table 2.4: Hildebrand solubility parameter of different solvents, values taken from [71]

Solvent Hildebrand Solubility
Parameter (MPa)1/2

NMP 22.9

DMAc 22.7

DMF 24.8

DMSO 26.6

. Methanol 29.7

Ethanol 26.2

PA 23.0

The use of solvent activation has been extended to OSN membranes and as these

membranes are stable in harsh organic media, polar aprotic solvents can be used for

activation. The use of DMF for solvent activation has been widely reported in literature

and different studies have been carried out using different activation protocols [67], [68],

[72]. These include treating the membrane with DMF at 80 °C for 30 min [73]–[75], DMF
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filtration for 25 min [76] and 10 min [37], [55]. The studies have all reported a significant

increase in flux and selectivity after DMF activation. Mertenes et al., experienced an

increase of permeance in acetonitrile by a factor of 11 after DMF activation in PVDF

membranes and the activation had no effect on the Rose Bengal rejection, as it remained

the same as prior to activation [38]. Solomon et al. explored solvent activation for PI

membranes, where acetone permeance increased to 71 L m−2 h−1 bar−1 compared to 0.3 L

m−2 h−1 prior to activation when using DMF as the activation solvent [37]. Solomon et al.

also reported that membrane flux can be improved by eight times, with an 11 % increase

in rejection when using DMF as an activating solvent [55].

Further work has been carried out using different solvents for activation, Guo et al.

used an ionic liquid to treat a commercial PA TFC RO membrane (DOW BW30LE) and

the results indicated that solvent activation improved the flux by 62 % with a 2.6 %

decrease in salt rejection [77]. Shi et al., investigated the use of hexane as an activating

solvent and found the flux experienced an increase of 63 % after activation, however, the

rejection decreased by 0.48 % [78]. Solomon et al. also looked at DMSO for activation,

prior to activation, the membrane experienced no tetrahydrofuran, (THF) flux and after

activation with DMSO the same membrane experienced a flux of 49 L m−2 h−1 at 30 bar

[37].
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2.4 Sustainability in membrane fabrication

Fabrication methods employed for OSN membranes, in particular, are lengthy and

conventional fabrication methods use solvents that are generally synthesised from the

fractional distillation from crude oil and natural gas, see Table 2.3 [27]. The use of

petroleum-derived solvents and synthetic polymers offsets the green credentials of membrane

processes and has a negative impact on the environment [27].

The use of petroleum-derived solvents carry great health and safety risks and the

use of common solvents used in fabrication such as DMF, NMP, DMAc, heptane and

hexane are all deemed ’hazardous’ and carry considerable hazards [79]. These hazards

include explosiveness, flammability, volatility, and health hazards such as acute and

chronic toxicity, carcinogenicity, mutagenicity, reproduction/developmental [79]. Due to

the hazards associated with these solvents, they are highly regulated by the European

Chemical Agency [Regulation (EC) no. 1907/2006]. The hazards associated with the

solvents for polymer dope solutions and interfacial polymerisation are shown in Table 2.5.

Membrane fabrication generates a substantial amount of hazardous waste which has to

undergo targeted disposal. Usually, up to 75–85 wt% of the petroleum-derived solvent and

any additives present in the dope solution are transferred to the non-solvent bath during

phase inversion [27]. This process can produce up to 100-500 L of liquid waste to fabricate

one square meter of a membrane [27]. Globally, it is estimated that membrane production

annually generates more than 50 billion litres of wastewater with toxic solvents. OSN

membranes require a chemical cross-linking step for enhanced stability in organic solvents,

which further generates a large number of liquid waste [10]. The disposal of this waste

not only incurs an environmental burden as treatment is required before disposal but also

comes at a substantial cost [65].
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Table 2.5: Hazards associated with solvents typically used for membrane fabrication

Solvent Hazard statements CHEM21
ranking

N-Methyl-2- pyrrolidone
NMP

H315 - Causes skin irritation H319 -
Causes serious eye irritation H335 -

May cause respiratory irritation H360D
- May damage the unborn child

Red

N,N Dimethylformamide
DMF

H226 - Flammable liquid and vapour
H312 + H332 - Harmful when in

contact with skin and toxic if inhaled
H319 - Causes serious eye irritation

Red

Hexane

H225 - Flammable liquids H315 - Skin
irritation H361f - Reproductive toxicity
H336 - Specific target organ toxicity -
single exposure central nervous system
H373 - Specific target organ toxicity -

repeated exposure nervous system
H304 - Aspiration hazard H411 -

aquatic hazard

Red

Heptane
H225 - Flammable liquids H315 - Skin
irritation H336 - Specific target organ

toxicity - single exposure Central
nervous system H304 - Aspiration
hazard H400 - Short-term (acute)
aquatic hazard H410 - Long-term

(chronic) aquatic hazard

Red
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As previously discussed in section 2.2 there are five main parts that affect membrane

fabrication - monomer for IP, solvent for IP, solvents for membrane fabrication, polymer

for membrane fabrication and fabrication methods. To produce membranes that have

a better environmental footprint and fewer health and safety risks associated with the

fabrication all five parts should be investigated to explore the feasibility of producing

membranes with safer and sustainable materials.

2.4.1 Greener membrane fabrication procedures

Green Chemistry is defined as the ‘design of chemical products and processes to reduce

or eliminate the use and generation of hazardous substances. [80]. It aims to utilise

efficiently raw materials that are preferably renewable and to eliminate waste. It also aims

to avoid the use of toxic and/or hazardous reagents and solvents in the manufacture and

application of chemical products [80]. There are five principles that can be adopted to

improve the sustainability of membrane fabrication, and they are:

1. ‘Less hazardous chemical synthesis: wherever practicable, synthetic methods should

be designed to use and generate substances that possess little or no toxicity to human

health and the environment’;

2. ‘Safer solvents and auxiliaries: The use of auxiliary substances (e.g. solvents, sepa-

ration agents, etc.) should be made unnecessary wherever possible and innocuous

when used’;

3. ‘Design for energy efficiency: The energy requirements of chemical processes should

be recognised for their environmental and economic impacts and should be minimised.

If possible, synthetic methods should be conducted at ambient temperature and

pressure’;

4. ’Use of renewable feedstocks: A raw material or feedstock should be renewable rather
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than depleting wherever technically and economically practicable’;

5. ‘Inherently safer chemistry for accident prevention: Substances and the form of a

substance used in a chemical process should be chosen to minimise the potential for

chemical accidents, including releases, explosions, and fires’ [80].

In addition to the principals mentioned, a framework developed by Szekly et al.

highlighted the different methods that can be adopted to embed sustainability in membrane

fabrication [27]. This can include:

1. The use of bio-based green solvents - this is in line with principles of green chemistry

(a) substituting conventional solvents with greener solvents as solvents account for

the bulk of liquid waste during fabrication and; (b) using low toxicity chemicals, this

will improve health and safety of fabrication as the risk for explosions and fires is

reduced. The substitution of the chemicals to greener alternatives will reduce the

environmental impact of solvents;

2. Reducing the number of steps involved in membrane fabrication which will reduce

the amount of toxic waste generated and reduce the cost and energy consumption

associated with membrane fabrication;

3. The use of renewable materials for membrane fabrication which will improve sustain-

ability;

4. The energy consumption associated with membrane fabrication comes from the

dissolution of the polymer in the solvent to form a dope solution. Producing dope

solutions at room temperature will allow for a reduction in the energy consumption,

costs and also carbon footprint of membranes. In addition to this, membranes for

OSN require cross-linking to enhance chemical stability, and establishing protocols

that are able to proceed at room temperature will also have similar benefits;
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5. The use of materials that are degradable, which will allow membranes to degrade

naturally and reduce landfill waste.

2.4.2 Solvents for fabrication

Solvent selection guides are tools employed by the pharmaceutical industry to facilitate

the use of the most sustainable solvent in processes [81], [82]. The purpose of the guide

is to reduce the consumption of hazardous solvents and offer alternatives where possible

[81]. Solvent guides are currently employed by several pharmaceutical companies including

GlaxoSmithKlein, Astrazenca and Sanofi [83]–[85]. Solvents are objectively categorised and

ranked based on different criteria such as environment health and safety (EHS), process

safety, physical properties, toxicology, health hazard and waste management [83], [86]–[88].

Each area is given an assessment score and these are compiled, and a final ranking is

determined for the solvent. The layout of the guides are similar, employing a traffic light

system: green ‘preferred’ yellow ‘usable’ and red ‘undesirable.’ [81], [83].

The CHEM21 - (Chemical Manufacturing Methods for the 21st Century Pharmaceutical

Industries) is a consortium consisting of multiple stakeholders of pharmaceutical companies

and academics aiming to improve the sustainability of the European pharmaceutical

industry [79]. CHEM21 classifies 51 solvents both classical and neoteric into four systematic

categories: recommended, problematic, hazardous and highly hazardous. The criteria

for the ranking is chosen from EHS principals and similarly to solvent selection guides,

a traffic light system is employed, red for ‘highly hazardous and hazardous’, yellow for

‘problematic’ and green for ‘recommended.’ Table 2.5 have listed the CHEM 21 rankings

of the solvents used for phase inversion and interfacial polymerisation, and they are all

ranked as hazardous [79].

The use of solvent selection guides offers benign alternatives to hazardous and toxic

solvents and present safer alternatives such as alcohols, ionic liquids and bio-renewable
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green solvents. By definition, bio-renewable solvents refer to solvents derived from a

renewable feed stock such as biomass and the use of alternative bio-renewable solvents in

membrane fabrication posses many advantages compared to petroleum derived solvents as

they are (1) less hazardous; (2) are derived from renewable materials; and (3) less toxic to

the environment [89].

Ionic liquids are organic salts that exist as liquids at low temperatures (<100 °C) and

have low vapour pressure, and thus are deemed as green solvents [90]. Ying et al., reported

the use of the ionic liquid 1-butyl-3-methylimidazolium thiocyanate ([BMIM]SCN) as an

alternative solvent used in phase inversion [91]. Compared to membranes produced using

NMP, the ionic liquid-based membrane had lower water permeance at 983 L m−2 h−1

bar−1 and 114 L m−2 h−1 bar−1 respectively. The use of ionic liquids resulted in denser

membranes, as the polymer dope solution had a higher viscosity than the NMP solution,

which accounted for the difference in water permeability [91]. The study also investigated

the recycling of the coagulation bath; the water was evaporated, the solvent was reused to

produce a dope solution and membranes were cast using the recycled solvent dope solution.

Interestingly, the membrane produced using the recycled solution had a higher porosity

and pure water permeability than the original dope solution membranes at 7.0 % and

6.2 % respectively and 119 L m−2 h−1 bar−1 and 114 L m−2 h−1 bar−1 respectively. This

study presents many interesting concepts, the use of the ionic liquid as an alternative to

NMP was presented and the recycling of the waste derived from fabrication, leading to a

circular economy of membrane fabrication.

The use of ionic liquids has also been extended to interfacial polymerisation. Marien et

al. used the immiscible ionic liquid for the organic phase [1-butyl-3-methylimidazolium(C4mim)],

[90]. TFC Membranes were produced using the new polyamide layer and were compared

with the conventional polyamide using n-hexane. The water permeance for the TFC

membrane produced using the ionic liquid for IP was three times higher than n-hexane

at 1.09 L m−2 h−1 bar−1 and 0.31 L m−2 h−1 bar−1, respectively. The membrane was

also tested in reverse osmosis applications and experienced comparable sodium chloride
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rejections at 96.8 % and 96.7 % respectively [90].

Further to this work, Haranto et al. also used an ionic liquid for the organic phase for in-

terfacial polymerisation [92]. 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide

(C4MIM Tf2N) was used, and the membranes had comparable water flux at 8.88 L m−2

h−1 for the synthesised PA in ionic liquid and 8.85 L m−2 h−1 at 14 bar for the n-hexane

synthesised PA. The use of ionic liquid shows that the use of sustainable alternatives can

produce comparable results with improved health and safety and environmental benefits.

Dimethyl sulfoxide is a petroleum-derived polar solvent that has no associated hazards

and can also be used as an alternative solvent for membrane fabrication compared to

NMP and DMF [37]. An example of the use of this solvent for membrane fabrication

was reported by Soroko et al. where they substituted the conventional DMF/1,4-dioxane

solvent mixture used to produce polyimide OSN membranes with an environmentally

friendly DMSO/acetone solvent mixture [93]. In this work, the membranes prepared from

DMSO/acetone had similar performance in terms of rejection compared to membranes

prepared from DMF/1,4-dioxane as the MWCO of the membranes were 380 g/mol and

350 g/mol respectively. In addition to the similarity in MWCO, the flux of the membranes

was also similar at 129 L m−2 h−1 and 137 L m−2 h−1 respectively at 30 bar. The study

demonstrates that alternative solvent systems can be employed in membrane fabrication,

replacing conventional systems without compromising the separation characteristics.

Membranes have also been fabricated using the bio-renewable solvents methyl lactate

and 2-Methyltetrahydrofuran.[94]. Rasool et al. reported the use of a solvent mixture

containing methyl lactate and 2-MeTHF and the polymer cellulose acetate to produce

asymmetric membranes that were suitable for nanofiltration [94]. Another study conducted

by Rasool et al. employed G-valerolactone (GVL) and a set of glycerol derivatives as a

replacement for petroleum-derived solvents [94]. The study produced different polymer

solutions using a wide range of solvents and commonly used polymers employed for

membrane fabrication, PI, CA, PVDF, PES. In total, eleven different bio-renewable

41



2.4. Sustainability in membrane fabrication

solvents were explored, and it was found that cellulose acetate dissolved well in the

green solvents and produced asymmetric membranes that were suitable for nanofiltration.

Further to this, other green solvents used for membrane fabrication have included TamiSolv

NxGl [95], Polarclean [96], dimethyl isosorbide [97] and Cyrene™ [98].

The use of green solvent replacements for interfacial polymerisation has also been

explored and oleic acid, which is found in olives, canola and tallow was investigated by

Falca et al. [99]. TFC membranes were prepared using oleic acid and a PAN support. The

membranes exhibited an MWCO of 650 g/mol and high methanol permeance of 57 L m−2

h−1 bar−1 . In addition to this, decanoic acid, a medium-chain fatty acid found in coconut

oil and palm kernel oil and other animal fats, has been reported as an alternative solvent

for IP by Ong et al. [100]. TFC membranes were fabricated using a PAN support and

were tested for OSN applications. The molecular weight cut-off for these membranes was

around 650 g/mol. The permeance of the TFC membrane was tested against commercially

available Solsep 030705 and Duramem 150 membranes and the green PA surpassed in

methanol permeance at 60 L m−2 h−1 bar−1, 1.4 L m−2 h−1 bar−1 and 0.48 L m−2 h−1

bar−1 respectively. The work opens up an avenue of exploration into the use of alternative

solvents that can be used instead of toxic conventional solvents, as the bio-renewable

solvents that were selected in the above studies do not impose any health and safety risks

during membrane preparation.

2.4.3 Polymers for fabrication

In order to mitigate the environmental burden posed by membrane fabrication, a

feasible strategy is to prepare biodegradable membranes from renewable materials that

do not persist in the environment. One example of this is using the naturally occurring

polymer Poly(lactic acid) (PLA) which is a polyester derived from renewable biomass.

Le Phuong et al. reported the use of this polymer in combination with bamboo fibres to

create a membrane derived solely from natural materials [101]. The membranes produced
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in this work were tested for stability in organic solvents and although the membrane did

not exhibit stability in the harsh polar aprotic solvent DMF, the membranes were able

to remain intact in hexane, Cyrene™, 2-MeTHF, NMP, ethyl acetate and toluene for six

months. It was found that bamboo fibre was insoluble in solvents and the dissolution in

DMF was due to the PLA dissolving rather than the bamboo fibre. This work presents

an interesting and innovative alternative to conventional petroleum derived polymers for

applications in OSN.

Further to the use of natural materials, the recycling of polymers can also be adopted.

Pulido et al. utilised waste water bottles to fabricate membranes from recycled poly(ethylene

terephthalate) (PET) [102]. This polymer is resistant to harsh polar aprotic solvents such

as DMF and therefore does not require an additional cross-linking step. The membranes

were produced using NIPS utilising ethanol and methanol as the coagulant. The membrane

exhibited high solvent permeances ranging from 50 to 300 L m−2 h−1 bar−1, in solvents

such as hexane and DMF. The membranes were also tested using DMF at 100 °C and the

membrane exhibited excellent integrity in the hot polar solvent.

A study was conducted comparing PEEK, a synthetic polymer that remains stable in

polar aprotic solvents, to the conventionally used polymer polyimide for OSN [65]. The

fabrication procedure, amount of waste generated during fabrication and the environmental

burden of fabrication using the two polymers was compared. Green metrics such as the

E-factor, which is a measure of waste produced with respect to the product, and solvent

intensity, which is a measure of the solvents used during fabrication with respect to the

product were investigated. Further to this, the waste cost was also explored to assess the

environmental impact of the fabrication of the two polymer membranes. It was found

that the solvent intensity of PEEK membranes was 8.3 compared to 224 for the PI-based

membranes. The total waste produced during the fabrication of the PEEK membranes

was 0.21 kg m−2 whereas the traditional polyimide fabrication method generated 6.58 kg

m−2 of waste. The difference in the two values can be attributed to the need for chemical-

crosslinking of PI, as a greater number of solvents and reagents are required, generating
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greater waste. The study highlighted that the use of PEEK a synthetic polymer possesses

many environmental and economic advantages compared to conventional polyimide. The

use of PEEK as a polymer alternative for OSN has also been reported by Kim et al. [68]

and da Silva Burgal et al. [66].

2.4.4 Alternative fabrication methods

Another method for imbuing sustainability in membrane fabrication is modifying the

fabrication process for OSN by incorporating the cross-linking solution as the coagulant

during phase inversion. Vanhereck et al. reported the use of an aqueous-based amine

cross-linker rather than the conventional isopropanol-based amine solution to produce PI

membranes suitable for use in OSN [103]. The combination of using the cross-linker as the

coagulant eliminated the need for an additional post-synthesis cross-linking step and also

the amount of liquid waste generated during the fabrication process [103].

Park et al. reported the use of recycled plastic PET support which was the foundation

of a hydrophobic TFC membrane. The study used the green solvent p-cymene for phase

inversion and interfacial polymerisation and the TFC membrane was tested for OSN

applications.[104]. Green monomers for interfacial polymerisation, tannic acid in the

aqueous phase and priamine in the organic phase were also used to produce the first

reported TFC membrane produced solely through green materials for OSN applications.

The membranes experienced acetone permeance of 9.1 L m−2 h−1 bar−1, and a molecular

weight cut-off of 395 g/mol.

Herman et al. reported an interesting method to reduce the number of steps involved

in membrane fabrication and to reduce the amount of waste produced [105]. This was

done through the combination of phase inversion, crosslinking and impregnation of a

polyimide support by adding amines to the aqueous coagulation bath [105]. A combination

of hexamethylenediamine and MPD in the coagulation bath produced PI membranes that
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had already been cross-linked and impregnated with MPD through a one-step process,

and the only step required was the addition of a TMC/n-hexane solution to produce

TFC membranes. The TFC membranes fabricated using this method experienced ethanol

permeance of 0.17 L m−2 h−1 bar−1 and a Rose Bengal rejection of 97.5 %. The solvent

intensity of the two methods, the traditional method and the new method used in this work,

were compared. The solvent intensities were calculated to be 519 and 269 respectively,

indicating that a reduction in the amount of solvent used resulted in less waste and a

better environmental impact of membrane fabrication [105].

