
 

 

http://researchspace.auckland.ac.nz 
 

ResearchSpace@Auckland 
 

Copyright Statement 
 
The digital copy of this thesis is protected by the Copyright Act 1994 (New 
Zealand).  
 
This thesis may be consulted by you, provided you comply with the 
provisions of the Act and the following conditions of use: 
 

� Any use you make of these documents or images must be for 
research or private study purposes only, and you may not make 
them available to any other person. 

� Authors control the copyright of their thesis. You will recognise the 
author's right to be identified as the author of this thesis, and due 
acknowledgement will be made to the author where appropriate. 

� You will obtain the author's permission before publishing any 
material from their thesis. 

 
To request permissions please use the Feedback form on our webpage. 
http://researchspace.auckland.ac.nz/feedback 
 

General copyright and disclaimer 
 
In addition to the above conditions, authors give their consent for the 
digital copy of their work to be used subject to the conditions specified on 
the Library Thesis Consent Form and Deposit Licence. 
 

Note : Masters Theses  
 
The digital copy of a masters thesis is as submitted for examination and 
contains no corrections. The print copy, usually available in the University 
Library, may contain corrections made by hand, which have been 
requested by the supervisor. 
 

https://researchspace.auckland.ac.nz/docs/uoa-docs/thesisconsent.pdf
https://researchspace.auckland.ac.nz/docs/uoa-docs/depositlicence.htm


 1 

Linking the Microstructural and Separation Properties of 

Electrically Tuneable Polyaniline Pressure Filtration 

Membranes 

 

 

 

 

 

 

Rosiah Rohani 

 

 

 

 

 

A thesis submitted in partial fulfillment of the requirements for the degree of Doctor of 

Philosophy in Chemical and Materials Engineering,  

The University of Auckland, 2013. 



Abstract 

 
 

ii 
 

Abstract 

 

The overall objective of this research was to determine if and how a conducting polymer 

membrane from polyaniline (PANI) can be made to change its separation selectivity in a 

pressure filtration of a neutral solute through applying an external electrical potential. This 

was done by determining the relationships between formation variables and the membrane 

properties used in pressure filtrations. Thus, in this research, firstly PANI membranes were 

prepared by coating composite polymerisation on PVDF support via vapour, solution and 

diffusion cell polymerisation techniques. To obtain a membrane that was conductive and 

within the molecular weight cut-off (MWCO) range of nanofiltration (NF) membranes, a 

continuous PANI coating on PVDF was required, making the amount of PANI deposited a 

key optimising parameter. The most PANI coated onto the support was in the order: diffusion 

cell polymerisation > solution polymerisation > vapour polymerisation. The PANI percentage 

was: 120 mass% > 13 mass% > 5 mass% respectively under the set of conditions studied. For 

all membranes, conductivity increased with PANI mass%. A modified dynamic contact angle 

technique showed that the membranes were electrically tuneable: the water permeation rates 

through the membranes increased when a potential difference was applied. The potential 

driven permeation was found to be independent of the initial membrane porous structure 

(SEM imaged), indicating that the increased rates were largely related to applied potential 

driven surface energy changes. A complete surface coverage of PANI coated membranes 

(around 30 to 80 mass%) obtained via the diffusion cell technique were taken forward to 

pressure filtration testing.  

PANI membranes were also fabricated from in-house PANI synthesis followed by phase 

inversion via immersion precipitation. The membrane formation variables (e.g. polymer 

concentration, casting thickness, heat treatment and type of acid dopant) were linked to the 

micro-structural properties to find the best NF membrane with the largest tuneability. The 

PANI membranes all had a typical integrally skinned layered asymmetric membrane 

structure. The addition of different dopants in PANI membranes changed the thickness of 

these layers, with the HCl and ASA doped membranes having almost the same structure; 

these were the best membranes for comparison. Initial tuneable assessment again using the 

dynamic contact angle technique for all of the membranes doped in different dopants showed 

that the ASA and HCl doped membranes have the greatest tuneability as the rate of effective 
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contact angle and peak water droplet height tested under 7 V applied voltage was more than 

three times higher than the rates found in other membranes. This all demonstrated that bigger 

dopant size/molecular weight and also greater membrane conductivity (resulting from the 

dopant) have the greatest influence on permeability and tuneability.  

A rapid, reliable and cheap membrane characterisation method for membrane flux and 

molecular weight cut off (MWCO) was developed and the MWCO further determined by 

performing a single run of NF and/or low UF with polyethylene glycols (PEGs) mixture in 

aqueous solution. Analysis and detection via a low temperature evaporative light scanning 

detection (ELSD) method in HPLC has resolved peaks to a MW difference of just 44 g 

mol
−1

(corresponding to the CH2–O–CH2structural unit difference between the PEG 

oligomers), allowing the most precise ever one-filtration MWCO determination. MWCO 

testing of commercial membranes (from Koch, Filmtec
TM

and Hydranautics) confirmed the 

method gives MWCO in the expected range.  

Finally, the tuneability of the best diffusion cell and phase inversion membranes was 

characterised in a custom-made electrically connected cross-flow filtration rig, using the PEG 

MWCO method developed. The MWCO of PANI membranes doped in ASA and HCl had 

the lowest MWCO with no potential applied (< 2000 g mol
-1

). The MWCO values increased 

under applied voltage, with the ASA doped PANI showing the greatest increase at 7 V 

applied (400 – 500 ± 50 g mol
-1

). This is thought to be due to the dopants size, producing a 

greater free volume change when it rearranges under the applied potential. However very 

little tuneability was found for the MA and PMVEA doped membranes. This is thought to be 

due to the smaller free volume available in the membranes and lower membrane conductivity 

compared to the ASA and HCl doped membranes. The membranes were tested at lower 

applied potentials (1 V and 3.5 V), but little tuneability was observed, indicating that there 

was a large resistance across the membranes formed. Other effects such as the thickness of 

the top layer cross-section, dopant size, shape and MW and also electrical conductivity may 

also influence the MWCO changes.  

Overall, it has been demonstrated that PANI membranes either prepared by composite 

coating polymerisation of PANI onto non-conducting PVDF or by phase inversion in addition 

of different dopants, can have their permeability for neutral species electrically tuned under 

cross-flow conditions.  Since PANI can be easily coated/cast onto existing type membrane 

supports and applied in already commercially available modules, this indicates that these 

membranes could be used to externally control the separation properties in practical and 

economically feasible pressure driven membrane processes and applications. 



Acknowledgements 

 
 

iv 
 

Acknowledgements 

 

First of all, I would like to express my sincere gratitude to my supervisors Dr. Darrell 

Patterson and Professor Dr. Margaret Hyland for encouragement, inspiration, continued 

support, advice and critical review throughout this study. I am especially very thankful to Dr. 

Darrell Pattersonfor his hard work in supervising, guiding and assisting me through all this 

period, most importantly in preparing this thesis. 

I deeply appreciate Patterson Research Group members for the help and assistance to 

complete this study  including Hanna Sundberg and Nur Athirah Shamsudin. A special thanks 

to the laboratory technicians: Allan Clendinning, Peter Buchanan, Raymond Hoffman, Laura 

Liang, Frank Wu and also to Mrs. Catherine Hobbis, Dr. Alec Asadov, Dr. Michel 

Nieuwoudt, Dr. Adrian Turner for all the help and support. 

I also express my gratitude to my dear friends for useful discussions, helps and sharing 

friendly times together. 

I would like to acknowledge The University of Auckland, Ministry of Higher Education 

Malaysia and Universiti Kebangsaan Malaysia for the scholarship awarded and financial 

support. 

Most importantly, I would like to express my deepest gratitude to my beloved parents and my 

families for the continuous prayers, support and encouragement they always provide me. I 

especially must restate my sincere appreciation to my dear husband, Mohd Dzul Khairi, for 

his unconditional love, continued support, sacrifices, courage and help over the years. My 

unlimited thanks and appreciation to my children, Aidil Dzarfan and Ainul Zara, for being 

patient, innocent hearted and understanding through all these years. 

 

 

 

 



Table of Contents 

 
 

v 
 

Table of Contents 

 

Abstract......................................................................................................................................ii 

Acknowledgements...................................................................................................................iv 

Table of Contents.......................................................................................................................v 

List of Figures.........................................................................................................................xiv 

List of Tables...........................................................................................................................xx 

Nomenclature........................................................................................................................xxii 

Chapter 1.   Introduction...........................................................................................................1 

1.1 Pressure filtration membranes and their limitations.......................................................1 

1.2 Thesis structure..............................................................................................................4 

Chapter 2.   Literature review...................................................................................................6 

2.1   Membrane separation ranges and characteristics..........................................................6 

2.1.1   Pressure driven membranes and membrane operations.........................................7 

2.1.2   Transport and selectivity models for NF and low MWCO UF membranes..........8 

A. ..The pore-flow model.............................................................................................8 

B.   The solution-diffusion model................................................................................9 

C.   Donnan exclusion................................................................................................10 

D.   Implications.........................................................................................................11 

E.   Overall membrane transport properties...............................................................11 

2.1.3   The limitations of current NF and low UF membranes.......................................12 

2.2   New paradigm for NF from conducting polymers......................................................12 

2.3   PANI versus PPY........................................................................................................14 

2.4   The electrochemical and electro-mechanical properties of PANI membranes...........18 

2.4.1   Introduction..........................................................................................................18 

2.4.2   The doping of PANI and associated property changes........................................18 

2.4.3   Conductivity and electrochemical properties.......................................................21 

2.4.4   Electrochemical and permeation studies..............................................................22 

2.4.5   Conclusions and implications..............................................................................23 



Table of Contents 

 
 

vi 
 

2.5   Synthesis and fabrication of CP membranes...............................................................25 

2.5.1   Membrane fabrication by phase inversion...........................................................26 

2.5.1.1   Choice of polymer........................................................................................28 

2.5.1.2   Choice of solvent..........................................................................................29 

2.5.1.3   Choice of additives.......................................................................................29 

2.5.1.4   Membrane support material (backing layer)................................................29 

2.5.1.5   Concentration of the casting solution...........................................................30 

2.5.1.6   Temperature of the doped casting solution..................................................30 

2.5.1.7   Choice of the quench medium......................................................................30 

2.5.1.8   Evaporation conditions.................................................................................31 

2.5.1.9   Casting thickness/speed...............................................................................31 

2.5.1.10   Heat treatment............................................................................................32 

2.5.1.11   Conclusions................................................................................................33 

2.5.2   Membrane fabrication by interfacial polymerisation...........................................33 

2.5.3   Electrochemical polymerisation...........................................................................35 

2.5.4   Coating composite polymerisation......................................................................37 

2.5.4.1   Solution coating polymerisation..................................................................37 

2.5.4.2   Vapour coating polymerisation....................................................................39 

2.5.5   Diffusion cell polymerisation..............................................................................41 

2.5.6   Radiochemical graft polymerisation....................................................................42 

2.5.7   Summary and implications of the membrane formation literature......................43 

2.6   Characterisations of PANI membranes for pressure filtration....................................43 

2.6.1   Membrane morphological and physical properties.............................................44 

2.6.1.1   Morphological properties with microscopic analysis..................................44 

2.6.1.2   Physical properties with contact angle: preliminary assessment for tuneable 

selectivity and permeability.........................................................................45 

2.6.2   Conductive properties..........................................................................................46 

2.6.3   Chemicalanalysis by spectroscopic methods.......................................................47 

2.6.4   Membrane separation properties..........................................................................48 

2.6.4.1   Membrane flux.............................................................................................49 



Table of Contents 

 
 

vii 
 

2.6.4.2   Membrane rejection.....................................................................................50 

2.6.4.3   MWCO measurement..................................................................................50 

2.7   Standard method for MWCO measurement................................................................50 

2.7.1   Choice of solutes.................................................................................................52 

2.7.2   Choice of analytical methods..............................................................................56 

2.8   Implications of the literature.......................................................................................58 

2.9   Research aims.............................................................................................................60 

2.10   Research approach....................................................................................................61 

Chapter 3.   Materials and Methods......................................................................................62 

3.1 Coating composite polymerisation method.................................................................63 

3.1.1 Materials..........................................................................................................63 

3.1.2   Vapour polymerisation.....................................................................................63 

3.1.3   Solution polymerisation....................................................................................64 

3.1.4   Diffusion cell polymerisation............................................................................67 

3.2 Phase inversion by immersion precipitation................................................................69 

3.2.1 Polyaniline synthesis method.............................................................................69 

3.2.2   Polymer doped solution preparation....................................................................71 

3.2.3   Phase inversion....................................................................................................71 

3.2.4   Secondary doping................................................................................................72 

3.2.5   Heat treatment......................................................................................................73 

3.3   Membrane characterisation..........................................................................................73 

3.3.1   Morphological properties.....................................................................................73 

3.3.2   Chemical properties.............................................................................................74 

3.3.3   Electrical/electrochemical properties...................................................................74 

3.3.4   Thermal properties...............................................................................................75 

3.3.5   Physical (separation) properties: Initial tuneability assessment..........................76 

3.3.6   Separation properties...........................................................................................78 

3.3.6.1   Molecular weight cut off (MWCO) method................................................78 

A.   Materials.........................................................................................................78 



Table of Contents 

 
 

viii 
 

B.   Analytical methods.........................................................................................79 

C.   Filtration methods...........................................................................................81 

3.4   Membrane performance testing...................................................................................82 

3.4.1   Dead-end filtration...............................................................................................82 

3.4.2   Cross-flow filtration.............................................................................................83 

3.4.3   Electrically connected cross-flow filtration.........................................................85 

Chapter 4.   PANI composite membrane fabrication techniques and its characterisations....87 

4.1  Preparation through PANI composite vapour coating polymerisation: Effect of 

formation parameters.................................................................................................88 

4.1.1   Effect of polymerisation reaction temperature....................................................89 

4.1.2   Effect of HCl concentration in the APS..............................................................91 

4.1.3   Effect of polymerisation reaction time................................................................92 

4.2  One-step solution PANI coating composite polymerisation: Effect of formation 

parameters..................................................................................................................94 

4.2.1   Effect of monomer and oxidant concentration.....................................................95 

4.2.2   Effect of using different PVDF supports.............................................................96 

4.2.3   Effect of polymerisation atmosphere...................................................................97 

4.2.4   Effect of varying polymerisation reaction temperature.......................................98 

4.2.5   Effect of polymerisation reaction time and support material..............................99 

4.2.6 Two-step solution polymerisation and its comparison with one-step 

polymerisation...................................................................................................101 

4.3 Diffusion cell polymerisation: Effect of formation parameters in PANI 

deposition...............................................................................................................102 

4.3.1 Effect of polymerisation reaction time and support material............................103 

4.3.2   Effect of membrane support contact time with the reaction solutions and pre-

soaking..............................................................................................................107 

4.4   Comparison of PANI membrane physical appearances............................................108 

4.4.1   Basic membrane screening................................................................................108 

4.5   PANI coating composite membrane morphological properties................................110 

4.5.1   Effect of PANI coating in solution polymerisation membrane.........................110 

4.5.2   Effect of PANI coating in diffusion cell polymerisation...................................113 



Table of Contents 

 
 

ix 
 

4.5.3   Effect of contact time and using different support polymers in diffusion cell 

polymerisation...................................................................................................114 

4.5.4   Effect of pre-soaking the membrane in diffusion cell polymerisation..............116 

4.5.5   Effect of heat treatment......................................................................................117 

4.5.6   Conclusions: SEM.............................................................................................118 

4.6   FTIR Analysis: Effect of using different coating composite methods......................119 

4.6.1   Effect of pre-soaking the membrane support.....................................................122 

4.6.2   Effect of membrane heat treatment....................................................................123 

4.6.3   Conclusions: FTIR.............................................................................................124 

4.7   Electrical property characterisation...........................................................................125 

4.7.1   Effect of membrane electrical conductivity.......................................................125 

4.7.2   Effect of membrane electrochemical conductivity............................................127 

4.7.3   Conclusions: Electrical properties.....................................................................127 

4.8   Thermal property characterisation.............................................................................128 

4.8.1   Effect of PANI coating in TGA analysis...........................................................128 

4.8.2   Effect of PANI coating in DSC analysis...........................................................129 

4.8.3   Conclusions: Thermal properties.......................................................................131 

4.9   Dynamic contact angle analysis: Initial tuneability assessment................................131 

4.9.1  Effect of applying potential on water permeation through solution polymerisation 

membrane............................................................................................................132 

4.9.2 Effect of applying potential on water permeation through diffusion cell 

polymerisation membrane.................................................................................134 

4.9.3  Quantitative effect of permeation for solution polymerisation and diffusion cell 

membrane.........................................................................................................136 

4.9.4 Effect of different solvents permeation through solution polymerisation 

membrane.........................................................................................................138 

4.9.5 Conclusions: Dynamic contact angle................................................................139 

4.10   Chapter 4 Conclusions...........................................................................................140 

Chapter 5.   Phase inversion PANI membranes: Fabrication and characterisations.............143 

5.1   PANI polymer analyses in GPC-SEC.......................................................................145 

5.1.1   Effect of PANI MW at different storage time...................................................145 



Table of Contents 

 
 

x 
 

5.1.2   Effect of synthesis temperature to PANI molecular weight..............................148 

5.2   Ternary phase diagram for PANI doped solution......................................................149 

5.3   Effect of different PANI concentration.....................................................................150 

5.3.1   SEM analysis.....................................................................................................150 

5.3.2   TEM analysis.....................................................................................................151 

5.3.3   FTIR analysis.....................................................................................................153 

5.3.4  Conclusions: Effect of PANI concentration in dope solutions..........................154 

5.4   Effect of different casting thickness..........................................................................155 

5.4.1   SEM analysis.....................................................................................................155 

5.4.2   FTIR analysis.....................................................................................................156 

5.4.3   Effect of different casting thickness on membrane TGA analysis....................156 

5.4.4   Effect of different thickness on membrane DSC analysis.................................158 

5.4.5   Conclusions: Different casting thicknesses.......................................................159 

5.5   Effect of different evaporation times.........................................................................160 

5.5.1   SEM analysis.....................................................................................................160 

5.5.2   Conclusions: Varying evaporation times...........................................................162 

5.6   Effect of different backing layers..............................................................................162 

5.6.1   SEM analysis.....................................................................................................162 

5.6.2   FTIR analysis.....................................................................................................163 

5.6.3   Conclusions: Effect of non-woven support layer..............................................164 

5.7   Effect of co-solvent addition.....................................................................................165 

5.8   Effect of membrane heat treatment...........................................................................166 

5.8.1   SEM analysis.....................................................................................................166 

5.8.2   FTIR analysis.....................................................................................................169 

5.8.3   TGA analysis.....................................................................................................170 

5.8.4   DSC analysis......................................................................................................171 

5.8.5   Electrical conductivity.......................................................................................172 

5.8.6   Conclusions: Effect of membrane heat treatment..............................................173 

5.9   Effect of different acid dopants.................................................................................174 



Table of Contents 

 
 

xi 
 

5.9.1   SEM analysis.....................................................................................................174 

5.9.2   FTIR analysis.....................................................................................................176 

5.9.3   Effect of membrane electrical conductivity.......................................................179 

5.9.4   Electrochemical properties.................................................................................180 

5.9.5   Effect of different acid dopants on membrane TGA analysis............................180 

5.9.6   Effect of different acid dopants on membrane DSC analysis............................182 

5.9.7  Conclusions: Effect of different acid dopants.....................................................183 

5.10   Dynamic contact angle analysis: Initial tuneability assessment..............................184 

5.10.1   Effect of different acid dopants on electrical tuneability.................................185 

5.10.2   Conclusions: Dynamic contact angle...............................................................189 

5.11   Chapter 5 Overall Conclusions................................................................................189 

Chapter 6.   Development of a single filtration molecular weight cut-off (MWCO) curve 

measurement using non charged and non-polar molecules....................................................191 

6.1   HPLC-ELSD characterisation of the MWCO PEG mixtures...................................192 

6.2 Determination, verification and calibration of the MW of each of the resolved 

oligomeric peaks......................................................................................................195 

6.2.1  PEG external standards and identifications 1: Commercial grade PEGs...........195 

6.2.2   PEG External standards and identifications 2: Purer PEG standards................197 

6.2.3   Combined oligomer peak MW attribution.........................................................199 

6.2.4   Obtaining linear calibrations and calculating a MWCO curve..........................200 

6.2.4.1   NF range PEG mixtures (200 to 1000 g mol
-1

)..........................................203 

6.2.4.2Low UF ranges PEG oligomers (1000 to 6000 g mol
-1

)..............................206 

6.2.4.3 Outcomes of the calibration study...............................................................209 

6.3 Benchmarking of the MWCO using characterised commercially available 

membranes...............................................................................................................210 

6.4    Conclusions..............................................................................................................215 

Chapter 7.   Assessment of MWCO and tuneability of the PANI composite membranes in 

pressure filtration systems......................................................................................................216 

7.1   Dead-end filtration of PANI membranes (non-electrical).........................................217 

7.1.1 PANI coating composite membranes prepared by one-step solution 

polymerisation...................................................................................................217 



Table of Contents 

 
 

xii 
 

7.1.2 PANI coating composite membranes prepared via diffusion cell 

polymerisation...................................................................................................219 

7.1.3   PANI phase inversion membranes prepared by immersion precipitation.........222 

7.1.4   Filtration of the synthesised membranes in NF range solutions........................225 

7.2    Electrically connected cross-flow filtration using PANI membranes......................227 

7.2.1   Cross-flow filtration of the synthesised membranes doped in different dopants: 

Flux and MWCO...............................................................................................227 

A.   Assessment of flux tuneability at 7V................................................................228 

B.   Assessment of MWCO Tuneability at 7V........................................................231 

7.2.2   Cross-flow filtration of the synthesised membranes doped in ASA: Flux and 

MWCO tuneability at different applied voltages..............................................239 

7.3   The observed tuneabilty and pore-flow, solution-diffusion and Donnan exclusion..246 

7.4   Chapter 7 Conclusions...............................................................................................247 

Chapter 8.   Conclusions and recommendations...................................................................249 

8.1   Conclusions...............................................................................................................249 

8.1.1 PANI membrane synthesis by coating composite methods and its 

characterisations................................................................................................249 

8.1.2 PANI membrane synthesis by phase inversion methods and its 

characterisations................................................................................................252 

8.1.3 One-filtration method for MWCO determination and the tuneable PANI 

membrane permeability study...........................................................................254 

8.1.4   Determination of PANI membrane MWCO and tuneability.............................254 

A.   Dead-end filtration............................................................................................254 

B.   Electrically tuneable cross-flow filtration.........................................................255 

8.2   Implications for industrial applications.....................................................................256 

8.3   Future work...............................................................................................................257 

Appendices.............................................................................................................................260 

Appendix A: Electrochemical and permeation properties for PANI and PPY..................260 

Appendix B: Solutes concentration recommended by AFNOR standard for MWCO 

filtration.............................................................................................................................262 

Appendix C: Cross-flow system start-up, shut down and cleaning procedure..................263 

Appendix D: Mechanism of thermal crosslinking of PANI..............................................265 



Table of Contents 

 
 

xiii 
 

Appendix E: Electrochemical properties of PANI membranes prepared by diffusion 

polymerisation at different polymerisation times as analysed using cyclic 

voltammetry.......................................................................................................................266 

Appendix F: Calibration plot of MW versus elution volume for 210 polystyrene 

standards............................................................................................................................267 

Appendix G: Cyclic voltametry of PANI membranes prepared by phase inversion under 

few different acid dopants in 1 M HCl..............................................................................268 

Appendix H: MWCO curves of phase inversion membrane doped in ASA with applied 

voltage of 7 V vs 0 V the same filtration time...................................................................269 

Appendix I: MWCO curves for phase inversion membrane doped in ASA with applied 

voltage of 3.5 V vs 0 V with the same filtration time.......................................................270 

Appendix J: MWCO curves for phase inversion membrane doped in ASA with applied 

voltage of 1 V vs 0 V with the same filtration time..........................................................271 

Appendix K: Commissioning of cross-flow filtration unit using commercial NF 

membranes.........................................................................................................................272 

Appendix L: Example of NF range separation through NF270 Membrane in the cross-flow 

filtration cell unit...............................................................................................................275 

Appendix M: Example Low UF separation through Hydracore 7450 Membrane in the 

cross-flow filtration cell unit.............................................................................................278 

References..............................................................................................................................279



List of Figures 

 
 

xiv 
 

List of Figures 

 

Figure 1.1: Pressure driven filtration representation...............................................................................................2 

Figure 2.1: Various types of membranes................................................................................................................8 

Figure 2.2: Schematic representation of various industrial applications using CP membranes...........................13 

Figure 2.3: Generalised structures of the oxidative and non-oxidative (protonic acid) doping of PANI in 

different forms: n = number of ANI units, m = 4n................................................................................................19 

Figure 2.4: The rejection and fluxes for PANI membranes in methanol and 30 bar and 20
o
C, crosslinked at 

different temperature and times.............................................................................................................................33 

Figure 2.5: Schematic diagram of CP membrane prepared by interfacial polymerisation...................................34 

Figure 2.6: A general schematic diagram of electrochemical polymerisation unit for the preparation of 

composite membrane..............................................................................................................................................36 

Figure 2.7: Preparation of composite membrane by two-step solution polymerisation........................................38 

Figure 2.8: Preparation of composite membrane by one-step solution polymerisation........................................39 

Figure 2.9: Schematic outline of the coating composite polymerisation procedure from vapour deposition.....40 

Figure 2.10: Schematics of PANI deposition using diffusion cell polymerisation technique..............................41 

Figure 2.11: Characterisation of CP membranes in pressure filtration.................................................................44 

Figure 2.12: A schematic diagram of cross-flow (left) and dead-end (right) filtration.........................................49 

Figure 2.13: Ideal MWCO curves for the rejection of solutes at different MW...................................................51 

Figure 2.14: Membrane selectivity measured via different analytical methods for its MWCO determination....56 

Figure 3.1: Vapour polymerisation for synthesising PANI-coated PVDF membrane..........................................64 

Figure 3.2: One-step and two-steps solution coated polymerisation for synthesising PANI-coated PVDF 

membrane...............................................................................................................................................................66 

Figure 3.3: Diffusion cell polymerisation method to produce coating composite PANI membrane.................. 67 

Figure 3.4: Image of the diffusion cell polymerisation apparatus.........................................................................68 

Figure 3.5: Schematic diagram of the PANI synthesis.........................................................................................70 

Figure 3.6: Images of asymmetric PANI membrane preparation steps by phase inversion method from in-house 

PANI synthesis. (i) Apparatus used in polymer doped solution making (ii) membrane casting of the Elcometer 

4340 thin film applicator using a 4340 doctor blade, (iii) phase inversion of the cast PANI membrane in the 

deionised water non-solvent bath...........................................................................................................................72 

Figure 3.7: Conductivity meter of Jandel RM 2 test unit with four-point Jandel multi-height probe..................75 

Figure 3.8: The membrane assembly in the contact angle goniometer, illustrating the rig used to apply a 

potential difference across the membrane..............................................................................................................77 

Figure 3.9: Image of the (i) contact angle goniometer with the membrane holder and (ii) applied voltage 

apparatus................................................................................................................................................................77 

Figure 3.10: Schematic diagram of the dead-endfiltration cell............................................................................81 

Figure 3.11: Dead-end filtration cell unit pressurised by compressed nitrogen gas.............................................82 



List of Figures 

 
 

xv 
 

Figure 3.12: Cross-flow filtration rig images: (i) two cross-flow membrane cells assembled with the tank; (ii) 

cooling system for the feed solution; (iii) diaphragm pump with the power control unit, and (iv) pump damper 

and the relief/dump valves installed to the pump..................................................................................................83 

Figure 3.13: Schematic diagrams for the cross-flow membrane filtration rig......................................................84 

Figure 3.14: Specially fabricated PTFE membrane cells before assembling in the cross-flow rig......................86 

Figure 3.15:Cross-flow filtration unit with specially fabricated PTFE membrane cells (replacing the commercial 

stainless steel membrane cell) connected to the pontential supply........................................................................86 

Figure 4.1: The three main methods involved in the preparation of conducting polymer membranes from 

PANI......................................................................................................................................................................88 

Figure 4.2: Images of the (i) PVDF microporous support, and (ii) PANI coated PVDF membrane prepared by 

solution polymerisation..........................................................................................................................................89 

Figure 4.3: Vapour polymerisation of PANI onto PVDF prepared at different APS reaction temperatures (0.5 M 

ANI and APS in 0.3 M and 3 M of HCl, respectively, air atmosphere, 24 hours).................................................90 

Figure 4.4: Vapour polymerisation of PANI onto PVDF prepared by varying the acid concentration in the APS 

prepared (swelled in 0.5 M of ANI in 0.3 M HCl, air atmosphere, 70
o
C, 0.5 M of APS).....................................92 

Figure 4.5: Vapour polymerisation of PANI coated onto PVDF membranes as a function of the reaction time 

(70
o
C, air atmosphere, 0.5 M ANI in 0.3 M in HCl, 0.5 M of APS in 3 M of HCl)..............................................94 

Figure 4.6: One-step solution polymerisation of PANI onto PVDF polymer using two different oxidants at 

different ratio of monomer/oxidant vol/vol% (0.5 M ANI and APS/FeCl3 in 0.3 M HCl in air atmosphere at 

22
o
C, 24 hours reaction time).................................................................................................................................96 

Figure 4.7: Chemical structure of PVDF polymer in hydrophobic form..............................................................96 

Figure 4.8: One-step solution polymerisation of PANI onto two different types of PVDF polymer support 

(70/30 vol/vol% of 0.5 M ANI and APS in 0.3 M HCl, 22
o
C, air atmosphere)....................................................97 

Figure 4.9: One-step solution polymerisation of PANI onto hydrophilic PVDF polymer in different 

atmospheres (70/30 vol/vol% of 0.5 M ANI and APS in 0.3 M HCl, 22
o
C).........................................................98 

Figure 4.10: One-step solution polymerisation of PANI onto hydrophilic PVDF polymer at different 

polymerisation temperature (70/30 vol/vol% of 0.5 M ANI and APS in 0.3 M HCl. air atmosphere)................99 

Figure 4.11: One-step solution polymerisation of PANI onto PVDF and MCE membranes at various reaction 

times (70/30 vol/vol% of 0.5 M ANI and APS in 0.3 M HCl in air, 22
o
C).........................................................100 

Figure 4.12: Different methods of solution polymerisation of PANI onto hydrophilic PVDF polymer (70/30 

vol/vol% of 0.5 M ANI and APS in 0.3 M HCl in air)........................................................................................102 

Figure 4.13: PANI content (mass%) in PANI coated PVDF membranes as a function of reaction time by 

diffusion cell polymerisation (0.5 M ANI and APS in 0.3 M HCl in air, 22
o
C)..................................................104 

Figure 4.14: The colour changes of the polymerisation solution in the diffusion cell........................................105 

Figure 4.15: Image of an external feature of a diffusion cell castPANI coated PVDF membrane after 2 hours 

polymerisation......................................................................................................................................................106 

Figure 4.16: Images of a PANI coated PVDF membrane at (i) ANI facing side and (ii) APS facing side, after 24 

hours reaction in a diffusion cell and after blotting.............................................................................................106 

Figure 4.17: Light box test to spot defects in PANI coated PVDF membranes.................................................109 

Figure 4.18: Formation defects observed in PANI coated PVDF membranes prepared by diffusion cell 

membrane under the light box test.......................................................................................................................109 



List of Figures 

 
 

xvi 
 

Figure 4.19: SEM images of the surfaces of different PANI mass% coated PVDF membranes in comparison to 

pristine microporous PVDF prepared by solution polymerisation: Surface of (i) Original porous PVDF, (ii) 4 

mass% PANI coated PVDF, (iii) 13 mass% PANI coated PVDF; overall cross-section of (iv) Original porous 

PVDF, (v) 4 mass% PANI coated PVDF, (vi) 13 mass% PANI coated PVDF; cross section of 13 mass% PANI 

coated PVDF  membranes at different magnifications from (vii) 1,000x, (viii) 10,000x, (ix)  100,000x (one-step 

solution polymerisation at 70/30 vol/vol% of 0.5 M ANI and APS in 0.3 M HCl in air, 22
o
C, reaction times of 8 

hours and 48 hours for 4 mass% and 13 mass%, respectively)............................................................................111 

Figure 4.20: SEM images for the polymerisation of ANI onto MCE microporous support (one-step solution 

polymerisation at 70/30 vol/vol% of 0.5 M ANI and APS in 0.3 M HCl in air, 22
o
C, reaction times of 6 hours 

and 18 hours for 8 mass% and 13 mass%, respectively)………………………………………….....................112 

Figure 4.21: SEM images for the polymerisation of ANI in (i) FeCl3 and (ii) APS oxidant onto PVDF 

microporous support for 4.8 mass% and 5.2 mass%, respectively (one-step solution polymerisation at 50/50 

vol/vol% of 0.5 M ANI and APS in 0.3 M HCl in air, 22
o
C, reaction time of 24 hours)....................................113 

Figure 4.22:SEM images of the surfaces of different PANI mass% coated PVDF membranes in comparison to 

original microporous PVDF prepared by diffusion cell polymerisation: Surface of (i) Original porous PVDF, (ii) 

22 mass% PANI coated PVDF, (iii) 43 mass% PANI coated PVDF; top cross-section of (iv) Original porous 

PVDF, (v) 22 mass% PANI coated PVDF, and (vi) 43 mass% PANI coated PVDF (diffusion cell 

polymerisation at 0.5 M ANI and APS in 0.3 M HCl in air, 22
o
C, reaction times of 4 and 16  hours for the 

respective 22 and 43 mass% PANI).....................................................................................................................114 

Figure 4.23: The membranes cross-section of (i) Original PVDF (ii) PANI pre-soaked PVDF (iii) PANI pre-

soaked PVDF (iv) PANI non-soaked PVDF at the top cross-section (v) PANI non-soaked PVDF at the middle 

cross-section (vi) PANI non-soaked PVDF at the bottom cross-section (vii) original MCE, (viii) PANI pre-

soaked MCE (ix) PANI pre-soaked MCE (diffusion cell polymerisation at 0.5 M ANI and APS in 0.3 M HCl in 

air, 22
o
C, reaction times of 8 hours for PANI-PVDF membrane and 1 hour for PANI-MCE membrane with the 

the respective 89 and 110 mass% PANI..............................................................................................................115 

Figure 4.24: SEM images for non-treated membrane at the (i) surface and (iii) cross section, in comparison to 

the heat-treated PANI membrane at the (ii) surface and (iv) cross-section (diffusion cell polymerisation at 0.5 M 

ANI and APS in 0.3 M HCl in air, 22
o
C, 4 hours reaction time).........................................................................118 

Figure 4.25: FTIR spectra for PANI membranes prepared by (i) one-step solution polymerisation (conditions: 

70/30 vol/vol% of 0.5M ANI and APS in 0.3M HCl in air) and (ii) diffusion cell polymerisation (conditions: 

0.5M ANI and APS in 0.3M HCl in air) compared to original PVDF.................................................................120 

Figure 4.26: FTIR spectra of PANI membranes prepared by diffusion cell polymerisation with pre-soaking of 

PVDF support in APS for 15 minutes and non-soaking in comparison to the original PVDF base (conditions: 

0.5M ANI and APS in 0.3M HCl in air,24 hours reaction time, 0 seconds contact time)...................................122 

Figure 4.27: FTIR spectra of heat-treated PANI membrane in comparison to the non-treated membrane and the 

original PVDF prepared by diffusion cell polymerisation (conditions: 0.5 M ANI and APS in 0.3 M HCl in 

air,24 hours reaction time, pre-soaked in APS).......................................................................................... ..........124 

Figure 4.28: TGA thermograms for PANI coated PVDF at different polymerisation times and their respective 

close-up thermograms prepared by (i) - (ii) solution polymerisation and (iii) - (iv) diffusion cell 

polymerisation......................................................................................................................................................129 

Figure 4.29: DSC chromatograms for PANI coated PVDF prepared by (i) solution polymerisation and (ii) 

diffusion cell polymerisation at different reaction times......................................................................................130 

Figure 4.30: Comparison of dynamic droplet properties on dry PANI coated PVDF     membranes at different 

mass percentage of PANI prepared via solution polymerisation method: The change of (i) effective contact 

angle of water (ECA), and (ii) peak water droplet height (h) with time..............................................................133 

Figure 4.31: The effect of applying a 7 V potential difference across a 13 mass% PANI coated PVDF 

membrane surface on a water droplet, showing increased permeation rate. The image at t = 0 s, V= 0 V (top left 

hand corner) illustrates the peak droplet height measurement (h).......................................................................134 



List of Figures 

 
 

xvii 
 

Figure 4.32:Comparison of dynamic droplet properties on dry PANI coated PVDF membranes of different 

PANI mass% prepared via diffusion cell polymerisation method: The change of (i) effective contact angle of 

water (ECA), and (ii) peak water droplet height (h) with time. ..........................................................................135 

Figure 4.33: Contact angles of various solvents on PANI membranes of different mass% deposition onto 

PVDF....................................................................................................................................................................139 

Figure 5.1: Membrane stored in water to avoid damages due to curling............................................................144 

Figure 5.2: Membrane cut to smaller pieces to eliminate damage during storage.............................................144 

Figure 5.3: PANI MW determination using GPC with band resolution of chromatograph RI traces fitted using 

Origin software; (i) 6 month old PANI prepared at 15
o
C; (ii) 2 month old PANI prepared at 15

o
C and (iii) 2 

month old PANI prepared at 24
o
C.......................................................................................................................146 

Figure 5.4: Ternary diagram of the system PANI/NMP/water (mass fractions)................................................149 

Figure 5.5: PANI concentration in doped solution: (A) at 15 wt% with (i) to (iii) the cross-section, and (iv) the 

surface; (B) at 20 wt% with (v) to (vii) the cross-section, and (viii) the surface; (C) at 25 wt% with (ix) to (xi) 

the cross-section, and (xii) the surface................................................................................................................152 

Figure 5.6: TEM cross-section images for undoped PANI membrane prepared by phase inversion and 

secondary doped in 1 M HCl at different scale...................................................................................................153 

Figure 5.7: Phase inversion PANI membranes cast at different PANI wt%......................................................154 

Figure 5.8: SEM micrographs of PANI membranes prepared by phase inversion at different casting thickness: 

(A) membrane cast at 250 µm with (i) to (ii) the cross-section, and (iii) the surface; (B) membrane cast at 100 

μm with (iv) to (v) the cross-section, and (vi) the surface………………………………………………….......157 

Figure 5.9: Phase inversion PANI membranes prepared at different thickness onto polyester support ........... 158 

Figure 5.10: TGA curves of PANI membranes on polyester backing layer prepared at different thickness (i) 50 

to 600
o
C (ii) magnified scale from 50 – 350

o
C....................................................................................................158 

Figure 5.11:DSC thermograms of PANI membranes cast onto polyester backing layer at different thickness.159 

Figure 5.12: Phase inversion of PANI membranes prepared with different evaporation times: (A) 0 seconds 

with: (i) to (iii) the cross-section and (iv) the surface; and (B) 15 seconds with (v) to (vii) the cross-section, and 

(viii) the surface........................................................................................................................................ ............161 

Figure 5.13: SEM morphology of the polymer supports used for casting of phase inversion PANI membranes: 

(A) polyester membrane support with (i) the surface, (iii) the cross-section of PANI membrane cast onto the 

polyester support, and (B) PE/PP mixture polymer support with (ii) the surface, (iv) cross-section of PANI 

membrane cast onto the PE/PP support.............................................................................................................. ..163 

Figure 5.14: Phase inversion of PANI membranes onto different backing layers as support.............................164 

Figure 5.15: SEM micrographs of PANI membranes prepared in: (A) NMP only as solvent with (i) to (iii) the 

cross-section and (iv) the surface; and (B) NMP followed by acetone as co-solvent at a volumetric ratio of 1:3 of 

Acetone : NMP with (iv) to (vii) the cross-section and (viii) the surface ...........................................................167 

Figure 5.16: Phase inversion PANI membranes (A) without heat treatment with (i) to (iii) the cross-section and 

(iv) the surface; and (B) after heat treatment with (v) to (vii) the cross-section and (viii) the surface...............168 

Figure 5.17: Phase inversion PANI membranes onto PE-PP backing layer with and without heat treatment 

(crosslinking)........................................................................................................................................................171 

Figure 5.18: TGA curves of PANI membranes cast onto polyester and PE/PP mixture  backing layers (i) 50 to 

600
o
C (ii) magnified scale from 50 – 350

o
C........................................................................................................171 

Figure 5.19: DSC thermograms of PANI membranes cast onto polyester and PE/PP mixture backing layer...172 



List of Figures 

 
 

xviii 
 

Figure 5.20: SEM images of membranes prepared by phase inversion using different dopants: the surface and 

cross-sectional view.............................................................................................................................................178 

Figure 5.21: FTIR spectra for PANI membranes using different types of acid dopants and with or without 

secondary doping in 1M HCl presented at different scales (i) 3500 - 2500 cm
-1

 and (ii) 2000 – 500 cm
-1

........ 179 

Figure 5.22: TGA curves of PANI membranes cast onto PE/PP mixture backing layer with different acid 

dopants (i) 50 to 600
o
C and (ii) magnified scale from 50 to 350

o
C.....................................................................182 

Figure 5.23: DSC thermograms of PANI membranes cast onto PE/PP support using different acid dopants...183 

Figure 5.24: Dynamic droplet properties of dry PANI phase inversion membranes in HCl and ASA dopants, 

showing the as a function of permeation time: (i) effective contact angle of water (ECA), (ii) peak water droplet 

height (h) .............................................................................................................................................................188 

Figure 6.1: Separated PEG oligomerpeaks from the HPLC-ELSD method on the twodifferent PEG mixtures at 

different concentrations.NF range mixture from PEG 200, 400, 600, 1000 at: (i) 200 mg L
-1

(ii) 400 mg L
-1

 and 

(iii) 800 mg L
-1

. Low UF range mixture from PEG 1000, 1500, 4000 at: (iv) 200 mg L
-1

, (v) 400 mg L
-1

 and (vi) 

800 mg L
-1

............................................................................................................................................................193 

Figure 6.2: Individual PEG oligomers with PEG oligomers mixture in water (i) NF range mixture of PEG 200 

to 1000 and (ii) low UF range mixture of PEG 1000 to 6000, obtained at concentration 400 mg L
-1

 of individual 

and mixture solution ............................................................................................................................................196 

Figure 6.3:The PEG standards of Mp 232-1460gmol
-1

 analysed using the HPLC-ELSD method developed...199 

Figure 6.4:Identification of individual PEG oligomers mixture from the: (i) NF range (ii) low UF range........200 

Figure 6.5: Effect of concentration on the HPLC traces for the NF range at (i)200 mgL
-1

 and (ii)400 mgL
-1 

..204 

Figure 6.6: Calibration of oligomer peak areas to PEG oligomer concentration for the NF range method for (i) 

106 to 326 g mol
-1

, (ii) 370 to 590 g mol
-1

, (iii) 634 to 898 g mol
-1

, and (iv) 942 to 1162 g mol
-1

……..............205 

Figure 6.7: Effect of concentration on the HPLC traces for the low UF range method for: (i) 400 mg L
-1

 of PEG 

1000 and PEG1500 and 200 mg L
-1

 of PEG 4000 and PEG 6000; (ii) 800 mg L
-1

 of PEG 1000 and PEG 1500 

and 400 mg L
-1

 of PEG 4000 and PEG 6000.......................................................................................................207 

Figure 6.8: Calibration of oligomer peak areas to PEG oligomer concentration for the low UF range for (i) 590 

to 942 g mol
-1

, (ii) 986 to 1338 g mol
-1

, (iii) 1382 to 1778 g mol
-1

, and (iv) 4000 to 6000 g mol
-1

....................208 

Figure 6.9: HPLC chromatograms of the feed, permeate and retentate from (i) NF range PEG mixtures 

separated by the Filmtec
TM

 NF270 Membrane; (ii) low UF range PEG mixtures separated by the Hydracore 

Hydranautics 7450 Membrane.......................................................................................................... ...................212 

Figure 6.10: MWCO curve for commercial membranes using developed standard methods (i) NF range; (ii) UF 

range.....................................................................................................................................................................213 

Figure 7.1: Rejection of low UF PEG mixture in PANI coating composite membranes prepared via one-step 

solution polymerisation method at different PANI mass% during dead-end filtration (3 bar, 25
o
C, 300 rpm, 400 

mg L
-1 

of low UF solutes).................................................................................................... .................................219 

Figure 7.2: Rejection of low UF PEG mixture in PANI coating composite membranes prepared by diffusion 

cell polymerisation at different PANI mass% in the dead-end filtration rig (10 bar, 25
o
C, 300 rpm, 400 mg L

-1 
of 

low UF solutes)....................................................................................................................................................221 

Figure 7.3: Rejection of low UF PEG mixture in PANI phase inversion membranes doped in various acid 

dopants during dead-end filtration (10 bar, 25
o
C, 300 rpm, 400 mg L

-1 
of low UF solutes)...............................225 

Figure 7.4: MWCO curves of diffusion cell membranes at different polymerisation time and phase inversion 

membranes with different dopants tested in the dead-end filtration cell unit (10 bar, 25
o
C, 300 rpm, 400 mg L

-1 

of NF solutes)...................................................................................................................................................... 227 



List of Figures 

 
 

xix 
 

Figure 7.5: Membrane fluxes of phase inversion PANI membrane doped in ASA and treated in 1M HCl with 

applied voltage of 7 and 0 V (10 bar, 25
o
C, 400 mg L

-1 
of low UF solutes)....................................................... 229 

Figure 7.6: Membrane fluxes of phase inversion PANI membrane doped in PMVEA and treated in 1M HCl 

with applied voltage of 7 and 0 V (10 bar, 25
o
C, 400 mg L

-1 
of low UF solutes).............................................. 229 

Figure 7.7: Membrane fluxes of undoped phase inversion PANI membrane treated with 1M HCl measured at 

applied voltage of 7 and 0 V (10 bar, 25
o
C, 400 mg L

-1 
of low UF solutes)..................................................... 230 

Figure 7.8:Membrane fluxes of diffusion cell PANI membrane doped in 1 M HCl measured at applied voltage 

of 7 and 0 V (10 bar, 25
o
C, 400 mg L

-1 
of low UF solutes).................................................................................231 

Figure 7.9: MWCO curves of phase inversion membranes doped in ASA at (i) 7 V, (ii) 0 V, and (iii) 

combination of 7 and 0 V(10 bar, 25
o
C, 400 mg L

-1 
of low UF solutes).............................................................235 

Figure 7.10: MWCO curves of phase inversion membranes doped in PMVEA with applied voltage of (i) 7 V, 

(ii) 0 V, and (iii) combination of 7 and 0 V (10 bar, 30
o
C, 400 mg L

-1 
of low UF solutes).............................. 236 

Figure 7.11: MWCO curves of phase inversion membranes doped in HCl with applied voltage of (i) 7 V, (ii) 0 

V, (iii) combination of 7 and 0 V (10 bar, 25
o
C, 400 mg L

-1 
of low UF solutes)............................................... 237 

Figure 7.12: MWCO curves of diffusion cell membranes doped in HCl with applied voltage of (i) 7 V, (ii) 0 V, 

and (iii) combination of 7 and 0 V (10 bar, 25
o
C, 400 mg L

-1 
of low UF solutes)...............................................238 

Figure 7.13: Membrane fluxes of phase inversion PANI membrane doped in ASA and treated in 1 M HCl with 

applied voltage of 7 V and 0 V (10 bar, 25
o
C, 400 mg L

-1 
of low UF solutes)....................................................239 

Figure 7.14: Membrane fluxes of phase inversion PANI membrane doped in ASA treated in 1 M HCl with 

applied voltage of 3.5 V and 0 V (10 bar, 25
o
C, 400 mg L

-1 
of low UF solutes).................................................240 

Figure 7.15: Membrane fluxes of phase inversion PANI membrane doped in ASA treated in 1 M HCl with 

applied voltage of 1 V and 0 V (10 bar, 25 
o
C, 400 mg L

-1 
of low UF solutes)...................................................240 

Figure 7.16: MWCO curves of phase inversion membrane doped in ASA with applied voltage of (i) 7 V, (ii) 0 

V, and (iii) combination of 7 and 0 V (10 bar, 25
o
C, 400 mg L

-1 
of low UF solutes. The whole circles represent 

rejections of PEGs at 7V and the empty circles represent the rejection of PEGs at 0V......................................242 

Figure 7.17: MWCO curves of phase inversion membrane doped in ASA with applied voltage of (i) 3.5 V, (ii) 

0V, and (iii) combination of 3.5 and 0 V (10 bar, 25
o
C, 400 mg L

-1 
of low UF solutes. The whole circles 

represent rejections of PEGs at 3.5V and the empty circles represent the rejection of PEGs at 0V....................243 

Figure 7.18: MWCO curves of phase inversion membrane doped in ASA with applied voltage of (i) 1 V, (ii) 

0V, and (iii) combination of 0 and 1 V (10 bar, 25
o
C, 400 mg L

-1 
of low UF solutes). The whole circles represent 

rejections of PEGs at 1V and the empty circles represent the rejection of PEGs at 0V......................................244 

Figure 7.19: Rejections of low UF PEG mixture by PANI membranes in the electrically connected cross-flow 

filtration rig at 0 V obtained from three independent runs (10 bar, 25
o
C, 400 mg L

-1 
of low UF solutes)..........245 

 



List of Tables 

 
 

xx 
 

List of Tables 

 

Table 1.1: The advantages of membrane separation processes compared to conventional separations……….....2 

Table 2.1: Basic Properties of Aniline and Pyrrole...............................................................................................15 

Table 2.2: General comparison between PANI and PPY properties for CP membrane synthesis…………........17 

Table 2.3: Summary of some of the PANI and PPI membranes in the available literature, differentiated by 

method of synthesis ...............................................................................................................................................26 

Table 2.4: Important parameters for the membrane synthesis via the phase inversion method............................28 

Table 2.5: FTIR bands representing PANI at different wavenumbers..................................................................48 

Table 2.6: Summary of solute types in different analyses conducted by various research groups.......................57 

Table 3.1: The membrane preparation parameters studied using the diffusion cell polymerisation method......68 

Table 3.2: Commercial membranes used in MWCO characterisation.................................................................78 

Table 3.3: PEG oligomer mixtures used in: (i) the MWCO mixture of commercial grade PEGs with respective 

average molecular weight given by the manufacturer (Mn), and (ii) the purer grade standard PEG solution with 

respective highest peak molecular weight (Mp) as determined by the manufacturer ............................................79 

Table 3.4: Final gradient profiles for the elution of PEG mixtures at different range of molecular weight.........80 

Table 4.1: Summary of infrared absorption frequencies in the coated membranes ...........................................121 

Table 4.2: Electrical conductivity measurements of PANI membranes onto PVDF base .................................126 

Table 4.3: Summary of the contact angle behaviour of different PANI membranes at7 V in comparison to 0 V 

voltage supplies ..................................................................................................................................................137 

Table 5.1: MW determination of PANI powder in NMP by GPC ....................................................................147 

Table 5.2: Conductivity measurements of phase inversion membranes with/without heat treatment..............173 

Table 5.3: The effect of using different dopants on the membrane fabrication process....................................175 

Table 5.4: Conductivity measurements of phase inversion membranes in different dopants............................180 

Table 5.5: Dynamic permeation of phase inversion PANI membrane using different dopants under the influence 

of applied electrical potential .............................................................................................................................186 

Table 6.1: Molecular structure of linear chain PEG oligomers .........................................................................194 

Table 6.2: Summary of the identified molecular weight of the different peaks in the NF range of the MWCO 

PEG analysis obtained from the two different external calibration methods and the finalised ........................198 

Table 6.3: Correlation of PEG oligomers MW to the calibration equation for the NF range method …(400 mg  

L
-1

) .......................................................................................................................................................................206 

Table 6.4: Correlation of the PEG oligomers‟ MW for the low UF range method with calibration equation.. 209 

Table 6.5: Membrane separation properties (flux and MWCO) of the different commercial membranes obtained 

from dead-end filtration test ……………………………………………………………………………………214 

Table 7.1: Summary of low UF PEG mixture dead-end filtration with PANI coating composite membrane 

prepared by one-step solution polymerisation onto PVDF (3 bar, 25
o
C, 300 rpm).............................................218 



List of Tables 

 
 

xxi 
 

Table 7.2: Summary of low UF PEG mixture dead-end filtration with PANI coating composite membrane 

prepared by diffusion cell polymerisation onto PVDF (10 bar, 25
o
C, 300 rpm).................................................220 

Table 7.3: Summary of low UF PEG mixture dead-end filtration with PANI phase inversion membrane 

prepared by immersion precipitation onto PE/PP mixture support (10 bar, 25
o
C, 300 rpm)..............................224 

Table 7.4: Measured fluxes of different membranes (10 bar, 25
o
C, 300 rpm)...................................................226 

Table 7.5: Summary of low UF PEG mixture electrically connected cross-flow filtration with PANI phase 

inversion membrane prepared by immersion precipitation onto PE/PP mixture support doped in ASA (10 bar, 

25
o
C, voltages of 0, 1, 3.5 and 7 V).....................................................................................................................241 

 



Nomenclature  
 

 
 

xxii 
 

Nomenclature 

 

2-MA  2-methyl aziridine 

4-MP  4-methyl piperidine 

ANI  aniline 

APS   ammonium persulphate 

AQSA  anthraquinone sulfonic acid 

Cf  Concentration of feed 

Cp  Concentration of permeate 

CPs  conducting polymer(s) 

D  diffusion coefficient 

DBSA   dodecylbenzene sulphonic acid 

DMA  dynamic mechanical analysis 

DSC  differential scanning calorimetry 

ECA  Effective contact angle 

ELSD  evaporative light scattering detector 

FeCl3  ferric chloride 

FTIR-ATR  fourier transform infrared-attenuated total reflectance  

GPC  gel permeation chromatography 

h  water peak droplet height 

HCSA  camphor sulfonic acid 

HPLC  high performance liquid chromatography 

I   current 

IEC  ion exchange capacity 

J  membrane flux  

k   conductivity 

K'  coefficient reflecting the nature of the medium 

MA  maleic acid 

MCE   mixed cellulose ester 

MF  microfiltration  

MW  molecular weight 

MWCO  molecular weight cut off  



Nomenclature  
 

 
 

xxiii 
 

NF   nanofiltration  

NMP   N-methylpyrrolidone  

OSN   organic solvent nanofiltration 

PA  polyacetylene 

PANI   polyaniline  

PANI/HIPS polyaniline and high impact polystyrene in 8 % polybutadiene 

PDMA  polydimethylacrylamide 

PDADMAC polydiallyldimethyl ammonium chloride 

PE  polyethylene 

PEDOT poly(3,4-ethylenedioxythiophene) 

PEG  polyethylene glycol 

PET  polyethylene terpthalate  

PMVEA poly(methyl vinyl ether-alt-maleic acid) 

PP   polypropylene 

PPY   polypyrrole 

PT  polythiophene 

Pt  platinum 

PTFE   polytetraflouroethene 

PVDF   polyvinylidinediflouride 

PVP  poly N-vinyl pyrrolidone 

R   resistance 

Redox   reduction-oxidation 

RID  refractive index detector 

RO   reverse osmosis  

rpm  revolution per minute 

SR  solute retention  

UV-vis  ultraviolet visible 

S   siemen  

SEM   scanning electron microscopy   

THF  tetrahydrofuran 

TGA  thermal gravimetric analyser 

UF   ultrafiltration  

 



Chapter 1 - Introduction 

 
 

1 
 

Chapter 1 

Introduction 

 

1.1   Pressure filtration membranes and their limitations 

In recent years, a range of separations has been introduced into process industries based on 

one simple concept: a selective barrier or membrane. Membranes are now vital in the world‟s 

major industries, such as dairy, food and beverage, chemical manufacture and wastewater 

treatment. The use of pressure driven based membranes has recently revolutionised many 

industries by allowing the recovery and reuse or sale of previously wasted materials[1]. This 

practice enables these industries to be more environmentally friendly by decreasing the 

amount of waste and more cost-effective, as less of these high-value materials are needed. 

Membrane processes also require modest energy compared to conventional separation 

technique (refer Table 1). 

A number of different membrane separation processes operating under a 

pressuredriving force exist (see Figure 1.1). The term molecular weight cut-off (MWCO) is 

used to show the relationship of the solute weight and the membrane by which 90% of the 

solute is retained by the membrane during filtration. Generally these are microfiltration (MF), 

ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO). NF is considered attractive 

for various applications as it is commonly used to separate low molecular weight (MW) 

organics/multivalent salts from monovalent salt water/solvents. This filtration is also known 

as loose RO [2] or low pressure RO [3]. High rejection is expected for NF ranges from 200 – 

1500 g mol
-1

 up to low UF ranges of up to 2000 g mol
-1 

[4, 5]. These criteria are suitable for 

refinery process and purification of fine chemicals to overcome the limitations from 

traditional separation techniques such as extraction and distillation.The advantages of the 

membrane separation processes compared to conventional separations (such as distillation, 

absorption, extraction) are highlighted in Table 1.1. 
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Figure 1.1: Pressure driven filtration representation [6]. 

 

Table 1.1: The advantages of membrane separation processes compared to conventional separations. 

Conventional separations Membrane processes 

Complex systems  The process is based on molecular size/weight 

May involve chemical separation Require modest energy 

May require solvent/additives addition Involve no additional waste products 

May produce waste products Have relatively low capital and running costs 

Expensive for low concentration/azeotropic 

conditions 

Can be done directly without using additives 

 Flexibility as the membrane is “tailor-made” to 

meet individual requirements 

 

A number of commercially manufactured and applied membranes have enabled the 

revolution of pressure driven membrane filtration in industries. With proper selection and 

application, these membranes are key to further developments in this area. Initial membrane 

selectionis usually based on the MWCO specified by the manufacturer [7]. Of all of the types 

of membranes available in the market (namely polymer, ceramic, metal and liquid 

membranes), polymer membranes have received great attention for pressure filtration 

processes, since polymer materials are cheap and easy to fabricate.However, commercially 
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applied membranes have a major limitation: the separation selectivity cannot be changed 

during the filtration process. This is because the current polymers used to synthesise 

membranes have lacked of flexibility as the selectivity is fixed once cast. This limits the 

application of the membranes to predictable stable process streams, where the feed does not 

constantly change and where you can guarantee a stable performance. There is currently no 

easy means to tune a membrane‟s performance if the performance changes or it does not 

quite meet the process specification once in use. Nor can the selectivity or flux be easily and 

precisely controlled once the membrane module is in place. To do this requires the 

development of new membranes to allow changeable separation selectivity.  

Conducting polymers (CPs) have been an attractive topic of research since the 1960s, 

as conducting/conjugated polymers possess tuneable properties upon acidic doping on the 

conjugated carbon backbone [8]. These allow a transition, such as from insulator to 

conductor, and can potentially enable revolutionary new applications in areas such as 

membrane separations [9], gas sensors [10], fuel cell systems [11] and improved rechargeable 

batteries[12]. Therefore, the use of CPs such as PANI, polypyrrole (PPY) polyacethylene 

(PA) and polythiophene (PT) are at the forefront of this new era of tuneable separation 

membranes, as these polymers possess desirable membrane properties, such as low 

dimensionality, light weight, biological compatibility and they are inexpensive, combined 

with the fact that they can conduct and insulate (and so have the properties of a conductor in 

an oxidised and a reduced state, respectively) [12-14] giving them electrically tuneable 

properties. Thus, these CPs can be doped/dedoped and protonated/reprotonated to influence 

the membrane free volume, which controls permeance diffusivity [9]. On the other hand, the 

support polymer used from poly vinylidene fluoride (PVDF) and mixed cellulose esters 

(MCE) are also possess piezo-electric properties [15, 16] that allow occurence of electric 

dipole moments in the solid polymers via electro-mechanical changes in the support polymer 

[17]. The combined effects between the tuneable free volume and piezoelectric may play an 

important role in the tuneable membrane selectivity. In the near future, CP membranes could 

provide a paradigm shift improvement to the complex molecular separations enabled by 

existing selective polymer membranes [18].  

The tuneable movement of ion solutes in aqueous systems through PANI and other CP 

membranes in permeation cells has been well studied [13, 19-21]. Little work has been done 

on tuneable membranes for pressure filtrations [22, 23] and for separations of non-ionic 

species in particular (with only one example in the available literature [24]). In pressure 
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filtrations, the membrane selectivity and permeability is dependent on the membrane‟s 

properties (polymer type, charge, porosity/free volume, thickness), with transport through the 

membrane by solution diffusion for denser structures and/or pressure driven convective flow 

through pores [25]. The solutes being separated also affect the separation: molecular weight, 

shape, solubility, charge, concentration, solubility in the solvent and polymer being the main 

determining factors [25]. Therefore, applying an electrical potential to a doped PANI thin 

film/membrane produces several property changes that allows this separation to be tuned: in 

particular charge/surface energy and volumetric changes. Clearly an electric potential will 

produce electron flow and therefore an electric charges change in the PANI membrane. This 

will mainly influence the flow of charged species through the membrane, but will also change 

the selectivity and flow of non-ionic species as a result of the attractive and repulsive forces 

among ions [26]. Applying an electric potential also causes volumetric changes, changing the 

membrane porosity/free volume. At the reduced state, shrinkage occurs due to the expulsion 

of ions from the dopant site [13]. Therefore, the application of an electrical potential across a 

PANI coated or cast membrane may influences its selectivity and permeability, potentially 

producing membranes with tuneable selectivity and permeability for a wider variety of 

solutes than the ionic species they are currently commonly applied to [27-29]. If these 

changes in transport properties can be predictably controlled, these membranes could 

potentially open a new era of tuneable pressure filtration where permeation rates and/or 

selectivity can be controlled in-situ. This could lead to the development of revolutionary new 

technologies, such as remote controlled medication delivery [30], the in-situ elimination of 

membrane fouling [31], and pressure driven filtrations with in-situ changeable selectivity and 

fluxes, which is the target end application for this study.  

Consequently, this thesis will focus on fabricating and characterising NF membranes 

that can have its selectivity and filtration rate of different non-ionic, non-charged solute 

changed by an external electrical stimuli.  

