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Abstract

Lignin is a complex and abundant biopolymer, which is often fractionated, functionalised, and/or
blended with synthetic or natural polymers to facilitate its processing into fibres via wet, melt, or
electro-spinning methods. These traditional processes are typically complicated and involve
multiple steps, limiting the scalability and economic feasibility of lignin fibre production. This
study explores a novel approach to electro-spin neat BioChoice softwood Kraft lignin using a
single-solvent, dimethyl sulfoxide (DMSO), aiming to simplify the process and enhance fibre

uniformity.

Previous attempts to electro-spin lignin using DMSO alone, resulted mainly in electro-spraying
rather than continuous fibre formation, underscoring the need to optimise solution properties and
spinning conditions. In this study, thermal treatment was used to modify the lignin solution
characteristics, enabling the successful electro-spinning of neat lignin in DMSO without the need
for additives or co-polymers. Therefore, this work investigated whether refluxing lignin in
DMSO at specified temperatures could produce a solution with suitable molecular properties,

such as increased molecular weight and chain entanglement for effective fibre formation.

To test this hypothesis, neat lignin in DMSO was refluxed at temperatures of 80, 100, 120, 140,
and 160 °C under a nitrogen atmosphere. The solutions and corresponding electro-spun fibres
were then characterised using nuclear magnetic resonance (NMR), Fourier-transform infrared
spectroscopy (FTIR), electrical conductivity, and viscosity measurements to determine their
suitability for electro-spinning. Electro-spinning was conducted at 55 °C using a custom-
designed rig, followed by drying the fibres at 100 °C for 4 hours in a vacuum oven to remove

residual solvent.

The electro-spun fibres were analysed using differential scanning calorimetry (DSC),
thermogravimetric analysis (TGA), and image analysis to assess their thermal properties,
stability, and morphology respectively. The results indicated that unfused fibres with circular
cross-sections were obtained when the lignin was refluxed at 120, 140, and 160 °C, supporting
the research hypothesis that elevated reflux temperatures prior to electro-spinning increased the
molecular weight and provide adequate chain entanglement for fibre formation. This hypothesis
is supported by the gel permeation chromatography (GPC) analysis, which demonstrated that
vacuum drying lignin at elevated temperatures resulted in increased molecular weight and

polydispersity. This trend is attributed to thermal-induced reactions, which enhance molecular
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chain entanglement. These changes improve the rheological properties of lignin solutions,
facilitating more stable electro-spinning and successful fibre formation. The resulting electro-
spun lignin fibres were successfully thermostabilised and carbonised, yielding continuous carbon

fibre mats suitable for further structural and morphological analysis.

This study demonstrates a novel and simplified method for electro-spinning neat lignin using a
single-solvent system, potentially revolutionising the production of lignin-based fibres by
reducing the need for extensive chemical modifications and co-polymer blending. The findings
highlight the efficacy of DMSO in facilitating high-quality lignin fibre formation, aligning with
green chemistry principles and paving the way for more sustainable and cost-effective lignin

utilisation.

i|Page



Acknowledgments
First and foremost, I would like to express my sincere gratitude to Professor Gerard Fernando for

his invaluable supervision, guidance, and unwavering support throughout the course of my PhD.
His insightful feedback, patient mentorship, and meetings were instrumental in shaping my
research design, experimental work, and analytical approach. His commitment and

encouragement have been key to the successful completion of this thesis.

I am also thankful to my co-supervisor, Dr. Zoe Schnepp, for their advice and continued support
during my studies. My sincere thanks go to Frank Biddlestone, Cecile Le Duff and Mark Jeeves

for training me to use the equipment in the laboratory.

I would like to sincerely thank Austin Tomlinson for his support throughout my PhD,
particularly for his help with formatting the thesis throughout, and offering thoughtful advice and

encouragement along the way.

I would like to thank my colleagues Siheng Shao and Elira He for their invaluable support and
guidance throughout my PhD, particularly for their assistance in conducting laboratory work and
performing experiments. I would also like to thank my colleagues Inam Khan, Bongkot Hararak,
James Willberry, Yuting Liu, Elif Dede, Maximilian Hlatky and Madhav Ramesh, for their
constant encouragement and support throughout my PhD. Thanks, are also due to the staff at the
School of Metallurgy and Materials, University of Birmingham, for their assistance and support

throughout my time at the university.

Finally, I would like to extend my heartfelt thanks to my family and friends, especially my
parents and brother, for their unwavering love and emotional support. Their belief in me has

been a constant source of strength and encouragement throughout my thesis.

iii|Page



Contents

Y o1 1 T TP P ST SPTUPRPPRRRPPRN i
Fa¥ol g [o VY] 1= Fq o 0 1= ) £ PSR iii
L0001 (=T | PO PPN iv
[y o B 7= (0T <SSP vii
LISt Of TaBIES ...ttt sttt ettt e bt e b et sa e et e b e e b e s bt e s he e st e s b e b e reennes Xii
LiST Of ADDIEVIATIONS ... .eeiiiiieitee ettt et sttt e s bt e st e e st e e sbe e e sabee s be e e sneeesreeennreeeas xiii
O 10} o To [ ot [o ] o PO TSP PU PSR OURPPPR 1
1.1. Introduction and MOLIVATION . .......eiivtirtierierie ettt ste e st e st st st b e e bt e sbeesaeesaeeeneeens 1
1.2. Research RYPOthesiS. ...cooueiiiiiiiiieeeee et st 3
1.3. ATMS ANA ODJECTIVES ...eeuveeieeitieeiie ettt ettt ettt e bt e s bt e saee st e s bt e bt e beesbeesaeeemseeseeneens 3
1.4. SEIUCLUTE OF tHESTS Leuveiiieieieiiieie ettt ettt st be e b e e sbeesae e saeesabeesbeesaaesanesasesane 4

2. LITEratUIE FEVIEW ittt ettt e e st e e s eab e e s s eab e e e e e b e e e e e abeeeseareeesenreeesennes 7
2.1. LignocelluloSic DIOMASS. ...c.veeuverierieeienieetertteit ettt sttt st et sb st sbe et esbe e e b saeenee e 7
2.1.1.  Lignin cOMPOSItION 1N DIOMASS. ...ccuverurirrtieieerieenteeriteeieesteesteesteesteeseesbeebeesbeesseesreesaeesaseenseens 8
2.1.2.  Lignin interaction With MOISTUIE .........cevuiriiirriieiieieeree ettt st seees 14

2.2. LGN @XITACEIOMN ...uveutietetesteeieste ettt sttt sb st e bt sbe et e s bt et et sae et e s bt et e seesbeebesbeemeenbesbeensenbeennennes 15
2.2.1. Solvent lignin iNTETACTIONS ......c.eerterrieierrerteeiesteeteste st ete st etestesbeesbesbeeseesbesseensesresssessesseennens 17
2.2.2. Lignin CroSs-lNKINg........cooiiiiiiiiiieiieeie ettt ettt st st sbe e 19

2.3. Solubility of lignin in 0rganic SOIVENTS .........cccciriiriiiriere it 22
2.3.1. Hildebrand solubility parameter ............ccceveereeieereenienie ettt 26
2.3.2.  Lignin complexation With DIMSO .......ccccoveiriiirnieniiniinienie e sse e esaeeseees 27

2.4, ElECHIO-SPINMING ... eeiuvieieeieenieeriee st et esteesteesttesstesteebe e beesseesseesaeessseenteesseesseesssesnsesnsesnseenseenses 29
2.4.1.  Chain entanglement ..........ccceirieiiririenie ettt s 31
2.4.2.  Bead fOImMAtiOn ..cc..ceiiiiiiiieeieeiee sttt sttt et et b e s b sae e sttt e b e b e nbeenaeas 33
2.4.3.  Electro-spinning Of IIZNIN .......ccccverierieriiiriiiesieerieeneesee s see e ssieesseesieesseessesssesssesssesssessnes 34

2.5. Heat treatment of Lignin fIDreS ......c.eevveeriinieniiiniicieecercerce e 35
2.5.1.  ThermostabiliSAtION .....c..eecveruireerierieierte sttt ettt sbe et s b et e bt saeetesbesanesbeemeenens 35
2.5.2.  CarDONISALION . ....eetieitiiitte ittt ettt ettt ettt ettt e s b e sat e st ettt e bt e b she e st e sate e be e be e beenneas 36
2.5.3.  GraphitiSAtION ..cecverveeierrieieeiiereet ettt ettt r e e s e s b e e sr e ese e r e sse e e e s re s e e sresreennens 36
2.5.4,  LiGNIN PYTOLYSIS teerutirurirriirieiseeseeseesaestseteesteesseesseessessseesseesssesssesssesssesssessssesssesssesssesssesssees 37

2.6. Manufacturing carbon fibres from lignin and PAN .......ccccovviiiiiriiiniineininnccceeese e 40
2.7. Characterisation Of LIGNIN......c.cccuiiriiiiierieeiienie it seeseesteesteesteesreesaaesssessseeseenseesanas 45
2.7.1.  Fourier transform infrared spectroscopy (FTIR) ......ccecciririeriieeiiniceeineeeneeeneseene 46

iv|Page



2.7.2.  Nuclear magnetic resonance spectroscopy characterisation of lignin ('H, '*C, and 2D *C-'H

2D heteronuclear single quantum coherence (HSQC) NMR) ...c..ocuerieninieiininicnineeieneeese e 48
2.7.3.  Gel permeation chromatography (GPC)........ccceeeeririeiininienineeeseeee e 56
2.7.4.  Thermal AnalySiS.......ccceeieeruerireerierieienie et ettt et b s st bt e b sreesee bt saeenesreenesreemeennens 59
2.7.5. Rheological charaCteriSation.......cceeereereiriieiierieereesee sttt ettt et s st sre b sreeneees 61
2.7.6. Lignin fibre CharacteriSation. ......ceveereeriiriieiieeereesee sttt ettt sr e sneeneees 63
2.7.77.  Morphological aSSESSIMENL. .......cecerrireeriirreeienreeeesre ettt ettt st s e s sreenesresreenne s 64
2.8. Literature reVIEW CONCIUSION. ..c..uiiiiiiieerieertiesite et e ettt ettt st st e e be e s be e sbeesatesabesabeebeenseesaeas 65
=T T g 1T o PSSP SPP 67
3.1. IMALETIALS ..t 67
3.2. CharacCteriSALION ......cvvirueeiririieeeire ettt ettt n e s e ae b b e e e sn e eanenes 67
3.3. Preparation of lignin:PAN blend DMSO SOIULIONS.......cccuervirieniireriienieneeieseeeeiesee e 72
34. Preparation of lignin/DMSO solutions for identifying the optimum concentration ................. 72
3.5. Heat treatment temperatures for the 100% (w/v) lignin/DMSO solutions...........c.cceveeevereennenn. 72
3.6. ElECIIO-SPINMING .....eeueieutieteestee sttt ettt ettt et e bt e sbe e sae e st e e beesbeesbeesaeesasesabeebeebeenneas 73
RESUIS & AISCUSSION ..cuvveiiiiiieieriteee sttt et s 77
4.1. Characterisation of softwood Kraft lignin pOWder...........ccccereevinirienineesene e 77
4.1.1.  Fourier-transform infrared spectroscopy of lignin powder samples..........c.cceeererverereennens 77
4.1.2.  NMR spectroscopy Of lignin POWAET .......cccueeiuiriierieiiinte ettt 84
4.1.3. Elemental analysis of lignin pOWET..........cceviriieiiiiiiiiirieeeeeeeesee e 97
4.1.4.  X-ray diffraction of lignin POWAET ......cccevcuiriiiriieriinienie e 99
4.1.5. Differential scanning calorimetry of lignin pOWder .........ccoceevvvvrciiriirniennieeneenie e eieeieens 101
4.1.6. Thermo-gravimetric analysis of lignin POWAET ........ccccverieerienieriiiniieieeee e eieens 105
4.1.7.  Gel permeation chromatography of lignin POWder..........ccecverieveenirieenienenccnececeeeee 109
4.2. Characterisation of lignin:PAN blend solutions in DMSO.........ccccocvviiiininennineneneeens 111
4.2.1. Electro-spinning of lignin using DMSO.......cccceviiiriiiiiiniieniienienie e esieeseee st seessseeneeens 111
4.2.2.  Selection of DMSO for electro-SPINNINg........cccecververrueerieereesieesuesssessieesseeseeseesssessseenseens 111
4.2.3. Transition from lignin:PAN blend to neat lignin electro-spinning in DMSO ..........c.cc...... 113
4.2.4. Electro-spinning of lignin:PAN blends in DMSO.......c.ccccceeiniiiinininnneneeeeeee 114
4.2.5. Observed defects in randomly deposited fIbIes.........cccvvvreeriinirienineerreeeceeee 119
4.2.6. Fibre alignment using the Vee-shield method..........ccccevievviriiiiciiiiiciieceneenesseecieeieens 121
4.2.7. Lignin:PAN solution CharacteriSation .........cc.ceereeerverrieerieeseesieessuessseesseeseesessesssseessesseens 124
4.2.8. Lignin:PAN blend immiSCIDlity ......ccceervreeririereiiriereneeene et 127
4.2.9. Lignin:PAN electro-spinning CONCIUSIONS.........cccerrireerereesenrieeenreneese et sreere e 128
4.3. Characterisation of neat lignin solutions in DMSO .......cccccvviiinieiiininienneeeeeeneeeens 128



4.3.1. Rheology of neat lignin in DMSO SOIULIONS ....cc.eeriiriiriiiirniiinienie et 128

4.3.2. Electrical conductivity of neat lignin in DMSO SOIUtions.........ccceovrverererseeneneeneneeeenne 133
4.4. Characterisation of electro-spun lignin fibres.........ccoceeveeriieieereenieneneeeeeeee e 136
4.4.1. Electro-spinning of neat lignin in DMSO.....c..ccociiiiiiiiiiniieiienceeceeeeeesee e 136
4.4.2. Electro-spinning bead-free neat lignin fibres in DMSO .......ccoceiiiriiiiinieeninecnieeieeene 137
4.4.3. Neat lignin electro-spun fibre alignment using 75% (w/v) in DMSO solution.................. 140
4.4.4. Optimisation of 100% (w/v) lignin/DMSO solutions for electro-spinning ............c.ccceueeve 145
4.4.5. Electro-spinning of reflux heat treated 100% (w/v) neat lignin in DMSO solutions ......... 149

4.4.6. Electro-spun fibre alignment using reflux heat treated solutions of 100% (w/v) neat lignin in
DMSO 152

4.4.7. Combined analysis of lignin solution properties and fibre morphology .......cc..ccecceeveeeees 157
4.4.8. Fourier-transform infrared spectroscopy of electro-spun lignin fibre ..........cccceeceevereenee. 161
4.4.9. NMR of electro-spun lignin fibre ........ccceeveeririeierinienereeese e e 164
4.4.10. DSC of vacuum dried electro-spun lignin fibre ........ccccoeoeeriiriiniiniieieneneeeceeeee 171
4.4.11. TGA of electro-spun lignin fibre........coceeeieiiiiiiiiiiieee e 175
4.5. Characterisation of thermostabilised and carbonised electro-spun lignin fibre...................... 178
4.5.1. SEM of thermostabilised and carbonised electro-spun fibre...........coceverervenenceeneneenne 178
4.5.2.  XRD of carbonised lignin fiIDIe .......ccceveeeeririeieiieieseseeer e e 181
CONCIUSIONS. ...ttt e et e e bt r e s bt b sr e e se e n e s b eaesresnenres 183
Recommendations for fUtUre WOrK..........covvieiiiiriiiicce e 186
List Of REfEreNCES .....oiviiiiiiiici 187

vi|Page



List of Figures

Figure 1. Structure of the cell wall in wood, adapted from Rytioja et al., (23)...ccccoveeeeiiireeeiiiee e, 7
Figure 2. Schematic of the lignocellulosic matrix, with repeating units of hemicellulose, lignin and
cellulose, adapted from Lit €t al., (30)...cccueeiiiiiieiiciiee e e ree e e e etre e e e re e e e e erae e e e eabaee s e anees 8
Figure 3. Illustration of primary monomers associated with the structure of lignin, including H,G & S
UNIES (22,371,32). wevreeeeeereeeeeeeeeeeeeeeseseeseeseseseseeessseseseseeeseeeseesesseeeaesseaeseseesesessesseeseeseseesasaeesesesaesseseaseseassseneaees 9
Figure 4. Labelling convention for monolignols (Guaiacyl G-Unit). (a) IUPAC nomenclature (b) wood
chemistry terminOlOgY (22,31,32). ..ci i eceeeceeeee et et e et e e e s e e s teeesate e entae e sseesnteeeseeesnseeensees 10
Figure 5. Structural segment representation of hardwood (a) and softwood (b) lignins, adapted from

(=] o[ty 1] Lo =L =T TR (1S ) T RO U RRRRRRR 11
Figure 6. The a-0-4 (right circle), B-O-4 (left circle), aliphatic (green), and phenolic (blue) OH-groups are
the most reactive bond types in the structure of lignin (45,49,50). ....c..evieiiiiieiiiiiee e e 12
Figure 7. Mechanism of lignin condensation routes, adapted from Li et al., (53). .cccccecvervirerieesceeeeneens 13
Figure 8. The interunitary chemical linkages typically found in lignin (278,283).......ccccceevivevieeccieeecneenns 14
Figure 9. Alkaline cleavage of a-aryl ether bonds in phenolic arylpropane units. The dotted lines indicate
possible linkages to adjacent lignin UNITS (91). ...ceciiieiiieeiieeeie ettt tre e et e e rae e sare e e beeeeareens 16
Figure 10. Structure of lignin model compound used in the study by Ponnuchamy et al. (128). ............. 18
Figure 11. The schematic diagram illustrates the process of ferulate radical coupling to lignin, resulting in
the connection of both coniferyl and sinapyl alcohol residues to accessible ferulates (152). .................. 21
Figure 12. Formation of cross-linkages in lignin macromolecules from free radical polymerisation,
adapted from Mainka €t al., (158). ..eccueeiiieeiiiecieecieeerite et e e sre e e rtee e sre e st eesaee e stae e areesataeebreeereeenaees 22

Figure 13. Acetylation of lignin using pyridine and acetic anhydride, adapted from Buono et al., (143). 24
Figure 14. Lignin solvent systems structures; GVL, DMSO, DMF, [Bmim]OAc, and [Amim]Cl by Xue et al.

(189). ettt e e e e eeeeeee s e e e e e e e aee e et e e et e e et ee e e e s et e e e ee e e eeeee e ee e e et ee et er e e e s ee e s eeeenans 25
Figure 15. Oxidation and elimination reaction scheme of lignin B-0-4 model compounds via dimethyl

L 0] DT L3 720 72 PSR 28
Figure 16. Schematic illustration of a typical electro-spinning SetUp (4).....ccceeveeecieercieeiie e 31
Figure 17. Mechanisms of native lignin pyrolysis and fragmentation pathways (33,267). .......ccccuveeenneee. 37
Figure 18. Proposed mechanism of lignin pyrolysis, adapted from Yang et al., (277)...c.ccccovevvveecveecneens 39
Figure 19. Schematic representation of the conversion process from lignin to carbon fibre, adapted from
R TV 1 & I = - | I 72 7 2 SRR 43
Figure 20. Model reaction pathway from PAN to carbon phase, adapted from Frank et al., (288).......... 44
Figure 21. Production of vanillin through lignin thermal degradation (352). .....cccccceeiiiieeecciee e, 50
Figure 22. Photograph of the BioChoice™ lighin powder (531). .....c.coveiereieeerreeeeeeeeereereere e seeeeeeneenes 67
Figure 23. Photograph of the reflux system set-up used to dissolve lignin in DMSO. .........ccccceevevveeeennnen. 73
Figure 24. Schematic illustration of electro-spinning setup with a flat plate ground-electrode for
collecting random orientated lignin fibres (19). ...oocie e e e 74

Figure 25. Close-up images of the two initial collector configurations used during electro-spinning; (a):
Flat plate collector with aluminium foil for random fibre deposition, and (b): Parallel electrode collector

designed to promote fibre alignment across the Bap.....ccccceeeciiiiicciii e 75
Figure 26. Photograph of Vee-shield electro-spinning SETUP........cceieeeciiieiecciiie et e 76
Figure 27. FTIR spectra of as-received lignin; (a) whole spectral range 4000-400 cm™, and (b) enlarged
spectral view from 1800-600 CM™L.........oviiiieieececeer ettt ettt ete et ea et s s eseeseeteeteeaeeseste s ensenneneeneas 77
Figure 28. The FTIR spectra for the: (a): the vacuum dried 80 °C for 6 hours lignin sample and (b): as-
received lignin sample, offset by absorbance to enable comparison.........cccceeeeiiiiccciii e, 78

vii|Page



Figure 29. The FTIR spectra from wavenumber 1900-400 cm for the: (a): the vacuum dried 80 °C for 6
hours lignin sample and (b): as-received lignin sample, offset by absorbance to enable comparison. .... 79
Figure 30. The FTIR spectra from wavenumber 4000-1900 cm™ for the: (a): the vacuum dried 80 °C for 6
hours lignin sample and (b): as-received lignin sample offset by absorbance to enable comparison....... 80
Figure 31. The FTIR spectra for the: (a): 260 °C thermostabilised lignin in air and (b): 260 °C

thermostabilised lignin in nitrogen, offset by absorbance to enable comparison. ........ccccoevivviiiieeeennnen. 82
Figure 32. Proposed structure of softwood lignin with interunit linkages highlighted, adapted from
literature SoUrce, SUOLA €1 Al., (271). coovreeeieeeiieecieeeeee et eeetr e e e e e et e e e e e e ssabbaeeeeeeeeeenassranees 85

Figure 33. 'H NMR spectra of as-received lignin, and assighments of the structural features with labelled
literature ppm values: (a): sinapyl alcohol repeating lignin monomer including methoxy side chain, (b):
DMSO solvent structure and (c): aliphatic region containing methyl (-CHs), methylene (-CH; and methine
BIOUD (2CH) (333,342, 851) .o e e e e see s eeeeseeeesesese et seeeneseesseesesseesesseeseens 86
Figure 34. Zoomed in *H-NMR spectrum of as-received lignin powder in DMSO-ds, highlighting key
spectral regions. (a): the aromatic region was seen from 5.0-8.0 ppm, (b): methoxy side chain from 3.0-
4.0 ppm, (c): DMSO-ds solvent peak seen at 2.50 ppm, (d): the aliphatic region seen at 2.05 ppm and (e):
region containing residual proton and ethyl groups from 0.5-2.0 PPM. ...cccciiiiiiiiie e 87
Figure 35. *C NMR spectra of as-received lignin, and assignments of the structural features with labelled
literature ppm values: (a): sinapyl alcohol repeating lignin monomer including methoxy side chain, (b):
DMSO solvent structure and (c): aliphatic region containing methyl (-CHs), methylene (-CH, and methine
GIOUD (2CH) (333,342,451) e e e ee e e e e eee e e e see s eeeeseeeeseeseee et essessessesseesesseesesseesseens 88
Figure 36.*H'3C — HSQC spectra for as-received lignin, and assighments of the structural features with
labelled literature *H NMR ppm values: (a): guaiacyl lignin repeating unit including methoxy side chain,
(b): DMSO solvent structure and (c): aliphatic region containing methyl (-CHs), methylene (-CH; and

Mething group (-CH) (333,342,451). ..cccuiiee ettt ettt e e etee e e e etee e e e eate e e e e eabeeeeeeabeeeeensbaeeeennseeeeennsens 89
Figure 37. Zoomed in *H*3C — HSQC spectra with structures for the: (a) and (b): aliphatic regions and (c):
aromatic regions of as-receIVEd lIZNIN. .......ooi it e e e et e e e e br e e e e erteeessraeeaeeans 90

Figure 38. 'H NMR spectra of as-received lignin dissolved in THF, and assighments of the structural
features with labelled literature ppm values; (a): sinapyl alcohol repeating lignin monomer including

methoxy side chain, (b): THF solvent structure (333,342,451).......ooii it et 91
Figure 39. *H NMR spectra of vacuum dried lignin, with zoomed region around 3.80 ppm to demonstrate
FedUCtiON IN WAtEr PEAK. ..eii e e e e e st e e e et e e e e et eee e s abeeeeenrees 93

Figure 40.*H3C — HSQC spectra for vacuum dried lignin (80 °C for 6 hours), and assighments of the
structural features with labelled literature *H NMR ppm values: (a): guaiacyl lignin repeating unit
including methoxy side chain, (b): DMSO solvent structure and (c): aliphatic region containing methyl (-
CHs), methylene (-CH; and methine group (-CH) (333,342,451)......uuiiiicciieeeeieee et eeree e et 94
Figure 41.13C NMR spectra of vacuum-dried lignin powder (80 °C for 6 hours). .......c.ccecveeeeerevveeereennane. 94
Figure 42.*H3C — HSQC spectra for vacuum dried lignin with peak areas labelled and shown
schematically; (a): 8-0-4, (b): Phenylcoumaran, (c): Dibenzodioxocin, (d): Resinol, (e): Coniferyl alcohol,

(f): Enol ether, (g): Guaiacyl unit, (h): Stilbene, (Xyl): Xylosyl units (403) (271)....ccccceeeceeecieeiieeeireeeereenns 95
Figure 43. 1H NMR comparison of vacuum dried lignin powder for 4 hours each; a): 160 °C, b) 140 °C and
C) 100 °C, rESPECLIVEIY. .vvieeiei ettt ettt e e e e et e e st e e e ba e e s beeebeeestseesabaeessseesaseeensseesaseeeseeas 96
Figure 44. Elemental analysis (C, H, N, S) percentile values for the as-received lignin powder, vacuum-

dried lignin powders at 80 °C and 100 °C for 6 hours €ach.........cccccvveeieciiii it 98
Figure 45. X-ray diffraction pattern for, (a): vacuum dried lignin powder (80 °C for 6 hours) and (b) as-

received lignin powder, offset by intensity to enable comparison..........ccccccveeiieciiii e, 100

vii|Page



Figure 46. DSC thermogram for as-received lignin, 1st heating scan, with insert showing an expanded
VieW DEtWEEN 125 *Cand 175 “C. oottt e eee e e e ete e e e et e e e e eabee e e seabeeeeesntaeeeennsteeeennsees 101
Figure 47. DSC thermograms for as-received lignin; (a): 2nd heating scan and (b): 3rd heating scan.... 102
Figure 48. DSC thermograms for vacuum dried lignin; (a): 1st heating scan, (b): 2nd heating scan and (c):
Lo I o 1T YT oY= or- Y o VOO RR 104
Figure 49. TGA thermogram with curves for the; (a): as-received and (b): vacuum dried lignin samples.

Figure 50. TGA thermogram for the as-received lignin sample showing weight loss percentage at each
LEMPEIATUIE INTEIVAL. . e e e et e e e s st e e e s b e e e e ssabeeeeesnbeeesensreeeeennrens 106
Figure 51. TGA thermogram for the vacuum dried lignin sample showing weight loss percentage at each
TEMPEIATUIE INTEIVAL c.eviiii e et e e et e e e e et e e e s et e e e eeabaeeeeeabeeeeenntaeeeennsaeeeensees 108
Figure 52. Molecular weight distribution traces for; (a): as-received lignin, (b): 100 °C vacuum dried
lignin, (c): 120 °C vacuum dried lignin and (d): 140 °C vacuum dried lignin. Samples were all refluxed in

DMF fOr 4 hours @t 100 C.....uuieeiiciieeeceiiee e seitee e esctte e e s sttt e e e sbeeeesebeeeeesbeaeeesbtaeeesseeeessseaeessseneesssseneesanes 110
Figure 53. SEM micrographs of randomly deposited PAN fibres of (a): 12% (w/v) and (b): 14% (w/v) in
(1Y I @ =1 Fo T o 1= TSRS 115
Figure 54. SEM micrographs of randomly deposited 30:70 lignin:PAN fibres in DMSO, of (a): 14% (w/v)
and (b): 20% (W/V) POlymMeEr CONCENTIALION. ....cccviiiieiee et ecte ettt e e s e e ee e teesreesneeenes 116
Figure 55. SEM micrographs of randomly deposited 50:50 lignin:PAN fibres in DMSO, of (a): 14% (w/v)
and (b): 20% (W/V) POlYMEr CONCENTIALION. ....ecivieiiieciiecieeie et eetee ettt et e reesaeesabeebeebeestaesaeesareeans 116
Figure 56. SEM micrograph of randomly deposited, 70:30 lignin:PAN fibres in DMSO of 20% (w/v)
[oYe] AV g L= g ole T ol=Y o1 = o) o ST PRPROPPSPN 117
Figure 57. Beaded lignin:PAN electro-spun fibres on A: 0:100, 12% (w/v), B: 50:50, 14% (w/v) and 50:50,
D0 (T A TR USSR 119
Figure 58. Electro-sprayed fibres of lignin:PAN blend 30:70, 20% (w/v) polymer concentration in DMSO.
.................................................................................................................................................................. 120
Figure 59. Fusing of electro-spun lignin:PAN fibres, 50:50, 20% (W/V). ..ccciveveerieerieesieesresreesteeseeesenenenes 120
Figure 60. Vee-shield alignment of (a): 30:70, 14% (w/v), (b): 50:50, 14% (w/v), (c): 50:50, 20% (w/v) and
(d) 70:30, 20% (W/V). eecvreierieiieieeieeseeseeseeete e e e s e e sseesssesstessseesseeseesseesseesssessteenseassessseessessssesnseenseeseessees 121
Figure 61. Lignin:PAN blend solution shear viscosity at; (a): room temperature (25 °C) and (b): electro-
spinning chamber tEMPEratUure (55 “C)uiiieriieiiie e eiieeeciee et e ete e ertre e s ete e et eestteeebeeesabeestaeensseesnseeessseesns 124
Figure 62. Lignin:PAN blend in DMSO solution conductivity, measured at 25 °C........ccccceeeeciieeeecveeeens 125
Figure 63. Lignin DMSO solution shear viscosity at room temperature for 50, 60, 75, 80 and 90% (w/v)

LYo [ a oY T Ty o T=Tot Y71 Y 2RSSR 129
Figure 64. Sweep viscosity at 55 °C for the 100% (w/v) lignin DMSO refluxed solutions at each of the 5
set temperatures (80 °C, 100 °C, 120 °C, 140 °C, and 160 °C)......eeeireeerereciieesieeecieeesreeeteeestreesreeesareeens 130
Figure 65. Viscosity of lignin DMSO solutions during temperature ramp 25 °C to 65 °C for the (a): 120 °C,
(b): 140 °C and (c) 160 °C refluxed SAMPIES. .......eiecuiieiiiecee ettt e et sre e e ta e e bae e sbeeeeaae s 132
Figure 66. Electrical conductivity of pure DMSO measured from 25 °Ct0 79 °C....oeevvvcrieeeivcieeeeciieeeeeans 134
Figure 67. Electrical conductivity of refluxed lignin DMSO solutions at, (a): room temperature (25 °C) and
(b): electro-spinning chamber temMPEerature (55 °C)..iicvieccieeirie ettt et e et sre e s reeesareesbeeeeane s 135
Figure 68. SEM micrographs for bead-free electro-spun 75% (w/v) neat lignin fibres...........cccccovevvrneen. 138
Figure 69. SEM micrograph of 50% (w/v) electro-spun bead on string lignin fibres. ........c..ccoveevverneennen. 138

Figure 70.Magnified SEM images of electro-spun lignin fibres produced using 75% (w/v) vacuum dried
lignin in DMSO polymer solution; from left to right: (a): x500, (b): x1000, (c): x2500, (d): x5000, (e):
x7000 and (f): X10000 MagNifiCatiONS. ....ccceieiirieeiiieeiteeeceeeete e e e e erteeeere e eeteeestaeeebeeesabeeebeeessaeesbeeesareenns 139

ix| Page



Figure 71. SEM micrographs for 75% (w/v) lignin in DMSO electro-spun aligned fibres using 4cm parallel

electrode for magnifications; (a): X1000 and (b): X2500. ......ccccuveeeeiiieeeeiiieeeecire e ecrreeeesrreeeesareeeesereee s 140
Figure 72. SEM micrographs for 75% (w/v) lignin in DMSO electro-spun aligned fibres using 8cm parallel
electrode for magnifications; (a): x250, (b): x500, (c): x1000 and (d): 2500........ccccceveeerrrerireeeirreerreeennns 142
Figure 73. SEM micrographs for 75% (w/v) lignin in DMSO electro-spun aligned fibres using Vee-shield,
for magnifications; (a): X2500 and (b): X5000. .........eeeciieiiieeiie e e ecee et e eeeerre e s e e e srr e e sreeereeesnreeenees 143
Figure 74. Fibre alignment distribution (%) for electro-spun 75% (w/v) neat lignin in DMSO using three
collector setups: 4 cm electrode, 8 cm electrode, and 1 cm Vee-shield. .......ccccceeeiieeiiiieiecccieeeecieee, 145
Figure 75. SEM micrographs for, (a): beaded electro-spun 80% (w/v) lignin fibres in DMSO & (b):
reduced beaded electro-spun 95% (w/v) lignin fibres in DMSO. .........ccocvieiiieiiiee et 146
Figure 76. SEM micrographs for 100% (w/v) lignin in DMSO electro-spun fibres for chamber
temperatures, (3): 25 °C & (D) 55 Chrirriiiiiie e ecieeecte st e etee e rete e e e e e stte e s e e e rae e s te e e saaeesareeeraeesnteeenees 147
Figure 77. SEM micrographs for 100% (w/v) lignin in DMSO electro-spun fibres from reflux
temperatures; (a): 80 °Cand (b): 100 °C. ...eoeeeiieeieecee ettt et e e rtre e s be e e saa e e s re e ebaeeeareeenae s 149
Figure 78. SEM micrograph for 100% (w/v) lignin in DMSO electro-spun fibres from reflux temperature
120 °C; magnification, XL1000.........c.ueeeeeiieeeeeciieeeeecteeeeectteeeeeiteeeeeesteeeesebtaeeesastaeesasssseseseseesaassesessnssanessnns 150
Figure 79. SEM micrographs for 100% (w/v) lignin in DMSO electro-spun fibres from reflux
temperatures; (a): 140 °Cand (D): 160 °C. ...ueiieieiiee ettt et e e et e e e e ebee e e e eare e e e eenbae e e eenrae e e enees 151
Figure 80. SEM micrographs for aligned attempt Vee-shield 100% (w/v) lignin in DMSO electro-spun
fibres from reflux temperature 120 °C; magnifications (a): x1000 and (b): X2000..........cccceeevvvrercreeennnen. 153

Figure 81. SEM micrographs for aligned Vee-shield 100% (w/v) lignin in DMSO electro-spun fibres from
reflux temperature 140 °C; magnifications (a):x500, (b)x1000, (c), (d) and (e):x2500, (f), (g) and (h): 5000.

Figure 82. Comparison of electro-spun fibre alignment percentage for the 120 °C and 140 °C refluxed
[IZNIN/DIVISO SOIULIONS. ...c.uviiuiieieeieeitiecteeette et eteesteesteestaesbesbeebe e beesbeessseeabeesbeeteasbaesssesasesasesnbeenseesaesens 157
Figure 83. Ashby-style plot of viscosity and conductivity for neat lignin/DMSO solutions at 55 °C, with
bubble size representing the diameter of the resulting electro-spun fibres. Red points (80—120 °C)
produced beaded fibres, while blue points (140-160 °C) yielded smooth fibres. The green dashed box
highlights the ideal range for bead-free fibre formation and reproducible fibre alignment, where
consistent fibre morphology Was aChi@Ved..........coccuiiiiiiiii e 158
Figure 84. FTIR spectra for; (a): the vacuum dried electro-spun lignin fibre from the 120 °C refluxed
lignin/DMSO solution, (b): the vacuum dried 80 °C for 6 hours lignin sample and (c): as-received lignin
sample, offset by absorbance to enable COMPariSON. .....cccveiiiiiiiii i 161
Figure 85. FTIR spectra of vacuum-dried electro-spun lignin fibres produced from lignin/DMSO solutions
refluxed at; (a): 140 °C, (b): 120 °C, (c): 100 °C and (d): 80 °C, offset by absorbance to enable comparison

Figure 86.*H NMR spectra of electro-spun lignin fibre (lignin/DMSO solution refluxed at 80 °C for 4
hours), and assignments of the structural features with labelled literature ppm values: (a): sinapyl
alcohol repeating lignin monomer including methoxy side chain, (b): DMSO solvent structure and (c):
aliphatic region containing methyl (-CHs), methylene (-CH, and methine group (-CH) (333,342,451)... 164
Figure 87.13C NMR spectra of electro-spun lignin fibre (lignin/DMSO solution refluxed at 80 °C for 4
hours), and assignments of the structural features with labelled literature ppm values: (a): sinapyl
alcohol repeating lignin monomer including methoxy side chain, (b): DMSO solvent structure and (c):
aliphatic region containing methyl (-CHs), methylene (-CH, and methine group (-CH) (333,342,451). .. 166
Figure 88.*H!3C — HSQC spectra for the electro-spun lignin fibre (lignin/DMSO solution refluxed at 80 °C
for 4 hours), and assignments, and assignments of the structural features with labelled literature H

x|Page



NMR ppm values: (a): guaiacyl lignin repeating unit including methoxy side chain, (b): DMSO solvent
structure and (c): aliphatic region containing methyl (-CHs), methylene (-CH; and methine group (-CH)

(333,342,450 ). coueieiieeiee ettt ettt ettt et st e et e bt e et e e e s be e e b teenateeebeeeaaaeesateeebeeeenbaeenraes 167
Figure 89. 'H-'H COSY of 80 °C 4 hour refluxed lighin/DMSO solution electro-spun lignin fibre. ........... 168
Figure 90. *H NMR spectra of electro-spun lignin fibre (lignin/DMSO solution refluxed at 120 °C for 4

00T S 169

Figure 91. *H NMR spectra of electro-spun lignin fibre (lignin/DMSO solution refluxed at 140 °C for 4
hours), and assignments of the structural features with labelled literature ppm values: (a): sinapyl
alcohol repeating lignin monomer including methoxy side chain, (b): DMSO solvent structure and (c):
aliphatic region containing methyl (-CHs), methylene (-CH; and methine group (-CH) (333,342,451)... 170
Figure 92. T, for 1st heating scan for each of the vacuum dried electro-spun lignin fibres at separate

reflux temperatures (80, 100, 120, 140 and 160 °C), with trendline of data...........ccccecvveeeiecvieeeciinenens 172
Figure 93. TGA thermogram for the electro-spun lignin fibre from reflux temperatures; (a): 80 °C, (b):
100 °C, (€): 120 °C aNd (A): 140 “C. eeveeeeeeeeeee ettt ee et e e e eee e es e eees e s s eeseseeseneeeeneenan 176
Figure 94. SEM micrographs of electro-spun lignin fibres after thermostabilisation at 260 °C in
atmospheres of; (a): dry compressed air and (b): dry NITrogeN. ....ccuvvieeciiiie e 178
Figure 95. SEM micrographs of electro-spun lignin fibres after carbonisation at different temperatures;
(@): 600 °C, (b): 900 °C, and (C): 1200 °Ch...veeeereereerieesieeseresteeieesteesteesseesreesreeseeesesssessseessessssesssesssesssesssees 179
Figure 96. X-ray diffraction pattern for, (a): 900 °C carbonised fibre and (b) 600 °C carbonised fibre,
offset by intensity to enable COMPANISON.......cciiiiiiiiie e e e e e saaee s 181
Figure 97. X-ray diffraction pattern for the 1200 °C carbonised lignin fibre. .......c..ccccecoveiieciieeieciienens 182

xi|Page



List of Tables

Table 1. Summary of selected methods for separating lignin from biomass. 16

Table 2. Solubility Parameter (6— from Hildebrand Theory) and Hydrogen Bonding Parameter (6,— from
Hansen Theory) of Organic Solvents and Water (167). 27

Table 3. Relative atomic composition of stabilised softwood Kraft lignin fibres, carbonised at different
temperatures, as reported by Kleinhans et al., (265). 36

Table 4. Summary of papers that have used lignin in the production of carbon fibres. 42

Table 5. Comparison of lignin and PAN as carbon fibre precursors (282,287,289,294) 45

Table 6. Main chemical elements in lignin samples and their range of evolution, detected using FTIR by
Akbari et al (324). 48

Table 7. *C NMR chemical shift assignments for lignin subunits and functional groups, collated from
literature (38,80,364,365,304,342,343,357,358,361-363). 53

Table 8. GPC analyses of average molecular weight (M), average number molecular weight (M,) and
polydispersity (PDI) for acetylated lignin samples, as reported from literature (80). 58

Table 9. The thermal analysis (TGA and DSC) from different biomass samples, as reported from literature
(80). 60

Table 10. Peak assignment for as-received and vacuum dried lignin (80 °C for 6 hours) FTIR spectra
(324,444,445). 81

Table 11. Elemental analysis percentage values for the as-received lignin powder, vacuum-dried lignin
powders at 80 °C and 100 °C for 6 hours each. 97

Table 12. Elemental analysis percentage values for the electro-spun fibres prepared from lignin/DMSO
solutions refluxed at temperatures 80 °C, 100 °C, 120 °C, 140 °C and 160 °C. 99

Table 13. T; values for the as-received and vacuum dried lignin (80 °C for 6 hours) powder. 103

Table 14. Molecular weight and polydispersity of lignin samples. 109

Table 15. Solvents used for electro-spinning lignin and their selected properties (175). 113

Table 16. Average fibre diameter of randomly deposited lignin:PAN electro-spun fibres. 118

Table 17. Average fibre diameter of aligned lignin:PAN electro-spun fibres 122

Table 18. Fibre alignment distribution percentage using Vee-shield method of lignin:PAN fibres. 123
Table 19. Fibre alignment percentage for 75% (w/v) neat lignin in DMSO electro-spun aligned fibres
using 4 cm electrode, 8 cm electrode and 1 cm Vee-shield. 144

Table 20. Fibre alignment percentage for 100% (w/v) electro-spun aligned fibres from 120 °C reflux
temperature, using 1 cm Vee-shield. 154

Table 21. Fibre alignment distribution percentage for 100% (w/v) electro-spun aligned fibres from 140 °C
reflux temperature, using 1 cm Vee-shield 156

Table 22. Reported literature values for lignin solution viscosity, conductivity (25 °C) and resulting fibre
diameters across different lignin types, solvents and blends, for comparison with this study. 159

Table 23. Summary of DSC heating scans (first, second, and third) for vacuum-dried electro-spun lignin
fibres refluxed at five different temperatures (80-160 °C). 173

Table 24. Percentage weight loss for the lignin samples from TGA, including temperature at which 50%
weight loss occurred. 177

xii|Page



List of Abbreviations
Polyacrylonitrile - PAN

Dimethyl sulfoxide - DMSO

Dimethylformamide - DMF

Glass transition temperature - Tg

Weight average molecular weight - Mw
Polydispersity index - PDI

Near-Field Electro-spinning - NFES

Poly(ethylene oxide) - PEO

Scanning electron microscopy - SEM

Gel permeation chromatography - GPC
Differential scanning calorimetry - DSC
Thermogravimetric analysis - TGA

Derivative thermogravimetry - DTG

Fourier transform infrared spectroscopy - FTIR
Nuclear magnetic resonance - NMR

Proton Nuclear magnetic resonance - 'H NMR
Carbon Nuclear magnetic resonance - °C NMR
Heteronuclear Single Quantum Coherence - HSQC
X-ray diffraction - XRD

Liquid chromatography-mass spectrometry - LC-MS
Gas chromatography-mass spectrometry - GC-MS

High-performance liquid chromatography - HPLC

xiii|Page



1. Introduction

1.1.  Introduction and motivation

Lignin, a complex and plentiful organic compound present in the cell walls of plants, serves a
vital function in imparting structural strength and durability against deterioration (1). Lignin has
attracted considerable attention in materials science and engineering due to its abundant
availability and wide range of possible applications. Usually, lignin is separated into different
parts, modified to have certain functions, and mixed with either synthetic or natural polymers to

make it easier to turn into fibres using processes like wet, melt, or electro-spinning (2).

