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Abstract

Lignocellulose fractionation is a critical step in biorefineries to convert cellulose, hemicellulose, and
lignin into sustainable fuels and chemicals. Conventional acid hydrolysis causes equipment corrosion,
acid recovery challenges, excessive wastewater, and toxic by-products. To overcome this, solid acid
ion exchange resins were investigated for the fractionation of lignocellulosic feedstocks in water and in
ionic liquids. Characterisation of raw materials and pulp fractions via thermogravimetric analysis, X-ray
diffraction, and other analytical techniques was used to evaluate its efficiency.

After 2 hours at 110 °C in water, the highest cellulose retention (53 to 55 wt.%) and hemicellulose
reduction (23 to18 wt.%) for miscanthus x giganteus (MxG) was observed with the commercial resin
Amberlyst 70 (IER70) at a 1:8 mass ratio resin to biomass. When compared to equivalent proton
concentrations of HCI and H,SO,, IER70 transformed better crystalline cellulose to amorphous forms
achieving the largest changes in cellulose thermal degradation (10 °C).

In the presence of triethylammonium hydrogen sulphate (IL-TS), IER70 enhanced the crystalline
cellulose transformation to amorphous cellulose, reducing the cellulose peak degradation temperature
from 269 °C to 257 °C. When compared to other six commercial ion exchange resins, IER70
overperformed them, due to its higher acid strength (117 kJ mol~') and thermo-mechanical stability.

The combination of IER70 with IL-TS was tested using three different feedstocks: MxG (high cellulose),
brewery spent grains (low hemicellulose) and pine bark (high lignin). It was found this combination is
most efficient for cellulose-rich biomasses, due to its stronger cellulose depolymerisation effect.

In conclusion, IER70 enhanced biomass hydrolysis and fractionation in the presence of water and ionic
liquids. Its solid form can reduce conventional hydrolysis issues (equipment corrosion and complex
neutralisation and recovery steps). Thus, IER70 can enhance the pretreatment efficiency and enhance
the feasibility of producing renewable chemicals and fuels from lignocellulosic biomass.

Keywords: Lignocellulosic biomass, homogenous catalysis, heterogeneous catalysis, ionic

exchange resins, ionic liquids

M. N. A. Khan, PhD Thesis, Aston University 2024 2



Acknowledgements

| wanted to convey my gratitude to my supervisor, Dr Marta Granollers Mesa, for her continuous direction
and substantial encouragement during my PhD studies at the Energy and Bioproducts Research
Institute (EBRI) at Aston University. | want to thank my co-supervisors, Dr Paula Blanco-Sanchez and
Dr Amin Osatiashtiani, for their assistance and guidance during my research. | am grateful to former
and current colleagues at EBRI for their support and collaborative opportunities that have enriched my
research knowledge, particularly to Dr Alfred F. Castane, Dr Daniel J. Nowakowski, and Dr Jude A.
Onwudilli.

| want to express my gratitude to Dr Scott Banks and Dr Jinesh C. Manayil for their time, guidance, and
support in training me in various analytical methods, which enabled me to complete my experimental

work.

| want to express my gratitude to the College of Engineering and Physical Sciences at Aston University
for my studentship, which enabled me to conduct this research at the Energy and Bioproducts Research
Institute (EBRI), and for the additional assistance from the COVID-19 Hardship Fund to mitigate delays

caused by the University closure and varying restrictions over the past 18 months.

Lastly, | would like to express my gratitude to my mentor, Professor Dr Yassir Taha Makkawi, for all the
support and encouragement he gave me when | was a student at various higher education institutions.
His knowledge and experience have been instrumental in developing my enthusiasm for specialising as

a chemical engineer in the field of bioenergy.

M. N. A. Khan, PhD Thesis, Aston University 2024 3



Table of Contents

ADSEIACE ... .. 2
ACKNOWIEAGEMENES ... e e e s e s s s s e e e e e smm s s s s s e s e e e nmmn s s s s s e e e e e snnnssssnnssnnnnns 3
JLIE= 1 ¢ L= 0 0T o 0 1= 41 =P 4
T o I T =T 8
IS o) T 1= 1
T3 o o 11T 1o = 15
List of AbDreviations ... e 16
I 11411 o T 11 2 4 ) o SO 18
1.1, BIorefiNery CONCEPL. ... .o 19
1.2, LignocCellulOSIC DIOME@SS ... 20
LA B O 17 Lo X -SSP 22
1.2.2. HEMUCEIIUIOSE .........ccceeeeeeeeeeee ettt ettt e e e e e e e eaateaa e e e e aaaees 23
L2 T N (o ] o B SPURPRPINE 24
1.3. Lignocellulosic Biomass Pretreatment Methodologies...........ccouiiiriiiii i 27
1.4. Chemical Pretreatment Methods .........cooo oo 29
L B Y Vol o I T (== 1 = g S 30
1.4.2. AIKAli Pretr@atiMENt ..........oooveeeeee ettt ettt e e e ettt e e e e e e e e e saaaeaaaes 31
T.4.3. OFQANO-SOIV ...ttt ettt et ettt et e e et e e e e e e e aaaaaaaaaaas 33
1.4.4. SOl ACIQ CALAIYSIES.......ccoeveeeeeee et ettt ettt e ettt e e e e e e et saeeeaaaaans 34
1.5. Advanced Pretreatment Methods using 10NiC LiqUids ..........oooiiiiiiiiiiiiiie e 40
1.5.1. SOME ClaSSIfICALIONS OF ILS .......ccceoeeeeeeeee ettt e e eeea e e e e e 40
1.5.2. ILS fOr Biomass PrefrealMeEnt ............ooveuueeeieeeeeeeeeee ettt ettt s e et eaaa e e e e 41
1.6. Mains findings, main research gaps and research objectives..........cccccoooviiiiiiiiii . 46
2. Material and Methods ... s s s s s e e e s n e e e e e e e nmm e as 48
B2 I O o =Y o o= SR 49
2.1.1. BioMaSS fEEASIOCK ......ccoeeeeeeeeeeeeeeeeeeeeeee e 49
2.1.2. 10N EXCha@NGe RESINS (IERS).........ueeu et 49
b G B (o T (o W o 10 Lo S () N 49
2.1.4. Synthesis of Fibre Detergent SOIULIONS...............ouuuuueeieeeeiieeee ettt sse e e aaaaens 49
2.1.5. FEEASIOCK PrePAIatiON .............cei e e ettt ettt e e ettt et e e e e e e et esaaeeaaaaees 49
2.1.6. Miscanthus x giganteus grass (FeedStOCK 1) ........coooveeeeeiiiiiii 50
2.1.7. Pine Bark Wood (FEEUSIOCK 2) .........coooeeeeiieeeeeeeeeeeeeeeeeeeee e 50

M. N. A. Khan, PhD Thesis, Aston University 2024 4



2.1.8. Brewery Spent Grains (FEeASIOCK 3) ............umeeiiiiiiiieeeee e 50

2.2. Characterisation Of IERS ...........uiiiiiiiii e 50
2.2.7. ACIH CAPACIY ... 50
2.2.2. SWEIlNG DEGIee ........ccccooeeeeeeeeeeee 50
2.3. Synthesis and Characterisation of lonic Liquids (L) .......coooeeioeiiiieeeee e 51
2.3.1. Synthesis of Triethylamine hydrogen sulphate [TEAJ[HSO4] (TS) ...covvvveeeeeieeeeeeeeeeeee e 51
2.3.2. Synthesis of Triethylamine acetate [TEAJ[OAC] (TA).....cou i 51
b I B V7 1 =Tl O ] (=Y o S 52
2.4. Feedstock and Pulp Characterisation..............uuuiiii i 53
2.4.1. CompoSItioNAl @NAIYSIS ............ceie ettt ettt et ra e e e aaaaans 53
2.4.2. Thermogravimetric Analysis (TGA) and Proximate ANalysSis ................ccuuuuuueeiieeeeeeiiiiieeaaannn. 53
2.4.3. Ultimate Analysis and Higher Heating Value (HHV) ... 55
2.4.4. Attenuated Total Reflectance-Fourier Transformation Infrared Spectroscopy (ATR-FTIR)...... 57
2.4.5. X-ray Diffraction (XRD) ..........coouoiiiiiiiieeeeeee e 58
2.4.6. Scanning Electron Microscopy-Energy Dispersive X-ray (SEM-EDX) ............cccouuveeevvvveeveennn... 60
2.5. Experimental setup for reaction and purification................ccooiiiiiiiiicci 60
2.5.1. Reaction Set-Up @nd PrOCEAUIE.................eee e ettt e e e et eea e e e e e e e aataaaaeeaaes 60
2.5.2. Product Washing ..............oouu oo 61
3. Evaluation of lonic Exchange Resins for Acid Hydrolysis ............cccooiiininninninnnnnnnnninninnnnnns 63
G TRt O 1o oY [ [ 4o o I PSRRI 64
3.2. Effect of lon Exchange Loading on Acid HydrolySiS. .............uuuuuiiiuiiiiiiiiiiiiiiiiiiiiiiieineinieieneeenenennnes 66
3.2.1. Compositional-Proximate-Ultimate analySes...............cccovveeeeeieieeiieieeeeeeeeee 66
3.2.2. Thermogravimetric analysiS (TGA) ......cooo oo oo 69
3.2.3. X-ray Diffraction (XRD) .........ooooeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 73
3.2.4. Attenuated Total Reflection Fourier Transformation Infrared (ATR-FTIR) Spectroscopy......... 74
3.3. Comparison of hydrolysis with solid IERs and mineral acids ...............cccooiiieiiiiiiiiiiiiinns 78
3.3.1. Compositional-ProXimate @nalySES................cueeeeuuueeee ettt et e e et tsa e e e aaeeans 78
3.3.2. Thermogravimetric analysiS (TGA) ......cooeeeeeeeeeeeeeeeeeeeeeeeee e 79
3.3.3. X-ray DiffraCtion (XRD) ...t 82
3.3.4. Attenuated Total Reflection Fourier Transformation Infrared (ATR-FTIR) Spectroscopy......... 83
K S @7 o] (o1 1] o] 1 PP PP PPPPPPPPI 86

4. Evaluation of lonic Exchange Resin and lonic Liquid mixtures for lignocellulosic biomass

fractioNation ... ———————————————— 87
o I [ 01 (o T [V T} { o] o I TP PP PP P PP PPTPPPPPP 88
4.2. Preliminary experiments of IL (TS) + IER70 using mesh baskets .............cccoooiii 89

M. N. A. Khan, PhD Thesis, Aston University 2024 5



4.2.1. Scanning Electron Microscopy-Energy Dispersive X-Ray (SEM-EDX)..............cccccovoeeeeeeannn. 89

4.3. lonic liquid system (TA) with and without IER70 for MIS16............ooiiiiiiiiice e, 91
4.3.1. Proximate and Ultimate @nalySEs ................ouuuuuuuuueieeeiiiiiiiiiiiiiiiiiiieiieeeeeeeeeeeeeeeeeeeeeeeeee 91
4.3.2. Thermogravimetric @nalySiS (TGA) .......ouuuuuueeemeeeiiiiieiieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee 93
4.3.3. X-ray Diffraction (XRD) ..........ccouueuuuiuiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeteeeeeeeeeeeeeeeee e 94
4.3.4. Attenuated Total Reflection Fourier Transformation Infrared (ATR-FTIR) Spectroscopy......... 96
4.4. lonic liquid system (TS) with and without IER70 for MIS16.........cccooiiiiiii 98
4.4.1. Proximate and ultimate @nalySes .................uuuuuueuuuiieeimiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeee 98
4.4.2. Thermogravimetric @nalySiS (TGA) .......oouueweeuieiiiiiiiiiieeieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee 100
4.4.3. X-ray Diffraction (XRD) ..........couuuueeieiiiiiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 102
4.4.4. Attenuated Total Reflection Fourier Transformation Infrared (ATR-FTIR) Spectroscopy....... 104
B T o o3 U1 o] 1= 00RO 108
5. Evaluation of triethyl ammonium hydrogen sulphate with different lonic Exchange Resins

and lignocellulosic fEe@dStOCKS ........ .o 110
S0t O 1o o To [ T34 o o I URPPRPR 111
5.2. lonic Liquid TS80 with different lon Exchange ResiNS ............cccooiiiiiiiiiiiiiii e, 112
5.2.1. Proximate and UltImate @nalySEsS .............uuueeeeeeeieeeie ettt ettt e e e aea e e e aaaeaaes 112
5.2.2. Thermogravimetric @nalySiS (TGA) ..o ettt ettt e e e 114
5.2.3. X-ray DiffraCtion (XRD) ..........uuueee oottt ettt ettt e e e 117
5.2.4. Attenuated Total Reflection Fourier Transformation Infrared (ATR-FTIR) Spectroscopy....... 119
5.3. Comparison of LignocellulosiC Materials ...............uuuuiiiiiiiiiiiiiiiiiiiiiiieenennees 122
5.3.1. Proximate and UltIMate @nalySEsS ............ouuueeeieeueieeeeee ettt ettt e ettt e e e aia e e e aaaeaaes 122
5.3.2. Thermogravimetric analysiS (TGA) .......ooeeeeeeeeeeeeeeeeeeeeeeee e 123
5.3.3. X-ray Diffraction (XRD) .........ooooeeeeeeeeeeeeeeeeeeeeeeeeee e 125
5.3.4. Attenuated Total Reflection Fourier Transformation Infrared (ATR-FTIR) Spectroscopy....... 127
5.4. Effect of TS80 and IER7O for different lignocellulosic materials (MIS48, BSG48 and PB48) ..... 128
5.4.1. Proximate and Ultimate @nalySES ............cuuuueeeieeeie ettt ettt e et e e e aee e e aaaa e 128
5.4.2. Thermogravimetric analysiS (TGA) .......ooo oo eeeeeeeeeeeeeeeeeeeee e 130
5.4.3. X-ray Diffraction (XRD) ..........oooeeeeeeieeeeeeeeeeeeeeee e 132
5.4.4. Attenuated Total Reflection Fourier Transformation Infrared (ATR-FTIR) Spectroscopy....... 134
ST T O o T o3 1113 o o < 137
6. Conclusions and Recommendations for Future Work............cccooiiiiiiiiiniinnnininnnnnnnns 139
&0 T o T o 11 13 o o < 140
6.2. Recommendations for FULUrE WOTK...........cooiiiiiiiicee e e e e e e eeanees 141
= =T (=T 3 T o= PR 143

M. N. A. Khan, PhD Thesis, Aston University 2024 6



N o011 g T o= P 179

Appendix 1 (LIterature REVIEW) .........uuuiiii it e e e e e e e e raas 180
Appendix 2 (Material and Methods) .........ooooiiiiii i 187
Appendix 3 (Evaluation of lonic Exchange Resins for Acid Hydrolysis) ..........ccccovviiieiiiieeiiiiininn. 189

Appendix 4 (Evaluation of lonic Exchange Resin and lonic Liquid mixtures for lignocellulosic biomass
L =Tt ToT b= i o] o ) I OO SUPPPTPPPPR 197

Appendix 5 (Evaluation of Triethyl ammonium hydrogen sulphate with different lonic Exchange Resins
and LignocelluloSiC FEEASIOCKS) ... ..uuuuuiiiiiiiiiiiiiiiiiiiiii e 202

M. N. A. Khan, PhD Thesis, Aston University 2024 7



List of Tables

Table 1.1. Chemical composition of different lignocellulosic biomasses [14,16—19]. ...........ccceevvrnnnnn.. 21
Table 1.2. Lignocellulosic Biomass pretreatment technologies with different methodologies [57,58].. 28

Table 1.3. Pretreatment methods and related advantages, limitations, and disadvantages [53,59-64].

.......................................................................................................................................................... 30
Table 1.4. Classification of Acidic catalysts [70]. .......ooiiiiirii e 31
Table 1.5. Comparison of different alkaline pretreatment [93]. ..., 32

Table 1.6. Comparison of catalytical properties and activities of solid acid catalyst for hydrolysis. ..... 34

Table 3.1. Summary of nomenclature for samples in chapter ..., 65
Table 3.2. Chemical composition (wt.%) of raw material and pretreated pulp............coeeeeieeee. 66
Table 3.3. Proximate analysis (wt.%) of raw material and pretreated pulp............cccooeeeeeeiieeieee. 67
Table 3.4. Ultimate analysis (wt.%) of raw material and hydrolysed pulp. ..........ccoooeeiiiiiiiiiii. 68
Table 3.5. Crystallinity Index (Cr/) and crystallite size of untreated MIS48 and pretreated pulp.......... 74
Table 3.6. Functional groups of organic compounds identified in FTIR with corresponding absorption
(=T aT0 L= TS 3N 22 4 75
Table 3.7. Chemical composition (wt.%) of biomass (MIS48) and pulp after acid hydrolysis IER35, IER70
= Yo 0 0T 0 T=T = = Ve o £ UERPPTRRR 78

Table 3.8. Proximate analysis (wt.%) of MIS48 and pulps obtained from after acid hydrolysis using IERs

and equivalent proton concentration of mineral acids. ..o 79
Table 3.9. Crystallinity Index (Cr/) and crystallite size of pulp..........coovvveiiiiiiiiiie e, 83
Table 4.1. Summary of nomenclature for samples in chapter 4.............iiiiiiiiiiiiiic e, 89
Table 4.2. SEM-EDX elemental analysis of M48 treated with IL-TS (60 wt.%) in the absence or presence
of two baskets of IER70. ND = Not detected. ..o e 90
Table 4.3. Proximate analysis (wt.%) of raw material (MIS16) and pulp treated with two concentrations
of IL-TA (40 and 80 wt.%) and the absence or presence of 0.25 g of IER70. ..........cooovviiiiiiiiiiinnnnn, 92
Table 4.4. Crystallinity Index (Cr/) and crystallite size of untreated MIS16 and pretreated pulp.......... 96
Table 4.5. Proximate analysis (wt.%) of raw material (MIS16) and pulp from IL-TS-IER70 treatment with
two concentrations of TS (40 and 80wt.%) and the absence or presence of 0.25 g of IER70. ............ 98
Table 4.6. Ultimate analysis (wt.%) of raw material (MIS16) and the pretreated pulp for the IL-TS-IER70
S} T£] (=] 0 DO USRI 99
Table 4.7. Crl, the crystallite size of untreated MIS16, and pulp with IL-TS-IER70 at different IL
concentrations with and Without IERT7O. ... .o e 104

Table 4.8. Relative crystallinity index (Relative Cr/) and lateral order index (LOI) of untreated MIS48 and
[T (== =0 N o U o TS 106

M. N. A. Khan, PhD Thesis, Aston University 2024 8



Table 5.1. Summary of terminologies for SamMPIES........cccooiiiiiiiiie 112
Table 5.2. Proximate analysis (wt.%) of raw material (MIS48) and pulp for TS80 with different IERs.

Table 5.3. Ultimate analysis (wt.%) of raw material (MIS48) and pulp for TS80 with different IERs.. 113
Table 5.4. Crystallinity index (Crl) and crystallite size of pulp treated with TS80 and different IERs. 119

Table 5.5. Proximate analysis (wt.%) of different raw materials..............cooeeeeiii 123
Table 5.6. Ultimate analysis (wt.%) of different raw materials.............ccoooeeiii 123
Table 5.7. Crystallinity Index (Crl) and crystallite size for different raw materials. ............................ 127
Table 5.8. Proximate analysis (wt.%) of raw materials after TS80-IER70 treatment. ....................... 129
Table 5.9. Ultimate analysis (wt.%) of raw materials after TS80-IER70 treatment. ........................... 130
Table 5.10. Crl, crystallite size for different raw materials (MIS48, BSG48, PB48), and pulp after TS80-
| O (== 11 0= o | S 134
Table A1.1. Principles of Green Chemistry [6]..........coii i 180
Table A1.2. Proximate analysis for Miscanthus and Spent Grains [17-19,277,283,436—440]. ........ 184

Table A1.3. Elemental analysis for miscanthus and Spent Grain [18,19,277,283,285,437—441]. ..... 184

Table A1.4. Literature on the use of different IL for different lignocellulosic materials. ND: Not defined in

the paper, H: High, M: Medium, L: LOW, @and V: Vary ... 186
Table A2.1. Physiochemical properties of macro-reticular ionic exchange resins [393,461-463]. .... 187
Table A2.2. ATR-FTIR operational parameters .........cooooiii i 187
Table A2.3. XRD operational parameters.........ccooveuiiiiiiiiiie e e 188
Table A3.1. Ultimate analysis for IER70 fresh, ethanol washed-dry, and after pretreatment. ........... 189
Table A3.2. Higher heating value (HHV) of raw material and pretreated pulp.............cceeeeeieeeeeeen. 189
Table A3.3. pH of 20 mL Deionize water for different number of baskets. ...........cccccoeeeiiiiiiinnnn. 189
Table A3.4. TGA-DTG for raw material-pulp-treated IER under an inert atmosphere. ...................... 191
Table A3.5. TGA-DTG for raw material-pulp treated IER under oxidative atmosphere. .................... 191
Table A3.6. Crystallinity Index (Crl) using area deconvolution and peak fit values. ......................... 192
Table A3.7. ATR-FTIR spectral wavenumber and band assignment ...............cccoiiiiiniieeneceiiinn. 193
Table A3.8. Crystallinity Index (Crl) using area deconvolution and peak fit values. .......................... 193
Table A4.1. Ultimate analysis (wt.%) of raw material (MIS16) and pulp for IL-TA-IER70. ................. 197

Table A4.2. TGA-DTG peak temperatures-mass loss for raw material-pulp treated IL-TA-IER70 under
1 T=T 3 oo ] To 1 1Te] o - TSP 199
Table A4.3. TGA-DTG peak temperatures-mass loss for raw material-pulp treated IL-TA-IER70 under
= || O 199
Table A4.4. TGA-DTG peak temperatures-mass loss for raw material-pulp treated IL-TS-IER70 inert

(o70] g Lo [1110] o 1< TUTRURRTR TR 201

M. N. A. Khan, PhD Thesis, Aston University 2024 9



Table A4.5. TGA-DTG peak temperatures-mass loss for raw material-pulp treated IL-TS-IER70 under
= | 201
Table A5.1. TGA-DTG peak temperatures-mass loss for raw material-pulp treated TS80 treatment with
different IERs under inert CONAITIONS. ..........uuuiiiiiiiiiiiiii e eeeeeneeenennnnnnnes 204
Table A5.2. TGA-DTG peak temperatures-mass loss for raw material-pulp treated TS80 treatment with
different IERs under oxidative CONAItIONS. .............uuuiiiiiiiiiiiiii e 204

Table A5.3. TGA-DTG shoulders-mass loss for raw material-pulp treated TS80 treatment with different

IERs under oxidative CONAItIONS. ........cooiiiiie 205
Table A5.4 Proximate analysis (wt.%) of raw materials for different particle size ranges................. 207
Table A5.5. Ultimate analysis (wt.%) of raw materials and different particle size ranges. ................. 207

Table A5.6. TGA-DTG peak temperatures-mass loss for different lignocellulosic materials particle size

S L0 VL 0 o (=T a1 o =T o 210
Table A5.7. TGA-DTG peak temperatures-mass loss for lignocellulosic materials particle size 425-800
ST aalr=TaTe S K0 I U] o g U oo [=T o | P 210
Table A5.8. XRD diffractograms for lignocellulosic materials in different particle size ranges........... 212

Table A5.9. TGA-DTG peak temperatures-mass loss under inert conditions for lignocellulosic materials,

treated with TS80 and IER70 for MaterialS. .........coovuiiiiiieeee e 215
Table A5.10. TGA-DTG peak temperatures-mass loss under oxidative conditions for lignocellulosic
materials, treated with TS80 and IER70 for materialS. .......c.oooeieeiieeie e 216

M. N. A. Khan, PhD Thesis, Aston University 2024 10



List of Figures
Figure 1.1. Biorefinery schematic representation for the production of chemicals adapted from [5].... 20

Figure 1.2. Plant cell wall structure consisting of cellulose, Hemicellulose and lignin adapted from [15].

.......................................................................................................................................................... 21
Figure 1.3. Cellulose structure, dashed lines show hydrogen bonds adapted from [27]..................... 22
Figure 1.4. The major hemicellulose component arabinoxylan adapted from [41]. ..........ccccoeeeee 23
Figure 1.5. The chemical structure of lignin adapted from [46]. ..........ovviieiiiiiiiiieeeece e, 25
Figure 1.6. Chemical structures of monolignols and the derived lignin units. ..., 26

Figure 1.7. Different lignin-carbohydrate complexes bonds in lignocellulosic biomass adapted from
2 TR | PP 27
Figure 1.8. Schematic for conversion of biomass to fuel-modified [53]. .......ccoovviiiiiiiiiiii 29
Figure 1.9. Combined cellulose conversion and product separation by IER. Reprinted with permission
Lo 0 0 L0 R 37
Figure 1.10. Functionality in ion exchange resins [133]. ......cooviiiiiiiiiie 39

Figure 1.11. lons exchange among the solid and solution phases of IERs [147] Legend: X* fixed cation.

.......................................................................................................................................................... 40
Figure 1.12. Structure of if imidazolium-based protic and aprotic IL adapted from [152]..................... 41
Figure 1.13. The dissolution mechanism of cellulose in ionic liquids adapted from [155].................... 42
Figure 1.14. General schematic for Biomass fractionation with IL adapted from [161]........................ 42
Figure 2.1. Triethylamine mixed with sulfuric acid in anice bath. ...........ccccoovviiiiii 51
Figure 2.2. Triethylamine is mixed with acetic acid under a closed system. ...............ooeiiiiiiiiinneen. 52
Figure 2.3. Schematic diagram of the TGA-DSC adapted from [236]. ........ccevvrieieiiiiiiiiiiiieeeeeeeeeeeeeee 54
Figure 3.1. DTG curves for biomass and pulp obtained under inert conditions zoomed in 200-600 °C
temperature range. Effect of IER loading from 0 to 4 baskets: (a) IER70; (b) IER35. ......................... 69
Figure 3.2. Thermograms under air for MIS48 and Pulp pretreated pulp with different amounts of IER.
(a) TGA for IER70; (b) TGA for IER35; (c) DTG for IER70; (d) DTG IERS35. .....coovviiieeeeeeeeeeeeeeeeeeeee 71
Figure 3.3. XRD diffractograms of untreated MIS 425-800 and cellulose pulp after hydrolysis........... 73
Figure 3.4. ATR-FTIR wavelength range 2000-400 cm~" spectra MIS48, blank and pulps obtained after
treatment with different amounts Of IER7O. ... 76
Figure 3.5. ATR-FTIR spectral wavelength range 2000-400 cm™" for MIS48, blank and pulps treated with
different amounts Of IERBD. ... e e e e aaaaaa 77

Figure 3.6. DTG curves under inert conditions for biomass and pulp, comparing hydrolysis using two
baskets of IER or mineral acids with equivalent proton concentration: (a) IER70 and equivalent mineral

acids; (b) IER35 and equivalent mineral acids. ................uuuuuiiiiiiiiiiiiiiiii e 80

M. N. A. Khan, PhD Thesis, Aston University 2024 11



Figure 3.7. TGA-DTG curves under oxidative conditions for biomass and pulp, comparing hydrolysis for
two baskets of IER with an equivalent proton concentration of mineral acid.......................ccnnnnin. 81

Figure 3.8. XRD diffractograms of MIS48 and pulp samples via hydrolysis using IER and mineral acids.

(a) IER70 and equivalent mineral acids; (b) IER35 and equivalent mineral acids. ............................. 82
Figure 3.9. ATR-FTIR spectral wavelength range 2000-400 cm~' for MIS48, Pulp treated with IER70,
and dilute acid NYArOlYSIS. ......couuuuiiii e e e e et e e e e e e e e et aeaaeeeeaaaa 84
Figure 3.10. ATR-FTIR spectral wavelength range 2000-400 cm™" for MIS48, Pulp treated with IER35,
and dilute acid NYArOlYSIS. ......couuuuiiii e e e e e e e e e e e e e a e e e e aeeeeaaaa 85
Figure 4.1. DTG curves of raw material and pulp treated with two concentrations of IL-TA (40 and 80
wt.%) and the absence or presence of 0.25 g of IER70. (a) under inert; (b) under air. ...................... 93
Figure 4.2. XRD diffractogram of raw material and pulp treated with IL-TA and the absence or presence
of 0.25 g of IER70. (a) IL-TA 40 wt.%; (b) IL-TA 80 WE.%. cceeeeeeeeeeeeeeeeeeeeeeeeeeeeee e, 95
Figure 4.3. ATR-FTIR from 2000-400 cm~" for of raw material and pulp treated with two concentrations
of IL-TA (40 and 80 wt.%) and the absence or presence of 0.25 g of IER70. ..........cccccoeeiiiiiririiniinnnnnn. 97
Figure 4.4. DTG curves for biomass, IL-TS-IER70, (a) under inert and (b) under air treatment at different
| I oTo T Tot=T o1 1 = o] o 1 PP 100
Figure 4.5. XRD diffractograms for biomass and pulp treated with IL-TS-IER70 with and without IER70
for IL-TS (@) 40 wt.% and (b) IL-TS 80 WE.%..cccceeeiieieeeeeeeee e, 103
Figure 4.6. ATR-FTIR for the biomass and pulp samples treated with IL-TS-IER70 ranged from 2000 —
400 cm™ at different IL CONCENLIratioNS. ............ccueiiiiieiie et 105

Figure 5.1. DTG curves under inert conditions for raw material and pulp treated with TS80 and different
IERs: (a) IERQO, (b) IER15, (c) IER35, (d) IER45, (e) IER70, (f) IER482, (g) IER252, and (h) IER275.

........................................................................................................................................................ 116
Figure 5.2. XRD diffractograms for raw material-pulp treated with TS80 and different IERs. (a) Amberlyst
IERs and (b) PUrolite IERS. ... 118
Figure 5.3. ATR spectra for raw material-pulp treated TS80 treatment with different Amberlyst IERs.
........................................................................................................................................................ 120
Figure 5.4. ATR spectra for raw material-pulp treated with TS80 and different Purolite IERs. .......... 121
Figure 5.5. DTG curves under inert (a) and air (b) for different lignocellulosic materials................... 124
Figure 5.6. XRD diffractogram for different lignocellulosic materials. ............ccccccovviiiiiiiiiiiiiiiiinnnnnn. 126
Figure 5.7. ATR spectra for different raw materials. ............ccccoii 128
Figure 5.8. DTG curves for different raw materials under an inert environment for different raw materials
and pulps treated with TS80-IER70. (a) MIS48, (b) BSG48 and (C) PB48...........cevvvvvieeiiiiiiee. 131
Figure 5.9. XRD diffractogram for different raw materials (MIS48, BSG48, PB48), pulp after TS80-IER70
treatment (a) MIS48, (b) BSG48 and (C) PBA48........coooo oo 133

M. N. A. Khan, PhD Thesis, Aston University 2024 12



Figure 5.10. ATR-FTIR for MIS48, pulp after TS80-IER70 treatment. ............cooovvvviiiiiiiiiiiiiiiiieeeee 135

Figure 5.11. ATR-FTIR for BSG48, pulp after TS80-IER70 treatment. ............cccccceeeiiiiiiiiie 136
Figure 5.12. ATR-FTIR for PB48, pulp after TS80-IER70 treatment..............cccccovieeiiiiiiiieeee e 136
Figure A1.1. Main monomers of hemicellulose adapted from [434]. .....cccooeeiiiiiiiiiiii e 182
Figure A1.2. The major hemicellulose component in hardwoods adapted from [41]............cccceec. 182
Figure A1.3. The major hemicellulose component in softwoods adapted from [41]. ........ccccccceeee 182
Figure A1.4. Lignin linkages: ether bonds, carbon-carbon bonds and other linkages [435]. ............. 183

Figure A1.5. Common cations used ILs along with their structures adapted from [342,442,443]. ..... 185
Figure A1.6. Common anions used ILs along with their structures adapted from [342,374,443]........ 185
Figure A3.1. TGA and DTG thermograms under an inert environment for MIS48 and the pretreated pulp
with different IER loadings: (a) IER70 TGA; (b) IER70 DTG; (c) IER35 TGA,; (d) IER35 DTG. ......... 190
Figure A3.2. XRD diffractogram: Original after background subtracted, deconvoluted, and peak fit.
F1(X), F3(X) and F4(X) deconvolution of crystalline peaks, F2(X) and F5(X) deconvolution of amorphous
peaks, and FIT fitiNg CUIVE. .........ooiiiiiiiiiiiii et 192
Figure A3.3. ATR spectral wavelength range 4000-400 cm~" for MIS48 and IER70 treated pulp...... 194
Figure A3.4. ATR spectral wavelength range 4000-400 cm~" for MIS48 and IER35 treated pulp...... 194
Figure A3.5. Thermogravimetric analysis of biomass and pulp under inert conditions. Comparative of
hydrolysis for two baskets of IER with mineral acid hydrolysis using equivalent proton concentration: (a)
TGA IER70 and equivalent, (b) TGA IER35 and equivalent, (c) DTG IER70 and equivalent, and (d) DTG

|y o= T T =Y LU AV Z= 111 o P 195
Figure A4.1. EDX colour mapping for pulp, after IL-TS60-IER00-OB: S (Sulphur), Si (Silica), Ca
[(o7=1 (o718 ] o ¢ =T T 1 o 10| o J P 197
Figure A4.2. EDX colour mapping for pulp, after IL-TS60-IER70-2B: S (Sulphur), Si (Silica), Ca
(calcium), (Fe) Iron, (Mo) Molybdenum (Cr) chromium and pulp. (* Baskets dissolved) ................... 197
Figure A4.3. TGA-DTG curves under inter conditions for biomass, pulp treated with IL-TA-IER70, (a, c)
under nitrogen and (b, d) under air at different IL concentrations. ... 198
Figure A4.4. TGA-DTG curves under inter conditions for biomass, pulp treated with IL-TS-IER70, (a, c)
under nitrogen and (b, d) under air at different IL concentrations. ............ccccovviiiiiiiieice 200

Figure A5.1. Comparison of TGA-DTG curves for raw material, benchmark pulp obtained from
pretreatment with only TS80, and pulps obtained from pretreatment with TS80 + different Amberlyst
IERs. (a) TGA under inert conditions, (b) TGA in air, (c) DTG for inert conditions and (d) DTG under air.

Figure A5.2. Comparison of TGA-DTG curves for raw material, benchmark pulp obtained from
pretreatment with only TS80, and pulps obtained from pretreatment with TS80 + different Purolite IERs.
(a) TGA under inert conditions, (b) TGA in air, (c) DTG for inert conditions and (d) DTG under air. . 203

M. N. A. Khan, PhD Thesis, Aston University 2024 13



Figure A5.3. ATR spectral wavelength range 4000-400 cm™' for raw material-pulp treated TS80

treatment with different Amberlyst IERS. ... 206
Figure A5.4. ATR spectral wavelength range 4000-400 cm™ for raw material-pulp treated TS80
treatment with different Purolite IERS. ... 206
Figure A5.5. TGA-DTG curves under inert (a, ¢) and air (b, d) conditions for different lignocellulosic
materials particle Size 425-800 LM .......oooi e e e e e e e e e r e 208
Figure A5.6. TGA-DTG curves under nitrogen (a, ¢) and air (b, d) conditions for lignocellulosic materials
With particle SiZES <T0B M. ... et e e et e e e e e e e e e e e r e e e e e e e e eaaraanas 209
Figure A5.7. XRD diffractogram for lignocellulosic materials with different particle sizes 425-800 um,
<106 um, MIS (@), BSG (D) @NA PB (C)...uvuuruuuuiiuiiiiiiiiiiiiiiiiiiiiiiiitieesiaaaaaasssasssassasssssssssssssnssssssnsnnsnnnnns 211
Figure A5.8. ATR wavelength range 3900-400 cm~"for MIS106 and MIS48. .............cccccvvevreennee. 212
Figure A5.9. ATR wavelength range 3900-400 cm~"for BSG106 and BSG48. ...........cc.cccvveveennene. 213
Figure A5.10. ATR wavelength range 3900-400 cm~"for PB16 and PB48. ............ccccccvevvieecieeenneee. 213
Figure A5.11. ATR wavelength range 2000-400 cm~" for raw materials particle size <106 pym. ........ 214
Figure A5.12.TGA-DTG curves under inert conditions for lignocellulosic materials, treated with TS80-
IER70 for materials M48 (a, d), BSG48 (b, €) and PB48 (C, f). ....uueeiiiiieiiiiiieieeee e 215
Figure A5.13. TGA-DTG curves under oxidative conditions for lignocellulosic materials, treated with
TS80 and IER70 for materials M48 (a, d), BSG48 (b, €) and PB48 (C, ). ...cvvveeeiiiiiiiiiiiiieeeeee 216
Figure A5.14. ATR-FTIR for MIS48, pulp TS-IER70 treatment range 3900-400 cm™....................... 217
Figure A5.15. ATR-FTIR for BSG48, pulp TS80-IER70 treatment range 3900-400 cm™".................. 217
Figure A5.16. FTIR-ATR for PB48, pulp TS80-IER70 treatment range 3900-400 cm™"..................... 218

M. N. A. Khan, PhD Thesis, Aston University 2024 14



List of Equations

Equation 2.1.
Equation 2.2.
Equation 2.3.
Equation 2.4.
Equation 2.5.
Equation 2.6.
Equation 2.7.
Equation 2.8.