Paseta et al. investigated using TMC vapours for interfacial polymerisation with an

aqueous MPD solution [106]. The exclusion of the organic solvent during fabrication

presented an interesting, greener fabrication alternative. The use of reagents using this

method was compared with the traditional method of fabrication using a TMC-hexane

solution, and the use of the TMC vapours for IP reduced the TMC consumption by 92

%. The fabrication of polyamide through the TMC vapours was formed on a polyimide

support and tested for OSN applications. A Rose Bengal rejection of 98 % was experienced,

and water permeation reached 2.4 L m−2 h−1 bar−1, compared to 1.2 L m−2 h−1 bar−1,

when using the traditional TMC-hexane polyamide fabrication method [106].

Many other different monomers have been used for interfacial polymerisation and these

include dopamine typically sourced from mussels [51], [107]–[110], tannic acid typically

sourced from seeds and galls [51], [111]–[113] vanillic alcohol commonly produced from

lignin waste [51], [114], [115], quercetin [116], morin hydrate [117] and cyclodexterin [69].

A bio-inspired coating is produced, which has applications in both water purification and

organic solvent nanofiltration. The use of plant-based monomers was investigated by Fei

et al. to produce bio-inspired membrane coatings [51]. This work looked at eugenol which

is extracted from cloves, morin which comes from guava leaves, and quercetin which is

a common plant flavanol to produce membranes that were suitable for OSN [51]. The

coatings experienced a molecular weight cut-off between 390–1550 g/mol and 0.5–40 L

m−2 h−1 bar−1, permeance in acetone.
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Separation processes are essential in numerous industries and as the focus on climate

change and water resources increases globally the use of membrane separation will in-

crease. Membranes produced using naturally derived or recycled materials will ensure that

membrane separation is a green alternative. The use of alternative solvents, monomers

and fabrication methods has the potential to change the membrane research field. Next-

generation membranes can be fabricated with eco-friendly, sustainable, less hazardous

materials to produce membranes that have higher through-puts and require less energy.

The work in this thesis will look at bio-renewable green solvents and sustainable fabrication

methods to produce membranes for nanofiltration in aqueous and organic applications.
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Methods and Materials
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3.1. Materials

The materials that were used in this work will be listed and the different protocols

that were used for membrane fabrication will be described. Further to this, the different

characterisation techniques that were used to characterise the membranes will also be

presented.

3.1 Materials

The materials used for the work carried out in this thesis are listed in Table 3.1, 3.2,

3.3 as well as their sources.

Table 3.1: Materials used for Membrane Fabrication

Material Source

Cellulose acetate (average Mn ∼ 30,000 g/mol,
39.8 wt% acetyl content) Sigma Aldrich

Polyimide P84 HP Polymer GmbH

N-Methyl-2-pyrrolidone (NMP) (99.9 % purity) Sigma Aldrich

Dimethylformamide (DMF) (95% purity) Fisher Chemicals

Cyrene™ [(-)-dihydrolevoglucosenone (1S, 5R)-6,
8-dioxabicyclo[3.2.1]octan-4-one Sigma Aldrich

Methanol (99.99% purity) Fisher Chemicals

Acetone (99.99% purity) Fisher Chemicals

Potassium hydroxide (KOH) pellets Alfa Aesar

Acetic Acid Sigma Aldrich

NF 270 membrane FilmTEC
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3.1. Materials

Table 3.2: Materials used for Interfacial Polymerisation

Material Source

Piperazine (PIP, 99.0 %) Sigma Aldrich

1,3,5-benzenetricarbonyl chloride (TMC, 98+ %) Sigma Aldrich

2-Methyltetrahydrofuran (99.0 purity %) Sigma Aldrich

n-hexane (99.0 purity %) Fisher Chemicals

Table 3.3: Materials used for Solvent Filtration

Material Source

Ethanol (99.99% purity) Fisher Chemicals

Acetone (99.99% purity) Fisher Chemicals

Toluene (99.99% purity) Fisher Chemicals

n-hexane (99.0 purity %) Fisher Chemicals

Chloroform (99.99% purity) Fisher Chemicals

Dimethylformamide (DMF) (95% purity) Fisher Chemicals

Dichloromethane (DCM) (99.99% purity) Fisher Chemicals

Table 3.4: Materials used for Solvent Activation

Material Source

Ethanol (99.99% purity) Fisher Chemicals

Dimethylformamide (DMF) (95% purity) Fisher Chemicals

Dimethyl sulfoxide (99.99% purity) Sigma Aldrich

Cyrene™ [(-)-dihydrolevoglucosenone (1S, 5R)-6,
8-dioxabicyclo[3.2.1]octan-4-one Sigma Aldrich
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3.2. Experimental methodologies

Table 3.5: Materials used for Nanofiltration Testing

Molecular
Weight (g

mol−1)
Source

Sodium sulfate (Na2SO4, ≥
99.0%), 142.0 Sigma Aldrich

Magnesium sulfate (MgSO4, ≥
99.0%), 120.3 Sigma Aldrich

Magnesium chloride (MgCl2, ≥
98.0%) 95.2 Sigma Aldrich

Sodium chloride (NaCl,≥ 99.5%) 54.4 Sigma Aldrich

Rose Bengal (RB, 95%) 1017.6 Sigma Aldrich

Fast Green F (FGF, 99.5%) 808.0 Sigma Aldrich

Rhodamine B (Rh B, 95 %) 479.0 Alfa Aesar

Methyl Orange (MO, 85%) 327.3 Alfa Aesar

Methylene Blue (MB, 80%) 319.9 Alfa Aesar

Polyethylene glycol 200-20,000 Alfa Aesar

3.2 Experimental methodologies

3.2.1 Preparation of supports for membranes used in organic

solvent nanofiltration in chapter 4

Polyimide: 12 wt.% polyimide was dissolved in NMP or Cyrene™ at 80 °C, and the

solution was stirred until complete dissolution. The solution was left overnight to remove

any air bubbles present. The dope solution was then cast onto a glass plate using a casting

knife (Elcometer 3700) set at a thickness of 200 µm at room temperature. Immediately

after casting, the support was immersed into the coagulation bath containing deionised
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3.2. Experimental methodologies

water for phase inversion to occur at room temperature.

Cellulose acetate: 17.5 wt.% cellulose acetate was dissolved in Cyrene™ or Cyrene™

and acetic acid (3:1) or DMF at 50 °C, and the solution was stirred until complete

dissolution. The solution was left overnight to remove any air bubbles present. The dope

solution was then cast onto a glass plate using a casting knife (Elcometer 3700) set at

a thickness of 200 µm. Immediately after casting, the support was immersed into the

coagulation bath containing the deacytalation solution (0.05 M KOH/water) where phase

inversion occurred, and the membrane was left in the solution for 0, 30, 60, 90 and 120

minutes at room temperature. The supports were removed from the solution and rinsed

with deionised water until a neutral pH was obtained. The supports were kept in DI water

until characterisation.

3.2.2 Preparation of free-standing polyamide films in Chapter

5

PA(n-hexane): To fabricate a conventional polyamide film which will have the

abbreviation "PA(n-hexane)", 0.1 wt.% TMC was first dissolved in n-hexane and the

organic solution was introduced into aqueous solutions containing 2 wt.% PIP.

PA(2-MeTHF): To fabricate the bio-derived polyamide film which will have the

abbreviation "PA(2-MeTHF)", 0.1 - 3 wt.% TMC was first dissolved in 2-MeTHF, and the

organic solutions were introduced into aqueous solutions containing 2 wt.% PIP.

All characterisations were carried out on the PA(n-hexane) of 0.1 wt.% TMC and 2

wt.% PIP and PA(2-MeTHF) of 2 wt.% TMC and 2 wt.% PIP. Further details on the

difference in the concentration of TMC used between the two polymers in this work are

found in Chapter 5.
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3.2. Experimental methodologies

3.2.3 Fabrication of supports for membranes used in organic

solvent nanofiltration in Chapter 5

Fabrication of TFC membranes PA(n-hexane): The support was taped to a

glass plate, with the skin layer facing upwards, and placed in an aqueous solution of 2

wt.% PIP for 2 min. The amine-loaded support was pressed with a roller and wiped to

remove excess amine solution, prior to immersion in an n-hexane solution 0.1 wt.% TMC

for 1 min. The TFC membrane was then rinsed with n-hexane to remove any unreacted

TMC. The membrane was left in water for 24 hours prior to testing.

Fabrication of TFC membranes PA(2-MeTHF): The support was taped to a

glass plate, with the skin layer facing upwards, and placed in an aqueous solution of 3

wt.% PIP for 3 mins before immersion in 3 wt.% TMC in 2-MeTHF for 4 mins. Resultant

membranes were rinsed with 2-MeTHF to remove excess TMC and stored in water for 24

hours prior to characterisation.

Solvent activation: DMF, DMSO and Cyrene™ were used as solvents for activation

and were filtered through the membrane at 5 bar for 10 minutes before the feed solution

was introduced.

3.2.4 Preparation of supports for membranes used in aqueous

nanofiltration in Chapter 6

10 wt.% cellulose acetate was dissolved in with Cyrene™ or Cyrene™ and acetone

or Cyrene™ and methanol at a 50:50 ratio at room temperature, and the solution was

stirred until complete dissolution. The solution was left overnight to remove any air

bubbles present. The dope solution was then cast onto a glass plate using a casting knife

(Elcometer 3700) set at a thickness of 200 µm. Immediately after casting, the support
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3.3. Physicochemical characterisation

was immersed into the coagulation bath containing deionised water for phase inversion to

occur at room temperature. The TFC membrane fabrication was carried out using the

same methodology as highlighted in section 3.2.2.

Solvent activation: Ethanol was used as the solvent for activation and was filtered

through the membrane at 5 bar for 10 minutes before the feed solution was introduced.

3.3 Physicochemical characterisation

3.3.1 Cloud point measurements/ternary phase diagram

The cloud points of the polymer solutions were determined by visual observation of a

turbidity change of the transparent polymer solution, while titrating it with the non-solvent

under continuous magnetic stirring and at 30 °C. All polymer solutions were weighed prior

to titration experiments. Cloud point was reached when the turbidity of the polymer

solutions did not disappear after stirring for more than one hour. Samples were weighed

again to determine the amount of non-solvent added to the solution. The three points:

polymer, solvent and non-solvent were used to plot the ternary phase diagram for each

polymer solution.

3.3.2 X-ray photoelectron spectroscopy

X-ray Photoelectron Spectroscopy (XPS) of PA(n-hexane) and PA(2-MeTHF) was

carried out using a Scienta 300 machine, operating at 1 x 10−9 bar. The X-ray source

was an unmonochromated Al Ka source and the pass energy was set to 75 eV. Survey

scans were collected at a dwell time of 133 msec, a step size of 200 meV and 2 scans were
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added. Detailed scans were 2 scans at a dwell time of 533 msec with a 20 meV step. The

polymers were dried at 120 °C prior to characterisation.

3.3.3 Solvent immersion

Solvent immersion tests were carried out in two different instances in this work. In

chapter 4, supports were immersed in DMF, ethanol, acetone, toluene, chloroform, DCM

and n-hexane. In chapter 5 the two polyamide layers were immersed in DMF and THF.

Swelling tests were carried out using 1 cm x 1 cm sample pieces and were immersed in 5

mL of solvent. The samples were dried in a vacuum oven at 100 °C before weighing. The

degree of swelling was calculated using the following equation:

Degree of swelling = Wf − Wi

Wi

(3.1)

Where:

Wi is the initial weight of the polymer after immersion

Wf is the final weight of the polymer, and all weights are in grams.

3.3.4 Porosity

The total porosity of the support samples in Chapter 4 was determined by filling the

pores of a pre-weighed support sample with water. The water-loaded samples were weighed

and the volume of water was obtained by the following equation:
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3.3. Physicochemical characterisation

Porosity = Ww − Wd

Adρ
(3.2)

where:

A is the surface area of the sample (m2 g−1)

d is the average thickness of the substrate (µm),

ρ is the density of water (g cm−3)

Wi and Wd are the mass of the wet and dry samples (g).

3.3.5 Scanning electron microscopy

Morphology of all the synthesised materials in this work was characterised by using a

JEOS JSM-IT100 Scanning Electron Microscope (SEM). Each SEM sample was sputter-

coated with a 10 nm gold layer prior to analysis. For the cross-sectional morphology of

membrane samples, all samples were freeze fractured in liquid nitrogen.

3.3.6 Contact angle measurements

Water contact angle measurements were carried out using a First Ten Angstroms (FTA

32) Instrument using the sessile drop method. For each membrane, five measurements

were performed and averages and standard deviations were derived. Ossila contact angle

software was used to determine the contact angle.
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3.3. Physicochemical characterisation

3.3.7 Thermal gravimetric analysis

Thermal gravimetric analysis (TGA) was carried out using a Mettler Toldeo TGA/DSC

3+ system. Thermal stability for the polymers and supports was studied, giving weight

loss as a function of temperature. The polymers were heated from RT to 800 °C at a rate

of 10 °C min−1. under a flow of nitrogen (flow of 100 mL/min). Samples were dried in a

vacuum oven at 120 °C overnight prior to characterisation.

3.3.8 Fourier transform infrared spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) was performed in attenuated total

reflectance (ATR) mode on an IRTracer-100 Shimadzu spectrometer to characterise

functional groups over a range of 600 – 4000 cm−1. All samples of the polymers were dried

for 12 h in a vacuum oven at 120 °C before analysis to remove any solvent present.

3.3.9 N2 Gas adsorption isotherms

Brunauer-Emmett-Teller (BET) surface areas were determined by nitrogen adsorption-

desorption isotherms for PA(n-hexane) and PA(2-MeTHF) at 77 K (Autosorb-iQ, Quan-

tachrome). Samples were degassed under vacuum at 120 °C for 24 h before characterisation.

All samples were dried for 12 h in a vacuum oven at 120 °C before degassing to remove

any solvent present.

70



3.3. Physicochemical characterisation

3.3.10 Solid State 13C NMR spectroscopy

Solid-state NMR experiments were performed on PA(n-hexane) and PA(2-MeTHF)

using Bruker Avance III spectrometers. 13C NMR spectra were recorded at 14.1 T, with

samples packed into 4-mm outer diameter rotors. All samples were dried for 12 h in a

vacuum oven at 120 °C before characterisation to remove any solvent present.

3.3.11 Nanofiltration testing

The water and solvent permeance of the membranes produced in this work were

measured using a stainless-steel dead-end pressure cell. The cell had a volume of 990

mL and a diameter of 70 mm, with a membrane area of 38.5 cm2. The membrane was

fitted at the bottom of the cell and the cell was filled with feed solution and tightly

closed with clamps. The feed solution was pressurised with nitrogen gas at 5 bar at

room temperature. During filtration, the feed solution was stirred at 700 rpm to avoid

concentration polarisation. Permeate samples of 50 mL were collected in capped flasks

as a function of time, weighed, and analysed. The permeance was calculated using the

following equation:

Permeance = V

At∆P
∗ 100% (3.3)

where:

permeance (L m−2 h−1 bar−1)

V is the volume of the solvent passing through the membrane (L),

A is the effective membrane area (m2),

t is the operation time (h),

∆P is trans-membrane pressure (bar).
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The rejection of the membranes was calculated using the following equation:

Rejection% = (1 − CP

CF

) ∗ 100% (3.4)

where:

Cp and Cf are the solute concentrations in the permeate and feed solution, respectively.

For aqueous nanofiltration experiments, a conductivity meter was used to determine

the salt concentration of the feed and the permeate. For organic solvent nanofiltra-

tion experiments, the dye concentrations in the solvents were determined using UV-VIS

spectrometry.

For membrane performance, at least three independent membranes were tested under

identical operating conditions. The error bar on the graphs represents the standard

deviation of reproducible results.

For the tests conducted with NF 270 TFC membrane, the membrane was compacted at

5 bar for 10 hours prior to characterisation. For the tests conducted with the membranes

produced in this work, the membranes were compacted for 1 hour at 5 bar prior to

characterisation.

3.3.12 Ultraviolet-visible spectroscopy measurements

Ultraviolet-visible spectroscopy (UV-Vis) spectra were obtained to determine dye

concentrations during OSN testing using a Thermo Scientific Evolution 60 UV-Vis spec-

trophotometer. All sample measurements were performed in a wavelength range of 300

nm to 800 nm, with an interval of 1 nm.
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3.3.13 Molecular weight cut-off measurements

Molecular Weight Cut-off (MWCO) tests were carried out using different polyethylene

glycol (PEG) aqueous solutions of different molecular weights as the feed solution. These

were filtered through the membrane at 5 bar and the permeate samples were collected.

The concentration of organic solutes was measured with a TOC VCPH/CPN Shimadzu

analyser in a non-purgeable organic carbon mode. Prior to the use of the TOC calibration

standards were prepared using potassium hydrogen phthalate. Equation 3.4 was used

to calculate the rejection of the different PEG solutions. A graph was plotted with the

rejection of the PEG against the PEG molecular weight, and the MWCO was determined

from the graph at 90 %.

73



3.3. Physicochemical characterisation

74



Chapter 4

Comparative study on the

replacement of petroleum-derived to

bio-renewable solvents for membrane

fabrication
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4.1 Introduction

Cyrene™ is a bio-renewable solvent derived from waste cellulose and was first developed

by the Circa Group in partnership with Professor James Clark, at the University of York.

Cyrene™ has demonstrated the capability to substitute toxic petroleum-derived solvents

such as DMF and NMP due to the similarities in density and polarity of the solvents, see

Table 4.1 for the data [1], [2]. Cyrene™ is synthesised in a two-step process from waste

cellulose, via a manufacturing process that is almost energy neutral and releases water

to the environment [3]. Cyrene™ has very low toxicity, well below the hazard thresholds

defined by the Globally Harmonized System of Classification and Labelling of Chemicals

(GHS). The replacement of DMF and NMP with Cyrene™ has many environmental and

health benefits, see Table 4.1 for the hazard statements associated with the three solvents

[4]. As Cyrene™ is produced from renewable materials such as waste biomass and cellulose,

it can be classified as a green solvent, however, despite the green origins of the solvent,

Cyrene™ has a yellow ranking in many solvent selection guides [4]. This yellow ranking is

due to the high boiling point it possesses of 227 °C which results in a high-temperature

requirement for solvent recovery [3], [4]. Despite this classification, Cyrene™ adheres

to two of the principles of Green Chemistry, ‘safer solvents and auxiliaries’ and ‘use of

renewable feedstocks’ and was explored for membrane fabrication [5].

Cyrene™ has been successfully employed as a green solvent substitute in several

industrially-relevant applications. The use of Cyrene™ has been investigated for graphene

fabrication [6], synthesis of organic urea [7] and the fabrication of metal-organic frameworks

[8]. Further to this, Cyrene™ has been used to produce the highest quality graphene inks

ever produced using the green solvent instead of traditionally-used NMP [9]. Cyrene™ has

also been reported to prepare polymeric membranes, and the use of Cyrene™ for membrane

fabrication was first explored by Marino et al. [2]. The study investigated the use of

Cyrene™ as a substitute for NMP and DMF in PVDF and PES support fabrication [2].