This study especially examines the electro-spinning of neat BioChoice softwood Kraft lignin
using a single-solvent system, namely dimethyl sulfoxide (DMSO). DMSO, is a type of solvent
that is non-toxic, polar and aprotic. It is well-known for its capacity to dissolve a broad spectrum
of organic and inorganic substances. This characteristic makes it highly desirable as a solvent in
the processing of lignin (3). The prior endeavours to electro-spin lignin with other solvents or
cosolvents primarily led to electro-spraying, where the solution forms droplets instead of
uninterrupted fibres. This problem highlights the need of optimising the characteristics of the

solution and the conditions under which it is spun to achieve the desired fibre morphology.

Electro-spinning is an adaptable method used to create nanofibres from a wide range of
materials, such as polymers (4), composites (5) and biomaterials (6). The process entails the
application of a high voltage to a solution or molten polymer, resulting in the creation of fine
fibres through a jet that solidifies as the solvent evaporates or cools respectively (7). The
technique provides substantial manipulation of fibre diameter, porosity, and surface area,
rendering it appropriate for utilisation in filtration, biomedical devices, and advanced composites
(8). The difficulty in electro-spinning lignin arises from its inclination to undergo cross-linking
and generate high-molecular-weight fractions, especially when exposed to temperatures over 140

°C (9).

A significant motivation behind this study is the production of uniform lignin fibres from a
single-solvent system without any chemical modification or copolymer blending (10). Using
unaltered lignin streamlines the procedure and circumvents the possible ecological and financial
expenses linked to the use of supplementary chemicals. Utilising a solitary solvent solution such
as DMSO can result in a simpler, more economical, and easily expandable approach for

manufacturing lignin fibres. Not only does it simplify the fibre production process, making it
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more cost-effective and scalable, but DMSO is also considered less toxic compared to many
other common lignin solvents, such as formaldehyde-based solutions or phenolic solvents
(11,12). Furthermore, the unique aspect of electro-spinning lignin with DMSO alone is novel in
its capacity to enable the creation of fibres without the necessity of intricate chemical alterations
or the incorporation of additional polymers. This technique adheres to the principles of green

chemistry by diminishing the dependence on numerous solvents and additives.

In order to address the difficulties of using a single-solvent system, a study was conducted on the
electro-spinning of 100% (w/v) lignin in DMSO. Prior to this, the solution was subjected to
refluxing at different temperatures (80, 100, 120, 140, and 160 °C) under a nitrogen atmosphere.
The objective was to get partial cross-linking and the most suitable molecular weight to ensure
efficient chain entanglement, which is crucial for the formation of uninterrupted fibres. The
solutions were analysed using nuclear magnetic resonance (NMR), Fourier-transform infrared
spectroscopy (FTIR), conductivity, and viscosity measurements. Following this, electro-spinning
was conducted at a temperature of 55 °C using a custom-built apparatus, and the resulting fibres
were dried at 100 °C in a vacuum furnace to eliminate any remaining solvent or moisture that

remained.

The electro-spun fibres were characterised using differential scanning calorimetry (DSC),
thermogravimetric analysis (TGA), and image analysis to assess their thermal characteristics,
stability, and shape. The findings revealed that when lignin was subjected to reflux at
temperatures of 120, 140, and 160 °C, it resulted in the production of unfused fibres with circular
cross-sections. The results generated in the current study suggest that subjecting lignin to reflux
at these temperatures causes partial cross-linking, which is essential for achieving the desired
molecular weight and chain entanglement required for successful electro-spinning of lignin-

DMSO uniform fibres.

Using a solution for electro-spinning is more effective than heat treatment of solid lignin powder
for producing uniform fibres due to several key factors. Firstly, solutions allow control over
viscosity, which is critical for stable jet formation and consistent fibre diameter during electro-
spinning. Dissolving lignin in a solvent facilitates molecular-level mixing prior to fibre
formation, which can promote uniformity in the resulting fibres (13,14). Additionally, processing
lignin from a solution can reduce thermal degradation compared to high-temperature melt

processing, helping to preserve its chemical structure and mechanical properties (15). Electro-
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spinning from a solution enables fine-tuning of fibre properties through adjustable parameters
such as concentration, solvent type, and applied voltage (16). Although parameters like voltage
can also be varied in melt electro-spinning, solution-based methods generally offer a broader
range of processing conditions and operate at lower temperatures, which can be advantageous
when working with heat-sensitive materials like lignin (17,18). Moreover, using solvents
provides flexibility for incorporating additives or modifiers, making solution electro-spinning a

versatile and controlled approach for producing uniform nanofibres (19,20).

This thesis presents a streamlined technique for electro-spinning neat lignin utilising a single-
solvent system, which has the potential to facilitate the development of more environmentally
friendly and effective manufacturing processes for lignin-based fibres. The results not only add
to the current understanding of lignin processing but also emphasise the potential of DMSO as a

single-solvent for producing high-quality lignin fibres without requiring chemical alterations.

1.2.  Research hypothesis

The research hypotheses in the current thesis are that:
(1) As-received lignin can be electro-spun without fractionation or blending with other polymers.

(i1) Controlled heat treatment of as-received lignin in DMSO can be used to increase its viscosity

and molecular weight distribution and thus enable electro-spinning.

(111) Conventional analytical techniques can be used to characterise and demonstrate that
structural changes take place when as-received lignin is subjected to controlled heat treatment in

DMSO.

1.3. Aims and objectives
(1) To characterise as-received lignin using conventional thermal, rheological, electrical and

spectral techniques.

The characterisation techniques that will be used include differential scanning calorimetry
(DSC), thermogravimetric analysis (TGA), electrical conductivity, parallel-plate rheometry, X-
ray diffraction (XRD), elemental analysis, gel permeation chromatography (GPC), Fourier
transform infrared spectroscopy (FTIR) and nuclear magnetic resonance spectroscopy (NMR).
The morphology of fibres will be characterised using scanning electron microscopy (SEM) and

image analysis.
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(i1) To study the effect of specified methods of heat-treating lignin with a view to increasing its

polymer concentration in solution.

Dried lignin will be dissolved in DMSO at a range of concentrations and temperatures to identify
the optimum solution characteristics for electro-spinning. The characterisation techniques

mentioned above will be used to characterise the solutions.
(ii1) To identify the optimum electro-spinning parameters for producing nano-fibres.

The electro-spinning parameters such as the applied voltage, temperature, humidity and solution

viscosity optimised to enable the electro-spinning of neat lignin.
(iv) To oxidise and carbonise the electro-spun neat lignin fibres.

The electro-spun neat lignin fibres will be oxidised and carbonised in a tube furnace to produce

carbonised fibres.

1.4.  Structure of thesis

Chapter 1: Introduction

Chapter 1 provides an overview of the context and rationale for the study, emphasising the
significance of lignin and its uses. The study begins by stating the research hypothesis, which is

then followed by a thorough discussion of the study's aims and objectives.

Chapter 2: Literature Review

Chapter 2 presents a thorough examination of the literature pertaining to the topic, with a
specific emphasis on the composition, extraction, characterisation, solubility, and electro-
spinning of lignin. The section commences by examining the chemical makeup of lignin and its
variability, which is contingent upon the source of biomass. The chapter subsequently examines
different techniques employed for extracting lignin in both industrial and laboratory
environments, such as Kraft, soda, organosolv, steam explosion, and ionic liquids extraction. An
in-depth analysis was conducted to examine the effects of these extraction procedures on the
structure and physicochemical characteristics of lignin. The chapter also discusses the
characterisation techniques employed for the analysis of lignin, including FTIR, NMR
(encompassing proton, carbon and HSQC techniques), GPC and elemental analysis.
Additionally, this section examines the solubility of lignin in various solvents, with a specific

emphasis on DMSO. It then provides a summary of electro-spinning methods and their use in
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relation to lignin. The chapter ends with a conclusion of the literature covered and how they

relate to the work done in this thesis project.

Chapter 3: Experimental Methodology

Chapter 3 provides comprehensive details of the experimental procedures utilised in this thesis
investigation. The Softwood Kraft lignin (BioChoice) underwent a drying regime in a vacuum
oven at a temperature of 80 °C in order to eliminate any moisture present before it was used. The
solvents chosen for this experiment were anhydrous DMSO and deuterated DMSO. Special
precautions were taken to ensure that moisture did not contaminate the solvents. The
characterisation techniques employed were DSC for thermal analysis, TGA to determine
degradation temperatures, and FTIR to examine chemical bonding. Elemental analysis yielded
information about the composition of lignin, whereas NMR revealed specific structural
characteristics. The rheological parameters were assessed using a parallel-plate theometer, while
electrical conductivity studies were also conducted on the lignin solutions. GPC was conducted
to determine the molecular weight and polydispersity of lignin samples. This chapter also
outlines the procedure for preparing lignin/DMSO solutions and provides details about the
experimental conditions used to evaluate the impact of heat treatment temperatures on lignin
characteristics. These approaches were crucial for examining the appropriateness of lignin for

electro-spinning and its subsequent applications.

Chapter 4: Results and Discussion

Chapter 4 examines the different methods used to analyse electro-spun lignin samples and
discuss their significance. SEM and Image Analysis provide a detailed examination of the
physical characteristics of electro-spun lignin/DMSO fibres. A range of analytical techniques
were employed, including FTIR to examine chemical bonding and functional groups, NMR
spectroscopy for detailed structural analysis, elemental analysis to determine elemental
composition, GPC for molecular weight and DSC for thermal analysis. The chapter also
discusses viscosity and conductivity measurements to understand the rheological properties of
the 1lignin/DMSO solutions and their impact on fibre formation. The findings from these
characterisation techniques are used to assess the structural integrity, thermal stability, and
overall quality of the electro-spun lignin fibres. These investigations jointly enhance

comprehension of lignin's behaviour and possible applications in fibre manufacturing.
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Chapter 5: Conclusion

Chapter 5 of the thesis provides a concise summary of the conclusions derived from the research
findings. This chapter emphasises the key accomplishments and contributions, including the
successful electro-spinning of lignin/DMSO blends and the comprehensive characterisation of

the resulting fibres.

Chapter 6: Recommendations for future work
Chapter 6 addresses the constraints of the existing study and provides suggestions for future

endeavours, proposing avenues to build upon the findings and go into unexplored areas of

inquiry.
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2. Literature review

2.1.  Lignocellulosic biomass

Lignocellulosic biomass is the most abundant, natural renewable source on earth, with an
estimated annual production of 181.5 billion tons globally, with only 8.2 billion tons utilised in
industrial applications (21). Lignocellulosic biomass refers to the cell wall material composed of
multiple different layers, which are separated from neighbouring cells by the intercellular middle

lamella (22,23), as illustrated in Figure 1.

Lumen

Secondary wall S; inner layer

Secondary wall S, middle layer

Secondary wall S, outer layer

Primary wall

Middle lamella

Figure 1. Structure of the cell wall in wood, adapted from Rytioja et al., (23).
Lignocellulosic biomass is primarily composed of three structural components: cellulose,
hemicellulose, and lignin (24). Cellulose is a linear polysaccharide made of glucose molecules
and provides structural support to plant cell walls. Hemicellulose, a more complex and branched
polysaccharide, consists of various sugar monomers and binds with cellulose fibres, adding
strength and flexibility. Lignin, is a complex organic polymer, that fills the spaces between
cellulose and hemicellulose, providing rigidity and resistance to microbial deterioration (25,26).
Together, these components form a robust and durable material, making lignocellulosic biomass
a promising feedstock for biofuel production and other bioproducts (24,27,28). Lignin content
varies among plant species due to growth conditions and location, which can influence biomass

processing and thus the lignin content can differ (29).
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The contents of these components in biomass vary depending on the biomass type; although
typically; cellulose, hemicellulose, and lignin encompass 40-60, 20-40, and 10-25 weight
percentage of biomass materials respectively, with the rest of the biomass being composed of
smaller quantities of ash and extractives (22,24,27,28).

As shown in Figure 2, cellulose is embedded in a dense matrix of hemicellulose and lignin
known as the lignocellulosic matrix, creating a protective sheath around the cellulose (24,25,30).
The majority of lignin in biomass is found in the middle lamella and the secondary cell wall of

biomass species (31-33).
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Figure 2. Schematic of the lignocellulosic matrix, with repeating units of hemicellulose, lignin
and cellulose, adapted from Liu et al., (30).

o

Lignin is an aromatic biopolymer found in terrestrial plants. After cellulose, lignin is the second
most abundant polymer in nature. Different plant species contain varying levels of lignin, and its
chemical composition and molecular weight can differ depending on the parent plant (24—

26,31,34,35).

2.1.1. Lignin composition in biomass
Lignin in biomass varies based on the type of wood. Softwood trees (coniferous species like
pine, spruce, and fir) contain "softwood lignin," which is rich in guaiacyl (G) units derived from

coniferyl alcohol. In contrast, hardwood trees (deciduous species like oak, maple, and birch)
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have "hardwood lignin," which contains a mixture of guaiacyl (G) and syringyl (S) units, derived

from coniferyl and sinapyl alcohol, respectively (24,36).

The system used to identify and categorise the many kinds of lignin found in plant cell walls is
known as lignin nomenclature. The lignin nomenclature scheme, which is based on the relative
quantity of the three primary monomers found in lignin; syringyl (S), guaiacyl (G), and p-
hydroxyphenyl (H), is the most popular systems used to name and categorise lignin (37,38).

Lignin monomers, also known as monolignols, are the basic building blocks that polymerise to
form lignin. These monolignols include syringyl (S), derived from sinapyl alcohol; guaiacyl (G),
derived from coniferyl alcohol; and p-hydroxyphenyl (H), derived from p-coumaryl alcohol,
which are illustrated in Figure 3 (37,38).

OH OH OH
i :OCH3 H,CO”~ i :OCH3
OH OH OH
p-coumaryl alcohol  coniferyl alcohol sinapyl alcohol
i “OCH; H3CO~ i ~OCHj,
OH OH OH
p-hydroxyphenyl (H) guaiacyl (G) syringyl (S)

Figure 3. lllustration of primary monomers associated with the structure of lignin,
including H G & S units (22,31,32).

Syringyl units have two methoxy groups attached to their aromatic ring, making them less prone
to cross-linking and contributing to the solubility and flexibility of the lignin polymer. Guaiacyl

units have one methoxy group on their aromatic ring, are more common in softwoods, and
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contribute to the rigidity and stability of the lignin structure due to their propensity for cross-
linking, whilst p-hydroxyphenyl units, have no methoxy groups on their aromatic ring and are

found less frequently in plant species than guaiacyl and syringyl units (32,39).

The softwood species of lignins are formed from the guaiacyl unit (G) only; whilst hardwood
lignins are formed from both guaiacyl and syringyl (G & S) units, as illustrated in Figure 3
(22,32).

The S:G monomer ratio is used to categorise lignin, whereas the H monomer is often less
abundant and has less of an impact on the lignin's overall characteristics (36,40,41). The

labelling convention for the lignin monomers for the G unit in particular is shown in Figure 4.

(a) OH (b) OH

OH

Figure 4. Labelling convention for monolignols (Guaiacy! G-Unit). (a) IUPAC
nomenclature (b) wood chemistry terminology (22,31,32).

Guaiacyl (G) unit content is high (>95%) in softwood lignin while syringyl (S) unit content is
low (<5%) (42). As a result, the lignin structure in softwoods becomes extremely rigid and
dense, providing strength and resistance to degradation (43). Additionally, the low molecular
weight of softwood lignin makes it simpler to degrade in commercial operations like the Kraft

process (see Section 2.2) (31,37,44).
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A higher S unit content in hardwood lignin (45-75%) contributes to its more flexible and open
structure (42). Hardwood lignin contains higher amounts of syringyl (S) units, making it more
flexible and less condensed compared to softwood lignin, which has a higher content of guaiacyl

(G) units and is more condensed and inflexible (31,34).

A schematic representation of the lignins found in softwood and hardwood, is shown in Figure 5,

derived from NMR & GPC analysis by Lancefield et al., (39,45-48).

(a) Hardwood Lignin | \é@\ %@E

HO MeD

HO
ok
ey O
Cive aH
Ohie OH e
HO
o A
Ot H die

(b) Softwood Lignin

Figure 5. Structural segment representation of hardwood (a) and softwood (b)
lignins, adapted from Lancefield et al., (39).
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To comprehend the chemistry underlying lignin’s structure, it is important to consider the wide
variation in reactivity of its linkages or functional groups. The most frequently seen links in the

lignin structure are the a and B-O-4 ether linkages, aliphatic, and phenolic OH-groups, which are

related to the phenylpropane skeleton, as illustrated in Figure 6 (45,49,50).
OMe

Figure 6. The a-O-4 (right circle), f-O-4 (left circle), aliphatic (green), and phenolic (blue)
OH-groups are the most reactive bond types in the structure of lignin (45,49,50).

The phenolic a-O-4 links in lignin are the common reactive sites, whilst the phenolic 3-O-4
couplings in alkaline solutions are much less reactive, as reported by Evstigneev ef al., (51). In
alkaline conditions, the $-O-4 linkages are relatively stable and less prone to cleavage compared
to a-O-4 linkages, which are more susceptible to reactions such as hydrolysis and oxidation
(49,51,52). As suggested by Li et al., (53), the cleavage of a-O-4 and B-O-4 links or
condensation reactions into monomeric lignin fragments can take place in an acidic solution.
These fragments can then undergo further reactions with other molecules, such as aldehydes, as

illustrated in Figure 7 (49,53).
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Figure 7. Mechanism of lignin condensation routes, adapted from Li et al., (53).

The B-O-4 ether bond, is the most common bond between lignin monomers (54). This primary
linkage is both the main obstacle of lignin investigations that aim to cleave the $-O-4 bond for
the isolation and decomposition of lignin (54-56). Additional common linkages seen in lignin
including the B-O-4 linkage are the 4-O-5, a-O-4, -5, B-1 and 5-5 bonds, which form a 3-D

irregular and amorphous structure, these linkages are shown in Figure 8 (57,58).

As reported by Zemek et al., (59), native wood lignin is comprised of 11 phenolic monomeric
fragments, with ferulic and coumaric acids serving as the main phenolics in native lignin. The
three monomeric aromatic alcohols; coumaryl, coniferyl, and sinapyl alcohols are polymerised to
form lignin (60,61). The amounts of these alcohols vary amongst plant species, which explains
variation in lignin concentrations. For instance, according to Jung and Fahey et al., (60), lignin
from hardwoods includes 400 g/kg of sinapyl alcohols, 40 g/kg of p-coumaryl, and 560 g/kg of
coniferyl. In contrast, lignin from softwoods contains 60 g/kg of sinapyl, 140 g/kg of p-
coumaryl, and 800 g/kg of coniferyl. Because of its strong ether and carbon—carbon bonds (seen

in Figure 8), lignin is difficult to breaking down (60,62).
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Figure 8. The interunitary chemical linkages typically found in lignin (278,283).
2.1.2. Lignin interaction with moisture
Lignin and other plant-derived polymers interact with moisture, which affects their processing
and properties. Water in lignocellulosic materials like wood and lignin exists mainly in two
forms: free water and bound water (63). Free water fills the cavities (cell lumina) and is easier to
remove during drying. Bound water, in contrast, is absorbed within the cell walls, see Figure 1,

and forms strong hydrogen bonds with the chemical components such as cellulose,
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hemicellulose, lignin, and pectin (64,65). Removing bound water requires more energy and can

lead to structural changes (66,67).

The fibre saturation point marks the stage when all available sites within the cell wall are
occupied by bound water, and any additional water is present as free water. In freshly cut
("green") wood, the moisture content is particularly high, sometimes exceeding the dry weight of
the material. Moisture content can also vary between hardwood and softwood plants species. The
hydrophilic nature of lignocellulosic fibres comes mainly from their chemical composition and
structure (68). Cellulose and hemicellulose contain hydroxyl groups that readily form hydrogen
bonds with water, facilitating moisture absorption, see Figure 2. Hemicelluloses, abundant in the
amorphous regions of the cell wall, significantly contribute to water uptake. Studies have shown
that removing hemicellulose and lignin reduces the capacity of fibres to absorb moisture,

confirming their role in water retention (66,67,69—71).

Water diffusion occurs primarily in the amorphous regions, where molecules have more freedom
to interact with water. In cellulose, for example, bound water mostly attaches to hydroxyl groups
in the amorphous phase, while the crystalline regions absorb little moisture. Similarly,

hemicellulose and pectin, particularly in the middle lamella, contribute to moisture uptake due to

their polar groups (72,73).

When considering electro-spun fibres, the structure of the fibres further promotes water
absorption. Their porous architecture and large surface area create pathways and storage spaces
for water. This moisture can lead to swelling, dimensional changes, and reduced mechanical
properties, which are important considerations when using lignin-based materials in applications
such as composites, electro-spun fibres, or environments with fluctuating humidity (74,75).
Overall, understanding how moisture interacts with lignin and related polymers is essential for

optimising drying processes and improving material stability.

2.2.  Lignin extraction

The established methods that are used to extract lignin from plants include Organosolv, soda-
aqueous treatment, Kraft pulping (76,77), hydrolysis (25,78), alkali treatment (28,79), steam
explosion (80,81), ammonia fibre expansion (80,82), deep eutectic solvents (80,83), and using

ionic liquids (24,28,79,84-88). A summary of lignin isolation methods is illustrated in Table 1.
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The utilisation of the soda process is widely employed to extract lignin (89). The soda process

involves the use of sodium hydroxide (NaOH) in pressurised reactors at temperatures ranging

from 140 to 170 °C, which causes the breaking of a-aryl ether bonds in the phenolic units of

lignin, as mechanistically demonstrated in Figure 9 (90,91).

Table 1. Summary of selected methods for separating lignin from biomass.

Type of Lignin Separation Method References
Precipitation (pH change) (92-94)
Kraft lignin
Ultrafiltration (94-97)
Precipitation (pH change) (98-100)
Soda lignin
Ultrafiltration (101,102)
Soda-aqueous Lignin Extraction (NaOH) (85,103)
Lignosuphonates lignin Ultrafiltration (104,105)
Filtration (106,107)
Hydrolysis lignin :
Extraction (NaOH) (86,108,109)
Dissolved air flotation (110,111)
Organosolv lignin
Precipitation (addition of non-solvent) (112-114)
Ionic liquid lignin Precipitation (addition of non-solvent) | (86,115,116)

0] -

CHj o’

\THp
T HT”
CHs CH
—_—
T
CHs o

Figure 9. Alkaline cleavage of a-aryl ether bonds in phenolic arylpropane units. The dotted
lines indicate possible linkages to adjacent lignin units (91).
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Chemical treatments are commonly used to extract lignin from lignocellulosic biomass, although
these treatments can result in the presence of residual chemicals in the final lignin product. An
example of a widely used technique for extracting lignin is the Kraft process, which involves the

use of sodium hydroxide and sodium sulphide to degrade lignocellulosic materials (92-94).

The presence of residual sodium and sulphur molecules from the Kraft process can persist in the
lignin structure, causing changes to its chemical and physical characteristics (117).

The application of acidic treatments, such as those employed in the Sulfite pulping process, can
result in the presence of residual sulphur dioxide and other sulphurous compounds, which have
the potential to alter the properties of lignin (118). Residual sulphur compounds from Sulfite
pulping can boost the adhesive capabilities of lignin in adhesives. This is because they increase
the availability of reactive sites for bonding, as reported by Mansouri et al., (119).

Lignin can undergo numerous chemical modifications due to the presence of residual acids and
bases. Under acidic circumstances, the 3-O-4 connections in lignin (see Figure 8), which are the
most prevalent type of linkage, are frequently broken. This leads to the formation of smaller
fragments with lower molecular weights (120). On the other hand, alkaline circumstances can
enhance the process of lignin condensation, resulting in an elevation in both the molecular
weight and cross-linking density (121). These modifications can impact the solubility of lignin,
making it more difficult to handle for applications that need precise molecular weight
distributions and availability of functional groups (122).

Residual acidic groups in coatings can enhance the hydrophilicity of lignin, making it more
compatible with water-based systems (123). However, this can also decrease its resistance to
moisture and biodegradation, as reported by Doherty et al., (101). The molecular weight and
structure of lignin are crucial factors in the synthesis of carbon fibre. Residual bases can enhance
cross-linking, resulting in the production of high-strength carbon fibres (124). Nevertheless, an
excessive amount of cross-linking can result in the lignin being brittle and challenging to
transform into fibres, as reported by Kadla et al., (125). Additionally, Kai ef al., found that lignin
obtained through an alkaline pulping technique exhibited enhanced efficacy as a phenol

replacement, in comparison to lignin obtained using acidic procedures (126).

2.2.1. Solvent lignin interactions
Lignin's capability to form distinct intermolecular interactions with the hydroxyl, carbonyl, and

aliphatic groups in its structure is correlated with its particular solvent solubility (127).
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Ponnuchamy et al., (128), investigated the single-step fractionation of industrial hardwood Kraft
lignin utilising ethanol, acetone, diethyl ether, and hexane, four organic solvents with varying

polarity.

Density functional theory (DFT) is a quantum-mechanical simulation method that may be used
to predict atomic and molecular-level properties (58). The density functional theory done by
Ponnuchamy et al., (128), revealed that ethanol had the highest contact energy with lignin,
followed by acetone, diethyl ether, and hexane. The DFT results for hydrogen bonds and
noncovalent interactions showed that y-OH is the primary interaction site in the lignin model,
with ethanol’s high polarity enabling stronger solvation. The chosen lignin model (see Figure 10)
consists of three main linkages, namely -O-4, a-O-4, and 5-5', which together account for

around 10% of softwood lignins (129).

5-5' linkage 1

:

op -« P-0-4 linkage

H3C—0 Ou H
\C(x./cﬁ\ /
a-0-4 linkage Cy —O0Oy
CHs
o
Oar
Ha™

ar
Figure 10. Structure of lignin model compound used in the study by Ponnuchamy et al. (128).
The interaction energy (AE) of the various lignin model configurations was defined as the
disparity in energy between the most stable configuration and the equivalent isolated geometries.
Hexane, the least polar solvent, showed the lowest interaction energy (45.01 kJ/mol), while
ethanol showed the highest (55.53 kJ/mol), with acetone ranking second at approximately 7.5
kJ/mol lower than ethanol (128,129).
Ethanol also formed the shortest hydrogen bond (2.22 A) with lignin, involving the
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electronegative oxygen in ethanol and a hydrogen on the aromatic ring. Among all solvents,
ethanol produced the strongest hydrogen bonds, followed by acetone, diethyl ether, and hexane
(128,130,131).

Higher polarity solvents (ethanol and acetone) achieved greater solubility yields (70-80%) for
hardwood Kraft lignin than moderate or low polarity solvents, confirming ethanol as the most

efficient solvent for fractionation and supporting previous experimental findings (129,132).

Lignin's processability can be enhanced by fractionation and purification, which remove
contaminants and change the molecular weight and polydispersity. Lignin fractionation allows
the conversion of heterogeneous, low-quality lignins into more uniform, high-value lignin
products by reducing contaminants and internal variation in their chemical and structural
features. To achieve this, cost-effective technologies that produce lignin fractions with specific
properties such as low polydispersity, low ash content, or varying phenolic content are required.
Additionally, lignin's processability can be improved through chemical modifications like

acetylation, etherification, and graft copolymerization (133,134).

2.2.2. Lignin cross-linking

Cross-linking significantly influences the mechanical and thermal properties of polymers and is
widely employed to modify polymer performance. Cross-linking is generally linked to the
polymerisation of monomers containing multiple functional groups or the establishment of
chemical or physical links between polymer chains (135). Using a cross-linker with numerous
functional groups during the polymerisation process is known as in situ cross-linking (136).
Cross-linking that occurs after the initial polymerisation process is finished is referred to as post-
crosslinking. The post-crosslinking process frequently involves reactions that are brought on by

chemicals and elevated temperatures (137,138).

Cross-linking alters polymer structure by reducing chain mobility, increasing network density,
and raising the glass transition temperature (Tg). As density increases, polymers become more
rigid, less viscous, and insoluble due to strong covalent bonds linking the chains. Extensive
cross-linking can transform a thermoplastic into a thermoset (135,139). Initially, cross-linking
alters the arrangement of molecules in a specific area, leading to a reduction in the mobility of
polymer chains, enhancing network density and thus increasing the glass transition temperature
of lignin when cross-linked. As the level of cross-linking density increases, polymers often

exhibit increased rigidity and reduced viscosity. Cross-linking leads to insolubility due to the
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formation of strong covalent bonds that interconnect the polymer chains. An increased
concentration of cross-linking alters the characteristics of the material, transforming it from a

thermoplastic to a thermoset (135,140).

Lignin’s irregular 3D aromatic structure and poor solubility in common organic solvents such as
alcohols, halogenated solvents, acetone, and water (138). Consequently, utilising unprocessed
natural lignin as a primary source for advanced functional polymers is challenging without
undergoing chemical treatment.

Cross-linked lignin-based polymers have been synthesised using dialdehydes (138), diacids
(141), and diisocyanates (142), which connect lignin chains through reactive functional groups
that serve to connect polymer chains. However, dense cross-linking combined with high

aromaticity often results in brittle materials (138,143).

Controlling cross-linking density is therefore essential to achieve desired properties. Flexible
polyols such as polybutadiene glycol (144), polycaprolactones (145), and poly(ethylene glycol)
(146) can be used as comonomers to act as spacers, increasing the distance between cross-link
sites and improving flexibility and processability (147,148). An alternative method for
inactivating hydroxyl groups on lignin involves employing capping agents to obstruct excessive
reaction sites of lignin. A capping agent is a functional molecule that can obstruct the reaction
sites by chemically reacting with surplus hydroxyl groups on lignin (149,150). Kim ef al., (138),
devised a highly effective approach for controlling softwood Kraft lignin cross-linking utilising

acetic acid as a capping agent.

Martins de Paula et al., (151), employed lignin to cross-link and strengthen the collagen in
dentin. In plant cell walls, ferulic acid can esterify arabinoxylans, linking polysaccharides to
lignin and influencing wall extensibility and digestibility (152—154). Ferulates act as connectors
between lignin and polysaccharides. At elevated temperatures, alkaline hydrolysis liberated the
ferulates that were connected by ether bonds, thereby verifying their involvement in the process
of cross-linking. Ferulates participated in radical coupling processes with individual units of
lignin, resulting in their incorporation into the overall structure of lignin (155-157). Ferulates
acted as nucleation sites for lignification by forming covalent bonds with lignin monomers, as

illustrated in Figure 11.
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Figure 11. The schematic diagram illustrates the process of ferulate radical coupling to lignin,
resulting in the connection of both coniferyl and sinapyl alcohol residues to accessible
ferulates (152).

Mainka ef al., characterised the cross-linking reactions that occur during lignin heat treatment,
following black liquor washing and drying to remove impurities (158). Black liquor washing is a
process in the Kraft pulping industry that removes dissolved wood components, including lignin,
from black liquor, a byproduct of cellulose extraction. This process is essential for purifying
cellulose fibres, recovering chemicals for reuse, and isolating lignin for potential applications
(159,160).

The cross-linking of the lignin macromolecules is shown in Figure 12. The primary reaction

responsible for cross-linking, was the stabilisation process (9).
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Figure 12. Formation of cross-linkages in lignin macromolecules from free radical
polymerisation, adapted from Mainka et al., (158).

2.3.  Solubility of lignin in organic solvents

The solubility of lignin in organic solvents is crucial for the successful production of electro-
spun lignin fibres. In this thesis, using DMSO as a single-solvent system facilitates the
dissolution of lignin, allowing for a homogeneous and stable solution. This solubility is essential
for achieving the desired viscosity and electro-spinnability of the lignin solution, which directly
impacts the fibre morphology and quality. Adequate dissolution ensures that lignin chains are
well-dispersed and aligned during electro-spinning, leading to uniform fibre formation and
improved mechanical properties of the resulting nanofibres. Polymer dissolution

enables phenomena such as solvent diffusion and chain disentanglement (161).

Lignin is an aromatic polymer that has strong hydrogen bonds and ester linkages with cellulose
and hemicellulose to provide binding throughout the lignocellulosic biomass (as seen in Figure
2). For cellulose, increased hydrogen bonding typically reduces solubility. For lignin, the
relationship is less straightforward due to its structural complexity and variability in hydrogen
bonding. The solubility of lignin is influenced by a range of factors including its molecular
structure, molecular weight, hydrophilic moieties and the solvent used. (162—168). Acetylation,

in which hydrogen atoms are replaced with acetyl groups (CH3C=0), can enhance lignin’s
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solubility in organic solvents. Acetylated lignins have been used in applications such as carbon

fibres, microspheres, thermoplastic composites, and polyurethanes (169—173).

When a polymer encounters a solvent that is thermodynamically compatible, the process of
dissolving the polymer often consists of chain disentanglement and diffusion of the solvent. The
solubility parameter (8) theory, which is a valuable prognosis for non-polar and slightly polar

polymers, can explain a polymer's solubility in organic solvents (161,167,174).

The contribution of functional and atomic groups can also be used to calculate the solubility
parameter of lignin. Cohesive energy (E) and molar volume (V) are calculated by accounting
for the contributions of atomic and functional groups within each phenylpropanoid unit, see
Figure 3. The Hildebrand solubility parameters depend on non-polar interactions when hydrogen
bonds are absent. Therefore, any lignin-solvent interactions also consider hydrogen bonding

interactions based on the Hansen theory (161,167,174).

Hansen developed the solubility parameters using a theory based on different types of molecular
interactions, including dispersive forces, dipole—dipole interactions, and hydrogen bonding
(167,175). A significant molecular interaction is hydrogen bonding, which is substantially
stronger than dipole-dipole interactions even though it is much weaker than covalent bonds
(175-177). Hansen's theory is used to evaluate the hydrogen bonding ability of organic solvents
in dissolving lignin, as hydrogen bonding is a key interaction between the hydroxyl groups of

lignin and solvents capable of hydrogen bonding (167,168,178).

The capacity to dissolve the lignin should rise when the solvent's and lignin's solubility
parameters are the similar, according to the Hildebrand theory, as discussed later in the following
section (see Section 2.3.1). As a result, one of the most effective solvents for lignin dissolution is
anticipated to be DMSO, solubility parameter 26.69 MPA'2, which has a solubility parameter
similar to that of lignin (24.30-25.49 (MPA)"?) (179). Pyridine exhibits a solubility parameter of
10.69 (MPA)'2. It has a lower solubility parameter than lignin and can be used as an alternative
solvent for lignin. This is explained by the high solubility of lignin in pyridine and the acid-base
interaction between pyridine and the phenolic groups in lignin (167,168,180). Generalised

reactions involving pyridine and lignin interactions are shown in Figure 13 (143).

Sameni et al., (167), investigated the solubility of lignin and acetylated lignin in a variety of

organic solvents, including DMSO, pyridine, ethyl acetate, chloroform, THF, dichloromethane,
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acetone and ethanol. The acetylated lignin samples were entirely soluble in all the listed solvents,

whereas native lignin only showed solubility in pyridine and DMSO (181,182).

Ni and Hu et al., (183), reported that ALCELL lignin (5 = 28.0 MPA!?) showed maximum
solubility in ethanol-water mixtures at ~70% ethanol, with solubility decreasing beyond this
point. Lignin was most soluble when the solvent's 6-value was similar to that of the lignin, and
when the hydrogen bonding capability of solutions with various ethanol concentrations was
comparable (183,184). Shukry et al., (168), found Acetosolv lignins (5 = 20.45-25.97 MPA'?)
soluble in pyridine, dioxane, and DMSO, with solubility improving with longer pulping times

and higher acetic acid concentrations.
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Figure 13. Acetylation of lignin using pyridine and acetic anhydride, adapted from Buono et
al., (143).

Schuerch et al., (185), reported that ideal lignin solvents had 6-values near 11, and solubility
improved with higher hydrogen bonding capability. Despite having a lower hydrogen bonding
parameter value than dioxane and DMSO, pyridine acts atypically because it is capable of
dissolving lignin. The unexpected solubility of lignin in pyridine may be the result of an acid-

base interaction between pyridine and the phenolic groups in lignin, see Figure 13 (186).

Quesada-Medina et al., (174), found that hydrolysed lignin from almond shells (6 = 29.86
MPA'!7?) dissolved more readily in solvents whose 8-values matched that of the lignin. Wang et
al., (187), observed that lignin solubility in 1,4-butanediol/water peaked at 80% butanediol (14.6
g/L), with §-values decreasing from 45.63 to 22.68 MPA! (182,188).
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Lignin dissolution is usually a difficult initial step that is necessary for many applications and
production processes. However, a large range of solvents for lignin have already been
discovered; of these, deep eutectic solvents, ionic liquids, and organic solvents are particularly
important (11). Melro ef al., (11), found that the most widely used and commercialised source of
lignin is lignosulfonates, primarily because of its broad pH water solubility and typically high
molecular weights (1000-400,000 g/mol) (122). The solubility of Kraft lignin on the other hand,
is adverse in a variety of solvents (ethanol, methanol, dichloromethane). Whilst y-valerolactone
(GVL) based binary systems emerged as a popular organic solvent because of its high solubility
in lignin. Pyridinium formate, on the other hand, performed on par with the ionic liquids,
dissolving up to 700 g/kg of lignin (162,189-191). While a deep eutectic based solvent system
consisting of propionic acid:urea (2:1) at 40 °C, lignin solubility reaches 746 g/kg (11,192).
Kraft lignin dissolves more readily at high and low pH due to changes in ionisation: at high pH,
deprotonation increases electrostatic repulsion; at low pH, protonation can enhance dissolution
(193,194).

Highly efficient solvent systems for dissolving different forms of lignin were established by Xue
et al., (189). They used binary solvent systems, which comprised of GVL and one co-solvent
such as water, ionic liquids, DMSO, or dimethylformamide (DMF), structures illustrated in
Figure 14. GVL/water was the most effective solvent system. At 39 °C, the solubility of lignin
may still be as high as 38.1 g/100 g when 50% of the material was water. The low viscosity and
hydrogen bond interaction between lignin and GVL/water solvent solutions are responsible for

the improved performance (189,195).
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Figure 14. Lignin solvent systems structures, GVL, DMSO, DMF, [Bmim]OAc, and [Amim]CI
by Xue et al. (189).
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The solubility of Kraft lignin in DMSO at 90 °C was reported to be greater than 20% (w/v) by
Sun et al., (196) which is in line with the Xue et al., (189) findings about the solubility of Kraft
lignin at 70 °C (around 17 g/100 g solvent). As reported by Swatloski ez al., pyridinium-based
solvents show reduced lignin solubility with increasing water content, becoming negligible
above 50% (v/v). High water levels compete for hydrogen bonding sites on the solvent anion,

reducing its ability to interact with lignin (162,197).

2.3.1. Hildebrand solubility parameter

The Hildebrand solubility parameter (6-value) hypothesis can be used to describe how the
concentration of organic solvent affects the solubility of the lignin, particularly in non-polar or
polar systems. It is especially useful in the interactions between polymers and solvents since it
can accurately predict how solvents will cause polymers to swell and become soluble. The
solubility of a polymer in a solvent will increase in accordance with this hypothesis, when the
solvent's hydrogen-bonding capacity rises to an appropriate d-value and the polymer's solubility

parameters are closer together (174,182).

A network polymer like lignin must have its monomers disrupted to be dissolved, this is because
hydrogen bonding plays a significant role as a molecular interaction between the hydroxyl
groups of lignins and the organic solvents that have the capacity to create hydrogen bonds with
lignin (167). When the structure of the polymer's repeating unit is known, one technique for
calculating the 6-value of the polymer is based on the contribution of atomic and functional

groups (198). The repeating unit in lignin is referred to as the phenylpropane unit (see Figure 9).

In accordance with Hildebrand's theory, the cohesive energy density (E/Vm) equals the cohesive
energy density (cal/cm?), and the solubility of a polymer in a solvent can be calculated as the

square root of the cohesive energy density (175,182).
E=YA¢ (1)
V=XYAvy (2)

Where the Ae; and Av; are the additive atomic and functional group contributions for the energy
of vaporization (£) and molar volume (V) (182,199).

The J-value is then calculated by the following equation:
e
o= o) @
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The solubility parameter (8) according to the Hildebrand theory and the hydrogen bonding
parameter (dn) based on the Hansen theory for solvents typically used to dissolve lignin are
provided in Table 2. Organic solvents like ethanol or methanol have a significantly greater
hydrogen bonding parameter compared to other organic solvents, thanks to their capacity to form
hydrogen bonds (168). The solubility of lignin in the solvent decreases when there is a larger
discrepancy between the two solubility parameters. Thus, the solubility of lignin may be

accurately predicted using the solubility parameter theory (167,178).

While Hildebrand solubility parameters were used for initial comparison, it is recognised that
they are best suited for non-polar or slightly polar systems. Given the polar nature of DMSO and
lignin, with hydrogen bonding and dipole—dipole interactions, the Hansen solubility parameter

approach would be more appropriate for accurately describing their interactions (167,178).

Table 2. Solubility Parameter (60— from Hildebrand Theory) and Hydrogen Bonding Parameter
(01— from Hansen Theory) of Organic Solvents and Water (167).

Solvent o (MPA'/) on (MPA'/?)

Diethyl Ether 15.55 5.93
Ethyl Acetate 18.61 7.36
Chloroform 18.82 7.77
Tetrahydrofuran (THF) 19.43 7.77
Acetone (ACE) 20.05 9.00
Dichloromethane (DCM) 20.45 6.95
Benzene 20.45 9.00
Toluene 21.07 6.55

Dimethyl sulfoxide (DMSO) 26.39 12.27

Ethanol 26.39 10.64

Methanol 29.66 22.30

Water 48.07 42.14

2.3.2. Lignin complexation with DMSO
DMSO is widely used as a solvent in electro-spinning due to its strong solvating power and
ability to dissolve a variety of polymers, including lignin (200-202). Its effectiveness stems from

its capacity to disrupt lignin’s intermolecular interactions and solvate polar functional groups,
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such as hydroxyl (-OH) and methoxy (-OCH3) groups (see Figure 3), enabling the dissolution of
lignin (203,204).

The interaction between DMSO and lignin is primarily governed by hydrogen bonding and
dipole—dipole interactions. The oxygen and sulphur atoms in DMSO can form hydrogen bonds
with lignin’s polar groups, while oxygen lone pairs also interact with aromatic rings and other
electron-rich regions, as shown in Figure 15 (205,206). HSQC NMR spectra provide evidence of
associated elimination reactions, such as the detection of an aC—H cross-peak at 6C/6H 137/7.26

ppm corresponding to an enol ether product (207).
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Figure 15. Oxidation and elimination reaction scheme of hgmn B-O-4 model
compounds via dimethyl sulfoxide (207).

The ability of DMSO to interact with lignin and dissolve it depends on several factors, including
the molecular weight and structure of lignin, the concentration of lignin in the solution, and the
temperature. Higher lignin concentrations and elevated temperatures generally enhance the
solubility of lignin in DMSO (202).

Lower molecular weight lignin has greater solubility in DMSO than higher molecular weight
lignin. For example, lignin with a molecular weight ranging from 1,000 to 3,000 g/mol is often
more soluble than lignin with molecular weights exceeding 10,000 g/mol (208,209).

