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Abstract

Valorisation of unavoidable food supply chain (UFSC) waste through circular, zero-
waste principles is an important driver in the transition from petroleum-based to biobased
refineries for chemicals, materials, and bioenergy. This work explores the valorisation of
UFSC wastes, namely, blackcurrant pomace (BC), ginger pomace (GP), aeroponically
grown coriander (CR) and Thai basil (ThB) roots, into biobased chemicals and materials.

Microwave hydrothermal (MHT) and acid-assisted treatment of BC yielded low
methoxy pectin (Degree of esterification up to 21.1%). Low-temperature MHT (100 °C)
produced the highest anthocyanin-rich fraction among allaqueous conditions. Subsequent
MHT at 160 °C, followed by alkali bleaching, enabled the production of hydrogel-forming
defibrillated celluloses (DFC). Incorporation of BC-derived fractions into sodium alginate
(NaAlg) films enhanced antioxidant activity. NaAlg-BCP films were able to detect ammonia,
with NaAlg-BCP50 showing the most distinct colour change. Differential scanning
calorimetry showed that the films are suitable for high-temperature applications (up to 187
°C), with antifogging properties and high-water vapour permeability, supporting their use in
packaging for highly perishable foods and spoilage indicators.

Supercritical CO; extraction of GP, CR, and ThB recovered essential oil- and lipid-
rich extracts. CR and ThB extracts were rich in fatty acids, while GP extracts contained high
phenolics. Microwave-assisted extraction produced soluble proteins at temperatures
below 100 °C, whereas temperatures = 80 °C yielded soluble starch from GP with yields up
to 37% and high amylose content (41-46%). Further MHT of residues produced DFC with
high thermal stability and water-holding capacity. However, only GP-derived DFC formed
stable hydrogels, while CR- and ThB-derived DFC were unable to gel due to the presence of
highly crystalline calcium oxalate and lignin.

Overall, this work demonstrates an integrated biorefinery approach for converting
diverse agro-industrial and agricultural wastes into functional biobased products,
contributing to waste reduction, resource efficiency, and sustainable material

development.



Author’s Declaration

I declare that this thesis is a presentation of original work and | am the sole author. This work

has not previously been presented for a degree or other qualification at this University or

elsewhere. All sources are acknowledged as references.

Part of this work has been published in the following peer-reviewed journals:

1.

Inthalaeng, N.; Gao, Y.; Remoén, J.; Dugmore, T. . J.; Ozel, M. Z.; Sulaeman, A.;
Matharu, A. S. Ginger Waste as a Potential Feedstock for a Zero-Waste Ginger
Biorefinery: A Review. RSC Sustainability 2023, 1 (2), 213-223.
https://doi.org/10.1039/d2su00099g. (Impact factor, 4.9).

Inthalaeng, N.; Barker, R. E.; Dugmore, T. I. J.; Matharu, A. S. Microwave-Assisted
Production of Defibrillated Lignocelluloses from Blackcurrant Pomace via Citric
Acid and Acid-Free Conditions. Molecules 2024, 29 (23).
https://doi.org/10.3390/molecules29235665. (Impact factor, 5.3).

Inthalaeng, N.; Dugmore, T. I. J.; Matharu, A. S. Production of Hydrogels from
Microwave-Assisted Hydrothermal Fractionation of Blackcurrant Pomace. Gels
2023, 9 (9). https://doi.org/10.3390/gels9090674. (Impact factor, 4.6).

Inthalaeng, N.; Dugmore, T. I. J.; Matharu, A. S. Repurposing of Blackcurrant Pomace
via Microwave-Assisted Hydrothermal Fractionation into pH-Sensitive Films. ACS
Sustain Chem Eng 2025, 13 (34), 13988-14002.
https://doi.org/10.1021/acssuschemeng.5¢c05240. (Impact factor, 7.3).

This work has also been presented at the following conferences:

1.

The 20™ International Conference on Renewable Resources and Biorefineries
(Poster), organised by Ghent University, Brussels, Belgium (6/6/2024).

The AP de Silva symposium (Oral presentation), The University of York, York, UK
(24/1/2024).

The 16™ Eurasia Conference on Chemical Sciences (Poster), organised by
Chulalongkorn University, Bangkok, Thailand (15/12/2023).

The 5" RSC-CRSI Joint Symposium in Chemical Sciences (Poster winner prize), The
University of York, York, UK (12/9/2023).

‘Feeding the Future’ International Summer School (Oral presentation), The
University of York, York, UK (27/7/2023).

Chem@York Research Conference (Poster), The University of York, York, UK
(6/7/2023)


https://doi.org/10.1039/d2su00099g
https://doi.org/10.3390/molecules29235665
https://doi.org/10.3390/gels9090674
https://doi.org/10.1021/acssuschemeng.5c05240

Table of Contents

FY o153 - T o1 I 2
AUthor’s Declaration ......cceiiuieiiiiieiiiiiiiiiiiiiiiiiiiiireieteireretetrerecettreseresesasesesanses 3
Table Of CONTENTS....cuieieieiiiiiiiiiiiiiiiiiiiiiitetrtetetreretetrretererasstsesessssesessssesesanses 4
LiSt Of FIUIES cuuunenininiiiiieiiiiiiiiiiiiiiiiiiitiiititrrtetttetesteraserecansesesassesesassesasanses 12
[T o3 = o = 18
[ fe] .Y o] o =1 g1 e =Y SN 21
P o1 o T T=1V T 11 Lo T o B S 23
ACKNOWLEAZEMENT ....cciieiiiiieiiiieiiiiieiterietersasetessasesessasesessasessssesessassssssasessssasesansas 25
1. Chapter 1: INtrodUCtioN....ccciieieiiiieiiiiiieiiiieieierietecessasecssasesssasesessasesssasesanses 26
1.1, ContextualiSation ......ccveuiiiiiiiiiiiiiiiiii et e 27
1.2.  Typical composition of biomass: a renewable resource........cccceeevveveienieniennnnns 29
1.2.1. Carbohydrates.....ccccevviiiiiiinincieeiiiienieeennes Error! Bookmark not defined.
T.2.7.7. ClUUIOSE ..ttt ettt et e e e e ees 30

1.2.1.2. HEMICEUUIOSE. ......ceeeeieieieee e e 32

T.2.7.8. SEAICA....cconiiiiiiiiiiiiiiiiiii e 33

1.2.1.4. =T 1 o PP PPPRRE 34

1.2.2. =42 11 o IO PSR TTPRPRRN 34
1.2.3. o117 o] 11 o [0 K-S 35
1.2.4. I o] o £ 3 36

1.3. Microwave-assisted hydrothermal extraction........cccceeeviiiiiiiiiiiinic e, 38
1.4, AIMS And ODJECHIVES ..iniiiiii e e et e e e e e e e eaas 40

i Feedstock 1: BlackcUrrant POMACE .....cuiiuiuiinieiiiiie i e et et e e eeaeaeanes 41
1.4.1. Aim | (A1): Valorisation of blackcurrant pomace .......ccccceeveeveiiiiiiiiiennnnnn. 42
Objective A1 (i): Characterisation of blackcurrant pomace.........ccccccceeueeveennnnnn.. 44
Objective A1 (ii): Production and characterisation of pectin .........ccccceeuveueunnnnn.. 46
Objective A1 (iii): Production and characterisation of defibrillated cellulose ...... 47



2.

Objective A1 (iv): Isolation of solvent extractives and characterisation of

anthocyanins-rich NYArolySAtes ........cu.vu i eaas 48

Objective A1 (v): Repurposing of blackcurrant pomace via microwave-assisted

hydrothermal treatment into pH-Sensitive filmsS .........ccociuiiiiiiiiiiiiiiiiieeeeieeeenns 50
ii. Feedstock 2: Extruded giNger POMACE .....c..viuiiiuiiiiiiiiiiii ittt ettt eeaeees 51
1.4.2. Aim Il (A2): Valorisation of extruded ginger pomace .......ccoceeeveieieniennennen. 53
Objective A2 (i): Characterisation of extruded ginger pomace.........cc.cccccceeuueunnen. 53
Objective A2 (ii): Isolation of scCO; extractive and its characterisations ............ 56
Objective A2 (iii): Production of microwave-assisted hydrothermal protein........ 59

Objective A2 (iv): Production of defibrillated cellulose from extruded ginger pomace

Objective A2 (v): Characterisation of insoluble matter and soluble starch in

AYAFOLYSALES ..ottt ettt et et e e et e et st e e s e e e e ea e ansansansanannns 61
iii. Feedstock 3: Extruded aeroponically grown Coriander and Thai Basil roots .... 63

1.4.3. Aim Il (A3): Valorisation of aeroponic coriander and Thai basil root wastes

64

Objective A3 (i): Characterisation of extruded aeroponic coriander and Thai basil

00 £ PRSPPI 65
Objective A3 (ii): Isolation of scCO; extractives and their characterisation......... 66
Objective A3 (iii): Production of coriander and Thai basil root proteins............... 68

Objective A3 (iv): Microwave-assisted hydrothermal defibrillation of cellulose from

extruded aeroponic coriander and Thai basil rOOtS. ........c.cceuviiiiiiiiieeieeieeeeieennnn. 70
Chapter 2: EXperimental....c.ccccieiiiieiiiiiieiiiieieiirieteteesesetessesesssacescssasessssasessnses 72
2.1. L0 =1 o o2 1 - OO PP PP PPRPR 73
2.2, BlaCKCUITaNT POMACE . vuiiiiiiiiii ittt et et et s te e saeansansensensenssnnan 73

2.3. Extruded ginger pomace, aeroponically grown coriander and Thai basil roots . 73

2.4. Compositional analysis of biomass and biomass-derived products ............... 74
2.4.1. Moisture and ash CONTENT c...ceeiiniii e 74
2.4.2. Klason lignin and carbohydrate analysis .....ccccevevveiviiiiiiiiiiieiiiiiiniieennens 74



2.5. Extraction and defibrillation methodologies.......c.couiiiiiiiiiiiiiiiiiiiieeeene, 75

2.5.1. Conventional solvent extraction (heptane, ethanol, and ethanol-water) .. 75

2.5.2. Supercritical carbon dioxide extraction (SCCO3) ...cuevvuerineiiieiiniineiinrennnns 75
2.5.3. Conventionalwater eXtraCtion .......ccoeeeieuieieiiieiiiiiiiiieiie et eeeaes 75
2.5.4. Conventional acid eXtraCtion.........ccuvereuiiieiiieiiie ettt ereeeeenaaes 76
2.5.5. Microwave-assisted (MAE) and hydrothermal extraction (MHT) ............... 76

2.5.6. Microwave-assisted hydrothermal production of defibrillated cellulose .. 79
2.6. Isolation of protein and carbohydrates ......c..ceveuviveiiiiiiiiiiiiiirir e 79
2.6.1. Pectin precipitation (obtained from blackcurrant pomace) .........cccceuue.e. 79

2.6.2. Protein precipitation (obtained from extruded ginger pomace, coriander and

THhai DASILIOOTS) e iuiiiiiiiiiiiiie e ee e ee et s e e e s e s ee e eassansensensansansannn 80
2.6.3. Starch precipitation (obtained from extruded ginger pomace)................. 80
2.7. (=100 a1 =1 o] § o= 4 (o] o HASS RN 80

2.8. Instrumental analysis for characterisation of antioxidant compounds, protein

F=[ale Wot=14 o To] 0 1Yo [ €= 1 (T SO PP PRI 81
2.8.1. Attenuated total reflection infrared spectroscopy (ATR-IR) .....ccccvveenvenennen. 81
2.8.1.1. Determination of pectin degree of esterification ..........c.cccccueeuunenn... 81
2.8.2. Elemental analysisS (CHN) ....ouiiniiiiii e e e eees 81
2.8.3. Gas chromatography and mass spectrometry (GC-MS) .....cccveevivniinnnnen. 82
2.8.4. High performance liquid chromatography (HPLC)......cccviviiiiiiiiiiiiniinnnnne. 82
2.8.4.1. Identification of anthocyanins in blackcurrant pomace hydrolysate. 82
2.8.4.2. Carbohydrate @nalySiS .......ueueeuiiuiiiiiiieiieiieiieeieeeetee e sieeeeeereeaesaeaanns 82
2.8.5. Nuclear magnetic resonance spectroscopy (NMR)......cccevviiiiiiiiiiiniinnnnnn. 83
2.8.5.1. 1 B AV SRR PPPPPRPPPIRt 83
2.8.5.2. TECANMR ..ttt ettt ettt e e e e e e e s e e e e e e 83
2.8.5.3. Solid state BC CP/MAS NMR.......cccouuuuiiiiiiiiieeeieeeeiiiieeee e eesieeeees 83
2.8.6. Ultraviolet-visible (UV-ViS) SPECIrOSCOPY..cuuiurirnrinriririneeieeeerererenrennennes 83
2.8.6.1. Determination of uronic acid content in blackcurrant pectin ........... 83



2.8.6.2. Determination of protein in ginger, coriander and Thai basil protein

EXracts (Bradford @SSAY) ......ouuveue ittt 84
2.8.6.3. Determination of starch in insoluble and soluble ginger starch extracts
(IOAINE-BINAING TEST) ettt et et et et e e e e eaeeneens 84
2.8.7. ANtioXidant @CTIVILY ...ueenieniiiiiie e 85
2.8.7.1. Determination of total phenolic content (TPC).........cceevveuvineinninnnanns 85
2.8.7.2. Determination of total flavonoid content (TFC) ......c.cccevveuveneinninnnnnn. 85
2.8.7.3. Determination of total anthocyanin content (TAC) ......cceevevvevninnnnnns 86
2.8.7.4. 2,2-diphenyl-1-picrylhydrazyl (DPPH) antioxidant assay .................. 86
2.8.7.5. pH-responsive analysis of blackcurrant hydrolysate....................... 87
2.8.8. Thermogravimetric analysis (TGA) .uviuviiiiiiiieiiiiiie e e e eee e ens 87
2.8.9. Scanning electron microscopy (SEM)....cueieeiiiiiiiiiiiiiier e 87
2.8.10. Powder X-ray diffraction (PXRD) ...ccuveuriuiiniiiiiiiiiiiririie e et eeenes 87
2.9. RheologiCal STUAIES c...iueiiiiiiii ettt et et et e e 88
2.9.1. BDFC hydrogelfrom BC .......ceeiiiiiie e 88
2.9.2. Film-forming SOLUTION.....ve i et e e s e e e e e ens 88
B2t O B o (o o 1= T g A= T (=T K 89
2.10.1. Water holding capacity (WHC) of DFC and BDFC ........ccceeviiiiiiiiinreniennenns 89
2.10.2. Hydrogel formation of DFC and BDFC.......cuoiuiiiiiiiiiiiiiiiie e ceeeeeeeans 89
2.10.3. Physical properties of filmMS c..cuciiiiiiiiiiiiiie e e 89
2.10.4. Mechanical properties of filmMS ....ccciiiiiiiiiiie s 90
2.10.5. Water contact angle analysis of films .......ccoeviiiiiiiiiiiiiiiiii s 90
2.10.6. Water vapour transmission properties of films ......ccccoevieiiiiiiiiiiiiiinininnnn, 90
2.10.7. Antifogging property of filmS....cciuiiiiiiii s 91
2.10.8. Acetic acid and ammonia detection of films ......ccccccovviiiiiiiiiiinninn. 91
2.10.9. Anthocyanin stability in film MetricS ...coeeeeiiiii e, 92
2.10.10. Thermal stability Of filmMS cou. i 92
2.17.  Statistical @NalYSIS ..uuiiuiieiiiiiiiiiiiir et et rt et e te e eneenenerensensenennnanns 92



3. Chapter 3: Results and DiSCUSSION.....ccccceieiiiiieiiiieieiieieietiececetescecescscecescssacenes 93

3.1. Valorisation of blackcurrant pomace (A1) .o 95
3.1.1. Characterisation of blackcurrant pomace (Objective A1 (i) «ccvevevrennnennne. 95
3.1.1.1. Thermogravimetric analysis of blackcurrant pomace..........c.c.c........... 96
3.1.1.2. IR spectroscopy analysis of blackcurrant pomace ..........ccccceeeuenenn. 97
3.1.2. Production and characterisation of pectin from blackcurrant pomace via

HCLl, citric acid, water and acid-free microwave hydrothermal conditions (Objective A1

(i) 99
3.1.2.1. = Tod 10 1Y/ 1] Lo PP 99
3.1.2.2. Degree of esterification Of BCP ......ccveueiuiiiiiiiiiiiiiiiieiieeeeeeveeaeanns 102
3.1.2.3. Purity and sugar composition Of BCP..........ccceiuiiiiiiiiiinieeieineennaanns 103
3.1.2.4. ATR-IR spectroscopy analysiS Of BCP .......cc.couvuiviiiiiiiiieeieeieenanns 107
3.1.2.5. Nuclear magnetic resonance spectroscopy (NMR) analysis of BCP109
3.1.2.6. Thermogravimetric analysiS OF BCP........cccoeieuiiiuiiiuiiiiiiiieiieeeeeeen, 111
3.1.2.7. Total anthocyanin content and antioxidant of BCP ............ccccceuvunenn.n.. 113

3.1.3. Microwave-assisted production of defibrillated celluloses from

blackcurrant pomace via HCL, citric acid and acid-free conditions (Objective A1 (iii))

114
3.1.3.1. MiCroStruCture @nalySiS ..........cuueiuiiiieieiiiiieiieieiie e eie e ee e eaaaans 114
3.1.3.2. ATR-IR spectroscopic analysis Of DFC..........ccccciuviiiiiiiieiieeneinnnnnns 116
3.1.3.3. Thermogravimetric analysis Of DFC..........cccouviiiiiiiiiiiieieieeieeieeaiaanns 116
3.1.3.4. Klason lignin and sugar analysis Of DFC...........cccccouueeieiieiniennennnnnns 119
3.1.3.5. Powder X-ray diffraction (pXRD) analysis of DFC............cccccccueuunann. 121
3.1.3.6. Solid state "*C CP/MAS NMR analysiS Of DFC........cccccccueeeeievreeeennnnn. 123
3.1.8.7. Water-holding capacity (WHC) and hydrogel formation..................... 127
3.1.3.8. Rheological studies of Nydrogels.........ceeuveueeuiiiiiiiiininineiniiininnnenns 129
3.1.4. Isolation of solvent extractives and characterisation of anthocyanins (ACN)-
rich hydrolysates (ObJeCtive AT (iV)) e eeieereiiiiieiieieiie et ree e e e eeeeenreneeneenens 132



3.1.4.1. Yield of solvent extracts and ACN-rich hydrolysates ..........c...cccc........ 132

3.1.4.2. TPC, TFC, TAC, and antioxidant activity of solvent extracts and ACN-rich

AYAFOLYSALES ...ttt ettt et et e e e e e eaeaeaeenne 134

3.1.4.3. Characterisation of anthocyanins in solvent extracts and BC pomace

AYAFOLYSALES. ..ottt et et et e e e e e e eera e e 138

3.1.4.4. Characterisation of solvent extracts and BC pomace hydrolysates. .. 142

3.1.4.5. Optical properties of acid-free blackcurrant pomace extracts........... 150
3.1.5. Repurposing of blackcurrant pomace via Microwave-assisted hydrothermal
fractionation into pH-sensitive films (Objective AT (V) ceeeieriiiiiiiiiiiiieieeieieeeeenns 152

3.1.5.1. Characterisation of NaAlg and NaAlg-BCP films ........ccccccoeeuvivcinninnnn. 152

3.1.5.2. Mechanical properties Of filmMsS........cccceeueeueiuiiiiiiiiiieiieiieeieeeeaeeannn, 154

3.1.5.8. Rheological properties of NaAlg-BCP film-forming solutions......... 157

3.1.5.4. Physical properties Of filmMS......eeueeiiiiniieiiiiiiiiieie e 162

3.1.5.5.  Watervapour tranSmisSion PropPerties ........cceueeeeeeieeneeneeneennennennnennen 164

3.1.5.6. ANLIfOZGING PrOPEITY ...eeneeeie e enes 165

3.1.5.7. Antioxidant property OF filMS .......oueeeeeeiieeee e, 167

3.1.5.8. Volatile NHz and CH3;COOH detection..........ccccccuuvvvinniiinniiiinniinnnnenn. 167

3.1.5.9. Stability of ACN Within the filmS ........cueeneeeeeieeeeeee e aeans 172

3.1.5.10. Thermal stability OF filmS .......c.couiiiiiiiieie e 174

3.2. Valorisation of extruded ginger pomace (GP) (A2), and extruded aeroponically

grown coriander (CR) and Thai basil (ThB) roots (A3): A comparative study ............... 176
3.2.1. Characterisation of GP, CR and ThB (Objective A2 (i) and A3 (i)) ............ 176

3.2.2. Supercritical CO, (scCO.,) extraction and characterisation of GP, CR and ThB
extracts (Objective A2 (ii) @aNd A3 (ii)) ceeeeeeeriiiiiiiiiiieeie e e e e e e aeeaaas 180

3.2.3. Isolation and characterisation of protein isolated from acid-free microwave-

assisted hydrolysates obtained from GP, CR and ThB (Objective A2 (iii) and A3 (iii)) 185