 

1.2   Thesis structure 

This thesis is a detailed account of the preparation and characterisation of CP nanofiltration 

membranes with tuneable permeability and selectivity for pressure filtration using two main 

methods: (1) coating composite polymerisation and (2) phase inversion.  
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Chapter 2 presents a review on previous studies carried out by researchers worldwide 

on various pressure filtrations readily available and further introduces CPs and the advantages 

of the polymers to substitute the current commercial membranes that have fixed separation 

properties when in use. The preparation of CP membranes using different approaches as 

reported in the literature is also highlighted.  

The methods and materials involvedin preparing and characterising the membranes 

are outlined in Chapter 3.  

Chapters 4 to 7 comprise the Results and Discussion sections - the heart of the thesis:  

Chapter 4 outlines the CP membrane preparation using coating composite 

polymerisation by three different techniques: (i) vapour-, solution- and diffusion cell 

polymerisation. For each of these techniques, the parameters involved in the membrane 

preparation as well as the membrane characterisations are in characterised.  

In Chapter 5, the synthesis of PANI membranes by phase inversion from in-house 

fabricated PANI is evaluated and the parameters affecting these CP membranes‟ properties 

are presented and analysed.  

Chapter 6 outlines a new MWCO method based on polyethylene glycol (PEG) which 

was developed to allow a determination of MWCO changes in the PANI membranes when 

they are assessed for their tuneability.  

Chapter 7 brings the whole thesis work together, characterising and comparing the 

uncharged and charged filtration properties (flux, MWCO) to determine if selectivity and 

permeability for uncharged, non-polar molecules like PEG can be tuned by an external 

electric current.  

Chapter 8 outlines the overall conclusions and future work. 
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Chapter 2 

Literature review 

 

2.1 Membrane separation ranges and characteristics 

Membrane separation processes involve permeation of liquids or gases through membranes 

under a specific driving force i.e. pressure, concentration and potential. Although many 

advantages can be drawn from the use of membranes, there are still several limitations that 

hinder their use in modern industry leading to poor performance in certain applications. In 

order to make the membranes useful for commercial separation processes, the membranes 

must exhibit these characteristics [32]: 

 High flux 

 High selectivity 

 Mechanical stability 

 Complete tolerance to feed stream components (including fouling resistance - 

unless fouling is wanted) 

 Tolerance to temperature variations 

 Manufacturing reproducibility 

 Low manufacturing cost 

 Ability to be packaged into high surface area modules 

High flux and selectivity in fabricated membranes are desired in order for it to be used at 

large scale and maximum separation [33]. The membranes are also expected to have high 

mechanical stability and wide temperature variance so as to allow diverse applications [34]. 

Fouling, which is a common limitation in membranes  must be minimised to ensure that the 

membrane possesses long term stability without the necessity of frequent backflushing or 

replacement [35, 36]. Otherwise, an increase in maintenance costs can be expected in order to 

run the system. Fouling is also of great concern to a majority of membrane applications 

because it is directly related to the decrease in product fluxes and the fractionating ability of 

the membranes [37, 38]. Fabricated membranes must also be reproducible so that their 

quality can be guaranteed for commercialisation. Another important factor to consider in the 

context of fabricating membranes is the manufacturing cost, which should be kept to a 

minimum so that the membranes can be sold at a price competitive to the commercial 
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membranes currently available in the market [39]. In addition, the rate of return for 

membrane production can also be shortened. Finally, a good membrane should also be able to 

be packaged into high surface area modules. High surface area modules are important in 

getting maximum production capacity for industrial application since membrane plants often 

require hundreds to thousands of membranes to perform the separation on a useful scale [35].  

Thus, all these criteria should be taken into account when producing membranes for filtration 

applications.  

 

2.1.1 Pressure driven membranes and membrane operations 

Pressure driven filtration can be (albeit somewhat arbitrarily) classified into four different 

processes: microfiltration (MF), ultra filtration (UF), nanofiltration (NF) and reverse osmosis 

(RO). These processes are differentiated by the MW of solutes to be separated. 

Differentiation by the size of membrane pores is also possible i.e. macropores (>50 nm), 

mesopores (2 to 50 nm) and micropores (<2 nm). In particular, NF is attractive due to its 

suitability and ability in separating either charged or neutral solutes. NF and low UF 

membranes are the main focus of the current thesis work. 

NF processes use membranes with pore sizes ranging from 1 to 10 nm and a MWCO 

of 200 to 2000 g mol
-1

. However, the pore concept in NF is considered to be only 

hypothetical for many polymeric membranes, since although the effective pore size can be 

determined by transport models, this does not mean that the pore really exists [40]. Indeed, 

substantial evidence as to the existence or absence of pores in a number of NF membranes (in 

particular when the membranes are wetted and in-use) does not yet exist. 

Another way of categorising membranes is by their material type and structure. In 

general, there are four major types of membranes that could be categorised as such (Figure 

2.1). Isotropic (dense non-porous) and anisotropic polymeric membranes are the subject of 

most research and development in the area of pressure filtration processes because they are 

easily fabricated with cheap polymer materials. Anisotropic membranes are widely used 

because of its high membrane flux in comparison to dense non-porous isotropic membranes.  

The flux through the membranes varies with membrane types, dead-end/cross-flow velocity, 

feed composition, temperature and pressure applied to the system, as well as the type of 

solute solution being filtered [41]. However, isotropic membranes are used exclusively in 

laboratories to characterise membrane properties [35].  

NF requires anisotropic membranes because of its thin and almost dense layer on top 

which allow permeation of certain molecules either in charged or neutral form based on the 



Chapter 2 – Literature Review 

 8 

MW and structure. The microporous structure supporting the membrane thin layer may 

increase the membrane flux and also enhance the separation performance. 

. 

Figure 2.1: Various types of membranes. 

 

2.1.2 Transport and selectivity models for NF and low MWCO UF membranes 

Typical aqueous applications of NF membranes include the separation of salts from dye 

solutions and the separation of acids from sugar solutions. Although NF membranes are 

readily available in the market, „tailor-made‟ membranes are still required to deal with 

various solute sizes, shapes, MWs and charges. Variations in solute properties can also cause 

variabilities in rejection and affect the permeability of the membranes. A fundamental 

analysis of membrane transport is therefore needed to understand the changes in the transport 

mechanism, especially when new type of polymers (such as the CPs that are the focus of this 

study) are used to produce NF membranes. For conventional NF membranes, three main 

solvent and solute transport mechanisms are thought to exist: Donnan exclusion, pore-flow 

and solution-diffusion.  

 

A.   The pore-flow model 

The pore-flow model is mainly used to describe the permeation through porous membranes 

i.e. UF and MF [35, 42]. It describes the separation based on pressure-driven convective flow 

through tiny pores. Selectivity results from exclusion, is based on the incompatibility of 

molecule parameters such as size, shape and charge, with the same properties in the pores of 

the membrane. The basic equation covering the transport mechanism in pore-flow model is 

Darcy‟s Law [35], which is written as in equation 2.1: 
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Ji K'ci
dp

dx
  (2.1) 

where Ji is the flux of component i, dp/dx is the pressure gradient existing in the porous 

medium, ci is the concentration of component i in the medium and K’ is a coefficient 

reflecting the nature of the medium.  

 The pore-flow model in NF membrane has been proposed from the Hagen-Poisseuille 

model and Jonsson and Boesen model [36]. These models have been mainly used to model 

solute flux in aqueous systems in UF and MF. However, these models only consider the 

solvent‟s viscosity as the solvent parameter. Other membrane characteristics such as porosity, 

pore size were not included [36]. Therefore, the models, despite being used, may not well 

describe the transport phenomena involved. 

 To overcome this, various research groups have used the pore-flow model with 

modifications on these basic equations to describe the transport through NF membranes [25, 

43-45]. Since the pores in this membrane are a few times the size of water and dissolved 

solute molecules (less than 3 nm), the transport across NF membranes via convective flow, 

which applies for membrane with pores around 0.1 to 10 μm, is substantially hindered [43]. 

Therefore Knudson diffusion and molecular sieving have been proposed to describe the 

transport properties in a porous membrane at nano-range solutes [43, 45-48]. Knudson 

diffusion is different from the molecular sieving because the transport rate is inversely 

proportional to the square root of the solutes MW while molecular sieving also known as 

surface diffusion involves diffusion of the absorbed species on the surface of the pores to 

diffuse through the membrane [35].   

However, all these proposed models are insufficient to explain the transport 

phenomena in an electrically tuneable conducting NF membrane synthesised in this 

work,since pore-flow will not be the only phenomena governing the flow through these NF 

membranes. This is because a change in pore size and/or free volume and/or other properties 

that produce exclusion is hypothesised to be crucial in changing the selectivity and flux 

through the membranes. 

 

B.   The solution-diffusion model 

The solution-diffusion model has also been used to describe the transport through polymeric 

NF membranes. Usually, the solution-diffusion model is typically used to describe transport 

through pore-less (dense) membranes, like those used in RO. These membranes were 

revolutionised by Loeb and Sourirajan in the making of anisotropic membranes via phase 
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inversion technique for RO application in the 1960s [49]. It assumes that the permeating 

species dissolves in the membrane material and diffuses through the membrane down a 

concentration gradient. A separation is achieved between different solutes due to difference 

in the amount of solute that dissolves in the membrane and the rate at which it diffuses 

through the membrane [35, 42, 44, 50]. The model is based on the solvent viscosity and its 

molar volume, the surface tension of the membrane material and the sorption value between 

the membrane-solvent interactions. Transport in the solution-diffusion model can be in its 

most basic form be quantitatively described by Fick‟s first law, in equation 2.2. 

 

Ji Di
dc i

dx
  (2.2) 

where Ji is the flux of component i, Di is the diffusion coefficient, dci/dx is the concentration 

gradient of component i across the media. 

These types of models were also applied for organic solvent NF membranes to study 

the solvent transport properties through a several commercial membranes [51]. It was found 

that for the specific solvents studied, reasonable prediction of solvent mixture flux is shown 

over the range of concentration examined, based on the data of pure solvents. On the other 

hand, the solution-diffusion model has also been widely applied for membranes in gas 

separation and pervaporation [50, 52].  For example, Gupta et al. have applied solution 

diffusion model for the transport of gases from conducting polymer membrane of PANI[50], 

have applied solution diffusion model of PANI coated PVDF membrane and self supported 

PANI membrane transported with different mixture of gases and the selectivity of different 

pair gases was obtained. The mechanism that possibly happens in the gas transport is not 

revealed. The selectivity in pervaporation is the product of sorption selectivity and a complex 

interaction of diffusion, which is a result of solution diffusion through the membrane [52].  

 

C. Donnan exclusion 

Finally, the Donnan exclusion mechanism is used to explain the flux profile during filtration 

of charged solutes through charged or neutral NF membranes. The membranes are made 

charged/conductive either by the addition of functional polymers (e.g. CP) or functional 

chemicals (e.g. acidic compounds). Donnan exclusion works on the exclusion of identically 

charged mobile ions to fixed groups called co-ions. The selectivity of the membranes results 

from the sorption of counter ions and the exclusion of co-ions of the membrane phase. These 

counter and co-ions can be cationic or anionic depending on the fixed charge groups [53]. An 
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example of Donnan exclusion in NF is the Donnan-steric pore model, proposed by Bowen et 

al. [46]. The model showed successful prediction of NF performance in dye-salt dia-filtration 

which are combinations of both the Donnan exclusion and sieving mechanisms [46]. The ion 

transport was based on the extended Nernst-Plank equation, which was modified to include 

hindered transport, a combination of Donnan (electrical) and sieving (steric) mechanisms 

[54]. 

 

D.   Implications 

From the possible mechanisms found in the literature for the transport of solutes through NF 

membranes, the pore-flow and solution-diffusion models are main ones used to describe 

transport of neutral solutes. If charged solutes are involved in the permeation study, Donnan 

exclusion is introduced to explain the transport phenomenon of the charged solutes with the 

membrane.  

In our work, these three models will be mainly used to describe the transport 

mechanisms qualitatively.The change in free volume elements in the membrane based on the 

appear and disappear of tiny spaces between polymer chains due to the thermal motion of the 

polymer molecules on the same timescale will result in permeation of the very small solutes 

via solution-diffusion model. Meanwhile larger free volume that relatively large and fixed, do 

not  fluctuate in position or volume will allow bigger solutes to pass through the membrane 

via pore-flow model. On the other hand, the presence of electric potential on the conductive 

polymer membrane allows tuneability of the free volume as explained by the polymer 

electrochemical actuations, which is further discussed in Section 2.4. The change in the free 

volume due to the charged ions mobility in the membrane will create an exclusion effect on 

the ions and the solutes that allow tuneable permeation via Donnan exclusion. This is because 

a change in charge and pore size and/or free volume and/or other properties in the membrane 

is hypothesised to produce the changes in the selectivity and flux through the membrane 

aimed for. 

 

E.   Overall membrane transport properties 

All these transport mechanisms can play a major role in the transport properties of solutes 

through NF and low MWCO UF membranes. However, unlike the flux transport mechanisms 

which are well understood and widely reported [40, 55], the mechanisms which explain the 

selectivity are more complicated and unclear and will not be covered here. Instead, the flux, 
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rejection and MWCO will be used to characterise the transport through the membranes 

studied in this work. MWCO is a representation of membrane separation properties obtained 

from the rejection and the MW of solutes curves. These parameters are further outlined in 

Section 2.6. 

 

2.1.3   The limitations of current NF and low UF membranes 

Commercial membranes (including the NF and low UF membranes that are the focus of this 

work) have several limitations. They lack operational flexibility because the membrane 

selectivity is fixed once cast. This is because the polymer does not possess tuneable nano-

structural properties in the presence of electrical current unlike membranes which are made 

from CPs with imine functional groups such as PANI and PPY [56, 57]. The use of PANI and 

PPY in NF membranes is therefore investigated in this thesis in order to produce tuneable 

pressure filtration membranes.  

 

2.2   New paradigm for NF from conducting polymers  

CPs have been a popular topic of research since the 1960s, as CPs possess interesting 

properties for numerous possible applications, such as membranes, gas sensors, fuel cell 

systems, gas separation, pervaporation and others. There is a wide range of CPs available, 

including PA, PPY, PANI, PT, and these in particular have long been investigated to 

elucidate their intrinsic properties. These include: low dimensionality, light weight, biological 

compatibility, ease of manufacturing and low cost [58]. Figure 2.2 shows a wide range of 

industrial applications for CP membranes mainly classified into four major fields: water 

splitting, polymer electrolyte, dialysis and electrodialysis. Pressure driven membrane 

separations are therefore a developing area for CP membranes providing an opportunity for 

development. Electrodialysis, is the major membrane separation based application of CPs. 

Compared to NF however, it produces a lower separation yield. For example, the process of 

electrodialysis produces only 50 to 70% demineralisation [59] in the whey demineralisation 

industry. 
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Figure 2.2: Schematic representation of various industrial applications using CP membranes [39]. 

 

Furthermore separation in NF could be used for a wider range of solutes than 

electrodialysis due to the ability of NF to perform separation at any types of solutions i.e. 

negatively, positively and neutrally charged solutes and also completely neutral/inert solutes 

as the separation is not based on charge and/or polarity differences. However electrodialysis 

necessarily requires charged solutes for a possible separation.  

CPs also undergo free volume changes during oxidation, reduction and relaxation in a 

doped state under applied potential. These three processes are explained via incorporation or 

withdrawal of ions to the doping sites that results in swelling and shrinking of the free 

volume in the polymers usually observed in the electrochemical modification/characterisation 

via cyclic voltammetry measurement [21, 60-63]. The free volume is at a minimum when the 

membrane is at completely reduced or relaxed states while maximum free volume may be 

observed at a fully oxidised state [64]. Oxidation refers to the removal of the electrons in the 

high mobility orbitals when the polymer is doped with acid dopant (positive applied voltage) 

and reduction is the addition of electrons at these orbitals during dedoping of the acidic 

compound (negative applied voltage) [65]. Relaxation happens when the polymer has 

undergone the first reduction associated with swelling at the maximum current as reported by 

Gandhi et al.[65]. However further reduction will cause decomposition to the membrane [13]. 

The polymer relaxation structure may be similar to the secondary doping state in PANI, but 

further work is required for confirmation of the phenomenon [65]. 

The presence of electrolyte solutions when potential is applied on the doped polymer 

membrane allows the receiving or releasing of ions to happen in the membrane, which is 
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expected to swell or shrink the membrane free volume [13, 24]. This work is well established 

and so is not the subject of this thesis. However, tuneable properties of CP membranes in 

neutrally charged solutions have been studied only once before (as far as the author can tell 

from the available literature) and these were observed at different percentages of oxidation 

with an increase in the flux due to additional membrane swelling in the solution [13, 24]. 

These properties therefore require further investigation and this is therefore the basis of the 

work in this thesis. 

 

2.3   PANI versus PPY  

The two most widely used CPs, in particular for CP membranes, are PANI and PPY. Both are 

widely applied in conducting materials and devices due to their intrinsic high stability and 

conductivity. Both polymers which have imine group in the monomeric structure of which 

can be doped/dedoped/redoped in various kinds of acids, will undergo the reduction-

oxidation (redox) reactions in the presence of electric potential through the membrane 

incorporating them. The general properties of the aniline and pyrrole are presented in Table 

2.1. 

 PANI, which is the focus of this work (for reasons outlined below), is mainly used in 

different areas such as electrical, electronics, thermoelectric, electrochemical, 

electromagnetic, electromechanical, electro-luminescene, electro-rheological, chemical, 

membrane sensors and so on due to its special properties such as being conductive in nature, 

the increase of viscosity in solution when under an electric field, its change in electrical 

conductivity or colour when exposed to acidic, basic and some neutral vapours or liquids, its 

easy variation of oxidation states, very high capacitance values, volume changes at different 

oxidation states and its ability to emit colour under various excitations [66]. Such applications 

are based on the possibility of electrochemically controlling the polymer‟s macroscopic 

properties (conductivity, charge, volume, colour, etc) by redox processes. These redox 

processes involve the polarisation of the polymer chains under both the anodic and cathodic 

conditions, where under anodic polarisation, the polymer chains lose electrons (oxidation), 

which then induce conformational changes.  
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Table 2.1: Basic properties of aniline and pyrrole [67]. 

Properties Aniline Pyrrole 

Monomer structure 
  

Polymer structure 

 
 

Molecular formula C6H7N C4H5N 

Molar mass 93.13 g mol
−1

 67.09 g mol
-1

 

Appearance Colourless liquid Colourless liquid 

Density 1.0217 g/ml, liquid 0.967 g/cm
3
 

Melting point −6.3 °C −23 °C 

Boiling point 184.13 °C 129–131 °C 

 

PPY has been intensively investigated as a material with potential application in smart 

devices [13, 68].  PPY is another type of CP that contains nitrogen in the aromatic cycle 

similar to PANI. This nitrogen possesses conjugated orbitals that have high electron mobility 

to allow protonation and deprotonation to influence the electrical/electrochemical 

conductivity. PPY does not easily become a free-standing thick film and this is the major 

drawback of this polymer, thus PPY is usually coated on a highly conductive material such as 

gold and platinum to be a membrane [19]. PPY also has low permeability in many types of 

electrolyte; this is probably because of the non-wetting nature of the polymer [69], which 

would make the permeation of solute solutions during NF separation difficult. This 

permeability is opposite to the PANI membrane, which has about 2 to 5 times higher 

permeability in electrolyte solutions [69]. Furthermore, Wang et al.[70], upon studying the 

actuation/physical displacement properties of these polymer films found that PPY cannot be 

as easily doped and dedoped with acidic compound [71] as PANI. Therefore the free volume 

tuneability would be harder to achieve than in PANI. PANI however, is difficult to handle as 

it dissolves only in a few types of organic solvents and gels readily at concentrations above 5 

wt% [72]. The presence of acid dopants in a PANI membrane helps to reduce the electrical 

resistance via incorporation of the acid compound to the membrane site, unfortunately no 

http://en.wikipedia.org/wiki/File:Aniline.svg
http://en.wikipedia.org/wiki/File:Pyrrole.png
http://en.wikipedia.org/wiki/Image:Polypyrrole.png
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such effect has been observed for PPY [69]. This effect was proposed to be partly due to the 

difference in conformations in the media, as macromolecular conformations may influence 

the packing of chains in the CP layer. 

Some more of the strengths and weaknesses of PANI and PPY polymers are 

summarised in Table 2.2. Although many studies have focused on PPY and its intrinsic 

tuneable properties prior to the year 2000, the trend has changed thereafter, with more 

research dedicated to studying the use of PANI for a range of applications. This is probably 

(in addition to the points made above and in Table 2.2) because PANI seems to have a better 

process-ability, with higher mechanical strength than PPY even if the conductivity is slightly 

lower [66, 73, 74]. The slightly low conductivity of PANI could always be increased if 

desired, by performing secondary doping instead of relying on primary [75]. Secondary 

doping may change the optical, electrical, magnetic and structural properties of the polymer. 

Nevertheless, the strength and weaknesses of both polymers lead to various ways used to 

produce polymer membranes with specific desired properties.  
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Table 2.2: General comparison between PANI and PPY properties for CP membrane synthesis. 

Property PANI PPY 

Synthesis  Easy synthesis, environmentally stable, and has simple doping 

and de-doping chemistry [58] 

 The used of amide base solvent i.e. NMP successfully solved 

PANI process-ability problems [76] 

 PANI is difficult to handle, as it dissolves in only a few types 

of organic solvents; PANI can become a gel at concentrations 

above 5 wt% [72] 

 Emeraldine (green or blue) has the highest current conductivity 

upon doping instead of other classes of aniline like 

leucoemeraldine (white/clear) and pernigraniline (blue/violet) 

which are poor conductors 

 Pyrole has a tight, rigid structure with weakly basic anion 

exchange group that is easily polymerised by chemical or 

electrochemical oxidation to form PPY [67] 

 PPY is non-wetting and thus it is non-swelling in water [19] 

 PPY dedoping process will take a longer time compared to 

PANI because it has higher electrical stability in water, but 

dedoping of PPY film will cause the membrane to be very 

brittle and easily broken [71] 

 

Thermal/ 

Mechanical 
 The tensile strength was recorded as 110 MPa in pristine PANI 

membrane but reduced to 3-90 MPa for modified PANI/PPY 

[77] 

 PANI has lower degradation behaviours than PPY at elevated 

temperatures [78] 

 PPY does not possess excellent thick film forming abilities 

[19] 

 PPY has lower mechanical strength than pristine PANI 

membranes although PPY has been associated with other 

polymers like benzenesulfonate, dodecylsulfate, nafion 

composite, paratoluenesulfonate, paravinylsulfonate composite 

[77] 

 PPY is more susceptible to deprotonation at elevated 

temperatures when compared to PANI [78] 

Electrical  Doped PANI has a conductivity of 10 S cm
-1

[66] 

 PANI however has 50 % higher deprotonation tendency than 

PPY[78] 

 Doped PPY has a conductivity of 100 S cm
-1

[66] 

 PPY has about 50 % lower deprotonation tendencies compared 

to PANI. A 50 % reduction of PANI is equivalent to 25 % 

deprotonation of PPY [78] 
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Based on the above, PANI has therefore been chosen as the CP in this project for the 

following reasons: 

 The ability to be a free-standing polymer membrane. 

 The possibility to possess a wide range of free-volume changes and tuneable 

permeability when in use.  

 The high electrical conductivity. 

 The high mechanical stability. 

 PANI membrane synthesis could be successfully achieved through various 

techniques. 

Consequently, PANI will be the main focus of the following literature review, with PPY used 

as a comparison. 

 

2.4 The electrochemical and electromechanical properties of PANI membranes 

2.4.1   Introduction 

As mentioned previously, the main application of CPs and PANI in membrane separations is 

in electrochemical type tuneable separations – separations with ions and electrolytic 

solutions. Although this thesis intends to extend this work to non-charged, non-polar 

molecules, the tuneable properties of these CP membrane elucidated in this previous work 

indicate the type of tuneable properties and transport mechanisms that may affect the 

tuneable properties in the applications within this thesis. Therefore a summary of the 

important findings in these applications is given in the next section. Note that much work has 

been conducted on PPY membranes, therefore the important precedents in this work is also 

summarised and included since this also gives clues to how tuneable PANI membranes may 

function. 

 

2.4.2   The doping of PANI and associated property changes in filtration 

Due to doping, PANI, has three different monomeric forms that depend on doping, or 

addition of the acidic group to the polymer chain. The emeraldine form (green or blue) has 

the highest current conductivity upon doping instead of other forms of aniline like 

leucomeraldine (white/clear) and pernigraniline (blue/violet), which are poor conductors even 

when doped with an acid. The proposed structures of PANI in different polymer forms is 

presented in Figure 2.3. The level of dopant and the dopant‟s nature change when introduced 



Chapter 2 – Literature Review 

 19 

to the PANI. Details of the mechanism of the electrochemical behaviour of the oxidised and 

reduced form of the conjugated molecules in PANI is elaborated in detail in ref. ([14]). The 

electrochemical behaviour in PANI happens due to its redox transition (electron detachment 

or acceptance), that correlate to the difference in the π-electron energy of the conjugated 

molecules. 

 

Figure 2.3: Generalised structures of the oxidative and non-oxidative (protonic acid) doping of PANI in 

different forms: n = number of ANI units, m = 4n (reproduced from ref. [14]). 

 

The oxidation/reduction mechanism of PANI is reviewed by Gospodinova and 

Terlemezyan [14] showing the different electrochemical activities of PANI. Transitions from 

leucomeraldine to emeraldine (oxidation) and emeraldine to pernigraniline (reduction) via 

cyclic voltammetry were related with observed time taken to complete the cycle. The range 

of potential window (voltage applied) and the concentration of aqueous solution (pH) 

significantly influenced the redox processes by electrochemically switching the polymer 

states (leucomeraldine, emeraldine, pernigraniline) under the presence of limited potential 

(applied voltage) and pH of the medium; in neutral and alkaline media, PANI loses its 

electrochemical activity. Thus controlling the applied voltage and electrolyte solution 

concentration is very important in tuning the membrane permeation properties. 

Terlemezyan et al. [79] have demonstrated a method for free volume detection in 

PANI complexes with various acid dopants using positron lifetime spectroscopy. They show 

that larger counter anions resulted in larger voids giving a correspondingly larger free 

volume. Similar findings were obtained by Zhang et al.[80] when measuring the nanopore 

sizes of PANI self-assembled nanotubes prepared in various sizes of polymeric acid dopants 

where a bigger dopant created a bigger free volume and vice versa. 
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 Perchlorate and nitrate dopants were used for poly (3-methylthiophene) and poly (N-

methylpyrrole) based membranes used in organic solvent separation in acetone/water/set-

butanol/heptane [81]. It was found that solvent transport in perchlorate and nitrate doped 

films is higher than the neutral film. However, set-butanol transport is not influenced by the 

doping process, possibly because of its bigger molecular size in comparison to acetone. SEM 

confirmed that doped polymers have smoother surface and greater rate of solute transport. It 

was suggested that the molecular selection for organic solvent separation can be strictly 

controlled by carefully choosing a dopant for the desired separation. Doping of sulphuric acid 

on PANI and tosylate on PPY resulted in molecular re-arrangement of the acidic group 

during pervaporation thus allowing higher permeability of methanol, acetone and water 

(neutral compound) [82]. Therefore, by controlling the permeability through applied 

electrical potential, one can study the chemistry at the solution/membrane/gas interfaces.  

Avlyanov et al. [83] studied the membrane conductivity with different dopants for 

PPY membranes. It was found that different dopants gave different conducting properties. 

The lowest was given by HCl and methanesulfonic acid at 0.1 S cm
-1

 while the highest was 

given by anthraquinone-2-sulfonic acid and 5-sulfosalicylic acid at 200 S cm
-1

. Consequently, 

secondary doping with strong acids such as HCl was proposed by MacDiarmid et al. [75, 84, 

85] when using bigger acidic molecules like camphor sulfonic acid (HCSA) to change 

structural properties, because these are weakly acidic in comparison to HCl and therefore 

produce a poorly CP if used alone. The secondary dopant increases the conductivity of the 

polymer and perhaps produces more tuneable properties in the resulting CPs. For these 

reasons, secondary doping is therefore used in this work. 

Ball et al. [86] investigated on the pervaporation of 50 wt% ethanol/water solution by 

PANI membranes synthesised using acid catalyst oxidative polymerisation method. It was 

found that the permeant was 99.99% water with a selectivity of more than 10,000 in undoped 

PANI membranes. This is because water has higher diffusive selectivity than ethanol. In 

doped PANI membranes, the selectivity of ethanol/water was less than 17. The selectivity in 

doped PANI membranes also varied from 1.7 to 7 among different pervaporation 

experiments. This might be due to the leaching of dopant from the membranes, which can be 

avoided by polymerising PANI with a polymeric dopant, so that the membrane will have 

higher selectivity than doped PANI. This research continues with the blending of CPs with 

polyamic acid/polyacrylic acid in such a way so as to avoid dopant leaching in comparison to 

undoped/HCl doped PANI [18]. The analysis of pervaporation showed that the permeation of 

water and methanol have a linear relationship with time. Self-doped PANI derivatives or 
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blending of PANI with dopants is a feasible solution to overcome dopant leaching problems. 

PANI blends offer high permeability and selectivity for separation. Polyacrylic acid/PANI 

blend gave better polymeric dopant properties than polyamic acid/PANI. In a HCl doped 

PANI membrane, permeability was found to increase and then declined steadily after 48 

hours. HCl doped PANI was found to leach out dopant in neutral solution as shown by a 

significant change in water permeability. Larger dopants will therefore be evaluated in this 

study in order to try to produce a membrane that can retain the dopants (rather than leach 

them). 

Dopants of different MW such as maleic acid, camphorsulfonic acid, phthalic acid 

and sulfosalicylic acid, have been used for making membranes with different nanopores, 

rejection and flux properties but dedoping and heat treatment that were performed afterwards 

have made a tight OSN membranes with MWCO ranges only at 150 - 250 g mol
-1 

[29]. The 

use of a long chain polymeric acid from polymethyl vinyl ether-alt-maleic acid (PMVEA) 

together with other polymeric acid dopants such as polystyrene sulfonic acid and polyacrylic 

acid in making a self assembled PANI nanotubes have shown that different nanopore sizes 

were found with the biggest pores were in PMVEA doped [80], as expected. 

 

2.4.3   Conductivity and electrochemical properties 

The protonation of PANI from emeraldine base by protonic acids occurs only at the imine 

group as proven by Nis core level spectra [12, 78]. Each oxidation state can exist in the form 

of its base or its protonated form (salt) by treating the base with an acid. The electrochemical 

redox reactions of certain forms of PANI can occur without protonation or deprotonation 

under appropriate conditions, either in aqueous or non-aqueous electrolytes [12]. This means 

that the electrochemical reaction in PANI may still happen when separating charged or 

neutral solutions, provided that enough potential is supplied to the system. This therefore 

provided further evidence that the work proposed in this thesis is viable. 

The relationship of PANI electrochemical properties with external applied voltage and 

the membrane conductivity have also been reported [87]. The change in properties for the 

membrane over a range of different applied voltages is summarised in Appendix A. Overall, 

these results indicate that the suitable range of electrical potential to be applied to the 

membrane is from 0.2 V to 175 V. This is because the supplied amount affects the tuneable 

protonation/reprotonation behaviour of doped PANI indefinitely. This phenomenon has long 
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been reported for the formation of “ion gates” membrane from PPY. This is because the 

movement of ions through the membrane is dynamically and reversibly dependent on the 

oxidation state of the redox polymer [19]. However over-oxidation of PANI film due to high 

membrane potentials in the electrochemically modulated permeation resulted in an enhanced 

flux and accompanied by film hydrolysis and degradation [24]. 

 

2.4.4   Electrochemical and permeation studies 

The electrochemical and permeation of PANI and PPY in different dopants and electrolyte 

solutions has been characterised by many research groups using electrochemical oxidation. 

Therefore only the most important results to this thesis will be outlined here. The author 

refers readers to the following review papers for a comprehensive summary of this topic: [13, 

88, 89]. 

As previously mentioned, PANI membrane studies are mainly electrochemical studies 

focused on the transport and permeation of the ionic species in the electrolyte solutions. 

Usually when potential is applied on the doped polymer membrane, shrinkage or swelling 

occurs in the conducting membrane allowing the membrane volume to shrink or swell. At the 

reduced state, the expulsion of ions in the dopant site causes volume shrinkage rather than 

swelling [13]. Swelling on the polymer is believed to only affect the magnitude of the volume 

changes but not the actuation [74]. However through electro-actuation, CPs can undergo 

significant dimensional change upon doping and dedoping and this has been widely reported 

[13, 14, 62, 65, 73, 82, 84, 90-93]. For example PANI coated Pt foil at different thicknesses 

have different actuation (bending) properties at different applied voltages [70]. This suggests 

that coupling CP membranes of different conductivity in a specific solution would control the 

actuation and probably also tuneability of the membrane. The type of electrolyte used also 

significantly affects the tuneability. Cation movement of 4-hydroxybenzene sulfonate 

solution of negative charge causes indefinite expansion of the membrane volume during 

oxidation. The introduction of ions of different valence also produces different effects, 

depending on their valence. For example, monovalent cations can produce a larger expansion 

than divalent at the same potential [24]. This means that a higher potential is needed for the 

divalent cations to have the same expansion as the monovalent cation. For non-traditional 

organic weak electrolytic solutions (e.g. phenol), the same outcome was observed, where 

tuneable membrane properties were observed at different percentages of oxidation coupled 

with an increase in the flux due to additional membrane swelling in the solvent [24]. The case 
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for the anion electrolyte is opposite to the cation electrolyte. The oxidation step extracts one 

electron per two monomer units and results in a positive charge on the polymer backbone. 

The loss of electrons in the PANI during oxidation is typically balanced by incorporating 

anions that concomitantly increases in penetrating the solution volume, which leads to 

swelling of the polymer film [64]. 

The tuneability is measured by a different free volume changing profile of either 

shrinking or swelling in the reduction and relaxation states under applied potential with 

different dopants shows a different role of volume changes [73]. A difference in potential 

applied to the system will also lead to differences in the mechanical strength [74]. Pile and 

Hillier [24] have found that PANI membrane possesses tuneable properties at different 

percentages of oxidation. Fully oxidised PANI allows an increased flux for either negatively 

charged (4-hydroxybenzenesulfonate) or neutral charged species (phenol).  

 Kim et al. [15] have compared the actuation of conductive PANI and PPY polymers. 

It was found that the PANI actuator had a better displacement and resistance to humidity than 

PPY again confirming PANI as the CP best suited to this project. A thicker PANI deposition 

showed superior performance compared to a thinner deposition. This is not always 

consistently seen with PANI films however – in fact Wang et al. [70] reported the opposite 

result. This dissimilarity is probably caused by the difference in the membrane preparation 

techniques used, which therefore influence the displacement/tuneability properties. 

Consequently, a range of different membrane preparation techniques will be evaluated in this 

thesis.  

 

2.4.5   Conclusions and implications 

Overall, these studies have indicated that in electrolyte solutions of different charges, 

applying an electric potential to the membrane produces tuneable properties affecting the 

solution transport through the membrane in permeation/diffusion cells. This is because PANI 

or PPY-type polymers can undergo oxidation and reduction in the presence of a dopant on the 

amine group of the polymer, but only if an electrical potential is applied. Typically at a lower 

applied potential, shrinkage or swelling will occur in the membrane thus allowing the 

membrane volume to shrink or swell at that particular condition. Oxidation or the addition of 

cations to the fully reduced polymer (without electrolyte cations incorporated) will cause a 

volume swelling. Further oxidation to the membrane will draw more electrolyte anions from 

the dopant site causing further swelling. At the reduced state, which is a reverse oxidation 

process, expulsion of cations in the dopant site will occur causing volume shrinkage rather 
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than swelling. At the relaxed state, similar behaviours can be observed but a longer time is 

required for it to be noticeable. All these effects presence due to the movement of electric 

charges supplied to the system. 

In all of the studies above, the use of electrolyte solutions in the permeation cells is 

key to the receiving or releasing of ions in the membrane, the accompanying shrinkage or 

swelling of the membrane free volume and consequently the tuneable properties observed. 

The introduction of ions of different valences in the electrolyte solutions also produces 

indefinite expansion of the membrane volume during oxidation [24].  

When using different dopants added to the CPs, it was found that larger counter 

anions in the dopants resulted in a bigger voids corresponding to the free volume [79, 80]. 

These results however do not reflect to any tuneable free volume properties of PANI but may 

influence the initial free volume present in the membranes, allowing a variation of the initial 

MWCO of the membranes fabricated. The rejections of PANI NF membrane prepared by 

phase inversion would create membrane with different nanopore sizes if dopants are added to 

the polymer solution. Therefore in this work, additives from gel inhibitor will be added to the 

polymer doped solution in order to avoid gelation. 4-methyl piperidine (4-MP) will be used at 

certain concentration recommended to allow the doped solution to stay viscous prior to phase 

inversion. Additives from various dopants with different types and MW ranges will be added 

to the polymer solution for the membrane pore sizes and permeability. Secondary doping will 

be performed in a way to increase the electrical/electrochemical properties of the membranes 

mainly with HCl.  

Furthermore, based on the conclusions above, there is potential for membrane flux 

and selectivity of neutral and non-polar solutes or solutions to be tuned through the following 

mechanisms in the presence of applied voltage: 

 Pore-flow model 

 Solution-diffusion model 

 Donnan exclusion 

Therefore based on this review, a proper control of the amount of CP deposited and applied 

potential could lead to tuneable flux and selectivity to the filtration system and therefore this 

will be explored in this thesis. 
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2.5   Synthesis and fabrication of CP membranes 

To improve the efficiency of a membrane operation, a comprehensive understanding of the 

relationship between membrane fabrication parameters and separation performance is 

essential. This is because for many polymeric membranes (and NF membranes in particular), 

there is currently no concrete understanding of how to vary the fabrication parameters in 

order to produce a membrane with a specific targeted performance. This means that synthesis 

of polymer NF membranes at present is more of an „art‟ than a „science‟. Most of the work in 

literature shows that membranes synthesised from PANI can be prepared through various 

methods such as phase inversion, electrochemical polymerisation, interfacial polymerisation, 

coating composite polymerisation, diffusion cell polymerisation and others [9, 19, 23, 57, 58, 

66, 82, 94-96]. However, the advantages of utilising the mentioned methods in terms of 

getting a membrane with specific properties are still unclear. Therefore, a literature review on 

the routes of membrane preparation is important. A brief summary on membranes prepared 

via different routes and their applications is presented in Table 2.3.  
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Table 2.3: Summary of some of the PANI and PPY membranes in the available literature, differentiated by 

method of synthesis. 

Polymer(s) Method Application References 

PANI onto Platinum foil  Electrochemical 

polymerisation 

Rechargeable battery [12] 

PANI Phase inversion Gas separation [9] 

PANI onto PTFE  Electrochemical 

polymerisation  

Pervaporation [61, 82] 

PANI onto polycarbonate  Electrochemical 

polymerisation 

Not reported [97] 

PANI onto polyethylene Interfacial polymerisation Not reported [69] 

PANI onto PVDF Solution polymerisation Not reported [98] 

PANI onto polypropylene Electrochemical 

polymerisation 

Disposable chemical 

sensors or all-polymer 

field-effect transistors 

[99] 

PANI Electrochemical 

polymerisation 

Not reported [100] 

PANI/PPY onto polypropylene UV surface modification Not reported [101] 

PANI Phase inversion Pervaporation [23] 

PANI Phase inversion NF [27, 102] 

PANI onto methyl cellulose esters Solution polymerisation Ion exchange [103] 

PPY onto polycarbonate with 

deposited gold 

Electrochemical 

polymerisation 

Ion gate [19] 

PPY onto polytetra fluoro ethylene  Electrochemical 

polymerisation 

Pervaporation [82] 

PPY on the stainless steel mesh Electrochemical 

polymerisation 

Pervaporation 

 

[68, 104] 

PPY onto polycarbonate Electrochemical 

polymerisation 

Not reported [105] 

PPY onto glass slides Interfacial polymerisation Not reported [83] 

PPY onto polyvinylidine 

difluoride 

Solution polymerisation Not reported [106] 

PPY onto polyethylene Interfacial polymerisation Gas separation, UF and 

electrodialysis 

[107] 

PPY onto PANI Electrochemical 

polymerisation 

Not reported [108] 

PPY onto polyethylene Interfacial polymerisation Not reported [69] 

PPY onto polyethylene Solution polymerisation Not reported [58] 

PPY free standing film Electrochemical 

polymerisation 

Ion exchange membrane [13] 

PPY onto polyvinylidine 

difluoride 

Interfacial polymerisation Filtration  [109] 

 

2.5.1 Membrane fabrication by phase inversion 

Phase inversion also known as phase separation or polymer precipitation is a process 

that involves changing of one phase casting solution into two separate phases from liquid 

polymer solution into a solid (polymer-rich phase that forms membrane matrix) and a liquid 

(polymer-poor phase that forms membrane pores) phases [35]. The schematic diagram 

showing the phase inversion method is presented in Figure 3.7 (Section 3.2.1). Phase 
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inversion involves polymer precipitation and evaporation techniques to produce 

anisotropic/asymmetric membranes. The main method used is immersion precipitations and 

this method will be used in this project.Further details on these techniques can be obtained 

elsewhere[35]. Phase inversion membranes are used widely, for a wide range of different 

applications e.g. gas separation [110], pervaporation [23, 111, 112] and NF [27, 29].  

PANI membranes have been produced by phase inversion. In most PANI membrane 

synthesis being reported, PANI has to be prepared in-house since the polymer stability could 

decrease with time. This is done by synthesising aniline in a HCl/APS solution. Lithium 

chloride (LiCl) is added as the oxidative polymerisation agent at a low temperature (-15
o
C) in 

order to obtain PANI with higher MW and average chain lengths compared to when it is 

synthesised at room temperature [23, 113]. Emeraldine PANI is then produced in its salt form 

after dedoping in high concentration ammonia solution and washing the residues. N- methyl 

pyrrolidone (NMP) is used as a solvent to dissolve the PANI and 4-methyl piperidine (4-MP) 

is used as the gel inhibitor [23, 111].  

Ball et al. [112] synthesised PANI membranes by acid-catalysed oxidative 

polymerisation of aniline. The thin film is formed from a dispersion of 9 wt/v% PANI powder 

in NMP and then cast this onto glass slides. Norris et al. [111] used 15 wt% minimum solid 

PANI content to obtain hollow fiber PANI membranes. 4-MP was used in 12 to 15 wt% 

emeraldine to give a membrane with modest oxidation in PANI solution when compared to 

adding 2-methyl aziridine (2-MA). Recently, researchers at Imperial College, London 

synthesised PANI phase inversion membranes for organic solvent nanofiltration (OSN) and 

pervaporation [23, 29, 102]. For example, Chapman et al.[23] reported on the synthesis of 

emeraldine PANI by oxidative polymerisation in aniline and APS. NMP was used as the 

solvent and 4-MP as the gel inhibitor to synthesise phase inversion membranes. The tuneable 

properties of the membranes were however not exploited in these applications, where instead 

the chemical inertness of cast, doped and cross-linked PANI was desired. The OSN 

membrane were cast by phase inversion through immersion precipitation for application in 

pressure NF systems, so have particular relevance to this thesis. In another report, Loh et al. 

[27] synthesised hollow fibre PANI membranes and determined the MWCO with 

oligostyrenes in acetone [102]. It was found that the membrane porosity can be induced by 

the removal of acid dopant from maleic acid after spinning. The research has been extended 

further to examine the effect of doping/dedoping of maleic acid onto flat sheet PANI 

membranes to generate the porous structure in the membranes suitable for NF in various 

organic solvents, including the acetone, methanol, ethyl acetate, tetrahydrofuran and n,n-
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dimethylformamide [27]. The effects of chemical crosslinking via addition of different 

chemical crosslinkers namely α,α-dichloro-p-xylene and glutaraldehyde on the synthesised 

PANI membrane porosity were also studied because crosslinking is known to occur in the 

imine nitrogen of the PANI where the dopant also attaches. Results indicate that the chemical 

crosslinking formed nanoporous structure on the top skin layer and macrovoids in the support 

structure of the membranes. Therefore, it is found that dopant is not needed to generate 

porosity in the crosslinked membrane as opposed to membrane subjected to thermal 

crosslinking. 

During the preparation of phase inversion membranes, there are about 13 formation 

parameters that should be considered (Table 2.4). Although some of the parameters are not 

crucial in controlling the properties of the membranes produced, it is advisable to pay 

attention to the preparation method in a systematic order to ensure that the membrane 

obtained is as desired. Based on the parameters given, only a few which are crucial in 

determining the membrane properties/microstructure will be discussed in detail.  

 

Table 2.4: Important parameters for the membrane synthesis via the phase inversion method [32]. 

 

2.5.1.1  Choice of polymer 

The selection of CPs of PANI instead of PPY has been previously explained (Section 2.3). 

PANI can be cast alone or associated with other polymers to obtain desirable separation 

properties, however PPY based membrane has to be associated with other polymers to form 

conducting membranes. This proves the ability of PANI to be used for phase inversion. This 

selection is supported by a recent work by the research groups [23, 27, 29, 57, 102] which 

showed that PANI membranes, either in flat sheet or hollow fibre form can be prepared 

i. Choice of polymer (MW, MW 

distribution) 

ii. Choice of solvent 

iii. Choice of additives 

iv. Membrane support material  

v. Composition of the casting solution 

vi. Temperature of the casting solution 

vii. Choice of the quench medium 

viii. Temperature of the quench medium 

ix. Composition of the casting 

atmosphere 

x. Temperature of the casting 

atmosphere 

xi. Evaporation conditions 

xii. Casting thickness with speed 

xiii. Drying conditions 
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successfully by the phase inversion method. Membrane preparation parameters however, 

need to be controlled.  

 

2.5.1.2   Choice of solvent 

NMP is often used as the solvent to dilute emeraldine form of PANI for PANI membranes 

synthesis [9, 23, 29, 57, 102, 111, 114-116] and has been recommended as the best solvent 

for PANI synthesis by phase inversion [27, 57, 102]. The use of commercial PANI dispersed 

in NMP supplied by Ormecon Germany, have been employed in obtaining a reproducible 

source of polymer for PANI membranes preparation [117]. Therefore NMP is to be used as 

the PANI solvent throughout this study. 

 

2.5.1.3   Choice of additives 

Dopants have been covered previously in Section 2.4.2. Gelation agent as one type of 

additives can also be added. Earlier research on PANI membrane synthesis used low polymer 

concentrations of around 4-5 wt% because gelation occurs rapidly at concentrations above 

those mentioned [118, 119]. Addition of gel inhibitors is crucial to avoid gelation. Secondary 

amine gel inhibitors such as 2-methyl-aziridine (2-MA) or 4-methyl-piperidine (4-MP) were 

added in the solution acting as secondary imines to help suppress gelation and allow 

increased polymer concentrations [111]. 4-MP showed better gel inhibiting abilities than 2-

MA or a mixture of both as 4-MP results in only a modest reduction in the PANI oxidation 

state, whereas 2-MA was found to reduce the polymer oxidation state at faster rates hence 2-

MA is not suitable for membrane production on a continuous basis [111]. Recent work also 

focused on using 4-MP as the gel inhibitor for phase inversion PANI membrane synthesised 

in NMP [23, 27, 102], showing that 4-MP is more favoured than other gel inhibitors and 

therefore will be used in our study.  

 

2.5.1.4   Membrane support material (backing layer) 

The support material is very important to provide structure to the CP and to increase the 

membrane mechanical strength: membranes synthesised without any backing support will 

deteriorate and become fragile at larger scales due to their tendency to shrink during thermal 

cross-linking [27]. Examples of backing support commonly used are from non-woven 

materials which are cheap and bulky, like polyester, polypropylene and polyethylene. 

Polyester support was repeatedly reported as the support of CP membrane [23, 120] similar to 
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the polypropylene and polyethylene [69, 107, 121] and will be used in this work to support 

phase inversion PANI membrane.  

 

2.5.1.5   Concentration of the casting solution 

Polymer concentrations in PANI casting solutions vary between 15 and 25 wt% in NMP [23, 

27]. Since precipitation at below 10 wt% is more rapid [18, 23], addition of a gel inhibitor 

additive (usually 4-MP as outlined in Section 2.5.1.3) at a ratio of 1.2 molecules of 4-MP to 

every tetramer repeat unit of PANI  is required [111].  This value is used in this study. 

 

2.5.1.6   Temperature of the doped casting solution 

The temperature of the casting solution used in the phase inversion method is not widely 

reported in the literature. The effect of reaction temperature during PANI synthesis by 

oxidative polymerisation has been more widely reported [27, 113, 115, 122] instead of the 

doped casting solution since oxidative polymerisation may influences the MW of the PANI to 

be obtained. The polymerisation reaction temperature should be strictly controlled in order to 

obtain PANI with higher MW (~300,000 g mol
-1

). It is reported that reaction below freezing 

point may produce polymer with greater MW which is essential to form a high mechanical 

property membrane [23, 113, 115]. However the effect of varying the temperature of the 

doped casting solution has never been reported and researchers stick to one set temperature 

only. The average temperature used for preparing the doped solution was at 20 – 30
o
C [22, 

23, 27, 57, 111]. This is probably because at this stage, the aim is actually to dissolve the 

polymer in the solvents with minimum solvent evaporation to avoid the solution becoming 

viscous. However if the membrane is to be prepared by thermally induced phase separation, 

then the temperature effect will play a big role in the membrane fabrication as it will 

determine the pores and structure of the synthesised membrane [123]. Therefore in this work, 

dissolving the polymer in solvent will be carried out at a set room temperature.   

 

2.5.1.7   Choice of the quench medium 

The type of quench medium affects the membrane porosity. As an example, the addition of 

specific solvents in water causes a lower exchange rate between the solvent in a cast polymer 

with the solvent in the quench medium. Hence, this situation could decrease the flux of the 

obtained membrane and increase the rejection [98]. Norris et al. [111] reported on using a 

mixture of organic solvent/water in the coagulation bath to control the location and thickness 

of the integral dense skin layer of NF hollow fibre PANI membrane. Predominantly, 
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deionised water is the most favourable quench medium especially in the production of nano- 

and micro-pore flat sheet membranes [23, 27, 29]. This is also supported by its non-hazard 

properties compared to the use of other organic, non-organic solvents which are hazardous. 

Since water has been technically proven to produce good NF PANI membranes, it will be 

used as the quench medium in this study. 

 

2.5.1.8   Evaporation conditions 

The evaporation conditions during casting controls the nature of the synthesised membrane. 

These include evaporation time, atmosphere, temperature and humidity of the air. In most 

literature, the effect of temperature and time of evaporation is most frequently discussed 

possibly because these conditions are easy to control while the change in other conditions 

noted is not significant. It is known that membrane flux will decrease while its rejection will 

increase with the evaporation time. In addition, high temperatures will allow higher solvent 

evaporation causing lower flux and higher rejection, similar to the effect of using longer 

evaporation time. Flat sheet PANI film prepared by casting of PANI solution can be obtained 

when the NMP in the film is evaporated in a drying cabinet for 2 hours at 125
o
C [44, 98]. 

Temperature variations during evaporation may change the porosity and macrovoids forms in 

the membrane similar to the heat treatment effect (outlined in Section 2.5.1.10). Since 

evaporation conditions may be manipulated in many ways, the use of one set condition would 

be best to minimise the number of parameters varied in the study. Therefore evaporation at 

atmospheric conditions and at room temperature will be used in this study.  

 The effect of changing the evaporation time is crucial in obtaining a membrane with 

different dense skin layer thicknesses. This effect has been reported in many newly developed 

polymers (such as polyimide [44, 124, 125]), but none reported for PANI. Based on the 

literature, there was no apparent morphological changes when varying the evaporation time at 

below 90 seconds. Since there is no work ever reported on PANI membrane, this effect will 

be studied at evaporation times from 0 to 120 seconds at 15 second intervals. 

 

2.5.1.9   Casting thickness/speed 

The effect of the casting speed and thickness, also known as shear rate, has been thoroughly 

discussed for membrane synthesis using cellulose acetate or other types of polymer to affect 

the flux rate attributed to the molecular orientation of the membrane [125]. The shear rate is 

calculated from the casting speed over the membrane thickness. The shear rate is proportional 

to the casting speed, thus the membrane thickness is fixed. However, this effect on PANI 



Chapter 2 – Literature Review 

 32 

membranes has yet to be investigated. Currently, the thickness for preparing PANI 

membranes is 250 µm using an adjustable casting knife without manipulating the casting 

speed [23, 27, 29] (speed was not mentioned). Although casting speed affects the evaporation 

time, only one casting speed will be used in this study to reduce number of parameters 

studied. This is because the effect of evaporation time also will be studied. 

 

2.5.1.10   Heat treatment 

Membrane post formation treatments include chemical crosslinking, drying by solvent 

exchange and treatment with conditioning agents [126]. Heat treatment is one of the post 

formation treatments commonly applied to membranes. Heat treatment, also known as dry 

annealing, can be identical to thermal crosslinking (in polymers that thermally crosslink, like 

PANI) at certain treatment temperatures. Post formation treatments can be performed onto a 

membrane for various reasons, including to cure defects on the membrane surface by 

thermally crosslinking. This is the simplest post treatment process in addition to being cost-

free. See-Toh et al. [44] have shown that thermal annealing of polyimide membranes 

decreased the flux as annealing temperature is increased. However, some of the membranes 

have unchanged MWCO even after annealing, which showed that annealing changes the flux 

behaviour rather than the MWCO range. Heat treatment also changes the nodular structure of 

these membranes, but shrinks the membrane structure slightly. Loh et al. [27] reported that 

thermal crosslinking of PANI membranes at 180
o
C for 1 hour results in the loss of membrane 

porosity. This is because crosslinking occurs on the imine nitrogen of PANI which is at 

where the dopant is. Chapman et al. [23] on the other hand performed thermal annealing on 

PANI membranes (180
o
C, 1 hour) in order to prevent re-dispersion of the polymer when in 

contact with other solvents like tetrahydrofuran (THF) during pervaporation of organic 

solvents. The same methods have also been adopted by Sairam et al. [29] so as to confer 

excellent solvent stability to the PANI membranes being fabricated. A crosslinking 

mechanism was also proposed in ref. ([29]). The PANI membranes‟ MWCO were determined 

at 90% rejection using methanol with olygostyrenes (Figure 2.4). These membranes were 

doped with various doping agents (maleic acid, phthalic acid, sulfosalicylic acid and 

camphorsulfonic acid) and further dedoped in strong alkaline solution followed by 

heattreatment. This produced tight NF membranes (MWCO within 150 – 250 g mol
-1

). 

However the dedoped membranes without heat treatment gave lower rejections and fluxes 

compared to the heat-treated (thermal crosslinked) membranes. The dedoped PANI 
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membranes, that had undergone heat treatment at a specific time and temperature would have 

very tight nano-pore structure.  

 

Figure 2.4: The rejection and fluxes for PANI membranes in methanol and 30 bar and 20
o
C, heat-treated at 

different temperature and times (Figure reproduced from [29]). 

 

In this work, PANI membranes will therefore be heat treated to observe possible 

changes in their properties. A heating temperature of 150
o
C or above will be applied. 

 

2.5.1.11   Conclusion 

Overall, phase inversion appears to be a promising method for the fabrication of PANI 

membranes and therefore will be used in this project. 

 

2.5.2 Membrane fabrication by interfacial polymerisation 

This method involves at least two structural elements made of different materials. For 

example, polymerisation of a thin active layer on the surface of a microporous support using 

two very reactive monomers that react at the interface of two immiscible solvents. The 

schematic diagram for polymerisation by interfacial polymerisation technique is presented in 

Figure 2.5. Two immiscible solvents were used with monomer in one solvent reacting with 

oxidant in the other solvent.  
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Figure 2.5: Schematic diagram of CP membrane prepared by interfacial polymerisation (Figure reproduced from 

[127]). 

 

The first membrane prepared by this method was developed by John Cadotte at the 

North Star Research Institute circa 1960s [35].  This type of membrane catalysed the 

increased use of membranes for RO desalination, as these membranes showed a better 

selectivity for desalination than the membranes previously prepared by Loeb-Sourirajan [49]. 

The original interfacial polymerisation method involved soaking of microporous polysulfone 

in an aqueous solution of polymeric amine and then immersing the amine impregnated 

membrane into a solution of di-isocyanate in hexane [32]. This membrane has advantages 

since the thin nanoscale layer can be optimised to the precise separations required and can be 

fitted well onto the porous support during the fabrication process. The number of defects can 

be minimised due to the self-sealing mechanism of this type of membrane [35]. In addition, 

the crosslinking and hydrophilicity balance can also be properly controlled via an appropriate 

choice of monomers. Therefore, the deposition of CPs i.e. PANI, PPY onto porous polymer 

substrates appears to be the most convenient technique to synthesise CP membranes [107].  

A number of studies have been dedicated to the synthesis of PPY and PANI 

membranes via interfacial polymerisation [69, 107, 109]. The main studies relevant to this 

thesis are summarised below: 

The synthesis of PANI micro- and nano-tubules involve depositing aniline within the 

pores of commercial polycarbonate particle track-etched membranes [97]. The membrane 

morphologies were studied by field emission scanning electron microscopy, while Raman 

spectroscopy was used to probe the oxidative state of PANI to optimise the chemical 

polymerisation conditions with respect to the electrical conductivity. Electronic conductivity 

was enhanced compared to the analogous polymer bulk conductivity.  
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A mechanical approach was used to make PANI/HIPS (high impact polystyrene in 

8% polybutadiene) composite membranes by mixing and pressing at 160
o
C to avoid PANI 

decomposition at higher temperatures [128]. The membrane was characterised for swelling 

behaviour, ion exchange capacity (IEC), chemical stability, electrical conductivity, thermal 

gravimetric analysis (TGA), dynamic mechanical analysis (DMA) and electrodialysis. It was 

found that the initial degradation occurred at 230
o
C. The membrane was also found to have 

high mechanical resistance when prepared using this method. 

Based on these results, interfacial polymerisation appears to be a promising technique 

for producing pore deposited PANI membranes. The interfacial polymerisation method has a 

number of advantages compared to phase inversion, foremost being that there is better control 

of the synthesis parameters primarily because less parameters need to be controlled during 

membrane fabrication. For instance, the preparation method of thin active layers and the 

porous support can be easily optimised as both preparations are independent of each other. 

Interfacial polymerisation will therefore be studied in this thesis. 

 

2.5.3 Electrochemical polymerisation 

Electrochemical polymerisation is a subset of interfacial polymerisation. It takes place when 

polymerisation is modified with applied electrical potential. Compared to interfacial 

polymerisation, the electrochemical polymerisation technique is more flexible since the 

conducting monomers can be vastly varied between aromatic amines (aniline), pyrrole, 

thiophenes, phenols and their derivatives. It involves polymerisation using potentiodynamic 

and galvanostatic techniques, in which metal (i.e. gold) is sputtered on the porous support to 

act as an electronic support for CP. The polymerisation of CP onto gold sputtered substrates 

will produce membranes with more controllable preparation and separation properties. The 

electrochemical reactions are often obtained much cleaner and purer form of polymer as no 

additional chemicals such as surfactant, oxidant and so on are used compared to conventional 

chemical polymerisation [100]. The used of limited chemicals also reduces the problem of 

chemical pollution. 

A schematic illustration of polymerisation by the electrochemical technique is 

presented in Figure 2.6. Electrochemical polymerisation of PANI usually involves voltage 

cycle between around -1.0 to 2 V from potentiostat/galvanostat using Ag/AgCl as reference 

electrode to create the composite conducting film of thickness around 10 μm (obtained at 

slower rate (0.02 V s
-1

)) under repeated number of cycles [24, 120]. Although 

electrochemical polymerisation is a more efficient technique than interfacial polymerisation 
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as a wider range of monomers can be deposited, the incorporation of expensive metals to 

allow deposition of CP onto the polymer backing support significantly increase the cost of 

membrane production. This is definitely not a good practice for large-scale developments 

since this will increase the membrane‟s selling price, which will be difficult to compete with 

the cheaper commercial membrane prepared by phase inversion or interfacial polymerisation. 

 

 

Figure 2.6: A general schematic diagram of electrochemical polymerisation unit for the preparation of 

composite membrane (based on [129]). 

 

Since the 1980s, many publications discussed the use of this method to produce thin 

layer PPY and PANI membranes onto metal coated porous support [19, 61, 77, 82]. The 

effect of polymerising PANI and PPY [77, 82, 108], of using different doping agents with 

filtration [61, 77, 82, 105],  and of electron beam irradiation to the membrane [100] were 

mainly studied and reported. The utilisation of very expensive materials like gold and 

platinum has restricted the used on this method for coating composite in a large scale. 

According to Pinnau et al. [32], it is still possible to use this expensive materials because 

overall, a lower consumption of polymers is needed to produce thin layers in electrochemical 

polymerisation, resulting in very low production costs. However, since rare and precious 

metals are typically used, it is unlikely that a small decrease in polymer thickness will 

balance the cost of using these expensive metals. For this reason, electrochemical 

polymerisation is not explored in this thesis. 
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2.5.4 Coating composite polymerisation 

Another commonly used method to prepare asymmetric composite membranes is the coating 

polymerisation method and has been found to be the simplest and most attractive method for 

commercialisation [89]. Consequently, this method is used in this thesis. 

Most materials can be possibly coated with the CPs to yield new composite materials, 

which can then be used in various fields. This method can be applied for polymers either in 

solution or vapour form. The monomer and oxidant is used in its acidic form since the chain 

growth of the polymer is more stable in this form than in its base form. However, it is quite 

difficult to obtain a defect-free membrane through this method, since the polymer cannot 

cover the support surface completely due to capillary forces in the porous support used which 

tends to pull the thin polymer solution and disrupt the coating structure, thus leading to the 

formation of a non-homogeneous surface layer [32]. Increasing the amount of polymer 

deposited onto the membrane is one way of overcoming this problem and therefore is a focus 

of the initial work with this method in this thesis. 

 

2.5.4.1   Solution coating polymerisation 

Solution polymerisation, also known as dip-coating, involves a one- or two-step 

polymerisationas shown in Figures 2.7 and 2.8, based on a method where PPY was used as 

the coating polymer [106]. It is similar to interfacial polymerisation, but differs where in 

interfacial polymerisation, two very reactive monomers (or a pre-polymer) react at the 

interface of two immiscible solvents while in dipcoating, an asymmetric support layer is 

immersed in a dilute coating solution that contains a monomer, pre-polymer or polymer [34]. 