The level of lignin in the DMSO solution is another critical component. While increasing the
concentration of lignin in DMSO initially enhances its solubility, there is a saturation point
beyond which no more lignin can dissolve. Proper optimisation of lignin concentration is
essential to achieve a homogenous solution without reaching the saturation point where
additional lignin would no longer dissolve effectively and thus be unable to electro-spin the
resulting lignin/DMSO solution as it is too viscous/not dissolved efficiently. For analytical
purposes, such as NMR, concentrations between 5-20% (w/v) are typical, with 10% (w/v) often
found to give complete dissolution (12,206,210,211).

Temperature plays a critical role, with solubility increasing substantially above 60 °C due to

viscosity reduction and enhanced molecular motion. Optimal dissolution generally occurs at
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100-120 °C, although exceeding 120 °C can cause degradation of both lignin and DMSO,
reducing solubility and altering lignin’s functional properties (212). Understanding the
interaction between DMSO and lignin is crucial for the electro-spinning of lignin-based
materials. It helps in determining the appropriate solvent system and optimising the processing

parameters to achieve successful electro-spinning of lignin.

2.4. Electro-spinning

Electro-spinning is a method of creating fibres by using electrostatic charge to elongate polymer
jets into thin filaments with diameters ranging from tens of nanometres to a few micrometres
(13). There are two primary methods, solution electro-spinning and melt electro-spinning, with
the choice depending on the polymer state and the desired application. In solution electro-
spinning, a polymer is dissolved in a suitable solvent to form a viscous solution, which is
subjected to an electric field that draws it into fine fibres as the solvent evaporates. This method
is commonly used for thermoplastic polymers soluble in specific solvents, suitable for
applications such as filtration, tissue engineering, and drug delivery (213,214). In contrast, melt
electro-spinning involves heating the polymer above its melting point and extruding the molten
polymer through a spinneret under an electric field. This avoids solvent residues, offering
advantages for biomedical implants and other solvent-sensitive applications (215,216). Thus, the
selection of method is influenced by the polymer’s solubility, thermal properties, and intended

fibre application.

The electro-spinning process starts with a polymer solution in a syringe connected to a metal
needle, exposed to a strong electrostatic field between the charged nozzle and grounded
collector. As voltage increases, charge accumulation, repulsion among polymer chains, and
attraction to the collector deform the polymer droplet into a Taylor cone. Once the electrostatic
force exceeds surface tension, the solution is expelled as a fine jet. During flight, the jet is
stretched and thinned before being randomly deposited on the collector as a non-woven mat.
Initially the jet travels straight from the Taylor cone, but then exhibits a characteristic “whipping
action” due to electrodynamic instabilities (19,20). These fibres are then randomly deposited
onto the collector, forming a non-woven mat or web. This technique allows precise control over

fibre diameter and morphology (35,217,218).

Electro-spinning produces continuous fibres with diameters ranging from the micrometre (um) to

nanometre (nm) scale (219). Effective spinning requires the polymer solution to have sufficient
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conductivity, and the applied voltage to overcome surface tension forces (220-222). Although
applicable to many soluble polymers, some require solution or property modification for

successful spinning.

The electro-spinning setup typically includes a syringe fitted with a fine needle (inner diameter
0.1-1 mm) connected to a high-voltage power supply. A grounded conductive collector (or
rotating drum) is positioned 10-25 cm from the nozzle (4,223-226). Depending on the
configuration, the needle can be positioned vertically or parallel to the collector surface, see
Figure 16 (4). As the feeding pump dispenses the solution, a droplet forms at the needle tip.
Under increasing electrostatic field strength, this droplet elongates into a Taylor cone (219).
When the electrostatic force surpasses surface tension, a charged jet emerges and accelerates
toward the collector. During flight, the solvent evaporates, allowing polymer chains to connect
and solidify into fibres (218,227). The flight time, influenced by the distance between spinneret
and collector, determines whether fibres have sufficient time to form; insufficient distance can

result in irregularities or bead defects (224,225).

A key phenomenon during electro-spinning is bending/whipping instability, where the jet
undergoes erratic spiralling motion. This instability, driven by electrostatic repulsion, fluid
dynamics, and environmental conditions, strongly influences fibre diameter, uniformity, and
orientation (227). The degree of “free” charge, influenced by solvent dielectric constant and
solution conductivity, also contributes. Higher conductivity generally increases whipping,
producing more random fibre orientation; a critical surface charge density is required for this
behaviour (218,227). Optimising solvent choice and process parameters help reduce excessive

whipping and improve fibre consistency.

Solvent selection is critical, as it influences minimum polymer concentration for spinnability,
solution conductivity, fibre morphology, and environmental impact. Many commonly used
solvents, such as chloroform, trifluoroethanol, and DMF; are hazardous, creating challenges in
safety, disposal, and regulatory compliance (180,228,229). Increasingly, greener alternatives
such as water, ethanol, methanol, acetic acid, acetone, and DMSO are being adopted to maintain

fibre quality while improving process safety and sustainability (219,228,230).

Near-field electro-spinning (NFES) is a specialised variant in which the spinneret—collector
distance is reduced to a few millimetres, creating a stronger local electric field and enabling

precise control over fibre diameter and placement (231,232). NFES can be used with both
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solutions and melts, reduces solvent consumption, and is suited to high-resolution applications

such as nanotechnology, tissue engineering, and sensing (233).
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Figure 16. Schematic illustration of a typical electro-spinning setup (4).

2.4.1. Chain entanglement

In electro-spinning, chain entanglement plays a critical role in the formation of continuous and
stable fibres. Chain entanglement refers to the physical intertwining of polymer chains, which
leads to the formation of a network-like structure. This entanglement occurs as a result of an
increased molecular weight and flexibility of the polymer chains (176,234,235).

During the electro-spinning process, a polymer solution or melt is subjected to an electric field,
causing the polymer to experience stretching and elongation. The elongation forces the polymer
chains to align and entangle with each other, forming a network of interconnected chains. This
entanglement provides mechanical strength and integrity to the resulting electro-spun fibres
(88,219).

The level of chain entanglement is influenced by several factors, with molecular weight being a
key parameter. Higher molecular weights result in longer polymer chains, increasing the
probability of chain entanglement. High molecular weight in lignin context typically refers to
lignin with a weight-average molecular weight (My) above 10,000 g/mol. For example, electro-
spinning solutions of lignin blended with high molecular weight poly(ethylene oxide) (PEO)

have shown improved spinnability and fibre formation due to better chain entanglement (236).
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Consequently, polymers with higher molecular weights generally exhibit better electro-
spinnability and produce more consistent and uniform fibres with improved mechanical
properties (237).

Additionally, the concentration and viscosity of the polymer solution, as well as the processing
conditions such as applied voltage and distance between the spinneret and collector, can also
impact chain entanglement (238).

The polymer solution's concentration and viscosity are critical parameters that affect chain
entanglement in the process of electro-spinning. Greater concentrations of polymers result in
elevated solution viscosity, which strengthens chain entanglement by facilitating the creation of a
network-like structure among the polymer chains. Conversely, solutions that have a polymer
concentration that is too low do does not have enough interlocking chains, which leads to the
creation of beads instead of fibres (239). On the other hand, solutions with very high polymer
concentrations might be challenging to electro-spin properly because they become too viscous
and thus cannot be spun. Therefore, chain entanglement is fundamental for the production of
fibres that are continuous and stable

The chain entanglement is substantially influenced by processing parameters, such as the applied
voltage and the distance between the spinneret and the collector. The supplied voltage generates
the electric field required to surpass the surface tension of the polymer solution at the tip of the
spinneret. Increased voltages can amplify the elongation of the polymer jet, resulting in enhanced
alignment and tangling of the polymer chains. Excessively high voltages can lead to
destabilisation of the jet, resulting in flaws in the fibres (236,239).

In the context of fibre alignment, chain entanglement also influences the degree to which
polymer chains can orient along the direction of the applied electric field. Highly entangled
systems resist chain mobility during elongational flow, potentially reducing the extent of
molecular alignment within the fibre (240). On the other hand, moderate entanglement levels can
balance fibre continuity and chain mobility, enabling improved chain orientation, especially
when assisted by collector geometries that impose directional deposition, such as parallel
electrodes or the Vee-shaped collector (241,242). Enhanced molecular alignment within fibres
has been correlated with improved mechanical properties, orientation and uniformity, all of
which are desirable in high-performance polymeric materials (243). Therefore, controlling the
degree of chain entanglement through polymer concentration, molecular weight, and solvent

interactions is crucial for tuning fibre alignment and the resulting functional properties.
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The entanglement of polymer chains in electro-spinning is fundamental for the formation of
uniform fibres with desirable properties. It provides structural stability, prevents fibre breakage,
and enables the retention of the fibrous structure during subsequent processing or applications.
Therefore, understanding and controlling chain entanglement are vital for optimising electro-
spinning processes and achieving the desired fibre morphology and performance (3,237,244).
Attaining adequate chain entanglement requires optimising the concentration and viscosity of the
polymer solution, as well as carefully managing the applied voltage and the distance between the

spinneret and the collector.

2.4.2. Bead formation

Bead formation is a common feature observed in electro-spun fibres and is influenced by
solution properties, processing parameters, and environmental conditions. Solution properties
play a central role. Low viscosity or insufficient polymer concentration reduces chain
entanglement, leading to spherical bead formation instead of continuous fibres (245). High
surface tension similarly favours droplet formation, while rapid solvent evaporation, driven by
solvent volatility, can cause jet instability and bead defects (245,246).

The voltage supplied during electro-spinning has an impact on the creation of the Taylor cone
and the stability of the jet. Inadequate voltage can result in the creation of beads because it fails
to sufficiently extend the jet (13). The flow rate of the polymer solution is another valuable
element influencing bead formation. If the flow rate is high, it can result in the formation of
beads if the jet does not have the time to elongate and become thinner before the solvent
evaporates (247). The spacing between the needle and the collector also affects the creation of
beads. Inadequate stretching of the jet can result in the formation of beads across a small distance
(248).

Environmental conditions also have an impact on bead formation. Elevated humidity levels can
impede the evaporation of solvents, resulting in the production of beaded droplets on fibre mats
(240). The temperature of the solution has an impact on solution viscosity and surface tension,
which in turn can affect the formation of beads (249).

Beading can also arise from Rayleigh instability, where insufficient viscosity or concentration
prevents jet stability, allowing capillary forces to break the jet into droplets (19,250,251).
Minimising bead formation requires optimising polymer concentration, viscosity, surface
tension, applied voltage, flow rate, needle—collector distance, and ambient conditions to maintain

a stable, continuous jet and produce uniform electro-spun fibres.
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2.4.3. Electro-spinning of lignin

Lignin is a promising polymer for electro-spinning due to its high aromatic content, which
imparts thermal stability and structural integrity to the resulting fibres (252,253). This property
makes lignin-based fibres suitable for applications requiring resistance to thermal degradation.
Lignin contains many functional groups, including hydroxyl (-OH), methoxy (-OCH3), carbonyl
(C=0), and carboxyl (-COOH) groups, which contribute to its favourable characteristics for
electro-spinning (see Figure 8). The presence of these functional groups enhances the ability of
lignin to dissolve in different solvents, which is essential for creating spinning solutions with the
desired viscosity and conductivity for electro-spinning (254). Hydroxyl groups facilitate
hydrogen bonding, which stabilises the electro-spinning jet and results in the production of
homogeneous fibres with reduced defects, such as beads (243). In addition, the presence of
different functional groups in lignin offers possibilities for chemically altering its structure,
which can be used to customise the properties of the fibres to match specific application needs,
this includes increasing hydrophilicity or improving conductivity (255). These functional groups
also facilitate cross-linking processes, which improve the resilience and chemical stability of the
fibres.

Lignin is readily accessible, mostly as a byproduct of the pulp and paper industry, which makes
it a cost-effective choice for electro-spinning applications on a wide scale. Furthermore, the
biodegradability of fibres derived from lignin guarantees that they can be safely dissolved at the
conclusion of their lifespan, hence minimising their environmental footprint (256,257).
Successful electro-spinning of lignin requires dissolving it in an appropriate solvent system to
achieve a solution with suitable viscosity and conductivity. Solvent choice, lignin molecular
weight, and processing parameters, such as applied voltage, flow rate, and needle—collector
distance, directly affect fibre morphology. While bead formation can occur, optimising electro-
spinning conditions can minimise defects (41,257). Common lignin solvents include DMF,
DMACc, acetone, acetic acid, and ionic liquids (258). Moreover, the sustainable and
biodegradable nature of lignin makes it a highly attractive option for the production of eco-
friendly nanofibres. This broadens its range of possible uses, extending from environmental
cleanup to biomedical devices (257,258).

Mikes et al., (259), evaluated multiple solvent systems (DMF, DMAc, methanol) based on the

Hansen solubility theory and then evaluated their solubility and electro-spinnability capabilities
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for softwood Kraft lignin. Only DMF and DMAc produced spinnable solutions at high lignin
concentrations (1-12 Pa-s viscosity), although beaded mats were obtained.

Parot et al., (258), successfully electro-spun neat softwood organosolv lignin in DMF at 57 %
(w/v) without bead formation, producing fibres 400—1600 nm in diameter (Tg = 120 °C).
Optimal parameters included 30 kV applied voltage, 0.4 mL/h flow rate, 20 cm working
distance, and 35-45 % humidity. Previous members of the University of Birmingham research
group (Bongkot Hararak & Inam Khan) produced neat softwood Kraft lignin fibres without
polymer blending, using acetone-fractionated lignin dissolved in an acetone/DMSO binary
solvent (2:1 v/v). This yielded fibres with either random or aligned orientation (260).

Despite these advances, challenges remain in improving lignin solubility, stabilising spinning
solutions, and controlling fibre morphology. Further understanding of lignin—solvent process

interactions will be key to advancing neat lignin electro-spinning.

2.5. Heat treatment of lignin fibres

Electro-spun lignin fibres are produced as precursors for carbon fibre production. Precursor
fibres require thermal treatment; by thermostabilisation, carbonisation and graphitisation; to form
graphitic carbon structures. Generally, lignin fibres are oxidatively thermostabilised at specified

rates prior to carbonisation (35,261).

2.5.1. Thermostabilisation

During thermostabilisation, thermal oxidation occurs by which precursor lignin fibres are heated
slowly between 200 °C and 300 °C in air, converting fusible fibre into rigid fibre. The main
purpose of this step is to induce cross-linking of lignin macromolecules and therefore prepare a
stabilised structure incapable of fibre softening or fusion during carbonisation at higher
temperatures (35,261-263). Throughout thermostabilisation, extensive mass loss of volatiles (via
H>0, CO,, and CO) is commonly seen at higher temperatures or extensive stabilisation times
(261,262).

Thermostabilisation needs to be kept at slow enough heating rate to allow cleavage of C-C
linkages and to maintain the glass transition temperature (Tg), at which the polymer goes from an
amorphous rigid state to a more flexible state. Harsher treatment conditions (longer durations,
slower heating rates and higher temperatures) favour oxygen introduction in the macromolecule
and will increase the T, but can lead to extensive degradation, resulting in undesired fused fibres

(35,261).
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Previous members of the University of Birmingham research group (Bongkot Hararak & Inam
Khan), reported that nitrogen-stabilised fibres were prone to fusion, whereas air-stabilised fibres
maintained integrity and exhibited increased oxygen content due to the formation of carbonyl
and carboxyl groups (204,260). Air-stabilised fibres degraded gradually over a broader
temperature range (250-900 °C) compared with nitrogen-stabilised fibres.

2.5.2. Carbonisation

In carbonisation, stabilised fibres are heated to 800—1400 °C in nitrogen or argon to remove non-
carbon elements and promote the formation of aromatic, sp>-bonded carbon structures
(35,262,263). Lignin’s high carbon content (~60 %) favours graphitic development, although its
structural heterogeneity limits tensile strength due to reduced molecular orientation (261,264).
During carbonisation of lignin fibres, dehydration, decarboxylation, demethoxylation, cross-
linking and aromatisation reactions take place. Whilst most of the non-carbon elements are
released, as listed in Table 3 (264,265).

Table 3. Relative atomic composition of stabilised softwood Kraft lignin fibres, carbonised at

different temperatures, as reported by Kleinhans et al., (265).

Temperature (°C) Carbon (atom %) Oxygen (atom %) Sulphur (atom %)

20 74.8 24.8 0.4
300 76.0 23.6 0.4
500 84.3 15.3 0.4
1000 90.7 9.0 0.3
1200 90.8 8.9 0.3

2.5.3. Graphitisation

The graphitisation of lignin-based carbon fibres involves a transformation that occurs following
thermostabilisation and carbonisation. During thermostabilisation, lignin fibres are subjected to
elevated temperatures in an oxygen-rich environment, leading to cross-linking and stabilisation
of the fibre structure. In the subsequent carbonisation phase, the stabilised fibres are heated in an
inert atmosphere to very high temperatures, typically above 1000 °C. As the carbon atoms
reorganise into graphitic structures, the material undergoes graphitisation, where the carbon
atoms arrange into a crystalline, planar lattice resembling graphite. This transformation

significantly increases the electrical conductivity, mechanical strength, and thermal stability of
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the resulting carbon fibres, making them suitable for advanced applications in electronics, energy
storage, and composite materials. The graphitisation of lignin carbon fibres occurs when fibres
are heated above 1600 °C, up to 3000 °C (35,266).

At graphitisation temperatures, turbostratic carbon (disordered graphite) repairs its defects, as
graphitic structures are built, although usually resulting in carbon fibres with poor mechanical
performance. Amplified carbonisation rates introduce defects in carbon fibres, which is
unwanted when achieving high strength carbon fibres (266).

2.5.4. Lignin pyrolysis

Pyrolysis is a thermochemical decomposition process that occurs in the absence of oxygen at
elevated temperatures, typically ranging from 300 °C to 800 °C. During pyrolysis, organic
materials, such as biomass or polymers, are broken down into smaller molecules, resulting in the

formation of solid (char), liquid (bio-oil or tar), and gaseous products (syngas) (267,268).

Figure 17, displays the lignin fragmentation pyrolysis pathways mechanistically, displaying the
production of char, with by-products of gaseous products (water, methane, carbon monoxide and
carbon dioxide) and other phenols (33,267). Figure 17 illustrates the structural composition of
native lignin and highlights the primary interunit linkages that are susceptible to thermal

cleavage.
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Figure 17. Mechanisms of native lignin pyrolysis and fragmentation pathways (33,267).

Following the cleavage of aryl ether linkages, such as B-O-4, the lignin chain depolymerises into
free radical fragments with increased mobility. Further cracking of these intermediates produces
vapour products, or cross-linking and repolymerisation produces solid char. The rigid cavities

created by the cross-linking of the viscous matrix trap mobile intermediates. This mechanism
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prevents volatiles from being released while encouraging the secondary reactions of mobile

species that are confined in the holes (269,270).

This process is often used for converting biomass into biofuels, producing activated carbon, or
recycling waste materials. While pyrolysis is a broad process aimed at thermochemical
decomposition of organic materials into solid, liquid, and gas products at high temperatures,
carbonisation is a specific type of pyrolysis focused on maximising the production of carbon-rich
char. Thermostabilisation, on the other hand, is a pre-treatment process that enhances the thermal

stability of materials at lower temperatures to prepare them for further processing (267,271,272).

For the development of a lignocellulosic biorefinery to produce carbon fibres, polymer additives,
green aromatics, or biofuels, an understanding of lignin softening, cross-linking and pyrolysis is
crucial. The viscoelastic behaviour of lignin as a function of temperature is such that upon
heating, lignin undergoes softening, through glass transition overlapped with depolymerisation,
and is followed by the solidification of the softened material, “char”, by cross-linking reactions

(160,273).

When lignin is heated above 300 °C in an inert atmosphere, it can undergo the process of
pyrolysis, which involves the breakdown of the polymer into smaller molecular fragments.
During pyrolysis, lignin molecules are subjected to high temperatures in the absence of oxygen,
leading to the formation of a variety of intermediate products, such as phenols, aldehydes, and

ketones (271,274,275).

As a result of this process, the lignin molecule undergoes extensive cross-linking, resulting in the
formation of a complex, three-dimensional network of interconnected structures. The degree of
cross-linking that occurs during pyrolysis can also be controlled by adjusting the temperature and
other process parameters, allowing production of lignin-based materials with tailored properties
(33,267). However, it is important to note that the process of lignin pyrolysis and cross-linking
can also lead to the production of harmful pollutants, such as polycyclic aromatic hydrocarbons
(PAHs), which can have negative impacts on human health and the environment. As a function
of temperature, condensed aromatic carbons increased while protonated and oxygenated
aromatic carbons decreased, as reported by Shrestha ef al., when investigating lignin softening
and pyrolysis (273). They also emphasise the slow deterioration of methoxyl and side chain

carbons.
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Sharma et al., reported via SEM analysis of lignin char produced at 250 °C, which showed the
lignin particles soften and fuse into a mass of matrix and vesicles. The vesicles form when
volatile gases within the softened lignin matrix are released, and they keep their enlarged shape
even after cooling (276). They found that the softening of lignin is due to glass phase transition
overlapped with the scission of covalent bonds, giving more low molecular weight mobile lignin
species (160,273). From around 150 °C, the neat lignin creates a soft material, and from 200 °C
on, it begins to form a more rigid material. Mobile liquid-like intermediates become stuck in the

stiff char at temperatures between 210 and 330 °C, generating cavities (270).

The pyrolysis mechanism of lignin, as proposed by Yang ef al., is shown in Figure 18 (277).
Lignin undergoes a multi-step thermal decomposition process, consisting of moisture
evaporation (<200 °C), primary decomposition (250-500 °C), and carbonisation (> 500 °C).
During pyrolysis, the highly crosslinked polymeric structure of lignin, comprising p-
hydroxyphenyl, guaiacyl, and syringyl units interconnected via C—C and C—O bonds, undergoes
bond cleavage, leading to the formation of monomeric and oligomeric phenols, as well as
aromatic hydrocarbons (269,270). As pyrolysis progresses, side-chain functional groups such as
carboxyl, carbonyl, and methoxy detach from the aromatic rings, resulting in the release of small
gas molecules including CO> and CH4. Finally, direct carbonisation forms stable biochar

(160,273).
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Figure 18. Proposed mechanism of lignin pyrolysis, adapted from Yang et al., (277).
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The pyrolysis pathway of lignin begins with the amorphous lignin chains starting to move
around at temperatures around 150 °C, indicating the onset of physical changes in its structure
due to thermal activation. As the temperature increases to approximately 170 °C, weak
interactions between the lignin molecules lead to chain slippage, allowing the chains to slide past
each other more freely as thermal energy overcomes the intermolecular forces holding them
together. This phenomenon corresponds to the swelling and softening of the lignin matrix, as the
material transitions from a rigid state to a more flexible and pliable form, which serves as a
precursor to further degradation and transformation during pyrolysis. Overall, these temperature
ranges illustrate the significant physical changes that occur in lignin as it is subjected to heat.
(269,270). While Figure 17 emphasises the origin and chemical structure of the native lignin and
its initial degradation products, Figure 18 describes the thermal degradation pathways and end
products, offering a more process-oriented perspective. Together, the figures provide a
comprehensive overview of lignin pyrolysis, from structural precursors to reaction mechanisms

and final products.

2.6. Manufacturing carbon fibres from lignin and PAN

Carbon fibres are known for their strength and lightweight properties, which make them valuable
in various industries including the automotive, aerospace, sporting goods, and wind turbine. The
majority of carbon fibres used in commercial and industrial settings come from petroleum-based
precursors like polyacrylonitrile (PAN) and mesophase pitch, both of which are costly and
account for a sizable portion of the overall costs associated with developing and processing a
carbon fibre (278,279).

PAN has traditionally been the primary component of commercial carbon fibres; however, the
price of standard grade PAN, which is currently around $10 per kg, poses a significant barrier to
carbon fibre applications, as reported by Imarc in 2024 (280,281). When considering the cost for
manufacturing carbon fibres, the production of the precursor (often PAN) accounts for more than
50% of the total cost. The carbonisation process accounts for 23% of the residual cost, with the
remaining cost proportion going to the size and spooling procedures (158,278,282). Lignin is an
alternate precursor with the greatest potential for replacing petroleum-based precursors. Lignin is
a key research topic because of its potential abundance, high carbon content, renewable nature,
and inexpensive cost. On the other hand, lignin does not meet the conventionally accepted
commercial standards for a carbon fibre polymer precursor, which include linear and flexible

structure, high degree of symmetry, large molecular mass, high degree of crystallinity, and high
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degree of orientation (278,283).

Furthermore, lignin is unique in the fact that it has a high carbon content (~60%) and contains
aromatic monomers (monolignols), see Figure 4. This aromaticity makes it conceivable to utilise
lignin to produce carbon fibres because of the high carbon content, presenting a chance to
increase carbon efficiency and production costs of carbon fibre on an industry-wide basis
(278,279).

Lignin is a commonly available and economical carbon fibre precursor since it is a natural waste
by-product of the paper industry and bio refineries (158,278,279). Thus, lignin offers a great deal
of potential as a raw material for making new natural-based carbon fibres, providing savings in
cost, whilst producing a carbon fibre from renewable resources (158,279,282). Lignin, as a
promising precursor for fibre production, can be effectively transformed into nanofibres through
electro-spinning, a technique that harnesses its unique chemical properties and structural
characteristics to create high-performance materials for various applications.

Mainka et al., reported the major reactions that occur during heat treatment of lignin pellets to
carbon fibres (158). Following the treatment, the quantities of hydroxyl groups in both pellets
and lignin fibre dropped, as reported in >'P NMR spectroscopy. This was related to the growing
cross-linked connections between the lignin macromolecules. The oxidised fibre sample
exhibited a low solubility. Whilst a single signal at about 165 ppm was detected for the
carbonised lignin fibre, via 3*C NMR spectroscopy, which is attributed to the presence of
anhydride and ester groups. All other signals vanished; a possible explanation hypothesised for

this occurrence would be the thorough interconnection of the lignin monomers (9).

The elementary analysis determined that the hardwood lignin that was employed had a carbon
level of approximately 60%. The carbon content of the pellets was somewhat higher (67%). The
fibre that had undergone oxidation exhibited the maximum amount of oxygen (41%), which
served as evidence of the successful cross-linking of the lignin monomers. The carbonised fibre
exhibited the maximum carbon content, measuring at 97%. Therefore, the carbonisation process
was executed successfully (9,158). A comprehensive summary of papers that have used lignin to

produce carbon fibres is shown in Table 4.
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Table 4. Summary of papers that have used lignin in the production of carbon fibres.

Title Authors | Journal/Book | Year Key Findings Limitations Reference
This study o
Focused primarily on
L demonstrated that ) -
Lignin-based o carbonised fibres; limited
lignin could be
Carbon Fibers for Kadla, . discussion of neat lignin
) Carbon 2002 | spun into carbon (125)
Composite JF. etal . fibre
L fibres with _
Applications ) ) morphology/properties
potential use in . o
. prior to carbonisation.
composites.
Examined the
production of
lignin-based
o carbon fibres and o )
Lignin-based Used lignin synthetic
) Journal of how polymer
Carbon Fibers: Kubo, S. ) polymer blends rather than
) Polymers and blending can o )
Effect of Synthetic & Kadla, 2005 neat lignin fibres, making (284)
) the affect fibre ) )
Polymer Blending J.F. ) direct comparison to neat
) ) Environment properties, o o
on Fiber Properties ) ) lignin systems limited.
including
molecular weight
and chemical
composition.
Braun, J. )
o Focused on the Emphasis on
Lignin-based carbon L., o o
o Advanced heat treatment of | stabilisation/carbonisation;
fibres: Oxidative Holtman, o o ) o
Functional 2005 | lignin fibres used | minimal detail on spinning )
thermostabilization K. M., &
o Materials as precursors for process or as-spun neat
of Kraft lignin Kadla, J.
. carbon fibres. lignin fibre properties.
Comprehensive
review of Broad review covering
different lignin blends, modified lignins,
Recent advances in Baker, Journal of sources for and carbonised fibres;
low-cost carbon DA . & Applied 5013 producing carbon | lacks targeted information (285)
fibre manufacture Rials, Polymer fibres, focusing on neat lignin fibre
from lignin T.G. Science on production spinning and pre-
methods and carbonisation
material characterisation.
properties.
A new method for Investigated the o
Journal of Focuses on post-spinning
stabilizing softwood use of Kraft lignin o
o Norberg, Applied ) stabilisation and
Kraft lignin fibres 2013 in carbon fibre (286)
Letal Polymer carbonisation; does not
for carbon fiber production, ) o
. Science R characterise neat lignin
production highlighting

42 |Page



stabilisation and fibres before thermal
carbonisation treatment in detail.
techniques.
Provided a
detailed analysis Includes multiple lignin
Lignin as an of the potential of sources and blends; less
) ) Journal of o ) o
alternative precursor | Mainka, lignin from emphasis on neat lignin
) Materials 2015 ) ) o (282)
for sustainable H.etal different biomass fibre spinning
Research )
carbon fibres sources as a performance without
precursor for additives.
carbon fibres.
Comprehensive
overview on the ) )
o ] Review covers modified
Lignin-based carbon formation of o
) o lignin, blends, and
fibres: Formation, lignin fibres and o
) ) Wang, S. Green Energy nanofibres; neat lignin
modification and 2022 nanofibres. ) (18)
) etal & Environment fibres discussed only
potential Future ) )
o briefly and often in the
applications development of
o context of post-treatment.
lignin-based
carbon fibres.

The conversion of lignin into carbon fibres involves a multi-step process that includes fibre
formation, thermal stabilisation, and carbonisation. As illustrated in Figure 19, electro-spun
lignin fibres undergo thermal stabilisation, during which oxidation reactions occur, rendering the
fibres infusible and capable of withstanding subsequent high-temperature treatment without
melting. This step is critical to ensure the structural integrity of the fibres during pyrolysis. In the
carbonisation stage, the stabilised fibres are heated in an inert atmosphere (typically nitrogen),
resulting in the release of volatile compounds such as hydrocarbons, carbon monoxide, carbon

dioxide, and water (287,288).

CH

Thermostabilisation
—— - —— -

Electll‘o-spun lignin fibre Oxidised lignin fibre Lignin carbon fibre

Figure 19. Schematic representation of the conversion process from lignin to carbon fibre,
adapted from Raguaskas et al., (287).
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What remains is a carbon-rich material with morphology influenced by the precursor lignin's
structure and the processing conditions. However, lignin-derived carbon fibres, especially those
obtained from industrial Kraft lignin, often exhibit limited mechanical performance due to
porosity and low graphitic alignment.

PAN-based carbon fibre precursors account for roughly 90-96% of carbon fibres produced (35).
When lignin and PAN are compared as carbon fibre precursors, lignin is more affordable, by
over 50% cheaper than PAN (282,289). This economic advantage, combined with its renewable
nature, makes lignin a highly attractive raw material for sustainable carbon fibre production
(278). However, beyond cost, the structural characteristics of each precursor influence their
suitability for carbon fibre formation. PAN possesses a linear nitrile-containing structure, which

readily undergoes cyclisation during stabilisation to form ladder-like conjugated structures, as

shown in Figure 20 (288).

Polvacrylonitrile

\T,f\r/\.]/- Cyclisation .- -Dehydration .~ _~_~__~_~-.
cC C o — L — A Ll L
NN N 200300°c MMM 3p0400°C 7 NT NTUNT

Oxidation .-~~~ " =~ =~ Carbomsation
4" . = e _h"
400-600°c ~ M MM 1600 °C

Figure 20. Model reaction pathway from PAN to carbon phase, adapted from Frank et al., (288).

The thermal stabilisation pathway of PAN involves a series of key structural transformations that
prepare the polymer for carbon fibre production. The cyclisation is accompanied by
dehydrogenation and oxidation reactions, which increase the aromatic character of the polymer
and render it infusible. The resulting stabilised PAN structure is rigid and thermally stable,
allowing it to withstand the high temperatures of subsequent carbonisation. This facilitates the
development of a turbostratic carbon phase during carbonisation, contributing to PAN’s success
as a high-performance carbon fibre precursor (290-292).

In contrast, lignin is an amorphous, highly branched aromatic polymer with a complex and
variable structure depending on its source and extraction method. This structural heterogeneity
poses challenges for consistent fibre formation and the development of graphitic order. However,
lignin’s aromatic framework, see Figure 3, enables it to undergo deoxygenation, crosslinking,

and ring fusion reactions under high-temperature treatment (211,293). These thermal processes
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can lead to partial structural reorganisation and the formation of turbostratic carbon,

characterised by disordered, misaligned graphene layers, see Figure 19. Unlike PAN, which

forms aligned ladder-like structures during stabilisation that facilitate graphitic stacking, lignin

lacks the molecular regularity needed for such transformation (287,294).

Although lignin is a sustainable and low-cost precursor with high carbon content, its structural

heterogeneity limits graphitic alignment and fibre performance, whereas PAN’s linear, cyclisable

structure consistently produces high-strength carbon fibres despite its higher cost (see Table 5).

Table 5. Comparison of lignin and PAN as carbon fibre precursors (282,287,289,294)

Carbon fibre precursor Lignin PAN
Waste by-product, abundant, .
Availability Petroleum-based, synthetic
renewable
Cost Cheap (=50% less than PAN) Expensive (~$10/kg)
Amorphous, branched, Linear, nitrile polymer,
Structure )
heterogeneous, source-dependent uniform
o o Cyclisation and
Oxidation — crosslinking; _
Stabilisation _ o dehydrogenation — ladder-
irregular, porosity issues o
like rigid structure

Deoxygenation, ring fusion — Well-aligned turbostratic

Carbonisation o
turbostratic, misaligned graphene carbon

High (~60% inherent C, up to

Carbon yield 97% after carbonisation in High, predictable
studies)
Poor graphitic alignment, lower Industry-standard high-
Performance ]
mechanical strength performance fibres
] Non-renewable petrochemical
Sustainability Renewable, eco-friendly
source

2.7.

Characterisation of lignin

Structural characterisation is essential for understanding lignin’s native architecture, its chemical

reactivity, and structural changes following processes such as electro-spinning and heat

treatment. It is also crucial for comparing lignin obtained from different industrial and
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pretreatment methods. Analytical approaches can be broadly categorised as destructive or non-
destructive.

The destructive techniques encompass acidolysis (295), hydrogenolysis (296), alkaline
nitrobenzene oxidation (297), copper oxidation (298), permanganate oxidation (299), ozonation
(300), thioacidolysis (301), and derivatisation, that is followed by reductive cleavage (1,302).
These methods are particularly valuable for determining structural metrics such as the S/G ratios
of lignin. However, the majority of these approaches primarily concentrate on the targeted
cleavage of ether $-O-4 bonds (see Figure 6), resulting in only a portion of the lignin fragments
being suitable for structural study. This is because lignin often consists of both $-O-4 and
carbon-carbon (C-C) bonds. Harsh isolation conditions can also degrade native lignin by
breaking f—O—4 bonds and promoting new C—C linkages (296).

Non-destructive techniques encompass spectroscopic and microscopic methods that preserve
lignin’s overall structure, such as UV microscopy, FTIR, Raman spectroscopy, and NMR.
Among these, advanced NMR approaches, including 2D HSQC and *'P NMR, are particularly
effective for detailed structural elucidation of isolated lignin fractions (29). Complementary
analyses such as; FTIR (303), 'H, *C, *'P, and 2D HSQC NMR (264,304-306), GPC (168),
HPLC (86), SEM (307), and thermal analysis (TGA and DSC) (27,292,308), are routinely
employed to evaluate lignin’s chemical composition, molar mass distribution, morphology, and

thermal behaviour (80).

2.7.1. Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopy is widely used for characterising lignin by detecting the absorption of
infrared light at specific wavenumbers corresponding to molecular vibrations. Each molecule
absorbs distinct wavelengths of light, resulting in distinctive vibrations that function as a
"fingerprint" for that material (309-311). The technique produces a spectrum of absorbance
versus wavenumber, typically in the mid-infrared region (4000400 cm™), enabling
identification of functional groups, monitoring of chemical changes, and comparative analysis of

structural differences between samples (309,312).

FTIR is a dependable method employed to ascertain alterations in the functional groups of lignin
compounds (313). FTIR provides a quantitative description of the presence of carbonyl groups
(C=0), aromatic structures, and substitution patterns in the benzene ring (314,315).

The absorption bands between 3420-3405 cm™! are typically attributed to aromatic and aliphatic
OH groups, while the peak typically seen between 2960 and 2925 cm™! corresponds to the
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vibrations of CH3 and CH> groups (80). The FTIR spectra of various biomass samples, including
oil palm fronds, oil palm empty fruit bunch (316), kenaf, aspen wood (317), sugar cane bagasse
(318), wheat straw, pine straw (25), alfa grass (319), and flax fibre (320), exhibited functionality
of absorption bands in the region of 1800—400 cm™' (308). These absorption bands indicate the
presence of the H, G and S units (shown in Figure 3), in the structure of lignin (24). As reported
in the literature, the detection of a peak at 1160 cm™! suggests the presence of characteristic HGS
units in the structure of lignin (318,321). In addition, absorbance peaks at 1272, 1219, and 1033
cm ! indicates the existence of G units in biomass samples (319). Similarly, the absorbance peak
at 1324 and 1125 cm™! indicates the presence of S units in the lignin structure. The presence of
phenolic hydroxyl groups is reported at 1365 cm™! and carbonyl groups at 1705-1715 cm ™.
Whilst, the occurrence of signals at 1460 cm ™! is associated with the asymmetric deformation of
C-H bonds in methyl, methylene, and methoxyl groups (80,322). Another signal which can be
observed at 1030 cm ™! indicates the existence of aliphatic OH and ether in lignin samples
(318,322). The absorption band that can be found at 17381709 cm ™' represents the stretching of
the C=0 bond in unconjugated ketones, carbonyls, and ester groups. Meanwhile, the band at

1606-1607 cm™! corresponds to the stretching of C=C bonds in benzene rings (313,323).

Akbari et al., (324), analysed electro-spun softwood Kraft lignin fibre mats using FTIR
spectroscopy, collated in Table 6. They reported the peaks seen at 1429-1509 cm™! and 1601
cm ! corresponding to the presence of C—C aromatic rings (325). The alcohol peaks of the
lignins exhibited distinct bands at 12601270 cm ™' and 1330-1375 cm™!, which corresponded to
the guaiacyl and syringyl components, respectively. Furthermore, the presence of the carbonyl
group was observed within the range of 1700-1715 cm™! (326). The most prominent band in
lignin is the O—H band, which occurred at 1300-1400 cm™! and is attributed to the existence of
alcoholic and phenolic structures in lignin. Moreover, the C=C bonds in the aromatic rings of

I

lignin was seen at a wavenumber of 1595 cm™!. A further peak seen at 1655 and 1705 cm™

provides further evidence of the hydroxyl groups of lignin (327).
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Table 6. Main chemical elements in lignin samples and their range of evolution, detected using

FTIR by Akbari et al (324).

Wavenumber Functional Vibration Compounds References
(em™) Group
974-1058 Cc-O Stretching R-OH (325,328)
1000-1300 Cc-O Stretching (326,329)
1093-1188 c-C Skeleton (328)
1310-1365 C—CHs; Bending Alkyls (326,328)
1300-1400 O-H Bending (330,331)
1513 C=C-OH Stretching (326)
1613 C=C Stretching Aromatics (326)
1645-1750 O-H Bending H>O (328)
2020-2220 Cc-O Stretching CO (328)
2210-2390 Cc=0 Stretching CO2 (326,328)
2750-2990 C-H: Asymmetric (328,329)
Stretching
2904-2979 C-H Stretching (325)
2990-3010 C-H Stretching (325,329)
3020-3190 C-H Stretching CH4 (325,330)
3500-3600 O-H Stretching (325,329)
3823-3870 O-H Stretching (325,328)

2.7.2. Nuclear magnetic resonance spectroscopy characterisation of lignin (‘H, '*C, and 2D '*C-

'H 2D heteronuclear single quantum coherence (HSQC) NMR)

NMR spectroscopy provides detailed quantitative and qualitative information on lignin structure,

functional groups, and interunit linkages without the need for calibration. It detects the

interaction between radiofrequency radiation and NMR-active nuclei (e.g., 'H, °C, 3'P),

producing spectra in which chemical shifts reflect the nuclei’s molecular environment (332—
334). Only nuclei with non-zero spin (I # 0) are observable, and higher magnetic fields improve
resolution and sensitivity. These are referred to as NMR-active nuclei, such as 'H, 2H, '*C, and

ISN. NMR-active nuclei act as magnets, able to align with external magnetic fields, a
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phenomenon known as magnetisation (335-337).

Some NMR-active nuclei can assume two distinct orientations when they align with an external
magnetic field. One orientation aligns with the lowest energy state of the nucleus, parallel to the
external magnetic field, while the other aligns with the greatest energy state of the nucleus,
antiparallel to the external magnetic field. The energy level differential (AE) is influenced by the
magnetic field, impacting the sensitivity of the approach (336-338). Magnetic resonance occurs
when nuclei are exposed to radiofrequency irradiation. This results in transitions between energy
levels, whereby alterations in the alignment of atomic nuclei spin occur.

Although less sensitive than fluorescence or ultraviolet methods, NMR offers the unique
advantage of resolving structural detail at low energy levels and under near-ambient conditions.
(339-341). Sample sizes required are typically in the milligram range (10-100 mg), needed to
produce high-quality NMR spectra (342,343).

For lignin, both destructive and non-destructive analytical techniques are used, but NMR is
among the most powerful non-destructive approaches. Despite the benefits, conventional 'H and
13C NMR can suffer from signal overlap, whereas 2D correlation techniques such as HSQC
greatly improve resolution (304). Recent developments in quantitative 2D HSQC pulse
sequences have enabled accurate determination of polymerisation degree and branching

(344,345).

2.7.2.1. NMR Spectroscopy of Lignin

"H NMR and *C NMR spectroscopy are two of the most dependable and thorough physical and
chemical approaches for characterising lignins. The interpretation of lignins' 'H and '*C NMR
spectra still presents several challenges. One such issue is signal assignment, which arises from
the strong overlap of signals for 'H and '3C nuclei in lignin found in comparable but distinct

chemical environments (346).

The qualitative and quantitative knowledge of lignin structure has been greatly assisted by *C
NMR, primarily because of its high resolution and chemical shift dispersion (347). There are two
kinds of NMR spectra, high and low resolution (338). The horizontal scale is labelled in both
instances in terms of chemical shift and rises from right to left with a slight peak at zero (if
depicted) due to tetramethylsilane (TMS), which is used as a standard. Because it cannot discern
between the distinct peaks, a low-resolution spectrum appears simpler in the various peak

groupings. Some of the peaks in a high-resolution spectrum are divided into signal groups, as
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opposed to a cluster of peaks. Modern correlative approaches in two and three dimensions are

now effective instruments for finding structural units (194,342,348,349).

2D NMR is a typical technique in which more than one NMR peak is displayed in a spectrum.
Lignin chemistry assignments have more thoroughly assigned using 3D NMR. Spectrometers
capable of creating stronger magnetic fields (1000 MHz > 60 MHz), can greatly improve
sensitivity and spectrum dispersion (194,342).

2.7.2.2. Proton NMR of Lignin

Prior to 1968, in Ludwig's; “Lignins: Occurrence, Formation, Structure and Reactions”, lignin
model compounds, synthesised, isolated, and degraded lignins and subsequent derivatives were
reviewed thoroughly. The 1964 research by Ludwig, Nist, and McCarthy as well as the 1968
review by Lenz served as the foundation for a large portion of the work that was reported

(194,343,350).

Lundquist ef al., (351), have employed proton NMR with magnetic field strengths of up to 500
MHz to carry out comprehensive and methodical investigations on several types of lignins,
including Kraft, milled and acetylated lignins (347). Approximately 7% of isolated lignins were
found to have formyl groups. The primary causes were coniferaldehyde and vanillin end-groups,
illustrated in Figure 21 (352). The study involved the analysis of lignins extracted from birch and
spruce, using spectra obtained from model compounds. The lignins were purified to minimise the

presence of carbohydrates (306,347,351).
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Figure 21. Production of vanillin through lignin thermal degradation (352).