M. N. A. Khan,

SWEIING DEGIEE ... 51
Karl Fisher titration stoichiometry ... 52
Fixed carbon CalCulation...........coooo i 55
HHYV using elemental composition percentages. ... 57
Bragg’s [aw @qUation ..o 59
Segal equation for the calculation of the crystallinity index............ccccoo, 59
Crystallinity calculation using the Gaussian function. ..............ccccco, 59

Scherrer equation for the calculation of the crystallite size ...........cccccooeiiiiiiie 60

PhD Thesis, Aston University 2024 15



List of Abbreviations

Abbreviation
AC

ADF

ADL

AlLs
ASTM
ATR
ATR-FTIR
BSG
CRM
CTAB
DAH

DTG
DTGmax
DVB
EDTA

FC

FTIR
FWHM
GHG
HHV
IERs/PRs
ILs

IR

KF

MC

NDF

PB

PILs

SEM-EDX

TA
TCD
TGA

Description

Ash Content

Acid Detergent Fiber

Acid Detergent Lignin

Aprotic lonic Liquids

American Society for Testing and Materials

Attenuated Total Reflectance

Attenuated Total Reflectance-Fourier Transformation Infrared

Brewery Spent Grains

Cellulose-rich material

Cetyl trimethyl ammonium bromide
Dilute Acid Hydrolysis

Derivative Thermogravimetric

Maximum mass loss rate in Thermogravimetric analysis
Divinylbenzene
Ethylenediaminetetraacetic Disodium Salt
Fixed Carbon

Fourier Transformation Infrared

Full Width Half Maximum Value
Greenhouse Gases

Higher Heating Value

lonic Exchange Resins/Polymeric Resins
lonic Liquids

Infrared

Karl Fischer Titrator

Moisture Content

Neutral Detergent Fiber

Pine Bark

Protic lonic Liquids

Scanning Electron Microscopy-Energy Dispersive X-ray

Triethylammonium Acetate
Thermal Conductivity Detector

Thermogravimetric Analysis

M. N. A. Khan, PhD Thesis, Aston University 2024

16



TS Triethylammonium Hydrogen Sulphate
VC Volatile Content

XRD X-ray Diffraction

M. N. A. Khan, PhD Thesis, Aston University 2024

17



Chapter 1. Introduction

M. N. A. Khan, PhD Thesis, Aston University 2024

18



1.1. Biorefinery Concept

The biorefinery concept is based on creating a process that emulates what the conventional petroleum
refinery does but uses renewable carbon sources as raw materials. However, as biorefinery differs from
petroleum refinery in terms of raw materials, it also differs in the process steps to manufacture the
required products, which range from different chemicals, energy carriers and materials. Ultimately, the
main goal of the biorefinery is to run a process that can take over the conventional refinery in a
sustainable manner through a circular economy strategy, where carbon materials produced should be
recovered and recycled [1]. Biorefinery implementation is critical to achieving a sustainable and bio-

based economy.

Biorefinery can produce sustainable alternative products to conventional refineries that rely on fossil
fuels, but it needs to be economically feasible and reduce the environmental impact compared to
conventional refineries [2]. This can be achieved by generating valuable products derived from organic
materials and reducing carbon emissions through specific processes such as thermochemical ,
biochemical and chemical [3]. In summary, the effective transformation of lignocellulosic biomass into a
range of value products and bioenergy can reduce greenhouse gas (GHG) emissions and reliance on
fossil resources [4]. Biorefineries can use several raw materials, such as food crops, lignocellulosic
biomass, algae, and genetically modified biomass, promoting the efficient use of resources and the
concepts of a circular economy [5]. A successful biorefinery should follow the principles of green

chemistry mentioned in Appendix A1 Table A1.1 [6].

Biorefinery includes two main steps: primary refining and secondary refining. Primary refining includes
conditioning and pretreatment to separate components in the raw materials. Secondary refining includes
the conversion of platform chemicals into precursors, separation for further processing, and final product
[7,8]. Among these different stages of a biorefinery, pretreatment is crucial in establishing the feasibility
of the whole process. This stage depends on the material used as a carbon source and the conversion

route used in the refinery.

Lignocellulosic biomass is one of the most abundant types of material. It can come from plants, also
known as lignocellulosic feedstock (forest, agriculture and their waste and any industry processing
plants such as the paper and food industry). The lignocellulosic materials are complex and are
comprised of carbohydrate polymers (cellulose and hemicellulose) and aromatic polymers (lignin) [9].
These materials, through biorefinery, can be converted into value-added/end-user products [10] to
produce current petrochemical derivatives such as chemicals, fuels, plastics, and synthetic materials
[11]. In a biorefinery, an efficient pretreatment step is crucial to separate biomass fractions. Each fraction

from lignocellulosic material can be converted to value-added chemicals, as shown in Figure 1.1 as an
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overview. If the pretreatment step is not successfully done, the feasibility of a biorefinery gets

compromised.

[ Lignocellulosic Biomass ]

{ Pretreatment }

!

[ Hydrolysis ]

v y v

[ Lignin ] [ Hexose Sugars ] [ Pentose Sugars ]

A

A 4

[ Pyrolysis | [ Gasification ][ Separation | [ Fermentation | [*{ Chemical Reaction |
T Nq ]

J

Polymer
& Bio-
material

Figure 1.1. Biorefinery schematic representation for the production of chemicals adapted from [5].

Before discussing the various pretreatment technologies for lignocellulosic materials, it is essential to
understand the building blocks that compose lignocellulosic materials. Therefore, the following section
will provide a detailed overview of the main components of lignocellulosic materials, their structural

insights, and how they are connected.

1.2. Lignocellulosic biomass

Lignocellulosic biomass is an abundant and promising source for the manufacture of biochemicals and
biofuels [12]. The term "lignocellulosic" originates from lignin, a complex polymer that provides structural
support to plants and cellulose. The cell wall consists of carbohydrates (hemicellulose, cellulose) and
lignin, presented in Figure 1.2. The chemical structures of different pentose and hexose carbohydrates
are presented in Appendix A1 Figure A1.1. The range of cellulose, hemicellulose, and lignin content in
lignocellulosic biomass varies depending on the type of biomass. Typically, cellulose constitutes about
40-50 wt.% of the biomass, hemicellulose accounts for 20-35 wt.%, and lignin makes up 15-25 wt.%
[13,14].
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Figure 1.2. Plant cell wall structure consisting of cellulose, hemicellulose and lignin adapted from [15].

Lignocellulosic biomass can be divided into three categories based on component composition:
hardwood, softwood, and herbaceous. All three lignocellulosic materials have different ranges of major

components: cellulose, hemicellulose, and lignin, as shown in Table 1.1.

In softwood, bark cellulose ranges from 18-38 wt.%, hemicellulose 15-33 wt.%, and lignin 30-60 wt.%.
For hardwood materials, cellulose content is in the higher range of 43-47 wt.%, with lower ranges of
hemicellulose and lignin 25-35 wt.% and 16-24 wt.%, respectively, compared to softwood. For
herbaceous biomass such as cereal straw, cellulose is around 33-38 wt.%, hemicellulose 26-32 wt.%,
and lignin 17-19 wt.% [14].

Table 1.1. Chemical composition of different lignocellulosic biomasses [14,16—19].

Raw Material Cellulose (wt.%) Hemicellulose (wt.%) Lignin (wt.%)
Poplar wood 49.7 241 23.6
Poplar wood (Hard) 42.7 21.7 26.9
Willow (Hard) 44.3 22.6 25.1
Pine Bark (Soft) 21.9 18.3 40.7
Spruce Bark (Soft) 29.7 13.9 45.1
Miscanthus Giganteus (Nov) 50.3 24.8 12.0
Miscanthus Giganteus (Feb) 52.1 25.8 12.6
Miscanthus Sinesis (Nov) 47.6 33.0 9.2
Miscanthus Sinesis (Feb) 52.2 30.6 9.3

Furthermore, the physiochemical composition of any lignocellulosic biomass is influenced by natural
factors such as the type of soil [20,21], regional location [22], and climate change of the local land where
the raw material was planted and harvested [23]. For example, properties of soil which can significantly
influence the physiochemical properties of lignocellulosic material are following: nutrient availability and
uptake, pH and mineral composition, organic matter content, and water availability [24—26]. Other than
natural factors, there are human factors such as the time of plantation and harvest, the use of pesticides
and herbicides during growing lignocellulosic biomass, and storage before using them in a chemical

process. For example, delaying harvest time significantly influences lignocellulosic biomass component
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composition, increasing lignin and cellulose and decreasing hemicellulose contents over the winter
season [27]. To see the difference in other properties, such as proximate and ultimate analysis, due to

regional changes for similar materials, see Appendix A1 Table A1.1 and Table A1.2.

1.2.1. Cellulose

Cellulose has a relatively simple structure, as shown in Figure 1.3 in comparison to the other two
components, and consists of a minimum of ten thousand 3-D-glucose units bond through glycosidic (-
1-4) linkage with molecular formula represented as (C12H20010)n» where n is the number of 3-D-glucose
units [28]. Cellulose has both crystalline and amorphous regions. Crystalline regions are ordered and
have compact structures; however, amorphous regions have a loose arrangement of cellulose chains

with high reactivity and accessibility during any pretreatment [29].

OH

Figure 1.3. Cellulose structure, dashed lines show hydrogen bonds adapted from [30].

Cellulose exists as long thread-like fibres called microfibrils packed together to form cellulose fibrils [31]
by hydrogen bonding between their hydroxyl groups. Microfibrils are composed of crystalline cellulose
connected by amorphous sections. The diameter of each microfibril ranges from 2 to 10 nm, while its
length varies from 100 nm to a few micrometres, depending on the source [32]. As an illustration, in
wood, the cellulosic fibres have a length of 1-2 nm and a width of approximately 3.5 nm [32]. The
microfibrils consist of 30-40 chains of cellulose [32]. As cellulose's number of glucose units increases,
its degree of polymerisation increases, making lignocellulosic biomass more recalcitrant to any
pretreatment method because highly organised structures are more resistant to chemical and enzymatic
attacks [33]. Due to the crystalline structure of cellulose, its typical thermal degradation ranges between
280-360 °C [34]. Fractionation of cellulose in any lignocellulosic material is necessary to lower its thermal
stability and break the long, rigid polymeric chain into simpler glucose monomer units. This ultimately
enhances cellulose accessibility, which is crucial for effective enzymatic hydrolysis and subsequent

transformation into useful products like biofuels and chemicals [35].
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Cellulose can exist in various allomorphs due to changes in molecular arrangement and hydrogen
bonding [36,37]. Natural cellulose exists in the crystalline state known as cellulose |, with each glucose
unit forming eight hydrogen bonds. In contrast, amorphous cellulose has 5.3 hydrogen bonds [38]. For
example, Cellulose | has inter- and intramolecular hydrogen bonding at Os;H-Os and OgH-Os,
respectively, while O2H-Os (which are also linked in cellulose |) and OsH-O: are reported to be intra- and

intermolecular hydrogen bonding for cellulose Il [39].

In summary, cellulose in any lignocellulosic material cannot directly produce biofuels in a biorefinery.
The depolymerisation of cellulose is one of the critical steps in producing glucose, which can be further
transformed into high-value products chemically or biologically, such as 5-HMF, levulinic acid, lactic acid

and others.

1.2.2. Hemicellulose

Hemicellulose, with a generic formula of (CsHsOa4),, has an amorphous and random structure consisting
of branched chains with a lower polymerisation degree in comparison to cellulose [40]. Due to the
amorphous structure, hemicellulose thermal degradation range (220-315 °C) is lower than cellulose [41].
Hemicellulose major components include branched hydrocarbon chains made with the following sugars:
pentose and hexose with residues such as D-glucose, L-arabinose, D-galactose, D-mannose, and D-
glucuronic acid and D-galacturonic acids [42] (see these building blocks in Appendix A1 Figure A1.1).
Hemicellulose composition, structure, and percentage of the material depend on the biomass type.
Hemicellulose typically has a rod-like structure with branches and side chains folded back onto the main
chain by hydrogen bonding. This elongated form enhances their ability to engage with cellulose, leading

to a strong connection that provides significant stability to the cell matrix [43].

Hemicellulose structures in herbaceous crops have arabinoxylan as the main component, as shown in

Figure 1.4. It contains B-(1-4)-linked xylose units, with a-(1-2)-and a-(1-3)-linked arabinose units [44].

Herbaceous-Arabinoxylan HOH,C HOH,C
0 Arabinose
9] O units
Xylose HO
HO
repeating
units

BT o w A w
HOHzc/@Z/ HOHZC/Q/ @

CH,OH

Figure 1.4. The major hemicellulose component arablnoxylan adapted from [45].
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However, in the case of softwood, the major hemicellulose component is O-acetyl-galactoglucomannan.
The backbone consists of a random distribution of 3-(1-4)-linked mannose and glucose units with a-(1-
6)-linked galactose units attached to the mannose and glucose units, as shown in Appendix A1 Figure
A1.3. Moreover, in hardwoods, the major hemicellulose component is O-acetyl-4-O-
methylglucuronoxylan, along with one-tenth of backbone units are substituted at C-2 with (1-2)-linked
4-O-methyl glucuronic acid, and about 70% of the xylo-pyranose backbone is a hydroxyl group that is
acetylated at C-2 or C-3 as shown in Figure A1.2 [45]. The structural variations of hemicellulose between
herbaceous and woody biomass are essential for determining plant cell walls' mechanical
characteristics, digestibility, and usefulness. For example, in woody biomass, the xylan backbone can
take on a two-fold screw shape, facilitating intimate interaction with cellulose microfibrils and so
augmenting structural stiffness [46]. In contrast, the more branching and diverse hemicelluloses in

herbaceous biomass result in a less stiff structure, perhaps enhancing enzymatic accessibility [47].

Hemicellulose acts as a bridge between cellulose and other components in biomass. The cohesion of
secondary cell walls relies on the interaction between xylan and cellulose microfibrils through hydrogen
bonding [48]. Xylan can extend the cellulose crystal structure, acting as a transitional phase between
stiff crystalline microfibrils and more flexible polysaccharide phases [49]. Including hemicellulose
components in lignocellulosic materials has diverse biomechanical effects, with glucomannans
increasing rigidity and xylans favouring flexibility and elongation [46]. In summary, Hemicellulose is more
susceptible to hydrolysis than other constituents of lignocellulosic biomass, such as cellulose and lignin,

owing to its amorphous and less crystalline configuration.

1.2.3. Lignin

Lignin (Figure 1.5) is a complex and highly branched polymer with a three-dimensional structure of 4-
propenyl-2-methoxy phenol, 4-propenyl phenol, and 4-propenyl- 2.5-dimethoxy phenol. The main lignin
building blocks are p-hydroxyphenyl, guaiacyl, and syringyl (Figure 1.6) [50].
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HO OH
Figure 1.5. The chemical structure of lignin adapted from [51].

Depending on the source of the lignin, the ratio of these subunits differs. For example, softwoods
possess more lignin with more guaiacyl units [52]. In contrast, hardwoods have a more even distribution
of syringyl and guaiacyl lignin units [52]. On the other hand, herbaceous lignin includes an even
distribution of all p-hydroxyphenyl, guaiacyl, and syringyl units. These building blocks are interconnected
through multiple connections, mostly ether bonds such as aryl- or phenyl ether and carbon-carbon

bonds, as shown in Appendix A1 Figure A1.4.
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Figure 1.6. Chemical structures of monolignols and the derived lignin units.
Lignin is connected to carbohydrates through lignin-carbohydrates complexes by a covalent linkage,
which is challenging to characterise in any biomass [53]. The main types of linkages that are typically
found in lignin-carbohydrates complexes include benzyl ether, benzyl ester, ferulate ester, phenyl
glycosidic, and di-ferulate ester [53,54]. The main types of lignin-carbohydrates complexes linkages are

shown in Figure 1.7.

Lignin holds neighbouring cells together by acting as a binding agent for carbohydrates cellulose and
hemicellulose [42]. That is why lignin is a highly stable constituent in lignocellulosic biomass that
degrades thermally over a wide temperature range (100-900 °C) [41]. In conclusion, the amount of lignin
and its characteristics in any lignocellulosic material would define which pretreatment methodology and

operating parameters should be chosen for optimum fractionation.
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Figure 1.7. Different lignin-carbohydrate complexes bonds in lignocellulosic biomass adapted from [53,54].

These lignin-carbohydrate complexes play a vital role in the lignocellulosic material in resistance to
fractionate during any processes as it is reported that all lignin moieties in softwood and 47-66 wt.% of
lignin moieties in hardwood are chemically bonded to carbohydrates [55]. Lignin-carbohydrates
complexes can impede biomass dissolution during pretreatment, causing a significant obstacle in

biomass fractionation.

In summary, this section shows how comprehending biomass's unique structural and compositional
properties is essential to maximising its use in sustainable energy and material manufacturing.
Considering all this information and the large availability of lignocellulosic biomass worldwide, the
present work is focused on studying novel pretreatment routes for lignocellulosic feedstocks. Therefore,
the following section explains the current and more advanced methodologies for chemical pretreatment

of lignocellulosic biomass.

1.3. Lignocellulosic Biomass Pretreatment Methodologies

The primary purpose of any lignocellulosic biomass pretreatment is to remove lignin and retain
hemicellulose, reduce cellulose crystallinity, and change surface morphology. Lignocellulosic biomass
can be utilised to make second-generation biofuels, bio-sourced chemicals, and materials as an

alternative to fossil fuels. However, biomass structural properties: cellulose surface area, degree of
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polymerisation, cellulose crystallinity, pore size and volume and chemical factors: composition of

cellulose, lignin, and hemicellulose make it a recalcitrant material to be used as it is [33,56,57].

After the pretreatment process, the treated material should have the following characteristics: avoid the
need for size reduction, preserve hemicellulose fractions, increase the yield of sugars, avoid
carbohydrates degradation or loss, as well as the generation of by-products such as inhibitors in the
post-hydrolysis processes, easy extraction of lignin components from hydrolysate and the process to be

cost-effective for recycling and regeneration of pretreatment reagents [58,59].

Hydrolysis is one of the common technologies used in woody biomass pretreatment. The process can
be either chemical/biological or a combination of both methods. Hydrolysis is defined as the
depolymerisation of polysaccharides in lignocellulosic biomass via hydration into monosaccharide
carbohydrates [60]. For example, glucose can be produced from the enzymatic hydrolysis of corn [10]

and also after acid hydrolysis of lignocellulosic materials [61].

Regardless of the combination of different pretreatment methods in a biorefinery, lignocellulosic biomass
pretreatment technologies are divided into four main categories: physical, chemical, biological, and

physicochemical, as shown in Table 1.2.

Table 1.2. Lignocellulosic biomass pretreatment technologies with different methodologies [62,63].

Pretreatment Methodologies

category

Physical/Thermal  Milling, grinding, Microwave (MW), Ultrasound (SN), Pyrolysis

Chemical Organo-Solv, lonic liquids, Acid, Alkali

Physio-chemical Steam explosion, Wet oxidation, Liquid hot water, Ammonia fibre explosion
Biological Fungi (Brown, White, Soft rot), Bacterial, Archaeal

Lignocellulosic materials differ a lot in physiochemical properties, as mentioned earlier. For example,
softwood and its residue are much more recalcitrant than herbaceous or energy crops. So, finding the
optimal general pretreatment process for all lignocellulosic raw materials is difficult. The fundamental

pathway for biomass to fuel production via pretreatment can be seen in Figure 1.8.
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Figure 1.8. Schematic for conversion of biomass to fuel-modified [58].

Furthermore, other factors such as proposed application and production of the end product, availability
of raw material, techno-economic feasibility, and environmental impact are required to be taken into
consideration when selecting a pretreatment method [5]. The present work focuses on chemical
pretreatment methodologies. Therefore, the following section expands on the different chemical

pretreatments reported in the literature.

1.4. Chemical Pretreatment Methods

Chemical pretreatment is a process that utilises acids, alkalis, or organic solvents to break down the
intricate composition of biomass. This process dissolves hemicellulose and partially eliminates lignin,
ultimately enhancing cellulose accessibility for enzymatic hydrolysis. This approach is favoured because
it effectively improves biomass digestibility, mostly under moderate conditions, as opposed to physical
or biological pre-treatments. Chemical pretreatment can be customised to focus on specific biomass
constituents, enabling more precise and effective processing. Table 1.3. summarises the main

advantages and disadvantages/limitations of each one of them.
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Table 1.3. Pretreatment methods and related advantages, limitations, and disadvantages [58,64—69].

Pretreatment
method

Advantages

Limitations and disadvantages

Acid hydrolysis

Alkali hydrolysis

Organosolv

lonic liquid

Removal of lignin with hemicellulose
solubilisation, improve sugar yield, short
reaction period, low reagent cost

Substantial lignin removal, significant
removal of hemicellulose infiltrate, ability to
recover lignin in modified form, reduce
cellulose crystallinity, low reactant cost,
combine with acid pretreatment for pure
cellulose with the lower formation of by-
products, increase accessible surface area

Obtain pure cellulose, lignin, and
hemicellulose, a significant yield of sugar
from biomass, a catalyst that can be used
to reduce the severity of operating
conditions

Lignin removal high, a significant decrease
in cellulose crystallinity, able to work at
high temperatures, non-volatile in nature,
properties can be adjusted, reusability,
environment-friendly, able to hydrolyse
biomass at ambient conditions

Monomer sugar degradation at
high temperatures, inhibitors
formation, corrosion of operating
system, high equipment cost

Less biomass recovery, harsh
chemical conditions, formation of
salts which incorporate into the
regenerated structure, require
neutralisation, recovery step,
and higher residence time, sugar
degradation minimum

High capital cost, influence on
environment, production of
inhibitors, solvent recovery
required, high operational cost,
need washing step

High cost, solvent recovery
required, a tendency to denture
enzyme, complex synthesis, for
selective solvent design require
various types of anions and
cations

1.4.1. Acid Pretreatment

Acid hydrolysis is one of the most common processes used in biorefineries to treat lignocellulosic
biomass for cellulose and hemicellulose conversion to mono-sugars. Acid hydrolysis is divided into two
kinds of processes based on operational parameters: first, the Scholler process using dilute acid (0.5
wt.% H2S0O4) [62], temperature around 170-210 °C, the pressure under 20 bar and processing time 45

minutes produce mono-sugars around 50 wt.% [61].

Second, the Bergius process [70] using concentrated acid (72 wt.% H>SO4 or 41 wt.% HCI or 77-83
wt.% H3PO4), room temperature, and short processing time produce a high yield of mono-sugar [71].
Under acidic conditions, hemicellulose dissolution is maximum. At low pH, most of the hemicellulose is
removed from the solid material and converted into compounds such as furfural and 5-
hydroxymethylfurfural (5-HMF), which are furan aldehydes generated from sugar dehydration [5].
Additionally, acetates from hemicellulose and several acids and phenolics from lignin are produced
during dilute acid hydrolysis [72,73]. The presence of these compounds increases in the hydrolysate as
the severity of acid pretreatment increases and has a strong negative influence on ethanol fermentation

[74]. Similarly, compounds such as levulinic acid (LA) from agricultural waste/woody biomass could be
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produced; however, forming solid humins is a potential drawback of the process [10]. Acid pretreatment
with biomass can be classified into three categories based on acid classification: concentrated mineral
acid, dilute acid, and organic acid, and each of them has its advantages and disadvantages [75], as

shown in Table 1.4.

Table 1.4. Classification of Acidic catalysts [75].
Operational Parameters Pros Cons

Acidity
concentration
level and type

Concentrated  >30% (w/v) for many hours e No requirement for e chemical
Mineral acid (hrs) at room/moderate enzyme toxicity and
temperature (temp.) e Both pressure and corrosiveness

temp. low e high cost

Dilute Mineral  0.5-5% (w/v) few minutes e rapid rate reaction ¢ High temp.

acid (mins) at high temp. ¢ Combined severity e Inhibitor
factor influence creation

Dilute Organic  0.5-5% (w/v) few mins at e Toxic less o Catalyst costly

acid high temp. e Fewer inhibitors o Efficacy

creation

Dilute acid hydrolysis pretreatment [76] for lignocellulosic biomass could be achieved at an industrial
scale, as proved by [77,78]. Acid hydrolysis can be combined with other pretreatment techniques in two
stages as follows: concentrated acid with subsequent alkali treatments [79], hot water and dilute acid
[80], two-step acid hydrolysis treatment [81]. For example, dilute acid and dilute alkali effectively
fractionated empty fruit bunches (EFB) through lignin removal (53.6 wt.%) and hemicellulose hydrolysis
(53.6 wt.%) [82]. Depending on biomass type and acid concentration, dilute or concentrated [83]

optimum process parameters will be changed [84—86].

Regardless of the type of the process, there will always be shortcomings of acid pretreatment, such as
equipment corrosion and degradation over time, hydrolysed neutralisation, treatment and disposal of
the waste stream, acid recovery, and detoxification before any post-process such as fermentation.
Detoxification of acid hydrolysate can be done through different techniques, such as evaporation [87],
liquid/liquid extraction [88], activated charcoal [89], resin [90], electrodialysis [91] and combination of
different techniques [92]. Even though the cost of reagents such as sulfuric acid or hydrochloric acid is

low, process drawbacks do not regard the process to be cost-effective and eco-friendly [61].

1.4.2. Alkali Pretreatment
The alkali system is conducted at low temperatures, although the pretreatment time is defined in hours

or days rather than minutes or seconds [93] with limitations such as producing irrecoverable salts or
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their absorption into treated biomass. In the basic pretreatment process, lignocellulosic biomass has
two types of reactions, solvation and saponification, causing biomass structure to swell, decrease in
polymerisation degree, solubilisation, redistribution, and condensation of lignin [59]. Alkali-based
pretreatment could be achieved through the use of different base reagents, such as ammonium
hydroxide (NH4OH), potassium hydroxide (KOH), ammonia (NH3), sodium hydroxide (NaOH), calcium
hydroxide (Ca(OH)z), and ammonium sulphite ((NH4).SO3), depending on the severity of the process for
lignocellulosic agricultural residues [94]. The comparison of different alkaline treatments is shown in
Table 1.5. When compared to the acid process, alkali treatment is more effective in solubilising lignin
while having a slight effect on cellulose and hemicellulose [95], resulting in increased cellulose

digestibility in less severe conditions [96] and less degradation of sugars [97].

Table 1.5. Comparison of different alkaline pretreatment [98].

Description Ammonia (NHsz)  Sodium Hydroxide  Sodium Carbonate Calcium

Process (NaOH) (Na2CO3) Hydroxide
(Ca(OH),)

Pressure High Low Low Low

Temperature  High Low High Low

Chemical ~15-30 wt.% 1-5 wt. % 5-15 wt.% 0.1 g Ca(OH)2/g

loading aqg. or gas solid

Recovery Evaporation, Kraft process Partial Kraft process, CO,, carbonating,

process high-pressure expensive less expensive less expensive

equipment
Corrosiveness High High Medium Low

Comparing different alkaline pretreatment methods, for instance, lime [99], aqueous ammonia [100],
and others, NaOH alkali treatment is considered to be the most cost-effective for biofuel production
[101]. Further, an alkali treatment is used for de-lignification; however, a similar treatment does not work
if the lignin composition is higher in the wood. For example, with soaking aqueous ammonia
pretreatment, enzymatic digestibility with agricultural waste rice straw and barley straw was 85 wt.%
and 95 wt.%, respectively. However, with Eucalyptus residue and Pinus Rigida, enzymatic digestibility
was relatively low, within the range of 3.2-8.3 wt.% [102]. Alkali pretreatment has several advantages
over acid pretreatment, such as high selectivity for delignification, retention of carbohydrates, no need
for detoxification, and higher fermentation efficiency due to the absence of inhibitors [98]. However,
using alkali pretreatment in biorefinery is not a very attractive choice because of the operational
parameters such as temperature (80-150 °C), water requirement (solid to liquid ratio 1:10 to 1:20), time
(hours to days), and costs of reagent (alkaline reagents costs more as compared acid reagents). For a
successful alkaline pretreatment, it should have feasible techno-economic analysis and integration with

biomass biorefineries [59].
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1.4.3. Organo-Solv
The basic objective of organic solvent pretreatment is to separate all three lignocellulosic biomass
components, breaking the linkage between lignin and hemicellulose bonds and then into a major

macromolecular fraction.

Organosolv, as indicated by the name, are organic solvents, for example, alcohols (ethanol, methanol),
acetic acid, tetrahydrofuran, acetone, and y-valerolactone that can be derived from renewable resources
[103]. For example, organic solvents such as y-valerolactone from levulinic acid [104] and
tetrahydrofuran from 1,4-butanediol and furfural [105] can be produced from biomass-derived
compounds. During organosolv, a small amount of acid can be used that will act as a catalyst and
solubilise lignin and hemicellulose fractions, making cellulose accessible for enzymatic hydrolysis [106—
108]. Using organic solvents has advantages over conventional pretreatment technologies. For
example, macromolecule fractions of lignin obtained from organosolv [109] have a less modified

sulphur-free structure than the obtained from kraft lignin through alkali pretreatment [110].

These renewable organic solvents can be generated in a biorefinery and used for biomass pretreatment;
however, the fractionation techniques using these bio-organic solvents are novel, so more research is
required for commercialisation [111]. Commercialising an organic solvent pretreatment operation as part
of a biorefinery has a lot of challenges, such as solvent recovery and high process costs, susceptibility
to fossil fuel processes, and operational integration with other parts of a biorefinery. To have an
organosolv pretreatment facility, operating conditions should be optimised to have maximum product
yields for all three streams of cellulose, lignin, and hemicellulose fractions in a continuous process for

different biomass feedstocks [112].

Considering the above factors, using organic solvents could be a potential choice for lignocellulosic
fractionation in a biorefinery. However, the process requires ongoing research and development to

address existing constraints and enhance overall process efficiency and economics.

Due to the anisotropic physiochemical properties of lignocellulosic materials, there can be no standard
pretreatment methodology for them. Due to this, optimum pretreatment technology should be adaptive
to different raw materials, such as softwood, hardwood, energy crops, and agricultural residues, based
on their physical properties and chemical composition. Biomass pretreatment processing in a biorefinery
can be a big operation with sub-operations suitable for different biomass raw materials. Pretreatment
for lignocellulosic biomass in a biorefinery is integral and can be a starting point in a typical industry to

produce biofuel for woody biomass. Without it, biorefinery will be a non-functional part of the bio-industry.
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1.4.4. Solid Acid catalysts

Solid acid catalysts provide a lot of advantages, like high selectivity, long catalytic life, and simplicity of
recovery, reuse, and separation. They also have a lot of potential for efficiently converting lignocellulosic
biomass into biofuels. They can also be used to replace a variety of traditional liquid acids and bases
for hydrolysis and pretreatment [113]. Table 1.6 represents the hydrolysis of different raw materials

using different solid catalysts.

Table 1.6. Comparison of catalytical properties and activities of solid acid catalyst for hydrolysis.

Assisting Temp. Time TRS*

Catalyst Biomass Pretreatment  (°C)  (hr) Yield (%) o
HSO3-ZSM-5 Corn Cob Extraction 120 6 541 [114]
Biochar-SOsH Cord grass - 100 6 30.0 [115]
Amberlyst 15 Eucheuma cottonii - 120 1.5 24.5 [116]

Lignin Sugarcane bagasse - 140 3 65.0 [117]
Sn0,-Co304/C-Biochar Corn Cob - 180 2.8 83.3 [118]
MSF-copolymer-SOsH Banana fibres [BMIM]CI 110 1 61.0 [119]

Lignin-SO3H Rice straw [BMIM][CI 140 3 63.4 [120]
AL-Py-450 Japanese cedarwood Milling-HCI 210 1 4712 [121]
C-SOzH Corn Cob - 140 6 78.1° [122]
Fes04~SBA-SOsH Corn Cob - 150 3 45.0 [123]
PCM-SO3zH Rice straw [BMIM]CI 150 2 35.5 [124]
Fe;0s@C-SO:H Palmyra peel Ultrasonication 125 1 97.6 [125]
Fe;0.@C-SO:H Corncob Ultrasonication 135 1 90.0 [125]

*TRS (Total reducible sugars); (a) Glucose, (b) Xylose.

Solid acid catalysts are not always enough to achieve maximum reducible sugar yield. Any other
pretreatment technology should assist the hydrolysis of any lignocellulosic material using the catalyst.
For example, the raw material should be treated with different treatments (alkali [120], ultrasonication
[125], ionic liquid [124]) before using a solid acid catalyst for hydrolysis. The detailed literature concludes
that solid acid catalysts enhance biomass hydrolysis efficiency; however, the performance of the catalyst

is dependent on different factors.

The efficacy of solid acid catalysts is determined by their specific surface area, pore size, pore volume,
active site concentration, and acidic type. To lower the degree of crystallinity of cellulose or transform it
to a less crystalline structure, solid catalysts for cellulose hydrolysis should have a high number of
Bronsted acid sites, a good affinity for the reactant substrates, and good thermal stability. Furthermore,
solid catalyst composition, porosity, presence of water to have ions in the liquid phase from the catalyst,
and reactor specifications could make it probable for hydrolysis of lignocellulosic biomass on a practical

level [113]. Using acid solid catalysts will always have some challenges during biomass conversion
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processes compared to homogenous systems. The following sections discuss various solid acid

catalysts.

1.4.4.1. Zeolites

Zeolites are minerals composed of microporous aluminosilicates that can act as solid catalysts in
converting biomass components into valuable compounds. Zeolites possess a porous structure capable
of accommodating a diverse range of cations. These cations are weakly attached to the surface of the
zeolite and can be discharged into a solution, displaying various catalytic activities. H-form zeolites are
extensively utilised as acid catalysts because of their shape-selective capabilities in chemical
processes. The acidity of the catalyst is determined by the atomic ratio of Si/Al. The number of Brgnsted
acid sites is directly proportional to the amount of Al atoms. Therefore, the higher the ratio of Al/Si, the

greater the acidity of the catalyst [126].

Even though zeolites can be used to catalysed cellulose depolymerisation to value-added products,
there are challenges: low catalytical activity sites, instability in aqueous system at high temperature [127]
[128], promote undesired side reactions, leading to lower selectivity towards the target product
[129,130], coke formation [131] and framework collapse at high temperatures [132]. These challenges
need to be addressed before using H-form zeolites for biomass conversion processes at an industrial

scale.

1.4.4.2. Carbon Based Solid Acids

Carbon-based catalysts are made from carbon-rich materials (sucrose [133], cellulose, biochar [115]),
activated carbon that has been functionalised with acidic groups, often sulfonic acid (-SOsH) group.
Synthesis of these catalysts can be achieved using biomass waste materials such as lignosulfonate
(water-soluble lignin derivative generated as a by-product during the sulphite pulping process of wood
pulp manufacture), a byproduct of the paper industry [120]. One of the advantages of this carbon base
catalyst is that it can be incorporated with different metals, such as iron [124] to make them magnetic or

addition of heavy metals such as cobalt [118] to catalysts acidity.

Carbon-based solid catalysts may be utilised with ionic liquids to improve biomass conversion [119,120].
Nevertheless, solid acid catalysts possess certain drawbacks. Their catalytic activity may diminish with
repeated usage, and they may encounter diffusion restrictions due to the heterogeneous nature of the
reaction, particularly with bigger biomass molecules [134]. Moreover, although ecologically
advantageous, synthesising certain solid acid catalysts from biomass waste may necessitate several
stages and meticulous regulation of synthesis parameters to attain the appropriate characteristics [125].
Carbon-based solid acid catalysts are effective for generating value-added products from

carbohydrates; however, utilising lignocellulosic materials presents a considerable barrier to separating
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the catalyst post-hydrolysis. To utilise these solid catalysts for biomass hydrolysis, they must be readily

separable from the pretreated raw material.

1.4.4.3. lonic Exchange Resins for biomass pretreatment

lonic Exchange Resins (IERs) are made of crosslinking hydrocarbon chains with one another through
the polymerisation process and can be used as solid catalysts for lignocellulosic pretreatment. IERs are
made up of a functionalised polymeric matrix. Most IERs are made of polystyrene or acrylic polymer,
serving as a structural material, and then undergo chemical treatment for binding functional groups to
ion exchange sites located throughout the matrix [135,136]. The IERs manufacturing process is a
polymerising monomer (styrene or methyl acrylates) mixed with a certain amount of crosslinking
monomer divinyl benzene (DVB). The mixture is dispersed in water in a stirred tank reactor and agitated
to produce small droplets of suspended monomer mix. The mixture is then polymerised in the presence
of catalysts, which create a solid three-dimensional sphere with a certain degree of porosity. Once the
polymeric matrix is made, functional groups are added to the styrene backbone of the polymer to make

the resin reactive, which could act as ions in a water mixture [137].

IER catalysts provide a lot of advantages, like high selectivity, long catalytic life, and simplicity of
recovery, reuse, and separation. They also have a lot of potential for efficiently converting lignocellulosic
biomass into biofuels. They can also be used to replace a variety of traditional liquid acids for hydrolysis
and pretreatment [113]. IERs have advantages over conventional acidic catalysts used for hydrolysis
because of their ionic nature, which makes catalyst alteration possible, for example, substituting suitable
species with metal ions working as a homogeneous catalyst. Furthermore, IERs can be used in a

regulated manner in several reaction steps for combination or sequential actions [138].

Compared to other types of solid catalysts, IERs such as cationic-exchange resin work as both a catalyst
and a membrane to allow product permeability during hydrolysis, as shown in Figure 1.9. The inhibitory
chemicals would be eliminated by IERs, which would benefit the succeeding fermentation process.
However, at elevated temperatures above 150 °C, macro reticular resins lack thermal stability, which
further creates problems of catalyst recycling and leaching due to a large number of acid ions, such as
sulphates, in the liquid phase [113]. Nonetheless, these solid acid materials are interesting to further

explore for hydrolysis.

IER stability must be high enough to be used as a catalyst. For example, in strong oxidising agents such
as chromic or nitric acid, IERs start degrading quickly, and slow degradation occurs in the presence of
oxygen and chlorine, which is catalytically induced. Due to this, in IERs, metal ions such as iron, copper,

and manganese should be minimalised in oxidising solutions [139].
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Figure 1.9. Combined cellulose conversion and product separation by IER. Reprinted with permission from [113].

The fouling and deactivation of packed resin could be due to the precipitation of oligosaccharides,
phenolic compounds from lignin, and proteins by blocking catalytic sites [140]. IERs not only can be
used for the hydrolysis of lignocellulosic material but also in other processes, such as the detoxification
of hydrolysate to remove inhibitors [141,142] and conversion of monosaccharides to value-added
products [143,144]

The efficacy of IERs is determined by their specific surface area, pore size, pore volume, active site
concentration, and acidic type. To be highly effective in biomass pretreatment, IERs should have a high
number of Bronsted acid sites, a good affinity for the reactant substrates, and good thermal stability.
Furthermore, solid catalyst composition, porosity, presence of water to have ions in the liquid phase
from IER, and reactor specifications could make it probable for hydrolysis of lignocellulosic biomass on
a practical level [113]. Various functional groups, such as strong/weak acid groups, can modify the

physiochemical stabilities of acidic IERs. The most important chemical and physical properties are
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porosity, type of functionalisation, thermal stability, and capacity, which need to be considered before

using IERs for any pretreatment process.

1.4.4.4. Porosity

The porosity and particle size of an IER can also be controlled through polymerisation conditions and
uniform particle size manufacturing technology [139]. Typically, polymerisation IERs are spherical beads
with polydisperse particle size distribution ranging from 0.3-1.2 mm, specific gravity 1.1-1.5 in a water-

swollen state and bulk density 560-960 g L™ for a wet resinous product [88].