 PANI solution-coated membranes were synthesised via this method, by immersing the 

porous membrane support in 4 M of HCl solution containing aniline and oxidant for 15 hours, 

then undoped by immersion in 1 M NH4OH for 24 hours and followed by re-doping with 

0.01 M of HCl solution [9]. The membrane was tested in gas separation, where the 

permeability of the PANI films was found to be primarily influenced by diffusion and not 

solubility. Next, a defect-free thin layer of PANI was developed by polymer dispersion 

followed by coating onto porous PVDF as a support material [98]. The composite membranes 

have better mechanical properties with easier practical handling because of the increase in 

flexibility and reduction in brittleness when compared to pure PANI membranes.  
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Solution coating method has been widely used for making ceramic-polymer 

composite membranes and the co-polymerisation of these membranes. The parameters to 

control are generally very minimal compared to other methods and include: the types of 

support polymer used, monomer solution concentration, dipping/polymerisation reaction 

time, cross-linking agent concentration and addition of additives. 

 

 

 

Figure 2.7: Preparation of composite membrane by two-step solution polymerisation [106]. 

 

Pre-wetting of host in 50% ethanol solution 

Dipping the membrane in monomer solution 

Brief drying with filter paper to remove 

superficial solution 

Dipping in oxidant solution 

Washing and ultrasonic treatment to remove 

loose particles 

Drying in vacuum for further test Storage in 1M HCl for water flux and 

separation test 
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Figure 2.8: Preparation of composite membrane by one-step solution polymerisation [106]. 

 

In summary, the solution coating composite method,involves depositing a desirable 

polymer onto another substrate to create a composite membrane with enhanced properties. 

The integrity of the membrane depends on the amount of the deposition. Furthermore, the 

parameters involved can be easily controlled. Therefore both the one- and two- step solution 

polymerisation will be used in this work, optimising (initially) the deposition of PANI onto 

the support membrane surface. 

 

2.5.4.2 Vapour coating polymerisation 

Vapour deposition of CPs on a microporous substrate has been reported. The schematic 

outline of CP membrane prepared by vapour polymerisation is illustrated in Figure 2.9. 

Vapour polymerisation of PPY was reviewed by Malinauskas et al. [89]. Based on the 

review, the important parameters to control in vapour polymerisation are: reaction 

temperature, solution concentration, types of oxidant and polymerisation time. In terms of 

PANI vapour coating polymerisation, there are a number of important literature precedents: 

 

 

 

Pre-wetting of host in 50% ethanol solution 

Preparation of polymerisation 

mixture(monomer+oxidant+dopant) 

Dipping the support in the solution at desired 

time 

Rinsing the composite and ultrasonic 

treatment 

Drying in vacuum for further test Storage in 1M HCl for water flux and 

separation test 
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Figure 2.9: Schematic outline of the vapour deposition coating procedure (Figure reproduced from [130]). 

 

PANI composite membranes were prepared by soaking microporous MCE in 

anilinium, followed by exposing the substrate in a vapour oxidiser in a closed vessel [103]. 

The membrane was characterised for its morphology, electrical conductivity and 

electrochemical impedance spectroscopy. The results show that this method produced 

composite membranes with PANI as the surface skin. Similar work was reported by Hatchett 

et al. [131].  

Yu Gao et al. [132] characterised crystalline PANI that was prepared by vapour 

polymerisation in a special chamber that prevented APS contact with the aniline. The 

produced PANI polymer has a dendrite morphology. The proposed polymerisation 

mechanism was that Cl2 from vapourised HCl aqueous solution was the oxidiser instead of 

APS since no traces of sulfur was observed in the final membrane (as measured by scanning 

electron microscope- energy dispersive X-ray spectroscopy; SEM-EDX).  

PANI membrane deposited onto a plastic substrate was also successfully prepared via 

this method [130]. A very thin layer of PANI (20 - 100 nm) was observed with the grain sizes 

of PANI was controlled by manipulating the formation parameters i.e. deposition 

time/temperature. The grain properties were observed via an optical microscope and AFM 

was used to characterise size and shape. Further characterisations with UV-Vis, FTIR and 

Raman spectroscopy were conducted to confirm the presence of PANI, indicating that these 

types of analysis should also be used in this thesis. Overall, since this method relates well to 

the other methods to be used and is a relatively simple protocol that would likely lend itself 

well to scale-up, this method will be also used in this work to produce PANI coated 

membranes.  
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2.5.5 Diffusion cell polymerisation  

Although diffusion cells are widely used to characterise the membrane separation properties 

due to its simple setups, they are also used to synthesise or modify a thin film on PANI or 

PPY by polymer deposition onto a support material with or without the supply of 

electrochemical potential [13, 96, 103, 105]. The schematics of the polymerisation using the 

diffusion cell is presented in Figure 2.10. This is also known as the two compartment cell or 

permeation cell method and involves the osmotic movement on solutions based on the acidity 

concentration in each of the compartments. Each of the compartment cell is filled with 

different aqueous solution: (i) aniline and (ii) APS, that is separated between the membrane 

support. Polymerisation reaction is occurred when the monomer and oxidant meet up at the 

membrane support allowing growing chains of the CPon the support for either filling in the 

pores or making a continuous CP layer on the membrane surface depending on the polymer 

reaction parameters [103].  

 

Figure 2.10: Schematicof PANI deposition using the diffusion cell polymerisation technique (Figure reproduced 

from [133]). 

 

There are only a few studies in the literature on this technique. Of most relevance to this 

thesis, Ehrenbeck and Juttner [105] used a divided two compartment cell connected to an 

electrochemical unit to allow deposition of PPY on both sides of the microporous 

polycarbonate base. Diffusion results suggest that the ions diffuse easier on the outer surface 

of this type of PPY film rather than across it. A study at The University of Auckland used 

oxidation agents such as APS, FeCl3 or their mixture, and aniline diluted in different 

solutions of acid, base or neutral form have been systematically studied in the synthesis of 

PANI in a diffusion cell [96, 103]. It was observed that APS gave a thin layer of PANI on 
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membranes with nodular PANI morphology compared to FeCl3 of which polymerised PANI 

inside the support pores. This indicates that APS utilisation as the oxidant would give a closer 

structure to NF membranes than FeCl3 when fabricating the membrane via the coating 

composite polymerisation method. 

Overall, the literature indicates that diffusion cell polymerisation using a two 

compartment cell is a promising technique to produce NF range PANI membranes. The 

previous work in this laboratory [96, 103] will therefore be expanded on to using different 

(more solvent resistant) backing layers, such as PVDF.  

 

2.5.6 Radiochemical graft polymerisation 

This technique utilises plasma and/or high/low energy irradiation facilities to induce 

radiochemical graft polymerisations of CPs onto polymer supports. To produce an 

asymmetric thin layer membrane from PANI or PPY, a living polymerisation was proposed 

to avoid homopolymerisation and excessive crosslinking on the substrate surface [134]. The 

first step is to covalently attach inactive groups on the surface of substrates by photo grafting 

of monomer with benzophenone (BP). Then, living polymerisation is performed via 

reactivation of the inactive end groups by either heating or UV irradiation to form surface 

radicals. There are two techniques generally used to induce surface grafting: (i) simultaneous 

grafting – grafting proceeds in the presence of monomer and photo-initiator under UV 

irradiation [135, 136] or (ii) pre-irradiation grafting – first dormant groups are introduced on 

substrates under UV light, and then grafting polymerisation is initiated by heating or 

irradiation [134, 136]. 

 Literature reports claim that high energy irradiation grafting methods would 

substantially deteriorate the bulk properties of the materials but the effects would remain only 

for a short period. However, surface graft polymerisation induced by UV irradiation exhibit 

some advantages which include [137]: 

 fast reaction rate 

 low cost of processing 

 simple equipment 

 easy industrialisation 

 most importantly, the distribution of grafted chains is only limited to a shallow 

region near the surface 
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Based on the list of advantages mentioned above, surface photo grafting polymerisation 

therefore offers the unique ability to tune and manipulate surface properties without 

damaging the bulk material.  

However, although much work has been done on applying surface radiochemical 

polymerisation on various polymers [138, 139], only Zhong et al. [99, 101] has reported on 

the grafting of PANI onto PP polymer surfaces, with possible application for disposable 

chemical sensors or all-polymer field-effect transistors. The blend of PANI with polyacrylic 

acid (PAA) and 1,4-phenylenediamine (PDA) grafted on PP resulted in bigger particle 

diameters of about 150 nm in comparison to the PANI chains grown on the grafted PAA 

particles (45 nm diameter).  

Despite the potential novelty and advantages listed above, this technique will not be 

used in this work. This is because radical initiation equipment such as UV or plasma is not 

readily available. 

 

2.5.7 Summary and implications of the membrane formation literature 

Overall, PANI membrane will be synthesised by phase inversion, vapour-, solution- and 

diffusion cell polymerisation for obtaining membrane with the aim to be electrically tuneable 

in NF application. The incorporation of various types of acid dopant from polymeric or 

monomeric form is established and has shown much potential in phase inversion compared to 

the pore deposition techniques. This is because doping using an acidic aqueous solution from 

HCl is the best solution for oxidative polymerisation for pore deposited techniques and it will 

be used in these techniques. 

 

2.6   Characterisations of PANI membranes for pressure filtration 

Membrane characterisation is important in determining the properties of a synthesised or 

obtained membrane. There are three major areas that can be examined in order to understand 

the relationship between the membrane microstructure and its separation properties in 

pressure filtrations: morphological, chemical, physical, conducting and performance 

properties. The common parameters involved are presented in Figure 2.11.   
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Figure 2.11: General characterisation of CP membranes in pressure filtration. 

 

2.6.1 Membrane physical and morphological properties 

2.6.1.1 Morphological properties with microscopic analysis 

There are three types of common microscopic analyses that can be performed to analyse 

membrane morphology: scanning electron microscope (SEM), transmission electron 

microscope (TEM) and atomic force microscope (AFM). SEM is the most commonly used 

and is used to study the pore size, porosity, and surface roughness of membranes. It is also 

used to investigate the morphological changes during membrane testing.  

Structural morphologies of the surface and cross-sectional view are determined to 

study the effects of changes in the membrane formation process and classify the synthesised 

membrane in addition to helping understanding the separation behaviour based on a 

membrane‟s structural properties. It is difficult to observe membranes with pore sizes of a 

few nanometers or smaller using the current methods. Li et al. [140] have reported on the 

surface morphological properties of multilayered membrane measured by AFM for the 

membrane‟s morphology when prepared in different concentration of sodium salt with the 

rejection properties, but they have focused mostly on a rejection test using only two different 

solutes at 327 g mol
-1

 (Methyl Orange) and 1017 g mol
-1

 (Rose Bengal) with the different 

number of layers made in the membrane. Detailed information on the membrane‟s pore sizes 

and shape were not revealed. The advantage of observing the cross-sectional morphology of 

the synthesised membrane is important since the thickness and structural properties of each 

layer can be easily distinguished.  

For many polymer NF membranes, three different microstructural zones are clearly 

observed in the membrane cross-section through preparation by phase separation, which are 

[44, 141]:  
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 A surface layer of densely packed polymer chains and/or nodules, which is thought 

to be responsible for a bulk of the membrane resistance and selectivity (top layer) 

 An intermediate layer (or layers) of polymer nodules with less interconnected pores 

below the dense layer (the transition layer) 

 An interconnected pore structure that extends through the membrane from the 

intermediate layer to the backing material with no apparent gradation of pore size 

(the support layer). 

The effect of different syntheses and membrane tests can be easily observed through SEM, 

such as the effect of various doping agents on the membrane surface [81], the effects of 

doping and dedoping on the membrane morphology [27, 102], the impact of filtration tests in 

different solvents [44] and the blending effect in different polymers [142]. SEM can also help 

visualise the general surface roughness of the membrane, which is an important property in 

terms of membrane fouling. The higher the level of roughness, the higher the level of fouling 

that can occur.  

AFM however is the preferred technique in quantifying membrane surface roughness.  

AFM also results in less film damage than SEM due to lower energy electron bombardment. 

AFM has been used to measure the membrane surface pore diameter down to 1 nm as well 

[55]. It is important to investigate the membrane surface roughness and pore diameter 

because they are often closely related to the membrane rejection properties and MWCO. This 

analysis could also be used to assume the membrane hydrophilicity and hydrophobicity from 

the interaction of the hydrophilic tip in the membrane. If smaller phase shifts are observed, 

the membrane analysed is more hydrophobic and vice versa. The investigation of membrane 

morphological properties using SEM [102, 141], TEM [141]AFM [54, 143] and ESEM [141] 

has been published for NF membranes. 

Therefore in this work, the pore size determination will be carried out using any 

possibly available microscopic analysis technique - such as SEM, TEM, AFM - to determine 

the structural characteristics of the NF membrane produced. This result is important to 

understand the transport phenomena through the membrane. 

 

2.6.1.2   Physical properties with contact angle: Preliminary assessment for tuneable 

selectivity and permeability 

The main method that has been used to study the tuneable changes of PANI membranes is the 

potentiodynamic measurement of their potential cycle (cyclic voltammetry) [70, 144, 145]. 
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However, this can only be used on ionic species. If non-charged species are to be controlled 

and characterised, a different method is necessary. Dynamic wettability (contact angle) for 

electrically tuneable superhydrophobic membranes from composite materials like 

Polydiallyldimethyl ammonium chloride (PDADMAC), alkyl silane and 

polydimethylacrylamide (PDMA) have been recently reported [146-148]. A 

superhydrophobic CP from PPY was converted to superhydrophilic polymer in presence of 

electrical potential in a specially fabricated electrochemical cell [31]. Since these membranes 

were doped in chloride based counter ions from HCl, the difference in the contact angle 

values was not mainly due to the chemical nature of the PANI counter-ions from the HCl 

which can affect the contact angles [91], but most probably due to the amount of PANI 

attached to the membranes which correspond to the level of doping in the membranes 

themselves. PANI coated by the diffusion cell method has a much higher PANI content than 

in membranes prepared by a solution polymerisation method. Therefore, the amount of 

counter-ions attached to the PANI due to the exchange of imine to amine structure in the 

PANI is much higher. This caused a reduction in the contact angle values for diffusion cell 

polymerisation PANI coated PVDF membranes. 

This shows that contact angle measurement is a promising technique for the 

characterisation of PANI membranes and that dynamic wettability is a promising technique 

that could be used to quickly characterise the electrically tuneable contact angle to understand 

the water permeability through the membrane. Therefore, a new dynamic contact angle 

characterisation technique will be developed, where a contact angle goniometer will be 

coupled with a specially fabricated electrically connected membrane holder for observing the 

electrically tuneable permeability (see Chapters 3, 4 and 5). 

 

2.6.2 Conductive properties 

Impedance spectroscopy is a common analysis method to determine the ionic conductivity of 

CP membranes. A four-inline/point probe technique has also been used to measure PPY 

membrane conductivity with different dopants [83]. It was found that the PPY membrane 

doped in HCl and methanesulfonic acid gave the lowest conductivity at 0.1 S cm
-1

,while the 

highest conductivity is recorded for anthraquinone-2-sulfonic acid and 5-sulfosalicylic acid at 

200 S cm
-1

. A two-compartment cell connected to digital conductivity meter is also another 

method used to measure the electrolytic resistance of PANI/PPY composite membranes [69]. 

The conductivity in HCl doped states of these copolymer composite membrane is in the range 

of 1 to 10 S cm
-1

 and around ~10
-8 

S cm
-1

 in the dedoped state. This measurement involved 
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the use of dry state samples, which is opposite to electrochemical measurements in a wet 

state. 

Electrochemical properties usually determined by cyclic voltammetry are also crucial 

in defining the conductive properties of CPs. This method examines electrochemical 

processes at the phase boundary of the electrodes and the electrolytes solution.In a cyclic 

voltammetry run, the CP membrane acts as working electrode, reference electrode is from 

Ag/AgCl, counter electrode from conducting metal, electrolyte solution i.e. HCl of different 

concentration and a potentiostat/galvanostat that operates under certain potential range cycles 

[69, 70, 120, 149]. In most cyclic voltammograms, the oxidation and reduction states for a CP 

membrane are commonly seen at the respective top and bottom curve of the obtained I-V plot 

[69, 70, 120, 149]. Specifically, PANI is usually observed in two characteristics peaks during 

the oxidation and reduction of the polymer [70, 120]. The conductive properties of the 

membrane can also reflect the actuation properties of a PANI membrane [70].  

Therefore in this work the conductive properties of PANI membrane will be measured 

via electrical and electrochemical method, 4-point probe technique and cyclic voltammetry, 

respectively to understand the relation of the conductivity with the solutes 

permeation/diffusion in dry and wet states. 

 

2.6.3   Chemical analysis by spectroscopic methods 

Analysis of membranes by spectroscopic method is usually conducted via Fourier transform 

infrared (FTIR) spectroscopy to determine the chemical compositions present in the 

fabricated membrane, most commonly to elucidate the effect of different formation and 

filtration conditions. The addition of new peaks at certain wavenumbers indicates the 

presence of certain chemical compounds. Several studies have reported FTIR-measurable 

properties of PANI on different polymer supports: leucomeraldine, emeraldine and 

pernigraniline, and these were compared in between various spectroscopic measurements 

(FT-Raman, FTIR and UV-vis) in their redox state [78]. The results were used to propose the 

redox mechanism for different PANI polymers. FTIR analysis was also used to study the 

chemical changes that occur in PANI after treatment with electron beam irradiation [100]. 

The composition of PANI/HIPS membranes have also been studied using FTIR, in which the 

samples were prepared with potassium bromide (KBr) powder for testing [150]. The 

membrane spectra were recorded in the spectral range of 400 – 4000 cm
−1

. Quinoid and 

benzenoid were observed in the spectra with another peak representing the doping of PANI at 
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1122 cm
-1 

in the FTIR. Details of the representation of PANI assigned with wavenumbers 

(cm
-1

) in absorbance mode are in Table 2.5. 

 

Table 2.5: FTIR bands representing PANI at different wavenumbers (cm
-1

) [78, 151]. 

Wavenumber (cm
-1

) Assignment 

3460 NH2 asymmetric strength 

3380 NH2 stretching NH stretching 

3310 H-bonded NH stretching 

3170 =NH stretching 

2930 Impurity or sum frequency 

2850 Impurity or sum frequency 

1587 Stretching of N=Q=N 

1510 Stretching of N-B-N 

1450 Stretching of benzene ring 

1380 C-C stretching in BBB 

1315 A mode of N=Q=N 

1240 C-N stretching in BBB 

1160, 1140, 1220 C-H in plane bending of 1,4-ring 

1115, 1060, 960 C-H out of plane bending of 1,2,4-ring 

910, 895, 850 C-H in plane bending of 1,2,4-ring 

830 C-H out of plane bending of 1,4-ring 

740, 690, 645 C-H out of plane bending of 1,2-ring 

530, 500 Aromatic ring deformation 

Abbreviations: B=benzenoid unit; Q= quinoid unit. 

 

Therefore in this work the FTIR spectroscopy will be used to measure the physical 

properties of the PANI membrane synthesised in different techniques. The use of different 

membrane supports and also dopants can also be determined based on changes in the FTIR 

spectra.  

 

2.6.4 Membrane separation properties 

For filtration membranes, the membrane separation properties can be determined by either 

dead-end or cross-flow filtration. A schematic diagram for the filtration is illustrated in 
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Figure 2.12. Cross- (tangential-) flow is the best filtration flow arrangement as it enhances the 

recirculation of retentate on the membrane active layer to maintain the permeation rate and 

minimise the effect of fouling on the membrane surface. Fouling, which refers to an 

accumulation of solutes on the membrane surface, is known to easily occur in dead-end 

filtration causing a gradual decrease of the permeate rate until it stops at saturation. The 

membrane separation properties are characterised from the retention value, flux, rejection as 

well as its MWCO.  

 

 

Figure 2.12: A schematic diagram of cross-flow (left) and dead-end (right) filtration. 

 

In this work both dead-end and cross-flow cells are used. Dead-end filtration is used to 

quickly determine if the membranes are stable and are within the low-UF, NF MWCO range 

and cross-flow is used for extended property testing under more industrial relevant 

conditions. 

 

2.6.4.1 Membrane flux 

Flux is a measurement to obtain the hydraulic permeability, particularly when using just pure 

water or organic solvent. It is the result of the interplay of pore size (distribution), tortuousity 

and thickness of the active part of the membrane and is very much influenced by fouling and 

concentration polarisation of minor components present in the solutes [152]. In determining 

the membrane flux in different solvents, the difference in flux for the same cast membrane is 

possibly due to the difference of membrane swelling behaviours in the solvents. Higher 

viscosity and MW of solvent will reduce the flux as well. As the filtration temperature 

increases from 20 to 50
o
C, the flux also increases [29]. The general equation used to calculate 

the flux (L m
-2  

h
-1

) is given in equation 2.3.  
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Ji 

dV

Adt
 (2.3)

 

 

where Ji is the flux of component i, dV is volume, A is membrane effective area and dt is 

time. 

 

2.6.4.2   Membrane rejection 

Rejection is used to calculate the amount of solutes in the retentate, which are being rejected 

from the uncharged feed solutes permeating through membrane. The rejection value of a 

membrane should be at 90% as has been widely used for UF membrane characterisation [153, 

154]. Equation 2.4 is used to calculate the percentage rejection: 

Rejection (%) 1
Cp

C f

x100% (2.4) 

  

where Cp is the concentration of permeate and Cf is the concentration of the feed solution 

permeated through the membrane.  

 For a perfectly selective membrane, the rejection of the solutes will be 100% and for a 

completely unselective membrane the rejection will be 0%. The rejection will increase with 

pressure. However, the pressure is restricted by the type of membrane used for the filtration 

and the type of filtration i.e. low-pressure filtration operates between 100 and 200 psi and 

high-pressure filtration between 200 and 1000 psi.            

 

2.6.4.3 MWCO measurement 

MWCO is an important measurement in this work. A new method is developed using 

polyethylene glycols (PEGs) to enable the effect of applied voltage across the CP membranes 

formed on neutral uncharged molecules to be determined. Consequently an in-depth review 

of past MWCO methods is presented here as the basis upon which the MWCO method in this 

work is presented in Section 2.7. 

 

2.7   Standard method for MWCO measurement 

The MWCO of a membrane is a representation of the membrane selectivity as specified by 

the manufacturer; where the MW value is obtained at 90% rejection in the plot of solutes 

rejection against their MW (Figure 2.13). In order to obtain the MWCO, a membrane 
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rejection study has to be performed, of which the feed and permeate concentration is 

determined. First of all, a standard method is to be developed since the detailed information 

on membrane MWCO testing is usually not disclosed outside of the industry. A solution of 

solvents and solutes i.e. PEGs, oligostyrenes, quarts salts, alkanes, dyes is prepared, then 

followed by a pressure filtration test in which filtration parameters will depend on the type of 

membrane used e.g. UF, MF, NF or RO. From the filtration process, the feed and permeate 

concentrations are determined using different methods of detection (depending on the 

solution to be analysed, for example UV-Vis for solvent/water system, GC for solvent/solvent 

system, total organic carbon (TOC) for PEGs, and liquid chromatography for sugars).  

 

Figure 2.13: Ideal MWCO curves for the rejection of solutes at different MW. 

 

 In theory, the evaluation of membrane MWCO allows the proper engineering of 

membrane systems to design processes that have predictable performances [153]. There are a 

number of issues and limitations related to the application and use of MWCO [25, 155]. 

However, despite these, the measurement and comparison between MWCO and MWCO 

curves still remain as the most convenient and universally applied means of choosing and 

differentiating between membranes for different applications, prior to evaluating a specific 

membrane in the actual system of interest. Consequently, a robust, cheap and rapid procedure 

for the evaluation of MWCO is vital for the current and future membrane industry, the 

growing application and use of membranes, and the ever-growing membrane research area. 

This therefore implies that a membrane rejection study must be performed in order to obtain a 

MWCO value.  
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2.7.1   Choice of solutes 

Currently, for UF and NF membranes, there is no universally accepted and available, rapid 

and cheap standard method for MWCO measurement. According to the methods currently 

available, a range of compounds with different MWs such as PEGs [153, 156-159], 

oligostyrenes [57, 102, 160], alkanes [160, 161], dextrans [156, 159, 162-166], pesticides 

[167] and acids [157] are subjected to one or more pressure filtration tests:  

 Early work on the study of the MWCO values of RO and UF membranes used PEG, 

dextrans, sugars and protein [156]. A plot of solute retention (SR) defined as (1-

Cpermeate/Cfeed)100, at 80, 85 and 95% at different pore size with different MW of 

PEGs was constructed. From this work, the pore size of the membrane can be 

determined if the MW of solutes are known at certain SR. Therefore, an estimated 

surface porosity can be calculated from the pore size value obtained from the SR 

measurement.  

 Refined petroleum consisting of aliphatic hydrocarbons of Carbon-10 to Carbon-30 in 

0.5 vol% toluene solution has also been used to obtain the MWCO of synthesised 

polyimide membranes [168]. A gel permeation chromatography (GPC) with refractive 

index detector (RID) was used to analyse the refined petroleum samples. The results 

obtained confirmed that membranes cast at 303 to 343 K have MWCO values 

between 170 and 400 g mol
-1

, which is suitable for oil separations.  

 MWCO studies with defective polysulfone UF membranes was performed using 

dextrans of 5000 to 200,000 g mol
-1

, and analysed by GPC [164]. It was found that 

membrane defects of less than 50 µm do not affect the MWCO and rejection during 

separation, while defects as large as 150 µm can be covered up with bigger dextran 

molecules, effectively „healing‟ the membrane.  

 The characterisation of polyamide spiral wound NF membranes was undertaken using 

11 different pesticides with MWs ranging from 198 to 286 g mol
-1

: atrazine, 

bentazone, cyanazine, diuron, DNOC, pirimicarb, mecoprop metamitron, metribuzin, 

simazine and vinclozolin [167]. The pesticides MW and size (length and width), 

fluxes and selectivities were analysed with the membrane properties. Molecular size 

was defined from the length (long dimension) and width (short dimension) of the 

pesticides molecules. It was found that the MW and molecular length of the solutes, 

fluxes and selectivities affect the separation properties. The molecular length was 
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found to more significantly influence rejection than molecular width for these 

pesticides.  

 The MWCO of commercial polyamide membranes was determined using non-ionised 

PEG of 300, 2000, 4000 and 6000 g mol
-1

, humic acid (HA), fulvic acid (FA), poly 

diallyldimethylammonium chloride (PDADMAC) of 200 – 350 kg mol
-1

 and a 

copolymer of dimethyl aminoethyl acrylate (CoAA) [157]. The membrane MWCO 

was found to be lower in membranes with smaller pores and lower porosity. 

Retention, which is the fraction of solute in the feed retained by the membrane, 

increases with the solute MW leading up to a complete rejection in PDADMAC and 

CoAA, which indicates detection of a NF range membrane.  

 The comparison of the membrane separation properties in uncharged/charged solutes 

was carried out using commercial NF membranes under different pH and solute 

concentrations [169]. Charged solutes required a lower feed concentration due to the 

equipment cleaning problems at high concentrations. This study also showed the 

impact of solute adsorption on the MWCO. Adsorption of solutes occurred most on 

hydrophobic, smooth membranes with high MWCO and porous top layer. If many 

large pores were present on the surface, adsorption occurred both on the surface and 

in the pores, giving high adsorption values.  

 A new method to determine the MWCO value of membranes was developed using n-

alkanes or oligostyrenes in organic solvent filtration applications [44, 161]. The 

oligostyrenes test solutions contain 1 g of styrene oligomers (PS580, PS1050 and α-

methylstyrene dimer) dissolved in toluene, hexane and ethyl acetate. For solvent 

systems, where the solute peaks are obscured by solvents, the solvent is first 

evaporated from the sample and solute. It is then re-dissolved in the mobile phase 

prior to analysis. The mass balance for individual solutes achieved for all samples 

during the evaporation step is >95%. This method was used to characterise membrane 

separation properties for hollow fibre PANI, which was run at pressures of 20 - 30 bar 

in oligostyrenes [102]. High rejections were observed for most oligostyrenes diluted 

in various organic solvents including DMF, acetone and methanol. A MWCO of 

approximately 350 g mol
-1

 was obtained, thus indicating that a NF membrane was 

synthesised. 
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In brief, the properties of the solutes used in the MWCO method are the most 

important parameters to be determined in the performance study, as explained in the 

literature. Other influencing properties are: (i) the charged or neutral solutes/solutions used 

(since this affects the separation mechanism, as outlined in Section 2.1.2), and (ii) MW and 

molecular size (width and length) of solutes. Therefore, careful selection of solutes is 

important in determining the desired membrane separation properties for the application of 

interest. 

Furthermore, the cost of analysing the solutes and easy analysis of the solutes used are 

very important factors to count in. This is because most of these testing procedures are costly, 

laborious and repetitive, because single compound solutions (with one MW) are tested at one 

time, requiring four or five separate filtration runs to finally obtain the MWCO curve. There 

are a few rapid, reliable and relatively inexpensive chromatographic techniques that are able 

to separate a relatively cheap mixture of different MW compounds thus enabling a single 

filtration test to be used for MWCO determination [153, 166, 170-172]. There are also 

limitations to the current techniques: for example, the recently developed oligostyrene [102, 

160] and PEG methods [172] are for non-aqueous solvents only, with the former method 

requiring the use of relatively expensive reagents while the precision and robustness of the 

latter (benchmarking against commercially available membranes) has yet to be directly 

proven. This is absolutely necessary, since during the characterisation of UF and NF 

membranes using different solutes, pore blocking by bigger molecules on the membrane 

surface and concentration polarisation [153, 162, 173] can potentially and selectively hinder 

the transport of solutes with different MW and consequently skew the MWCO value from the 

actual value. As a result, a reliable, precise, benchmarked and relatively inexpensive single 

filtration method for UF and NF membranes intended for aqueous applications is still 

required. 

One of the major factors that can invalidate characterisation of multi-component 

membranes via a single filtration test is the possibility of concentration polarisation, which 

affects the membrane filtration and distort the intrinsic rejection of components thus giving 

an apparent rejection that is specific to the conditions of that particular filtration system. This 

is a commonly used reason for the continued use of single component filtrations to determine 

MWCO.  For instance, a single solute and mixed solutes solutions were used to test various 

commercial UF membranes, which were then analysed using total organic carbon 

(TOC)/refractive index and gel permeation chromatography (GPC) respectively [153]. Tam 
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and Tremlay [153] have found that the MWCOs and pore sizes obtained from the mixed 

solutes solution must be interpreted with caution because they were found to be lower than 

actual values obtained from single solute solutions due to concentration polarisation. 

However, it has been shown that concentration polarisation can be minimised or eliminated 

by the use of lower solutes concentration during the filtration [1, 174]. The concentrations 

used in this work are comparable (and even lower) than those published which have 

increasingly used multi-component MWCO single filtration techniques (e.g. [44]), indicating 

that the effect of concentration polarisation is minimal. 

 AFNOR standard NF X 45-103: 1997-12-01 which is specifically used for membrane 

separation testing has been reported to be the guidelines for this purpose [164, 171, 174]. The 

recommended concentration in each range of membrane following AFNOR standard is 

presented in Appendix B. Although AFNOR standard suggests using the value of 5 g L
-1

 for 

MWCO for membranes below 10,000 g mol
-1

, markedly lower total concentrations are 

needed in the solutes solution to avoid coating formation and concentration polarisation 

during the filtration process. One particular work has reported the use of only one third 

concentration to study the separation properties of synthesised ceramic NF membrane and of 

commercial ceramic membrane in PEG from 100 to 3000 g mol
-1 

[175]. The membrane 

molecular range of between 100 - 3,000 g mol
-1

 was obtained in the study when there was no 

interaction with the test substance. The synthesised membranes were classified as UF and NF 

membranes after going through the AFNOR standard testing.  

Therefore the choice of solutes in term of their types, MW, size, charge, 

concentration, etc are very important factors being manipulated to determine a successful 

filtration of a specific membrane MWCO studied. In our filtration study, conducting 

membrane will be analysed for the flux, rejection and MWCO. Since this membrane is 

already electrically conductive, plus the separation will be manipulated by tuning the 

permeability under applied potential, non-charged solutes are desired with NF MW ranges 

from 200 to 2000 g mol
-1

. The MWCO test for the solute MW ranges require an increase in 

the MW until at low UF ranges (below 10,000 g mol
-1

) in order to cover the MWCO range of 

the membrane being synthesised. The ideal concentration for the solute solutions would be 

best to keep at the minimum so long the analytical detection method works with the solutes 

and concentration. A single filtration of a mixture from non-charged solutes i.e. PEG may 

also be the best candidates for providing a cheap, reliable, time saving method for our 

membrane MWCO study.  
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2.7.2   Choice of analytical methods 

As stated above, the key to obtaining a reliable, precise, benchmarked and relatively 

inexpensive single filtration MWCO method is in the analytical methods developed and used 

to separate the different MW solutes in the feed and permeate, and to quantify their 

concentrations. The analytical methods used to study the membrane separation properties of 

UF, NF and RO have been fairly reported [153, 165, 176]. The choices of analytical methods 

always depend on the types of solutes used in the study, and is dominated by the desire to 

obtain best separation properties.  

Invariably, the various techniques for MWCO measurement which are dependent on 

the analysed solutes have been used (e.g. ref. [153, 160, 165, 172, 176]) - these are 

summarised in Figure 2.14. 

 

 

Figure 2.14: Membrane selectivity measured via different analytical methods for its MWCO determination. 

 

The solute MW ranges in Figure 2.14 has been divided into two categories: (i) a low 

range MW of below 10,000 g mol
-1

, and (ii) a high range MW of above 10,000 g mol
-1

. The 

higher range of MW generally applies to higher MW UF and MF membranes, whilst the 

lower range MW is for NF and low MW UF, and is the focus of this present work. NF and 

low UF are of interest because they are used for important membrane separations such as the 

removal of pesticides [177], hormones [178] and heavy metals [179], as well as the desalting 

of dyes in the textile industry [180]. In these MW ranges, the three main molecule types used 

for MWCO quantification are the oligostyrenes and PEGs for NF and UF, and dextrans for 

UF. However, PEGs have received great attention due to their ranges of MW which are 

suitable in separation studies for any types of membrane when compared to alkanes. 
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Furthermore, the solutes are better than olygostyrenes because they are cheaper and bulkier, 

which makes them favourable for the separation studies. Some literature has reported on 

methods to determine membrane MWCO, which are applicable to the separation of organic 

solvents or aqueous solutions from selected solutes like PEGs [160, 165, 176]. The summary 

of a few types of solutes in different analysis conducted from various research groups is 

compiled and presented in Table 2.6.  

 

Table 2.6: Summary of solute types in different analyses conducted by various research groups. 

Solutes Analysis  Reference 

PEG, dextrans, sugars, 

proteins 

Not mentioned [156] 

PEGs HPLC with supercritical fluid 

chromatography - flame ionization 

detector, (SFC-FID) 

[158] 

PEGs TOC/refractive index analysis for single 

solute 

GPC for mixed solutes 

[153] 

17 types of PEG  Modified HPLC method [181] 

Dextrans Gel permeation chromatography (GPC) [164] 

PEGs HPLC equipped with size exclusion 

chromatography (SEC) an RID 

[176] 

Ethylene glycol, 

dextrose, sucrose 

TOC [43] 

PEGs TOC [174] 

Dextrans HPLC with fluorescent detector and 

refractive index detector 

[165] 

Sugars 

PEGs 

HPLC 

TOC 

[182] 

Styrene oligomers HPLC system with UV/Vis [44, 102] 

PEG, sugar, dextran UV/Vis [169] 

PEG, dextran, glycerol 

and ethylene glycol 

Not mentioned [159] 

 

Dextrans are not commonly used for NF MWCO quantifications, since commercial 

dextrans are only commonly available in MWs of 1000 g mol
-1 

and above. PEGs are 

commonly available in MWs of 200 g mol
-1

 and lower. Although dextrans have been widely 

used for UF and MF [156, 159, 162-166], they are not suitable for the NF MWCO ranges 

considered in this work. When compared to oligostyrenes, PEGs are also more suitable for 

MWCO characterisations, since they are cheap and available in bulk, making them 

favourable for repeated separation testing under a restricted budget. PEGs in particular have 

received great attention due to their wide range of MWs, which are suitable for the separation 
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studies of many types of membranes in contrast to n-alkanes where only MWs below 600 g 

mol
-1

 can be resolved well [126, 161]. PEGs also have low membrane solute interaction 

resulting in insignificant irreversible solute adsorption on the membrane surface [153]. PEGs 

are therefore ideal for use in a simple and reliable method to characterise the MWCO of NF 

and low UF membranes. Therefore, mixtures of PEG oligomers are the focus of this present 

work. 

 

2.8   Implications of the literature 

CP membranes are attractive for various applications because of their high electrical 

conductivity and mechanical flexibility. PPY and PANI are well-known CPs, which have 

long been investigated for their intrinsic properties. The advantages of CPs of PANI over 

PPY have been outlined in this literature review.  

The application of CPs for electrically tuneable pressure filtration could improve 

complex molecular separations [18], which current separation selectivity and flux of 

commercially applied membrane for a common pressure filtration cannot be controlled or 

changed when in use [56, 57, 82]. Therefore the introduction of PANI is desired, as this 

polymer membrane possesses tuneable free volume characteristics in the presence of 

electrical current [56, 57]. On a larger scale, the ability to alter the CP microstructure under 

applied electrical potential can also possibly affect the pore size of a membrane coated with 

or cast from PANI [56, 57, 77]. In addition, the level of electrical conductivity can be easily 

controlled in PANI since this polymer can undergo secondary doping to increase its 

conductivity. Since the main mechanisms of separation through a membrane are dependent 

on the solutes‟ MW, shape, solubility, charge, concentration polarisation and fouling [35, 

155], the electrically induced change in free volume, pore size and charge will have an effect 

on the selectivity and transport through these membranes. Mass transport through membranes 

can be represented by three different models: (1) the solution-diffusion model for pore-less 

membranes by which the solutes‟ permeation is via dissolution and diffusion through the 

membrane materials; (2) the pore-flow model, where the solutes‟ permeation is based on the 

pressure driven convective flow through the tiny pores of the membrane [25]; and (3) Donnan 

exclusion for charged solutes solution, which operates based on the charged ions difference 

thus creating uneven electrical absorption through the membranes [53]. The application of an 

electrical potential across CP membranes therefore may result in changes that affect all of 

these mechanisms: changes in free volume, polymer diffusivity, surface energy and charge, 

thereby influencing the membrane selectivity and permeability. Therefore, CPs such as PANI 
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can potentially form the basis of membranes with tuneable mass transport for a wider variety 

of solutes than the ionic (salt) species they are currently and commonly used for [27-29]. If 

these changes in transport properties can be systematically understood and controlled, these 

membranes could potentially be a new generation of tuneable pressure filtration membranes 

where permeation rates and/or selectivity can be adjusted in-situ.  

The major challenge is the formation ofCP membranes of this type that are both 

robust and capable of these controlled changes. For example, PANI processing currently has 

a major limitation - gelation easily occurs at concentrations above 5 wt% [23, 111]. This 

necessitates the use of proper synthesis and fabrication methods. From the literature, the 

membrane could be possibly synthesised following phase separation and solution coating 

composite polymerisation methods to obtain CP membranes aimed at pressure filtration 

applications for the recovery of valuable molecules i.e. UF and NF. Phase inversion involves 

preparation of PANI polymer from aniline monomersusing oxidative polymerisation, 

followed by membrane solution casting and immersion precipitation. The use of appropriate 

additives could overcome the tendency of polymer gelation at concentrations beyond 5 wt%. 

In this method, there are quite a few parameters that should be properly considered in order to 

obtain a membrane with desired properties mainly the addition of different types of acid 

dopant to allow changeable free volume properties. Simple methods, such as coating 

composite polymerisation from vapour, solution and diffusion cell, may be used to synthesise 

PANI coated composite membranes. The membrane morphology and separation properties 

related to the membrane pores can (in theory) be better controlled by using this method than 

in an entirely porous thin film, as is commonly used. It is also known that the deposition of 

CPs on porous polymeric substrates seems to be the most efficient technique to prepare the 

membrane.  

Next, membranes obtained from both methods could be compared by characterisation 

of its morphological, thermal, chemicals, electrical conductivity and separation properties. 

Major parameters that need attention in order to determine separation properties of the 

synthesised membrane include flux, rejection and MWCO. Little is known about the standard 

methods and solutes used for the membrane performance analysis, as the detailed methods 

remain confidential. Therefore, a standard testing method is required to measure the 

membrane separation properties.  

The tuneable movement of ions through PANI and other CP membranes in aqueous 

solutions has been previously studied [12, 20][13, 21] especially in permeation cells, and is 

known to be dependent on the oxidation state of the redox polymer [19]. Little work has been 



Chapter 2 – Literature Review 

 60 

done on tuneable membranes for pressure filtration applications [22, 23]. Furthermore, the 

principle of electro-wetting to change the permeability of CP membranes and the idea of 

changing the selectivity of the membrane by pore opening has also been reported [8, 31, 91, 

183, 184]. However, the PANI and other CP membranes that have been predominantly used 

for these studies were coated onto expensive conductive metals such as Pt [70, 145]. 

Nevertheless, the use of expensive conductive metals made these membranes economically 

unfeasible for real (scaled-up) applications. Furthermore, the effect of using highly 

conductive metal support materials on the properties characterised by their contact angle and 

conductivity in different acid dopants [8, 91], tuneable super hydrophobicity [183, 185] and 

dynamic wettability in aqueous solutions [184] is yet to be de-convoluted.  

 

2.9 Research aims 

The overall aim of this research is to fabricate and characterise a NF membrane that can have 

its selectivity and filtration rate of different non-ionic, non-charged solute changed by an 

external electrical stimuli. To achieve this, the following sub-aims are examined: 

1. To determine the relationship between PANI NF membrane synthesis and doping 

variables, the resulting membrane microstructure, chemical and physical properties, 

separation and transport properties for several different PANI membrane fabrication 

methods (including phase inversion from in-house fabricated PANI and coating 

composite polymerisation from vapour, solution and diffusion cell polymerisation). 

2. To develop a cheap, low temperature, robust, benchmarked single filtration method for 

determining the MWCO of NF membranes for aqueous based separations using a 

mixture of commercial grade (i.e. off-the-shelf) PEGs, which contain a wide range of 

different MW PEG oligomers. This will be benchmarked against the MWCO and 

membrane separation properties of commercially available membranes using data 

provided by both the manufacturer and from previous characterisations in the open 

literature. 

3. To determine if the transport properties (e.g. flux) and selectivity (e.g. MWCO 

measured by the method developed in 2 above) can be changed using an external 

electrical stimuli and to determine the mechanism of this change. This will be 

determined using electrically stimulated membranes in both a specially developed 

dynamic contact angle technique and a specially developed cross-flow rig. 
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Various studies are presented here to investigate the advantages of substituting CPs 

over commercial available filtration membranes to be applied for tuneable selectivity and 

permeability of pressure filtration. The ability of the CP to be altered during filtration due to 

the inherent conjugated properties under applied potential should result in swelling and 

shrinkage that will control the porosity and solutes permeability through the membranes. 

Thus obtaining the best CP to perform the specific study is very essential. 

Therefore in this research, CP membranes have been synthesised and fabricated 

following two different methods: coating composite polymerisation and phase inversion. The 

membrane formation variables are linked with the nano- and micro-structural properties, 

which can be characterised by its physical, morphological, chemical, thermal and electrical 

conductivity. A standard membrane characterisation method for membrane flux, rejection and 

MWCO is developed to characterise the membrane‟s separation properties. The feasibility of 

using these membranes as a pressure driven NF membrane is proven. Some improvement 

methods are performed to get a membrane with nano-range MWCO that is finally 

investigated for electrically changeable selectivity. 

 

2.10 Research approach 

The achieve these aims, the following research approach has been taken: 

1. Prepare CP membranes via the aforementioned methods and in doing so, study the 

membrane synthesis variables such as polymer concentration, polymerisation time, types 

of solvents, types of additives, evaporation time, effect of doping/dedoping and optimise 

the membrane properties in relation to these variables. 

2. Characterise the membrane microstructural properties, in either dry or wet states, for its 

morphology, thermal/mechanical stability, physical, chemical and electrical property in 

SEM, TEM, TGA, DSC, dynamic contact angle and infrared spectroscopy.  

3. Develop a standard method for obtaining the MWCO using cheap and available solutes 

like PEG from various MWs in neutral solution. Commercially available membranes are 

utilised to validate the standard, followed by analysis with the synthesised membranes. 

The concentration of the solute solution is determined by using HPLC. 

4. Obtain the membrane separation performance in dead-end and/or cross-flow pressure 

filtrations, at specific pressures and temperatures, and to characterise the variations in the 

separation properties in the presence of applied electrical potentials on membranes 

synthesised in doped/dedoped states. 
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Chapter 3 

Materials and methods 

  

In this work, PANI membranes were prepared using three main methods: 

1. Coating composite polymerisation: PANI was coated on microporous PVDF support 

membranes from APS as the oxidising agent in either solution or vapour form in the 

presence of aniline (ANI). PVDF was chosen due to its resistance against high 

temperature, various solvents and aggressive chemicals [16]. MCE was also used as 

the support membranes for comparison. 

2. Diffusion cell coating composite polymerisation, where the ANI and APS aqueous 

solution were poured into two different compartment in the diffusion cell. The support 

membrane was clamped in between the compartment for polymerisation on the 

support.  

3. Phase inversion by immersion precipitation involved synthesis of PANI from ANI 

and APS solution followed by casting onto a nonwoven backing layer.  

The chemical and thermal properties of all of the membranes were then characterised by 

SEM, TEM, FTIR spectroscopy, 4 point probe conductivity meter, cyclic voltammetry, 

Differential Scanning Calorimetry (DSC), Thermal Gravimetry Analysis (TGA) and dynamic 

contact angle. Membranes initial tuneable permeation properties were characterised by 

dynamic contact angle goniometer with and without applied potential in a specially fabricated 

membrane cell holder. Membrane separation properties were conducted in dead-end and 

cross-flow pressure filtration. Electric potential was applied to the membrane in dry state to 

observe the water permeation properties. The membrane synthesis, characterisation and 

testing method were discussed separately.  

 

3.1 Coating composite polymerisation method 

3.1.1 Materials 

This method was initially tried with two different routes to produce PANI coated membranes. 

They are: vapour polymerisation and solution polymerisation. The similarities between these 

two is as follows: solution polymerisation and vapour polymerisation involve polymerisation 
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process in a one compartment synthesis reactor. Solution polymerisation is the simplest 

method where support media (PVDF membranes, Durapore
TM

 microporous 0.1 μm pore size, 

45 and 90 mm diameter PVDF from Millipore, USA) were immersed in the monomer-

oxidant solution for PANI coating. ANI (Sigma Aldrich, NZ) and APS (Sigma-Aldrich, NZ) 

diluted in HCl (Merck, NZ) were used to produce PANI. Vapour polymerisation however 

involves immersion of the same support media into the same monomer solution prior to 

exposure to vapourised aqueous APS solution to initiate polymerisation on the surface of the 

PVDF membrane support fully loaded with ANI. The third method used in coating composite 

polymerisation technique is called diffusion cell polymerisation. In this method, the 

membrane was clamped in a two compartment chamber filled with ANI and APS aqueous 

solution that have PANI polymerised at the membrane interface. MCE membranes (0.1 μm 

pore size, 45 and 90 mm diameter from Millipore, USA) were also used as the membrane 

support in coating composite polymerisation method. In detail, the three methods are 

explained in Sections: (3.1.2) Vapour polymerisation, (3.1.3) Solution polymerisation, and 

(3.1.4) Diffusion cell polymerisation. 

 

3.1.2 Vapour polymerisation 

The vapour polymerisation method puts the polymerisation between acidic monomer and 

oxidant solution in two different phases, solution and vapour, respectively. ANI and APS of 

0.5 M were prepared in different concentration of HCl. ANI was diluted in 0.3 M of HCl 

while APS in 1 -3 M. The porous PVDF support was cleaned in ethanol followed by drying 

in oven at 50
o
C for 2 hours, 1 atm. It was then weighed using microanalytical balance 

(Sartorius CPA6202S, USA) until the reading is stable to obtain the initial weight, Wi. The 

illustration of the experimental set-up is presented in Figure 3.1. The excess monomer 

solution of anilinium hydrochloride was trapped in the porous polymer support media of 

PVDF through soaking for 24 hours followed by exposing the support media onto a vapour of 

APS oxidant. Oxidant was vapourised at the controlled temperature of from 50 – 80
o
C on a 

digital stirrer hot plate (IKA RCT basic) in a closed reactor with a needle sized opening. The 

concentration of HCl (1 – 3M) used for vapourising the APS in the closed reaction chamber 

was also studied for the maximum coating amount. After a certain reaction polymerisation 

time, the coated PANI on the PVDF surface was blotted dry with tissue paper followed by 

immersion in 1 M HCl.  
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Figure 3.1: Vapour polymerisation for synthesising PANI-coated PVDF membrane. 

 

The final weight of dried PANI coated PVDF membrane, Wf, was determined by 

weighing on a microanalytical balance.The amount of PANI attached to porous membrane 

(PANI mass%) was calculated using the following equation 3.1: 

PANI (mass%)
W f Wi

Wi

x100 (3.1) 

Where Wf is the final weight and Wi is the initial weight of the membrane. 

 

3.1.3 Solution polymerisation 

This method requires only a few synthesis steps, through either a 1-step or 2-step 

polymerisation [106]. The 1-step polymerisation has been found to give a better membrane in 

terms of coating homogeneity and the amount of PANI coated and therefore was used in this 

work. 

The preparation sequence for this 1-step polymerisation is illustrated in Figure 3.2. In 

this work, the porous PDVF support membrane was cleaned in ethanol (Ajax Finechem, NZ) 

followed by drying in an oven at 50
o
C for 2 hours. It was then weighed using a 

microanalytical balance until the reading was stable so as to obtain the initial weight, Wi. The 

cleaned membrane was then soaked in ethanol to allow the pores to swell in the solvent for 

15 minutes prior to the polymerisation reaction. After that, the swelled membrane was blotted 

dry in tissue paper to remove excess solvent on the surface. The membrane was then reacted 

in the polymer solution mixed with APS oxidant in 1M of HCl for the desired reaction time 
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and temperature, where the solution was continuously stirred to give a homogenous 

polymer/oxidant solution. After a predetermined reaction period (as this is one of the studied 

variables), the membrane was removed from the solution, ultrasonically cleaned at 1 hour for 

60
o
C, 35 kHz (Sonorex Digital 10 P, 28 L, Bandelin, Germany) in mixture of ethanol/water 

and finally dried in an oven at 50
o
C for 16 hours. 

2-step polymerisation follows similar method as described in 1-step polymerisation 

technique except that the porous PVDF membrane was initially soaked in ANI solution for 24 

hours. After that the soaked membrane was transferred to the APS solution following the 

same concentrations used in the 1-step polymerisation technique for a certain reaction period. 

The PANI coated PVDF membrane was then removed and cleaned using the same procedure 

in 1-step polymerisation technique. 
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Figure 3.2: One-step and two-step solution coating composite polymerisation for synthesising PANI coated PVDF membrane.
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3.1.4 Diffusion cell polymerisation 

This method utilised a specially fabricated two compartment glass chambers which 

sandwiched a microporous membrane support in between them. Figure 3.3 shows the two 

compartment diffusion cell used and the image of the cell is presented in Figure 3.4. This was 

placed on a heated magnetic stirrer (IKA, Germany) to provide constant agitation in order to 

produce a homogenous solution for coating. A microporous PVDF base membrane of 

approximately 90 mm diameter was clamped in-between the two compartments with a 

sealing o-ring to tightly seal the cell. The effective area of the cell is 38.5 cm
2
 and the 

compartments capacities were 250 ml each. Equal amount of ANI and APS aqueous solution 

of 0.7 M and 0.3 M, respectively, were added to the glass chamber to allow polymerisation at 

the membrane surface. The monomer/oxidant concentration was chosen based on the best 

percentage of volume found to be used in the one-step solution polymerisation. After 

different pre-determined  polymerisation times (4, 8, 16 and 24 hours), the membrane was 

removed from the chamber, wiped and blotted dry with tissue paper from the homopolymers 

and residues. In order to get the best membranes coating visibly suitable for NF, other effects 

of polymerisation were also studied. Firstly the effect of non-soaking and pre-soaking support 

polymer in APS were conducted, followed by comparing different contact times (0 and 15 

seconds) between the addition of the ANI and APS in the chamber. Finally the comparison of 

using different support polymer, PVDF and MCE was done to study the properties of the 

membranes made onto these supports. Later, the membrane was soaked in 1 M of HCl in 

order to fully dope the PANI. 

 

 

Figure 3.3: Diffusion cell polymerisation method to produce coating composite PANI membrane. 
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Figure 3.4: Image of the diffusion cell polymerisation apparatus. 

 

Table 3.1: The membrane preparation parameters studied using the diffusion cell polymerisation method. 

Membrane 

polymerisation 

time (h) 

Parameters 

 

 

     4 

Non-soaked and pre-soaked in ANI/APSsolution, 250 rpm, 4 h 

polymerisation time 

8 pre-soaked in APS solution, 250 rpm, 8 h polymerisation time 

16 pre-soaked in APS solution, 250 rpm, 16 h polymerisation time 

24 pre-soaked in APS solution, 250 rpm, 24 hpolymerisation time 

rpm = revolution per minutes stirring speed 

Table 3.1 shows the preparation conditions for the major membranes that were 

prepared via the diffusion cell polymerisation method. Apart from mainly studying the 

different polymerisation time, this method was also optimised in order to increase the 

membrane quality and to reduce the membrane defects by manipulating the reaction 

parameters, such as changing the contact/pouring time of each of the solution with the 

membranes, solution concentrations, pre-soaking and non-soaking effect of the support 

membrane inoxidant solution prior to polymerisation. The amount of PANI deposited onto 

the microporous support by diffusion cell polymerisation was calculated by gravimetry 
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(equation 3.1) in order to be able to assess if a PANI membrane with a high amount of PANI 

deposited on it was obtained. 

Selected membranes were also heat treated in order to both anneal and thermally 

crosslink the fabricated PANI on the membrane surface. This was performed by completely 

drying the doped membrane in air. Thereafter, the membrane was placed into an 

oven(Contherm, 1400 watt, digital series 5, Germany) at 150
◦
C for 3 hours. 

 

3.2 Phase inversion by immersion precipitation 

Phase inversion method has been used to fabricate PANI membrane from self-synthesised 

PANI powder as reported in recent years [23, 27, 111]. This type of membrane has been 

successfully applied in standard (i.e. non-tuneable) pervaporation and NF. This prior work 

has therefore indicated that phase inversion method is potentially the most reliable method 

for the fabrication of PANI membranes for pressure filtration. This method however involves 

more preparation steps than those previously outlined, as it has six major steps: (1) 

polyaniline synthesis, (2) polymer doped solution preparation, (3) solution casting, (4) phase 

inversion, (5) (secondary) doping, and (6) heat treatment.  

 

3.2.1 Polyaniline synthesis method  

The polymer synthesis followed the method reported by Chapman et al. [23] and Adams et 

al. [113]. The PANI synthesis was prepared from ANI and APS solution of different amount 

in a proper controlled conditions. Although there are also work reported on fabricating phase 

inversion PANI membrane for example by Gregory et al. [186] from a simpler PANI 

synthesis method (without controlled temperature, stirring etc) for making a UF membrane 

with/without adding polysulfone as co-polymer, the current synthesis method chosen was 

proven to create 5 to 10 times bigger MW of PANI with the average of 122 000 g mol
-1

, in 

order to improve the mechanical strength of PANI especially when applied for self standing 

PANI NF membrane [23, 29]. 

The apparatus used in this method is shown schematically in Figure 3.5 and in Figure 

3.6 (i). ANI of 18.23 ml was mixed in 200 ml of 1 M HCl. At the same time, 45.63 g of APS 

was also mixed in128 ml of 1 M HCl in a separate beaker. The prepared ANI solution was 

slowly added to the APS solution by using a dropping funnel for about 30 minutes in order to 

have proper control of the polymerisation reaction with continuous stirring at 300 rpm at two 

different temperatures (15
o
C and 24

o
C) for two days. The synthesised PANI was then 

vacuum filtered in deionised water of 500 ml and dried overnight. The filter cake was 
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weighed with a microbalance and then mixed in ammonia solution (Univar Analytical, 28%) 

of 500 ml for dedoping. The solution was stirred for 16 hours to dedope the PANI. The 

dedoped PANI was washed in 1 L of deionised water for 5 times until clear filtered solution 

was obtained followed by drying in an oven. The dried PANI cake was crushed in a mortar 

until fine powder was obtained. Non-conductive PANI emeraldine base was produced from 

dedoping of emeraldine salt by this method based on the colour changes in the polymer from 

green (emeraldine salt) to blue (emeraldine base) as reported by many researchers [14, 23, 

114, 187, 188]. The effect of both polymerisation temperature (15
o
C and 24

o
C) and storage 

time (near-fresh made to 6 months) in relation to their polymers MW were also studied.  

 

 

Figure 3.5: Schematic diagram of the PANI synthesis. 

 

  The polymers were analysed by gel permeation chromatography (GPC) (Waters, 

USA). The GPC system for analysis consists of a Waters 515 HPLC pump, a Degassex DG-

4400 on-line degasser connected to a series of three GPC columns (a Waters Styrogel HR6 

column and two Polymer Labs PlusPore 7.5mm columns, mixed pore sizes) with a PlusPore 

guard and 0.5 μm in-line filter, a Rheodyne manual injector, and a Waters column. The eluent 

was NMP flowing at 0.3 mL min
-1

. Three PANI samples wereanalysed for their MW: (i) 2-
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month old PANI prepared at 15
o
C; (ii) 6-month old PANI prepared at 15

o
C; and finally (iii) 

2-month old PANI prepared at 24
o
C. These samples were chosen to observe the effect of 

synthesis temperature and storage period on the polymer‟s MW. These PANI samples were 

dissolved in NMP obtaining a concentration of 5 mg mL
-1

 and 200μL of each of these 

samples was injected. All solutions were filtered through 0.45 μm syringe filters prior to 

injection. Data acquisition and processing were performed using the ASTRA 4 software 

(Wyatt Technologies Corporation).  

 

3.2.2 Polymer doped solution preparation 

PANI doped solution was prepared by adding 15 to 25 wt% of PANI emeraldine base slowly 

to the solvent and additives mixture of NMP and 4MP, 1:1 of PANI:4-MP. The mixture was 

stirred for two hours before adding the acid dopants that was being studied in order to dope 

the solution. These dopants were: PMVEA (Sigma-Aldrich, ≥99%), MA (Sigma-Aldrich, 

≥99%), DBSA (Fluka, >80%), ASA (Sigma-Aldrich, >97%) and HCl (Merck, 37%). The 

acid dopant was taken at 50 wt% from the total weight of PANI used, and was slowly added 

to the doped solution later on. After the solution was well mixed, it was left for overnight 

prior to casting so as to remove all the bubbles and air trapped in the solution. The doped 

solution has undergone natural deaeration only. In this doped solution making, ultrasound 

was not used for aiding deaeration due to the nature of PANI that is easily viscous when 

heated (the side effect of ultrasound) which will cause casting difficulties.   

Membranes were also prepared at different casting thickness (100 – 250 μm), 

evaporation time (0 – 90 seconds), Novatexx™ non-woven backing layers (polyethylene/ 

polypropylene (PE/PP) mixtures and polyester supports generously supplied by Freudenberg 

Filter, Germany and Cranemat CU, USA, respectively. Other than that, the effect of co-

solvent addition e.g. with acetone, and heat treatment were also studied to improve the 

membrane quality to reach NF ranges. 

 

3.2.3 Phase inversion  

The thin film casting machine (Elcometer 4340 motorised film applicator, USA) was set at 

speed no. 3 (20 mm s
-1

) and the doctor blade film applicator with reservoir (Elcometer 3700, 

USA) thickness was fixed at a predetermined thickness (between 100 and 250µm). The 

membrane support was a PE/PP mixture non-woven material (200μm thickness) of 

Novatexx™ and was kindly donated by Freudenberg Filter, Germany and also polyester non-

woven material (150 μm thickness) of Cranemat, USA. This was well mounted on a glass 
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casting plate (30x22x1 cm
3
, supplied by Grey Lynn Glass, NZ) followed by placing the 

doctor blade next to the filmograph driver. The polymer solution was poured into the 

reservoir of the doctor blade in a zigzag direction onto the membrane support in order to 

prevent trapping of air bubbles and consequently a defect. The right directional button on the 

machine was then pressed to let the filmograph driver cast the solution on the surface of the 

non-woven support. Upon casting, the evaporation was set at 0 second to90 seconds with 15 

second intervals for solvent evaporation prior to phase inversion in the water bath. 

Meanwhile, the left button of the casting machine was pressed to bring back the filmograph 

driver to the initial set point. After the evaporation, the glass plate with the membrane support 

and cast membrane on top was immersed into the water bath (full of approximately 5 L of 

deionised water at room temperature) and left for 1 hour, allowing the phase inversion by 

immersion precipitation to take place, solidifying the membrane structure.Thereafter, the 

membrane was then transferred to a tray containing approximately 2 L fresh deionised water 

for soaking overnight. The images of the membrane casting and phase inversion by 

immersion precipitation is illustrated in Figure 3.6 (ii) and (iii), respectively. PANI 

membrane was also cast in a petri dish for comparison to phase inversion.  

 

 

Figure 3.6: Images of asymmetric PANI membrane preparation steps by phase inversion method from in-house 

PANI synthesis. (i) Apparatus used in polymer doped solution making (ii) membrane casting of the Elcometer 

4340 thin film applicator using a 4340 doctor blade, (iii) phase inversion of the cast PANI membrane in the 

deionised water non-solvent bath. 