3.2.4. Acid-free microwave-assisted production of defibrillated celluloses from
GP, CR and ThB (Objective A2 (iv) @nd A3 (IV))...eeeeeereneieeiereriirieeneeneeneeneenrensennes 190
3.2.4.1. Yield and microStructure analySiS......cccceeeueeueiuiiuniiiniieeieinennennenesannes 190



3.2.4.2. ATR-IR SpectroSCOPY @NalySiS .....ccuuuueuiiiineeiiiiiiieiieieeieeeeieeieaeeaanas 194

3.2.4.3. Powder X-ray diffraction (pXRD) analysis .........ccccoeeieiuiinciniennnennanns 196
3.2.4.4. Solid state "*C CP/MAS NMR analysis............cceeeeeeeeeeeeeeerreiieeenaaaaennns 198
3.2.4.5.  ThermogravimetriC @nalySiS.........cccueueieuiiiuiiiiiiiiiiiiiiiiieireeeeeee, 201
3.2.4.6. Water-holding capacity (WHC) and hydrogel formation..................... 203

3.2.5. Recovery of ginger starch from acid-free microwave-assisted derived

hydrolysates (ODJECTIVE A2 (V) cieuniiuiiieiiieiiie ittt et et et et et st seasenseneeannes 205
B.2.5.7.  StArCR YIEIU.....ccuceuiieeeeiiii ittt e re e e e e ea s e e e e aans 206
3.2.5.2. ATR-IR SpeCtroSCOPY @NALYSIS ...civuiiueireeieiieiieiiiiiieiieeieeeeieeneeaaanns 207
3.2.5.3. Powder X-ray diffraction (pXRD) analysis ........cccccouuveeeineeniinnennnnnns 209
3.2.5.4. ThermogravimetriC @NalySiS........ccuuuuueiueeueiueiiiiiiiiieiieeieeeeeenesneeanannns 209
3.2.5.5. Determination of amylose and amylopectin content. .................... 210

4. Chapter 4: Conclusions and Future WOork ......ccccceeieiieiieiiecieciniencescecceccecencences 212
4.1. CONCIUSIONS .. et e e et et et e e e e een e een e eeneens 213
4.1.1. Valorisation of blackcurrant pomace ......cccceeevenviiiiiiiiiiieeeeeee s 213

4.1.2. Valorisation of extruded ginger pomace, extruded aeroponically grown

coriander and Thai basil roOtS .......c.ceiviiiiiiiiiiiiiii 216
4.2. FULUFE WOTK ..eviiiiiiiiiiiiiii it 218
4.2.1. Supercritical CO, eXraClion ...cu.iviiiiiiiii e e e e e e aaes 218
4.2.2. Further characterisation of extracted protein ........cocvveveiviiiiiiiiiniinnennen. 219

4.2.3. Properties testing of extracted polysaccharides: blackcurrant pectin and

Foq[gY= LY ) €= o] o IO PPN 219
4.2.4, Carbonisation of extracted polysaccharides; blackcurrant pectin and ginger
starch, for production of Starbon-like materials.........ccccceeeviiiiiiiiiiiiiiicceeeee, 220

4.2.5. Rheological properties of ginger pomace defibrillated cellulose hydrogels

............................................................................................................... 220
4.2.6. Development of blackcurrant extracts pH-responsive film.................... 221
4.2.7. Scale-up for industrial appliCations .....c.eevvieiiiiiiiiiiiiirie e eaes 221

10



APPENAICES .c.uiiiiniiieiiiiieieiiiieieteetetestetetessacesessacossssesessssssessssesessasessssasessssasessssns

References

11



List of Figures

Figure 1.1. Current status of all nine planetary boundaries updated in 2025."................. 27
Figure 1.2. Concept of petroleum refinery and biorefinery.™.........cccvvvviieeeriiieeriiiinnnn. 29

Figure 1.3. Structural composition of biomass biopolymers, illustrated by berry cell walls.™

Figure 1.4. Chemical structure of cellulose, adapted from Deshavath etal.”>.................. 30

Figure 1.5. Cellulose polymorph conversions, adapted from Neto and Tokumasu et al.’*"

................................................................................................................................... 31
Figure 1.6. Cellulose | polymorph and its packing systems. ™ ...........ooovieeeeeeieerrriennnnnnnnn. 32
Figure 1.7. Chemical structure of hemicellulose, adapted from Gundekari et al.?" .......... 33
Figure 1.8. Chemical structure of starch, adapted from Gundekarietal.?" ...................... 33

Figure 1.9. Chemical structure of pectin, adapted from Leclere et al and Amos et al.?**. 34

Figure 1.10. Chemical structure of lignin and their monomers........cccceveviiiiiiiiniiniinnnns 35
Figure 1.11. Type of polyphenols and their chemical structures. .......ccccoeevviviiiiiiniiniinnnnns 36
Figure 1.12. Chemical structure of triglyCeride. ......cioviuiiiiiiiiiiiiiiiiir e e eaes 36

Figure 1.13. Chemical structure of common fatty acids with degree of unsaturation (No. of

carbons: No. of double bonds) and chemical formula (CiHyO,).2" wevvveeeeeeeieiiiiiiiieeeeeeeens 37
Figure 1.14. Phase diagram of water and hydrothermal conditions.®".............cccevvvrvuennn... 39

Figure 1.15. Heating pattern in microwave and conventional heating, adapted from Tsubaki

L A= 1 BTN 40

Figure 1.16. Blackcurrant and blackcurrant-derived products available in the UK on Amazon

(https://www.amazon.co.uk/) based on the keyword “blackcurrant product” ................. 41
Figure 1.17. Sankey diagram illustrating the use of currants in Poland.®® ...........ccccecevuu... 42

Figure 1.18. Number of papers published annually in the Web of Science
(https://www.webofscience.com/) based on the keyword “blackcurrant pomace” between

2015-2025. .. e e e e e ra e 43

Figure 1.19. Process diagram illustrating the overall aims of blackcurrant pomace

V=1 (o] <1214 o] o PO PN 45

Figure 1.20. Chemical structures of four main anthocyanins found in blackcurrant......... 49



Figure 1.21. Ginger and examples of ginger-derived products available in the UK on Amazon

(https://www.amazon.co.uk/) based on the keyword “ginger product”.........ccccceuvevnnennnne. 52

Figure 1.22. Number of papers published annually in the Web of Science

(https://www.webofscience.com/) based on the keyword “ginger waste” between 2015-

Figure 1.23. Process diagram illustrating the overall aims of extruded ginger pomace

(V2= ] (o] 4 5314 [o] o PO PP 55
Figure 1.24. Phase diagram of carbon dioxide (CO2)."" ....ccevvieeeeiiiiieeeeeiiieeeeeeiieeeeevie e 58
Figure 1.25. Exemplar chemicals found in essential oils and oleoresins from ginger ....... 59

Figure 1.26. Coriander, Thai basil and examples of their products available in the UK on
Amazon (https://www.amazon.co.uk/) based on the keyword “coriander product” and “Thai

(o= 1110 o] {o o [§ {1 At PP PRPPRN 63

Figure 1.27. Number of papers published annually in the Web of Science
(https://www.webofscience.com/) based on the keyword “Coriander root” and “Thai Basil

[fo o) il o Loy AV =Y=] I A O N NS T 0 12 S TN 64

Figure 1.28. Process diagram illustrating the overall aims of extruded aeroponic coriander

and Thai basil rootS ValoriSAtioN. ...t eenenenenenaes 65

Figure 2.1. Raw materials: blackcurrant pomace, BC (A), extruded ginger pomace, GP (B),

extruded aeroponic coriander roots, CR (C), extruded aeroponic Thai basil roots, ThB (D)

Figure 2.2. Pictures of different scores based on surface appearance after fogging test. (A)
transparent surface; (B) fogging surface with reduced transparency; (C) fogging surface
exhibiting small, discrete water droplets; (D) surface with reduced transparency and

medium-sized, discrete water droplets; (E) surface exhibiting coalesced water droplets. 91
Figure 3.1. TGA and dTG thermogram of blackcurrant pomace. ........cccceeeveiveieieeiiinrennnnnn. 97
Figure 3.2. IR spectra of blackcurrant poOmace........cuciviiiiiiiiiiiii e eeees 98

Figure 3.3. Appearance, yield and degree of esterification of commercial citrus pectin

(CCP), acid derived BCP (A), and free-acid derived BCP (B)....ccuvvuveiiieiiiiiiiiiieeieeeenens 101

Figure 3.4. Sugar composition (%) of acid derived BCP (A), and free-acid derived BCP (B)

based on total soluble acid-hydrolysed BCP; Man* includes mannose, xylose and fructose.

13



Figure 3.5. IR spectra of commercial citrus pectin (CCP), acid-derived BCP (A), and acid-
free derived BCP (B). covui ittt ettt st st s et s e s ea s aa s eae s eaesennaannaannns 108

Figure 3.6. '®*C NMR spectra of commercial citrus pectin (CCP); black and blue signals

define GalA, acid derived BCP (B), and free-acid derived BCP (C).....ccccevvvevvivrevnrennnenn. 110

Figure 3.7. TGA and dTG thermogram of CCP, acid-derived BCP (A), and acid-free derived
07 S (=) T ORI 112

Figure 3.8. SEM images of commercial microcrystalline cellulose (CMC), acid-pretreat

derived DFC (A), and acid-free derived DFC (B) at 500x maghnification. ......c..ccccccevuvennen. 115

Figure 3.9. ATR-IR spectra of commercial microcrystalline cellulose (CMC), BC pomace,

acid-pretreat derived DFC (A), and acid-free derived DFC (B). c.ccevvviiiiiiiiiiiiniieiiiieennen. 117

Figure 3.10. TGA and dTG thermogram of CMC, acid-pretreat derived DFC (A), and acid-free
AEIVEA DFC (B).ttuuiitieiitieeetieeiiieeetieetieeetiesettieeetisertessetnssessssersnssessseesnnssesnssersnssasnnnes 118

Figure 3.11. Klason lignin and sugar composition of BC pomace, acid-derived DFC (A), and
free-acid derived DFC (B); Man* includes mannose, xylose, and fructose, Lignin** (%) is
estimated based on weight of raw material, and sugar content (mg/ml) in acid-hydrolysed

samplesis estimated by HPLC.........o. it ee e e e e eas 120

Figure 3.12. X-ray diffractograms of BC pomace, acid-derived DFC (A), acid-free derived
DFC (B); * and ** refer to cellulose | and Il, respectively, based on French et al., 2014,2* and
* refers to Xylan hydrate crystal based on Johnson et al., 2023.,%° and XRD deconvolution
of DFC-C1 to C4 (C - F); crystalline plane of cellulose | (black) and cellulose Il (red) based
ON FrenNCh @1 AL, 20714.255 oottt e e et et e et s et e et s easeanseanseanseeneeans 122

Figure 3.13. Solid state '*C CP/MAS NMR spectra of BC pomace, commercial
microcrystalline cellulose (CMC) (A), Xylan (B), acid-derived DFC (C) and acid-free derived
D] IO B ) PSPPSR 126

Figure 3.14. Hydrogel formation of acid-derived BDFC samples at 7.5% (A), and acid-free
MHT BDFC samples at 5% (B). c.uovuiiiiiiiiiiiie et e e e e e e e e e e 128

Figure 3.15. Amplitude sweep curves (A), flow curves (B), and thixotropic curves (C) of acid-

derived BDFC (i), and acid-free derived BDFC (ii). c.cvvureeeieiiiiiiiei e eeeieeeeeeeeeeeeeeens 131

Figure 3.16. Yield and appearance of solvent extracts (A), acid-free BCH (B), and acid-

derived BCH (C); * contained aCid traCesS. ....iviuiinieiiiie ettt eeeee e e eaeeneans 134

Figure 3.17. Plausible mechanism of thermal degradation of Delphinidin and Cyanidin.27%2¢



Figure 3.18. Conversion pathway of glucose and xylose to humins.?®"282 ... 137

Figure 3.19. Chromatograms of anthocyanins detected at 520 nm in solvent extracts (A),
acid-free BCH (B), acid-derived BCH (C). Insets within each chromatogram illustrate the

relative percentage of each anthocyanin among the total detected..........cc..coeeennenneen. 140

Figure 3.20. Proposed fragmentation patterns of delphinidin-3-glucoside (D3G),
delphinidin-3-rutinoside (D3R), cyanidin-3-glucoside (C3G), and cyanidin-3-rutinoside

Figure 3.21. '"H-NMR spectra of solvent extracts; BCHt, BCEt, and BCEt-F1 in CDCls;, BCEt-
F2 in ethanol-D2, and ETW N DaO. c..uuuniiniiiiiiiiieeee et eeaete e e e eaeaesanens 145

Figure 3.22."H-NMR spectra of acid-free BCH (A), and acid-derived BCH (B) in D,0...... 146
Figure 3.23. Chemical structure of citric acid: plane (A) and Newman projection (B)..... 147

Figure 3.24. Visual appearance of ETW extract and MHT hydrolysates from pH 1 to 12 (A),
UV-vis spectra of BCH-M1 from pH 1 to 11 (B), UV-vis spectra of ETW (C), BCH-M2 (D), BCH-
M3 (E) and BCH-M4 (F) at original pH approx. 5 (black), pH 2 (red), pH 7 (green), and pH
LR (o 18] g o11=) P PP PP PTP PPN 151

Figure 3.25. Effect of pH on chemical structure of anthocyanin and its colour.?®........... 152

Figure 3.26. Visual appearance and SEM images (inset show cross-section (4000x)) of NaAlg

ANA NAALZ-BOP filmM S e ceiiin ittt et et et eee et st st ses e ensenesansensensensensenns 153
Figure 3.27. ATR-IR spectra of NaAlg and NaAlg-BCP filmS.....ccceeveviiiiiiiiieiiiniinienennens 154

Figure 3.28. Chemical structure of NaAlg; monomers (A), polymeric block types (B), and

structural conformation (C).2%8 ......euuueieiiiiee et et e et e e e e eaeeeeeraeeeeseaneaaes 156

Figure 3.29. Flow curves of NaAlg-BCP film forming solutions: 4% of polymer solution (A),

with glycerol adding (B), with glycerol and calcium chloride adding (C). .....ccccvevvniennenne. 158

Figure 3.30. Rheological properties of NaAlg-BCP film-forming solutions; Amplitude sweep
curves showing (A): Storage modulus (G’) (i), Loss modulus (G”) (ii), Comparison of storage
(G’) and loss modulus (G”) (iii); Frequency sweep curves showing (B): Storage modulus (G’)

(i), Loss modulus (G”) (ii), Loss tangent (tan &) (iii). ..oeeeveeeeeeeiiiiiiiiiiiiiieieeie e e 160

Figure 3.31. The strain (%) experienced by the NaAlg-BCP film-forming solutions when

subjected to a creep recovery test at a constant shear of 0.5 Pa. .....c.ccceevviiiiiiiiniiniinninns 161

Figure 3.32. Water contact angle analysis of NaAlg and NaAlg-BCP films. ........cccccu....... 164

15



Figure 3.33. Appearance of a glass slide, NaAlg and NaAlg-BCP films under the exposure of

water vapour over @ 180-miN PEHOA. ....eeiiniiniiiiiie et eee et et et e e ennes 166

Figure 3.34. Colour change of NaAlg-BCP films after 6h of exposure to acetic acid and
ammonia vapours, and colour evolution of the NaAlg-BCP50 film over time in response to

different concentrations of ammoONia. .....couiieiiiiiiiiiiiiiii e 168
Figure 3.35. Colour changes of the NaAlg-BCP50 film over a 14-day period. ................. 172

Figure 3.36. Differential scanning calorimetry (DSC) curves of starting materials (A), and

NaAlg and NaALZ-BCP films (B). cevuuteeruriiiniiiireiiiereiieretieeetieetieeeeieeetiseeeneernsersnneennes 175
Figure 3.37. TGA and dTG thermograms of GP (A), CRand ThB (B). ....ccecvvevviviieniiniinnennen 178
Figure 3.38. IR spectra of GP, CRand ThB. ......c.ioiiiiiii e 179

Figure 3.39. Appearance and 'H NMR spectra (CDCl;, 400 MHz) of GP oil (A), scCR and
scThB extracts (B), and IR spectra of GP 0il (C), scCR and scThB extracts (D). .............. 181

Figure 3.40. Phenolic compounds found in GP oil identified based on GC-MS result. .... 183

Figure 3.41. IR spectra of isolated protein from GP (A), and CR/ThB (B), appearance of
isolated protein (C), structure of chlorophyll (D), crystallographic example of water-soluble

chlorophyll protein with polypeptide (beige) and chlorophyll (blue) (E).3%........cceeeeeeeeeene 188

Figure 3.42. Chemical scheme of Coomassie Blue G-250 used in the Bradford assay for

(oY) (=10 lo [=1 (=10 00 118 = 1 [ o TN 189

Figure 3.43. SEM images of GPR samples and DFC-GP60 sample at 250x magnification; red

circle shows starch granules; yellow circle refers cellulose fibrils.....cc.ccceveeiieeiieennennneen. 192

Figure 3.44. SEM images of CR, CRR samples and DFC-CR80 sample (A), and of ThB, ThBR
samples and DFC-ThB80 (B) at 500x magnification. ........ccceceiiiiiiiiiiiiiiiniiece e 193

Figure 3.45. ATR-IR spectrum of native GP, GPR samples and DFC-GP60 (A), of native CR,
CRR samples and DFC-CR80 (B), and native ThB, ThBR samples and DFC-ThB80 (C).... 195

Figure 3.46. pXRD diffractograms of native GP, GPR samples and DFC-GP60 (A), of native
CR, CRR samples and DFC-CR80 (B), and native ThB, ThBR samples and DFC-ThB80 (C);

crystalline plane of cellulose (red), starch (black), and calcium oxalate dihydrate (blue).

Figure 3.47. Solid state '3*C CP/MAS NMR spectra of GP, GPRs, and DFC-GP60. ............ 198

Figure 3.48. Solid state *C CP/MAS NMR spectra of CR, CRRs, and DFC-CR80 (A), and of
ThB, ThBRsS, and DFC-ThB80 (B). .e.uvetvuttturernreiineeinretiieeetnrereieerenerennsereneseenesersnsseenes 200

16



Figure 3.49. TGA thermogram (A) and dTG curve (B) of GPRs and DFC-GP60 samples, TGA
thermogram and dTG curve of CRRs and DFC-CR80 samples (C); calcium oxalate
degradation (yellow region), and ThBRs and DFC-ThB80 samples (D). ....cccevvvrinnrinnnennns 202

Figure 3.50. Hydrogel forming of GP-derived samples. .....c.coceueieieiiieiiiiiiiiiiicneiieeeennes 205

Figure 3.51. ATR-IR spectra of GPI (A) and GPS (B) samples; Inset pictures show the physical
appearance of GPland GPS. .......c.iiuiiiiiii ettt e e e et e it e e s e e anaanns 208

Figure 3.52. pXRD diffractograms of GPI (A) and GPS (B) samples, TGA and dTG
thermograms of GPI (C) and GPS (D) SAMPLES. cuuiiniiiiiiiiiiie et ee e e e 210

Figure 4.1. Diagram of the blackcurrant pomace valorisation process. ......ccccceevvvennennen. 214

Figure 4.2. Diagram of the valorisation processes for ginger pomace and aeroponic root
wastes. Products obtained from ginger pomace and aeroponic root wastes are shown in

green boxes, while yellow boxes indicate products derived exclusively from ginger pomace.

17



List of Tables

Table 1.1. Water properties at room temperature and hydrothermal conditions, adapted

frOM ZNang €1 Al ... e 39
Table 1.2. Compositions of blackcurrant pomace from different source. ........ccccceuvenneen. 44
Table 1.3. Type and composition (%) of giNger Waste......cccveveiiiiiiiiiiiiiiie e 54
Table 1.4. Summary of green extraction technologies for ginger oil recovery ................... 57

Table 1.5. Examples of chemical compounds in coriander and Thai basil essential oils... 67

Table 2.1. Summary of blackcurrant pomace (BC) extract sample names and conditions.