Porosity in an IER can be controlled by the cross-linking degree and the use of porogen during the
manufacture. The more crosslinking degree, the more rigid the matrix. The polymeric matrix is
hydrophobic, while the functional groups tend to be hydrophilic. This means that in the presence of polar
liquids, the hydrophilic functional groups will form van der Waals bonds that will force the polymeric
matrix to open (swelling) depending on the rigidity/flexibility of the matrix, therefore, the lever of cross-
linkage. Apart from swelling, other properties of IERs, such as mechanical and chemical stabilities and
capacity, are also linked to the cross-linkage level. As the cross-linkage increases in the polymer, the
IER becomes more thermally and mechanically stable while the hydration and ion intake are reduced.
[145].

Based on the crosslinking degree and the use of IERs can be divided into two categories:

o Gel-type: They are called like this because the low crosslinking degree (<10 wt.%) gives the
polymeric resins a semi-transparent gel appearance. Due to their low crosslinking degree, they
are less thermally and mechanically stable and have more swelling capacity. [146].

o Macroreticular: They are normally not transparent due to the larger cross-linking degree
(9-50%). A high crosslinking degree generates more thermally and mechanically stable IERs,
with limited swelling due to their rigidity, but with a certain fraction of permanent pores produced

using the porogen during manufacture. [91]

Gel resins have higher initial exchange capacity and lower prices than macro-reticular resins of the
same type. However, macro-reticular have a higher ability to elute foulants more effectively due to larger
permanent pore structure and ability to work at harsher conditions in comparison to gel-type resins
[147,148].

1.4.4.5. Type of Functionalisation
IERSs typically have a cross-linked polymer matrix with a very homogeneous distribution of ion-active
sites. Commercial acidic IERs can be categorised as strong acid resins or weak acid resins depending

on the functional group attached to them, as shown in Figure 1.10.
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e Strong acid resins are primarily sulfonic acid groups that act similarly to a sulfuric acid catalyst
by removing hydrogen cations. Strong acid resins are known as sulfonated co-polymers, capable
of exchanging cations or splitting neutral salts over the pH range.

o Weak acid cation exchange resins usually work similarly to weak acid and have available
hydrogen from (R-COOH). One of the advantages of weak acid IERs is high regeneration
efficiency using a small amount of acid, ultimately reducing waste from the regeneration process.
Weak acid IERs are used for demineralisation, de-alkalization of water and water-softening

processes [149].

O

O
|l n O
—S—O@ —C-0
Il H+ H+
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Sulfonic acid group Caboxylic acid group
of strong acid resin of weak acid resin

Figure 1.10. Functionality in ion exchange resins [138].

IER functional groups can be regenerated through different types of systems, such as co-flow and

counter-flow block through backed bed processes with acid/bases depending on the functionality [139].

1.4.4.6. Thermal stability

The thermal stability of IERs depends on the type of functional group, the cross-linking degree, and the
pH. Cationic resins, in comparison to anionic resins, are much more stable and can be operated up to
150 °C [139].

Thermal decomposition of an IER from 30-800 °C was tested in an oxidative environment and classified
into three stages: the first step is the water evaporation and removal of physio-sorbed water
(30-220 °C), the second step is the decomposition of active groups (220-400 °C) and crosslinking with
the matrix and the third step is the combustion of polymer matrices (temp.>400 °C) [150,151]. The
temperature ranges for all three steps may vary from one |IER to another because of the change in the

thermal stability of each IER.

1.4.4.7. Capacity

The number of exchange sites per unit weight for the dry resin (mmol/g) or units of volume for the wet
resin (mmol L") is a typical measure of IER capacity. At a high temperature (150-170 °C), cationic IERs
lose their functional groups and activity. Furthermore, significant fouling of IER can occur, reducing its

exchange activity by more than 80% [140].
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lon exchange has an interchange of ions between two phases, as shown in Figure 1.11. These resins
are insoluble, and ions of the same charge exchange occur when contacted with a solution. The extent
of the exchange will be determined by the ion concentration in the solution and the ion affinity for the
insoluble phase compared to the solution phase. [152]. Furthermore, the exchange capacity is affected
by the resin's intrinsic capacity, regeneration level, solution composition, flow rate through the column,

temperature, particle size distribution, and swelling, which enhances the capacity [139].

© Liquid phase
o G © o
[Polymer]_x@A — > [Polymer}|—X G@ A
Solid Phase Solid Phase Liquid phase
Figure 1.11. lons exchange among the solid and solution phases of IERs [152] Legend: X* fixed cation.
IERs are most commonly used in water softening, toxic metal removal, wastewater treatment,
hydrometallurgy, sensors, chromatography, and biomolecular separations, as well as catalysts to
replace homogeneous catalysts like sulfuric acid and immobilised metallic catalysts [152]. All these
applications and capabilities (removing contaminants, ion exchange, and catalytic potential) make the
IERSs an interesting material for biomass pretreatment, such as hydrolysis. No literature was found where
IERs alone had been used to hydrolyse any lignocellulosic materials due to IERs limited hydrolytic
capacity, highly complex and resistant nature of the material as compared to cellulose and hemicellulose
and inefficient in complete breakdown of lignocellulosic materials in fermentable sugars. IERs are

always used with solvents like ionic liquids [153—158] to hydrolyse different herbaceous crops.

1.5. Advanced Pretreatment Methods using lonic Liquids

lonic liquids (ILs) are organic salts in liquid form at room temperature or close to it. ILs can replace
volatile organic solvents in industrial applications because of special properties such as no vapour
pressure, high thermal and chemical stability. However, when considering the use of ILs for biomass
pretreatment applications, certain considerations should be made for recycling and regeneration
requirements [159,160], as some ILs could be expensive. The high solvation capacity of ILs
enables them to dissolve a wide range of materials with different polarities and structures, including

biomass comprising hemicellulose, cellulose, lignin, silk, and chitin [161].

1.5.1. Some classifications of ILs

Room temperature ILs are salts that melt below 100 °C and can have tuneable properties (e.g. melting
point, viscosity, polarity, opacity, and hydrogen bond basicity) depending on the choice of the cation and
anion. However, the corrosivity and toxicity of room temperature ILs should be considered before using

them in a chemical process [162].
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ILs can be divided into Aprotic lonic Liquids (AlLs) and Protic lonic Liquids (PILs). lon generation is
caused by covalent bond formation and breaking, which can result in AlLs. On the other hand, PILs are
formed by reversible proton transfer produced by ionic species. In Figure 1.12, the difference between
the AlLs and PILs forms of the IL made with imidazolium as a cation and acetate and chloride as the

anion can be seen.

B Aprotic IL Protic IL
g /o RS
S, N® o cH NH o cH
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Figure 1.12. Structure of if imidazolium-based protic and aprotic IL adapted from [163].

The wide variety of ILs available provides high tunability of their properties, making them very interesting
materials for many applications as solvents, catalysts, and extractive agents. ILs have also been studied
for biomass pretreatment, so the next section summarises the main findings and work on ILs for biomass

pretreatment.

1.5.2. ILs for Biomass Pretreatment

Lots of diverse ILs have been tested for lignocellulosic biomass pretreatment. The most typical cations
used are: [BMIM]*, [EMIMT*, [Pyrr]*, [TEA]". The most common anions are [CI]", [HSO.]~, [CH3COO]",
[PFs]~. The structures of the most common cations and anions along with their structures are presented

in Appendix A1 Figure A1.5 and Figure A1.6, respectively.

For cellulose, the ideal IL should have a high dissolution capacity of cellulose while avoiding its
decomposition [164]. However, IL pretreatment can be done to target other biomass components, such
as lignin [165]. Appendix A1 Table A1.4 shows the different lignocellulose biomass and the ILs employed
found in the literature and their impact on the cellulose, hemicellulose and lignin fractions. Most of the
research for IL pretreatment for lignocellulose biomass in the past decade has been done to extract the
maximum two components, cellulose and lignin, from raw material. The cellulose dissolution mechanism

is shown in Figure 1.13 through intra and intermolecular hydrogen bonding in cellulose with IL ions.
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Figure 1.13. The dissolution mechanism of cellulose in ionic liquids adapted from [166]

In early research, the most common ILs for biomass pretreatment were imidazolium-based cations with
various lengths of alkyl chains (C4, C6, C8) and anions, for instance, chloride and acetate [167-170].
For example, a [EMIM-OACc] could be used in lignocellulose biomass pretreatment such as hardwood
Eucalyptus, after which there were significant changes in crystallinity of cellulose, ultimately increasing
enzymatic sugars from treated biomass in comparison with untreated raw material. Pretreatment time
of 4 h at 120 °C sugar yield maximised for pretreated Eucalyptus as compared to untreated material

[171]. A general schematic of biomass fractionation using ILs is shown in Figure 1.14.
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Figure 1.14. General schematic for lignocellulosic biomass fractionation with IL adapted from [172].

PILs offer a good selectivity for extracting lignin from the biomass with minimum impact on cellulose at
around 100 °C [173-175]. On the other hand, AlLs like imidazolium chloride-based ILs are more suitable
for cellulose dissolution. However, with imidazolium cations, as alkyl chain length increases, the toxicity
of IL increases and can be hazardous to the environment if released as a waste stream after an industrial
process [176,177]. Using IL as a solvent for various lignocellulosic feedstocks makes it difficult to deduce

the effects of the IL on the lignin, hemicellulose, and cellulose, as other important aspects influence the
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pretreatment. Apart from the anion and cation, the solvent, antisolvent, particle size, biomass loading,
temperature, and time are the main other parameters that highly influence the fractionation process.
Therefore, parameters above mentioned and their effect on the pretreatment process are discussed in

the next sections.

1.5.2.1. Effect of anion

The anion part of IL disrupts hydrogen bonding for biomass components [178], while the cationic part of
IL interacts with biomass through covalent bonds [179]. Comparing both components, the anionic part
plays a more significant role during biomass dissolution. The dissolution of any lignocellulosic
components in an IL is significantly influenced by the length of the cation and anion, along with the

presence of any solvent, such as water.

More specifically, small anions such as CI- ions have better dissolution of cellulose because it can better
penetrate the structure and have strong electronegativity [180,181]. Their problem is the high melting
temperature (50-300 °C) compared to other anions. For example, Ac anion makes lower melting points
(-51-100 °C) IL, which is extensively studied and still has high cellulose dissolution [182]. Sulphonated
anions have proven good for lignin dissolution from lignocellulosic biomass [183]. Anions such as
[MeSO4] and [HSO4] - can also be the most effective lignin/cellulose fractionation and enhancement of
cellulose digestibility [184]. These anions can form strong hydrogen bonds with the hydroxyl groups in
lignin, disrupting its structure and enhancing solubility. Furthermore, these anions can catalyse the
breaking of particular links in lignin, such as the $-O-4 ether linkages, which are commonly seen in the
structure of lignin [185]. This catalytic activity facilitates the decomposition of the lignin polymer into

smaller, more soluble fragments.

ILs with anions: chloride, phosphate, and carboxylates have high hydrogen basicity to solubilise
cellulose [186]. However, if hydrogen bond basicity in an IL is too high, it will start to compete/interact

with hydrogen bond acidity, eventually reducing cellulose solubilisation [187,188].

1.5.2.2. Effect of cation

For the cation, the aromaticity seems to affect the lignocellulosic material dissolution [189]. It has been
linked to the following: first structural effect, in which the p-electron delocalisation of the cation's
unsaturated heterocyclic ring causes the IL to be more reactive with cellulose and allows more space
for [Ac]- anions to form H-bonds with cellulose. The second dynamic effect is that the cation's large
saturated heterocyclic ring results in lower diffusion of both cations and anions [190]. The viscosity of IL

is reduced by using a smaller cation with a shorter alkyl side chain, resulting in greater biomass
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dissolving efficiency to some extent [191]. Because after a certain length, if the alkyl chain length with

cation is increased, biomass solubility will decrease [181].

Furthermore, the melting point decreases its enhanced functionality, and biomass dissolution efficiency
increases. Alkyl chains with cations can also influence the melting point of ionic liquids. For example,
pyridinium cationic ionic liquids have a higher melting point than imidazolium-type ionic liquids [192].
Hydroxyl groups, on the other hand, have the opposite impact, most likely due to competition for H-bond
formation with cellulose [188]. The melting point of ILs is generally reduced as the size of a cation with

a low degree of symmetry and an increase in the size of anions with the same charge [193].

Cation has a secondary influence on fractionating lignin structure compared to anion in an IL. However,
cations help in solubilising lignin by reducing the cohesive forces within the lignin structure, preventing
reaggregation and promoting further interaction [194]. When a cation can effectively pair with anions

with high hydrogen bond basicity, IL can disrupt lignin's structure and facilitate its dissolution.

Parameters Kamlet-Taft for an IL, which are temperature-dependent solvent polarity scales, can be
used to predict the solubility of cellulose before experimentation [195,196]. IL with more hydrogen bond

basicity is a very important factor in dissolving biomass material along with the structure of cation [197].

The overall ability of ionic liquids to dissolve biomass is mainly determined by the unique properties of
the cation and anion and their interactions with the biomass's components. This comprehension enables

the creation of task-specific ionic solutions customised to dissolve and process biomass effectively.

1.5.2.3. Effect of anti-solvent

Anti-solvent is also very important for the regeneration of cellulose, hemicellulose, and lignin because
the yield and purity of each component change depending on which anti-solvent is used after the
process. Conventionally, hot water, acetone/water mix is added to get Cellulose-Rich Material (CRM)

and lignin obtained by evaporating acetone [198,199].

In comparison with alcohols such as methanol, ethanol, and others, water is a better choice as an anti-
solvent because of its economic viability, environmentally friendly characteristics, and high yield of total
reduceable sugars from cellulose [170]. However, when cellulose and lignin both are dissolved in IL
from biomass dissolution, the two anti-solvents should be used, first ethanol to wash CRM and then
water for lignin precipitation [200]. IL contamination is one of the pressing issues in regenerated material
after the pretreatment process, which could denature enzymes during enzymatic hydrolysis.
Furthermore, if there is lignin in CRM, it would significantly negatively impact post-process, like

enzymatic hydrolysis. To minimise IL contamination, lignin could be regenerated separately [172]. To
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have a high extraction yield of one biomass component, such as lignin from IL-treated biomass,

extraction could be done in a sequential process [201].

In summary, antisolvents play a crucial role in the biomass pretreatment process with ionic liquids. They
help effectively recover and separate biomass components while also improving the process's

sustainability and cost-efficiency.

1.5.2.4. Effect of particle size and biomass loading

Particle size and biomass loading are very important factors in an IL pretreatment. To have maximum
product yield after the process, the particle size of the raw material should be small (0.5-2 mm) because
it produces maximum sugar yield [202,203]; however, in the case of regenerated biomass, yield
increases with an increase in particle size [204,205]. The increase in yield is ascribed to multiple factors:
less surface area for lignin re-precipitation, enhanced mass transfer, reduced fibre hornification, and
decreased viscosity of the biomass-ionic liquid slurry [206]. Regarding biomass loading, at a lower Solid-
to-Liquid ratio, each particle would receive a higher average value to heat, which could contribute to
overcooking/burning the particle surface and reduction in cellulose digestibility [207]. On the contrary,
high biomass loading of approximately 40-50 wt.% during IL pretreatment has drawbacks such as longer
process time requirement, a partial transformation of cellulose crystallinity structure, increase in mixture
viscosity, reduction in de-lignification and increase in hydrolysis kinetics [207-209]. Ideally, 10 wt.% of

lignocellulosic raw material to an IL is considered to be optimum [210-212].

1.5.2.5. Effect of Temperature

Biomass pretreatment with an IL ranges for temperature and time 90-170 °C and 1-20 hrs, respectively
[213-217]; however, for each lignocellulosic material having different physiochemical characteristics,
optimum parameters will be different. During optimum temperature selection for the IL pretreatment
process, the following considerations should be taken into account: IL lowest temperature for the liquid
state, solubilisation efficiency for each biomass component, IL decomposition temperature, and
temperature to maintain enzymatic activity if it is used during the pre-treatment process [177]. Similarly,
longer pretreatment times facilitate lignin separation; however, carbohydrates would start to degrade.
For example, for softwood such as eucalyptus to be treated with [EMIM-AC], the process temperature
had to increase from 120 to 160 °C however, with IL [BMpy-Cl], process optimum conditions were time
10 min at 120 °C [218,219]. The product yield process time and temperature should be considered for

optimum pretreatment results.
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1.6. Mains findings, main research gaps and research objectives
Acid hydrolysis has been primarily studied using mineral acid. However, the literature on solid acid

catalysts is scarce, as explained in the following paragraph.

Most solid catalysts, such as metal oxides, zeolites and carbonaceous materials, were tested with pure
materials such as cellulose or hemicellulose. Among these catalysts, there are several significant
challenges. A significant problem is the slow mass transfer between solid acid catalysts and cellulose,
which might restrict the effectiveness of the hydrolysis process. The lack of optimal binding sites on the
surfaces of solid acid catalysts impedes effective interaction with cellulose molecules [220]. Water, a
solvent in acid-catalysed processes, can lead to the deactivation of catalytic sites or the hydrolysis of
catalyst frameworks, hence necessitating the creation of hydrophobic solid acids [221]. The existence
of possible catalyst poisons from biomass and biomass hydrolysates, including proteins and mineral
ions, can adversely affect process performance [222]. The intricate and resistant characteristics of
lignocellulosic biomass present obstacles to catalyst accessibility and efficacy. The diverse reaction
characteristics between solid substrates (biomass) and solid catalysts hinder the comprehension and
enhancement of the process [223]. Addressing these problems necessitates the creation of innovative
catalysts featuring superior binding and catalytic domains, augmented hydrophobicity, and higher
resistance to deactivation, alongside the advancement of more effective pretreatment techniques to

augment biomass accessibility.

Using acidic ion-exchange resins to separate lignocellulosic material fractions in an aqueous system
has not been studied extensively. An advantage of IERs is that they efficiently catalyse substrate
decomposition into value-added products and remain stable in water and their mesoporous nature,
which overcomes limitations related to other solid catalysts such as zeolite or carbonaceous solid acid
[224].

Further, IERs with ionic liquids [153—158] such as [EMIM]OAc (1-ethyl-3-methylimidazolium acetate)
[225], [BMIM]OAc (1-butyl-3-methylimidazolium acetate) [226], and [BMIM]CI (1-butyl-3-
methylimidazolium chloride) [153] utilised but not co-currently. The lignocellulosic biomass was first
treated with IL to fractionate at a particular set of conditions, and then IERs were added to the system
at a different set of conditions. Moreover, the ILs used were imidazolium-based, which has major
drawbacks such as high cost, high viscosity, toxicity, recyclability problems, and moisture sensitivity
[227,228]. Inexpensive protic ILs with IERs, such as triethyl ammonium acetate or triethylammonium

hydrogen sulphate, had demonstrated better potential for scalability and feasibility.
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Integrating IERs and ILs presents a promising yet underexplored research area in lignocellulosic
biomass valorisation. To the best of our knowledge, systematic research on only IERs and comparison
with the simultaneous use of IERs and inexpensive ILs for fractionation of different lignocellulosic

biomass has not been done.

Therefore, this research aims to study the use of IERs in water and in inexpensive IL to assess their
competitiveness and any symbiotic effect in the pretreatment of lignocellulosic biomass. Working with
IERs-ILs for biomass fractionation systems, one of the challenges will be efficiently separating and
recovering these components post-dissolution. This approach could lead to more sustainable and
efficient biomass processing technologies, advancing the biorefinery field. Therefore, the main

objectives of this thesis are the following:

¢ Investigate the influence of acidic IERs on the hydrolysis of lignocellulosic material in an
aqueous system and compare it to mineral acid catalysts under similar operating conditions.

¢ Investigate the influence of different ILs in combination with different IERs on the fractionation
process of a lignocellulosic material.

e Investigate how physiochemical characteristics of different lignocellulosic materials can

influence the outcome of the pretreatment process using a combination of ILs and IERs.
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Chapter 2. Materials and Methods
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2.1. Chemicals

2.1.1. Biomass feedstock
Miscanthus x giganteus pellets, measured between 5 and 6 mm, were obtained from Aberystwyth
University in 2016 (feedstock 1). The pellets came from the stem part of the energy crop. The biomass

sample was harvested, milled (1 mm), and pelletised within three months of collection.

Pine Bark Wood (feedstock 2) was collected from a tree surgeon in the UK in 2023. Pine bark was

chipped (10-40 mm), washed with water, and dried at ambient pressure and temperature.

Brewery-spent grains (feedstock 3) are produced from Barley malt by boiling it in hot water (~67 °C) for
an hour; enzymes that exist naturally within the grain break down the starch into carbohydrates, which

are fermented into alcohol.

2.1.2. lon Exchange Resins (IERs)

Commercially available lon Exchange resins (IERs) Amberlyst™ 15 (IER15), Amberlyst™ 35 (IER35),
Amberlyst™ 45 (IER45), and Amberlyst™ 70 (IER70) were obtained from Dupont (France), while
Purolite™ CT252 (IER252), Purolite™ CT275 (IER275), and Purolite™ CT482 (IER482) were procured
from Purolite (UK).

2.1.3. lonic Liquids (ILs)

ILs were synthesised using the following chemicals: trichloramine, acetic acid, Triethylamine
hydrochloride, ethanol with (purity >99%), and sulfuric acid (purity 295%), procured from Acros
Organics. For all the synthesis and experimental work, Milli-Q water with an electrical resistivity of

13.4 M cm and pH 6.998 at 25 °C and atmospheric pressure.

2.1.4. Synthesis of Fibre Detergent Solutions

Sodium dodecyl sulphate, ethylenediaminetetraacetic disodium salt (EDTA) (dehydrate), sodium borate,
sodium phosphate dibasic (anhydrous), 2-ethoxyethanol, decahydronaphthalene, sodium sulphite, cetyl
trimethyl ammonium bromide (CTAB) were procured from Acros Organics with purity >99% and used

for compositional analysis.

2.1.5. Feedstock preparation

Lignocellulosic materials or any biowastes, such as wood, crops, seaweed, municipal solid waste,
animal wastes, and other solids, need sample preparation to do any kind of pretreatment. Biomass
usually needs drying and crushing to homogenise sample size. The standard ASTM (American Society
for Testing and Materials) International E1757-01 [229] used for sample preparation with different

modifications based on lignocellulosic material.
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2.1.6. Miscanthus x giganteus grass (Feedstock 1)

The received pellets of miscanthus x giganteus were further ground into an average particle size of
1.0 mm using a heavy-duty cutting mill (Retsch SM 200). Raw material samples were prepared as per
ASTM E1757-01 standard [229] however, prepared samples were kept at 20 °C after preparation.
Further grinding and sieving into the different particle size ranges of the raw material were done using
IKA Universal Mill M20 and Endecott's EFL 2000 Sieve Shaker, respectively. Samples with different
particle size ranges were stored in sealed polyethene bags. Two particle size ranges: 425-800 ym and

<106 uym were selected for analysis testing and labelled as MIS48 and MIS16, respectively.

2.1.7. Pine Bark Wood (Feedstock 2)
Pine Bark Wood (PB) was collected from the UK in 2023. Initial PB was dried in an oven at 105 °C for
48 hrs and was followed by the same steps presented for feedstock 1. Two main particle sizes, 425 to

800 um and <106 um, were selected for analysis testing and labelled as PB48 and PB16, respectively.

2.1.8. Brewery Spent Grains (Feedstock 3)
Brewery spent grains (BSG) were collected from the UK (Burning Soul Brewing) in 2023. BSG was
initially dried in an oven at 105 °C for 48 hrs, and then the same preparation methodology as feedstock
1 was used. Two main particle sizes, 425 to 800 um and <106 um, were selected for analysis testing
and labelled as BSG48 and BSG16, respectively.

2.2. Characterisation of IERs

2.2.1. Acid Capacity

The acid capacity in different IERs was measured through back titration. 0.04 M Sodium hydroxide
(NaOH) and hydrogen chloride (HCI) solutions were prepared in 250 mL volumetric flasks. To dry the
resins, approximately 2 g of IER were dried for 12 hrs in aluminium dishes at 105 °C. Around 1 g of each
resin was transferred to 250 mL of NaOH solution stirred with a magnetic stirrer at 200 rpm at 25 °C for
8 hrs. Afterwards, the solution was filtered from mixed resin through vacuum filtration. Aliquots of 25 mL
filtrate were titrated with an acid hydrogen chloride solution. Before titration, 2-3 drops of 1 mg mL~" of
methyl red were added as an indicator (change from yellow to orange). The acid capacity of the IERs

per gram of dried IER and other properties are summarised in Appendix 2 Table A2.1.

2.2.2. Swelling Degree
The swelling capacity as per Equation 2.1 shown below was measured to evaluate the change in the
degree of swelling in the resin matrix of different IERs. Original resins were added separately in 150 mm

disposable glass pipettes. The initial height of the packed resin was measured using a ruler. The pipette
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was filled with deionised water, and after 1 hr, the new height of the resin was measured after swelling

of the resin. The results are summarised in Appendix 2 Table A2.1.

swelling d %) = (Height Wet IER — Height Dried IER) < 100
wesing aegree L70) = Height Dried IER

Equation 2.1. Swelling Degree

2.3. Synthesis and Characterisation of lonic Liquids (IL)

2.3.1. Synthesis of Triethylamine hydrogen sulphate [TEA][HSO4] (TS)

Triethylammonium hydrogen sulphate IL, [TEA][HSO.] (TS), was synthesised by adding drop-wise
triethylamine from a burette into a beaker filled with sulfuric acid. The beaker with sulfuric acid was
placed in an ice bath. The mixing of both solvents was done in equal amounts: 2.5 mols of triethylamine
and 2.5 mols sulphuric acid [86,230]. After adding sulfuric acid, the reaction mixture was stirred for 3
hrs in an ice bath to achieve a colourless homogenous solution. Initial water content was measured by
Karl Fischer titration with a V20 volumetric titrator (Mettler Toledo). The water content of the IL
[TEA][HSO4] was reduced using a Stuart Cold Finger Condenser RE402 rotary evaporator and a
vacuum drying at 40 °C. Lastly, the water content of the ionic solution was adjusted to 20 wt.% [231].

The reaction mechanism is shown in Figure 2.1.

9 “ [ -
\IL/_Jr\h |S Room Temperature\"\laa o@—!s!zo u‘é-‘#w
~_" ~_— CO/H\OH N~~~ | Py B

o) OH
Figure 2.1. Triethylamine mixed with sulfuric acid in an ice bath.

2.3.2. Synthesis of Triethylamine acetate [TEA][OAc] (TA)

Triethylammonium acetate IL, [TEA][OACc] (TA), was synthesised by mixing drop-wise at 70 °C, 1.25 mol
of triethylamine and 1.25 mol of acetic acid as [232]. Due to the low flash point of acetic acid at 39 °C,
the mixing was carried out in a closed vessel using a two-neck round bottom flask. One neck was
connected to a graham condenser with water used as condensing fluid, and the second was connected
to a burette to add acetic acid. The round bottom flask was immersed in a water bath to heat at 70 °C.
A magnetic stirrer was used to mix the reaction at 500 rpm. After completing the reaction, a black solution
was formed and heated at 80 °C for 3 hrs in a conical flask to remove unreacted reactants. After
completing the synthesis, the water content of the IL was measured and adjusted to 20 wt.%. The

reaction mechanism is shown in Figure 2.2.
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Figure 2.2. Triethylamine is mixed with acetic acid under a closed system.

2.3.3. Water Content

In ionic liquids (ILs), it is very important to know distilled water content because it influences their
physiochemical properties and eventually influences lignocellulosic pretreatment results. Different ILs
behave differently in the presence of water. For example, cation 1-ethyl-3-methylimidazolium with
acetate anion produced better glucose yield with lower water content; however, hydrogen sulphate anion
performed better at higher water content and additionally produced lignin fraction [233]. Water content
in any liquid can be tested through the standard method ASTM International E203 using Karl Fisher
(KF) Titration [234]. The working principle of KF titration is a simple redox reaction, as shown in Equation
2.2 [235].

ROH (alcohol) + SO, + 3R'N(base) + I, + H,0
— (R'NH) - SO4R(alkylsulfate salt) + 2 (R'NH)I(hydroiodic acid salt)
21" (iodide) = I,(iodine) + 2e~
Equation 2.2. Karl Fisher titration stoichiometry
Through redox reaction, intermediate alkyl sulphite salt is oxidised by iodine to produce alkyl sulphate
salt. Eventually, during this oxidation, water in the solution is consumed. Once water is consumed,
excess iodine is detected through the electrode. Even though iodine is generated electrochemically by
anode oxidation at the generator electrode, it acts as a cathode containing catholyte. The anode is a
double-pin platinum measuring electrode that monitors the current potential of the sample solution
during titration [236]. Mettler Toledo V20 Volumetric KF Titrator was used for water content along with
working medium Hydranal K and titrant Hydranal Composite 5K, both from Honeywell Research
Chemicals. A sample of around ~0.5 mL was collected through a 1.0 mL syringe, weighed on a balance,
and injected into the titration flask. A sample should be added when the potential in KF is stable and
below the recommended value. The mass of the sample was obtained by measuring before and after
injection. A change in current potential through a platinum electrode, along with the mass of the sample
and time to reach the endpoint, was combined by the instrument to determine the water content of the

sample under investigation.
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2.4. Feedstock and Pulp Characterisation
Solid characterisation techniques were used to characterise and analyse the influence of different

pretreatment factors on raw materials before and after the process.

2.4.1. Compositional analysis

The chemical composition of lignocellulosic materials was conducted through the fibre analysis method
[237]. The procedure is below. First, a neutral detergent solution was made using 30 g of Sodium
dodecyl sulphate, 18.61 g of EDTA (dehydrate), 6.81 g of Sodium borate, 4.56 g of Sodium phosphate
dibasic (anhydrous), and 10.0 ml of 2-Ethoxy ethanol (ethylene glycol mono-ethyl ether) in a 500 ml
beaker of pure water. The amalgamation was agitated via the beat and the magnetic stirrer. The volume
was adjusted to 1L by the addition of distilled water. The pH was modified to a range of 6.9 to 7.1.
Neutral detergent fibre (NDF) was determined by taking ~1.0 g of biomass in 100 mL of neutral detergent
solution, 2.0 mL decahydronaphthalene, and 0.5 g sodium sulphite refluxed at 100 °C for 1 hr. After
reflux, the residue was filtered and washed with hot water (100 mL) x 3 and acetone to remove any

organic solvent. The residue was dried at 105 °C for 12 hrs, weighed and labelled NDF.

Acid detergent fibre (ADF) is determined using an acid detergent solution. The Solution was prepared
using 1 L of 0.5 M sulfuric acid (H2SO4) and 20 g of CTAB. Biomass ~1.0 g in 100 mL of acid detergent
solution and 2.0 mL decahydronaphthalene, refluxed at 100 °C for 1 hr. After reflux, the residue was
filtered and washed with hot water (100 mL) x 3 and acetone to remove any organic solvent. The residue
was dried at 105 °C for 12 hrs, weighed, and labelled ADF.

Acid detergent lignin (ADL) was estimated using 72% H>SO4 and ADF. Dried ADF was transferred to a
Gooch crucible (grade 2), and the acid was added. The crucible was always filled with acid for 3 hrs.
After 3 hrs, the residue was washed with excess hot water until the pH of the filtrate was ~7.0. The
residue was dried at 105 °C for 12 hrs, weighed, and labelled ADL. Heating dried ADL at 500 °C for

5 hrs, the ash content was estimated.

2.4.2. Thermogravimetric Analysis (TGA) and Proximate Analysis

TGA is a thermal analytical technique where a sample's mass change is measured as a function of
temperature or time under a controlled atmosphere. In a TGA, usually, precision balance is used to
measure change in mass along with sample pan, reference pan and heating furnace [238]. The results
of TGA analysis for a lignocellulosic material can vary and depend on the following factors: heating rate,
type of sample, particle size, experimental atmosphere, and gas flow rate. Through TGA
characterisation, the thermal degradation of biomass samples, the compositional analysis of

lignocellulosic material, and the proximate analysis can be evaluated.
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Proximate analysis is an important characterisation method used to determine moisture content (MC),
volatile content (VC), ash content (AC), and fixed carbon (FC) in biomass raw materials and products.
These parameters can influence the raw material's thermal behaviour and plant design. Proximate
analysis can be used to assess the quality of biochar [239], biomass [240] and to calculate a higher
heating value for a lignocellulosic material [241]. MC and AC can be measured according to standard
ASTM E1756-08 [242] and ASTM E1755-01 [243]. However, due to the low amount of sample obtained
for pulp and lignin, the proximate analysis was obtained from the thermogravimetric analysis (TGA)

curves under an inert environment (N2 gas) and an oxidative environment (air).

For the TGA analysis, 3-5 mg of the sample was weighed in a 70 pyL alumina crucible using laboratory
microbalance 2.1 g XP2U Mettler Toledo. The sample was placed in an autosampler for the Mettler
Toledo TGA/DSC 3 STAR system. The schematic diagram of TGA/DSC is shown in Figure 2.3. The
analyser has a precious micro balance within the furnace and is connected to the STARe Excellence

Thermal Analysis software.
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Figure 2.3. Schematic diagram of the TGA-DSC adapted from [244].
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Under inert conditions, 50 mL min~" of nitrogen (N2) was used as the carrier gas. The temperature was
ramped from 25-900 °C with a heating rate of 10 °C min~’, followed by an isotherm at 900 °C for 5
minutes. Under oxidative conditions, 50 mL min~" of air was used as the carrier gas. In this case, the
temperature was ramped from 25-575 °C with a heating rate of 10 °C min~', followed by an isotherm at
575 °C for 5 minutes. The blank was conducted using an empty crucible, and the data were subtracted
from the sample results to remove errors due to the buoyancy effect while heating. Each sample was
analysed by triplicate. Through the TGA curve of the residual percentage of mass versus temperature,
the differential thermogravimetric (DTG) curve was derived for all the samples to identify maximum
decomposition temperatures (DTGmax). The second derivative was calculated to identify point changes

in DTG curve temperature for different samples.

As mentioned, the proximate analysis was obtained from the TGA curves. Under inert conditions, the
moisture content (MC) was calculated as the percentage of mass loss between 25-105 °C, and the
volatile content (VC) was calculated as the mass loss in the temperature range of 105-900 °C. From the
TGA curve under oxidative conditions, the ash content (AC) was obtained from the residual percentage
mass at 575 °C [245]. Finally, the fixed carbon (FC) was calculated through difference as per Equation
2.3.

FC (wt.%) = 100 — MC — AC — VC
Equation 2.3. Fixed carbon calculation
where:
FC = Fixed carbon (wt.%)
MC = Moisture content (wt.%)
AC = Ash content (wt.%)
VC = Volatile content (wt.%)

2.4.3. Ultimate Analysis and Higher Heating Value (HHV)

The quantification of elements: carbon (C), hydrogen (H), nitrogen (N), and sulphur (S) for any biomass
is known as ultimate analysis. Elemental analysis can be very useful in determining the quality of air
required for combustion, as well as the volume and composition of combustion gases. For example, a
fuel's higher carbon and hydrogen content results in a higher calorific value. Moreover, through
elemental analysis, hydrogen to carbon effective ratio can be calculated, meaning how easily solid
feedstock can be converted into hydrocarbons [246,247]. The elemental composition is usually
calculated through the combustion of a sample at high temperatures, around ~1000 °C under static or
dynamic conditions. In this process, high purity of oxygen is used to convert carbon into carbon dioxide,

hydrogen into water, and nitrogen and sulphur into their respective oxides. The combustion products
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are carried by a helium flow to a high-purity copper reactor to remove unreacted oxygen and convert
nitrogen oxides to nitrogen gas. The concentration of each gas in the combusted gas mixture (CO2, Na,
H.0O, SO,) is determined through gas chromatography and thermal conductivity detector. Sometimes,
individual gases can also be analysed through separate infrared (IR) detectors and thermal conductivity
cells [248].

Ultimate analysis was conducted using CHNS-O Analyser Flash 2000 — Organic Elemental Analyser,
Thermo-Scientific with operating parameter furnace at 900 °C, oven 50 °C, helium as carrier gas flow
rate 140 mL min~" with high purity oxygen grade N5.5 at pressure 3.5 bar, detector thermal conductivity
detector (TCD) with filament level around 1000 pyV. TCD can detect gases such as hydrogen, oxides of
carbon, nitrogen and sulphur, and inorganic gases. The working principle is a measurement of thermal
conductivity, which is dependent on gas composition. TCD has two channels: the first for sample
components with a carrier gas and the second for carrier gas acting as a reference. The difference in
thermal conductivity between both cells results in voltage difference, ultimately proportional to the
sample concentration of different gases [249,250]. Sulphanilamide (CE Instruments) was used as a
calibration standard, and vanadium pentoxide (CE Instruments) was used as an oxidising agent. Three
replicates were done for each sample, and the average was taken to minimise experimental error.

Samples were analysed in triplicates on a dry basis by drying overnight in a furnace at 105 °C.

The heating value for any lignocellulosic material is an important characteristic to know the inherent
energy released by a material upon combustion. This parameter is also used to compare conventional
fossil fuels, and the type of fuel used as a power plant fuel. A higher heating value is also known as
gross calorific value, considered as the enthalpy of complete combustion of a fuel when all the carbon
and all hydrogen are converted to carbon dioxide and water, respectively. Furthermore, a higher heating
value is defined at standard conditions of pressure 1 atmosphere and temperature 25 °C for all products,
including condensation enthalpy of water [251]. However, in the case of lignocellulosic material, other
factors can influence HHV. For example, lignocellulosic material, which is a mixture of cellulose,
hemicellulose, lignin and other compounds, depends on environmental factors: field location, rain,
humidity, sunlight exposure, harvest time, etcetera. Elemental composition in a material can be related
to its inherent energy content [241,252]. The higher heating value (HHV) for biomass and pulp can be
estimated through Equation 2.4 [201,253].
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HHV (M]/kg) = 0.335[C] + 1.423[H] — 0.154[0] — 0.145[N]
Equation 2.4. HHV using elemental composition percentages.
where:
C = Carbon (wt.%)
H = Hydrogen (wt.%)
0 = Oxygen (wt.%)
N

Nitrogen (wt.%)

2.4.4. Attenuated Total Reflectance-Fourier Transformation Infrared Spectroscopy
(ATR-FTIR)

Electromagnetic radiation at the macroscopic level behaves as a wave, but at the atomic or molecular
scale, it acts close to a photon particle, which is a discrete packet of energy that can be divided into
different regions based on wavelength. When electromagnetic radiation in the form of middle infrared
(4000-400 cm™) is absorbed by a molecule or an atom, it vibrates in multiple forms: asymmetric,
symmetric, transverse, and rotation of a group of atoms around a node [254,255]. Based on the selection
rule molecular vibrational mode through infrared (IR) can be activated that can be linked to changes in
the permanent dipole. In conclusion, the vibrational frequency of a chemical functional group in a specific
region is dependent on the types of atoms and chemical bonds involved [256]. IR spectra mostly

represent percent transmission (% Transmittance) or absorbance.