The fabrication conditions were investigated through the use of coupling vapour-induced-

and non-solvent-induced phase separation. Optimal conditions were found with regard
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to membrane morphology and properties such as the pure water permeation and pore

size were investigated [2]. The use of Cyrene™ has also been reported by Milescu et

al., for the fabrication of PES membranes with the addition of the pore-forming agent

polyvinylpyrrolidone (PVP) [1]. The temperature of the casting gel, coagulation time and

PVP concentrations were investigated to produce PES supports with different morphologies

[1]. These two studies report the proof of concept of using the solvent for the fabrication

of a support. To this date, a thin film composite membrane has not been fabricated using

Cyrene™ supports and further to this, the application of the supports produced using

Cyrene™ have not been reported.

Table 4.1: Physico-chemical properties for Cyrene™, NMP and DMF, values taken from
Marino et al. [2]

Properties Cyrene™ NMP DMF

Colour Colourless Colourless Colourless

Molecular weight
(g/mol) 128.13 99.13 73.09

Formula C6H8O3 C5H9NO C3H7NO

Boiling point (°C) 227 202 153

Flash point (°C) 108 91 58

Density (g/cm3) 1.25 1.02 0.93

Water miscibility Complete Complete Complete

Hazard Statement
H319 Causes
serious eye
irritation

H315 - Causes
skin irritation
H319 - Causes

serious eye
irritation H335 -

May cause
respiratory

irritation H360D
- May damage

the unborn
child,

H226 -
Flammable
liquid and

vapour H312 +
H332 - Harmful
when in contact
with skin and
toxic if inhaled
H319 - Causes

serious eye
irritation

CHEM21 ranking Problematic
(Yellow) Hazardous (Red) Hazardous (Red)
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In this chapter, the use of Cyrene™ for membrane fabrication was explored by producing

a support suitable for organic solvent nanofiltration applications. Initially, polyimide,

the most conventional polymer used for OSN, was used for fabrication; this polymer can

easily be cross-linked to produce supports suitable for harsh organic solvent filtration using

different methods [10]–[13]. As the fabrication of PI-Cyrene™ supports was not possible

due to solvent/polymer/non-solvent incompatibility, the polymer was changed to cellulose

acetate.

Cellulose acetate is a renewable polymer, and the use of this polymer coupled with

Cyrene™ produced supports solely using bio-renewable materials in line with the fifth

and seventh principles of Green Chemistry. A comparative study was carried out, and

supports produced using DMF (the conventionally used solvent) were compared to supports

produced using a combination of Cyrene™ and acetic acid (the bio-renewable alternative).

The study looked at investigating the effects of using a bio-renewable solvent on the

resultant support characteristics. The thermal and chemical stability, solvent filtration and

morphology of the two supports were investigated to assess the suitability of exchanging a

petroleum-derived solvent for an alternative bio-renewable solvent.

4.2 Hansen solubility parameters of polyimide

Hansen solubility parameters (HSP) were developed to predict the solubility of polymers

in solvents based on the idea that “like dissolves like”. Hansen represented materials as

a substance in a 3-dimensional space called the Hansen space; the components in each

dimension represent δD, δP , and δH attributed to dispersive forces, polar forces, and

hydrogen bonding, respectively.

The Hansen solubility parameter distance between solvent and polymer, Ra is a

measure of polymer-solvent affinities, see Equation 4.1. Smaller values of Ra indicate
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4.2. Hansen solubility parameters of polyimide

good compatibility between the solvent and polymer to form a homogeneous solution.

Good solvents have a distance from the centre of sphere Ra less than Ro (radius of

Hansen solubility sphere or polymer sphere). The relative energy difference (RED) is

used to describe the ability to dissolve a polymer in a solvent, as shown in Equation 4.2.

Theoretically, RED < 1 the molecules are alike and will dissolve, if RED = 1 the system

will partially dissolve and if RED > 1 the system will not dissolve.

Ra =
√

4(δDS − δDP )2 + (δP S − δP P )2 + (δHS − δHP )2 (4.1)

Where:

Ra is the distance between solvent and polymer

δP Hansen parameter representing polar interaction

δD Hansen parameter representing dispersive interaction

δH Hansen parameter representing hydrogen bonding parameter

S is the solvent

P is the polymer

RED = Ra

Ro

(4.2)

Where:

RED is the relative energy difference
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4.2. Hansen solubility parameters of polyimide

Ra is the distance between the solvent and polymer

Ro is the experimental sphere radius for the polymer

To explore the solubility of polyimide in Cyrene™, the Hansen solubility parameters of

PI, Cyrene™ and NMP which is the traditionally used solvent for PI support fabrication

were compared [14]. The Hansen distance between the polymer and the two solvents Ra,

NMP and Cyrene™ was calculated using Equation 4.1 and the results are listed in Table

4.2. The use of Cyrene™ presented a smaller Ra value compared to NMP at 7.1 and

7.9 respectively, indicating good polymer solvent compatibility. In addition to this, the

relative energy difference was calculated using Equation 4.2. The RED value of Cyrene™

was lower than that of NMP at 0.53 and 0.59 respectively, indicating better compatibility

between this polymer/solvent system.

Table 4.2: Hansen solubility parameters of PI membranes cast using Cyrene™ and NMP
using the non-solvent water, values taken from Marino et al. [2]

Polyimide NMP Cyrene™ Water

δD (MPa1/2) 20.9 18.0 18.8 15.5

δP (MPa1/2) 11.3 12.3 10.6 16.0

δH (MPa1/2) 9.7 7.2 6.90 42.3

Ra - 7.9 7.1 -

Ro 13.4

RED - 0.59 0.53 -
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4.3 Casting PI and Cyrene™ dope solution

A polymer dope solution consisting of polyimide and NMP was used to fabricate a

support. A coagulation bath containing water at room temperature (23 °C) was used, and

phase inversion proceeded to produce smooth supports, see Figure 4.1a. A dope solution

consisting of PI and Cyrene™ was cast using similar conditions and the resultant support

was produced with wrinkles and ridges on the surface, see Figure 4.1b. To overcome

the ridges and wrinkles, different polymer concentrations ranging from 10-25 wt.% were

explored, however, ridges and wrinkles were still produced on all the supports.

Figure 4.1: a) Support cast using a PI-NMP dope solution, b) Support cast using a
PI-Cyrene™ dope solution. The casting temperature and the coagulation bath were both

at room temperature, 23 °C. The non-solvent used was DI water.
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To further investigate the suitability of PI and Cyrene™ support fabrication, the

temperature of the coagulation bath was heated to different temperatures ranging from

30 -70°C. A change in temperature for the coagulation bath was investigated to see if

higher temperatures would relax the support during fabrication and eradicate the wrinkles.

For all the supports produced here the temperature of the coagulation bath matched

the temperature of the dope solution. Figure 4.2a shows the support that was produced

using a dope solution and coagulation bath at 60 °C and the holes and ridges are more

prominent than when using a dope solution and coagulation bath at room temperature

(see Figure 4.1b for the support image). In addition to the ridges and holes, the support

was non-uniform with varying thickness, which is evident in Figure 4.2a. The change in

thickness of the NMP and Cyrene™ supports was further investigated by measuring the

thickness of the cast wet support straight after phase inversion and comparing it to the

initial 200 µm setting that was used on the casting knife. The supports produced using

the solvent NMP were able to retain the thickness in both the room temperature and 60

°C coagulation bath. On the other hand, the support cast using Cyrene™ experienced

a thickness loss of 56 % during phase inversion at room temperature and 60 % when

the coagulation bath was at 60 °C, see Table 4.3 for the data. This change in thickness

suggests that the PI/Cyrene™/water system is unable to produce support suitable for

filtration applications.

Table 4.3: Phase inversion parameters of the PI membranes cast using NMP and Cyrene™
and all measurements are of the wet films after phase inversion has occurred

Dope solution Temperature of
water (°C)

Phase inversion
time (s)

Reduction in
thickness(%)

10% PI Cyrene™ 23 663 56

10% PI Cyrene™ 60 501 62

10% PI NMP 23 53 0

10% PI NMP 60 25 0

The phase inversion time was investigated to see if a difference in phase inversion

time was experienced when using the two solvents. The time taken for phase inversion to
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4.3. Casting PI and Cyrene™ dope solution

complete was recorded when the support detached itself from the glass plate. A substantial

increase in phase inversion time was experienced when using the Cyrene™ dope solution

compared to the NMP dope solution at 663 s and 53 s respectively when using a room

temperature dope solution and coagulation bath. The change in time could be attributed

to the viscosity of the solvent, as the viscosity of Cyrene™ is considerably higher at 14.5 cP

compared to 1.67 cP for NMP. The increased viscosity of the Cyrene™-based dope solution

required more non-solvent for phase inversion to occur resulting in a slower demixing

process [15]. The change in the phase inversion time generally does not alter the support

surface structure and the ridges, wrinkles and holes are not a result of this as a slower

demixing process results in less porosity in the support with smaller pore sizes [15].

Figure 4.2: a) Support cast using a PI-Cyrene™ dope solution and coagulation bath
temperature of 60 °C b) Support cast using a PI-Cyrene™ dope solution with a polymer
dope solution at 60 °C and a room temperature coagulation bath. The non-solvent used

was DI water for both supports.
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4.3. Casting PI and Cyrene™ dope solution

Figure 4.2b shows the Cyrene™ based support produced using a hot casting dope

solution at 60 °C with a room temperature coagulation bath. The resultant support

had ridges but no holes formed. The support was less stable compared to the supports

produced using a room temperature dope solution, as a higher thickness reduction was

experienced.

To further investigate the feasibility of a PI-Cyrene™ polymer solution, a solvent

mixture solution consisting of NMP and Cyrene™ (50:50) was used to produce a support.

The resultant support was smoother and phase inversion was able to proceed quicker

in water due to the addition of NMP which lowered the viscosity of the dope solution,

however, ridges and wrinkles were still formed, see Figure 4.3 thus deeming the solvent

mixture also unsuitable for support fabrication.

Figure 4.3: Support cast using a PI and 50:50 NMP and Cyrene™ dope solution using DI
water as the non-solvent, the casting and coagulation took place at room temperature
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4.3. Casting PI and Cyrene™ dope solution

A PI-NMP dope solution with a water coagulation bath is a common fabrication

method, and further to this different PI-solvent dope solutions have been successfully

reported with a water coagulation bath such as PI-DMF [16] and a PI-DMSO solution

[10]. The two polymers, PES and PVDF, have been successfully reported by Marino et al.

to produce a support with Cyrene™ and a water coagulation bath [2]. From the results

that were obtained in this experiment, it is clear that there are interactions between the

polymer PI/solvent Cyrene™/non-solvent water system and that this system in particular

is incompatible [17], [18]. Experimentally, the work explored many possible solutions to

produce a support using a PI and Cyrene™ polymer solution: different concentrations

of PI were used in Cyrene™ to form a solution, and they all formed ridges. The use

of heating the solution and the coagulation bath was used to mitigate any temperature

changes that may be causing the ridges, however they were all unsuccessful as a smooth

support was not produced.

Another method that was explored to investigate the feasibility of a PI-Cyrene™

polymer dope solution was to change the non-solvent from DI water to different alcohols

such as ethanol, isopropanol and methanol. Phase inversion did not proceed in any of

the alcohols and Table 4.4 summarises the findings produced in this work. From the

different methods used in this work to produce a support using a PI-Cyrene™ polymer

dope solution it can be concluded that although Cyrene™ was able to dissolve polyimide

and the Hansen solubility parameters were better compared to NMP, it was not possible

to produce a support for filtration applications with the polymer-solvent system. The

polymer was changed from polyimide to cellulose acetate to produce a support suitable

for OSN applications.
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Table 4.4: Summary of different solvents used for PI support fabrication including the
work conducted with Cyrene™ and different solvents used for fabrication

Polymer Solvent Non-solvent Outcome Reference

PI NMP Water ! [14]

PI DMF Water ! [16]

PI DMSO Water ! [10]

PI Cyrene™ Water X this work

PI Cyrene™ Ethanol X this work

PI Cyrene™ Methanol X this work

PI Cyrene™ Isopropanol X this work

PI Cyrene™/NMP Water X this work

4.4 Hansen solubility parameters of cellulose ac-

etate

To explore the solubility of cellulose acetate in Cyrene™, the Hansen solubility pa-

rameters of CA, Cyrene™ and ‘undesirable’ solvents NMP and DMF which are common

solvents used to fabricate CA supports were compared. The Hansen solubility parameters

for Cyrene™ were comparable to those of DMF and NMP, see Table 4.5 and the RED

values for the CA Cyrene™, NMP and DMF dope solutions were 1.05, 0.87 and 0.36,

respectively. Hansen states that with a RED value >1, the two materials do not dissolve,

but despite the high RED value for CA and Cyrene™, CA was soluble in Cyrene™ and a

homogenous solution was formed when the polymer dope solution was heated to 80 °C

[19]. As DMF had the lowest RED value and is commonly used to produce CA supports,
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4.5. Cellulose acetate and Cyrene™ based supports for water filtration

this solvent was chosen to fabricate supports that would be used as a benchmark to which

the CA-Cyrene™ supports would be compared to [20]–[23].

Table 4.5: Hansen solubility parameters of CA and Cyrene™ and DMF and the solvent
mixture Cyrene™/acetic acid, values taken from

[2], [24]

Cellulose
Acetate

DMF Cyrene™ Acetic
Acid

solvent
mixture

δD (MPa1/2) 18.6 17.4 18.8 14.5 17.7

δP (MPa1/2) 12.7 13.7 10.6 8.0 9.9

δH (MPa1/2) 11.0 11.3 6.9 13.5 8.3

RED - 0.4 1.1 1.5 0.9

Ro 8.8

4.5 Cellulose acetate and Cyrene™ based supports

for water filtration

A CA-Cyrene™ based support was fabricated to investigate how this green solvent

compared to other green solvents reported in literature. Rasool et al., conducted a study

using organic carbonates as a substitute for NMP in support fabrication and the water

permeance of the CA support produced using a mixture of propylene carbonate and styrene

carbonate (PC/SC) was less than 1.0 L m−2 h−1 bar−1 [24]. In addition to this to this,

Rasool et al., also explored glycerol derivatives, namely triacetin, diacetin and glycerol-

formal as solvents for support fabrication [25]. The CA supports fabricated in this study

were produced using a solvent mixture system using the glycerol derivatives and 2-MeTHF.

A water permeance of 5.7 L m−2 h−1 bar−1 was experienced from the CA-diacetin/2-
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MeTHF support and 1.0 L m−2 h−1 bar−1 for the CA-triacetin/2-MeTHF support and

1.1 L m−2 h−1 bar−1 for the CA-glycerol formal/2-MeTHF support [25]. Further to this,

several other works have been reported for the fabrication of CA membrane and are listed

in Table 4.6 and Figure 4.4. Cyrene™ produced the most permeable CA supports that

have been reported in literature at 98 L m−2 h−1 bar−1. In some cases, the support

fabricated with Cyrene™ was 98 times higher than other reported supports produced

through green solvents [19], [24], [26].
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Figure 4.4: Comparison of the green solvents reported in the literature and the work done
in this work
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Table 4.6: Performance comparison of the cellulose acetate membranes produced using
bio-renewable solvents

Polymer Solvent system
Water

permeance L
m−2 h−1 bar−1

Ref

CA PC/SC 1.0 [24]

CA Diacetin/2-MeTHF 5.7 [25]

CA Triacetin/2-MeTHF 1.0 [25]

CA glycerol formal/2-MeTHF 1.1 [25]

CA Methyl lactate 7.5 [19]

CA Methyl lactate/2-MeTHF 1.8 [19]

CA G-valerolactone 1.8 [26]

CA Cyrene™ 98.0 this work

4.6 Deacetylation of cellulose acetate support

Deacetylation is a technique commonly used to hydrolyse the acetyl group from cellulose

acetate to produce regenerated cellulose (RC) which is stable in organic solvents [27]. Many

procedures have been employed for deacetylation such as the use of a benzene and acetic

acid solution [28] and sodium hydroxide (NaOH) or potassium hydroxide (KOH) solutions

in either ethanol or water [29]–[31]. Increasing the concentration of these solutions can

reduce reaction times, which typically last for 30 hours at room temperature [29]. Ahmed

et al. used a combination of sonication and a NaOH/ethanol solution for deacetylation

[29]. Son et al. reported the use of a KOH/ethanol solution for 24 hours to hydrolyse the

acetyl group [31]. Wittamar et al., investigated the use of KOH of different molarities
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(0.05 - 0.5 M) in a mixture of ethanol and water [32]. This study found that CA was able

to transform into RC under different conditions; 260 min if immersed in 0.05 M aqueous

KOH and 90 min if immersed in 0.1 M aqueous KOH solutions [32].

In line with the third and fifth principal of Green Chemistry, the alkalinity of the

solution was kept as low as possible to keep the reagents as green as possible [5]. This

also minimised the use of organic solvents during membrane fabrication and also allowed

for lower amounts of hazardous waste to be produced. An aqueous KOH solution was

employed for deacetylation at a low concentration of 0.05 M. The deacetylation reaction

scheme for the transition from cellulose acetate to regenerated cellulose used in this work

is shown in Figure 4.5.

Figure 4.5: Reaction scheme of the transition from cellulose acetate to regenerated
cellulose using an aqueous KOH solution. Potassium acetate is produced during the

reaction

A CA-Cyrene™ dope solution was prepared and cast to form a smooth support. The

CA support produced using the Cyrene™-based polymer dope solution was not able to

retain the structure during deacetylation and upon contact with the aqueous KOH solution,

the support crumpled into a ball. The collapsed structure of the support after contact
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with the 0.05 M KOH solution is shown in Figure 4.6a.

To enhance the stability of the support, acetic acid was added to the CA-Cyrene™

polymer dope solution to produce a Cyrene™/acetic acid (3:1) solvent system. Acetic

acid was selected as the solvent as it is a precursor in cellulose acetate synthesis and

also has a yellow ranking on the CHEM21 solvent selection guide [33], [34]. Additionally,

acetic acid reduced the RED value from 1.05 to 0.89, improving the CA solubility in the

Cyrene™ based system, (see Table 4.5, Section 4.4 for the data). The temperature of

dissolution for the polymer dope solution was reduced from 80 °C to 50 °C, as the polymer

had better solubility in the solvent mixture system, lowering the energy consumption

associated with the fabrication of these supports. In line with using non-toxic solvents, this

solvent mixture and CA dope solution was tested and upon contact with the deacetylation

medium, the support was able to retain the structure to produce a support suitable for

filtration applications, see Figure 4.6b.

Figure 4.6: a) Support cast using a CA-Cyrene™ dope solution - structure collapse that
occurred upon contact with the deacetylation medium b) Support cast using a
CA-Cyrene™/AA dope solution with a water coagulation bath with a 90 mins

deacetylation c) Support cast using a CA-Cyrene™/AA dope solution and using the
deacetylation medium as the coagulation bath to produce regenerated cellulose supports.