 

3.2.4 Secondary doping 

Secondary doping was introduced to the membranes in a way to increase the membrane 

conductivity instead of relying on primary doping only. This method has been well reported 

by MacDiarmid et al. [75, 85]to increase the PANI conductivity upon polymerisation of 

PANI in primary acid dopants i.e. DBSA and methane sulfonic acid, followed by performing 
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secondary doping with highly conductive acid dopant such as d,l-champhor sulfonic acid in 

m-cresol. The initiation of secondary dopant could bring higher actuation in the polymer 

structure thus giving more tuneable properties to the membrane. In this work, the synthesised 

membrane was soaked in 1M of HCl to secondary dope the PANI membrane. It was finally 

dried in air atmosphere at room temperature before being tested. 

 

3.2.5 Heat treatment 

Some of the cast PANI membranes were also heat treated for crosslinking and surface curing. 

The dried PANI membrane was placed into an oven (Contherm, 1400 watt, digital series 5, 

Germany) at 150
◦
C for 3 hours for heat treatment. 

 

3.3 Membrane characterisation 

Synthesised membranes were characterised for their morphological, physico-chemical, 

electrical, thermal and tuneable properties in order to study the membrane inherent properties. 

Based on these results, the most promising membranes (i.e. those with the best tuneable 

properties and acceptable morphologies) were selected for separation property testing (via 

dead-end filtration) and the most promising of these (i.e. those with NF membrane 

characteristics) were then subsequently tested for their real tuneable properties in electrically 

stimulated cross-flow pressure filtrations. These characterisation techniques are outlined in 

the next sub-sections. 

 

3.3.1 Morphological properties 

Imaging on an SEM provides information on the surface topography, texture and morphology 

of the specimen. It offers a great depth of focus, which facilitates three-dimensional 

visualization of specimen surfaces. In this work, the membrane morphological properties 

were obtained by using a Philips XL 30S (FEG, USA) SEM. Various PANI membranes were 

prepared by dipping in liquid nitrogen and subsequently snapped to get nice cross section 

area. For surface sample, the sample was cut to pieces for the analysis. The samples was then 

mounted on the sample stud using conductive double-sided tape and subsequently subjected 

to Pt coating for 15 minutes under vacuum. A Polaron SC 7640 sputter coater was used to 

give a very thin and minimal Pt coating suitable for SEM viewing. Finally, the coated sample 

was mounted in the vacuum chamber in the equipment independently. The voltage was set at 

5 kV, vacuum pressure from 0 to 1 torr (for high and low vacuum conditions) while the 
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working distance was 3 mm to the source. The samples were set at different magnification 

ranging from 1,000 to 100,000.  

 

3.3.2 Chemical properties 

The membrane chemical properties were determined by FTIR. In this work, a Perkin Elmer 

Spectrum 100 spectrometer (USA) of mid-IR range from 3500 – 500 cm
-1

 was used for the 

testing. Both background and samples were run under similar conditions. The resolution for 

all the scans was set at 12 cm
-1

. The spectra were detected in absorbance mode and analysed 

using commercial software, Spectrum™. The original membrane supports i.e. microporous 

PVDF and PE/PP mixture backing layer, were also tested and used for comparison with the 

fabricated membranes spectra. 

 

3.3.3 Electrical/electrochemical properties 

The membrane electrical conductivity was measured by using four-point probe conductivity 

meter (Jandel RM2, England). This consisted of four-needle type electrodes arranged in 

linear form with a current supplied via the two outer electrodes (Figure 3.7) and the electric 

potential of the material was measured via the inner two electrodes. The conductivity was 

calculated from the inversion of the resistivity. Resistivity measurement was done by placing 

the fully dried membrane sample on the analytical stage (refer to Figure 3.7). A dummy four-

point probe was used to set the distance between the membrane with the electrodes and was 

needed in order to protect the real four-point probe from any damage that may occur during 

the sample assembly, as the electrodes in this probe are tiny and fragile. After getting the 

right distance, the dummy probe was replaced with the real four-point probe for the resistance 

measurement. The four-point probe then touched the membrane sample and the current was 

recorded. The resistivity (ρ) was calculated from equation 3.2: 

   
  2

V

I
tk

  (3.2)
 

where V is the voltage supplied, and I is the current measured, t is the membrane thickness 

and k is the correction factor between the electrode based on the ratio of electrodes spacing to 

the sample diameter.  
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Figure 3.7: Conductivity meter of Jandel RM2 test unit with four-point Jandel multi-height probe.  

  

 Cyclic voltammetry is another measurement used to characterise the electrochemical 

properties of the conducting membrane prepared in this work. This method examines 

electrochemical processes at the phase boundary of the electrodes and the electrolytes 

solution. The electrode potential is swept cyclically between two boundaries of the membrane 

and the electrode. The scan rate remains constant. The typical setup for a cyclic voltammetry 

consists of three electrodes namely the reference electrode (from commercial Ag/AgCl), a 

counter electrode (stainless steel of 1 x 5 cm
2
) and the working electrode (fabricated PANI 

coated PVDF membrane of 1 x 5 cm
2
). The reference electrode is actually a half-cell with 

known reduction potential and acts only as reference. The counter electrode passes all the 

current needed to balance the current observed at the working electrode, and the cyclic 

voltammogram is the plot of the current at the working electrode (membrane) against the 

applied voltage, I-V [149]. Prior to the cyclic voltammetry run, the membranes were cut and 

stored in 1 M HCl overnight. The stainless steel plate acting as the counter electrode was 

polished clean from impurities and the reference electrode was tested and kept in fresh 

Ag/AgCl solution. The cyclic voltammetry was then performed in fresh 1 M HCl solution 

with proper settings using BAS potentiostat connected to a computer. The scan rate was at 10 

mV s
-1

 at a sensitivity of 100 mm s
-1

. The applied voltage was varied between -200 to 1200 

mV.  

 

3.3.4 Thermal properties 

The membrane thermal properties was investigated using a TGA (Shimadzu TGA50, Japan) 

and a DSC (Shimadzu DSC60, Japan). TGA was used to measure the amount and rate of 
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change in weight of sample as a function of temperature or time under controlled atmosphere. 

TGA characterises the weight change in the sample due to decomposition, oxidation or 

dehydration which yielded sample information about moisture and volatile contents, thermal 

stability, decomposition kinetics and oxidative stability. DSC was used to measure 

exorthermic and endothermic transitions as a function of temperature by using a temperature 

controlled chamber with sample cell and reference cell (stored in a pan) being heated/cooled 

at the same rate. Structural properties such as the the thermal properties - including melting 

temperature (Tm) - were determined using DSC.  

Samples of the membranes were tested and compared to the corresponding samples of 

the original base polymers (i.e. microporous PVDF and PE/PP mixture backing layer) and the 

fabricated PANI coated/cast membranes. The membrane samples were dried in an oven 

(Perkin Elmer, USA) followed by storage in a desiccator at ambient temperature over fresh 

silica gel prior to TGA and DSC runs to eliminate the possible interference of moisture with 

the thermograms i.e. formation of strong endothermic peak at 60 – 160
o
C in DSC. After that, 

the membrane was cut into small pieces (weighing around 5 mg) and kept in an aluminium 

pan prior to analysis. For DSC samples, the aluminium pan requires a proper seal with an 

aluminium lid to avoid the sample dropping to the base surface, which may cause error in the 

results. For both analyses, the  membrane was heated at high temperature, 600
o
C and 300

o
C 

respectively at a constant heating rate 20
o
C min

-1
 under constant flow rate of argon at 20 ml 

min
-1

 to give an inert atmosphere. The thermal stability was studied from the the degradation 

curve obtained by decomposing the membrane up to 600
o
C in TGA. The membrane melting 

property was also determined from the DSC thermogram where endothermic/exothermic 

peak appeared upon heating up the membrane in DSC. 

 

3.3.5 Physical (permeation) properties: Initial tuneability assessment 

The membrane permeation properties were investigated by using a contact angle goniometer 

(KSV CAM101, Finland) using water (Figure 3.8), so as to give an initial quantification of 

the electrically tuneable separation behaviour prior to more extensive runs in the cross-flow 

filtration system. The contact angle was used to measure effective contact angle (θ) and peak 

droplet height (h). It was measured by placing a small drop of water (7.5  0.5 µL) onto the 

membrane surface using a syringe with a video camera recording the drop. Firstly, the flat 

membrane was mounted on the contact angle‟s stage followed by addition of test solvent in 

the syringe. After calibrating the contact angle goniometer using a calibrated magnetic ball, 
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the solvent was slowly set to drop on the membrane and the images of solvent‟s drop was 

recorded at different times - in milliseconds and seconds - until 180 seconds had elapsed. A 

specially designed membrane holder incorporating electrical clamp contacts was used to 

apply the voltage across the membrane as illustrated in Figures 3.8 and 3.9 .The contact angle 

value was obtained to relate with the permeation behaviour during filtration. The tangent at 

the point where the drop contacted the membrane surface was calculated using the 

equipment‟s commercial software, CAM 2008. ImageJ version 1.37 software was also used 

to confirm the contact angle value and to measure the h.  

 

Figure 3.8: The membrane assembly in the contact angle goniometer, illustrating the rig used to apply a 

potential difference across the membrane. Water was able to permeate through the membrane in this set-up. 

 

 

Figure 3.9: Image of the (i) contact angle goniometer with the membrane holder and (ii) applied voltage 

apparatus. 
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3.3.6 Separation properties 

3.3.6.1   Molecular weight cut off (MWCO) method 

A rapid, reliable and cheap method of characterising the MWCO of commercial and in-house 

fabricated membranes used in aqueous applications was developed (and is outlined in detail 

in Chapter 6). MWCO was determined by performing a single run of pressure filtrations with 

a mixture of polyethylene glycols (PEGs) in aqueous solution using one of two PEG oligomer 

mixtures: PEG 200 to PEG 1000 for NF membranes or PEG 1000 to PEG 6000 for low 

MWCO UF membranes. Analysis was via a repeatable and accurate reverse phase high 

performance liquid chromatography (HPLC) method through a cheap chemical-bonded 

silica-based C8 column which finely resolves each of the PEG oligomers. Detection was via a 

low temperature evaporative light scanning detection (ELSD) method. 

 

A.   Materials 

NF membranes used to test and benchmark this technique were kindly donated by the Dow 

Chemical Company (Dow Filmtec™ membranes, USA) and were purchased from Koch 

Membrane Systems, USA and Hydranautics, USA. Their characteristics and properties are 

summarised in Table 3.2. Commercial grade PEGs were obtained from several different 

companies, as detailed in Table 3.3. Additional PEG standards were used for external 

calibration (Fluka, Product no 87976) as detailed in Table 3.3. HPLC grade Acetonitrile 

(Ajax Finechem, New Zealand) was used for all HPLC analysis. All chemicals were used as 

received. Deionised water from an ELGA Maxima Ultra purifier system was used 

throughout. 

 

Table 3.2:Commercial membranes used in MWCO characterisation. 

Membranes Supplier Type 

Koch: MPF34 Koch Membrane System NF  

Koch: TFC-SR100 Koch Membrane System  NF  

Koch: TFCS  Koch Membrane System NF  

Koch: MPF44 Koch Membrane System, USA  NF  

NF Dow Filmtec™, USA NF  

NF270 Dow Filmtec™, USA NF  

Koch: MPF36 Koch Membrane System UF  

Hydranautics 7450 Hydranautics, USA UF  
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Table 3.3:PEG oligomer mixtures used in: (i) the MWCO mixture of commercial grade PEGs with respective 

average molecular weight given by the manufacturer (Mn), and (ii) the purer grade standard PEG solution with 

respective highest peak molecular weight (Mp) as determined by the manufacturer. 

Chemical MWCO mixture from 

commercial grade PEGs 

Purer grade PEG standards 

Supplier Mn (g mol
-1

) Supplier Mp (g mol
-1

) 

PEG 200 Sigma-Aldrich, USA 200 Fluka, Switzerland 232 

PEG 300 - - Fluka, Switzerland 330 

PEG 400 Sigma-Aldrich, USA 400 - - 

PEG 600 Sigma-Aldrich, USA 570 – 630 Fluka, Switzerland 630 

PEG 1000 Sigma-Aldrich, USA 950 – 1050 Fluka, Switzerland 980 

PEG 1500 Applichem, GmbH 1500 Fluka, Switzerland 1460 

PEG 4000 Applichem, GmbH 4000 - - 

PEG 6000 Scharlau, Barcelona 6000 - - 

 

The MWCO PEG mixtures were diluted in the deionised water to produce PEG 

oligomer mixtures with two ranges of MW: (i) NF MWCO range: 200, 400, 600 and 1000 g 

mol
-1

 and (ii) low UF MWCO range: 1000, 1500, 4000 and 6000 g mol
-1

. Two PEG oligomer 

ranges were used since it is not possible to develop a single HPLC-ELSD method that could 

separate all of these PEG oligomers in a reasonable elution time (less than 60 min) with good 

peak resolution. In order to ensure that the peak response from the ELSD detector is similar 

for all oligomers within these ranges, two different concentrations of the commercial grade 

PEGs were used: 50 to 400 mg L
-1

 for PEG 200 to PEG 1500, and 25 to 200 mg L
-1

 for PEG 

4000 to PEG 6000. Getting a relatively uniform peak response for the different PEG ranges 

used is important so that the peaks do not overlap and are well resolved. The peaks obtained 

from the PEG 4000 and PEG 6000 powders have a much larger detected response than the 

lower MW PEG oligomers, therefore the concentrations needed to be lower to ensure peak 

areas and heights are comparable across the entire HPLC trace.  

 

B.   Analytical methods 

An Agilent 1100 Autosampler HPLC system coupled with an Alltech
®
 ELSD 800 detector 

was used. The Agilent 1100/1200 series system consisted of: an ALS 1200 series autosampler 

(G1329A), a Colcom column oven (G1316A), a Quat pump (G1311A), a degasser (G1379A), 

a UV-Vis detector (G1314A) (not used in this work) and an Agilent data interface (35900). 
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The separation was achieved using an Alltech Altima C8 column (150 mm length x 4.6 mm 

I.D., 5µm particle size, 80 Å pore size) from Grace Davison Discovery Science (New 

Zealand). The autoinjector was set to one injection per sample with an injection volume of 

50µL used for all samples. The column temperature was set at 50
o
C and the ELSD drift 

temperature at 60
o
C under a nitrogen pressure of 43 psi (3 bar). The mobile phase was 

pumped at 1.0 mL min
-1

. HPLC method development resulted in two different acetonitrile-

water mobile phase gradients in order to resolve the individual peaks from the low and high 

MW PEG mixtures respectively as presented in Table 3.4. The post run method for both 

gradient profiles: the solvent was left to run at the original acetonitrile-water ratio for 5 

minutes in order to re-equilibrate the column and to ensure a linear baseline for the next run. 

 

Table 3.4:Final gradient profiles for the elution of PEG mixtures at different range of molecular weight. 

PEG MW range Elution time  

(min) 

Gradient  

(% Acetonitrile) 

Gradient  

(% Water) 

Low MW range  

PEG 200 – 1000 

 (NF) 

0 15 85 

42 30 70 

45 80 20 

 

High MW range  

PEG 1000 – 6000 

(low UF) 

0 15 85 

2 25 75 

20 25 75 

62 50 50 

65 20 80 

 

Two different sets of PEGs were used for individual PEG oligomer identification: 

(1) The commercial grade PEGs that was used in the overall MWCO PEG mixtures in 

both the NF MWCO range (PEG 200 to PEG 1000) and the UF MWCO range 

(PEG 1000 to PEG 6000). The same HPLC-ELSD method was used, except the 

individual concentrations of the PEG prepared were increased to five times higher 

than the MWCO PEG mixtures with double the HPLC injection volume in order to 

have a comparable peak sizes to the PEG oligomers in the MWCO PEG mixtures. 

(2) The aforementioned purer PEG standards, used as received and using the same 

HPLC-ELSD method outlined above. 
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Note that mass spectroscopy detection was not used for oligomer identification, since 

PEGs are notorious for contaminating these detectors and a new HPLC gradient method that 

is compatible with the requirements of the mass spectroscopy detector would be required.  

 

C.   Filtration methods 

PEG MWCO mixtures at a concentration of 400 mg L
-1

 were permeated through 

commercially available composite polymeric NF membranes using a water bath temperature 

controlled dead-end filtration cell (HP 4750, Sterlitech Corporation, USA) as illustrated in 

Figures 3.10 and 3.11. During filtration, the water bath temperature was maintained at 25
o
C, 

stirred at 300 rpm using a Heidolph MR3004 Safety magnetic heater stirrer and the applied 

pressure was 30 bar nitrogen gas (BOC, New Zealand). All membranes were pre-conditioned 

by filtering with deionised water at the applied pressure until a steady state flux is guaranteed. 

After reaching steady state, 100 mL of the PEG mixture was put into the filtration cell and 40 

mL of permeate was collected. Permeate volume versus time was recorded to determine the 

membrane flux. At the end of the filtration, the feed, permeate and retentate were collected 

and the concentration was analysed using the HPLC-ELSD as detailed in the previous section 

(Section B). The active area of the membranes filtration is 14.6 cm
2
 (membrane size is 4.9 cm 

diameter). 

 

Figure 3.10: Schematic diagram of the dead-end filtration cell. 
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Figure 3.11: Dead-end filtration cell unit pressurised by compressed nitrogen gas. 

 

Solute rejection (R) was calculated using equation 2.4 (in Chapter 2). 

     

The membrane flux (J) is defined as the volume of solvents that passes through the unit area 

of the membrane per unit time, and was calculated using equation 2.3 (in Chapter 2). 

 

MWCO curves are constructed by plotting the rejection of the individual oligomers in the 

PEG mixtures against their MW, with the membrane‟s MWCO determined as the MW that 

has a rejection of 90%. 

 

3.4   Membrane performance testing 

3.4.1  Dead-end filtration 

PANI membranes prepared were all initially characterised using dead-end filtration in order 

to characterise the MWCO and flux through the membranes. The procedure in Section 3.3.6 

was applied for this, except the nitrogen pressure applied was varied to achieve a reasonable 

flux rather than being set at just 30 bar. Flux at steady state was measured, while the feed, 

permeate and retentate from the filtration were analysed in HPLC in order to determine the 

membranes MWCO. MWCO curves were plotted from the rejection percentage versus MW 

of the solutes obtained from equation 2.4 (Chapter 2). The MWCO values were determined at 

90% rejection of the solutes during filtration.  
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3.4.2 Cross-flow filtration 

Two, in-series MET cross-flow cells (METXF-2.5-041-01, active area of 14.6 cm
2
, stainless 

steel, Membrane Extraction Technology, UK) were used to study the longer term membrane 

stability under more industrially relevant operational and hydrodynamic conditions. The 

images and the schematic diagrams of the cross-flow filtration unit used are presented in 

Figures 3.12 and 3.13. 

Two commercial membranes - Filmtec-NF (MWCO 200 - 400 g mol
-1

) and 

Hydracore-Hydranautics (MWCO 700-1000 g mol
-1

) - were chosen to commission and 

troubleshoot the filtration unit in terms of flow rate, flux and pump frequency (among other 

factors). Flux after steady state was used to see the membrane performance and stability after 

72 hours. Feed was taken before filling it to the supplied tank while permeate samples were 

taken at different interval (0 hour, 15 minutes, 30 minutes, 1 hour, 2 hours, 4 hours, 8 hours, 

16 hours, 24 hours, 48 hours, 78 hours). Finally the MWCO of each samples were measured 

from the analysis of the samples in HPLC. The detailed testing procedure is attached in 

Appendix C. 

 

Figure 3.12: Cross-flow filtration system images: (i) two cross-flow membrane cells assembled with the tank; 

(ii) cooling system for the feed solution; (iii) diaphragm pump with the power control unit, and (iv) pump 

damper and the relief/dump valves installed to the pump.
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Figure 3.13: Schematic diagrams for the cross-flow membrane filtration rig. 
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3.4.3 Cross-flow filtration under applied potential 

Two specially fabricated non-conductive membrane cells were used instead of the MET 

cross-flow cells, as shown in Figure 3.14. These were fabricated in The University of 

Auckland Engineering workshop from polytetrafluoroethylene (PTFE) or Teflon. Figure 3.16 

shows the cross-flow filtration unit with the PTFE membrane cells and voltage generator, 

multimeter and two steel probes attached to each of the cell (these applied the potential across 

the membrane).  

General testing procedure follows the cross-flow filtration method in Appendix C. 

Prior to the filtration run, the fabricated PANI membrane was fully doped in 1 M of HCl for 

overnight. Then the membrane was cut and installed to the membrane cell followed by 

flushing the membrane in 1 L of deionised water for at least 30 minutes until steady state. 

After draining the water out of the cross-flow system, 1 L of mixed PEG solution of 400 mg 

mol
-1

 concentration was transferred to the reservoir tank for filtration. Supply valve from the 

tank to the pump was open and the diaphragm pump was turned on to circulate the solution in 

the system. Voltage was only supplied (V = 7 V, 3.5 V and 1 V - one set voltage at each run) 

to the cell only when the solution had flown over the membrane cell. The first permeate 

sample was labelled 0 s (t = 0 second), and was taken after getting a constant pressure (~20 

bar) under the same set of pump parameters (speed, voltage) through the membrane 

(monitored from the pressure gauge entering/exiting the cell) for a flow rate of around 50 L 

m
-2 

h
-1

. After taking the sample for 10 ml from the permeate collection point with the time 

recorded (for flux measurement), the voltage supplied was turned off and the next sample 

(t=5min) was taken after 5 minutes without voltage supply (V = 0). The next sample was 

taken at 15 minutes, 30 minutes, 1 hour, 2.5 hours and 5 hours interval from the first sample. 

The permeate samples were kept in HPLC vials for the HPLC-ELSD analysis and finally the 

rejection was measured.  

The same procedure was also done to study the effect of filtration without voltage 

supply (V = 0) to the membrane and compare with the applied voltage (V = 7 V). The same 

membrane was fully doped prior to the filtration. Several  runs were also performed at V = 0,  

3.5 V and 1 V to observe the effect of applying different electric potentials. In this study, at 

least two different membranes were used to characterise each type of membrane in order to 

obtain robust results an determine experimental variation. Finally the flux and rejection were 

calculated using equation 2.3 and 2.4, respectively. 

 



Chapter 3 – Methodology and Approach 

 86 

 

 

Figure 3.14: Specially fabricated PTFE membrane cells before assembling in the cross-flow rig. 

 

 

 

Figure 3.15: Cross-flow filtration unit with specially fabricated PTFE membrane cells (replacing the commercial 

stainless steel membrane cell) connected to the potential supply. 
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Chapter 4 

PANI composite membrane fabrication techniques and its 

characterisations 

 

 

The aim of the PANI composite membrane synthesis work was to produce a semi-porous 

PANI NF membrane coated onto PVDF membrane support. The hypothesis was that an 

electrical potential could then produce four changes to such a membrane that may change the 

flux and/or selectivity through the membrane: 

 Surface charge of the membrane change the flux and selectivity through a different 

surface interaction (on the surface and within the pores) with the solutes. Water 

transport would also be affected due to its dipole (e.g. changing the Donnan exclusion 

of the water molecules). 

 Change in pore size and/or free volume of the membrane due to the conjugated nature 

of PANI that can be partially reduced and oxidised upon dopant movement to  shrink 

and swell the PANI microstructure under an applied potential [12, 50, 86, 189]. This 

would change the pore flow/sieving transport through the membrane. 

 Change in pore size and/or free volume of the membrane due to the electromechanical 

interactions of the PVDF membrane support used due to the piezoelectric nature of 

PVDF [190] that could contribute to changing the pore size of the membrane and the 

pore flow/sieving transport properties. 

 Change in the chemical nature (solubility, partitioning) of the PANI film due to a 

change in the dopant properties and/or polymer properties in the presence of an 

applied potential. In theory this could change the solubility of the polymer/membrane 

and therefore change the solution-diffusion behaviour through the membrane. 

These membranes were fabricated by two different overall methods: coating composite 

polymerisation and phase inversion (by immersion precipitation), producing two different 

types of asymmetric membrane, the former giving a thin film composite membrane, whilst 

the latter giving an intergrally skinned composite membrane. Within the two overall 

techniques used, a range of different preparations were tested. Therefore the coating 

composite polymerisation method is further classified into another three methods: (i) 
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solution, (ii) vapour polymerisation and (iii) diffusion cell polymerisation. Figure 4.1 gives 

the summary of the membrane preparation techniques mentioned.  

 

Figure 4.1: The three main methods involved in the preparation of conducting polymer membranes from PANI. 

 

In this chapter, fabrication and characterisation of PANI membranes using the coating 

composite polymerisation method is discussed while the phase inversion method will be 

examined in the next chapter (Chapter 5). The aim of this chapter is to produce a range of 

different PANI membranes that can be tested for their tuneable properties. Consequently, a 

range of membrane formation parameters are used to produce a range of membranes with 

different PANI thicknesses, dopants and morphologies. The properties of these membranes 

are first characterised by gravimetry, with follow-up characterisations to confirm and further 

explore effects by SEM, FTIR, conductivity, thermal analysis and then finally dynamic 

contact angle for the permeation properties of the most promising candidates to determine the 

most likely to be NF membranes that have tuneable selectivity and flux. These membranes 

are then studied in Chapter 7 for their flux and MWCO in dead-end filtrations and 

membranes that have the MWCO curves in the NF and low UF range are tested for their 

tuneable properties in the purposely built electrically connected cross-flow filtration rig. 

 

4.1 Preparation through PANI composite vapour polymerisation: Effect of 

formation parameters 

Figure 4.2 shows the images of the original PVDF microporous support and the PANI coated 

PVDF membrane prepared by one-step solution polymerisation. A noticeable change in 

appearance can be observed in which the membrane visibility turned to dark blue/green from 
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opaque white after polymerisation. This indicates that PANI is visibly present in the 

membrane as there was siginificant changed in membrane colour before and after 

polymerisation, although the images background were different. Further validation of the 

presence of PANI was done by characterising the membrane using FTIR, TGA, DSC, contact 

angle and conductivity measurements (see Section 3.3 for methodology). However, initial 

membrane characterisation was conducted by gravimetry to determine the effect of formation 

conditions on the amount of PANI deposited on the membrane support, since it has been 

found in previous work (See Section 2.6.1 in the literature review) that PANI deposition 

amount is strongly linked to membrane integrity. Equation 3.1 was used to calculate the 

amount of PANI deposition. 

 

Figure 4.2: Images of the (i) PVDF microporous support before polymerisation, and (ii) PANI coated PVDF 

membrane after solutionpolymerisation. 

 

4.1.1 Effect of polymerisation reaction temperature 

The PANI content (mass%) was expected to increase when polymerisation was performed at 

different reaction times. A higher mass of PANI coating on the microporous membrane 

support is required in order to obtain a membrane with a sufficiently continuous layered 

coating that it forms a uniform barrier layer free from defects. A thicker coating of PANI 

could produce a more continuous layer on the support, since the probability of a defect being 

there in the coating is lower with more PANI present. The denser the skin layer of PANI on 

the membrane top in effect increases the possibility of a PANI membrane suitable for NF 

being made.  

Initially, the PVDF microporous support was soaked in aniline hydrochloride aqueous 

solution for 24 hours or more. After that, the swelled PVDF support polymer was exposed 

toan APS hydrochloride aqueous solution. The effect of coating at different temperatures (50, 

60, 70, and 80
o
C) was performed to produce a range of different PANI coatings on the 
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support. Figure 4.3 shows the variation of PANI content under different coating temperatures. 

The highest PANI content in PVDF was approximately 5 mass% at the highest temperature 

applied. At lower temperatures, less PANI was coated onto the PVDF because there was 

insufficient heat to vapourise the APS aqueous solution. Higher temperatures are not possible 

nor desirable: at 80
o
C, the amount of PANI coated was similar to that at 70

o
C and the 

membrane turned brown after 24 hours reaction time. This is possibly due to the degradation 

of PANI caused by over-oxidation at high temperatures.  

 

Figure 4.3: Vapour polymerisation of PANI onto PVDF prepared at different APS reaction temperatures (0.5 M 

ANI and APS in 0.3 M and 3 M of HCl, respectively, air atmosphere, 24 hours). 

 

The increase in coating mass at higher temperatures can be attributed to the increase 

in the reactivity of the radicals generated from the oxidation of APS in the chamber that rise 

with the temperature. These later reacted with the monomer trapped in the support. 

Consequently, the initiation and propagation rates are enhanced. According to Tsocheva et al. 

[191], the glass transition temperature of PANI in a PANI complex is around 65
o
C. So, at a 

temperature above the glass transition point, sufficient heat is available to reach the activation 

energy for the polymerisation reaction to occur via diffusion of the reactive oxidant in the 

crystalline-amorphous boundries containing monomer [192]. However, the thermal properties 

of the polymer vary considerably with type of molecule and structure. Thus, more research is 

needed to determine the glass transition temperature of the coated membranes to confirm 

such an explanation, which can be done by thermal testing under cryogenic conditions.  
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4.1.2 Effect of HCl concentration in the APS 

The effect of different acid concentrations (between 1 to 3 M) was investigated to determine 

the optimum acid concentration to produce the highest amount of PANI coating. The 

concentration of HCl was chosen at these ranges because doping of PANI is normally 

performed at these concentrations [107]. The reaction temperature from Section 4.1.1 that 

produced the highest PANI deposition (70
o
C) was used. APS possesses a boiling point of 

120
o
C, therefore in order to encourage the APS to vapourise so that it can contact the PVDF 

loaded with ANI, a reasonably high temperature was needed. 

 The results are presented in Figure 4.4. High PANI deposition mass on the membrane 

was obtained with the highest HCl concentration applied (3 M HCl). This is most likely 

because the molarity of HCl influences the physical properties of the acid such as melting and 

boiling points, density and pH. The strongest concentration vapourises the greatest amount, 

therefore transporting the highest amount of APS vapour to the PVDF membrane loaded with 

ANI. This is based on the latent heat of vapourisation, which is the amount of heat needed to 

change the liquid HCl to gas phase without increasing the temperature that changes at 

different HCl concentration[193]. Therefore, 3 M HCl was used in all further work. 

In vapour polymerisations, both the APS and HCl may be very likely to promote 

PANI polymerisation since both can be an oxidant. The main mechanism promoting this 

polymerisation is still unknown however. One mechanism has been proposed by Gao et al. 

[132]. When the APS in HCl was vapourised, it was found (via EDX) that only Cl2 was 

present in the PANI instead of sulfur (S) as conventionally found in the solution 

polymerisation reaction. Based on the higher electrode potential of S2O8
2-

/SO4
-
 (APS) than 

the Cl
-
/Cl2 (HCl) [132] and also lower reaction temperature used (below the APS boiling 

point) in this work, it was suggested that Cl2 (from the HCl) acts more as an oxidiser than the 

APS in this reaction system. A second mechanism is proposed in ref. [103] which used a 

similar acid concentration as the current work. Here, evaporation of APS in 3 M HCl at 60 to 

70
o
C was proposed to decompose the APS into free radicals, hydrogen peroxide and 

peroxymonosulfate. These free radicals initiated propagation at a front layer of the membrane 

support, covering the surface. Propagation in the membrane bulk is difficult due to the 

penetration problem to the aniline in the middle layer of the membrane thus causing a thin 

PANI thickness layer (<10 μm) [103].  
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Figure 4.4: Vapour polymerisation of PANI onto PVDF prepared by varying the acid concentration in the APS 

prepared (swelled in 0.5 M of ANI in 0.3 M HCl, air atmosphere, 70
o
C, 0.5 M of APS). 

 

In this study, PANI coating was still low even at a reaction temperature of 70
o
C because of 

the inefficient batch system being used in this polymerisation process. Furthermore, the 

oxidants are the limiting reactant in this system and depleted over time. To overcome this 

problem, a continuous oxidant vapour supply is needed. This requires a new reaction setup 

and so was not attempted in this work and instead further variables affecting the 

polymerisation and coating thickness were explored. 

 

4.1.3 Effect of polymerisation reaction time 

Figure 4.5 illustrates the variation of PANI content with polymerisation reaction time for 

membranes prepared by vapour polymerisation. It was found that the PANI content increases 

with the reaction time up to 18 hours. For reaction times below 18 hours, PANI deposition 

increases with time. However, the PANI content plateaus after 18 hours which was possibly 

due to the depletion in amount of ANI monomer attached to the membrane support. More 

PANI is expected to be coated at longer reaction times by initiation and propagation of PANI 

growing chains. The reaction starts by initiation of PANI to form new growing sites together 

with propagation happens mainly on the existing active sites for a longer chain thus giving a 

higher amount of PANI coated onto the polymer support. 
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There are several possible explanations for this:  

Firstly, after an 18 hours reaction time, there may be restricted diffusion of the vapour 

to the middle site of the polymer support due to the large thickness of the PANI coating, 

preventing further PANI polymerisation. A very thin and compact surface layer of PANI with 

very little deposition in the bulk of MCE membrane support was observed in the membrane 

polymerised for 15 minutes. The decomposition of the APS can produce free radicals that 

might propagate frontal polymerisation on the existing polymer sites [103, 130]. This frontal 

polymerisation that happens on the surface of the membrane support will result in a full 

PANI surface covering onto PVDF surface that hindered further penetration of frontal 

propagation in the membrane bulk, which has limited aniline polymerisation in the pore of 

PVDF and therefore has restricted the PANI mass deposited.  

Another possible explanation for this is that the heating of the APS hydrochloride 

solution at 70
o
C has also initiated evaporation of the monomer trapped in the PVDF support, 

thus halting the deposition reaction. This may have been observed in the reaction: initially, 

the APS solution was clear, but turned blue on the surface after a long reaction time. This 

may have been caused by the aniline leaching out from the PVDF support and into the APS 

solution, forming PANI. It was also noticed that the membrane turned dark brown after long 

exposure times in APS, which corresponds to PANI degradation or an over-oxidation at the 

employed concentrations and reaction time [103]. According to Armes et al. [194],  over-

oxidation of PANI occurs at high oxidant to monomer ratios, (>1.15) shown on the basis of 

elemental analysis which resulted in low PANI yield and conductivity. This over-oxidation is 

similar to the situation occurring in the vapour polymerisations. The low PANI mass% 

obtained in this work may not be due to the ratios of APS (0.5 M) and ANI (0.5 M) used in 

the vapour polymerisation, which ratio used is less than 1.15. However it maybe influenced 

by other factors such as long exposure time (at least for 16 hours) in APS and organic acid 

solution causing the synthesised PANI membrane to over-oxidise and become fragile. Short 

reaction times (15 minutes) were reported in PANI coating onto cellulose based support via 

vapour polymerisation due to this reason [103]. Although the extent of ANI monomeric 

polymerisation as a function of time was reported [194, 195], no work has been extensively 

reported on the PANI polymer coating as a function of time. There is only a study reported on 

comparing the physical, morphological and electrical properties of a PANI membrane coated 

in different coating polymerisation methods [103]. 
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Figure 4.5: Vapour polymerisation of PANI coated onto PVDF membranes as a function of the reaction time 

(70
o
C, air atmosphere, 0.5 M ANI in 0.3 M in HCl, 0.5 M of APS in 3 M of HCl). Error bars represent variable 

range of PANI content at a specific polymerisation reaction time and are calculated as the PANI range. 

 

 Overall, the range of PANI masses deposited on the PVDF support by the vapour 

polymerisation method was insufficient to give a wide enough range of membranes to test. 

Therefore the solution coating method was investigated instead. 

 

4.2  One-step solution PANI coating composite polymerisation: Effect of 

formation parameters  

Since PANI deposition by vapour polymerisation could not produce a high enough range of 

PANI masses (only producing at most 4 to 5 mass% of PANI on the membrane), one-step 

solution polymerisation was introduced. Similar to the vapour polymerisation technique, the 

one-step solution polymerisation technique uses both monomer and oxidant in solution form. 

One-step polymerisation is a technique that involves mixing of the monomer and oxidant in 

the same reaction chamber for coating composite polymerisation. This polymerisation 

technique was attempted due to its simplicity. Various parameters were studied to obtain the 

best membrane coating amount. Namely, the monomer/oxidant concentration (variation from 

30 to 90 vol% of monomer to oxidant), substitution of FeCl3 from APS as the oxidant, 

different PVDF support polymers (hydrophilic versus hydrophobic), different polymerisation 

atmospheres (inert versus air), effect of polymerisation temperature and finally varying the 

polymer support layer (PVDF versus MCE) at different reaction times.  
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4.2.1   Effect of monomer and oxidant concentration 

The first coating synthesis parameter studied for the one-step solution polymerisation was the 

monomer and oxidant concentration variation at different vol/vol% of monomer and oxidant. 

The results are presented in Figure 4.6, where the relationship of PANI content with the 

monomer concentrations upon using two different oxidants, APS and FeCl3 is shown. The 

highest amount of coating was different for the two different oxidants:at 70/30 vol/vol% of 

ANI/APS an 11.3 mass% PANI coating was obtained, while using FeCl3 at 50/50 vol/vol% 

ANI/FeCl3gave around 4.5 mass% PANI on PVDF. Lower amounts of PANI were coated 

into PVDF using the FeCl3 compared to the APS because FeCl3 is a weaker oxidating agent 

than APS [195], thus resulting in slower polymerisation rate and yield. For polymerisation of 

ANI in different oxidants, Yong et al. [195] obtained 38.5% polymerisation yield in APS 

which was more efficient than the 10.7% in FeCl3 at the same polymerisation reaction time at 

24 hours. The difference in polymerisation of using these two oxidants was that the polymer 

viscosity was much lower in FeCl3 and the PANI contained a large fraction of water-

/methanol- soluble oligomers resulting in a much lower yield than the polymerisation in APS 

oxidant. This polymerisation yield (%) was calculated from the actual yield mass (g) obtained 

in the reaction over the calculated theoretical yield (g). This value however cannot be directly 

compared with the PANI mass% increment used in this work that represents the increase 

mass of the base polymer from the initial and final of coating. However, the comparison can 

be done based on the increasing trend of PANI polymerised in these oxidants. Other literature 

also reported that APS oxidant  initiated polymerisation of ANI onto a MCE membrane forms 

a thin PANI layer on the membrane surface rather than inside the pores of the membrane 

[103].  

 From these results, it can be concluded that APS gives a higher PANI deposition onto 

PVDF at the same polymerisation conditions and probably a better surface coating than FeCl3 

since polymerisation in APS tends to form a thin PANI coating layer than depositing in-pore 

of the PVDF like in the FeCl3 presence. This was confirmed by SEM (refer Section 4.5.1). 

Therefore, the optimum concentration was at 70/30 vol/vol% of ANI/APS and was 

subsequently employed in all further the membrane preparations in this section to enable 

examination of the other parameters that may influence the PANI coating. 

Since the amount of PANI deposited compared to those achieved in literature is low, 

it is likely that the one major difference – the PVDF support used in this study - was a 

contributing factor. Consequently, a study of the effect of the PVDF support on the resulting 

PANI deposited was undertaken. 
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Figure 4.6: One-step solution polymerisation of PANI onto PVDF polymer using two different oxidants at 

different ratio of monomer/oxidant vol/vol% (0.5 M ANI and APS/FeCl3 in 0.3 M HCl in air atmospere at 22
o
C, 

24 hours reaction time). 

 

4.2.2 Effect of using different PVDF supports 

PVDF is a polymer that is hydrophobic in nature due to its chemical structure (Figure 4.7). 

Hydrophobic PVDF has therefore been modified by the manufacturer (Millipore™) to 

contain polar or functional groups via specific chemical reactions during its synthesis to 

become hydrophilic,without the modification details being disclosed to the public [196]. 

Hydrophilic PVDF has superior water wettability compared to hydrophobic PVDF. In the 

previous sections, hydrophilic PVDF was used as the PANI coating support. Therefore, 

hydrophobic PVDF was investigated to determine if this could lead to higher PANI 

deposition (Figure 4.7).  

 

Figure 4.7: Chemical structure of PVDF polymerin hydrophobic form. 

 

Figure 4.8 shows the results of coating onto hydrophobic PVDF. The hydrophilic 

PVDF results in a higher PANI deposition, with 5 to 10 mass% higher than the hydrophobic 

PVDF. Although the difference was not as significant as the effect of polymerisation time, it 

shows that the surface energy of the support does influence the PANI deposition process. 

More PANI was deposited onto hydrophilic PVDF most likely because of the greater 

hydrophilic/hydrophobic interactions and hydrogen bonding of the functional groups in the 
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PVDF with the aniline hydrochloride which enhances the polymerisation of ANI with the 

APS oxidant (hydrophilic). This is similar to the mechanisms reported by Zhang et al. [80]  

using different functional groups (acid dopants) for self-polymerisation of ANI in APS. 

Consequently, hydrophilic PVDF was used as the support for PANI coating in the rest of this 

work. 

 

Figure 4.8: One-step solution polymerisation of PANI onto two different types of PVDF polymer support (70/30 

vol/vol% of 0.5 M ANI and APS in 0.3 M HCl, 22
o
C, air atmosphere). 

 

4.2.3 Effect of polymerisation atmosphere 

PANI membranes were also prepared with two different gas atmospheres during the 

polymerisation: in air (O2) and in inert (N2) atmospheres as presented in Figure 4.9. For both, 

the PANI content was the same between the two atmospheric conditions at 4 hours 

polymerisation time (about 3 mass%). However, for polymerisations beyond 8 hours, the 

polymerisation in the air atmosphere resulted in PANI membranes with a statistically 

significantly higher PANI mass. This shows that for this system the presence of air also 

enhances the polymerisation, as also observed by other research groups on other supports 

(e.g. [14, 197]). These groups have studied the mechanisms of CP (i.e. PANI, Poly (3,4-

ethylenedioxythiophene) (PEDOT)) oxidative polymerisation and found that spontaneous 

polymerisation occurredin oxidative conditions (in air), and thus an inert ambient was 

required to stop the spontaneous polymerisation process followed by low temperature 

storage. Gospodinova et al. [14] also summarised that the real estimation of the PANI 

electrochemical activity can be performed only in an inert atmosphere, since the presence of 

air  initiated further polymerisation. 
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Figure 4.9: One-step solution polymerisation of PANI onto hydrophilic PVDF polymer in different atmospheres 

(70/30 vol/vol% of 0.5 M ANI and APS in 0.3 M HCl; 22
o
C). 

 

4.2.4 Effect of varying polymerisation reaction temperature 

Next, the effect of varying the polymerisation reaction temperature was evaluated at three 

different temperatures. From the results attributed in Figure 4.10, the optimum temperature 

for polymerisation is 22
o
C (room temperature). At a lower (8

o
C) and higher (50

o
C) 

temperature, lower PANI mass is deposited. These results have similarities to the work 

reported on coating of PANI onto polystyrene latex where the PANI particles formed were 

bigger and non-uniform for polymerisation at 25
o
C in comparison to polymerisation at 0

o
C, 

which resulted in smaller and more uniform PANI particles [198]. This result is readily 

explained by the typical reaction rate relationship with temperature: at a low temperature, like 

at 8
o
C, a slower polymerisation rate occurs [199]. This is however not a complete 

disadvantage as a slower polymerisation rate at a reduced temperature produces a more 

controlled polymerisation process, which may still deposit sufficent PANI at longer reaction 

times. In contrast, at an elevated temperature, like 50
o
C, the radicals generated from the 

decomposition of APS may have been homo-polymerised faster than the co-polymerisation 

of PANI onto PVDF due to faster polymerisation rate. Therefore a high polymerisation 

temperature is not advisable to achieve a higher coating percentage.  

From this result, it can be concluded that it is best to employ room temperature 

(around 22
o
C) to coat the PANI onto hydrophilic PVDF supports. Reaction at room 

temperature can also be an advantage to the preparation processes because it involves no 

extra energy or any supportive apparatus to obtain high polymerisation rates.  
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Figure 4.10: One-step solution polymerisation of PANI onto hydrophilic PVDF polymer at different 

polymerisation temperature (70/30 vol/vol% of 0.5 M ANI and APS in 0.3 M HCl; air atmosphere). 

 

4.2.5 Effect of polymerisation reaction time and support material 

Figure 4.11 shows the reaction kinetic curves obtained as a function of the reaction time. It 

can be seen that up to a reaction time of 24 hours, a membrane of about 12 mass% of PANI 

coated onto the PVDF support was produced. However, after 24 hours the PANI deposition 

rate slowed with only 1 to 2 mass% increments thereafter. The same trends were also 

observed for PANI coating onto MCE microporous support. MCE is a mixed cellulose esters 

polymer membrane that was purchased from Millipore™ [103]. This was most likely due to 

PANI being deposited as a distorted surface layer. This is because the adsorption of the ANI 

ions is a physical phenomenon in this type of coating, which depends on the surface 

morphology and chemical characteristics [103], thus limiting the depth and complete surface 

coverage of the PANI coating.  

 This may also be due to the decreased polymerisation rate with longer reaction times 

due to low monomer concentration, as most of the monomer has polymerised thus causing 

the polymer yield to reduce gradually with time [195]. This is not only due to monomer 

deposition and polymerisation in the coating, since ANI is well known to self polymerise, 

therefore at longer reaction times ANI becomes unavailable due to having homo-polymerised 

with one another rather than becoming polymers that anchored to PVDF structures caused by 

lower adsorption of the monomer/oxidant through the PVDF over the time. A batch-wise or 

continuous replentishment of the ANI monomer could be used to overcome this limitation, 

however due to time and equipment restrictions, it was not attempted in this work. 
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Figure 4.11: One-step solution polymerisation of PANI onto PVDF and MCE membranes at various reaction 

times (70/30 vol/vol% of 0.5 M ANI and APS in 0.3 M HCl in air, 22
o
C). 

 

Similar to the vapour polymerisation method, the solution polymerisation method also 

caused deterioration of the membrane backing support when exposed for too long in the 

acidic/oxidant media. Although microporous PVDF from Millipore™ is known to posses 

high chemical resistance, high physical strength and broad chemical compatibility in 

comparison to nitrocellulose membranes [200], long exposure times to harsh chemicals 

would still affect the properties of PVDF as shown by a study conducted to evaluate the 

chemical stability of PVDF membranes in alkaline solutions [201]. It was found that the 

reaction between PVDF and an alkaline (NaOH) was initiated even at a low concentration of 

the base and further aggravated with extended exposure time, resulting in a decrease of 

mechanical strength and crystallinity of the membrane. Cao et al. [195] also reported that 

polymerisation of ANI at prolonged times in APS is in fact not necessary to create a high 

MW of PANI since hydrolysis (decrease in PANI solution viscosity) will slowly occur and 

this could be harmful to the PANI and the support materials instead.  

As a comparison, comparable studies with MCE as a support showed that it undergoes 

significantly more deterioration than PVDF upon long term exposure to harsh chemicals 

(such as acids, APS oxidating agents, and solvents) [196], especially if the APS is used for 

initiation of the ANI polymerisation. This deterioration could be avoided in MCE only if the 

polymerisation takes place in a time of less than 1 hour, in order to avoid over-oxidation 

[103]. In addition, it can be observed that the amount of PANI coating onto MCE reached 
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only about 6 mass% for a 1 hour polymerisation, which is not sufficient for a complete PANI 

coverage. SEM results will be presented to show the microstructure difference at various 

amounts of PANI coating. Coating of PANI onto MCE is not advisable for long reaction 

times (more than 1 hour), thus solution polymerisation is not a good way to create PANI 

coated MCE membrane in which higher PANI contents than those on PVDF is desirable. 

As a consequence to coating the composite using the one-step solution polymerisation 

method, two main stages of polymerisations could be seen from the polymerisation kinetic 

curves with time. The mechanism (as adapted from ref. [107]) that can be proposed for PANI 

deposition onto PVDF is therefore:  

i. Formation of a thin layer of PANI in the pores and on the surface in the beginning 

of polymerisation in vapour and solution polymerisation with up to 3.5 mass% (10 

hours) and 7 mass% (16 hours), respectively, at the first stage. 

ii. PANI filling in the microporous support pores if they are still available.  

 

A direct comparison to this is PANI deposition onto MCE, which was found also to 

have two stages: the first stage is up to 10 mass% (6 hours) and with increasing PANI 

deposited in the second stage. Excess polymerisation on the surface to form a rigid-chain 

PANI could not be achieved in these polymerisation techniques due to the competitive co-

polymerisation and homo-polymerisation processes that takes place in parallel, which limits 

the coating composite material. 

Comparing the vapour and solution polymerisation methods studied, it can be 

concluded that solution polymerisation can produce double that of vapour polymerisation, 

with the maximum at approximately 13 mass%. A high PANI content is important in order to 

provide sufficient coverage of PANI onto the PVDF surface, indicating that solution 

polymerisation is therefore the superior method. 

 

4.2.6 Two-step solution polymerisation and its comparison with one-step 

polymerisation 

The two-step polymerisation is another method commonly used for coating composite. It 

involves the exposure of the support material to either the monomer or oxidant in a specific 

sequence to achieve the PANI coating.  

In this work, the comparison between one- and two-step solution polymerisation 

methods in terms of the amount of PANI coating achievable was undertaken. The schematic 

diagram of these polymerisation methods can be found in Figure 3.2.  
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Figure 4.12 shows that the one-step polymerisation method produces a membrane 

with PANI content double than in the membrane produced through the two-step 

polymerisation method. This is in line with other work conducted and with the mechanisms 

involved because the one-step polymerisation involves excess ANI and APS in the solution 

for polymerisation, while the two-step polymerisation involves only polymerisation of the 

excess ANI with the APS that has been trapped earlier. Therefore, in the two-step 

polymerisation, the APS becomes the limiting reactant, controlling the amount of 

polymerisation onto the PVDF support. This phenomenon is identical to performing PANI 

coating via vapour polymerisation, since the penetration of the monomer to the PVDF bulk 

may be hindered due to frontal propagation and also rapid homo-polymerisation during the 

agitation of the aniline hydrochloride solution [103, 107, 130]. This resulted in lower 

amounts of PANI being coated onto the PVDF support. 

 

 

Figure 4.12: Different methods of solution polymerisation of PANI onto hydrophilic PVDF polymer (70/30 

vol/vol% of 0.5 M ANI and APS in 0.3 M HCl in air). 

 

Based on these findings, the one-step solution polymerisation method was used as one 

of the main methods of fabricating PANI coated PVDF membranes and characterised further 

(see Sections 4.5 to 4.10).  

 

4.3  Diffusion cell polymerisation: Effect of formation parameters in PANI 

deposition 

Diffusion cell polymerisation is a common method used to fabricate a pore filled membrane 

for electrodialysis, dialysis etc [103]. This method is similar to solution polymerisation, but 
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the difference is the fact that a special two compartment chamber is required to allow the 

monomer and oxidant solution to come into contact at the membrane surface of which the 

membrane is sandwiched in between the two chambers, tightly sealed from each other. 

Detailed explanation on the steps involved in making the membrane are in Section 3.13. The 

diffusion cell polymerisation method has recently been used in our research group to prepare 

intrinsic conducting polymer (ICP) membranes consisting of PANI coated onto MCE [103]. 

The amount of deposition using this method was proven to be much higher than any other 

coating composite polymerisation methods (e.g. the solution and vapour polymerisations). 

Using the diffusion cell polymerisation method, a range of membranes were 

fabricated based on varying different formation conditions. The parameters being 

manipulated during membranes productionwere: the contact time of the monomer/oxidant 

with the polymer support layer in the diffusion cell, non-/pre-soaking of the support layer in 

APS solutions, the use of different support polymers like PVDF and MCE in a range of 

reaction times(from 1 hour to 48 hours), and finally the heattreatment of the coated 

membrane for surface curing. The effect of each of these parameters on PANI deposition 

mass is outlined in the following sections: 

 

4.3.1 Effect of polymerisation reaction time and support material 

Of all the parameters, the main focus was to study the effects of reaction time on different 

support polymers, since previous work [103] has shown that this has the most significant 

effect on mass of PANI deposited. Figure 4.13 shows the PANI content in PVDF and MCE 

membranes (MCE used so results can be directly benchmarked against the previous work) 

after polymerisation using the diffusion cell technique at different reaction times. The PANI 

mass% deposited has a linear relationship with time after coating onto two different support 

layers, PVDF and MCE. PVDF based membranes had a PANI content which increased from 

16 mass% to about 130 mass% when reaction time increased from 1 hour to 48 hours. The 

rate of deposition did not slow and this is probably due to the excessive supply of monomer 

and oxidant present in each side of the diffusion cell chamber. Polymerisation of PANI onto 

MCE showed an increase in the mass of up to 250 mass% at reaction times below 20 hours. 

The coating amount in MCE was very high even at the beginning of the reaction time (1 

hour), which was about 110 mass% of PANI deposition.  
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Figure 4.13: PANI content (%) in PANI coated PVDF membranes as a function of reaction time by diffusion 

cell polymerisation (0.5 M ANI and APS in 0.3 M HCl in air, 22
o
C). 

 

The difference in coating amounts can be contributed to the difference in the support 

layer interaction with PANI. Apart from the successful PANI coating work reported by 

Qaiser et al. [103] on the higher thickness of PANI coated on the cellulose ester based 

membrane with time, Blinova et al. [202] have also reported on the coating of PANI onto this 

polymer support. They produced a high amount of coating (72.4 wt%) although using a 

different polymerisation set-up that has a dialysis membrane tubing that separated aniline 

from APS bulks, indicated that PANI can be easily coated onto this polymer support. In 

related work however, coating composite polymerisation of PANI onto PVDF has been 

reported to be inhibited by the nature of the PVDF matrix compared to polyethylene 

terpthalate (PET) [88]. The physico-chemical interaction of aniline with the hydrogen 

bonding of the NH2-group of aniline molecule with hydroxyl group of MCE is similar with 

the interaction in carboxyl group of PET [203] and Nylon 6 [204] that could give high 

amount of coating. PVDF in contrast possesses only fluorocarbons and hydrocarbons that are 

not good bonding sites for the NH2-group in aniline. Thus MCE is able to have a higher 

deposition mass than PVDF. However, MCE is less chemically resistant than PVDF, so 

cannot be used with as wide a range of solutes and solvents as PVDF. 

Physical changes in the polymerising solutions were also observed during coating 

(Figure 4.14). In each chamber, the ANI and APS solutions had almost the same colour at the 

start: clear and transparent in the APS solution chamber and yellowish but quite clear in the 

ANI solution chamber even after 48 hours of reaction time. After a specific reaction period, 



Chapter 4 – PANI Composite Membranes 

 105 

the solution near to the clamped area of the membrane (refer to Figure 3.3 and 3.4 – the 

schematic and photo of the polymerisation apparatus, respectively) turned to a dark 

green/blue colour which covered a wider area near the clamp than at the start. This was due to 

the mixing of ANI/APS to generate PANI and further ANI/APS mixing to create more PANI, 

as seen in the dotted area. 

Donnan exclusion may be used to explain the deposition mechanism of PANI onto 

microporous support in diffusion cell. Since the polymeric support was initially soaked in 

APS for a period of time, negatively charged S2O8
2- 

species generated from the 

decomposition of APS could be found all over the support polymer. APS solution that was 

further used in the polymerisation, was placed in a different compartment with ANI. This 

resulted in the polymerisation of PANI from positively charged anilinium ions (C6H5NH
3+

) 

onto the ANI-facing side of the diffusion cell. This occurred right after the mixing of the 

monomer and oxidant attached to the microporous support sites. This would enrich the PANI 

polymerisation on the surface of the ANI-facing side of the membrane, through a continuous 

polymerisation process with a counter diffusion of ANI and APS with time. The same 

mechanism was reported by Asif et al. [103] upon polymerisation of ANI onto a MCE 

membrane.  

 

Figure 4.14: The colour changes of the polymerisation solutions in the diffusion cell.  
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 Images of PANI coated PVDF membranes prepared via diffusion cell polymerisation 

are shown in Figures 4.15 and 4.16. Figure 4.15 shows that the deposition of PANI onto the 

PVDF surface after a 2 hours polymerisation was not apparent: the PVDF based polymer was 

covered with the blue/green PANI. The white border present in the membrane was due to the 

clamping of the membrane in a tightly sealed o-ring disc that connects the diffusion cell 

chambers - this area did not come into contact with the polymerisation solution. Figure 4.16 

is a PANI coated PVDF membrane prepared at a much longer polymerisation period. The 

white border is less prevalent in these images, having turned a slightly darker hue of 

blue/brown indicating that the PANI polymer was slowly diffusing throughout the membrane. 

The membrane facing the ANI side showed a much greener/thicker layer of PANI compared 

to the membrane facing the APS side. The APS facing side seems to have a thin layer of 

PANI as the colour tone is consistent all over the surface. In addition, longer polymerisation 

times seem to result in a „wavy‟ surface on the membrane, which is not good as this make the 

surface unflat and may affect the membrane assembly in a filtration cell.  

 

Figure 4.15: Image of an external feature of a diffusion cell cast PANI coated PVDF membrane after 2 hours 

polymerisation. 

 

 

Figure 4.16: Images of a PANI coated PVDF membrane at (i) ANI facing side and (ii) APS facing side, after 24 

hours reaction in a diffusion cell and after blotting. 
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There are possibly three stages of diffusion cell based PANI deposition and 

polymerisation as indicated in the literature [107], however there are insufficient data points 

in these experiments to confirm this (as mechanistic studies were not the focus of these 

experiments). The stages of polymerisation present are thought to be: (i) formation of PANI 

thin layer in the pores and on the surface at10 to 30 mass%, (1 – 8 hours), (ii) filling of PVDF 

membrane pores with PANI at 10 to 40 mass% (8 – 24 hours), and (iii) an excess 

polymerisation in the pores and on the surface of the PVDF and formation of a rigid-chain 

PANI leading to deterioration of mechanical properties of the composite material (beyond 24 

hours). Based on these stages, Figure 4.12 does however indicate that the MCE supported 

membranes have a very rapid first stage, as the polymerisation increases very rapidly at less 

than 1 hour to reach 110 mass%. This means that polymerisation at less than 1 hour for MCE 

based membranes with the aim to coat about 30 mass% of PANI, is not very reproducible due 

to the fast PANI growth. Furthermore, MCE also showed severe deterioration in 

polymerisation solutions at reaction times beyond 1 hour, when the polymer became very 

brittle after polymerisation, therefore they are not pursued further in this work. Further 

characterisation of the MCE supported PANI membranes is presented in Section 4.6 onwards 

to support this conclusion. 

 

4.3.2 Effect of membrane support contact time with the reaction solutions and pre-

soaking 

Different contact/pouring times of the monomer/oxidant solutions and the effect of pre-

soaking were also studied for the PVDF supports. Contact time is defined here as the pouring 

time gap allocated for the ANI and APS aqueous solutions to be poured in their specific 

compartment chambers in the diffusion cell. Pre-soaking means the PVDF support is soaked/ 

non-soaked in the APS solution before being clamped in the diffusion cell. The membranes 

were found to have almost the same PANI mass% upon varying the contact time of the PVDF 

support layer to the solutions at 0 and 15 seconds, and non-/pre-soaking in APS. The same 

PANI content was obtained because of the same parameters used for the polymerisation i.e. 

ANI/APS concentration, reaction temperature, polymerisation time. Thus, the polymerisation 

rate was reasonably the same. However, these factors may highly affect the physical and 

morphological properties of the membranes (results presented in Section 4.6.3).  

 Consequently, the best membranes from this and the previous syntheses were further 

characterised, as detailed in Sections 4.5 to 4.9.  
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4.4   Comparison of PANI membrane physical appearances 

The physical appearance is a simple way of identifying bulk defects that will obviously affect 

the flux and selectivity of the membrane. This therefore can be used to exclude membranes 

from further detailed (and expensive) characterisations.  

 

4.4.1 Basic membrane screening 

Basic membrane screening was performed by placing the fabricated membrane on a surface 

of a light box (a fabricated clear box containing a light source inside – Figure 4.17). The 

membrane sheets were examined for any visible defects on them such as pinholes, cracks etc. 

This technique has been conventionally used by Millipore™ as the simplest way to measure 

visual characteristics of membranes.  

Figure 4.17 shows the image of a few solution coated PANI membranes being tested 

on a light box. It can be seen that a dark green/blue membrane was obtained after the coating 

polymerisation reaction. The colour transformation of the membranes from white 

(microporous PVDF) to dark green/blue indicated that PANI has been coated on the 

membrane surface. When the bright light torched the membrane directly in a dark 

environment, the membrane defects were clearly visible (if any). This method involves 

finding a bright spot above some threshold which indicates the presence of a pinhole in the 

membrane. An example of a defect found in a membrane is presented in Figure 4.18. It can 

be clearly seen that the membrane has crack edges at the point where the membrane was 

clamped between the two compartment cells and sealed with an o-ring. These cracks are very 

prominent and must be eliminated during membrane sample selection for filtration in order to 

avoid any leaks during filtration.  
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Figure 4.17: Light box test to spot defects in PANI coated PVDF membranes. 

 

 

Figure 4.18: Formation defects observed in PANI coated PVDF membranes prepared by diffusion cell 

membrane under the light box test. 

 

Membranes of about 47 mm diameter were cut out from the fabricated membrane 

sheets with original diameters of 90 mm. Defects detected using the light box test were 

excluded from the 47 mm membrane cut-out. These cut-outs were then put under the light 

box test again to ensure no more holes or other defects were observed. The exclusion of the 

membrane parts with damages or defects was essential in order to prevent the solutes solution 

being forced through the holes instead of through the membrane sheet during pressure 

filtration, causing error to the fluxes, MWCO determination and separation of the solutes 

itself. Causserand et al .[164] conducted a complete analysis to study the effect of pinhole 

Formation defects                   
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defects on a flat sheet membrane performance in UF and concluded that pinholes of 50 to 150 

μm would not change the MWCO determined by dextrans filtration but would probably 

affect the leakage of nano-sized solutes, viruses and micro-organisms. The light box testing 

method acted as a screening test for the selection of the membrane to be used for further 

testing using the pressure filtration unit such as dead-end and cross-flow filtrations. Further 

details regarding membrane filtration will be presented in Chapters 6 and 7.  

 

4.5 PANI coating composite membrane morphological properties 

SEM was used to confirm the gravimetry results above by looking at the amount of PANI 

coated on the membrane support and also where this PANI was coated. The top surface and 

cross section morphology of the membranes were characterised. FTIR was used then to 

further explore these results (See Section 4.7). 

 

4.5.1 Effect of PANI coating in solution polymerisation membrane 

Figure 4.19 (i) – (iii) shows the SEM surface images of the PANI coated PVDF membranes 

compared to their pristine PVDF support. At only a 4 mass% PANI, there was incomplete 

coating of the pores of the PVDF base membrane in which only a few areas were covered. 

With 13 mass% PANI coating, complete coating was obtained, yielding a tighter and less 

porous structure.  