Fourier Transformation Infrared (FTIR) is a technique where infrared radiation is passed through a
sample where some of the radiation absorbed by the sample and some transmitted through it results in
an infrared spectrum. The MIR scan is divided into two regions: the first functional group between 4000
to 1450 cm™ and the second fingerprint region from 1450 to 500 cm~". The fingerprint region is unique
to each chemical compound. Through FTIR, the quality of a material can be determined along with its
functional groups. It has a certain advantage as compared to other techniques regarding analysis, such
as speed, sensitivity, mechanical stability and internally calibrated [257]. Attenuated Total Reflection
(ATR) is an additional accessory to the FTIR technique, in which total internal reflected infrared is
measured after contact with the sample. In ATR-FTIR, the infrared passes through an optically dense
material (crystal) placed in very close and firm contact with the sample. This enables the analysis of
solid samples directly with high sensitivity without requiring the preparation of pellets. It is also more

surface-sensitive.

An evanescent wave is created when the material is subjected to attenuated energy from passing the
IR beam through the crystal and then to the detector in the IR spectrometer. For the ATR-FTIR

technique, the following conditions must be fulfilled: the sample must have direct contact with the crystal,
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the refractive index of the crystal should be higher than the sample to have total internal reflectance,
and the MIR range should be applied [258].

Thermo-Scientific Nicolet iS50 FT-IR & iS50 ATR with diamond crystal along with OMNIC™ Spectra
software used to analyse the feedstock, pulp, lignin and ILs. A mercury cadmium telluride-A detector
was used because of its highest mid-infrared sensitivity, with a low throughput requirement at a faster
scanning rate while maintaining constant IR response. The detector works under cryogenic conditions,
usually with liquid nitrogen, and a quantum detector, meaning detecting photons while measuring [259].
The results were obtained between 400-4000 cm™' after 64 scans with a resolution of 4 cm~". The

detailed conditions of operation for the equipment are in Appendix 2 Table A2.2.

2.4.5. X-ray Diffraction (XRD)

X-rays are a kind of electromagnetic spectrum generated through metal when electrons produced by a
heated cathode strike a metal surface. For a generation of X-rays, high voltage ranging from 20-50 kV
is required, with an anode made up of metal and a cooling water system to avoid overheating [260].
When high-energy electrons interact with an anode it produces characteristic radiation depending on
the type of anode material. The working principle of characteristic radiation is that an incident electron
collides with an electron of some atomic shell in the anode and knocks it out. This gap produced is filled
by an electron from a higher shell. This transferring of electrons to lower levels releases energy as
X-ray fluorescence. This radiation is dependent on the electronic structure of each element. For
example, Ka radiation is produced when an electron transfers from the L shell to the K shell, and K
radiation is produced when an electron transfers from the M shell to the K shell. To reduce Kp radiation,
a nickel (Ni) KB filter can be used, which consists of 0.02 mm thin Ni foil where its core electron absorbs
copper (Cu) KB radiation [261].

Through powder XRD crystallinity of any solid material can be analysed along with its allomorphs and
crystallinity index. In this technique a beam of X-ray impinges on a solid sample which rotates in the
plane with an angle () relative to the X-ray beam which reflects when encounters a crystal plane in the
sample causing constructive interference diffraction of the beam and this reflected radiation is counted
by a detector forming an angle 26 with the sample [256]. The constructive interference due to in phase
of scattered waves produced due to the difference in path lengths of the waves is equal to an integer
multiple of the wavelength. The distance between crystal lattice planner considered d with lower beam
transverse an extra length of 2d sin(0) [254]. The constructive interference at angle 6 can be described

by Bragg'’s law as shown in Equation 2.5.
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2d sin(0) = nd

Equation 2.5. Bragg’s law equation
where:

n = Positive integer order of reflection
6 = Angle of incidence (°)
A = Wavelength of incident X-ray (nm)

d = Distance between crystal lattice planar (nm)

XRD analyses of dried raw material and pulp were conducted using the Bruker D8 advance instrument
with Diffrac.EVA software will extract data with the LYNXEYE detector. The analyses were performed
within the angle range 26 = 10-80° with a step size of 0.0204° operated at voltage 40 kV and current 40
mA using Cu-Kal radiation with a wavelength of 0.1546 nm. The details of the equipment set

parameters are summarised in Appendix 2 Table A2.3.

After the analysis, the background from the diffractogram was subtracted, and the degree of crystallinity
index (Crl) was calculated through the Segal equation [262]. using the crystalline and amorphous

phases of cellulose as shown in Equation 2.6.

1002 - Iam

Crl = ( ) X 100%

002

Equation 2.6. Segal equation for the calculation of the crystallinity index
where:

I,00 = Maximum intensity at 26 = ~22.0-22.5° due to crystalline part of solid

lgm = Minimum intensity at 26 = ~18.0-18.5° due to amorphous part of solid

Calculating crystallinity (Xs) based on areas of crystalline and amorphous peaks deconvolution was
done using the Gaussian function, ranging from 26 equal 5° to 40° (Equation 2.7). Peaks due to
crystallographic planes were assigned at 101, 101, 002 and 040 with an amorphous peak at a minimum
diffraction profile between 101 and 002 peak [263,264].

X=<1— Sa )><100%
d Sy + S,

Equation 2.7. Crystallinity calculation using the Gaussian function.
where:

S, = Amorphous integrated area
S., = Sum of integrated area of peaks: 101, 101, 002, and 040.

The Crystallite size was calculated using the Scherrer equation (Equation 2.8) using the full width half

maximum value (FWHM) at the position, 26 ~22.5°, with an instrument broadening correction factor.
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_ KXA
B xcos(0)

Equation 2.8. Scherrer equation for the calculation of the crystallite size

T

where:

T = crystallite size

K = constant shape factor as 0.94

A = X-ray wavelength (0.154060 nm)

B = line broadening at FWHM in radians

6 = Bragg’s angle in degrees.

2.4.6. Scanning Electron Microscopy-Energy Dispersive X-ray (SEM-EDX)

Scanning Electron Microscope (SEM) uses electrons instead of light for imaging. It has several
advantages over traditional microscopes, for example, a large depth of field allowing more specimens
at one time, higher resolution, magnified much higher levels and clear images. The schematic diagram
of SEM [265]. There are major components in SEM: an electron gun as an electron source,
electromagnetic lenses to focus the electron beam and demagnify the beam into a small electron scope,
a deflection system to change the direction of the electron beam and detectors to collect signals emitted
from a sample under investigation [266,267]. The whole equipment is under total vacuum to protect the
electron source from oxidation, prevent scattering of electrons, and reduce water partial pressure and
carbon around the sample. Even though SEM provide 3D images with high resolution and high
magnification, the technique has some disadvantages: expensive, large, special training required to
operate, sample preparation required, analysis is limited to solid samples and a small risk of radiation
exposure due to electrons scatter passing through the sample surface [268]. SEM can be connected to
energy dispersive X-ray (EDX), through which elements on the surface of a solid material under
investigation can be determined. Through SEM-EDX, different solid material structures can be classified
by examination of surface morphology, identification of particle contamination, structural analysis,
identification of corrosion and oxidation problems [269]. The solid samples were dried and analysed

using the SEM-EDX JEOL 7800 series equipment before the analysis.

2.5. Experimental setup for reaction and purification

2.5.1. Reaction set-up and procedure
Experimental reactions were carried out in Radley carrousel hot plates using a 50 mL Ace round bottom

pressure flask with a sealed screw cap (with a gas valve).

For the reaction, ~2.0 g of biomass sample and ~20.0 g of solvent (water, water + mineral acid, IL or

IL + mineral acid) were loaded and added to the flask. Then, the desired amount of IER (from O to
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1.5 g) was weighed and loaded into the flask using either mesh baskets of 0.25 g capacity each (up to
4 baskets) or directly loaded into the flask (up to 1.5 g). The flask was sealed, and the temperature was
set on the hot plate. When the desired temperature was reached, the flask was pressurised with
compressed air at 0.2 MPa. If stirring was used, the stirring was activated, and the reaction was left for

2 hrs. Afterwards, the flask was removed from the hotplate and cooled to room temperature.

2.5.2. Product Washing

2.5.2.1. Pulp washing for acid hydrolysis experiments

After the reaction, the mixture is filtrated using filter paper and vacuum. If the IERs were loaded inside
the stainless-steel mesh baskets, the baskets were removed at this point. The solid is washed with
deionised water at 90 °C until the pH is 7 (approx. 500 mL). The solid is transferred to a drying oven to
dry overnight [270].

2.5.2.2. Pulp washing for experiments in which ILs are involved

2.5.2.21. Pulp-Washing

After the pretreatment reaction, the round bottom flasks were removed from the hotplate and cooled to
room temperature. The pretreated mixture was transferred to 50 mL centrifuge tubes with 30 mL ethanol
in each tube. If IERs were loaded inside the stainless-steel baskets, they were first removed, and the
remaining mixture was centrifuged at 10,000 rpm for 15 min. The liquid was decanted from the tubes.
This pulp washing and centrifugation were repeated 3 times. Subsequently, the washed pulp was
transferred to a cellulose thimble and subjected to Soxhlet extraction for 10 hrs with 150 mL of ethanol
to remove the residual solvent. The pulp was air-dried overnight under the fume hood and stored in a
plastic bag at room temperature. If the IER was loaded directly into the flask, the IER was separated

from the pulp after air-drying using a sieve.

2.5.2.2.2. Lignin-Washing

After all the pulp was washed and separated, the liquid solution contained the following: ethanol,
dissolved lignin, original solvent, and soluble lignin. To recover lignin, ethanol was removed using a
BUCHI R210 rotavapor at 75 °C under vacuum (289 mbar). After removing ethanol, 40 mL of deionised
water was added to precipitate lignin. After 12 hrs, the mixture was transferred to 50 mL centrifuge
tubes. The liquid was removed after centrifuging at 10,000 rpm for 15 min. To finish the washing, 30 mL
(3 times) of deionised water was added, centrifuged at 10,000 rpm for 15 min, and decanted. Washed
lignin was mixed with 15 mL of ethanol and transferred to a Petri dish. The Petri dish was placed under
a fume hood overnight at room temperature to evaporate the ethanol. Lastly, lignin was scrapped off

the petri dish and transferred to a glass vial for further analysis. The remaining solution, the water, was
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removed through the rotavapor at 75 °C under a vacuum 120 mbar, and the solvent was stored in a

glass bottle.
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3.1. Introduction

Acid hydrolysis of lignocellulosic biomass is one of the pretreatment methods used to fractionate the
lignocellulosic matrix into its three major components: cellulose, hemicellulose, and lignin. One of the
main objectives of this process is to gain accessibility to the cellulosic fraction when processing
downstream, such as in the production of bioethanol. Conventionally, concentrated or diluted mineral
acids such as sulfuric acid (H2SO4) or hydrochloric acid (HCI) are used to fractionate lignocellulosic
materials [271]. Due to the toxic, corrosive and hazardous nature of these acids, the equipment used
for this process step requires to be corrosion resistant. There is also the need for neutralisation and

recovery of the acid, and inhibitors for the downstream steps can be produced [271].

Dilute acid hydrolysis (DAH), using 0.3-2.5 wt.%, [272] is sometimes preferred to concentrated acid
hydrolysis (72 wt.% sulfuric acid or 42 wt.% hydrochloric acid or 77-83 wt.% phosphoric acid). One
example is when hydrolysis is the preliminary step to fermentation. This is because DAH can prevent
the formation of fermentation inhibitors, such as furan and phenolic derivatives [273,274]. However, at
high temperatures (110-240 °C), DAH can produce pseudo-lignin by dehydration and polymerization of
inhibitory products such as furfural and 5-HMF to form an aromatic lignin-like structure. It can deposit
on the cellulosic pulp and act as a barrier between the cellulosic polysaccharides and the enzymes. This

hinders the fermentation process and decreases the biofuel/bioethanol production yield [275].

This chapter will explore the use of ion exchange resins (IERs), specifically sulfonated acid exchange
resins, and how they compare to conventional methods. Therefore, this chapter is split into two main
sections and objectives: first, acid hydrolysis with two ion exchange resins (Amberlyst 35 and Amberlyst
70) will be evaluated with different loadings to find out the effect of each IER to biomass ratio and select
the most active resin. IER70 and IER35 are two distinct kinds of cation exchange resins. IER70 consists
of a matrix composed of a copolymer of chlorinated styrene and divinylbenzene, which contains
functional sulfonic acid groups. The material possesses a macro-porous configuration and is specifically
engineered for high-temperature environments, capable of withstanding temperatures up to 190°C. The
acid site concentration of IER70 is lower (2.55 mmol g~') than that of IER35 [276].

On the other hand, IER35 is derived from a styrene-divinylbenzene copolymer that does not contain
chlorine, and it contains sulfonic acid groups. This IER has a greater concentration of acid sites
(~5.2 mmol g') and functions at temperatures below 150°C [277]. The main distinction is that IER70
exhibits superior thermal stability due to its chlorinated backbone, whereas IER35 exhibits higher acidity

but is constrained to lower operational temperatures [278].
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Second, it will compare the ion exchange resins with mineral acids solutions (H2SO4 and HCI) at equal
proton concentration to evaluate the differences between mineral acids and solid acids. This
concentration of acid has not been reported previously in literature, and there is no comparison of IER

and mineral acids at the same equivalent concentration of protons.

Miscanthus x giganteus was used as lignocellulosic biomass feedstock to compare the IERs. This
feedstock type was selected for hydrolysis due to its advantageous characteristics, including high
biomass production (winter harvest yields range 11-14 tonnes of dry mass per hectare per year [279]),
favourable composition (cellulose 43-55 wt.%, hemicellulose 18-23 wt.% and lignin 17-25 wt.%), strong
responsiveness to pretreatment (due to high carbohydrate contents as compared to lignin), and greater
product yields (ethanol 70% of theoretical yield after hot water pretreatment [280]). These qualities make
it superior to normal woody biomass [281,282]. Stainless steel mesh baskets (with a maximum capacity
of 0.250 g of dry IER each) were used to load the resins. Different IER loadings from zero baskets (0 g
of IER) to four baskets (1 g of dry IER) were compared for the hydrolysis of 2 g of biomass feedstock.
The solvent used in this chapter was distilled water. All the experiments presented in this section were
performed at 0.2 MPa and 110 °C for 2 hrs. After each experiment, the pulp was washed as described

in section 2.5.2.2. The nomenclature used in this chapter is introduced and presented in Table 3.1.

A blank experiment was conducted with empty baskets and water only to understand and isolate the
effect of water at 110 °C. The resulting pulp for the blank was labelled as P-IER00-0B.

Table 3.1. Summary of nomenclature for the raw material and pulp samples in Chapter 3

Name Nomenclature
Miscanthus x giganteus (425-800 pm) MIS48

Pulp P

lonic Exchange Resin IER

Cationic Exchange Resin Amberlyst 35 IER35

Cationic Exchange Resin Amberlyst 70 IER70

No ion exchange resin IEROO

Number of Baskets (# =0, 1, 2, 3, 4) 0B, 1B, 2B, 3B, 4B
Pulp-resin-number of baskets P-IERXX-#B
Pulp-equivalent protons of HCI to 2 baskets of Amberlyst XX P-HCI (2B-IERXX)
Pulp-equivalent protons of H.SOj4 to 2 baskets of Amberlyst XX P-H2S04 (2B-IERXX)
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3.2. Effect of lon Exchange Loading on Acid Hydrolysis

3.2.1. Compositional-Proximate-Ultimate analyses

The particle size 425-800 ym of the raw material Miscanthus x giganteus (MIS48) was prepared
according to the section 2.1.5, was analysed for extractives, cellulose, hemicellulose, and acid detergent
lignin, as shown in Table 3.2. This selection of this particle size range was made due to several factors:
it required less energy compared to fine particle size (< 75 ym), and was suitable for various

pretreatment methods [206].

Table 3.2. Chemical composition (wt.%) of raw material and pretreated pulp.

Material Extractives Cellulose Hemicellulose Acid Detergent Lignin

MIS48 5.84 52.51 23.15 12.23
P-IER00-0B - 52.81 23.79 11.86
P-IER70-1B - 53.69 18.10 11.95
P-IER70-2B - 54.80 18.36 11.77
P-IER35-1B - 55.97 20.65 12.38
P-IER35-2B - 55.57 20.37 12.29

From Table 3.2, the chemical compositional of the raw material was within the range cellulose 43-55
wt.%, hemicellulose 18-23 wt.% and acid detergent lignin 7-13 wt.% as shown in the literature
[184,283,284]. The lack of changes in composition in the P-IER00-OB from blank and M48 is
demonstrated when the biomass is subjected to mild operating conditions, hence concluding that it
needs a catalyst to fractionate the material. This was expected, as water can only remove water-soluble
compounds weakly bonded to the lignocellulosic matrix [285]. To fractionate the main components in
the material through hot water, the temperature should be high, ranging from 170-200 °C [282,286].
When evaluating the changes in compositional analysis between the original biomass and the pulps
obtained after adding IER, the main difference is the hydrolysis of the hemicellulose fraction, while
cellulose and lignin seemed to be less affected. This is expected as IERs contain Brgnsted acid sites,
which easily dissolve the hemicellulose fraction of the material in liquid phase [158] [144]. Comparing
the resins, IER70 decreased the hemicellulose content of the pulp by ~ 2 wt.% as compared with IER35.
IER70 (255 mmol g') has approximately 50% of the acid capacity of IER35
(5.20 mmol g™, but it has a similar acid strength (—117 kJ mol~" as shown in Appendix 2, Table A2.1).
This is because IER70 has chlorine atoms close to the sulfonic acid groups. The electronegativity of
chlorine atoms increases the acid strength of the sulfonic groups in the IERs, increasing their average
acid strength. This suggests that acid strength made the acid sites more effective, even at lower
concentrations [278,287].
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Table 3.3 presents the proximate analysis results for MIS48 and the pulps produced after hydrolysis.
The values obtained for the raw material MIS48 were consistent with previous literature [288], except
for the moisture content. This could be because the Miscanthus x giganteus used in this work was
intentionally first dried and then pre-processed for milling and palletisation. Regarding pulp samples,
they were dried at 105 °C overnight to remove the bulk moisture and stored in plastic bags, so Table
3.3 results showed moisture content through TGA, which has higher sensitivity and controlled

conditions, revealing residual moisture that persists or is more tightly bound within the biomass structure.

Table 3.3. Proximate analysis (wt.%) of raw material and pretreated pulp.

Material Moisture Volatile Ash Fixed
Content Content Content Carbon

MIS48 3.21+£0.05 81.76 £ 0.91 3.36 £ 0.34 11.67 £ 0.51
P-IER00-0B 4,39 + 0.06 82.83+0.12 3.66 £ 0.04 9.12+0.10
P-IER70-1B 3.92 £ 0.08 83.52 + 0.09 248 £ 1.02 10.08 £ 1.03
P-IER70-2B 3.83 £ 0.06 86.34 + 0.55 2.28+0.16 7.54 + 0.65
P-IER70-3B 3.18 £ 0.36 85.70 £ 0.36 292 +0.24 8.19 £ 0.09
P-IER70-4B 4.38 £ 0.26 83.48 + 1.06 2.57 +0.44 9.56 £ 1.75
P-IER35-1B 3.71+£0.05 86.25 + 0.03 0.32 +0.08 9.72 £ 0.01
P-IER35-2B 3.82 £ 0.05 85.80£0.13 0.52 + 0.51 9.87 £ 0.69
P-IER35-3B 3.89+£0.10 85.76 £ 0.06 0.45+0.14 9.90+0.10
P-IER35-4B 4.08 £ 0.02 85.41+£0.40 0.64 + 0.01 9.88 + 0.41

Proximate analysis tends to show significant value differences when there are dramatic changes in
cellulose, hemicellulose, and lignin contents when Miscanthus x giganteus is pretreated under harsh
conditions (5 wt.% sulphuric acid at 175 °C for 1 h) decrease volatile content (from 73 to 43 wt.%) and
increase fixed carbon (from 25 to 55 wt.%) significantly [289]. However, the proximate analysis values
for the pulps obtained using different amounts of IERs showed slight variations. This could indicate that

IERs only cause small changes or soft effects in the material's physiochemical chemical characteristics.

The moisture content for pulps produced showed no significant differences to the MIS48 sample. The
presence of IERs increased the volatile content, showing a maximum increase of ~5 wt.% for 2 baskets
of IER70 (86.3 wt.%) and 1 basket of IER35 (86.3 wt.%). For a higher number of baskets, there was
observed to be no improvement. This could be related to inefficient mass transfer. A higher volatile
content value (81.8 wt.%) in a lignocellulosic material means it is less thermally stable, making it more
reactive and well-suited for energy production. However, it has been reported that an increase in the
volatile matter normally lowers the fixed carbon, and as a result, the overall higher heating value is

reduced of the pulp obtained [290].
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The ash content decreased significantly when the resin IER35 was used. For example, it was reduced
from 3.7 wt.% (P-IER00-0B) down to 0.3 wt.% (P-IER35-1B). This could indicate that this resin might
have some effect on the most recalcitrant components or inorganic compounds in the raw material. As
this resin has a higher acid concentration per gram, it might be better at favouring the leaching of
inorganics into the liquid phase by ion exchange effects. This is a positive result as removing recalcitrant
and inorganics can help make cellulose accessible for processes such as enzymatic hydrolysis [291].

Therefore, the use of IERs seems to have a positive effect on cellulose's reactivity and accessibility.

Table 3.4 presents the ultimate analysis of the raw material and the pulp after acid hydrolysis with IERs.
The raw material showed some nitrogen but no sulphur content, which can be dependent on the
conditions when the energy crop was cultivated and harvested [292,293]. The data did not reveal
significant differences in carbon, hydrogen, and nitrogen content in the pulp for all the samples analysed.

This aligns with the small changes observed in the proximate analysis.

Table 3.4. Ultimate analysis (wt.%) of raw material and hydrolysed pulp.

Material C H S N

MIS48 43.96 £ 0.09 6.02 £ 0.06 0.00 £ 0.00 0.23+£0.02
P-IER00-0B 4421 £0.19 5.77 £ 0.05 0.00 £ 0.00 0.24 £ 0.02
P-IER70-1B 44.62 + 0.20 5.85 + 0.05 0.00 £+ 0.00 0.25+0.02
P-IER70-2B 45.46 £ 0.10 5.84 £ 0.02 0.00 £ 0.00 0.30 £ 0.03
P-IER70-3B 4547 £ 0.48 6.10 £ 0.08 0.00 £ 0.00 0.29 £ 0.02
P-IER70-4B 44.57 + 0.05 5.64 + 0.05 0.08 £ 0.00 0.22 £ 0.01
P-IER35-1B 46.09 £ 0.19 5.84 £ 0.07 0.00 £ 0.00 0.23+0.03
P-IER35-2B 45.99 £ 0.17 5.86 £ 0.02 0.00 £ 0.00 0.21 £ 0.01
P-IER35-3B 45.71 + 0.63 5.86 + 0.02 0.00 £+ 0.00 0.23 £ 0.02
P-IER35-4B 46.16 £ 0.10 5.86 £ 0.11 0.00 £ 0.00 0.19 £ 0.02

No sulphur content increase after acid hydrolysis could indicate no leaching of sulphonic groups from
the resin to the pulp [278]. To corroborate the sulphonic groups that remained in the ion exchange resin
and that the hydrolysis was not conducted by sulphonic groups leached into the aqueous media, ultimate
analysis for fresh and spent IER70 were done (Appendix 3 Table A3.1). The results showed no leaching
of sulphonic groups for this resin, which confirms the acid hydrolysis is not performed by free sulphonic
groups leached from the solid polymeric matrix. Finally, the higher heating value was calculated using
Equation 2.4, which showed not much difference from the raw material (Appendix 3, Table A3.2). This

was in agreement with previous literature [288,289,294].
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3.2.2. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was performed to investigate the thermal stability of the raw material
and hydrolysed pulp samples through thermal decomposition profiles. Appendix 3 Figure A3.1
represents the TGA and the derivative thermogravimetry (DTG) thermograms of the raw materials and
treated pulp under an inert atmosphere. TGA thermograms in the appendix can be used to identify the
following fractions by the temperature of degradation: the water evaporation (25-105 °C), hemicellulose
degradation (220-315 °C) and cellulose degradation (315-400 °C) are narrow and distinctive; while the
lignin is more spread over a temperature range of 100 to 900 °C [295]. This is because lignin has a
three-dimensional structure full of aromatic rings and three major subunit monomers,
P-4-hydroxyphenyl, G-4-hydroxy-3-methoxyphenyl, S-4-hydroxy-3,5-dimethoxy-phenyl, that makes its
decomposition to become very broad [41]. The TGA and DTG peaks and their respective temperatures

for all the samples are summarised in Appendix Table A3.4.

Figure 3.1 shows the DTG curves zoomed in the temperature range 200-600 °C (stage 2 and 3
degradation) for the raw material, the blank and the pulps after hydrolysis with IER70 (Figure 3.1.a) and
IER35 (Figure 3.1.b).
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Figure 3.1. DTG curves for biomass and pulp obtained under N2 conditions zoomed in 200-600 °C temperature
range. Effect of IER loading from O to 4 baskets: (a) IER70; (b) IER35.

TGA and DTG profiles of raw material MIS48 are not very different from lignocellulosic materials
observed in the literature. The first mass loss up to 105 °C occurred due to loss of water content in the

sample and was followed by a thermally stable region. MIS48 major degradation temperature range was
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approximately among 200-400 °C [296]. This major degradation temperature range was similar for all
the pulp samples treated with both IER70 and IER35.

When assessing the blank in Figure 3.1a and Figure 3.1b, the first observation is that the blank is
different from the raw material. This blank clearly shows a hemicellulose shoulder, with cellulose DTGax
temperature slightly shifting to higher temperatures. An increase in the DTGmax temperature for cellulose
after pretreatment could be due to the removal of water-soluble compounds such as extractive, soluble
oligomers, inorganic salts and polar molecules weakly bonded in the lignocellulosic matrix, making
hemicellulose shoulder and cellulose peaks more visible [285]. As a result, the blank was selected as

the reference point to assess the effect of the baskets.

When looking at the hemicellulose shoulder, the samples raw material MIS48, the blank and
P-IER70-1B show more visibly this component in the DTG thermograms. However, for other IER70 and
IER35, the cellulose peak overlaps with the hemicellulose shoulder, complicating the evaluation of the
loading effect on the hemicellulose fraction. Considering the compositional analysis, the hemicellulose
content was reduced by both IERs. Therefore, the lack of a clear hemicellulose peak in these samples

was associated with the lower concentration of hemicellulose in the pulp.

With regards to cellulose, the cellulose DTGmax temperature for the blank P-IER00-0B was 364.6 °C
(Appendix 3 Table A3.4). However, when IERs are used, the DTGmax temperature is shifted to lower
temperatures mainly due to the partial removal of hemicellulose and inorganics and increasing the
porosity of pulp, enhancing heat transfer and faster thermal decomposition. As a general trend, it can
be observed that, for both IERs, the higher the number of baskets, the greater the shift towards lower
temperature. Increasing the number of baskets for IER70 from 1 to 4 changes the cellulose DTGmax
temperature from 356.5 °C to 342.0 °C. In the case of IER35, it changes from 347.8 °C to 342.3 °C, with
no significant differences between 3 and 4 baskets. These results imply that the cellulose fraction is
changed into a more degradable form by the IERs, making this fraction more thermally reactive [297].
The lack of improvement or plateau at high loadings could be related to mass transfer efficiency, or

other reactions taking place, such as the decomposition of the cellulose peak.

The decrease in cellulose DGTnax temperature for IER35 was larger than for IER70 (except for 4
baskets). The main reason for the better performance of IER35 was associated with the higher
concentration of sulphonic groups per gram of IER (5.20 meq g~ for IER35 compared to 2.55 meq g™

for IER70), which could favour the cellulose transformation towards amorphous cellulose [278].

The raw material and the treated pulp were also analysed under an oxidative environment. Figure 3.2

shows the TGA and DTG thermograms of the raw material and the pulp after hydrolysis with IER70 and
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IER35, while Appendix 3 Table A3.5 summarises the peak temperatures, degradation rate, and mass
lost under an oxidative environment. In the curves presented in Figure 3.2.c and Figure 3.2.d, there are
also three distinctive degradation ranges in the DTG: the loss of water (25-105 °C), the devolatilisation
of light molecules, and the generation of volatile compounds due to the decomposition of primarily
hemicellulose and cellulose (220- 375 °C); and the combustion of the residual char (425-575 °C) [294].
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Figure 3.2. Thermogravimetric analysis (TGA) under air for MIS48 and Pulp pretreated pulp with different
amounts of IER. (a) TGA for IER70; (b) TGA for IER35; (c) DTG for IER70; (d) DTG IER35.

Pulp treated with water showed the hemicellulose shoulder peak at 305.5 °C with a mass loss of 27.3
wt.%. The cellulose degradation peak temperature for the blank was observed at 329.3 °C with a mass
loss of 52.0 wt.%. The third and last peak for char combustion was observed at 448.5 °C with mass loss
at 89.6 wt.%. Although the DTGmax temperatures for these peaks shifted from the results obtained for

the raw material, and the cellulose peak seemed to sharpen, the mass loss for these 3 peaks was similar
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to the raw material (Appendix 3 Table A3.5). This could suggest no significant changes in composition

and just the removal of weakly bonded fractions [294].

For the pulp treated with IER70, when the resin amount increased from 0.25 to 1.0 g (baskets 1 to 4),
the hemicellulose peak temperature decreased from 292.6 °C to 278.0 °C with the mass loss decreased
from 9 to 6 wt.% (Table A3.4). This agrees with the findings of the compositional analysis on the
reduction of hemicellulose content. In the case of IER35, there was no change in hemicellulose peak
degradation temperature regardless of IER35 loading (292.6 °C) with no significant changes in the mass
loss either (around 11 wt.%) compared to the raw material or blank. This again agrees with the

compositional analysis, where this IER showed less effect than IER70 in removing hemicellulose.

For cellulose, IER70 increased the cellulose mass loss from 31.8 wt.% in the blank to 36.1 wt.% for one
basket. This indicates that the IER70 can expose and concentrate the cellulose fraction in the pulp.
However, as the number of baskets increases from 1 to 4, the cellulose DTGmax temperature shifted
from 323.8 °C to 314.6 °C with the mass loss percentage decreasing from 36.1 wt.% to 31.4 wt.%
between 1 to 4 baskets. This could indicate that the lower content of IER70 exposes the cellulose by
removing other easily soluble hemicellulose and cellulose fractions, but when higher amounts of IER
are used, the cellulose is also hydrolysed. IER35 follows a similar trend, showing a higher mass loss of
hemicellulose than IER70, so it has higher cellulose content, which agrees with the compositional

analysis.

Both IERs showed char oxidation peak temperatures and mass loss changes compared to the raw
material and the blank, as can be seen in Figure 3.2.c, Figure 3.2.d and Table A3.5. The temperature
increased from 448.5 °C to around 494-500 °C. This might indicate some removal of lignin, which seems
unlikely from the compositional analysis. Alternatively, it could indicate some removal through ion-
exchange of alkali metals or other inorganics, which tend to catalyse the appearance of this peak at
lower temperatures. Although there were differences with respect to the blank, neither IER70 nor IER35
showed a difference in this peak when comparing the different IER loadings and the different IERs.
However, when looking at the TGA curves (Figure 3.2.a and b), it can be seen that the final residual
mass at the end of the analysis (ash content) was lower for the IER35 than for the IER70, which could

indicate higher capacity to remove inorganics.

In conclusion, both IERs show some effect in exposing the hemicellulose and degrading the cellulose
at higher contents of IERs. Also, the IER70 seems to affect hemicellulose better than IER35, which
allows the removal of cellulose at higher loadings of IER70 (4 baskets). This might be related to the

lower pH, which can favour a more efficient hemicellulose hydrolysis. Finally, both IERs do not seem to
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affect the lignin, but they might have some effect in removing alkali metals or inorganics, with IER35

being better at reducing the ash content.

3.2.3. X-ray Diffraction (XRD)

Figure 3.3 shows the XRD diffractograms after subtracting the background for the raw material, and all
the samples showed the peaks at 16.2°, 22.3°, and 35.0°, which represent the crystallographic planes
101-101, 002 and 040 of a-cellulose |, respectively [298].

Unfortunately, the XRD results do not show a clear trend in the increase or decrease of the crystalline
peaks with the IER loading for IER35 or IER35.
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Figure 3.3. XRD diffractograms of untreated MIS 425-800 and cellulose pulp after hydrolysis.

From the XRD diffractogram, the crystallinity index (Crl) of cellulose can be calculated. Cellulose Cr/
using XRD is dependent on many factors, such as particle size [299,300], the measurement technique
used [262] and the method applied to calculate it [264]. The proportions of lignin and hemicellulose in
the pulp play a crucial role, as the cellulose crystallinity index is inversely proportional to their presence
[207,301,302]. However, overall, the greater the removal of hemicellulose and lignin content from a
lignocellulosic sample, the higher the increase in Cr/ [303]. The Cr/ calculation can be done using the
Fit Peak Method (Segal equation) or the Area Deconvolution Method (see Chapter 2, section 2.4.5).

Table 3.5 represents Cr/ values using both methods for comparison.
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Table 3.5. Crystallinity Index (Crl) and crystallite size of untreated MIS48 and pretreated pulp.

Peak Fit Method Area Deconvolution Method
Material
Crl (%) Crl (%)

MIS48 76.70 £ 0.84 54.58 + 1.30
P-IER00-0B 82.22 + 0.01 61.05+0.64
P-IER70-1B 79.71 £1.78 58.32 £ 0.48
P-IER70-2B 80.98 £ 0.46 59.79 £ 0.75
P-IER70-3B 81.59 + 0.09 61.10 £ 0.78
P-IER70-4B 81.88 £ 1.56 59.94 + 1.84
P-IER35-1B 81.18 £ 0.63 59.58 £ 0.34
P-IER35-2B 82.51 £ 0.06 60.47 £ 0.31
P-IER35-3B 82.79 £ 0.16 58.50 + 0.62
P-IER35-4B 80.10 £ 0.02 57.31 £ 0.58

Raw material MIS48 Crl was 76.60% for Fit Peak Method, which is in agreement with the literature using
this method [304,305]. For all the pulp samples (including the blank) the Cr/ increased, probably due to
the removal of hemicellulose and easy-to-hydrolyse or dissolve cellulose fractions. This is in agreement
with results provided in the literature for dilute acid hydrolysis of lignocellulosic materials with mineral
acids, where an increase in Crl is linked to the removal of amorphous xylan fractions [306] and
subsequent access to crystalline cellulose regions [307]. When comparing the effects of IER loading,

the differences are not significant enough to draw a conclusion.

The Area Deconvolution Method showed lower values of Crl, but it followed the same trends when
compared to the area obtained by the Peak Fit Method. Appendix 3 (Figure A3.2) shows an example of
XRD peak deconvolution for the raw material. Using the Gaussian function to deconvolute the planes

(101), (101) was not possible, so both were considered as a single peak for Crl estimation [308].

In conclusion, the XRD analysis seems to indicate an increase in the crystallinity of cellulose contained
in the pulp but is not able to provide significant differences when IER loadings are compared. In addition,
the Peak Fit Method using Segal equation is easier to apply and compare to the literature. Therefore,

this method will be the one presented in future sections.

3.2.4. Attenuated Total Reflection Fourier Transformation Infrared (ATR-FTIR)
Spectroscopy

ATR-FTIR analysis was conducted on the raw material MIS48 and the pretreated pulp to detect

functional groups and understand structural changes, elucidating the possible effect of IER. For analysis

of different functional groups of various compounds, the spectra were divided into the ranges

summarised in Table 3.6.
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Table 3.6. Functional groups of compounds identified in FTIR with corresponding absorption ranges [255].

Diagnostic Absorption range cm™’
Overall appearance 4000-400
Organics & hydrocarbons 3200-2700
Hydroxy or amino groups 3650-3250
Carbonyl compounds 1850-1650
Unsaturated weak/moderate 1670-1620
Aromatics 1615-1495
Multiple bonding (bond order 2/higher) 2300-1990

The full wavenumber range 400 — 4000 cm™ spectrums are shown in Appendix 3 Figure A3.3 and Figure
A3.4. The ATR-FTIR spectral wavenumber and band assignments are presented in Appendix 3 Table
A3.7. The main differences were observed in the range <1800 cm™ with the fingerprint for OH and
aliphatic C-H stretches showing at >1800 cm~'. For the spectra range 400 — 1800 cm™, the specific
band assignments or ranges with spectral wave numbers were compared to the literature [305,309—
312]. For the major components of lignocellulosic biomass, including lignin and carbohydrates

(hemicellulose and cellulose), the representative peaks were:

e Peaks linked due to lignin are at different bands: ~1230 cm~" are due to C-O stretching vibrations
in lignin aryl alkyl ether linkages. The wavelengths between 1500-1700 cm™, related to the
stretching of the C=C in the aromatic rings of lignin [311].

e Peaks linked to cellulose are the strong peak at ~990 cm™ due to C-C and
C-0O-C stretching characteristics of cellulose structure. The 900 cm™ is linked to the B-glycosidic
linkages between glucose units. Also, the crystallinity of the cellulose can be inspected by using
the 1100 cm™" peak. This peak is related to the asymmetric stretching vibration of the C-O-C B-
1,4-glycosidic linkage in cellulose [305,312].

e Peaks linked to hemicellulose can be assessed at ~1157 cm™', and ~807 cm~', which are linked
to carbohydrates mannose contained in hemicellulose, and the 1730 cm™" for the C=0 stretching
related to hemicellulose [305,312].

The ATR-FTIR for IER70 and IER35 zoomed in the region 2000-400 cm~" are presented in Figure
3.4 and Figure 3.5, respectively. To compare the samples, the peaks at 1230 cm™,
1110 cm~" and 807 cm~" will be used as representative peaks for lignin, cellulose and hemicellulose,

respectively.
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Figure 3.4. ATR-FTIR wavelength range 2000-400 cm~' spectra MIS48, blank and pulps obtained after treatment
with different amounts of IER70.