Pylypchuk et al., (206,353), characterised Kraft lignin fractions of spruce and eucalyptus using
'H liquid-state NMR spectroscopy. Methoxy groups from the syringyl and guaiacyl units of
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lignin were the major groups identified. Furthermore, the presence of aliphatic moieties was

indicated, mainly via the lignin side chains (351,354).

The solvent DMSO-ds is preferred for 'H NMR due to its low proton exchange, which sharpens
hydroxyl resonances (8.1-9.3 ppm) and enables accurate quantification (12,206,342). Aldehyde
protons (9.3—10.3 ppm) and acetate methyl protons from acetylated derivatives are also well

resolved in DMSO-ds (306,342).

The 'H NMR spectroscopy demonstrates the partitioning of hydrogen (proton) signals into
several structural areas. The aromatic proton in S and G units of the lignin structure exhibits a
signal intensity peak within the range of 6.2 to 8.0 ppm, as reported by Lundquist et al.,
(351,355). The highest intensity signals of OH in -O-4 structures are usually observed between
4.0 and 6.0 ppm. The signal peak seen at 5.31 ppm corresponds to H in -5’ structures (see
Figure 8) (351,355). The presence of a methoxy group related to the proportion of G:S units are
typically indicated by a sharp signal at 3.1-4.2 ppm (308). Peaks corresponding to acetyl groups
are observed in the 1.7-2.4 ppm region, while aliphatic moieties, which are side chains of the

lignin structure, are attributed to the 0.8-1.5 ppm region (356).

By examining numerous model compounds in 'H NMR, it was possible to attribute the chemical
shift of phenolic OH with certainty. In the lignins characterised by Zeng et al., (357), the total
concentration of phenolic OH was 5.0 units per 100 Ar. The phenolic H, G, and S units were
given to the saturated phenolic OH area (9.4-8.0 ppm). The total aliphatic OH content was also
estimated by the sum of a-OH in -O-4 structures (see Figure 6). As a result of variations in the
S/G ratio, the results indicated that wheat straw had roughly 110—-116 methoxyl groups per 100
Ar. A cell wall with a greater S/G ratio, such as hardwood (160 units for 100 Ar), results in
higher methoxyl groups because every S unit has two functional groups of them (12,357-360).

2.7.2.3. Carbon NMR spectroscopy of Lignin

3C NMR is a powerful but time-consuming method for quantifying lignin structure, with major
contributions from Nimz et al., (38), who catalogued 40 chemical shift assignments for milled
wood lignins from diverse species. Aromatic carbons generally appear at 104—160 ppm, while
the aliphatic side-chain region lies between 50-90 ppm (38,342,343,351). 1*C NMR
spectroscopy is often employed to quantify the carbon signals associated with various hydroxyl

groups in lignin.
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Hardwood-softwood differences are evident in '*C spectra. Hardwood lignins contain syringyl
(S) units with distinctive C-3/5 and C-2/6 signals, (see Figure 4), absent in softwoods, reflecting
higher etherified B-O-4 content (see Figure 8) and fewer free phenolic groups (38,351).
Softwoods are guaiacyl (G)-rich, with stronger signals from condensed structures such as
phenylcoumaran (B-5) and biphenyl (5-5) linkages (see Figure 8) (38,342,343). These

compositional differences influence lignin’s reactivity and thermal behaviour.

Few signals in the '*C NMR lignin spectrum are linked to specific lignin structures and instead
are mostly sidechain carbon signals which are identified in the small chemical shift range (52-90
ppm). 3C NMR encounters many of the same issues as '"H NMR in the absence of full signal
resolution. For instance, signal overlap can occur in both techniques, where peaks from different
carbon or hydrogen atoms overlap, making it challenging to distinguish between them.
Additionally, broadening of peaks can happen in both *C and '"H NMR, leading to difficulties in
accurately identifying specific atoms or functional groups. Another common issue is noise in the
spectrum, which can obscure weaker signals and complicate the analysis of the molecular

structure (346). Peak assignments for lignin subunits are summarised in Table 7.

Grass-type lignins, such as wheat straw, are typically G-rich but contain more p-hydroxyphenyl
and ferulate units, resulting in higher carboxylic group content than in woody lignins (358,365).
Interunit linkages including B-O-4, B-5, B-p’, B-1, diaryl ether, and 5-5'/4-O-f' can be quantified
using combined '*C and HSQC methods (357,359,360). In spruce milled wood lignin, ~80 % of
side-chain moieties have been identified, including dibenzodioxocin, phenyl coumaran, and

pinoresinol structures, as seen in Figure 8 (359,360,366),
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Table 7. 3C NMR chemical shift assignments for lignin subunits and functional groups, collated
from literature (38,80,364,365,304,342,343,357,358,361-363).

Lignin unit / group d 3C (ppm) Notes References

104-108 (C-3/5),

. Two methoxy groups

S units 130-135 (C-1), 148— (38,361,362)
shift carbons downfield

153 (C-2/6)

114-116 (C-3/5),

' Often condensed (B-5, 5-
G units 133-135 (C-1), 146— . (38,304,363)
5 linkages)

150 (C-4)
115-120 (C-3/5),
H units No methoxy group (80,304,361)
130-132 (C-2/6)
Methoxy (—OCH3) 55-57 Abundant in hardwoods (38,342,343)

172-169.6 (primary-
OH), 169.6-168.6
From

Hydroxyl carbons (secondary-OH), . o (364)
) acetylation/derivatisation
169—-167 (phenolic-

OH)
Aliphatic methylene ~30 Common in side-chains (358,365)
From coniferyl alcohol
B-O-4 side-chain | 89-78, 7673, 63—-60 . (357)
units
200-190 Includes
Carbonyls (aldehydes/ketones), | cinnamaldehyde, a-keto (80,361,362)
182 (quinone) groups

175-168 (aliphatic ) _
o Higher in grasses due to
Carboxylic acids COOR), 168-166 (80,361,362)

ferulates
(conjugated COOR)

2.7.2.4. NMR spectroscopy of lignin in DMSO

Underivatised lignins are commonly dissolved in deuterated solvents of acetone-ds/D20O (9:1
solvent ratio) or DMSO-dg, this is useful as the solvents are non-toxic and readily available.
Chemical shifts can be influenced by solute concentrations, temperature, and the precise solvent

composition (38,342,367,368). Higher temperatures can cause up field shifts by weakening
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hydrogen bonding (350,368). Acetylation improves lignin solubility and reduces intermolecular
interactions, producing sharper *C signals. Ralph et al., (342) reported acetone-ds as optimal for
acetylated lignin, enabling better alignment between model compound shifts and actual lignin

spectra.

Reviewing literature on NMR spectroscopy of lignin in DMSO is directly relevant to this study,
as DMSO-ds was used as the deuterated solvent in the author’s experiments. Existing research
provides insight into DMSO’s interaction with lignin and its impact on resolution and chemical
shifts, aiding accurate interpretation of characteristic peaks and solvent effects. Comparing
published methodologies and results supports validation of the current approach, ensures
consistency with established findings, and highlights novel observations, thereby strengthening

the credibility and context of the research.

2.7.2.5. NMR spectroscopy of lignin fibres

Foston ef al., used solid-state and solution NMR to study structural changes in hardwood lignin
during oxidative thermo-stabilisation and carbonisation (79,305,369). Methoxy groups, f—O—4,
phenylcoumaran, and resinol linkages (illustrated in Figure 8) were detected in native lignin
(264,357).

NMR techniques revealed that the oxidative thermo-stabilisation of lignin fibre caused an
increased presence of ester and anhydride functionality, most likely because of cross-linking
within the oxidised lignin macromolecule (9,264). While carbonisation increased condensed aryl

carbons and reduced oxygen-containing groups, especially above 800 °C (264,370,371).

2.7.2.6. HSOQC NMR Spectroscopy of Lignin: Insights into functional groups and structural modifications
Heteronuclear single quantum coherence (HSQC) NMR is highly effective for qualitative and
quantitative investigation of lignin, providing well-defined signals and resolving overlaps seen in
1D 'H and '*C spectra. This 2D technique correlates carbon and hydrogen atoms, offering

detailed structural information, particularly for complex lignin fractions (302,342,372).

2D-HSQC NMR spectra of non-acetylated lignin samples are useful for determining the specific
structures of C-O and C-C connections (335,342). A typical 2D-HSQC spectra of lignin consists
of two distinct regions: the side-chain region (6C/6H=50-90/2.5-6.0 ppm) and the aromatic
region (6C/0H=100-150/5.5-8.5 ppm). The side-chain area of the 2D-HSQC NMR spectra
contains valuable data regarding the many linkages found in lignin, such as $-O-4, - B, -5 and

B-1 (see Figure 8).
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The correlation seen at 3C/0H 103.8/6.7 ppm corresponds to the C2/C6 positions of the syringyl
unit region (see Figure 4). Simultaneously, the guaiacyl (G) units exhibit distinct correlations for
C2-H2 (6C/6H.104.8/7.3 ppm) and C5-HS (3C/8H 115.5/6.8 ppm) (322,373). Furthermore, the
p-hydroxyphenyl (H) units are located at the chemical shift values of 6C/0H 130/7.2 ppm.
Additionally, the correlations of p-coumarates can be observed in the 6C/6H 130/7.5 ppm range
(374).

The 2D-HSQC NMR spectra readily display cross-signals originating from H, S, and G units in
the aromatic regions (335,342), as well as distinct p-coumarate and ferulate signals in the side-
chain region of grass-derived lignins. In certain hardwoods, such as poplar and willow, p-
hydroxybenzoate cross-signals are also present. S/G/H ratios can be determined directly from

aromatic region integrals (296).

Alkyl groups, aliphatic/phenolic hydroxyl groups, methoxy groups, aromatic O/C/H structures,
aldehydes, ketones, and -O-4 substructures in lignin have all been extensively studied using
simple 'D, 'H, and *C NMR (12,306). 2D HSQC due to its versatility in determining lignin
subunits and interlinkages as well as lignin-carbohydrate complexes, is also significant in terms
of lignin characterisation (375,376). Additionally, a variety of solvent systems, including
DMSO-ds and pyridine have been used in gel-state and liquid-state 2D whole-cell-wall NMR
techniques to shed light on the entire spectrum of polymers that make up plant cell walls

(373,377,378).

Sette et al., (36,354), applied rapid quantitative HSQC NMR to measure inter-unit linkages in
milled softwood, hardwood, and technical lignins, using guaiacyl C2 and syringyl C2/C6 signals
(seen in Figure 3) as internal standards. as internal standards. This approach enabled quantitative
identification of major linkages (except 4-O-5) in both native and technical lignins (36,354). Shi
et al., (379), have also used NMR techniques (‘H-NMR, 3C-NMR & HSQC) to characterise
grass-type (HGS) lignin with high syringyl content (S/G = 1.6) and ~79.5% B-O-4' aryl ethers
per 100 aromatic units, with no evidence of a-O-4' or B-O-4' cleavage. Wen et al., (335),
reported the use of solution state NMR methods (1*C-NMR and 2D-HSQC techniques) to show
that $-O-4 and ester bonds (acetyl and coumaryl residues) were the main linkages cleaved (seen
in Figure 6) during organosolv pretreatment. both qualitatively and quantitatively characterise
lignin, both isolated and native lignin. Amiri ef al., (380), established lignin structure utilising

quantitative '"H->*C HSQC-NMR spectroscopy. Reporting that ether linkages are not being
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dispersed randomly in isolated lignin, unlike in natural lignin (261,354).
Overall, 2D-HSQC NMR is a powerful technique for identifying lignin’s primary structural
units, quantifying inter-unit linkages, and monitoring modifications in lignin fractions from

various biomass sources and industrial processes.

2.7.3. Gel permeation chromatography (GPC)
GPC is a commonly employed technique in size exclusion chromatography for the determination
of molecular weight (Mvw) (381). The selection of columns, including their quantity, and the type

of detector, are vital for achieving precise determination of molecular mass (382).

The molar mass arrangement of lignins is a crucial characteristic for understanding

their characteristics and reactivity. GPC is a highly favoured method for analysing this
distribution. During the GPC analysis, the molecular weight of the lignin polymers can be
determined using the average (My), the average number molecular weight (My), and
polydispersity index (PDI) (Mw/Mu) (383,384).

Analysis typically involves calibration with monodisperse polymer standards to generate a
retention time-molecular weight curve. Since no lignin specific standards are commercially
available, substitutes such as polystyrene, sodium polystyrene sulphonates, or poly(methyl

methacrylate) are used, often leading to quantification errors (275).

Mobile phase selection depends on lignin type: hydrophilic lignins (e.g., lignosulfonates)
dissolve in water, whereas hydrophobic lignins (e.g., Kraft lignin) require non-aqueous solvents
such as tetrahydrofuran (THF) (385). Frequently, hydrophobic lignins undergo acetylation to
enhance their solubility in the eluent (386). In order to precisely measure the molecular weight, a
calibration curve is conducted by utilising the retention time, commonly employing polystyrene
and veratrole as reference compounds (387). The molecular weight of lignin varies depending on

the kind of feedstock, species, and extraction/purification methods employed (388).

Brosse et al., (389), compared miscanthus organosolv lignin and milled wood lignin using
acetylated samples in THF with polystyrene standards, finding organosolv treatment
significantly degraded the macromolecular lignin structure. El Hage et al., (390), studied
organosolv delignification severity and observed that My and M, values, when determined using
polystyrene standards, were often overestimated (275). In order to address the limitations of GPC

lignin analysis, a concept known as "universal calibration" has been suggested by Himmel ef al.,
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(391). This calibration is not reliant on the molar mass of a polymer, but rather on its

hydrodynamic volume, which is obtained by viscometry (392).

Another problem that arises in lignin GPC analysis is the polymer association caused by polar
interactions, which result in an overestimation of the molar mass, particularly when dealing with
underivatised lignins (393,394). Tolbert et al., (395), reported that such complex formation can
triple molecular weight. To prevent aggregation, especially in Kraft, organosolv, or steam-
explosion lignins; Constant et al., (80,275), recommended using organic solvents (THF or DMF)
and acetylation.

Lignin molecular weights typically range from 480 g/mol to 8300 g/mol (271,391). Isolation
methods can alter this: alkaline treatments (e.g., Kraft pulping) generally depolymerise lignin by
ether bond cleavage (see Figure 9), resulting in smaller molecular weight fragments (390,396).
In contrast, some treatments increase molecular weight via cross-linking or condensation.
Ethanol organosolv pulping, using ethanol and sulphuric acid, produces lignin with low PDI and
small My (321,390). A compilation of GPC analysis data for lignin reported in the literature,
including Mw, M, PDI, is presented in Table 8.

The M, represents the mean molecular weight, calculated by dividing total polymer mass by
molecule count, reflecting average chain size (397). PDI (Mw/Mn) describes molecular weight
distribution: PDI = 1 indicates uniform chain lengths, while higher values indicate broader
distributions (398). Elevated PDI values signify a wider dispersion, influencing the polymer's

physical characteristics, processing behaviour, and ultimate performance (399).

Previous members of the University of Birmingham research group, Bongkot Hararak (404) and
Inam Khan (405) investigated lignin fractionation methods. Single-solvent acetone fractionation
reduced ash content and improved PD], facilitating lignin electro-spinning (260). The acetone-
soluble lignin had an ash concentration of 0.06% (w/v). The My, was 4250 g-mol !, whilst the
polydispersity index was 1.73. On the other hand, the values for as-received lignin were 1.20%

(w/v) and 6000 g-mol ! and 2.22, respectively in the order aforementioned.
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Table 8. GPC analyses of average molecular weight (M,,), average number molecular weight

(M) and polydispersity (PDI) for acetylated lignin samples, as reported from literature (80).

PDI
Lignin Mw (g/ mol) | Max (g/ mol) References
s s s (Mw/Mn)
Organosolv lignin-oil palm
4023 1581 2.54 (313,400)
fronds
Organosolv lignin-oil palm
822 411 2.00 (322)
fronds
Kraft lignin-Kenaf 1143 929 1.23 (401)
Organosolv lignin-Kenaf 968 930 1.04 (401)
Kraft lignin-empty fruit
1564 597 2.62 (384)
bunch
Kraft lignin-pine 8700 2400 3.63 (308)
Organosolv lignin-tamarind 3100 1700 1.80 (308)
Soda lignin-flax fibres 2600 1500 1.80 (308)
Flax lignin 7620 2123 3.59 (402)
Oil palm fronds 2537 1212 2.09 (313)
Oil palm fronds 2876 1381 2.08 (400)
Oil palm fronds 3093 1647 1.88 (396)
Oil palm fronds 3624 1888 1.92 (396)
Oil palm fronds 784 460 1.70 (322)
Domtar BioChoice Kraft 6772 949 7.10 (403)
Domtar Indulin Kraft 6549 656 9.90 (403)
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2.7.4. Thermal analysis
TGA and DSC are frequently employed to determine the thermal characteristics and degrading

characteristics of lignins (27).

2.7.4.1. Thermogravimetric analysis (TGA)

TGA measures the reduction in weight of lignin as a function of temperature, under a nitrogen
atmosphere. Essentially, the TGA curves of lignins exhibit two distinct stages of decomposition
(329). During the initial degradation stage, there is a reduction in weight caused by the release of
water, carbon monoxide, carbon dioxide, and other byproducts of pyrolysis. This occurs as a
result of the breaking of the phenolic side chains at temperatures ranging from 30 to 120 °C
(308,406). The second stage of degradation involves the loss of weight from hemicellulose
components that are connected to the lignin structure. This occurs at temperatures between 180-
350 °C and is a consequence of the precipitation of lignin (308,384,396). The primary
deterioration of lignin weight loss demonstrates the breakdown of the intricate lignin
composition within the temperature range of 300—400 °C, see Table 9. In this area, the
breakdown of connections between phenolic hydroxyl, carbonyl groups, and benzylic hydroxyl
is responsible for the destruction of the intricate lignin structure. This process results in the
release of individual phenols into the vapour phase (407). At a temperature of 380 °C, there is a
distinct maximum point associated with the process of hydrogenating methoxy groups on the
aromatic ring, which subsequently leads to the release of methanol. Methane is a byproduct that
can be released at temperatures around 350 °C and it ceases to exist at temperatures between 420
and 430 °C. In addition, the release of carbon dioxide (CO2) occurs at temperatures ranging from
around 200 °C to 640-690 °C as a result of the breaking of C—O—C and C=0 bonds (292).
Carbon monoxide (CO) is released between temperatures of 220 °C and 790 °C as a result of the

decarbonylation reaction of alkyl side-chain carbonyl groups (328,330).

The weight loss observed prior to reaching a temperature of 150 °C can be attributed to the
process of water evaporation and a minor degree of dehydration response (324).

Sun et al., (408), reported that lignins exhibit a progressive decrease in weight over 400 °C (up
to 900 °C) as a result of the degradation or condensation process of the aromatic rings within the
lignin structures. Lignins exhibit stability at elevated temperatures due to their increased degree
of branching and the production of densely packed aromatic structures, which can be evidenced

by TGA thermal analyses.
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In conclusion, the thermogravimetric analysis of lignin highlights its importance in

understanding the thermal stability and decomposition characteristics of lignin. The reviewed

studies provide valuable context for the current experimental results, allowing validation and

comparison of results with established knowledge.

Table 9. The thermal analysis (TGA and DSC) from different biomass samples, as reported from

literature (80).

Lignin type TGA analysis, | DSC analysis, References
DTGmax (°C) Tg (°C)

Organosolv lignin-oil palm fronds 345 52 (313,400)
Autohydrolysed-oil palm fronds 368 46 (400)
Autohydrolysed-oil palm fronds 351 49 (313)
Soda lignin-sugar cane bagasse 350 N/A (318)

Kraft lignin-pine 421 144 (308)
Soda lignin-flax fibres 356 138 (308)
Organosolv lignin-tamarind 413 100 (308)
Organosolv lignin-oil palm fronds N/A 69 (409)
Kraft lignin-Kenaf N/A 75 (401)
Organosolv lignin-Kenaf N/A 66 (401)

Alfalfa lignin 331 N/A (25)

Wheat straw lignin 328 N/A (25)

Pine straw lignin 336 N/A (25)

Flax fibre lignin 332 N/A (25)
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2.7.4.2. Differential scanning calorimetry (DSC)

DSC analysis is a key technique for determining the glass transition temperature (Tg) of
polymers. For amorphous polymers such as lignin, T, marks the transition from a glassy to a
rubbery state, directly influencing their processing and industrial applications (409).
Furthermore, there exists a correlation between the T, value and the My, which can be elucidated
in relation to the free volume idea, proposed by Hussin et al., (322). The term "free volume"
refers to the unoccupied space within solid or liquid samples that is not taken up by polymer
molecules (321).

The T, of lignin is reached when the primary polymer chains have enough thermal energy to
overcome intermolecular forces, allowing rotational and vibrational movements of the polymer
segments. This process creates free volume in the material, which is characteristic of the glass

transition (321).

The molecular weight of lignin also plays a significant role in this process. A higher molecular
weight results in longer polymer chains, which are more constrained by entanglements and
require more energy to rotate or move. As a result, lignin with a higher average molecular weight
typically exhibits a higher Ty because it takes more thermal energy to activate the molecular

motion necessary to transition from the glassy to the rubbery state (401,410).

DSC analysis therefore provides valuable insight into lignin’s thermal behaviour, particularly its

glass transition and melting characteristics.

2.7.5. Rheological characterisation

Viscosity, the property of a fluid that determines its resistance to flow, is a critical parameter in
electro-spinning lignin solutions. Both lignin content and storage time significantly influence
viscosity (411,412). Maintaining appropriate viscosity is essential for producing uniform fibres,
as low viscosities can result in beading or irregular fibre formation (see Section 2.4.2), while

excessively high viscosities hinder jet formation.

In rheology, sweep and ramp tests are commonly used to analyse flow and viscoelastic properties
under varying stress, strain, or shear conditions. Sweep tests vary a single parameter, such as
frequency, strain, or stress, within a defined range while keeping other parameters constant.
Frequency sweeps, for instance, adjust oscillation frequency at constant strain or stress to
evaluate viscoelastic behaviour across timescales (413,414).

Ramp tests gradually change stress, strain, or shear rate to assess viscosity changes. Stress ramps

6l|Page



determine how viscosity varies with increasing or decreasing applied stress, providing yield
stress and flow curve data (415,416). Shear rate ramps generate flow curves by relating shear
rate to viscosity. The shear rate is systematically varied over time in a linear manner in order to
measure the resulting viscosity (416,417).

Akbari et al., (324), investigated DMF solutions of softwood Kraft lignin polymer blends to
evaluate lignin—polymer interactions. They observed a viscosity drop from 55 to 40 mPa-s over 5
days, suggesting molecular degradation, aggregation, or solvent evaporation during storage. This
decline reduced electro-spinning performance and fibre quality, indicating that freshly prepared
solutions are preferable. Increased polymer chain entanglement elevated viscosity, whereas

reduced entanglement lowered it (418).

The chemical structure of lignin, rich in phenolic rings and hydroxyl groups, enables good
solubility in DMF. However, DMF alone does not significantly depolymerise lignin without heat
or catalysts (419). In some cases, cross-linking or condensation can increase molecular weight
over time, while degradation processes reduce it (420).

2.7.5.1. Effect of solution viscosity on electro-spinning

Lignin, an intricate biopolymer, presents distinct obstacles for electro-spinning because of its
viscosity and solubility. The viscosity of lignin solutions is affected by various factors, including
the kind of lignin, its concentration, the choice of solvent, and the inclusion of additional
compounds. Solutions possessing a moderate to high viscosity are often better suited for the
process of electro-spinning (421). In electro-spinning, elevated viscosity is vital as it stabilises
the Taylor cone, which is necessary for producing a uniform polymer jet (see Section 2.4). The
Taylor cone is the conical structure of the polymer solution at the needle's apex when subjected
to an electric field. For the polymer jet to be consistently ejected from the tip, viscosity must be
appropriately calibrated; if viscosity is excessively low, the jet may fragment into droplets,
resulting in beading instead of continuous fibre production. An increased viscosity imparts
essential cohesion and stability to the jet, resulting in the formation of homogeneous fibres (422).
This occurs due to viscosity influencing the molecular entanglement within the solution, which
aids in maintaining the integrity of the polymer chains when an electric field is applied.
Increased viscosity enables electrostatic forces to more efficiently elongate polymer chains into a
fine jet, as opposed to inducing droplet formation. The steady Taylor cone and cohesive jet are
essential for producing continuous and uniform fibres, hence enhancing control over the electro-

spinning process and fibre shape. (423).
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On the other hand, solutions with too high viscosity might cause problems in the creation of jets
and increase the likelihood of clogging. Whilst solutions with excessively low viscosity can lead
to weak fibre development and uneven diameters, as mentioned previously (229,240). Hence, it

is necessary to attain an ideal viscosity range in order to ensure efficient electro-spinning.

The ideal viscosity range for efficient lignin electro-spinning can vary based on factors such as
the solvent, lignin concentration, and specific electro-spinning conditions. Research suggests that
lignin solutions with viscosities typically between 50 to 200 mPa-s are optimal for producing
uniform fibres. For example, Kadla et al., (177), found that viscosities in the range of 100 to 150
mPa-s resulted in stable electro-spinning and smooth fibre formation, while Cintra et al., (424),
reported that 50 to 100 mPa-s was ideal for maintaining jet stability and minimising beading.
The precise viscosity required depends on the type of lignin and solvent system used.

The viscosity of common solvents, such as DMF, DMSO, and ionic liquids, is influenced in
varying ways by their interactions with lignin (229,425). For instance, whereas solvents that
effectively dissolve lignin may lead to solutions with decreased viscosity, they may not
necessarily be optimal for electro-spinning. Therefore, it is essential to optimise the solvent
solution in order to achieve the appropriate viscosity for successful fibre formation (426).
Ultimately, the viscosity of lignin solutions play a critical role in the process of electro-spinning,
impacting the creation, durability, and excellence of the resulting fibres. To enhance the electro-
spinning process and broaden the applications of lignin-based nanofibres, it is imperative to

comprehend and optimise viscosity by selecting the suitable lignin type, solvent, and additives.

2.7.6. Lignin fibre characterisation

Misra et al., (263), produced electro-spun organosolv hardwood lignin-based fibres blended with
PEO and cellulose acetate. These were thermostabilised, carbonised, and characterised using
SEM, Raman spectroscopy, and TGA. SEM analysis showed that carbonisation significantly
reduced fibre diameter, by 78% for lignin/PEO blends and 44% for lignin/cellulose acetate
blends. Lignin/PEO fibres initially measured ~3 pm in diameter, decreasing to sub-micron sizes
after carbonisation, while lignin/cellulose acetate fibres decreased from ~500 nm to 200-300 nm
(427).

TGA results indicated that the thermal stability of thermostabilised fibres was similar to that of
as-spun fibres, with ~40% residual mass. Degradation occurred in two stages; the first at ~337
°C (associated with PEO and lignin decomposition), and the second at ~750 °C. Carbonised

fibres had improved thermal stability, leaving ~66% residual mass, and exhibited ~10% weight
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loss at 100 °C due to moisture and volatile release. Raman analysis revealed that higher

carbonisation temperatures increased graphitic content and structural alignment.(263).

Attia et al., (426), electro-spun fibres from lignin extracted via catalytic organosolv treatment of
palm fronds and banana bunches. Characterisation included SEM, TGA, FTIR, elemental
analysis, and tensile testing. Carbonisation at 500 °C preserved fibre morphology but resulted in
carbon content below 62% (w/v), indicating incomplete carbonisation. TGA and elemental
analysis confirmed this, while tensile testing showed a strength of ~3.1 MPa and elongation at

break of 69% (428,429).

These studies provide valuable context for the current work on electro-spun lignin nanofibres,

enabling comparisons in morphology, thermal stability, and structural development.

2.7.7. Morphological assessment

Optical microscopy is useful for observing lignin dissolution in different solvents and assessing
particle size and morphology (385,430). Mandlekar et al., (431), employed this method to
ascertain the average particle size of various technical lignins, specifically 71, 63, and 39 um for
alkali low sulfonate lignin, lignosulfonate, and Kraft lignin, respectively. SEM facilitates the
examination of intricate surface morphology and microstructures of lignin-derived materials,
elucidating the impact of processing parameters, including stabilisation and carbonisation

temperatures, on the fibre diameters and porosity of lignin (236,432).

Akbari et al., (324), examined lignin and lignin/polyamidoamine dendritic polymer (PAMAM)
blend nanofibres before and after heat-setting. Blend fibres exhibited smaller diameters than neat
lignin fibres due to the cationic charges of PAMAM, which lowered surface tension during
electro-spinning (433). Additional diameter reduction (~10%) was attributed to chemical
interactions between PAMAM cationic groups and lignin’s anionic hydroxyl groups. Heat-
setting increased the average diameter of both neat and blend fibres, likely due to water removal
and hydroxyl group reactivity, which can promote cross-linking and increase viscosity.
Conversely, these changes may also enhance chain alignment and reduce hydrogen bonding,
facilitating fibre stretching. The final effect depends on the balance of these factors. Diameter
variations may also result from depolymerisation and recondensation during heat-setting (434).
Thermostabilisation, performed at higher temperatures than heat-setting, typically causes a

greater diameter reduction (160).
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SEM is also valuable for studying carbon nanofibres from softwood Kraft lignin. Schlee et al.,
(435), reported that stabilisation at 190 °C produced fibres with ~460 nm diameters, which
remained stable at higher temperatures, whereas hardwood Kraft lignin showed a greater
diameter decrease under the same conditions. Transmission electron microscopy (TEM) is
effective for lignin nanoparticles, allowing clear visualisation of core—shell structures and

internal features (436,437).

Overall, morphological assessment by SEM is crucial for evaluating electro-spun nanofibre
quality, providing detail on diameter, texture, and uniformity. It helps identify bead formation,
defects, and inconsistencies that can affect performance, thereby supporting optimisation of

electro-spinning parameters and improving fibre quality (16,438).

2.8.  Literature review conclusion

Lignin, a complex and heterogeneous polymer abundantly present in biomass, has attracted
growing interest as a renewable resource for applications beyond its traditional status as a
pulping by-product. This review examined key aspects of lignin research, including its
occurrence in biomass, extraction and purification methods, cross-linking behaviour, solvent
interactions, solubility in DMSO, and characterisation via NMR, FTIR, GPC, viscosity,
morphological assessment, and thermal analysis (DSC and TGA).

Lignin content varies between biomass types, influencing extraction method selection.
Established processes such as Kraft and soda pulping remain prevalent, but advanced methods;
organosolv, steam explosion, and ionic liquids, offer improved yields with reduced
environmental impact. Post-extraction purification, through techniques such as ultrafiltration and

fractionation, tailors molecular weight and chemical properties for targeted applications.

Lignin’s reactive phenolic groups enable cross-linking, enhancing mechanical and thermal
properties in biopolymers. Solvent—lignin interactions, particularly with DMSO, are critical for
both processing and structural analysis. DMSO’s high solvating power supports detailed

structural studies and facilitates the preparation of lignin-based blends.

NMR spectroscopy, including 1D ('H, *C) and 2D HSQC, is indispensable for elucidating lignin
structure, functional groups, inter-unit linkages, and changes induced by processing.
Complementary techniques such as FTIR, GPC, rheology, SEM, DSC, and TGA further

characterise lignin’s chemical, physical, and thermal behaviour.
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Future research should focus on improving extraction efficiency with minimal environmental
footprint, advancing solvent systems, and developing scalable modification strategies. The
versatility of lignin positions it as a key sustainable feedstock for applications in biopolymers,
composites, pharmaceuticals, and energy storage. Realising this potential will require continued

interdisciplinary innovation and optimisation across the entire value chain.
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3. Experimental

3.1.  Materials

(i) Lignin: Softwood Kraft lignin (Domtar BioChoice™) was purchased from UPM
Biochemicals. BioChoice™ lignin is a by-product of the Kraft pulping process, and it was dried
in a vacuum oven with a liquid nitrogen trap at 80 °C for 6 hours at a decreased pressure of 1 bar

to remove moisture. A photograph of the as-received lignin powder is shown in Figure 22.

Figure 22. Photograph of the BioChoice™ lignin powder (531).

(i1)) DMSO: 99.8% anhydrous DMSO was used as the solvent and was obtained from Alfa Aesar
in the UK. Due to DMSO's hygroscopic properties, the container was sealed with a silicone

rubber septum, and the solution was extracted using a hypodermic needle & syringe.

(ii1) Deuterated DMSO: Dimethyl sulfoxide-ds “100%”, 99.96 atom% D, was purchased from
Sigma-Aldrich. This was necessary for dissolution in NMR sample preparation in order to assist

in identify peaks.

(iv) Polyacrylonitrile: PAN was purchased from Goodfellow in powder form (230,000 g/mol), it

was blended with lignin in DMSO solution before being electro-spun.

All polymer concentrations are expressed as % (w/v), referring to grams of polymer per 100 mL
of DMSO. For example, a 10% (w/v) solution contains 10 g of polymer in 100 mL of solvent.
This applies to both neat lignin and lignin:PAN blend solutions, with the “lignin:PAN” ratio
(e.g., 30:70) indicating the composition of the total polymer content where relevant. Throughout
this thesis, the term “lignin/DMSQO” refers specifically to neat lignin dissolved in DMSO,

without the inclusion of any co-polymers.

3.2.  Characterisation
The methods employed to characterise the lignin as-received, the electro-spinning solutions, and

the electro-spun fibres are summarised in the section that follows.
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(1) Differential scanning calorimetry (DSC): Using a differential scanning calorimeter (Perkin-
Elmer DSC-7), melting points, glass transitions, and heat of fusion were precisely measured for
lignin samples in crimped double pierced aluminium pans. A crimped pan without the lignin was
used as the reference. The sample and the reference lids were pierced with two holes to permit
the release of volatiles during the heating cycle. The instrument was calibrated using indium and
tin. Lignin samples were examined in a nitrogen environment, with the flow rate of 50 mL/min
throughout. To determine the thermal characteristics of the lignins, samples of 5-10 mg weight
were heated at a rate of 20 °C min™! between 20 and 220 °C, two successive cooling and heating
cycles were conducted, with three consecutive DSC scans performed per sample. These
measurements were conducted as one-off experiments, and therefore no replicate data or error

bars are reported.

(i1) Thermo-gravimetric analysis (TGA): The thermogravimetric analyser (Perkin-Elmer TGA
8000) is suitable for organics and determining the degradation temperature for the lignin samples
tested. Approximately 10 mg of each lignin sample was placed in a platinum pan and heated
from 100 °C to 800 °C at a rate of 20 °C min™' under a nitrogen atmosphere. The nitrogen flow
rate was maintained at 20 mL/min throughout the run. A blank reference pan was used for
baseline correction. These measurements were conducted as one-off experiments, and therefore

no replicate data or error bars are reported.

(111) Fourier transform infrared spectroscopy (FTIR): FTIR spectroscopy was conducted using a
Thermo Scientific Nicolet 1IS50 FT-IR spectrometer equipped with a PIKE Technologies
GladiATR single-reflection diamond ATR accessory. This system utilises a monolithic diamond
crystal, allowing direct analysis of solid and semi-solid samples without the need for additional
preparation. Spectra were recorded for three sample types: as-received lignin, vacuum-dried
lignin, and vacuum-dried electro-spun lignin fibres. A small amount of each sample was placed
onto the ATR crystal, and a pressure arm was applied to ensure consistent contact with the
surface. All spectra were collected over a range of 4000400 cm!, using an average of 100 scans
per sample at a resolution of 4 cm™! to enhance signal quality. A background spectrum was
obtained before each measurement. OMNIC 8.1 software was used for spectral acquisition,
baseline correction, and data analysis. All FTIR measurements were performed as single-run,

one-off experiments due to limited material availability.
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(iv) Elemental analysis: Elemental analysis of lignin samples was conducted via a CHNS
elemental analyser (model EA111 Carlo Erba Instruments, UK). The samples underwent freeze-
drying for one week before the analysis was performed. The organic elemental composition was
measured using combustion elemental analysis according to the Pregl-Dumas method (439,440).
The absolute content of carbon, hydrogen, nitrogen, and sulphur percentage in each sample of
lignin was then determined. For each sample, two measurements were performed, and the
resulting percentage values were averaged to obtain the final reported values. All elemental
analysis values are reported as the mean + standard deviation of two measurements, rounded to

two decimal places for consistency.

(v) Nuclear magnetic resonance spectroscopy (NMR): Solution-state NMR spectroscopy was
employed to investigate the structural features and chemical modifications of lignin samples, due
to its high sensitivity and versatility for characterising complex macromolecules. All NMR
measurements were performed using a Bruker AVANCE 600 MHz spectrometer, capable of
acquiring both one-dimensional (1D) and two-dimensional (2D) spectra. Lignin samples (~10
mg) were dissolved in 0.75 mL of deuterated dimethyl sulfoxide (DMSO-ds), in accordance with
established protocols (357,358,365). Chemical shifts for both 'H and '*C nuclei were referenced
to the residual solvent peak of DMSO-ds and reported relative to tetramethylsilane (TMS) in
parts per million (ppm).The operating frequencies were 600.13 MHz for 'H and 150.90 MHz for
13C nuclei, with experiments conducted at a constant temperature of 295 K. Two-dimensional
spectra were acquired using standard pulse sequences. COSY (Correlation Spectroscopy)
experiments were recorded with a spectral width of 6 kHz in both dimensions, using 256
increments, 32 scans per increment, and 1024 data points in the direct dimension. The relaxation

delay was set to 1.5 s, and the 'H pulse width was 9.3 ps.

(vi) Rheology: A cone-and-plate rheometer (Discovery Hybrid Rheometer, model HR-1, TA
instrument, UK) was used to measure the viscosity of the neat DMSO (Alfa Aesar), lignin:PAN
in DMSO and lignin/DMSO solutions. The plates had a 40 mm diameter and a 4° cone angle.
The shear viscosity was measured at room temperature (25 °C) and the electro-spinning chamber
temperature (55 °C), whilst the rheometer was operated at 10 s™'. Viscosity measurements for the
solutions were conducted as single-run experiments for each formulation; consequently, no error

bars are included in the reported data.
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(vii) Electrical conductivity: A bench conductivity metre (model 4510, Jenway, UK) was used to
determine the electrical conductivity of the DMSO and lignin/DMSO solutions. A sodium
chloride conductivity standard solution (HI7033, Hanna Instrument) was used to calibrate the
instrument. Once the probe was immersed in the glass vial, the top was sealed with a rubber
septum to minimise the interaction of the solution with atmospheric moisture. The temperature
of the solutions was regulated by part-immersing the glass vial housing the solution in a
temperature-regulated water bath (Grant, UK). The electrical conductivity of DMSO was
determined from 25 and 60 °C in increments of 5 minutes with a dwell of 10 minutes at each
temperature where five readings were taken and averaged. The same procedure was performed

for the lignin:PAN in DMSO and lignin/DMSO solutions.

(viii) X-ray diffraction (XRD): XRD is a non-destructive analytical method for learning about a
compound's crystalline structure. Lignin samples, as-received powder and carbonised electro-
spun nano-fibres were characterised by XRD analysis. Using Cu K radiation (A=1.54) and a
Panalytical Empyrean diffractometer with a Ni filter, XRD patterns were captured. The scanning
ranged from 0° to 90° with steps of 2 s and 0.02°. Utilising the ICDD database and the X'Pert
Highscore Software (version 2.2), chemical compound identification was carried out for the
lignin samples. XRD measurements for the lignin samples were conducted as single-run

experiments; consequently, no error bars are included in the reported data.

(ix) Scanning electron microscopy and image analysis: A scanning electron microscope
(HITACHI TM-3030, Japan) that was operated at 15 kV with a current of 0.8 nA was used to
study the morphology of the as-received lignin and the electro-spun fibres. An adhesive carbon
tape was used to place the sample on the SEM stub, prior to inspecting the samples on the
scanning electron microscope. The samples were coated with a gold/palladium alloy using an
Emscope SC 500 vacuum sputter-coater for three minutes at 25 mA and a vacuum of 1 mTorr.
The diameters and alignment of electro-spun fibres was measured using image analysis using
Image J software (NIH, USA). 150 measurements were obtained per sample for the fibre
diameter measurements. 100 measurements were made per sample to determine degree of
alignment of fibres. The fibre direction angles recorded in Imagel] were normalised by
establishing the mean fibre direction at 0°, thereafter computing the variation in degrees of all
fibre direction observations from this reference point. For consistency, all SEM measurements
were conducted at a magnification of 1000, allowing direct comparison of fibre morphology

between samples.
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(x) Gel permeation chromatography (GPC): Arkadios Marathianos of the University of Warwick
used GPC to determine the lignin's molecular weight distribution. The lignin samples were
dissolved at a concentration of 5 mg/mL in DMF, which was acquired from Sigma-Aldrich. At
50 °C, DMF was utilised as the mobile phase eluent at a flow rate of 1 mL/min. The column was
filled with 80 pL of dissolved lignin sample in DMF at a concentration of 1 mg/mL. GPC
(Agilent 1260 Infinity II-MDS) was used to determine the molecular weight distribution. Elira
He, a colleague researcher from the University of Birmingham, conducted the analysis of the

GPC data.

(xi) Thermostabilised lignin powder was prepared by initially drying as-received softwood Kraft
lignin (BioChoice) in a vacuum oven at 100 °C for 4 hours. The vacuum-dried lignin powder was
then transferred to an alumina combustion boat (Almath Crucibles Ltd, UK) and placed at the
centre of a tube furnace (PYRO THERM Furnaces, UK). Prior to thermal treatment, the tube was
purged with the appropriate process gas, either dry nitrogen or dry compressed air, at a flow rate
of 50 mL/min for 30 minutes. The thermal protocol began with a 1 hour hold at 100 °C, followed
by a controlled temperature ramp of 1 °C min™! up to the target temperature of 260 °C. The
sample was then held at this temperature for 2 hours. Following the heat treatment, the sample
was allowed to cool naturally to room temperature (25 °C) under the same gas atmosphere used
during the process. The temperature was measured using a thermocouple (R-Type) and recorded
using a Pico TC-08 data logger and Picolog data logging software (Pico Technology, UK).
Siheng Shao and Elira He, colleague researchers from the University of Birmingham, conducted

the thermostabilisation of the lignin powder samples in the tube furnace.

(xi1) Lignin fibre thermostabilisation and carbonisation: Electro-spun lignin fibre mats (3.5 cm x
5 cm), prepared from a 100 % (w/v) neat lignin solution in DMSO refluxed for 4 hours at 100 °C
prior to electro-spinning, were cut and placed between alumina ceramic plates to preserve
morphology during thermostabilisation. The assembly was positioned at the centre of a tubular
furnace (PYRO THERM Furnaces, UK), which was purged with dry nitrogen. The samples were
first held at 100 °C for 1 hour, then heated to 260 °C at a rate of 1 °C min™' and held for 2 hours
to complete stabilisation. The carbonisation of the fibre samples was carried out directly after the
stabilisation process without removing the sample from the tube furnace. The temperature was
increased at the same heating rate to the target carbonisation temperatures of 600 °C, 900 °C, or
1200 °C, with each sample held for 2 hours under continuous nitrogen flow of 50 mL/min. The

furnace was then allowed to cool naturally to room temperature under nitrogen. Siheng Shao and
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Elira He, colleague researchers from the University of Birmingham, conducted the carbonisation

of the lignin fibre in the tube furnace.