 Figures 4.19 (iv) to (vi) shows the deposition of PANI filling the pores of the PVDF 

microporous base membrane. Figure 4.19 (v) also clearly shows that PANI was coated onto 

the PVDF top layer as well as the strands inside the membrane. Figures 4.19 (vii) – (viii) 

show that PANI has also covered the PVDF pore on the top layer. A nodular structure of 

deposition can be observed in Figure 4.19 (ix). The thin and dense layer with a nodular PANI 

structure is characteristic of many pressure driven NF membranes [44, 141, 169]. Similar 

morphology was observed in coating of PANI onto microporous supports when APS was 

used as the oxidant, with the resultant nodular structure on the PVDF surface [103]. Nodular 

structures at the skin layer of the membrane prepared from APS oxidant (Figure 4.19 (ix)), 

obtained at 13 mass% was described as compact and the functional pores were primarily the 

interstitial voids between closely packed nodules. This structure is usually observed in UF, 

NF and RO membranes and indicate similarities in the mechanism of their formation (Figure 

4.19 (ix)) [205]. 
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Figure 4.19: SEM images of the surfaces of different PANI mass% coated PVDF membranes in comparison to 

pristine microporous PVDF prepared by solution polymerisation: Surface of (i) Original porous PVDF, (ii) 4 

mass% PANI coated PVDF, (iii) 13 mass% PANI coated PVDF; overall cross-section of (iv) Original porous 

PVDF, (v) 4 mass% PANI coated PVDF, (vi) 13 mass% PANI coated PVDF; cross section of 13 mass% PANI 

coated PVDF  membranes at different magnifications from (vii) 1,000x, (viii) 10,000x, (ix)  100,000x (one-step 

solution polymerisation at 70/30 vol/vol% of 0.5 M ANI and APS in 0.3 M HCl in air, 22
o
C, reaction times of 8 

hours and 48 hours for 4 mass% and 13 mass%, respectively).  

 

MCE microporous support was also used in solution polymerisation (as outlined in 

Section 4.6 above). The morphological results for PANI membrane obtained from 

polymerisation onto MCE support is presented in Figure 4.20. The coated PANI membrane at 

different mass% shows that denser top layer can be seen at a higher PANI mass%. The 

original MCE (Figure 4.20 (i) and (ii)) has a different structure, with a more porous spongy-

type structure observed rather than the linking-type strands creating porous structure in the 

original PVDF based membranes (Figure 4.19 (i) and (ii)). This result supports the findings 

about the strength of each of the polymer support used: PVDF was found to have sturdier 

structure (less brittle) than MCE for PANI coating at a longer reaction times since PVDF is 
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more chemically resistant. Polymerisation of PANI onto MCE at a long reaction time (up to 

18 hours) does not produce an optically continuous PANI layer covering the MCE support, 

characteristic of a NF membrane - micropores can still be seen from the membrane surface 

(Figure 4.20 (iii)). Prolonging the polymerisation time will only cause severe damage to the 

MCE microstructure causing more brittleness, thus from the SEM result, PVDF is again 

proven to be the best polymer support for PANI coating of the two. 

 

Figure 4.20: SEM images for the polymerisation of ANI onto MCE microporous support (one-step solution 

polymerisation at 70/30 vol/vol% of 0.5 M ANI and APS in 0.3 M HCl in air, 22
o
C, reaction times of 6 hours 

and 18 hours for 8 mass% and 13 mass%, respectively). 

 

Next, the morphology of the membrane prepared under two different oxidants, FeCl3 and 

APS onto PVDF support is illustrated in Figures 4.21 (i) and (ii) respectively. From the 

figure, PANI was observed to covering the PVDF strands inside the membrane when FeCl3 

was used (Figure 4.21 (i) and (iii)) while PANI was found to be deposited mainly on the 

surface of PVDF with a new thin layer of PANI is seen when APS was used (Figure 4.21 (ii) 

and (iv)), which is similar to the work reported by Qaiser et al. [103]. Therefore APS is 

chosen for initiating PANI polymerisation onto PVDF since the thin continuous PANI layer 

on the top of the support is desirable for NF application. 



Chapter 4 – PANI Composite Membranes 

 113 

 

Figure 4.21: SEM images for the polymerisation of ANI in (i) FeCl3 and (ii) APS oxidant onto PVDF 

microporous support for 4.8 mass% and 5.2 mass%, respectively (one-step solution polymerisation at 50/50 

vol/vol% of 0.5 M ANI and APS in 0.3 M HCl in air, 22
o
C, reaction time of 24 hours). 

 

4.5.2 Effect of PANI coating in diffusion cell polymerisation  

Next, the morphology of PANI membranes prepared by diffusion cell polymerisation with 

different PANI mass% are presented in Figure 4.22, in comparison to the original PVDF. The 

22 and 43 mass% PANI membranes were found to have fully covered surfaces as shown in 

Figures 4.22 (ii) and (iii). However, the surface microstructure of both membranes showed 

some difference from each other: a nodular microstructure was observed in the 22 mass% 

PANI membrane rather than a flat surface as in the 43 mass% PANI membrane. The highest 

mass% membranes showa flatter surface than the 22 mass% PANI membrane since the 

PVDF surface has progressively covered by the PANI.  The membrane with 22 mass% PANI 

shows a different microstructure with solution polymerisation, probably due to the interaction 

of the APS with the monomer which creates more aggregated nodules. The strands in PVDF 

(white) was filled by PANI (dark grey) as shown in Figure 4.22 (vi) at longer polymerisation 

times, indicating that PANI has filled in the PVDF microstructure with a homogenous 

distribution of PANI in the strands. The 22 mass% PANI membranes have a densely covered 

surface area, but the PANI coating was not homogenously distributed inside the PVDF - there 

were still spots only covering the strands. The 43 mass% PANI membrane on the other hand, 
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had a dense surface and homogenously distributed PANI on the PVDF strands. It is generally 

expected that this sort of denser, less porous structure membranes will have a lower 

permeation rate [31] and potentially a lower MWCO. 

 

 

Figure 4.22: SEM images of the surfaces of different PANI mass% coated PVDF membranes in 

comparison to pristine microporous PVDF prepared by diffusion cell polymerisation: Surface of (i) Original 

porous PVDF, (ii) 22 mass% PANI coated PVDF, (iii) 43 mass% PANI coated PVDF; top cross-section of (iv) 

Original porous PVDF, (v) 22 mass% PANI coated PVDF, and (vi) 43 mass% PANI coated PVDF (diffusion 

cell polymerisation at 0.5 M ANI and APS in 0.3 M HCl in air, 22
o
C, reaction times of 4 and 16  hours for the 

respective 22 and 43 mass% PANI). 

 

4.5.3 Effect of contact times and using different support polymers in diffusion cell 

polymerisation 

The comparison between the morphology of the PANI coating composite membranes 

prepared under different contact times in the diffusion cell is shown in Figure 4.23. The 

coated membranes at different magnifications were compared to their original base polymer. 

A single layer of the microporous structure can be seen in the original PVDF (Figure 4.23 (i)) 

and a bilayer of different colour intensity can be observed in the PANI pre-soaked PVDF 

(Figure 4.23 (ii)). The coating difference upon pre-soaking in APS and non-soaking can be 

clearly seen from Figure 4.23 (ii) and (v). The figures showed that PANI was coated onto the 

PVDF surface and into the middle layer of the PVDF when 0 and 15 seconds contact time 

were applied respectively. Two distinct layers can be seen in PANI pre-soaked PVDF in APS 

with PANI dominating the surface as shown in Figure 4.23 (ii). Three layers can be seen in 
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PANI non-soaked PVDF, with the PANI as the middle layer in Figure 4.23 (iv to vi). These 

results will be confirmed with other analysis such as FTIR for the chemical properties (see 

Sections 4.7.2 and 4.7.4). 

PANI coated PVDF (>80 mass%) obtained at 8 hours polymerisation time (Figure 

4.23 (ii and iii)) was compared to the original PVDF (Figure 4.23 (i)), while the PANI coated 

MCE (>100 mass%) polymerised for 1 hour (Figure 4.23 (viii and ix)) was compared to the 

original MCE image (Figure 4.23 (vii)). Both membranes have shown the same PANI 

deposition on the surface approaching the middle section of the membranes, with two layers 

of deposition being observed. The distribution of PANI coating in PVDF was denser than in 

the MCE (comparison between Figure 4.23 (iii and ix), which was probably due to the 

difference in time required to accumulate in the polymer support. 

 

 

Figure 4.23: The membranes cross-section of (i) Original PVDF (ii) PANI pre-soaked PVDF (iii) PANI pre-

soaked PVDF (iv) PANI non-soaked PVDF at the top cross-section (v) PANI non-soaked PVDF at the middle 

cross-section (vi) PANI non-soaked PVDF at the bottom cross-section (vii) original MCE, (viii) PANI pre-

soaked MCE (ix) PANI pre-soaked MCE (diffusion cell polymerisation at 0.5 M ANI and APS in 0.3 M HCl in 

air, 22
o
C, reaction times of 8 hours for PANI-PVDF membrane and 1 hour for PANI-MCE membrane with the 

the respective 89 and 110 mass% PANI. (Note: All pre-soaking of polymer support was done in 0.5 M APS/0.3 

M HCl). 
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4.5.4 The effect of pre-soaking the membrane in diffusion cell polymerisation  

PANI coated pre-soaked PVDF (89 mass%) obtained at 8 hours polymerisation time (Figure 

4.23 (ii and iii)) was compared to the original PVDF (Figure 4.23 (i)). The PANI coated pre-

soaked MCE (110 mass%) polymerised for 1 hour (Figure 4.23 (viii and ix)) was also 

compared to the original MCE image (Figure 4.23 (vii)). The amount of PANI coated in both 

polymer supports from PVDF and MCE are almost equivalent (90 – 110 mass%) although a 

hugely different polymerisation time (8 hours and 1 hour respectively) was done. This can be 

explained by the following: 

 The high amount of coating obtained in polymerisation in MCE was due to the ability 

of the polymer that contains hydroxyl group to interact more with NH2 group in 

aniline. PVDF on the other hand is more chemically resistant, with less surface groups 

that can be readily bonded to it, so take longer time to coat onto (previously discussed 

in Section 4.3.1).  

 The membrane morphology measured by SEM (refer Figure 4.23 (ii – iii) and (viii – 

ix)), showed that both membranes that were initially pre-soaked have the same PANI 

deposition starting from the surface approaching the middle section of the membranes 

with two layers of deposition being observed. 

 SEM images (from Figures 4.23 (iii) and (ix)) confirmed the distribution of PANI 

coating on the PVDF support was denser than on the MCE (comparison between 

magnified images in which was probably due to the difference in time required to 

accumulate on this polymer.  

Based on this result, both pre-soaked PVDF and MCE show a consistent coating trend; the 

PANI deposition started from the support polymer surface approaching the middle section of 

the membranes.  

This indicates that pre-soaking is the best technique to obtain membrane with 

sufficient PANI densely coated on the surface of the support polymer suitable for NF. 

Polymerisation onto PVDF support have resulted a denser PANI layer than in MCE, thus 

PVDF may be a better polymer to be used for coating PANI in addition to its chemical 

resistance properties that could be exposed to highly aggressive media at a longer time 

without noticeable degradation. 
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4.5.5 The effect of heat treatment  

PANI membranes prepared by diffusion cell polymerisation was heat treated at 150
o
C for 3 

hours in a Contherm air oven. The aim was to reduce the defect on the membrane surface due 

to inhomogeneous PANI coating and thermal crosslinking, simultaneously. Based on Figure 

4.24, it was found the membrane surface is still un-even, even after the heat treatment. The 

membrane cross-section shows that the membrane pores seem to be more compact in the heat 

treated membrane than the non heat treated membrane based on the size of pores presence 

from the strands inter-connections in the membrane. Bigger pores can be seen in the non 

heat-treated membrane but the pores become smaller upon heat treatment. This result 

suggested that heat treatment did not change the surface morphology but did change the 

porosity of the membrane by reducing the size of pores in it. Similar work has reported on the 

heat treatment of PANI membrane at 180
o
C for 1 hour which stated that the porosity may be 

partially lost after heat treatment [27]. Sairam et al. [29] however reported that there is no 

changes in the phase inversion membrane morphological properties upon heat treatment, 

though the heat treatment has greatly influenced the membrane flux and MWCO. Further 

characterisation was done to observe the benefits of heat treatment for making tuneable PANI 

NF membrane prepared by coating composite polymerisation technique most importantly the 

selectivity study (Section 7.1.2). Other characterisations to support the changes upon heat 

treatment such as physical, thermal, electrical and selectivitywere also conducted and 

reported in the next sections. 
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Figure 4.24: SEM images for non-treated membrane at the (i) surface and (iii) cross section, in comparison to 

the heat-treated PANI membrane at the (ii) surface and (iv) cross-section (diffusion cell polymerisation at 0.5M 

ANI and APS in 0.3 M HCl in air, 22 
o
C, 4 hours reaction time). 

 

4.5.6 Conclusions: SEM 

From the SEM analysis, it was determined that solution polymerisation membrane at 4 

mass% PANI onto PVDF does not produce a continuous PANI surface coating layer. 

Increasing the PANI mass% however increases surface coverage - the membrane at 13 

mass% PANI has a dense top layer with a less porous structure in the PVDF, more 

characteristic of the NF membranes aims for in this work. The use of FeCl3 as the oxidating 

agent for polymerisation does not enhance the thin layer PANI development on the PVDF 

surface but minimising the micropores of the membrane by covering the strands of the PVDF 

at all over the membrane. On the other hand,the used of APS oxidant has given a continuous 

thin layer PANI on the PVDF surface rather than covering the strands inside the PVDF cross-

section. This has resulted APS to be the main oxidant for PANI polymerisation than FeCl3. 

SEM images further confirmed that MCE was an inferior support to PVDF for solution 

polymerisation: even at long polymerisation reaction times (up to 18 hours), a continuous 

layer of PANI is not formed.  
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PANI membranes prepared by diffusion cell polymerisation at any mass% (with the 

PVDF support initially pre-soaked in APS prior to polymerisation) have shown a similar 

structure to the solution polymerisation membrane at 13 mass% PANI; indicating that (i) 

PANI has fully covered the surface and (ii) coating started from the surface approaching to 

the middle on the support. Since solution polymerisation has quite limited coating amount at 

a long polymerisation time, i.e. 13 mass% PANI coated to PVDF at more than 24 hours 

reaction time, diffusion cell technique could solve this problem by increasing/improving 

PANI continuous layer on the support suitable for NF.  

Diffusion cell polymerisation produced higher amount of PANI (>100 mass%) using 

MCE as a support than with PVDF (>80 mass%) at a shorter polymerisation time of 1 hour 

compared to PVDF at 8 hours. However, the PVDF produced a denser structure (from the 

SEM images), which is more characteristic of the NF membranes the work is aimed at. 

Longer polymerisation times applied to MCE support also caused degradation of it, further 

indicating that for diffusion polymerisation PVDF is also the best support of the two. Finally, 

post fabrication heat treatment reduced the membrane internal pore sizes, but the membrane 

surface does not show any difference with/without heat treatment. Further analysis is required 

to confirm the changes however (and are the subject of future work). 

 

4.6 FTIR Analysis: Effect of using different coating composite methods 

The chemical properties of the membranes was determined by FTIR to see whether there 

were any changes in the chemical composition of the membrane fabricated in comparison to 

their membrane support. The presence of PANI is expected to show some changes in 

membrane properties by the FTIR spectra indicating PANI chemical compositions.  

Figure 4.25 (i) and (ii) present the spectra of PANI membranes prepared using 

solution polymerisation (conditions: 70/30 vol/vol% of 0.5 M ANI and APS in 0.3 M HCl in 

air) and diffusion cell polymerisation methods (conditions: 0.5 M ANI and APS in 0.3 M HCl 

in air) respectively, compared to the PVDF substrate. The appearance of PANI is clearly seen 

and recorded in Table 4.1 through the addition of new strong peaks representing amine and 

imine stretchings of quinoid and benzenoid, benzene ring activities, in the coated membranes 

when compared to the original PVDF support. The intensity of the newly present peaks was 

found to vary for different polymerisation approaches in which PANI mass% also increases. 

It was also found that the peak intensities that represent PVDF increased with the addition of 

PANI, mainly due to the addition of the benzene ring compound in PANI and also the acid 
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dopant at wavenumbers of 1000 – 500 cm
-1

. At higher wavenumbers (above 2000 cm
-1

), a 

few weak broad peaks were observed in both membranes. In solution polymerisation 

membranes, the peaks at 2100 – 2200 cm
-1

are still not known; they probably refer to the 

impurities present in the membranes. However, for a higher PANI content prepared by 

diffusion cell polymerisation, new peaks at 3000 – 3300 cm
-1

 indicates more activities of –

NH that is not present at lower PANI mass%. All peak identifications for PANI are tabulated 

as Table 4.1. 

 

 

Figure 4.25: FTIR spectra for PANI membranes prepared by (i) one-step solution polymerisation (conditions: 

70/30 vol/vol% of 0.5M ANI and APS in 0.3M HCl in air) and (ii) diffusion cell polymerisation (conditions: 

0.5M ANI and APS in 0.3M HCl in air) compared to original PVDF. 
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Table 4.1: Summary of infrared absorption frequencies in the coated membranes. 

Compound Functional class Range (cm
-1

) Intensity 

Figure 4.25 (i) Solution polymerisation PANI coated PVDF membrane 

  2200 New weak broad peak 

  2050 New weak broad peak 

PANI N=Q=N stretching 1600  

New strong peak 

 N-B-N stretching 1500 

Benzene ring stretching 1450 

C-C stretching in BBB 1350 New weak shoulder 

 

PVDF, PANI 

C-F, C-H, C-H benzene ring 1400  

 

Increase intensity 

compared to the original 

PVDF 

 

C-F, C-H benzene 1250 

C-F, C-H benzene 1150 

PANI,  

HCl dopant 

C-H benzene, Cl 850 

PVDF, PANI C-H, C-H benzene 600 

C-H, C-H benzene 500 

 

 

Figure 4.25 (ii) Diffusion cell polymerisation PANI coated PVDF membrane 

 

 

 

PANI 

H-bonded NH stretching 3250 New weak broad peak 

=NH stretching 3100 New weak broad peak 

N=Q=N stretching 1600 New strong peak 

N-B-N stretching 1500 

C-H benzene ring 975 New strong shoulder 

C-H benzene ring 750 New strong peak 

 

PVDF, PANI 

C-F, C-H, C-H benzene ring 1400  

 

Increase intensity 

compared to the original 

PVDF 

 

C-F, C-H benzene 1250 

C-F, C-H benzene 1150 

PANI,  

HCl dopant 

C-H benzene, Cl 850 

 

PVDF, PANI 

C-H, C-H benzene 600 

C-H, C-H benzene 500 
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It can be concluded that the different polymerisation methods produced PANI 

membranes with some differences in their chemical properties based on the presence of 

additional peaks. However, both techniques have successfully produced PANI membrane 

coated onto PVDF support as confirmed by the appreance of peaks representing PANI after 

comparing with the original PVDF spectra. Increasing peak intensities of PANI coated onto 

PVDF confirms the SEM observations that PANI deposition started at the surface of the 

supports and then proceeded to in-pore filling.  

 

4.6.1 Effect of pre-soaking the membrane support 

The effect of pre-soaking and non-soaking the support polymer (PVDF) in APS prior to 

polymerisation in the diffusion cell on the membranes prepared by diffusion cell 

polymerisation method is also apparent by FTIR, despite there being negligible differences 

by gravimetric analysis (Section 4.3).  

 

Figure 4.26: FTIR spectra of PANI membranes prepared by diffusion cell polymerisation with pre-soaking of 

PVDF support in APS for 15 minutes and non-soaking in comparison to the original PVDF base (conditions: 

0.5M ANI and APS in 0.3M HCl in air,24 hours reaction time, 0 seconds contact time). 

 

 Figure 4.26 shows that the membrane pre-soaked in APS prior to polymerisation has 

PANI coated on the PVDF surface (i.e. new peaks that strongly correspond to PANI 

wavenumbers of around 1600 to 1500 cm
-1

). However, the non-soaked PVDF showed no 

PANI peaks, with only some increased peak intensities from original PVDF, possibly due to 
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the addition of aromatic rings from PANI at wavenumber below 1500 cm
-1

. Benzenoid and 

quinoid activities, mainly at wavenumbers above 1500 cm
-1

 were not observed in the spectra 

of PANI non-soaked PVDF membrane indicating only a small deposition of PANI on the 

surface of the PVDF support. This result is in complete agreement to the SEM images in 

Figure 4.23 where the effect of non-soaking the PVDF support caused PANI to be mainly 

deposited starting from the middle cross section (i.e. in the pores) of the PVDF approaching 

to the surface. The pre-soaking of PVDF has resulted in PANI mainly at the surface followed 

by further deposition in-pores of PVDF. Therefore PANI is understood to deposit started 

from the ANI facing side which will give a dense PANI structure on the surface and top 

cross-sectional layer with a less porous structure in the middle layer of the membrane.  In the 

initial study (Section 4.4.2), it was found that the soaking conditions and contact time did not 

show any difference in the amount of PANI content (mass%) in the membrane at the same 

polymerisation time as measured by gravimetry. However there are differences observed 

from SEM and FTIR such as the location of PANI being deposited in the support polymer 

that can control the formation of PANI accordingly. 

Non-/pre-soaking effects in APS showed that PANI deposition sites can be easily 

controlled by pre-soaking the PVDF support polymer prior to the diffusion cell 

polymerisation as well as manipulating the contact time of the support with the 

monomer/oxidant solutions. This finding provides a better method for controlling the PANI 

deposition level than the previously reported [103], where the use of differents kind of 

oxidants was used to control PANI deposition levels on a polymer support. 

 

4.6.2 Effect of membrane heat treatment 

FTIR further indicates the effect of aforementioned heat treatment on the PANI membranes. 

Figure 4.27 shows that the strong PANI peaks are observed in the non-heated original PANI 

membrane at wavenumbers of 1600 to 1500 cm
-1

. These peaks decreased in intensity with the 

heattreatment. The broad peak at around 3000 cm
-1 

shows that PANI and/or H2O attached 

with the acid dopants has depleted upon heat treatment. This is most likely due to the 

evaporation of the OH and/or crosslinking of NH bonds (-N-). Crosslinking is also known to 

occur at the imine nitrogen of PANI, which saturated the bonds and releases the dopants 

attached within the imine group. The mechanism of thermal crosslinking is presented in 

Appendix D to explain the possible phenomenon occurring during crosslinking. 

 Since heat treatment reduced the  peaks intensities representing PANI compared to the 

non-heat treated membrane, this may indicate that the intrinsic properties of the polymer may 
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have changed by the heat treatment i.e. conductivity and thermal stability. This will be 

assessed further in Sections 4.8 and 4.9.  

 

Figure 4.27: FTIR spectra of heat-treated PANI membrane in comparison to the non-treated membrane and the 

original PVDF prepared by diffusion cell polymerisation (conditions: 0.5M ANI and APS in 0.3M HCl in air,24 

hours reaction time, pre-soaked in APS). 

 

4.6.3 Conclusions: FTIR 

New FTIR peaks in the spectra representing PANI indicated that PANI has been deposited on 

the membrane support – the intensities of the peaks indicating a greater or lower amount 

coated on the supports. This characterisation supports the SEM characterisation results. 

Both solution and diffusion cell polymerisation successfully coated PANI on the 

membrane support based on the newly peaks presence of PANI (~1700 to 1500 cm
-1 

for 

imine and amine activities) and also the increase in intensity of the peaks at 1000 to 500 cm
-1

 

for benzene ring activities. 

The effect of pre-soaking the membrane support in APS prior to diffusion cell 

polymerisation has new peaks that strongly correspond to PANI but non-soaking effect does 

not give any new peak representing PANI. This means PANI can be deposited mainly on the 

support membrane at a pre-soaked condition with continuous PANI layer coated on the 

surface of the support membrane can be obtained.  
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Finally membrane heat treatment performed at 150
o
C and 3 hours may have affected 

the membrane intrinsic properties by reducing the peak intensities at 1600 and 1500 cm
-1

 

representing PANI. Crosslinking is possibly occurred upon heat treatment to partly release 

the attached acid dopant within the imine group as measured at these wavenumbers. Further 

analysis for the membrane‟s electrical conductivity and thermal stability is reported in the 

next sections to support the finding.   

 

4.7 Electrical property characterisation 

4.7.1 Effect of membrane electrical conductivity 

Electrical conductivity is an important property for the PANI membranes in this work, since 

they need to be conductive in order to produce the tuneable effects desired. Therefore the 

conductivity of the various membranes produced were measured and compared. 

Table 4.2 shows the conductivity of different membranes, as measured by a 4-point 

probe conductivity meter under dry conditions. As expected, the membrane conductivity 

increased with the mass% of PANI coated onto the PVDF support by solution polymerisation 

technique. This is because, the PANI presence increases the conductivity of the original 

PVDF to about three or four times than the initial values therefore giving more carrier 

electrons and/or higher carrier mobility to ease the carrier mobility through the PANI coated 

membrane [206]. However 13 mass% PANI has a little lower conductivity than the 11 

mass% PANI probably due to the un-even distribution on the membrane surface that could 

reflect the conductivity value. 

 The electrical properties of the solution coated composite membrane (Table 4.2) 

shows that the higher mass% coatings (e.g. the 13 mass% of PANI) has a higher conductivity, 

most likely due to the more continuous coating layer compared to that with a coating below 

13 mass%, as shown by the SEM results for these PANI membrane surfaces (refer Figure 

4.20 (i) – (iii)).Note that these values are lower than what was reported in literature: around 

1-5 S cm
-1

 in HCl doped PANI [119]. The difference is probably due to the preparation 

method and the concentration of the acid dopants used for the membrane fabrication. 

For the diffusion cell formed membranes, the conductivity is ten folds higher than the 

solution polymerisation membranes. This may be due to the polymerisation happens mostly 

at the PVDF surface rather than filling in the PVDF pores as found in the solution 

polymerisation membranes. There is also a variation in conductivity at different mass% of 

PANIin the diffusion cell membranes probably due to the slightly un-even surface 

distribution on the membrane during coating, which causes a slight variation in the 
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conductivity. In spite of that, the diffusion cell membrane seems to have no surface coverage 

problem as the membrane prepared by this technique has high conductivity indicating the full 

coverage with conductive PANI. On the other hand, heat treatment of the membranes 

prepared by diffusion cell polymerisation decreased the conductivity drastically to a non-

conductive state (non-measureable) as measured by the 4-point probes technique (Table 4.4). 

These results perhaps indicate that the annealing at high temperature releases the HCl 

attached to the imine nitrogen (–N-) turning PANI into its non-conductive state (fully 

reduced). This could be remedied by further acid doping, however this is further evidence 

that heat treatment is not optimal. 

Table 4.2: Electrical conductivity measurements of PANI membranes onto PVDF base. 

 

Solution polymerisation 

membrane Diffusion cell polymerisation membrane 

Reaction 

time (h) 

PANI content, 

(mass%) 

Conductivity 

(Scm
-1

) 

PANI content, 

(mass%) 

Conductivity 

(Scm
-1

) 

1.5 2.1 9.90E-04 16.74 6.338 

4 2.3 3.16E-03 21.51 7.705 

8 4.0 1.02E-03 33.25 6.310 

16 6.8 9.93E-03 43.31 6.711 

24 11.3 7.61E-02 86.12 *N/A 

48 13.1 1.53E-02 120.01 *N/A 

Diffusion cell membranes 
**Polymerisationtime 

(h) 

Conductivity  

(Scm
-1

) 

Heat-treated PANI-PVDF 4 h and 8 h - 

Non-treated  PANI-PVDF 4 h and 8 h 7.705 and 6.310 

*N/A: no applicable  

**Polymerisation time is the same with reaction time where indicates the total time taken to 

perform the polymerisation on the support polymer.  

 

Overall, the electrical conductivity of the diffusion cell membrane showed a much 

higher conductivity than the solution polymerisation membranes. The membrane prepared at 

24 hours polymerisation time and longer could not be measured since the surface of the 

membrane was rough with PANI, making the probe mounting difficult and could risk to 

probe contamination.  

This result is in contrast to a few literature reports which found that a lower electrical 

conductivity was obtained in the diffusion cell membrane rather than the solution 
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polymerisation membrane, due to the deposition of the CP inside instead of on the surface of 

the membrane pores [69, 96]. However, previous work in this research group found that the 

electrical conductivity in the PANI membrane prepared by diffusion cell polymerisation may 

increase higher than any other coating composite polymerisation on the same support 

material if APS oxidant was used rather than FeCl3 or their mixture [103]. 

 

4.7.2 Effect of membrane electrochemical conductivity 

The cyclic voltammetry run was performed to support existing measurements of the 

membrane electrical and electrochemical properties. Characteristic peaks of PANI are usually 

observed in two peaks during the oxidation and reduction of the polymer [207]. The 

voltammograms of the membrane prepared by diffusion cell polymerisation is presented in 

Appendix E. The oxidation (upper curve) and reduction (lower curve) can be seen in most 

membranes tested. However, it was found that no characteristic peaks of PANI could be 

found. This is assumed to be due to the high resistance of the thick layer of the membranes 

and its polymer support with thickness of greater than 200 μm, which affects the analysis. 

Similar results were presented by Molina et al. [120] upon using thick and non-conductive 

support layers of polyesters for PANI film making, in which the PANI peaks were absent in 

the cyclic voltammetry. So, unfortunately no significant explanation in relation to the 

membrane permeation properties can be drawn from the results. In addition, the real 

application of the fabricated membranes in this work is for the investigation of tuneable 

effects in non-charged solutes under applied electrical potential in water filtration, thus this 

profile could not be used to support the mechanism during the said application. 

Cyclic voltammograms of the PANI membranes at different thicknesses have also 

been reported [70]. High PANI membrane thickness (60 μm) resulted in a single and weak 

PANI peak compared to PANI films of 5 μm coated on a Pt sheet that possess two strong 

PANI peaks. The cyclic voltammetry method requires the use of at least 1 M HCl as the 

electrolyte solution in order to study the current and voltage profile in the membranes. This 

result is only presented to further define the relationship between membrane 

electrical/electrochemical properties.  

 

4.7.3 Conclusions: Electrical properties 

Electrical conductivity study for membrane prepared by solution polymerisation and 

diffusion cell polymerisation have shown that the conductivity values increase upon 

increasing amount of PANI coated onto the PVDF support. Continuous PANI deposited on 
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the surface of membrane support gave a conductivity a few times higher than the membrane 

that has less coating (i.e. 13 mass% PANI in comparison to 4 mass% PANI coated 

membranes). Diffusion cell polymerisation membranes on the other hand were found to have 

a higher conductivity than the solution polymerisation membranes, due to a higher amount of 

PANI in these membranes (as observed in the SEM and FTIR results). Membranes that have 

been heat treated had a lower conductivity compared to non-heat treated membranes. It is 

thought that this is because these membranes were undoped in the heat treatment, taking them 

to a non-conducting state (as a value for condutivity was not able to be detected using the 

four-point probe technique). 

 The electrochemical conductivities for mainly the diffusion cell membranes measured 

by cyclic voltammetry did not produce peaks that represent PANI in the oxidative and 

reductive curves due to the high resistance of the conducting polymer coated onto non-

conductive material from PVDF. It is thought that this was due to the comparatively higher 

thickness of the films used here compared to PANI films that have been successfully 

analysed by cyclic voltammetry in the literature. Furthermore, PANI films for this analysis 

are usually coated on one side with a conductive material such as metal. This was not done 

here, since the conductivity in the native state needs to be assessed if the tuneable properties 

are to be accurately determined. Therefore another characterisation technique developed in 

this project - electrically tuned dynamic contact angle – is used to characterise the initial 

tuneability of these membranes. 

 

4.8   Thermal property characterisation 

4.8.1 Effect of PANI coating in TGA analysis 

Figure 4.28 (i) shows the TGA thermograms of PANI membrane prepared by the solution 

polymerisation technique. It shows a two or three step decomposition for all of the PANI 

coated PVDF membranes with a slight drop in weight loss (y-axis) observed after 200
o
C of 

heating; the unmodified PVDF based polymer only shows a one-step degradation. This 

means that for the PANI membranes, the first drop represents the decomposition of PANI and 

the second drop represents PVDF decomposition, starting at 450
o
C. For the diffusion cell 

PANI membranes, there is an additional drop starting at 50
o
C: this represents solvent 

evaporation followed by the PANI decomposition and PDVF backing layer drops (at around 

430
o
C) as before. In literature, it has been found that the thermal degradation in PANI chains 

starts at nearly 350
o
C and continues until 550

o
C [208], which are higher than the 

temperatures found in this work. This difference is because they used poly(methyl 
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metacrylate) as the support polymer (which was in the form of microspheres), thus giving a 

higher thermal stability than the PVDF support used here.  

Overall, the presence of the two thermal degradation patterns in the coated membrane 

provides an obvious evidence for the formation of two phase-separated microdomains in the 

structure of the support, due to the incompatibility between PANI of amine and hydrocarbon 

nature and PVDF which is of CF-CH nature.  

 

Figure 4.28: TGA thermograms for PANI coated PVDF at different polymerisation times and their respective 

close-up thermograms prepared by (i) - (ii) solution polymerisation and (iii) - (iv) diffusion cell polymerisation.  

 

4.8.2 Effect of PANI coating in DSC analysis 

DSC analysis also confirmed the findings of TGA, which showed that the membranes have 

sufficient thermal stability and consistent melting temperatures upon deposition of PANI onto 

the PVDF support (Figure 4.29). There was no shift in the main endothermic peak 
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representing PVDF melting temperature in the thermograms, indicating that the PVDF 

melting temperature remains the same even after coating with PANI. A new endothermic 

peak was observed at 170
o
C which is close to the melting point of PVDF (180

o
C). The new 

peak represented the moisture volatilisations and the melting of PANI coated polymer. 

 

Figure 4.29: DSC chromatograms for PANI coated PVDF prepared by (i) solution polymerisation and (ii) 

diffusion cell polymerisation at different reaction times.  

 

Figure 4.29 (ii) shows the thermograms of PANI prepared by diffusion cell 

polymerisation with different PANI content as analysed by DSC. When the content of PANI 

in the membrane increased above 20 mass%, new endothermic peaks were observed at 60 

and 150
o
C, apart from the sharpest endothermic peak initially present at 170

o
C corresponding 

to the PVDF melting point. The endothermic peaks at 60 to 150
o
C were due to the 

evaporation of volatile matters [100], evaporation of the water/moisture content which is 

discernable in PANI, evaporation of low MW of PANI oligomers and finally the melting of 

PANI polymers [209]. These peaks are more prominent in the thermograms of the 
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membranes prepared by solution polymerisation (Figure 4.29 (i)) due to the 2 to 3 fold higher 

amount of PANI available in the PVDF sites. 

 

4.8.3 Conclusions: Thermal properties 

Thermal properties of the membranes at different PANI content analysed by TGA showed 

that a two or three step degradation started at 50
o
C representing solvent evaporation in the 

membrane followed by a major degradation at 430
o
C corresponding to the PVDF 

decomposition. Two distinct regions were seen in the thermograms, indicating that the PANI 

and PVDF were in the two separated regions in the membranes prepared by solution 

polymerisation and diffusion cell polymerisation methods (as would be expected from 

polymer coating methods). 

 The DSC analysis of diffusion cell PANI membrane indicated that much higher 

amount of PANI coated in diffusion cell membrane compared to solution polymerisation 

resulted in a new endothermic peak at 60
o
C for solvents volatilisation followed by the usual 

endothermic peaks for PANI and PVDF melting at 170
o
C and 180

o
C respectively.  Higher 

amount of PANI coated onto PVDF allowed more solvents to trap in the polymer, therefore 

released out in the beginning of the heating. The DSC result confirmed the finding in TGA 

which found the PANI and PVDF melting at 170
o
C and above. Based on this, the best heat 

treatment temperature can be at below 170
o
C to avoid any changes in the membrane physical 

properties due to heat treatment. The current heating temperature (150
o
C) applied for heat 

treatment is sufficient to allow physico-chemical changes in the PANI membrane without 

altering much the membrane support. 

 Therefore the thermal analysis suggests that PANI membrane could be prepared and 

used at temperature below 170
o
C with only minor losses at the temperatures below this, 

representing the evaporation of remaining solvents in the membrane. PANI membranes with 

a high coating amount still have the inherent properties of PANI based on the same 

degradation trends obtained. This result shows the thermal stability of the PANI membrane 

coated onto PVDF support when prepared by both techniques. 

 

4.9   Dynamic contact angle analysis: Initial tuneability assessment 

The most important property of the membranes produced is whether or not they can produce 

a tuneable separation. Therefore the electrically tuneable permeation of water through PANI 
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coated PVDF membranes were measured by means of dynamic contact angle of membranes 

with different PANI coating amounts (mass%). 

 

4.9.1 Effect of applying potential on water permeation through solution 

polymerisation membrane 

Since this technique is new, an experiment was conducted to determine if a tuneable 

permeation could be measured using it. Figure 4.30 shows the effective contact angle (ECA) 

and water droplet height (h) reduction with time, indicating water permeation through a PANI 

coated PVDF membrane. Figure 4.31 confirms these results directly with photos of the water 

droplet on topof a membrane coated with 13 mass% PANI, where a distinct decrease in water 

ECA and h is visually apparent after a potential difference of 7V is applied for 180 seconds.  

Application of a potential difference (voltage) increased the permeation rate through 

membranes with different mass% PANI (Figure 4.30), as confirmed by the faster reduction of 

ECA and droplet height. Although a higher PANI deposition percentage resulted in a denser 

membrane as seen in SEM images in Section 4.6, the permeation rate was found to be higher. 

This is probably because of the interactions of water with membrane conductivity, which has 

a greater tuneability when the conductivity increases.  

Figure 4.30 and 4.31 combined demonstrate that an applied potential can induce a 

differential rate of permeation through the membrane. Note that at t = 0 s the water droplet 

shows a lower angle at voltage 7 V compared to at 0 V, which is most likely due to the 

contribution of the polar component in the HCl doped PANI with the electrical charges. The 

extent and rate of decrease in the ECA and h with applied potential is more prominent in the 

13 mass% PANI membranes, than the other membranes tested. A similar ECA result (albeit 

without permeation) was observed for different conducting polymer films from PPY by 

which super-hydrophobic PPY was converted to super-hydrophilic in relevant dopants 

converted in an electrochemical cell [31]. The reduction in contact angles are significantly 

higher in PPY membrane compared to PANI membrane, might be due to the higher 

electrochemical conductivity of PPY than PANI that influence the water contact angle on the 

membranes [66].  
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Figure 4.30: Comparison of dynamic droplet properties on dry PANI coated PVDF membranes at different mass 

percentage of PANI prepared via solution polymerisation method: The change of (i) effective contact angle of 

water (ECA), and (ii) peak water droplet height (h) with time. 
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Time No applied potential (V = 0V) Applied potential (V= 7V) 

0s 

  

180s 

  

Figure 4.31: The effect of applying a 7 V potential difference across a 13 mass% PANI coated PVDF membrane 

surface on a water droplet, showing increased permeation rate. The image at t = 0 s, V= 0 V (top left hand 

corner) illustrates the peak droplet height measurement (h). 

 

Thus when permeation of water was measured on the PANI membrane using the 

effective contact angle rate (ECA) and the peak droplet height rate (h), the permeation rates 

were higher for the membrane with higher conductivity, and the rates were more significant 

under external applied potential which corresponded to easier current movement through the 

conducting surfaces. 

 

4.9.2 Effect of applying potential on water permeation through diffusion cell 

polymerisation membrane 

The relationship of ECA and h with permeation time for a diffusion cell membrane of 

different PANI mass% is presented in Figure 4.32. It can be seen for both 22 and 43 mass% 

of PANI membranes, a prominent ECA and h drop with time can be observed when a voltage 

is applied. The reason behind this phenomenon is probably identical to the observations 

reported by Xu et al. and others [31, 66]. 
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Figure 4.32: Comparison of dynamic droplet properties on dry PANI coated PVDF membranes of different 

PANI mass % prepared via diffusion cell polymerisation method: The change of (i) effective contact angle of 

water (ECA), and (ii) peak water droplet height (h) with time.  

 

The membrane prepared by diffusion cell polymerisation morphologically have 

denser, less porous structure, which should has a lower permeation rate as reported in 

literature [31]. Since the opposite is found here, these results suggest that the dynamic 

permeability through the PANI membrane based on water contact angle is generally 

independent of the porous structure. The electrical conductivity of PANI membrane prepared 

via diffusion cell polymerisation (in Section 4.7) did not show any trends in relation to the 

permeation rate, which was found to reduce faster at higher mass% of PANI coating for both 

types of membranes. This indicated that electrical conductivity was independent of the 

permeation rate in the presence of electrical potential. Instead,the membrane depending 



Chapter 4 – PANI Composite Membranes 

 136 

mainly on the amount of PANI coated onto the PVDF surfaces and the surface energy 

changes that occur with the application of a potential difference across this PANI. 

This indicates that these membranes could be used to control the permeation rate in 

pressure driven membrane separation applications since the permeation rate can be controlled 

by electrical potential. Further work is being carried out on cross-flow membrane cells, which 

have been specially modified to allow electrical contact with the membranes to determine the 

extent of this control under pressure and to determine whether selectivity can also be 

controlled. 

 

4.9.3 Quantitative effect of permeation for solution polymerisation and diffusion cell 

membrane 

In order to compare the said effects more quantitatively for membranes prepared by solution 

polymerisation and diffusion cell polymerisation, the overall permeation rate through the 

membranes were compared for membranes with different amount of PANI coating in 

comparison with the original microporous PVDF support, as detailed in Table 4.3. The 

permeation rate is estimated from both the rate of the ECA and h decrease with time. These 

results show that the PANI coating is responsible for the tuneable permeation rate, since the 

permeation rate of the original PVDF does not change with applied electrical potential. 

Indeed, a larger permeation rate corresponded directly to a greater mass% of PANI coated 

onto the PVDF support. Additionally, permeation was further confirmed by the fact that the 

rate of h decrease was larger than the rate of ECA decrease. Therefore, permeation was 

mainly due to the absorption of water through the membrane rather than spreading across the 

membrane‟s surface as the membrane became more hydrophilic. Similar images can be seen 

in Figure 4.32 of the water droplet changes with time, which showed huge reduction in ECA 

and h over the time especially under applied electrical potential. 

Permeation rate of the diffusion cell membrane is relatively higher than the solution 

polymerisation membrane because the amount of PANI coated onto the former is much 

higher thus increasing the absorption rate on the membrane surface. Therefore it can be said 

that potential driven permeation is independent of the PANI membrane‟s porous structure. 
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Table 4.3: Summary of the contact angle behaviour of different PANI membranes at 

7 V in comparison to 0 V voltage supplies 

Membrane 
Membrane 

Properties 

Voltage 
Contact 

angle  
Permeation Rate 

 

V 

 

 

 at 0 s 

Effective contact 

angle decrease/time 

(  d /dt) 

 s
-1

 

Peak droplet height 

decrease/time 

(-dh/dt) 

mm s
-1

 

0 mass% 

PANI 

Pristine 

microporous PVDF 

0 

 

117.0 0.0014 0.0526 

7 
 

117.6 0.0014 0.0526 

Solution polymerisation PANI membrane 

4 mass% 

PANI 

PANI coated PVDF: 

4 % weight increase 

0 112 0.0030 0.0644 

7 96 0.0037 0.0712 

13 mass% 

PANI 

PANI coated PVDF: 

13 % weight 

increase 

0 118 0.167 0.237 

 

7 

 

 

112 

 

0.272 0.414 

 

Diffusion cell polymerisation PANI membrane 

22 mass% 

PANI 

PANI coated PVDF: 

22 % weight 

increase 

 

0 

 

69.8 

 

0.104 0.0018 

PANI coated PVDF: 

22 % weight 

increase 

 

7 

 

71.5 

 

0.188 0.0020 

43 mass% 

PANI 

PANI coated PVDF: 

43 % weight 

increase 

 

0 

 

109.3 0.341 0.0044 

PANI coated PVDF: 

43 % weight 

increase 

 

7 

 

103.4 0.409 0.0062 

 

For the diffusion cell polymerisation membrane, the dynamic droplet properties i.e. 

ECA and h reduction rates have been found to increase in the presence of voltage. Membrane 

with two different PANI mass percentages (22 and 43 mass%) has been used to show the 

effect of applying a voltage on the permeation rate. The rate of effective contact angle 

reduction have shown that the permeation rate was higher in 43 mass% PANI coated onto 

PVDF compared to the 22 mass% PANI coated membrane. This is probably because the 
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higher amount of PANI increases the rate of permeation in the membrane. The initial contact 

angle in the diffusion cell polymerisation membrane (taken at 0 second) is relatively low 

compared to the membrane prepared by solution polymerisation due to higher amounts of 

PANI, creating more hydrophilic/conductive surfaces (lower contact angle) on the membrane 

when compared to the solution polymerisation membrane with lower PANI content. This 

result is in good agreement with the electrical conductivity values, which earlier found that 

higher PANI content leads to higher electrical conductivity (refer Section 4.8). FTIR analysis 

observed the increasing peaks intensities representing PANI at higher PANI content and SEM 

also confirmed that the surface and cross-sectional morphology of the membrane with higher 

PANI content has more PANI depositionon the surface and in the pores of PVDF to further 

supporting the contact angle results. Therefore, the permeation rates are lower in diffusion 

cell polymerisation membranes with generally higher PANI mass% than in solution 

polymerisation membranes. Since these membranes were doped in chloride based counter 

ions (HCl), so the difference in the contact angle values were not mainly due to the chemical 

nature of the PANI counter-ions from the HCl which can affect the contact angles [91], but 

most probably due to the amount of PANI attached to the membranes which correspond to 

the level of doping in the membranes themselves. PANI coated by the diffusion cell method 

has a much higher PANI content than in the membrane prepared by solution polymerisation 

method. Thus, the amount of counter-ions attached to the PANI due to the exchange of imine 

to amine structure in the PANI is much higher. This caused a reduction in the contact angle 

values for diffusion cell PANI coated PVDF membranes. 

 

4.9.4 Effect of different solvents permeation through solution polymerisation 

membrane 

The contact angles of different types of solvents on the membranes were also analysed. The 

interactions between the membrane and solvent are expected to vary with changes in solvent 

properties i.e. di-electric constant, molecular size, dipole moment [210]. Water, hexane and 

ethanol of different solvents chemistry were carefully dispensed as a droplet onto the 

membrane surface to obtain the contact angle profile as presented in Figure 4.33. It was 

found that the contact angle dropped drastically when polar, aprotic and organic solvents 

were used in comparison to water. The same results were observed for NF membranes when 

analysed using contact angle for the relationship of permeation flux with various solvents 

[210]. Permeation flow and contact angle of the solvents onto the solvent resistant 
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membranes were 10 to 60 times faster, which could be due to the difference in surface 

tension and viscosity of the solvents. Although water has smaller molecular volume and 

viscosity than the other solvents, it has a very large contact. Since lower contact angles were 

observed for the solvents other than water, the membrane may face difficulties in tuning 

according to electric potential because the contact angles were already very low even without 

applied potential therefore the effect of applying voltage across the membranes with these 

solvents was not performed because of the poor tuneability it will be. The changes in the 

permeation rate if voltage is applied is expected to be super fast and thus will be difficult to 

observe the tuneability presence. Tuneability is at its best when the difference of the contact 

angle is very apparent with/without electric potential, so that the permeation can be easily 

tweaked in-situ during the filtration process.  

 

Figure 4.33: Contact angles of various solvents on PANI membranes of different mass% deposition onto 

PVDF. 

 

4.9.5 Conclusions: Dynamic contact angle 

From this result, it can be concluded that the permeation rate of water in the PANI coated 

PVDF membrane depends on the PANI-related applied potential driven surface energy 

changes, free volume and/or the pore size of a membrane incorporating PANI [56, 57, 77]. 

This is because PANI has the ability to be electrochemically switched between its conducting 

and insulating states as a function of protonation from emeraldine salt to emeraldine base 

[211]. Through this way, the selectivity and permeation rate in water can be controlled by 

applying an electrical potential across the PANI membrane [56, 57], thereby tuning the level 

of separation. 
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4.10 Chapter 4 Conclusions 

PANI membranes were prepared by three different coating composite fabrication 

techniques:vapour, solution and diffusion cell polymerisation. These techniques produced 

PANI coated onto a microporous PVDF or MCE support with different amounts of PANI 

loading (mass%), depending on the reaction parameters applied. It was found that the 

diffusion cell polymerisation technique produced the highest percentage of PANI loading on 

the PVDF. The amount of PANI coated in the membranes at 48 hours polymerisation 

reaction time by different preparation methods can be arranged in decending order: diffusion 

cell polymerisation > solution polymerisation > vapour polymerisation; with the PANI 

percentage from 120 mass% > 13 mass% >5 mass% respectively. Diffusion cell 

polymerisation however shows better polymerisation because the ANI and APS are mixed 

slowly by diffusion through the membrane resulting in a very high percentage of coating even 

after 48 hours of reaction time.  

In finding this result, different membrane preparation parameters were studied to 

maximise the coating of PANI onto the microporous supports, measured using gravimetry. 

From the results, it was found that the reaction temperature, time and acid concentration play 

a role in polymerisation by vapour phases: 

  Higher PANI mass was coated at room temperature (22
o
C) than at low (8

o
C) or high 

temperatures (50
o
C).  

 High concentrations of acid used for diluting the APS also increased the PANI content. 

Due to the aggressive acidic/oxidant activities at long exposure times, appropriate 

concentration was selected, which was at 3 M.  

 Polymerisation of PANI in air gave higher PANI content onto PVDF than in inert 

atmosphere because of oxidation.  

 The variation of ANI/APS concentration for polymerisation solution in one-step 

technique also gave the best concentration to produce high contents of PANI. 70/30 

vol/vol% of ANI/APS was found to be the best concentration to produce high PANI 

content upon polymerisation onto PVDF.  

 The effect of using different types of oxidant, namely APS and FeCl3 has shown that APS 

is more suitable to obtain a thin layer of PANI on the surface. When FeCl3 was used, 

PANI was only covering the pores in the PVDF bulk polymer. Less PANI coating was 

also observed when using FeCl3 as the oxidant.  
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 In solution polymerisation, one- and two-step polymerisation was also applied in order to 

increase the PANI content. One-step polymerisation gave higher PANI coating than two-

step polymerisation due to the excessive amount of ANI/APS available for 

polymerisation during the former method.  

 Other than using PVDF as the support base, PANI was also coated onto MCE to compare 

the membranes obtained between the two types polymer supports. PVDF has better 

mechanical strength than MCE. MCE showed some signs of deterioration after being 

exposed in an aqueous oxidant solution for 1 hour. This has given the advantage to PVDF 

as the membrane support throughout this study.  

 The effect of non-/pre-soaking in APS solution was evaluated for the diffusion cell 

polymerisation technique. The membrane that was pre-soaked prior to polymerisation had 

PANI accumulated mainly starting from the surface to the middle of the polymer support, 

but the non-soaked PVDF had the PANI coated from the middle of the polymer support 

approaching the surface. Since it is desirable to coat PANI onto the surface of the 

polymer support to obtain membranes with NF characteristics, pre-soaking was the best 

done to achieve that.  

 

A more complete characterisation was then performed on the most promising 

membranes to determine the physico-chemical, morphological, electrical/electrochemical and 

thermal properties of the membranes.  

 SEM imaging showed that the PANI polymerised at long reaction time has a better 

surface coating (denser) than at short times (porous).  

 The membranes analysed with FTIR were found to possess new and increased PANI peak 

intensities upon coating of PANI onto PVDF microporous support. PANI prepared by 

pre-soaking PVDF in APS had new PANI peaks which are otherwise absent in the non-

soaked PVDF. Longer polymerisation reaction times created PANI with higher peak 

intensities. This indicated that higher PANI content was deposited on the surface of the 

membrane support as found in gravimetry and SEM analysis. 

 The conductivity was measured by the 4-point probe technique and the electrochemical 

properties was determined by cyclic voltammetry in 1 M HCl solution. Membrane 

conductivity has been measured to determine the relationship between the 

physical/morphological properties and conducting properties. Higher PANI content 

resulted in higher conductivity which in turn could influence the permeation properties.  
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 Cyclic voltammetry run did not show any peaks which indicate PANI presence in the 

oxidative/reductive curves. This is because thick membranes and non-conductive support 

(PVDF of >100 μm) was used, which increased the resistance in the I-V profile.  

 Thermal properties of the membranes prepared by both solution and diffusion cell 

techniques show thermal stability based on the high melting and decomposition 

temperatures of PANI and PVDF determined by DSC and TGA respectively. This 

indicated that the filtration membranes could be operated at any temperature limited only 

by the membrane thermal stability. Thermal analysis also found that the best heat 

treatment temperature can be below 170
o
C. 

 The membrane permeability measured by dynamic contact angle showed that water 

permeation rate could be tuned when an electric potential was applied. Overall this work 

has demonstrated the viability of two new techniques. Firstly, it has been shown that 

enhanced dynamic contact angle measurements (using both ECA and peak height 

measurements) in combination with simple power supply and electrical connectors can be 

used to study the electrically changeable/tuneable permeation behaviour of conducting 

polymer membranes like PANI. Secondly, using this novel technique it has been 

demonstrated that composite membranes consisting of PANI coated onto non-conducting 

PVDF can have their permeability for non-ionic species (here water) electrically tuned. 

Membranes with a high PANI content had a faster permeation rate under applied 

electrical potential. The tuneable permeation rate was better in denser membranes than in 

porous membranes, which indicates that the permeability was due to the surface energy 

changes in the presence of electric potential and not the morphology. This makes sense – 

the tuneability measured is most likely associated with interactions of the membrane with 

the water dipole. Whether or not this can be translated to tuneability in a pressure 

filtration situation is yet to be determined – if it can be then this will indicate that this new 

dynamic contact angle method is good screening method for membrane tuneability. This 

will be explored further in Chapter 7. 

 Combined these results indicate that PANI can be easily coated onto existing PVDF 

type membranes and applied in already commercially available modules, this indicates that 

these membranes could potentially be used to externally control the separation properties in 

practical and economically feasible membrane processes and applications. 
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Chapter 5 

Phase inversion PANI membranes: Fabrication and characterisation 

 

In this chapter, various PANI membranes were fabricated using the phase inversion with 

immersion precipitation technique. The main aim of the work described is to find the optimal 

membrane casting parameters to obtainan externally tuneable PANI membrane suitable for 

filtration of solutes in the MW range of 200 to 2000 gmol
-1

. Parameters that have been studied 

include: 

 Varying the concentration of PANI in solvents between 15 and 25 wt% in the doped 

solution. 

 Casting the membranes at different thickness i.e. 100 and 250 μm. 

 Evaporating the cast membrane at 0 to 90 seconds evaporation time prior to phase 

inversion. 

 Utilising different non-woven membrane supports from polyester and PE/PP mixtures. 

Membranes were also cast without any membrane support with natural drying in a petri-

dish for comparison. 

 Adding highly volatile co-solvents such as acetone to observe their effect on the 

morphology and filtration characteristics. 

 Heat treating the synthesised membranes at temperatures below the PANI melting point 

for annealing. 

The synthesised membranes were characterised according to synthesis methods, as outlined in 

Chapter 3 (refer Figure 3.5) for the summary of processes involved in the PANI membrane 

fabrication. The membranes were characterised mainly according to their physical, chemical 

and morphological properties measured using various analysis methods in order to characterise 

the differences in the formation variables in relation to the filtration properties. Note that the 

membranes that do not meet the requirements suitable for use in NF were not completely 

analysed or characterised due to cost and time constraints. Example membrane images taken in 

both wet and dry conditions are presented in Figures 5.1 and 5.2 respectively. Most membranes 

were kept in water even after phase inversion and secondary doping in 1 M HCl solution in 

order to keep the membrane flat and flexible at all times (Figure 5.1). The membranes can be 
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brittle in its dry state, thus keeping the membrane in fresh water would help the membrane stay 

flat and easy to handle. Only small sample pieces of the membrane were taken if necessary for 

any characterisations or performance testing work (Figure 5.2). Flat and smooth membrane 

surfaces can be seen in the following figures, supporting these findings. 

 

Figure 5.1: Membrane stored in water to avoid damage due to curling. 

 

 

Figure 5.2: Membrane cut to smaller pieces to eliminate damage during storage. 

 

 Although PANI membranes were reportedly synthesised via various methods [66, 103], 

phase inversion from in-house synthesised PANI polymer is attractive because it can potentially 

reduce membrane fabrication costs significantly. This is because commercial PANI polymer 

powder is very expensive and is only available for sale in small quantities [212]. Thus, in-house 

synthesis is very crucial. In this work, PANI polymer was firstly synthesised by chemical 

polymerisation (as outlined in Section 3.2.1) and its physical properties then characterised to 

determine mainly its MW. 
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5.1   PANI polymer analyses in GPC-SEC 

Polymer MW is an important parameter to be determined in order to identify its physical 

properties. In this work, the MW of the synthesised PANI was measured by GPC (see Section 

3.2.1 for details). Three PANI samples were analysed for their MW: (i) 2 month old PANI 

prepared at 15
o
C; (ii) 6 month old PANI prepared at 15

o
C; and finally (iii) 2 month old PANI 

prepared at 24
o
C. These samples were chosen to observe the effect of synthesis temperature and 

storage period on the polymer‟s MW. The MW values for the three PANI samples were 

determined using the calibration plot in Appendix F, where a linear curve is fitted to represent 

the MW calculated based on equation 5.1. 

 

Log MW = 12.6233 – 0.3624x (elution volume)  (5.1) 

 

5.1.1 Effect of PANI MW at different storage time 

The chromatograms of the three PANIs are given in Figure 5.3. From the peaks obtained from 

each chromatogram, a combined peak that shows the main distribution of the MW was plotted 

(red/black lines). The intensity of the peaks in the chromatogram represents the amount of PANI 

of a specific MW present in the test solutions. The highest peak from the chromatograms gives 

the main MW of the synthesised polymer, calculated from equation 5.1 and shown in Table 5.1. 

From the accurate elution volume and log MW of the peaks found in each chromatogram, the 

MW of the peak is obtained using equation 5.1. The biggest MW is obtained at the smallest 

elution time and vice versa. In this study, the peaks appear to be normally distributed, since the 

middle peak is higher than the rest in the chromatogram. Thus, the average MW of the PANI 

samples taken at different preparation temperatures and storage times can be calculated from the 

elution volume obtained at the new broad single peak point (red/black lines combined into one 

line as in Figure 5.3). 
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Figure 5.3: PANI MW determination using GPC with band resolution of chromatograph RI traces fitted using Origin software; (i) 6 month old PANI prepared at 15
o
C; (ii) 2 month 

old PANI prepared at 15
o
C and (iii) 2 month old PANI prepared at 24

o
C.
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Table 5.1: MW determination of PANI powder in NMP by GPC. 

6 month old PANI (15
o
C) 

Elution 

Volume 
Log MW MW (g mol

-1
) 

Peak 1 16.7 6.691 4,912,891 

Peak 2 21.7 4.769 58,801 

Peak 3 25.0 3.546 3,518 

Combined peak Average MW (g mol
-1

) 67,873 

2 month old PANI (15
o
C) 

Elution 

Volume 
Log MW MW (g mol

-1
) 

Peak 1 17.1 6.439 2,746,520 

Peak 2 19.7 5.515 327,662 

Peak 3 24.5 3.742 5,525 

Combined peak Average MW (gmol
-1

) 292,347 

2 month old PANI (24
o
C) 

Elution 

Volume 
Log MW MW (g mol

-1
) 

Peak 1 15.8 6.892 7,801,093 

Peak 2 17.7 6.191 1,551,319 

Peak 3 20.2 5.289 194,670 

Peak 4 23.9 3.952 8,967 

Combined peak Average MW (g mol
-1

) 237,301 

 

 The average MW for the PANI stored for different periods (2 and 6 months) is found 

to decay with time. The initial MW was about 300,000 g mol
-1

 and after 6 months, it reduced 

to 70,000 g mol
-1

. The decrease in MW is expected as this has been reported in literature [78]. 

However, Blinova et al. [213] reported contradictory findings when PANI colloid was stored 

in a desiccator for 5 years and analysed in FTIR for their long term stability. They concluded 

that the PANI colloidal dispersion prepared by ANI in poly N-vinyl pyrrolidone (PVP) of 

390,000 g mol
-1

 as a stabilizer, and APS in water for less than 10 minutes reaction time, was 

stable after long-term storage. The stability was evaluated based on the analysis in FTIR 

where no changes were detected in the spectra after 5 years of storage; indicating that both 

the molecular structure of the polymer chains and the macromolecules themselves were 

stable. Their work was different in comparison to this present finding because PVP was 

added to PANI in the colloidal making which could influence the stability of the PANI itself. 

Furthermore, the stability measurement was determined by FTIR, which is known to give 

qualitative results only. Unlike FTIR, GPC is able to give much more accurate and 
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quantitative results in terms of actual values of MW instead of only the change in the FTIR 

spectra. The effect of storage period on PANI as determined by the GPC has yet to be 

reported in the open literature. 

Note also that there are differences in the number of peaks in the chromatograms. 

Three peaks can be observed for the 6 month and 2 month old PANI prepared at 15
o
C, while 

four peaks can be observed for the 2 month old PANI prepared at 24
o
C. Less peaks were 

present for PANI samples prepared at lower temperatures (15
o
C) compared to higher 

temperatures (24
o
C). This phenomena has been seen before, for example in the determination 

of PANI MW distribution in NMP [113, 116]. In this, the change in number of peaks was 

explained as most likely being due to aggregation of PANI in NMP causing 

dissolving/dispersion of PANI in NMP. The detector temperature also influences the number 

of peaks obtainable in a chromatogram - a temperature of 60
o
C or more could generate a 

single peak [23, 214]. Appearance of multi-modal peaks has also found to be influenced by 

the acidity of the polymerisation solution. Strong acid concentrations will lead to a mono-

modal peak while weak acid concentrations create di- or multi-modal peaks of log MW with 

retention values [122]. In this work, the multiple peaks observed in GPC may be due to the 

synthesis at lower acidity solution of only 0.3 M HCl compared to >1 M HCl reported in the 

literature [23, 215] and also the detection temperature, which was performed at 60
o
C and 

lower. Proper PANI cleaning using solvent mixture after polymerisation followed by sieving 

of PANI powder can eliminite the small MW of PANI [23], therefore inadequate 

cleaning/sieving (if any) in this work may have contributed to the presence of small MW 

PANI particles in the synthesised PANI that resulted in multipeaks of PANI. Overall, these 

results indicate that storage time is one of the affecting factors that reduces the MW of PANI 

with time.  