Table 2.2. Summary of extruded ginger pomace (GP), coriander root (CR), and Thai basil root

(ThB) extract sample names and CONAITIONS ..cuuiviiiiiiiiiiieie e e ee e e e eeaaes 78
Table 2.3. Composition of NaAIZ-BCP filmMS ....c.iiiiiiiiiiiii e e s eaes 81
Table 3.1. Compositional and elemental analysis of blackcurrant pomace........c..cc........ 95
Table 3.2. Summary of peaks found in IR spectra of blackcurrant pomace.........c..cccceuueee. 99
Table 3.3. Purity of BCP based on uronic acid content (%) ....ceeeuviiiieiniiniinienienieneennennes 104
Table 3.4. Linearity of BCP based on ratio of GalA and Rham + Ara ......ccecveeevieennenennnn... 105
Table 3.5. Elemental composition and protein content of BCP ......ccevvviviiniiiiiiiinniennen.e. 109
Table 3.6. Summary of *C NMR signals of pectin based on CCP...........ccccceeeeeeeeeeeeeennnnn. 110

Table 3.7. Total phenolic content (TPC), total flavonoid content (TFC), anthocyanin content
(TAC) and antioxidant activity Of BCP. ......cuiiiiiiiiiiieie ettt e eesesen e e 113

Table 3.8. Crystalline index (Crl, %) of BC pomace and DFC samples. ......ccccvvneenvnnnnen... 123
Table 3.9. Summary of *C NMR signals of lignocellulose based on CMC and Xylan. ..... 124
Table 3.10. Water holding capacity (WHC) of DFC and bleached DFC (BDFC) samples . 128
Table 3.11. TPC, TFC, TAC, and antioxidant activity of solvent extracts and BCH............ 135

Table 3.12. Summary of HPLC-DAD-MS data for blackcurrant anthocyanins in the solvent
extracts and BCH, including retention time, molecular weight, molecular formula,

fragmentation patterns, and absorbance maxima. .......cccoiiiiiiiiiiiii 139

18



Table 3.13. Summary of '"H NMR signals of blackcurrant heptane extract (BCHt) and ethanol
extracts (BCEt and BCET-F1)..cuuiiiiiiiiiiiiiiii ettt sttt s eae s e s e s e sanaae 143

Table 3.14. Summary of "H NMR signals of blackcurrant ethanol extracts (BCEt-F2), ethanol-

water extract (ETW), and blackcurrant pomace hydrolysates (BCH). ....ccceevuvevnvevnnennnenn. 144

Table 3.15. Summary of chemical shift, multiplicity, coupling constant of '"H NMR signal of

citric acid and BCH (D,0, 400 MHz) at 82.50 — 3.00 PPM. ceeeuueiiiiimueeeitineeeeieneeeeeenaeeees 148
Table 3.16. Major identified compounds in BCHt, BCEt, and BCEt-F1.......c..ccevveneennenn.. 149
Table 3.17. Mechanical properties of NaAlg and NaAlg-BCP films. .......cccovevvieiiiniinninne. 156
Table 3.18. Recovery (%) of NaAlg-BCP film-forming solutions. ......c..cceeeeuiieiieniiniinnennns 162

Table 3.19. Physical, water vapor transmission, and antioxidant properties of NaAlg and

NAALG-BCP filMS. ceeiviiiiiiiiiiiiiii e e 163

Table 3.20. Antifogging scores (A-E) of glass slide and NaAlg-BCP films over a 180-min
01T ¢ o o PR PRI 166

Table 3.21. CIE Lab colour analysis of NaAlg and NaAlg-BCP films after exposure to 10% v/v
CH;COOH and NH; for Bh. ..ccoeeeeiiiiiiiiiiii ettt e 169

Table 3.22. CIE Lab colour analysis of the NaAlg-BCP50 film after exposure to NH; at varying

concentrations, ranging from 10%v/v to 500 ppm, for 2hand 6h. ........cc..cceeveiiinirinnnenn.e 170

Table 3.23. CIE Lab colour analysis of the NaAlg-BCP50 film following sequential exposure
to 10% NH; and 10% CH,COOH, for 2h and Bh.........cccueiiviiiiiniiiiniiiiiiiiiiiiciiceeans 171

Table 3.24. CIE Lab colour analysis of NaAlg-BCP50 over a 14-days period. ................. 173

Table 3.25. Compositional and elemental analysis of extruded ginger pomace (GP),

coriander root (CR) and Thai basil root (ThB). ...cciiiiiiiiiiiiiiiciccr e eaes 177
Table 3.26. Major identified compounds by GC-MS in GP oil, scCR and scThB extracts. 184
Table 3.27. Yield and protein content of isolated protein from oil-free GP, CR, and ThB. 186
Table 3.28. Yield of residues and DFC derived from oil-free GP, CR, and ThB................. 191

Table 3.29. Water-holding capacity (WHC; g/g) of GP-derived, CR-derived and ThB-derived

ST= 1 10] o1 (=TS I PP OU USRS 204
Table 3.30. Yield of GP insoluble matter (GPI) and soluble starch (GPS).........ccceeuenene.nt 206
Table 3.31. Structural constituents of GPl and GPS samples......cccvvvviviiiiiiieiiinieniennennes 207

19



Table 3.32. Starch content and its purity in GPl and GPS samples. ....ccccceeviiiiiiiiiniinnnnn.. 211

20



List of Appendices

Appendix 1. Calibration curve of galacturonic acid (0-80 pg/mL) at 530 nm for uronic acid

determination in BCP using MHDP method. ......cc.coiiviiiiiiiiiiiiiiiieiic e 222

Appendix 2. Calibration curve of standard albumin (0-2000 pg/mL) at 595 nm for protein

determination in GR, CR, and ThB protein extracts using Bradford assay. ........c.c.ccceeeuu.. 222

Appendix 3. Calibration curve of standard amylose (0-1 mg/mL) at 720 nm for determination

OF GR STAICH PUIITY. «ueeniiiiiiiei ittt et st st s e s ea e eae s eansannsannsannsannns 222

Appendix 4. Calibration curve of standard amylopectin (0-1 mg/mL) at 720 nm for GR

determination of StArCh PUIILY ....oee it eeee e e e e eans 223

Appendix 5. Calibration curve of gallic acid (0-0.01 mg/mL) at 730 nm for determination of

TOTAl PhENOLIC CONTENT...cuiii it e e e e e e e e et e e sansansansansannas 223

Appendix 6. Calibration curve of quercetin (0-0.01 mg/mL) at 420 nm for determination of

(001 7| B 1 F=1V/o] aTo] 1o MeTo] 1 =] o | XU PPN 223

Appendix 7. Appearance of citrus pectin and blackcurrant pomace pectin during

determination of degree of esterification via the titration method..........ccccccoviiiinininnn, 224
Appendix 8. BCP-H solution at pH 1 (A) and pH 4 (B), and BCH-H solution (C). ............. 224

Appendix 9. Solid state '*C CP/MAS NMR spectra of bleached acid-derived DFC (A) and

bleached acid-free derived DFC (B); * refers to crystalline Xylan signals.......cc..cc........... 225

Appendix 10. Mass spectroscopy and fragmentations of delphinidin-3-glucoside (D3G, A),
delphinidin-3-rutinoside (D3R, B), cyanidin-3-glucoside (C3G, C), cyanidin-3-rutinoside

Appendix 11. Sugar analyses of ethanol-ethyl acetate-insoluble fraction (BCEt-F2), ethanol-
water extract (ETW)(A), acid-free BCH (B), and acid-derived BCH (C). ......cccvuvveiiuiennnnns 227

Appendix 12. "H-NMR spectra of citric acid iN DaO.....cevvveniiriiiieeiiiiiieeeeeiieeeeevieeeeeeenane. 228

Appendix 13. GC chromatogram and MS spectra of three major compounds identified in

BCHt: palmitic acid (A), linoleic acid (B), and tetracosane (C). .....ccceeveveeviiiiiiiiiniennnnnnn. 229

Appendix 14. GC chromatogram and MS spectra of three major compounds identified in
BCEt: palmitic acid (A), palmitic acid ethyl ester (B), and mixtures of linoleic acid and its

10 )Y =T (T (O PSRNt 230

21



Appendix 15. GC chromatogram and MS spectra of three major compounds identified in
BCEt-F1: palmitic acid (A), palmitic acid ethyl ester (B), and mixtures of linoleic acid and its

L)Y =T (T o () PSPPSR 231

Appendix 16. GC chromatogram and MS spectra of three major compounds identified in
GP-oil: 4-(3-hydroxy-2-methoxyphenyl)-Butan-2-one (A), 1-(4-hydroxy-3-
methoxyphenyl)oct-4-en-3-one (B), and 1-(4-Hydroxy-3-methoxyphenyl) decane-3, 5-dione
(O T TP PO OPPRPPRPN 232

Appendix 17. GC chromatogram and MS spectra of three major compounds identified in

scCR extract: palmitic acid (A), oleic acid (B), and oleamide (C). .....cceevvivrierieinienrennen. 233

Appendix 18. GC chromatogram and MS spectra of three major compounds identified in

scThB extract: palmitic acid (A), heneicosane (B), and pentacosane (C). ......cc.cccevuvenee. 234
Appendix 19. ATR-IR spectrum of commercial polysaccharides. .......ccccoeeveiviiiiiiniinnnnne. 235
Appendix 20. TGA thermogram of commercial polysaccharides. ......ccccoeeveiviiiiiiniinnnnnen 235

22



Abbreviations

ACN
ANOVA
Ara
ATR-IR
BC
BCP
C3G
C3R
CA
CCP
CMC
CR

Crl
D3G
D3R
DAD
DE
DFC
DPPH
DSC
EAE
FAOSTAT
GA
GalA
GC

Gl

Glu
GP

HG
HM pectin
HPE
HPLC
HTC
HTG
HTL
IEA

LC

LM pectin
LVR
MW
MAE
MAN
MFE

Anthocyanin

A one-way analysis of variance
Arabinose

Attenuated total reflectance infrared spectroscopy
Blackcurrant pomace

Blackcurrant pectin
Cyanidin-3-glucoside
Cyanidin-3-rutinoside

Citric acid

Commercial citrus pectin

Commercial microcrystalline cellulose
Extruded aeroponically grown coriander roots
Crystallinity index
Delphinidin-3-glucoside
Delphinidin-3-rutinoside

Diode array detector

Degree of esterification

Defibrillated cellulose
2,2-Diphenyl-1-picrylhydrazyl
Differential scanning calorimetry
Enzyme-assisted extraction

Food and Agriculture Organization Corporate Statistical Database
Gallic acid

Galacturonic acid

Gas chromatography

Glycaemic index

Glucose

Extruded ginger pomace
Homogalacturonan

High methoxyl pectin

High pressure-assisted extraction

High performance liquid chromatography
Hydrothermal carbonisation
Hydrothermal gasification
Hydrothermal liquefaction
International Energy Agency

Liquid chromatography

Low methoxyl pectin

Linear viscoelastic region

Microwave

Microwave-assisted extraction
Mannose, xylose and fructose
Microfibrillated cellulose

23



MHDP
MHT
MS
NaAlg
NMR
NREL
PFE
PTFE
pXRD
QT
RG
RID
Rham
SEM
SWE
TAC
TFC
TGA
TPC
ThB
WHC
WVP
WVTR
UA
UAE
UFSC
UHT

Meta-hydroxyldiphenyl

Microwave hydrothermal treatment
Mass spectrometry

Sodium alginate

Nuclear magnetic resonance

National Renewable Energy Laboratory
Pulsed electric field assisted extraction
Polytetrafluoroethylene (Teflon)
Powder X-ray diffraction

Quercetin

Rhamnogalacturonan
Refractive index detector

Rhamnose

Scanning electron microscopy
Subcritical water extraction

Total anthocyanin content

Total flavonoid content
Thermogravimetric analysis

Total phenolic content

Extruded aeroponically grown Thai basil roots
Water holding capacity

Water vapour permeability

Water vapour transmission rate

Uronic acid

Ultrasound-assisted extraction
Unavoidable food supply chain
Ultra-high temperature

24



Acknowledgement

First and foremost, | would like to express my sincere gratitude to my supervisot,
Professor Avtar Matharu, for his unwavering support, assistance, and patience, which
enabled the successful completion of my doctoral research. My PhD journey was marked
by many challenges and achievements. As an international student, moving more than
6,000 miles away from my family and friends and living abroad for five years was not easy.
Throughout this time, | am deeply thankful to my supervisor for his understanding and
support, not only academically but also personally. | greatly appreciate his step-by-step
guidance and constant encouragement, both inside and outside the laboratory, which

provided me with the confidence and motivation to complete this work.

| am also grateful to Dr. Tom Dugmore, my co-supervisor, for his valuable
suggestions, critical discussions, and support at various stages of my PhD. | would further
like to acknowledge those who provided instrumental analysis and training: Assistant
Professor Vincenzo Di Bari (University of Nottingham) for rheology analysis; Paul Guning,
Karen Hodgkinson, and Dr. Ewan Ward for SEM analysis; Dr. Ryan Barker and Jolyon Glynn
for solid-state NMR analysis; Ed Bergstrom for LC-MS training; and Adrian Whitwood for
pXRD training. Special thanks are also extended to Dr. Richard Gammons and Dr. Suranjana

Bose for their support and assistance with various instruments within GCCE.

| am thankful to my colleagues in GCCE for their collaboration and support. |
gratefully acknowledge the financial support provided by the Royal Thai Government under
the DPST scholarship, without which my Master and PhD studies at the University of York

and this research would not have been possible.

Finally, | would like to express my deepest gratitude to my family and friends for their
unwavering support, patience, and encouragement throughout this journey. Their belief in
me provided constant motivation and strength during both challenging and fulfilling

moments of my doctoral studies.

25



Chapter 1: Introduction

Chapter 1: Introduction

26



Chapter 1: Introduction

1.1.Contextualisation

Climate change and its adverse impact on planetary health is the biggest challenge
facing humanity. Seven of the nine Planetary Boundaries for sustainability have already
crossed their safe operating space, including climate change (see Figure 1.1)."2 From
1995-2015, adverse weather patterns leading to intensified storms, floods, droughts, heat
waves, have affected more than 4.1 billion people worldwide.® The continued rise in global
average temperature, i.e., global warming, is linked to increasing levels of atmospheric
carbon dioxide (CO,), a greenhouse gas, which has risen rapidly with respect to pre-
industrial period (1850-1900) baseline.*®In 2024, the average global temperature
temporarily exceeded the 1.5°C threshold set by the Paris Agreement of 2015.% In 2025,
CO, levels recently reached 423 ppm which was approximately 34% higher than its level in
the pre-industrial period.*® The rising trend and the emission of not only carbon dioxide but
other greenhouse gases such as, methane (CH,) and nitrous oxide (N,O) are largely driven
by human-induced or anthropogenic activities associated with processes reliant mainly on

fossil fuels as chemical feedstocks and energy carriers.”®

CLIMATE CHANGE
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Figure 1.1. Current status of all nine planetary boundaries updated in 2025."
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Chapter 1: Introduction

Impending global megatrends such as, increased industrialisation, manufacturing,
and urbanisation are associated with an increasing global population of 8.2 billion (2025)
to an estimated 10 billion (2070), has led to an increasing demand for petrochemical
feedstocks. According to the International Energy Agency (IEA), global oil demand is
expected to grow by about 2.5 million barrels per day from 2024 to 2030. The
petrochemicals sector is expected to become the dominant source of global oil demand
from 2026 onwards, reaching 18.4 million barrels per day by 2030 for the production of
polymers and synthetic fibres.® Given the unsustainable environmental impact connected
with use of fossil fuels for our chemical, material and energy needs, the development of
alternative, readily renewable feedstocks is paramount for a sustainable 21 century.

Biomass is both a renewable source of organic carbon plus a plethora of other
elements unlike crude oil, is an interesting alternative feedstock to produce chemicals and
fuels in biorefineries. Biorefineries adopt the concept from petroleum refineries, where
feedstocks are processed to produce fuels, materials and chemicals. However, they differ
in the raw materials used, the processing technologies applied, and the types of products
derived (Figure 1.2)."° In fact, biorefineries can utilise a wider range of raw materials and
potentially produce a more diverse array of products with less processing steps compared
to petroleum refineries which are reliant on building chemical complexity into a
hydrocarbon feedstock.®

Biorefineries can be generally categorised into four classes based on input
feedstock(s) and output products.® First generation of biorefineries are based on edible,
starch, sugar-rich or triglyceride-rich food supply chain-competing feedstocks such as
corn (maize), sugar beet, sugar cane, and edible seeds, for conversion into singular
biofuels and biochemicals. First generation biorefineries have been tarnished with
unethical practices, i.e., food versus fuel debate.®" Second generation of biorefineries use
non-edible-lignocellulosic biomass residues such as forestry clippings, sawdust,
agricultural and agro-industrial primary and secondary processing residues to produce
multiple products, i.e., chemicals, materials and bioenergy.®"" Third generation of
biorefineries employ aquatic biomass such as microalgae and macroalgae, which have
rapid growth rates, do notimpact land use for food production, and are also rich in lipids
and high value chemicals, making them suitable for biofuel production and speciality
chemicals.®' Fourth generation of biorefineries are the least developed and use

genetically modified feedstocks/strains that can give bespoke products.”
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Figure 1.2. Concept of petroleum refinery and biorefinery.™
1.2. Typical composition of biomass: a renewable resource

Lignocellulosic biomass typically comprises an array of biopolymers and functional
molecules: carbohydrates (cellulose, hemicellulose, starch, pectin), lignin,
(poly)phenolics, proteins, lipids, waxes, oils, etc. The chemical composition of these
compounds varies depending on the biomass source and the growing environment.'?
Figure 1.3 illustrates the structure of the plant cell wall and the location of biopolymers
within the cell wall.” In addition to the major organic constituents, lighocellulosic biomass

also contains inorganic components such as ash and minerals.
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Figure 1.3. Structural composition of biomass biopolymers, illustrated by berry cell walls.™?
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1.2.1. Polysaccharides

Polysaccharides are biopolymers comprising carbon, hydrogen and oxygen. They
exhibit considerable diversity, determined by the monosaccharide composition, linkage

configuration, side chain, and chain length.

1.2.1.1. Cellulose

Cellulose is a main component in the plant cell walls, typically consisting of linear
D-glucose units connected repeatedly in chains by B-(1 - 4) glycosidic linkages. Cellulose
is a homopolymer linked together by inter- and intra-molecular hydrogen bonding, allowing
the aggregation of polymer chains into highly ordered microfibrils. Thus, native cellulose is
insoluble in water (Figure 1.4)." Structural cellulose occurs in two main forms depending
on the degree of chain organisation, in which highly ordered chains normally form
crystalline regions, while disordered chains form amorphous regions. Thus, the crystallinity

index (Crl%) of cellulose varies based on its organisation.

Intramolecular

/ hydrogen bond

Intermolecular
hydrogen bond

B-(1 — 4) glycosidic bonds

Figure 1.4. Chemical structure of cellulose, adapted from Deshavath et al.™®

Cellulose crystalline structures can form in several polymorphs due to variation in
their hydrogen bonding network. The cellulose repeating unit (see Figure 1.4) contains one
glycosidic, two ring oxygen and six hydroxyl groups (-OH), providing nine potential hydrogen
bond acceptors and six hydrogen bond donors.™ Four main cellulose polymorphs are
categorised as cellulose |, |1, lll, and 1V, respectively, based on differences in chain

arrangement (Figure 1.5)."
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Figure 1.5. Cellulose polymorph conversions, adapted from Neto and Tokumasu et al.’*™®

Cellulose | is the native crystalline form of cellulose, found in almost all plants,
algae, and bacteria. It exists in two forms, namely, cellulose la and IB. Both subclasses
exhibit a parallel arrangement of cellulose chains; however, they differ in their layer
packing along the c-axis. As a result, cellulose la packs in a triclinic unit cell, while
cellulose IB reveals a monoclinic unit cell (Figure 1.6)."® Cellulose Il also exhibits a
monoclinic crystal structure, like cellulose IB, but with chains aligned in an antiparallel
arrangement. It can be obtained from native cellulose (cellulose |) through alkali treatment,
known as mercerisation, or by regeneration via dissolution followed by recrystallisation.™"’
Cellulose lll can be derived from cellulose | and cellulose Il through the ammonia-
mercerisation, denoted as cellulose lll, for parallel chains and cellulose Il for antiparallel
chains, in which ammonia treatment modifies the hydrogen bonding in cellulose packing
chains.'®' Cellulose IV is generally obtained from cellulose Il by heating, existing in
parallel (cellulose IV)) and antiparallelforms (cellulose IV)). Cellulose IV is often considered
not entirely distinct from cellulose | and may represent a partially disordered form of
cellulose I.7% In recent years, cellulose IV has also been prepared directly from cellulose |

via dissolution in ionic liquids followed by regeneration.'®?°
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1.2.1.2. Hemicellulose

Hemicellulose is one of the most abundant heteropolymeric carbohydrates in
biomass. Unlike cellulose, which is linear homopolymeric carbohydrates, hemicellulose
composed of various monosaccharides, including pentoses such as xylose, arabinose,
and rhamnose; hexoses such as glucose, mannose, and galactose; acid sugars or uronic
acids such as D-galacturonic acids, and D-glucuronic acids.”® The backbone of
hemicellulose can be homopolymeric comprising of only, for example, xylan, glucan, and
galactan, or heteropolymeric such as glucomannan, and is typically connected by p-(1 >
4) linkages (Figure 1.7)."®*2?" In addition, the structure of hemicellulose is largely
amorphous. Various sugars or uronic acids are linked with the backbones, forming
branching structures that hinder the forming of crystalline regions.? Among the
hemicelluloses present in biomass, particularly in lignocellulosic feedstocks, the most
abundant are xylans and glucomannans. Xylans are typically found in hardwoods and
herbaceous plants, accounting for approximately 20-30% of their composition, and up to
about 50% in grasses. Moreover, large quantities of xylans are produced as by-products of
the paper and agro-industries.'® In softwood plants, glucomannans and
galactoglucomannans are the predominant forms of hemicellulose.? The structure and
composition of hemicellulose vary depending on plant origin and class. For instance,
galactomannans, xyloglucans, and glucomannans are commonly found in berry plants
(Figure 1.3), whereas arabinoxylans and galactomannans are abundant in monocot

plants.?
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Figure 1.7. Chemical structure of hemicellulose, adapted from Gundekari et al.?’
1.2.1.3. Starch