3.3.  Preparation of lignin:PAN blend DMSO solutions

Blend solutions of lignin and PAN were prepared using DMSO as the solvent. The lignin was
first dried in a vacuum oven with a liquid nitrogen trap at 80 °C for 6 hours, ground using a
pestle and mortar, and then dissolved in DMSO with continuous agitation using a magnetic
stirrer. Similarly, PAN was dissolved in DMSO under constant stirring. The individual solutions
were filtered using a Buchner funnel with 1.2 um glass fibre filter paper before being combined
according to the desired blend ratios. By varying the blend composition and processing
parameters, highly aligned fibres were successfully produced from 30:70, 50:50, and 70:30
lignin:PAN blends. Following the electro-spinning of blend fibres, neat lignin fibres were spun

separately to compare morphology and structural properties.

3.4. Preparation of lignin/DMSO solutions for identifying the optimum concentration
To find the best lignin concentration for electro-spinning, a variety of lignin solutions in DMSO
were created. The lignin polymer concentrations made were 50, 60, 70, 75, 80, 90, 95 and 100 %
(w/v) in DMSO. The lignin was dissolved and homogenised using an overhead stirrer for 6 hours
at room temperature. During the dissolution process, the beaker containing the lignin DMSO
mixture was part-covered using Parafilm (Parafilm®, Medium, Phillip Harris, UK) to minimise
the absorption of atmospheric moisture After the dissolution of lignin, the solution was kept in

an airtight container until it was needed for characterisation or electro-spinning.

3.5. Heat treatment temperatures for the 100% (w/v) lignin/DMSO solutions

The rationale for selecting the 100% (w/v) lignin/DMSO is presented in a subsequent section
(see Section 4.4.4). The research hypothesis was that the tendency for lignin to cross-link during
thermal treatment could be used to increase its molecular weight to enable it to be electro-spun
without requiring fractionation or blending. The refluxing of the lignin/DMSO solution was
conducted in a 100 mL three-neck round-bottom flask where the central neck was used to house
a condenser, shown in Figure 23. The other two necks were capped with a silicone rubber
septum, and one housed a digital thermocouple (TFA Dostmann Professional Digital
Thermometer with Probe) and the other a hypodermic metal needle through which nitrogen gas
(inert atmosphere compressed air) was bubbled into the solution at 30 mL min™!. A magnetic

stirrer was also used to stir the solution. The temperatures selected were 80, 100, 120, 140 and
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160 °C. These temperatures were selected based on the DSC where the glass transition

temperature showed a sequential increase after three consecutive scans.

Water outlet

Reflux condenser
Nitrogen gas inlet——%»

»

Water tap ——» »_\ b

Water inlet

3-neck round bottom flask
with magnetic stirrer

Heating mantle

N Digital thermometer
<« with probe

R\
Figure 23. Photograph of the reflux system set-up used to dissolve lignin in DMSO.

3.6.  Electro-spinning
A schematic diagram of the custom-made electro-spinner that was used is shown in Figure 24
(19). The key coded components in Figure 24 are: (i) Liquid dispenser (AL1010, World
Precision Instruments). (ii) A disposable syringe (Terumo, UK) and a flat-tip 25-gauge needle
(AD725025, Adhesive Dispensing Ltd, UK) with outer and inner bore diameters of 0.3 and 0.5
mm respectively, needle assembly with a lock (16.5 mm length). (iii) A Teflon tube (PTFE) of
dimensions (20 mm length), inner and outer bore diameters of 5.42 and 1.65 mm respectively
with PTFE lock adapters; syringe end (25 mm length, 5 mm inner diameter) & needle end (22
mm length, Smm inner diameter) at both ends; (iv) a ring-adapter for connecting the tip of the

needle to a high-voltage power supply (DC, 73030 Genvolt, UK). (v) A square copper grounded
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collector plate of dimensions 10 x 10 x 0.5 cm. A crimp-free aluminium foil was placed in

intimate contact on the surface of a grounded copper plate.

Syringe pump

— Syringe containing polymer solution

PTFE tube connected

with syringe and __|

needle tip using Luer
lock adapters

— Infrared heating lamp

High-voltage adjustable =3 — — | < Silica gel
power supply B >

Figure 24. Schematic illustration of electro-spinning setup with a flat plate ground-electrode for
collecting random orientated lignin fibres (19).

The applied voltage ranged from 10-12 kV, and the working distance between the tip of the
needle and the grounded electrode was maintained at 8 cm. The liquid dispenser was set to
operate at 0.5 mL hour’!, but it was adjusted as required to maintain a pendant drop of the
polymer solution at the tip of the needle. The chamber's temperature was held between 55 and 60

°C and maintained for the entire duration of electro-spinning, for each sample ten minutes.

This was achieved using a 175 W infrared lamp (IR 175R E27 Infrared Bulb, Phillips, UK). The
infrared lamp was turned on during electro-spinning and was located on one side of the chamber.
It was turned off just before electro-spinning. Silica gel (Bluestar Packaging Supplies Ltd), in
combination with the temperature were to maintain the humidity within the chamber to between
8.5% and 10%. A digital thermometer-hygrometer was used to measure the temperature and

humidity (RS Pro, RS Components, UK) within the chamber. Each solution was electro-spun for
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10 minutes. Three collector geometries were used: a grounded copper plate (10cm x 10cm x

Imm), a parallel electrode (4cm and 8cm gap) and the custom-made PTFE Vee-shield.

The flat plate collector and a parallel electrode collector are shown in Figure 25. The flat plate
setup (Figure 25a) consisted of a grounded aluminium foil-covered metal plate that enabled
uniform fibre deposition with randomly oriented fibre mats. This served as the standard collector
for initial electro-spinning trials. In contrast, the parallel electrode collector (Figure 25b) featured
two grounded metallic strips mounted on either side of a non-conductive substrate, creating a
concentrated electric field across the gap. This configuration was employed to induce fibre
alignment and evaluate the effect of directional electric fields on fibre orientation. Both
collectors were used within the same custom-built electro-spinning chamber under identical

environmental conditions.

spinning, (a): Flat plate collector with aluminium foil for random fibre deposition, and (b):
Parallel electrode collector designed to promote fibre alignment across the gap.
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Following initial electro-spinning trials using a flat plate and parallel electrode collectors, a third
configuration, a custom-made Vee-shaped shield collector, was employed to improve fibre
alignment (19). As shown in Figure 26, the setup consists of two grounded PTFE arms arranged
in a "Vee" formation, designed to focus the electric field and promote more directed fibre
deposition across the angled gap. This Vee-shield configuration proved more effective in
producing aligned fibre mats compared to the previous setups, likely due to the converging field
lines encouraging uniaxial stretching and orientation of the electro-spun fibres (220-222). The
collector was integrated into the same custom-built chamber used for earlier experiments,
maintaining consistent environmental control and needle-to-collector distance. This refinement
in collector geometry was crucial for enhancing alignment in subsequent electro-spun lignin

fibre samples.

~ Solution dispensing unit

Bl ‘Syringe containing solution

Electro-spinning chamber

PTFE tube “!

Needle tip :

 |Positive terminal

Static storage heater
High-voltage
power supply Silica gel

emperature and

* humidity sensor

Figure 26. Photograph of Vee-shield electro-spinning setup.
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4. Results & discussion

4.1.  Characterisation of softwood Kraft lignin powder
Comprehensive characterisation of the softwood Kraft lignin (BioChoice) powder, as-received

and vacuum dried (at 80 °C for 6 hours), was carried out using FTIR, NMR spectroscopy,
elemental analysis, XRD, DSC, TGA and GPC techniques.

4.1.1. Fourier-transform infrared spectroscopy of lignin powder samples
FTIR spectroscopy was utilised to define the chemical structure of the lignin samples and

determine the functional groups contained in the material. This approach elucidates the
molecular interactions within the lignin structure by identifying unique absorbance bands linked
to essential functional groups, including hydroxyl (-OH), carbonyl (C=0), and aromatic (C=C)
groups, as shown in Figure 8. The acquired spectra were evaluated by comparing peak intensities
and positions with literature data, facilitating a thorough comprehension of lignin's chemical
makeup and its appropriateness for fibre synthesis. The FTIR absorption peaks observed for the
tested lignin samples were consistent with those reported in the literature, see Table 6,

confirming the expected functional group assignments.

The FTIR spectra for the as-received lignin powder sample is shown in Figure 27.
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Figure 27. FTIR spectra of as-received lignin; (a) whole spectral range 4000-400 cm™, and (b)
enlarged spectral view from 1800-600 cm.
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The FTIR spectra for the as-received lignin sample and the vacuum dried 80 °C for 6 hours

lignin sample are shown in Figure 28, covering the region of 4000 to 400 cm™' wavenumber.

Vacuum-dried

As-received

Absorbance / a.u.

(b)

3900 3400 2900 2400 1900 1400 900 400

Wavenumber / cm™

Figure 28. The FTIR spectra for the: (a): the vacuum dried 80 °C for 6 hours lignin sample and
(b): as-received lignin sample, offset by absorbance to enable comparison.

Both spectra are plotted separately to highlight any structural or chemical changes occurring due
to the drying process at 80 °C for 6 hours in the vacuum oven. The analysis focuses on
identifying functional group variations between the samples, which can indicate potential
alterations in lignin structure or moisture content resulting from the vacuum drying.

The spectra of the as-received and vacuum dried lignin were both identical as expected, except
for the reduction of O-H (water peak) at 3400 cm’! for the latter sample, with peak assignments
tabulated in Table 10. This is because, unlike the as-received lignin, the sample that underwent
vacuum drying at 80 °C for 6 hours had its moisture content significantly reduced, along with the

removal of other contaminants such as sodium and potassium (260).

This region at 3400 cm! is associated with O-H stretching vibrations, which are predominantly
attributed to hydroxyl groups in lignin and absorbed water. The marked decrease in intensity at
this wavenumber in the vacuum-dried sample suggests substantial water loss due to the drying

process (441).
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Figure 29 compares the spectral changes from wavenumber 1900-400 cm™!, which encompass
the fingerprint region 1400-600 cm™'. Comparing the lignin changes within this region is critical
in identifying unique lignin structural features. Changes here can indicate structural
modifications, such as hydrogen bonding rearrangements or minor degradation. Between 1900—
400 cm’!, the FTIR spectra of the as-received and vacuum-dried lignin samples show no

significant changes, indicating that the core lignin structure remains intact.
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Figure 29. The FTIR spectra from wavenumber 1900-400 cm™ for the: (a): the vacuum dried 80
°C for 6 hours lignin sample and (b): as-received lignin sample, offset by absorbance to enable
comparison.

The characteristic peaks associated with aromatic ring vibrations (1500-1600 cm™), C-H
stretching (400-700 cm™), and C-O ether linkages (1000-1200 cm™) remain unchanged,
suggesting that vacuum drying primarily affects moisture content without altering the

fundamental chemical composition of lignin.

The distinct peak at 1270 cm™ signifies guaiacol lignin moieties, shown in Figure 3, which are
linked to the interplay of C-O and C=O0 vibrations alongside C-C, C-O, and C=O0 stretching
vibrations, respectively. The characteristic bands at 850 cm™ signify C-H out-of-plane
deformation typical of G-lignin units (442). The characteristic C=O stretching vibration (1700
cm’!) remains unchanged, indicating that any carbonyl-containing groups, such as conjugated

ketones, esters, or carboxyl groups, are unaffected by drying (443). The aromatic skeletal
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vibrations C-C (1600, 1500, and 1420 cm™') also remain stable, confirming that the lignins
aromatic backbone is retained (444,445). The as-received and vacuum dried lignin samples
within the region of 1900-400 cm™ are similar with no noticeable change in the spectra within

this highlighted region.

Figure 30 compares the functional group region from 4000-1900 cm™!, for the as-received and

vacuum dried lignin powder samples.
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Figure 30. The FTIR spectra from wavenumber 4000-1900 cm™ for the: (a): the vacuum dried
80 °C for 6 hours lignin sample and (b): as-received lignin sample offset by absorbance to
enable comparison.

The region from 4000-1900 cm™ contains absorption bands related to major functional groups
such as O-H and C=O stretching vibrations (446,447). The most significant difference between

the two spectra is observed around 3400 cm™!, corresponding to the O-H stretching vibration.

The as-received lignin spectra show a broad, intense peak due to hydrogen-bonded hydroxyl
groups, primarily from absorbed moisture. After vacuum drying, this peak is significantly
reduced, confirming the removal of water during the drying process (448,449). In the 2950-2850
cm’! range, characteristic aliphatic C-H stretching vibrations from methyl (-CH3) and methylene
(-CHa-) groups are present. These peaks remain largely unchanged between the two samples,

indicating that vacuum drying does not affect the lignin’s aliphatic backbone.
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Table 10. Peak assignment for as-received and vacuum dried lignin (80 °C for 6 hours) FTIR
spectra (324,444,445).

Peak Number | FTIR Frequencies (cm™) Peak Assignments

1 430-460 C-H bend weak

2 500-545 C-H bend weak

3 720-740 C-H medium

4 800-815 C-H medium

5 850-920 C-H out of plane

6 955-965 C-H stretching

7 1025-1035 C-O stretching (sharp)

8 1075-1088 Aromatic C-H, Aliphatic O-H, C-O stretching

9 1125 C-O stretching

10 1135 Aromatic C-H, C-O stretching

11 1205-1220 C-C stretching (lignin)

12 1270 C-O stretching guaiacol lignin, C=0

13 1370 Weak aromatic stretching C-C

14 1420-1440 Aromatic stretching C-C

s 1450 O-H in plane bending (cellulose,
hemicellulose)

16 1460 O-H in plane bending (cellulose,
hemicellulose)

17 1506 Aromatic ring C-C skeletal vibration (sharp)

18 1600 Aromatic ring C-C skeletal vibration

19 1645 Aromatic ring C-C skeletal vibration (broad)

20 1700 C=0 stretching (broad)

21 1970 Weak aromatic ring C-C skeletal vibration

22 2000-2130 C=C stretch vibration broad

23 2300 C-O stretching

24 2830 C-H stretching (CH> & CH3 groups)

25 2936 C-H stretching (CH2 & CH3 groups)

26 3411 O-H water stretching
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Between 2400 and 1900 cm™!, weak overtone and combination bands are observed, which arise
from aromatic ring vibrations (444,445). No significant differences are seen in this region,
reinforcing that the overall chemical structure of lignin remains intact after vacuum drying. The
primary change in the spectra is the reduction in hydroxyl (-OH) absorbance, confirming

moisture loss, while other functional groups remain unaffected.

Thermostabilised lignin powder was also characterised by FTIR to investigate chemical changes
during thermal treatment, as shown in Figure 31. Lignin powder was thermostabilised by heating

to 260 °C and held for 2 hours in air and nitrogen atmospheres, respectively.
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Figure 31. The FTIR spectra for the: (a): 260 °C thermostabilised lignin in air and (b): 260 °C
thermostabilised lignin in nitrogen, offset by absorbance to enable comparison.

Both thermostabilised samples exhibited a broad O—H stretching band around 3400 cm™,
corresponding to hydroxyl groups from phenolic and aliphatic alcohols (442). This band was
more pronounced in the nitrogen-treated lignin, suggesting increased hydroxyl content due to
oxidative cleavage of ether bonds, see Figure 6. C—H stretching bands near 2900 cm™!, attributed
to aliphatic -CH; and —CH3 groups , were also more pronounced in the nitrogen-treated sample,

indicating breakdown of side chains in air by comparison (444,445).
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A reduced carbonyl region (~1700—1750 cm™'), was seen in the nitrogen-treated sample, whilst
the air-treated sample displayed a strong absorbance band associated with C=O stretching
vibrations of conjugated ketones, aldehydes, and carboxylic acids (443). Aromatic skeletal
vibrations around 1510-1600 cm™!, typical of lignin’s guaiacyl and syringyl units (442), were
more distinct in the nitrogen-treated lignin, indicating better preservation of the aromatic
structure. The C—O stretching vibrations in syringyl and guaiacyl units (1220-1260 cm™ and
1030-1120 cm™!, respectively) were also more intense in the nitrogen sample, while significantly
diminished in the air-treated lignin, suggesting oxidative cleavage of ether linkages in the latter,
see Figure 9 (441). Overall, these spectral differences confirm that thermostabilisation in air
leads to more extensive chemical modification of lignin, particularly oxidation and degradation
of aromatic and aliphatic structures. In contrast, treatment under nitrogen better preserves the

native lignin backbone by limiting oxidative reactions (442).

FTIR analysis highlighted distinct chemical differences among the as-received, vacuum-dried,
and thermostabilised lignin powders. The as-received lignin exhibited characteristic bands for
hydroxyl (~OH) groups (~3400 cm™), aliphatic C—H stretching (~2900 cm™'), and aromatic
skeletal vibrations (~1510-1600 cm™), typical of lignin (442,450). Upon vacuum drying, these
peaks remained largely unchanged, but their overall intensity decreased, suggesting minimal
structural alteration apart from moisture removal. Notably, the -OH band became narrower,

consistent with reduced hydrogen bonding due to water loss (260).

In contrast, thermostabilisation at 260 °C resulted in pronounced spectral changes. The sample
treated in air showed a significant increase in absorbance around 1700-1750 cm™, corresponding
to carbonyl (C=0) stretching vibrations, indicating oxidative degradation and formation of
aldehyde, ketone, or carboxylic acid groups (443). Additionally, a broadening and increase in the
—OH stretching region suggested the formation of new hydroxyl functionalities from bond
cleavage (441). In the nitrogen-treated lignin, these oxidative features were less pronounced, and
the aromatic skeletal bands (1510-1600 cm™) and C—O ether vibrations (1030-1260 cm™) were
better retained compared to the air-treated sample (442). This suggests that nitrogen atmosphere
helped preserve the lignins native aromatic and ether structures by suppressing oxidative
reactions. Together, these spectra demonstrate that air thermostabilisation promotes oxidation,
leading to more significant chemical modifications, whereas nitrogen treatment results in a more

thermally preserved lignin structure, with less disruption to its core functional groups.
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4.1.2. NMR spectroscopy of lignin powder
NMR spectroscopy was conducted to characterise the structural features of lignin in different

forms. The samples analysed included as-received lignin, vacuum-dried lignin, and vacuum-
dried electro-spun lignin fibres. A comprehensive NMR approach was employed, utilising 'H
NMR, 3C NMR, 'H-'H COSY (correlation spectroscopy), and 'H-'>*C HSQC spectroscopy for
each sample. '"H NMR was used to identify and quantify the different proton environments
within the lignin structure, while *C NMR provided insights into the carbon backbone and
functional groups. The '"H-'H COSY spectra enabled the correlation of coupled protons, aiding in
the identification of linkage patterns and side-chain structures. Finally, the 'H-'3C HSQC spectra
allowed for the assignment of cross-peaks between proton and carbon signals, facilitating a more
detailed analysis of lignins aromatic and aliphatic regions. This combination of techniques
enabled a detailed structural assessment, allowing for the identification and quantification of key
functional groups, linkages, and molecular interactions within the lignin samples. By comparing
the spectra, insights into the effects of drying and electro-spinning on lignins chemical structure
were obtained. The following lignin structural characteristics can be measured by proton-NMR:
carboxylic acid (6 12.6-13.5 ppm), aldehyde (6 9.4-10.0 ppm), phenolic hydroxyl (6 8.0-9.4
ppm), -5 phenolic hydroxyl (& 8.99 ppm), syringyl C5 phenolic hydroxyl (6 8.0-8.5 ppm),
aromatic protons (8 6.3—7.7 ppm), and aliphatic protons (333,342,451). Shown in Figure 32 is
the standard structure for softwood lignin adapted from literature with interunit linkages

highlighted.
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4.1.2.1. NMR of as-received lignin powder
NMR spectroscopy was employed to characterise the structural features of as-received lignin

powder. Shown in Figure 33, is the 'H NMR spectra of as-received lignin powder.
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Figure 33. 'H NMR spectra of as-received lignin, and assignments of the structural features

with labelled literature ppm values: (a): sinapyl alcohol repeating lignin monomer including
methoxy side chain, (b): DMSO solvent structure and (c): aliphatic region containing methyl
(-CH3), methylene (-CH> and methine group (-CH) (333,342,451).

Characteristic peaks for lignin were seen in the as-received lignin, as anticipated. The aromatic

region was seen from 5.0-8.0 ppm, methoxy side chain from 3.0-4.0 ppm, DMSO-ds solvent

peak seen as expected from a quintet splitting at 2.50 ppm & the aliphatic region containing

residual proton and ethyl groups from 0.5-2.0 ppm.
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A zoomed-in "H NMR spectrum of as-received lignin powder is presented in Figure 34,
highlighting key spectral regions relevant to lignin's structural composition. The aromatic region,
which corresponds to proton signals from lignin’s phenylpropanoid units, is distinctly observed.
Additionally, the peak for methoxy side chain protons, characteristic of syringyl and guaiacyl
units, are expanded, see Figure 3 for monolignol schematics. A broad water peak is present,

likely due to residual moisture in the as-received lignin powder sample.
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Figure 34. Zoomed in 'H-NMR spectrum of as-received lignin powder in DMSO-ds, highlighting
key spectral regions. (a): the aromatic region was seen from 5.0-8.0 ppm, (b): methoxy side
chain from 3.0-4.0 ppm, (c). DMSO-ds solvent peak seen at 2.50 ppm, (d): the aliphatic region
seen at 2.05 ppm and (e): region containing residual proton and ethyl groups from 0.5-2.0 ppm.

The DMSO-ds solvent quintet peak is also marked, along with a methyl singlet and the residual

proton region, providing a comprehensive overview of the proton environment in the sample.
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A selection of lignin inter-unit linkages such as aryl ether linkages, condensed and uncondensed
aromatic and aliphatic carbons, as well as other structural details about lignin can all be obtained
using the method of *C NMR spectroscopy. Similar expected peaks were seen for the

corresponding '*C NMR for as-received lignin as previously elucidated in '"H NMR, as seen in

Figure 35.
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Figure 35. 3C NMR spectra of as-received lignin, and assignments of the structural features
with labelled literature ppm values: (a): sinapyl alcohol repeating lignin monomer including
methoxy side chain, (b): DMSO solvent structure and (c): aliphatic region containing methy!
(-CHj3), methylene (-CH> and methine group (-CH) (333,342,451).

The noisy spectra observed in the *C NMR, despite multiple repeats, were attributed to
instrumentation issues at the University of Birmingham; however, the listed regions were
confidently assigned based on the HSQC spectra for as-received lignin shown in Figure 36.

Despite the resolution of '*C NMR and the sensitivity of '"H NMR in revealing a variety of
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structural properties of lignin, the measurement of these traits is challenging for several reasons.

These elements consist of relaxation rates, carbon purse offset effects, coupling constant

variations, and proton homonuclear coupling effects (342,403,451).
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Figure 36. 'H>C — HSQC spectra for as-received lignin, and assignments of the structural
features with labelled literature 'H NMR ppm values: (a): guaiacyl lignin repeating unit
including methoxy side chain, (b): DMSO solvent structure and (c). aliphatic region
containing methyl (-CH3), methylene (-CH> and methine group (-CH) (333,342,451).

The 2D '3C/'H-correlated HSQC spectroscopic technique thus confirms the correspondence
between the 'H and '*C spectra. The hydrocarbon ('"H=1.15 ppm, 1*C=16.82 ppm), aliphatic
region ('H=2.08 ppm, *C=31.20 ppm), DMSO-ds solvent peak hydrocarbon (‘H=2.50 ppm,
13C=39 ppm), methoxy side chain OCH3 ('"H=3.74 ppm, *C=56 ppm) and the carbon aromatic
region (\H=6.71 ppm, *C=115.90 ppm).

Interunitary linkages, shown in Figure 32, are discernible from the HSQC spectra, particularly in
the vicinity of oxygenated aliphatic carbons ('3C:50-65 ppm/ 'H: 3.0-4.5 ppm) & aromatic
carbons (13C:100-125 ppm/ 'H: 6.0-7.0 ppm) by further investigation of the HSQC spectra. The
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main structural features are identified according to previous designations in the literature

(349,354,359,403,452), with spectra shown in Figure 37.
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Figure 37. Zoomed in 'H>C — HSQC spectra with structures for the: (a) and (b): aliphatic
regions and (c): aromatic regions of as-received lignin.

The aliphatic structures identified, (shown in Figure 8), are resinol p-p linkage (‘H=3.45 ppm,

13C=55 ppm), phenyl coumaran unit (\H=3.60 ppm, *C=56 ppm), methoxy side chain (‘H=3.74
ppm, 3C=60 ppm), coniferyl alcohol unit ('"H=3.59 ppm, *C=60 ppm), p-O-4 linkage (\H=3.38

ppm, *C=61 ppm), B-1 diphenyl methane linkage (‘H=3.62 ppm, '*C=63 ppm). The aromatic

structures identified are the guaiacyl unit ("H=6.76 ppm, 1*C=115 ppm) & the stilbene unit

("H=6.99 ppm, *C=118 ppm).

To investigate the effect of solvent on the NMR spectrum of lignin, the as-received sample was

dissolved in THF instead of DMSO-ds and analysed using 'H NMR, enabling clearer

characterisation of aromatic and aliphatic proton environments without interference from the

dominant DMSO peak. The '"H NMR spectra for as-received lignin dissolved in THF is shown in
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Figure 38. The typical solvent peak for DMSO at 2.50 ppm is no longer present, confirming the
absence of DMSO in the sample. Instead, strong peaks characteristic of THF are now observed at

approximately 1.841 ppm (methylene protons) and 3.727 ppm (oxymethylene protons) (273).
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Figure 38. 'H NMR spectra of as-received lignin dissolved in THF, and assignments of the
structural features with labelled literature ppm values; (a): sinapyl alcohol repeating lignin
monomer including methoxy side chain, (b): THF solvent structure (333,342,451).

Alongside these solvent peaks, the typical lignin peaks previously identified using the DMSO-ds
solvent are still present, indicating that the fundamental structural components of lignin remain
unchanged regardless of the solvent. As previously mentioned, the aromatic region of lignin is
seen between 6.0-8.0 ppm, whilst the rest of the peaks are similar to previously reported as
expected for as-received lignin. However, noticeable differences in chemical shift and peak
intensity between the spectra can be attributed to variations in solvent-lignin interactions (453).
DMSO is known to form strong hydrogen bonds with the hydroxyl groups in lignin, which alters

the local chemical environment and leads to changes in signal intensity. In contrast, THF
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exhibits a weaker hydrogen-bonding capacity, resulting in reduced interaction with lignin's
hydroxyl groups. This difference is supported by their respective donor numbers, with DMSO
having a significantly higher value (29.8) compared to THF (20.0), indicating stronger solvation
of hydroxyl protons in DMSO (185,454). Consequently, using THF minimises these interactions,
producing sharper signals and less downfield shifting in the lignin proton spectrum.

4.1.2.2. NMR of vacuum dried lignin powder

NMR spectroscopy was employed to characterise the structural features of vacuum dried lignin
powder. The vacuum dried lignin sample shows similar '"H NMR peaks as expected in
comparison to the as-received lignin sample, with a reduction in the (OH) water peak at 3.80
ppm which is to be expected, attributable to the elimination of moisture during the drying

process, illustrated in Figure 39.

As-received lignin typically contains water due to its hygroscopic properties, resulting in
hydrogen bonding interactions with hydroxyl groups within the lignin, between hydroxyl (-OH)
groups and adjacent ether or phenolic oxygen atoms, see Figure 6. The presence of water is
identified as an OH-related signal in the NMR spectrum at around 3.80 ppm, corresponding to
the proton environment of water molecules (360).

Upon drying lignin, particularly under vacuum at 80 °C for 6 hours, moisture is reduced, leading
to a reduction of the water peak at 3.80 ppm (a reduction of water peak intensity of 87% from the
as-received sample to the vacuum dried lignin sample). The same decrease in -OH peak is seen
from the as-received to vacuum dried FTIR spectra (see Section 4.1.1). In the absence of water,
the concentration of hydrogen atoms in that particular environment diminishes, resulting in a

weakened or absent signal at this location (343).
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Figure 39. '"H NMR spectra of vacuum dried lignin, with zoomed region around 3.80 ppm to
demonstrate reduction in water peak.

The water content of lignin significantly influences its processing behaviour and the structural
integrity of electro-spun fibres. Water acts as a plasticiser, reducing the glass transition
temperature of lignin, seen in Section 2.7.4.2 (455). An optimal moisture level is key; as
excessive water can disrupt the formation of a stable jet during electro-spinning, leading to bead
formation or fibre breakage, while insufficient water may increase brittleness, hindering the
formation of continuous, uniform fibres (see Section 2.4.2) (251). The drop in moisture content
indicated by the 'H NMR data's water peak intensity reduction, suggests that the drying
procedures successfully lower the amount of bound or free water in the lignin matrix (see

Section 2.1.2) (66,67).

Vacuum dried lignin sample also has similar *C NMR peaks, shown in Figure 40, in comparison
with the as-received lignin sample, which is to be expected. The HSQC spectra for the vacuum

dried lignin powder (80 °C for 6 hours) is also shown in Figure 41.
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Figure 40.”°C NMR spectra of vacuum-dried lignin powder (80 °C for 6 hours).
Many structural features are clearly identifiable in the HSQC spectra for vacuum dried lignin,

particularly in the region of oxygenated aliphatic carbons (6C/6H:50—100/2.5-5.5 ppm). Peak

areas are identified and labelled in Figure 42.
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Figure 41. "H*C — HSQC spectra for vacuum dried lignin (80 °C for 6 hours), and assignments
of the structural features with labelled literature 'H NMR ppm values: (a): guaiacyl lignin

repeating unit including methoxy side chain, (b): DMSO solvent structure and (c): aliphatic
region containing methyl (-CH3), methylene (-CH> and methine group (-CH) (333,342,451).

94 |Page



P %Qﬁl
&= s
8° e 2270) G
E -8
Ho ! b
a © r
[ .
B
-] 0 ° L
0 & s
G |
®
—_—+——1———+ O
T T T T T T T
75 70 65 6.0 F2 [ppm] 55 50 as 40 35 3.0 F2 [ppm]

dibenzodioxocin

OH o e
o
OH

sinapyl alcohol
S-unit

/0
7

¢

IS

o .
\0 OH phenylcoumaran enol ether
el
HO OH
O OH \@/
HO o
o 55 B—P resinol
0
coniferyl alcohol \ o stilbene
G-unit O ~cn
0 .
OH
/ Hd “on

xylosyl

Figure 42. 'H"*C — HSQC spectra for vacuum dried lignin with peak areas labelled and shown
schematically, (a): f-O-4, (b): Phenylcoumaran, (c): Dibenzodioxocin, (d): Resinol, (e):
Coniferyl alcohol, (f): Enol ether, (g): Guaiacyl unit, (h): Stilbene, (Xyl): Xylosyl units (403)
(271).

Major structures identified (see Figure 32) include; stilbene moieties (8C/6H, 6128/7.0-7.3

ppm), B-vinyl ether (6C/0H, 6144/7.3 ppm, 6109/5.5 ppm, and 6112/6.1 ppm), coniferyl alcohol
(0C/0H, 8128/6.5 ppm), resinol type (0C/0H, 633.8/2.5 ppm, 842.4/1.9 ppm), B-O-4’ linkage
(0C/0H, 660.4/3.5 ppm, 671.3/4.9 ppm, 684/4.3 ppm), B-B’ linkage (6C/6H, 671.1/4.2 ppm,
084/4.3 ppm, 684.9/4.6 ppm), and B-5’ linkage (6C/6H, 886.4/5.5 ppm) (271,403).
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Even at elevated vacuum drying temperatures of 140 °C and 160 °C, the 'H NMR spectra of
lignin powder remained consistent with that of the sample dried at 100 °C, showing no
significant changes; characteristic peaks associated with aromatic protons, methoxyl groups,

residual DMSO, and aliphatic side chains were preserved across all samples, see Figure 43.
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Figure 43. IH NMR comparison of vacuum dried lignin powder for 4 hours each; a): 160 °C, b)
140 °C and c) 100 °C, respectively.

Although no significant structural changes were observed in the NMR spectra with increasing
vacuum drying temperature, with characteristic peaks for aromatic protons, methoxyl groups,
residual DMSO, and aliphatic side chains remaining consistent. GPC analysis revealed a gradual
increase in molecular weight with heat treatment (see Section 4.1.7). This molecular weight
increase, together with observed rises in solution viscosity (see Section 4.3.1) and conductivity
(see Section 4.3.2), likely facilitates the improved electro-spinnability of neat lignin at elevated

temperatures, as these properties are critical for stable jet formation during electro-spinning.
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4.1.3. FElemental analysis of lignin powder
Elemental analysis was conducted to evaluate changes in carbon (C), hydrogen (H), nitrogen

(N), and sulphur (S) content across different lignin samples, including the as-received lignin
powder, vacuum-dried lignin powders at 80 °C and 100 °C for 6 hours each, and electro-spun
fibres prepared from lignin/DMSO solutions refluxed at temperatures between 80 °C and 160 °C,
each respectively. This analysis provides insight into the chemical modifications occurring

during thermal drying and electro-spinning.

The elemental composition of lignin powder was analysed before vacuum drying as-received and
after vacuum drying at 80 °C and 100 °C for 6 hours, respectively, which yielded changes in the
carbon and hydrogen content, with minor variations in nitrogen and sulphur percentages. The
elemental analysis percentage values for the lignin powder samples are shown in Table 11 and

displayed in Figure 44.

Table 11. Elemental analysis percentage values for the as-received lignin powder, vacuum-dried
lignin powders at 80 °C and 100 °C for 6 hours each.

C (%) H (%) N (%) S (%)
As-received 51.32+0.46 6.32+£0.25 0.30+0.01 2.59+£0.33

80 °C vacuum dried 60.56 £0.16 5.67+0.08 0.26 +£0.01 2.36 £0.21

100 °C vacuum dried | 85.08 +0.00 7.09 + 0.00 0.00 = 0.00 2.67 +0.00

The as-received lignin powder exhibited a carbon content of 51.32%, hydrogen content of 6.32%
and nitrogen content 0.30%. Upon vacuum drying at 80 °C, the carbon content significantly
increased to 60.56%, while both hydrogen and nitrogen decreased (5.67% and 0.26%,
respectively), suggesting effective removal of residual moisture. Lignin naturally contains bound
water, and drying at elevated temperatures would lead to the evaporation of both free and some
bound water molecules, reducing the overall hydrogen percentage (68). Since lignin contains
oxygen-rich functional groups (e.g., hydroxyl, methoxy, and carbonyl groups), the observed rise
in carbon percentage is likely due to the preferential loss of these oxygenated species along with

water during the drying process (314).
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A further increase in vacuum drying temperature to 100 °C led to a dramatic rise in carbon
content, 85.08%, and hydrogen content, 7.09%, while nitrogen was undetectable at 0.00%. This
sharp increase may indicate partial carbonisation or condensation reactions occurring during
high-temperature vacuum drying, which reduce heteroatom content and enrich the sample in
fixed carbon (15,456). Sulphur content across all three powder samples remained relatively
consistent (2.36-2.67 % (w/v)), suggesting minimal sulphur volatilisation under these conditions

(456).
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Figure 44. Elemental analysis (C, H, N, S) percentile values for the as-received lignin powder,
vacuum-dried lignin powders at 80 °C and 100 °C for 6 hours each.

The electro-spun fibres produced from lignin solutions refluxed in DMSO showed consistent
elemental profiles across all temperatures (80 °C, 100 °C, 120 °C, 140 °C and 160 °C, each

respectively), elemental percentage values shown in Table 12.

Carbon content ranged narrowly from 60.00% to 61.87%, with a slight maximum at the 80 °C
reflux temperature. Hydrogen content remained between 5.40% to 5.75%, and nitrogen was
consistently low, between 0.16% to 0.18%, indicating stable composition and effective nitrogen

removal during DMSO processing and electro-spinning.
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Table 12. Elemental analysis percentage values for the electro-spun fibres prepared from
lignin/DMSO solutions refluxed at temperatures 80 °C, 100 °C, 120 °C, 140 °C and 160 °C.

C (%) H (%) N (%) S (%)
80 °C reflux 61.87+0.11 5.67+0.02 0.17 +0.00 3.54+0.07
100 °C reflux 60.77 £ 0.15 5.75+£0.07 0.17 +0.00 546+0.10
120 °C reflux 61.20+0.14 540+0.23 0.16 £0.00 5.85+£0.21
140 °C reflux 60.95+0.10 549+0.13 0.18 £0.02 6.62 +0.05
160 °C reflux 60.00 = 0.24 551+£0.25 0.16 £0.01 5.14£0.11

Notably, sulphur content increased with increasing reflux temperature, from 3.54% at 80 °C to a
peak of 6.62% at 140 °C, before dropping slightly to 5.14% for the 160 °C reflux temperature
sample. The increase in sulphur content for the electro-spun fibre samples from lignin/DMSO
reflux, average sulphur content 5.32%, in comparison to the lignin powder samples sulphur
elemental composition, average sulphur content in powders, 2.54%, is due to increased
incorporation or retention of sulphurated lignin fragments at higher temperatures during the
reflux process in DMSO (122). The electro-spinning process from refluxed lignin/DMSO
solutions appears to control the elemental shifts as opposed to the dramatic elemental shifts
observed in thermally treated powders, particularly at 100 °C under vacuum, which underwent
significant compositional changes in carbon content, see Table 11, suggestive of partial

pyrolysis, consistent with literature on thermal degradation (267,456).

4.1.4. X-ray diffraction of lignin powder
In this study, XRD was employed to characterise both as-received and vacuum-dried lignin,

providing insights into its structural properties. The as-received lignin likely contains residual
moisture and may exhibit a more amorphous structure, which could influence its overall
crystallinity. In contrast, vacuum drying removes this moisture, potentially altering the molecular
organisation of the lignin. By comparing the XRD patterns of these two powdered forms, the
impact of drying on lignin’s phase transitions, and structural order can be assessed. The lignin
XRD patterns for the as-received and vacuum dried lignin powder samples are displayed in
Figure 45.

The XRD patterns show minimal differences, with nearly identical features between the as-

received and vacuum dried samples. This similarity is expected, as neither sample has undergone
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oxidation or carbonisation, processes that could otherwise introduce structural rearrangements
(267). Both XRD profiles display a broad diffraction peak centred around 20 = 20°, commonly
associated in literature with the (002) reflection, associated with disordered stacking of aromatic
domains in lignin (457).

This broad feature is characteristic of lignin’s amorphous structure, reflecting its irregular and
heterogeneous molecular arrangement (283). A smaller, broad signal observed near 20 = 44°
may correspond to in-plane ordering within disordered carbon domains, associated with the
(100/101) reflection, though it remains weak and diffuse. It has been reported that the intensity
of these diffraction peaks increases gradually with temperature, which implies that the degree of

graphitisation in turn also increases with increasing carbonisation temperature (457).

The similarity in XRD results across both powder samples suggests that the vacuum drying
process alone does not significantly alter the lignin's structural arrangement at the molecular
level. The broadness of the peak also reflects the complexity and irregularity of lignin’s
polymeric network, which consists of randomly linked phenolic monomers, seen in Figure 3
(37,38). In some cases, the intensity or shape of such broad features may vary depending on

factors such as temperature, humidity, or chemical treatment. However, in this case, vacuum
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Figure 45. X-ray diffraction pattern for, (a): vacuum dried lignin powder (80 °C for 6 hours)
and (b) as-received lignin powder, offset by intensity to enable comparison.
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drying at 80 °C appears insufficient to induce any notable structural rearrangement within the
lignin. While this temperature is effective for removing moisture in the lignin powder, it is not
high enough to cause significant changes in the molecular organisation or aromatic domain

interactions in the lignin matrix (457).

4.1.5. Differential scanning calorimetry of lignin powder
Using DSC, the thermal behaviour of lignin was investigated. The glass transition temperature

(Ty) is a key parameter that provides valuable insights into the behaviour and properties of
amorphous materials like polymers and glasses. T refers to the temperature at which, following
heating or cooling, a material changes from a stiff, glassy condition to a more flexible, rubbery,
or viscous state (308). T also indicates the molecular mobility of the material, influencing its
ability to flow or undergo rearrangement. T plays a vital role in determining suitable processing
conditions and thermal stability, as well as predicting the material's physical aging phenomena

and long-term durability (9,457,458).

The DSC results for the as-received lignin sample from the first heating scan are shown in Figure

46, highlighting a significant endothermic transition associated with the Ts.
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Figure 46. DSC thermogram for as-received lignin, 1st heating scan, with insert showing an
expanded view between 125 °C and 175 °C.
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The zoomed inset shows the calculation of the onset, Ty, and endset values, which were
determined to be 146.7 °C (onset), 155.3 °C (Tg), and 163.9 °C (endset). The T, value is similar
to what is reported in literature for Kraft lignin, see Table 9.

This confirms the thermal softening behaviour of lignin, where the increase in molecular
mobility at elevated temperatures result in a transition from a glassy to a rubbery state. The first
heating scan for the as-received lignin demonstrates of a sizable endothermic peak between 50
and 120 °C. This is a result of the lignin's absorbed water and low molecular weight substances
evaporating within this temperature range (25,27). This large peak is not seen in subsequent

second and third heating scans suggesting it is moisture removal.

The DSC thermograms for the second and third heating scans for as-received lignin powder is
shown in Figure 47. The first heating scan for the as-received lignin revealed a Ty of 155.3 °C,
which increased slightly in the second and third heating scans to 156.2 °C and 162.7 °C,
respectively. This shift suggests a degree of structural relaxation or molecular reorganisation
upon repeated thermal treatment. The increase in T with repeated heating is consistent with the
removal of residual moisture and the formation of stronger intermolecular interactions or partial

cross-linking upon heating (459).
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Figure 47. DSC thermograms for as-received lignin, (a): 2nd heating scan and (b): 3rd heating

scan.
The three heating scans and calculated onset, endset and T, values are shown in Figure 48. For

the vacuum-dried lignin samples, the T values were consistently higher than those of the as-
received lignin. The first heating scan for the vacuum-dried sample showed a T, of 165.3 °C,
increasing to 172.1 °C and 179.8 °C in the second and third scans, respectively. The higher T,
values for vacuum-dried lignin reflect the removal of moisture and volatile components (25).

The removal of which is also seen in the FTIR and NMR data (see Sections 4.1.1 and 4.1.2.2,
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respectively). The consistent increase in T, across heating cycles for both as-received and
vacuum-dried lignin suggests changes in molecular mobility, or the loss of moisture during

thermal treatment (401).

The glass transition temperature of lignin can be affected by moisture content (460). In general,
as-received lignin is likely to have a lower T, than vacuum-dried lignin because it often contains
more moisture. Moisture acts as a plasticiser, lowering the T, by increasing the mobility of
polymer chains (457,461). Vacuum-drying lignin, at 80 °C, removes a greater amount of
moisture and volatile compounds. This reduction in plasticising agents can decrease chain
mobility, which may contribute to the observed increase in Tg compared to the as-received lignin
sample (285). The association Ty for the first, second and third heating scans for the as-received

and vacuum dried lignin sample are presented in Table 13.

Table 13. T values for the as-received and vacuum dried lignin (80 °C for 6 hours) powder.

1t heating scan, 2"d heating scan, 34 heating scan,
DSC lignin samples glass transition glass transition glass transition
T, (°C) T, (°C) T, (°C)
As-received lignin 155.3 156.2 162.7
Vacuum dried lignin
165.3 172.1 179.9
(80 °C for 6 hours)

In Table 13, it is evident that the T rises from the first to the third scan, for all lignin samples.
The increase in Ty across successive scans likely reflects structural changes within the lignin

matrix induced by thermal history and rearrangement of molecular chains (401,462).

Cross-linking and condensation reactions can take place when lignin is heated to 220 °C. This
occurs between aromatic rings and functional groups (such as hydroxyl and methoxy groups),
(463,464). The enhanced molecular connectivity restricts chain mobility and raises the T in
subsequent scans. In addition, the elevated heating may drive off residual moisture and low-
molecular-weight volatiles, reducing the free volume within the lignin structure (465). This leads
to increased chain packing and stronger intermolecular bonding, which can further contribute to

an increase in Tg (131,271).