 

5.1.2 Effect of synthesis temperature to PANI MW 

GPC on PANI prepared at 15
o
C and 24

o
C, showed that the MW value decreased slightly from 

about 290,000 to 240,000 g mol
-1

 with the increased temperature. This finding is similar with 

other work [23, 122] who also found higher MW PANI is generated at lower temperatures. 

Consequently lower temperature generated higher average MW of PANI, thus the synthesis 

at 15
o
C is performed in a way to increase the MW, which is essential to form a high 

mechanical strength of the PANI membrane [23, 113, 115].  
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5.2   Ternary phase diagram for PANI doped solution 

The compositions of the membranes were determined at different concentrations to obtain the 

ternary phase diagram. A ternary phase diagram represents the phase equilibrium of a three 

component system. In this work, it is a very useful tool in order to study the phase 

equilibrium between the different components in the polymer and the solvent used. PANI, 

NMP and water were used to produce this diagram.   

Cloud point titration in the form of a ternary diagram is presented in Figure 5.4 and 

are in good agreement with the literature [216-218]. Also, it can be seen that the phase region 

is very lean, indicating that the precipitation point may be very sharp and could be easily 

missed out during actual titration. However, the regular trend for a phase diagram can be 

clearly seen in Figure 5.4 with a common solubility line. It can thus be concluded that at 

higher concentrations of PANI, the amount of water required to reach the precipitation point 

at the solubility line is very small. Therefore, membrane precipitation by phase inversion may 

be more rapid at <10 wt% PANI. NF membrane synthesis by phase inversion would require 

at least 15 to 25 wt% polymer in solvents in order to prepare the doped solution. Other 

control parameters include: addition of co-solvent, evaporation time or quench medium to 

develop membranes with MWCO up to 2000 g mol
-1 

[219].  It is also known that PANI 

begins to gel at concentrations beyond 4 to 5 wt% in NMP [18], while at concentrations 

above 12 %, NMP alone is not sufficient to dissolve PANI due to rapid gelation of the doped 

solution, making casting impossible [23]. Thus, a gel inhibitor such as 4-MP or 2-MA is 

required in order to prevent gelation during NF membrane preparation [23, 111]. More details 

on the effect of gel inhibitor on the PANI solution preparation was discussed in Section 

2.5.1.3. 

 

Figure 5.4: Ternary diagram of the system PANI/NMP/water (mass fractions). 
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 The effect of different casting parameters on the properties of PANI is now 

investigated in: (i) the concentration of PANI in doped solutions, (ii) casting at different 

thickness, (iii) phase inversion at different evaporation time, (iv) casting onto different 

support polymer materials, (v) addition of co-solvent to the doped solution, (vi) heat 

treatment of the membrane, and finally (vii) the addition of different dopants on the 

membranes.  

Once analysed in various analytical techniques, the most promising membranes are 

finally characterised by contact angle for the permeation properties to determine the most 

likely NF membranes that have tuneable selectivity and flux. These membranes are then 

studied in Chapter 7 for their flux and MWCO in dead-end filtrations and membranes that 

have the MWCO curves in the NF and low UF range were tested for their tuneable properties 

in the purpose built electrically connected cross-flow filtration rig. 

 

5.3   Effect of different PANI concentration 

5.3.1   SEM analysis 

Figure 5.5 shows that the morphology changes significantly with different concentrations of 

PANI. A single structural layer was observed in the 15 wt% membrane, while three distinct 

layers were observed at 20 and 25 wt% PANI. These consisted of the most dense layer at the 

top (Figure 5.5 A(iii)), a micro-tubular porous layer in the middle (Figure 5.5 A(ii)), and the 

macro-tubular/open pores layer at the bottom (Figure 5.5 A(i)). The single layer with a 

porous microstructure in the membrane at 15 wt% PANI was probably due to better solvent 

penetration into the solution as less polymer is present as well as the thickness being smaller 

due to the dope solution settling. The difference in formation mechanisms of phase inversion 

membranes is all to do with solvent-non-solvent mixing and demixing [218, 220]. A more 

porous structure of the top layer in 15 wt% PANI membrane when compared to the 

membranes with higher PANI concentrations is clearly shown in Figure 5.5 A (iii). On the 

other hand, the dense layer (top) of the membranes with higher PANI concentrations of 20 

and 25 wt% membranes, have different thickness that can be clearly seen from B (vii) and C 

(xi). The highest PANI concentration corresponds to the thickest top layer (hundreds of 

nanometer thickness) that increases the resistance to mass transfer. Denser or more 

homogeneous top layers observed from the membrane surface (no pores presence) on the 

other hand, will affect the selectivity to allow a better selective permeation of nano-scale 

solutes through the membrane [44, 126]. 
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The surface morphology of each membrane is almost the same, where a smooth 

surface was observed. A defect free membrane with a dense top layer is indicative of a good 

UF/NF membrane. Thus, a PANI concentration of 25 wt% appears to be suitable for the 

formation of liquid filtration membranes i.e. NF, because the dense layer with nodular 

structure is known to allow selective permeation of small solutes in the range of 200 – 2000 g 

mol
-1

 for pressure driven NF and this concentration will be used further. 

 

5.3.2 TEM analysis  

TEM pre-analyses were also performed to observe the morphology and pores present in the 

membranes synthesised by phase inversion. Un-doped membranes were chosen for the 

analyses and the results are presented in Figure 5.6. The membrane sample slices were about 

80 nm thick. From the TEM analysis, it can be concluded that the membrane morphology has 

a nodular structure on the top cross-section, with a transition region in the middle and a 

microporous support at the bottom [141] (Figure 5.6 (i)). The skin layer of about 0.2 μm can 

be clearly distinguished from the transition region by its colour tone, where the densely 

packed structure is darker than the transition region. The porous support appeared to be 

brighter than the transition region but its border was not clear as it is not linearly aligned, as 

confirmed earlier in SEM. TEM analysis were not conducted on other membranes due to 

difficulty in the TEM sample preparation, caused by poor immobilisation of the membrane in 

the resin leading to tendency of fracture and curling up. Membrane samples were also 

prepared using a metal replica to improve imaging of the membrane surface for pores 

observation. However, it was difficult to detach the replica from the membrane. On top of 

that, the image resolution resulting from this technique was not high, and it would not reveal 

much on the internal structure of the membrane. 
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Figure 5.5: PANI concentration in doped solution: (A) at 15 wt% with (i) to (iii) the cross-section, and (iv) the surface; (B) at 20 wt% with (v) to (vii) the cross-section, and 

(viii) the surface; (C) at 25 wt% with (ix) to (xi) the cross-section, and (xii) the surface. 
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Figure 5.6: TEM cross-section images for undoped PANI membrane prepared by phase inversion and secondary 

doped in 1 M HCl at different scale. 

 

The membrane cross-section parallel to the surface can be used to identify the surface 

layer. Unfortunately, no pores were observed at a range of magnifications used (Figure 5.6 

(ii)). In conclusion, by using this technique it would be difficult to successfully view the 

pores. This is because the cross-section is a mere 80 nm thick, thus very tiny holes in the 

membrane are only likely to be clearly seen if it is very straight, otherwise its path is 

generally obscured by the general density of the surrounding membrane material rendering 

observation difficult. Consequently TEM was not used further. 

 

5.3.3 FTIR analysis 

The presence of PANI in phase inversion PANI membranes prepared at different PANI 

concentrations (wt%) was confirmed by FTIR through finding the additional peaks 

representing PANI, as demonstrated in Figure 5.7. Basically, the spectra of the membranes at 

different wt% showed not much difference between one another except for some increases in 

the peak intensities when a higher PANI amount was used. The membranes were also 

compared with each other in terms of the backing layer used to support the membranes. A 

few peaks vanished upon addition of PANI to the non-woven polyester support mainly at 

higher wt% ( ≥20wt%). The disappearance of the 1700 cm
-1 

peak was probably due to the 

over-lapping of the polyester support by the PANI thus eliminating the peaks representing the 

polyester. This is supported by the spectra of 15 wt% PANI, where the intensity of peak at 

1700 cm
-1

 reduced to quarter of the absorbance height intensity upon PANI casting. The 

presence of new peaks that represent PANI were obviously seen at 3300, 3100, 1600, 1500 

cm
-1

, which indicates that PANI has been successfully cast on the support polymer. This also 
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suggests that PANI at 20 wt% and above were sufficient for membrane casting with the 

PANI fully covering the surface of the polyester support polymer.  

 

Figure 5.7: Phase inversion PANI membranes cast at different PANI wt%. 

 

5.3.4   Conclusions: Effect of PANI concentration in dope solutions 

The following conclusions can be made: 

 The effect of PANI concentration in doped solutions in the range from 15 to 25 wt% 

showed that 25 wt% appears to be suitable for the formation of NF membranes, since a 

dense top layer with a nodular structure is formed, and this is characteristic of membranes 

known to allow selective permeation of small solutes in the range of 200 – 2000 g mol
-1

 

for pressure driven NF. Therefore this PANI concentration will be used henceforth.  

 Preliminary TEM analysis confirmed that for a phase inversion PANI membrane prepared 

at 25 wt% PANI cast at a 250 μm thickness onto PE/PP support with no-dopant addition, 

the skin layer of about 0.2 μm can be clearly distinguished from the transition region by 

its colour tone, where the densely packed structure is darker than the transition region. 

The porous support appeared to be brighter than the transition region but its border was 

not clear as it is not linearly aligned, as confirmed earlier in SEM. Extensive analysis with 

TEM was not proceeded due to the limitations in sample preparation such as sample 

fracture and curl up caused by poor immobilisation of the membrane in the resin. 
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Furthermore no pores were successfully observed by this method thus the TEM analysis 

is aborted. 

 FTIR analysis confirmed that PANI was successfully cast on the support polymer by the 

presence of new peaks that represent PANI at 3300, 3100, 1600, 1500 cm
-1

. PANI 

concentration below 20 wt% in the dope solution, there was incomplete coverage of the 

polyester backing layer however (indicated by strong backing layer peaks). This suggests 

that PANI at 20 wt% and above is sufficient for membrane casting with the PANI more 

fully covering the surface of the polyester support polymer. 

 

5.4   Effect of different casting thickness  

5.4.1   SEM analysis 

Membranes were also prepared at two different thickness: 250 and 100 μm. Morphologies are 

presented in Figure 5.8. Both membranes have a relatively uniform top surface (Figure 5.8 

(iii) and (vi)). Meanwhile three different layers - a dense layer, a microporous tubular layer 

and a macroporous/open pores layer were observed in the membrane cast at 250 μm (Figure 

5.8 (i) and (ii). However, only nodular structures with ascending sizes from top to bottom was 

observed in the 100 μm thick membrane (Figure 5.8 (iv) and (v)). This was probably because 

during immersion of PANI (25 wt%) for casting at lower thickness (100 μm), there is less 

resistance to solvent penetration, so the non-solvent can penetrate more evenly throughout the 

structure and produce a more even membrane structure throughout. For a thicker membrane, 

there are greater mass transfer resistances and so a more asymmetric structure, with several 

different layers results since solvent and non-solvent cannot penetrate and/or escape from the 

phase inverting polymer structure evenly. Casting at different thickness resulted in different 

microstructures due to the coagulation of polymer not proceeding at the same rate at different 

membrane thickness as reported by Blanco et al. [221]. For a thinner membrane, a shorter 

diffusion time is required for water to reach the polymer phases to create almost the same 

microstructure during phase inversion, while a thicker membrane faced the other way, 

resulted in different layers of pore structures. Most importantly, a denser top layer is obtained 

in the membrane to allow filtration of nano-range solutes. A similar result was reported by 

Mulder et al. [123], where a less dense layer was formed in the thinner membrane than the 

thick one. A more typical microstructure is found in the membranes cast at 250 μm thickness 

in good phase inversion membranes used for NF and low-UF. 
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5.4.2 FTIR Analysis 

PANI was also cast at different thickness of 100 and 250 μm to evaluate the appropriate 

thickness of PANI suitable for filtration. Most literature reports on the use of 200 μm or 

thicker membranes for NF ([23, 29, 161]). In this work, the 250 μm membrane gave a slightly 

different spectrum compared to the 100 μm membrane (Figure 5.9). New PANI peaks can be 

observed upon casting at higher thickness i.e. 3300, 3100, 1600, 1500 cm
-1

. Higher intensity 

PANI peaks in the spectra of a 250 μm membrane in comparison to the 100 μm membrane is 

expected since the infra-red radiation was transmitted and absorbed mostly within the PANI 

thickness range producing a spectra with mainly PANI characterised. The 100 μm membrane 

has similar spectra when compared to the polyester support indicating that PANI at this 

thickness is probably inadequate as a conducting filtration membrane. SEM analysis (above) 

corroborates these results. 

 

5.4.3 Effect of different casting thickness on membrane TGA analysis 

Figure 5.10 shows the TGA thermograms of PANI membranes prepared by the phase 

inversion method. The degradation in PANI membranes was a multi-step process, compared 

to a single-step degradation of the polyester support. A two-step degradation was observed 

with the first stage starting at 50
o
C, representing solvent evaporation and PANI 

decomposition. This was followed by a major degradation stage corresponding to backing 

layer decomposition (around 430
o
C). However, for the 250 μm thick membrane, the final 

decomposition occurred at a temperature ten degrees higher than the other membranes. This 

was probably because the higher wt% of PANI in the membrane required a higher 

temperature for complete decomposition. Like in Chapter 4, the presence of the two-step 

thermal degradation patterns in both types of membranes provide evidence of the formation 

of two phase-separated microdomains in the structure of the support, due to the 

incompatibility of PANI which is of amine and benzene ring functional group and the 

polyester support which is of hydrocarbon nature. This is expected since the phase inversion 

process only coats the support layer rather than reacts with it. From this figure, the 

degradation trend of PANI membranes prepared at different thickness shows only a slight 

weight loss due to degradation. This indicates that membranes cast at 250 μm onto polyester 

support still possess intrinsic thermal properties. 
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Figure 5.8: SEM micrographs of PANI membranes prepared by phase inversion at different casting thickness: (A) membrane cast at 250 µm with (i) to (ii) the cross-section, 

and (iii) the surface; (B) membrane cast at 100 μm with (iv) to (v) the cross-section, and (vi) the surface. 
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Figure 5.9: Phase inversion PANI membranes prepared at different thickness onto polyester support. 

  

 

Figure 5.10: TGA curves of PANI membranes on polyester backing layer prepared at different thickness (i) 50 - 

600
o
C (ii) magnified scale from 50 – 350

o
C. 

 

5.4.4 Effect of different thickness on membrane DSC analysis 

Besides that, DSC analysis was also conducted to measure the thermal stability of the heat 

flow and melting point (Tm) of the polymer membranes prepared under various conditions. 

The membranes were initially prepared at different casting thickness i.e. 100 and 250 μm, and 
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the DSC thermograms are presented in Figure 5.11. Both membranes feature a similar 

endothermic peak at Tm around 260
o
C which is identical to the polyester support. This peak 

represents the melting of polyester support used for casting PANI. A broad pre-endothermic 

peak occurred before the main melting peak of PANI atTm = 260
o
C. The higher the amount of 

PANI content in the membrane, the greater this peak will be, showing that the amount of 

PANI present influences the heat flow in the thermal analysis. A similar peak was also 

observed in the analysis of pure PANI where a large peak was present from 50 to 250
o
C 

[222]. 

 

Figure 5.11: DSC thermograms of PANI membranes cast onto polyester backing layer at different thickness. 

 

5.4.5 Conclusions: Different casting thicknesses 

The following conclusions can be made: 

 SEM images from membranes cast at different thickness ranges from 100 to 250 μm 

show that the microstructural layers in the cross-sections of the membranes change with 

cast thickness. For membranes cast at 250 μm there were three different microstructural 

layers - a dense top layer, a microporous tubular transition/middle support layer and a 

macroporous/open porous support layer. However, only a single layer of large nodular 

structures was observed in the 100 μm thick membrane. The membranes cast at 250 μm 
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thickness show a microstructure that is more typical of that found in good phase inversion 

membranes used for NF and low-UF. 

 PANI membranes cast at a thickness of 250 μm gave FTIR spectra indicating good 

coverage of PANI on the non-woven support. A membrane cast at a 100 μm thickness did 

not however – it has a similar spectra to the polyester support. Since the penetration depth 

in FTIR-ATR is typically around 0.5 to 1 μm only [223], this result indicates that PANI at 

100 μm thickness is likely will be inadequate as a conducting membrane because it does 

not have good PANI coverage. This was not apparent in the SEM analysis however 

indicating that SEM being more representative of the surface thickness. 

 The degradation trend of PANI membranes prepared at 100 to 250 μm thickness shows 

only a slight weight loss due to degradation. This indicates that membranes cast at 250 

μm still possess intrinsic thermal properties thus would be suitable to be used in pressure 

filtration as has been figured out from the morphological and chemical properties.  

 

5.5   Effect of different evaporation times  

5.5.1   SEM analysis 

Phase inversion was also carried outwith different evaporation times in order to study its 

effect on the membrane morphology. Initially, the evaporation time of the membrane applied 

after casting range from 0, 15, 30, 60 to 90 seconds. However, when the evaporation time 

was increased to 30 seconds or more, the doped solution absorbed further into the polymer 

support, resulting in non-homogeneous spread on the polymer support. None of these 

membranes have good and consistent physical features except when 0 or 15 seconds 

evaporation time was applied. Consequently, only 0 and 15 seconds evaporation times were 

studied in this work.  

Results are presented in Figure 5.12. It was found that all of these membranes have 

almost morphologically identical cross-sections and surfaces. The cross-sections all have 

three layers: Figure 5.12 (A-iii) and (B-vii) show a dense layer of a few hundred nm 

thickness followed by the middle and bottom layers: Figure 5.12 (A-i), (A-ii), (B-iv) and (B-

v) show tubular porous structures of differing sizes. The membrane surfaces are all smooth, 

especially for the membrane evaporated for 15 seconds (Figure 5.12 B(viii)).  

 Therefore, like other polymers (e.g. polyimide [44]), small differences in low 

evaporation times have no noticeable structural effect on these membranes when imaged by 

SEM.  
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Figure 5.12: Phase inversion of PANI membranes prepared with different evaporation times: (A) 0 seconds with: (i) to (iii) the cross-section and (iv) the surface; and (B) 15 

seconds with (v) to (vii) the cross-section, and (viii) the surface. 
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5.5.2   Conclusions: Varying evaporation times 

Membranes cast with 0 and 15 seconds evaporation times have almost identical 

microstructural features both in the cross-section and surface with three layers of different 

structures. Higher evaporation times (60 seconds and above) were not possible, since the 

doped solution absorbed further into the polymer support, resulting in non-homogeneous 

films on the polymer support. Therefore an evaporation time of 15 seconds and below was 

used for all further membranes. 

 

5.6   Effect of different backing layers 

5.6.1   SEM analysis 

Two different backing layers were used in this study, primarily due to the limited amount of 

polyester backing sheets supplied by Cranemat™. Consequently, Novatexx™ PE/PP mixture 

support polymer, generously supplied by Freudenberg Filter, Germany, were used instead 

partway through the study. Fortuitously this therefore allowed a comparison to be made 

between the different backing layers used and the effects and properties of the PANI 

membranes cast onto them. The cross-sectional and surface morphology of the different 

supports is shown in Figure 5.13.  

The morphology of the PE/PP mixture support is similar as in the polyester support 

(Figure 5.13 A(i) and B(ii)) based on the identical arrangements of fibres. However, it can be 

seen that the polyester has a tighter web structure than the PE/PP mixture based on the close 

distance between the fibres observed. Polyester is also seen to have thicker fibres than PE/PP 

mixture. These microstructural difference are advantageous to allow proper binding of PANI 

with the support and to ensure that the membrane is safely sealed onto the support as shown 

in Figure 5.13 A(iii). This result is supported by the cross-sectional images of the interface of 

PANI membrane on polyester support (Figure 5.13 A(iii)). A better bonding can be seen from 

the interface of PANI and polyester support layer that seems to stick more to the polyester 

support than the PANI membrane cast on PE/PP mixture support (Figure 5.13 B(iv)) even 

after dipping them in liquid nitrogen and snapping off for SEM sample preparation. The 

PANI membrane though can be nicely cast onto PE/PP mixture to increase the membrane 

strength, the PANI layer found to have separated from the PE/PP support after undergoing 

the same SEM sample preparation probably because of the weak sealing properties between 

PANI and the PE/PP support. 
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This all indicates that the PE/PP mixture support is morphologically similar to 

polyester support with sufficient PANI sealing properties except for the bonding ability, 

which is not that good compared with the polyester support. This shows that, from a 

morphological and microstructural perspective, that the two supports produce quite different 

bonding to PANI membrane interface and that the support has a little or no influence on the 

PANI layer, which possess a relatively the same microstructural properties under both 

supports. Further analysis such as thermal analysis is required to find their similarities in 

terms of thermal properties to withstand high temperatures. 

 

Figure 5.13: SEM morphology of the polymer supports used for casting of phase inversion PANI membranes: 

(A) polyester membrane support with (i) the surface, (iii) the cross-section of PANI membrane cast onto the 

polyester support, and (B) PE/PP mixture polymer support with (ii) the surface, (iv) cross-section of PANI 

membrane cast onto the PE/PP support. 

 

5.6.2 FTIR analysis 

As explained previously, two different backing layers were used in this study. The 

comparison between the FTIR spectra of membranes using different backing layers to 

support the PANI is presented in Figure 5.14. It can be seen that the spectra of the PANI 

membranes cast under the same conditions but on different support materials has little 

difference in terms of the peaks detected. Prominent bimodal peaks are found for the PE/PP 

mixture support at around 2750 – 2950 cm
-1 

but the rest of the peaks occurring from 1600 - 
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500 cm
-1 

are almost identical. This shows that, from a FTIR spectra perspective, that the two 

membrane supports produce very similar PANI membranes indicating that the supports have 

little or no influence on the PANI layer.  

 

Figure 5.14: Phase inversion of PANI membranes onto different backing layers as support. 

 

5.6.3   Conclusions: Effect of non-woven support layer 

The following conclusions can be made: 

 The effect of casting membranes onto different support polymer materials (one 

polyester and one PE/PP mixture), have similar non-woven structures but tighter and 

stronger fibres with better sealing properties between PANI and polyester are observed. 

This showed that the membrane cast onto polyester has a better PANI bonding than in 

PE/PP mixture. Other microstructural properties of the PANI membrane however do 

not change when cast on the different support materials. 

 PANI membrane cast onto different support materials showed only a small difference 

in terms of the peaks detected in FTIR. Prominent bimodal peaks are found in PE/PP 

mixture support at around 2750 – 2950 cm
-1 

(attributable to CH-CH bonding), with the 

rest of the peaks occurring from 1600 to 500 cm
-1 

being almost identical attributing to 

PANI presence. This shows that, from FTIR spectra perspective, that the two 
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membrane supports produce very similar PANI membranes, which indicates that the 

support has little or no influence to the cast PANI membranes. 

The differences in thermal behaviour is explored further in Section 5.8, since this is also used 

to explain the effects of post-casting heat treatment on the membranes. 

 

5.7   Effect of co-solvent addition  

Next, the effect of co-solvent addition to the PANI doped solution in the synthesis of phase 

inversion PANI membranes was studied. As established in Section 2.5.1.2, NMP has been 

reported to be the best solvent to dilute PANI [9, 23, 114], therefore it is used as the main 

solvent in the membrane fabrication for this present work. The addition of a volatile co-

solvent that would evaporate fast from the cast membrane was investigated in order to 

produce a top layer with elevated polymer concentrations on the surface different (which will 

hopefully give a MWCO in the NF range) [126]. In this work, acetone was used as the co-

solvent due to its high volatility, low cost and availability. The volumetric ratio of acetone to 

NMP used in the doped solution making was 1:3 of acetone:NMP. PE/PP mixture support 

from Freudenberg Filters was used for the membrane backing layer. 

Figure 5.15 shows the effect of acetone addition on the morphology. From the results, 

only two separate layers were observed in the membrane with the co-solvent but more than 

two layers were observed in the membrane made without (Figure 5.15 A(i) and B(iv)). The 

top cross-section layer of the membrane prepared with addition of acetone have a thinner and 

denser layer than the membrane prepared without it and have few different porous layers 

supporting it (Figure 5.15 B(v)) and Figure 5.15 A(ii)). Mottled and hazy top surface were 

also present at the top surface of the membrane with acetone addition which is different from 

the conventional membrane (refer Figure A(iii) and B(vi) for comparison). Baker et al. [35] 

has also encountered this change in the surface during phase inversion in addition of co-

solvent. These differences in the microstructures are hard to explain and other 

characterisations are needed to determine if the co-solvent (acetone) really makes a 

difference in the structure.  

From this study, it may be concluded that the addition of co-solvent produces a 

potentially good membrane in term of its top layer morphological properties. A thinner and 

maybe denser top layer is obtained for adding acetone as a co-solvent in this study. However 

the good qualities of these membranes were not recognised until all work on this project was 

finished, therefore, subsequent membranes in this work were prepared following the 
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conventional way (without co-solvent). However, this membrane may have high potential for 

NF based on these findings and so should be considered for future work in this area.   

 

5.8 Effect of membrane heat treatment  

5.8.1   SEM analysis 

The PANI membranes cast onto the PE/PP mixture support were also treated at high 

temperatures in order to reduce surface defects and (if possible) affect top layer 

characteristics. Heat treatment in PANI generally refers to the polymer annealing upon 

heating at a temperature between 150 to 200
o
C, when the conductivity is believed to be 

reduced at higher annealing temperature [224]. Literature also indicates that PANI heat 

treatment affects not only the conductivity [225], but also morphology [27, 141], flux and 

selectivity [23, 44]. The heat treatment was performed at 150
o
C for 3 hours in an oven. 

Figure 5.16 shows the comparison of the HCl doped membrane microstructure before 

and after heat treatment. It was found that the membrane surface became very smooth after 

heat treatment (Figure 5.16 A(i) and B(v)).  This is indicative of restructuring of the PANI 

molecules under heat [44]. Densification is believed to occur upon heat treatment of the 

PANI membrane which removes defects on the surface and suppresses plasticization [44]. 

The membrane compaction can be clearly seen when comparing Figure 5.16 A(iii) to B(vii), 

where the top-section is thicker and bottom-cross-section is thinner after heat treatment.  

However, upon heat treatment, the PE/PP mixture support seems to have changed its 

form. This can be seen from the support structure images in Figure 5.16 B(vi) and B(viii), 

where the non-woven fibres appear to have melted when compared to the non-heat-treated 

membrane. The non-treated membrane has individual fibres scattered under the membrane, 

but upon heat treatment, the support appears to have melted and harden, and the membrane 

support can be uncharacteristically easily torn off. This all indicates that although the heat 

treatment appears to improve the morphology of the PANI membranes, it has a negative 

effect on the chosen supports. Future work should therefore focus on finding more thermally 

compatible non-woven supports. In this study, the PANI membrane cast on polyester support 

was not carried out for heat treatment because only limited quantities of the support were 

available. 

 Further analyses (i.e. chemical, conductivity and thermal) will be presented to show 

the effect of heat treatment on the membrane support to link them with the separation 

properties.
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Figure 5.15: SEM micrographs of PANI membranes prepared in: (A) NMP only as solvent with (i) to (iii) the cross-section and (iv) the surface; and (B) NMP followed by 

acetone as co-solvent at a volumetric ratio of 1:3 of Acetone : NMP with (iv) to (vii) the cross-section and (viii) the surface. 
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Figure 5.16: Phase inversion PANI membranes (A) without heat treatment with (i) to (iii) the cross-section and (iv) the surface; and (B) after heat-treatment with (v) to (vii) 

the cross-section and (viii) the surface 

 

 

.
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5.8.2 FTIR analysis 

Figure 5.17 depicts the spectra of two PANI membranes that have undergone heat treatment 

at 150
o
C for 3 hours in comparison to the original untreated PANI membrane and the pure 

PE/PP support polymer. The backing layer of PE/PP mixture support clearly possessed -CH 

stretching and bending at 2925 and 2825 cm
-1

. These peaks increased in intensity with 

addition of PANI after phase inversion without heat treatment or crosslinking. However, 

upon heat treatment, the membrane spectra were found to change quite significantly, 

especially with the disappearance of peaks at 2925 to 2725 cm
-1

 and 1400 cm
-1

. The peaks at 

2925 to 2725 cm
-1 

most likely correspond to the change in the PE/PP mixture polymer 

support due to the support melting, whereas the peak at 1400 cm
-1 

corresponds to the change 

of imine group to amine (breaking up of double bond in NH) due to crosslinking. The 

crosslinking mechanism in PANI has been previously reported [29, 226], and shows that the 

=N− in PANI becomes  − N− during heat treatment, encouraging further linking to another 

PANI molecule between the radicals generated. Further details on this mechanism can be 

found in Appendix D. This result shows that heat treatment therefore affects the PANI layer, 

since the treatment had changed the PANI physically by removal of the =N− bond. 

Fortuitously, this could be detrimental for the acid dopant in the polymer since imine group 

in the polymer functions as holders for the acid dopant and by breaking up of its double 

bonds during heat treatment causes the decay of acid dopant attachment to possibly decrease 

the PANI conductivity (see Section 5.9.3). Similar result was obtained in the heat treated 

PANI membrane coated onto PVDF, which was prepared by diffusion cell polymerisation 

(refer Section 4.6.2). The peak intensities representing PANI at 1600 and 1500 cm
-1 

have 

decreased indicating possible crosslinking where the imine groups have broken the double 

bond to become amine at these wavenumbers. At this stage also, acid dopant attached to the 

imine group will be released out due to the chemical bond changes. Electrical and thermal 

analysis was performed and presented in the next sections to support the crosslinking theory. 

The deformation of the support observed in the SEM results is also apparent in the 

FTIR spectra (Figure 5.17), where the CH-CH peaks (at wavenumbers 2925 and 2825 cm
-1 

for the spectra marked with green line, which represents cross-linked PANI with no dopant) 

correspond to the deformed membrane support upon heat treatment. The PE/PP support 

melting has caused this change in the spectra which can be further confirmed via thermal 

characterisation (Section 5.8.4). 
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Figure 5.17: Phase inversion PANI membranes onto PE-PP backing layer with and without heat treatment 

(crosslinking). 

 

5.8.3 TGA analysis 

TGA was conducted to determine more about what was occurring in the membrane cast on 

different backing layers. The thermograms of the membranes cast onto polyester or PE/PP 

mixture supports are presented in Figure 5.18. From the figure, the overall thermograms 

showed that PANI cast onto PE/PP mixture has completely decomposed at temperature 

600
o
C while the membrane cast onto polyester has only decomposed less than 50% of its 

total weight. However, the initial decomposition rate for both membranes is almost identical 

as shown in Figure 5.18 (ii), with the exception at 50
o
C where there is a slight weight loss in 

the membrane cast onto PE/PP mixture membrane support. This was probably due to the 

evaporation of volatile compounds which occurred earlier in this membrane. Next, the same 

degradation lines/slopes were observed at 150 to 250
o
C probably due to the melting of PANI 

in both membranes. Finally, the melting of the membrane supports and decomposition of the 

membranes itself took place. From this observation, it can be concluded that the membranes 

show a stable degradation trend regardless of whether polyester or PE/PP mixture support is 

used. It was also shown that PANI membranes prepared without acid dopant addition can be 

used at high temperatures due to their thermal stability. 
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Figure 5.18: TGA curves of PANI membranes cast onto polyester and PE/PP mixture  backing layers (i) 50 to 

600
o
C (ii) magnified scale from 50 – 350

o
C. 

 

5.8.4 DSC analysis 

The thermal analysis in DSC was also performed to examine the heat treatment effects of the 

membranes and the effect this has on the different backing layers in particular. The results are 

illustrated in Figure 5.19. In this figure, the sharp endothermic peak that represents the 

melting of the different types of membrane supports (polyester: black line and PE/PP 

mixture: blue line) are located very far from each other. PE/PP mixture has a melting point 

(Tm) at around 140
o
C but the polyester melted at 260

o
C. This result supports the SEM 

analysis where the heat treatment performed at 150
o
C for the membrane cast onto PE/PP 

have shown morphological changes to the support as it seems to have melted after the heat 

treatment. This also suggest that the heat treatment of the membrane should be carried out at 

temperatures below the Tm (< 140 
o
C). 

In this study as well, the broad melting peak of PANI in the two membranes occurred 

at approximately the same temperature which was at 150 to 160
o
C. However, the size of the 

peak in PE/PP mixture is not as broad as that in the polyester. This is probably because these 

two support layers have different thickness and weight. The thicker PE/PP mixture support 

layer contributed to the higher weight of the sample, thus reducing the weight of PANI in the 

DSC run. Nevertheless, the PANI Tm in this work is similar to literature reports (150
o
C < 

Tm< 200
o
C) [23, 29, 100, 207, 222]. 
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Figure 5.19: DSC thermograms of PANI membranes cast onto polyester and PE/PP mixture backing layer. 

 

5.8.5 Electrical conductivity 

The electrical conductivity of the HCl doped PANI membranes measured by the 4-point 

probe conductivity meter, were compared to the heat treated membranes and the result is 

shown in Table 5.2. It was found that the conductivity value of the HCl doped membranes 

(non-heat treated) is 4.484 S cm
-1

, but no conductivity could be measured after performing 

heat treatment on the HCl doped membranes. As highlighted in the FTIR analysis (Figure 

5.17), the heat treated membrane has completely diminished imine bands that hold the acid 

dopant, resulting in the transformation from conductive to insulative membranes. There was 

no conductivity after heat treatment. This is probably due to a combination of structural 

changes (confirmed in FTIR), such as deprotonation, removal of acid dopant, loss of 

conjugation, oxidative processes, crosslinking and/or other chemical reactions on PANI 

chains such as chlorination and sulfonation [225]. These structural changes are believed to 

have influenced the membrane conductivity and also could affect the tuneable selectivity – 

this will be examined in Section 5.10.  
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Table 5.2: Conductivity measurements of phase inversion membranes with/without heat treatment. 

Phase inversion membranes in different dopants Conductivity (S cm
-1

) 

No dopant + HCl 4.484 

No dopant + HCl (heat-treated at 150 
o
C, 2 hours) 0.000* 

* conductivity value was not measureable using the 4-point probe technique 

 

5.8.6 Conclusions: Effect of membrane heat treatment 

The following conclusions can be made: 

 The effect of heat treatment at 150
o
C for 3 hours on the membrane have caused the 

membrane surface to become smoother, due to restructuring and relaxing of the PANI 

molecules under heat. However the membrane support from non-woven PE/PP mixtures 

have melted and warped indicating that more thermally stable non-woven supports need 

to be found for future work in this area. 

 FTIR analysis shows that the membrane heat treated at 150
o
C for 3 hours has diminished 

FTIR peaks representing PANI at 2925 and 2725 cm
-1

 and 1400 cm
-1 

indicating the PANI 

crosslinking and removal of dopants from the PANI. FTIR analysis also confirmed the 

degradation of the PE/PP support layer during heat treatment, showing a disappearance of 

the bimodal peaks in the spectra that represent PE/PP mixture support. 

 TGA analysis for the degradation in PANI membranes was revealed to occur in a few 

steps when compared to the support polymer used of either polyester or PE/PP mixture. A 

two-step degradation was observed with the first stage starting at 50
o
C followed by a 

major degradation stage at around 430
o
C corresponding to the backing layer 

decomposition. Although the final decomposition of the membrane cast onto polyester 

has only decomposed less than 50% of its total weight compared to PE/PP mixture, the 

initial decomposition rate for both membranes is almost identical rate. This shows a 

stable degradation trend regardless of whether polyester or PE/PP mixture support is 

used. 

 DSC results confirmed the findings in TGA which showed that all the membranes cast 

onto PE/PP mixture support have sufficient thermal stability with moisture volatilisations 
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observed only at the initial temperature for membranes using different dopants. However 

the sharp endothermic peak that represents the melting of the different types of membrane 

supports have shown that PE/PP mixture has a melting point at around 140
o
C but the 

polyester melted at 260
o
C. This result supports the SEM and FTIR analysis where the 

heat treatment performed at 150
o
C for the membrane cast onto PE/PP mixture have 

shown morphological and chemical changes to the support polymer as it seems to have 

melted after the heat treatment. This also suggest that the heat treatment of the membrane 

should be carried out at temperatures below the Tm (< 140
o
C). This finding may also 

encourage the application of the membranes at temperatures below 140
o
C in order to 

avoid the melting of the PE/PP mixture membrane support. 

 The electrical conductivity of the HCl doped PANI membranes drops from around 4 S 

cm
-1

 to 0 S cm
-1

 after heat treatment. This supports the structural changes observed and is 

probably caused by factors including deprotonation, dopant removal, loss conjugation of 

the imine group, caused by the heat treatment. 

 

5.9   Effect of different acid dopants 

5.9.1   SEM analysis 

The addition of different types of dopant was next investigated. The dopants were: ASA, 

DBSA, MA and PMVEA followed by secondary doping with the conventional dopant HCl 

(1M), to improve electrical conductivity. The different membranes were fabricated following 

specific parameters: 25 wt% PANI, 0 seconds evaporation time, casting onto PE/PP mixture 

support. When different acid dopants were added to the doped solution during membrane 

preparation, the cast membrane was found to possess different observable properties (Table 

5.3): 

Table 5.3 shows that most of the membranes had a flexible and smooth surface in 

both dry and wet states. However, membranes doped in DBSA and HCl were brittle with 

bumpy and smooth surfaces, respectively. PANI doped with DBSA has been reported to be 

only successfully prepared using a method which involved in-situ polymerisation and doping 

under a controlled temperature of 0 ± 1
o
C, followed by grounding and pressing under high 

temperatures and pressures to form a sheet membrane [227]. Sairam et al. [29] reported the 

same observation for PANI doped in DBSA, in which the doped solution gelled up during the 

casting process when the phase inversion method was used to prepare a NF PANI membrane. 
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Dopants like MA produced a membrane that can be doped and cast. It was found that bigger 

monomeric acid dopants like DBSA have an impact on processability of the solution because 

heavier acids cause faster solution gelation [29]. In this present work, the doped solution can 

still be cast upon addition of DBSA. This was probably due to the difference in PANI MW 

and MW distribution used. However, this membrane was more brittle than others. 

Table 5.3: The effect of using different dopants on the membrane fabrication process. 

No. Acid dopant Dopant‟s nature MW of dopant  

(g mol
-1

) 

Remarks from the membrane 

fabrication process 

1. No dopant Not applicable Not applicable Flexible membrane with smooth 

surface in dry and wet state.  

2. Maleic acid (MA) White powder, 

monomeric acid 

116.07 Flexible membrane with smooth 

surface in dry and wet state. 

3. Anthraquinone 

sulfonic acid 

(AQSA) 

Light yellow 

powder, 

monomeric acid 

310.25 Flexible membrane with smooth 

surface in dry and wet state. 

4. Dodecyl benzene 

sulfonic acid 

(DBSA) 

Pale yellow 

powder, 

monomeric acid 

326.49 Brittle with bumpy surface in dry 

and wet condition.  

5. Poly(methyl vinyl 

ether-alt-maleic 

acid) (PMVEA) 

Crystalline 

powder/granules, 

polymeric acid 

960,000 Flexible membrane with smooth 

surface in dry and wet state. 

6. Hydrochloric acid 

(HCl) 

White fume 

liquid, organic 

acid 

36.46 Very brittle but smooth surface 

in dry and wet state. 

 

Membranes that were doped in high concentration aqueous HCl (6 M) during phase 

inversion had a brittle yet smooth surface in both wet and dry states. This is expected, as the 

membrane was exposed to high concentrations of strong acid, which would likely corrode the 

membrane. Identical outcomes were reported when varying the HCl concentration during 

polymerisation, in which the MW and conductivity of the polymer were found to be lower 

upon increasing the acid concentration [228]. Chao et al. [195] also observed that high HCl 

concentrations and long duration of protonation process led to PANI viscosity reduction and 

these data indicated unambiguously that degradation has occurred in the polymer, which was 

probably due to the hydrolysis of the imine N − C bond. 
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The addition of the polymeric acid dopant PMVEA to the doped solution prior to 

casting created a membrane with flexible and visibly smooth surface although the molecular 

size of this dopant is far much bigger than the rest of the dopants used. Visibly good 

membrane properties in PMVEA are due to the structure of the polymeric acid which 

dissolves completely in solvents when compared to other monomeric acid dopants used. 

Although PMVEA has never been reportedly used as the dopant in phase inversion 

conducting polymer membranes,  this polymeric acid was proven of its ability to be doped in 

PANI by in-situ chemical polymerisation to produce PANI nanocapsules and nanotubes [80]. 

A critical review by Liu and Zhang [229] clearly outlined that PANI can be cast as 

nanocapsules and nanotubes even with the addition of polymeric acid dopants like PMVEA. 

The addition of PMVEA creates hollow properties to the nanomaterials which is desirable in 

this present work. Various nanostructured surface membranes could allow further tuneability 

during application in pressure filtrations. Literature also reported on the smoother surface 

obtained in the membrane doped with acidic compounds with a greater rate of solutes 

transport through it [230]. 

The surface and cross-sectional morphologies of the membranes at various positions 

are presented in Figure 5.20. From the results, it is shown that ASA (sulfonic acid dopant) 

and carboxyl dopant (i.e. PMVEA) gave a different morphology. It is observed that PANI 

doped in carboxyl (MA and PMVEA) has a thicker dense layer on the membrane top cross-

section relative to PANI doped in sulfonic (ASA and DBSA). Since this thick and dense layer 

was found in the carboxyl doped membrane, a higher absorption driving force may be 

required to permeate the water through the membrane.  

On the other hand, the HCl doped membrane has surface and cross-sectional 

morphology almost identical to that of the ASA doped membrane. Due to their 

microstructure similarities, ASA and HCl doped membranes are therefore suitable for “apple 

to apple” comparison of the effect of different dopants on membrane permeability in contact 

angle and filtration studies. SEM results also confirmed that the top layer of ASA and HCl 

doped membranes have integrally dense skin layer, suggesting that the permeation of water 

may depend on the nano- and micro-structure of the membranes, their dopant type and 

conductivity. This will be confirmed in the next analyses presented.  

 

5.9.2 FTIR analysis 

FTIR can be used to demonstrate the effectiveness of incorporating different dopants into the 

membranes. As previously described, five different dopants were added to PANI membranes 
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and compared to the un-doped PANI membranes. The FTIR spectra are illustrated in Figure 

5.21 (i) and (ii). The intensity of the peaks that represent the non-woven backing layer, −CH 

stretching and bending (Figure 5.21 (i)) increases with addition of PANI after phase inversion 

at 2925 and 2825 cm
-1

. The membranes with ASA and PMVEA acid dopants have the 

highest increases in these peaks but membranes primarily doped with DBSA and HCl showed 

some peak intensity reductions.  

The presence of new strong peaks in PANI membranes when compared to the 

membrane support was detected at 2000 to 500 cm
-1

 wavenumbers (Figure 5.21 (ii)). For 

example, the peaks at 1600 and 1520cm
-1

depict the stretching of quinoid and benzenoid in 

PANI respectively. The intensities of the peaks in different dopants (primary + secondary) 

follow this order: no-dopant + HCl > HCl + HCl > ASA + HCl > DBSA + HCl > PMVEA + 

HCl > MA + HCl. This is makes sense, as the arrangement is based on the molecular size and 

amount of the acid dopant other than PANI availability in the membrane. This is because the 

acid dopant compounds have concealed the aromatic amine groups that represent PANI in the 

spectra, resulting in smaller peaks. PANI doped in different types of dopants were found to 

have new sharp peaks at 1300 cm
-1

 and 1225 cm
-1

, which may be due to the presence of 

carboxyl and sulfonyl groups and also additional benzene rings from the dopants i.e. ASA, 

BDSA. Dopants from MA and PMVEA, which have no benzene ring associated were found 

to have decreased the intensity of PANI peaks at 1300 cm
-1

 and 1225 cm
-1

. 

Details of the peak identification for PANI refers to Table 4.1 (in Chapter 4) and also 

the work by Kang et al. [78]. Both HCl doped membranes (no-dopant + HCl, HCl + HCl) 

gave the highest PANI peak intensities due to the excess aromatic amine groups being 

detected by the infrared in comparison to membranes doped in other chemical compounds 

such as sulfonic and carboxyl groups.  



Chapter 5 – Phase Inversion Membranes  

 178 

 

 

 

 

 

Figure 5.20: SEM images of membranes prepared by phase inversion using different dopants: the surface and cross-sectional view. 
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Figure 5.21: FTIR spectra for PANI membranes using different types of acid dopants and with or without 

secondary doping in 1M HCl presented at different scales (i) 3500 - 2500 cm
-1

 and (ii) 2000 – 500 cm
-1

. 

 

Based on the observation from this FTIR spectroscopy, it can be concluded that PANI 

membranes doped in various acid dopants were successfully prepared by phase inversion. 

Undoped PANI membranes later doped in HCl have shown the most prominent peaks 

representing PANI. The membranes that were doped in sulfonyl group dopants (i.e. ASA, 

DBSA) gave PANI peaks of medium intensities when compared to the membranes primary 

doped in HCl. Finally, doped membranes that contain carboxyl groups from MA and 

PMVEA gave PANI peaks of the lowest intensities. Undoped and ASA doped PANI 

membranes which were secondarily doped in HCl seem to possess the best physical 

properties from the IR signal strength and visible observation during the membrane 

fabrication.  

 

5.9.3 Effect of membrane electrical conductivity 

The electrical conductivity of the doped membranes measured by 4-point probe conductivity 

meter is presented in Table 5.4. The membrane conductivity varies when different dopants 

were used in the membranes. The highest conductivity was found in the undoped membrane 

that has been secondarily doped in HCl. This is followed by the membrane doped in carboxyl 

group dopant (MA, PMVEA) and finally in sulfonyl group dopant (ASA, DBSA). These 

results support the spectral analysis in FTIR with the intensity of PANI correlating well to the 

level of conductivity. However a higher conductivity was observed in the carboxyl group 

dopant (MA, PMVEA) than sulfonyl group dopant (ASA, DBSA) which is opposite to the 

FTIR spectral finding.  
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The conductivity of HCl doped membranes are four times higher than the carboxyl 

doped membranes while the conductivity of sulfonic acid doped membranes are four times 

lower than the carboxyl doped membranes. These findings will be linked with the permeation 

to show the dependency of permeation rate on the conductivity (Section 5.10). 

 

Table 5.4: Conductivity measurements of phase inversion membranes in different dopants. 

Phase inversion membranes in different dopants Conductivity (S cm
-1

) 

No dopant + HCl 4.484 

ASA + HCl 0.568 

DBSA + HCl 0.483 

MA + HCl 1.323 

PMVEA + HCl 1.112 

 

5.9.4 Electrochemical properties 

The electrochemical properties of the membranes were analysed using cyclic voltammetry to 

study the I-V relationship of PANI upon addition of different types of dopants in the 

membranes. The cyclic voltammograms are presented in Appendix G. The cyclic 

voltammograms show that the oxidating and reducing curves in PANI membranes can be 

seen in 1 M HCl. However the two peaks that identify the PANI voltammetry could not be 

seen in the voltammogram. This is because, like the membranes in Chapter 4, the membranes 

are very thick in relative to the PANI membranes used in literature to perform cyclic 

voltammetry, thus resulted in peaks with negligible intensities (they are effectively invisible) 

[120]. Furthermore, the membranes were also cast onto a non-conductive support from a 

PE/PP mixture polymer, and this has caused a high resistance towards the aqueous solution. 

This all conspires to mean that the peaks that normally represent PANI in the voltammogram 

were not detected [70, 120]. Similar results were found in the coating of PANI onto PVDF by 

coating composite polymerisation as detailed out in Section 4.7.2, where the oxidation and 

reduction curves were plotted without the PANI peaks.  

 

5.9.5 Effect of different acid dopants on membrane TGA analysis 

The TGA results for the membranes synthesised in with different dopants cast onto PE/PP 

mixture support are shown in Figure 5.22. The plots represent the weight of the original 

membrane sample as a function of the heating temperature. At around 100
o
C, the membranes 

show an initial weight lossdue to vapourising of volatile components such as water or 
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solvents that were still bound to the membranes, followed by the melting of the polymer. This 

is followed by a drastic weight loss at a temperature of 350 to 450
o
C for all membranes, 

assumed to be the onset temperature of thermal degradation of PANI and the support polymer 

because a polymer usually shows weight loss at the moment it starts to degrade. A high onset 

temperature means the polymer possesses a high thermal stability [231]. The degradation 

temperature of the undoped membrane is higher than the doped membranes which is in 

agreement with the work of Zilberman et al. [232]. Among the doped membranes, the highest 

onset temperature was found to be for the PMVEA sample, followed by MA, DBSA and 

ASA. DBSA and ASA doped membranes have the lowest onset temperature probably 

because the dopant consists of sulfonic acid, which is easily degradable in relative to the 

carboxyl dopant. PMVEA shows the slowest degradation rate at the onset temperature due to 

the high MW of the polymer dopant, which was well mixed with the PANI thus leaving one 

single domain in the degradation trend at 350 to 450
o
C. Other than looking at the weight loss 

trend, the thermal stability can also be estimated by considering the overall weight loss of the 

membrane sample. The highest weight loss was recorded for the PE/PP mixture membrane 

support, at 590
o
C with almost total decomposition leaving behind only traces of burnt sample 

in the pan. The measured total weight loss of the PANI membranes ranged between 30 to 

50% in comparison to the chromatogram of the pure membrane support. This was verified by 

the sight of a lot of polymer residue in the heating pan after the gravimetric analysis. In this 

analysis, the undoped membrane shows a significantly higher weight loss than the doped 

membranes at the end of the heating, showing that the addition of acid dopant could lower the 

total weight loss. This is because the acid dopant itself does not completely decompose. 

Higher temperatures (> 600
o
C) may be needed to totally decompose the doped membrane 

samples but a high thermal resistance pan such as made of Pt should be used rather than 

aluminium. 

The differences in the degradation behaviour of each of the membranes can be 

explained in two different ways. Firstly, the composition of PANI membrane and its support 

are not consistent with each other due to the influence of the acid dopant in the membrane 

structure. Thus, as the membrane support thickness remains constant, the composition of 

PANI in the membrane at a fixed weight is varied and this influences the total weight loss. 

The thickness and density of the membrane is strongly dependent on the size and weight of 

the dopant used. Secondly, the acid dopant has an effect on the thermal stability of the 

membrane, based on the difference in total weight loss found in the use of different dopants. 

These effects could possibly be examined by TGA on themembranes without the supporting 
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polymer, but the challenge in casting the membranes without a support is a limitation, as 

PANI membranes are not mechanically strong without a support. 

 

Figure 5.22: TGA curves of PANI membranes cast onto PE/PP mixture backing layer with different acid 

dopants (i) 50 to 600
o
C and (ii) magnified scale from 50 to 350

o
C. 

 

5.9.6 Effect of different acid dopants on membrane DSC analysis 

Figure 5.23 shows the heat enthalpy of PANI membranes prepared with different dopants as a 

function of temperature. The membranes showed identical peaks at around 130 to 160
o
C, 

which correspond to the melting of the membrane support. PE alone shows a sharp peak at 

130
o
C and PP at 160

o
C (values depend on the density of the polymers, for this study average 

values were taken) [233, 234]. When the membrane support starts melting, the heat flowing 

through the sample is absorbed as latent heat thus additional heat must flow through the 

sample to maintain its temperature. During this endothermic phase transition,a peak appears 

on the DSC plot. Of all the membranes doped in acid, the ASA doped membrane has the 

biggest peaks shift from the support layer peaks of about 10
o
C. On the other hand, the 

remaining doped membranes shifted less significantly than the undoped PANI membrane. 

This is probably due to the loss of dopant which is thermally less stable than the undoped 

membrane [232]. Similar results were obtained in TGA analysis where the weight loss of the 

doped PANI occurred earlier than the undoped membrane. There was also another broad peak 

between 150 and 160
o
C corresponding to the melting of PANI.The change in heat enthalpy 

with the Tm of PANI could be due to thermal crosslinking. This result is supported by the 

TGA analysis,where the weight loss is very small in this temperature range. PMVEA and 
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DBSA doped membranes have shown a sharp endothermic peak at 160
o
C corresponding to 

the melting of PE/PP in the membrane support and masked with a broad PANI peak. 

Addition of large dopants like DBSA reduced and diffused the peak intensity [191]. If the 

temperature is increased further, a peak for each membrane can be found at higher 

temperatures (around 300
o
C) where the heat flow increases drastically.  

 

Figure 5.23: DSC thermograms of PANI membranes cast onto PE/PP support using different acid dopants. 

 

5.9.7 Conclusions: Effect of different acid dopants 

The following conclusions can be made: 

 The effect of adding different dopants on the membranes showed that PANI doped in 

carboxyl acid derivatives (MA and PMVEA) has a thicker dense layer on the membrane 

top cross-section compared to PANI doped in sulfonic acid derivatives (ASA and DBSA). 

The HCl doped membrane has surface and cross-sectional morphologies almost identical 

to the ASA doped membranes. Due to their microstructure similarities, ASA and HCl 

doped membranes are chosen for further comparison on membrane permeability in 

contact angle and filtration studies, since the effect of dopant can be best revealed from 

these two. 
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 FTIR confirmed that the membranes have all of the acid dopants incorporated into 

them.The presence of carboxyl, sulfonyl groups and additional benzene rings from the 

dopants i.e. ASA, BDSA have resulted new sharp peaks at 1300 cm
-1

 and 1225 cm
-1 

in the 

spectra. MA and PMVEA dopants, which have no benzene ring associated were found to 

have decreased the intensity of PANI peaks. Both HCl doped membranes (no-dopant + 

HCl, HCl + HCl) gave the highest PANI peak intensities due to the excess aromatic 

amine groups in comparison to membranes doped in other chemical compounds such as 

sulfonic and carboxyl groups. 

 The highest conductivity was found in the undoped membrane that has been secondarily 

doped in HCl followed by the membrane doped in carboxyl group dopant (MA, PMVEA) 

and finally in sulfonic acid dopant (ASA, DBSA). The conductivity of HCl doped 

membranes are four times higher than the carboxyl doped membranes while the 

conductivity of sulfonic acid doped membranes are four times lower than the carboxyl 

doped membranes. This shows that HCl is the dominant influence on the conductivity 

values. Thus all membranes require doping in HCl in order to increase their conductivity 

and free volume tuneability in filtration. These findings will be linked with the 

permeation study in the dynamic contact angle to show the dependency of permeation 

rate on the conductivity. 

 The degradation temperature of the undoped membrane is higher than the doped 

membranes in PMVEA, MA, DBSA and ASA. Dopants of sulfonic acid (DBSA and 

ASA) have the lowest onset temperature than the carboxyl acid (PMVEA and MA) due to 

their easy degradable. The highest MW of dopant from PMVEA shows the slowest 

degradation rate at the onset temperature due to high MW of the polymer dopant, which 

was well dissolved with the PANI in NMP thus leaving one single domain in the 

degradation trend at above 350
o
C. 

 

5.10 Dynamic contact angle analysis: Initial tuneability assessment 

Based on the previous characterisations, the phase inversion membranes with membrane 

microstructures which indicated that they would be good NF membranes with high PANI 

deposition and coverage, and good conductivity were then assessed for their electrically 
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tuneable properties. A range of dopants were also assessed to compare their effect on 

tuneability. 

 

5.10.1 Effect of different acid dopants on electrical tuneability 

Electrically tuned permeation of water was again studied via the measurement of dynamic 

contact angle. For all membranes, the ECA and h reduced with time, indicating permeation 

through the membranes. Under an applied voltage of 7 V, the permeation rate increased (as 

measured by ECA and h). The ECA and h were measured in several time intervals and the 

rate of its decrease was calculated. These values for the decrease rate correspond to values 

measured for all doped PANI membranes measured in this work and are summarised in Table 

5.5. These results are likely to be dependent on the dopant and PANI-related surface energy 

changes and nanostructure changes within the membrane. It was found earlier that PANI 

membranes have a thicker, denser layer, i.e. PMVEA, ASA, DBSA. Thus they have a slower 

permeation rate than the ASA and HCl doped membranes (Figure 5.20). HCl and ASA 

membranes on the other hand have similar morphologies to one another and therefore may be 

the best candidates to be chosen for permeation study for a fair comparison.  

The contact angle decreased with permeation time and a higher rate of decrease can 

be observed when the voltage was applied across the membrane. The same phenomenon was 

observed for the water peak droplet height. This indicates that the applied voltage influences 

the tuneable permeation through the membrane. The largest difference in the tuneability in 

the presence of voltage should give the best tuneable membrane. From Table 5.5, the highest 

tuneability difference in the ECA and h values was observed at different membranes in the 

following order: ASA+HCl > no dopant+HCl > DBSA+HCl > MA+HCl > PMVEA+HCl. 

Since the secondary doped HCl membrane (undoped membrane that was secondary doped in 

HCl) is the second best, this may indicate that the secondary doping of HCl is having a 

significant effect on the tuneability of these membranes, with a synergistic effect between 

ASA and HCl, whilst the other acids have less tuneability. 

The presence of acid dopant in the membrane may mean that it is able to move and 

allow free volume to become available resulting in a more tuneable membrane, so long as the 

membrane is conductive (i.e. the dopant can be activated by the electrons getting to it). 

Therefore the dopants‟ molecular size/weight and the conductivity they impart to the PANI 

influence tuneability. For example, the electrical conductivity of the sulfonyl group doped 

membrane (ASA, DBSA) was eight times lower than the HCl doped membrane but they have 

a significant change in contact angle with applied voltage. This is possibly because the 



Chapter 5 – Phase Inversion Membranes  

 186 

tuneability was influenced by the size of dopant, such as DBSA, which possesses a C12H25 

tail pointing outwards connected to the benzene ring sulfonyl group and is able to move and 

produce a free volume change [235] greater than any other dopants used. Additionally, the 

polymeric dopant from PMVEA has the biggest MW, but the tuneability was the lowest 

because of the smaller size/structure of the acid group compared to the sulfonyl group 

dopants that does not allow significant tuneability. Literature also reported that the used of 

bigger anions resulted in bigger voids corresponding to the free volume [79, 80] but this does 

not reflect to the tuneable free volume but rather giving the initial variation of the membranes 

MWCO, which will be confirmed in the filtration studies (Chapter 7). Therefore there is an 

optimisation between dopant size and conductivity to produce the best tuneability in a PANI 

phase inversion membrane.  

 

Table 5.5: Dynamic permeation of phase inversion PANI membrane using different dopants under the influence 

of applied electrical potential. 

PANI 

Membrane dopant 

Voltage 

V 

Permeation rate in water 

ECA  

(  d /dt)  s
-1

 

Peak droplet height, h 

(-dh/dt) mm s
-1

 

ASA + HCl 
0 0.021 0.00023 

7 0.092 0.00035 

Tuneability difference: At 7V – 0V 0.071 0.00012 

No dopant +HCl 
0 0.052 0.00061 

7 0.074 0.00082 

Tuneability difference: At 7V – 0V 0.022 0.00021 

DBSA + HCl 
0 0.059 0.00085 

7 0.080 0.00106 

Tuneability difference: At 7V – 0V 0.021 0.0021 

MA + HCl 
0 0.017 0.00033 

7 0.025 0.00041 

Tuneability difference: At 7V – 0V 0.08 0.00008 

PMVEA + HCl 
0 0.017 0.00040 

7 0.023 0.00042 

Tuneability difference: At 7V – 0V 0.006 0.00002 

 

The membranes doped in HCl, which is also known as a strong mineral acid, possess 

the highest level of acid shown from the low acid dissociation constant (pKa = -8) compared 
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to other acid dopants used, such as sulfonic acid derivative dopant (pKa below -3) [193]. The 

level of acidity directly correlates with the membranes‟ electrical conductivity. These results 

indicate that the doping of excessive, strong mineral acid from HCl in the membranes allows 

a reasonably high tuneability based on the strong charge interactions at high electrical 

conductivity between the membrane and the solution. However, the conventional, strong 

mineral acid i.e. HCl doped in thin films/membranes is more easily washed out [112], thus 

making the monomeric/polymeric acids potentially excellent candidates for electrically 

tuneable membrane separations. This is especially the case since these dopants can be 

strongly bound into the thin film, producing tuneable membranes with a more stable long 

term performance. Strong acid bonding with the membrane does not mean that the level of 

acidity is strong, as the charge interactions between the membrane and solution due to high 

electrical conductivity is not guaranteed. Therefore the use of dopants that have a 

combination of a high level of acidity and strong acid bonding is crucial in obtaining a highly 

tuneable membrane with more stable long term performance.  

Another factor that must also be considered is dopant leaching – something that 

cannot be assessed by this dynamic contact angle technique, but can be assessed in filtrations 

(like those in Chapter 7). Dopant leaching from the membrane may be severe in an 

organic/monomeric acid dopant especially for long contact time with water as reported in the 

literature [86]. Thus if the membrane is doped with primary and secondary dopant from a 

large and strong polymer acid, where the dopant could be incorporated into the membrane 

structure and therefore not easily washed out, an ideal membrane with high tuneability and 

high stability could be obtained.  

The variations of contact angle with permeation time in the PANI membranes doped 

in ASA and HCl are presented in Figure 5.24. This figure was also used to derive the data in 

Table 5.5. Only two membranes were selected and presented in Figure 5.24 (namely ASA 

and HCl doped) to show the trend of the ECA and h drops with time. This is because these 

two membranes have the most apparent ECA and h rate difference with the influence of 

applied voltage compared to the other membranes tested (refer Table 5.5). Furthermore these 

two membranes have similar microstructural features, with a dense skin layer at the top and a 

few different porous layers supporting it, as observed from the SEM (Figure 5.20). Chemical 

analysis with FTIR in Figure 5.21 also showed that these two membranes have the highest 

peaks representing the imine and amine structure in PANI indicating a comparable amount of 

imine and amine presence in the membranes to hold the acid groups compared to other 

synthesised membranes.  
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Figure 5.24: Dynamic droplet properties of dry PANI phase inversion membranes in HCl and ASA dopants, 

showing as a function of permeation time: (i) effective contact angle of water (ECA), (ii) peak water droplet 

height (h). 