The deacetylation medium in all experiments was an aqueous 0.05 M KOH solution.
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In line with principles of Green Chemistry to reduce the amount of waste produced

in processes and to reduce the number of steps required in fabrication as highlighted by

Szekely et al. [35], the deacetylation medium (0.05 M KOH in water) was used as the

non-solvent/coagulant medium for producing the regenerated cellulose porous supports,

(see Figure 4.6c for the support). The combination of using the deacetylation medium as

the coagulant in phase inversion to produce supports suitable for organic solvent filtration

applications through a one-step process allowed for a significant reduction in the amount

of liquid waste generated during the fabrication process.

The conventional method used for fabrication is where phase inversion takes place and

subsequently the support is immersed into the deacetylation medium. To produce one

support, approximately 4 L of water for phase inversion is required and another 2 L of

water for deacetylation to occur. The waste generated from this process during phase

inversion will contain Cyrene™ and acetic acid. During the deacetylation process any

residual Cyrene™ and acetic acid that was present in the support will be leached out

and a potassium acetate salt, which is the by-product of the deacetylation reaction of

cellulose acetate with potassium hydroxide, will be produced [31]. The combination of

the 6 L of waste produced through both processes would require targeted disposal. The

combination of using the deacetylation medium as the coagulant in phase inversion to

produce supports in a one-step process eliminates the extra 2 L of waste generated and as

a result offers a sustainable protocol for producing quick porous supports that are stable

in organic solvents.

The optimal time for deacetylation to occur with the CA-Cyrene™/AA polymer dope

solution was 90 min, and this was tested with FTIR to confirm the change from cellulose

acetate to regenerated cellulose. Figure 4.7 shows the change in FTIR peaks as the

deacetylation time increased from 0 to 120 mins at room temperature. The disappearance

of the C=O (1745 cm−1), C-CH3 (1375 cm−1) and C-O-C (1235 cm−1) peaks correspond

to the hydrolysis of the acetate groups from cellulose acetate, producing regenerated

cellulose. Figure 4.8 shows the FTIR spectra between 500-200 cm−1 of the supports cast
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using a CA-DMF and CA-Cyrene™/AA dope solutions, at 90 minutes both supports have

undergone deacetylation irrespective of the solvent used for fabrication.

Figure 4.7: FTIR spectra analysis showing the transformation of CA into regenerated
cellulose under different deacetylation durations for the CA- Cyrene™/AA dope solution.
All tests were carried out at room temperature and the deacetylation medium used was a

0.05 KOH aqueous solution
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Figure 4.8: FTIR spectra analysis between 500-2000 cm−1 showing the transformation of
CA into regenerated cellulose using CA-DMF and CA-Cyrene™/AA dope solutions at 90

min deacetylation time. All tests were carried out at room temperature and the
deacetylation medium used was a 0.05 KOH aqueous solution

4.7 Thermal and chemical stability

Thermogravimetric analysis was performed on the two supports produced from the

two solvents, (see Figure 4.9). Nanofiltration tests occur at room temperature, and

the thermal stability of the membrane is not a characterisation that is not required for

filtration experiments for both aqueous or organic solutions. However, TGA was carried

out to investigate how a change of solvent during fabrication affects the material’s thermal

stability. In both supports, the polymer decomposition occurred at different temperature

ranges, undergoing a three-step mass loss at (1) 100 - 200 °C (2) 220 - 400 °C and (3)

500 - 800 °C. The initial mass loss for the two supports was due to the removal of water
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and any solvents that the support may have retained (boiling point Cyrene™: 220 °C and

boiling point DMF: 153 degree C). The mass loss between 220 - 400 °C was ascribed to

the thermal decomposition of cellulose, and the mass loss at 400 - 800 °C represented the

complete carbonisation of the two supports [36]–[38].

Figure 4.9: TGA of the two RC supports produced using DMF (black) and Cyrene™/AA
(green). The polymers were heated from RT to 800 °C at a rate of 10 °C min−1 under a

flow of nitrogen at 100 mL/min

The RC-Cyrene™/AA support experienced better stability at higher temperatures

than the RC-DMF support as the mass loss at 800 °C is 80 % and 95 % respectively.

This is in agreement with previous studies carried out with Cyrene™ based supports.

Milescue et al. reported that Cyrene™ based supports experienced higher thermal stability

compared to NMP supports [1].
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4.7. Thermal and chemical stability

The solvent stability of the two support layers was determined using a wide range

of solvents: polar aprotic - DMF, alcohol - ethanol, ketone - acetone, alkane - hexane,

aromatic - toluene, chlorinated- chloroform. All tests were carried out for 48 hours at room

temperature unless stated otherwise, see Table 4.7 for the data. The weight loss of the

RC-Cyrene™/AA support was consistently higher than the RC-DMF support. On average,

an increase of 30 % in weight loss was experienced for the RC-Cyrene™/AA supports.

As the weight loss in different solvents was consistent, at approx 30 %, it was concluded

that no interactions between the solvent and support occurred to cause dissolution. The

increased weight loss of RC-Cyrene™/AA supports was attributed to the porosity of the

support, as the RC-Cyrene™/AA supports experienced a more porous structure compared

to the RC-DMF support. This increased porosity led to a higher surface area, resulting in

the solvents being able to seep into the pores of the support to speed up degradation [39].

A wide range of solvents were tested for solvent immersion, and a weight loss of 9.1 %

was experienced for the RC-Cyrene™/AA support, compared to 1.9 % for the DMF-based

support in chloroform. From this result, it was hypothesised that the RC-Cyrene™/AA

support was unstable in chlorinated environments and this was further investigated with

DCM immersion, another chlorinated solvent. The RC-Cyrene™/AA support experienced

a weight loss of 8.1 % compared to 1.9 % for the DMF-based support in DCM. The

instability of the two RC-Cyrene™/AA supports in chlorinated solvents suggests that

there could be possible interactions that take place with the RC-Cyrene™/AA support and

a chlorinated environment that leads to instability and quicker dissolution of the support.

Further work into the interactions between chlorinated solvents and the RC-Cyrene™/AA

support would be required to investigate this phenomenon.

The two supports were able to retain structural integrity after being immersed in DMF

and heated at 100 °C for 48 hours, see Table 4.7 for the weight loss data. Figure 4.10

shows the structure of the two supports after being heated for 48 hours in DMF at 100 °C,

and no structural damage is shown. The support was also immersed in DMF for three

months to investigate the long-term stability of the support in the harsh environment. The
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4.7. Thermal and chemical stability

RC-Cyrene™/AA support experienced a weight loss of 22.4 % and the RC-DMF support

lost 17.8 %. The retention of the weight of the two supports in the harsh organic system

demonstrated that the quick (90 mins) low alkali (0.05 M KOH) deacetylation process

produced robust support layers that could be applied in harsh organic conditions.

Figure 4.10: Solvent stability test using in DMF a) support after DMF immersion at 100°
C and b) supports in DMF after 3 months
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4.8. Permeation and solute rejection

4.8 Permeation and solute rejection

The molecular weight cut-off for the two supports was investigated using PEG molecular

markers of different molecular weights ranging from 200-20,000 g/mol in an aqueous solution.

The SEM images (Figure 4.11) show that the RC-Cyrene™/AA supports are considerably

more porous with surface pores of 780 nm, compared to the RC-DMF supports which

had surface pores of 12 nm, see Figure 4.11a and b respectively. This suggests that the

DMF-based support is in the ultrafiltration range and the Cyrene™/AA-based support is

in the microfiltration range [15], [40] As expected based on the pore sizes, the MWCO

for the RC-Cyrene™/AA support was considerably higher than the RC-DMF support at

10,500 g/mol (Figure 4.12a) and 590 g/mol (Figure 4.12b) respectively.

Figure 4.11: Top surface and cross-section SEM images of the two support produced using
a CA dope solution of DMF (a and c) and Cyrene™/AA (b and d)
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4.8. Permeation and solute rejection

Figure 4.12: Determination of molecular weight cut off for the two supports a)
RC-Cyrene™/AA support with MWCO 10,500 g/mol b) RC-DMF support with MWCO

590 g/mol
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4.9 Solvent filtration

To investigate the pure solvent transport properties across the two supports, various

solvents were used for the filtration test: polar aprotic - DMF, alcohol - ethanol, ketone -

acetone, alkane - hexane, aromatic - toluene, chlorinated- chloroform, DCM, all tests were

conducted at room temperature and at 5 bar. Further tests were conducted using chloroform

and DCM to validate the conclusion of possible interactions of the RC-Cyrene™/AA

support with chlorinated solvents.

Figure 4.13: Pure solvent permeance of different solvents in RC-Cyrene™/AA (green) and
RC-DMF (black) supports.All filtrations were conducted at 5 bar, room temperature and

for 500 mins

The filtration of solvents in the RC-Cyrene™/AA support was higher than that of the

RC-DMF support, and in some solvents over a 100 % increase in solvent permeance was

experienced. The water permeance of the RC-Cyrene™/AA support was 25.4 L m−2 h−1
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4.9. Solvent filtration

bar−1 114 % higher than that of the RC-DMF at 11.2 L m−2 h−1 bar−1, as shown in Figure

4.13. This increase in solvent permeation can be attributed to the higher pore size of the

RC-Cyrene™/AA support, as the surface pores of the RC-Cyrene™/AA support were

bigger at 780 nm compared to 12 nm for the RC-DMF support, see Figure 4.11. Further

to this, the MWCO of the RC-Cyrene™/AA support was considerably higher at 10,500

g/mol compared to 590 g/mol for the RC-DMF support which also further facilitated

solvent permeance, see Figure 4.12 in Section 4.8.

The surface hydrophilicity was assessed by contact angle measurements, (see Figure

4.14). A contact angle less than 90 ° indicates a hydrophilic surface, and a hydrophilic

surface in a membrane enhances solvent transport through the membrane [41]. The contact

angle for the RC-DMF support was 50.0 ° and 35.5 ° for the RC-Cyrene™/AA support. A

48% increase in hydrophilicity was experienced when using the green solvent system. This

increase in hydrophilicity also contributed to the greater water permeance experienced

through the support [41].

Figure 4.14: Water contact angle measurements for a) RC-DMF 50.0 ° and b)
RC-Cyrene™/AA 35.3 °

The pure solvent permeances of the Cyrene™/AA support follows the order of: water>

ethanol> acetone> toluene> DMF> n-hexane> chloroform> DCM. The pure solvent

permeances of the DMF support follows the order of: water> ethanol > acetone> chloro-

form> toluene>DMF> DCM> n-hexane. With some exceptions, the order of the solvent

filtration for both supports follows a similar pattern, however, the Cyrene™/AA support
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4.9. Solvent filtration

experienced lower chloroform and DCM permeation compared to the DMF support. The

lower permeance of the chlorinated solvents in the Cyrene™/AA support (7 L m−2 h−1

bar−1 and 5.6 L m−2 h−1 bar−1 for the DMF based support in chloroform) and the data

from the solvent immersion tests (see Table 4.7) suggest that the support has lower stability

in chlorinated environments. The Cyrene™/AA support could experience dissolution while

the filtration is taking place resulting in low permeances. However, additional work would

be required to investigate this further.

Water had the highest permeance among all the solvents in the two supports (RC-

Cyrene™/AA support: 25.4 L m−2 h−1 bar−1 and RC-DMF: 11.2 L m−2 h−1 bar−1) due

to the small molecular volume, size, and viscosity, allowing for low transport resistance

when crossing the membrane pores [42], [43]. The permeance of n-hexane and toluene,

which are two non-polar solvents, suggests that the two supports are stable in both polar

and non-polar solvents with a range of molecular weights and viscosities [42], [43].

Solvent-membrane interaction plays an important factor in determining the solvent

permeances in the membrane system. To further investigate the permeation of solvents, the

correlation between the solubility parameter δP MV −1
s η−1

s where δP S is the solvent’s Hansen

solubility parameter for the polarity of a solvent, MVs is the solvent molar volume, and ηs is

the solvent’s dynamic viscosity was determined, (see Figure 4.15). The physical properties

of these solvents are shown in Table 4.8. The permeance of solvents with varying polarity

demonstrated a linear correlation with the solubility parameter, demonstrating that a

solvent with higher polarity and smaller molecular volume results in higher permeance in

both membranes.

104



4.9. Solvent filtration

Figure 4.15: Pure solvent permeance as a function of solubility parameter in δP MV −1
s η−1

s
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4.9. Solvent filtration

A long-term filtration test of both supports was undertaken, with DMF at room

temperature with an operating pressure of 5 bar for 500 minutes, Figure 4.16 shows

the stability of the support during this time. The drop in DMF permeance for the RC-

Cyrene™/AA support from 8.2 L m−2 h−1 bar−1 to 7 L m−2 h−1 bar−1 can be attributed

to the more porous support requiring a longer time to reach a steady state, once this had

been reached at 7.5 L m−2 h−1 bar−1, the flux was steady. Both supports experienced a

drop in permeance of 0.5 L m−2 h−1 bar−1 over the 500 minutes. Figure 4.17 shows the

RC-Cyrene™/AA support after filtration for 500 minutes. The support is intact, and no

physical defects are experienced, indicating that the support can be used in harsh organic

systems.

Figure 4.16: DMF permeance over 500 mins for RC-Cyrene™/AA (green) and RC-DMF
(black)
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4.10. Conclusion

Figure 4.17: Visual aspect of the RC-Cyrene™/AA support after DMF filtration over 500
mins at room temperature with an operating pressure of 5 bar

4.10 Conclusion

The work carried out in this chapter successfully produced a support using several

(third, fifth, sixth and seventh) principles of Green Chemistry. Cellulose acetate, a bio-

polymer and a greener alternative to polyimide, the typical petroleum-derived polymer

used for OSN, was used to produce supports. These supports underwent deacetylation to

hydrolyse the acetate group to produce regenerated cellulose, which was stable in harsh

organic solvents. The protocol used for the deacetylation method was quick (90 mins) and

no harsh chemicals were required, and work was carried out at room temperature.

The study showed that Cyrene™, a bio-renewable solvent, can be used as an alternative

for petroleum-derived DMF to successfully produce a support. The Cyrene™/AA supports

exhibited excellent permeance of solvents, and a 115% increase was experienced for water

permeation compared to RC-DMF (RC-Cyrene™/AA support: 25.4 L m−2 h−1 bar−1 and

RC-DMF: 11.2 L m−2 h−1 bar−1. The excellent solvent permeation in the RC-Cyrene™/AA
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4.10. Conclusion

could be attributed to the MWCO of the support, as it was considerably higher at 10,500

g/mol compared to 590 g/mol for the RC-DMF support. Further to this, the green solvent

system produced a more hydrophilic support, which further facilitated solvent permeance

at 35.3 ° compared to 50.0 ° for the RC-DMF support. The RC-Cyrene™/AA support

exhibited better thermal stability compared to RC-DMF at high temperatures. The

benign deacetylation protocol produced supports that maintained structural integrity and

excellent stability in DMF immersion at 100 °C, the supports were stable in harsh organic

solvents and performed well in different solvent environments. Further to the performance

of the support, the health and safety and environmental benefits of changing the solvents

are also highly advantageous, as the hazards and risks associated with the use of Cyrene™

are lower compared to DMF.

The study also showed that changing petroleum-derived solvents for green alternatives

is not a like-for-like swap, different parameters need to be optimised to achieve this. For

example, a PI-Cyrene™ dope solution was not able to successfully produce a support

for filtration applications whereas PI-NMP a commonly used polymer/solvent system

was successful. Water is the most commonly used non-solvent for fabrication, however,

was volatile for the PI-Cyrene™ system [15]. The fine-tuning of parameters can be

advantageous as the design of fabrication, materials and methods can be reinvented to

greener alternatives, changing the way membranes are fabricated. The RC-Cyrene™/AA

support will be used in Chapter 5 as the foundation for a thin film composite membrane

and will be explored for organic solvent filtration applications.
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Chapter 5

Thin film composite membranes

fabricated using bio-renewable

solvents for applications in organic

solvent nanofiltration
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Interfacial polymerization (IP) is a technique extensively utilised in the polymer

production industry to manufacture polymers such as polyamide with unique topological

and chemical properties [1]. Polyamide is the selective layer that is commonly employed for

the fabrication of thin film composite membranes [2]. Key for IP is the interface between

two immiscible solvents – water and an organic solvent that is typically a hydrocarbon

such as hexane, cyclohexane or heptane [3]–[5]. Monomers that are only soluble in each

phase diffuse towards the interface and polymerise in this region of significant chemical

potential difference to form a polyamide film with a thickness of a few tens of nanometres

[6].

The use of hazardous and reprotoxic solvents during IP is no longer a viable option

for polymer synthesis as these solvents not only carry great health and safety risks but

also are a major generator of toxic waste in chemical processes [7]. Recent legislation

directives have driven the development of biomass-derived solvents as direct replacements

for traditional petroleum-based organic solvents in industrial processes, underpinning the

seventh principle of Green Chemistry [7], [8]. As mentioned earlier, the immiscibility

with water of the organic solvent is a prerequisite for IP which reduces the number of

possible solvents that could be utilised. The exploration of alternative green solvents

has been conducted extensively with ionic liquids. Ionic liquids are a class of solvents

that are categorised as green solvents due to the low vapour pressure they experience [9].

The successful use of ionic liquids has been widely reported for the use as the organic

phase in interfacial polymerisation [6], [9]–[13]. Further to this, the use of bio-renewable

solvents such as oleic acid [14] and deconoic acid [15] have also been reported as solvents

for interfacial polymerisation.

Recently, 2-methyltetrahydrofuran (2-MeTHF) a bio-renewable solvent produced from

agricultural waste and corncobs has arisen as an alternative for tetrahydrofuran (THF) in

organometallic chemistry and biocatalysis [16], [17]. The use of this solvent has also been

explored as the replacement for n-hexane for the extraction of carotenoids and aromas, and

the properties of the two solvents are listed in Table 5.1 [16], [17]. Due to the immiscibility
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of 2-MeTHF in water, the fabrication of polyamide was investigated using this solvent.

Table 5.1: Solvent physical properties for n-hexane and 2-MeTHF

Properties n-hexane 2-MeTHF

Colour Colourless Colourless

Molecular weight
(g/mol) 86.18 86.13

Formula C6 H14 C5 H10 O

Boiling point (°C) 69 80

Density (kg/m3) 655 854

Water miscibility low low

CHEM21 ranking Hazardous (Red) Problematic
(Yellow)

Hazard Statement

H225 -
Flammable

liquids H315 -
Skin irritation

H361f -
Reproductive
toxicity H336 -
Specific target
organ toxicity -
single exposure
central nervous

system

H225 -
Flammable

liquids H302 -
Acute toxicity,

Oral H315- Skin
irritation H318-

Serious eye
damage

The characteristics of the organic solvent, employed in interfacial polymerisation, is

one of the most important factors affecting the polymer film [3]. The organic solution

contains organic soluble monomers which forms an interface with the water phase, in

which water-soluble monomers are dissolved. The reaction zone for polyamide formation

is located in the organic phase due to the low solubility of TMC in water [6], [18]. As a

result of this, the solubility of the polymers being polymerised into the organic solution

is important - the higher the solubility, the higher the molecular weight [6]. Further to
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5.1. Alternative fabrication of polyamide through interfacial polymerisation

this, the degree of crosslinking and thickness of the resultant film are all influenced by the

organic solvent [3]. A good solvent for IP will improve the polymerisation efficiency for the

formation of the PA films, whilst increasing the degree of crosslinking and thickness [3].