Starch is a homopolymeric carbohydrate, composed of D-glucose monomers
joined by a-(1 > 4) glycosidic linkages, giving it a helical conformation. Starch typically
occurs in two main forms, comprising about 10-20% amylose and 80-90% amylopectin.?
Amylose, the water soluble fraction of starch, is a mostly linear polymer composed of a-(1
> 4) glycosidic bonds, whereas amylopectin has a branched structure with a-(1 > 4) bonds
forming the backbone and additional branches connected through a-(1 > 6) glycosidic
bonds (Figure 1.8).2" In addition, the molecular weight of amylose is approximately 106,
while amylopectin is higher than that of amylose, with about 108.2° The difference in
molecular structure of starch significantly impacts macroscopic properties, including its

colours, solubility and gel-forming properties.?
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Figure 1.8. Chemical structure of starch, adapted from Gundekari et al.*’
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1.2.1.4. Pectin

Pectin is a polysaccharide mainly consisting of D-galacturonic acid (GalA) units. Its
structure is generally divided into smooth and hairy regions (Figure 1.3). The smooth region
corresponds to homogalacturonan (HG), a linear polymer of GalA units connected through
a-(1 > 4) glycosidic linkage, which typically accounts for about 65% of total pectin (Figure
1.3).2 HG chains may be partially acetylated at the C2 or C3 positions, depending on the
origin of feedstocks (Figure 1.9).2* The hairy regions consist mainly of rhamnogalacturonans
(RGs). Rhamnogalacturonan-l (RG-I) constitutes about 20-35% of pectin. Its backbone is
composed of alternating GalA and rhamnose units linked by a-(1 > 4) and a-(1 > 2)
glycosidic linkages. The side chains of RG-I may either be linear or branched, depending on
the sugars or uronic acids attached on the C4 positions of rhamnosyl moieties (Figure
1.9).242°

Rhamnogalacturonan-Ill (RG-Il) is one of substituted galacturonans. Unlike RG-I,
RG-Il backbone is mainly a HG chain, with lateral chains made up from different
oligosaccharides bound on C2 or C3 positions of Gal A main chain.?* In addition, pectins
are classified based on the degree of esterification (DE) of the GalA carboxyl groups at the
C6 position. When DE is below 50%, the pectin is defined as low methoxyl pectin (LM), while
DE above 50% corresponds to high methoxyl pectin (HM).? The DE is influenced by the
origin of raw materials and extraction conditions and plays a critical role in determining the

gelling properties of pectin.®
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Figure 1.9. Chemical structure of pectin, adapted from Leclere et al and Amos et al.?*?®
1.2.2. Lignin

Ligninis one of the most abundant biopolymers in biomass, particularly in

lignocellulosic materials. It is a complex three-dimensional biopolymer that surrounds
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cellulose and hemicellulose in plant cell walls, providing structuralrigidity to the
biomass."® Unlike carbohydrate polymers, lignin is not composed of sugars.’® Instead, it is
primarily built from three monolignols, which are p-coumaryl, coniferyl, and sinapyl
alcohol, linked through ether or carbon-carbon bonds (Figure 1.10)."®?" Lignin can be
classified into four types based on the extraction process, namely Kraft lignin,
lignosulfonates, organosolv lignin, and soda lignin.?” Moreover, the structure, molecular
weight, purity, and solubility of lignin are strongly influenced by the delignification

process.?’
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Figure 1.10. Chemical structure of lignin and their monomers.
1.2.3. Polyphenols

Polyphenols are a diverse group of plant-derived chemical compounds with the
presence of one or more aromatic rings connected to hydroxyl groups (-OH). They are
abundantin edible plants and can be divided into 5 different classes, including phenolic
acids, flavonoids, stilbenes, lighans, and tannins (Figure 1.11).28 Phenolic acids are the
simplest type of polyphenols, containing a single aromatic ring bearing both carboxylic
acids (-COOH) and hydroxyl groups (-OH). Due to their phenolic structure, phenolic acids
exhibit antioxidant activity through radical scavenger mechanism and resonance
stabilisation by hydrogen atom transfer, electron donation, or singlet oxygen quenching.®
Flavonoids are a major class of polyphenol phytonutrients, characterised by three-ring
core structure (C6-C3-C6), composed of ring A, B, and C (Figure 1.11). Because of the
structural differences, flavonoids are commonly classified into Flavanols, Flavonols,
Flavanones, Isoflavones, Flavones, Chalcones, and Anthocyanins, based on the oxidation
degree and substitution pattern of the C ring.? Stilbenes represent another kind of
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polyphenols, consisting of two phenolic rings connected via a 1,2-diphenylethylene core
structure. Lignans, on the other hand, are formed through polymerisation of monolignols
or phenylpropanoid derivatives, providing a wide diversity of complex structures.?®3°
Tannins are polymerised form of polyphenols with a molecular weight of 500 to 30,000
kDa, and generally divided into two categories, which are hydrolysed tannins and

condensed tannins (polymers of flavan-3-ol units or procyanidins).?®
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Figure 1.11. Type of polyphenols and their chemical structures.

1.2.4. Lipids

Plant lipids are mainly composed of triglycerides (Figure 1.12). A triglyceride
consists of two main regions, which are the fatty chains and the ester region. Plant lipids

are the crucial source of fatty acids and glycerol production.?’
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Figure 1.12. Chemical structure of triglyceride.
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Fatty acids can be classified as saturated or unsaturated, based on the presence
of double bonds in their hydrocarbon chains. The degree of unsaturation influences the
physical form of lipids. Unsaturated lipids, which contain one or more double bonds, are
typically liquid at room temperature, whereas saturated lipids, which lack double bonds,
are generally solid at low temperature. Plant-derived fatty lipids are generally composed of
fatty acids ranging from C14 to C,o with diverse fatty chains.?' The most common fatty acids
found in plants include stearic, palmitic, oleic, linoleic, and linolenic acids with different
composition based on the source of raw materials.?' Figure 1.13 illustrates the chemical

structures and formulas of some common plant fatty acids.?'
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Figure 1.13. Chemical structure of common fatty acids with degree of unsaturation
(No. of carbons: No. of double bonds) and chemical formula (CH,0,).?’

1.2.5. Inorganic components

Biomass also contains inorganic constituents, which may occur in crystalline,
semi-crystalline, or amorphous forms. These inorganic components commonly include
alkali and alkaline earth metal species such as calcium, potassium, magnesium, and
sodium, as well as silica and mineral salts. Although generally present in relatively small
amounts, they can significantly influence biomass processing and conversion behaviour by
altering pH, exhibiting catalytic behaviour during thermochemical processes such as
pyrolysis and gasification, and influencing heat transfer and microwave absorption during
hydrothermal or microwave-assisted treatments. In thermal treatment such as pyrolysis or
gasification, alkaline or alkaline earth metal species play a crucial role as catalysts, where
cations promote depolymerization, dehydration, decarboxylation, demethylation,
decarbonylation of biopolymer chains. In addition, during thermal conversion, inorganic

species may contribute to equipment wear because alkali or alkaline earth metals can
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promote fouling, slagging, and reactor corrosion, as well as the release of undesirable

emissions.

1.3. Microwave-assisted hydrothermal extraction

Hydrothermal process was first introduced in the geological field to describe the
behaviour of water under conditions of high pressure and temperature, particularly in
relation to the formation of rocks and minerals within the Earth’s crust.®%? Geologists
simulated such hydrothermal conditions and applied them in crystal growth, mining, and
metallurgy.®"*? Inspired by these natural processes occurring beneath the seafloor and
within rock layers, researchers have extended the concept to biomass conversion,
simulating hydrothermal processing for the production of fossil fuel-like products.3®34 To
explore its wider applications, hydrothermal technology has been adapted into artificial
processes for biomass conversion.

The hydrothermal process can be categorised based on the processing conditions
into hydrothermal carbonisation (HTC), hydrothermalliquefaction (HTL), and hydrothermal
gasification (HTG).®" HTC is generally conducted at a range of temperatures from 130 to
250 °C with the self-generated pressure between 1 and 5 MPa, producing a solid carbon-
rich material known as hydrochar from biomass.*' HTL is carried out at higher temperatures
and higher pressure compared to HTC. The hot pressurised water at approximately 250 to
374 °C and 4 to 22 MPa, allowed nonpolar matters in biomass to dissolve and disperse into
liquid phase.® This enhances biomass degradation and depolymerisation, yielding bio-oils
along with polar organics such as phenols, organic acids, furfurals and other platform
molecules.*? HTG is conducted under supercritical water conditions, with the temperatures
above 374 °C and pressure higher than 22 MPa, favouring the production of gaseous
products such as H,, CH,, CO, and CO,from biomass.*'

Overall, the hydrothermal process is one of the thermochemical conversion
processes of biomass, typically carried out in closed systems under pressures ranging
from 1 to 40 MPa and temperatures between 130 and 600 °C. Under these conditions,
water exhibits the significant changes in behaviour and properties compared to room
temperature water (see Figure 1.14 and Table 1.1).5' The increase in thermal conductivity
(A) of water under the elevated temperatures and pressures of HTC and HTL enhances heat
transfer during hydrothermal processes. This improved thermal performance contributes

to the energy efficiency and cost-effectiveness of hydrothermal conversion of biomass.3"%
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Figure 1.14. Phase diagram of water and hydrothermal conditions.*

In addition, the decrease in viscosity (n) and dielectric constant (&) under
hydrothermal conditions enhances the solvent properties of water (Table 1.1), facilitating
the diffusion and dissolution of a wide range of polar and non-polar biomass-derived
compounds.®® The reduction in the logarithmic form of the ionic product (pK.) further
promotes water dissociation, generating higher content of hydronium (H*) and hydroxide
(OH") ions. With these property changes in hot pressurised water, namely subcritical and
supercritical water, under hydrothermal conditions allow water to function as a catalyst,
solvent, and reactant, facilitating biomass conversion through dehydration,
decarboxylation, hydrolysis, condensation, aromatisation, and depolymerisation.®":3%
Therefore, the subcritical and supercritical water can serve as an efficient medium for the

conversion of biomass into biochemicals, biofuels, and biomaterials.®'

Table 1.1. Water properties at room temperature and hydrothermal conditions, adapted
from Zhang et al.®'

Room temperature

Properties HTC HTL HTG
water
Temperature, T (°C) 25 130 250 400
Pressure, P (MPa) 0.1 1 5 50
Thermal conductivity, A (W/m.K.10%)  607.50 685.24 619.14 451.30
Viscosity, n (10 Pa.s) 890.45 213.13 106.58 68.02
Dielectric constant, € 78.50 49.37 27.15 12.16
lonic product, pK, 14.00 12.16 11.20 11.56
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Recently, microwave-assisted hydrothermal treatment for the valorisation of
biomass has attracted increasing attention due to its cost and energy efficiency, rapid
processing, high selectivity, and controllability.*® Microwaves, a form of electromagnetic
radiation, can effectively promote the hydrothermal conversion of biomass because water
molecules directly absorb microwave energy and convert into heat, making in rapid and
direct heating.®"***” In conventional heating, heat is transferred from the external surface
inward through conduction and convection, which often causes the biomass surface to
reach higher temperatures than the inside (Figure 1.15).5"*” In contrast, microwave heating
proceeds in the opposite manner, in which energy is absorbed directly by the material,
allowing heating to occur from the inside out. Microwave heating of biomass, operating
with the frequency range of 300 MHz to 300 GHz occurs through dipole rotation and ionic
conduction mechanisms involving water molecules, biomass components, and
electrolytes.®% In addition, the presence of electrolytes in biomass, such as inorganic
salts, facilitates the conversion of electromagnetic energy into heat within the aqueous
medium.® This enhanced heating efficiency promotes biomass depolymerisation and
degradation, thereby facilitating the release of internal compounds and accelerating the

biomass conversion into biomass-derived products. 3"’
Microwave heating ~ Conventional heating

Figure 1.15. Heating pattern in microwave and conventional heating, adapted from Tsubaki
etal’”

1.4.Aims and Objectives

Unavoidable food supply chain (UFSC) waste, including agro-industrial and
agricultural byproducts, is an interesting second-generation, renewable feedstock, which
also adheres to green chemistry principle 7 (the use of renewable feedstock). Globally,
approximately 1.05 billion tonnes of food waste, including non-edible parts, which can be
viewed as a source of biobased chemicals, materials and energy, is produced per annum.*®

This research explores the valorisation of three agro-industrial and agricultural
byproducts using microwave hydrothermal extraction as a core technology as described

earlier in section 1.3, namely:
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i. Feedstock 1: Blackcurrant pomace

Currants (Ribes) are small berries classified into black, red, and white varieties.
They are concerned as an importantingredient in a healthy diet, as they arerich in
bioactive nutrients such as vitamins, polyphenols, sterols and minerals.* The majority of
currants, approximately 98.6%, are cultivated across European countries, with Russian
and Poland being the leading producers.*?In 2023, global production reached
approximately 760,000 tonnes, of which around 130,000 tonnes were blackcurrants, grown
primarily in Poland and the United Kingdom (UK).4%41

Blackcurrants (Ribes nigrum), small purple berries, are regarded as the most
valuable among currants and other berries due to its high content of phytochemicals,
specifically anthocyanins, exhibiting antioxidants, antimicrobials, and anti-
inflammatory.®**? Figure 1.16 illustrates a variety of blackcurrant products available in the

UK market.

CunaNz
( NEW ZEALAND
TWININGS _ | BLACKCURRANT EXTRACT

Blackcurrant
&blueberry

Blakaarails

<

Blackcurrant |

Figure 1.16. Blackcurrant and blackcurrant-derived products available in the UK on
Amazon (https://www.amazon.co.uk/) based on the keyword “blackcurrant product”

Only up to 10% of blackcurrants are consumed as fresh product, while the majority
are processed into products such as juice, jam and concentrates. Industrial processing
generates substantial amounts of currant pomace, approximately 25-30% of the initial
fresh weight, which corresponds to an annual production of 150,000-200,000 tonnes (see
Figure 1.17).4*%* Despite its high content of valuable compounds, pomace from the food
industry is often discarded through landfilling, composting, or incineration, with smaller
portions used as fertilisers or animal feed.* Given its abundance and rich composition of
bioactive compounds, and biopolymers, currant pomace represents a promising resource
for valorisation into high-value products, offering both economic and environmental

benefits.

41



Chapter 1: Introduction

=
S
3
ConsumpfiBRlBYlipuseholds
o 2 Fresh-fruits-oxport
§ . el
-
BN
)
o
®
§ Estimated annual amount of
3‘ currants pomace in Poland:

15-20 thousand tonnes

i

Figure 1.17. Sankey diagram illustrating the use of currants in Poland.*®
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1.4.1. Aim | (A1): Valorisation of blackcurrant pomace

Blackcurrant pomace, a large-volume by-product of industrial harvesting and
processing, primarily consists of cellulose, lignin, hemicellulose, pectin, polyphenols, fat
and ash. Research interestin blackcurrant pomace has grown steadily between 2015 and
2025. (see Figure 1.18). The latter have been extensively studied for their bioactive
properties, such as antioxidancy.***® A few studies have investigated the potential to
convert blackcurrant pomace into biofuels, e.g., bio-oil and biochar.**=*2 Alba et al. report
methods for fractionating dietary fibres, including soluble dietary fibre, insoluble dietary
fibre, and lignin, from blackcurrants.®® However, the extraction methods described in
previous studies involve conventional heating, acidic conditions, alkaline conditions, and
the use of chelating agents, which may have environmental implications.®®

Citric acid (CA) is an example of a biobased renewable organic acid obtained from
fermentation and has been utilised in various biomass pretreatment and extraction
processes. It is effective in extraction of pectin and removing impurities such as lignin,
hemicellulose, ash and inorganic matter from lignocellulosic feedstocks, facilitating the

breakdown of fibre bundles into smaller units.458
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Figure 1.18. Number of papers published annually in the Web of Science

(https://www.webofscience.com/) based on the keyword
“blackcurrant pomace” between 2015-2025.

Microwave hydrothermal treatment (MHT) is known as a rapid and energy-efficient
technique compared to the conventional methods. It allows to produce biopolymers, e.g.,
pectin and cellulose, that are free from chemical or biological additives and have
undergone defibrillation. By utilising microwave energy, this process effectively and
specifically eliminates hemicellulose, pectin, and amorphous cellulose from the biomass.
This approach has been successfully applied to various biomass sources for production of
pectineus and cellulosic materials.*%2

Thus, given its large volume and chemical richness, blackcurrant pomace is an
important economic biorefinery feedstock. Herein, the aim is to fractionate blackcurrant
pomace into biopolymers, and bioactive compounds using green alternative processing,
including citric acid extraction and MHT (see Figure 1.19). This process adds further value
to the eco-friendly blackcurrant waste biorefinery via a zero-waste approach. Initially,
pectin will be isolated using water (thermal heating), conventional acid (HCl), citric acid
(0.2-0.8M) and microwave-assisted hydrothermal processing at temperatures ranging from
100 °C to 160 °C. Thereafter, the depectinated blackcurrant residues obtained will be
subjected to microwave hydrothermal reprocessing at 160 °C to yield defibrillated
celluloses. Meanwhile, hydrolysates obtained during pectin isolation, considered rich in
bioactive compounds, will be collected as anthocyanin-rich fractions. The total phenolic
content (TPC), total flavonoid content (TFC), total anthocyanin content (TAC), and

antioxidant ability will be evaluated and compared with the conventional solvent extracts
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obtained using heptane, ethanol, water, and ethanol/water. Finally, pH-sensitive films will
be developed from the fractionated blackcurrant pomace, further expanding its potential
applications.

Objective A1 (i): Characterisation of blackcurrant pomace

The chemical composition of blackcurrant pomace varies with its origin,
pretreatment processes, and the proportion of plant parts that contains in the materials,
as pomace typically includes seeds, stems, and skins. Table 1.2 summarises the chemical
compositions of blackcurrant pomace obtained from different sources, such as Poland,
the UK, Austria, and Sweden. Dietary fibre, primarily consisted of lignin, cellulose,
hemicellulose and pectin, represent the major fraction of blackcurrant pomace, followed
by protein, fat, and ash. While overall composition differs among origins and parts of BC,
including pomace, skin, seeds, and stem, variations in fat content can be possibly due to
differences in seed content.

To estimate the chemical composition of the blackcurrant pomace prior to
fractionation, moisture and ash content analysis, Klason lignin analysis, elemental
analysis (CHN), attenuated total reflectance infrared spectroscopy (ATR-IR), and

thermogravimetric analysis (TGA), will be conducted (see Figure 1.19).

Table 1.2. Compositions of blackcurrant pomace from different sources.

Composition (wt.%) Poland®3364 UK Austria® Sweden®®
Moisture 7.5 3.2 - -
Ash 3.3 2.8 - -
Fat 25-5.9 10.8 16.2 -
Protein 11.1-12.6 13.3 17.4 -
Polysaccharides ® 38.7-47.2 38.7 - 14.1

Cellulose 12.0-17.2 13.6 - -

Hemicellulose 14.4-25.3 14.5 - -

Pectin 2.7-15.6 10.6 - -
Soluble dietary fibre (SDF) 30 25 6.9 -
Insoluble dietary fibre (IDF) 46.9 47.4 58.6 -
Klason lignin 37.9-59.3 35.7 - 41.9

#includes cellulose, pectin, and hemicellulose
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Klason lignin analysis
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Figure 1.19. Process diagram illustrating the overall aims of blackcurrant pomace valorisation.
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Objective A1 (ii): Production and characterisation of pectin

Pectin is widely applied in various industries, including food, pharmaceuticals,
cosmetics, as well as in the development of edible packaging, paper substitution, foams,
and plasticisers.®*®” In addition, pectin is considered as a dietary fibre due to its natural
origin and established safety for human nutrition.®” The functional properties of pectin are
determined by its chemical structure, particularly the gel-forming ability. High-methoxy
(HM) pectin forms gel in the presence of sugars and acidic pH, while low-methoxy (LM)
pectin can gel within a broader pH range (2-9.5) when divalent cations are present. 4%’
With its unique properties, pectinis not only used as a gelling agent, but also as an
emulsifier, stabiliser, and thickening agent in food industry, and in cosmetic and skincare
products. 3+¢7

Unlike commercial pectin, which commonly derived from citrus and apple,
blackcurrant pectin displays distinct structural characteristics. It contains a high content
of rhamnogalacturonans (highly branched pectin), as well as anthocyanins and calcium
bound within its structure.®®®° Alba et al. identified blackcurrant pomace, a by-product of
industrial juice processing, as a promising alternative source of pectin. Acid-soluble and
calcium-bound pectin were isolated, characterised by a low degree of esterification (11-
38%), a galacturonic acid content of 45-57%, and relatively small amounts of neutral
sugars, suggesting a less branched pectin structure.*

Corovié et al. fractionated acid-soluble and calcium-bound pectin from
blackcurrant pomace for potential cosmetic applications. Instead of using HCL, citric acid
was used as an alternative reagent for the acid-soluble pectin extraction. The isolated
acid-soluble and calcium-bound pectin fractions exhibited comparable degree of
esterification with approximately 49% and 51%, respectively. Both fractions demonstrated
excellent emulsifier properties, as well as water and oil-holding capacities, making them
suitable for using as cosmetic ingredients. Interestingly, the citric-acid pectin showed a
significantly higher galacturonic acid content (72%) compared to the calcium-bound
fraction (48%). In addition, it displayed three times greater antioxidant activity, with a
tenfold increase in phenolic content, and selective antimicrobial activity, suppressing the
growth of Staphylococcus aureus (a skin pathogen), while stimulating Staphylococcus
epidermidis (a beneficial skin bacteria).>

As mentioned earlier, MHT has been successfully employed for pectin isolation. In
this study, blackcurrant pectin will be fractionated from blackcurrant pomace using MHT

at different temperatures (100-160°C) and compared with conventional extraction
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methods, including water, HCL (0.2M), and citric acid (0.2-0.8M) extraction. The isolated
pectin fractions will be characterised using ATR-IR, TGA, *C nuclear magnetic resonance
("*C NMR) spectroscopy, and carbohydrate analysis. In addition, uronic acid content, TPC,
TFC, TAC, and antioxidant activity will also be determined (see Figure 1.19).