 

 The HCl doped membrane has very high electrical conductivity resulting from its high 

acidity and this therefore increases the membrane‟s hydrophilicity, thus lowering the initial 

contact angle value to 60
o
 (measured at 0 second). The ASA doped membrane on the other 

hand, has a lower hydrophilicity due to a lower acidity resulting in a higher initial contact 

angle value at 80
o
 (measured at 0 second). However, the contact angle differences from the 

initial and final permeation time in ASA doped membrane is greater than in HCl doped under 

applied voltage. 

 These results therefore show that the permeation rate has a strong relationship with 

the type of dopant used. In particular there is a balance between the size of the dopant and the 

resulting electrical conductivity that it creates in the PANI membrane in order to maximise 
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the tuneability. It is likely that a large polymer acid, which is strongly acidic, is the optimal 

dopant for maximising electrically stimulated tuneability of these membranes. Unfortunately 

this acid dopant has yet to be found. 

 

5.10.2   Conclusions: Dynamic contact angle 

Based on the initial permeation assessment via dynamic contact angle, it can be concluded 

that the morphological, physical and chemical properties, as well as the electrical 

conductivity strongly influence the water permeation through the membrane, especially under 

the influence of applied voltage. Membranes with a highly dense skin layer (i.e. those doped 

with PMVEA, MA, DBSA) have a slower permeation rate than a less dense one (i.e. those 

doped with ASA and no primary dopant). DBSA doped membranes, which have a sulfonyl 

group, have a better tuneability than those doped with acids that have a carboxyl group (e.g. 

MA and PMVEA). This is thought to be because the dopant is much bigger and longer, 

allowing a greater free volume change when the acid rearranges within the membranes under 

an electric potential. The membranes doped with ASA were found to have the highest 

tuneability, higher even than the membranes doped with only HCl, which had the highest 

conductivity. Again, this is thought to be due to the bigger dopant size allowing a bigger free 

volume change, whilst the ASA doped membranes still have sufficient conductivity that the 

electrons are able to activate the dopants as well as impart a surface charge change. 

Therefore, of the four factors that were hypothesised to be able to cause tuneability in these 

membranes outlined at the start of Chapter 4, surface charge changes, change in pore size 

and/or free volume of the membrane, and perhaps a change in the chemical nature of the 

doped PANI film are likely to be responsible for the changes seen here. It is uncertain if a 

change in pore size and/or free volume of the membrane due to the electromechanical 

interactions of the PVDF membrane support has occurred. This will need to be examined in 

future work. 

 

5.11 Chapter 5 Conclusions 

PANI polymer was synthesised from ANI and APS aqueous solution. By GPC it was found 

that in keeping with the literature, synthesis temperature and storage time influenced the final 

MW of the polymer, especially the storage time. The polymer has an average MW in the 

range of 70,000 to 290,000 g mol
-1

 with the highest MW observed at 15
o
C reaction 

temperature after 2 months storage time. The MW of the polymer was 50,000 g mol
-1

 lower 



Chapter 5 – Phase Inversion Membranes  

 190 

when prepared at 24
o
C. The MW decreased to 70,000 g mol

-1
 after storing in a desiccator for 

6 months. 

A ternary phase diagram was determined with the optimal PANI: the solubility line 

for the two phase region was found to be very narrow indicating that the precipitation point is 

also narrow and may be easily missed during titration. However, the general equilibrium line 

was obtained as commonly presented, with the maximum PANI concentration below 10 wt%, 

while above this concentration gelation will occur. Therefore in line with other literature, this 

necessitated the addition of 4-MP into the doped solution as a gel inhibitor to enable 

dissolution of higher concentrations of PANI (20 – 25 wt%) when producing NF range 

membranes.  

Phase inversion of PANI in water produced flexible and smooth surfaced membranes 

with and without addition of most of the dopants, with the exception of the membranes 

primary doped in DBSA and HCl, which showed some brittleness. Flexibility and 

smoothness of the membranes is advantageous for application in tuneable pressure filtration 

to increase handle-ability and decrease fouling respectively.  

All of the prepared membranes were characterised by their physical, chemical, 

morphological and electrical properties. The membrane cast with 25 wt% PANI, 250 µm 

thickness and 0 seconds evaporation time produced membranes with typical NF integrally 

skinned membrane morphologies; SEM showed thin and dense nodular layers of PANI on the 

membrane top layer supported by a porous PANI structures. Membrane support was affected 

by the heat treatment that could be done on these membranes, however; membranes cast on a 

PE/PP mixture backing layer can only be heat treated at temperatures below 140
o
C (the 

melting point of this backing layer). 

Dynamic contact angle under an applied potential demonstrated that these phase 

inversion membranes could have their permeation tuned by turning on the voltage applied. 

The membranes doped with ASA, HCl and DBSA had the best tuneability. It was found that 

the tuneability of the permeability was strongly influenced by the type of dopants added: 

dopant size and structure, and the membrane conductivity that resulted from those dopants. 

Of all the membranes prepared by phase inversion, ASA doped membrane had the highest 

tuneability, with the HCl doped membrane second best. Therefore the ASA and HCl doped 

membranes were taken forward for further in-depth filtration and electrically tuneable 

filtration assessments in pressure-driven membrane systems (see Chapter 7). 
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Chapter 6 

Development of a single filtration molecular weight cut-off (MWCO) 

curve measurement using non charged, non-polar molecules 

 

MWCO and in particular MWCO curves are an important membrane characteristic used to 

differentiate the selectivity of a membrane. Since this work involves self synthesis of the 

conducting polymer membranes in-house, the MWCO curves of the membranes are needed 

in order to compare the selectivity of the membranes formed, and more importantly to 

determine if the selectivity for non-polar, uncharged molecules (i.e. a MWCO curve of these 

types of solutes) can be changed by an externally applied potential to a NF or low UF 

membrane during a filtration. Currently there are no suitable aqueous-based MWCO 

techniques to achieve this. Consequently, a cheap, low temperature, robust, benchmarked 

single filtration method has been developed for determining the MWCO of NF membranes 

for aqueous based separations using a mixture of commercial grade of PEG oligomers i.e. 

off-the-shelf. A similar method (developed in parallel to this work) has also been proposed 

for the characterisation of the MWCO of organic solvent resistant NF membranes [172], but 

has not yet been robustly demonstrated. Consequently, the method developed in this work 

will be benchmarked against the MWCO and membrane separation properties of 

commercially available membranes. 

The method developed in this work for a successful separation of oligomeric PEGs 

used HPLC coupled with evaporative light scattering detection (ELSD) as reported in 

literature [236, 237]. The HPLC-ELSD method has more advantages compared to the more 

expensive techniques of GPC [153], higher temperature (80
o
C) multi-column reverse phase 

HPLC and supercritical fluid chromatography [158], capillary gel electrophoresis [238], LC-

MS[239] and ion exchange chromatography [240], which have many disadvantages despite 

achieving successful PEG separations. The advantages and disadvantages of the available 

methods used in the MWCO study have already been extensively reported in Chapter 2. The 

materials and method of the technique have been outlined in Chapter 3. The following 

chapter outlines the development of the method, the calibration and benchmarks the results 

obtained using the developed technique against published MWCO results from commercial 

membranes. 
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6.1 HPLC-ELSD characterisation of the MWCO PEG mixtures 

In most PEG HPLC separation studies reported previously using ELSD [237, 241, 242], high 

resolution peaks are only obtained for PEG oligomers with MWs below 600 gmol
-1

. Figure 

6.1 shows that the developed gradient reverse phase C8 separation coupled with the Alltech
®
 

ELSD 800 separates both the NF and low UF MWCO range PEG mixtures giving highly 

resolved PEG oligomer peaks from PEG 200 to PEG 1000 and from PEG1000 to PEG 1500 

respectively with stable, straight baselines enabling precise and accurate peak area 

quantification. In studies using other detection methods (such as refractive index and low 

wavelength UV-Vis) coupled with reverse phase HPLC [153, 239, 243], stable baselines 

were difficult to achieve, since these types of detectors experience baseline drift when mobile 

phase gradients are employed. Furthermore, the method presented in this work has a 

straighter, more stable baseline than that in other PEG reverse phase HPLC-ELSD methods, 

such as that in ref. [172]. The HPLC-ELSD method presented here is therefore a significant 

improvement on past methods. 

Note that unlike other PEG separation and quantification methods (such as size exclusion 

chromatography and GPC), a direct quantitative relationship cannot be determined between 

MW and retention time. This is because the reverse phase silica based C8 column separation 

mechanism is based on the competition between the selective adsorption of the chemically 

bonded phases of the column and the solubility of the oligomers in the mobile phase. The 

retention time still loosely relates to the MW of the PEG: the higher the MW of PEG, the 

longer the non-polar chain and the more non-polar the PEG oligomer becomes – thus 

prolonging the retention time (Table 6.1). Therefore the lower MW PEG oligomers elute first 

(have a lower retention time) and higher retention times for higher MW PEG oligomers. The 

high resolution of the developed method allows a huge MW range of oligomers to be used to 

determine MWCO, the MW difference limited only by the CH2-O-CH2 structural unit 

difference between them (Table 6.1). 
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Figure 6.1:Separated PEG oligomer peaks from the HPLC-ELSD method on the two different PEG mixtures at 

different concentrations. NF range mixture from PEG 200, 400, 600, 1000 at: (i) 200 mg L
-1

 (ii) 400 mg L
-1

 and 

(iii) 800 mg L
-1

. Low UF range mixture from PEG 1000, 1500, 4000 at: (iv) 200 mg L
-1

, (v) 400 mg L
-1

 and (vi) 

800 mg L
-1

. 
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Table 6.1: Molecular structure of linear chain PEG oligomers. 

Molecular structure: 

   or      

Structural formulae:  

H-(OCH2CH2)n-OH 

n-value PEG Oligomer MW 

(g mol
-1

) 

Corresponding 

Commercial PEG 

1 106 PEG 100 

2 150 PEG 150 

3 194 PEG 200 

4 238 

7 370 PEG 400 

8 414 

12 590 PEG 600 

13 634 

21 986 PEG 1000 

22 1030 

32 1470 PEG 1500 

33 1514 

89 3978 PEG 4000 

90 4022 

134 5958 PEG 6000 

135 6002 
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 Note that the temperature used to get a successful detection in ELSD (at 60
o
C) is 

much lower than previous work especially for the higher MW of PEG and/or the mixture of 

PEG compounds, providing an energy saving if this method is adopted. Previous methods 

typically used temperatures to evaporate the solution in ELSD were typically above 90
o
C 

(depending on the types of mobile phase used). For example, in the case of water and 

tetrahydrofuran (THF), 90
o
C was used to detect and quantify PEG 300 in vegetable oils 

[241]. Other work used a higher temperature (104
o
C) for detecting the PEG in methanol or 

acetonitrile [237]. A higher temperature of 95
o
C has also been reported for detection of PEG 

in methanol [172]. In previous research, when lower temperatures were used in the ELSD for 

separation of PEG with MWs above 600 g mol
-1 

[236], peak separation and baseline stability 

became poor.  

Overall, Figure 6.1 shows that the peaks are finely resolved enough that individual PEG 

concentrations can be easily quantified for MWCO determination.  

 

6.2   Determination verification and calibration of the MW of each of the 

resolved oligomeric peaks 

To ensure the MW of each of the peaks in the NF and low UF mixtures were robustly 

identified and verified, two different sets of PEGs were used as external standards: 

 

6.2.1 PEG external standards and identifications 1: Commercial grade PEGs 

When each of the commercial PEGs is separated using the developed HPLC-ELSD method 

(Figure 6.2), it is apparent that the commercial PEGs contain a number of different 

unidentified peaks. From these one peak can be rigorously identified– this is the peak 

corresponding to the average MW (Mn) as shown in Table 3.3 (in Chapter 3) that shows the 

PEG oligomer mixtures used in: (i) the MWCO mixture of commercial grade PEG with 

respective average MW given by the manufacturer (Mn), and (ii) the purer grade standard 

PEG solution with respective highest peak MW (Mp) as determined by the manufacturer. This 

was identified as follows: each of the commercial grade PEG yields a well resolved normal 

(Gaussian) distribution chromatogram of the PEG oligomers from the HPLC-ELSD method 

developed, with one major peak at the centre, which is the Mn, as shown in Figure 6.2. 

Therefore the retention time of the Mn oligomers can be identified. 
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Figure 6.2: Individual PEG oligomers with PEG oligomers mixture in water (i) NF range mixture of PEG 200 to 

1000 and (ii) low UF range mixture of PEG 1000 to 6000, obtained at concentration 400mg L
-1

 of individual 

and mixture solution. 
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 Note that this still does not give a robust identification of the MW of these peaks, 

since there are no pure PEG oligomers with a MW of 200 and 400 g mol
-1

. This method 

therefore does not give a direct identification, but rather narrows down the identity of the 

peaks to those close to that MW. Added to this is the fact that the Mn for commercial grade 

PEG 600 and 1000 given by the manufacturer is a range anyway (Table 6.2). So the identified 

Mn peaks have a range of possible „true‟ identities (Table 6.1), which are: 

 Mn = 200 g mol
-1

, closest PEG MW = 194 or 238 g mol
-1

 

 Mn = 400 g mol
-1

, closest PEG MW = 370 or 414 g mol
-1

 

 Mn = 570-630 g mol
-1

, closest PEG MW = 546, 590, 634 or 678 g mol
-1

 

 Mn = 950-1050 g mol
-1

, closest PEG MW = 898, 942, 986, 1030 or 1074 g mol
-1

 

 

The Mn peaks can however be directly identified in the NF (Figure 6.2 (i)) and low UF 

(Figure 6.2 (ii)) MWCO chromatograms through matching peak retention times, since the 

peaks from each commercial grade PEGs chromatograms are approximately the same as 

those in the NF and low UF mixture‟s chromatograms. (There is some slight shifting of the 

retention times, albeit in an easily accountable way. This is due to a different oligomeric 

concentration distribution in the individual PEG mixtures compared to the MWCO NF and 

low UF mix, which resulted in some of the peaks having a higher intensity than in the NF 

PEG mixture, thus shifting the retention times slightly). The retention times attributable to 

peaks identified in this way are summarised in Table 6.2. 

Since the peaks cannot be precisely identified from the commercial grade PEGs, purer 

external PEG standards were also used to further narrow down the identifications above. 

 

6.2.2   PEG External standards and identifications 2: Purer PEG standards 

The purer PEG standard solutions were analysed in the same way (Figure 6.3). Despite only 

producing a single peak in GPC-SEC (data supplied by the manufacturer), using the HPLC-

ELSD method developed in this work, these PEG standards were separated into a range of 

PEG oligomers like the commercial grade PEGs, albeit with fewer oligomeric peaks, thereby 

allowing more confidence in assigning MW. This shows that the HPLC-ELSD method in this 

work produces results more precisely representative of the PEG oligomer purity and 

distribution than the GPC-SEC method used by the PEG standards manufacturer.  
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Table 6.2: Summary of the identified MW of the different peaks in the NF range of the MWCO PEG analysis obtained from the two different external calibration methods 

and the finalised. 

Retention time (min) 

(NF range) 

4 ± 0.25 5 ± 0.25 6 ± 0.25 11.5 ± 0.5 13.5 ± 0.5 29 ± 0.5 

Commercial PEGs‟ Mn (g mol
-1

)
*
 

(Summarised from Figure 6.2 (i)) 

200 - 400 570 – 630 - 950 – 1050 

Purer Standard PEG Mp (g mol
-1

)
*
 

(Summarised from Figure 6.3) 

232 330 - - 628 982 

Finalised PEG mixture oligomers‟ MW (g mol
-1

) 

(Summarised from Figure 6.4 (i)) 

238 326 370 546 590 986 

Retention time (min) 

(Low UF range) 

12 ± 0.5  31 ± 0.5  50 ± 0.5 55 ± 0.5 

Commercial PEGs‟ Mn (g mol
-1

)
*
 

(Summarised from Figure 6.2 (ii)) 

950-1050  1500  4000 6000 

Finalised PEG mixture oligomers‟ MW (g mol
-1

) 

(Summarised from Figure 6.4 (ii)) 

942  1514  4000 6000 

*Values given by the respective manufacturers. 
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Figure 6.3: The PEG standards of Mp 232-1460 gmol
-1

 analysed using the HPLC-ELSD method developed. 

 

 Using Figure 6.3, the highest peak (Mp) value of the PEG standard (as given by the 

manufacturer) was attributed to the centre (highest response) peak in the distribution. Mp is a 

measured average MW, so may vary from a pure PEG oligomer MW due to non-idealities, 

such as if the PEG analysed has bound water or had some branched chain content. Therefore, 

the MW attributed to the peak is matched to the nearest MWs of a pure PEG oligomer (as in 

Table 6.1). Therefore the following attributions were made (based on Table 6.1): 

 Mp = 232 g mol
-1

, closest PEG MW = 194 or 238 g mol
-1

 

 Mp = 329 g mol
-1

, closest PEG MW = 326 or 370 g mol
-1

 

 Mp = 628 g mol
-1

, closest PEG MW = 590 or 634 g mol
-1

 

 Mp = 982 g mol
-1

, closest PEG MW = 942 or 986 g mol
-1

 

 

Through matching peak retention times, as before, these PEG oligomers of the purer 

PEG standards were also identified in the NF PEG MWCO mixture chromatograms (giving 

the MW peak attributions summarised in Table 6.2, row 2).  

 

6.2.3 The combined oligomer peak MW attribution 

Peak identification was then finalised by comparing the narrowed down identities of the 

various oligomer peaks from the two different PEG standards above and reconciling the MW 

differences that should exist between the peaks through the fact that the PEG oligomers differ 

by one ethylene glycol monomer of MW = 44 g mol
-1

 (Table 6.1). This ensured that the 

spread of MWs between the identified oligomers matched to the expected differences in 
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structures. From this, the peaks and retention times could only be matched to the MW of each 

of the expected oligomers (as in Table 6.1) one way, as shown in Figure 6.4 and Table 6.2 

(rows 3 for the NF PEG mixtures and row 5 for the low UF PEG mixtures).  

As a result, for the NF range from Figure 6.4 (i), using the commercial grade PEGs from 

PEG 200 to PEG 1000, all of the MWs of the separated oligomers were rigorously identified 

and range from 106 to 1250 g mol
-1

 and for the low UF range, from Figure 6.4 (ii), using 

commercial grade PEGs from PEG 1000 to PEG 6000, the separated oligomers were also all 

identified and range from 634 to 1646 g mol
-1

, with unseparated peaks corresponding to 

MWs of 4000 and 6000 g mol
-1

.  

 

 

Figure 6.4: Identification of individual PEG oligomers mixture from the: (i) NF range (ii) low UF range. 

 

Figure 6.4 therefore forms the basis of identifying the MW for MWCO analysis for 

membranes in the NF and low UF range, since the MW of the PEG oligomers that are 

permeated and retained by a membrane can be easily identified. 

 

6.2.4 Obtaining linear calibrations and calculating a MWCO curve 

In order to use this fully MW specified chromatogram to construct a MWCO curve, a plot of 

rejection of the PEG oligomers versus the MW of these oligomers needs to be determined. 

Rejection can be calculated from equation 2.4 (in Chapter 2), so long as each of the peak 
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areas for each of the oligomers can be converted into a concentration, by running (and 

keeping up-to-date) a set of external calibration curves for all of these oligomers. This must 

be done for the chromatograms from the NF and low UF PEG mixtures (and not the 

individual commercial grade PEGs), since the peak response in the ELSD changes between 

the individual commercial grade PEGs and when they are all mixed. In this work, full 

external calibrations could only be obtained for the both the NF and low UF MWCO PEG 

mixture since there were negligible „cross-over‟ or „combined‟ peaks from the component 

commercial grade PEGs (i.e. peaks from oligomers that are present in more than one of the 

commercial PEGs, whose peak area is therefore a combination of the contributions from the 

concentration of that oligomer in both of the commercial PEGs). The deconvolution of the 

concentration attributable to these „combined‟ peaks is difficult to accurately estimate. 

Although this issue was not significantly present in this work, this may not be the case for 

other users of this method (acknowledging that results can depend on a range of factors, 

including the exact HPLC system and ELSD detector that is used), so two different 

calibration and MWCO curve calculation methods are outlined below, one for when there are 

no „combined‟ peaks and one for when there are, to cover all eventualities. 

If there are no combined peaks, like in this work,  the concentration of each peak and 

each PEG oligomer in the NF and low UF mixture chromatogram can be attributed to the 

commercial PEG that it came from and so the concentration of each peak can be calculated 

using equation 6.1: 

  Ci
Ai

Aii 1

n
CcommPEGx   (6.1) 

where:  

Ci = concentration of each individual oligomer‟s corresponding to peak i 

CcommPEGx = concentration of commercial grade PEG(commPEG)x (the one which contains 

oligomer peak i) 

Ai = the area of the individual oligomer‟s peak i 

Aii 1

n

commPEGx= the total area of all peaks in commercial grade PEGx
 

n = total number of oligomer peaks in the relevant part of the HPLC chromatogram. 

 

As mentioned above, it is acknowledge that the above method may not be able to be 

used if the commercial grade PEGs have a number of oligomeric peaks in common, making 

the deconvolution of the concentration attributable to these „cross-over‟ or „combined‟ peaks 
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difficult to accurately estimate. However, in this case, the rejection of the oligomers for the 

NF MWCO PEG mixture can still be calculated by making one assumption: that the 

concentration-area calibration line for the oligomers goes through the origin (zero-zero). This 

means that the calibration equation is assumed to be of the form: 

     Ci= B*Ai    (6.3) 

where B is a constant. The calibration lines in the next subsections (Section 6.2.4.1 and 

6.2.4.2) show that the assumption made is good, with all calibration lines approximately 

going through the origin, with negligible offset. 

Rejection for the MWCO curve therefore can be calculated directly from the feed and 

permeate HPLC chromatogram peak areas, since constant B will be the same for the same 

peak so long as the area response is within the linear range:

  

  Rejection (%)= 1
Ai,permeate

Ai, feed
x100   (6.4)

 

   

 where: 

 Ai, permeate = area of oligomer i in permeate HPLC chromatogram of PEG mixture 

 Ai, feed = area of oligomer i in permeate HPLC chromatogram of PEG mixture. 

 

To establish the linear range of the calibration, to ensure that equation 6.3 is valid, one 

must ensure that the calibration is linear for the oligomer that has the highest individual 

component concentration in all four of the commercial grade PEGs used. These oligomers are 

easily identified since they have the largest peaks from their respective commercial grade 

PEGs. Figure 6.2 shows that these largest peaks are not „combined‟ peaks and so a 

concentration versus area calibration curve can be easily established for these 

oligomers/peaks from HPLC chromatograms of the NF PEG mixture at different 

concentrations, (a variation on equation 6.2): 

 

 Ci
Ai

Aii 1

n

NFPEGmix

Cto tal NFPEGmix  (6.5) 

where:  

Ctotal NFPEGmix
 = total concentration of all PEG oligomers in the total NF mixture  
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Ctotal NFPEGmix

mxx 1

z

Vtotal

mPEG2 0 0 mPEG4 0 0 mPEG6 0 0 mPEG1 0 0 0

Vto ta l
  (6.6) 

 
Aii 1

n

NFPEGmix

 = the total area of all peaks in the total NF mixture
 

mx = mass of commercial grade PEG x 

Vtotal = total volume 

z = total number of commercial grade PEGs used in the NF mixture (= 4 in this work). 

 

Next the calibrations of the PEG filtration ranges in the oligomeric forms by HPLC-

ELSD are presented in detail to show how the calibrations lines are obtained. Two different 

ranges of filtrations, NF and low UF are divided due to the specific reasons explained 

throughout the study. 

 

6.2.4.1   NF range PEG mixtures (200 to 1000 g mol-1) 

An external calibration can be made for all of the oligomer peaks in the NF range using 

commercial PEG 200, 400, 600 and 1000, using the areas of the identified peaks at different 

concentrations. All peaks were resolved and sharp at all concentrations (illustrated in Figure 

6.5 for chromatograms at 200 and 400 mg L
-1

). Between the two chromatograms, it can be 

clearly seen that the response peak height (y-axis) almost doubles with a doubling in PEG 

concentration and the peaks are resolved and measurable at these different concentrations.  

The peak areas (calculated from the commercial Agilent 1100 series HPLC software) 

calculation was based on peak height, width and symmetry. The relative concentration of the 

peaks is distributed by relative peak area for each of the individual commercial PEGs used 

using equation 6.1.  

 The resulting calibration equations for the NF range PEGs (PEG 200 to PEG 1000) 

are presented in Table 6.3 for all 25 oligomers. Note also that the calibration is non-linear 

when including the individual oligomers concentration at 800 mg L
-1

 of the overall 

commercial PEG and therefore calibration is not valid at individual oligomers concentration 

at 800 mg L
-1

 (the highest commercial PEG initial concentration tested). Excluding this point, 

a linear correlation between the individual oligomers peak area and concentration for each of 

the PEG oligomers calculated from the initial commercial PEG concentrations from 50 to 400 

mg L
-1 

could be obtained from an intercept at the origin since the detection limit from the 

ELSD usedwas always close to zero, as shown in Figure 6.6 and Table 6.3. The regression 
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coefficient (R
2
) for each calibration are above 0.9 and close to 1.0, showing that the obtained 

calibration equations are highly accurate and reliable for analytical use. 

 

Figure 6.5: Effect of concentration on the HPLC traces for the NF range at (i) 200 mg L
-1

 and (ii) 400 mg L
-1

. 
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Figure 6.6: Calibration of oligomer peak areas to PEG oligomer concentration for the NF range method for (i) 106 to 326 g mol
-1

, (ii) 370 to 590 g mol
-1

,  

(iii) 634 to 898 g mol
-1

, and (iv) 942 to 1162 g mol
-1

. 
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Table 6.3: Correlation of PEG oligomers MW to the calibration equation for the NF range method (400 mg L
-1

). 

Peak No. 
PEG oligomers‟ MW 

(gmol
-1

) 

Calibration equation (C = BA) 

The B value (i.e. the slope) 
R

2
 value 

1 106 10.73 0.91 

2 150 10.81 0.87 

3 194 11.67 0.98 

4 238 11.46 0.97 

5 282 24.50 0.97 

6 326 24.07 0.96 

7 370 24.18 0.96 

8 414 24.20 0.96 

9 458 16.34 0.99 

10 502 14.02 0.96 

11 546 14.14 0.96 

12 590 20.17 0.99 

13 634 19.99 0.99 

14 678 19.89 0.97 

15 722 19.99 0.98 

16 766 20.31 0.98 

17 810 20.07 0.97 

18 854 20.53 0.98 

19 898 20.27 0.99 

20 942 20.74 0.98 

21 986 20.71 0.98 

22 1030 20.57 0.98 

23 1074 20.91 0.95 

24 1118 21.51 0.94 

25 1162 23.03 0.89 

 

6.2.4.2   Low UF ranges PEG oligomers (1000 to 6000 gmol-1) 

Figure 6.7 shows that the low UF ranges PEG mixtures are well resolved and measurable at 

different concentrations. The oligomer peak height doubled with a doubling in the 

concentration for both the well resolved peaks from PEG 1000 and PEG 1500 (when going 

from 400 to 800 mg L
-1

) as well as from the unresolved peaks from PEG 4000 and PEG 6000 

(when going from 100 to 200 mg L
-1

) as shown in Figure 6.7.  

 A calibration curve between peak area and concentration of the PEG oligomers  

obtained from the initial low UF PEG mixtures used (PEG 1000, 1500, 4000 and 6000) was 

derived via the same method used for the NF oligomers (see Figure 6.8) and the correlation 

equations were calculated for the resolved oligomers (Table 6.4). The total area of the PEG 

4000 and PEG 6000 peaks were used since individual oligomers could not be separated. Due 
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to the different concentrations used in the UF PEG mixtures, separate calibration curves with 

different concentration ranges were made for the separated oligomers from the commercial 

PEG 1000 and PEG 1500 (which were calibrated between 50 mgL
-1

 and 800 mgL
-1

) and for 

the unresolved commercial PEG 4000 and PEG 6000 (with calibrations between 50 mgL
-1

 to 

400 mgL
-1

). This was because the peaks intensities from the PEG 4000 and 6000 were much 

higher than those from the smaller PEGs. 

Table 6.4 and Figure 6.8 show that the calibrations were all linear with PEG 

concentration. There are 28 oligomers separated from the initial mixtures of PEG 1000 and 

PEG 1500 in the HPLC trace. The regression coefficient (R
2
) values are nearly 1.0 for each of 

the linear regression lines, again indicating the method and correlations are accurate and 

reliable for analytical use. Unlike the low Mw range method however, the low UF range 

calibration is still linear at total concentration of 800 mg L
-1

 for each PEG 1000 and PEG 

1500, making this method more useful over a wider range of PEG concentrations.  

 

Figure 6.7: Effect of concentration on the HPLC traces for the low UF range method for: (i) 400 mg L
-1

 of PEG 

1000 and PEG1500 and 200 mg L
-1

 of PEG 4000 and PEG 6000; (ii) 800 mg L
-1

 of PEG 1000 and PEG 1500 

and 400 mg L
-1

 of PEG 4000 and PEG 6000. 
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Figure 6.8: Calibration of oligomer peak areas to PEG oligomer concentration for the low UF range for (i) 590 to 942 g mol
-1

, (ii) 986 to 1338 g mol
-1

, (iii) 1382 to 1778 g 

mol
-1

, and (iv) 4000 to 6000 g mol
-1

. 
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Table 6.4: Correlation of the PEG oligomers‟ MW for the low UF Range method with calibration equation. 

Peak No. 
PEG oligomers‟ MW 

(gmol
-1

) 

Calibration equation (C = BA) 

The B value 
R

2
 value 

1 590 28.72 0.96 

2 634 33.44 0.98 

3 678 27.29 1 

4 722 25.74 0.99 

5 766 25.91 0.99 

6 810 26 0.99 

7 854 25.95 0.99 

8 898 27.66 1.0 

9 942 26.01 0.99 

10 986 25.95 0.99 

11 1030 37.33 0.99 

12 1074 37.33 1.0 

13 1118 37.24 0.99 

14 1162 38.08 0.97 

15 1206 37.64 0.98 

16 1250 37.79 0.98 

17 1294 37.39 0.99 

18 1338 38.4 0.96 

19 1382 36.61 0.99 

20 1426 36.61 0.99 

21 1470 36.45 0.99 

22 1514 38.67 0.97 

23 1558 36.48 0.98 

24 1602 38.05 0.96 

25 1646 35.67 0.96 

26 1690 38.52 0.99 

27 1734 37.15 0.98 

28 1778 38.83 0.99 

29 4000 38.72 0.99 

30 6000 42.59 0.98 

 

6.2.4.3   Outcomes of the calibration study  

From this calibration study, different concentrations of the NF and low UF mixtures were run 

using the HPLC-ELSD method and calibration curves (of oligomer concentration versus peak 

area) were established for every oligomeric peak in the NF and low UF PEG mixtures.  

The linear calibration range was established and calibration curves were fitted to these 

linear regions. It was established that the peak response for the NF MWCO mixture is linear 

for concentrations from 50 to 400 mg L
-1

 and for the low UF MWCO mixture the calibrations 
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are still linear at 800 mg L
-1

 making this method more useful over a wider range of PEG 

concentrations. Both linear ranges are sufficient for the use of these calibrations to calculate 

and determine MWCO curves and the MWCO for NF and low UF membranes. This is a good 

result for an ELSD method, since the only notable disadvantage of using an ELSD method is 

that the linear response range with changing concentration is sometimes quite limited, 

sometimes making the ELSD results difficult to use [244].  

 

6.3.   Benchmarking of the MWCO using characterised commercially available 

membranes 

Figure 6.9 shows the resulting HPLC chromatograms of the feed, retentate and permeate 

from filtering the NF and UF PEG mixtures through two different commercially available 

membranes - FilmtecNF270 and Hydracore 7450. In both filtration ranges, the permeate 

peaks show a lower intensity than the peaks of the feed, showing the membrane selectivity 

for the PEG MWCO mixture is as expected: higher MW oligomers are rejected by the 

membrane (i.e. retained) and lower MW oligomers are permeated, with the retentate peaks 

having higher peak intensities than the feed and permeate (as the feed solution has been 

concentrated through the permeation of solvent and lower MW oligomers). 

 Using this technique, the MWCO of a range of commercial membranes was 

measured: rejection of the oligomers versus their MW is given in Figure 6.10. The MWCO 

extrapolated from this is given in Table 6.5, along with flux and the nominal MWCO given 

by the manufacturer. In all filtrations, the membranes performed as expected – for example, 

the flux through the membrane was lower in presence of PEGs than with pure deionised 

water. Note that the shape of the MWCO curves for all of the membranes is close to the ideal 

curve – they all have relatively sharp MWCOs. 

Figure 6.10 and Table 6.5 shows the MWCO measured is close either to that previously 

measured by a manufacturer or that measured in another study reported in the available 

literature, despite the differences in the tests that would have been used to obtain these. Error 

ranges were calculated by determining the mean MW values at three different extrapolations 

of the MWCO curves to the possible best fit lines which intersect at 90% rejection. The 

validity of the developed MWCO method is well demonstrated by several of these results.  

There are slight differences in the MWCO values reported from literature (Table 6.5), 

which are most likely attributed to differences in the interactions of the different solutes (i.e. 

glucose [245], dye [246], natural organic matter (NOM) [247], 
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polydiallyldimethylammonium chloride (PDADMAC)[157] and dimethyl aminoethylacrylate 

(CoAA)[157]) used in their MWCO tests compared to the PEG mixture used here. The 

largest variation is for the Dow Filmtec
TM

 NF 270 membrane, with a MWCO of 1110 g mol
-1 

from ref. [157] compared to 330 ± 4 g mol
-1

 from the method in this work. The value in this 

work is much closer to the manufacturers estimate of 400 g mol
-1

 however, most likely 

indicating that the estimate in ref. [157] is incorrect.  

Differences in feed concentration may also be a cause of a difference in MWCO values, 

where higher concentrations will skew the MWCO higher. This is shown in ref. [248], where 

in the MWCO determination of MPF-44 (manufacturers MWCO of 250 g mol
-1

) safranin O 

(MW 350 g mol
-1

) at 0.01wt% had a lower rejection (68%) than at 1wt% (rejection = 94%), 

probably due to concentration polarisation and/or fouling at the higher concentration. The use 

of charged or polar organic solutes such as eosine, congo red [249], glucose and sucrose 

[250], would also produce a difference in measured MWCO, since if the membrane itself has 

an appreciable surface charge there will be a double layer interaction with these solutes, an 

interaction of that does not exist with the non-polar PEGs used in this study. This can result 

in a higher or lower MWCO compared to the method in this work [247]. Different molecules 

may also produce different MWCOs to PEGs due to differing macromolecular chain 

deformation and orientations during filtration [251]. 

Overall, the method developed in this work gave MWCO values within 3% (Dow 

Filmtec
TM

: NF) to 20% (Koch: TFC-SR100) of the manufacturers values with good 

agreement to literature values, verifying the accuracy of the method. Therefore more accurate 

MWCO values can be obtained when using the method developed in this work compared to 

comparable MWCO methods [25, 153, 160]. This result also significantly improves on the 

PEG HPLC-ELSD MWCO method reported in ref. [172] where the MWCO value of a 

commercial organic solvent resistant NF membrane tested with an oligomer mixture from 

PEG 600 was shown to differ considerably from the nominal MWCO specified by the 

manufacturer. It is also improves on the work reported in ref. [153], where the method used 

suffered from pore blocking, giving a MWCO value lower with a PEG mixture than when 

single PEGs where used.  
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Figure 6.9: HPLC chromatograms of the feed, permeate and retentate from (i) NF range PEG mixtures separated 

by the Filmtec
TM

 NF270 Membrane; (ii) low UF range PEG mixtures separated by the Hydracore Hydranautics 

7450 Membrane. 
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Figure 6.10: MWCO curve for commercial membranes using developed standard methods (i) NF range; (ii) UF range. 
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Table 6.5: Membrane separation properties (flux and MWCO) of the different commercial membranes obtained from dead-end filtration test. 

Membranes Type 

Flux in 

water 

(L m
-2

h
-1

) 

Flux in 

PEGs 

(L m
-2

h
-1

) 

MWCO 

Measured at  

90% rejection  

(g mol
-1

) 

Nominal MWCO 

supplied by  

Manufacturer (g mol
-1

) 

MWCO  

Obtained from Literature 

(g mol
-1

) 

Koch: SelRO
® 

MPF-

34 
NF  49.4 48.4 215 ± 5 200 

180 [245] 

(at 95% rejection of glucose) 

Koch: TFC-SR100 NF  164.7 139.7 235 ± 5 200 
<180 [38] 

(using lactose marker test by Fluids Systems)  

Koch: SelRO
®
 

MPF-44 
NF  49.9 42.3 260 ± 14 250 

351 [248] 

(at 94% rejection of safranin O - 1wt% feed) 

Dow Filmtec
TM

: NF NF  181.3 155.1 305 ± 4 200-300 
290 [247] 

(90% rejection of natural organic matter) 

Dow Filmtec
TM

:  

NF270 
NF  404.2 214.4 330 ± 4 400 

1110 [157] 

(at 90% rejection of PDADMC* & CoAA**) 

Koch: SelRO
® 

MPF-

36 
UF  1297.8 850.3 1140 ± 8 1000 

800 [246] 

(98% rejection of Dye) 

Hydranautics7450 UF  321.3 76.9 1075 ± 16 700 – 1000 
646-697 [249] 

(88 – 100% rejection of eosine & congo red) 
*poly diallyldimethylammonium chloride (PDADMAC), **dimethyl aminoethyl acrylate (CoAA) 
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So overall, compared to these past methods, MWCO can be more accurately and 

precisely determined over a wider MW range than previously possible with a one-filtration 

aqueous based method, since high-resolution PEG oligomer peaks can be obtained with 

known individual MWs separated by only 44 g mol
-1 

over a wider range of MWs than 

previously achieved. 

 

6.4   Chapter 6 Conclusions 

A refined one-filtration method for the MWCO determination of aqueous based NF and low 

UF membranes using broad range of MW PEGs was developed and verified as accurate. 

With this method, MWCO can be more precisely determined over a wider MW range than 

previously possible with a one-filtration aqueous based method, with individual MWs 

separated by only 44 g mol
-1

 and from 106 to 1250 g mol
-1

 for the NF MWCO range analysis 

and from 634 to 1646 g mol
-1

 (followed by 4000 and 6000 g mol
-1

) for the low UF MWCO 

range analysis. The key to the method is a reverse phase HPLC-ELSD PEG oligomer 

separation and quantification method that gives a high chromatographic resolution of 

individual PEG oligomers between the MWs of 106 and 1646 g mol
-1

 and clustered 

quantification based on average MW of PEG mixtures above this. The method is also likely 

to be more economic than previous methods: it is achieved on a widely available low cost C8 

column coupled with an ELSD detector at 60
o
C and a mixture of cheap PEGs can be used in 

just one-filtration meaning less time and resources are now needed to determine MWCO. 

The method gave MWCO values within 10% of the manufacturers values for Koch 

MPF34, MPF36, MPF44 and TFC-SR100 and Hydranautics 7450 membranes, robustly 

verifying the accuracy of the method. The slight difference in MWCO values are due to the 

types of solutes being used to determine the MWCO compared to the manufacturers. 

Given the above advantages and verifications, this method can now effectively replace 

the previously required time consuming and costly multiple filtrations of individual PEG 

oligomers and other compounds for the determination of membrane MWCO for aqueous 

applications. This method is then applied in determining the MWCO of the PANI membranes 

synthesised from our study, which will be detailed out in Chapter 7. 
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Chapter 7 

Assessment of MWCO and tuneability of the PANI composite 

membranes in pressure filtration systems 

 

In this chapter the tuneability of the most promising PANI composite membranes 

during pressure filtration is assessed, therefore addressing the overall aim of this 

thesis. As outlined in Chapter 2 and 4, applying an electrical potential to the produced 

PANI membranes during filtration hypothetically could produce three changes that 

impart flux and selectivity tuneability:  

 The presence of surface charge on the membrane surface and within the pores 

through a different surface interaction could change the flux and selectivity 

with the solutes. Water transport would also be affected due to its dipole (e.g. 

changing the Donnan exclusion of the water molecules). 

 Since PANI possesses conjugated properties that can be partially reduced and 

oxidised upon dopant movement to shrink and swell the PANI microstructure 

under an applied potential [12, 50, 86, 189], this would change the pore size 

and/or free volume and also pore-flow/sieving transport of the membrane. 

 The electromechanical interactions of the PVDF membrane support due to the 

piezoelectric nature of PVDF [190]also could change or enhance the pore 

size/free volume of the membrane and the sieving transport properties. 

 The dopant presence in the membrane increases the conductivity of the 

membrane that would change the solubility of the polymer and therefore 

influence the solution diffusion behaviour through the membrane. 

This tuneability is measured by performing membrane performance testing through 

filtration of the fabricated membrane in dead-end filtration and electrically connected 

cross-flow filtration for the flux, rejection and MWCO according to the procedures 

outlined in Section 3.4.  
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7.1 Dead-end filtration of PANI membranes (non-electrical) 

The normal (non-elecrically connected) performance of the PANI membranes 

prepared by the solution and diffusion cell polymerisation coating composite methods 

and the phase inversion method were measured. The aim of the dead-end filtration 

testing was to determine which membranes had MWCOs in the NF and low UF range, 

as only these membranes can be used in the electrically connected cross-flow cells to 

assess changes in MWCO (i.e. only membranes where the MWCO can be quantified 

will be able to have changes in MWCO quantified). Therefore, the flux and MWCO 

of each coating composite membrane at different PANI mass% and phase inversion 

membranes with different dopants was determined. The membrane properties such as 

permeability and construction parameters are also further related with theirfiltration 

properties. The membranes were all first assessed using the low-UF solutions to 

determine which produced MWCOs in the measureable range of the method in 

Chapter 6. For those membranes that showed MWCOs in the NF range, the NF 

solutions were then used to refine the MWCO curves further. 

Note that during the dead-end filtrations,the volume balance shows some 

volume reduction. This is because the retentate becomes very concentrated after 

filtration (after half of the feed has permeated through the membrane). The mass 

balance between the feed and the permeate and retentate typically has approximately 

a ± 10% difference, confirming that there wasno significant solutes loss and perfect 

mass condition before and after filtration. This also suggests that the analysis using 

HPLC was accurate and reliable as previously proven in Chapter 6. 

 

7.1.1 PANI coating composite membranes prepared by one-step solution 

polymerisation 

Membranes with different PANI mass% coated onto PVDF were used for the 

filtration of water and low UF solutions consisting of PEG1000 to PEG 6000. The 

filtration results are presented in Table 7.1. Overall this indicates that none of these 

membranes have a MWCO in the NF or low UF range and therefore cannot be taken 

forward for electrically connected cross-flow testing. This is most likely because 

these membranes had insufficient PANI surface coverage to have a continuous PANI 

layer with small pores, free from defects, allowing the water and PEGs used, to be 

transported through the membrane with minimal mass transfer resistance. This also 

indicates that minimal rejection of the PEGs was occurring. 
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Table 7.1 does show some trends for these membranes that are worth noting. 

The flux decreases with an increase of the PANI mass%. The membrane with 11 

mass% and 13 mass% still gave high fluxes in water and low UF solution values 

ranging between approximately 630-770 L m
-2 

hr
-1

. The membranes with 4 mass% 

PANI and below gave flux values that were too high to accurately measure. Note also 

that the flux difference between water and low UF PEG solutions are very close, 

suggesting that there would have been very little or no resistance to flux in these two 

solutions.  

The membrane rejection also increased with PANI mass% of the membrane 

(also see Figure 7.1), further confirming the hypothesis in Chapter 4 that a high 

mass% PANI takes a membrane towards the desired NF characteristics.  

 

Table 7.1: Summary of low UF PEG mixture dead-end filtration with PANI coating composite 

membrane prepared by one-step solution phase polymerisation onto PVDF (3 bar, 25 
o
C, 300 rpm). 

Solution 

polymerisation 

membranes 

Flux in 

water 

(L m
-2

h
-1

) 

Flux in low UF 

solution 

(L m
-2

h
-1

) 

Average rejections 

of PEGs at MW 

ranges 1000 – 6000 

g mol
-1

(%) 

2 mass% PANI 4930 4900 1 

4 mass% PANI 3002 3015 3 

11 mass% PANI 771 712 16 

13 mass% PANI 685 635 14 
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Figure 7.1: Rejection of low UF PEG mixture in PANIcoating composite membranes prepared via one-

step solution polymerisation method at different PANI mass% during dead-end filtration (3 bar, 25
o
C, 

300 rpm, 400 mg L
-1 

of low UF solutes). 

 

7.1.2 PANI coating composite membranes prepared via diffusion cell 

polymerisation 

Diffusion cell prepared composite membranes with different PANI contents were 

selected and tested in the dead-end cell. The flux and rejection values are presented in 

Table 7.2.  

It was found that the membrane flux decreased when PEG mixtures were used 

compared to pure water, indicating rejection was occurring (and perhaps 

concentration polarisation). Flux decreased with increasing PANI mass% on the 

membrane, as the increase in PANI thickness layer also increases the resistance to 

flow, therefore reducing the flux. This shows that PANI coverage on the membrane 

surface was more complete and continuous with less defects when prepared by the 

diffusion cell technique compared to solution polymerisation. This correlated well 

with the SEM images in Section 4.5(Figure 4.22). The PANI was shown to fully 

cover the PVDF top layer for the diffusion cell membranes as shown in Figure 4.22, 

but not for the solution polymerisation membrane, which still have a similar micro-

porous structure as the PVDF top layer at <5 μm thickness (see Figure 4.19).The 

more continuous layer therefore enables successful rejections of the low UF PEG 
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mixture through these membranes at a reasonable filtration pressure of 10 bar. The 

resulting MWCO curve is shown in Figure 7.2 with the MWCO values taken at 90% 

rejections and are presented in Table 7.2. Meanwhile the initial flux study for the heat 

treated PANI membrane prepared by diffusion cell polymerisation showed that the 

flux was at around the same (143 L m
-2

 h
-1

 in water and 57 L m
-2

 h
-1 

in low UF 

(Section 7.1.2). 

Table 7.2: Summary of low UF PEG mixture dead-end filtration with PANI coating composite 

membrane prepared by diffusion cell polymerisation onto PVDF (10 bar, 25
o
C, 300 rpm). 

Diffusion cell 

Membranes 

Flux in water 

(L m
-2

h
-1

) 

Flux in low-UF 

solution (L m
-2

h
-1

) 

MWCO 

(g mol
-1

) 

31 mass% PANI 306 151 1350 

43 mass% PANI 123 74 1100 

85 mass% PANI 20 17 950 

 

Figure 7.2 serves as a reference for the rejection of PEG solutes MW upon 

filtration through the diffusion cell membranes in the dead-end filtration. The 

membranes with the highest PANI mass% membrane have the best rejection – this is 

directly related with there being a more complete coverage of PANI on the PVDF 

support membrane, filling in the pores more and filling in any defects. Figure 7.2 

shows that loose NF or low UF range membranes are obtained, although higher MW 

of solutes (4000 g mol
-1

 above) were permeated. This is perhaps due to concentration 

polarisation and/or fouling occurs for bigger, higher MW solutes such as PEG 4000 

and PEG 6000 allowing permeation in a similar way as that reported by Patterson et 

al. [25] during the filtration of various solute MW ranges such as tryalkylamines in 

toluene through commercial NF membranes. Schäfer et al.[252] has reported in detail 

about the fouling and/or concentration polarisation phenomenon in NF, which is 

initiated by an accumulation of solutes retained in the membrane boundary layer. The 

concentration of the bigger solutes at the membrane surface may increase up to a 

point where the concentration gradient across the membrane is sufficient for mass 

transport by solution-diffusion. This increases the permeation of bigger solutes and 

rejects the smaller ones. This finding is also supported by the work conducted by 

Agenson and Urase [253] in which the rejection of high MW solutes decreased in the 

presence of a fouling layer as a result of enhanced concentration polarisation and 
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increased diffusion of large molecules across the membrane. Furthermore, they also 

reported that fouling produced narrower membrane pores, which increased steric 

hindrance to reject the smaller MW compounds but permeate the larger MW 

compounds [253]. Other researchers have also observed the same phenomenon upon 

filtration of bigger MW solutes through NF membranes [25, 253].  

 

Figure 7.2: Rejection of low UF PEG mixture in PANI coating composite membranes prepared by 

diffusion cell polymerisation at different PANI mass% in the dead-end filtration rig (10 bar, 25
o
C, 300 

rpm, 400 mg L
-1 

of low UF solutes). 

 

The traces of the PEGs on the membrane surface due to the concentration 

polarisation and/or fouling could be possibly confirmed by the increases in the peak 

intensities representing alkanes/hydroxides compounds in the filtered membrane via 

spectroscopic analysis like in FTIR – this was not conducted here, but is suggested in 

any future work. The effect of fouling/concentration polarisation was not prominent 

in the filtration of the commercial NF and UF membranes from Hydranautics, Koch 

and others as reported in Chapter 6 during the MWCO method study. This is mostly 

attributable to the differences in solute and solvent interactions with the PANI coated 

membranes used in this chapter compared to the commercial membranes used in 

Chapter 6. 
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Note that the fact that these diffusion cell produced membranes have a 

MWCO in the NF range is supported by the other analyses presented in Chapter 4 

(SEM, FTIR, conductivity and dynamic contact angle).  

 

7.1.3 PANI phase inversion membranesprepared by immersion precipitation 

As mentioned earlier, dead-end filtration of the PANI phase inversion membranes 

was used to determine the effect of different acid dopants (including undoped 

membranes) on the flux and MWCO when the membranes are not connected 

electrically – in particular to determine if these are in the NF and low UF range. All of 

these membranes were secondarily doped with HCl after the phase inversion process.  

The membrane fluxes were found to decrease in the presence of solutes in the 

solution indicating that rejection and perhaps concentration polarisation was occurring 

(Table 7.3). In Chapter 5 it was established that the membrane morphology and 

electrical conductivity was changed by dopant, and this influenced the water 

permeation under different voltages during electrically connected dynamic contact 

angle. These properties also correlate to the filtration results and in particular, the 

morphology correlates well with the filtration results.   

The flux and MWCO wasgreater for HCl primary doped membranes when 

compared to the undoped membranes, probably due to phase inversion that creates 

bigger pores in the HCl doped membranes than in the undoped membranes. 

Morphological changes in HCl doped in wet state (phase inversion process) caused 

the membranes to possess bigger MWCO. Ball et al. [86] reported the permeability of 

ethanol/water in HCl doped PANI membrane is much higher than in the undoped 

membrane similar to our finding. The physical and morphological of PANI membrane 

prepared using HCl dopant, showed that membrane became more brittle when high 

concentration of acid (6 M) was added in the doped solution which may cause 

membrane defects that can influence the flux and selectivity (refer Table 5.3 in 

Chapter 5). 

The MA doped membrane, which has the thickest dense nodular layer (10 μm) 

other than the PMVEA doped membrane (Figures 5.20 (viii) and (x) respectively), 

produces the lowest flux with both pure water and the PEG solution. There was less 

of a difference with other membranes. The undoped membranes and the membranes 

primarily doped in ASA and PMVEA, possessed almost the same fluxes with pure 
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water (Table 7.3). This can be explained by the fact that the dense layer thickness in 

ASA doped- and undoped membranes are almost the same (<1 μm). However, the 

PMVEA doped membrane has a relatively higher dense layer thickness (>2 μm) than 

the other two membranes, which would usually indicate a greater resistance to mass 

transfer.  

PMVEA doped membrane is expected to possess more open (loose) top layer 

than the ASA- and undoped membranes, due to the larger dopant used (therefore 

allowing a greater free volume to form). This is confirmed by literature - a PMVEA 

doped membrane may have more open pore nanostructure as reported by Zhang et al. 

[80] upon doping of PANI in this type of polymeric acid than in a monomeric acid 

dopant. The MWCO values measured (Figure 7.3) also shows that the PMVEA and 

MA doped membrane from carboxyl group dopant, has a bigger pore structure/free 

volume as they have the second highest MWCOs (2800 - 2300 g mol
-1

) after the 

DBSA doped membrane (4300 g mol
-1

).  The DBSA doped membrane had the highest 

flux and MWCO probably due to the long alkane chain attached to the sulfonyl 

benzene ring that creates a bigger pore and/or free volume in the membrane [235] as 

found earlier in the preliminary tuneability assessment by dynamic contact angle 

(Section 5.10). PMVEA although has the biggest MW and could create promising 

pores structure [80], but the size and shape of the dopant is much lower/shorter than 

DBSA causing a smaller flux and MWCO value. Both HCl doped membrane of either 

acts as primary or secondary dopant have given the lowest range of MWCO (1050- 

1600 g mol
-1

) due to the smallest size of the dopants used. The different selectivity 

values between both HCl doped membranes are probably because of the addition of a 

very strong acid (6 M) in the doped PANI solution prior to phase inversion that 

changed the physical, chemical and morphological of the primary HCl doped 

membranes (see Section 5.9). 

Table 7.3 shows the MWCO values obtained from the MWCO curves. 

Membranes primarily doped in HCland ASA showed the best rejection within the NF 

range below 2000 g mol
-1

. Meanwhile, membranes doped in PMVEA, MA and DBSA 

are in the low UF range from 2000 to 6000 g mol
-1

. Solutes at higher MW (PEG 4000 

and PEG 6000) mostly still permeated through due to the fouling and/or concentration 

polarisation effect similar to the phenomenon observed in our work for the diffusion 

cell PANI membranes (discussed earlier). Figure 7.3 shows that the dopants do not 

make much of a difference in how sharp the MWCO is with these membranes – 



Chapter 7 – MWCO and tuneability assessment of PANI membranes 
 

 224 

indeed the MWCO is relatively sharp (excluding the aforementioned permeation of 

the larger MW PEGs). Meanwhile the flux and MWCO of the heat treated PANI 

membrane could not be obtained due to the melting of the membrane support 

structure as supported by the SEM, FTIR and DSC analysis (refer Section 5.8). The 

heat treated membrane could not pass through either water or PEG mixtures thus no 

flux or MWCO was measured from the filtration trial. 

 

Table 7.3: Summary of low UF PEG mixture dead-end filtration with PANI phase inversion membrane 

prepared by immersion precipitation onto PE/ PP mixture support (10 bar, 25
o
C, 300 rpm). 

Phase inversion 

membranes 

Flux in 

water 

(Lm
-2

h
-1

) 

Flux in low 

UF solution 

(Lm
-2

h
-1

) 

MWCO at low 

UF range  

(gmol
-1

) 

 

Primary 

dopant‟s MW  

(g mol
-1

) 

No dopant + HCl 80 28 1050 0 

HCl + HCl 278 158 1600 36.46 

ASA + HCl 90 31 1900 310.25 

DBSA + HCl 936 750 4500 326.49 

MA + HCl 34.5 24.5 2800 116.07 

PMVEA + HCl 83 28 2300 960,000 
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Figure 7.3: Rejection of low UF PEG mixture in PANI phase inversion membranes doped in various 

acid dopants during dead-end filtration (10 bar, 25
o
C, 300 rpm, 400 mg L

-1 
of low UF solutes). 

 

7.1.4 Filtration of the synthesised membranes in NF range solutions 

The two sets of PANI membranes that produced MWCOs in the NF range (the phase 

inversion and diffusion cell polymerisation membranes) were filtered in the dead-end 

filtration cell using the NF range PEG mixture (PEG 200, PEG 400, PEG 600 and 

PEG 1000) to further refine their MWCO. Table 7.4 summarises the membrane fluxes 

and MWCOs obtained and the MWCO curves are presented in Figure 7.4.  

The fluxes in solutes solution were lower than those obtained in pure water, 

indicating that rejection was occurring in the NF range. The presence and absence of 

the HCl dopant in the phase inversion PANI membranes changes the flux. This is 

most likely due to the interactions of the HCl dopant with water as shown in the 

dynamic contact angle results in Section 5.10 of Chapter 5, where PANI membranes 

doped in HCl are more hydrophilic and absorbed water at a faster rate than without it. 

Ball et al. [112] have reported similar findings for the water filtration through the 

doped and undoped PANI membranes where the HCl doped membrane heavily 

favours water. The MWCO of the phase inversion PANI membranes filtered in nano-
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range solutes could not be measured directly from the curves as the value measured 

was at higher MW ranges than the tested MW ranges. Consequenty no other phase 

inversion membranes were tested and the MWCOs from the low UF method used. 

 

Table 7.4: Measured fluxes of different membranes (10 bar, 25
o
C, 300 rpm). 

 

Membrane 

 

Flux of water, 

(L m
-2

 h
-1

) 

Flux of NF solution 

400 mg L
-1

 

(L m
-2

 h
-1

) 

 

MWCO 

(g mol
-1

) 

Phase inversion membranes 

PANI (No dopant) 24 19 (Need extrapolation) 

PANI (No dopant) +HCl 83 60 (Need extrapolation) 

Diffusion cell membranes 

43 mass% PANI 142 60  (Need extrapolation) 

85 mass% PANI 17 15 1200 

 

The PANI mass% membrane prepared by diffusion cell polymerisation again 

is shown to make a significant different in membrane properties. As with the low-UF 

PEG mixture MWCO curves, the membrane with the highest PANI content (85 

mass%) has a lower flux in both solutions (pure water and NF range solutes solution) 

than the membrane with43mass% PANI due to the denser top layer. Figure 7.4 shows 

that over an NF range, all the membranes tested have very blunt MWCO curves. This 

may well indicate that there are defects and irregularities in these membranes instead 

of a uniform pore and/or thin layer, thereby allowing the membrane to pass a wide 

range of solutes through rather than a narrow selection. Of all the membranes tested, 

the only membrane that has direct measureable MWCO in the NF range that with a 85 

mass% PANI membrane which is at 1200 g mol
-1

. This however has allowed us to 

achieve the aim of producing a NF membrane. All other membranes required 

extrapolation to obtain the MWCO (see Figure 7.4).  

Overall this indicates the way forward for the electrically connected cross-

flow testing: mainly the low-UF range PEG solutions will be used.  
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Figure 7.4: MWCO curves of diffusion cell membranes at different polymerisation time and phase 

inversion membranes with different dopants tested in the dead-end filtration cell unit (10 bar, 25
o
C, 

300 rpm, 400 mg L
-1 

of NF solutes). 

 

7.2 Electrically connected cross-flow filtration using PANI 

membranes  

7.2.1 Cross-flow filtration of the synthesised membranes doped in different 

dopants: Flux and MWCO 

The selected fabricated membranes from phase inversion and diffusion cell 

polymerisation methods were tested in the cross-flow filtration unit with the aims to 

study the tuneability of the membrane flux and selectivity when running at fixed 

applied voltage, in comparison to zero applied voltage. A specially fabricated 

membrane cell made of Teflon was used (see Section 3.4.3 for details). The 

membranes with NF and low UF MWCO ranges determined in Section 7.1 were 

selected for this cross-flow filtration study. The performance of the phase inversion 

PANI membranes primarily doped in ASA, no-dopant and PMVEA together with a 

diffusion cell PANI membrane (43 mass% PANI) doped in HCl were analysed in the 

cross-flow filtration unit with/without applied voltages.  

 

 



Chapter 7 – MWCO and tuneability assessment of PANI membranes 
 

 228 

A.   Assessment of flux tuneability at 7 V 

The membrane fluxes at different filtration times were calculated from two different 

runs: (i) 7 V and (ii) 0 V. The relationship of the fluxes with time is illustrated in 

Figures 7.5 to 7.8 representing the respective ASA doped PANI membrane (Figure 

7.5), PMVEA doped PANI membrane (Figure 7.6), PANI membrane without primary 

dopant (means that it did not use acid in the membrane synthesis but then secondary 

doped with HCl) (refer Figure 7.7) and HCl doped diffusion cell PANI membrane 

(Figure 7.8) where all treated with 1 M of HCl for full secondary doping. For all the 

membranes tested, the fluxes can be seen to increase slightly when voltage is applied 

to the system. The error bars between the two plots (at 0 and 7 V) do not overlap, so 

the differences may be statistically significant meaning that the differences in fluxes 

may be influenced by voltage applied rather than happened by chance.The highest 

tuneability of the fluxes in the presence of voltage is observed for the phase inversion 

PANI membranes that were primary doped with ASA and PMVEA. The membranes 

prepared by phase inversion and diffusion cell polymerisation doped in HCl have 

lower flux changes in presence of applied voltage. The highest flux values at the final 

filtration hour of around 150 L m
-2

 h
-1

 (at 0 V) and 400 L m
-2

 h
-1

 (at 7 V) were found 

in the ASA doped PANI membrane (Figure 7.5) followed by the diffusion cell 

membrane (43 mass% PANI)with a final flux of 110 L m
-2

 h
-1

 (at 0 V) and 120 L m
-2

 

h
-1

 (at 7 V) (Figure 7.8). The phase inversion PANI membrane doped in HCl has a 

final flux of 64 L m
-2

 h
-1

 (at 0 V) and 67 L m
-2

 h
-1

 (at 7 V) (Figure 7.7), while the 

lowest flux was observed in the membrane doped in PMVEA with a final flux of 50 L 

m
-2

 h
-1

 (at 0 V) and 60 L m
-2

 h
-1

 (at 7 V) (Figure 7.6).  
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Figure 7.5: Membrane fluxes of phase inversion PANI membrane doped in ASA and treated in 1M 

HCl with applied voltage of 7 and 0 V (10 bar, 25
o
C, 400 mg L

-1 
of low UF solutes). 

 

 

Figure 7.6: Membrane fluxes of phase inversion PANI membrane doped in PMVEA and treated in 1M 

HCl with applied voltage of 7 and 0 V (10 bar, 25
o
C, 400 mg L

-1 
of low UF solutes). 