This chapter is split into two sections, firstly, two polyamides were fabricated, one

from the conventionally used solvent n-hexane and one from 2-MeTHF, the bio-renewable

alternative solvent. The two polymers were characterised using different methods to

investigate the effect 2-MeTHF had on the resultant polymer film. In the second part of

this chapter, the two polymer films were deployed as a selective layer to produce a TFC

membrane using the support fabricated in Chapter 4. A comparison study was carried out

using the two films, to investigate the performance of the two TFC membranes. Using the

protocols already established in Chapter 4, the addition of the PA(2-MeTHF) selective

layer to the RC-Cyrene™/AA support produced a TFC membrane solely through the

use of bio-renewable solvents and using the third, fifth and seventh principles of Green

Chemistry. The TFC membrane was tested for organic solvent nanofiltration applications,

with dyes of different charges and molecular weights in ethanol was used as a feed solution.

5.1 Alternative fabrication of polyamide through

interfacial polymerisation

5.1.1 Polymerisation kinetics

The organic phase containing the two organic solvents with different concentrations of

trimesoyl chloride (TMC) was introduced to the aqueous phase containing piperazine (PIP).

The polymerisation kinetics for the two polyamides fabricated in 2-MeTHF and n-hexane

were comparable, regardless of the solvent deployed in the organic phase, polyamide was

formed instantly upon contact with the aqueous PIP solutions. Higher concentrations
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5.1. Alternative fabrication of polyamide through interfacial polymerisation

of TMC were required when using 2-MeTHF as the organic phase to form a polymer

compared to when using the n-hexane solution - at low concentrations of 0.5 wt.% TMC,

no polymer was formed, see Figure 5.1.

Figure 5.1: Thin PA films formed between the interface of n-hexane and water (black)
and 2-MeTHF and water (green). The aqueous phase contained 2 wt.% PIP

Figure 5.1 shows the visual representation of the reaction between the polyamide

produced with the two solvents. The PA(n-hexane) was produced as a film; a thin layer of

the polyamide was produced in the vials, and at a higher TMC concentration (0.2 wt.%)

the film was more prominent. A clear distinction between the two phases was visible, and

the remnants of the film were in the organic phase, suggesting that the reaction took part

in the organic phase [3]. In comparison to this, the polyamide produced with 2-MeTHF

was of a bubble configuration and regardless of the TMC concentration used, a thin film

was not formed. The remnants of PA(2-MeTHF) were in the aqueous phase rather than

the organic phase, possibly suggesting that the reaction took place in the aqueous phase,

opposite to what was experienced with the PA(n-hexane) film.

The yields of the two different polymers were vastly different, the percentage yield of
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5.1. Alternative fabrication of polyamide through interfacial polymerisation

PA(n-hexane) was 87.5 %, approximately 22x more than the yield of the PA(2-MeTHF)

polyamide at 3.9 %. The percentage yield of the polymers was calculated through weight

measurements of the reactants and the resultant polymer. The thin-film structure in

n-hexane allowed for a greater yield compared to the microspheres filled with solvent, which

were produced via 2-MeTHF. Upon drying, the thin film was able to retain the shape,

however, the polyamide produced from 2-MeTHF shrivelled and compacted resulting in

lower yields.

5.1.2 Structure of polyamide films

The FTIR spectrum of semi-aromatic polyamide typically contains the characteristic

Amide I peak, which is centered at 1630 cm−1 [19]. This characteristic peak was observed

in the FTIR spectra of both PA(n-hexane) and PA(2-MeTHF) films, as well as a broad

O-H band at 3200 – 3600 cm−1 that could be ascribed to the presence of carboxylic acid

groups demonstrating that polyamide had been formed. The spectrum can be seen in

Figure 5.2.

The Amide I band peak (at 1630 cm−1) of the PA(2-MeTHF) film was less intense than

that of PA(n-hexane) film and this could be attributed to the incomplete reactions between

hydrolysed acyl chlorides in TMC and secondary amines of PIP [20]. The hydrolysis of

TMC to trimesic acid in the presence of water yields COOH functional groups that cannot

further react with amines in PIP [20]. This was shown in the spectra as a strong peak at

1750 cm−1 which can be ascribed to the C=O stretching of carboxylic acid groups which

was not present in the PA(n-hexane) film. The absence of this peak in the PA(n-hexane)

spectra indicates that the reaction between PIP and TMC completed forming PA(n-hexane)

and that the PA(2-MeTHF) film had a greater amount of COOH functional groups present

than the PA(n-hexane) film.
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5.1. Alternative fabrication of polyamide through interfacial polymerisation

Figure 5.2: FTIR analyses of PA films produced from IP using n-hexane (black) and
2-MeTHF (green) as the organic solvent
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In the FTIR spectrum of PA(2-MeTHF), Figure 5.2, it was observed that the intensity

of peaks between 600 – 750 cm−1 which were ascribed to alkyl halides C-Cl and at 1250

cm−1 which were ascribed to C-N group of PIP was significantly stronger [21], [22]. The

intensification of these peaks (600 – 750 cm−1, 1250 cm−1 and 1750 cm−1) corresponded

to a decrease in the intensity of the Amide I band peak (1630 cm−1) suggesting that

less PA is formed. The amount of TMC that was used to produce PA(2-MeTHF) was 2

w/v%. twenty-fold more than the amount of TMC used to fabricate PA(n-hexane) at 0.1

w/v%. This TMC concentration for the PA(2-MeTHF) is also higher than those reported

in literature and despite the higher quantities of TMC, the resultant PA(2-MeTHF) film

produced less polyamide [23]–[27].

The additional COOH functional groups present in PA(2-MeTHF) were further vali-

dated with XPS analysis, see Figure 5.3 for the spectra. The O/N ratio of PA is a good

indicator of the crosslinking degree of the polymer, where O/N = 1 correlates to a fully

cross-linked PA where O atoms are bonded to N atoms within CONH (amide) groups

[19]. Polyamide where O/N = 2 is typically a linear polymer with additional O atoms

ascribing to free carboxylic acid groups [19], [28]. The O/N ratio of PA(n-hexane) was

1.07 – close to a fully cross-linked polymer, while the O/N ratio of PA(2-MeTHF) was

1.43 – indicative of PA with more COOH groups. The elemental composition of the two

films can be seen in Table 5.2. The full deconvoluted spectra of the XPS analysis can be

found in Appendix A.

XPS analysis also indicated that there was 80 % more Cl in PA(2-MeTHF) film than

PA(n-hexane), see Table 5.2 for the elemental composition of the two polymer films. An

increased Cl content was also present in the FTIR spectra for the PA(2-MeTHF) film,

as the peaks were of a greater intensity compared to the PA(n-hexane) film (Figure 5.2).

The higher Cl content in PA(2-MeTHF) film could be attributed to the reversible chlorine

substitution of unreacted PIP amines [23]. In addition to this, hydrochloric acid (HCl) is a

by-product of the reaction between amines and TMC during interfacial polymerisation, the

additional chlorine present in the polymer could be attributed to HCl being encapsulated
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5.1. Alternative fabrication of polyamide through interfacial polymerisation

in the film [23], [24].

Figure 5.3: XPS analyses of PA films produced from IP using n-hexane (black) and
2-MeTHF (green) as the organic solvent

Table 5.2: Elemental composition of PA films produced using n-hexane and 2-MeTHF as
the organic solvent during IP.

Solvent used in
PA synthesis C 1s % O 1s % N 1s % Cl 2p % O/N ratio

n-hexane 75.2 12.5 11.7 0.58 1.07

2 - MeTHF 75.2 12.9 8.9 2.83 1.43

The difference in crosslinking degree in the PA films as a function of solvent type was

further validated using gas adsorption analysis. Crosslinking typically induces microporosity

in polymers and the Brunauer-Emmett-Teller specific surface areas of PA samples produced

using n-hexane and 2-MeTHF were 325 m2 g−1 and 10 m2 g−1, respectively, see Figure

5.4. The lower BET surface area of the PA(2-MeTHF) is indicative of a lower crosslinking
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degree in the polymer, which further corroborated the O/N ratio data obtained via XPS

analysis.

Figure 5.4: N2 sorption isotherms at 77 K of a) polyamide produced with n-hexane
(surface area: 325 m2 g−1) b) polyamide produced with 2-MeTHF (surface area: 10 m2

g−1)
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5.1. Alternative fabrication of polyamide through interfacial polymerisation

The morphology of the two polymer films was investigated to see if the structure of the

two polyamides changed when the organic solvent changed during fabrication. It can be

seen in Figure 5.5 that the structure and the pore size of the two polymers is comparable,

and no physical changes have taken place.

Figure 5.5: SEM images of the polyamide selective layers produced using n-hexane (a and
b) and 2-MeTHF (c and d) as the organic phase

The structure of the polyamide film produced through the use of 2-MeTHF was

elucidated with solid state 13C NMR spectroscopy,(see Figure 5.6 for the spectra). The
13C NMR depicts five signals that correspond to the expected carbons of the polymer

backbone [29]–[32]. There are peaks at δ169.2 ppm (a) representing the carbonyl carbon

of acids, δ131-136 ppm (b,c) representing the aromatic carbon as well as CH at 42- 62

ppm covalently bound to nitrogen as indicated by d’, e, f. The d’ peak in PA(2-MeTHF)

suggested that there was more CHN present compared to PA(n-hexane), which was also

seen in the FTIR spectra, Figure 5.2 [29], [31].
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5.1. Alternative fabrication of polyamide through interfacial polymerisation

Figure 5.6: 13C NMR spectra of PA(2-MeTHF) and PA(n-hexane)

From the different characterisation techniques carried out, the proposed structure of

the two polyamide films are shown in Figure 5.7. XPS and FTIR analyses indicated that

PA samples fabricated using the bio-renewable solvent 2-MeTHF had a higher amount

of chlorine present in the polymer. This increase in chlorine content could be attributed

to the unreacted acyl chlorides and this is represented in the scheme with a COCl group

present. The PA(2-MeTHF) had a greater amount of the repeating unit Z present in the

polymer compared to the PA(n-hexane).
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5.1. Alternative fabrication of polyamide through interfacial polymerisation

Figure 5.7: The proposed chemical structure of the semi-aromatic PA fabricated from PIP
and TMC using n-hexane and 2-MeTHF
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5.1. Alternative fabrication of polyamide through interfacial polymerisation

5.1.3 Thermal and chemical stability of PA films

Thermogravimetric analysis was performed on the two polyamide films produced

from the two solvents, to investigate how a change of solvent during fabrication affects

the material’s thermal stability, (see Figure 5.8). In both the traditionally synthesised

and green polyamide, polymer decomposition occurred at different temperature ranges,

undergoing a two-step mass loss at (a) 100 - 200°C and (b) 400 - 600°C. The initial mass

loss for the two polymers was due to the removal of water and excess organic materials

present from the polymerisation reaction. The mass loss between 400 - 600°C was ascribed

to the decomposition of the polymer backbone [33].

Figure 5.8: TGA curves of the two polyamide polymers produced from n-hexane (black)
and 2-MeTHF (green). The polymers were heated from RT to 800 °C at a rate of 10 °C

min−1 under a flow of nitrogen (flow of 100 mL/min).
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5.1. Alternative fabrication of polyamide through interfacial polymerisation

The PA film produced via 2-MeTHF decomposed at a higher rate than the PA(n-

hexane) polymer up until 200 °C. This can be ascribed to the cross-linking of the two

polymers, XPS and the BET analysis indicated that the PA(2-MeTHF) polymer was less

cross-linked than the PA(n-hexane) and had a looser structure. The total weight loss for

the PA(2-MeTHF) between 0 -200 °C was 73 % compared to 97 % for the PA(n-hexane).

The structure of the PA(2-MeTHF) had more alkyl halides, C-Cl present, which was found

in the FTIR spectra see Figure 5.2 and XPS analysis in Table 5.2 in Section 5.2.1. The

alkyl halide, C-Cl bonds decomposed at around 170 °C, and this decay accounts for the

higher weight loss that was experienced in the PA(2-MeTHF) film [34].

At 400 - 500°C the polymer backbone decomposed and at 500 °C and carbonisation of

the PA(2-MeTHF) polymer began. The weight loss of the PA(2-MeTHF) film surpassed

the PA(n-hexane) film and became more stable. At 600 °C the decomposition plateaued

indicating complete carbonisation of the polymer and the final weight loss of the polymer

film was 55 %. The looser structure of the PA(2-MeTHF) polymer decomposed at a higher

rate than the PA(n-hexane), and at 800 °C the PA(n-hexane) started to carbonise but did

not reach complete carbonisation. The decomposition of the PA(n-hexane) is indicative

of a more cross-linked network structure in the polymer as it was able to withstand high

temperatures [33].

Interfacial polymerisation typically produces network polymers that do not dissolve in

most organic solvents, as they experience a high degree of interchain hydrogen bonding

and exhibit great crosslinking [35], [36]. The solubility of the polyamide films synthesised

using both n-hexane and 2-MeTHF with harsh polar aprotic solvents DMF and THF was

investigated by immersing the films into the solvents for 24 hours, see Figure 5.9 for the

results.
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Figure 5.9: The solubility and swelling of PA(n-hexane) (black) and PA(2-MeTHF)
(green) in DMF and THF, respectively.

The PA(2-MeTHF) films displayed enhanced chemical resistance at room temperature

as only 20 % of PA(2-MeTHF) dissolved in DMF, three times less compared to PA(n-

hexane). From the XPS and BET characterisation carried out, (Figure 5.3 and 5.4 and

Table 5.2 in Section 5.2.1) it was concluded that the PA(n-hexane) experienced greater

microporosity and cross-linking in the structure compared to the PA(2-MeTHF) as the

O/N ratio was higher in the former film. From the cross-linking results obtained through

the different characterisation techniques, it was expected that the PA(n-hexane) film would

experience less dissolution in DMF compared to PA(2-MeTHF), however, this was not

experienced.

After immersion in DMF, PA(n-hexane) had a thin film configuration similar to prior

to immersion and the structure of the film was the same, no visible difference could be seen.
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However, after immersion in DMF, the structure of the PA(2-MeTHF) polymer changed,

prior to immersion the structure was soft, flat and light. After immersion, the structure

was rigid and brittle and would break when touched with a spatula. Further to this, the

weight of the structure increased and the weight of the polymers before and after DMF

immersion is given in Table 5.3 and Figure 5.10 shows the difference in structure between

the PA(2-MeTHF) films. The change in the structure of the PA(2-MeTHF) suggested that

the structure was more cross-linked as a change had taken place as the rigidity increased.

This could possibly be due to the leaching of unreacted monomers and small molecular

weight polymers in the polymer into the solvent which would increase the weight of the

PA(2-MeTHF) film.

Table 5.3: Weight loss for PA(n-hexane) and PA(2-MeTHF) when immersed in DMF and
THF for 24 hours at room temperature to test the polymers for solvent resistance.

PA(n-hexane) PA(2-MeTHF)
Initial

weight (g)
Final

weight (g)
Weight

change (%)
Initial

weight (g)
Final

weight (g)
Weight

change(%)

DMF 0.009 0.007 -66 0.0042 0.0045 -20

THF 0.007 0.011 +160 0.0044 0.008 +160

Figure 5.10: The structural change in the PA(2-MeTHF) polymer a) before and b) after
DMF immersion
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XPS analysis was carried out on the two polyamide films after DMF immersion to

investigate the results. The O/N ratio of the two polymers had changed, and the O/N

ratio before and after DMF immersion are given in Table 5.4. The O/N ratio for the

PA(n-hexane) increased from 1.07 to 1.10 indicating a less cross-linked structure was

produced after DMF immersion as the structure had undergone dissolution in the solvent

[19]. However, the PA(2-MeTHF) experienced a decrease in the O/N ratio from 1.43 to

1.33 indicating that the polymer became more cross-linked after DMF immersion and was

able to retain the structure better [19]. The increase in cross-linking could possibly be

ascribed to the pendant COOH group in the structure of the PA(2-MeTHF), which formed

a hydrogen bond with DMF and strengthened the PA(2-MeTHF) film [37]. However,

as the ratio of the PA(2-MeTHF) after DMF immersion is less than the PA(n-hexane)

prior to DMF dissolution, it was expected that the polymer would dissolve more. Further

analysis would be required to investigate this phenomenon in more depth.

Table 5.4: Elemental composition of PA films produced using n-hexane and 2-MeTHF as
the organic solvent during IP before and after DMF immersion

Solvent used in
PA synthesis C 1s % O 1s % N 1s % Cl 1p % O/N ratio

PA(n-hexane)
before

immersion
75.2 12.5 11.7 0.6 1.1

PA(2-MeTHF)
before

immersion
75.2 12.9 8.9 2.8 1.4

PA(n-hexane)
after immersion 71.4 14.2 12.8 1.7 1.1

PA(2-MeTHF)
after immersion 70.6 16.1 11.9 1.3 1.3

The difference in rigidity of the PA samples was validated with THF. The swelling of

PA(2-MeTHF) samples was more subtle, evidenced by a 40 % lower THF uptake than

those of PA(n-hexane) films. The data for Figure 5.9 can be found in Table 5.3. The lower

swelling in THF for the PA(2-MeTHF) could possibly be attributed to the leaching of
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the unreacted monomers and small molecular weight polymers that are entrapped in the

PA(2-MeTHF) into the THF solvent which decreases the swelling effect of this polymer in

the solvent. Further analysis would be required to investigate this phenomenon in more

depth.

In line with the fifth and seventh principles of Green Chemistry, the solvent for

interfacial polymerisation was changed from n-hexane, a hazardous petroleum-derived

solvent to a benign bio-renewable solvent, 2-MeTHF. Greater amounts of TMC were

required to produce the PA(2-MeTHF) film, and despite the higher concentrations of TMC

used in fabrication, lower yields were experienced with the PA(2-MeTHF) film compared

to the PA(n-hexane) film at 3.9 % and 87.5 % respectively.

The PA(2-MeTHF) had more COOH groups in the structure, which arose from the

hydrolysis of TMC to trimesic acid. This increased the number of COOH groups in

the produced films that were less cross-linked in structure, as the O/N ratio which was

determined through XPS analysis was 1.43 for the PA(2-MeTHF) film and 1.07 for the

PA(n-hexane) film. This finding was in line with the microporosity results which were

carried out using BET measurements, which were 10 m2 g−1 and 325 m2 g−1 respectively.

From the different characterisation methods carried out, it can be concluded that n-hexane

is a better solvent for polyamide synthesis compared to 2-MeTHF, as the yield and the

crosslinking degree of the polymer were higher than the PA(2-MeTHF) film. However,

despite the low crosslinking of the PA(2-MeTHF), the polymer exhibited promising results,

with the polymer being able to retain the structure better in harsh organic systems. The

increased COOH groups in the polymer could be advantageous for membrane fabrication, as

membranes with additional COOH groups tend to be more hydrophilic and exhibit higher

permeances [38]. The two films were then deposited onto the RC-Cyrene/AA support to

produce a TFC membrane, where the nanofiltration capabilities of the PA(2-MeTHF) film

were examined.
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5.2 Molecular separation performance

5.2.1 Effect of the Interfacial polymerisation parameters on

membrane performance

The optimum reagent concentrations were explored for the PA(2-MeTHF) to find a

trade-off between rejection and permeability. The selective layer structure of polyamide

TFC membranes is an important factor in determining the permeation and rejection

characteristics [6]. In particular, the MWCO and permeation rate are dependent on the

physical and chemical structure of the selective layer [3]. Different PIP concentrations,

TMC concentrations and reaction times for interfacial polymerisation were tested, see

Figure 5.11. The feed solution of these filtration tests comprised ethanol and 50 ppm Rose

Bengal (RB, molecular weight: 1028 g/mol) dye solution and all tests were carried out at

room temperature with an operating pressure of 5 bar.