Comparing IER70 (Figure 3.4), when the number of baskets is increased to two, the intensity of these
three peaks sharpens. This is an indication that none of these fractions drastically changed. However,
the fact that the peaks of cellulose and hemicellulose sharpen is indicative of some removal of
amorphous fractions (probably from hemicellulose and cellulose) that improve the signals for these two
carbohydrates [313,314]. In the case of lignin, it has been shown in the literature that removing
inorganics such as alkali metals can sharpen the lignin peaks [315,316]. Once the number of baskets is
increased from two to four, the peaks decrease again. This could be the effect of transforming the

crystalline cellulose into amorphous cellulose, which could affect the sharpness of the transmittance.
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Figure 3.5. ATR-FTIR spectral wavelength range 2000-400 cm~" for MIS48, blank and pulps treated with
different amounts of IER35.

For IER35 (Figure 3.5), the peak intensities sharpen between one and four baskets. Also, 3 and 4
baskets overlap, showing no improvement beyond 3 baskets. This difference with IER35 and IER70
could be explained by the fact that hemicellulose is better removed with IER70, and then the cellulose
could be accessed easier to undergo hydrolysis or transformation into amorphous cellulose, changing
the ATR-FTIR for high loadings of IER70 to lower sharpness.

In conclusion, the different analyses show that IERs can perform the hydrolysis of MIS48, increase
volatile content, and reduce ash content. They also decrease the thermal stability of cellulose and
increase the cellulose crystallinity in the pulp. Comparing IER70 to IER35, although the former has
around half the acid capacity of IER35, it seems to be better at removing hemicellulose and at
transforming cellulose than IER35. When looking at the different characterisation techniques, it seems
that 2 baskets is a good loading to compare IERs with conventional mineral acids hydrolysis, so 0.25 g
of IER is optimal for 2 g of biomass. This is because for some of the analyses showed no improvement
in the properties when going beyond this point, which could be linked to possible issues of mass transfer
when too much IER is used. To assess if the solid acid is better than mineral acids, the next section will

compare the pulp obtained using 2 baskets with the equivalent number of protons using HCI and H2SOs,.
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3.3. Comparison of hydrolysis with solid IERs and mineral acids

3.3.1. Compositional-Proximate analyses
Table 3.7 shows the compositional analysis results for HCI and H.SO4 using an equivalent concentration

of H* as two baskets of IER.

Table 3.7. Chemical composition (wt.%) of biomass (MIS48) and pulp after acid hydrolysis IER35, IER70 and
mineral acids.

Material Cellulose Hemicellulose Acid Detergent Lignin
MIS48 52.51 23.15 12.23
P-IER00-0B 52.81 23.79 11.86
P-IER70-2B 54.80 18.36 11.77
P-HCI (IER70-2B) 58.67 15.61 14.61
P-H2S04 (IER70-2B) 54.78 22.14 12.81
P-IER35-2B 55.57 20.37 12.29
P-HCI (IER35-2B) 62.32 10.97 14.96
P-H2S04 (IER35-2B) 59.16 14.49 14.03

HCI had higher efficacy to remove hemicellulose and increase cellulose content compared to the
corresponding IER and H.SO, equivalent. However, the IER70 shows promise because it also reduced
hemicellulose and increased cellulose (to a lesser extent), while keeping the acid detergent lignin

unaffected.

For IER35, the content of acid detergent lignin was also the lowest, but the effect of concentrating the
cellulose fraction and removing the hemicellulose fraction was not as good as for the mineral acids.
These results could suggest that for IERs, the acid capacity is not the only factor affecting the
performance and there might be other components, such as acid strength, that influence the efficiency
to hydrolyse the biomass. Although they are not best at removing hemicellulose, their softer interaction
with biomass could be beneficial to avoid acid hydrolysis inhibitors, such as pseudo-lignin [142,317—
319]. It can also be concluded that at very low concentration of protons (like in the conditions equivalent

to IER70), some acids such as H.SO4 lose dramatically their efficiency to remove hemicellulose.

Proximate analysis of the raw material and the pretreated pulp samples obtained from hydrolysis with

IERs and equivalent mineral acids is shown in Table 3.8.
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Table 3.8. Proximate analysis (wt.%) of MIS48 and pulps obtained from after acid hydrolysis using IERs and
equivalent proton concentration of mineral acids.

Material Moisture Volatile Ash Fixed
Content Content Content (%) Carbon (%)
MIS48 3.21+£0.05 81.76+0.91 3.36 £ 0.34 11.67 £ 0.51
P-IER00-0B 439+0.06 8283+0.12 3.66 + 0.04 9.12+0.10
P-IER70-2B 3.83+0.06 86.34+0.55 2.28 +0.16 7.54 £ 0.65
P-HCI (IER70-2B) 517+0.95 84.64+1.64 3.73+0.53 6.47 £ 1.66
P-H.SO, (IER70-2B) 436+0.03 83.50+0.34 448 +0.18 7.66 £ 0.43
P-IER35-2B 3.82+0.05 85.80+0.13 1.52 + 0.51 8.87 £ 0.69
P-HCI (IER35-2B) 4.37 £ 0.41 84.08 + 0.28 4.85+0.44 6.71+0.28
P-H.SO,4 (IER35-2B) 407+0.15 83.52+0.21 4.59 + 0.09 8.01 £ 0.07

All the pulp samples showed almost the same moisture content as the raw material. With regards to the
volatile content, IERs are better at increasing this parameter, followed by the HCI, and then the H2SO..
Also, the IERs are better at reducing the ash content compared to the mineral acids. The results agree
with some of the literature that states that ash content using dilute acid hydrolysis reduces the content
of inorganics, such as calcium and magnesium [84]. However, the mineral acids seem to not affect or
slightly increase the ash content. This behaviour has also been reported in literature, where the ash
content may increase or decrease depending on the concentration and type of mineral acid [320].
Therefore, the results of proximate analysis indicate that there might be an element of ion-exchange,
already discussed in Section 3.2, on how IERs could be beneficial to adsorb inorganic ions, and then

favour higher leaching, that can result in lower ash content.

For the fixed carbon, the HCl is the best at decreasing this parameter. The fixed carbon is expected to
increase when the volatile content decreases. The Fixed carbon and volatile matter have an inverse
relationship with thermal treatment. As volatile matter is driven off, the relative percentage of fixed
carbon naturally increases. However, this trend is not observed, and further analysis using other

techniques such as TGA might be able to shed some light on this.

In conclusion, IERs are better at increasing volatile content and reducing ash content compared to the
mineral acid counterparts, which is a positive outcome, as it is indicative of less recalcitrant composition

of the pulps treated with IERs.

3.3.2. Thermogravimetric analysis (TGA)

The full thermal degradation TGA and DTG curves under inert conditions for biomass, blank and
different acids (IER, HCI and H2SQ4) is shown in Appendix 3 Figure A3.5. Figure 3.6 compares only the
DTG curves for the range of temperature 200-600 °C. When comparing 2 baskets of IER70 and the
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equivalent mineral acid concentration to the blank (Figure 3.6.a), it is noticeable that each acid had a
distinct influence on the biomass. HCI has a strong effect on the hemicellulose shoulder by decreasing
its presence. However, there are no significant differences between the blanks for the cellulose peak.
This indicates that this acid can hydrolyse hemicellulose, which is the least thermochemically stable

among the three major components of biomass [321] regardless of the type of lignocellulosic biomass
[322].
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Figure 3.6. DTG curves under (N2) inert conditions for biomass and pulp, comparing hydrolysis using two
baskets of IER or mineral acids with equivalent proton concentration: (a) IER70 and equivalent mineral acids; (b)
IER35 and equivalent mineral acids.

H.SO4 can shift the cellulose DTGnax to lower temperatures but the peak is not as sharp as for the
IER70. When looking at the IER70, the major influence is on the cellulose peak. This means that IER70
is capable of having more influence on this fraction of the lignocellulosic material. The shift towards
lower DTGnmax, correlates with the results of VC observed in the proximate analysis. These results imply
that IER70 is has more capacity to affect cellulose structure by reducing its thermal stability — via

transformation of the cellulose into amorphous cellulose or depolymerisation.

When comparing IER35 to its counterparts (Figure 3.6.b), similar trends to those observed by IER70
are noted. The major difference is that for HCI there is an increase in the sharpness of the cellulose
peak, which could be related to the better exposure and higher content of cellulose in the pulp at that

higher concentration of HCI, due to a more efficient removal of the hemicellulose.
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These results show that even at dilute concentrations, IERs and mineral acids can access and change
the biomass structural matrix. It also shows that different acid forms can act differently for the same
lignocellulose material due to acid strength and reduction efficiency of inorganic content in it [84]. So,
the hydrolysis is not only controlled by the number of protons present in the system. While all the acids
tested affect the hemicellulose to less or higher degree, the cellulose fraction seems to be mainly
affected by sulfonic groups and sulphuric acid.

Figure 3.7 shows a comparison of thermal stability and degradation behaviours of pulp samples under
an oxidative environment.
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Figure 3.7. TGA-DTG curves under (air) oxidative conditions for biomass and pulp, comparing hydrolysis for two
baskets of IER with an equivalent proton concentration of mineral acid.
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Consistent with the experiment under N, it shows that the IERs further reduced the thermal stability of
the cellulose in the pulp compared to the mineral acid counterparts, as it shifted the DTGmax of cellulose
to lower temperature, and the peak was sharper, regardless of the IER compared. It is also noticeable
that the mineral acids show an increase in the temperature range of appearance for the third peak
between 400-575 °C (oxidation of lignin). This can indicate that the removal of inorganics and alkali
metals might occur for all the acids. The lack of these catalytic species elevates the activation energy
necessary for thermal breakdown, hence moving the pyrolysis processes to higher temperatures.
Furthermore, acid pre-treatment alters the biomass structure, making it more amorphous and porous,
which facilitates thermal breakdown at lower temperatures but diminishes reactivity at higher
temperatures [323,324]. However, the IERs show the DTGmax earlier than the mineral acids. This could
indicate that the lignin fraction remaining in the pulp after hydrolysis could be easier to degrade
thermally. Finally, it can be observed in the TGA curves (Figure 3.7.a and b) that the residual mass at

the end of the analysis (ash content) is the lowest for the pulp treated with IERs.

3.3.3. X-ray Diffraction (XRD)
Figure 3.8 represents XRD diffractograms of the raw material (MIS48) and pulp samples obtained via

MIS48 acid hydrolysis using IERs and mineral acids.
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Figure 3.8. XRD diffractograms of MIS48 and pulp samples via hydrolysis using IER and mineral acids. (a)
IER70 and equivalent mineral acids; (b) IER35 and equivalent mineral acids.

Looking at the Figure 3.8, the mineral acids seem to decrease significantly the intensity of the cellulose

crystalline peaks. However, this is compensated by less intensity in the amorphous area (intensity at
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around 18°). For this reason, the crystalline index (Crl) and crystallite size were calculated using the

Peak Fit Method and are represented in Table 3.9.

Table 3.9. Crystallinity Index (Crl) and crystallite size of pulp.

Material Crl (%) Crystallite size (nm)
MIS48 76.70 £ 0.84 3.24 +0.00
P-IER70-2B 80.98 + 0.46 3.40 £ 0.01
P-HCI (IER70-2B) 82.96 + 0.01 3.52+£0.07
P-H.SO4 (IER70-2B) 80.18 £ 0.19 3.54 +0.01
P-IER35-2B 82.51+0.06 3.48 £ 0.01
P-HCI (IER35-2B) 82.67 £ 0.19 3.70 £ 0.03
P-H2SO4 (IER35-2B) 81.88 + 0.39 3.61+£0.03

All the acids increased the Crl. This was expected because the removal of the hemicellulose and
amorphous part of the cellulose can enhance the crystallinity index [325-327]. This is expected, as the
acid content is very diluted. Also, it is different to when concentrated acid is used, where the
deconstruction of the cellulose crystalline structure is more predominant, and a lower Crl/ would be
expected [303,328]. The differences between IERs and the mineral acids are insignificant, but HCI has
a slightly higher crystallinity index. This might be because this acid can mainly attack hemicellulose and

has no impact whatsoever on the cellulose under the conditions of operation tested.

Lastly, the crystallite size of pulp increases compared to MIS48, maximising for hydrochloric acid. The
elimination of hemicellulose and the redistribution of lignin, occurring concurrently with the enlargement
of crystallite size, might enhance the overall accessibility of cellulose to enzymes [329]. The alteration
in crystallite size might indicate that the pre-treatment has successfully altered the biomass structure,
often linked to enhanced digestibility [330]. The increase in crystallite size can be due to more effect of
acid pretreatment on amorphous regions of the biomass as compared to crystalline regions [307].
Through the results of XRD, it can be concluded both IERs and dilute mineral acids increase the Crl,
mainly because of the removal of hemicellulose, and that at these concentrations (2.55 mmol/g of IER70
and 5.20 mmol/g of IER35), the acids cannot significantly alter dramatically the crystalline structure of

cellulose.

3.3.4. Attenuated Total Reflection Fourier Transformation Infrared (ATR-FTIR)
Spectroscopy

FTIR-ATR on pulp samples after acid hydrolysis using IER70 and IER35, along with their comparison

of dilute acid hydrolysis using hydrochloric and sulfuric acids are represented in Figure 3.9 and Figure
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3.10, respectively. FTIR-ATR results of dilute acid hydrolysis using either mineral acids or IERs clearly
show sharper and more visible peaks after the pretreatment as compared to the raw material, indicating

that the hydrolysis increases the cellulose proportion of the raw material along with its purity [326,331].
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Figure 3.9. ATR-FTIR spectral wavelength range 2000-400 cm~" for MIS48, Pulp treated with IER70, and dilute
acid hydrolysis.

Comparing pulp sample of IER70 (Figure 3.9) to mineral acid hydrolysis, the pretreatment method that
increases more the sharpness of the peaks is the one was using IER70. This could be related to the
combined effect of IER in the removal of hemicellulose, transformation of the cellulose and removal of

inorganics commented in Section 3.2.1.

In the case of IER35 (Figure 3.10) the pretreatment showing the lowest transmittance was the mineral
acid HCI. This could be explained if we combine the results with the TGA, in which the IER35 showed
in the largest transformation of hemicellulose towards amorphous and less thermally stable cellulose,
and HCI showed the highest peak of cellulose. Again, this could impact the sharpness of the peaks, as

it was discussed in Section 3.2.4.
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Figure 3.10. ATR-FTIR spectral wavelength range 2000-400 cm~" for MIS48, Pulp treated with IER35, and dilute
acid hydrolysis.

In conclusion, the IERs have more of an effect on transforming the cellulose into amorphous cellulose.
This increases the volatile content and decreases the ash content of the pulp. Therefore, they have
additional benefits compared to mineral acids in reducing recalcitrance and thermal stability of

miscanthus x giganteus.
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3.4. Conclusions

This work has demonstrated that IERs are promising catalysts for hydrolysis lignocellulosic biomass.
The comparison of IER70 and IER35 at different loadings showed that for IERs, the acid capacity is not
the only parameter to consider when it comes to hydrolysis performance, as acid strength can have an
important role in improving the removal of hemicellulose. Also, IERs showed they can increase the
exposure of the cellulose structure and, at sufficiently 0.25 g of loading, can start transforming the
cellulose into amorphous cellulose. This has the benefit of increasing the volatile content (81.8 wt.% to
85.8 wt.%) and reducing the ash content (3.4 wt.% to 1.5 wt.%). Comparing IER70 and IER35, the
higher acid strength of the IER70 made it more apt for removing hemicellulose, making the cellulose
more accessible and easier to undergo hydrolysis or transformation into amorphous cellulose. Along
with the chemical properties of IERs, the physical properties are also important. After 2 hours under a
magnetic stirrer, IER35 was ground by abrasion, while IER70 was better at maintaining its integrity.
Therefore, if IERs were to be used without metal baskets in a larger-scale setting, then IER70 would be

a better choice.

Due to their cation exchange capacity, IERs lower the inorganic content, lowering the ash content and
increasing the volatile content. Therefore, IERs are better than mineral acids at reducing the

recalcitrance and thermal stability of the pulp.

In addition, the TGA analysis showed that IERs were more efficient in transforming crystalline cellulose
to amorphous cellulose than mineral acids, which facilitates downstream processes that require

converting cellulose into sugars and its derivatives.

IERs do not seem to significantly affect the lignin at the conditions tested. Therefore, in Chapter 4, IERs
will be combined with ionic liquids, a green solvent that can cause the delignification of the biomass.
This will enable to explore the impact of the IERs when the lignin fraction is removed, and the

hemicellulose and cellulose are more exposed to transformations.
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Chapter 4. Evaluation of lonic Exchange Resin
and lonic Liquid mixtures for lignocellulosic

biomass fractionation
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4.1. Introduction

Chapter 3 concluded that IERs provide a soft hydrolysis effect on the cellulose and hemicellulose

fractions and are not strong enough to break lignin carbohydrate complexes.

This Chapter 4 will explore using acidic IERs combined with ionic liquids (ILs) to evaluate whether
combining IERs and ILs can dissolve or remove the lignin and provide a better interaction to access the
cellulose and hemicellulose. ILs are organic salts that maintain their liquid state at or near room
temperature. ILs are renowned for their properties, as described in Chapter 1, Section 1.5. Their
chemical characteristics can be modified by altering their cation or anion constituents [162], rendering
them extremely adaptable for various applications. Some specialised ionic liquids (ILs) are utilised to
dissolve lignin because they can penetrate its intricate structure and depolymerise it [161]. Lignin has a
high thermochemical stability compared to the other lignocellulosic components and acts as a shell that
hinders the hydrolysis of cellulose and hemicellulose. Two ILs have been selected for this chapter due
to their simplicity of production and low cost. Triethylammonium Hydrogen Sulphate (TS) and

Triethylammonium Acetate (TA). The first one is acidic, while the second one is neutral.

With this purpose in mind, this chapter has been split into three main sections, each with its objectives.
The first section will compare the results obtained using two stainless steel mesh baskets with IER70
from Chapter 4 (with water as the solvent) to the same system using different concentrations of TS in

water.

In the second and third sections, the IER will be added to the reaction system without using stainless
steel mesh baskets. The biomass loading, time (t), temperature (T), and pressure (P) will be the same
as the ones used in Chapter 4 (Introduction). Then, different concentrations of IL in distilled water will
be used to pretreat Miscanthus x giganteus to see the synergic effect of the IER and IL on the raw
material regarding its fractionation. The results from testing the neutral triethylammonium acetate IL will
be presented in the second section. Subsequently, the results with the triethylammonium hydrogen

sulphate IL will be presented in the third section.

After each experiment, the pulp was recovered and washed according to Section 2.5.2.2. This pulp was
characterised to assess changes in comparison to the raw material under different pretreatment

conditions. The nomenclature used in this chapter is presented in Table 4.1.
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Table 4.1. Summary of nomenclature for samples in chapter 4.

Name Nomenclature
Miscanthus x giganteus (425-800 um) MIS48
Miscanthus x giganteus (<106 um) MIS16

IL Triethylammonium hydrogen sulphate at ## wt.% in water TSH#
Triethylammonium acetate at ## wt.% in water TA##

lonic Exchange Resin Amberlyst 70 IER70

Pulp recovered after pretreatment with IL-TA only P-TA##

Pulp recovered after pretreatment with IL-TA + Amberlyst 70 P-TA##-IER70
Pulp recovered after pretreatment with IL-TS only P-TS##

Pulp recovered after pretreatment with IL-TS + Amberlyst 70 P-TS##-IER70

4.2. Preliminary experiments of IL (TS) + IER70 using mesh baskets
4.2.1. Scanning Electron Microscopy-Energy Dispersive X-Ray (SEM-EDX)

Lignocellulosic material M48 (miscanthus x giganteus 425-800 um) was used to test the effect of
different concentrations of IL-TS and with IER70 in mesh baskets to fractionate the raw material into
carbohydrate-rich fraction and lignin. However, when using the baskets, the colour of the solution
changed from the typically observed dark brown to a green colour during the experiment, and the colour
of the pulp also altered from the typically observed dark brown to green. This suggested that the IL
solution was dissolving the mesh baskets. The mesh baskets were made of Stainless Steel (SS) grade
316L. Stainless is generally resistive to low (< 15 wt.%) and high (> 85 wt.%) concentrations of sulfuric
acid, and it can be used for short-term contact with room-temperature sulfuric acid [332]. However, it
becomes less resistant to intermediate concentrations of acidic solutions and at high temperatures [333].
The primary elements in Stainless Steel 316L are chromium (16-18 wt.%), nickel (10-14 wt.%) and
molybdenum (2-3 wt.%) [334,335]. Due to their highly acidic nature, the IL-TS dissolved the mesh
baskets during the reaction, and these elements were dissolved in solution. The subsequent
incorporation of these transition metals into the pulp interfered with the technical analysis using either
TGA or ultimate analysis, making it challenging to investigate the influence of IER70 in IL-TS on the
lignocellulose material. To avoid this, metal mesh baskets should be made from a material such as
Inconel alloys (601, 600, 625), which have excellent high-temperature strength and corrosion resistance,

suitable for harsh acidic environments [336].

SEM-EDX analysis confirmed the presence of transition metals in the pulp after pretreatment. Table 4.2
shows the compositional analysis for the raw material and the pulp samples P-TS60 (no IER70 in mesh
baskets involved) and P-TS60-IER70 (IER70 in mesh baskets involved). In addition, Figure A4.1 and
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Figure A4.2 in Appendix 4 show the EDX colour mapping for P-TS60 and P-TS60-IER70, respectively.
As shown in Table 4.2, the raw material sample (M48) revealed the presence of elements such as silicon
(Si) (0.7 wt.%) and calcium (Ca) (1.2 wt.%), but no iron, (Fe) molybdenum (Mo) or chromium (Cr) was
detected. In the pulp treated with only IL-TS60, the Si and Ca were also present at higher concentrations,
3.5 wt.% and 1.8 wt. % respectively, and sulphur (1.9 wt.%) was also detected. After an IL pretreatment
of lignocellulosic material, the inorganic content is higher (5.6 - 10.9 wt.%) [86,156], because the relative
amount of ash increases in the pulp as amorphous biomass components decompose or dissolve in a
liquid phase. Moreover, the pulp has a high amount of sulphur (1.9-11.1 wt.%), mainly due to residual

IL-TS, which cannot be entirely removed from the pulp even after washing with ethanol overnight [337].

As predicted, the results showed the presence of iron (12.2 wt.%), molybdenum (2.2 wt.%), and
chromium (0.9 wt.%) in the pulp treated with IL-TS60 and the IER70 in the mesh baskets, confirming
the transfer of these elements from the mesh basket to the pulp. Acidic conditions facilitate the
protonation of functional groups in biomass, especially carboxyl and hydroxyl groups. This establishes
binding sites for metal cations, enabling their substitution of protons and integration into the biomass
structure [338]. Transition metals can form compounds with lignin and other biomass constituents. The
acidic environment may facilitate this process by revealing more possible binding sites [339]. Although
SEM-EDX provides information on elements present on the surface layer of the pulp rather than in the
entire bulk composition [340]. These results proved that metals from the baskets were dissolved and
incorporated into the pulp during the pretreatment, and washing could not remove these elements from
the pulp samples. It is worth mentioning that due to the non-conducting nature of biomass and pulp
samples, the accumulation of electrons on the surface was observed during the SEM analyses, which

decreased image quality under magnification.

Table 4.2. SEM-EDX elemental analysis of M48 treated with IL-TS (60 wt.%) in the absence or presence of two
baskets of IER70. ND = Not detected.

Material S (wt.%) Si (wt.%) Ca (wt.%) Fe (wt.%) Mo (wt.%) Cr (wt.%)
M48 ND 0.7+0.2 1.2+0.7 ND ND ND
P-TS60 1.9+0.1 3.5+0.7 1.8+04 ND ND ND

P-TS60-IER70 1.1+11  2.1+0.1 20+x01 122+x04 22+00 0.87%0.0

Stainless Steel mesh baskets cannot be used to work with IL-TS. Also, it was noticed that the acid-to-
base ratio of IL-TS is a critical parameter to be controlled when preparing the IL and using it to fractionate
lignocellulosic biomass. The preliminary results showed that pulp treated with only IL-TS was charred
regardless of its concentration, which was unexpected for solutions even with low concentrations (60
wt.%) of IL. This was linked to the high acid-to-base ratio of these solutions. Concentrated acid tends to

char the biomass because it promotes significant dehydration of biomass constituents. The rapid
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removal of water molecules from cellulose and hemicellulose results in carbon-dense structures
[335,341]. An indirect way of measuring the acid-to-base ratio by measuring the density was used to
check this. It is reported that the density of a specific IL-TS solution increases with an increase in the
acid-to-base ratio. More protons are transferred from the acid to the base, leading to a higher
concentration of ionic species. This increased ionicity results in stronger electrostatic interactions
between the ions, which can lead to a more compact structure and higher density. For instance, an IL-
TS80 should have a 1.19 g mL™" density with an acid-to-base ratio of 1 [342]. However, the IL-TS80

density obtained was 1.40 g mL™", indicating a higher acid-to-base ratio.

In summary, two main conclusions were obtained from these preliminary experiments. The first one is
that stainless steel baskets cannot be used when the liquid media is changed from water to a mixture
of water and IL-TS. The second main conclusion is that during the synthesis of the IL-TS, the mixing of
acid and base should be as slow as possible at a constant rate. While making the IL-TS with equimolar
triethylamine and sulfuric acid, the acid-to-base ratio changed from one batch to another if the mixing
rate of acid and base were inconsistent (not at the same rate). As a result, the IL was prepared by mixing
the sulphuric acid with triethylamine as slowly as possible, at a constant rate, and in large batches. This
had two advantages: it enabled the production of an IL with acid-to-base ratios as close to one as
possible, and it produced a 2-litre batch of IL to assess different parameters such as IL concentrations

and different IERs under the same controlled condition of acid-to-base ratio.

4.3. lonic liquid system (TA) with and without IER70 for MIS16

Mesh baskets were used to facilitate the separation of the IERs from the biomass. However, the previous
section demonstrated that the integrity of the stainless steel can be compromised when specific
concentrations of certain ILs are used. To study the influence of IER70 combined with different ILs, a
smaller particle size of miscanthus x giganteus, M16, and a large particle size of the IER70
(>425 pm) were used. IERs are polymers, so they can slightly reduce their size by attrition while mixing
with a magnetic stirrer during the pretreatment. However, the particle size ranges for the biomass (<
106 ym) and IER (> 425 ym) were different to provide easier separation of the pulp and the IER through

sieving, with negligible cross-contamination after each pretreatment process.

4.3.1. Proximate and Ultimate analyses

Proximate analysis of pretreated pulp samples was vital to determine fuel characteristics: volatile matter,
moisture, ash and fixed carbon. These characteristics define combustion properties and provide a better
understanding of energy properties and environmental impact [343]. For example, lignocellulosic
materials with higher moisture and ash contents eventually decrease the available energy content for
that material [344].
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Proximate analysis through TGA analysis of MIS16 and the pulps from pretreatment with two different

IL-TA concentrations and with and without IER70 is shown in Table 4.3.

Table 4.3. Proximate analysis (wt.%) of raw material (MIS16) and pulp treated with two concentrations of IL-TA

(40 and 80 wt.%) and the absence or presence of 0.25 g of IER70.

Material Moisture Volatile Ash Fixed
Content Content Content Carbon
MIS16 298 +0.19 81.83 £ 0.52 3.90+£0.35 11.29 £ 0.25
P-TA40 5.85+0.49 81.22 +0.22 5.56 + 0.10 7.36 £ 0.53
P-TA40-IER70 5.20 £ 0.08 81.15+0.10 5.47 + 0.26 8.18 £ 0.43
P-TA80 4.76 £ 0.63 82.44 + 0.53 5.32+0.26 7.48 £ 0.90
P-TA80-IER70 5.21+0.08 82.03 £ 0.55 4.68 + 0.16 7.89+0.50

Proximate analysis results showed no significant differences among the pulp samples treated with the
combination of IL-TA+IER compared to IL-TA only (1-2 wt.% increase in moisture content and ash
content and 3-4 wt.% reduction in fixed carbon). There were also no noteworthy changes between the
raw material and the different pulps regarding proximate analysis results. This could indicate that the
thermal degradation of the pulp was very similar to the biomass. Therefore, this suggests no significant

changes in the composition of the solid fraction obtained after pretreatment.

Ultimate analysis can provide insight into whether the solid pulp obtained has undergone significant
elemental changes after the pretreated biomass. However, the ultimate analysis of pulp samples treated
with IL-TA with and without IER70 at different concentrations also showed minute changes (Appendix 4
Table A4.1). The only discrepancy was the nitrogen content for P-TA40-IER70-0.25 with values of
0.86 wt.% (around twice the nitrogen content in other samples), but this could be associated with
residual IL, which can easily disrupt the accuracy of nitrogen content measurements by interfering with

analytical procedures, resulting in elevated nitrogen values [345].

As a result, these two techniques did not reveal any effect of the IL-TA with and without IER. Other

characterisation techniques were explored to provide more insights into this system.
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4.3.2. Thermogravimetric analysis (TGA)
A TGA analysis was conducted to determine the thermal characteristics of the pulp in comparison to the
original material in inert and reactive environments. The DTG curves for the 200-600 °C range under N2

(inert) and O, (oxidative) environments are presented in Figure 4.1. a and b, respectively.
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Figure 4.1. DTG curves of raw material and pulp treated with two concentrations of IL-TA (40 and 80 wt.%) and
the absence or presence of 0.25 g of IER70. (a) under inert; (b) under air.

The TGA-DTG curves for the full range of temperatures and inert and oxidative conditions are given in
Appendix 4 Figure A4.3. Furthermore, the DTGmax temperature peaks and their correlated TGA mass
loss are presented in Appendix 4, Table A4.2 and Table A4.3 under inert and air atmospheres,
respectively. When analysing the raw material under inert conditions (Figure 4.1.a), the typical DTG
shoulder linked to hemicellulose (between 220-315 °C) was observed with a DTGmax temperature at 309
°C, a DTGmax value of 8.8 wt.% °C~" and a corresponding mass loss of 24.4 wt.% (Appendix 4, Table
A4.2). Compared to the raw material, the hemicellulose shoulder in the pulp had a lower DTGnax value
but overlapped less with the cellulose peak (dip in Figure 4.1.a for the pulp samples at ~325 °C). This
can be caused by removing either the hemicellulose or the cellulose. Adding IER70 did not seem to
make a difference in the thermal profiles of DTG.

The cellulose peak observed after the hemicellulose showed a DTGmax temperature at 356 °C for the
raw material, with a DTGmax value of 16.6 wt.% °C~' and a corresponding mass loss of 59.0 wt.%, which
agrees with the typical range for the cellulose peak (315-400 °C). For the pulp samples, the DTGmax
temperature was slightly higher (362 °C) and sharper, which could indicate the better exposure of a
uniform crystalline cellulose | or Il structure [346,347].
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Figure 4.1.b also showed the hemicellulose devolatilisation shoulder, typically seen at 220-320 °C, but
with a high amount of hemicellulose in the raw material, the shoulder was more evident. The pulps
showed a mass loss of 3-4 wt.% lower than the biomass for the hemicellulose region, confirming the
pretreatment can solvate some hemicellulose from the biomass [348]. Under air, the cellulose peak
temperature did not shift. However, the DTGmax increased significantly from 18 wt.% °C~" in the raw
material to around 28-31 wt.% °C~" for the pulps, with IL-TA 40 wt.% system showing slightly higher
DTGmax than IL-TA 80 wt.%. This sharpening of the peak indicates again changes in the cellulose
structure to a uniform and crystalline structure or a better exposure to it [349-351]. Lastly, the third peak
between 400 and 500 °C is due to the oxidation of lignin and inorganics in the biomass. The figure does
not show significant shifts in the DTGmax temperature for this peak and shows a slight decrease in
DTGmax value from 5 to 3 wt.% °C~", which could be indicative of some biomass delignification and the
reason why the cellulose structure seems to be better exposed. It has been reported in the literature

that ILs can effectively remove hemicellulose and lignin [345], so these results agree with the literature.

Finally, the TGA results show no significant differences when 0.25 g of IER70 was added in IL-TA to the
pretreatment. Even though TA is a protic IL, it is a neutral IL. The IER70 could protonate the acetate
anion in the IL. This could mean that when mixing the TA with IER70, the sulphonic groups of the IER70
might be neutralised by the cationic part of the IL, and the proton is used to form acetic acid, which is a
weak acid with not sufficient capacity to hydrolyse cellulose [297]. Therefore, the main effect of the
IER70 observed in Chapter 4 on the cellulose is not observed for the IL-TA-IER70 system. As a result,
the main phenomenon that can be elucidated from the TGA analysis is that hemicellulose and lignin are
removed to a small extent, exposing the cellulose crystalline structure slightly better. To confirm this,

XRD analysis was performed to calculate the crystallinity index.

4.3.3. X-ray Diffraction (XRD)

XRD analysis was performed on pulp samples obtained from different concentrations of IL-TA
pretreatment with and without IER70. Figure 4.2 shows the diffractograms for (a) IL-TA40 and (b) IL-
TA80, compared to the raw material. MIS16 has three crystalline peaks at 16.2°, 22.3°, and 35.0°,
representing 101-101, 002 and 040 crystallographic planes of a-cellulose |, respectively [352]. The
amorphous contribution can be measured by the intensity at 18.5°. For IL-TA40, either with or without
IER70, there were no significant changes compared to the raw material (Figure 4.2.a). Both IL-TA and
IER70 became ineffective in disturbing cellulose in the lignocellulosic matrix under these highly diluted
conditions. Adding water to an IL helps to a certain extent in the dissolution of cellulose; however, a high
percentage of water in the IL can become detrimental to the process. Water competes with IL for
hydrogen bonding with cellulose, essential for disrupting the robust inter- and intra-molecular hydrogen

bonds stabilising the cellulose structure. The competitive hydrogen bonding efficiently prevents the ionic
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liquid from disturbing the crystalline areas of cellulose, hence limiting dissolution [353]. Water addition
decreases the IL viscosity, enhancing the movement of molecules and promoting the interaction
between cellulose and the IL [354]. Additionally, water can be a mediator in breaking the hydrogen
bonds in the cellulose structure, accelerating cellulose dissolution by the IL [355]. Nevertheless, a
significant amount of water can have adverse effects since an excessive amount competes with the IL

for hydrogen bonding sites, diminishing the solvent power of the IL, and may result in the precipitation

or aggregation of cellulose [356].
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Figure 4.2. XRD diffractogram of raw material and pulp treated with IL-TA and the absence or presence of 0.25 g
of IER70. (a) IL-TA 40 wt.%; (b) IL-TA 80 wt.%.

With higher IL-TA concentrations, the prominent crystalline peak narrowed at 22.3°, possibly due to the
removal of amorphous components from the biomass, such as lignin and hemicellulose. Although the
intensity decreases for the crystalline peaks at 22.3° (/oo2), the intensity in the amorphous peak at 18.5°
(/am) also decreases, so when the crystallinity index and the crystallite size are calculated (Table 4.4),
the values showed no significant changes in the crystallinity of the pulp samples. Therefore, IL-TA with

and without IER70 does not significantly affect the cellulose crystallinity.
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Table 4.4. Crystallinity Index (Crl) and crystallite size of untreated MIS16 and pretreated pulp.

Material Crl (%) Crystallite size (nm)
MIS16 75.71+£0.16 3.13+£0.08
P-TA40 78.94 £ 1.36 3.33+£0.02
P-TA40-IER70 77.10+1.93 3.24 £ 0.07
P-TA80 76.07 £ 0.12 3.20 £ 0.02
P-TA80-IER70 77.04£1.73 3.20 £ 0.09

Considering both the TGA and XRD results, it seems that IL-TA40 with and without IER70 mainly has a
slight effect on the hemicellulose and lignin, with a very minute effect on the cellulose structure. Beyond
these minor influences, the combination of IER and IL did not seem to bring fruitful effects in terms of
clearly removing lignin and hemicellulose or making changes in the cellulose structure. Finally, an
ATR-FTIR analysis was conducted to determine if any chemical changes in the pulp occurred when
using IL-TA and IER70 on MIS16.

4.3.4. Attenuated Total Reflection Fourier Transformation Infrared (ATR-FTIR)
Spectroscopy

Figure 4.3 shows ATR-FTIR results for the biomass and the pulp samples treated with IL-TA with and

without IER70 at different concentrations to assess if chemical changes occurred that cannot be

evaluated with previous techniques. The results show no significant peak differences for pulp samples,

regardless of the IL-TA concentration and the presence/absence of IER70.
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Figure 4.3. ATR-FTIR from 2000-400 cm~' for raw material and pulp treated with two concentrations of IL-TA (40
and 80 wt.%) and the absence or presence of 0.25 g of IER70.

Hemicellulose changes between raw materials and pulps can be assessed using the absorption bands
C1 vibrations 900 cm™', which corresponds to the C-H deformation in the furanose and pyranose rings
present in hemicellulose [357,358]. The mannose contained in hemicellulose can also be evaluated with

band 807 cm~', showing a lower presence of these peaks in the pulp samples.

Regarding lignin, peak intensities at 1654, 1590, and 1505 cm~' due to carbon-carbon bond stretches
in aromatic rings can be evaluated. Also, the 1230 cm™ peak can be used, corresponding to the C-O
stretching vibration in guaiacyl units, one of the building blocks of lignin. In this case, the pulp shows
that all these bands have lower intensity of these bands, confirming the TGA discussion on the removal

of lignin taking place in the process.

As a result, the FTIR analysis confirms the finding observed in TGA-DTG (4.2.2). IL-TA with IER70 is
ineffective in fractionating lignocellulosic material into separate components due to IL-TA characteristics,
only showing some slight effects on removing hemicellulose and lignin. In addition, there is no symbiotic
effect with the IER70. Even though IL-TA is a protic ionic liquid (PIL), the acetate ion exhibits a notable
propensity for establishing hydrogen bonds, which can interact with lignin. However, the efficacy of
delignification also relies on the cationic capacity to break the intricate structure of lignin with acetate
anion [359]. Therefore, the following section studies the combination of IER70, but this time using the

Triethylammonium Hydrogen Sulphate (IL-TS), which has a strong acidic behaviour.
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4.4. lonic liquid system (TS) with and without IER70 for MIS16

IL-TS can dissolve a substantial amount of lignin from lignocellulosic biomass. Under harsh conditions,
the IL preferentially dissolves lignin and hemicellulose while retaining a cellulose-rich pulp [360]. IL-TS
exhibits a dual activity as a delignification agent and a catalyst for hydrolysis chemical bonds. This dual
activity enables a more thorough breakdown of biomass, efficiently separating lignin and improving the
extraction of carbohydrate-rich components at moderate operating conditions [361]. To test whether the
acidic IL-TS can work symbiotically with IER, experiments were conducted with M16 and IER70 and two

different concentrations of IL-TS in water (40% and 80% TS in water).