Objective A1 (iii): Production and characterisation of defibrillated cellulose

Cellulose, the most abundant renewable polymer, is often regarded as a
sustainable and long-lasting alternative to synthetic polymers. It offers numerous benefits
such as cost-effectiveness, environmental friendliness, compatibility with living
organisms, biodegradability, and its widespread use in various industries.”®”? Cellulose
can be isolated via chemical or mechanochemical pretreatment. Typically, cellulose is
obtained through strong mineral acid hydrolysis to remove non-crystalline components
and achieve a highly crystalline structure.”®’2 However, the use of mineral acid creates a
significant environmental hazard. Additionally, sugar dehydration products, such as
furfural and 5-hydroxymethylfurfural (5-HMF), can form as by-products during the
hydrolysis of sugars under harsh conditions. The presence of these compounds in
hydrolysates acts primarily to inhibit microbial metabolism, negatively impacting
biosynthesis processes. This inhibition can lead to substantial productivity losses and cost
inefficiencies and make industrial processes economically unfeasible.”

De Melo et al. demonstrated acid-free microwave hydrothermal fractionation of
pectin and cellulose materials from biomass.*® The industrial production of pectin uses
hydrochloric acid (HCL, pKa approx. —6) at 80 °C, which is highly corrosive and generates
significantamounts of aqueous acidic waste. All traces of mineral acid need to be removed
prior to pectin use in certain applications, for example, food and food packaging. The
activation of lignocellulosic substances, such as spent pea biomass, cassava peel, and
almond hull, can be achieved through MHT, operated at temperatures ranging from 120 to
220 °C.50-82

Thus, herein, blackcurrant residue after pectin extractions, involving conventional
water, HCL, citric acid at various concentrations, and MHT at various processing
temperatures, will be reprocessed with MHT at 160 °C for production of defibrillated
celluloses (DFCs). (see Figure 1.19). The microwave processing temperatures used are
based on existing knowledge of acid-free microwave-assisted pectin extraction and
hemicellulose and cellulose decomposition temperatures. 552 Optimal pectin isolation is
approx. 140 °C, and optimum cellulose decomposition is typically in excess of 190 °C,

which leads to the formation of humins, chars and pseudo-lignins.%*¢%74 Thus, restricting
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the upper temperature to 160 °C avoids decomposition of cellulose and ensures higher
removal of hemicellulose. Therefore, defibrillated celluloses with higher cellulose content
will be envisaged.

The changes in the composition, structure, and morphology of DFCs using various
analytical techniques, including scanning electron microscope (SEM), TGA, powder X-ray
diffraction (pXRD), and solid-state '*C CP/MAS NMR, will be examined. The specific aims
of this study are (i) to examine and compare the effectiveness of water, HC, citric acid and
acid-free microwave-assisted extraction conditions at moderate temperatures on the
extraction of lighocellulosic materials from blackcurrant pomace, with the goal to valorise
food waste through a sustainable and green approach; (ii) assess the physicochemical
properties of the resulting lighocellulose, including crystallinity, morphology, and chemical
and structural compositions; (iii) evaluate the thermal and rheological properties to

identify potential applications.

Objective A1 (iv): Isolation of solvent extractives and characterisation of anthocyanins-rich

hydrolysates

Blackcurrant is well-known as a rich source of bioactive compounds, particularly
anthocyanins (ACNs), phenolic acids, flavonols, condensed tannins, and hydrolysable
tannins.*®’® Extensive research has focused on the extraction of ACNs, as they not only
provide a wide range of biological benefits such as antioxidant, anti-inflammmatory, and
antimicrobials,***? but also enhance the sensory qualities of foods.”>’® This makes them
valuable for pharmaceutical applications as well as for use as a natural food colourant
(E136).757¢

Regarding conventional extraction methods, polar solvents such as water,
methanol, ethanol, or acetone are commonly employed for extracting ACNs from
blackcurrant or its pomace.’’ Although methanol and acetone are highly effective
extraction solvents, their use in food products is prohibited due to their toxicity and
potential health hazards.”®”” In contrast, ethanol and water are considered safe and widely
accepted for food applications. In addition, mixtures of ethanol and water (40%, 60%, or
96% of ethanol) demonstrated better extraction ability than a single solvent, with 60% of
ethanol yielding the highest ACNs content among all ethanol-water mixtures.”®’® Among
all ACNs, cyanidin-3-glucoside (C3G), cyanidin-3-rutinoside (C3R), delphinidin-3-
glucoside (D3G), and delphinidin-3-rutinoside (D3R) were identified as the main ACNs (see
Figure 1.20), accounting for 92-97% of total ACNs content.”® Additionally, extraction under
acidic conditions has been shown to further enhance ACNs yield.”®#
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Figure 1.20. Chemical structures of four main anthocyanins found in blackcurrant.

Conventional solvent extraction however, is time and energy consuming, costly,
low selectivity, and require for high purity solvent and evaporation after extraction.” To
overcome these drawbacks, alternative non-conventional methods such as ultrasound-
assisted extraction (UAE),*7588% microwave-assisted extraction (MAE),®* enzyme-assisted
extraction (EAE),®% and pulsed electric field assisted extraction (PFE),®” have been
extensively studied for ACNs extraction from blackcurrant and its pomace. These methods
have demonstrated reduced solvent consumption and shorter processing times, while
achieving comparable or even improved ACNs yields compared to conventional
extraction.”

MAE has been reported to enhance ACN yield from blackcurrant marc by more
than 20% when performed under acidic conditions or ethanol-water mixtures.® 28 However,
several factors, including microwave power, time, pH, and the solid-to-liquid ratio,
significantly influence the efficiency of ACNs recovery.®+8®

In this work, we aim to recover blackcurrant pomace hydrolysates obtained after
pectin extraction via acid-free MHT at 100-160°C, and conventional acid extraction (0.2M
HCL, and 0.2 -0.8M citric acid), which are expected to be rich in ACNs. The recovered ACN-
rich fractions from MHT will be characterised and compared with those obtained through
conventional solvent extractions using heptane, ethyl acetate, ethanol, and ethanol-water
mixtures as solvents. Liquid chromatography-mass spectrometry (LC-MS) will be used to
determine the presence of ACNs in the extracts. Additionally, TPC, TFC, TAC, and

antioxidant activity will also be investigated.
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Objective A1 (v): Repurposing of blackcurrant pomace via microwave-assisted

hydrothermal treatment into pH-sensitive films

Food labelling is a major cause of confusion that contributes to food waste.
Phrases such as “Best by”, “Use by”, and “Sell by”,%° typically do not provide real-time
information on freshness, safety, or quality of food. Approximately, 20% of all edible items
are discarded by consumers due to confusion about the meanings of the different labels.®
To monitor food quality in real-time, colorimetric methods have been introduced, as they
are simple, cost-effective, require no additional readout devices, and can be easily
incorporated into food packaging.® The growth of microorganisms leads to the release of
volatile organic compounds such as organic acids and amines, resulting in pH changes.>%
The microbial degradation of nitrogen-containing compounds and protein in meat or
seafood can increase volatile organic amines. Food freshness can be evaluated by
measuring the release of total volatile basic nitrogen (TVB-N) and the biogenic amine index
(BAI), which are commonly used as spoilage indicators.

Unavoidable food supply chain byproducts such as agro-industrial waste are
valuable sources of bioactive compounds and structural biopolymers.® Blackcurrant
pomace, a major product after juice processing, which particularly consists of ACNs,
pectin, and cellulose, presents a significant opportunity for value-added applications in
sustainable material development. The demand for biodegradable and functional
packaging materials is growing, led to an upsurge in research focused on converting such
biomass into active films with tailored properties.®>*’

Current research on blackcurrant pomace has largely focused on the separation of
natural colorants (ACNs) or directly using pomace powder as an ACNs source in
combination with various biopolymers to develop biobased packaging.®°° However, the
residual biomass remaining after extraction is overlooked, although it is potentially
converted into value-added products. Moreover, conventional extraction method for
biopolymers such as pectin and cellulose typically involve harsh chemicals, which can
pose environmental and sustainability concerns.®®

Microwave hydrothermal extraction has been reported as an environmentally
friendly and efficient method for the isolation of pectin and defibrillated cellulose from
various biomass sources.®**®"% Compared to conventional techniques, it offers better

energy efficiency, shorter processing times, and reduced chemical usage. In addition to its

effectiveness for biopolymer recovery, microwave-assisted extraction has also shown
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promising results in enhancing the extraction of bioactive compounds, including phenolics
and ACNs, due to improved cell wall disruption and solvent penetration.?4"

ACN, pH-responsive pigments, have been widely studied for their applicationin
pH-sensitive intelligent films, offering added antioxidant and antibacterial benefit. 996102
Incorporating ACN into films can lead to a colour change at different pH levels, making
them effective indicators for monitoring food spoilage, such as in fish, shrimp, pork, and
beef.%%%192 Additionally, combining ACN extracts with other biopolymers, such as starch,
agar and cellulose, is both biodegradable and safe for handling and applicable in the food
industry.®5¥7

Several techniques, including biopolymer blending, "% crosslinking,'%*'%and
reinforcement adding,”"'*® have been proposed for improving film properties. For instance,
Gohil et al. and NesSi¢ et al. introduced the synergistic effect of NaAlg-pectin blending
under calcium chloride or zinc chloride crosslink, where the carboxyl groups of NaAlg and
pectininteract with calciumions or zinc ions, creating the “Egg box” model. The unique
physical crosslink of the amorphous molecular structure of the “Egg box” resembles the
structure of the synthetic semicrystalline polymers, called “Fringed-Micellar”, resulting in
improved mechanical properties.'®®'% Rezvanian et al. further investigated the optimal
condition of crosslinking for NaAlg-Pectin hydrogel film, in which 0.5% calcium chloride
positively affected mechanical properties.’” Moreover, Lei et al. introduced cellulose
nanocrystals as a reinforcement agent to NaAlg-pectin smart films incorporated with
extracted red cabbage ACN. The optimally prepared film demonstrated a pH-indicator film
that can be used for shrimp freshness monitoring with less water solubility and enhanced
strength.'®®

In this study, blackcurrant pomace will be explored as a single source of pH-
responsive ACN, pectin as a biopolymer and, DFC as a filler/reinforcement agent in the
production of pH-sensitive sodium alginate films. Importantly, all three components will
be simultaneously extracted using MHT, demonstrating a more environmentally friendly

and energy-efficient alternative to conventional extraction methods.

i Feedstock 2: Extruded ginger pomace

Ginger (Zingiber officinale) is a flowering plant native to Southeast Asia whose root
is commonly used as a spice or flavouring in foods, fragrances as well as in traditional and
modern medicine due to its distinctive pharmacological and nutritional values.'""° Ginger
extracts are rich in high-value oleoresins, which exhibit unique antioxidant, antimicrobial,
anti-inflammatory and anticoagulant properties.” Thus, the global popularity of ginger
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and its extractis increasing. According to the Food and Agriculture Organization of the
United Nations (FAOSTAT), global ginger production reached 4.9 million tonnesin 2023,
with Asia accounting for 79% of total cultivation.*’ In the same year, imports of ginger into
the European market exceeded 168,000 tonnes, with expected to grow further due to the
widespread use of ginger in the food and beverage industry (see Figure 1.21) and its

recognised health benefits."?
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Figure 1.21. Ginger and examples of ginger-derived products available
in the UK on Amazon (https://www.amazon.co.uk/)
based on the keyword “ginger product”

As gingerisrich in oleoresins and widely used as a spice in culinary applications, there
has been a correspondingrise in the ginger oleoresin industry. However, ginger high-value
oils, containing oleoresin represent only 4-10wt.%, meaning that large volumes of spent
ginger biomass are generated as by-products of extraction.”'"® Traditionally, ginger waste,
including stalks and leaves, is directly sent to landfills, incinerated and/or used as low-
value animal feed (ginger waste meal).""®*'"* Due to the adverse environmental effects of
producing such a large volume of ginger waste, including, but not limited to, decomposition
to greenhouse gases, there is a strong incentive to find alternatives to disposal.

Currently, the re-utilisation of spent ginger waste for high-value chemicals, materials
and bioenergy beyond simple biomass burning or composting, is limited but now beginning
to increase (see Figure 1.22). Due to some of the unique compounds present in ginger oils,

ginger waste also represents an excellent opportunity for valorisation.
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Figure 1.22. Number of papers published annually in the Web of Science
(https://www.webofscience.com/) based on the keyword “ginger waste” between 2015-
2025.

1.4.2. Aim Il (A2): Valorisation of extruded ginger pomace

As consumer behaviour continues to shift towards a healthier lifestyle, there is a
growing reduction in the consumption of processed foods, preservatives, and artificial
additives.”? Ginger fits well into this trend, as it is widely recognised as a functional food, a
naturalingredient, and a traditional remedy. This is demonstrated by the increasing
availability of ginger shots in mainstream supermarkets across European countries. "2
Therefore, the aim of this section is to explore the valorisation of ginger pomace, generated
as a by-product of juice production, into biochemicals and biomaterials with the
framework of zero waste biorefinery development (see Figure 1.23).

Ginger pomace will first be subjected to supercritical carbon dioxide (scCO»)
extraction for the recovery of ginger oil. The resulting oil-free residue will then undergo
double microwave-assisted hydrothermal treatment (MHT) to investigate the
characteristics and properties of defibrillated cellulose (DFC). In addition, given that ginger

is a starch-rich plant, starch and protein hydrolysates will also be recovered as valuable

by-products.

Objective A2 (i): Characterisation of extruded ginger pomace

Ginger waste can vary in composition depending on its source and processing
method. In an industrial context, ginger peel, stems, and leaves may also be classified as
‘ginger waste’. Stems and leaves, which are generated as residues after harvesting, have
little or no commercial value; however, they do contain proteins and polysaccharides such

as sugars, starch, cellulose, hemicellulose, and lignin.'>""” Table 1.3 provides an example
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of the composition of ginger wastes produced both at the farm gate (stems and leaves) and

during secondary processing, such as oleoresin extraction.”*'"”

To better understand the composition of ginger pomace, our study’s waste raw
material, generated from juice processing prior to further valorisation, characterisation
methods including moisture and ash content analysis, Klason lignin analysis, CHN, ATR-IR,
TGA, and pXRD will be applied (see Figure 1.23). These techniques will provide a

comprehensive profile of the physicochemical properties of ginger pomace.

Table 1.3. Type and composition (%) of ginger waste

Compositions (%) Spent ginger'"? Ginger stem'"’
Ash 9.37-10.32 -
Protein 11.74-13.02 -
Starch 47.23-50.79 -
Pectin 1.63-2.09 -
Cellulose 3.84-4.32 48.48
Sugar 4.14-4.52 -
Hemicellulose - 31.50
Lignin - 18.30
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Klason lignin analysis
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Figure 1.23. Process diagram illustrating the overall aims of extruded ginger pomace valorisation.
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Objective A2 (ii): Isolation of scCO; extractive and its characterisations

Historical and/or traditional extraction technologies for the extraction of essential
oils have been reliant on cold pressing or the use of hot solvents such as water (steam
distillation), ethanol and hexane (either reflux or Soxhlet). The latter are energy-intensive
processes and, in the case of hexane, under regulatory watch as it is a suspected
reprotoxic chemical. Thus, there is a significantinterest in finding effective green extraction
methods for ginger oil, such as scCO,, subcritical water extraction (SWE), MAE, and UAE.
Table 1.4 summarises a variety of green extraction methods for ginger waste and their
resultant extractives.

Carbon dioxide (CO.) is widely used in industry as a green solvent because it leaves
no residual trace solvent in the products or post-extraction residues, has high diffusivity
and solvation capacity, and can be recycled and is food grade approved, notably already in
use in the industry for decaffeination of coffee.''®''° CO, typically enters a supercritical
phase at temperature and pressure exceed 31°C and 72.79 atm (7.38 MPa), exhibiting both
gas-like and liquid-like properties (Figure 1.24).""° As a non-polar solvent, its solvating
power can be tuned by adjusting temperature and pressure, thereby enhancing extraction
selectivity for target compounds. In addition, particle size of raw materials, solvent flow
rate, and the presence of a co-solvent play significantroles in determining overall
extraction efficiency.’® Increasing pressure raises the density of CO,, improving its
solvating capacity and extraction yield; however, excessive pressure also increases
operational costs.’® On the other hand, increasing temperature decreases CO, density,
butincrease solute vapour pressure and diffusion rates.® Reducing particle size of raw
material increases surface area, enhancing mass transfer and facilitating faster solute
release into the solvent. Similarly, increasing solvent flow rate ensures sufficient contact
between CO, and material, improving extraction efficiency."'® Moreover, the use of co-
solvents (e.g., polar solvents such as ethanol) increases polarity such that more polar

compounds can be extracted.”*'?2
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Table 1.4. Summary of green extraction technologies for ginger oil recovery

Feedstock Extraction Solvent Essential oil References
techniques yield
Spent ginger Soxhlet Heptane 4 %w? 74
waste scCO; CO. 2.51 %w?
CO; - Ethanol 4.12 %w?
Ginger pulp Subcritical water Water 0.50 mg/g® 123
Ginger rhizome Subcritical water Water 1.06 mg/g®
peel
Fresh ginger Solvent-free MAE - 1.12 %w 124
rhizome Microwave-assisted  Water 1.71 %w 125
hydrodistillation
MAE 1-decyl-3-methy-  0.72%w 126
limidazolium
bromide
Dried ginger UAE Water-Ethanol 27.53 mg/gb, 127128
3.05 %w
Ethanol 213.58 mg/g  1?°
extract ®
MAE Water 0.51%w 130
Microwave steam Water 0.57%w
diffusion
Microwave- Water 0.95%w
Ultrasonic steam
diffusion
Microwave-assisted  Water 1.85 %w 181
hydrodistillation
Low-temperature - 4.90 %w 132
continuous phase
transition
Subcritical propane  Propane 2.06%w 122
scCO; CO, 1.54%w, 122,129
413.45 mg/g
extract®
CO; - Ethanol 6.06%w 122
Ginger powder scCO, CO; - Ethanol 6.42%w
after scCO,
extraction
Ginger powder scCO; CO; - Ethanol 3.20%w
after scCO; -
EtOH extraction
Red ginger Enzymatic extraction Isolated cow 26.28% ° 133
rhizome pulp rumen enzymes

aPercentage of each component is calculated as peak area of analyte divided by peak area
of total ion chromatogram times 100, * The highest yield of 6-gingerol and 6-shogaol, ° The

highest yield of zingiberene.
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Figure 1.24. Phase diagram of carbon dioxide (CO,).""°

Gao et al. recently compared the conventional Soxhlet extraction of spent
industrial ginger waste using hot heptane (Soxhlet) with respect to scCO, and scCO,-EtOH
as a greener methodology. Heptane was used in preference to hexane due to its reprotoxic
concerns but also because the polarity of carbon dioxide mimics that of heptane.
Interestingly, the yield of ginger oil from Soxhlet extraction and scCO,-EtOH extraction
were similar (approximately 4 %w), but the scCO, and scCO,-EtOH techniques extracted
more compounds beyond zingiberene, gingerols, shogaols, a-curcumene, B-bisabolene
and B-sesquiphellandrene (see Figure 1.25). The high diffusivity and solvation power of
scCO, and scCO,-EtOH compared to hot heptane extraction enabled a richer fraction of
products to be isolated.”