As lower concentrations of TMC in 2-MeTHF were not able to form polyamide with

enough yield (0.5 - 1 wt.%, see Figure 5.1 in Section 5.1.1), a higher concentration of 2

wt.% TMC was used as the starting point and different PIP concentrations were used,

ranging from 2 to 3.2 wt.%. Firstly, the time for IP was set at 2 min for the aqueous PIP

solution and 2 min for the organic TMC solution, see Figure 5.11a for the results of this

TFC membrane. As the concentration of the PIP monomer increased, the rejection of the

membrane increased and the permeance experienced a slight decline. The membrane at

3.2 wt.% PIP experienced a RB rejection of 22 % and an ethanol permeance of 42 L m−2

h−1 bar−1 compared to a RB rejection of 10 % and ethanol permeance of 45 L m−2 h−1

bar−1 at 2 wt.% PIP. This protocol of increasing the monomer concentration has been

reported by Chen et al., where an increase in monomer concentration reduced the water

permeation through the membrane but increased the salt rejection capability of the TFC

membrane [39]. Further to this, in a study conducted by Khorshidi et al., it was found

that increasing the MPD concentration from 1 % to 2 % increased the salt rejection from
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95 % to 97 % and decreased the water flux from 45 L m−2 h−1 bar−1 to 15 L m−2 h−1

bar−1 [4]. The rejection of 22 % was too low, and further iterations were made to increase

the rejection of the polyamide selective layer.

Figure 5.11: Ethanol permeance and Rose Bengal rejection at different PIP and TMC
concentrations a) 2 wt.% TMC concentration with IP timings: PIP 2 min and TMC 2
min, b) 3 wt.% TMC concentration with IP timings: PIP 2 min and TMC 2 min, c) 3

wt.% TMC concentration with IP timings: PIP 3 min and TMC 3 min, d) 3 wt.% TMC
concentration with IP timings: PIP 3 min and TMC 4 min

The TMC concentration was changed to 3 wt.% and the same reaction time of 2 min

each for the aqueous and organic phase was used. At 3.2 wt.% PIP the TFC membrane

experienced a RB rejection of 42 % and an ethanol permeance of 36 L m−2 h−1 bar−1

see Figure 5.11b. As expected and following other reported studies, the RB rejection

increased, and ethanol permeance decreased owing to a denser film being produced [4],
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[39], [40]. However, the rejection was still too low and further iterations were made to

increase the rejection of the polyamide selective layer.

To keep the concentration of reagents as low as possible in line with principles of Green

Chemistry, the reaction time was increased to see what effect this would have on the

rejection and permeance of the TFC membrane. The TMC concentration remained at 3

wt.% and the reaction time was increased from 2 min each for the aqueous and organic

phase to 3 min each. This increase in reaction time had a positive effect on the rejection

of RB, as rejection increased from 42 % previously to 74 % and the permeance reached 19

L m−2 h−1 bar−1 for the 3.2 wt.% PIP and 3 wt.% TMC membrane, see Figure 5.11c.

To further increase the rejection and permeance, the reaction time for the organic

phase was increased to 4 min and the reaction time for the aqueous phase remained at 3

min. At 3.2 wt.% the TFC membrane experienced a 98 % rejection of RB dye and an

ethanol permeance of 11 L m−2 h−1 bar−1, see Figure 5.11d. The membrane produced

using 3 wt.% PIP experienced the same rejection and slightly higher permeance of 11.2 L

m−2 h−1 bar−1 and as the difference between the two PIP concentrations was minimal,

the most suitable conditions were set as 3 wt.% PIP and 3 wt.% TMC in 2-MeTHF for

3 min and 4 min respectively. These conditions were then used to produce a TFC using

only bio-renewable solvents.

5.2.2 Membrane performance

OSN Membrane testing for membranes varies depending on the solvent and solute,

and to date, no fixed OSN testing protocol has been established [41]. Different solutes are

currently used by OSN researchers to characterise the separation performance of membranes

and to determine the MWCO. The most popular solutes tested are different commercially

available dyes within the nanofiltration range [41]. Characterising the rejection of the

membrane using dyes is simple as each dye has a distinct absorption spectra and UV-
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spectrophotometry can be employed to determine the dye concentration in the feed and

permeate streams. In addition to dyes, styrene oligomers and ethylene glycol oligomers

are also widely used as markers, as these markers are commercially available in the NF

MWCO range [41].

The MWCO of a membrane can differ according to the solute and solvent used and

interactions between solutes and solvents can occur, which leads to a difference in rejection

in different solvents in the same membrane [42]. The affinity between the solute-solvent

and solute–membrane influences the rejection of the membrane, as the effective pore size

is influenced. Furthermore, different solvents also experience different permeabilities as

the affinity between the solvent and membrane varies, for example, methanol experiences

higher permeabilities than ethanol in polymer membranes [43]. Solvents widely used for

OSN testing include: alcohols, ketones, aromatics, polar aprotic and hydrocarbons [41],

[42].

Two TFC membranes with the two different selective layers PA(n-hexane) and PA(2-

MeTHF) were fabricated using the RC-Cyrene™/AA support and these membranes were

tested at room temperature for OSN applications. Firstly, an ethanol and methanol

feed solution consisting of 50 ppm Rose Bengal dye was used for filtration. The two

different solvents were used to investigate how solvent permeation and dye rejection

differs in the membrane with the two different alcohols. The PA(n-hexane)/RC TFC

membrane demonstrated RB rejection rates of 94 % and 95 % in ethanol and methanol,

with permeances of 2.8 L m−2 h−1 bar−1 and 4 L m−2 h−1 bar−1 respectively, (see Figure

5.12).
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Figure 5.12: Comparison of permeance and Rose Bengal rejection of the two selective
layers deposited on the RC-Cyrene/AA and RC-DMF support
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The PA(2-MeTHF)/RC TFC membrane was more permeable and a 10-fold increment

in methanol permeance was experienced which reached 24.8 L m−2 h−1 bar−1. Further to

this, the ethanol permeance experienced a 250 % increase, reaching 11.2 L m−2 h−1 bar−1.

The separation performance of the PA(2-MeTHF)/RC TFC membrane also increased in

methanol and ethanol from 94 % to 97.9 % and from 95 % to 98.5 % respectively. The

increase in permeance and rejection in a methanol feed solution compared to ethanol is a

common phenomenon [42].

A feed solution consisting of a range of dyes with different charges and molecular

weights was employed for tests to investigate the rejection of the two TFC membranes

and the properties of the dyes are listed in Table 5.5. All tests were carried out in ethanol

at room temperature with a 50 ppm dye concentration and an operating pressure of 5 bar.

The feed solution was constantly stirred at 700 rpm to avoid concentration polarisation.

Figure 5.13 shows the membrane rejection for different dye/ethanol feed solutions and

Figure 5.14 shows the UV-VIS spectra for the feed and permeate stream for the two TFC

membranes tested with the various dyes.

Table 5.5: Properties of dyes used in this work

Molecular
Weight (g

mol−1)
Charge

Rose Bengal (RB) 1028.6 Positive

Fast Green F (FGF) 808.0 Negative

Rhodamine B (Rh B) 479.0 Positive

Methyl Orange (MO) 327.3 Negative

Methylene Blue (MB) 319.9 Positive
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Figure 5.13: OSN separation performance of the two membranes consisting of
PA(n-hexane) and PA(2-MeTHF) selective layers (feed: 50 ppm dyes in ethanol; pressure:

5bar)

The rejection of the dyes increased in both TFC membranes as the molecular weight

increased indicating that the governing factor for rejection was size exclusion and all

the dye rejections were above 90 %, (see Figure 5.13). The PA(2-MeTHF)/RC TFC

membrane experienced higher rejections for all dyes compared to the PA(n-hexane)/RC

TFC membrane. The FTIR spectra of the two polymers (see Figure 5.2) showed a sharp

C=O peak present in the PA(2-MeTHF) polymer which is not present in the PA(n-hexane)

polymer and the number of C=O bonds present in the two selective layers were quantified

through XPS analysis in Section 5.1.2 to be 12.4 % for the PA(2-MeTHF) and 3.4 %

for the PA(n-hexane) polymer film. The additional C=O in the PA(2-MeTHF) created

further negativity in the charge of the selective layer, which created greater electrostatic

interactions from the negatively charged PA surface to the charged dyes in the PA(2-
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MeTHF)/RC TFC membrane, resulting in higher rejections with the charged dyes [44],

[45].

Figure 5.14: UV-VIS spectra of the two TFC membranes comprising of PA(n-hexane) and
PA(2-MeTHF) selective layers, feed: 50 ppm dyes in ethanol a) Rose Bengal, b) Fast

Green F, c) Rhodamine B, d) Methylene Blue, e) Methyl Orange
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The PA(2-MeTHF)/RC TFC membrane experienced greater ethanol permeance com-

pared to the PA(n-hexane)/RC TFC membrane at 11.2 L m−2 h−1 bar−1 and 2.8 L m−2

h−1 bar−1 respectively. Water contact angle measurements were carried out to investigate

the difference in hydrophilicity of the two TFC membranes see Figure 5.15.

Figure 5.15: Water contact angle of the RC-Cyrene/AA support 35.5°, PA(n-hexane)/RC
47.8° and PA(2-MeTHF) 24.5°

The addition of the two selective layers onto the RC support altered the hydrophilicity

of the support. The water contact angle of the support was 35.5 ° and the addition of

the PA(n-hexane) layer onto the support created hydrophobicity in the TFC membrane

with a water contact angle of 47.8 °. The water contact angle for the PA(2-MeTHF)/RC

TFC membranes was 24.5 ° and this selective layer increased the hydrophilicity of the

support, (see Figure 5.15 for the contact angle). The increase in C=O bonds in the PA(2-

MeTHF) selective layer accounted for the increase in hydrophilicity for the TFC membrane,

resulting in increased ethanol permeance in this TFC membrane [27]. [27]. Further to the
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hydrophilicity effect of the TFC membrane, the lower O/N ratio for the PA(2-MeTHF)

created a more open structure compared to PA(n-hexane) a more cross-linked structure,

resulting in higher ethanol permeance. The thicknesses of the PA(n-hexane) and PA(2-

MeTHF) selective layers on RC supports were comparable, at ca. 155 nm, see Figure 5.16

for the SEM image of the two TFC membranes. As the thickness of the two selective

layers was the same, this could not have influenced the permeance of ethanol through the

membrane.
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Figure 5.16: SEM images of the two TFC membranes: a) PA(n-hexane)/RC and b)
PA(2-MeTHF)/RC. The white dotted line represents the selective layer which is 155 nm

thick
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As the support used in the work had not been used before as the foundation of a TFC

membrane, the role of the support in solvent permeance and dye rejection was investigated.

The two selective layers were deposited on the RC-DMF support fabricated in Chapter 4

and Figure 5.17 shows the results for the rejection and permeance comparison between

the TFC membranes using the two supports.

A 50 ppm ethanol and Rose Bengal dye feed solution was used for filtration and

the permeance of the membrane for the PA(n-hexane)/RC-DMF was 1.9 L m−2 h−1

bar−1 compared to 2.8 L m−2 h−1 bar−1 for the PA(n-hexane)/RC-Cyrene™/AA TFC

membrane. The permeance for the PA(2-MeTHF)/RC-DMF TFC membrane was 10.5 L

m−2 h−1 bar−1 compared to 11.2 L m−2 h−1 bar−1 for the PA(2-MeTHF)/RC-Cyrene™/AA

TFC membrane. The RC-DMF support experienced slightly lower permeances than the

RC-Cyrene™/AA support, indicating that the more porous RC-Cyrene™/AA support

facilitated the permeance of the membrane. The RB rejection remained constant for both

TFC membranes when changing the support indicating that the selective layer was the

only contributing factor to the increase in rejection for the PA(2-MeTHF) selective layer.
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Figure 5.17: Comparison of permeance and rejection of the two selective layers deposited
on the RC-Cyrene/AA and RC-DMF supports
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5.2.3 Solvent activation

Solvent activation was employed to remove any contaminants or oligomers present

within the membranes [26]. DMF was passed through the membrane for 10 min at 5 bar,

and this is a common protocol used for membrane activation for OSN membranes [25], [46].

After solvent activation, a feed solution consisting of 50 ppm Rose Bengal and ethanol

was used for permeation tests, filtrations occurred at 5 bar and work was carried out at

room temperature. Both membranes experienced an increase in ethanol permeance from

2.8 L m−2 h−1 bar−1 to 5 L m−2 h−1 bar−1 and 11.2 L m−2 h−1 bar−1 to 25 L m−2 h−1

bar−1 for the PA(n-hexane)/RC and PA(2-MeTHF)/RC TFC membranes respectively, (see

Figure 5.18). This increase in solvent permeance is a common phenomenon that occurs

after solvent activation that can be attributed to the opening of membrane pores that

may have been blocked. Further to this, solvent activation is used to possibly remove any

uncrosslinked polymer fragments that may be present in the PA layer before activation,

which creates additional free volume in the polymer which enhances permeances [25], [47].

Solvent activation generally increases the rejection of TFC membranes as the polyamide

layer swells in DMF, which reduces or eliminates any imperfections in the polymer [25],

[46]. This trend was experienced for the PA(n-hexane)/RC TFC membrane as rejection

increased from 94 % to 98 %, however, this trend was not experienced with the PA(2-

MeTHF) layer, as rejection slightly decreased from 98 % to 97.5 %. The dissolution of the

PA(2-MeTHF) in DMF is less than the PA(n-hexane), as seen in Figure 5.9 Section 5.1.3

resulting in the difference in the solvent activation effect as the polymer was not able to

swell to the same extent as PA(n-hexane).
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Figure 5.18: Solvent activation using DMF and DMSO for the PA(n-hexane)/RC and
PA(2-MeTHF)/RC membrane. The green and black bar represent pure solvent filtration

prior to activation

DMSO was used as a benign alternative to DMF for solvent activation, and this has

been previously reported before by Lu et al., Paseta et al., Solomon et al., and Hermans

et al., [25], [26], [46]–[48]. The DMF and DMSO permeance and rejection trends in the

PA(n-hexane)/RC TFC membrane were identical, and this has been previously reported

by Solomon et al. [25]. DMSO activation for the PA(2-MeTHF)/RC TFC membrane had
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a similar effect to that of DMF activation, ethanol permeance increased but was lower

than the permeance experienced with DMF activation at 20 L m−2 h−1 bar−1 and 25 L

m−2 h−1 bar−1 respectively. The rejection of RB also decreased to 97.5 % the same value

as after DMF activation. This trend in the difference of permeability and rejection after

DMF and DMSO activation is common and has previously been reported by Hai et al.,

Xia et al., Karan et al., and Lu et al.,[26], [49]–[51]. Figure 5.19 shows the SEM images for

the PA(2-MeTHF)/RC TFC membrane before and after DMF and DMSO activation, and

it can be seen that the polyamide layer was intact and that some swelling had occurred

after activation.

Figure 5.19: PA(2-MeTHF) surface SEM: a) before activation b) after DMF activation
and c) after DMSO activation

Further to activation with DMF and DMSO, Cyrene™ was used as a solvent for

activation. Cyrene™ is a green alternative for DMF and the exploration of this solvent

as an alternative for activation has many environmental, health and safety benefits [52].

The same activation protocol was used and Cyrene™ was filtered through each membrane
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for 10 min at 5 bar. After activation, an ethanol and RB solution was filtered through

the membrane and in both membranes irrespective of the selective layer, the permeate

was pink, and no dye rejection had taken place. The permeance was also measured to

be 0.08 L m−2 h−1 bar−1 for the PA(n-hexane)/RC TFC membrane and 0.2 L m−2 h−1

bar−1 for the PA(2-MeTHF)/RC TFC membrane. The Hildebrand solubility parameter

for Cyrene™ is 22.7 MPa1/2 which is close to DMF and DMSO at 24.4 MPa1/2 and 26.6

MPa1/2 respectively, indicating that Cyrene™ should have experienced a similar trend to

DMF and DMSO. This drop in permeance and rejection can be attributed to the viscosity

of the solvents as the viscosity of Cyrene™ is considerably higher than DMF and DMSO

at 14.5 cP, 0.92 cP and 2.0 cP respectively. The filtration of Cyrene™ could have blocked

the polyamide pores, interacted with the membrane, and caused fouling resulting in the

decline of permeance and rejection [53]. However, further detailed analysis into Cyrene™

activation is required to investigate this phenomenon.

5.2.4 Performance comparison

The separation performances of TFC membranes were comparable to other TFC

membranes reported in literature, see Table 5.6 and Figure 5.20. The feed solution

comprised of 35 ppm Rose Bengal in ethanol, and experiments were carried out at room

temperature with an operating pressure ranging from 5 to 20 bar. The permeabilities of

TFC membranes fabricated using bio-renewable solvents in this work surpassed membranes

produced using traditional solvents (Table 5.6 and Figure 5.20). Li et al., reported the use

of a mixed matrix membrane containing ZIF-8, the ethanol permeance of this membrane

was L m−2 h−1 bar−1 and RB rejection was 86 %, in comparison to the bio-renewable

membrane produced using PA(2-MeTHF) and regenerated cellulose support experienced

permeance three times higher at 11.2 L m−2 h−1 bar−1 and a higher RB rejection of 98 %

[54]. The results from this work suggest that the protocols and the solvents used here could

possibly replace existing methods for membrane fabrication to produce more sustainable,

safer membranes that have higher through-puts.
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Figure 5.20: Performance comparison of current state-of-the-art membranes as reported in
literature, the data for this graph can be found in Table 5.6
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Table 5.6: Performance comparison of different polymer membranes tested with Ethanol
and Rose Bengal for OSN.

Membrane
Operating
Pressure

(bar)

Permeance L
m−2 h−1 bar−1 Rejection (%) Reference

PI 20 2.7 100 [47]

PES - 3.2 86 [54]

PI 5 0.9 99 [55]

PAN 5 1.2 99 [56]

sPPSU 10 1.5 99 [57]

PSS 5 3.1 91 [58]

P84 - 9.6 85 [59]

PBI 5 3.7 100 [60]

PA(n-
hexane)/RC 5 2.8 94 This work

PA(2-
MeTHF)/RC 5 11.2 98 This work
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5.3 Conclusion

In line with the fifth and seventh principles of Green Chemistry, the solvent for interfacial

polymerisation was changed from n-hexane, a hazardous petroleum-derived solvent to a

benign bio-renewable solvent, 2-MeTHF. The resultant film produced using 2-MeTHF

exhibited greater chemical resistance in DMF and THF compared to the n-hexane-derived

film. However, the 2-MeTHF derived polymer had less microporosity, the yields of the

films were 22 times less than the conventional films and the O/N ratio indicated that the

film was less cross-linked compared to the n-hexane derived film indicating that n-hexane

is a better solvent for interfacial polymerisation [3].