 

Thus, the flux can be tuned to increase in the range of 3 to 10 L m
-2

 h
-1 

in the 

presence of an applied voltage except for the ASA doped membrane, in which the 

flux doubled. The high tuneability of ASA membrane was also observed by dynamic 

contact angle in Section 5.8 (Chapter 5), where it had the highest permeation rate 
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under applied voltage. The PMVEA doped PANI membrane shows a promising flux 

tuneability at the lowest flux measured (~50 L m
-2

 h
-1

) but was limited by the thick 

dense top layer (as shown by the SEM images in Figure 5.20). This is probably due to 

the bigger free volume created in the PMVEA and ASA doped membranes based on 

the bigger size dopants used which influenced the fluxes. The membrane doped in 

HCl prepared by either phase inversion or diffusion cell polymerisation method has 

shown lower flux tuneability, possibly due to their smaller dopant size. Finally, in all 

the membranes tested, the absence of pores at the surface (PANI was fully spread on 

the top as confirmed by the SEM in Section 5.9.1) causes lower flux without applied 

voltage (0 V), with slower permeation rate as indicated by the dynamic contact angle 

measurements (Section 5.10). 

 

 

Figure 7.7: Membrane fluxes of undoped phase inversion PANI membrane treated with 1M HCl 

measured at applied voltage of 7 and 0 V (10 bar, 25
o
C, 400 mg L

-1 
of low UF solutes). There is no flux 

tuneability for this membrane indicating that dopant is necessary for this. 



Chapter 7 – MWCO and tuneability assessment of PANI membranes 
 

 231 

 

Figure 7.8: Membrane fluxes of diffusion cell PANI membrane doped in 1 M HCl measured at applied 

voltage of 7 and 0 V (10 bar, 25
o
C, 400 mg L

-1 
of low UF solutes). 

 

B.   Assessment of MWCO tuneability at 7 V 

MWCO curves at 0 and 7 V are presented in Figures 7.9 to 7.12. Three different 

volatage scenarios were run to try to determine if MWCO and the MWCO curve 

could be changed with an applied external voltage: (i) with applied voltage of 7 V 

throughout the filtration, (ii) without voltage (0 V) throughout the filtration, or (iii) a 

combination of both with/without voltage throughout the filtration. The best fits 

measured from the shape and slope of the curves at 90% rejection have given the 

MWCO values at below 4000 g mol
-1

 with the error calculated from the best-fitted 

MWCO values.  

Note also that the resulting HPLC chromatograms of the feed, retentate and 

permeate from filtration of NF PEG mixtures through the NF range membranes using 

the electrically connected cross-flow filtration rig are shown in Appendix L. The same 

chromatograms of low UF solutes mixture filtration through the high MWCO NF 

membranes filtration are presented in Appendix M. From these figures, the permeate 

peaks show a lower intensity than the peaks of the feed. This result also shows the 

expected membrane selectivity for the PEG MWCO mixture: higher MW oligomers 

were rejected by the membrane (i.e. retained) and lower MW oligomers were 

permeated. The retentate peaks have higher peak intensities than the feed, and 

permeate as the feed solution has been concentrated through the permeation of solvent 
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and lower MW oligomers. These figures are demonstrated as an example of the 

chromatograms for the permeate taken at different filtration times compared against 

the feed and retentate, with the peak intensities of permeates decreasing over time. 

Figures 7.9 to 7.12 show that the membranes can have their MWCO tuned 

(changed) when an external voltage is applied to them. Effectively these results 

therefore answer the overall aim of this PhD thesis. Thus, most of the MWCO curves 

of the membrane have a different slope when a 7 V voltage was applied to the system. 

Take for example the ASA doped PANI membrane and the undoped PANI membrane 

both prepared by phase inversion, as they have shown reliable MWCO curves with 

measureable MWCO values especially under applied voltage. MWCO values 

observed when a 7 V voltage is applied were higher than the MWCO values obtained 

in the absence of voltage (0 V), as shown by the average best-fit MWCO line at 90% 

rejection. For example, the ASA doped PANI membrane has a MWCO of 1550 ± 50 

g mol
-1

 at 0 V and the MWCO increased to 1850 ± 50 g mol
-1

 at 7 V (from Figure 

7.9). Similar results were observed in the undoped PANI membrane treated in 1 M 

HCl as shown in Figure 7.11, where the MWCO at 0 V was at 1500 ± 50 g mol
-1

 and 

1700 ± 50 g mol
-1

 at 7 V. These findings mirror the findings by dynamic contact angle 

and therefore validate the use of this method in assessing the tuneability of these 

membranes. 

 The mechanism of this tuneability change cannot be directly determined from 

these results, however it is speculated that it is a combination of all of the 

aforementioned mechanisms (Section 2.1.2) that are conspiring to create the 

tuneability seen here, in particular it is thought that the presence of voltage during 

filtration resulted in a looser nanopore structure (perhaps by changing the dopant 

attachment or steric position in the polymer), thereby permitting larger solutes to pass 

through the charged membrane.  

 Cross-flow results are similar to that found by dead-end filtration, validating 

the use of dead-end filtration as a shortlisting procedure for the more time consuming 

and expensive cross-flow testing. Indeed, the membrane doped in PMVEA has the 

bluntest cut-off in this cross-flow assessment, as earlier found in the dead-end 

filtration study using the same membrane. The MWCO of the PMVEA doped PANI 

membrane was recorded to be in the UF ranges (> 4500 g mol
-1

) measured by dead-

end filtration in Section 7.1, and a similar figure is found by cross-flow filtration here.  



Chapter 7 – MWCO and tuneability assessment of PANI membranes 
 

 233 

 In all the results, the MWCO curves and MWCO change over the course of 

the cross-flow filtration run. For example, the diffusion cell PANI membrane has a 

MWCO at around 1400 ± 50 g mol
-1

 in the initial run, but the MWCO shifted towards 

the end of the filtration run, similar to the phenomenon observed in other membranes 

after a long filtration time (See Section 7.21 and 7.22). The same results were 

observed for the commercial membranes run from Filmtec and Hydranautics, in the 

cross-flow system during commissioning work (Appendix K). Apart from the 

aforementioned membrane fouling/concentration polarisation effects changing the 

surface and transport mechanisms through the membrane and the membrane 

resistances (as also seen in the dead-end filtrations), this shift in MWCO is probably 

also due to other non-conductive and conductive effects, such as membrane 

compaction and leaching of acid dopants in the membrane, especially species that was 

weakly bonded to the membrane i.e. HCl and the monomeric acid dopants. Leaching 

of acid dopants was reported by Ball et al. [18] during pervaporation of aqueous 

solution, which traced the leaching of HCl dopants out of PANI membrane into the 

feed solution. Dopant leaching is expected to decrease the conductivity of the 

membrane and further decrease the permeation of the solutes solution based on the 

reduction in flux and increment in the MWCO. This takes the MWCO far more from 

the initial MWCO recorded at 0 minute. The visible changes of the PANI colour from 

dark green to dark blue after a long filtration time also confirmed the effect of dopant 

leaching. For the membrane that was doped in a strongly bonded polymeric acid 

dopant such as PMVEA, the MWCO curves do not indicate the difference, although 

the dopant is expected to still be present because a higher range of MWCO (above 

4500 g mol
-1

) was observed.  

Another major reason for the shift in the MWCO curves at longer filtration 

times could be attributed to membrane fouling and/or concentration polarisation as 

explained earlier in the dead-end filtration study, and also due to the membrane 

physical changes i.e. by compaction. Compact occurs without fouling for some of 

these membranes – for example the PANI phase inversion membranes, as illustrated 

in Figure 7.8, where there is a decrease in flux with filtration time typical of many NF 

membranes. The compact occurs until a steady state compaction is obtained. The fact 

that the flux does not decrease after this indicates an absence of further concentration 

polarisation and/or fouling (if indeed there was any at all). Similar compaction issues 

were also reported by other researchers [219, 254], which found that compaction took 
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place regardless of whether the NF membrane possesses macrovoid-like structures or 

macrovoid-free structures. Soroko et al. [254] have studied the flux decrease in NF 

membrane associated with the compaction, which was mainly due to the damage of 

the nanopores in the dense top layer and the sub layers. All these effects probably 

contributed to the changes inthe MWCO and flux, but these effects could not be 

distinguished as they might have occurred at the same time. Therefore, the effect of 

membrane fouling, compaction and dopants leaching due to the continuous pressure 

filtration could be measured by spectroscopic, microscopic, titration analyses such as 

FTIR, SEM, TEM, which could be evaluated in the future.  

Based on this work, ASA doped PANI membranes that possess the highest 

flux and MWCO tuneability were chosen to be further analysed for their tuneability 

properties at different applied voltages. 
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Figure 7.9: MWCO curves of phase inversion membranes doped in ASA at (i) 7 V, (ii) 0 V, and (iii) combination of 7 and 0 V(10 bar, 25
o
C, 400 mg L

-1 
of low UF solutes). 

The whole circles represent rejections of PEGs at 7V and the empty circles represent the rejection of PEGs at 0V. 

It is these results that show that it is possible to produce a PANI membrane that can have tuneable MWCO (selectivity) in a cross-flow pressure filtration. These results show proof of concept and 

effectively answer the overall aim of this thesis.
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Figure 7.10: MWCO curves of phase inversion membranes doped in PMVEA with applied voltage of (i) 7 V, (ii) 0 V, and (iii) combination of 7 and 0 V (10 bar, 30
o
C, 400 mg L

-1 
of low UF 

solutes). The whole circles represent rejections of PEGs at 0V and the empty circles represent the rejection of PEGs at 7V. 
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Figure 7.11: MWCO curves of phase inversion membranes doped in HCl with applied voltage of (i) 7 V, (ii) 0 V, (iii) combined of 7 and 0 V (10 bar, 25
o
C, 400 mg L

-1 
of low UF solutes). 

The whole circles represent rejections of PEGs at 0V and the empty circles represent the rejection of PEGs at 7V. 



Chapter 7 – MWCO and tuneability assessment of PANI membranes 
 

 238 

 

 

 

 

 

 

Figure 7.12: MWCO curves of diffusion cell membranes doped in HCl with applied voltage of (i) 7 V, (ii) 0 V, and (iii) combination of 7 and 0 V (10 bar, 25
o
C, 400 mg L

-1 
of low UF solutes).The 

whole circles represent rejections of PEGs at 0V and the empty circles represent the rejection of PEGs at 7V. 
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7.2.2 Cross-flow filtration of the synthesised membranes doped in ASA: Flux 

and MWCO tuneability at different applied voltages 

7 V is a relatively high voltage to apply across the membranes used. Therefore a 

range of lower voltages were applied to determine the effects on membrane 

tuneability on the ASA doped phase inversion PANI membranes.  

 Figure 7.13 to 7.15 illustrates the fluxes of ASA doped PANI membrane 

calculated after cross-flow filtration with different applied voltages: at 7 V, 3.5 V and 

1 V in comparison to 0 V, respectively. The same membrane was used in the filtration 

run for the same set of analysis i.e. at 7 V and 0 V, and the experiments were repeated 

once. A slight increase in the flux can be seen at higher applied voltages of 7 V and 

3.5 V (refer the respective Figures 7.13 and 7.14). Meanwhile, at a lower voltage of 1 

V (Figure 7.15), the flux did not differ much from the case where no voltage was 

applied. Fluxes at 0 V show that there are differences in the fluxes measured using a 

different set of membranes between the three figures, but the values were consistently 

lower than the fluxes obtained when voltage was applied, indicating the accuracy and 

reproducibility of the analysis at an applied voltage. The increase in the fluxes in the 

presence of voltage supply again indicated tuneable permeability as found earlier via 

dynamic contact angle measurements. The flux decline in the initial run is probably 

due to the compaction that took place in the membranes as well as some concentration 

polarisation/fouling. 

 

 

Figure 7.13: Membrane fluxes of phase inversion PANI membrane doped in ASA and treated in 1 M 

HCl with applied voltage of 7 V and 0 V (10 bar, 25
o
C, 400 mg L

-1 
of low UF solutes). 
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Figure 7.14: Membrane fluxes of phase inversion PANI membrane doped in ASA treated in 1 M HCl 

with applied voltage of 3.5 V and 0 V (10 bar, 25
o
C, 400 mg L

-1 
of low UF solutes). 

 

 

Figure 7.15: Membrane fluxes of phase inversion PANI membrane doped in ASA treated in 1 M HCl 

with applied voltage of 1 V and 0 V (10 bar, 25
o
C, 400 mg L

-1 
of low UF solutes). 

 

The average membrane MWCO values taken at different electrical potentials are 

summarised in Table 7.5. These values were obtained from the rejections of the 

solutes‟ MW curves illustrated in Figures 7.16 to 7.18. The results for the two sets of 

analyses are shown in Table 7.5. From the results, it can be seen that the average 

MWCO of the membranes at different applied voltages were mostly higher in 

comparison to the case of no applied voltage.  
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Table 7.5: Summary of low UF PEG mixture electrically connected cross-flow filtration with PANI 

phase inversion membrane prepared by immersion precipitation onto PE/ PP mixture support doped in 

ASA (10 bar, 25
o
C, voltages of 0, 1, 3.5 and 7 V).The MWCO was calculated based on the shape and 

slope of the curves at below 4000 g mol
-1

, with the minimum of two possible best fits at 90% rejection 

for the cut off values. The error was calculated from the best-fitted MWCO values. 

Volts 

(7 V/ 

3.5 V/ 

1V) 

Average 

MWCO at 

applied voltage 

( g mol
-1

) 

Error 

+/- 

 

(g mol
-1

) 

Volts 

(0 V) 

 

 

Average 

MWCO at  

0V 

( g mol
-1

) 

Error 

+/- 

 

(g mol
-1

) 

MWCO change 

between the 

different voltages 

(g mol
-1

) 

SET 1 (initial runs) 

7 2175 89 0 1775 94 400 

3.5 1900 75 0 1850 50 50 

1 2050 50 0 1925 75 125 

SET 2 (repeat runs) 

7 2275 75 0 1725 75 550 

3.5 2250 50 0 1850 75 400 

1 1750 50 0 1875 50 125 

 

Examples of MWCO curves obtained at different applied voltages are 

presented in Figures 7.16 to 7.18. The MWCO curves are generally presented 

according to filtrations (i) with applied voltage, (ii) without voltage, and (iii) a 

combination of both with/without voltage, throughout the filtration run, as before. The 

curves are also categorised into separate figures to further show the individual 

differences between the curves at specified filtration times as depicted in Appendix H, 

I and J. The MWCO was calculated based on the shape and slope of the curves at 

below 4000 g mol
-1

, with the minimum of two possible best fits at 90% rejection for 

the MWCO values. The error was calculated from the best-fitted MWCO values. For 

the two sets of filtrations at different voltages, the values of the MWCO found was 

close to each other. It can be seen that an applied voltage of 7 V gave the most 

significant change in the MWCO i.e. 400 to 500 g mol
-1

MWCO difference, when 

compared to the rest of the voltages applied.Meanwhile,atanapplied voltage of 3.5 V, 

the MWCO values differed slightly upon voltage application but the measured values 

of the two runs were different from each other. The first run has a lower increase in 

the MWCO (~50 g mol
-1

) but the second set has a higher increase in the MWCO 

value (~400 g mol
-1

) with a voltage presence. Meanwhile, an applied voltage of 1 V 

gave the lowest change in MWCO i.e. only by 150 g mol
-1

. 
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Figure 7.16: MWCO curves of phase inversion membrane doped in ASA with applied voltage of (i) 7 V, (ii) 0 V, and (iii) combination of 7 and 0 V (10 bar, 25
o
C, 400 mg L

-

1 
of low UF solutes. The whole circles represent rejections of PEGs at 7V and the empty circles represent the rejection of PEGs at 0V. 
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Figure 7.17: MWCO curves of phase inversion membrane doped in ASA with applied voltage of (i) 3.5 V, (ii) 0V, and (iii) combination of 3.5 and 0 V (10 bar, 25
o
C, 400 mg 

L
-1 

of low UF solutes. The whole circles represent rejections of PEGs at 3.5V and the empty circles represent the rejection of PEGs at 0V. 
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Figure 7.18: MWCO curves of phase inversion membrane doped in ASA with applied voltage of (i) 1 V, (ii) 0 V, and (iii) combination of 0 and 1 V (10 bar, 25
o
C, 400 mg L

-

1 
of low UF solutes). The whole circles represent rejections of PEGs at 0V and the empty circles represent the rejection of PEGs at 1V. 
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Figure 7.19: Rejections of low UF PEG mixture by PANI membranes in the electrically connected cross-flow 

filtration rig at 0 V obtained from three independent runs (10 bar, 25
o
C, 400 mg L

-1 
of low UF solutes).  

The tuneable MWCO at different voltage applied in Figure 7.16 to 7.18 were 

compared against the MWCO curves at 0 V for six different runs during filtration without 

applied voltage (refer Figure 7.19). The MWCOs are in the range of 1725 – 1925 g mol
-1

 

with the average MWCO of 1838 g mol
-1

. These MWCO values have about 165 g mol
-1 

difference between each run at 0 V, and these show that the values are close to each other. 

This suggests that the changes in the MWCO at around 165 g mol
-1

 or lower for different 

voltage supplies actually mean that there is no change in the MWCO (i.e. this is noise in the 

data). Kim et al. [15] have reported the actuation of PANI and PPY bi-/tri- layers membrane 

performed in air at 6 V and the displacement could reach up to few thousands micrometers. 

The sort of actuation in their work has a different concept from MWCO tuneability measured 

in this work because the measurement was based on the visible changes in the film 

displacement, while MWCO tuneability was measured from the nano-structural changes in 

the membrane itself to allow permeation of different sizes of solutes through the membrane. 

However, there is perhaps some actuation of the pores and/or free volume occurring in the 

PANI membrane here – so, the presence of an external voltage supply may result in the 

changes of micro-structural properties of the membrane. Thus, the applied voltage that have 

the greatest (and perhaps only- due to the range of the noise in the data) MWCO tuneability 

in this present study was found at 7 V with MWCO difference of about 400 to 500g mol
-1

.  
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A possibly higher MWCO tuneability may be achieved if higher voltages are applied (above 

7 V) during filtration. However, due to limitation of the voltage generator used in this study 

the maximum voltage achievable was only at 7 V. There is literature evidence to support this 

hypothesis: Zhou et al. [87] for example found that the use of high voltages in the PANI film 

influences the tuneability because the external voltage can produce charge transfer by 

hopping between the conducting domains, with reprotonation taking place between 0 to 75 V 

voltage supply, while deprotonation took place between 75 to 175 V. The 

vibrational/tuneable properties that are directly associated with the chemical bondings and 

electron distribution along the polymer backbone are extremely sensitive to the structure 

changes in PANI [87], and therefore the applied voltage could be manipulated for observation 

of the tuneability with a possible maximum voltage of 75 V.  

For all of the filtration experiments performed with different voltages, it can be seen 

that the MWCO curves were straighter in the beginning but became blunt towards the end of 

the filtration time. The same situation was observed in the previous run using the synthesised 

PANI membrane prepared by diffusion cell polymerisation technique or in different dopants 

of PMVEA and HCl as presented in Section 7.2.1. Again, this is probably due to the effects 

of fouling, concentration polarisation, membrane compaction and dopants leaching out from 

the membranethat occurs during filtration. Few researchers have reported similar compaction 

phenomenon for pressure filtration using NF polymer membranes that possess macrovoid-

like structures or macrovoid-free structures [219, 254]. There are possibly damages,which 

have occurred in the nanopores of the dense top layer and the sub layers that influence the 

change in the MWCO curves at a long run. These effects are yet to be verified. 

 

7.3   The observed tuneabilty and pore-flow, solution-diffusion and Donnan 

exclusion 

As discussed in the literature review of Section 2.1.2, the transport mechanisms of pore-flow, 

solution-diffusion and Donnan exclusion can play a major role in the transport properties of 

solutes through NF and low UF membranes. These three models are qualitatively used to 

describe the transport mechanisms of neutral solutes from PEG mixtures through the PANI 

membranes with/without applied voltage.Solution-diffusion was believed to occur when the 

very small PEG solutes permeated through the smaller free volume in the membrane due to 

the appearance and disappearance of tiny spaces between polymer chains caused by the 

thermal motion of the polymer molecules on the same timescale. Meanwhile, pore-flow was 

believed to take place in a larger free volume that has a relatively large and fixed volume, that 
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do not fluctuate in position or volume, and bigger PEG solutes were allowed to pass through 

the membrane. Pore-flow and solution-diffusion models occurred on the dense selective layer 

of the membrane which possesses nano-size pores (less than 10 nm).On the other hand, the 

use of applied voltages on the conductive PANI membrane during filtration have allowed 

tuneability of the free volume due to the mobility of charged ions in the membrane [87]. The 

ion mobility created an exclusion effect on the ions and the solutes which allowed tuneable 

permeation via Donnan exclusion. A change in charged ions and pore size and/or free volume 

and/or other properties in the membrane produced the changes in the selectivity and flux 

through the membrane. The PANI membrane has the ability to store positive and negative 

charges in the membrane to balance the charge with a highly reversible and very fast reaction 

rate during reprotonation [255, 256]. These charging/discharging characteristics also 

explained the tuneability of the membrane upon supply of voltage. 

In addition to the three common models used to describe the transport properties of 

neutral solutes through NF membrane, hindered diffusion may also be employed to explain 

the mechanism behind the filtration of PEG mixtures through PANI NF membrane when 

mostly blunt MWCOs were obtained. Sharper MWCOcould be found at MWCO close to 200 

g mol
-1 

[29] but for membranes with higher MW, a range of pore sizes present in the 

membranes give the blunt MWCO in MWCO measurement [48]. Hindered diffusion effect is 

more prominent if a range of solutes with different MW is used in a single filtration run [153] 

or the use of solutes with different sizes, shapes and MW in multiple filtrations [25, 167, 

257]. Therefore, all these mechanisms most likely influence the transport of PEG solutes 

mixture during filtration through the conducting polymer PANI NF membranes. 

 

7.4 Chapter 7 Conclusions 

The dead-end filtration experiments confirmed that the membranes doped in different acids 

and prepared by different techniques from phase inversion to diffusion cell polymerisation 

has NF ranges with MWCO of below 2000 g mol
-1

. Results were consistent with the 

membrane characteristics determined in Chapters 4 and 5, in particular with SEM 

morphologies where the permeability was found to be influenced by different dopants used, 

which related directly to the morpohology differences in the membranes, where thinner 

continuous top layer gave a faster permeation rate (i.e. in ASA and HCl). The size of dopant 

as well influences the pore structure which larger dopant such as ASA give a more open 

structure to allow better tuneable free volume in the membrane and therefore a higher 

flux/MWCO tuneability can be reached.  
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 PANI membranes prepared via solution polymerisation however, had very low 

rejections of PEG solutes even at low UF ranges, due to insufficient surface coverage of 

PANI onto the membrane support. Coating composite polymerisation through diffusion cell 

polymerisation gave a more continuous defect-free nanopore filled PANI top layer similar to 

that obtained via the phase inversion technique, though both had MWCOs in the NF and low 

UF range. 

Cross-flow filtration runs under applied voltage using the PEG solutes mixture 

through ASA doped PANI phase inversion membranes successfully demonstrated proof of 

concept that PANI membrane could have tuneable MWCO/selectivity and flux in pressure 

filtration, thereby answering the overall aim of this thesis. Faster permeability was observed 

with applied voltage as noticed from the membrane flux plots. Filtration under controllable 

applied voltage gave a different range of MWCO values,especially at higher voltage (7 V) in 

the PANI doped ASA membrane, which was about a ± 400 to 500 g mol
-1

 difference. 

However, a lower voltage at 1 V only showed small MWCO changes of about ± 150 g mol
-1

 

when compared to when no voltage was applied, thereby indicating that low applied voltages 

do not significantly change the MWCO values and cannot be used to tune the MWCO of 

these membranes. 

From this research, it may be concluded that the applied voltage is not a dominating 

effect for some membranes to be tuneable, but other effects such as the top layer cross section 

thickness, dopants size, shape, MW and others may also influence the MWCO changes. 
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Chapter 8 

Conclusions and recommendations  

 

8.1 Conclusions 

8.1.1 PANI membrane synthesis by coating composite methods and its 

characterisations 

PANI membranes were prepared by the coating composite fabrication method onto 

microporous PVDF support via three different techniques: vapour-, solution- and diffusion 

cell polymerisation. Different parameters during the preparation of the membranes were 

studied to increase the coating of PANI onto PVDF microporous support for a complete 

surface coverage and a reasonable MWCO for NF from 200 – 2000 g mol
-1

.  

 Results indicated that the reaction temperature, time and acid concentration each 

played a role during vapour polymerisation, with the reaction time being the most important 

effect based on the amount of coating obtained. Polymerisation reactions carried out at room 

temperature (22
o
C) resulted in a higher PANI content in the membrane when compared to 

those prepared at low (8
o
C) or high polymerisation temperatures (50

o
C). Higher 

concentrations of HCl acid (3 M) used for diluting the APS also increased the PANI content, 

probably due to the following reasons: 

 HCl molarity influences the physical properties of the acid (i.e. melting and 

boiling points, density and pH). The strongest concentration vapourises the 

greatest amount of APS in the solution to transport the highest amount of APS 

vapour to the PVDF membrane loaded with ANI for polymerisation on the 

membrane surface.  

 APS and HCl are oxidants, thus both of them may be very likely to promote PANI 

polymerisation based on the mechanism proposed by Gao et al. [132]. Since the 

vapour polymerisation reaction temperature is lower than the APS boiling point 

(<120
o
C) and the electrode potential of S2O8

2-
/SO4

-
 (APS) is higher than the Cl

-

/Cl2 (HCl) [132] to restrict vapourisation, Cl2 (from the HCl) which has lower 

boiling point and electrode potential acts more as an oxidiser than the APS in this 
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reaction system.  

 Another mechanism proposed in ref. [103] suggested that evaporation of APS in 3 

M HCl at 60 to 70
o
C (the same acid concentration and reaction temperature used 

in our work) decomposed the APS into free radicals, hydrogen peroxide and 

peroxymonosulfate. The free radicals initiated propagation at a front layer of the 

membrane support, covering the surface of the membrane with PANI.  

Therefore based on the above reasons, the appropriate acid concentration of 3 M was 

selected. This was also chosen to minimise the effect of acidic/oxidant aggressive activities 

during long polymerisation reaction times, which after 24 hours produced 4.5 mass% PANI 

coated on PVDF.  

 Solution polymerisation following a one-step technique gave the best ANI/APS 

concentration at 70/30 vol/vol% produced the highest PANI content with 11 mass% PANI 

coating onto PVDF at 24 hours reaction time. APS was also found to be the most suitable 

oxidant rather than FeCl3 to obtain a thin layer of PANI on the surface of PVDF support: only 

about 2 mass% PANI was deposited. FeCl3 only caused PANI coverage on the pores in the 

PVDF bulk polymer with less overall coating. Other than the one-step solution 

polymerisation, two-step solution polymerisation was also applied to increase the PANI 

content. However, better PANI coating was obtained using one-step rather than two-step 

polymerisation due to the excessive amounts of ANI/APS available for polymerisation during 

the former method. About 11 mass% PANI was obtained at 24 hours using one-step 

polymerisation compare to only 7 mass% using two-step polymerisation in a hydrophilic 

PVDF support. Next, the use of MCE as an alternative support base for PVDF showed that 

PANI membrane coated with PVDF has better mechanical strength than MCE. This is 

because MCE deteriorates after being exposed in aqueous oxidant solution for 1 hour 

although MCE can have higher PANI loading for a short time (6 mass% PANI at 1 hour) as it 

possesses hydroxyl groups that could interact more with NH2 in ANI. PVDF on the other 

hand, only has 2 mass% PANI at 1 hour polymerisation reaction. However, MCE is less 

chemically resistant than PVDF, which maintains the same strength after 48 hours, so MCE 

cannot be used in a wide range of solvents and solutes. This demonstrates PVDF to be a 

better membrane support.  

 Diffusion cell polymerisation was the final technique used to increase the PANI 

coating content. Firstly, the effect of pre-soaking in APS solution was investigated. Results 
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indicated that PVDF pre-soaking prior to polymerisation produced a better PANI membrane; 

here the PANI accumulated mainly on the surface and moved towards the middle of the 

polymer support, thus making it suitable for NF membrane. However, the non-soaked PVDF 

had the PANI coated from the middle of the polymer support approaching the polymer 

surface.  

In summary, the order in which the most PANI can  be coated onto the PVDF support 

is: diffusion cell polymerisation > solution polymerisation > vapour polymerisation; with the 

PANI percentage from 120 mass% > 13 mass% > 5 mass% respectively under the set of 

conditions studied. The diffusion cell polymerisation to prepare PANI membranes for NF 

application became the main focus in this work because this technique produced the highest 

amount of PANI coating. Reasonable amounts of PANI coating on PVDF was required via 

the diffusion cell polymerisation technique in order to identify the best performing NF 

membrane. The mechanism (as adapted from ref. [107]) that can be proposed for PANI 

deposition onto PVDF following the coating composite polymerisation method has three 

kinetic stages at different reaction times: (i) formation of PANI thin layer in the pores and on 

the surface, (ii) filling of PVDF membrane pores with PANI, and (iii) an excess 

polymerisation in the pores and on the surface of the PVDF and formation of a rigid-chain 

PANI, leading to deterioration of mechanical properties of the composite material. It was 

found in our work that during stage (ii), a complete surface coverage of PANI coating of 

around 30 to 80 mass% could be obtained via diffusion cell polymerisation and the resulting 

membrane is very suitable for NF applications. 

The colour changes of the PVDF microporous support from opaque white to dark 

green/blue through polymerisation indicated successful coating of PANI. SEM results 

showed that the morphological properties of PANI polymerised at longer reaction times 

(above 4 hours) have better surface coverage  or complete surface coating with the respective 

dense and porous top layers. The FTIR spectra highlighted new and increased peak intensities 

upon coating of PANI onto PVDF microporous support; these peaks  represent the presence 

of PANI. The pre-soaked PVDF coated with PANI had new PANI peaks which were 

otherwise absent in the non-soaked PVDF. Longer polymerisation reaction times (above 1 

hour) created PANI with higher peak intensities. Higher PANI contents resulted in higher 

membrane electrical conductivity which in turn could increase its permeation properties. The 

cyclic voltammetry run did not show any peaks indicating PANI presence in the 

oxidative/reductive curves; this was due to the high resistance caused by the membrane 
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thickness and non-conductive support used. Thermal properties of the membranes prepared 

by both solution- and diffusion cell techniques showed thermal stability based on the high 

melting and decomposition temperatures of PANI and PVDF as determined by DSC and 

TGA respectively. Dynamic contact angle with applied voltage showed that high PANI 

content membranes had higher permeability under applied electrical potential but membranes 

with lower PANI content did not show any tuneable properties. The tuneable permeation rate 

was better in denser membranes than in porous membranes, which indicated that the 

permeability was due to the surface energy changes in the presence of electric potential. 

There could also be a morphology effect that influences the permeation rate as confirmed by 

the SEM. 

 

8.1.2 PANI membrane synthesis by phase inversion methods and its 

characterisations 

PANI membrane synthesis by phase inversion technique involved two main steps: polymer 

synthesis followed by phase inversion of the polymer solution in water.  

The polymer synthesis was initiated from ANI and APS aqueous solutions to create 

PANI powder. The effect of varying the synthesis temperatures (15
o
C and 24

o
C) and storage 

time (2 and 6 months) in the PANI powder, measured by GPC, show that both parameters 

played a role towards the final MW of the polymer, especially the storage time since the 

PANI MW dropped more significantly with storage time. The highest average MW of the 

PANI was observed at 15
o
C reaction temperature and 2 months storage time. Next, the most 

suitable concentrations of PANI to fabricate phase inversion PANI membranes were 

determined by titration and presented in a ternary phase diagram. The phase diagram 

indicated that the solubility line for the two-phase region (water and NMP) is very narrow. 

Thus, the precipitation point is also narrow with gelation occurring at PANI concentrations 

beyond 10 wt%. Therefore, a gel inhibitor, namely 4-MP, was added in controlled amounts to 

enable dissolution of higher concentrations of PANI (20 – 25 wt%) in producing NF range 

membranes. 

Phase inversion of PANI membrane in water was fabricated to find the optimal 

membrane casting parameters suitable for electrically tuneable filtration in the MW ranges up 

to 2000 g mol
-1

. The presence of PANI in the cast membranes prepared at different formation 
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parameters were validated mainly via SEM, FTIR. Nodular thin and dense layers with 

different porous layers supporting the PANI membrane were observed in the PANI 

membrane cast at 25 wt% PANI, 250 µm thickness and 0 seconds evaporation time. The thin 

and dense layers formed could possibly give reasonable NF properties. The use of different 

membrane support from polyester and PE/PP mixtures supplied by Cranemat and 

Freudenberg Filters, respectively, have found that polyester support was the best since it has 

tighter woven structures giving better sealing properties. Polyester also has higher thermal 

properties than PANI that allow heat treatment at a temperature close to the PANI melting 

point (above 150
o
C) for surface curing and crosslinking, but the use of PE/PP support is also 

comparable to it. The presence of a highly volatile co-solvent (acetone) in the PANI doped 

solution produced a membrane with a thinner and denser top layer, typical of good NF 

membranes. Although this was not followed up, it indicates a future way forward for 

producing PANI phase inversion NF range membranes. 

Next, the addition of different dopants during doped solution making produced 

flexible and smooth-surfaced membranes of most of the dopants, with the exception of the 

membranes in DBSA and HCl which showed brittleness. Flexibility and smoothness of 

membranes allows the membranes to be handled and used easily, and a smoother membrane 

reduces fouling. The SEM analysis has shown that the doped membranes possess a thin and 

dense layer with different thickness and also different support microstructure except for the 

ASA and HCl doped membrane, which have almost the same microstructure. FTIR analysis 

found that the presence of different dopants influences the intensity of the PANI peaks 

representing acid doping in the PANI at 1600 and 1500 cm
-1

. The peak intensities follow the 

order: HCl > ASA > DBSA > MA >PMVEA. The electrical conductivity, however, follows 

this order: HCl > MA > PMVEA > ASA >DBSA which was due to the level of acidity in the 

dopants themselves. Other characterisations, such as the thermal properties supported the 

findings.  

Preliminary tuneable water permeation through the membranes, measured from the 

the rates of ECA and h with different dopants using dynamic contact angle under a voltage 

supply, showed that the ASA and HCl doped membranes have the best tuneability of the 

dopants used. The results show that the permeation rate has a strong relationship with the 

type of dopant used. In particular there is a balance between the size of the dopant and the 

resulting electrical conductivity that it creates in the PANI membrane in order to maximise 

the tuneability. It is likely that a large polymer acid that was strongly acidic is the optimal 
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dopant for maximising electrically stimulated tuneability of these membranes. Unfortunately 

this acid dopant has yet to be found and so is the subject of future work. 

 

8.1.3 One-filtration method for MWCO determination  and the tuneable membrane 

permeability study 

A refined one-filtration method for MWCO determination was developed and accurately 

verified in aqueous based NF and low UF membranes using a broad range of MW PEGs. 

MWCO can be more precisely determined than previously possible, and over a wider MW 

range (106 to 1250 g mol
-1

 for the NF MWCO range analysis and from 634 to 1646 g mol
-1

 

followed by 4000 and 6000 g mol
-1

 for the low UF MWCO range analysis) with individual 

MWs separated by only 44 g mol
-1

. The developed method is more economic than previous 

methods used because it is achieved on a low cost C8 column coupled with an ELSD detector 

at 60
o
C and a mixture of cheap PEGs can be used in just one filtration. This means less time 

and resources are now needed to determine MWCO. Commercial membranes of Koch 

MPF34, MPF36, MPF44 and TFC-SR100 and Hydranautics 7450 possessed MWCO values 

within 10% of the manufacturers‟ specifications using this method. Based on the advantages 

and verifications of this new method, generally it could replace the former method which is 

time consuming and involves costly multiple-filtrations of individual PEG oligomers and 

other compounds. Most importantly, this new method was applied to the determination of the 

MWCO of the PANI membranes synthesised in this work. 

 

8.1.4   Determination of PANI membrane MWCO and tuneability  

A.   Dead-end filtration 

Results from the dead-end filtration experiments have confirmed that NF and low UF ranges 

of the various PANI membranes (doped in different acids and prepared in different 

techniques by phase inversion and diffusion cell polymerisation) were obtained with the 

membranes‟ MWCO below 2000 g mol
-1 

and 4000 g mol
-1

 respectively. Phase inversion 

PANI membranes from smaller acid dopants like ASA, MA and HCl possessed the lowest 

MWCO values compared to larger dopants from DBSA and PMVEA. This is probably 

because the dopant MW and size influence the pores and free volume presence in the 
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membrane thus lowering the MWCO. However, the DBSA doped membrane has the biggest 

dopant size compared to the PMVEA, thus creating more free volume and increasing the 

MWCO. The diffusion cell polymerisation technique produced a more reliable nanopore-

filled continuous PANI top layer membrane with MWCO below 2000 g mol
-1 

rather than 

PANI membranes prepared by solution polymerisation, which have very low rejections of 

below 10% when measured even at low pressure (3 bar). This is due to insufficient surface 

coverage of PANI onto the membrane support. Meanwhile, the effect of concentration 

polarisation and/or fouling has influenced the diffusion of bigger solutes (PEG 4000 and PEG 

6000) accumulated at the membrane surface through it and rejected the smaller ones. This is 

due to the increase in the concentration gradient across the membrane which was sufficient 

for mass transport of the bigger solutes by solution-diffusion. 

 

B.   Electrically tuneable cross-flow filtration 

The tuneable transport of PEG solute mixtures through PANI membranes in different acid 

dopants has been successfully verified by the electrically connected cross-flow filtration 

system. The membrane fluxes in the presence of applied voltage were higher when compared 

to the fluxes without voltage indicating a faster permeability of the PEG solute solutions 

through the membrane. The MWCO of PANI membranes doped in ASA and HCl (prepared 

by phase inversion or diffusion cell polymerisation technique) have the lowest MWCO at  < 

2000 g mol
-1

 and these values increased when voltage was applied, especially in ASA doped 

PANI (with bigger acid dopant). The PMVEA doped PANI membrane has a higher MWCO 

range (> 4500 g mol
-1

) with/without voltage, perhaps due to the bigger free volume available 

from the polymeric acid dopant used. However, the MWCO value is higher than the values 

measured in dead-end filtration (2300 g mol
-1

), as expected in cross-flow filtration. Therefore 

these results have proven that the PANI membranes have tuneable flux and MWCO in 

neutral solutes changed by external electrical stimuli. Membranes of different dopants have 

different rates of tuneability depending mainly on the conductivity, dopants MW, size and 

structure.  

 Next, the effect of applying different voltages (1, 3.5 and 7 V) to the filtration of ASA 

doped PANI membrane in the low UF solute solution. The flux and MWCO tuneabilities of 

the membrane have given a different range of flux and MWCO values, especially at higher 

voltage (7 V), which gave 400 – 500 ± 50 g mol
-1 

MWCO difference. Lower voltages (at 3.5 
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and 1 V) only caused slight MWCO changes with not much difference to the values for the 

filtrations conducted at 0 V in different runs, implying reduced tuneability properties at lower 

voltages. It was concluded that significant tuneability could only be obtained at higher 

voltage (7 V and above). 

 Based on the dead-end filtration and the electrically connected cross-flow filtration, 

the effect of applying voltage was the dominating factor that caused huge tuneability to some 

membranes such as with the ASA and HCl dopant indicating a good tuneable membrane. 

However the membranes from MA and PMVEA, which have very little tuneability effect in 

the presence of voltage are considered as poor tuneable membranes. Other effects such as the 

thickness of the top layer cross-section, dopant size, shape and MW, and electrical 

conductivity may also influence the MWCO changes. 

 

8.2   Implications for industrial applications 

The research conducted in this work could solve a major limitation in the pressure filtration 

process using NF and low UF range membranes which lacked flexibility because their 

selectivity is fixed once cast. This limits the application of the membranes to get predictable 

process streams with guaranteed stable performances. Furthermore, the selectivity or flux 

cannot be easily and precisely controlled once the membrane is placed in the module. Thus 

the use of PANI for synthesising NF and low UF membranes could minimise or eliminate the 

flexibility and selectivity issues. This is because PANI possesses conducting properties to be 

oxidised/reduced, which allows the addition/removal of dopants to/from the polymer 

backbone, and in turn changes the free volumes in the polymer membrane that controls 

permeance and diffusivity [9]. Not only that, PANI also has the ability to be stand-free with 

reasonable mechanical strength, making a polymer membrane suitable to be used in pressure 

filtration i.e. NF and UF. 

In this filtration study, the membrane selectivity and permeability was found to be 

dependent on the formation properties of the PANI membrane, such as dopant type, porosity, 

free volume and thickness. Besides, the properties of the filtration solutes also affect the 

separation. Therefore, the filtration of the doped PANI membrane under applied voltage has 

produced several property changes that allow this separation to be tuned: in particular 

charge/surface energy and volumetric changes. The tuneable separation properties were 
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changed according to the applied voltage that generated electron flow and electric charge, 

thus influencing the flow of charged species through the membrane, and also changing the 

selectivity and flow of non-ionic species through the attractive and repulsive forces. These 

finally produced PANI membranes with tuneable selectivity and permeability for a wider 

variety of solutes than the current ionic species. 

This work has shown that tuneable transport could be possibly controlled during 

pressure driven filtration of non-charged, non-polar species in water by adjusting the voltage 

supplied through the membrane. These membranes therefore could potentially be used in 

tuneable pressure filtration where permeation rates and/or selectivity can be controlled in situ. 

In addition, different ranges of MWCO also could be obtained by changing the acid dopants 

attached to the PANI membrane, thus manipulating the synthesis parameters. This membrane 

can be prepared by different cheap, simple and reliable techniques, mainly by diffusion cell 

polymerisation and phase inversion methods.  

Furthermore, the development of new, refined one-filtration, using a range of PEG 

solutes in aqueous solution for MWCO determination in this work, could replace the previous 

methods which are known to be time consuming and costly as they involve multiple filtration 

processes using individual and/or expensive compounds. 

 

8.3   Future work 

The separation properties and performance of the synthesised PANI membrane in the 

specially fabricated electrically connected cross-flow filtration system could be increased by 

expanding its practical uses. Future work that could be possibly explored to optimise the 

membrane and its system are: 

1. Refining the membrane synthesis and characterisations for a long term run, because 

the current work only showed promising membranes with tuneable properties under 

electrical potential during NF of neutral solutes at a short run. However the MWCO 

became blunt for long term runs. Therefore optimisation of the membrane properties 

is required to overcome these limitations. 

2. Confirming the concentration polarisation and/or fouling effect in the synthesised 

PANI membrane when performing the one-filtration method of different MW ranges 
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during dead-end filtration since a significant effect was observed, i.e. blunt MWCO 

curves at long filtration times. Analysis such as FTIR, porosity test, SEM may assist 

in analysing the changes caused by filtration other than by measuring the flux and 

MWCO performance studies. In addition, the membrane compaction during filtration 

occurred due to the continuous pressure filtration. This can be measured precisely by 

conducting microscopic analyses such as SEM, TEM and ESEM. Compaction may 

also be verified by using a micrometer to compare the thickness difference before and 

after filtration, but this has less accuracy. Dopants leaching out from the membrane 

could also contribute to the MWCO changes and could be confirmed by conducting 

an acid-base titration to measure the ion exchange capacity (IEC) in the membranes 

before and after filtration. The leaching out of acids from the membranes could be 

confirmed if the IEC value after filtration is lower than the initial IEC value before 

conducting filtration. Four-point probe electrical conductivity measurements may also 

be carried out to compare the conductivity changes caused by filtration as well as to 

support the theory of dopant leaching. FTIR measurement before and after filtration 

can also be used to indicate the changes qualitatively. 

3. Looking at new potential acid dopants that possibly have somewhat higher conducting 

properties and could be strongly bonded to the PANI structure than the current 

dopants being investigated. This would result in a wider range of tuneable transport 

and minimising dopant wash out during filtration. Dopants from polymeric 

compounds such as polyamic acid, polyacrylic acid, polystyrene sulfonic acid must be 

blended with the PANI in the membrane synthesis process [18] to increase the 

tuneable permeability and selectivity properties under applied voltage. 

4. Substituting the current support polymer of Novatex™ non-woven, generously 

supplied by Freudenberg Filters Germany, with a highly thermal resistant material to 

support the PANI membrane in the phase inversion method is required to increase its 

thermal resistance (surface crosslinking/curing to eliminate defects). New materials 

such as non-woven polyester support with higher thermal resistance (melting point 

>180
o
C) and good sealing properties for casting PANI is desired so that it will not 

melt out. Heat treatment causes the top skin layer to be denser for reduced compaction 

during pressure filtration and could tighten the MWCO values for the NF membrane.  

5. Reducing the concentration of PEG solute mixtures in the dead-end and electrically 
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connected cross-flow filtration so that the concentration polarisation effect can be 

lowered. This is because membrane-fouling problems in filtration systems, when 

dealing with multi-component feed streams, is inevitable no matter how good the 

membrane properties and system design are. Furthermore, the concentration 

polarisation can be seen based on the passing of higher MW of PEGs through the 

membranes. However, when the concentration is reduced, the detection limit might be 

a problem to the detection of PEG since fewer peaks will be observed in HPLC as 

reported in Chapter 6. Therefore additional sample preparation steps are required to 

increase sample concentration prior to HPLC analysis.  

6. Changing the raw material of the specially fabricated membrane cell from Teflon to a 

more durable material such as Nylon since Teflon cells are easily damaged during 

sample assembly, clamping and high pressure runs. Although Teflon is an inert 

polymer that can withstand high temperatures, the material is quite soft and 

compressible. Thus, a tougher and sturdier material is a must to allow a longer 

filtration time compared to filtration using Teflon membrane cells. 

7. Using a better voltage supply unit that has a wider range of voltage outputs, i.e. above 

7 V. The current voltage supply unit from Troneer™ audio-generator can supply a 

maximum of 7 V only. If an amplifier or a transformer is added to the system, much 

higher voltages could be obtained and used to tune the membrane filtration. Literature 

has reported that as much as 20 V was used to observe the membrane tuneability in 

water [31], and 75 V to 175 V to study the effect of reprotonation and de-protonation, 

respectively, of PANI membranes [87]. 
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Appendix A: Electrochemical and permeation properties for PANI and PPY. 

Conducting polymers Acid dopants /electrolytes Measurement methods Observations References 

PPY membrane bilayered with a 

PE layer 

Methane sulfonate, perchlorate, 

dodecylbenzene sulfonate, 

tosylate dopants in lithium 

perchlorate aqueous solutions 

A special shallow cell to 

observe the redox 

Observation of volume changes in the membrane [73] 

Bending beam method to 

measure the free volume 

changes 

At a reduction state, the PPY undergoes charge 

compensation, which is usually associated with 

expulsion of dopant in small amounts or salt 

draining 

At a reduction state of -0.85V, the volume 

shrinkage in the membrane decreases rapidly with 

time.   

In the relaxation state, volume shrinkage in the 

neutral PPY also decreased but less rapidly than in 

the reduction state which was beyond 10 hours.  

PPY  Electrochemical cell at -0.8 V in 

situ with a tensile testing 

machine 

Four stage redox reactions were proposed for PPY 

redox system to describe the ionic movement in/out 

of the membrane. 

After 1 minute of electrical current application, the 

decrease in film stress indicates an expansion in 

volume.  

The contraction of the polymer corresponds to the 

oxidation peak in the electrical current while 

polymer expansion corresponds to reduction. 

[74] 

Integrally skinned asymmetric 

PANI onto platinum foil 

 Actuation activities in 1M HCl 

and 4M NH4OH for left and 

right side bending 

Maximum voltage applied 1.5 V 

Different thickness and porosity have different 

redox curves. 

Higher thickness has lower bending ability than the 

lower thickness. 

[70] 

PANI membrane Phenol (neutral charged 

solution),  

4-hydroxybenzenesulfonate 

(negative charged solution) 

 The flux of these species is independent of the 

membrane potential below +0.2V when the PANI 

is in its reduced state. As the potential reaches 

values sufficient to create a half-oxidised film, the 

fluxes of both species increase and grow with 

increasing membrane potentials. The higher flux 

found in sulfonate solution over phenol because of 

the additional oxidation happened in the membrane 

at pernigraniline state when soaked in the 

negatively charged solution than in the neutral 

[24] 
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charged solution. 

PPY  Diffusion cell with control 

voltammograms 

Using the four-electrode 

configuration for ionic 

conductivity measurement 

Proposed the mechanism for ionic conductivity 

movement 

The ionic movement changed at different oxidation 

level. 

Strongly oxidised state: the polymeric structure is 

relaxed or swollen and the ions diffuse more easily 

than in a reduced and compacted state 

[13] 

PANI and PPY polymers coated 

on an electroactive cellulose 

papers with a deposition of gold 

layer on both side before 

polymerisation 

Lithium tetrafluoroborate, 

lithium perchlorate, lithium 

chloride and tetraethyl 

ammonium 

hexafluorophosphate 

 

Computerised displacement 

measurement system 

Higher deposition of polymer gives a better 

actuation 

Lithium perchlorate and lithium tetrafluoroborate 

were the ideal dopants for the CPs non-aqueous 

medium 

[15] 

PANI coated with gold 

membrane via electrochemical 

polymerisation 

HCl FTIR with external applied 

voltage 

0 – 75 V produced charge transfer by hopping 

between the conducting sites 

75 to 175 V showed a more rapid decrease in 

membrane conductivity 

charge transfer jump at < 75 V as the resistance 

was kept constant 

[87] 
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Appendix B: Solutes concentration recommended by AFNOR standard for 

MWCO filtration [258]. 

Range of 

membranes 

(g mol
-1

) 

 

Molecules 

standard 

Composition of 

standard molecules 

(g mol
-1

) 

 

Concentration (g L
-1

) 

100-1 500 PEG 200 

600 

1 500 

5 

5 

5 

1 501-5 000 PEG 1 500 

2 400 

8 000 

5 

5 

5 

5 001-10 000 PEG 3 600 

8 000 

10 000 

5 

5 

5 

10 000-100 000 Dextran  10 000 

20 000 

110 000 

0.5 

1 

0.5 

100 001-300 000 Dextran 70 000 

250 000 

500 000 

0.8 

0.8 

0.6 

>300 000 Dextran 250 000 

500 000 

2 000 000 

0.8 

0.8 

0.6 
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Appendix C: Cross-flow filtration system start-up, shut down and cleaning 

procedure. 

Appendix C1: Cross-flow system start up and operating procedure (refer Figure 3.12 & 3.13). 

1. Unscrew the membrane cell from the stand, one by one, and disconnect the permeate, 

retentate and feed lines to allow easy way to mount the membrane on the membrane 

cell.  

2. Make sure the cell is connected at the centre of the stand or at least in line to the other 

membrane cell so that the permeate line can be easily installed (since it is using fixed 

tubing so would require fixed distance). 

3. Do the same procedure for the second membrane cell to mount the membrane sample. 

4. Connect back all the permeate, feed and retentate lines that has been disconnected 

before for the membrane mounting process. 

5. Wash the tank by filling in 1.5 – 2L of fresh water and open valve 1 (under the tank) 

to drain from tube 1. 

6. Connect tube 1 from the tank to tube 1 that connects to the pump. 

7. Turn on the chiller and heating/cooling switch at the back of the chiller and set the 

temperature at 25
o
C or lower so that the tank temperature is at 25

o
C (from 

thermocouple reading). Filled the tank in the chiller with water. 

8. Connect line no. 3 to line 3 to the chiller, 4 to 4 and 5 to 5 from the chiller coil and the 

other end of the chiller coil, respectively.  

9. Turn on the valve at the tank (V1) so that there is flow to the system and turn off the 

valves at both permeates (V2 and V3). 

10. Start pump by switching on the main switch, control panel at the pump. Monitor the 

frequency on the pump. Slowly dial the speed button at the pump to increase the 

pressure in the line, which can be monitored from 3 pressure gauges  (P3 from the 

pump, P1 from the inlet line to the cells, P2 for the outlet line from the cells). From 

here, adjust the pressure relief valve next to the pump to get the desired pressure 

values depending on the membranes being tested i.e. 5, 10, 20, 30 bar.  

11. Drain the water used for cleaning from the tank through valve 1(V1) and connect back 

the line 1 (used for draining). After that, close V1 and fill the tank with solute solution 

for 2 L. Prior to that, get the feed sample (2 samples each) before putting the solute 

solution in the tank. 
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12. Turn off all the permeate valves on the cell (V2 and V3).  

13. Repeat steps 6 to 12 above. 

14. After starting up the pump again following the above steps, get the permeate samples 

for fluxes from each of the cells (Cell 1 and Cell 2). Start the timer at the first drop of 

sample and every 2ml for 4 data.(Flux can be calculated from the volume samples 

divided by the membrane cell active area and multiplied with the sampling time). 

Samples are taken after 30 min, 1h, 4h, 8h, 16h, 24h, 48h, and so on from V2 and V3. 

Filtration results will be counted from the steady state fluxes only for certain time 

interval to study the membrane performance in long operation time.  

15. Get the samples of each permeate from each cell to be analysed in HPLC together 

with the feed sample and retentate sample taken after completing the filtration. Note 

that you may notice a very fast flow of permeate if the membrane is not installed 

properly in the membrane cell, membrane got pinholes/defect or the long filtration run 

has caused membrane to break. Stop the pump and filtration if these things observed. 

 

Appendix C2:Cross-flow system shutdown procedure (refer Figure 3.12 and 3.13). 

1. Turn down the pressure on the back-pressure regulator valve to relieve the pressure in 

the system. 

2. Turn off the pump to stop the flow. 

3. Drain out the solution from the drain valve (V1). 

4. Remove the membranes from the membrane cells. 

 

Appendix C3: Cross-flow system cleaning procedure (refer Figure 3.12 and 3.13). 

1. Repeat procedure 6 to 12 above.  

2. Close the drain valve under the tank followed by adding fresh deionised water to the 

tank.  

3. Circulate the water in the line for 30 minutes. Open the valve to recycle the permeate 

at both cells and also get some permeate out from the cell for cleaning the permeate 

line. Note that, if permeate valves (V2 and V3) are opened for recycling back the 

solution to the tank without any membranes in the cell, high-pressure drop (i.e. ~5bar 

drop if the working pressure at 30 bar) in the line may occurred. 
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Appendix D: Mechanism of thermal crosslinking of PANI [226]. 
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Appendix E: Electrochemical properties of PANI membranes prepared by 

diffusion polymerisation at different polymerisation times as analysed using 

cyclic voltammetry. 
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Appendix F: Calibration plot of MW versus elution volume for 210 polystyrene 

standards (y = 12.6223 - 0.3624x).  
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Appendix G: Cyclic voltametry of PANI membranes prepared by phase 

inversion under few different acid dopants in 1 M HCl (Ag/AgCl electrode, 

stainless steel reference electrode). 
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Appendix H: MWCO curves of phase inversion membrane doped in ASA with 

applied voltage of 7 V vs 0 V the same filtration time (10 bar, 25
o
C, 400 mg L

-1 

of low UF solutes). 
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Appendix I: MWCO curves for phase inversion membrane doped in ASA with 

applied voltage of 3.5 V vs 0 V with the same filtration time (10 bar, 25
o
C, 400 

mg L
-1 

of low UF solutes).
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Appendix J: MWCO curves for phase inversion membrane doped in ASA with 

applied voltage of 1 V vs 0 V with the same filtration time (10 bar, 25
o
C, 400 

mg L
-1 

of low UF solutes).
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Appendix K: Commissioning of cross-flow filtration unit using commercial NF 

membranes. 

Cross-flow filtration is important in order to investigate the membrane stability at a long run 

with the addition of voltage supplied unit to control the membrane tuneability at later run. 

During cross-flow filtration, the permeate can be collected at any time interval and 

continuous filtration can be performed. Since the cross-flow filtration rig was newly 

fabricated (refer Figure 3.12 in Chapter 3), the commissioning work for the fabricated rig was 

conducted using commercial membranes generously supplied from Filmtec (for NF 

membrane) and Hydracore™ (for low UF membrane). This commissioning work is important 

to make sure that the results obtained from the runs are reliable. A detailed procedure for the 

runs has been included in Appendix K1. 

 

Appendix K1: Commissioning using commercial NF membrane. 

The permeate fluxes of the membrane was plotted against filtration time for a commercial 

NF270 Filmtec membrane is presented in Appendix K1-1. The declining fluxes in the 

membrane was observed even after 48 hours of filtration time, which was probably due to the 

fouling and/or concentration polarisation. The concentration polarisation in cross-flow 

filtration was still moving and did not create significant hydraulic resistance to the permeate 

flow as long as the solutes concentration did not reach the maximum packing or gel 

concentration [259]. Severe conditions may occur if the solute concentration reaches the gel 

concentration that will lead to formation of a stagnant layer to further increase the resistance 

in permeate flow. This will cause a flux reduction predominantly due to the increased 

osmotic pressure of retained solutes and gels formation. Hwang et al.[260] have reported that 

the unsteady state of the permeate flux may be due to the effect of suspension solutes size on 

the membrane surface which was found to increase with the solute size. However, since their 

filtration process used a single solute in a single run, the effect could be clearly seen. In our 

work, a mixture of solutes with different ranges of MW was used in a single filtration run, 

therefore the flux unsteadiness could be observed over time. Karode [261] reported a gradual 

flux drop found in the beginning of filtration before stabilising at steady state, but an 

increase/decrease in trans-membrane pressure resulted in a corresponding reversible 

increase/decrease in the steady state permeate flux becoming unsteady. The same 

phenomenon probably took place in our filtration, thus a longer time (> 50 hours) may be 
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needed to reach the steady state flux, at around 50 L m
-2

 h
-1

 when using commercial 

membranes.  

 

Appendix K1-1: Fluxes for cross-flow filtration using NF270 filmtec Membrane in NF mixture 400 mg L
-1

 as a 

function of filtration time (30 bar, 25
o
C, 400 mg L

-1 
of NF solutes). Error bars represent variation of the flux 

value at specific filtration time. 

 

The MWCO curves of the NF270 Filmtec membrane taken at different filtration times in 

NF range solutes from 200 to 1200 g mol
-1

 are presented in Appendix K1-2. The curves show 

that the MWCO of the membrane varied with filtration time. The MWCO at 48 hours is at 

640 g mol
-1

 and the value reduced to 520 g mol
-1

 after 60 hours filtration. This result is 

sensible since the rejection increases and the MWCO value decreases at a longer time due to 

the concentration polarisation/fouling believed to occur at a prolonged filtration time. The 

MWCO obtained from the filtration of this membrane in a dead-end cell presented in Chapter 

6 (Table 6.5) have shown that the value is at 330 g mol
-1

. The MWCO of this membrane 

given by the manufacturer is at 400 g mol
-1

. Different values were obtained in the dead-end 

and cross-flow filtration probably because of the greater concentration polarisation and 

fouling in the dead-end filtration. As identified in Section 2.6.4, a more significant 

concentration polarisation and/or fouling occurs in the dead-end filtration since agitation is 

the only mechanism to clear the solutes on the membrane surface. This would create a mass 

transfer resistance layer above the membrane surface and further reduce the mass transport 
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through the membrane [25]. On the other hand, not all of the solvent will pass through the 

membrane during cross-flow filtration. The fast flow parallel to the membrane surface should 

cause turbulence and provide good mixing, decreasing the concentration polarisation and 

fouling. Therefore the rejection in dead-end filtration should be greater than in cross-flow 

filtration (unless the fouling and/or concentration polarisation causes increased transport as 

described in Section 2.6.4). 

 

Appendix K1-2: Cross-flow filtration using Filmtec NF270 membrane in NF range solution (30 bar, 25
o
C, 400 

mg L
-1 

of NF solutes). 

 

Appendix K2: Commissioning using a commercial low-UF membrane  

In this commissioning work, the low UF membrane of Hydrocore 7450 supplied by 

Hydranautics was tested in the cross-flow cell unit with the low-UF range MWCO solutes 

from 600 to 6000 g mol
-1

. The relationship between the membrane fluxes with filtration time 

is presented in Appendix K2-1. This shows that the fluxes initially reduced with time, 

followed by a steady state after 28 hours at around 40 L m
-2

 h
-1

. The rejections at steady state 

fluxes are illustrated in Appendix K2-2. 

 



Appendices 

 275 

 

Appendix K2-1: Fluxes during cross-flow filtration using Hydracore 7450 Hydranautics membrane in low UF 

mixture 400 mg L
-1

 as a function of time (30 bar, 25
o
C, 400 mg L

-1 
of low UF solutes). 

 

The rejections for the Hydrocore 7450 membrane at different filtration times measured 

after the steady state was achieved and presented in Appendix K2-2. The MWCOs are found 

to shift from higher MW (around 1500 g mol
-1

) to lower MW (around 1150 g mol
-1

), 

indicating that fouling and/or concentration polarisation may have occurred during the 

filtration. Longer filtration times resulted in smaller MWCO, which is most likely due to the 

deposition of more solutes on the membrane surface that hindered penetration of bigger 

solutes through the membrane. The increase in rejection further contributes towards the 

fouling hypothesis previously discussed in other filtrations conducted in this work.  

This result is also compared with the dead-end filtration results presented earlier in Table 

6.5 (Chapter 6). The measured MWCO in the dead-end filtration process was at 1200 g mol
-1

, 

which is very close to the value obtained in the cross-flow filtration. These MWCO values 

are a little higher than the values given by the manufacturer at 700 to 1000 g mol
-1

. The 

discrepancies between the measured and manufacturers‟ values must be due to the different 

measurement techniques applied. In this commissioning work, it can be clearly seen that the 

higher MW solutes (PEG 4000 and PEG 6000) did not face any severe concentration 

polarisation effects which causes lower rejection as observed during dead-end filtration using 

the synthesised membrane. This is probably because a high pressure (30 bar) was used in this 
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filtration compared to the dead-end filtration which involved only 10 bar  pressure (in order 

to obtain reasonable flux and retain the membrane strength), thus less concentration 

polarisation is observed in the filtration. 

 

Appendix K2-2: Cross-flow filtration using Hydrocore 7450 Hydranautics membrane of low UF range solution 

(30 bar, 25
o
C, 400 mg L

-1 
of low UF solutes).
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Appendix L: Example of NF range separation through NF270 Membrane in the 

cross-flow filtration cell unit. 
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Appendix M: Example Low UF separation through Hydracore 7450 Membrane 

in the cross-flow filtration cell unit. 
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