4.4.1. Proximate and ultimate analyses

Table 4.5 represents the proximate analysis of pulp samples upon IL-TS pretreatment with and without
IER70 at different IL-TS concentrations (40 wt.%, 80 wt.%) in water. When IL-TS is used, the main
changes observed are a decrease in the volatile content (10-12 wt.% lower) and an increase in the ash
content (~7 wt.% higher) and fixed carbon percentage (4-5 wt.% higher). In addition, whenever IER70
is used with IL-TS, the proximate analysis values do not change much compared with only IL-TS. Finally,
the proximate analysis does not reveal significant differences between the two IL-TS concentrations.

Table 4.5. Proximate analysis (wt.%) of raw material (MIS16) and pulp from IL-TS-IER70 treatment with two
concentrations of TS (40 and 80wt.%) and the absence or presence of 0.25 g of IER70.

Material Moisture Volatile Ash Fixed
Content Content Content Carbon
MIS16 298 +0.19 81.83 +0.52 3.90+0.35 11.29 + 0.25
P-TS40 2.63+0.16 71.26 £ 0.16 10.60 £ 0.13 15.50 £ 0.20
P-TS40-IER70 2.92 +0.07 71.80 £ 0.65 10.57 £ 0.13 14.71 £ 0.53
P-TS80 3.19+0.27 70.05+0.29 10.89 £ 0.05 15.88 £ 0.45
P-TS80-IER70 2.46 £ 0.07 70.50 £ 0.49 10.12 £ 0.45 16.92 £ 0.96

The decrease from 81.8 to 70.1 wt.% in the volatile content for samples MIS16 and P-TS80 was
expected due to the removal of lignin and hemicellulose from the pulp. This trend agrees with the
literature [86,337]. Depending on the intensity of the operating parameters, the cellulose could also
dissolve during the IL pretreatment. It would be unable to precipitate and recover as pulp after adding
an antisolvent, which ultimately can also decrease the cellulose content or result in a pulp that only

contains the most stable cellulose [207].

The fixed carbon is expected to increase when the volatile content decreases [362]. This is because the
more recalcitrant and stable fractions of lignocellulosic material remain in the pulp, and therefore, more

char will be obtained with better quality after the pyrolysis devolatilization [363,364].
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The effect of IL pretreatment on the ash content depends on the biomass used. Biomass materials such
as willow natural ability to absorb and accumulate heavy metals [365] and sewage sludge derives from
wastewater treatment processes which collect contaminants from various sources, such as industrial
effluents, urban runoffs and domestic waste [366] have high heavy metals, which can be removed
through IL pretreatment, ultimately decreasing the ash content [367]. However, materials such as
miscanthus, rice straw oil palm, and empty fruit bunches with either alkali or alkali earth metal have
increased their ash content in the pulp after IL pretreatment [362,368]. ILs can form strong complexes
with heavy metals, facilitating effective extraction via ion exchange and complexation mechanisms.
Nonetheless, ILs are often less proficient at extracting alkali and alkaline earth metals (AAEMs) from
biomass. AAEMs are often essential to the biomass architecture, creating crosslinks and reinforcing cell
walls, hence complicating their extraction [369]. Although an increase in ash content does not make the
pulp a suitable candidate for spontaneous combustion [370], it does not have a negative impact on any

post-processing, such as enzymatic hydrolysis [86].

Regarding elementary analysis, Table 4.6 presents results for the ultimate analysis of the raw material
and pulp upon IL-TS-IER70 pretreatment. Carbon content decreased from 44% to 39 wt.%, and there
are traces of sulphur content (between 1-2 wt.%). As mentioned, IL-TS primarily disrupts the
lignocellulosic matrix, leaving a pulp with the most stable and recalcitrant compounds, which can
decrease the carbon content in the pulp [371,372]. The sudden appearance of sulphur traces could be
linked to residual sulphur from IL-TS on the pulp [373]. However, George et al. [345] reported sulphur
in the ash of switchgrass treated with IL-TS, and they hypothesised that this could be either incomplete
removal of the IL or sulphur bound to the pulp chemically. They also reported a proportional correlation
between the sulphur and ash contents, which could explain why the pulp samples have higher ash
content. Regarding the use of IER70, the changes were not significantly different to IL-TS in the pulp

samples.

Table 4.6. Ultimate analysis (wt.%) of raw material (MIS16) and the pretreated pulp for the IL-TS-IER70 system.

Sample C H S N
MIS16 43.87 £ 0.14 6.05 + 0.06 0.00 £ 0.00 0.47 £0.01
P-TS40 40.67 £ 0.13 5.90 £ 0.08 0.84 £ 0.07 0.21 £ 0.01
P-TS40-IER70 40.81 £ 0.23 5.88 + 0.05 0.84 + 0.03 0.23+£0.00
P-TS80 38.66 + 0.11 5.91 £ 0.02 1.09 £ 0.07 0.29 £ 0.01
P-TS80-IER70 39.08 £ 0.10 6.09 £ 0.04 1.52 £ 0.02 0.60 £ 0.02
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In conclusion, the proximate and ultimate analyses showed the expected changes of ash, carbon and

sulphur in the pulp resulting from IL-TS treatment, but analyses do not disclose any effect from the
combination of IL-TS with the IER70 on the pulp samples.

4.4.2. Thermogravimetric analysis (TGA)

Figure 4.4 presents the DTG curves for pulp samples (a) under an (N2) inert environment and (b) under
an (air) oxidative environment for the temperature range 200-600 °C. The TGA-DTG profiles for the full
temperature range are provided in Appendix 4 Figure A4.4. The main DTG temperature peaks and their

correlated TGA mass loss are presented in Appendix 4, Table A4.4, and Table A4.5 under inert and air

atmospheres, respectively.
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Figure 4.4. DTG curves for biomass, IL-TS-IER70, (a) under (N2) inert and (b) under (air) oxidative treatment at
different IL concentrations.

In this analysis, apparent differences in the pulp’s thermal behaviour can be observed between the two
IL-TS concentrations used, but the effect of adding IER70 to the IL-TS with 80 wt.% of TS and 20 wt.%
water can also be observed.

Comparing the different concentrations of the IL, the more concentrated the IL-TS is, the less thermally
stable the pulp becomes under both (N.) inert and (air) oxidative conditions of TGA. The shapes of the
DTG curves are also significantly different. The samples treated with IL-TS do not show the
distinguishable hemicellulose peak/shoulder observed in the raw material between 220-315 °C. This is
indicative of a substantial removal or depolymerisation of the hemicellulose in the pulp, which is
expected, as previous studies show that under harsh conditions using acidic IL-TS, hemicellulose is the
most susceptible to thermochemical degradation [352,374] and hydrolysis into the liquid phase [375].
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The cellulose peak observed in the raw material between 300-400 °C with @ DTGmax of ~17 wt.%/°C at
356 °C changes drastically into two peaks after being pretreated. After pretreatment, the 300-400 °C is
still present but becomes the second most crucial peak (second peak) after a new main peak is observed
between 200-330 °C (first peak). Yang et al., reported the first peak represents the amorphous fraction
of cellulose and/or the depolymerisation of cellulose, hemicellulose and lignin caused by the disruption
of the hydrogen bonding network and decomposition of polysaccharides to monosaccharides [376—-378].
The DTG curves show that increasing the IL-TS concentration exacerbates the cellulose
depolymerisation and the transformation of crystalline cellulose into amorphous cellulose. This is
because the DTGnmax temperature for the first peak is shifted to lower values (280.0 °C for IL-TS 40 wt.%
and 268.7 °C for IL-TS 80 wt.%) and becomes sharper, and due to the less prominent presence of the

second peak for higher concentration of IL-TS.

When evaluating the effect of the IER70 in combination with the IL-TS, IER70 with IL-TS40 shows no
changes in thermal degradation under inert and oxidative conditions. This is similar to what was
observed for the IL-TA-IER70 system. This could indicate that when the IL is neutral or the IL is too
diluted, the IER70 has no symbiotic effect and could mainly interact with the IL rather than with the
biomass. In contrast, when IER70 is added to IL-TS 80 wt.%, the IER70 influences the thermal stability
of the pulp, which is further reduced (shifting the DTGnax temperature from 269 °C for IL-TS only to 257
°C for IL-TS with IER70). Furthermore, the IER70 also changes the second peak, increasing the DTGmax
temperature from 356.5 to 362.2 °C. This could indicate the crystalline structure is converted or
depolymerised further in the presence of IER70, leaving only the more thermally stable cellulose
crystalline. In Chapter 4, it was observed that the IER70 could affect the crystalline structure of cellulose
when used in water, and this chapter shows that this effect is still present in the IL-TS concentrated

system.

After the devolatilisation peaks between 200-380 °C, the combustion of the pulp under oxidative
conditions takes place, which is the third peak between 380 to 550 °C in Figure 4.4.b. This third peak is
related to the oxidation of lignin and inorganics [379]. As expected, the raw material has a lower DTGmax
temperature for this third peak than the pulps pretreated with IL-TS (445.0 °C for the raw material and
between 480-500 °C for the pulps). The results of the DTG curves under oxidative environment showed
no significant differences between IL-TS 40 wt.% with and without IER70 (DTGmax temperature around
498 °C). For IL-TS 80%, when IER70 is used, the DTGmnax temperature is similar to IL-TS 40%
(~497 °C), but when the IER70 is not present, the DTGmax temperature decreases to 480 °C.

The peak position, DTGmax temperature, and mass loss changes depend on the inorganic and lignin

amounts. Generally, after an ILs pretreatment, the ash content in the pulp increases significantly relative
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to the raw material as discussed in Section 4.41; however, when the same raw material is treated with
dilute acid, it causes demineralisation removal of alkali metal [184,370]. Biomass containing alkali
metals tends to ignite at lower temperatures, as they can facilitate the initial oxidation of carbon [380].
At temperatures above 400 °C, minerals are activated to play a catalytic role in the reaction process,
which could reduce the initial temperature of char combustion [380]. Looking at the results, it is possible
that the diluted IL-TS 40 wt.% causes some demineralisation of alkali metals, which does not occur with
the IL-TS 80 wt.%. Therefore, the temperature is shifted to higher values for the diluted IL solution. In
the case of the IL-TS 80 wt.% with IER70, the alkali metals could be removed through ion exchange
with the IER70 such as sodium (Na) and potassium (K). However, this could not be demonstrated with
the proximate analysis, as the ash content of the different pulps was very similar (Table 4.5). Another
aspect to consider is the changes occurring in the lignin. If biomass is delignified, the combustion
temperature is shifted towards lower temperatures [381]. Delignification can be facilitated in the
presence of alkali metals. Therefore, the changes in the third stage of the oxidative curves could be a

combination of the removal of alkali materials and the delignification of the biomass.

4.4.3. X-ray Diffraction (XRD)

During the analysis of the TGA curves, it was discussed that the crystalline structure of cellulose was
transformed into amorphous cellulose through depolymerisation as amorphous cellulose is easily
hydrolysed [264]. Therefore, XRD analysis was performed to assess the changes in the crystallinity
index of the pulps obtained. On the contrary, cellulose chains are held securely together by intra- and
intermolecular H-bonding due to the hydroxyl group presence, making cellulose more crystalline and
more resistant to hydrolysis. Generally, IL treatment of lignocellulosic material decreases the crystallinity
of cellulose in the material, ultimately accelerating hydrolysis [382]. This is because ILs can dissolve
cellulose molecules by dissolving the network of intra- and intermolecular hydrogen bonds between
them and creating a new network of IL-cellulose hydrogen bonds that will aid in their disintegration [383].
Also, after IL treatment, there is a decrease in Cr/ due to a change in crystalline cellulose to amorphous
cellulose [384] because the crystalline cellulose is broken to amorphous, causing an increase in the

chain spacing and reducing the cellulose polymerisation degree and crystallinity [385].

Figure 4.5 presents XRD results for IL-TS 40 wt.% (a) and IL-TS 80 wt.%. All the samples show the
crystalline peaks for cellulose | at 16.0°, 22.2°, and 35.10°, representing 101-101, 002, and 040

crystallographic planes of a-cellulose |, respectively.

For all the pulps, the peak at 22.2° shows a higher intensity (/os2) and is sharper. It can also be observed
that the intensity in the amorphous area at 18.5° (/am) also decreases. This means that the crystallinity

index will increase for the pulp samples. The crystallinity index (Crl) values are shown in Table 4.7,
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showing that the Crl increased by 10% and the crystalline size increased to 3.7 nm. So, although the
TGA analysis shows that the crystalline structure of cellulose is transformed to amorphous cellulose,
the overall crystallinity of the pulp increased. To understand this characterisation technique, it is
important to understand that the Crl is calculated using the Segal method to estimate the relative
crystallinity of cellulose with intensities for amorphous (/av) and crystalline (/oo2). This method indicates
the extraction of amorphous parts from the lignocellulosic material under investigation [386] and how
their removal improves crystallinity. The removal of amorphous lignin and hemicellulose enhances the
available surface area of cellulose fibrils. The exposure of cellulose chains may result in a more
organised structure, enhancing crystallinity. During IL pretreatment, the breakdown and regeneration

process enables cellulose chains to reorganise into more ordered configurations, possibly enhancing

crystallinity [387].
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Figure 4.5. XRD diffractograms for the raw material and pulp treated with IL-TS-IER70 with and without IER70
for IL-TS (a) 40 wt.% and (b) IL-TS 80 wt.%.

The increase in Crl, therefore, is enhanced upon the removal of amorphous parts such as hemicellulose
and lignin. Gundupalli et al. showed that pretreatments with ILs with hydrogen sulphate anion with
different cations, such as Pyridinium or triethylamine, had more effect on xylan and lignin in biomass
such as coconut pith compared to coconut coir and increased the Crl [388]. George et al. also reported

that IL-TS can increase the Crl through the removal of the lignin and hemicellulose fractions [345].
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Table 4.7. Crl, the crystallite size of untreated MIS16, and pulp with IL-TS-IER70 at different IL concentrations
with and without IER70.

Material Crl (%) Crystallite size (nm)
MIS16 75.71+£0.16 3.13+0.08
P-TS40 88.71 + 1.54 3.99+0.10
P-TS40-IER70 88.86 + 0.71 4.00 + 0.04
P-TS80 83.25+ 0.00 3.81+0.16
P-TS80-IER70 87.89 + 0.00 3.80 £ 0.04

Furthermore, pretreated pulp samples show new peaks at 25.5°, possibly due to pseudo-lignin
deposition on the pulp. Other reflections can also be observed at 29.7° and 32.0°, which were not

feasible to determine and might be related to inorganic compounds.

To conclude, removing lignin and hemicellulose from the biomass significantly affected the crystallinity
index value compared to transforming cellulose into amorphous cellulose which make it more readily

available for downstream processing to produce biofuels.

4.4.4. Attenuated Total Reflection Fourier Transformation Infrared (ATR-FTIR)

Spectroscopy
FTIR analysis was done on the pulp samples treated with IL-TS and IER (Figure 4.6). The pulp samples
show significant differences compared to the biomass sample. The particle size of the sample can
influence ATR-FTIR results. However, the biomass and pulp samples analysed had the same particle
size, eliminating the results' dependence on this parameter. FTIR was conducted to elucidate the
chemical changes in the pulp after pretreatment by analysing the key wavelengths related to lignin,

cellulose and hemicellulose (Appendix 3 Table A3.7).

As a general trend, the shifts from biomass FTIR to pulp follow the same pattern, with small differences

depending on the concentration of IL-TS and the presence or absence of IER70.
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Figure 4.6. ATR-FTIR for the biomass and pulp samples treated with IL-TS-IER70 ranged from 2000 — 400 cm*
at different IL concentrations.

The peak at 900 cm™ is attributed to the C-H deformation in the furanose and pyranose rings present
in hemicellulose to analyse the effect on hemicellulose. This band can indicate the presence of sugar
units such as xylose, mannose, and arabinose. As can be observed, the pulp samples show less of this

peak, confirming that hemicellulose was removed during the pretreatment.

The 1230 cm™ peak can assess the lignin content. This peak is typically associated with the C-O
stretching vibration in guaiacyl units, which is one of the building blocks of lignin. This band may also
show the acetyl and uronic ester groups found in hemicellulose or can also overlap with the C-O
stretching of polysaccharide chains in cellulose. However, the effect of the lignin is more pronounced,
and therefore, this band is mainly associated with lignin [389]. In addition, the presence of functional
groups in the lignin structure can also be evaluated for the wavelengths between 1500-1700 cm™,
related to the stretching of the C=C in the aromatic rings of lignin [390]. As seen in the FTIR analysis,
the pulps have higher transmittance in these bands, confirming there is less presence of lignin, with IL-
TS 80 wt.% being the samples with less presence of these peaks. Additionally, the depolymerisation of
lignin can also be observed by looking at the transmittance at 847 cm™, which signifies the change in

the molecular weight of lignin is shifted if the transmittance value is higher [388].

The cellulose's crystallinity can be inspected using the 1100 cm™' peak. This peak is related to the
asymmetric stretching vibration of the C-O-C [3-1,4-glycosidic linkage in cellulose [389]. This bond is

crucial for linking glucose units in the cellulose polymer, and the intensity and sharpness of this peak
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can also indicate the crystallinity [263,391]. Also, the peak at 1157 cm™' is due to the asymmetric
stretching of cellulose | and Il [392]. The pulps obtained seem to have a higher presence of crystalline

cellulose, which agrees with the XRD analysis.

FTIR-ATR spectral results can be used to calculate the Relative crystallinity index and lateral order index
(LOI) [263,391]. Relative Crl indicates the conversion of cellulose | to cellulose Il; the lateral order index
(LOI) is related to the proportion of cellulose | to cellulose Il. Table 4.8 shows the calculation of the
Relative Crl and the LOI for the raw material and the pulps.

Table 4.8. Relative crystallinity index (Relative Crf) and lateral order index (LOI) of untreated MIS48 and
pretreated pulp.

Relative Crl/ Lateral order index
Sample
A1370/A665 A1430/A898
MIS16 1.242 + 0.001 1.110 + 0.000
P-TS40 1.312 £ 0.000 1.097 + 0.001
P-TS40-IER70 1.324 + 0.001 1.092 + 0.001
P-TS80 1.336 + 0.000 1.122 + 0.001
P-TS80-IER70 1.324 + 0.001 1.118 £ 0.000

The result of Relative Crl indicates a specific change from cellulose | to cellulose || compared to the raw
material. A maximum Relative Crl increase is higher (around 1.32) compared to MIS16 (1.24). The
decrease in LOI (lateral order index proportion of cellulose | to cellulose Il) values implies fewer
hydrogen bonds of cellulose crystallinity with a weakly ordered cellulose structure [389]. However, in
the case of LOI (lateral order index proportion of cellulose | to cellulose Il), the changes are insignificant.

A change from cellulose | to cellulose Il after IL pretreatment is typically observed in literature [393].

After evaluating all the characterisation techniques and taking into consideration the literature, the

following findings can be drawn for the IL-TS-IER70 system:

e Protic ionic liquids (PILs) such as IL-TS can effectively remove lignin from lignocellulosic material
during pretreatment while maintaining, to a certain extent, the cellulose's structural integrity
[394]. Lignin’s three-dimensional network is connected by —O—4 links, C—C, and ester bonds,
which undergo solubilisation when interacting with IL-TS. During the -1 interactions between
the cation and the aromatic carbon, the cation acts as a bridge for proton transfer, receiving
protons from the B-ether bond and transferring them to the oxygen atom of the B-O bond, which
causes the (3-0O-4 bonds to break [395] [396].

o« The pH of IL plays a critical role in the fractionation of lignocellulosic material. IL-TS is highly
acidic, with a density of 1.19 g/mL and a pH of 1.52 [342], whereas the density of IL-TA is
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1.01 g mL~" with a pH of 6.95. For example, with acid, ILs such as IL-TS, hemicellulose and
lignin are removed in the pretreated material [397], along with the cellulose transformation [398].
Acetate anion with triethylamine cation IL is not strong enough to fractionate the lignocellulosic
material to remove lignin or modify cellulose structure. Additionally, IL-TA has less thermal
stability than protic ILs like IL-TS because amines are incompletely protonated by acetic acid
[345].

e The presence of hydrogen bonds between the anion and the oxygen atom in the ether bond of
lignin facilitates the breaking of the ether bonds, as well as the glycosidic bonds that connect
lignin with cellulose and hemicellulose [399]. These interactions cause the lignin to break into
smaller aromatic fragments, disrupting the entanglement barrier that affects the polysaccharide
chains. Consequently, the cellulose and hemicellulose become more chemically accessible.
Under the acidic conditions of IL-TS, hemicellulose can be largely be hydrolysed [86,388].

e The anion part of the IL plays a crucial role in the depolymerisation of cellulose structure. The
IL-TS can disrupt the hydrogen bonds between and between cellulose molecules, making it
easier to dissolve cellulose. In particular, the anion receives hydrogen bonds in cellulose
disintegration. When the lignocellulose component is dissolved in the ionic liquid, it disrupts the
tissue within the cell wall, reducing its refractory character. Therefore, the pretreatment of

regenerated cellulose results in a more disordered macrostructure [29,368].
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4.5. Conclusions

This Chapter 4 examined the influence of IER70 on lignocellulosic material of herbaceous nature in the

presence of protic ionic liquids TA and TS. This section summarises the main conclusion and findings

in this chapter.

Use of stainless-steel mesh baskets with ionic liquids:

IERs can be enclosed in stainless steel mesh baskets during the reaction and provided similar
method to separate and recover the IERs from the pretreated solid material biomass but it cannot
be used to work with IL-TS that have a low pH (<2), because the stainless-steel metals are
dissolved by the IL and interfere with biomass pretreatment.

The acid-to-base ratio of IL-TS is a critical parameter to control when preparing the IL and using
it to fractionate lignocellulosic biomass. In preliminary tests of IL-TS with the mesh baskets, the
acid-to-base ratio was not monitored, which created inconsistencies in some preliminary results

and unexpected changes in the biomass (such as strong charring).

IL-TA-IER70 system:

Proximate analysis and ultimate analysis did not reveal any effect of the IL-TA with and without
IER, and other characterisation techniques such as TGA, XRD and FTIR were needed to provide
more insights into this system.

TGA results showed no symbiotic effect between IER70, and IL-TA and that the IL caused the
main changes observed in the pulp. The hypothesis is that the cationic part of the IL might
neutralise the sulphonic groups of the IER70, and the proton is used to form acetic acid, which
is a weak acid with insufficient capacity to hydrolyse cellulose. Also, the acetate anions acted
more as a buffer in the medium to stabilise the pH. Therefore, the main phenomena caused by
the IL were a slight removal of the hemicellulose and the lignin and a minimal improvement in
exposing the cellulose structure, which was confirmed by the small changes in the Crl obtained

from the XRD analysis and by the small chemical changes observed in the FTIR-ATR analysis.

IL-TS-IER70 system:

1.

IL-TS in the presence and absence of IER70 showed that the most recalcitrant and thermally
stable lignocellulosic component crystalline cellulose remained in the pulp after pretreatment.
This was elucidated from the proximate analysis, which showed lower volatile contents, higher
fixed carbons and higher ash contents in the pulps. The proximate analysis could not reveal any

difference between changing the IL-TS from diluted to concentrated or adding the IER70.
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2. IT-LS disrupts the lignocellulosic matrix and decreases the volatile content. The fixed carbon
percentage is expected to increase, as the fixed carbon is the solid carbon left in the char after
devolatilization during pyrolysis.

3. TGA and FTIR results confirmed that IL-TS causes the removal of hemicellulose and
delignification. At low concentrations of IL-TS, IER70 shows no enhancement in performance,
while at high concentrations, it can assist with the cellulose transformation into amorphous
cellulose.

4. The delay in the combustion peak in the TGA under air (380-550 °C) for diluted IL-TS and
concentrated IL-TS with IER70 indicated the possibility of demineralisation of alkali metals. In
the case of IER70, this could be promoted by its capacity to exchange ions.

5. XRD showed that removing lignin and hemicellulose from the biomass had a more significant
effect than transforming cellulose into amorphous cellulose by changing the value of the
crystallinity index obtained using the Segal method. As a result, the pulps showed a Crl 10%
higher than the raw material instead of a reduced Crl.

6. The IL-TS can cause the delignification of lignin through the cleavage of the p-O-4 bonds in
lignin. This helps to expose the hemicellulose and cellulose fractions better. The acid pH of the
IL-TS can then hydrolyse the hemicellulose and transform the crystalline cellulose into
amorphous cellulose. When the IER70 is involved in a concentrated system, it can also help

remove alkali metals and assist with the depolymerisation of the hemicellulose and the cellulose.

As a result, the combination of concentrated IL-TS with IER70 was demonstrated to create a symbiotic
effect. In the next chapter, the combination of TS80-IER will be further explored to assess whether the
physicochemical properties of sulfonic exchange resins can play arole in improving this symbiotic effect.
The effect of this combined pretreatment will also be tested for other biomasses with different

hemicellulose compositions.
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Chapter 5. Evaluation of Triethyl ammonium
hydrogen sulphate with different lonic
Exchange Resins and Lignocellulosic

Feedstocks
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5.1. Introduction
Chapter 4 concluded that a macro-reticular strong acid resin such as Amberlyst 70 can be used as a
catalyst with ionic liquids such as triethyl ammonium sulphate (IL-TS) to enhance the conversion of
crystalline cellulose into amorphous and its subsequent depolymerisation and dissolution. The catalytic
activity of any IERs during a chemical reaction can be influenced by their properties, such as
total/operating cation exchange capacity, particle size, swelling capacity and thermomechanical
stability [400,401]. For example, the effectiveness of sulfonated polystyrene ion exchange resins as a
catalyst is influenced by the ability of acid sites to be accessed through diffusion within the polymer
matrix. The outcome depends upon the degree to which the resins solvate and expand in the solvent

and the presence or absence of any pore structure in the material [278].

This Chapter 5 will explore the use of different acidic IERs combined with TS80 to evaluate whether
the various properties of IERs in the IL solution can influence and improve the lignocellulosic
fractionation process to produce carbohydrate-rich material. Four ion exchange resins from Dupond
are investigated: Amberlyst 15 (IER15), Amberlyst 35 (IER35), Amberlyst 45 (IER45) and Amberlyst
70 (IER70). Additionally, three Purolite resins will be also tested: Purolite CT-252 (IER252), Purolite
CT-275 (IER275) and Purolite CT-485 (IER485). All these resins were selected because they are
polyvinyl-divinylbenzene macroreticular resins and sulfonated. However, their variation in the
crosslinking degree (low, medium and high crosslinking) affects their swelling capacity, as low
crosslinking grants higher swelling and flexibility of the polymeric matrix to access the active sites.
Also, there are differences in the sulphonation degree (conventionally sulphonated, over sulphonated),
which confers higher or lower acid capacity. Finally, IER45, IER70 and IER485 are sulfonated and
chlorinated resins, so they have chlorine incorporated into the polymeric matrix structure, providing
higher acid strength and thermal stability. The properties of these resins are summarised in Table A2.1
in Appendix 2. Therefore, in the first section, these IERs will be tested with triethyl ammonium sulphate
at 80 wt.% (TS80) to investigate any correlation between the IER properties and the performance in

the system for fractionation of Miscanthus x giganteus (428-800 pym).

Although the combination of IL and IER was useful for lignocellulosic biomass with high cellulose
content, such as miscanthus x giganteus, this might not be the case for other biomasses. Therefore,
in the second section, the physiochemical properties of various lignocellulosic materials will be
assessed to evaluate if there are significant differences in composition. The other selected materials
are brewery spent grains (BSG) and pine bark (PB). This second section aims to confirm that the
composition of these three biomasses is sufficiently distinctive so that the effectiveness of the selected

IER in TS80 against composition can be evaluated (the aim of the third section).
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Operating parameters, including biomass loading, pretreatment time (t), temperature (T), and pressure
(p) and recovery of the biomass fractions, will be the same as the ones used in Chapter 3. Finally, the

terminology used in this chapter is presented in Table 5.1.

Table 5.1. Summary of terminologies for samples used in Chapter 5.

Name Nomenclature
Miscanthus x giganteus (425-800 um) MIS48
Miscanthus x giganteus (<106 um) MIS16
Brewery Spent Grain (425-800 um) BSG48

Pine Bark (425-800 pm) PB48

Pulp P

lonic Liquid IL
Triethylammonium hydrogen sulphate 80 wt.% TS80

lonic Exchange Resin IER

Amberlyst 15 IER15
Amberlyst 35 IER35
Amberlyst 45 IER45
Amberlyst 70 IER70

Purolite Resin-CT 252 IER252
Purolite Resin-CT 275 IER275
Purolite Resin-CT 485 IER485
Treatment with TS80 and no IER IEROO

Pulp treated with TS80 and IERXX P-IERXX

Pulp of BSG treated with TS80 and IER70 BSG48-P-IER70
Pulp of PB treated with TS80 and IER70 PB48-P-IER70

5.2. lonic Liquid TS80 with different lon Exchange Resins

Different IERs were tested with MIS48 in TS80 to determine their influence. This section's results will
demonstrate the effect of IER properties on the recovered cellulose-rich pulp fraction using various

analytical techniques.

5.2.1. Proximate and Ultimate analyses
Proximate analysis through TGA of the raw material (MIS48) and pulp after in TS80 with different IERs
is shown in Table 5.2. To evaluate the effect of the IL only, a pulp using only TS80 was also compared

(P-IEROQO). For the benchmark sample, volatile content decreased by ~6% compared to the raw material,
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and ash content increased by ~2% due to removal of hemicellulose and lignin fractions from the pulp
while leaving most inorganic materials (ash) largely unaffected. However, when comparing the IERs to
the benchmark, no considerable further changes were observed. This indicated that the thermal
degradation of pulp samples treated with different IERs had similar patterns and was not significantly

different from only using TS80.

Table 5.2. Proximate analysis (wt.%) of raw material (MIS48) and pulp for TS80 with different IERs.

Material Moisture Volatile Ash Fixed
Content (%) Content (%) Content (%) Carbon (%)
MIS48 3.21+£0.05 81.76 £ 0.91 3.36 £ 0.34 11.67 £ 0.51
P-IEROO 4.70 £ 0.36 76.34 £ 0.14 5.54 + 0.05 13.41 £ 0.30
P-IER70 3.86 + 0.20 75.52 + 0.23 6.84 + 0.27 13.78 £ 0.33
P-IER45 3.43+0.09 76.54 + 0.41 6.46 + 0.03 13.57 £ 0.34
P-IER35 3.23+£0.12 75.95+0.13 7.02+0.24 13.80 £ 0.23
P-IER15 3.42+0.23 76.34 £ 0.71 6.75+ 0.04 13.48 £ 0.89
P-IER482 3.19+0.10 7715+ 0.21 5.31+£0.08 14.35+0.16
P-IER252 3.66 + 0.05 77.13+0.25 5.24 +0.16 13.96 £ 0.11
P-IER275 3.73+0.29 75.88 £ 0.04 6.61 £ 0.01 14.71 £ 0.14

The ultimate analysis was conducted to determine the influence of different IERs on the elemental
composition of the pulp samples. The results presented in Table 5.3 showed no significant changes
from the pulp for either benchmark or experiments with IER, except for samples treated with IER35 and
IER70.

Table 5.3. Ultimate analysis (wt.%) of raw material (MIS48) and pulp for TS80 with different IERs.

Sample C H S N

MIS48 43.96 £ 0.09 6.02 £ 0.06 0.00 £+ 0.00 0.23£0.02
P-IEROO 43.12+0.16 6.09 + 0.04 0.47 £ 0.01 0.24 + 0.01
P-IER70 42.03 + 0.06 6.16 + 0.06 1.02 £ 0.02 0.50 £ 0.00
P-IER45 41.94+0.13 6.08 £ 0.08 0.55 + 0.01 0.25+0.00
P-IER35 41.63 £ 0.11 5.68 + 0.81 1.61+0.40 0.64 £ 0.03
P-IER15 41.91 +0.08 6.24 + 0.09 0.61 +0.01 0.33 £ 0.01
P-IER482 42.29 + 0.04 6.38 £ 0.10 0.63 + 0.01 0.34 £ 0.01
P-IER252 42.41 +0.02 6.24 + 0.08 0.66 + 0.05 0.41 +0.04
P-IER275 43.10+£0.17 6.07 £ 0.10 0.84 +0.17 0.69 £ 0.02
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The nitrogen and sulphur contents of these two samples were higher compared to other pulp samples,
especially in IER35, where sulphur increased to 1.61% and nitrogen increased to 0.64%. These could

be due to incomplete pulp cleaning and residual IL in the samples.

Similar to Chapter 4, the ultimate and proximate analyses did not reveal significant differences between

the IERs tested or between the IERs and the benchmark of only IL.

5.2.2. Thermogravimetric analysis (TGA)

Thermogravimetric analyses (TGA) of the pulp samples were conducted to determine their thermal
characteristics compared to the original material in inert and oxidative environments. The DTG curves
for the temperature range of 150-575 °C under an inert environment are presented in Figure 5.1.
Additionally, Figure A5.1 and Figure A5.2 in Appendix 5 contain the thermogravimetric curves for the
full range of temperatures for both inert and oxidative conditions. Moreover, DTG peak positions
corresponding to mass loss are represented in Appendix 5, Table A5.1 and Table A5.2under inert and

air atmospheres, respectively.

In previous chapters, it has already been discussed the three major stages: dehydration stage, active
stage, and passive stage [402]. The first stage involved the removal of moisture (25-110 °C) [238]. The
second stage involved thermal degradation of hemicellulose (220-315 °C) and cellulose (315-400 °C),
which resulted in substantial weight loss of the lignocellulosic material. The third stage is the thermal
decomposition of lignin (400-900 °C), which was more challenging to degrade under this stage since it

lost weight over a large temperature range (160-900 °C) and produced a solid residue [41].

TGA analysis clearly showed that TS80 caused significant changes in the thermal behaviour of the raw
material, hence changing its chemical composition [337]. MIS48 had a clear hemicellulose shoulder at
303 °C (8.1 wt.% °C™"), corresponding to a mass loss of ~ 20 wt.%. However, in the benchmark pulp P-
IEROO, a significant decrease of the hemicellulose (220-315 °C) is observed in the DTG profile due to
the mild crosslinking nature of this carbohydrate, relative amorphousness, and easy to hydrolyse nature
relative to cellulose. This has been reported in the literature for pulp fractions treated with acidic ionic
liquids [403,404]. Acidic ionic liquids can cause partial and selective hydrolysis of hemicellulose,
breaking down some of the more easily degraded linkages while leaving behind a more robust structure
of hemicellulose [405,406].

The MIS48 DTG profile showed DTGmax (20 wt.% °C™") associated with cellulose at 355 °C,
corresponding to a mass loss of 62 wt.%. However, the DTGmax for the benchmark increased to a value
of 25 wt.% °C~" and shifted to a lower temperature of 268 °C, corresponding to a mass loss of 25 wt.%.

The peak shift was caused by a decrease in the thermal stability of the cellulose present in the pulp
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related to the lower crystallinity [378,407]. Moreover, particle size played a significant role in
transforming crystalline cellulose into amorphous cellulose. The pulp produced from MIS48 with TS80
only (P-IER0O) had higher DTGmax compared to the pulp from Chapter 4 obtained for MIS16 (P-TS80 in

Figure 4.4).
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Figure 5.1. DTG curves under inert conditions for raw material and pulp treated with TS80 and different IERs: (a)

IEROO, (b) IER15, (c) IER35, (d) IER45, (e) IER70, (f) IER482, (g) IER252, and (h) IER275.
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Mohosin et al. observed that cellulose with smaller particle sizes was more soluble and reactive in the
solvent and that it was easier to convert crystalline cellulose into amorphous cellulose and then
depolymerise it [408]. Reducing particle size significantly increases the surface area-to-volume ratio.
This higher specific surface area allows ILs to penetrate more efficiently into the cellulose structure,
facilitating better solvent—cellulose interactions [409]. Enhanced penetration increases the disruption of
intermolecular and intramolecular hydrogen bonds within cellulose, promoting dissolution and

amorphization [410]. This is more amenable to further processing steps like enzymatic hydrolysis.

When assessing the influence of different IERs on pulp fraction compared to the TS80 only sample, the
main differences were observed in thermal stability and DTGnax of the amorphous cellulose peak. IER35
and IER70 were the only resins that clearly decreased the crystalline cellulose peak further and shifted
more significantly the DTGmax max for an amorphous peak to a lower temperature of 257 °C. The acidic
resins liberate hydrogen ions (H*) into the solution, thereby regulating the initial pace of cellulose
depolymerisation. The size of the cellulose chains at the beginning is vital in determining the initial
distribution of the product [297]. This difference can be seen in the crystalline cellulose peak positions
at 280 °C in samples P-IER35 and P-IER70, where P-IER35 had lower DTG and higher mass loss than
P-IER70 (Table A5.1). Hence, IER35 performs better than IER70 by providing a higher acid capacity
(Table A2.1).

The IER15 did not show dramatic changes compared to IER35. This could be related to the low swelling
capacity and the lower concentration of sulfonic groups. In addition, IER45 and IER482, which are
supposed to be analogous to IER70, were not performing similarly, demonstrating that other textural or

physicochemical properties might influence the behaviour of these resins.

Even though IER35 performed better than other resins, this IER suffered from a high attrition rate and
low thermomechanical stability. Therefore, it was concluded that IER70 was the best-performing IER

overall.

5.2.3. X-ray Diffraction (XRD)
XRD analysis was conducted to evaluate the changes in the crystallinity index of the obtained pulps.
XRD results are presented in Figure 5.2 for TS80 and with different IERs.
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Figure 5.2. XRD diffractograms for raw material-pulp treated with TS80 and different IERs. (a) Amberlyst IERs
and (b) Purolite IERs.