The addition of these films onto the regenerated cellulose support produced in Chapter

4 created a thin film composite membrane produced solely from green solvents. Optimal IP

parameters were explored for the 2-MeTHF polymer to find a trade-off between rejection

and permeability. The PA(2-MeTHF)/RC and PA(n-hexane)/RC TFC membranes were

tested for OSN applications. The PA(2-MeTHF)/RC TFC membrane exhibited increased

hydrophilicity due to additional carboxylic acid groups that were present in the film,

allowing for greater ethanol permeance at 11.2 L m−2 h−1 bar−1 compared to 2.5 L m−2

h−1 bar−1 experienced with PA(n-hexane)/RC TFC membrane. The permeance further

increased to reach 25 L m−2 h−1 bar−1 after DMF activation and 20 L m−2 h−1 bar−1

after DMSO activation. The bio-renewable membrane experienced higher dye rejections

compared to PA(n-hexane) over a molecular weight range from 300 to 1000 g/mol and all

rejections were above 90 %. The membrane produced solely from bio-renewable solvent

outperformed current state-of-the-art membranes and mixed matrix membranes that

incorporate fillers into the membrane for enhanced separation performance.
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Chapter 6

Accessing the suitability of thin film

composite membranes fabricated

using bio-renewable solvents for

applications in aqueous nanofiltration
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6.1. Introduction

6.1 Introduction

The first asymmetric membrane was fabricated using cellulose triacetate, a function-

alised natural polymer, in 1955 by Reid et al. [1]. Cellulose triacetate was dissolved in

acetone and the dope solution was used to prepare membranes that were not fit for applica-

tion as they experienced very low flux in the units of µ L/cm2 h with an operating pressure

of 58 bar and NaCl rejection was determined to be 98 % [2]. This polymer, cellulose

triacetate which is cellulose acetate with a higher degree of acylation was later replaced to

cellulose diacetate by Loeb et al. in 1963 to produce membranes that had experienced

higher flux than the previously reported membranes but were prone to biological attack

[2], [3].

Cellulose acetate (CA) membranes were the first high-performance membrane used

for reverse osmosis, nanofiltration and microfiltration processes [2]. CA membranes are

easy to produce, mechanically tough, and resistant to degradation by chlorine and other

oxidants [2]. However, CA membranes have a dense skin layer and a low porous sub-layer,

resulting in an extremely low flux and compaction under high temperatures [2]. Haddada

et al. reported the use of an asymmetric CA membrane fabricated using an acetone and

formamide dope solution with a water flux of 7.1 L m−2 h−1 and 86 % NaCl salt rejection

[4]. The development of new thin film composite membranes in the 1960s led to this form

of membrane being predominantly chosen over asymmetric CA membranes, as a higher

water flux of 51 L m−2 h−1 was experienced with 99.5 % NaCl salt rejection [2].

Cellulose acetate membranes were initially preferred for commercial settings, however,

the production of cellulose acetate was difficult compared to synthetic polymer and today

TFC membranes are predominately produced using PES [5]–[12] and PSf [13]–[19]. These

fossil fuel-derived synthetic polymers are widely used as these polymers exhibit superior

chemical and mechanical stability [20]. Today, as the need for sustainable membrane

fabrication increases as fossil fuel resources become depleted, there is a need to revisit
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the use of natural, renewable materials for optimising the green benefits of membrane

separation.

In this work, the traditional polymer used for membrane fabrication, cellulose acetate,

was explored to produce a TFC membrane. The work in this project looked at CA

rather than the traditional petroleum-derived polymers PES or PSf as CA is a renewable

biopolymer and the use of this polymer is in line with principles of Green Chemistry.

Cellulose acetate membranes have been fabricated and tested for NF applications previously

and have been reported by Sun et al., Haddada et al., and Idrees et al., [4], [21]–[28].

An asymmetric membrane produced via cellulose acetate has a polymer concentration

ranging from 20-22 wt.% and this produces a very dense skin layer for the rejection of

contaminants. As this skin layer is not required for a TFC membrane as a selective layer

was prepared, a polymer concentration of 10 wt.% was used.

In this chapter, the work looked at the two selective layers PA(n-hexane) and PA(2-

MeTHF) that were prepared in Chapter 5 and the two layers were deposited onto the CA

support and the performance of the membranes: water flux, molecular weight cut-off, dye

and salt rejection properties of the two TFC membranes were investigated. In addition

to this, solvent activation was carried out using ethanol to investigate the effect, if any,

ethanol activation had on these membranes. The results were compared with NF 270

a commercial nanofiltration membrane with a semi-aromatic polyamide selective layer

that has the same chemistry as the selective layers produced in this work and a different

support layer. The results were compared to see how the TFC membranes produced in

this work using the bio-renewable solvents (2-MeTHF for the selective layer and Cyrene™

for the support) compared to a commercially available membrane.
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6.2. Support fabrication

6.2 Support fabrication

6.2.1 Hansen solubility parameters

The Hansen solubility parameters for cellulose acetate and Cyrene™ were explored in

Chapter 4 and the relative energy difference (RED) was calculated using Equation 4.2

in Chapter 4. A RED value less than 1 indicates that the polymer and solvent are alike

and will dissolve. The RED value of Cyrene™ and CA was 1.05 and as this is close to 1 a

polymer dope solution was formed to successfully produce supports. The CA-Cyrene™

polymer dope solution was stirred and heated to 80 °C and left overnight to prepare the

polymer solution. A similar solution was prepared and was left overnight to stir with no

heating to see if the polymer would dissolve at room temperature, however, the polymer

only dissolved when heating was applied to the solution and this could be attributed to

the high RED value of the solvent and polymer solution. A solvent mixture was then

investigated to lower the heat consumption of the polymer dope solution in line with the

principles of Green Chemistry. Acetone was chosen as this solvent is the traditional solvent

used for CA membrane fabrication, and it also has a yellow ranking on the CHEM21

scheme. Acetone was added to the dope solution at a 50:50 ratio to Cyrene™ [4], [22],

[28], [29].

Table 6.1: Hansen solubility parameters of CA membranes cast using Cyrene™ and
solvent mixtures methanol and acetone, values taken from

[30], [31]
δD(MPa1/2) δP (MPa1/2) δH(MPa1/2) RED

Cellulose Acetate 18.6 12.7 11 -

Cyrene™ 15.5 10.4 7 1.05

Acetone 18.8 10.6 6.9 -

Methanol 14.7 12.3 22.3 -

Cyrene™/acetone mixture 10.9 10.5 6.9 0.52

Cyrene™/methanol mixture 12.1 11.4 14.6 0.9
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6.2. Support fabrication

The RED value for the solvent mixture was calculated to be 0.52, lower than that of

the CA-Cyrene™ solution at 1.05. The dissolution temperature of the polymer in the

solvent mixture could not be 80 °C, the temperature previously used with the Cyrene™

solution, as the boiling point of acetone is 56 °C. The addition of acetone at a 50:50

ratio to Cyrene™ lowered the energy consumption associated to the fabrication of these

membranes, as polymer dissolution could take place at room temperature with stirring.

This dissolution at room temperature without the need for any heat could possibly be due

to the lower RED value of the solvent and polymer solution, indicating a higher affinity

between the two [30]. Further to this, the cost of acetone is currently £45.50 per litre

at Sigma Aldrich, while the cost of Cyrene™ is £182.00 per litre, the use of the solvent

mixture also lowered the cost of the fabricated support.

The use of this polymer solvent mixture dope solution with a DI water coagulation

bath, produced rough supports, see Figure 6.1. During interfacial polymerisation, the

polyamide layer did not stick to the surface of the support and would fall off, thus deeming

this support not fit for the required application.
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6.2. Support fabrication

Figure 6.1: Cellulose acetate support fabricated using a polymer dope solution of CA,
Cyrene™ and acetone (50:50) using water as the non-solvent

Methanol was then used as a co-solvent mixture and added to the Cyrene™ dope

solution at a 50:50 ratio, and the addition of methanol produced smooth supports suitable

for filtration, see Figure 6.2. The boiling point of methanol is 64 °C, and the polymer

dope solution was mixed at room temperature to successfully produce the solvent mixture

polymer solution. The cost of methanol is currently £26.50 per Litre at Sigma Aldrich,

cheaper than acetone, further reducing the cost associated with the fabrication of these

membranes. In addition to this, methanol is also ranked as yellow on the CHEM21 list of

solvents, [29].
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6.2. Support fabrication

Figure 6.2: Cellulose acetate support fabricated using a polymer dope solution of CA,
Cyrene™ and methanol (50:50) using water as the non-solvent

A CA-Cyrene™ dope solution was prepared, and a membrane was cast using this

solution. The pure water permeance of the support was tested and found to be 190 L

m−2 h−1 bar−1. The pure water permeance of the 50:50 ratio of methanol and Cyrene™

support was tested and found to be 152 L m−2 h−1 bar−1. The addition of methanol

reduced the PWP from 190 L m−2 h−1 bar−1 to 152 L m−2 h−1 bar−1, however, with the

fabrication material and energy cost lowered for fabrication, the lower permeance value is

acceptable as the selective layer will determine and affect the pure water flux.
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6.2.2 Morphology

Cloud point measurements were conducted to characterise the thermodynamics of

the polymer solutions. The points were plotted in a ternary phase diagram as shown

in Figure 6.3. The CA-Cyrene™/methanol polymer solution was titrated with the non-

solvent water by visualising the turbidity in the polymer solution. The binodal curve

for the CA-Cyrene™/methanol-non-solvent system is closer to the polymer-non-solvent

axis, indicating that the CA-Cyrene™/methanol solution can tolerate a higher non-solvent

content. Similar to the supports fabricated in Chapter 4, the Cyrene™ based supports

experienced a long phase inversion process of 5 minutes, but produced a porous support

with macrovoids.

Figure 6.3: Ternary phase diagram of CA-Cyrene™/methanol-water
polymer/solvent/non-solvent system
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SEM was conducted to characterise the CA-Cyrene™/methanol support. The polymer

dope solution produced asymmetric supports that had a porous spongy macro void

structure, see Figure 6.4. The molecular weight cut off for the CA support was investigated

using PEG molecular markers of different molecular weights ranging from 200-20,000

g/mol in an aqueous solution. The MWCO for the CA-Cyrene™/methanol was tested

and found to be, 17,500 g/mol from the 90 % mark on the graph, see Figure 6.5. The

combination of Cyrene™/methanol also produced supports in the microfiltration range,

just as the Cyrene™/AA supports fabricated in Chapter 4.

Figure 6.4: SEM images of the surface and cross-section of the CA- Cyrene™/methanol
support
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6.2. Support fabrication

Figure 6.5: Molecular weight cut off for the CA-Cyrene™/methanol support, (MWCO=
17,500 g/mol)
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6.3 Nanofiltration experiments

6.3.1 Pure water permeance

A TFC membrane was fabricated using the two selective layers, PA(n-hexane) and

PA(2-MeTHF) developed in Chapter 5 and were deposited onto the CA-Cyrene™/methanol

support. The pure water permeability of the two TFC membranes and NF 270 a commercial

nanofiltration membrane was tested over 3-7 bar. The PA(2-MeTHF)/TFC experienced

the highest pure water permeance compared to NF 270 and the PA(n-hexane)/TFC at

17.8 L m−2 h−1 bar−1, 11.8 L m−2 h−1 bar−1 and 8.5 L m−2 h−1 bar−1 respectively at 7

bar.

The trend in the water permeance follows PA(2-MeTHF) > NF 270 > PA(n-hexane).

The NF 270 pure water permeance was higher than the works reported by Kim et al.,

at 11.8 L m−2 h−1 bar−1 and 8.9 L m−2 h−1 bar−1 respectively [32]. The trend of water

permeance increase in the bio-renewable TFC was also experienced in Chapter 5, and can

be ascribed to the looser structure of the PA(2-MeTHF) compared to the PA(n-hexane)

as the former had a lower O/N ratio indicating a less cross-linked structure compared to

the latter.
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Figure 6.6: Pure water permeability of the membranes used in this work at different
pressures

The molecular weight cut off for the three TFC membranes was investigated using

PEG molecular markers of different molecular weights ranging from 200-20,000 g/mol in

an aqueous solution. The MWCO for the PA(n-hexane) was found to be 300 g/mol from

the 90 % rejection point at Figure 6.7 and the lower pore size of the membrane could

contribute to the low pure water permeance that this membrane experienced. The MWCO

for the PA(2-MeTHF)/TFC was found to be 800 g/mol and NF270 membrane was tested

and found to be 580 g/mol. The NF 270 value reported here was higher than that reported

by Kim et al., and also that which is presented in the DOW data sheet of 200-300 g/mol

[32], [33]. A possible reason for the increase in the MWCO for this membrane is that the

sheet in which the membrane was taken from had a higher MWCO as there is sheet to

sheet variation. This increase in the MWCO in the NF 270, could have contributed to the

higher water permeance through the NF 270 TFC membrane. The trend in the MWCO
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for the three membranes is in accordance with the pure water permeance at PA(2-MeTHF)

> NF 270 > PA(n-hexane).

Figure 6.7: Molecular weight cut off for three TFC membranes used in this work,
(PA(n-hexane)/TFC MWCO 300 g/mol, PA(2-MeTHF)/TFC MWCO 800 g/mol, NF 270

MWCO 800 g/mol)

The hydrophilicity of the three membranes was evaluated using contact angle measure-

ments. This was carried out to investigate the wettability of the membrane surface as a

lower value of contact angle often enhances water permeation through the membrane, as it

experiences greater hydrophilicity [34]. The PA(2-MeTHF)/TFC experienced the greatest

hydrophilicity at 23°, the PA(n-hexane)/TFC had a lower hydrophilicity of 47° and NF

270 exhibited the lowest water contact angle at 53°, see Figure 6.8.

The addition of the PA(2-MeTHF) selective layer onto the support increased the

hydrophilicity of the support and aided the water permeance through the TFC membrane.
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The trend in the contact angle measurements is not in accordance with the trend of the

water permeance in the TFC membranes, PA(2-MeTHF) > PA(n-hexane) > NF 270 rather

than, PA(2-MeTHF) > NF 270 > PA(n-hexane) the trend followed in water permeation.

The results indicate that although the hydrophilicity of the membrane plays a role in water

permeation through the membrane, the biggest contributing factor is the pore size of the

membrane, as a higher pore size will allow for greater permeation through the membrane.

Figure 6.8: Water contact angle of the different membranes used in this work

6.3.2 Dye removal

The three TFC membranes, PA(2-MeTHF)/TFC and PA(n-hexane)/TFC and the NF

270 were tested for dye removal using five dyes of different molecular weights ranging from

1000 g/mol to 300 g/mol and varying positive and negative charges. A 50 ppm dye/water

solution was used for filtration experiments, with an operating pressure of 5 bar. The

properties of the dyes used in the experiment are found in Table 5.5. The feed solution
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was constantly stirred at 700 rpm to avoid concentration polarisation. Figure 6.9 shows

the dye removal of the three membranes.

The NF 270 membrane was able to exhibit 99.9 % rejection for all dyes, irrespective of

the molecular weight and the charge. The rejection of the dyes increased as the molecular

weight increased and all the dye rejections are above 99 %. The PA(2-MeTHF)/TFC

membrane experienced a higher dye rejection than the PA(n-hexane)/TFC membrane, for

example, Rose Bengal dye experienced a 99.8 % and 99.6 % rejection in the two respective

membranes. The increase in dye rejection for the PA(2-MeTHF)/TFC compared to the

PA(n-hexane)/TFC was also experienced in Chapter 5, and this could be ascribed to

the presence of additional C=O groups in the membrane, see Figure 5.2 and Figure 5.3

in Section 5.1.2. The presence of additional C=O groups in the PA(2-MeTHF) caused

further negativity in the charge of the selective layer [35]. This increase in charge allowed

for a greater electrostatic repulsion from the dye and the selective layer and enhanced

dye rejection [35], [36]. The selectivity between the NF 270 and PA(2-MeTHF)/TFC

membranes are comparable, at 99.9 % and 99.8 % for Rose Bengal rejection and from this

data, it can be concluded that the bio-renewable membrane could possibly compete with

the commercial membrane on an industrial level.

179



6.3. Nanofiltration experiments

Figure 6.9: NF separation performance of the two membranes consisting of PA(n-hexane)
and PA(2-MeTHF) selective layers and the NF 270 membrane (feed: 50 ppm dyes in

water; pressure: 5bar)

6.3.3 Salt rejection

Different aqueous salt solutions consisting of Na2SO4, MgSO4, MgCl2, and NaCl at

1000 ppm were filtered through both TFC membranes at a pressure of 5 bar and tested

for rejection, the molecular weight of these salts is given in Table 6.2.
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Table 6.2: Molecular weight of salts

Salt Molecular Weight (g
mol−1)

Na2SO4 142.0

MgSO4 120.3

MgCl2 95.2

NaCl 54.4

The separation of the salts with the membranes was dominated mainly by size exclusion

effects due to the molecular weight of the salts [13], [20], [37]. The molecular weights of the

salts used in this experiment are listed in Table 6.2. For each salt, the PA(n-hexane)/TFC

membrane performed better than the PA(2-MeTHF)/TFC membrane with higher salt

rejection, for example for the salt Na2SO4 the two membranes experienced a rejection of

91 % and 63 % respectively. The order of rejection for salts for the two membranes was

Na2SO4 > MgSO4 > MgCl2 > NaCl, which is also the order of the molecular weight.

The lower salt rejection for the PA(2-MeTHF)/TFC membrane can be attributed to

the looser structure of the selective layer. Different characterisation techniques that were

carried out in Chapter 5 for the two polyamides showed that the PA(n-hexane) had a

more cross-linked structure than the PA(2-MeTHF) layer. This was validated with XPS

and BET analysis, see Figure 5.4 and Figure 5.3 and Table 5.2 in Section 5.1.2. The looser

structure was also determined through the MWCO for the two TFC membranes as the

PA(n-hexane)/TFC exhibited a MWCO of 300 g/mol compared to the 800 g/mol, the

MWCO for the PA(2-MeTHF). The molecular weight of the dyes that were used for dye

removal experiments were high and in the range of 300-1000 g/mol. The salts used in this

experiment had a lower molecular weight, ranging from 50-140 g/mol indicating that the

selective layer is not able to reject lower molecular weight molecules and the rejection is

governed by size exclusion for salt rejection as the rejection of both membranes decreased

as the salt size decreased [37].
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Figure 6.10: NF separation performance of the two membranes consisting of PA(n-hexane)
and PA(2-MeTHF) selective layers (feed: 1000 ppm aqueous salt solution; pressure: 5bar)

Feed solutions consisting of MgCl2 and NaCl were tested with the NF 270 membrane

to compare the performance of the TFC membranes. The TFC membranes fabricated

in this work experienced a higher rejection of MgCl2 regardless of the selective layer at

42 % PA(n-hexane)/TFC, 39 % PA(2-MeTHF)/TFC and 36 % for the NF 270 TFC

membrane. For NaCl however, NF 270 TFC membrane performed better, outperforming

the PA(n-hexane) and PA(2-MeTHF) at 24 %, 21 % and 20 % respectively. The difference

in rejection between the two salts can be ascribed to the difference in the valency of the

salts. NaCl a monovalent salt and MgCl2 a multivalent ion, nanofiltration membranes

with the poly(piperazineamide) chemistry are able to reject organics such as dyes at high

concentrations which was shown in section 6.3.2 and are able to reject divalent salts well

which has been shown in the rejection of MgCl2 [38].
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Figure 6.11: NF separation performance of the two membranes comprising of
PA(n-hexane) and PA(2-MeTHF) selective layers and the NF 270 membrane (feed: 1000

ppm aqueous salt solution; pressure: 5bar)

6.3.4 Solvent activation

Solvent activation was employed on the three membranes using ethanol as the activation

solvent, as the membranes were not stable in DMF or DMSO. Solvent activation was

carried out to remove any contaminants or oligomers present within the membranes and

to investigate the permeance and rejection increase that ethanol would present with the

two selective layers produced in this work [39]. The Hildebrand solubility parameters of

ethanol is similar to that of PA at 26.2 MPa1/2 and 23 MPa1/2 respectively indicating that

it is a good activating solvent for the membranes [40], [41]. Ethanol was filtered through

each membrane at 5 bar for 10 min for activation, the pure water permeance was tested at
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different pressures and the salt rejection was measured using MgCl2.