103 |Page



10.65

(

Qo
N—’

1st heating scan

-
I
o

10.55

10.5

Heat flow. Endo up (mw/mg)

Endsct: 167.47 °C |,

Onset: 163.10 °C |/~

Tg: 165.31 °C

150 155

160
Temperature (°C)

165

170

~
(=3
~

10.1 | —2nd heating scan Endset: 190.73 °C |~

96

9.1

86

8.1

Heat flow. Endo up (mwW/mg)

16

7.1

Onset: 153.40 °C

Tg: 172.07 °C

100 125

150 175

Temperature (°C)

200

~
(@)
~

——3rd heating scan

o
oo

o
w

oo
oo

Onset: 161.27 °C

Heat flow. Endo up (mw/mg)

0o
w

Endset: 198.47 °C |

Tg: 179.87 °C

18
140 165

Temperature (°C)

190

Figure 48. DSC thermograms for vacuum dried lignin,; (a): 1st heating scan, (b): 2nd

heating scan and (c).: 3rd heating scan.
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4.1.6. Thermo-gravimetric analysis of lignin powder
TGA is a method used for calculating how much a material changes in weight as a function of

temperature. This research offers important details regarding the lignin material's thermal
stability, composition, and degradation behaviour (27,466). Utilising thermogravimetric analysis
(TGA Q 50, TA Instruments, USA), it was determined under nitrogen atmosphere whether the

lignin samples were thermally stable, at a flow rate of 30 mL/min.

The thermal breakdown of lignin is known to occur in multiple stages throughout a wide
temperature range of 160-900 °C. Conversely, wood components including cellulose and
hemicellulose are recognised to decompose at temperatures exceeding 315-400 °C and 220-315

°C, respectively (27,326).

To examine the thermal stability of the materials, samples weighing less than 10 mg were heated
at a rate of 15 °C min™' from 100 to 800 °C. The instrument produced a weight loss against
temperature curve. The TGA curve for the as-received lignin sample and vacuum dried lignin

sample is shown in Figure 49.
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Figure 49. TGA thermogram with curves for the; (a): as-received and (b): vacuum dried lignin
samples.

The TGA thermogram demonstrates that the major degradation of all lignins took place in a

temperature range between 300-500 °C, with maxima at around 350 °C, as evidenced in the

105 | Page



curve. The TGA data is similar to what is reported in the literature for Kraft lignin, see Table 9.
The percentage decrease in weight for the as-received lignin sample from the TGA thermogram

is shown in Figure 50.
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Figure 50. TGA thermogram for the as-received lignin sample showing weight loss percentage
at each temperature interval.

The weight loss data for the as-received lignin sample at different temperature stages reflects the
thermal decomposition behaviour of lignin. Between 100-200 °C, a weight loss of 9.0% was
observed, which is likely due to the evaporation of absorbed moisture and the release of low-
molecular-weight volatiles (25,329). This initial loss reflects the removal of physically bound
water and small organic compounds. A smaller weight loss of 6.7% occurred between 200-300
°C, suggesting the onset of the breakdown of weakly bound functional groups such as hydroxyl
and methoxy groups, along with some early-stage thermal degradation of lignins side chains (see
Section 2.7.4.1). A significant weight loss of 17.6% was recorded between 300—400 °C,
indicating the primary degradation of lignin's structural components, including the cleavage of
ether and C—C bonds within the aromatic rings (292). This stage represents the most active

thermal decomposition phase. Between 400-500 °C, a weight loss of 12.8% occurred, which
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corresponds to further decomposition of aromatic rings and the formation of char, alongside the

release of gases such as carbon monoxide, carbon dioxide, and methane (408).

The weight loss reduced to 6.4% between 500-600 °C, indicating the slower degradation of
more thermally stable structures and the continued formation of char. A further weight loss of
4.2% between 600700 °C reflects the gradual breakdown of the remaining thermally stable
lignin components and the continued release of volatiles (25). Between 700—-800 °C, the weight
loss of 4.3% suggests the final stages of carbonisation, where the remaining organic material
decomposes, leaving behind a carbon-rich residue (467,468). The total weight loss of 61.0%
indicates that a significant portion of the lignin decomposes upon heating, with the remaining

residue primarily consisting of carbonaceous material formed through the charring process.

The percentage decrease in weight loss for the vacuum dried lignin sample from the TGA
thermogram is shown in Figure 51. The weight loss data for the vacuum-dried lignin sample
shows a slightly different thermal decomposition pattern compared to the as-received sample,
reflecting the effect of vacuum drying on lignins thermal stability.

Between 100-200 °C, the vacuum-dried sample exhibited a weight loss of 7.1%, which is lower
than the 9.0% recorded for the as-received sample. This reduction suggests that vacuum drying
effectively removed a portion of the absorbed moisture and low-molecular-weight volatiles prior
to testing. In the 200-300 °C range, the vacuum-dried sample showed a weight loss of 6.1%,
similar to the 6.7% seen for the as-received sample, indicating comparable early-stage
decomposition of functional groups and side chains. A significant weight loss of 17.5% was
observed between 300400 °C, comparable to the 17.6% recorded for the as-received sample,
reflecting the main thermal degradation phase where the breakdown of ether and C—C bonds
occur. Between 400-500 °C, the vacuum-dried sample showed a higher weight loss of 15.3%

compared to 12.8% for the as-received sample.

This suggests that the structural modifications caused by vacuum drying may have enhanced the
breakdown of more stable aromatic structures at this stage (25,467,468). The weight loss
decreased to 5.8% between 500—600 °C, slightly lower than the 6.4% seen for the as-received
sample, indicating a slower rate of degradation of the remaining stable structures. Between 600—
700 °C, the vacuum-dried sample lost 3.7% compared to 4.2% for the as-received sample,
showing slightly reduced decomposition of thermally resistant lignin components. After 600 °C,

the rate of weight loss slows, this phase likely involves dehydrogenation processes along with
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the generation of condensable gases (e.g., acetaldehyde, acetic acid) and non-condensable gases

(CO, CO»), leading to the progressive breakdown into char (467,468).
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Figure 51. TGA thermogram for the vacuum dried lignin sample showing weight loss percentage
at each temperature interval.

Dehydration of lignin and the thermal oxidative breakdown of lignin macromolecular chains, see
Figure 17, can also contribute to the weight loss. In the final stage, from 700-800 °C, the
vacuum-dried sample exhibited a weight loss of 3.1%, lower than the 4.3% for the as-received
sample, suggesting a more stable char formation due to the structural changes induced by
vacuum drying. The total mass loss for the vacuum-dried sample was 58.6%, slightly lower than
the 61.0% recorded for the as-received sample, indicating that vacuum drying enhanced thermal

stability by reducing the presence of volatile components and moisture within the lignin matrix.

In comparison with the work of previous researchers, such as Inam Khan and Bongkot Hararak
(404,405), whose TGA data also investigated Domtar lignin, the findings from the current
research align well with their observations. Both studies reveal similar thermal degradation
patterns and weight loss behaviours, supporting the reproducibility and consistency of thermal

profiles for Domtar lignin across different experimental setups.
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4.1.7. Gel permeation chromatography of lignin powder
GPC analysis of the lignin was conducted by the Science City Research Alliance at the

University of Warwick. The as-received lignin was pre-dried at 110 °C, ground, and sieved
before further processing. For thermal treatment, samples were heated in a vacuum oven at set
temperatures for 4 hours, followed by refluxing in DMF at 100 °C, 120 °C, or 140 °C for an

additional 4 hours prior to being sent to the University of Warwick for GPC analysis.

The molecular weight distribution of as-received and vacuum-dried lignin samples was analysed
using GPC, and the resulting chromatograms are shown in Figure 52, with corresponding values
for number-average molecular weight (M,), weight-average molecular weight (My ), and

polydispersity index (PDI) summarised in Table 14 (383,384).

Table 14. Molecular weight and polydispersity of lignin samples.

Lignin sample Mn (g/mol) My (g/mol) PDI (Mw/Mhn)
As-received 3047 5035 1.652
100 °C Vacuum
3051 5160 1.691
Dried
120 °C Vacuum
3137 5172 1.649
Dried
140 °C Vacuum
3179 5462 1.718
Dried

The as-received lignin exhibited an M, of 3047 g/mol and an My of 5035 g/mol, with a PDI of
1.652, indicating a broad molecular weight distribution typical of technical lignin. Upon vacuum
drying at 100 °C, a slight increase in My to 5160 g/mol was observed, with M, remaining nearly
unchanged at 3051 g/mol, resulting in a marginally broader PDI of 1.691. Further thermal
treatment at 120 °C and 140 °C led to continued increases in both My and My, values. Notably,
the sample treated at 140 °C showed the highest molecular weights (M, = 3179 g/mol and My =
5462 g/mol) and the widest distribution (PDI = 1.718), suggesting structural rearrangement of
lignin fragments at elevated temperatures. The GPC chromatograms support these observations,
showing a consistent shift of the main peak toward slightly higher molecular weights with
increasing drying temperature, along with a more pronounced high molecular weight shoulder in

the 140 °C-treated sample. This behaviour indicates potential thermal-induced cross-linking or
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aggregation (see Section 2.2.2), likely contributing to altered reactivity at higher treatment

temperatures (135).
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Figure 52. Molecular weight distribution traces for, (a): as-received lignin, (b): 100 °C
vacuum dried lignin, (c): 120 °C vacuum dried lignin and (d): 140 °C vacuum dried lignin.
Samples were all refluxed in DMF for 4 hours at 100 °C.

Previous members of the University of Birmingham research group, Bongkot Hararak (404) and
Inam Khan (405) investigated lignin fractionation methods and characterised as-received Domtar
lignin using GPC. The My, for as-received lignin was 6000 g-mol !, whilst the polydispersity
index was 2.22, similar to the values reported in this study. The molecular weight and PDI values
obtained in this study are also comparable to those reported in the literature for technical lignin
samples analysed by GPC, see Table 8 for reported My, My, and PDI literature values (80,403).
In conclusion, the GPC data show a clear trend of increasing molecular weight and
polydispersity in lignin with higher vacuum drying temperatures, likely due to thermal-induced

condensation or cross-linking reactions that enhance molecular cohesion.
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4.2.  Characterisation of lignin:PAN blend solutions in DMSO
To evaluate the properties relevant to fibre formation and electro-spinning, lignin:PAN blend

solutions in DMSO were characterised using SEM, shear viscosity rheology measurements, and
solution conductivity analysis. These techniques were employed to assess the morphology of
deposited fibres, the rheological behaviour and ionic characteristics of the solutions,

respectively.

4.2.1. Electro-spinning of lignin using DMSO
This chapter presents a technique for electro-spinning softwood Kraft lignin exclusively utilising

DMSO as the solvent, eliminating the necessity for polymer blending or chemical modification.
DMSO is not toxic when compared to conventional solvents documented in the literature (for
example, THF, DMF, DMACc), rendering it a safer and more environmentally friendly solvent
option (3). The electro-spinning process parameters were optimised to generate bead-free and
unfused lignin fibres, demonstrating the viability of utilising DMSO for electro-spinning neat

lignin.

Furthermore, aligned electro-spun lignin fibres were effectively generated with a specially
designed Vee-shaped polytetrafluorethylene “shield” that was co-located on a copper electrode.
This accomplishment fills a gap in the literature, as the generation of fibres from neat softwood
lignin using DMSO in a single-solvent system, has not been previously reported. Most prior
research has concentrated on hardwood Organosolv lignin solubilised in ethanol or toxic solvents
such as DMF (262), softwood lignin solvent blend systems in acetone (204), or softwood lignin
composites with polymers such as PEO (469), PAN (411), or PVA (35). Softwood lignin is
frequently deemed inadequate for spinning because of its insufficient viscoelasticity,

necessitating the incorporation of additional polymers (284,470).

Electro-spinning of lignin requires dissolving in a suitable solvent (471-473). Researchers have
routinely utilised DMF for this purpose, but its high toxicity and accompanying environmental
and health issues pose considerable problems (472,474). DMSO provides a safer option while
effectively facilitating lignin fibre production.

4.2.2. Selection of DMSO for electro-spinning

Previous work done by University of Birmingham researchers indicated that softwood Kraft
lignin is soluble in acetone; nevertheless, its utilisation in electro-spinning is constrained by
acetone's low boiling point (56 °C). The rapid evaporation of acetone was noted to induce the

solidification of lignin at the needle tip, so interrupting the electro-spinning process. This was
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solved by introducing a second co-solvent with a higher boiling point, DMSO. DMSO was used
as the secondary solvent because of its mutual solubility and compatibility with lignin and
acetone (204,404).

Following on, DMSO was chosen as the single-solvent for electro-spinning lignin in this study
due to its unique combination of properties that enhance the processes efficiency and
environmental safety. One of its key advantages is its high boiling point of 189 °C, which
significantly reduces the evaporation rate of the lignin solution during electro-spinning. This
ensures a stable spinning process compared to more volatile solvents, such as acetone, which as
aforementioned can interrupt the electro-spinning process, because of solution evaporation at
elevated temperatures.

In addition to its thermal properties, DMSO is a less toxic alternative to conventional solvents
like DMF and DMAc, which pose significant environmental and health hazards. By selecting
DMSO, the process aligns with greener and safer manufacturing practices while maintaining
excellent solubility with lignin. This compatibility allows for the dissolution of lignin without the
need for polymer blending or chemical modifications, simplifying the process and avoiding
complications from insoluble residues (202,425).

Furthermore, DMSO's high dielectric constant plays a crucial role in electro-spinning, as it
reduces the formation of beads, resulting in more uniform fibre production. Its low electrical
conductivity also facilitates the formation of a stable Taylor cone, essential for the continuous
expulsion of lignin jets during fibre formation (227,475). These characteristics make DMSO an
ideal solvent for electro-spinning lignin alone, supporting the development of a simpler and more
sustainable method for fibre production.

Table 15 illustrates the solvents that are frequently referenced in the literature for electro-
spinning lignin, including DMF and DMAc, which exhibit toxicity. DMSO was advantageous in
that the solvent mitigates the health and environmental hazards linked to hazardous solvents.
DMSO provides benefits due to its reduced electrical conductivity and elevated dielectric
constant relative to DMF. Solvents with elevated dielectric constants can significantly diminish
bead production during electro-spinning (175,227). Nevertheless, additional parameters,
including solution viscosity, surface tension, temperature, electrical conductivity, and dielectric

constant, may also affect bead formation during electro-spinning, as discussed in Section 2.4.2.
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Table 15. Solvents used for electro-spinning lignin and their selected properties (175).

Solvents | Toxicity* | Hansen Solubility | Boiling | Surface Electrical | Dielectric

Parameter 0u point tension | conductivity | constant
(MPal?) (°C) | (mN.m) | (uS/cm)
Acetone @@ 7.0 56 23.3 5x10° 20.6
DMSO Not 10.2 189 43.7 2x10° 46.6

hazardous

DMF @ 11.3 153 35.0 6x 107 20.6

DMAc @ 10.2 166 34.0 2x10° 37.8

Ethanol @@ 19.4 78 22.3 1x10° 22.4

*Toxicity hazard symbols: :Serious health hazard, @:Flammable, @:Health hazards.

4.2.3. Transition from lignin:PAN blend to neat lignin electro-spinning in DMSO
The development of a method for electro-spinning neat lignin in DMSO was preceded by studies

involving a 50:50 blend of lignin and PAN in the same solvent. This initial research phase aimed
to address concerns regarding the processability of lignin as a standalone material for fibre
production. PAN, known for its excellent viscoelastic and electro-spinnability properties, served
as a model polymer to validate the potential of electro-spinning of neat lignin in DMSO. The
successful production of lignin:PAN fibres confirmed the compatibility of DMSO as a solvent
and the suitability of lignin as a precursor material when supported by a well-established
polymer like PAN.

Building on the research group's previous work with lignin:PAN blends, this study strategically
shifted towards a higher lignin content. Initial studies focused on electro-spinning lignin:PAN
blends at a 30:70 polymer ratio, leveraging PAN's superior spinnability to ensure fibre formation
and stability.

In the current work, the proportion of lignin was increased from 30% to 50% in the lignin:PAN
blend, aiming to further evaluate the material's processability and behaviour at higher lignin
concentrations. This transition was motivated by a desire to explore lignin's potential as a major
fibre-forming component and to better understand its influence on fibre morphology and
properties. The shift towards a 50/50 ratio not only provided insights into the compatibility of

lignin with PAN but also allowed the study to assess whether lignin's inherent viscoelasticity
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could sustain fibre formation under electro-spinning conditions with reduced reliance on
synthetic polymers.

The findings from the 50/50 lignin:PAN electro-spinning experiments served as a stepping stone
towards the goal of electro-spinning neat lignin fibres in DMSO, by then increasing the lignin
content in the blend to 70%. By first demonstrating the feasibility of high lignin content in
blends, this approach reduced the risk of process failure in transitioning to neat lignin, ensuring
that both material properties and electro-spinning parameters could be optimised in a systematic
and informed manner. This progression highlights the methodical approach of the study, moving
incrementally from polymer blends to neat lignin fibres while refining techniques and
understanding of lignin's spinnability.

Encouraged by these results, the research shifted focus to electro-spinning neat lignin in DMSO.
This decision was driven by the goal of simplifying the fibre production process and avoiding the
use of additional polymers. Neat lignin electro-spinning eliminates the need for blending, thus
showcasing lignin's potential as an independent precursor material for fibre formation. The
transition from a lignin:PAN blend to neat lignin also aligns with efforts to develop sustainable,
single-component systems that reduce complexity and environmental impact.

By demonstrating that DMSO could effectively dissolve and support the electro-spinning of
lignin, the research not only validated the use of this solvent but also advanced the understanding
of lignin's viscoelastic properties and its capability for fibre production without reliance on

synthetic polymers.

4.2.4. Electro-spinning of lignin:PAN blends in DMSO
PAN, a crude oil derivative, is the major precursor for carbon fibre synthesis (292). Lignin:PAN

composites are significant as a largely renewable carbon fibre precursor material. Solutions were
formulated using softwood Kraft lignin, PAN, and the non-toxic solvent DMSO. Nanofibres
were produced using traditional electro-spinning techniques, followed by the application of an
innovative Vee-shield technology to align the fibres (19). The addition of lignin to PAN/DMSO
solutions reduced viscosity and enhanced conductivity, altering the homogeneity of the electro-
spinning jet and fibre morphology. Highly aligned fibres were obtained from 30:70, 50:50, and
70:30 lignin:PAN blends by altering polymer blend content and processing conditions.
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To begin with randomly deposited fibres of pure PAN in DMSO, % (w/v) of PAN in the solvent
being 12% (w/v) and 14% (w/v), respectively, were generated via electro-spinning, as shown
below in Figure 53. These PAN fibres were produced mostly bead free; beads were removed by

increasing the polymer concentration from 12% (w/v) to 14% (w/v) in DMSO.
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Figure 53. SEM micrographs of randomly deposited PAN fibres of (a): 12% (w/v) and (b): 14%
(w/v) in DMSO alone.

Since it was found that increasing the polymer content reduced bead formation in electro-spun
fibres, the following batch of lignin:PAN blend solutions to be electro-spun in DMSO were
made at polymer concentrations of 14% (w/v) and 20% (w/v) of PAN in DMSO. To begin with,
solutions were produced at polymer ratios of 30:70 lignin:PAN in DMSO and then 50:50
lignin:PAN in DMSO.

Figure 54 (a) and (b) are the micrographs for the 30:70 lignin:PAN blend polymer concentrations
of 14% (w/v) in DMSO and 20% (w/v) in DMSO, respectively. As the polymer concentration

was increased the number of droplets reduced on the fibre mat.
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Figure 54. SEM micrographs of randomly deposited 30:70 lignin: PAN fibres in DMSO, of (a):
14% (w/v) and (b): 20% (w/v) polymer concentration.

Droplet formation was due to jet instability during the electro-spinning process leading to
electro-spraying, this was reduced by increasing polymer concentration in the electro-spinning
solution.

Droplet formation observed in the lower polymer concentration solution more closely resembled
electro-spraying than fibre formation. This behaviour is likely due to insufficient chain
entanglement and may also reflect partial material separation within the syringe during spinning,
particularly if the solution had aged or remained in the tube for an extended period. Such
instability can contribute to bead formation and poor fibre morphology. Following on, the lignin
polymer concentration was increased in the electro-spinning solutions to a polymer blend of
50:50 lignin:PAN. Figure 55 (a) and (b), are the micrographs for the 50:50 lignin:PAN blend
polymer concentrations of 14% (w/v) in DMSO and 20% (w/v) in DMSO, respectively.
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Figure 55. SEM micrographs of randomly deposited 50:50 lignin: PAN fibres in DMSO, of (a):
14% (w/v) and (b): 20% (w/v) polymer concentration.
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As seen in the previous lignin:PAN blend of 14% (w/v), when the polymer concentration was
increased the number of droplets reduced on the fibre mat. Droplet formation was also due to
lack of homogeneity in the solution but is far less prevalent here in the 50:50 lignin:PAN
solutions compared to the above 30:70 lignin:PAN solution at 14% (w/v) polymer concentration
in DMSO.

Subsequently, the lignin ratio was increased further to 70:30 lignin:PAN. It was decided to adopt
the 20% (w/v) polymer concentration in DMSO for subsequent experiments to avoid droplet
formation as seen in for Figure 55 the 14% (w/v). Smooth, randomly oriented fibres were
produced from the 70:30 lignin:PAN in DMSO solution 20% (w/v) polymer concentration, with

no prevalent bead or droplet formation, as shown in Figure 56.
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Figure 56. SEM micrograph of randomly deposited, 70:30 lignin:PAN fibres in DMSO of 20%
(w/v) polymer concentration.

\

The fibres generated from a 14% (w/v) neat PAN solution exhibited smoothness, uniformity, and
an absence of beads, the average fibre diameter was 451 nm, in accordance with findings from
Shao et al., (19). Uniform and bead-free lignin:PAN fibres were similarly obtained with lignin
content reaching 30%, while the overall polymer concentration remained constant. Raising the
polymer concentration from 14 to 20% (w/v) resulted in an increase in average fibre diameter
from 321 £+ 76 nm to 425 + 58 nm (see Table 16). At a lignin content of 50% and an overall
polymer concentration of 14% (w/v), the emergence of beaded fibres was observed,

accompanied by an increased distribution in fibre diameter to 586 nm.
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Table 16. Average fibre diameter of randomly deposited lignin:PAN electro-spun fibres.

Polymer blend
(lignin:PAN ratio, 0:100, | 0:100, | 30:70, | 30:70, | 50:50, | 50:50, | 70:30,
polymer 12% 14% 14% 20% 14% 20% 20%
concentration in (W/v) (W/v) (W/v) (W/v) (W/v) (W/v) (W/v)
DMSO, % (w/v))
Mean fibre diameter
338 451 321 425 586 689 689
(nm)

Bead formation is generally ascribed to inadequate molecular entanglement and the extensibility

of polymer blends (243,461). The morphology and diameter of fibres are affected by the

whipping behaviour of the jet (476). PAN, characterised by its long, linear molecular structure,

can be readily elongated into thin fibres during the jet whipping process (477). The incorporation

of lignin, which has its intricate ring and branched structures, enhances entanglement and

diminishes stretchability. The blend can still be extruded into stretched fibres via electro-

spinning; however, lignin restricts the reduction of fibre diameter and encourages bead

formation.
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4.2.5. Observed defects in randomly deposited fibres
The main observable defect in electro-spun lignin:PAN fibres at low overall polymer

concentration is the formation of beads on the fibres, as illustrated in Figure 57. The removal of

beads was achieved by increasing the overall polymer content in the solution.
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Figure 57. Beaded lignin:PAN electro-spun fibres on A: 0:100, 12% (w/v), B: 50:50, 14%
(w/v) and 50:50, 20% (w/v).

The addition of lignin significantly disrupted jet stability, frequently resulting in electro-
spraying, as seen in Figure 58.

The overall lignin polymer content was increased to manage this for the 20% (w/v) polymer
concentration solution blends. Defect-free fibres were produced from the following lignin:PAN

ratios: 0:100, 14% (w/v), 30:70, 14% (w/v), 50:50, 14% (w/v), and 70:30, 20% (w/v).
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Figure 58. Electro-sprayed fibres of lignin: PAN blend 30:70, 20% (w/v) polymer concentration
in DMSO.

Fibre fusing was observed in certain lignin:PAN electro-spun samples, where individual fibres
joined at their intersections, forming fused regions, as shown in Figure 59. In the micrograph the
fibres merge at a contact point due to unstable electro-spinning conditions (478).

This phenomenon was particularly prevalent in fibres produced from solutions with lower
viscosity. During the electro-spinning process, lower-viscosity solutions exhibited unstable jet
behaviour, leading to frequent jet breakage and the formation of droplets (234,238). These
droplets, upon deposition onto the collected fibres, either partially dissolved the existing fibres or

facilitated fusion at contact points, where individual fibres were no longer distinct, as seen in
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Figure 59. Fusing of electro-spun lignin:PAN fibres, 50:50, 20% (w/v).

The extent of fibre fusing was influenced by several key parameters, including solution viscosity,

polymer concentration, applied voltage, and ambient humidity (284,466). Lower-viscosity
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solutions generally led to higher instances of jet breakage, increasing the likelihood of droplet
formation and subsequent fibre fusion. In contrast, higher-viscosity solutions produced more

stable jets, reducing the occurrence of fused fibres (see Section 4.2.7).

4.2.6. Fibre alignment using the Vee-shield method
A novel method for producing highly aligned electro-spun fibres has been developed at the

University of Birmingham, utilising a polytetrafluoroethylene (PTFE) Vee-shaped shield (19).
This Vee-shield technique effectively aligned PAN fibres on both static and continuously
hauled-off substrates. By optimising blend composition and processing parameters, highly
aligned fibres were successfully produced from 30:70, 50:50, and 70:30 lignin:PAN blends are
shown in Figure 60.
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Figure 60. Vee-shield alignment of (a): 30:70, 14% (w/v), (b): 50:50, 14% (w/v), (c): 50:50,
20% (w/v) and (d) 70:30, 20% (w/v).

The fibre diameter was observed to increase with rising lignin content in the aligned lignin:PAN

electro-spun fibres, as can be seen in Table 17, a trend consistent with the behaviour of the

randomly oriented fibres. The lignin:PAN 30:70, 14% (w/v) sample, which contained the lowest
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lignin concentration, exhibited the smallest average fibre diameter (312 nm). As lignin content
increased in the blends, the fibre diameter progressively increased, with lignin:PAN 30:70, 20%
(w/v) at 378 nm, lignin:PAN 50:50, 14% (w/v) at 535 nm, and the highest lignin content aligned
sample, lignin:PAN 70:30, 20% (w/v), reaching an average diameter of 639 nm.

Table 17. Average fibre diameter of aligned lignin: PAN electro-spun fibres

Polymer blend

(lignin:PAN ratio,
30:70, 14% 30:70, 20% 50:50, 14% 70:30, 20%

polymer (W/v) (W/v) (W/v) (W/v)

concentration in

DMSO, % (w/v))

Mean fibre diameter
312 378 535 639

(nm)

Additionally, higher lignin content enhances solution conductivity (see Section 4.2.7), which can
influence charge distribution and jet stability, further contributing to diameter variations. This
trend mirrors observations in the random fibre samples, where increased lignin content similarly
led to thicker fibres, suggesting that the fundamental influence of lignin on solution properties
affects both aligned and random fibre morphologies in a comparable manner. However, despite
the increase in diameter, alignment was still maintained in the structured fibres, indicating that
the Vee-shield method was effective in directing fibre deposition even as solution properties
changed.

All lignin:PAN blends processed using the Vee-shield method exhibited significant fibre
alignment. Increased lignin concentrations resulted in a broader distribution of fibre alignment.
This may result from the enhanced conductivity of the solutions and the decreased viscosity
(236).

The highest degree of alignment was observed in the lignin:PAN 30:70, 14% (w/v) blend, where
more than 90% of fibres were oriented within 5 degrees of the mean fibre direction. Other blends
showed slightly broader angular distributions, but in all cases, over 90% of fibres remained

aligned within 10 degrees (Table 18).
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Table 18. Fibre alignment distribution percentage using Vee-shield method of lignin:PAN fibres.

Polymer Blend
<1° 1°-2° 20-3° 3°-5° 5°-10° | 10°-20° | 20°-45° | 45°-90°
(Lignin:PAN)
30:70, 14%
53.5 23.9 9.1 5.7 1.9 3.8 0.9 1.3
(w/v)
50:50, 14%
20.5 25.5 19.2 16.6 9.9 5.0 2.0 1.3
(w/v)
50:50, 20%
25.8 18.2 19.9 18.2 11.9 2.6 1.3 2.0
(w/v)
70:30, 20%
28.1 21.9 14.6 16.9 9.9 5.0 23 23
(w/v)

As the lignin content in the blend increased, so did the appearance of beads within the aligned
fibres, as can be seen in Figure 60. This beading effect was particularly noticeable in higher
lignin ratio blends, such as 70:30 lignin:PAN, where the fibre morphology exhibited a greater
frequency of bead-like structures along the fibre length. The increase in lignin concentrations can
lead to increased charge density variations and reduced chain entanglement, causing instability in
the jet and promoting bead formation (43,479). Lignin's inherent conductivity may play a minor
role in phase separation during electro-spinning, but bead formation is more likely driven by
differences in solubility and viscosity between lignin and PAN in DMSO (252,480). At the 70:30
lignin:PAN ratio, phase separation was readily observable, with the solutions containing clumps
of' a more viscous material dispersed within a less viscous continuous phase. This phase
separation indicates that lignin and PAN exhibit limited miscibility at this ratio, resulting in
localised lignin-rich domains within a PAN-dominant matrix. The thermodynamic
incompatibility between the two polymers, combined with potential differences in their solvation
dynamics in DMSO, may lead to microphase separation. This heterogeneity can destabilise the
electro-spinning jet, promoting defects such as bead formation and variations in fibre diameter
(172,237,481). These results highlight the effectiveness of the Vee-shield method in achieving
controlled fibre orientation. The observed variations in alignment across different blends suggest
that lignin content influences fibre deposition dynamics, due to differences in viscosity, charge

retention, and solvent evaporation rates when blended with PAN.
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4.2.7. Lignin:PAN solution characterisation
Figure 61 shows the solution shear viscosity at 100 s™! shear rate of the lignin:PAN blend

solutions in DMSO measured at both 25 °C and 55 °C, highlighting the effects of polymer
composition, total polymer concentration, and temperature on solution flow behaviour. Viscosity
measurements for the lignin:PAN solutions were conducted as single-run experiments for each
formulation; consequently, no error bars are included in the reported data. As anticipated, most
formulations exhibited a decrease in viscosity with increasing temperature, due to enhanced
chain mobility and reduced solvent viscosity at 55 °C (473). However, an anomaly was observed
for the lignin:PAN 30:70 (14 % (w/v)) blend, where viscosity increased slightly from 8.13 Pa‘s
at 25 °C to 9.89 Pa-s at 55 °C.

9.89

10 m(a)25°C wm(b)55°C

3.59
1.57
L - O o8

30:70(14) 50:50(14) 50:50 (20) 70:30(20) 100:0 (50)
Lignin:PAN blend (total polymer % (w/v) in DMSO)

Figure 61. Lignin:PAN blend solution shear viscosity at; (a): room temperature (25 °C) and (b):
electro-spinning chamber temperature (55 °C).
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For all other blends, the viscosity decreased substantially at the electro-spinning chamber
temperature of 55 °C. The lignin:PAN 50:50 blend at 14 % (w/v) dropped from 3.59 to 1.57 Pa-s,
and at 20 % (w/v) from 5.64 to 2.38 Pa‘s. The lignin:PAN 70:30 (20 % (w/v)) blend showed a
significant reduction from 1.64 to 0.29 Pa-s, suggesting that higher lignin content supports
efficient viscosity reduction with temperature, potentially enhancing spinnability at elevated
chamber temperatures. The viscosity of the neat lignin solution (100:0 at 50 % (w/v)) also

decreased markedly from 0.17 Pa-s to 0.08 Pa-s.
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Increasing the lignin:PAN ratio in polymer blend solutions containing DMSO resulted in a
reduction of solution shear viscosity, as shown in Figure 61. The reduction in solution shear
viscosity can be attributed to the significant molecular weight disparity between PAN (230,000
g/mol) and lignin (5,000 g/mol) which results in a stark contrast in chain entanglement, with
lignin exhibiting much lower entanglement density (466,482). Raising the total polymer
concentration in the solution from 14% (w/v) to 20% (w/v) resulted in an approximate 30%
increase in solution viscosity; from 1.57 Pa.s to 2.38 Pa.s for the 50:50 polymer blend solutions.
At elevated lignin concentrations and reduced viscosity, the electro-spinning jet exhibited
complete instability, resulting in the absence of a Taylor cone. No charged jet was present, and
the solution was electro-sprayed (as seen in Figure 58). These solutions necessitated reduced
feed rates to avoid dripping onto the fibre mat (as seen in Figure 59) and decreased applied
voltages for stabilisation.

The solution conductivity of lignin:PAN blends, prepared in DMSO with varying polymer
compositions and concentrations, is presented in Figure 62. The conductivity values for the
lignin:PAN solutions were obtained by taking five individual measurements for each sample and
reporting the averaged result to ensure accuracy and minimise experimental variability. A clear
trend of increasing conductivity with higher lignin content was observed, highlighting lignin’s

contribution to the ionic strength of the solution.
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Figure 62. Lignin:PAN blend in DMSO solution conductivity, measured at 25 °C.
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The pure PAN solution (0:100 blend, 14 % (w/v)) exhibited the lowest conductivity at

20.00 puS/cm, consistent with PAN’s insulating nature and lack of ionisable functional groups
(220). Introducing lignin into the blend led to a progressive rise in conductivity: the 30:70 blends
showed values of 45.00 uS/cm and 54.70 uS/cm for 14 and 20 % (w/v) total polymer content,
respectively, while further increasing lignin to a 50:50 ratio raised the conductivity to

57.60 uS/cm (14 % (w/v)) and 100.60 uS/cm (20 % (w/v)). The solution electrical conductivity
increased with the overall polymer concentration, in accordance with similar trends which have
been reported (19).

This trend suggests that not only does lignin contribute polar and potentially ionisable groups
(e.g., phenolic hydroxyls and carboxylic acids seen in Figure 8), but that overall polymer
concentration also enhances charge transport in the solution (243,483). Higher lignin
concentration blends at 50:50 and 70:30 compositions (20 % (w/v)) yielded conductivities
exceeding 100 uS/cm, with values of 100.60 and 102.95 uS/cm, respectively.

The highest conductivity was observed for neat lignin solutions, measuring 117.45 uS/cm (50 %
(w/v)) and 136.76 uS/cm (100 % (w/v)). These values are significantly higher than those of any
PAN-containing blends and highlight lignin’s strong contribution to solution conductivity
(219,480). This elevated conductivity is advantageous for electro-spinning, as it enhances jet
stability and fibre formation through increased charge carrying capacity (213,227).

In DMSO, lignin’s phenolic (-OH) and carboxyl (-COOH) groups can deprotonate, forming
negatively charged species such as phenolates (Aromatic-O~) and carboxylates (R-COO"), which
increase the availability of mobile charge carriers (484). Additionally, lignin often retains
residual metal ions (e.g., Na*, K*, Ca*") from its isolation process, which act as mobile
counterions, further promoting ionic dissociation and charge mobility (204,404).

The presence of highly polar functional groups in lignin (485) enhanced the conductivity of the
polymer solution by acting as a more effective charge carrier. In contrast, PAN alone contributes
less to solution conductivity, as it lacks these conductive functional groups; unlike lignin, which
contains phenolic (-OH), carboxyl (-COOH), and aromatic n-conjugated systems which enhance
charge transport and thus increase solution conductivity (271,477).

Highly conductive solutions necessitated experimental adjustments of spinning parameters,
including voltage, feed rate, and working distance, to stabilise the Taylor cone jet which was

obtained by trial and error during the experimental process. Higher conductivity solutions (100
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uS/cm and above) typically necessitate applied voltages ranging from 4-8 kV, whereas less

conductive solutions require voltages between 10-16 kV.

4.2.8. Lignin:PAN blend immiscibility
Polymer blend instability occurs when immiscible polymers separate or phase-separate due to

factors like differences in viscosity, molecular weight and temperature sensitivity leading to a
loss of uniformity and desired properties (486,487). Lignin:PAN blends demonstrated
immiscibility characterised by a sea-island phase structure (488). Immiscibility in lignin:PAN
solution blends resulted from inherent differences in chemical structures, solubility parameters,
and intermolecular interactions among lignin, PAN, and the DMSO solvent. Lignin is an
amorphous, highly branched polyphenolic polymer characterised by substantial hydrogen
bonding capacity, while PAN is a linear synthetic polymer exhibiting strong dipole-dipole
interactions attributed to its nitrile groups. The differences in molecular architectures and
polarity may result in inadequate miscibility when combined in a common solvent like DMSO
(284,285).

At reduced lignin concentrations, PAN demonstrates the ability to solvate and disperse lignin,
resulting in a relatively uniform solution. As lignin content increases, its strong self-associating
properties, influenced by hydrogen bonding and n-n interactions, may result in phase separation,
creating lignin-rich domains within the PAN-rich matrix (489). This phenomenon appears as
visible aggregates or clumps of highly viscous lignin distributed within a less viscous PAN-rich
phase. Phase separation is significantly affected by factors such as polymer concentration,
temperature, and solvent interactions (490). Increased temperatures can enhance solubility by
promoting molecular motion; however, as the solution cools or solvent evaporates during
electro-spinning, phase separation may become more evident, influencing fibre morphology
(284).

Phase separation in electro-spinning solutions can result in defects, including beading, variations
in fibre diameter, and inconsistent alignment, because it causes uneven distribution of the
components, disrupting the solution's viscosity and surface tension, which in turn affects the
stability and uniformity of the electro-spinning process (218,491). Increasing the lignin
concentrations lead to electro-spraying, as seen in Figure 58, the formation of beaded fibres, as
seen in Figure 57, or fused fibres as seen in Figure 59. Lignin:PAN blends exhibit phase

separation above a 50:50 ratio, requiring continuous agitation to maintain solution homogeneity.
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At 70% lignin in the polymer blend, the random fibres exhibited no defects, whereas the aligned
fibres displayed beading. Establishing a steady jet in the electro-spinning system typically led to
improved fibre morphology, this was done by running the electro-spinning at set conditions for 5
minutes prior to collecting fibres for analysis. The random fibre samples were generated
following set-up runs, during which the jet had sufficient time to stabilise. The spinning time of

the Vee-shield is significantly reduced due to its smaller substrate area.

The random fibres were consistently generated prior to the aligned fibres. The solutions typically
necessitate mixing immediately prior to loading into the syringe for spinning to ensure a stable
jet and uniform fibres. The incorporation of a magnetic stirring mechanism into the syringe
would facilitate solution mixing during rotation, representing a pragmatic advancement for scale-

up processes.

4.2.9. Lignin:PAN electro-spinning conclusions
Electro-spinning of lignin:PAN blends at a 70:30 ratio resulted in the production of randomly

deposited and aligned fibres. Experimental adjustments to solution composition, processing
methods, and spinning parameters successfully stabilised the Taylor cone jet across tested blend
ratios. Increasing the lignin content in the lignin:PAN ratio from 0:100 to 100:0 resulted in an
increase in both solution conductivity and solution viscosity. Lignin:PAN blends demonstrate
phase separation at ratios exceeding 50:50, necessitating continuous agitation to avert phase
separation. Additionally, increasing the lignin:PAN ratio from 0:100 to 70:30 resulted in a 103%
increase in fibre diameter; from 338 nm to 689 nm. Aligned nanofibres were successfully
produced from lignin:PAN blends at a 50:50 ratio without fibre defects using the Vee-shield
method. Beaded fibres were spun from a 70:30 blend with alignment. 90% of all fibres were

aligned within 10° of the mean measured aligned fibre direction.

4.3. Characterisation of neat lignin solutions in DMSO
The lignin/DMSO solutions were characterised using viscosity and conductivity measurements

to assess their flow behaviour and ionic properties, respectively.

4.3.1. Rheology of neat lignin in DMSO solutions
Rheological measurements were conducted to assess the shear viscosity of polymer solutions of

lignin dissolved in DMSO, providing insights into the flow behaviour of the solutions under
different shear rates. Viscosity measurements for the lignin/DMSO solutions were conducted as
single-run experiments for each formulation; consequently, no error bars are included in the

reported data. Understanding the rheological properties of lignin solutions is critical for
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optimising the electro-spinning process and producing defect-free fibres (492,493). The viscosity
of the polymer solution plays a fundamental role in the electro-spinning process, as it directly
affects fibre formation and morphology (494). If the viscosity is too low, the solution may
produce beads instead of continuous fibres (see Section 2.4.2). Conversely, if the viscosity is too
high, it can limit the stability of the jet, making fibre formation difficult and potentially leading
to clogging and irregular deposition (17,495). Measuring the shear viscosity of lignin solutions
allows for the identification of the optimal viscosity range for electro-spinning, ensuring the
formation of continuous, bead-free neat lignin fibres.

5.2.1.1. Viscosity of 50-90% (w/v) lignin DMSO solutions

Lignin DMSO solution shear viscosities were measured using a HR-1 Discovery Hybrid
Rheometer at room temperature. This section presents the rheological characterisation of neat
lignin solutions in DMSO, with shear viscosities measured at room temperature for a series of
increasing lignin concentrations; 50 % (w/v), 60 % (w/v), 75 % (w/v), 80 % (w/v), and 90 %
(w/v), respectively. The shear viscosity of the lignin polymer solutions (50, 60, 75, 80 & 90%
(w/v)) at 25 °C are shown in Figure 63. The data demonstrated an increase in solution shear
viscosity with increasing lignin concentration, from lignin polymer concentrations 50 to 90%

(w/v) in DMSO, at a shear rate of 100 s7!.
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Figure 63. Lignin DMSO solution shear viscosity at room temperature for 50, 60, 75, 80 and
90% (w/v) solutions respectively
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The viscosity increased from 0.17 Pa-s at 50% (w/v) to 3.68 Pa-s at 90% (w/v), reflecting a rapid
rise in solution resistance to flow as the lignin content increased. This trend indicated that higher
lignin concentrations lead to greater intermolecular interactions and entanglements within the

solution, contributing to increased viscosity.

Lower viscosity at 50—-60% (w/v) may result in insufficient chain entanglement, leading to bead
formation rather than continuous fibre formation during electro-spinning, as seen in the
micrographs for the 50% (w/v) electro-spun sample (Figure 68). At higher concentrations (75—
90% (w/v)), the increased viscosity suggests stronger molecular interactions and network
formation, which can stabilise the electro-spinning jet and facilitate the formation of smooth,
uniform fibres (see Figure 70).

5.2.1.2. Viscosity of 100% (w/v) lignin DMSO solutions

This section details the rheological characterisation of neat lignin solutions in DMSO at 100 %
(w/v), each subjected to a four-hour reflux heat treatment at set temperatures of 80 °C, 100 °C,
120 °C, 140 °C, and 160 °C. Shear viscosities were measured at 55 °C to simulate the

temperature conditions within the electro-spinning chamber, data shown in Figure 64.
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Figure 64. Sweep viscosity at 55 °C for the 100% (w/v) lignin DMSO refluxed solutions at
each of the 5 set temperatures (80 °C, 100 °C, 120 °C, 140 °C, and 160 °C).
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The data demonstrates a gradual increase in viscosity with increasing reflux temperature from 80

°C to 160 °C, rising from 1.35 Pa-s at 80 °C to 4.24 Pa-s at 160 °C. This increase reflects the
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effect of thermal treatment on lignins molecular structure, where higher reflux temperatures will
enhance solution viscosity (286,496). A similar trend was observed in the room temperature
viscosity measurements, where the solutions demonstrated higher viscosities (~28 Pa-s),
reflecting the decreased mobility of lignin chains at lower temperatures (273). In the context of
electro-spinning, a viscosity of 2.88-3.80 Pa-s (at 120-140 °C reflux), provided optimal
conditions for fibre formation, ensuring sufficient chain entanglement for jet stability while

avoiding resistance to flow, which could otherwise cause jet breakage or fibre defects (492,497).