Spyrou et al. investigated the use of subcritical propane, scCO, and scCO,-EtOH
for ginger essential oil extraction. The results supported that scCO, with ethanol as co-
solvent achieved the highest essential oil yield (6.06 %w) from dried ginger among all green
extraction methods evaluated (see Table G1). The essential oil obtained from scCO, and
scCO,-EtOH exhibited similar chemical profile, containing the major compounds typically
found in ginger, namely zingiberene, zingerone, gingerols, a-curcumene, B-bisabolene and
B-sesquiphellandrene (see Figure 1.25); however, less variety of compounds were
observed compared to subcritical propane’s extract.’??> Additionally, primary and
secondary repeat extractions of the residual ginger with scCO,-EtOH demonstrate the
potential for circular economy approaches, yielding up to 6.42 wt.% recovery of essential

Oll 122
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Figure 1.25. Exemplar chemicals found in essential oils and oleoresins from ginger

To minimise the use of organic solvents, scCO, extraction as a proven green
extraction method, will be used to recover the essential oil/lipid from ginger pomace under
a single condition, operating with 10% ethanol co-solvent at 35°C and 350 bar, prior to
fractionation of the ginger pomace. The extracts will be primarily characterised using gas

chromatography-mass spectrometry (GC-MS).

Objective A2 (iii): Production of microwave-assisted hydrothermal protein

Plant-based proteins have recently gained increasing attention in human diet as an
alternative substitute for animal proteins. Plant-based proteins offer more sustainable
options, unlike animal proteins, which are costly, have available limitation, and have a
relation to climate change, biodiversity loss, freshwater depletion, and various human
health issues.™*
Ginger is well-known for its bioactive compounds and widely used in cooking;

however, research on ginger protein remains limited. In 1973, ginger protein was first

reported to possess proteolytic activity and was identified as a protease called

59



Chapter 1: Introduction

“Zingibain”."® Zingibain has been studied for its roles in meat tenderisation, milk clotting,
and its strong ability to hydrolyse collagen and cysteine-containing proteins.'3%
Importantly, Zingibain has shown potential as a substitute for rennin, an essential enzyme
traditionally derived from ruminants for cheese production, thereby offering promising
applications in the dairy industry.’®"3® Moreover, ginger extract, which contains Zingibain,
has demonstrated superior effectiveness in enhancing the colour, texture, and sensory
attributes of meat compared with other plant-derived proteases such as papain, ficin,
bromelain, and kiwifruit protease. This highlights its potential for improving meat quality in
both household and industrial settings.’® Beyond its enzymatic activity, ginger protein has
also been reported to exhibit antifungal properties,'® and ability to improve growth
performance, immunity, gut health, and nutrient digestibility in Japanese quails and broiler
chickens.43

Conventional protein extraction from plants sometimes provides low extraction
yield. The non-conventional cell disruptive methods such as EAE, MAE, UAE, high
pressure-assisted extraction (HPE), PFE, and homogenisation have been explored as
alternatives to improve both protein yield and nutritional quality.'**'** MAE offers a cost-
effective and efficient for protein and carbohydrate extraction. This technique is recognised
as a green and environmentally friendly method that disrupts cell walls using low energy
input, shorten processing times, and requires no hazardous chemicals. Microwaves
selectively interact with polar molecules, generating intracellular heating. The resulting
heat and pressure buildup within the cells leads to cell wall rupture, thereby facilitating
and enhancing the release of intracellular proteins and carbohydrates.”**® Therefore, MAE
has been employed to improve the efficiency of protein and carbohydrate extraction from
various agro-industrial food wastes, including spent ginger, brewer’s spent grain, spent

coffee grounds, and kale stems.”#45

In this study, ginger protein will be isolated from the hydrolysates obtained from
conventional water extraction and MHT at different extraction temperatures (see Table 1.5
and Figure 1.23). The isolated fractions will be characterised by ATR-IR and CHN analysis,

while protein content will be quantified using the Bradford colorimetric assay.

Objective A2 (iv): Production of defibrillated cellulose from extruded ginger pomace

Cellulose, a biomaterial, contains both crystalline and amorphous regions
dependent upon the packing arrangement of individual strands, which are held together

via extensive intra- and inter-molecular hydrogen bonding rendering it insoluble in cold
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water. Cellulose in this form is often regarded as passive, but through chemical and
physical manipulation, the structure of cellulose can be altered, making it an active
material (defibrillated and nanocelluloses) with functional properties.’"* Currently, there
is a significantinterestin producing nanocelluloses from ginger and ginger wastes for
applications in high strength materials, packaging, and pharmaceuticals. %4
Defibrillation of celluloses and production of nanocelluloses from ginger waste are
commonly carried out using conventional treatments, including alkalisation, bleaching,
and acid hydrolysis, which require harsh chemical conditions, generating considerable
amounts of acidic and basic aqueous waste streams."”'%*"5” However, this is an essential
niche of research to consider green alternative methods, given the emerging importance of
nanocellulose as a biomaterial and environmental concerns.

Interestingly, Gao et al. reported on the successful production of porous
microfibrillated cellulose (MFC) in the absence of any harsh chemical or extensive
mechanical processing. They used acid-free hydrothermal microwave processing (120-
200 °C, 30 min) to afford MFCs. The MFCs yield decreased from 21.6% to 7.8% when the
extraction temperature was increased. Conversely, the crystallinity index of the MFCs
increased by up to 20% due to the leaching of amorphous cellulose and degradation of
hemicellulose with increasing the processing temperature. The resultant materials were
able to form hydrogels and thus can foresee applications as rheology modifiers.”

In this work, to explore the influence of low-to-moderate MHT temperatures on the
simultaneous fractionation of defibrillated cellulose and temperature-sensitive
compounds such as proteins will be investigated. Acid-free MHT at 60-120 °C will be
applied to oil-free ginger residue. Meanwhile, conventional water extraction will be carried
out as a control experiment. The ginger residue obtained at 60 °C will further be subject to
a secondary acid-free MHT at 160 °C to produce defibrillated cellulose (see Figure 1.23).
In addition, proteins and starch will subsequently be isolated from the hydrolysate by-
products (see objective A2 (iv) and objective A2 (v)). The resulting defibrillated celluloses
will be characterised using TGA, pXRD, solid-state '*C CP/MAS NMR, and SEM. In addition,
water holding capacity (WHC) and hydrogel-forming ability of ginger defibrillated celluloses

will also be evaluated.

Objective A2 (v): Characterisation of insoluble matter and soluble starch in hydrolysates
Starchis a naturally occurring carbohydrate polymer widely utilised in food,

pharmaceutical, and industrial applications due to its thickening, stabilising, and binding

properties.'® Among various sources of starch, ginger has attracted growing interest as an
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alternative, owing to its unique physicochemical characteristics and potential functional
benefits.’®'% Ginger starch can be extracted primarily from the rhizomes through
processes involving washing, peeling, grinding, sedimentation, and drying, which yield a
fine powder suitable for further use.'®"'%2 Beyond its role as a food ingredient, ginger starch
has found applications in food packaging films, and as a functional additive in food
products, making it a versatile and valuable natural resource.®*"¢’

Processing methods, such as cooking, freezing, and microwave processing
significantly affect yield, structure and functional properties of starch. """ Microwave
processing has been reported to modify the crystalline and granular morphology of starch,
for examples, converting potato starch from type B to type A."”2 In addition, it enhances
functional properties of starch, including water and oil holding capacity, swelling capacity,
emulsifying activity and stability. These changes make starch more suitable for
applications as stable aqueous dispersion in food and biotechnology applications.’'"74

Ginger starch is commonly isolated from fresh ginger; however, by-products such
as spent ginger from oleoresin extraction and ginger pomace also represent important
sources of starch and other biopolymers. Madeneni et al. investigated the physicochemical
and functional properties of starch recovered from spent ginger using a sedimentation
method. The isolated starch contained approximately 26% amylose, exhibited a high
gelatinization temperature (88 °C), and showed 45% in vitro digestibility, corresponding to
a low glycemic index (Gl < 55). These characteristics suggest that spent ginger starch is
suitable as a stabilising agent or food additive in high-temperature processing, such as
ultra-high temperature (UHT) and sterilised products.'®® Recently, Gao et al. reported the
recovery of starch from spent ginger hydrolysates derived after MHT (120-200°C), achieving
yields of up to 48.6%. However, significant starch decomposition was observed at 200°C
with only 1.95% yield of starch.”

In this part, to primarily investigate the change of ginger pomace starch
characteristics of under conventional water extraction and low MHT temperatures, starch,
including insoluble matter and soluble starch, will be isolated from the hydrolysates (see
Figure 1.23). The recovered insoluble matters and soluble starch will be characterised
using ATR-IR, TGA, and pXRD. Amylose content will also be evaluated through iodine test

and blue value.
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iii. Feedstock 3: Extruded aeroponically grown Coriander and Thai Basil

roots

Coriander (Coriandrum sativum) and Thai basil (Ocimum basilicum var. thyrsiflora)
are widely used spices in Asian cuisine. Apart from its culinary use, coriander and Thai
basil also recognised as a medicinal plant.'”*"7 They are rich in linalool, fatty acids, and
bioactive phytochemicals such as terpene, gallic acid, thymol, and bornyl acetate.'”>176.178
These compounds are associated with diverse health benefits, including anticancer,
neuroprotective, anti-inflammatory, cardioprotective, and migraine-relieving effects.'”®
Thus, with its remarkable health-promoting properties and the growing global interest in
healthy cuisine, the demand for coriander and Thai basil continues to rise. Figure 1.26
reveals examples of coriander and Thai basil products, including essential oils and food
ingredients available in the UK market.

In 2023, coriander production, combined with that of related spices such as anise,
badian, cumin, caraway, fennel, and juniper berries, reached 2.8 million tonnes worldwide.
These crops are cultivated extensively across Asia, followed by Americas, Africa, and
Europe, requiring approximately 2.3 million hectares of production area annually.*° Due to
the climate change, the production and quality of leafy crops have been affected. To
overcome this challenge, the controlled-environment cultivation systems, with precisely
controllable lighting, climate, and enclosed growing space such as hydroponics,
aeroponics, and vertical farming, have gained increasing attention.'’®7%18 These
cultivation systems offer significant environmental benefits, particularly in terms of soil

and water conservation."”®

1]

Pure Corlander
Essential O

THAI BASLL THAI BASLL
LEAVES LEAVES

]

Huie Essentielle
Pure de Corlandre

Coriander Thai basil

Figure 1.26. Coriander, Thai basil and examples of their products available in the UK on
Amazon (https://www.amazon.co.uk/) based on the keyword “coriander product” and
“Thai basil product”

Aeroponics is a modern, soilless, cultivation system in which plant roots are
suspended in air and supplied with a fine mist of nutrient solution. This method enables
efficient use of water and nutrients while ensuring optimal oxygen availability to the roots,

offering great potential for enhancing resource efficiency and addressing global food
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security challenges.'"® |n addition, in comparison to hydroponic and peatmoss slab
systems, aeroponics has been reported to provide the most nutrition uptake, highest
growth rate, and most cost-efficiency with the production cost of approximately 2.93
Egyptian pound per kilogram (= 0.06 USD)."®® Recent studies have demonstrated that
aeroponically grown leafy crops, including basil, exhibit enhanced growth performance,
higher essential oilyield, and comparable phenolics content compared with conventionally
cultivated plants,'®*'8* highlighting the potential of aeroponic systems for producing high-

quality basil and coriander under sustainable and controlled conditions.

1.4.3. Aim Illl (A3): Valorisation of aeroponic coriander and Thai basil root

wastes

Coriander roots, which have a stronger flavour than the leaves, are commonly used
in cooking and traditional medicine,'® while Thai basil have very limited documented uses.
Most studies have primarily focused on their aerial parts, particularly the leaves and seeds,
for essential oil extraction, chemical composition analysis, and bioactivity evaluation.'”®
Moreover, the roots are believed to contain valuable essential oils with potential bioactive
properties. Figure 1.27 presents recent research on coriander roots and Thai basil roots,

particularly in relation to their cultivation systems; however, studies on the chemical

composition of coriander and Thai basil roots remain limited.
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Figure 1.27. Number of papers published annually in the Web of Science
(https://www.webofscience.com/) based on the keyword “Coriander root” and “Thai Basil
root” between 2015-2025.

To the best of our knowledge, no research has yet investigated the chemical

composition of aeroponically grown coriander and Thai basil roots. These roots are
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typically discarded after aeroponic cultivation. Therefore, this study aims to valorise
aeroponically grown roots of coriander and Thai basil into value-added biochemicals and
biopolymers using green extraction technologies, including scCO, extraction and MHT, to
demonstrate a sustainable and zero-waste approach (see Figure 1.28). Coriander and Thai
basil roots will first be subjected to scCO, for lipids/essential oils extraction. The resulting
oil-free residue will then undergo double MHT to investigate the characteristics and
properties of defibrillated cellulose. In addition, protein will also be isolated from

hydrolysates as valuable by-products.

Objective A3 (i): Characterisation of extruded aeroponic coriander and Thai basil roots

As mentioned earlier, different type of plant and plant parts vary in their chemical
compositions. Aeroponically grown coriander and Thai basil roots, which are often
regarded as lignocellulosic-rich wastes, represent a potential source of valuable
biochemicals and biopolymers; however, their chemical compositions have not yet been
investigated by any researchers. In this section, the compositional analysis of these roots,
including moisture and ash content, Klason lignin content, carbohydrates content, and
protein content will be evaluated using several analytical techniques such as CHN, ATR-

IR, TGA, and pXRD.

Klason lignin analysis

Objective I: W tont
. . . . . . olsture/Asn conten

Ch?rac.terlsatlon of aeroponic corlandgr and Thai b}aS|L root wastes CHN, ATR-IR, TGA,

Objective Il: Isolation of scCO, extractives and their PXRD

characterisations
<, Aeroponic root

GC-MS — L|p|d§ scCO, extraction - wasges
Phenolics N~
Oil-free residue
Objective lll: Objective IV:
Production of coriander and Water extraction Production of
Thai basil root proteins MHT defibrillated cellulose

Hydrolysates ‘ ‘ Residues —bm
; TGA, pXRD Defibrillated
Protein AL 3C-8S-NMR cellulose (DFC)
precipitation Bradford assay SEM, WHC

Hydrogel forming

Figure 1.28. Process diagram illustrating the overall aims of extruded aeroponic coriander
and Thai basil roots valorisation.
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Objective A3 (ii): Isolation of scCO; extractives and their characterisation

Coriander essential oil has a long history of use in traditional medicine and is
commonly derived from the seeds. It is a triglyceride oil containing unusual components
such as petroselinic acid and linalool.'®® Essential oil can be isolated from various parts of
the coriander plant, including the seeds, leaves, flowers, and roots; however, the chemical
composition, particularly the fatty acid and bioactive compound profiles, differs
significantly depending on the plant part used.”'%:'% |n addition, modern culinary trends
have contributed to the worldwide spread of various herbs, such as Thai basil, a species
native to South and Southeast Asia that has seen growing popularity in European
markets."’® This popularity is largely attributed to its unique aroma, resulting from its
distinctive essential oil composition, containing estragole as a main compound, along
with smaller amounts of other volatiles such as linalool and camphor."”® Table 1.6
summarises examples of chemical compositions of coriander and Thai basil essential oils.

The chemical composition of essential oils is significantly affected by the
extraction methods. Hydrodistillation and steam distillation are conventional methods
commonly used for essential oil extraction, typically carried out at high temperatures for
long period." However, the prolonged exposure to heat during hydrodistillation or steam
distillation can lead to thermal degradation of chemical compounds, thereby reducing the
overall yield of essential oils." Thus, alternative methods such as microwave-assisted
hydrodistillation, ultrasonic-assisted extraction, Soxhlet, subcritical water, and
supercritical fluid extraction have been investigated to minimise thermal degradation and
shorten extraction time."”>'%”

scCO, extractionis considered as a green and sustainable technique for essential
oil extraction, offering several advantages including non-toxicity, the absence of solvent
residues in the final product, chemical inactive, and non-flammability.'®® Among methods
such as hydrodistillation, Soxhlet extraction, dynamic headspace, solvent extraction, and
steam distillation, scCO, extraction has been reported to produce the highest coriander
essential oil yield, up to 4.5% from coriander fruits, while minimising non-volatile
contamination.' Furthermore, the chemical composition of coriander essential oil
obtained via scCO, extraction can be influenced by parameters such as pressure,

temperature, and flow rate.®

scCO, extraction combined with the addition of a polar co-solvent, such as ethanol
or propanol, has been shown to enhance essential oil yield and improve the extraction
efficiency of bioactive compounds from spices.” 2%’ As mentioned earlier, there is a lack
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of information regarding the chemical composition of essential oils and lipids derived from
the roots of coriander and Thai basil, particularly those cultivated under aeroponic
conditions. In this section, we aim to highlight the potential of using a green extraction
technique, scCO; extraction with ethanol co-solvent, for the recovery of valuable essential
oils from aeroponically grown plant residues, specifically the roots of coriander and Thai
basil. This approach not only promotes the sustainable utilisation of agricultural by-
products but also aligns with environmentally friendly extraction practices that minimise
solvent use and thermal degradation of bioactive compounds. The chemical compositions
of essential oils and lipids from aeroponically grown coriander and Thai basil will be

analysed using GC-MS.

Table 1.5. Examples of chemical compounds in coriander and Thai basil essential oils.

Constituent Concentration (%)
Coriander  Coriander  Coriander Coriander Thai Basil
seeds leaf flower root'® 176,178
175,185,187,191 175,185,187,192 175,185

Linalool ® 58.0-80.3 0-13 - - 0.2-0.3
Geranial® 0.5-3.0 - - - 19.1
Terpinene?® 0.3-11.2 0.9-3.1 - - 0.1-0.3
Pinene® 0.2-10.9 1.9-2.5 - 0.5-1.5 0.3-0.9
Thujene® - - - 0.5-7.3 -
Cymene?® 0.1-8.1 - - - -
3-carene® - - - - 0.7-1.5
Ocimene?® - - - - 0.6-1.4
Camphor? 3.0-5.1 - - 0.1-0.4 0.1-0.4
Geranyl acetate® 0.2-10 - - - -
Linalyl acetate?® 0.1-9 - - 0-0.6 -
Estragole® - - - - 47.7-94.4
Neral?® - - - - 15.9
Decanal® - 5.1-19.1 - 6.6-13.4 -
trans-2-decenal?® - 12.0-35.0 - 3.9-14.4 -
2-decen-1-ol?® - 12.3 - 0.5-0.9 -
Cyclodecane® - 12.2 - - -
2-dodecenal® - 10.7-14.0 - 30.8-38.3 -
Dodecanal® - 4.1 - 1.3-4.8 -
Dodecan-1-ol*® - 3.1 - - -
Borneol?® - - - 3.1-6.4 -
Coumaran® - - 15.4 - -
Methyl - - 10.3 - -
palmitate®
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Eupatoriochromene - - 9.4 - -
A?

4-vinylguaiacol?® - - 8.8 - -
2,3,5,6- - - 8.6 - -
tetrafluroanisole?®

2,6-dimethyl-3- - - 6.8 - -
aminobenzoquinone?®

Fatty acid

Dodecanoic acid - - 5.0 - -
(12:0)®

2-decenoic acid - 30.8 - - -
(10:1)°

Pentadecylic acid - - - 1.1-4.2 -
(15:0)®

Palmitic acid (16:0)° 5.3 12.5-14.9 - 18.2-26.1 -
Palmitoleic acid 0.3 0.7-3 - 0.4-2.7 -
(16:1c9)®

Heptadecanoic acid - 13.4-16.1 - - -
(17:1)°

Stearic acid (18:0)" 3.1 0.6-0.9 - 2.2-5.9 -
Petroselinic acid 68.5 - - - -
(18:1 c6)

Oleic acid (18:1 c9)® 7.6 2.5-8.7 - 17.2-26.6 -
Linoleic acid 13.0 15.3-19.7 - 42.3-49.5 -
(18:2 cB)®

Linolenic acid - 37.4-43.2 - 0.3-5.5 -
(18:3¢c3)"

Stearidonic acid - 2.3-7.7 - 0.4-0.7 -
(18:4 c3)®

@ Constitution in essential oil, ® Constitution in total fatty acids

Objective A3 (iii): Production of coriander and Thai basil root proteins

Coriander and basil are primarily cultivated for their fruits, which are widely used as
spices and as sources of essential 0ils.'®*'% The essential oil extracted from coriander and
basil seeds contain a high concentration of linalool (29.1-80%),'8187.191.1%4 g pjoactive
compound known for its antiproliferative, antibacterial, antifungal, anticancer, and
neuroprotective properties.’® Although highly valuable, the yield of these essential oils is

relatively low, typically 0.3-1.2% from coriander seeds and 1.5-3.2% from basil leaves.'®"%

Apart from essential oils, both seeds contain other nutritionally valuable
components. Coriander seeds consist of approximately 55% carbohydrates, 17.8-21.9%

lipids, and 12.4-13.1% protein,'®*'% while basil seeds contain about 43.9% carbohydrates,
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33% lipids, and 10% protein.’” The protein content of coriander and basil seeds is
comparable to that of several cereal grains, such asrice (8.5%), barley (9.2%), wheat (14%),
and corn (14%)."°® Therefore, valorising these remaining fractions after essential oil
extraction presents opportunities to develop value-added and sustainable products. Plant-
derived proteins, in particular, offer a low-cost, eco-friendly source of nutrients that can
enhance the nutritional quality of various food applications.’®® However, studies on
coriander and basil proteins remain limited.