Figure 6.12: Pure water permeability of the membranes used in this work at different
pressures before and after ethanol activation

The pure water permeability was tested at 3, 5 and 7 bar and for all the membranes the

permeability increased considerably after activation. At 7 bar, each membrane experienced

an increase of over 60 % and permeances reached 29 L m−2 h−1 bar−1 , 48 L m−2 h−1 bar−1

and 24 L m−2 h−1 bar−1 for the PA(n-hexane)/TFC, PA(2-MeTHF)/TFC and NF 270 TFC

membrane respectively. This increase in water permeance is a common phenomenon that

occurs after solvent activation that can be attributed to the opening of membrane pores

that could have been blocked and the removal of any uncrosslinked polymer fragments in

the PA layer before activation [42], [43]. Increase in water permeances when using ethanol

for solvent activation was also experienced by Kulkarni et al. where water permeance

increased by 70 % after activation [40].
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The three membranes were tested with MgCl2 and NaCl feed solutions after activation.

The PA(n-hexane)/TFC experienced no change in salt rejection for both salts, and this

was also experienced with dye rejection in Chapter 5 as the rejection remained the same

after activation. The PA(2-MeTHF)/TFC experienced a slight decrease in salt rejection

from 21 % in NaCl to 20 % after activation, this was also experienced in MgCl2 as the salt

rejection decreased from 39 % to 38 %. This was also experienced for the dye rejection in

Chapter 5, the swelling of PA(2-MeTHF) was lower in solvents compared to PA(n-hexane)

so the same effect could not be experienced. The NF 270 TFC membrane experienced a

slight increase in salt rejection, as MgCl2 salt rejection increased slightly from 36 % to 37

%, and this phenomena was also experienced by Kulkarni et al., where the salt rejection

increased slightly from 70 % to 75 % after ethanol activation [40].

Figure 6.13: NF separation performance of the two membranes consisting of PA(n-hexane)
and PA(2-MeTHF) selective layers and the NF 270 membrane before and after ethanol

activation (feed: 1000 ppm aqueous salt solution; pressure: 5bar)
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6.4 Conclusion

The work presented in this chapter looked at producing a TFC membrane devoid of

heating, as membrane fabrication was able to proceed at room temperature. Polymer

dope solutions were formed with two solvents were used that were both ranked as yellow,

(problematic) on the CHEM21 ranking and this is a step change from solvents that are

primarily used that ranked as hazardous. The selective layers that were established in

Chapter 5 were deposited onto the support to produce a TFC membrane. A commercial

NF 270 membrane with the same selective layer polyamide chemistry was used to compare

the bio-renewable membrane produced in this work to current commercially available

membranes. The TFC membranes were characterised using pure water permeance, water

contact angle and the molecular weight cut off. Nanofiltration experiments were carried

out containing various dye solutions and also various salt solutions.

The study found that the size exclusion effect was the major governing factor for

separation in the three membranes. Dyes with a molecular weight ranging from 300-

1000 g/mol experienced higher rejections compared to salts of molecular weights 50-140

g/mol. The selectivity of Rose Bengal dye between the NF 270 and PA(2-MeTHF)/TFC

membranes were comparable, at 99.9 % and 99.8 % for Rose Bengal, indicating that

the bio-renewable membrane could compete with the commercial membrane. For the

multivalent salt, MgCl2 the PA(2-MeTHF)/TFC membranes performed better than the

commercial NF 270 TFC membrane and rejection reached 39 % and 36 % respectively.

Further to this, the pure water permeation reached 17.8 L m−2 h−1 bar−1 for the PA(2-

MeTHF)/TFC membrane, compared to 11.8 L m−2 h−1 bar−1 for the commercial NF

270 TFC membrane. Ethanol activation was also explored and the permeance for all

three membranes increased by 60 % and the salt rejection for the PA(n-hexane)/TFC

remained constant, the rejection slightly decreased for the PA(2-MeTHF)/TFC membrane

and slightly increased for the NF 270 membrane.
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6.4. Conclusion

The results presented in this chapter indicate that the combination of the bio-renewable

solvents used for TFC membrane fabrication outperforms the commercial NF 270 membrane

in terms of greater selectivity in both dye and salts. Higher throughputs in terms of water

permeation could be experienced if the commercial membranes were substituted with the

bio-renewable TFC membrane.
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In recent years, works reported in the literature have been invested in embedding

sustainability into membrane fabrication and designing new membrane materials. The

works have been detailed in Chapter 2, the Literature Review section of this thesis and

the work carried out in this thesis extended the current work. This thesis looked at the

replacement of hazardous and toxic petroleum-derived solvents with benign bio-renewable

alternatives in thin film composite membrane fabrication, in line with several principles of

Green Chemistry. Membranes were successfully fabricated and applied in both organic

and aqueous nanofiltration applications.

An ideal green solvent for fabrication should have reduced hazards associated with

the solvent and be produced with renewable resources. The solvents should be easily

degradable and have little to no toxicity and also little to no volatile organic compounds.

Further to this, an ideal green solvent should be available worldwide at a low cost. The

two solvents used in this work, Cyrene™ and 2-MeTHF, both fit into the description of

an ideal green solvent.

The biggest disadvantage with the use of bio-renewable solvents is the cost associated

with them, today (June 2022) at Sigma Aldrich solvent prices for 1 Litre are: n-hexane

£61, 2-MeTHF £167, DMF £96.30 and Cyrene™ at £182. The bio-renewable solvents are

substantially more expensive than petroleum-derived solvents. As membrane fabrication is

solvent-intensive, the costs associated with the production of membranes produced using

bio-renewable solvents are significant. The availability of the solvents however is better

as they are available worldwide with next-day delivery through Sigma Aldrich. When

the work in this thesis first started in 2018, Cyrene™ was only available through the

Circa Group with a lead time of six months, and this has now come a long way since

then. As the use of the solvents increases and the applications for them increases, the cost

associated with them will reduce, making them an affordable option.

In this work, a comparative study was carried out changing the solvents from petroleum

derived to bio-renewable alternatives, the fabrication conditions, however, were identical.
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Because of this, the e factor and the solvent intensity were not calculated [1]. However,

the health, safety and environmental scores from the CHEM21 solvent selection guide were

investigated to see how the change in solvent affected the scores and the green metrics of

TFC membrane fabrication are shown in Table 7.1. The total score for Cyrene™ is 10,

which is the same as “Recommended” solvents such as ethanol, isopropanol and butanol

suggested by the CHEM21 solvent selection guide [2]. Similar to NMP, the high boiling

point of Cyrene™ (Cyrene™: 226 °C and NMP: 202 °C), makes it difficult to treat and

recover, hence it is classified as a “problematic” solvent. However, the health and safety

score for Cyrene™ and DMF is 2 and 1 respectively and the use of this solvent reduces

the health implications considerably, which is highly favourable.

The use of 2-MeTHF for the polyamide selective layer reduces the total score from 18

(n-hexane) to 14, where 2-MeTHF is more environmentally friendly. The safety score of

n-hexane and 2-MeTHF, two solvents with low boiling points, is identical, as these solvents

can vaporise easily, forming flammable mixtures. Amongst the organic solvents suitable for

IP, such as n-hexane and heptane, 2-MeTHF is the ideal candidate with the lowest total

score. The work in this thesis demonstrates that it is feasible to replace petroleum-derived

solvents with bio-renewable alternatives to improve the green metric of these processes.

For example, the total solvent score for the traditional TFC fabrication protocol is 35

(18 for hexane, and 17 for DMF). The sole use of bio-solvents in the same process was

calculated to be 24 and the total solvent score was reduced by 45 % indicating that the

health and safety and environmental are many with the change in solvents.
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7.1. Key findings in Chapter 4

The key findings of each chapter will be presented here. The advantages of deploying

bio-renewable solvents for membrane fabrication that were experienced during this work

will also be presented. Recommendations will also be given on how the work in each

chapter could be further progressed.

7.1 Key findings in Chapter 4

Cyrene™, a bio-renewable solvent, was used as an alternative to petroleum-derived

DMF to fabricate a support for organic solvent nanofiltration applications. Firstly, the

most conventional polymer used for OSN applications, polyimide, was dissolved in Cyrene™

and a rough support was produced. This support could not be used as the foundation

for interfacial polymerisation, therefore it could not be utilised for thin film composite

membrane fabrication. Cellulose acetate was the polymer that was later explored and

successfully produced smooth supports.

The study showed that Cyrene™, a bio-renewable solvent, can be used as an alternative

for petroleum-derived DMF to successfully produce a cellulose acatate support. A quick

(90 mins) low alkali (0.05 M KOH) deacetylation process was used to produce supports

that were stable in harsh organic solvent systems, thus deeming them appropriate for use

in OSN applications. The combination of Cyrene™ and acetic acid produced supports

that exhibited excellent permeance of solvents, and a 115% increase was experienced for

water permeation compared to the RC-DMF support. The bio-renewable solvent-derived

support exhibited better thermal stability compared to RC-DMF at high temperatures.

Protocols were established that produced supports that maintained structural integrity

and excellent stability in DMF immersion at 100 °C. The supports were stable in harsh

organic solvents and performed well in different solvent environments. Further to the

performance of the support, the health and safety and environmental benefits of changing

the solvents are also highly advantageous, as the hazards and risks associated with the use
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7.1. Key findings in Chapter 4

of Cyrene™ are lower compared to DMF.

7.1.1 Future work for Chapter 4

The most commonly used polymer PI for OSN membrane fabrication was not able

to produce supports with the solvent Cyrene™. Although substantial experimental work

was carried out to mitigate the wrinkles that were produced on the support, they were

all unsuccessful as wrinkles were always produced despite changing different fabrication

parameters. In addition to the experimental work, the Hansen solubility parameters

suggested that the polymer/solvent/non-solvent system was favourable. Further work

could be carried out to investigate how the polymer, solvent and non-solvent interact and

why this system in particular (PI/Cyrene™/water) was not compatible.

The work in this chapter presented a few interesting results. Supports that are

predominantly produced using a high polymer concentration (17.5 wt.%) are usually in

the nanofiltration range in terms of pore size [3], [4]. However, supports produced in this

work with the Cyrene™ solvent system exhibited microfiltration pore sizes of 790 nm

[3]. Further to this, a delayed demixing during phase inversion predominantly produces

supports that have less porosity and exhibit a nodular structure [3], [5], [6]. However,

this was not the case for the Cyrene™ based membranes, the phase inversion time was

considerably longer for the Cyrene™ based supports compared to the DMF-based supports

at 663 s and 53 s respectively. The Cyrene™ based support exhibited higher porosity

compared to the DMF support with an MWCO of 10,500 g/mol and 590 g/mol respectively.

The kinetics of phase inversion with Cyrene™ could be investigated to explore how the

solvent adds porosity to the supports fabricated using this solvent. Other green solvents

such as methyl lactate, G-Valerolactone, glycerol formal and diacetin have been reported,

and they all produce supports that are suitable for nanofiltration [4], [7]–[9].

The use of Cyrene™ has opened a whole avenue of exploration in membrane fabrication.

200



7.2. Key findings in Chapter 5

Future work building on this chapter could include the investigation of a wide range of

polymers such as PES, PVDF, PSf, PAN, PANi and PBI support fabrication. Different thin

film composite membranes could be fabricated to investigate the feasibility of these different

polymer membranes in both aqueous and organic solvent nanofiltration applications. The

cross-linking step that is required for OSN membranes could be altered with a focus on

sustainability and can possibly redefine the conventional protocols that are used. Further

to this, the supports could be used in microfiltration applications without the addition of

a selective layer and the use of the Cyrene™ based supports could be investigated to see

how they compare with the current state-of-the-art MF supports.

Finally, the support produced with the Cyrene™ solvent system was unstable in

chlorinated environments. The results from the solvent immersion tests showed that the

supports dissolved quicker in the chlorinated solvents at 8.1 % for the Cyrene™ based

solvent compared to 1.9 % for the DMF-based support. In addition to this, the permeation

of the chlorinated solvents was less through the Cyrene™ supports at 7 L m−2 h−1 bar−1

compared to 5.6 L m−2 h−1 bar−1 for the DMF based support in chloroform. All other

solvents experienced at least a 100 % increase in solvent permeation through the Cyrene™

based support. Further work could be carried out to explore why the Cyrene™ based

support is unstable in the chlorinated solvents and if this extends to other polymers or

only cellulose acetate.

7.2 Key findings in Chapter 5

In this chapter, the solvent for interfacial polymerisation was changed from n-hexane,

a hazardous petroleum-derived solvent to a benign bio-renewable solvent, 2-MeTHF. The

resultant film produced using 2-MeTHF exhibited greater chemical resistance in DMF and

THF compared to the n-hexane-derived film. However, the 2-MeTHF derived polymer had

less microporosity, the yields of the films were 22 times less than the conventional films
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7.2. Key findings in Chapter 5

and the O/N ratio indicated that the film was less cross-linked compared to the n-hexane

derived film indicating that n-hexane is a better solvent for interfacial polymerisation [10].

The addition of these films onto the regenerated cellulose support produced in Chapter

4 created a thin film composite membrane produced solely from green solvents. Optimal IP

parameters were explored for the 2-MeTHF polymer to find a trade-off between selectivity

and permeability and the TFC membranes PA(2-MeTHF)/RC and PA(n-hexane)/RC

were tested for OSN applications. The PA(2-MeTHF)/RC TFC membrane exhibited

increased hydrophilicity due to additional carboxylic acid groups that were present in the

film, allowing for greater ethanol permeance at 11.2 L m−2 h−1 bar−1 compared to 2.5

L m−2 h−1 bar−1 experienced with PA(n-hexane)/RC TFC membrane. The permeance

further increased to reach 25 L m−2 h−1 bar−1 after DMF activation and 20 L m−2 h−1

bar−1 after DMSO activation for the bio-renewable solvent based TFC membrane. The

bio-renewable membrane experienced higher dye rejections compared to PA(n-hexane)

over a molecular weight range from 300 to 1000 g/mol and all rejections were above 90 %.

The separation performance of TFC membranes fabricated solely using bio-renewable

solvents in this chapter outperformed the polymer membranes produced using petroleum-

derived solvents and different OSN membranes that have been reported in literature

using the same ethanol and Rose Bengal feed stream. The work showed that the bio-

renewable solvent-based TFC membrane surpassed not only the current protocols used for

TFC membrane fabrication but also mixed matrix membranes that have fillers such as

metal-organic frameworks embedded in them to enhance permeance and selectivity.

7.2.1 Future work for Chapter 5

The work carried out in this chapter provided a foundation for a new polyamide

fabricated using 2-MeTHF via interfacial polymerisation. Although the PA(2-MeTHF)

polymer has been characterised well, there can be other characterisation that can be carried

202



7.3. Key findings in Chapter 6

out that was outside the scope of this work. This includes: finding the molecular weight of

the two polymers, and further investigation into the different yields of the two polymers.

The formation of the film differs as the PA(n-hexane) is produced as a thin film and the

remnants of the film are in the organic phase, on the other hand, the PA(2-MeTHF) is

produced as microbubbles with the remnants in the aqueous phase. Further exploration

into the interfacial polymerisation kinetics when using 2-MeTHF would give an indication

as to why a bubble was produced rather than a film and what factors affect interfacial

polymerisation film formation.

7.3 Key findings in Chapter 6

The work presented in this chapter looked at producing a TFC membrane devoid of

heating, as membrane fabrication was able to proceed at room temperature. The selective

layers that were established in Chapter 5 were deposited onto the support to produce a

TFC membrane, and the performance of this membrane was tested against a commercially

available DOW NF 270 TFC membrane.

The membranes were characterised with different salt and dye solutions to test the

selectivity of the membrane. Further to this, the pure water permeability over a range of

pressures was also tested. The study found that the size exclusion effect was the major

governing factor for separation in the two membranes. Dyes with a molecular weight

ranging from 300-1000 g/mol experienced higher rejections compared to salts of molecular

weights 50-140 g/mol. Dye rejection reached 99.9 % for the NF 270 TFC membrane,

and this was comparable to the bio-renewable based TFC membrane at 99.8 %. For the

multivalent salt, MgCl2 the PA(2-MeTHF)/TFC membranes performed better than the

commercial NF 270 TFC membrane and rejection 39 % and 36 % respectively. The pure

water permeance in the PA(2-MeTHF)/TFC membranes was also higher than the NF 270

TFC membrane at 17.8 L m−2 h−1 bar−1 and 11.8 L m−2 h−1 bar−1 respectively. Ethanol
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activation was also explored and the permeance for all three membranes increased by 60 %

and the salt rejection for the PA(n-hexane)/TFC remained constant, the rejection slightly

decreased for the PA(2-MeTHF)/TFC membrane and slightly increased for the NF 270

membrane.

7.3.1 Future work for Chapter 6

The comparison between NF 270 and the bio-renewable TFC produced using Cyrene™

and 2-MeTHF proved to be very promising. The bio-renewable TFC membrane exhibited

better water permeance, comparable dye rejection and better divalent salt rejection,

indicating that the latter membrane could possibly compete with the commercially available

membrane. However, further investigation would be required to see just how well the

membrane performs in different solutions. Additional testing comprising of salts such

as sodium bicarbonate, sodium sulphate and calcium carbonate could be tested for the

rejection capabilities of this membrane compared to the NF 270 TFC membrane.

Further to this, the cost associated with the fabrication of bio-renewable membranes is

currently higher than the petroleum derived membranes. For the bio-renewable membranes

to be considered beneficial, the economical aspect of these membranes would need to

be considered. The higher permeance, comparable dye rejection and slightly higher salt

rejections of the bio-renewable should be advantageous for the current systems to be

replaced.

In addition to this, investigation into the fouling and flux decline of the PA(2-MeTHF)

selective layer membrane could be examined to see how well this selective layer is compared

to the traditional PA(n-hexane). As the work in this thesis was proof of concept work

and all tests were carried out using a dead end cell, with operating times of a few hours.

Long term filtration tests could be carried out using a cross-flow cell to investigate how

the membranes perform over longer durations of 10-20 hours. The performance of the
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membranes at longer times would give an indication of how well they are able to perform

in industrial applications.
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Figure 8.1: Deconvoluted high resolution C 1s and N 1s spectra
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Figure 8.2: Deconvoluted high resolution O 1s and Cl 2p spectra
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