The viscosity ramp data shows a decrease in viscosity as the temperature increases from 25 °C to
65 °C. This reduction reflects the enhanced molecular mobility of lignin chains at elevated
temperatures, which reduces intermolecular interactions and chain entanglement, thereby
lowering solution viscosity (473). This trend helps explain why the 100 % (w/v) lignin/DMSO
solutions could only be electro-spun at elevated temperatures; pre-heating the electro-spinning
chamber to 55 °C reduces the solution viscosity sufficiently to enable stable jet formation and
uniform fibre production, which was not achievable at room temperature (273). The shear ramp
data for the lignin/DMSO reflux solutions is presented in Figure 65, illustrating the variation in

viscosity with shear rate following thermal treatment at different reflux temperatures.

As shown in Figure 65, the viscosity of the 120 °C and 140 °C refluxed lignin solutions decrease
from approximately 28 Pa-s at room temperature to around 2 Pa-s at 65 °C, highlighting the
temperature-dependent thinning effect (498). Notably, the lignin solutions subjected to higher
reflux temperatures, at 160 °C, exhibited progressively lower viscosities at all measurement
points, from 13Pa.s at room temperature to around 1 Pa-s at 65 °C, which could indicate
significant structural changes induced by thermal treatment (456). The viscosity ramp data
revealed an inverse relationship between temperature and solution viscosity for lignin/DMSO
systems. Across all samples, including the 80 °C and 100 °C refluxed samples, ramp viscosity
decreased with increasing temperature (237). The trend observed in Figure 65 closely follows the
behaviour predicted by the Arrhenius equation, where viscosity decreases with increasing

temperature due to the thermally activated nature of molecular flow (326).
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Figure 65. Viscosity of lignin DMSO solutions during temperature ramp 25 °C to 65 °C for the

(a): 120 °C, (b): 140 °C and (c) 160 °C refluxed samples.

The rheological characterisation of lignin DMSO solutions provided valuable insights into the
influence of concentration, thermal treatment, and temperature on solution viscosity, which are
critical for optimising the electro-spinning process (17,233). The increase in viscosity with rising
lignin concentration from 50 % (w/v) to 90 % (w/v) is primarily due to the greater amount of
polymer present in solution, which promotes increased intermolecular interactions and chain
entanglements. These effects are crucial for stabilising the electro-spinning jet and facilitating

the formation of uniform, bead-free fibres (17,233).

The effect of thermal treatment was also evident, with refluxed 100% (w/v) lignin DMSO
solutions showing an increase in viscosity with increasing reflux temperature from 80 °C to 160
°C. This increase suggests that higher reflux temperatures lead to greater chain entanglement and
enhanced solution viscosity (237). Optimal electro-spinning performance was observed at
solution viscosities; 2.88-3.80 Pa-s, for solutions refluxed at 120-140 °C, where sufficient chain

entanglement stabilises the jet without excessive flow resistance (4,243).

Temperature-dependent viscosity ramp measurements further demonstrated a consistent decrease
in viscosity with increasing temperature from 25 °C to 65 °C, reflecting enhanced molecular

mobility and reduced chain interactions at elevated temperatures (247). This explains the
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improved electro-spinning performance at 55 °C, where reduced viscosity allows for smoother
jet formation and improved fibre morphology. The rheological data therefore highlights the
importance of carefully tuning lignin concentration, solution temperature, and electro-spinning

chamber temperature to achieve consistent, bead-free neat lignin fibre production.

4.3.2. Electrical conductivity of neat lignin in DMSO solutions
Conductivity measurements were conducted to evaluate the electrical properties of lignin DMSO

solutions, which are important for understanding their behaviour during electro-spinning.
Electro-spinning relies on the application of a high voltage to generate a charged jet from the
polymer solution, and the conductivity of the solution directly influences the stability and
formation of the jet (227). Higher solution conductivity improves the charge-carrying capacity of
the electro-spinning fluid, enabling more efficient charge transfer and stronger electrostatic
stretching forces during jet formation. This promotes jet elongation and thinning, resulting in
finer, more uniform fibres and reduced bead formation (see Section 2.4.2) (461,499). In contrast,
low conductivity limits charge mobility, weakening the stretching forces and often leading to

bead defects or inconsistent fibre morphology due to insufficient jet stability (4,213,245).

The conductivity of lignin DMSO solutions was tested at room temperature (25 °C) and the
electro-spinning temperature (55 °C) to investigate the effect of temperature and thermal
treatment on solution conductivity. The conductivity values for the lignin/DMSO solutions were
obtained by taking five individual measurements for each sample and reporting the averaged
result to ensure accuracy and minimise experimental variability. The solutions tested were
prepared from lignin that had been refluxed separately at different temperatures (80 °C, 100 °C,
120 °C, 140 °C, and 160 °C) to assess whether thermal treatment influences the solution

conductivity of the resulting solutions.

The electrical conductivity of pure DMSO was measured over a range of temperatures from 25.4
°C to 79.4 °C to establish a baseline for comparison with lignin DMSO solutions, shown in

Figure 66.
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Figure 66. Electrical conductivity of pure DMSO measured from 25 °C to 79 °C.

The data shows a positive correlation between temperature and conductivity, with conductivity
increasing progressively from 1.14 uS/cm at 25.4 °C to 4.14 uS/cm at 79.4 °C. This trend
reflects the enhanced ionic mobility and reduced viscosity of DMSO at higher temperatures,
which facilitate improved charge transport. The gradual increase in conductivity with
temperature is consistent with the known behaviour of solvents, where thermal energy promotes
the dissociation of ionic species and reduces intermolecular interactions, allowing for easier ion
movement (219). A notable increase in conductivity is observed above 54.4 °C (2.15 uS/cm),

which aligns with the reduction in viscosity at elevated temperatures (see Section 4.3.1).

This baseline data indicates that increasing the temperature of lignin DMSO solutions during
electro-spinning is expected to similarly increase solution conductivity. The improved
conductivity at higher temperatures would enhance the stretching and thinning of the charged
polymer jet during electro-spinning, contributing to better fibre formation and reducing the
likelihood of bead formation (see Section 2.4.2) (17,495). Consequently, the increase in
conductivity with temperature observed in the lignin DMSO solutions can be partly attributed to
the intrinsic temperature dependence of DMSO conductivity, as demonstrated by this control

data (247).
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The electrical conductivity of the refluxed lignin DMSO solutions was measured at both room
temperature (25 °C) and the electro-spinning temperature (55 °C), as shown in Figure 67. The
data reveals a notable difference in conductivity between the two temperatures, with all solutions

exhibiting significantly higher conductivity at 55 °C compared to 25 °C.

At room temperature, the conductivity values ranged between 14.32 — 20.37 uS/cm, showing
minimal variation across the refluxed samples. The slight increase observed at higher reflux
temperatures (20.37 uS/cm for the 120 °C sample) suggests that thermal treatment may have
marginally increased the ionic content or improved the dissociation of ionic species within the

lignin structure, such as from phenolic groups (Aromatic-O") or carboxylic groups (COO") (500).
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Figure 67. Electrical conductivity of refluxed lignin DMSO solutions at, (a): room temperature
(25 °C) and (b): electro-spinning chamber temperature (55 °C).

This could result from thermally induced cleavage of ether linkages, shown in Figure 6, exposing
more ionisable sites and increasing the availability of free anions (501). However, the differences
at room temperature are relatively small, indicating that reflux temperature has a limited impact

on solution conductivity under these conditions (212).

In contrast, the conductivity values at 55 °C were markedly higher, ranging between 73.37 —
115.60 uS/cm. The increase in conductivity with temperature is attributed to improved ionic

mobility within the solution (474). Heating the solution reduced the solution shear viscosity (see
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Section 4.3.1), facilitating better ion transport and increasing the overall conductivity (500,502).
Notably, the 140 °C refluxed sample displayed the highest conductivity (115.60 pS/cm),
suggesting that higher reflux temperatures may increase the availability of charged species in
solution (219). The higher conductivity also corresponded to the 140 °C reflux lignin/DMSO
solution producing the bead free aligned fibres from electro-spinning (see Figure 81).
Interestingly, the conductivity for the 160 °C refluxed sample (112.05 uS/cm) was slightly lower
than the 140 °C sample, despite following a similar trend. This could indicate structural changes
or partial degradation of ionic components which occur at extreme reflux conditions, reducing

the overall ion mobility (267).

The pronounced increase in conductivity at the elevated electro-spinning temperature is
significant for the electro-spinning process (473). Higher conductivity is advantageous as it
enhances the stretching and thinning of the charged polymer jet, promoting uniform fibre
formation and reducing bead defects (see Section 2.4.2). The increase in conductivity, combined
with reduced shear viscosity at the electro-spinning chamber temperature of 55 °C, aligns with
the improved electro-spinning behaviour observed for these solutions. Overall, the results
highlight that operating at an elevated electro-spinning temperature is essential for optimising
solution conductivity, ensuring stable jet formation, and achieving consistent, bead-free lignin
fibres.

4.4. Characterisation of electro-spun lignin fibres
Following electro-spinning, the resulting lignin fibres were characterised by SEM to evaluate

morphology, and by FTIR and NMR spectroscopy to analyse chemical structure. Thermal
properties were assessed using DSC and TGA.

4.4.1. Electro-spinning of neat lignin in DMSO
The investigation of lignin:PAN blends led to an exploration of the electro-spinning of neat

lignin in DMSO, to evaluate its spinnability and the resulting fibre morphology. In contrast to
PAN, which easily produces uniform fibres owing to its larger molecular weight and chain
entanglements, lignin presents considerable difficulties for electro-spinning because of its
amorphous, highly branched architecture and polydisperse molecular weight distribution
(291,503). In lignin:PAN blends, PAN serves as a structural support, enhancing fibre formation
and minimising defects like beading. In the absence of PAN, lignin's capacity to form continuous

fibres is significantly affected by its solubility, solution viscosity, and conductivity (160,185).
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DMSO was chosen as the solvent because of its strong solvating ability for lignin, which
facilitates the dissolution of different lignin fractions while preserving an electro spinnable
solution (229,425). The electro-spinning process of neat lignin poses challenges such as phase
separation, solution instability, and increased beading (218,491). The stability of the electro-
spinning jet is primarily affected by the limited polymer chain entanglement of lignin.
Furthermore, the increased conductivity of lignin relative to PAN solutions may affect fibre
formation by modifying charge distribution and jet dynamics (485).

Investigating the electro-spinning behaviour of neat lignin is essential for assessing its viability
as an independent material for fibre production. The findings from these experiments can guide
strategies for optimising processing conditions, including modifications to solution

concentration, solvent selection, and electro-spinning parameters, to enhance fibre quality.

4.4.2. Electro-spinning bead-free neat lignin fibres in DMSO
After successfully electro-spinning smooth, bead-free fibres from lignin:PAN blends in/DMSO,

attention was given to the electro-spinnability of neat lignin/DMSO solutions, gradually
increasing the lignin concentration from 50 to 100% (w/v), of lignin in DMSO. The electro-
spinning parameters included a feed rate of 0.5 mL/hour, a working distance of 13 cm, and an
applied voltage of 13 kV. Initially, electro-spinning experiments were conducted at room
temperature; however, the high viscosity of lignin/DMSO solutions led to needle clogging,
preventing stable fibre formation. The high viscosity restricted the solution flow, causing
intermittent jet formation and uneven deposition. To address this, experiments were conducted at
an elevated temperature of 55 °C, similar to the conditions used for lignin:PAN solutions in
DMSO solvent. Partial electro-spinning was achieved in the heated chamber, improving solution
flow and jet stability. As a result, it was decided that all future experiments would be carried out
at the electro-spinning chamber temperature 55 °C to ensure consistent fibre formation.

At the outset, attempts to electro-spin bead-free neat lignin fibres were unsuccessful from 50 to
70% (w/v) in DMSO. Fibres electro-spun from the 50% (w/v) solution exhibited a bead-on-

string structure as seen in Figure 68.

Although electro-spinning at 50% (w/v) lignin in DMSO produced beaded fibres, the lignin
content was increased to 75% (w/v) to maximise lignin loading in the solution. Higher lignin
concentrations are desirable to enhance fibre yield and reduce the need for synthetic polymer
additives while maintaining electro-spinnability. At 75% (w/v) lignin in DMSO, electro-spinning

successfully produced smooth, bead-free fibres with uniform morphology, as seen in Figure 69.
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Figure 70 displays magnified micrographs of the unfused, randomly oriented bead-free fibres in
DMSO at a concentration of total lignin polymer of 75% (w/v). For the first time, electro-
spinning of vacuum-dried neat lignin was performed in a repeatable manner utilising simply
DMSO as the solvent. The 75% (w/v) lignin concentration provided an optimal balance between
viscosity and electro-spinnability (see Section 4.3.1), allowing for stable jet formation and

repeatable fibre production.
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Figure 69. SEM micrographs for bead-free electro-spun 75% (w/v) neat lignin fibres.

This is significant since lignin typically requires a polymer blend, like PAN, or a binary solvent,
like acetone/DMSO, to be appropriate for electro-spinning (204). Blending lignin with polymers
like PAN and PVP can be disadvantageous leading to phase separation, which can occur due to
lignin’s immiscibility with synthetic polymers, affecting fibre uniformity. In addition,
differences in solubility and viscosity hinder preparation of uniform solutions, leading to fibre
defects during electro-spinning (236,239). The lignin/DMSO solution was prepared by heating
and mixing vacuum dried as-received lignin in DMSO solution with constant stirring. The 75%
(w/v) air-circulating oven heat treated lignin (120 °C for 2 hours) DMSO solution electro-spun

fibres had an average fibre diameter of 830 nm.
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Figure 70.Magnified SEM images of electro-spun lignin fibres produced using 75% (w/v)
x2500, (d): x5000, (e): x7000 and (f): x10000 magnifications.
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4.4.3. Neat lignin electro-spun fibre alignment using 75% (w/v) in DMSO solution
Endeavours were made to align fibres electro-spun from 75% (w/v) lignin in DMSO using both

parallel electrode configurations and a custom-made PTFE Vee-shield. Electro-spinning was
conducted with parallel electrodes spaced at 4 cm and 8 cm to create an electric field that would
encourage fibre alignment. The parallel electrode method utilises a pair of grounded metallic
electrodes with an air gap between them, which modifies the electric field distribution. This
alteration in the field causes the polymer jet to oscillate between the electrodes, facilitating fibre
alignment. Additionally, the residual charge on the suspended fibres plays a role in repelling
newly arriving charged fibres, further contributing to their organised deposition (241,504).
However, while some degree of orientation was observed, fibre deposition remained largely
random due to disturbances in the electro-spinning jet. In contrast, the PTFE Vee-shield proved
to be the most effective method, as its geometry concentrated the electric field, guiding fibre
deposition along a more controlled path. This resulted in improved fibre alignment,
demonstrating that the Vee-shield design effectively enhanced the uniformity and directionality
of the neat electro-spun lignin fibres.

4.4.3.1. Fibre alignment using 4 cm parallel electrode

Attempts to align fibres using the 4 cm parallel electrode configuration were unsuccessful,

resulting in randomly deposited fibres rather than a well-ordered structure. As seen in the

attached SEM micrographs, see Figure 71, the fibres exhibit a highly entangled, non-uniform

7
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Figure 71. SEM micrographs for 75% (w/v) lignin in DMSO electro-spun aligned fibres using
4cem parallel electrode for magnifications, (a): x1000 and (b): x2500.
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For electro-spun 75% (w/v) lignin/DMSO fibres aligned using a parallel electrode configuration
with a 4 cm gap, the average fibre diameter was 1340 nm. The degree of fibre alignment, as
measured by the angular deviation of fibres from the preferred orientation, showed a
predominance of misaligned fibres, indicating that this setup did not effectively guide fibre
deposition, fibre alignment shown in Table 19.

Only 3% of fibres were highly aligned, falling within the <1° deviation range, while no fibres
were recorded within the 1-2° range, highlighting the inefficiency of this method in producing
well-oriented fibres. A small fraction of fibres (4%) exhibited deviations between 2—3°, with a
further 3% falling within the 3—5° range, suggesting that only a minor proportion of fibres
achieved a level of alignment. Additionally, 5% of fibres deviated between 5-10°, and 10% were
within the 10-20° range, showing some degree of orientation but still far from optimal
alignment. The majority of fibres displayed significant misalignment, with 39% deviating
between 20—45° and 36% exceeding 45°, highlighting a largely random fibre deposition pattern.
This lack of alignment suggests that the 4 cm gap between the parallel electrodes did not
generate a sufficiently strong or focused electric field to guide fibre orientation effectively. The
broad angular distribution indicates jet instability and poor field focusing, leading to

unpredictable fibre placement and reduced control over the electro-spinning process.

The chaotic distribution suggests that the electric field created by the 4 cm electrode spacing was
insufficient to guide fibre deposition in a controlled manner. As a result, the fibres were
deposited they settled in an unpredictable fashion, likely due to instabilities in the electro-
spinning jet and the lack of a strong enough alignment force during electro-spinning. This
outcome highlights the limitations of using closely spaced parallel electrodes for fibre orientation

and suggests the need for alternative alignment strategies.
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4.4.3.2. Fibre alignment using 8 cm parallel electrode
When using the 8 cm parallel electrode configuration, fibre alignment improved compared to the

4 cm setup, with more fibres orienting in a preferred direction. However, as seen in the SEM
micrographs, shown in Figure 72, fibre deposition was significantly reduced, likely due to

weaker electrostatic forces over the wider electrode spacing (505).

2022-04-06 - 2022-04-06 HM D15.0x500 200 pm

\ [

2022-04-06 HM D149 x1.0k 100 um - 2022-04-06 HM D14.9 x2.5k 30 ym

Figure 72. SEM micrographs for 75% (w/v) lignin in DMSO electro-spun aligned fibres using
8cm parallel electrode for magnifications, (a): x250, (b): x500, (c): x1000 and (d): 2500.

For electro-spun 75% (w/v) lignin/DMSO fibres aligned using a parallel electrode configuration
with an 8 cm gap, the average fibre diameter was 1650 nm, slightly larger than the fibres
produced with the 4 cm gap. The degree of fibre alignment showed a shift towards improved
orientation compared to the 4 cm configuration, though a significant proportion of fibres still

exhibited misalignment, as seen in Table 19.

No fibres were recorded within the <1° range, indicating that perfect alignment was not

achieved. However, 8% of fibres fell within both the 1-2° and 2—-3° deviation ranges, suggesting
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that some fibres were more successfully oriented than with the 4 cm gap. Additionally, 4% of
fibres deviated between 3—5°, while a larger proportion (32%) exhibited deviations between 5—
10°, indicating an intermediate level of alignment. A further 12% of fibres fell within the 10-20°

range, showing continued improvement in orientation.

Despite these enhancements, 36% of fibres deviated between 20—45°, demonstrating persistent
misalignment, though notably, no fibres exceeded 45°, marking an improvement over the 4 cm
configuration. The absence of fibres in the >45° range suggests that the increased electrode
spacing provided better electrostatic guidance, reducing extreme misalignment. However, the
overall spread of fibre orientation indicates that while the 8 cm parallel electrode gap improved
fibre alignment, it was still insufficient for achieving highly ordered fibre deposition, likely due

to continued jet instability and uneven electric field distribution.

Additionally, many fibres appeared fragile and exhibited breakage, suggesting that the increased
alignment came at the cost of mechanical integrity. These observations suggest that although
increasing electrode spacing can enhance fibre alignment, it may also compromise fibre quality
and deposition efficiency, due to the fibres having a relatively low failure strain, making them
more prone to breakage or instability during deposition (170).

4.4.3.3. Fibre alignment using PTFE Vee-shield

The use of the PTFE Vee-shield vastly improved fibre alignment and deposition compared to the
parallel electrode configurations. As observed in the SEM micrographs, shown in Figure 73, the
fibres exhibited a higher degree of orientation, with significantly reduced randomness in their

arrangement.
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Figure 73. SEM micrographs for 75% (w/v) lignin in DMSO electro-spun aligned fibres using
Vee-shield, for magnifications, (a): x2500 and (b): x5000.
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For electro-spun 75% (w/v) lignin/DMSO fibres aligned using the PTFE Vee-shield witha 1 cm
substrate fibre collector gap, the average fibre diameter was 755 nm, significantly smaller than
fibres produced with parallel electrode configurations. The alignment results demonstrated
substantial improvement, with a larger proportion of fibres falling within lower deviation angles,

indicating a more controlled and directed deposition, as seen in Table 19.

A notable observation was that 8% of fibres exhibited near-perfect alignment (<1° deviation),
marking a significant advancement over the parallel electrode setups. Additionally, 4% of fibres
were deposited within the 1-2° range, while another 8% were within 2—3°, highlighting a greater
concentration of highly aligned fibres. The proportion of fibres deviating between 3-5° was 7%,

followed by a dominant 33% within the 5-10° range, indicating strong fibre orientation.

Further assessment showed that 22% of fibres deviated between 10-20°, while 18% fell within
the 20-45° range. Importantly, no fibres were recorded with deviations exceeding 45°,
confirming that the PTFE Vee-shield effectively minimised extreme misalignment. Compared to
the parallel electrode setups, the Vee-shield generated superior alignment due to its ability to
concentrate the electric field along a more controlled path, improving the uniformity of fibre
deposition (19). The significantly reduced fibre diameter also suggests that the Vee-shield setup
facilitated more stable jet elongation, contributing to the production of smoother, more uniform

fibres.

Table 19. Fibre alignment percentage for 75% (w/v) neat lignin in DMSO electro-spun aligned
fibres using 4 cm electrode, 8 cm electrode and 1 cm Vee-shield.

Fibre alignment
<1° 1°0-2° 20-3° 3°-5° 5°-10° | 10°-20° | 20°-45° | >45°
(%)
4 cm electrode 3 0 4 3 5 10 39 36
8 cm electrode 0 8 8 4 32 12 36 0
1 cm Vee-shield 8 4 8 7 33 22 18 0
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Fibre alignment percentage for 75% (w/v) neat lignin in DMSO electro-spun fibres under

45

different collector configurations, parallel electrodes and Vee-shield, is shown in Figure 74.
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Figure 74. Fibre alignment distribution (%) for electro-spun 75% (w/v) neat lignin in DMSO
using three collector setups: 4 cm electrode, 8§ cm electrode, and 1 cm Vee-shield.

The fibre deposition was notably improved by using Vee-shield collector, with a denser and
more uniform fibre mat forming on the collector. The fibres appeared smooth and continuous,
indicating improved jet stability during electro-spinning. This suggests that the Vee-shield
provided the optimal conditions for producing well-aligned, high-quality lignin fibres, in

comparison to the parallel electrode alignment method.

4.4.4. Optimisation of 100% (w/v) lignin/DMSO solutions for electro-spinning
When increasing the lignin polymer weight in DMSO above 75% (w/v), beaded and fused fibres

were observed via SEM analysis. However, at 80% (w/v), beaded fibres formed instead of
uniform fibres. By gradually increasing the lignin concentration to 95% (w/v) in DMSO, a
significant reduction in fibre beading was observed, as seen in Figure 75, indicating improved

electro-spinnability.
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Figure 75. SEM micrographs for, (a): beaded electro-spun 80% (w/v) lignin fibres in DMSO &
(b): reduced beaded electro-spun 95% (w/v) lignin fibres in DMSO.

At 80% (w/v) lignin concentration in DMSQO, the average fibre diameter of the electro-spun
fibres was relatively small at 280 nm. However, this was likely influenced by the presence of a
large number of beads, which had an average bead diameter of 1488 nm. The high occurrence of
beading suggests that the electro-spinning jet was unstable, leading to thinner fibres alongside
the formation of large droplets (see Section 2.4.2). In contrast, at 95% (w/v), where bead
formation was significantly reduced, the average fibre diameter increased to 550 nm, while the
average bead diameter was reduced to 1264 nm, indicating a more uniform and stable jet during
electro-spinning with improved fibre formation with fewer and smaller beads. For comparison, at
75% (w/v), where only minimal beading was observed, the average fibre diameter was 830 nm,
demonstrating that a reduction in bead formation correlated with an increase in fibre diameter
due to improved solution spinnability and chain entanglement. Evidence for the solution shear

viscosity is presented in Section 4.3.1 and solution electrical conductivity in Section 4.3.2.

Whilst, at concentrations above 100% (w/v), electro-spraying occurred with limited fibre
formation due to the high solution viscosity, making it unsuitable for electro-spinning. The ideal

polymer concentration was determined to be 100% (w/v) neat lignin in DMSO.

At 100% (w/v) lignin in DMSO, most of the beading was eliminated, resulting in significantly
improved fibre uniformity. However, some inconsistencies in fibre formation remained,
prompting the decision to further optimise the solution through thermal treatment. In contrast to
lower concentrations, where insufficient polymer interactions led to capillary breakup and bead

formation, the higher lignin content provided the necessary viscoelastic properties for smooth jet
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elongation and fibre deposition, limiting bead formation (246,251). The thermal processing step
further enhanced solubility and ensured uniform solution properties, preventing premature jet
breakup and improving fibre morphology. The presence of beads within the fibre structure can
notably compromise the mechanical integrity and functional performance of the resulting fibre
mat, serving as locations of structural weakness and defects (245). Optimising electro-spinning
parameters is essential to mitigate this issue and achieve a uniform, bead-free fibre morphology

(506).

At 100% (w/v) lignin in DMSO, electro-spinning was initially carried out at room temperature
(25 °C) and then at an elevated chamber temperature of 55°C. The application of heat during
electro-spinning significantly improved fibre formation, reducing bead defects and promoting

more uniform fibre morphology, as seen in Figure 76.
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Figure 76. SEM micrographs for 100% (w/v) lignin in DMSO electro-spun fibres for chamber
temperatures, (a): 25 °C & (b): 55 °C.

For electro-spun fibres produced from the 100% (w/v) lignin/DMSO solution at a room
temperature (25 °C) electro-spinning chamber, the average fibre diameter was 528 nm, with a
high degree of beading observed, 10 beads per 50 um?, with an average bead diameter of 1800
nm. However, when electro-spinning was conducted in a heated electro-spinning chamber at 55
°C, the fibre diameter slightly decreased to 510 nm, but with significantly fewer beads, only 6

beads per 50 pm?, and a much smaller average bead diameter of 1116 nm.

The reduction in beading and bead size in the heated chamber is likely due to improved solution
homogeneity, faster solvent evaporation and reduced surface tension (473). At elevated

temperatures, the viscosity of the lignin/DMSO solution was reduced (see Section 4.3.1),
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enhancing jet stability and reducing droplet formation. However, the slight decrease in fibre
diameter suggests that the stretching forces acting on the jet were enhanced at the higher

temperature, leading to finer fibre formation (422,492).

The increased chamber temperature lowered the solution viscosity, enhancing jet stability and
fibre elongation. Given the positive effect of heat on electro-spinnability, further investigation
into thermal treatment was pursued using reflux processing. This approach aimed to improve
lignin solubility and solution homogeneity, ensuring consistent fibre formation at high

concentrations.

At 80% (w/v) lignin in DMSO, electro-spinning resulted in beaded fibres rather than smooth,
continuous fibres. When the concentration was further increased beyond 90% (w/v), electro-
spraying became the dominant process, with limited fibre formation due to the excessively high
viscosity of the solution. The increased viscosity restricted stable jet formation, preventing the
elongation and thinning necessary for fibre production, making these concentrations unsuitable

for electro-spinning (507).

To overcome this limitation and increase lignin solubility in DMSO, the subsequent
lignin/DMSO solutions were heated at 120 °C prior to electro-spinning. Heating was intended to
reduce solution shear viscosity and enhance the electro-spinnability of high-concentration lignin
solutions. The initial dissolution of lignin at 100% (w/v) in DMSO was performed on a magnetic
stirrer hotplate, ensuring a homogeneous solution. To further improve spinnability, the solution
was then heated in an air-circulating oven at 120 °C for 2 hours while covered with aluminium
foil to minimize solvent loss. Electro-spinning was carried out immediately after heating, when
the viscosity was expected to be lower. Additionally, the electro-spinning chamber was
maintained at 55 °C to sustain improved solution flow and jet stability during the electro-

spinning process.

The micrographs in Figure 76, illustrate that heating the 100% (w/v) lignin/DMSO solution (at
120 °C for 2 hours) prior to electro-spinning resulted in the successful formation of smooth,
mostly bead-free neat lignin fibres. To further investigate the effect of thermal treatment on
lignin solubility and fibre formation, a series of controlled experiments were conducted. Lignin
was dissolved in DMSO under reflux in a nitrogen atmosphere at temperatures of 80, 100, 120,
140, and 160 °C for 4 hours. Nitrogen gas agitation was introduced during reflux primarily to

create an inert atmosphere and prevent unwanted oxidative degradation of lignin at elevated
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temperatures and to minimise any interactions with atmospheric moisture (405). Lignin contains
phenolic and aliphatic hydroxyl groups, which can undergo oxidation when exposed to air,
potentially leading to structural changes that affect solubility and electro-spinnability (508).

The solutions were then electro-spun, and the resulting fibres were characterised to assess
morphological differences. Further characterisation, including viscosity and electrical
conductivity, would provide deeper insight into the influence of thermal treatment on lignin’s

electro-spinning behaviour.

4.4.5. Electro-spinning of reflux heat treated 100% (w/v) neat lignin in DMSO solutions
Reflux heat treatment was introduced to further enhance the electro-spinnability of 100% (w/v)

lignin in DMSO solutions by improving their solubility and reducing solution viscosity, enabling
electro-spinning of a higher polymer concentration of neat lignin from 75% (w/v) to 100% (w/v)
in DMSO. By subjecting the lignin/DMSO solution to reflux under controlled temperatures (80,
100, 120, 140, and 160 °C for 4 hours), the aim was to modify the solution properties to enable
the formation of uniform, bead-free fibres during electro-spinning. The electro-spun fibres
obtained from the reflux-treated solutions were analysed to assess the impact of heat treatment

on fibre morphology, alignment, and uniformity.

The SEM micrographs reveal a clear trend in fibre morphology as a function of reflux heat
treatment temperature. Beading was prevalent in fibres electro-spun from solutions treated at 80

°C and 100 °C, indicating insufficient modification of the lignin/DMSO solution properties at

o

these temperatures, seen in Figure 77.
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Figure 77. SEM micrographs for 100% (w/v) lignin in DMSO electro-spun fibres from reflux
temperatures, (a): 80 °C and (b): 100 °C.
The number of beads observed in the electro-spun fibres from the 100% (w/v) lignin/DMSO

solution decreased as the reflux temperature increased from 80 °C to 100 °C. At 80 °C, an
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average of 40 beads per 50 pm? was recorded, which reduced to 35 beads per 50 um? at 100 °C,

indicating a decline in bead formation with increased reflux temperature.

Additionally, a noticeable reduction in bead diameter was observed. At 80 °C, the average bead
diameter measured 2320 nm, whereas at 100 °C, the bead size significantly decreased to 1126
nm. This suggests that higher reflux temperatures contributed to a more uniform solution, likely
reducing phase separation and minimising bead formation. Alongside these changes, the fibre
diameter also decreased with increasing reflux temperature. At 80 °C, the average fibre diameter
was 416 nm, which reduced to 269 nm at 100 °C. This reduction in fibre size indicates that
higher reflux temperatures improved solution homogeneity, leading to finer, more uniform fibres
and a noticeable reduction in beading (478,509). The 80 °C reflux solution, had a solution shear

viscosity of 1.35 Pa.s and a solution electrical conductivity of 73.37 uScm™.

However, despite this improvement in fibre production, 100 °C was still not the optimal
temperature for pre-treating the lignin solutions, as beading was still present, and the electro-
spinning jet remained inconsistent, electro-spraying after 5 minutes. This was evident from the
SEM micrographs, where large droplets were observed in the 100 °C sample (top right of image
(b) from Figure 77), indicating that the solution shear viscosity (1.78 Pa.s) and solution electrical

conductivity (79.13 uSem™) were still insufficient for stable fibre formation.

At 120 °C, beading was significantly reduced, suggesting that higher thermal processing
facilitated better dissolution. Although the fibres here were broken and ribbon like, indicating

that the electro-spinning solution still required optimisation to improve fibre morphology, as
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seen in Figure 78.

J
A
i

/4 _ . A - y -
(|

TM4000 15KV 10.2mm X1.00k BSE H 03/23/2023 " 50.0um'

Figure 78. SEM micrograph for 100% (w/v) lignin in DMSO electro-spun fibres from reflux
temperature 120 °C; magnification, x1000.
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At a reflux temperature of 120 °C, the electro-spun fibres exhibited an average fibre diameter of
1094 nm with relatively few beads (8 beads per 50 um?), marking a significant reduction in
beading compared to the fibres produced at 80 °C and 100 °C (see Figure 77). The bead diameter
at this temperature measured 1467 nm, showing a slight increase from the 100 °C solution but
still lower than that of the 80 °C fibres.

However, despite the reduction in beading, the fibre morphology was highly inconsistent. The
fibres were ribbon-like, broken, and unevenly distributed, leading to weak, fragmented
structures. This irregularity in fibre formation suggests that while the 120 °C reflux treatment
improved the solution properties (2.88 Pa.s solution shear viscosity and solution electrical
conductivity 98.37 uScm™) to reduce beading, it was not sufficient to produce continuous,
uniform fibres. Due to these structural weaknesses, further increasing the reflux temperature to
140 °C and 160 °C was necessary to improve fibre continuity, alignment, and mechanical

integrity while maintaining the benefits of reduced bead formation.

At 140 °C and 160 °C, beading was eliminated, and smooth, uniform fibres were obtained at
100% (w/v) lignin in DMSO, as shown in see Figure 79. This can be attributed to enhanced
reflux temperature, which further improved lignin solubility and the lignin/DMSO solution
electro-spinning process. Though broken fibres were still observed at both the 140 °C and 160
°C reflux temperatures. The 140 °C reflux solution, had a solution shear viscosity of 3.80 Pa.s

and a solution electrical conductivity of 115.60 uScm'. Whilst the 160 °C reflux solution, had a

solution shear viscosity of 4.24 Pa.s and a solution electrical conductivity of 112.05 uSem™.
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Figure 79. SEM micrographs for 100% (w/v) lignin in DMSO electro-spun fibres from reflux
temperatures; (a): 140 °C and (b): 160 °C.
At 100% (w/v) lignin in DMSO, smooth and uniform fibres were produced at both 140 °C and

160 °C. This outcome reflects the positive influence of the heat treatment, as it allowed for a
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more consistent fibre formation. The reduction in fibre defects and beading is a clear sign that
higher temperatures contributed to better solution viscosity and electrostatic properties.
Additionally, there was a noticeable reduction in the fibre diameter from 839 nm at 140 °C to
620 nm at 160 °C. This suggests that the higher reflux temperature, applied during solution
preparation, reduced viscosity and improved polymer solubility, enabling the formation of
thinner fibres during electro-spinning at 55 °C. Typically, lower viscosity allows for finer fibres
due to easier jet thinning during electro-spinning (492). The reduced number of broken fibres at
both 140 °C and 160 °C further highlights the positive effect of the heat treatment. The improved
fibre stability at these temperatures is likely due to enhanced molecular alignment following heat
treatment and improved lignin/DMSO solvent—polymer interactions (see Section 2.3.2), resulting

in fewer defects during the electro-spinning process.

Overall, the reflux heat treatment from 80 °C to 160 °C positively influenced the electro-
spinning of lignin by improving the solution's properties. This resulted in smoother, more
uniform fibres with fewer defects and a smaller fibre diameter. The heat treatment facilitated a
better balance between solvent evaporation and fibre formation, making it possible to obtain

high-quality fibres at higher lignin concentrations (100% (w/v)).

Additionally, potential cross-linking or structural modifications at these elevated temperatures
may have contributed to improved fibre integrity. These findings indicate that reflux heat
treatment plays a crucial role in optimising lignin/DMSO solutions for electro-spinning by

modifying solution properties to support bead-free fibre formation.

4.4.6. Electro-spun fibre alignment using reflux heat treated solutions of 100% (w/v) neat lignin
in DMSO
Electro-spinning of reflux heat-treated 100% (w/v) lignin/DMSO solutions was carried out using

a custom-made PTFE Vee-shield to promote fibre alignment. Previous experiments (see Section
4.4.3) had demonstrated that the Vee-shield was the most effective method for guiding fibre
deposition and enhancing fibre uniformity. Given the improved solution properties following
thermal treatment, the Vee-shield was employed to further refine fibre alignment and structure.
The concentrated electric field generated by the shield facilitated the controlled deposition of
fibres, minimising random orientation and enhancing directional alignment. This approach
ensured that the thermally processed lignin solutions produced well-aligned, smooth, and
uniform fibres, further validating the efficacy of reflux heat treatment in improving electro-

spinnability.
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Initial attempts to align fibres electro-spun from the 120 °C reflux heat-treated lignin/DMSO
solution were unsuccessful, resulting in randomly oriented, beaded and broken fibres. Despite

the improved solution properties from thermal treatment, fibre deposition remained inconsistent,

with significant fibre breakage observed in the SEM micrographs, as shown in Figure 80.
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Figure 80. SEM micrographs for aligned attempt Vee-shield 100% (w/v) lignin in DMSO
electro-spun fibres from reflux temperature 120 °C; magnifications (a): x1000 and (b): x2000.

At a reflux temperature of 120 °C, the aligned fibre electro-spinning process using the Vee-
shield resulted in fibres with an average diameter of 789 nm and beads with a diameter of 1398
nm, with an average of 8 beads per 50 pm? was recorded. The fibres were predominantly
random, beaded, and broken, which suggests that the electro-spinning conditions were not
entirely optimised at this temperature. The high frequency of beading and broken fibres was not
optimal for aligned fibre formation.

These fibre alignment results, shown in Table 20, illustrate that fibre alignment at 120 °C reflux
temperature was somewhat scattered, with the highest percentage of alignment occurring in the
20-45° range (38%), followed by the 10-20° range (21%). However, the overall alignment was
still quite random, with a notable portion of fibres in the lower alignment categories, such as 5%
for <1° and 3% for both the 1-2° and 2-3° categories. The fibre alignment in the higher ranges
(above 45°) was comparatively low at 12%, suggesting that while some fibres were more

aligned, there was a significant amount of random and misaligned fibre formation.
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Table 20. Fibre alignment percentage for 100% (w/v) electro-spun aligned fibres from 120 °C
reflux temperature, using 1 cm Vee-shield.

Fibre alignment
(%)
120 °C reflux

<1° 1°-2° 2°-3° 3°-5° 5°-10° | 10°-20° | 20°-45° | >45°

5 3 3 4 14 21 38 12
temperature

The presence of a relatively high percentage of random and misaligned fibres, combined with the
beading and broken fibres, indicates that 120 °C was not an ideal temperature for achieving a
uniform, well-aligned fibre structure. Further optimisation of temperature or electro-spinning
conditions may be required to achieve better alignment and minimise defects.

The electro-spinning jet appeared unstable, likely due to insufficient chain entanglement or
inadequate viscosity for maintaining continuous fibre formation (215,227). As a result, the fibres
lacked mechanical integrity and failed to exhibit the desired alignment, indicating that further
optimisation of solution processing conditions was necessary to achieve uniform, well-aligned

fibres.

Alignment was successfully optimised for fibres electro-spun from the 140 °C reflux heat-treated
lignin/DMSO solution, producing smooth, bead-free fibres with continuous formation and
improved deposition, as seen in Figure 81. The enhanced solution properties at this temperature
facilitated stable jet formation, allowing for uniform fibre production without breakage
(19,215,510). The PTFE Vee-shield effectively concentrated the electric field, guiding fibre
deposition along a controlled path, resulting in well-aligned fibres. Unlike the lower reflux
temperatures, no beading or fibre fragmentation was observed for the 140 °C reflux solution

fibres.

At a reflux temperature of 140 °C, using an aligned Vee-shield, the electro-spinning process
resulted in uniform, bead-free, and well-aligned fibres. The fibre diameter was measured at 1782
nm, indicating that the fibres were relatively thick compared to those produced at lower
temperatures. The alignment of the fibres was notably improved, with no bead formation,
suggesting that the electro-spinning conditions and the alignment shield contributed significantly

to the quality of the fibres (19,241).
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Figure 81. SEM micrographs for aligned Vee-shield 100% (w/v) lignin in DMSO electro-spun
fibres from reflux temperature 140 °C; magnifications (a):x500, (b)x1000, (c), (d) and
(e):x2500, (f), (g) and (h): 5000.



The fibre alignment distribution percentage for the 140 °C refluxed lignin/DMSO electro-spun
fibres is shown in Table 21. The alignment data revealed that the majority of the fibres had
excellent alignment, with 16% of fibres aligned at <1° and 16% at 1-2°. A further 22% of the
fibres were aligned in the 2-3° range, and 18% in the 3-5° range, all of which indicate that the
fibres were predominantly aligned in near-parallel directions. The 19% of fibres in the 5-10°
range still showed good alignment but with slight misalignment. Only a small percentage of
fibres were in the higher alignment ranges, with just 4% in the 10-20° category and 5% in the 20-
45° range, indicating minimal misalignment. No fibres were found in the 45-90° range, showing
that the aligned Vee-shield effectively minimised significant misalignment.

Table 21. Fibre alignment distribution percentage for 100% (w/v) electro-spun aligned fibres
from 140 °C reflux temperature, using 1 cm Vee-shield

Fibre alignment
(%)
140 °C reflux

<1° 1°-2° 2°-3° 3°-5° | 5°-10° | 10°-20° | 20°-45° | >45°

16 16 22 18 19 4 5 0

temperature

Comparing the fibre alignment data for the 120 °C and 140 °C refluxed lignin/DMSO solutions
demonstrates a clear improvement in fibre alignment when using the 140 °C refluxed lignin

DMSO solution compared to the one prepared at 120 °C, as shown in Figure 82.

At 120 °C, a large proportion of the fibres fell within poorly aligned ranges, with 38% in the
20°-45° range and 12% above 45°. Only 15% of fibres were within the tightly aligned ranges of
<1°to 3°. In contrast, at 140 °C reflux temperature solution, the fibre distribution shifted
significantly towards stronger alignment, with 54% of fibres in the <1° to 3° range, only 5% in
the 20°—45° range, and 0% above 45°. This suggests that refluxing the lignin solution at 140 °C
greatly improved fibre orientation during electro-spinning. The significant drop in misaligned
fibres and the increase in those within <5° indicates a more uniform fibre alignment. There is no
fibre alignment dataset for the 160 °C reflux solution, as the fibres could not be aligned using the

Vee-shaped collector during electro-spinning.
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Figure 82. Comparison of electro-spun fibre alignment percentage for the 120 °C and 140 °C
refluxed lignin/DMSO solutions.

In summary, at 140 °C, using the aligned Vee-shield, the electro-spinning process resulted in
bead-free, uniform, and predominantly well-aligned fibres. While there were slight deviations in
fibre alignment, the overall structure was highly aligned (72% of fibres aligned within 5° of
mean average fibre direction), suggesting that this temperature and setup were optimal for
producing high-quality, aligned neat lignin fibres, with a lignin polymer concentration of 100%

(w/v) in DMSO.