Rohr et al. examined the chemical composition and nutritive value of coriander
seed oilmeal, finding it is high protein content and suitable forinclusion in the diets of cows,
sheep, and fallow deer.”®® Nazir et al. were among the first to isolate protein from basil seed
meal, obtaining an extract with 89% protein content. They also examined its foaming and
emulsifying properties, suggesting that basil protein could be a promising functional food
ingredient.”® Similarly, Aluko et al. investigated the functional properties of coriander
protein, including its emulsifying and foaming capacities, in defatted flour and protein
concentrate across a range of pH values. Their findings suggested that coriander protein

could serve as a key ingredient in acidic food emulsions.?°

More recently, Hojilla-Evangelista et al. extracted protein from coriander fruit, seed,
and seed press cake using a combined process of steam distillation, dehulling, and screw
pressing. Their study revealed that dehulling significantly increased the protein content of
the extracts, whereas steam distillation affected protein yield but did not impair its foaming,
emulsifying, or heat-coagulability properties. In addition, the coriander protein extracts
exhibited amino acid compositions comparable to their starting materials and amino acid
scores higher than those of their starting meals and soybean protein, highlighting their

promising nutritional potential.?’

MAE is a proven green extraction technology and an effective cell-disruptive
technique that enhances protein recovery while minimising environmental impact. It has
shown high extraction efficiency across a wide range of biological sources, including
cereals, oilseeds, pulses, algae, and agro-industrial by-products.'?%? The protein yield
achieved through MAE depends on several factors, such as the origin of the raw material,
microwave power, temperature, extraction time, and solid-to-liquid ratio.?° With respect to
temperature optimisation, relatively low temperatures (46-65 °C) are generally favourable
for protein extraction, as excessive heat can lead to thermal denaturation, particularly

soybeans and herbal roots.’® MAE performed under alkaline conditions has been reported

69



Chapter 1: Introduction

to improve protein recovery from brewer’s spent grain, spent coffee grounds, and kale
stems;"® however, alkaline conditions may also enhance protein denaturation, cross-
linking, hydrolysis of peptide bonds, and amino acids degradation, which can negatively

affect protein functionality and nutritional quality.?®

Previous studies have primarily focused on the extraction of essential oils and
proteins from the aerial parts of coriander and basil; however, research on their root
components remains limited.17178198.200201 | thjs study, we aimed to fractionate and
recover proteins from coriander and Thai basil root wastes generated from aeroponic
cultivation using a chemical-free MAE method, and to compare the efficiency with
conventional water extraction. The isolated root proteins will be characterised using ATR-

IR, CHN, and Bradford assay.

Objective A3 (iv): Microwave-assisted hydrothermal defibrillation of cellulose from
extruded aeroponic coriander and Thai basil roots.

Lignocellulosic plants such as coriander and Thai basil primarily consist of
cellulose, hemicellulose, lignin, proteins, fats, and minerals.””® Research on these plants
has mainly focused on extracting high-value essential oils.’*"%®* However, the post-
extraction residues remain rich in cellulose, the most abundant biopolymer in these
materials, which has received limited attention due to its relatively low economic value

compared to essential oils. 19196197

Defibrillated celluloses (DFC), including microcellulose and nanocellulose, have
recently attracted interest due to their functional properties, such as high colloidal and
thermal stability, mechanical strength, and biodegradability. These characteristics make
cellulose a promising material for a wide range of industrial applications, for example,
coatings, optically transparent films, aerogels, rheology modifiers, filtration membranes,
packaging materials, and molecular scaffolds. Conventionally, nanocellulose is isolated
from cellulose-rich biomass through intensive chemical and mechanical treatment.''®
On the other hand, MHT is considered as a rapid and energy-efficient method, that enables
DFC extraction under chemical-free conditions.>**? The application of microwave energy
induces dielectric heating of intracellular water, generating internal pressure that disrupts
cell walls."™2 |n addition, the hydrothermal condition promotes hydrothermolysis of
polysaccharides and the selective removal of hemicellulose, pectins, and amorphous

cellulose, resulting in cellulose fibres with enhanced crystallinity.®**? This approach has
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been successfully demonstrated with diverse biomass sources, including orange peel,*

cassava and almond peel,®?> and spent pea residue.®

Previous studies on MHT extraction of biomass have shown that optimal pectin
isolation occurs at approximately 140 °C, while significant cellulose degradation typically
begins above 190 °C, leading to the formation of humins, chars, and pseudo-lignins.>*-52
Therefore, maintaining the microwave temperature below 160 °C effectively minimises
cellulose degradation while facilitating extensive hemicellulose removal, ultimately

yielding defibrillated cellulose with higher purity and crystallinity.

In this part, DFC will be isolated from extruded aeroponically grown coriander and
Thai basil roots using MHT at 160 °C. Prior to MHT, essential oils and protein fractions will
be sequentially extracted via scCO, extraction and MAE at 60 °C, respectively. The resulting
DFC will be characterised by TGA, pXRD, solid-state '*C CP/MAS NMR, and SEM. In
addition, the WHC and hydrogel-forming ability of the isolated DFCs will also be evaluated

to assess their functional performance.
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2.1.Chemicals

All chemicals were purchased from Sigma-Aldrich, Alfa, and/or Fisher chemicals
and were utilised without any additional purification. Solvents used in this work were

analytical or HPLC grade. Deionised water was used from an in-house building tap.

2.2.Blackcurrant pomace

Blackcurrant (Ribes nigrum) pomace (BC), an industrial derived product, was
provided by Lucozade Ribena Suntory Ltd., UK. The as-received BC, consisting of skin,
seeds, and stems, was dried (ambient condition, 7 days), milled using a coffee grinder,
sieved (a stainless-steel mesh, < 2 mm) and stored in air-tight bags prior to use. The ready-

to-use BC is showed in Figure 2.1.

2.3.Extruded ginger pomace, aeroponically grown coriander and Thai basil

roots

Organic fresh ginger (Zingiber officinale) rhizome was sourced by Real Foods
retailer, UK, whereas aeroponically grown microgreen coriander (Coriandrum sativum) and
Thai basil (Ocimum basilicum var. thyrsiflora) roots were supplied by Grow it York, an
aeroponic vertical farm in the UK. The fresh ginger rhizome, containing rhizome, roots, and
skin, coriander or Thai basil roots was extruded through a twin-screw press juicer (Angelia
7500 Series). Thereafter, the extruded ginger pomace (GP), corianderroots (CR), and Thai
basilroots (ThB) obtained after juice processing, were air-dried (ambient condition, 7
days), milled using a Retsch Knife Mill (Grindomix GM300), and sieved through a stainless-

steel mesh (£ 250 um). The appearance of GP, CR and ThB is presented in Figure 2.1.

Figure 2.1. Raw materials: blackcurrant pomace, BC (A), extruded ginger pomace, GP (B),
extruded aeroponic coriander roots, CR (C), extruded aeroponic Thai basil roots, ThB (D)
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2.4.Compositional analysis of biomass and biomass-derived products

2.4.1. Moisture and ash content

Moisture and ash content analysis were determined based on the standard NREL
method. 2°4?% Biomass samples (1 g, W), including BC, GP, CR, and ThB, were placed into
pre-dry crucibles (W¢) and put into an oven (105 °C, overnight). The dried samples within
crucibles were cooled down in a desiccator and the weight were recorded (Wc1). Thereafter,
the dried samples in crucibles (Wc¢+) were then put into a muffle furnace under an air
atmosphere (575 °C, 6 h). The crucibles were cooled down in a desiccator and recorded
the weight (Wc,). The moisture and ash content were calculated using the following

equation:

W-(We1i—Wc¢)

Moisture content (%) = x 100 (Equation 2.1)

WeaWe 100 (Equation 2.2)

Ash content (%) = "

2.4.2. Klason lignin and carbohydrate analysis

Klason lignin and carbohydrate analysis were determined based on the standard
NREL method with little modification.?°® Biomass, pectin or DFC samples (100 mg, W)
were mixed with 72% H,SO, (1 mL) and subjected to shaking in a water bath (40 °C, 2 h).
Thereafter, the mixtures were supplemented with deionised water (28 mL) to make a final
concentration of 4% H,SO, and then autoclaved (121 °C, 1 h). The resulting hydrolysed
sample was filtered through a vacuum filter crucible (W,). The resulting liquid was then

subjected to carbohydrate analysis using HPLC-RID (see Section 2.7.4.2).

Following this, the solid residues were rinsed with distilled water and subsequently
dried in an oven (105 °C, overnight). After cooling within a desiccator, the weight of the
crucible containing the solid residue was recorded (W,). The calculation of lignin content

was performed using the following equation:

W1-Wo

Klason lignin (%) = X 100 (Equation 2.3)
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2.5.Extraction and defibrillation methodologies

2.5.1. Conventional solvent extraction (heptane, ethanol, and ethanol-water)

Conventional solvent extraction was performed with BC to extract bioactive
compounds such as phenolics. BC (40 g) and solvent (heptane, ethanol, or 1:1 Ethanol-
Water, 200 mL) were heated (reflux, 2 h). Thereafter, the heptane or ethanol mixture was
vacuum filtered through a Buchner funnel, whilst the 1:1 ethanol-water mixture was
filtrated through a stainless-steel mesh and centrifuged (3500 rpm, 10 min) to separate the
fine residue out. The heptane or ethanol filtrate was evaporated to dryness using a rotary
evaporator and vacuum dry, whilst the 1:1 ethanol-water filtrate was evaporated and freeze
dried to dryness. Further purification was performed on the ethanol extract, in which ethyl
acetate (50 mL) was added, stirred (room temperature, 1 h), and filtered through a filter
paper (gravity) to separate the extract into ethanol-ethyl acetate soluble and ethanol-ethyl

acetate insoluble. BC solvent extracts were named as shown in Table 2.1.

2.5.2. Supercritical carbon dioxide extraction (scCO,)

scCO;, was used to extract lipids and essential oils from GR, CR, and ThB. The
scCO;extraction with 10% ethanol as a co-solvent was performed using a laboratory-scale
scCO; extraction system (SciMed, Stockport, UK), following the method described by Gao
et al.”* Biomass samples (100 g) were loaded into the Soxhlet thimbles, and the tops of the
thimbles were covered with cotton wool before being placed into the extraction vessel.
CO, and ethanol co-solvent were pressurised into the extractor (350 bar, 35 °C, 2 h). Flow
rate of CO, and ethanol were set at 15 and 1.5 g/min, respectively, to ensure a 10% co -

solvent ratio. The scCO,extracts were named as in the following in Table 2.2.

2.5.3. Conventional water extraction

Conventional water extraction was carried out as a control experiment for pectin
extraction from BC. BC (40 g) was heated in deionised water (200 mL) and stirred under
reflux for 2 h. Conventional water extraction was also conducted as a control experiment
for protein and starch extraction from scCO, extracted GP, and for protein extraction from
scCO; extracted CR and ThB. GP, CR, or ThB (10 g) was stirred in deionised water (150 mL,
50 °C, 2 h). The hydrolysates derived from the extraction were subjected to protein or
carbohydrate precipitation (see Section 2.5), while solid residues were washed with hot

water, hot ethanol, room temperature ethanol, and acetone. The washed residues were
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then air-dried under a fume hood for 2 days and stored for further defibrillated cellulose

(DFC) extraction (see Section 2.4.6).

2.5.4. Conventional acid extraction

Conventional acid extraction was conducted for pectin extraction from BC. BC (40
g) and acid solutions (200 mL: 0.2M HCl or 0.2-0.8M citric acid) were performed (80 °C, 2
h). Thereafter, hydrolysates were retained for pectin precipitation (see Section 2.5.1),
whilst solid residues were washed, as described in Section 2.4.3, and kept aside for DFC

extraction (see Section 2.4.6).

2.5.5. Microwave-assisted (MAE) and hydrothermal extraction (MHT)

Acid-free microwave hydrothermal extraction (MHT) was conducted for pectin
extraction from BC. BC (20 g) was mixed with deionised water (300 mL) and placed into a
750-mL PTFE microwave vessel. The mixture was performed using a Milestone Synthwave
Microwave at temperatures ranging from 100°C to 160°C, with a 15 min ramping time, 15

min holding time, 10 bar nitrogen pressure, and 60% stirring.

Acid-free microwave-assisted extraction (MAE) and MHT were also applied for
protein and starch extraction from scCO, extracted GP, and for protein extraction from
scCO; extracted CR and ThB. The scCO; extracted GP, CR, or ThB (10 g) was mixed with
deionised water (350 mL) and placed into a 750-mL PTFE microwave vessel. The mixture
was processed using the Milestone Synthwave Microwave using 15 min ramping time, 15
min holding time, 10 bar nitrogen and 60% stirring, with the microwave temperatures of

60°C to 120°C for GP, and 80 °C for CR and ThB.

Thereafter, the BC hydrolysates were collected for pectin precipitation (see
Section 2.5.1), GP hydrolysates for protein and starch isolation (see Section 2.5.2 and
2.5.3), and CR and ThB hydrolysates for protein isolation (see Section 2.5.2). On the other
hand, the remaining solid residues were washed, as described in Section 2.4.3, and set

aside for DFC extraction (see Section 2.4.6).

76



Chapter 2: Experimental

Table 2.1. Summary of blackcurrant pomace (BC) extract sample names and conditions.

Extraction condition

Sample name

Solvent extract  Pectin (BCP) Hydrolysate (BCH) DFC* Bleached DFC**
Solvent extraction
Heptane (reflux, 2 h) BCHt - - - -
Ethanol (reflux, 2 h) BCEt - - - -
1:1 Ethanol-Water (reflux, 2 h) ETW - - - -
Ethanol (reflux, 2 h) — ethyl acetate (soluble fraction) BCEt-F1 - - - -
Ethanol (reflux, 2 h) — ethyl acetate (insoluble fraction) BCEt-F2 - - - -
Conventional extraction
Water (reflux, 2 h) - BCP-W BCH-W DFC-W BDFC-W
HCL(0.2M, 80 °C, 2 h) - BCP-H BCH-H DFC-H BDFC-H
Citric acid (0.2M, 80 °C, 2 h) - BCP-C1 BCH-C1 DFC-C1 BDFC-C1
Citric acid (0.4M, 80 °C, 2 h) - BCP-C2 BCH-C2 DFC-C2 BDFC-C2
Citric acid (0.6M, 80 °C, 2 h) - BCP-C3 BCH-C3 DFC-C3 BDFC-C3
Citric acid (0.8M, 80 °C, 2 h) - BCP-C4 BCH-C4 DFC-C4 BDFC-C4
Microwave hydrothermal extraction (MHT)
MHT (100 °C, 15 min) - BCP-M1 BCH-M1 DFC-M1 BDFC-M1
MHT (120 °C, 15 min) - BCP-M2 BCH-M2 DFC-M2 BDFC-M2
MHT (140 °C, 15 min) - BCP-M3 BCH-M3 DFC-M3 BDFC-M3
MHT (160 °C, 15 min) - BCP-M4 BCH-M4 DFC-M4 BDFC-M4
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*Conventional extractions or MHTs, followed by MHT (160 °C, 15 min)

** Conventional extractions or MHTSs, followed by MHT (160 °C, 15 min) and 6%v/v H,O, at pH 11.5

Table 2.2. Summary of extruded ginger pomace (GP), coriander root (CR), and Thai basil root (ThB) extract sample names and conditions

Biomass Extraction condition Sample name
source Lipids/Oils  Protein Insoluble starch Soluble starch Residue/DFC
GP scC0,-10% ethanol (350 bar, 35°C, 2 h) GP-0il - - - -
scCO0,-10% ethanol - Water (50 °C, 2 h) - GPP-W GPI-W - GPR-W
scCO0,-10% ethanol - MAE (60 °C, 15 min) - GPP-MW60 GPI-MW60 - GPR-MW60
scCO0,-10% ethanol - MAE (80 °C, 15 min) - GPP-MW80 GPI-MW80 GPS-MW80 GPR-MW80
scCO0O,-10% ethanol - MHT (100 °C, 15 min) - GPP-MW100 GPI-MW100 GPS-MW100 GPR-MW100
scCO0,-10% ethanol - MHT (120 °C, 15 min) - - GPI-MW120 GPS-MW120 GPR-MW120
scCO,-10% ethanol - MAE (60 °C, 15 min) — MHT (160 °C, 15 min) - - - DFC-GP60
CR scC0,-10% ethanol (350 bar, 35°C, 2 h) scCR - - - -
scC0,-10% ethanol - Water (50 °C, 2 h) - CRP-W - - CRR-W
scC0,-10% ethanol - MAE (80 °C, 15 min) - CRP-MW80 - - CRR-MW80
scC0,-10% ethanol - MAE (80 °C, 15 min) - MHT (160 °C, 15 min) - - - DFC-CR80
ThB scC0,-10% ethanol (350 bar, 35°C, 2 h) scThB - - - -
scC0,-10% ethanol - Water (50 °C, 2 h) - ThBP-W - - ThBR-W
scCO,-10% ethanol - MAE (80 °C, 15 min) - ThBP-MW80 - - ThBR-MW80
scCO,-10% ethanol - MAE (80 °C, 15 min) - MHT (160 °C, 15 min) - - - DFC-ThB80
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2.5.6. Microwave-assisted hydrothermal production of defibrillated cellulose

The solid residues obtained after protein or carbohydrate extraction from BC, GP,
CR or ThB were mixed with deionised water at a solid-to-liquid ratio of 1:20 (g/mL) for BC
residues and 1:35 (g/mL) for GP, CR and ThB residues. The mixtures were subjected to
defibrillated cellulose (DFC) extraction using a Milestone Synthwave Microwave at a
temperature of 160°C, with a 15 min ramping time, 15 min holding time, 10 bar nitrogen
pressure, and 60% stirring. Then, the mixtures were filtered, and solid residues were then
washed with hot water, hot ethanol, room temperature ethanol, and acetone. The washed
residues were then air-dried under a fume hood (2 days), ground and sieved (250 pm), and

named as DFC (see Table 2.1 and 2.2).

The DFC derived from BC were further bleached with a slightly modified method
suggested by Alba et al.’® The DFC were bleached with 6% v/v H,0, with the solid-to-liquid
ratio of 1:20 (g/mL) at pH 11.5 (adjusted by 6M NaOH), 60 °C for 2 h, followed by room
temperature for 16 h. The bleached DFC (named as BDFC, see Table 2.1) were centrifuged
(83500 rpm, 20 min). The solid fractions were washed with deionised water (3 times),
followed by 5% w/v acetic acid, water, ethanol, and acetone, then air-dried (2 days), ground

and sieved (250 um).

2.6.Isolation of protein and carbohydrates

2.6.1. Pectin precipitation (obtained from blackcurrant pomace)

BC hydrolysate obtained after filtration through a stainless-steel mesh was
centrifuged (3500 rpm, 4°C, 10 min) to remove fine residues. Thereafter, supernatant was
then treated with ethanol at a supernatant-to-ethanol ratio of 1:2 and stored overnight in
the refrigerator.?’” The pectin pallet was collected by centrifugation (3500 rpm, 4°C, 20
min). The pallet was washed with hot ethanol, followed by ethanol at room temperature.
After vacuum filtration, the washed pectin (named as BCP, see Table 2.1) was freeze-dried
to dryness and ground into powder for further characterisation. Besides, the supernatant
(named as blackcurrant hydrolysate; BCH, see Table 2.1) was evaporated and freeze-dried

to dryness for further characterisation.
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2.6.2. Protein precipitation (obtained from extruded ginger pomace, coriander

and Thai basil roots)

GR, CR and ThB hydrolysate obtained after filtration through a stainless-steel mesh
was centrifuged (3500 rpm, 4°C, 10 min) to remove fine residue. Then, supernatant was
adjusted to pH 4.5 (isoelectric point of protein) by adding 1M HCl and centrifuge (3500 rpm,
4°C, 20 min)." The precipitate was freeze-dried and considered as protein fraction (see
Table 2.2 for sample names). In addition, as ginger contain high content of starch,
supernatant after protein precipitation was subjected to starch isolation (see Section

2.5.3).

2.6.3. Starch precipitation (obtained from extruded ginger pomace)

Fine residue obtained from GR hydrolysate after centrifugation (3500 rpm, 4°C, 10
min) was considered as insoluble starch, while supernatant after protein precipitation
(Section 2.5.2) was treated with ethanol a supernatant-to-ethanol ratio of 1:2, stored
overnight in the refrigerator, and then centrifuge (3500 rpm, 4°C, 20 min). The precipitate
was freeze-dried and considered as soluble starch. Both insoluble starch and soluble

starch were named as shown in Table 2.2.

2.7.Film fabrication

Blackcurrant extracts, including BCP-M1 (pectin), BCH-M1 (anthocyanin-rich
hydrolysate), and BDFC-M1 (bleached defibrillated cellulose) obtained from MHT at 100 °C
were chosen as additives in sodium alginate (NaAlg) film. NaAlg-BCP aqueous solutions (4
wt.%. in deionised water 30 mL) of NaAlg-to-BCP ratios of 100:0, 90:10, 80:20, and 50:50,
were prepared, and stirred vigorously (800 rpm, 40°C, 3 h). Thereafter, glycerol (0.625 g),
and BDFC-M1 suspension (0% or 2 wt.%., 1.25 mL), or BCH-M1 solution (0% or 0.5 wt.%.,
1.25 mL) were added into the polymer mixture. The entire mixture was then mixed (800
rpm, 40°C, 30 min) and then was sonicated in degas mode (room temperature, 20 min).
The film solutions were carefully poured into 9 mm-diameter petri dishes (10 g) and set to

castin an oven (50°C, 20 h).