MIS48 and pulp samples showed the crystalline peaks for cellulose | at 16.0°, 22.2°, and 35.1°,
representing 101-101, 002 and 040 crystallographic planes of a-cellulose |, respectively. As TGA results,
the raw material's particle size influenced the pulp sample's crystalline peaks. For all the pulps produced
from MIS48, the peak at 22.2° showed a lower intensity (/o02), which was not the case for pulp samples
from MIS16. The intensity in the amorphous area at 18.5° (/au) also decreased. There were no peaks at
15.8°, 29.7°, and 32.0° for inorganics, along with a peak at 25.5° for pseudo-lignin after IL-TS80 treated

samples, which was different to what was seen in the previous chapter for MIS16 (Figure 4.5).

The results indicated that despite moderate operating conditions (110 °C, 2 hrs, 10 w.%/v solid loading),
the pretreatment severity on MIS16 was significantly higher than on MIS48. MIS16-treated pulp with
TS80 had higher ash and pseudo-lignin contents than MIS48-treated pulp with TS80.

The crystallinity index (Crl) and crystallite size values are shown in Table 5.4. Overall, the crystallinity
index increased for all the pulp samples. The Crl increased by ~10% compared to the raw material,
and the crystalline size increased to ~3.7 nm. The increase in Crl, therefore, is enhanced upon the
removal of amorphous parts such as hemicellulose and lignin, as discussed in Section 4.3.3. Hence,
this removal from the biomass had a more pronounced influence on Crl than the transformation of

cellulose into amorphous cellulose.
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Table 5.4. Crystallinity index (Crl) and crystallite size of pulp treated with TS80 and different IERs.

Material Crl (%) Crystallite size (nm)
MIS48 76.70 + 0.84 3.24 £ 0.00
P-IEROO 85.85 + 0.36 3.61+0.02
P-IER70 85.80 + 0.47 3.73+0.07
P-IER45 86.76 + 0.21 3.74 £ 0.02
P-IER35 87.60 + 0.69 3.82 £ 0.04
P-IER15 85.82 + 0.08 3.77 £ 0.07
P-IER482 87.40 + 0.20 3.77 £ 0.14
P-IER252 85.26 + 0.14 3.66 + 0.06
P-IER275 85.56 + 0.65 3.71 £ 0.06

Unfortunately, no significant differences were observed in terms of Cr/ and crystallite size after adding

IERs to TS80. So, this technique did not reveal any correlation to the IER properties.

5.2.4. Attenuated Total Reflection Fourier Transformation Infrared (ATR-FTIR)

Spectroscopy
ATF-FTIR analysis was conducted to confirm various IER influences in TS80 on pulp fractions. Figure
5.3 represents the raw material analysis, pulp treated with TS80 and different Amberlyst resins.
Comparing the results of MIS48 with P-IERQO, the peaks can be divided into two main categories:
absorbed bands due to carbohydrates and absorbed bands due to lignin. Peak assignment was done

according to the literature [303,411-413]. Full ATR-FTIR spectral wavelengths are presented in

Appendix 5, Figure A5.3 and Figure A5.4.
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Figure 5.3. ATR spectra for raw material-pulp treated TS80 treatment with different Amberlyst IERs.

Cellulose peaks can be divided into two types: one for crystalline and the second for amorphous. Peaks
became sharper for crystalline and amorphous structures, representing bands 1110 cm™' and
900 cm™, respectively. The band at 1110 cm™' represent symmetric bending -CH,. The band at

900 cm™" represent C-O-C stretching of B-(1,4) glycosidic linkages.

There are few distinguished peaks regarding hemicellulose other than 1730 cm~" due to the absorption
of acetyl group moieties in hemicellulose. Hemicellulose acts as a bridge between cellulose microfibrils
and lignin. It is closely knitted to cellulose through hydrogen bonding and van der Waals forces while
also interacting with lignin [414]. Moreover, hemicelluloses can form covalent connections with lignin
moieties, creating lignin-carbohydrate complexes that are essential for the cellulose-hemicellulose-lignin

framework [46].

Hemicellulose peaks always come in connection with lignin and cellulose. For example, a peak at
1230 cm™'is typical for C-O single bond stretches in esters. Alkyl-aryl C-O single bond stretches also
absorb at this number. Esters are found in the raw materials lignin (p-coumaric acid esters) and
hemicellulose (ferulic acid and acetic acid esters). Alkyl-aryl C—O single bonds are present in lignin as
methoxy groups connected to the aromatic rings [352]. Lastly, lignin peak intensities at
1515 cm™ and 1505 cm™" due to C = C guaiacyl aromatic skeletons vibrations and aromatic ring

C = C stretching dropped in IL-TS80 pretreated pulp samples compared to the raw material.
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Pulps with either IER70 or IER35 in TS80 made the peak sharper at 1057 cm~', assigned to the
C-O-C stretching vibrations in the pyranose ring of cellulose (indicative of the glycosidic linkages). The
increased intensity at 1057 cm™ after adding IERs indicated that the resin addition had made the
cellulosic part more accessible. This was due to the disruption of the crystalline structure of cellulose,

leading to an increase in the amorphous content.

Figure 5.4 represents the raw material analysis, pulp treated with TS80 and different Purolite resins.
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Figure 5.4. ATR spectra for raw material-pulp treated with TS80 and different Purolite IERs.

There were no significant differences in the ATR spectra for pulps produced with different Purolite IERs.
However, all the Purolite resins in IL-TS80 lowered the band transmittance at 1230 cm™" assigned to
esters in lignin and hemicellulose. Overall, from ATR spectroscopy results, it can be concluded that

Purolite resins were not very effective in TS80 compared to Amberlyst resins.

This section focused on how the properties of different micro-reticular IERs influence the pulp fraction
after adding to TS80. For example, crosslinking degree, acid capacity, and solvent type influenced the
swelling capacity of an IER [415]. The resin's molecular structure and cross-linking degree could

significantly impact its ion exchange capabilities.

After testing all these IERSs, it was found that IERs that were supposed to be similar (such as IER35 and
IER275 or IER45, IER70 and IER482) did not perform similarly in TS80. This could be due to variations
in the production process, such as the sulfonation method or post-treatment steps, that lead to

differences in the distribution and accessibility of acid sites with the IER polymeric matrix or other
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variations in the physicochemical properties that are not reported or could not be measured. So, there

is still uncertainty on how these polymeric materials interact with the IL and the biomass.

From the resins tested, only IER70 and IER45 showed no signs of attrition after the process. This is
because both resins contain chlorine in their polymeric matrix. Chlorine is crucial in enhancing the
mechanical stability of ion exchange resins by increasing cross-linking, stabilising the polymer
backbone, and improving rigidity and crush strength. These interactions help the resin withstand
mechanical stress, oxidative degradation, and physical wear, ensuring long-term performance and
durability [416—418].

After a comprehensive analysis of pulp and the properties of different IERs, it was evident that IER70
stands out. It consistently delivers optimal results for producing pulp with high amorphous fractions of
cellulose while maintaining its integrity throughout the process. Therefore, the combination of TS80 and

IER70 was selected for the subsequent tests.

5.3. Comparison of Lignocellulosic Materials

Before embarking on experiments involving different materials, it was imperative to understand their
physiochemical properties thoroughly. The following section delves into a comparative analysis of the
physiochemical properties of three selected materials (miscanthus x giganteus, brewery spent grains
and pine bark), providing a comprehensive understanding of their unique characteristics. As mentioned
in the material section (Chapter 3), these materials were selected based on their different

physiochemical characteristics.

5.3.1. Proximate and Ultimate analyses

The proximate analysis of different raw materials is represented in Table 5.5. Pine bark (PB48) had high
moisture and fixed carbon contents: 6.8 wt.% and 27.0 wt.%, respectively, while having the lowest
volatile content at 62.5 wt.% compared to Miscanthus x giganteus (MIS48) and brewery spent grains
(BSG48), having 81.8 wt.% and 74.9 wt.%, respectively. Brewery spent grains (BSG48) had the highest

ash content (16.8 wt.%) and lowest fixed carbon (5.7 wt.%) among the raw materials.

PB48's high moisture content was attributed to water washing and left to dry at room temperature over
a week. However, differences in volatile and fixed carbon contents were related to the raw materials
intrinsic properties and structural composition. This higher fixed carbon and lower volatile content in
PB48 were due to its higher lignin content, which provides structural rigidity and contributes to its higher

calorific value than other raw materials [419,420].
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Table 5.5. Proximate analysis (wt.%) of different raw materials.

Material Moisture Content Volatile Content Ash Content  Fixed Carbon
MIS48 3.21£0.05 81.76 £ 0.91 3.36£0.34 11.67 + 0.51

BSG48 2.62 +0.21 74.87 £ 0.15 16.81 + 2.21 5.70+£2.40
PB48 6.77 £ 0.25 62.50 £ 1.03 3.76 £ 0.20 26.97 £ 0.76

BSG48 had a high ash content (16.8 wt.%), mainly due to its composition (70-85 wt.% fibre (cellulose
and hemicellulose), around 20 wt.% % protein, and varying amounts of lignin [421]. BSG48 consists
primarily of the husks, pericarp, and seed coat layers of barley, which naturally contain significant
amounts of inorganic minerals [422]. These components are left behind during brewing as the wort (a
liquid solution of extracted grains with high sugar content) is extracted, concentrating the mineral content
in the spent grains. Furthermore, steeping the grains in hot water during the brewing process can extract

and concentrate minerals from the barley into the spent grains, resulting in a high ash content [423,424].

Table 5.6 represents the ultimate analysis of different raw materials. Differences observed: high carbon
content in PB48 (50.2 wt.%) compared to MIS48 and high nitrogen content in BSG48 (4.9 wt.%)
compared to the other two materials. One of the main reasons for the high carbon content in PB48 was
its high lignin content, which contributes significantly to the material's overall carbon content as a
softwood. [425,426].

Table 5.6. Ultimate analysis (wt.%) of different raw materials.

Sample C H S N
MIS48 4498 + 0.17 6.09 £ 0.08 0.00 £ 0.00 0.43£0.05

BSG48 47.78 £ 1.10 6.68 £ 0.08 0.08 £ 0.00 4.87 £0.75
PB48 50.16 £ 0.16 5.61+0.14 0.00 + 0.00 0.52 £ 0.01

BSG48's high nitrogen content was related to high protein content in the form of amino acids [421],
which was concentrated in the residue spent grain after the brewing process [427]. These factors

collectively contribute to the elevated nitrogen levels observed in BSG48.

In conclusion, proximate and ultimate analyses of these lignocellulose materials depended on several
factors: type of biomass, chemical composition, growth conditions, and pre-processing methods before

the analysis, but it is evident that these three biomasses are significantly different.

5.3.2. Thermogravimetric analysis (TGA)
A TGA analysis of different raw materials was conducted to determine their thermal characteristics in
inert and reactive environments. The DTG curves for the 150-575 °C range under inert and oxidative

environments are presented in Figure 5.5.a and Figure 5.5.b, respectively. The TGA-DTG curves for the
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full range of temperatures and inert and oxidative conditions are given in Appendix 5 Figure A5.5. The
DTGnax temperature peaks and their correlated TGA mass loss are presented in Appendix 5, Table A5.6

and Table A5.7 under inert and air atmospheres, respectively.
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Figure 5.5. DTG curves under inert (a) and air (b) for different lignocellulosic materials.

All three raw materials had different thermal degradation profiles because each lignocellulosic material
had a different chemical composition. Literature reports that MIS48 is composed of 43-56 wt.% cellulose,
17-25 wt.% lignin and 18- 23 wt.% hemicellulose [428]. Pine bark is composed of approximately 42-51
wt.% lignin, 17-24 wt.% cellulose, and 12-16 wt.% hemicellulose [429]. BSG mainly consists of 70-85

wt.% fibre (cellulose and hemicellulose), around 20% protein, and varying amounts of lignin [421].

Analysing DTG thermograms under nitrogen in Figure 5.5.a, only MIS48 had visible hemicellulose
shoulder at 303 °C with a mass loss of ~20 wt.%. However, no hemicellulose shoulder was noticed in
BSG48 and PB48. In the case of BSG48, hemicellulose was closely associated with cellulose and lignin
in a complex matrix. This intimate association may cause the hemicellulose to degrade over a broader
temperature range, overlapping with cellulose degradation, as shown in the DTG profile [430]. However,
PB48 has a more rigid and complex structure due to its high lignin content, which encapsulates the
hemicellulose, leading to its degradation simultaneously with cellulose or lignin, as shown in the DTG
profile [431].

BSG48's first peak with DTGmax at 294 °C corresponds to a mass loss of 26 wt.%, presenting thermal
degradation of amorphous cellulose and residual hemicellulose after enzymatic hydrolysis. This is due

to the brewing process that can cause partial hydrolysis and depolymerisation of the hemicellulose chain
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[432]. Additionally, the second peak is attributed to crystalline cellulose and lignin. As for PB48, there
was one broad peak with DTGmax at 268 °C, corresponding to a mass loss of approximately 11 wt.%,

linked to the high amount of lignin.

The MIS48 material contains high carbohydrate levels, leading to substantial weight loss from 200 °C
to 380 °C as hemicellulose and cellulose decomposed. Due to its lower lignin content, this material
exhibits a more specific and narrow temperature range for thermal degradation. On the other hand,
PB48, with its high lignin content, undergoes thermal degradation in a broader temperature range of
200-500 °C. Finally, BSG48, known for its high fibre content (70-85 wt.%) [421], experienced significant

weight loss within the 200-350 °C range, degrading cellulose and hemicellulose.

Under oxidative environmental conditions, each type of lignocellulosic material exhibited different DTG
thermograms due to variations in chemical composition (Figure 5.5.b). PB48 contained the highest
amount of lignin, so the second-peak DTGnax at 435 °C represents a mass loss of 70%. In the case of
BSG48, the oxidation of inorganic matter occurred at 510 °C, with an 80% mass loss, which was
because of higher ash content and lower lignin content, ultimately requiring a higher temperature for

complete combustion compared to PB48 [433].

To sum up, the chemical composition of these biomass materials directly affects how they break down
when heated. MIS48 had a distinct thermal degradation range because it had a lot of cellulose. PB48
experienced gradual weight loss because it had a high lignin content. BSG48 showed unique
degradation characteristics due to its protein content. These differences are essential for optimising their
use in bioenergy and industrial applications, making these three lignocellulosic feedstocks interesting

for testing the combined IL-IER system selected in Section 5.2.

5.3.3. X-ray Diffraction (XRD)

XRD diffractograms of different raw materials are presented in Figure 5.6. Crystalline peak positions for
cellulose | were at 16.0°, 22.2°, and 35.10°, representing 101-101, 002 and 040 planes, respectively.
The intensity for the amorphous peak was at 18.5° (/am). MIS48 had the highest peak intensities for both
crystalline and amorphous peaks as compared to the other two materials, mainly due to high cellulose
and hemicellulose contents in it [434]. Because of the high lignin content, cellulose peak intensities in
PB48 were low [429]. The high amorphous content in PB48 made the peak 18.5° broad compared to
MIS48, and there was no clear distinction between the amorphous intensity and the intensity of the

crystalline cellulose peak at 16.0°.
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Figure 5.6. XRD diffractogram for different lignocellulosic materials.

BSG48 XRD analysis did not show an amorphous dip at 18° or a crystalline peak at 16°. Instead, BSG48
often exhibits a broad peak around 22° compared to the other two materials. The analysis confirmed
that the brewery process made some structural changes in the raw material, making it more amorphous
[435]. The lack of a distinctive peak at 16° indicates that the crystalline portion of cellulose in BSG48
was disturbed during the brewing process. The process, comprising mashing, boiling, and fermentation,
can disintegrate the crystalline composition of cellulose, resulting in a less structured substance,

ultimately lowering the crystallinity compared to other raw materials.

Crl and crystallite size are presented in Table 5.7. BSG48 had the lowest Cr/ (36.26°) as most of the
material contains amorphous components and proteins [436] as compared to other materials [437].
MIS48 had a high cellulose content [438], which primarily contributes to its high Cr/ (76.70°) compared
to low Crl (61.05°) in woody biomass. Regarding crystallite size, M48 had the largest crystallite size (3.2
nm) because it had the highest amount of crystalline cellulose compared to PB48 (2.6 nm). Cell wall
composition significantly impacts crystallite size. For example, PB48 cellulose was often less ordered
and more interspersed with amorphous regions due to the presence of other cell wall components. This

leads to a less pronounced crystalline structure compared to MIS48 [37].
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Table 5.7. Crystallinity Index (Crl) and crystallite size for different raw materials.

Material Crl (%) Crystallite size (nm)
MIS48 76.70 + 0.84 3.24 £ 0.00

BSG48 36.36 + 0.05 1.14 £ 0.03
PB48 61.05 + 0.66 2.55+0.12

The material’s chemical composition affects the XRD diffraction pattern, Crl, and crystallite size of
different lignocellulosic materials. MIS48 exhibited the highest Crl and crystallite size because it
contained the most crystalline cellulose. On the other hand, BIS48 exhibited the lowest Crl and crystallite

size because it contained the most amorphous components.

5.3.4. Attenuated Total Reflection Fourier Transformation Infrared (ATR-FTIR)

Spectroscopy
ATR-FTIR analysis was done on the different raw materials (Figure 5.7). The spectra of all three
materials showed significant differences due to differences in chemical compositions. In this section,

only the main differences are discussed.

PB48 rich in lignin had strong peak intensities between 1505 and 1700 cm™, representing aromatic
skeletal vibrations of benzene rings in lignin. Absorption bands at 1230 and 1264 cm™ corresponding to
syringyl ring C-O and guaiacyl-ring plus C=0 stretching in lignin were high on PB48 compared to the
other two raw materials. High lignin content in the PB48 spectrum has lower transmittance. Conversely,
carbohydrate characteristics bands at 1157-1159 cm~' and 1369-1373 cm™, representative of C-O-C
symmetric stretching and C-H deformation vibration (cellulose and hemicellulose), respectively, were

not as sharp as the other two raw materials [439,440].

BSG48 was a byproduct of the brewing industry, composed mainly of proteins, fibres, and residual
starches. The strong amide | and amide Il bands (1650 cm~"and 1540 cm~") in BSG48 indicated a high
protein content resulting from the brewing process [441]. These peaks were not present in the other two
raw materials. The peaks at 1030 cm™ and 1155 cm™ in BSG48 were signs of cellulose and
hemicellulose [442,443]. However, these peaks were often broader and less distinct due to the complex
mixture of carbohydrates compared to M48. High amorphous content in BSG48 made [B-glycosidic
linkage peak at 895 cm™" [444] less prominent than other raw materials, indicating a lower degree of

crystallinity in its cellulose due to the processing effects of brewing.
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Figure 5.7. ATR spectra for different raw materials.

The FTIR-ATR spectra of PB48, BSG48, and M48 exhibited notable disparities in their chemical
compositions and structural attributes. PB48 exhibited more noticeable lignin-related peaks and peaks
corresponding to polyphenolic chemicals, attributable to its elevated lignin content. BSG48 exhibited a
high protein content, as evidenced by the prominent Amide | and Il bands and had a more intricate
combination of carbohydrates with reduced crystallinity. Unlike the other materials, MIS48 had a high

crystalline cellulose content, characterised by a unique B-glycosidic linkage peak.

In conclusion, the three materials have distinctive features that will help us better understand and
uncover more information on how the ionic liquid TS80 and the IER70 work during the pretreatment of

lignocellulosic materials.

5.4. Effect of TS80 and IER70 for different lignocellulosic materials (MIS48,
BSG48 and PB48)

After selecting the best system in Section 5.2 and demonstrating the distinctive characteristics of the
three selected feedstocks, the pretreatment of the biomasses using TS80 only and the combination of

TS80 and IER70 were tested and compared.

5.4.1. Proximate and ultimate analyses
Proximate analysis through TGA for pulp after TS80 with and without IER70 pretreatment is presented
in Table 5.8. Volatile content in the case of BSG48 did not change much. Still, ash content decreased

by ~6 wt.%, whereas in the case of PB48, volatile content decreased by ~3 wt.%, and the ash content
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increased by ~3 wt.% by comparing proximate analysis results of the raw material and pulp-treated
samples with only TS80. The decrease in ash content in the case of BSG48 could be the removal of
protein content favoured by the TS80 pretreatment. However, no considerable changes were observed
in both materials for pulp samples when IER70 was added. Therefore, there are no significant variations

in the proximate content of pulp samples with or without IER70 in TS80.

Table 5.8. Proximate analysis (wt.%) of raw materials after TS80-IER70 treatment.

Material Moisture Volatile Ash Fixed
Content Content Content Carbon

MIS48 3.21£0.05 81.76 £ 0.91 3.36 £0.34 11.67 = 0.51
P-IEROO 4,70 £ 0.36 76.34 £ 0.14 5.54 £ 0.05 13.41 £ 0.30
P-IER70 3.86 £0.20 75.52 £0.23 6.84 £ 0.27 13.78 £ 0.33
BSG48 2.62 +0.21 74.87 £ 0.15 16.81 + 2.21 5.70 £ 2.40
BSG48-P-IER00 4.27 £ 0.30 73.78 £ 0.09 10.44 £ 0.18 11.51+0.15
BSG48-P-IER70 4,26 +0.24 72.91 £ 1.11 10.71+£0.13 12.12 £ 1.35
PB48 6.77 £ 0.25 62.50 £ 1.03 3.76 £ 0.20 26.97 £ 0.76
PB48-P-IERQO 5.78 £ 0.23 59.57 £ 0.21 6.28 £ 0.18 28.36 £ 0.24
PB48-P-IER70 5.76 £ 0.28 58.31 £ 0.73 6.89 £ 0.41 29.03 £ 0.91

The ultimate analysis of different raw materials and respective pulp samples upon TS80 pretreatment
with and without IER70 is presented in Table 5.9. In the case of BSG48, there was a significant decrease
in carbon content of ~6 wt.% compared to the raw material; however, in the case of PB48, there was a
minor decrease in carbon content of ~2 wt.% when treated with TS80. This could be related to the cell
wall structure of both materials, as discussed in Section 5.3. BSG48 was derived from barley. It has
non-woody stems and is classified as an herbaceous plant [422]. On the other hand, PB48 is a softwood
rich in lignin, polyphenolics and resilient materials [429]. Therefore, it was easy to remove lignin in
BSG48 under moderate conditions compared to PB48, decreasing carbon content significantly.
Moreover, TS80 decreased nitrogen content by ~3 wt.% in the case of BSG48 due to protein removal
[445].
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Table 5.9. Ultimate analysis (wt.%) of raw materials after TS80-IER70 treatment.

Sample C H S N
MIS48 43.96 £ 0.09 6.02 £ 0.06 0.00 £ 0.00 0.23 £0.02
P-IEROO 43.12+0.16 6.09 + 0.04 0.47 £ 0.01 0.24 £ 0.01
P-IER70 42.03 £ 0.06 6.16 + 0.06 1.02 £ 0.02 0.50 £ 0.00
BSG48 47.78 £ 1.10 6.68 + 0.08 0.08 + 0.00 487 £0.75
BSG48-P-IERO0 41.40+0.18 590+0.12 1.16 £ 0.06 1.76 £ 0.02
BSG48-P- IER70 40.96 £ 0.14 6.18 £ 0.02 1.17 £ 0.01 1.46 £ 0.04
PB48 50.16 £ 0.16 5.61+0.14 0.00 + 0.00 0.52 £ 0.01
PB48-P-IEROO 48.29 £ 0.20 5.26 + 0.06 1.17 £ 0.06 0.73+0.03
PB48-P-IER70 47.65+0.23 5.41+£0.09 1.18 £ 0.03 0.79+£0.01

However, when IER70 was added to the system, the ultimate analysis was not significantly different

from that when only TS80 was used.

Overall, TS80 significantly impacted BSG48 compared to other raw materials due to its cell wall

composition. The IER70 addition did not considerably change the elemental analysis for pulp fractions.

5.4.2. Thermogravimetric analysis (TGA)

A TGA analysis of raw materials and pulp fractions with TS80 and IER70 was conducted to determine
their thermal characteristics in inert and reactive environments. The DTG curves for the 150-575 °C
range are presented in Figure 5.8. The TGA-DTG curves for the full range of temperatures under inert
and oxidative conditions are in Appendix 5, Figure A5.5 and Figure A5.6. The DTGnax temperature peaks
and their correlation with mass loss are presented in Appendix 5, Table A5.9 and Table A5.10 under

inert (N2) and air atmospheres, respectively.

The influence of TS80 and IER70 on MIS48 is discussed in Section 5.2.2. Therefore, this section will
focus on the other two lignocellulosic samples. TGA-DTG under an inert environment for BSG48 and
PB48 could be divided into three regions based on thermal degradation profile: 25-110 °C, 200-500 °C,
and

400-900°C moisture removal, decomposition of carbohydrates, and lignin decomposition respectively.
Both raw materials BSG48 and PB48, when treated with TS80, had reduced their thermal stability by
lowering their DTGmax temperature. In the case of BSG48 DTGmax (~15 wt.% °C™"), the temperature
shifted to 283 °C with a mass loss of ~28 wt.%. Regarding PB48, DTGmax (~8 wt.% °C™"), the temperature
shifted to 277 °C with a mass loss of ~17 wt.%. After the pretreatment, a broad second peak representing

residual crystalline cellulose and lignin fractions in both pulp fractions were the main fractions observed.
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Figure 5.8. DTG curves for different raw materials under an inert environment for different raw materials and
pulps treated with TS80-IER70. (a) MIS48, (b) BSG48 and (c) PB48.

Adding IER70 to TS80 for BSG48 and PB48 did not significantly improve the pulp's thermal
characteristics compared to only TS80. For example, in the case of BSG48, when IER70 was added to
TS80, DTGmax temperature increased by ~2.8 °C with a negligible increase in mass loss of around 0.6
wt.%. These minute changes could be due to hydrogen ions from IER70 as dilute acid pretreatment
under moderate conditions able to extract protein from the BSG48 [432,446,447].
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In the case of PB48, not even a shift in the DTGnmax temperature was observed. PB48 is a softwood with
the highest content of guaiacyl units [62] compared to other raw materials. For this reason, harsher
conditions to fractionate the material might be needed [165]. Cox et al. explained that to achieve a
cellulose-rich fraction from PB48, a longer pretreatment time (5 hrs) at 130 °C would be required [448].
Even though TS80 decreased the thermal stability of crystalline cellulose in PB48 by the low crystallinity
of regenerated celluloses, IER70 did not have enough impact to produce any changes in the thermal
characteristics of the pulp. For pretreatment with an ionic liquid (IL) to be effective, it should be able to
simultaneously dissolve lignin and depolymerise polysaccharides, thereby resulting in cellulose that is

free of lignin and hemicellulose upon regeneration [449].

In conclusion, the findings suggest that adding IER70 to TS80 for BSG48 and PB48 did not significantly
change their respective pulp fraction thermal characteristics. However, this was not the case in MIS48.
This highlights the importance of selecting an appropriate pretreatment for the right material and

conditions to be effective.

5.4.3. X-ray Diffraction (XRD)
XRD diffractograms of different raw materials and their pulp fractions after TS80 with and without IER70
pretreatment are presented in Figure 5.9. Cr/ and crystallite size are presented in Table 5.10. Three raw

materials' XRD results were analysed and discussed in section 5.3.3.

For MIS48, after using TS80 with IER70, crystalline peaks for cellulose | at 16.0° and 22.2°, decreased
and became sharper. The intensity for the amorphous background at 18.5° (/an) was also reduced. This
indicated the removal of amorphous components and partial conversion of crystalline to amorphous
cellulose for MIS48. This removal increased the Crl and crystallite size to ~85% and ~3.6 nm,

respectively. The addition of IER70 did not have a noticeable change in these values.

For BSG48, when pretreated with TS80, the crystallinity content increased along with the conversion of
crystalline cellulose to amorphous cellulose. The pulp had clear peaks for crystalline cellulose and
amorphous fractions, which were not in the case of BSG48. Adding IER70 to TS80 dropped the intensity
of crystalline peaks at 16.0°and 22.2° significantly, along with the intensity of the amorphous peak at
18.5° decreased. This increased the Crl of the pulp fraction from 76% to 82% because of the removal
of amorphous fraction fractions from the solid phase. The addition of IER70 caused no significant

change in crystallite size.

Finally, the XRD diffractograms for PB48 showed that after TS80 pretreatment, the intensities for the
amorphous peak (18.5°) decreased, and the crystalline peak (22.2°) increased. This indicated that under

moderate conditions, there was a partial removal of amorphous fractions from PB48, increasing the Cr/

M. N. A. Khan, PhD Thesis, Aston University 2024 132



(~75%) and crystallite size (~3.2 nm) compared to the original material. The addition of IER70 did not
have a significant impact on these values due to the recalcitrant nature of PB48 as compared to other

raw materials [450].

These results are not unexpected, as the previous chapter found that the effect of the IER70 is mainly
on the cellulose, amorphous cellulose, and hemicellulose fraction. Therefore, the IER70 only produces
benefits when biomass has a significant amount or minimum accessibility of the crystalline cellulose or

when it can attack amorphous cellulose and hemicellulose.
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Figure 5.9. XRD diffractogram for different raw materials (MIS48, BSG48, PB48), pulp after TS80-IER70
treatment (a) MIS48, (b) BSG48 and (c) PB48.
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Table 5.10. Crl, crystallite size for different raw materials (MIS48, BSG48, PB48), and pulp after TS80-IER70

treatment.

Material Crl (%) Crystallite size (nm)
MIS48 76.70 £ 0.84 3.24 £ 0.00
P-IEROO 85.85+0.36 3.61+£0.02
P-IER70 85.80 £ 0.47 3.73£0.07
BSG48 36.36 + 0.05 1.23+0.03
BSG48-P-IER00 76.33 £ 0.08 3.12+£0.08
BSG48-P-IER70 82.27 £ 1.52 3.25+0.07
PB48 61.05 + 0.66 255+0.12
PB48-P-IER00 75.45 £ 0.37 3.17£0.14
PB48-P-IER70 74.18 + 2.36 3.30+0.18

IL pretreatment of different lignocellulosic materials could enhance the Crl and crystallite size. During
the process, cellulose could dissolve partially. When it cools down, the cellulose chains that were
previously mobile can reorganise and form larger and more organised structures. This led to an increase
in both crystallinity index and crystallite size [451]. In addition, ionic liquid treatment can help convert
cellulose | into cellulose Il. This transformation is more likely to result in the development of well-
organised cellulose I, leading to a high Cr/ [387]. Eliminating lignin and hemicellulose throughout the
procedure exposes more cellulose surfaces for alignment and recrystallisation, which also affects the
observed changes in crystallinity [451]. Overall, XRD results demonstrated that IER70's addition to TS80
substantially impacts biomasses with highly accessible cellulose, with BSG48's structure increasing its

crystallinity more than the other two raw materials.

5.4.4. Attenuated Total Reflection Fourier Transformation Infrared (ATR-FTIR)
Spectroscopy

ATR-FTIR analysis of different raw materials and pulp fractions is presented in Figure 5.10 to Figure

5.12. The detailed spectrum ranges from 3900-400 cm~" for all the samples shown in Appendix 5, Figure

A5.14 to Figure A5.16. In the case of MIS48, the addition of IER70 with TS80 made bands at

1034 cm™ (C-O stretching), 1110 cm™ (C-O stretching vibrations), 1157 cm™ (C-O-C asymmetric

stretching), and 1335 cm™ (C-H bending vibrations) sharper because of cellulose structure became

more exposed [452,453]. However, no differences were observed for the lignin adsorption bands.

In the case of BSG48, when treated with TS80, regardless of IER70, amide | and amide Il bands
(1650 cm~"and 1540 cm™" ) were not observed, indicating the removal of high protein content created
during the brewing process [441]. Critical peaks corresponding to functional groups such as cellulose,

hemicellulose, and lignin showed alterations in intensity and position, indicating the effective disruption
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of the lignocellulosic matrix and the removal of lignin, mainly caused by the TS80. IER70 addition to
TS80 increased the band intensities at 1157 and 1130 cm~" for C-O-C asymmetric stretching and C-O
stretching vibrations in the cellulose structure, respectively, indicating an increase in the crystallinity of

the pulp.

Finally, ATR-FTIR analysis of PB48 after TS80 pretreatment revealed no significant changes in the
chemical composition and structure of the biomass compared to the other two raw materials. Peaks to
observe include those around 1030-1060 cm™" (C-O stretching in cellulose and hemicellulose),
1110 cm~" (C-O-C asymmetric stretching in cellulose), and 1510-1600 cm~' (aromatic ring vibrations in
lignin). After TS80 pretreatment, the intensity of lignin-related peaks decreased, indicating partial
delignification, while changes in the cellulose-related peaks may suggest alterations in cellulose
crystallinity. The observed structural changes in PB48 were insignificant compared to those mentioned
in the literature because of the moderate operating conditions used in this research [218,454]. Adding
IER70 in TS80 did not change the ATR-FTIR spectra noticeably, reflecting minimal alterations in the

PB48 chemical composition.
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Figure 5.10. ATR-FTIR for MIS48, pulp after TS80-IER70 treatment.
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Overall, these spectral changes provide insights into the effectiveness of TS80 and IER70 pretreatment
in modifying the structure under moderate conditions and agree with previous techniques that the effect

of the IER70 is mainly noticeable when the cellulose fraction is accessible and/or highly present in the
biomass.
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5.5. Conclusions

This chapter examined the influence of various IERs on MIS48 in the presence of TS80. After selecting

an IER, it was used to pretreat other raw materials in TS80. This section summarises the main

conclusions and findings in this chapter.

Use of different IERs with ionic liquid TS80:

1.

IER properties: although there is a general trend that thermomechanical stability, high acid
strength, high ion exchange capacity, and swelling capacity were important in influencing the pulp
fraction of MIS48 after the pretreatment, some properties of the IERs have yet to be unveiled, and

that can affect their performance when combined with TS80.

IER70 showed the most promising results when used with TS80 to pretreat MIS48. The resin
could convert crystalline cellulose to amorphous in highly acidic IL. The increase in the amorphous
cellulose was confirmed through different analytical techniques: TGA-DTG, XRD, and ATR-FTIR.

Physicochemical characterisation of BSG48, PB48 and comparison with MIS48:

1.

The cell wall composition of biomass significantly influenced proximate and ultimate analyses.
Additionally, it depends on the preprocessing done to the material's moisture and ash contents.
For example, PB48 was washed with water and dried in the open air, so it had a high moisture
content of ~7% compared to other raw materials. Similarly, BSG48 had a very high ash content of
~16% as compared to the literature because of the source, in this case, barley malt, and brewery

process [423].

TGA results showed that, depending on the chemical composition of lignocellulosic material, the
thermal degradation profile changes in both inert and reactive environments. For instance, PB48,
with high lignin content, degraded thermally over a wide range of temperatures with lower DTGnax
than MI1S48, which had the highest carbohydrate content. XRD analysis showed a similar trend as
TGA; the material with the highest cellulose content had the highest crystalline peak intensities,
in this case, MIS48. FTIR-ATR examination revealed that BSG48 had high protein content, which

made the material highly amorphous compared to the other two raw materials.

TS80-IER70 system using different biomass compositions:

1.

TS80 pretreatment under moderate conditions was the least effective on PB48 because of its

recalcitrant nature (high lignin percentage) compared to the other two materials.

TGA analysis revealed that the IER70 addition to TS80 was the most influential in MI1S48, lowering

pulp thermal stability and increasing DTGmax compared to when only TS80 was used. Upon adding
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IER70 to TS80, the thermal characteristics of pulp samples from BSG48 and PB48 showed no

significant changes.

3. XRD results provided further insight into these pulp fractions. The results showed that Cr/
increased from 76% to 82% after adding IER70 to TS80, which mainly removed the amorphous

fraction from the pulp.

4. All the analytical techniques revealed that pulp produced from TS80 pretreatment of pine bark did
not show any physiochemical changes when IER70 was added to the process, mainly because of

the nature of the material and the process's moderate operating conditions.

As a result, the combination of concentrated TS80 with IER70 can have a symbiotic effect on the
produced pulp fraction of lignocellulosic material. However, the physicochemical properties of the raw
material and operating conditions were essential to observe this influence. To see the maximum
symbiotic effect, the lignocellulosic material should be high in carbohydrate fraction, as seen in this

chapter and in the previous chapter for MIS48 and MIS16.
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Chapter 6. Conclusions and
Recommendations for Future Work
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6.1. Conclusions

The present research work has provided extensive insight into ion exchange resins for hydrolysis and

fractionation using water and ionic liquid solvents. The primary outcomes are:
Outcomes from Chapter 3. Hydrolysis of Miscanthus x Giganteus using IERs-water system

This study demonstrates that ion exchange resins can effectively catalyse the hydrolysis of
lignocellulosic biomass in water, potentially replacing mineral acids in dilute conditions. The comparison
of two ion exchange resins (IERs) at varying loadings demonstrated that acid capacity is not the sole
factor influencing hydrolysis performance; acid strength significantly enhances hemicellulose removal,
exposes the cellulose structure, and affects the proximate analysis of pretreated pulp. In comparison to
IER35, IER70 had shown superior efficacy in biomass transformation. Furthermore, the mechanical
stability of ion exchange resins is a crucial consideration when processing biomass in an aqueous
solution with a magnetic stirrer. IER35 was compromised by abrasion, whereas IER70 maintained its

structural integrity.

IERs were more influential than mineral acids in increasing volatile content and lowering the ash content
in pulp. IERs could remove inorganics in the biomass through the cation exchange process and
decrease the pulp's recalcitrance and thermal stability, ultimately improving its processability and
conversion efficiency into valuable products. Despite this, the IERs did not significantly impact the lignin

under the conditions of operation examined.

Outcomes from Chapter 4. Fractionation of Miscanthus x Giganteus using IERs-ILs system

Stainless steel mesh baskets provided a more straightforward method to separate and recover the IERs
from the biomass aqueous systems in aqueous media. However, they cannot be used in IL-TS solutions
for biomass pretreatment. An appropriate size of the raw material (¢ < 106 pm) was selected to efficiently
separate the cellulosic-rich material from the IERs after IL pretreatment. There was no symbiotic effect
between IER70 and IL-TA in the pulp. Inversely, the IL-TS with IER70 showed a symbiotic help to
remove alkali metals and assist with the depolymerisation of the hemicellulose and the cellulose,

resulting in pulp fraction rich in amorphous fraction.

Outcomes from Chapter 5. Fractionation of using IL-TS with different IERs and biomass
feedstocks

IER properties such as high thermomechanical stability, high acid strength, high ion exchange capacity,
and swelling capacity were influential in enhancing the fractionation of MIS48. IER70 showed the most
promising results when used with TS80 to pretreat this type of lignocellulosic feedstock. However, when

compared to other two feedstocks that had different composition (pine bark with high lignin content (42-
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51 wt.% [429]) and brewery spent grains with high fibre content (70-85 wt.% [421]), it was made
evident that the physicochemical properties (chemical composition) of the raw material and operating
conditions (temperature, time, biomass loading, were essential to observe this influence. The
lignocellulosic material should be high in carbohydrate fraction rather than lignin to see the maximum

symbiotic effect.