4.4.7. Combined analysis of lignin solution properties and fibre morphology
To further understand the relationship between spinning solution properties and fibre

morphology, an Ashby-style diagram was created, see Figure 83, to plot solution viscosity
against electrical conductivity, with bubble size representing the average fibre diameter obtained
under each condition. Solutions treated at 80—120 °C are shown as red bubbles and produced
beaded fibres, whereas those treated at 140—160 °C are shown as blue bubbles and produced
uniform, bead-free fibres.

A trend emerges; where solutions with low viscosity and intermediate conductivity (80—120 °C)
produced unstable jets during electro-spinning, resulting in beads and irregular morphologies. As
viscosity increased (> 3.5 Pa-s) and conductivity rose above approximately 110 uS cm™, a stable

spinning window was achieved, yielding smooth, continuous fibres (140—-160 °C).
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Figure 83. Ashby-style plot of viscosity and conductivity for neat lignin/DMSO solutions at 55
°C, with bubble size representing the diameter of the resulting electro-spun fibres. Red points
(80—120 °C) produced beaded fibres, while blue points (140—160 °C) yielded smooth fibres. The
green dashed box highlights the ideal range for bead-free fibre formation and reproducible fibre
alignment, where consistent fibre morphology was achieved.

The highlighted region on the diagram represents this optimal processing zone, where the
balance of charge transport (via solution conductivity) and polymer chain entanglement (via
solution viscosity) supports uniform fibre formation (219,404). As viscosity decreased across the
lignin solutions tested, fibre diameters were also reduced. This observation aligns with the
mechanism described by Li et al., (511), who attributed the reduction in lignin fibre diameter to
the combined effect of lower solution viscosity and increased electrical conductivity contributed
by lignin. They noted that when viscosity decreases, polymer chain entanglement is reduced,
lowering jet resistance during electro-spinning and allowing the charged jet to fragment into

smaller droplets.

Bubble size further illustrates how solution properties influence fibre diameter. At higher
viscosities and conductivities, thicker fibres were generally observed, reflecting reduced jet
thinning but improved fibre integrity (18). Together, these results demonstrate that neither

viscosity nor conductivity alone is sufficient to predict fibre quality; rather, it is the combined
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effect of these two parameters that defines the transition from beaded to smooth fibre

morphology.

To contextualise the properties of the lignin solutions and fibres produced in this study, values

reported in the literature for different lignin types, solvents, and polymer blends were collated in

Table 22. These data provide reference ranges for solution viscosity, electrical conductivity and

resulting fibre diameters. Comparing these literature values to the present work enables

assessment of whether the neat lignin/DMSO solutions developed here fall within, or extend

beyond, the processing window typically reported for lignin-based electro-spinning systems.

Table 22. Reported literature values for lignin solution viscosity, conductivity (25 °C) and
resulting fibre diameters across different lignin types, solvents and blends, for comparison with

this study.
Blend
Total
ratio of Solution Solution Fibre
Polymer polymer
Lignin type Solvent lignin / viscosity | conductivity | diameter | Reference
blend concentration
polymer / Pa.s / uSem’! / nm
! % (W/v)
(wW/w)
) 1.20
Lignosulfonate DMSO PAN 50/50 10 25°0) 470 (25 °C) N/A (512)
Softwood
DMSO PVA 50/50 30 N/A 50 (25 °C) 750 (513)
Kraft
Acetone
soluble Acetone/DMSO 0.62
N/A N/A 58 2.37 (25 °C) 1160 (404)
Softwood 2:1 (25 °0C)
Kraft
Acetone
soluble and
ethanol Acetone/DMSO 1.13
N/A N/A 55 3.31 (25°0) 1600 (405)
soluble 2:1 (25 °C)
Softwood
Kraft
4.30
Organosolv DMSO N/A N/A 55 0.95 (25 °C) 1140 (514)
(25 °C)
Softwood 2.34
DMF PEO 50/50 50 N/A 1318 (177)
Kraft (25 °C)
0.44
Kraft DMF PAN 50/50 50 N/A 1200 (515)
(25°0)
Lignosulfonate 0.20
DMF PAN 90/10 18 N/A 228 (516)
Kraft (25 °C)
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This study
(Softwood
Kraft)

DMSO

N/A

N/A

100

1.35-
4.24
(55°0C)

73-115
(55 °C)

416—
1094

This study

The values reported in Table 22 largely reflect studies using lignin blended with co-polymers

such as PAN or PVA, and often in mixed solvent systems (e.g. DMF or acetone/DMSO). In

contrast, the present work utilises neat lignin in DMSO alone, without the rheological or electro-

spinning support of a carrier polymer. Consequently, the measured viscosities of the neat lignin

solutions (1.35—4.24 Pa-s) are generally higher than those reported for lignin/PAN and
lignin/PVA blends (0.20-2.34 Pa-s), while electrical conductivities (73—115 uS cm™) fall within

or slightly below the range typically reported. It is also important to note that most literature

values are recorded at room temperature (25 °C), whereas the viscosity and conductivity

measurements in this study were carried out at 55 °C to reflect the processing conditions used.

Despite the absence of a co-polymer, the fibres produced here (416—1094 nm) are comparable in

diameter to those reported for lignin blends (228—1600 nm), demonstrating that neat lignin

solutions can achieve fibre formation within established size ranges while offering a clearer

understanding of lignin’s intrinsic solution behaviour.
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4.4.8. Fourier-transform infrared spectroscopy of electro-spun lignin fibre
The FTIR spectra of the as-received, vacuum dried and vacuum dried electro-spun fibre from

refluxed lignin/DMSO solution (displayed in spectra from 120 °C reflux temperature) is shown

offset together for comparison in Figure 84.
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Figure 84. FTIR spectra for; (a): the vacuum dried electro-spun lignin fibre from the 120 °C
refluxed lignin/DMSO solution, (b): the vacuum dried 80 °C for 6 hours lignin sample and (c):
as-received lignin sample, offset by absorbance to enable comparison.

The FTIR spectra of the vacuum dried electro-spun fibres obtained from reflux heating lignin in
DMSO were similar to those of the vacuum-dried lignin, indicating that the refluxing process
does not induce significant structural changes in lignin. This suggests that both vacuum drying
(80 °C, 6 hours) and refluxing in DMSO (120 °C, 6 hours) primarily remove moisture without
altering the core lignin structure. The key spectral feature supporting this is the absence of
significant differences between the vacuum-dried lignin and vacuum dried electro-spun fibre
reflux-treated lignin samples, except for one notable peak in the fingerprint region and a

reduction in absorbance of the O-H water peak at 3400 cm™.

The broad O-H stretching band at 3400 cm™ is further reduced in the vacuum dried electro-spun
fibre sample compared to the vacuum-dried lignin (absorbance decrease of ~0.04 a.u.). This is
most likely due to the additional heating steps involved in the reflux process, which would

further remove residual moisture (68,271). These combined thermal treatments help explain the
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continued decrease in hydroxyl absorbance in the vacuum dried electro-spun fibre spectra

relative to the vacuum-dried lignin spectra.

The FTIR spectrum of the electro-spun lignin fibres exhibited some changes compared to the as-
received lignin powder and vacuum-dried samples, indicating chemical modifications during the
electro-spinning and refluxing processes. Subtle changes in the aromatic skeletal vibrations at
1510-1600 cm™ and the C—O—C stretching in aryl-alkyl ethers at 1210—-1260 cm™ further imply
mild cleavage of ether linkages (442,517). A new shoulder peak emerged around 1720 cm™,
which is attributed to unconjugated carbonyl stretching (C=0) vibrations from ester or
carboxylic acid groups, suggesting partial oxidation or esterification of lignin during solution
processing and subsequent fibre formation (114,308,442). While the broad O—H stretching band
near 3400 cm™! remained evident, it appeared slightly narrowed and shifted, indicating changes in
hydrogen bonding and a possible reduction in free hydroxyl groups (518). Together, these
spectral changes suggest that electro-spinning, combined with refluxing, induces slight oxidation
and structural rearrangement of lignin, potentially influencing the fibre’s crosslinking density

and downstream thermal behaviour.

Given that refluxing involves prolonged heating in DMSO, potential explanations include minor
condensation reactions between hydroxyl or carbonyl groups, slight rearrangements of ether
linkages, or weak interactions between lignin and residual DMSO. However, the absence of
changes in the key aromatic and ether regions suggests that no cross-linking or chemical
degradation occurs at these temperatures. Although, studies have shown that heating lignin under
such conditions can lead to the cleavage of -O-4 ether linkages (as seen in Figure 6), resulting
in the formation of free phenolic hydroxyl groups and carbonyl functionalities (447,519).
Prolonged heat treatment can also encourage lignin fragment condensation processes. Carbon—
carbon (C—C) bonds are frequently formed between aromatic rings in these reactions, which
results in a more condensed lignin structure (123,361). All the vacuum dried electro-spun fibre
samples from the refluxed lignin/DMSO solutions had similar FTIR spectra with no significant
changes seen for any of the heating temperatures used (80, 100, 120, 140 °C respectively),
shown in Figure 85. A decrease of the moisture peak at 3400 cm™' is seen which is to be

expected, which corresponds to the increase lignin heating temperature.
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Figure 85. FTIR spectra of vacuum-dried electro-spun lignin fibres produced from lignin/DMSO
solutions refluxed at; (a): 140 °C, (b): 120 °C, (c): 100 °C and (d): 80 °C, offset by absorbance

to enable comparison .

The FTIR spectra presented in Figure 85 were obtained from single-run measurements for each
fibre sample due to the limited material available. As such, minor noise and baseline fluctuations
are present, particularly in lower absorbance regions, which may account for slight differences
between the spectra. No spectrum is reported for the 160 °C refluxed sample as insufficient fibre
was produced for analysis. Future work should repeat these measurements with replicate scans
and ensure all reflux conditions, including 160 °C, are represented to strengthen reproducibility

and completeness of the dataset.

In conclusion, the FTIR analysis of the lignin samples revealed key peaks corresponding to
various functional groups as also reported in literature (324,444,445), providing valuable insights
into the molecular structure of the sample. Notably, a significant peak at around 3400 cm™! was
observed, which is typically associated with the O-H stretching vibration, reflecting the presence
of water. This peak diminished as the lignin sample was heated when vacuum dried and further
diminished in comparison to the vacuum dried electro-spun fibre samples that were subjected to
reflux temperatures (80, 100, 120, 140 & 160 °C, respectively) prior to electro-spinning and

subsequent vacuum drying of the fibre samples, indicating water loss during the heating process.
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The main difference observed in the lignin FTIR spectra was the reduction in intensity of the
water-related peak, highlighting the impact of heat treatment on water content in lignin. Apart
from this, no other discernible differences are observed between the lignin spectra, indicating
heating the lignin to temperatures up to 160 °C does not disrupt lignin’s ether linkages, aromatic

rings, or other functional groups.

4.4.9. NMR of electro-spun lignin fibre
NMR spectroscopy was employed to characterise the structural features of vacuum dried electro-

spun lignin fibres from the refluxed lignin/DMSO solutions. The '"H NMR for the electro-spun
lignin fibre (lignin/DMSO solution refluxed at 80 °C for 4 hours) is shown in Figure 86.
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Figure 86. 'H NMR spectra of electro-spun lignin fibre (lignin/DMSO solution refluxed at 80 °C
for 4 hours), and assignments of the structural features with labelled literature ppm values: (a):
sinapyl alcohol repeating lignin monomer including methoxy side chain, (b): DMSO solvent
structure and (c): aliphatic region containing methyl (-CH3), methylene (-CH> and methine
group (-CH) (333,342,451).
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The produced electro-spun fibres were vacuum dried and then dissolved in DMSO-ds solution

for NMR analysis.

The '"H NMR spectrum of the electro-spun lignin fibres was found to be similar to that of both
the as-received lignin powder and the vacuum-dried lignin powder, indicating that the electro-
spinning process and prior reflux heat treatment of lignin/DMSO solutions, did not significantly

alter the chemical structure of the lignin.

The increased noise observed in the 'H NMR spectrum of the electro-spun lignin fibres
compared to the spectra of the as-received and vacuum-dried lignin powders is likely due to the
lower sample mass and reduced concentration of analyte in the prepared NMR solution (351).
The electro-spun fibres typically yielded a smaller quantity of material, which limited the

amount of sample available for dissolution.

Peaks seen include; between 0.8-2.0 ppm (aldehyde, carboxylic acid and phenolic H peaks, 2.07
ppm methyl groups (CH3), residual DMSO-de solvent quintet at 2.50 ppm, hydrogen singlet at
2.54 ppm, methoxy side chain 3.2-3.9 ppm, broad-OH of coniferyl singlet 3.00 ppm, solvent H
peak 3.17 ppm, aromatic region between 6.0-8.0 ppm, between 8.0 to 10.0 ppm is
formyl/phenolic hydroxyl groups (9.4-11.0 ppm): aldehyde, benzaldehyde proton at 9.78 ppm,
8.5-9.4 ppm: unsubstituted phenolic, 7.9-8.5 ppm: substituted phenolic, aromatic hydroxyl 8.14
ppm (271,403).

The '3C NMR for the electro-spun lignin fibre is shown in Figure 87 for the electro-spun fibre
from the 80 °C refluxed lignin/DMSO solution. The *C NMR spectrum of the electro-spun
lignin fibres was also consistent with previous observations, showing a dominant solvent peak

from DMSO-ds.
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Figure 87.13C NMR spectra of electro-spun lignin fibre (lignin/DMSO solution refluxed at 80
°C for 4 hours), and assignments of the structural features with labelled literature ppm values:
(a): sinapyl alcohol repeating lignin monomer including methoxy side chain, (b): DMSO
solvent structure and (c): aliphatic region containing methyl (-CH3), methylene (-CH> and
methine group (-CH) (333,342,451).

However, due to significant noise, likely a result of the limited sensitivity of the university NMR
instrumentation and the low sample concentration, quantitative analysis of other carbon signals
was challenging. Nonetheless, key structural features could be confirmed through

complementary HSQC NMR spectra and comparison with reported literature values.

Peaks seen are at 39 ppm = DMSO ds, 56 ppm = OCH3 methoxyl , 60-100 ppm = aliphatic
(CHO, C-CH»-0), 100-160 ppm = C-aromatic and 175 ppm = carboxylic carbon.
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The 'H-*C HSQC for 80 °C lignin fibre is shown in Figure 88. The HSQC NMR spectra for the
80 °C refluxed lignin fibre is similar to the previous spectra with peak areas seen; 0C/6H,
031.1/2.09 ppm, methyl group CH3, 642.5/2.50 ppm, DMSO-ds, 640.8/2.54 ppm, H-solvent peak
and 058.9/3.75 ppm methoxy side chain OCH3.
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Figure 88. 'H'*C — HSQC spectra for the electro-spun lignin fibre (lignin/DMSO solution
refluxed at 80 °C for 4 hours), and assignments, and assignments of the structural features with
labelled literature 'H NMR ppm values: (a): guaiacyl lignin repeating unit including methoxy
side chain, (b): DMSO solvent structure and (c): aliphatic region containing methyl (-CH3),
methylene (-CH> and methine group (-CH) (333,342,451).

The 'H-'H COSY spectra, see Figure 89, are also similar to the as-received and vacuum dried
lignin powder spectra, confirming the peaks seen in the '"H NMR for the electro-spun lignin
fibre, shown in Figure 86. The peaks seen correspond as follows; 0.85 ppm carboxylic acid, 1.16
ppm substituted phenolic -H, 2.09 ppm methyl group -CH3s, 2.50 ppm DMSO-ds, 3.45 methoxy
side chain OCH3, 3.74 ppm ethyl group CHz, and 6.71 for the aromatic C-H (271,403).
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Figure 89. "H-"H COSY of 80 °C 4 hour refluxed lignin/DMSO solution electro-spun lignin fibre.

The NMR spectra for the electro-spun lignin fibre prepared from the 100 °C refluxed
lignin/DMSO solution is similar to that of the NMR spectra for the electro-spun fibre prepared
from the 80 °C refluxed lignin/DMSO solution; for the 'H, *C, 'H-'H COSY and 'H-*C HSQC
NMR spectra respectively. The NMR spectra for the electro-spun lignin fibre prepared from the
120 °C refluxed lignin/DMSO solution is also identical to the previous electro-spun refluxed
fibre NMR peaks except for the 'TH NMR, see Figure 90. The exception is a split of a broad peak
between 3.2-4.0 ppm, into 2 separate peaks, at 3.33 ppm a singlet & at 3.74 a broad peak,
corresponding to the methylene group (-CH>) in the B-O-4 linkage and a methoxy side chain (-
OCH3) peak, respectively, see Figure 8 (271,403). The NMR spectra for the electro-spun lignin
fibre prepared from the 140 °C refluxed lignin/DMSO solution is also similar to the previous
electro-spun refluxed fibre NMR peaks except for the 'H NMR. The exception, like the 'H NMR
for the electro-spun lignin fibre prepared from the 120 °C refluxed lignin/DMSO solution, is
again a doublet broad peak between 3.0 ppm to 4.0 ppm.
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Figure 90. 'H NMR spectra of electro-spun lignin fibre (lignin/DMSO solution refluxed at 120 °C

for 4 hours),

The "H NMR for the electro-spun fibre prepared from the 140 °C refluxed lignin/DMSO
solution, is shown in Figure 91. The 'H NMR spectra of electro-spun lignin fibres prepared from
DMSO solutions refluxed at 140 °C show a number of common features characteristic of lignin,
with some notable differences in resolution and spectral clarity. In the spectra, the dominant
solvent peak from DMSO-ds is visible around 2.50 ppm, as expected. Broad signals in the region
between approximately 6.0 and 7.5 ppm are attributed to aromatic protons from guaiacyl (G) and
syringyl (S) units, shown in Figure 3, which are common in lignin. Additionally, the broad
signals observed between 8.5-9.5 ppm correspond to hydrogen-bonded phenolic protons. The
peaks observed around 3.5 to 4.5 ppm correspond to methoxyl (-OCH3s) groups and protons from
-O-4 ether linkages, shown in Figure 6, a major structural feature of lignin (49,53). The peak
seen at 2.09 ppm corresponds to methylene (-CH») peaks adjacent to carbonyl groups. The peaks

in the 1.5 to 2.0 ppm region are associated with aliphatic side chains, such as benzylic protons,
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while signals at approximately 0.8 to 1.2 ppm likely arise from terminal methyl groups in
aliphatic chains (271,403). Despite the noise in the 140 °C spectrum, the presence of key lignin
features including aromatic protons, methoxyl groups, and aliphatic side chains, confirms that
the core lignin structure remains identifiable even after thermal reflux heat treatment.

No NMR data was obtained for the electro-spun fibre prepared from the 160 °C refluxed
lignin/DMSO solution, due to time constraints, which was an oversight during the experimental
phase; this would require further analysis in future work and is the reason it has not been

included in this thesis.

The NMR analysis of lignin samples, including as-received lignin powder, vacuum-dried lignin
powder, and vacuum-dried electro-spun lignin fibres, provided detailed insights into their

structural features and any potential chemical changes. The 'TH NMR, *C NMR, 'H-'H COSY,
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Figure 91. 'H NMR spectra of electro-spun lignin fibre (lignin/DMSO solution refluxed at
140 °C for 4 hours), and assignments of the structural features with labelled literature ppm
values: (a): sinapyl alcohol repeating lignin monomer including methoxy side chain, (b):

DMSO solvent structure and (c): aliphatic region containing methyl (-CH3), methylene (-
CH> and methine group (-CH) (333,342,451).
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and 'H->C HSQC spectra demonstrated that the key structural components of lignin, such as
aromatic rings, methoxy groups, and aliphatic side chains, remained consistent across all sample
types (354). However, noticeable differences in the water peak intensity, particularly the
significant reduction in the vacuum-dried and electro-spun samples, confirmed the successful

removal of bound and free water during drying and sample processing (see Section 2.1.2).

Evidence of cross-linking or condensation reactions was not clearly observed from the NMR
spectra as the aromatic structure was retained in all of the reflux heat treated electro-spun fibre
samples (264,349). The characteristic inter-unit linkages, including p-O-4, B-B, and B-5,
remained intact, indicating that the reflux thermal or vacuum drying treatments did not cause
significant structural rearrangements or condensation reactions. The consistent appearance of
methoxy, aromatic, and aliphatic signals across the spectra supports the conclusion that the
fundamental lignin structure was preserved, structures shown in Figure 32 (271,403). The
absence of new peaks or significant chemical shifts further suggest that processing conditions

were mild enough to avoid extensive chemical modification or cross-linking.

Overall, the NMR analysis confirmed that the drying and electro-spinning processes primarily
affected the water content and physical properties of lignin without altering its core chemical
structure. The NMR analysis successfully quantified the lignin samples, with the identified peaks
aligning well with those reported in literature, confirming the presence of characteristic lignin

structural features such as aromatic rings, methoxy groups, and inter-unit linkages.

4.4.10. DSC of vacuum dried electro-spun lignin fibre
The Ty values for the electro-spun vacuum-dried lignin fibres produced from refluxed

lignin/DMSO solutions at different temperatures (80, 100, 120, 140 and 160 °C), are shown in
Figure 92. The data shown is the calculated T, for the first heating scans for each of the lignin
fibre samples. No endotherm was seen for the second and third heating scans for the fibre
samples. These Ty values are from single DSC runs due to the limited fibre quantities available;

future work should repeat these measurements to confirm reproducibility.

The data reveals a clear trend of increasing T, with higher reflux temperatures, for each of the
fibre samples. For the fibres produced from lignin solutions refluxed at 80 °C and 100 °C, the T

values were 122.4 °C and 122.9 °C, respectively, showing minimal variation.

A noticeable increase in Ty for the first heating scans is observed at reflux temperatures of 120

°C and above. The Ty increased to 131.6 °C for the 120 °C reflux sample. This indicates that
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higher reflux temperatures promote increased polymer chain alignment and network formation
through condensation reactions, see Figure 92, resulting in an increased T, (463). The most
significant increases in T were seen for fibres produced from lignin refluxed at 140 °C and 160
°C, where Ty values rose to 160.6 °C and 166.0 °C, respectively. This sharp increase suggests

that higher reflux temperatures cause greater structural reorganisation and increased cross-link

140 160

density within the lignin matrix (9,464).
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Figure 92. T, for 1st heating scan for each of the vacuum dried electro-spun lignin fibres at
separate reflux temperatures (80, 100, 120, 140 and 160 °C), with trendline of data.

The increase in T, with reflux temperature highlights the effect of thermal treatment on lignins
molecular structure. Higher reflux temperatures likely facilitate dehydration, condensation, and

partial cross-linking (see Section 2.2.2), contributing to a more tightly bound polymer network
(286,463).

The absence of a clear Ty in the second and third heating scans of the electro-spun lignin fibre
samples can be attributed to the extensive thermal exposure the samples experienced prior to
DSC analysis. Table 23 presents thermal response across multiple heating cycles for each reflux
condition for the vacuum-dried electro-spun lignin fibres. The fibres were subjected to multiple
thermal treatments, including reflux heat treatment, electro-spinning in a heated atmosphere, and

vacuum drying both before and after spinning.
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Table 23. Summary of DSC heating scans (first, second, and third) for vacuum-dried electro-

spun lignin fibres refluxed at five different temperatures (80—160 °C).

Reflux

temperature / °C

1** heating scan

2"d heating scan

3" heating scan

80

100

120

140

160
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The initial reflux treatment likely promoted condensation, dehydration, and partial cross-linking
in the lignin, reducing low-molecular-weight components and moisture while increasing
molecular cohesion. Electro-spinning under heated conditions and subsequent vacuum drying of
fibres would have removed remaining moisture and promoted additional network formation. By
the time of DSC analysis, most thermal relaxation and structural changes had occurred
(140,146,435). Shear viscosity of the lignin/DMSO solutions (see Section 4.3.1) increased with

reflux temperature, mirroring the trend observed in the T of the resulting electro-spun fibres.

Comparing the T, from DSC analysis for the 1% heating scans, the T, of as-received lignin
powder was 155.3 °C, while vacuum drying at 80 °C for 6 hours increased the T to 165.3 °C,
suggesting that removal of moisture and volatiles reduced chain mobility (25). In contrast,
electro-spun lignin fibres refluxed at lower temperatures (80 °C to 120 °C) exhibited
significantly lower T, values (122.4 °C to 131.6 °C). However, fibres refluxed at higher
temperatures (140 °C and 160 °C) showed much higher T, values (160.6 and 166.0 °C,

respectively), comparable to vacuum-dried lignin powder.

Electro-spun lignin fibres refluxed at lower temperatures (80—120 °C) exhibited markedly lower
Tg values than the as-received lignin powder, while fibres refluxed at higher temperatures (140—
160 °C) showed T, values approaching that of vacuum-dried lignin powder. This behaviour can
be partly explained by the effect of fibre structure; electro-spun fibres generally possess lower
packing density and greater free volume than bulk powders, which allows for increased chain
mobility and thus a lower Ty (520-522). Supporting GPC analysis of lignin powders, see Section
4.1.7, showed that My, and PDI increased with higher vacuum drying temperatures (up to

140 °C), suggesting that crosslinking and condensation reactions during heating reduce chain
mobility, an effect likely mirrored in the high-temperature refluxed fibres. In contrast, fibres
treated at lower reflux temperatures (80—120 °C) may not have undergone sufficient
condensation, leaving a lower effective My, contributing to the T depression observed. This
interpretation aligns with literature reporting that reduced My in lignin leads to a lower Ty
(521,523). The brittle, fragile nature of these lower-temperature refluxed fibres may further
indicate incomplete structural stabilisation. Future work should aim to repeat DSC experiments
for these samples, as each reflux condition was measured only once due to limited fibre

quantities, to confirm these preliminary observations.
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The DSC analysis provided valuable insights into the thermal behaviour of both as-received and
vacuum-dried lignin, as well as electro-spun lignin fibres. The T increased progressively with
successive heating scans for both as-received and vacuum-dried lignin. For the electro-spun
lignin fibres produced from refluxed lignin/DMSO solutions, the first heating scans revealed a

clear trend of increasing T, with higher reflux temperatures.

4.4.11. TGA of electro-spun lignin fibre
Similar thermal degradation behaviour is observed in the TGA thermograms for the vacuum

dried, refluxed electro-spun fibre samples (reflux temperatures 80, 100, 120 and 140 °C), as
shown in Figure 93. This mirrors the trend seen in the lignin powder samples, as discussed in
Section 4.1.6. However, the onset of degradation in the fibres has shifted to a higher temperature
(~400 °C), which is consistent with expectations due to the prior refluxing treatment. The
refluxing process likely promoted dehydration, condensation, and partial cross-linking within the
lignin structure, leading to the removal of thermally labile components and the formation of
more thermally stable linkages (308,406). As a result, the fibres exhibit delayed thermal
degradation, indicating increased resistance to thermal breakdown (408). The degradation of the
refluxed electro-spun lignin fibres took place in a temperature range between 400-600 °C, with
maxima at around 500 °C, as evidenced in the thermogram. Notably, fibres prepared at higher
reflux temperatures exhibit less total weight loss, indicating enhanced resistance to thermal

degradation.

The electro-spun fibres produced from lignin refluxed at 80 °C showed the highest mass loss at
98.1%, which decreased progressively with increasing reflux temperature to 85.4% at 100 °C,
72.8% at 120 °C, and 63.8% at 140 °C. This trend suggests that reflux heat treatment enhances
the thermal stability of lignin fibres, by promoting condensation reactions, increasing the reflux
temperature of the lignin solution leads to electro-spun fibres with a higher percentage of weight
remaining after thermal degradation, indicating improved resistance to mass loss. Given that the
mass loss for the fibre from the 80 °C reflux is substantially higher than the others, this result

may be an outlier and warrants repetition in future work to confirm its accuracy.
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Figure 93. TGA thermogram for the electro-spun lignin fibre from reflux temperatures, (a): 80
°C, (b): 100 °C, (c): 120 °C and (d): 140 °C.

The weight loss data for the electro-spun refluxed lignin fibres shows a clear trend of increasing
thermal stability with higher reflux temperatures, but the overall thermal stability of the fibres
remains lower than that of the as-received and vacuum-dried lignin powder samples, see Table
24. The total weight loss for the as-received lignin was 61.0%, while the vacuum-dried sample
exhibited a slightly lower total mass loss of 58.6%, reflecting improved thermal stability due to
the removal of moisture and low-molecular-weight volatiles. In comparison, the electro-spun
lignin fibres exhibited higher weight loss percentages, for example, the 120 °C reflux solution

electro-spun lignin fibre had a 72.8% weight loss, greater thermal degradation during heating

(286,524).
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Table 24. Percentage weight loss for the lignin samples from TGA, including temperature at
which 50% weight loss occurred.

Weight loss at 800 °C Weight loss of 50% at
Lignin sample
(%) temperature (°C)
As-received powder 61.0 558.0
Vacuum-dried powder
58.6 565.0
(80 °C for 6 hours)
Refluxed solution (80 °C for 4
98.1 514.1
hours) electro-spun fibre
Refluxed solution (100 °C for 4
85.4 524.0
hours) electro-spun fibre
Refluxed solution (120 °C for 4
72.8 533.8
hours) electro-spun fibre
Refluxed solution (140 °C for 4
63.8 487.9
hours) electro-spun fibre

The higher weight loss for the electro-spun refluxed lignin fibres compared to the as-received
and vacuum-dried lignin powder samples can be attributed to the structural characteristics of
electro-spun fibres, which are more fragile and prone to thermal degradation. One factor is the
high surface area and thin morphology of electro-spun fibres in comparison to the powder
samples. The electro-spinning process produces fibres with a large surface-to-volume ratio,
which increases their exposure to heat and oxidative degradation. This makes the fibres more
susceptible to rapid thermal decomposition compared to bulk lignin powder, where the heat
transfer and degradation occur more gradually due to lower surface exposure (3,525).
Additionally, while refluxing typically promotes condensation and cross-linking reactions, the
rapid solvent evaporation and jet stretching during electro-spinning can prevent the formation of
a fully developed molecular network (245). This leaves behind low-molecular-weight fragments
and loosely bound chains that are more prone to thermal breakdown, leading to higher mass loss
under heating (135,285). Physical defects introduced during the electro-spinning process may
also reduce thermal stability (see Section 4.4.5). Electro-spinning often results in structural
imperfections such as bead formation, uneven fibre diameters, and breakage points (526-528).
These defects can act as initiation sites for thermal degradation, making the fibres more

vulnerable to thermal decomposition (411,492).
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4.5. Characterisation of thermostabilised and carbonised electro-spun lignin fibre
Thermally stabilised and carbonised electro-spun lignin fibres were characterised using SEM and

XRD. SEM was used to observe morphological changes during thermal treatment. XRD was

employed to assess structural changes, during thermal treatment.

4.5.1. SEM of thermostabilised and carbonised electro-spun fibre
The morphological effects of thermostabilisation atmosphere on electro-spun lignin fibres were

investigated using SEM, as shown in Figure 94. Both fibre mats were stabilised at 260 °C for

2 hours with a heatmg rate of 1 °C min’! under elther nltrogen or air atmospheres.

’/" "/& "3'6§ \lu

ib‘s ?@;‘y‘p ‘.\ ﬁ:\:

AL D10.2x1.0k 100 um

AL D10.1x1.0k 100um -

Figure 94. SEM micrographs of electro-spun lignin fibres after thermostabilisation at 260 °C in
atmospheres of; (a): dry compressed air and (b): dry nitrogen.

The nitrogen-stabilised fibres exhibited a generally well-preserved, continuous fibrous structure
with random orientation, with an average fibre diameter of 735 nm. The fibres remained smooth
and uniform with minimal deformation, indicating effective stabilisation under inert conditions.
However, some fibre fusion at contact points and occasional breakage were observed, likely due

to localised thermal stress or softening during the prolonged heating period (35,262).

In contrast, the air-stabilised fibres showed more pronounced morphological disruption. While
the fibrous network remained largely intact, broken fibres and areas of local fusion or flattening
were more prevalent. The average fibre diameter increased to 806 nm, which may reflect
oxidation-induced swelling, partial cross-linking, or thermal degradation in the oxidative
environment (261,263). These features indicate that stabilisation in air introduces greater
structural stress, leading to increased fragmentation and less uniform fibre morphology
compared to nitrogen-treated fibres. The fibre diameter increased significantly after

thermostabilisation in both air (806 nm) and nitrogen (735 nm) compared to the as-electro-spun

178 |Page



fibres (269 nm) produced from the same 100 °C reflux lignin—-DMSO solution (see Section
4.4.5). Overall, the comparison highlights that nitrogen provides a more protective environment,
allowing for better preservation of fibre morphology during thermostabilisation. In contrast, air
induced more significant structural alterations, which may compromise the mechanical integrity

of the fibres ahead of carbonisation.

The morphological evolution of electro-spun lignin fibres following carbonisation in a nitrogen

atmosphere at 600 °C, 900 °C, and 1200 °C is shown in Figure 95.

AL D93 x2.0k  30um AL D94 x20k  30um

Figure 95. SEM micrographs of electro-spun lignin fibres after carbonisation at different
temperatures; (a): 600 °C, (b): 900 °C, and (c): 1200 °C.

All carbonised fibres maintained a randomly oriented, nonwoven fibrous structure with smooth
surfaces and no bead formation, indicating successful thermostabilisation prior to carbonisation.
However, variations in fibre diameter, integrity, and fragmentation were observed with

increasing temperature.
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At 600 °C, the fibres exhibited a uniform morphology with an average diameter of 635 nm. The
structure remained largely intact, though a small number of broken fibres were observed. This
suggests that while carbonisation at this temperature preserves the general architecture, some

thermal stress or brittleness may begin to develop.

At 900 °C, the fibres had an increased average diameter of 765 nm and showed more frequent
signs of breakage and fragmentation compared to the 600 °C and 1200 °C fibres. In the 1200 °C
micrograph, the average fibre diameter slightly decreased to 744 nm, consistent with
densification and increased carbon ordering (252,529). While the overall fibre network remained
intact and well-preserved, some broken fibres were still evident, suggesting that although high
temperature carbonisation treatment promotes structural consolidation, thermal stress can still

contribute to occasional fibre failure (160).

In summary, all samples retained their fibrous morphology after carbonisation, but fibre
breakage was most pronounced at 900 °C, indicating this temperature may represent a critical
threshold for structural transformation. Minor breakage at 600 °C and 1200 °C further highlights

the sensitivity of lignin-based fibres to thermal stress across the carbonisation process.
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4.5.2. XRD of carbonised lignin fibre
X-ray diffraction was also carried out on carbonised electro-spun lignin fibre samples, each of

which was first oxidised in air at a heating rate of 1 °C min™' to 260 °C for 2 hours, followed by
carbonisation under nitrogen to final temperatures of 600 °C, 900 °C, and 1200 °C, each held
respectively for 2 hours. The XRD patterns for the 600 °C and 900 °C carbonised fibre is

displayed in Figure 96.
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Figure 96. X-ray diffraction pattern for, (a): 900 °C carbonised fibre and (b) 600 °C carbonised
fibre, offset by intensity to enable comparison.

All carbonised lignin fibre samples exhibited broad peaks characteristic of disordered carbon,
with two key features becoming increasingly defined at higher temperatures. The first, a broad
diffraction peak centred around 20 = 25.5°, corresponding to the (002) reflection, associated
with the stacking of aromatic layers (457). At 600 °C, this peak is broad and diffuse, indicating a
predominantly amorphous carbon structure. As the carbonisation temperature increases to

900 °C, the (002) peak becomes noticeably sharper and more intense, reflecting the onset of
turbostratic carbon formation and partial alignment of aromatic domains (249,530).

This trend continues at 1200 °C, where the peak shows the greatest intensity and definition at 20
= 25.5°, shown in Figure 97, suggesting improved structural ordering and development of

graphitic-like layers (283).
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Figure 97. X-ray diffraction pattern for the 1200 °C carbonised lignin fibre.
A second feature, a weaker diffraction signal near 20 = 40°, corresponds to the (100/101)
reflections, related to in-plane ordering within the carbon structure. A subtle rise in intensity
around 20 = 80°, corresponding to the (110) reflection of graphitic carbon, was observed
consistently in all three carbonised fibre samples (600 °C, 900 °C, and 1200 °C), but was notably
absent in the as-received and vacuum-dried lignin powders, indicating that this feature emerges

only after high-temperature carbonisation (267,278).

X-ray diffraction analysis confirmed that the as-received and vacuum-dried lignin powders
exhibit typical amorphous scattering patterns, with no evidence of long-range structural order.
Upon carbonisation, the electro-spun lignin fibres developed increasingly defined (002) and
(100)/(101) diffraction features with rising temperature, consistent with the formation of
turbostratic and partially graphitised carbon structures (283). The appearance of a weak (110)
reflection near 20 = 80° in all carbonised samples further suggests the onset of higher-order
graphitic stacking, particularly at 1200 °C. Overall, these results imply that thermal treatment
promotes structural reorganisation, transitioning lignin from a disordered polymeric material into

a more ordered carbon framework.
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5. Conclusions

This thesis has successfully demonstrated the production of aligned neat lignin fibres using
100% (w/v) lignin dissolved in a single-solvent system of dimethyl sulfoxide (DMSO). The
ability to electro-spin neat lignin fibres without the need for a co-polymer represents a significant
advancement in lignin-based fibre production and sustainable material development. Through a
systematic investigation of lignin solution properties and fibre characterisation, the influence of
processing conditions and thermal treatment on fibre formation from electro-spinning was

thoroughly explored.

Aligned neat lignin fibres were successfully produced from lignin/DMSO solutions using a novel
Vee-shield method, which enabled the fabrication of highly aligned fibres (see Section 4.4.6).
The electro-spinning process was optimised by adjusting solution viscosity and electro-spinning
temperature to minimise bead formation and maximise fibre uniformity (see Section 4.4.4). The
production of smooth, continuous fibres from 100% (w/v) neat lignin in DMSO underscores the
importance of achieving an optimal balance between solution viscosity, chain entanglement, and

conductivity for successful jet formation and fibre deposition.

Rheological analysis provided key insights into the flow behaviour of lignin/DMSO solutions,
highlighting the impact of lignin concentration and reflux temperature on solution viscosity.
Shear solution viscosity increased with lignin content, rising from 0.17 Pa-s at 50% (w/v) to 3.68
Pa-s at 90% (w/v), indicating increased molecular interactions and chain entanglement at higher
lignin concentrations. Reflux temperature also influenced solution viscosity, with viscosity
increasing from 1.35 Pa-s at 80 °C to 4.24 Pa-s at 160 °C, induced by higher reflux temperatures.
The viscosity ramp data showed a decrease in viscosity with increasing temperature, explaining
why electro-spinning at elevated temperatures (55 °C) facilitated smoother fibre formation (see

Section 4.3.1).

Conductivity analysis showed that lignin/DMSO solution conductivity increased with both lignin
concentration and reflux temperature, with higher reflux temperatures leading to increased ionic
mobility and enhanced charge transport. This enhanced conductivity contributed to improved jet
stability during electro-spinning, supporting the formation of smooth, aligned fibres.
Conductivity measurements of DMSO alone demonstrated a clear increase with temperature,
confirming the effect of enhanced molecular mobility on charge transport in the spinning

solution (see Section 4.3.2).
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FTIR and NMR analysis confirmed the retention of key functional groups and aromatic
structures within the electro-spun lignin fibres. FTIR spectra showed the presence of hydroxyl,
methoxy, and carbonyl groups characteristic of lignin, with shifts in peak intensity and position
suggesting reduced free hydroxyl content following reflux and electro-spinning (see Section
4.4.8). NMR analysis further validated the retention of aromatic integrity and the formation of
condensed structures at higher reflux temperatures, supporting increased thermal and structural

stability (see Section 4.4.9).

XRD analysis revealed that carbonisation led to increasing structural order in electro-spun lignin
fibres, with sharper (002) peaks and the emergence of (100)/(101) and (110) reflections at higher
temperatures. These changes indicate a gradual transition from amorphous to partially
graphitised carbon, particularly pronounced at 1200 °C (see Section 4.5.2). GPC analysis
revealed that vacuum drying lignin at increasing temperatures led to a gradual rise in both the
number-average and weight-average molecular weights of lignin, as well as the polydispersity
(see Section 4.1.7). This behaviour is attributed to thermally induced condensation and possible
cross-linking reactions, which result in a broader and more cohesive molecular structure. These
findings help explain why lignin pre-treated at higher temperatures exhibited improved fibre

formation and spinnability.

DSC analysis demonstrated that the glass transition temperature (Tg) of lignin increased with
reflux temperature. Ty increased from 122.4 °C at 80 °C reflux to 166.0 °C at 160 °C reflux. For
electro-spun fibres, a Ty was only observed during the first heating scan, with no transition in
subsequent scans. This suggests that the combined effects of reflux treatment, electro-spinning,
and vacuum drying resulted in extensive molecular stabilisation, eliminating further structural

relaxation upon heating.

TGA analysis revealed that electro-spun lignin fibres exhibited lower overall thermal stability
than as-received and vacuum-dried lignin, with mass loss decreasing from 98.1% at 80 °C reflux
to 63.8% at 160 °C reflux. This reduction in thermal stability is likely due to the high surface
area and reduced cross-link density within the fibres, which makes them more susceptible to
thermal degradation compared to bulk lignin samples. However, the trend of increasing thermal
stability with higher reflux temperatures confirms that thermal treatment enhances structural

integrity and also reduced mass loss during thermal decomposition (see Section 4.4.11).
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SEM imaging confirmed the successful production of smooth, aligned electro-spun lignin fibres
at reflux temperatures of 140 °C, see Figure 81. At lower lignin concentrations (50-60% (w/v)),
bead formation was observed due to insufficient chain entanglement. However, at higher lignin
concentrations (75-100% (w/v)), increased viscosity and molecular cohesion facilitated the
formation of continuous, bead-free fibres (see Section 4.4.2). Reflux-treated solutions produced
finer, more uniform fibres, with increased alignment and reduced defects at higher reflux

temperatures (see Section 4.4.6).

Electro-spun neat lignin fibres were successfully thermostabilised and carbonised, as confirmed
by SEM analysis (see Section 4.5.1). The fibres retained a continuous, nonwoven structure
throughout thermal treatment, with nitrogen providing better morphological preservation during
stabilisation than air. Following carbonisation at 600 °C, 900 °C, and 1200 °C, all samples
maintained fibrous integrity, demonstrating thermal stability and resilience under controlled

treatment conditions.
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6. Recommendations for future work
This work has demonstrated that neat lignin, dissolved in DMSO, can be electro-spun into

continuous, aligned fibres without the need for co-polymers or additives. The successful
optimisation of solution properties including viscosity and conductivity; and thermal stability
through reflux treatment establishes a foundation for producing sustainable, bio-based lignin

fibres with enhanced structural integrity and thermal performance.

Future research should focus on further refining the electro-spinning process to enhance fibre
uniformity and mechanical strength. Investigating the effect of different lignin sources and
refining post-spinning stabilisation techniques could further improve the performance and
applicability of lignin-based fibres. Additionally, exploring alternative solvents and
functionalisation strategies may enable the production of lignin fibres with tailored mechanical,
thermal, and chemical properties, expanding their potential for high-performance bio-based
applications. Further studies should also examine the impact of thermostabilisation conditions on
fibre fusion. As observed, stabilisation under nitrogen can promote controlled fibre
interconnection, which may significantly improve the morphology of resulting carbon fibres.
Additional characterisation of the carbonised electro-spun neat lignin fibres, both pre- and post-
carbonisation, particularly their mechanical strength, electrical conductivity, and surface area;
would provide valuable insights into their potential applications as lignin-derived carbon

materials.

This study marks a significant step forward in neat lignin-based fibre production, showcasing the
potential of lignin as a sustainable, renewable resource for advanced materials and reinforcing its

viability for use in high-performance applications.
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