Overall, this study has demonstrated that IERs can be used with water and ionic liquids for hydrolysis
and fractionation of biomass, providing advantages such as better depolymerisation of cellulose and
hemicellulose. A high IER acid capacity, acid strength and mechanical abrasion resistance are key to
enhancing the benefits of IERs in the hydrolysis of biomass using water as a solvent and in the
fractionation of biomass, assisting protonated ionic liquids, such as triethyl ammonium hydrogen

sulphate.

From the systems studied, Amberlyst 70 proved to be the best ion exchange resin for cellulose
transformation. Its acid strength and mechanical resistance were among the properties that made this

IER optimal.

Amberlyst 70 exemplifies green chemistry principles (Table A1.1) by enabling efficient, low-waste
biomass conversion with renewable feedstocks. Its reusability, non-toxic nature, and compatibility with
aqueous systems align with catalysis, energy efficiency, and pollution prevention concepts. These resins
promote safer chemical design by replacing hazardous acids and solvents, enhancing the sustainability

and scalability of biorefineries

In summary, Amberlyst 70 in water or TS80 improved depolymerisation is crucial for biorefineries. It
increases the accessibility and reactivity of biomass components, thereby enabling more efficient

downstream conversion into renewable chemicals and fuels.

6.2. Recommendations for Future Work
The research was conducted to understand the hydrolytic capacity of acid IERs in an aqueous and
acidic IL medium. Along with the chemical properties of selected IERs, their mechanical properties are

fundamental in influencing biomass fractionation in water or IL-TS.

Acidic and macroreticular IERs in the water system can partially hydrolyse hemicellulose in the
biomass; however, other IERs, such as basic IERs, and gel-type IERs must be investigated in water

with different lignocellulosic materials.
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The stainless mesh basket could not maintain its integrity in the presence of acidic IL. Other materials
such as alloys should be investigated for mesh baskets that can withstand low pH solutions under

severe operating conditions to better separate IERs from pretreated material in an acidic solution.

Magnetic IERs could be synthesised, analysed, and compared with the existing acidic IERs in both
aqueous and IL systems. Magnetic resins could facilitate process operations during and after the

pretreatment of lignocellulosic material, as they could be separated using a magnetic field.

Further, enzymatic hydrolysis should be done to see whether the symbiotic effect of IER70 and TS80
produces high sugar yields compared to pulp produced only from TS80. The process needs to be
scaled up to see if the influence of acidic IER in IL-TS on the pulp fraction of biomass can be a viable

option at the industrial level.

Finally, it would be recommended to perform a techno-economic analysis to assess whether a
combination of IER and IL is economically viable and identify economic bottlenecks if the process needs
to be scaled up.
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Appendix 1 (Literature Review)

Table A1.1. Principles of Green Chemistry and their application relevant to the research [6].

1. | Prevention Prevent waste and treat or clean it after it has been IERs minimize waste generation by enabling

created. catalyst reusability and avoiding single-use
corrosive acids ultimately reducing downstream
waste.

2. | Atomic Economy Methods should be designed to maximise the Not relevant
incorporation of all materials into the final product.

3. | Less Hazardous Methods should be designed to use and generate Replacing mineral acids with IERs eliminates

Chemical Waste substances that possess little or no toxicity to human | toxic acid waste streams.
health and the environment.

4. | Design Safer Chemical products should be designed to affect their | IERs are non-leaching, stable polymers

chemicals desired function while minimising toxicity. designed for catalytic activity without releasing
harmful substances.

5. | Safer Solvents and | Auxiliary substances use (e.g., solvents, separation Water-based hydrolysis with IERs avoids organic

Auxiliaries agents, etc.) should be made unnecessary wherever | solvents. lonic liquids like triethyl ammonium
possible and innocuous when used. hydrogen sulphate (TS80) are recoverable and
less toxic than traditional solvents.

6. | Design for Energy Energy requirements of chemical processes should IERs operate under mild conditions (80-150 °C)

Efficiency be recognised for their environmental and economic | compared to conventional acid hydrolysis,
impacts and should be minimised reducing energy demands

7. | Use of Renewable A raw material or feedstock should be renewable IERs enable efficient conversion of renewable

Feedstocks rather than depleting whenever technically and lignocellulosic biomass (e.g., Miscanthus x
economically practicable. giganteus) into fuels/chemicals, reducing
dependence on fossil resources.

8. | Reduce Derivatives | Unnecessary derivatisation (use of blocking groups, Direct depolymerization of biomass into
protection/ deprotection, temporary modification of fermentable sugars or platform chemicals avoids
physical/chemical processes) should be minimised or | unnecessary derivatization steps (e.qg.,
avoided because such steps require additional protection/deprotection).
reagents and can generate waste.

9. | Catalysis Catalytic reagents (as selective as possible) are IERs act as reusable catalysts, replacing
superior to stoichiometric reagents. stoichiometric acids. Their selectivity enhances

reaction efficiency while minimizing reagent
consumption.

10. | Design for Chemical products should be designed so that atthe | The resins themselves are chemically stable but

Degradation end of their function, they break down into innocuous | do not persist in ecosystems.
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degradation products and do not persist in the
environment.

11. | Real-time analysis Analytical methodologies need to be further Not Applicable.
for Pollution developed to allow for real-time, in-process
Prevention monitoring and control before hazardous substances
form.
12. | Inherently Safer Substances and the form of a substance used in a IERs eliminate risks of handling concentrated

Chemistry for
Accident Prevention

chemical process should be chosen to minimise the
potential for chemical accidents, including releases,
explosions, and fires.

acids (e.g., explosions, leaks). Their solid-phase
nature minimizes exposure to hazardous
substances
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Figure A1.4. Lignin linkages: ether bonds, carbon-carbon bonds and other linkages [456].
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Table A1.2. Proximate analysis (wt.%) as received for Miscanthus and Spent Grains [17-19,288,294,457—461].

Moisture Volatile Fixed Ash

Raw Material Content Content Carbon Content

(wt.%) (Wt.%) (wt.%) (Wt.%)
Miscanthus (Spain) 7.5 79.0 11.4 9.8
Miscanthus giganteus 10.0 78.8 9.5 2.7
MxG (Germany) 9.6 80.0 8.1 2.3
Miscanthus straw (France) 121 78.8 6.6 25
MxG (UK) (Nov) 4.2 73.9 19.3 2.7
MxG (UK) (Feb) 4.9 72.6 19.8 2.7
Miscanthus Pellets (France) 10.0 78.8 8.5 2.7
Miscanthus 2.0 80.5 16.0 1.5
MxG (UK) Sep 6.1 76.7 19.1 4.3
MxG (UK) June 5.3 90.9 7.2 1.9
Wheat spent grain (WSG) (UK) 6.6 75.2 16.0 2.2
Brewer spent grain (BSG) (UK) 4.6 61.4 17.0 6.5
BSG (UK) 8.0 78.0 9.5 4.5
Malt spent grain (MSG) (Mexico) 71 79.9 13.8 6.4

Table A1.3. Elemental analysis for miscanthus and Spent Grain [18,19,288,294,296,458-462].

Raw Material C(wt%) HWt%) NWwt%) Swt%) OF(wt.%)
Miscanthus x giganteus 43.7 5.7 1.1 0.2 44.8
MxG (Germany) 47 .1 5.4 0.4 0.1 46.8
Miscanthus straw (France) 43.7 5.7 1.1 <0.2 44.8
Miscanthus Pellets (France) 44.6 5.9 0.2 <0.2 43.2
MxG (lllinois, US) 43.5 5.9 0.3 - 50.4
Miscanthus 45.5 5.9 0.1 0.1 48.3
MxG (UK) Sep 449 5.6 0.9 - 48.7
MxG (UK) June 47.5 5.9 0.3 - 46.4
Wheat spent grain (WSG) (UK) 43.2 6.5 4.5 0.1 45.8
Brewer spent grain (BSG) (UK) 49.8 6.4 4.1 0.1 49.4
BSG (UK) 46.6 6.9 3.5 0.7 42.3
Malt spent grain (MSG) (Mexico) 46.8 7.0 0.7 0.3 38.7

*by difference
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Table A1.4. Literature on the use of different IL for different lignocellulosic materials. ND: Not defined in the

paper, H: High, M: Medium, L: Low, and V: Vary

Biomass IL Biomas Temp. Time Effect on fractions Ref
s (wt.%) (°C) (hour)  Cellul. Hemicell. Lignin '
[EMIM][OAC] 35 120160 4-12  H H v o 6387’;]7 1
[EMIM][OAC] No influence of DMSO
+DMSO (2:3) 15 140 components dissolution [469]
[EMIM][OACc] +
uoalyptus H,SO4 1.2% 3 160 3 H H L [218]
[AMIM][CI] & ) )
[BMIMICI 5 120-130 1-4 H H L [466]
[BMpy][CI] 5 120 0.16-1.00 H ND ND [219]
[TEA][H2SO4] 10 150 1 H H H [467]
(CIL): PIL [Pyrr][AC]: -
AL [BMIM][CI] 5-30 100 10 H H H [468]
[EMIM][OAC] 3 160 12 H H M [377]
Pine wood [BMIM][HSO4] 10 120 22 H H M [184]
[DMBA][HSO4] 10-20 150-170 1.3-1.5 H H M  [201,469]
Mixed [BMIM][CI] 5 130 15 H H ND [217]
Softwood [BMIM][OAC] 5 100 15 H H ND [470]
Torrefaction with
Spruce wood [BMIM][OAC] 5 100-280 0.13-0.33 H ND L [471]
Wheat Straw  [EMIM][OAC] 35 120160 156  H Ho [ 7427’3?5’
[Ch][Lyss] 5 90 1 H M M [473]
100
Rice straw [EMIM][OAC] ma/ml 120 24 ND ND [204]
[EMIM][OACc]- 50 50 watts
DMSO(1:1)-MW  mg/ml 19 imin 1 H Mo [474]
Rice hulls [EMIM][OAC] 10 110 8 H H H [215]
[EMIM][OAC] 3 110-160 3 H H M  [167,357]
Corn stover Nao"'*[B('\:’:'M][C']*H 10 90-130 051  H H H  [475]
NaOH+[BMIM][CI] 5 25-130 2-24 M M H [476]
[Bmpy][CI] 5 120 0.3-1 L ND ND [219]
[BMIM][CI]+1.2%HCI 10 130 0.5 H L L [477]
Bagasse [Etid][For] 10 90 2 ND ND M [478]
[BMIM]CI+ Org 10 130 1.5 H High low [479]
[HsN(CH2).OH][OAc] 10 150 3.5 H H H [174]
[BMIM][HSO4] 10 120 22 H H H [184]
[DMBA][HSO4] Et 10 170 1.33 H H H [469]
Miscanthus [DMBA][HSO4] 20 150 2 ND ND M [201]
[BMIM][HSO4]+H20. 10 120 1 ND ND M [480]
[TEA][H2SO4] 10 120 8 H H H [360]
Coffee husk [DIPEA][AC] 5 120 4 H H H [481]
Empty Fruit 3:1 (IL:
Bunch (EFB) [BMIM][CI] EFB) 150 2.5 ND ND M [198]
Oil Palm
frond (OPF) [BMIM][CI] 4-12  80-120 0.5-3 \Y \Y Vv [207]
M. N. A. Khan, PhD Thesis, Aston University 2024 186



Appendix 2 (Material and Methods)

Table A2.1. Physiochemical properties of macro-reticular ionic exchange resins [415,482—484].
Catalyst IER-15 |IER-35 |ER-45 IER-70 I|ER-252 I|IER-275 |IER-482

% Cross-linking High High Low Low Medium High Low
Moisture Content @ (%) 49.52 53.72  47.89 50.76 76.00 70.40 70.47

Swelling Degree * (%) 67.94 103.23 113.66 116.62 97.18 80.19  140.60

O C C O O C

Sulphonation C
Co-polymer Styrene-divinylbenzene
Matrix Macroreticular
Functional Group SA SA SC SC SA SA SC
Phygical Form Colour Light Dark Black Dark Dark Dark Black
(Spherical, opaque beads) Grey Grey Brown Grey Grey
lonic Form Hydrogen
Acid Sites (mmol g7') ¢ 4.70 5.20 2.95 2.55 5.40 5.20 2.70
Water Retention (%) 52-57 51-57 51-55 53-59 54-58 51-59  48-58
Max Temperature (°C) 120 150 170 190 130 130 190
Particle Diameter (um) GQgO‘ 7820‘ <355 <425 ;1223(-) ;1228(-) f2205(')
Acid strength measu_red as Not
average Adsorption 1103 1172 available -M7+£2 -115+3 -119+1 -116 £3

Enthalpy (kJ mol™")

(a) measured by drying at 105 °C, (b) measured by Equation 2.1, and (c) measured by back titration.
SA: Sulfonic acid, SC: Sulfonated-Chlorinated, C; Conventionally sulfonated, O: Over sulfonated.

Table A2.2. ATR-FTIR operational parameters

Parameter Value
Number of Scans 64
Resolution 4 cm™
Data spacing 0.482 cm™
Final format Absorbance
Atmospheric Interaction Automatic atmospheric suppression
Background handling Collect background after every 120 min.
Detector MCT-A
Beam Splitter KBr
Source Infrared
Range 4000-400 cm™
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Table A2.3. XRD operational parameters

Parameters Value
Angle Wide 10-80°, 26
Step-size 0.02°/sec
Voltage & Current 40 kV & 40 mA
Detector LYNXEYE
Scan mode Continuous Power Spectral Density (PSD) Fast
Tube & Radiation Anode copper & Cu-Ka1l
Wavelength 0.15406 nm
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Appendix 3 (Evaluation of lonic Exchange Resins for Acid Hydrolysis)

Table A3.1. Ultimate analysis for IER70 fresh, ethanol washed-dry, and after pretreatment.

IER C H S N
Fresh-IER70 38.29 + 3.90 4.01+0.19 6.62 +0.24 0.11+£0.02
Ethanol-Wash-IER70 37.36 £4.71 3.77 £ 0.11 6.09 + 0.26 0.15+0.04
Used-IER70-1B 40.79 £ 0.29 4.39 + 0.04 6.43 +0.09 0.44 +0.03
Used-IER70-2B 39.54 £ 0.30 4.09+0.12 6.40 £ 0.18 0.40 £ 0.07
Used-IER70-3B 39.51 £ 0.37 411 +0.07 6.13 £ 0.52 0.20 £ 0.07
Used-IER70-4B 40.37 £ 1.18 410+ 0.09 6.05+0.25 0.12+0.01

Table A3.2. Higher heating value (HHV) of raw material and pretreated pulp.

Raw Material HHV (MJ/kg)
MIS48 16.01
P-IER00-0B 15.32
P-IER70-1B 15.66
P-IER70-2B 16.05
P-IER70-3B 16.46
P-IER70-4B 15.29
P-IER35-1B 16.36
P-IER35-2B 16.34
P-IER35-3B 16.20
P-IER35-4B 16.41

Table A3.3. pH of 20 mL Deionize water for different number of baskets.

Number of Baskets Amberlyst 70 Amberlyst 35
0 6.44 + 0.11 6.44 + 0.11
1 3.33+0.01 3.54+£0.02
2 3.15+0.01 3.35+0.00
3 3.01£0.00 3.26 + 0.01
4 2.87 £ 0.01 3.21+£0.00
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Figure A3.1. TGA and DTG thermograms under an (N2) inert environment for MIS48 and the pretreated pulp with
different IER loadings: (a) IER70 TGA; (b) IER70 DTG; (c) IER35 TGA; (d) IER35 DTG.
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Table A3.4. TGA-DTG for raw material-pulp-treated IER under an inert atmosphere.

Material 1t DTG DTG Mass loss 2" DTG DTG Mass loss
(°C) Wt% °C)  (wt.%) (°C) Wt% °C™)  (wt.%)
MIS48 303.8 8.1 20.6 355.5 20.0 61.7
P-IER00-0B 316.4 9.3 25.2 364.6 19.5 60.5
P-IER70-1B 297.0 7.6 14.8 356.5 22.9 56.4
P-IER70-2B 296.5 71 13.0 347.6 25.1 52.1
P-IER70-3B 297.0 8.4 15.2 346.6 26.1 514
P-IER70-4B 297.0 7.0 14.7 341.9 25.2 50.4
P-IER35-1B 296.6 7.7 14.1 347.8 241 55.3
P-IER35-2B 297.0 7.8 13.9 345.7 24.9 55.0
P-IER35-3B 297.0 8.0 14.0 342.3 25.6 54.1
P-IER35-4B 297.0 7.6 13.8 342.3 25.6 53.4

Table A3.5. TGA-DTG for raw material-pulp treated IER under oxidative atmosphere.

Vaterigl 1"DTG DTG '\I"Oassss DTG DTG '\I"Oassss 39DTG DTG '\I"Oassss
o o/ or—1 o o/ or—1 o o/ oN-1
(0) WL%°CY) (i) (C) (W% °C) (00 (C) (W% C) (o

MIS48 296.3 10.9 28.5 3256 16.2 50.0 454.0 4.9 88.6
P-IER00-0B 305.5 11.7 27.3 3293 31.8 52.0 448.5 3.6 89.6
P-IER70-1B 292.6 9.4 17.4 323.8 36.1 50.1 496.1 3.1 90.9
P-IER70-2B 283.5 7.7 121 318.3 35.5 47.3 4943 2.8 91.2
P-IER70-3B 285.3 7.1 121 318.1 34.7 46.0 499.8 3.0 92.6
P-IER70-4B 278.0 6.3 112 314.6 31.4 445 4961 3.1 90.4
P-IER35-1B 292.6 10.7 17.0 320.1 37.7 50.1 4943 2.7 92.5
P-IER35-2B 292.6 11.1 17.5 318.3 35.6 48.8 496.1 2.8 92.4
P-IER35-3B 292.6 11.1 18.5 316.5 34.8 46.3 4961 29 92.8
P-IER35-4B 292.6 11.9 20.0 316.5 34.1 49.4 4943 2.8 92.6
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Table A3.6. Crystallinity Index (Crl) using area deconvolution and peak fit values.

Material Crl (%) Area Deconvolution Crl (%) Fit
MIS48 54.58 72.04
P-IER00-0B 61.05 77.99
P-IER70-1B 58.32 76.25
P-IER70-2B 59.73 77.30
P-IER70-3B 61.10 77.65
P-IER70-4B 59.94 78.11
P-IER35-1B 59.58 77.77
P-IER35-2B 60.47 78.56
P-IER35-3B 58.50 78.68
P-IER35-4B 57.31 76.59
50 -
: —MIS48-Original
40 - F1(X)
T Y F2(X)
530 | F3(X)
z F4(X)
E 20 - F5(X)
T ---FIT
10 A
0 N ‘ ... a-:r'.‘.t oo sl -
10 20 30 40 50 60

26 (°)

Figure A3.2. XRD diffractogram: Original after background subtracted, deconvoluted, and peak fit. F1(X), F3(X)
and F4(X) deconvolution of crystalline peaks, F2(X) and F5(X) deconvolution of amorphous peaks, and FIT
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Table A3.7. ATR-FTIR spectral wavenumber and band assignment

Wavenumber cm™” Band Assignment
3400-3200, OH, stretching vibrations
3793{0313246"3565’ OH, groups of alcohols and intermolecular bonds
~2870 -CH stretching of the aliphatic structure
3012-2800 -CH stretching vibrations due to methyl & methylene
~2918 -C-H stretching of cellulose
~2849 -C-H stretching of lignin
2140-2100, ~2143 C=C bond stretching mono substitution
~1730 C=0 in ketone, ester, carboxylic acid, and unconjugated xylan
~1747 C=0 stretching due to unconjugated ketones and ester groups
1700-1500 aromatic ring stretching in lignin
~1655 C=0 stretching vibration in conjugate p-substituted aryl ketone group
~1646 OH, absorbed water deformation vibrations with C=0 stretching
vibrations
~1634 C=0 stretching vibrations and benzene stretching rings
~1429 aromatic skeletal combined with C-H in-plane deformation and
stretching
~1230 C-O stretching
980-960, ~984 C=C bending
~901 C-H deformation of ring valence vibration
850-700 aryl C-H and/or aryl C-O groups
725-680 cis and meta-aromatic distributions

Table A3.8. Crystallinity Index (Crl) using area deconvolution and peak fit values.

Material Crl (%) by Area Crl (%) Fit
MIS48 54.58 72.04
P-IER70-2B 59.73 77.3
P-HCI (IER70-2B) 60.08 78.06
P-H2SO4 (IER70-2B) 56.91 75.45
P-IER35-2B 60.47 78.56
P-HCI (IER35-2B) 59.01 78.51
P-H2SO4 (IER35-2B) 58.11 77.55
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Figure A3.3. ATR spectral wavelength range 4000-400 cm~" for MIS48 and IER70 treated pulp.
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Figure A3.4. ATR spectral wavelength range 4000-400 cm~" for MIS48 and IER35 treated pulp.
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Figure A3.5. Thermogravimetric analysis of biomass and pulp under (Nz2) inert conditions. Comparative of
hydrolysis for two baskets of IER with mineral acid hydrolysis using equivalent proton concentration: (a) TGA
IER70 and equivalent, (b) TGA IER35 and equivalent, (c) DTG IER70 and equivalent, and (d) DTG IER35 and
equivalent.
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Appendix 4 (Evaluation of lonic Exchange Resin and lonic Liquid mixtures for
lignocellulosic biomass fractionation)

Figure A4.1. EDX colour mapping for pulp, after IL-TS60-IER00-0B: S (Sulphur), Si (Silica), Ca (calcium), and
pulp

Figure A4.2. EDX colour mapping for pulp, after IL-TSGO-IER?-ZB: S (Sulphur), Si (Silica), Ca (calcium), (e)
Iron, (Mo) Molybdenum (Cr) chromium and pulp. (* Baskets dissolved)

Table A4.1. Ultimate analysis (wt.%) of raw material (MIS16) and pulp for IL-TA-IER7O.

Sample N C H S
MIS16 0.47 £ 0.01 43.87 £ 0.14 6.05 £ 0.06 0.00 £ 0.00
P-TA40 0.35+0.01 42.97 + 0.03 6.04 £ 0.07 0.00 £ 0.00
P-TA40-IER70 0.86 £ 0.11 43.80 £ 0.05 6.07 £ 0.10 0.00 £ 0.00
P-TA80 0.37 £ 0.00 42.98 + 0.04 5.97 £ 0.12 0.00 £ 0.00
P-TA80-IER70 0.38 £ 0.01 43.27 £ 0.05 6.06 £ 0.07 0.00 £ 0.00
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Figure A4.3. TGA-DTG curves under (N2) inter conditions for biomass, pulp treated with IL-TA-IER70, (a, c)
under nitrogen and (b, d) under air at different IL concentrations.
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Table A4.2. TGA-DTG peak temperatures-mass loss for raw material-pulp treated IL-TA-IER70 under inert

conditions.
nd

Material 1 St(o%-l)-G (wt ?/;I-SBC_1 ) I\I/Ioe;sss D2TG (wt ?2%_1 ) '\I/Ioizs
' (Wt.%) (°C) ' (Wt.%)

MIS16 309.0 8.8 24 .4 355.5 16.6 59.0
P-TA40 311.1 8.7 27.5 362.1 17.2 61.3
P-TA40-IER70 316.8 8.6 28.8 362.1 16.9 58.7
P-TA80 314.0 8.8 27.7 362.1 16.8 61.1
P-TA80-IER70 305.5 8.5 23.7 362.1 17.3 61.7

Table A4.3. TGA-DTG peak temperatures-mass loss for raw material-pulp treated IL-TA-IER70 under air.

st nd rd
Material D1TG (th/:>r9C‘1 ) I\I/Ioejssss D2TG (it _%:901 ) I\I/Ioassss D:%I'G (w t.[‘?/;rE;C‘1 ) hrloe;zs
(°C) (wt.%) (°C) (wt.%) (°C) (Wt.%)
MIS16 295.0 12.3 264 325.0 18.1 51.0 4450 4.9 88.5
P-TA40 292.6 9.9 222 3256 30.1 52.3 450.3 3.3 88.4
P-TA40-IER70 292.6 10.0 21.6 323.8 30.6 50.9 454.0 3.1 87.9
P-TA80 294.5 10.4 231 325.6 28.7 52.6 443.8 3.3 87.1
P-TA80-IER70 292.6 9.9 22.7 325.6 28.4 52.7 4411 3.6 87.9
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Figure A4.4. TGA-DTG curves under inter conditions for biomass, pulp treated with IL-TS-IER70, (a, c) under
nitrogen and (b, d) under air at different IL concentrations.
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Table A4.4. TGA-DTG peak temperatures-mass loss for raw material-pulp treated IL-TS-IER70 inert conditions.

Material 1 DTG DTG I\I/Ioissss 2~ DTG DTG I\I/Ioassss
(°C) (wt.% °C™) (Wt.%) (°C) (wWt.% °C™) (Wt.%)
MIS16 309.0 8.8 24.4 355.5 16.6 59.0
P-TS40 280.0 15.0 18.0 - - -
P-TS40-IER70 280.0 15.0 19.5 - - -
P-TS80 268.7 16.8 19.2 356.5 3.8 53.2
P-TS80-IER70 257.3 16.6 20.4 362.2 2.9 53.2

Table A4.5. TGA-DTG peak temperatures-mass loss for raw material-pulp treated IL-TS-IER70 under air.

1st Mass 2™ Mass 3 Mass

Material DTG (wt?/TE;C—U loss DTG (th)/T?C”) loss DTG (wt[")/T?C—U loss
(°C) 70 (Wt.%) (°C) 70 (Wt.%) (°C) 70 (Wt.%)

MIS16 295.0 12.3 26.4 325.0 18.1 51.0 445 4.9 88.5
P-TS40 281.7 17.3 251 334.8 5.8 56.7 498 3.5 85.1
P-TS40-IER70 281.7 17.4 255 331.2 6.0 55.3 496 3.3 86.1
P-TS80 268.8 18.2 22.8 325.7 5.8 53.7 480 5.4 82.7
P-TS80-IER70 257.8 17.6 242 329.3 4.4 55.3 498 4.9 83.5
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Appendix 5 (Evaluation of Triethyl ammonium hydrogen sulphate with
different lonic Exchange Resins and Lignocellulosic Feedstocks)
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Figure A5.1. Comparison of TGA-DTG curves for raw material, benchmark pulp obtained from pretreatment with
only TS80, and pulps obtained from pretreatment with TS80 + different Amberlyst IERs. (a) TGA under inert
conditions, (b) TGA in air, (c) DTG for inert conditions and (d) DTG under air.
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Figure A5.2. Comparison of TGA-DTG curves for raw material, benchmark pulp obtained from pretreatment with
only TS80, and pulps obtained from pretreatment with TS80 + different Purolite IERs. (a) TGA under inert
conditions, (b) TGA in air, (c) DTG for inert conditions and (d) DTG under air.
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Table A5.1. TGA-DTG peak temperatures-mass loss for raw material-pulp treated TS80 treatment with different
IERs under inert conditions.

Material 1St°DTG DT? 1 I\I/Ioas‘ss‘s Dz';cé-} DT? 1 I\I/Ioassss 3 QDTG DT? 1 '\I/Ioassss

(°C) (wt.% °C )(wt.%) (°C) (wt.% °C )(wt.%) (°C) (wt.% °C )(Wt.%)
MIS48 303.8 8.1 206 3555 20.0 61.7 - - -
P-IEROO 268.6 14.1 25.3 2828 12.9 36.6 359.3 4.0 60.9
P-IER70 257.3 14.7 26.1 280.0 9.0 41.3 367.8 3.3 61.4
P-IER45 263.0 15.8 21.3 280.0 11.3 35.1 353.6 4.2 58.2
P-IER35 257.3 18.0 26.0 280.0 8.5 42.2 367.8 3.0 61.3
P-IER15 260.1 17.0 18.9 282.8 12.4 38.3 359.3 3.9 59.7
P-IER482 260.1 18.0 18.1 282.8 12.3 38.2 356.5 4.0 59.5
P-IER252  260.1 17.6 201 2828 12.0 39.3 362.1 3.9 61.2
P-IER275 260.1 15.9 21.2 2828 104 38.4 3593 3.7 58.2

Table A5.2. TGA-DTG peak temperatures-mass loss for raw material-pulp treated TS80 treatment with different
IERs under oxidative conditions.

Material 1St°DTG ?TG o I\I/Ioe;;sss Dz;(é% ?TG 1 I\I/Ioe;,sss 3 ODTG ?T? 1 I\I/Ioassss
(°C)  (wt.% °C™) Wt%) (°C) (wt.% °C™") (Wt.%) (°C)  (wt.% °C™) (Wt.%)
MIS48 296.3 10.9 285 3256 16.2 50.0 454.0 4.9 88.6
P-IEROO 270.6 15.6 28.0 3220 6.2 56.0 488.8 5.1 89.1
P-IER70 257.8 15.6 274 3201 4.9 57.0 4943 4.9 88.5
P-IER45 261.5 17.5 21.0 320.1 6.6 56.5 490.6 5.6 89.5
P-IER35 256.0 19.1 256 320.1 4.8 57.3 4943 4.4 87.7
P-IER15 261.5 18.6 209 320.1 6.0 56.0 4723 7.1 85.9
P-IER482 259.6 18.8 18.8 3201 6.2 56.8 477.8 7.6 88.3
P-IER252  259.6 19.0 209 3220 6.0 57.9 380.6 21 70.5
P-IER275 261.5 17.9 23.8 3220 5.7 57.3 499.8 4.0 88.7
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Table A5.3. TGA-DTG shoulders-mass loss for raw material-pulp treated TS80 treatment with different IERs
under oxidative conditions.

. o DTG Mass loss
Material 1t DTG (°C) (Wt.% °C-) (Wt.%)
MIS48 296.3 10.9 28.5
P-IEROO 274.3 15.2 314
P-IER70 268.8 11.4 36.5
P-IER45 274.3 14 1 33.6
P-IER35 270.6 10.5 38.8
P-IER15 274.3 14.6 33.8
P-IER482 274.3 14.7 34.0
P-IER252 272.5 14.5 34.0
P-IER275 276.1 12.8 374
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Figure A5.3. ATR spectral wavelength range 4000-400 cm~" for raw material-pulp treated TS80 treatment with
different Amberlyst IERs.
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Figure A5.4. ATR spectral wavelength range 4000-400 cm-' for raw material-pulp treated TS80 treatment with
different Purolite IERs.
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Table A5.4 Proximate analysis (wt.%) of raw materials for different particle size ranges.

Material

Moisture Content

Volatile Content

Ash Content

Fixed Carbon

(%) (%) (%) (%)
MIS16 4,20 +0.03 78.01 £ 0.26 6.30 £ 0.43 1149+ 0.65
MIS48 3.21+£0.05 81.76 £ 0.91 3.36 £ 0.34 11.67 £ 0.51
BSG16 4.09+0.16 78.07 £ 0.85 9.88 £ 0.07 7.96 £ 0.07
BSG48 2.62 +0.21 74.87 £ 0.15 16.81 + 2.21 5.70+£2.40
PB16 7.70 £ 0.14 58.78 £ 0.46 514 +0.18 28.38 £ 0.70
PB48 6.77 £ 0.25 62.50 + 1.03 3.76 £ 0.20 26.97 £ 0.76

Table A5.5. Ultimate analysis (wt.%) of raw materials and different particle size ranges.

Sample C H S N
MIS16 43.87 £ 0.14 6.05 £ 0.06 0.00 £ 0.00 0.47 £ 0.01
MIS48 4498 + 0.17 6.09 £ 0.08 0.00 £ 0.00 0.43 £0.05
BSG16 46.14 + 0.06 6.81 £ 0.06 0.25 £ 0.01 4.87 + 0.06
BSG48 47.78 £ 1.10 6.68 £ 0.08 0.08 £ 0.00 4.87 £0.75
PB16 49.14 + 0.22 5.23 £ 0.01 0.00 £ 0.00 0.82 £ 0.02
PB48 50.16 £ 0.16 5.61+£0.14 0.00 £ 0.00 0.52 £ 0.01
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Figure A5.5. TGA-DTG curves under inert (a, c) and air (b, d) conditions for different lignocellulosic materials
particle size 425-800 ym.
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Figure A5.6. TGA-DTG curves under nitrogen (a, ¢) and air (b, d) conditions for lignocellulosic materials with
particle sizes <106 pm.
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Table A5.6. TGA-DTG peak temperatures-mass loss for different lignocellulosic materials particle size <106 pm
under nitrogen.

Material 1St°DTG ?T? » I\I/Ioe;.sss 2”d°DTG ?TG » I\I/Ioassss 3 ODTG ?T? » '\I/Ioas?
(°C) (Wt.% °C )(wt.%) (°C)  (Wt.% °C™) (Wt.%) (°C)  (wt.% °C™) (Wt.%)
MIS16 311.2 8.7 242 353.7 15.3 52.8 - - -
MIS48 303.8 8.1 20.6 355.5 20.0 61.7 - - -
BSG16  226.2 2.7 84 297.0 9.8 30.9 350.8 7.0 54.1
BSG48 294.2 9.7 26.6 353.7 6.0 49.7 413.2 26 62.4
PB16 274.3 29 13.9 345.2 5.3 30.6 410.3 1.9 43.3
PB48 268.7 2.6 11.4 350.8 6.1 32.1 401.8 24 45.7

Table A5.7. TGA-DTG peak temperatures-mass loss for lignocellulosic materials particle size 425-800 ym and
<106 um under air.

18t Mass 2 Mass .4 Mass
Material DTG (wt?/;rE;C‘U loss DTG (wt3:90‘1) loss 3 (o%-l)-G (wt3:90‘1) loss
(°C) ' wt.%) (°C) ' (Wt.%) ' (Wt.%)
MIS16  301.8 11.5 28.3 333.0 16.8 52.6 417.3 5.2 81.4

MIS48  296.3 10.9 28.5 3256 16.2 50.0 454.0 4.9 88.6
BSG16  290.8 10.0 20.8 3220 7.6 45.6 520.0 3.4 83.0
BSG48 289.0 9.0 20.6 3495 9.2 47.8 510.8 5.2 80.0
PB16 320.2 6.6 299 356.8 5.7 43.0 433.8 2L 76.4
PB48 338.5 8.6 35.8 435.7 7.3 70.3 509.0 3.3 94.3
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Figure A5.7. XRD diffractogram for lignocellulosic materials with different particle sizes 425-800 ym, <106 um,
MIS (a), BSG (b) and PB (c).
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Table A5.8. XRD diffractograms for lignocellulosic materials in different particle size ranges.

Material Crl (%) Original Crystallite size (nm)
MIS16 75.71 3.1
MIS48 76.7 3.2
BSG16 36.69 1.2
BSG48 36.36 1.1
PB16 58.15 25
PB48 61.05 2.6
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Figure A5.8. ATR wavelength range 3900-400 cm~' for MIS106 and MIS48.
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Figure A5.9. ATR wavelength range 3900-400 cm~' for BSG106 and BSG48.

100
90
80
70
60
50
40

I""I""I""I""I""I""I""30
3900 3400 2900 2400 1900 1400 900 400

Wavenumber (cm-)

Transmittance (%)

'

1

1

:
T
o
I
oo

T

Figure A5.10. ATR wavelength range 3900-400 cm~"' for PB16 and PB48.
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Figure A5.11. ATR wavelength range 2000-400 cm~' for raw materials particle size <106 um.
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Figure A5.12.TGA-DTG curves under inert conditions for lignocellulosic materials, treated with TS80-IER70 for
materials M48 (a, d), BSG48 (b, e) and PB48 (c, f).

Table A5.9. TGA-DTG peak temperatures-mass loss under inert conditions for lignocellulosic materials, treated

with TS80 and IER70 for materials.

st nd rd
vaterial DTG (WtE/:?C_1) o DTG (wt.[o)/oT?c—w o DIG (wt.%IS;C‘1) oy
(°C) (wt.%) (°C) (wt.%) (°C) (wt.%)
MIS48 303.8 8.1 20.6 355.5 20.0 61.7 - - -
P- IEROO 268.6 14.1 25.3 2828 12.9 36.6 359.3 4.0 60.9
P-IER70 257.3 14.7 26.1 280.0 9.0 41.3 367.8 3.3 61.4
BSG48 294.2 9.7 26.6 353.7 6.0 49.7 413.2 2.6 62.4
BSG-P-IER00 282.8 15.3 28.0 365.0 3.4 54.4 - - -
BSG-P-IER70 280.0 14.2 25.8 365.0 3.4 52.5 = = =
PB48 294.2 3.4 15.9 350.8 6.1 321 401.8 24 457
PB-P-IEROQ0 277.2 8.0 17.3 370.7 2.7 37.0 = = =
PB-P-IER70 280.0 8.2 17.9 382.0 2.7 37.9 - - -
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Figure A5.13. TGA-DTG curves under oxidative conditions for lignocellulosic materials, treated with TS80 and
IER70 for materials M48 (a, d), BSG48 (b, e) and PB48 (c, f).

Table A5.10. TGA-DTG peak temperatures-mass loss under oxidative conditions for lignocellulosic materials,
treated with TS80 and IER70 for materials.

15t Mass 2M Mass 3™ Mass
Material DTG (wt[")/T‘(’BC‘U loss DTG (wt?/T?C‘U loss DTG (th;TS;C‘1) loss
(°C) 70 (wt.%) (°C) e (wt.%) (°C) 70 (Wt.%)

MIS48 296.3 10.9 28.5 325.6 16.2 50.0 454.0 4.9 88.6
P- 1IEROO 270.6 15.6 28.0 322.0 6.2 56.0 488.8 5.1 89.1
P-IER70 257.8 15.6 274 3201 4.9 57.0 4943 4.9 88.5
BSG48 289.0 9.0 20.6 349.5 9.2 47.8 510.8 5.2 79.9
BSG-P-IER0O0 278.0 16.7 28.3 325.7 5.6 51.0 510.8 3.5 82.9
BSG-P-IER70 276.2 16.1 27.0 323.8 5.6 49.9 505.3 3.5 81.9
PB48 338.5 8.6 35.8 435.7 7.3 70.3 509.0 3.3 94.3
PB-P-IEROO0 270.7 8.1 17.4 483.3 7.9 76.8 - - -
PB-P-IER70 272.5 7.7 17.0 4943 7.3 77.5 - - -
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