Filter papers (9 mm diameter) were soaked overnightin a 0.5%CaCl,-7%glycerol
solution and were placed on top of the previously oven-dried films for 2 min to facilitate
crosslinking. The crosslinked films were dried in a fume hood at ambient temperature
overnight and then stored in plastic zip lock bags. The prepared films were labelled as
shown in Table 2.3.
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Table 2.3. Composition of NaAlg-BCP films

Sample code NaAlg: BCP ratio Additives (%)
NaAlg 100: 0 -

NaAlg-BCP10 90: 10 -

NaAlg-BCP20 80: 20 -

NaAlg-BCP50 50: 50 -

NaAlg-DFC 80: 20 BDFC-M1 (2%)
NaAlg-ACN 80: 20 BCH-M1 (0.5%)

2.8.Instrumental analysis for characterisation of antioxidant compounds,

protein and carbohydrates

2.8.1. Attenuated total reflection infrared spectroscopy (ATR-IR)

ATR-IR analysis of BC, CR, and ThB extracts, and film samples was carried out using
a Perkin Elmer Spectrum 400 IR. Prior to record, the sapphire window and tip were cleaned
with isopropanol. Thereafter, moisture and CO, background from the surrounded
atmosphere were corrected. Small amount of samples were placed directly on top of the
sapphire window. The spectra were scanned and recorded from 4000 to 600 cm™, with the

force gauge between 100 and 120, and 4 scans per sample.

2.8.1.1. Determination of pectin degree of esterification

BC pectin spectra were recorded using the method mentioned in Section2.8.1. The
absorbance peak at wavenumber around 1720-1740 cm™ were considered as the peak of
esterified C=0 (-COOR, Aizx), while at wavenumber around 1600-1620 cm™” were
considered as non-esterified C=0 or C=0 of carboxyl group (-COOH, Ais). Degree of
esterification (DE) of BC pectin was determined using the following equation:?°®

DE (%) = —21720 % 100 (Equation 2.4)

A1730t A1610

2.8.2. Elemental analysis (CHN)

Elemental analyses were performed by Dr. Graeme McAllister and Dr. Scott Hicks,
Department of Chemistry, University of York using an Exeter Analytical Inc. CE-440 analyser.
The sample was placed in a nickel sleeve, injected into a high temperature furnace (975 °C),

and burntin high purity oxygen under static conditions. The results reported are the average
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of duplicate. Protein content can be estimated by multiplying 6.25 to nitrogen content (N x

6.25).2°

2.8.3. Gas chromatography and mass spectrometry (GC-MS)

Gas chromatographic measurements were made with an Agilent Technologies 6890
gas chromatograph, fitted with a Rxi-5HT capillary column (30 m 250 mm x 0.25 mm
nominal). Helium was used as the carrier gas at a flow rate of 2.2 mL/min with a split ratio
of 10:1, an injection temperature of 250°C and a 2 plinjection. The initial oven temperature
was 30°C and was increased instantly at a rate of 50°C/min to 300°C and held at this

temperature for 5 minutes, with a total run time of 13.3 minutes.

Mass spectrometric measurements were made with an Agilent 5973 mass
spectrometer, with electron ionisation and quadrupole mass analyser. Masses were
scanned over 50 m/z to 550 m/z, with a solvent delay of 3 minutes. Total run time of 13.34

minutes. MS data analysed using NIST library version 2.2 (2017).

2.8.4. High performance liquid chromatography (HPLC)

2.8.4.1. Identification of anthocyanins in blackcurrant pomace hydrolysate

The identification of anthocyanins in the blackcurrant hydrolysate samples was
conducted using a LC-DAD-ESI/MS/MS separation method described by Simerdova et
al.>"° with a slight modification. Sample solutions (20 mg/mL) were performed on a Thermo
Scientific UltiMate 3000 Rapid Separation system equipped with a Bruker high-capacity
ion trap (HCT1) mass spectrometer. The compounds were separated on a C18 analytical
column (150 x 2.1 mm, 2.7 ym particle size) with an injection volume of 10 pl. The column
was operated at 50°C with the elution solvents A (2% formic acid in water) and B (100%
methanol) and a flow rate of 0.8 mL/min. The gradient was: 0-4 min, 5-20% B; 4-8 min, 20-
25% B; 8-10 min, 25-90% B, 10-10.15 min, 90% B; 10.15-10.30 min, 90-5% B, and finally
reconditioning of the column (10.30-13 min, 5% B). Four types of anthocyanins were
detected at a wavelength of 520 nm with a total run time of 13 min. Anthocyanins was
identified by comparing retention times, UV-Visible absorption spectra, and detected

molecular weight and fragmentations with the literatures.?'*2"

2.8.4.2. Carbohydrate analysis

Carbohydrate analysis was operated by Dr. Richard Gammons, Department of

Chemistry, University of York using high performance liquid chromatography equipped
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with refractive index detector (HPLC-RID) on an Agilent 1260 equipped with an Agilent Hi-
Plex H+ column (300 x 7.7 mm, 8 um particle size) (Agilent Technologies, Santa Clara, CA,
USA). The analytical conditions included a reverse-phase system with 0.005 M H,SO, as
the mobile phase, an injection volume of 5 uL, a flow rate of 0.4 mL/min, and column and
detector temperatures set at 60 °C and 55 °C, respectively. The total run time for this

procedure was 30 min.

2.8.5. Nuclear magnetic resonance spectroscopy (NMR)

2.8.5.1. "H-NMR

"H NMR was operated using JEOL ECS400 MHz spectrometer at 298K (25 °C) for 8
scans. Solvent extract or scCO, extract samples (10 mg) were dissolved in Chloroform-D

(1.5 mL) and filtered through standard bore cotton prior to submit.

2.8.5.2. "8C-NMR

3C NMR of BCP was operated by Dr. Heather Fish, Department of Chemistry,
University of York on a Bruker AVIIIHD 500 spectrometer at 125 MHz, 343 K (70 °C), and
30,000 scans. BCP samples (50 mg) were dissolved in deuterium water (D,O, 2 mL). The

sample solutions were then filtered through standard bore cotton before being submitted.

2.8.5.3. Solid state *C CP/MAS NMR

Solid state "*C cross polarisation magic angle spinning (**C CP/MAS NMR) analysis
was performed on BC, GR, CR, ThB, DFC and BDFC samples by Dr. Ryan Barker and Jolyon
Glynn, Department of Chemistry, University of York on a Bruker Avance Ill HD spectrometer
(400 MHz). Sample spectra were acquired using the 400 MHz spectrometer equipped with
a4 mm H(F)/X/Y triple-resonance probe and 9.4T ascend superconducting magnet (Bruker,
Bremen, Germany). The spinning rate was set at 20 kHz, with a contact time of 1 ms and a
recycle delay of 8 s. A total of 8500 scans were accumulated. The spectra were analysed

using MestReNovax64 software version 14.3.1.31739.

2.8.6. Ultraviolet-visible (UV-Vis) spectroscopy

2.8.6.1. Determination of uronic acid content in blackcurrant pectin

The uronic acid (UA) content of BCP was determined by the metahydroxyldiphenyl
or 3-phenylphenol (MHDP).2'"® Sample solutions (40 pg/mL, 0.5 mL) were mixed with cold
sodium tetraborate in concentrated H,SO, (0.0125 M, 3 mL). The solution was then heated

in a water bath (95 °C, 5 min). Thereafter, the mixture was cooled within an ice-water bath,
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and a MHDP solution (0.15% MHDP in 0.5% NaOH, 0.05 mL) was added into the mixture
and mixed using a vortex mixer. After a 15-minute incubation, the absorbance values of the
samples were measured using a Jasso 500 UV-Vis spectrophotometer at 530 nm. A blank
solution composed of distilled water (0.5 mL), sodium tetraborate in H,SO4 (3 mL), and 0.5%
NaOH (0.05 mL) was prepared. A standard curve of galacturonic acid (0-80 pg/mL) was
generated (y = 0.0036X - 0.0266, R? = 0.9500, see Appendix 1). The percentage of UA was

determined using the following equation:

UA (%wt) = % X Fc x Df x 100 (Equation 2.5)

where m (mg) is mass of uronic acid determined by the calibration curve, Ms (mg) is mass
of sample, Fc is a correction factor when galacturonic acid monohydrate is used as

standard (0.830), and Df is a dilution factor.

2.8.6.2. Determination of protein in ginger, coriander and Thai basil protein extracts

(Bradford assay)

Protein content in GR, CR and ThB protein extracts was determined using Bradford
assay. Sample solutions (1 mg/mL, 15 yL) was mixed with Coomassie Plus reagent (1.5 mL)
and incubate for 10 min. The absorbance of the samples was determined using a Shimadzu
UV-Vis spectrophotometer at 595 nm. Deionised water was used as a blank solution and a
calibration curve of albumin standard (0-2000 pg/mL) was plotted (y = 0.0002X + 0.5751, R?
= 0.9977, see Appendix 2). The protein content was calculated using the following

equation:

Protein content (% or g/100 g sample) = % X Df x 100 (Equation 2.6)

where m (g) is mass of protein determined by the calibration curve, M (g) is mass of protein

extract sample, and Df is a dilution factor.

2.8.6.3. Determination of starch in insoluble and soluble ginger starch extracts
(iodine-binding test)
Amylose and amylopectin content in insoluble and soluble ginger starch extracts
were determined by lodine-binding method with little modifications.?'® Starch samples (50
mg) was dispersed in ethanol (0.5 mL), then mixed with NaOH solution (0.09M, 5 mL) and
heated in a shaking water bath (85 °C, 10 min), followed by autoclave (121 °C, 1 h). The
solution was transferred to a 50-mL volumetric flask and made up to 50 mL with deionised

water, making a final concentration of 1 mg/mL starch solution. The starch solution (1
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mg/mL, 0.5 mL) was adjusted the pH to 3.5 by adding HCl solution (0.1M), mixed with freshly
prepared iodine reagent (2 mg/mL I, + 20 mg/mL Kl, 0.5 mL) and deionised water (5 mL). The
mixed solution was incubated in dark area (room temperature, 20 min). The absorbance of
sample solution was recorded using a Shimadzu UV-Vis spectrophotometer at 720 nm. The
mixed solution without starch sample was used as a blank solution. Calibration curves of a
mixture of amylose and amylopectin obtained from potato at different ratios (100:0 to
0:100) were plotted (y = 0.4587X - 0.0115, R? = 0.9518 for amylose standard; y = -0.4541X +
0.4481, R? = 0.9554 for amylopectin standard, see Appendix 3 and 4). The content of

amylose and amylopectin (%) in samples was obtained from calibration curves.

2.8.7. Antioxidant activity

2.8.7.1. Determination of total phenolic content (TPC)

The total phenolic content (TPC) in the blackcurrant hydrolysate was determined
following a modified literature method.?"” Gallic acid solution/sample solution (0.5 mL)
was mixed with 1N Folin-Ciocalteu Reagent (0.5 mL). Na,COg; solution (2%w/v, 9 mL) was
added to the mixture and allowed to stand for 25 min at room temperature. A standard
curve of gallic acid (0-0.01 mg/mL) was plotted (y = 99.043X + 0.084, R2=0.9998, see
Appendix 5) and the content of phenolic compounds were measured at 730 nm using a
Jasso 500 UV-vis spectrophotometer with deionised water as reference. The result was
expressed as mg gallic acid (GA) equivalents per gram of dried weight sample (mg GA/g dry

weight). The TPC of the extracts was calculated using the following equation:

cxXV

TPC or TFC =

(Equation 2.7)

where, c is the sample concentration before dilution (mg/mL), V is the volume (mL) of the

solvent used for dissolving, and m represents the weight (g) of the dried sample.

2.8.7.2. Determination of total flavonoid content (TFC)

Total flavonoid content (TFC) was determined using Alara et al. method.?"” Standard
quercetin solutions/sample solution (0.5 mL) was mixed with ethanol (9 mL). Then, AlCl;
(2%wl/v, 0.5 mL) was added and incubate (room temperature, 1 h). A standard curve of
guercetin (0-0.01 mg/ml) was plotted (y = 62.682X + 0.0194, R? = 0.9925, see Appendix 6).
The TFC was measured at 420 nm using a Jasso 500 UV-vis spectrophotometer and ethanol
was use as a reference. The result was expressed as mg quercetin equivalents per gram of
dried weight sample (mg QT/g dry weight). The TFC of the extracts were calculated using the
equation 2.7.
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2.8.7.3. Determination of total anthocyanin content (TAC)

The total anthocyanin content (TAC) was determined according to the AOAC
protocol.?'®2"® Blackcurrant hydrolysate (1 mg/mL, 1.5 mL) was mixed with potassium
chloride buffer (0.2 M, pH 1.0, 1 mL), and another portion (1.5 mL) was mixed with sodium
acetate buffer (0.2 M, pH 4.5, 1 mL). Then, dilute the mixtures by adding deionised water (2
mL) and absorbance was recorded using a Jasso 500 UV-Visible spectrophotometer at
wavelengths of 520 and 700 nm, for solutions at pH 1.0 and pH 4.5, respectively. The TAC
was expressed as cyanidin-3-glucoside equivalents (C3G mg/g), and was calculated using
the following equation:

__ AXMW X DF XV

EXIXW (Equation 2.8)

TAc (€36™2)

g
where, A is (Aszonm — Az00nm)PHT1.0 = (As20nm = Azoonm)pH4.5, MW is molecular weight of C3G
(449.2 g/mol), DF is the dilution factor, V is the volume of solvent (mL), W is the sample

weight (mg), listhe path length (cm), and € is the molar extinction coefficient of C3G (26,900

L/mol-cm).

2.8.7.4. 2,2-diphenyl-1-picrylhydrazyl (DPPH) antioxidant assay

The DPPH assay was carried out using the method reported by Do et al.?*°
Blackcurrant hydrolysates (0.12 mg/mL, 2.5 mL) were mixed with DPPH solution (0.3 mM,
2.5 mL). The mixtures were incubated in the dark area (room temperature, 20 min). The
absorbance of mixtures (Asampie) and control solution (2.5 mL DPPH + 2.5 mL ethanol,
Acontrol) Were measured at 517 nm using a Jasso 500 UV-Visible spectrophotometer and

ethanol was used as a reference.

The antioxidant activity of the films was investigated by the DPPH assay.?%2?' The
absorbance of a freshly prepared DPPH solution in ethanol (0.025 mM) was measured at
517 nm (Acontrot). Then, small pieces of films (0.3 cm x 2.0 cm) were placed in the DPPH
solution and incubated in a dark area (room temperature, 1 h). The absorbance of each
film (Asample) in the DPPH solution was measured using a Jasco 500 spectrophotometer at

517 nm. DPPH inhibition was calculated by the following equation:

DPPH inhibition (%) = 2cntrot~ Asample o 1) (Equation 2.9)

Acontrol
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2.8.7.5. pH-responsive analysis of blackcurrant hydrolysate

The pH-responsive colour of the BCH-M1 was investigated by measuring their
absorption spectrum in buffer solutions from pH 1 to 11. The spectra were determined

using a Jasso 500 UV-Visible spectrophotometer from 400 to 700 nm.

2.8.8. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) of the biomass and biomass-derived samples
were carried out using the Stanton Redcroft STA625 (Stanton Instruments Ltd., London, UK).
In this process, samples (10 mg) were placed into an aluminium pan and compared against
an empty reference aluminium pan while being exposed to a nitrogen gas atmosphere. The
temperature was incrementally raised from 25 °C to 625 °C at a rate of 10 °C/min.®° The

resulting data were then analysed using Origin software version 2022bSr1.

2.8.9. Scanning electron microscopy (SEM)

The microstructure study of DFC was conducted by Dr. Karen Hodgkinson,
Department of Biology, the University of York. A small quantity of the DFC samples was
applied onto a carbon tab affixed to an SEM stub. Subsequently, the SEM stubs underwent
sputter coating with a 5 nm layer of gold/palladium using a Polaron SC7640 sputter coating
apparatus (Quorum Technologies Ltd., East Sussex, UK). The specimens were then
visualized using a Jeol JSM 6490LV scanning electron microscope, which operated at 5 kV

(JEOL Ltd., Tokyo, Japan).

The microstructure study of films was conducted by Dr. Pual Gunning, Department
of Biology, the University of York, using a scanning electron microscopy (JEOL JSM 7800F
Prime Field Emission Gun Scanning Electron Microscope, (FEGSEM)) at 5kV accelerating
voltage. Samples were prepared by mounting on 12.5 mm diameter aluminium pin-stubs
(Agar Scientific Uk Ltd.,), using carbon-rich self-adhesive discs (Agar Scientific Uk Ltd.,).
Cross-sections were prepared by cryo-fracturing using liquid nitrogen. All of the mounted

samples were sputter coated with platinum in a Safematic CCU-10 sputter coater.

2.8.10. Powder X-ray diffraction (pXRD)

Powder X-ray diffraction (pXRD) analysis of the DFC samples was conducted using
the Panalytical Aeris powder X-ray diffractometer. This instrument employed a Beta nickel
source filter and operated with a scan speed of 0.2°/s at room temperature. The samples

were scanned within a range of 26 = 5-40°.%° The spectra were plotted using Origin software
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version 2022bSr1. The crystallinity index (Crl) of native biomass and DFC samples was
calculated using the Segal equation:?*?

It_Ia
It

crl (%) = x 100 (Equation 2.10)

where |; represents the total intensity of the major crystalline peak at 26 =22° and I, is the
intensity of amorphous region at 206 = 18°. The Crl was calculated from the baseline

subtracted curve fit using Origin software version 2022bSr1.

2.9.Rheological studies

2.9.1. BDFC hydrogel from BC

Amplitude sweep tests of hydrogels were conducted using a stress-controlled
rheometer (Anton Paar Physica, MCR-301 rheometer, Graz, Austria) equipped with a
serrated parallel-plate measuring system (25 mm diameter, 1 mm gap) at room
temperature (25 °C), with an angular frequency (w) of 10 rad/s and amplitude strain (y)
ranging from 0.001% to 1000%. Data points were collected at a frequency of 6 points per
decade, resulting in a total of 37 measuring points. To conduct this test, stable hydrogels
were prepared from BDFC-H, BDFC-C1-C4 (7.5 wt.%) and BDFC-M1-M4 (5 wt.%). These
hydrogels were subjected to increasing shear strain (y, %) while maintaining a constant
angular frequency. The relationship between the increasing shear strain and the storage
modulus (G’) and loss modulus (G”), which describes the solid-like and liquid-like
viscoelastic behaviour of the hydrogel, respectively, was plotted, and the linear

viscoelastic region (LVR) of each sample was identified.

Flow and thixotropic analyses of BDFC hydrogels were conducted with a Kinexus
rheometer (Malvern Instruments Ltd., Malvern, UK) equipped with a smooth-plate
measuring system (20 mm diameter, 1 mm gap) at 25 °C. Flow curves were measured from
0.1to 100 s (forward) and then 100 to 0.1 s~ (backward) in 2 min. Thixotropic tests were
conducted by step test while applying a shear rate of 0.1 s for 100 s, followed by shearing
at arate of 100 s for 10 s and, finally, at a 0.1 s™" rate for 5 min to observe the viscosity

recovery.

2.9.2. Film-forming solution

Flow curve, amplitude sweep and frequency sweep analysis, and creep and

recovery test were conducted with a Kinexus rheometer (Malvern Instruments Ltd.,
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Malvern, UK) equipped with a cone plate measuring system (CP4/40, 40 mm diameter,
0.1448 mm gap) at 25 °C. Flow curves were measured from 1 to 1000 s™'in 2 min.
Amplitude sweep test was conducted at an angular frequency (w) of 1 Hz and shear strain
(y) ranging from 0.1% to 100%. Frequency sweep test was evaluated at a shear strain of
0.5% (within the LVR) and frequency ranging from 0.1 to 10 Hz. Creep and recovery test
were conducted at a gap of 1mm by step test while applying a shear stress of 0.5 Pa for 180

s, followed by removing shear stress for 180 s to observe the strain recovery.

2.10. Properties tests

2.10.1. Water holding capacity (WHC) of DFC and BDFC

The determination of WHC was conducted following the modified literature
procedures.??®*??* The samples (0.2 g) were suspended in deionised water (10 mL) within a
centrifuge tube. Subsequently, the mixture was agitated using a vortex mixer (2000 rpm, 1
min), subjected to sonication (30 °C, 20 min), and allowed to stand overnight (room
temperature). Afterward, centrifugation was performed (3900 rpm, 20 min), and the liquid
fraction was carefully decanted. WHC (g water/ g sample) was determined by using the

following equation:

_ Weight of wet sediment—Weight of sample

WHC (Equation 2.11)

Weight of sample

2.10.2. Hydrogel formation of DFC and BDFC

DFC and BDFC samples were mixed with deionised water (2.5 mL) at
concentrations of 5 wt.% and 7.5 wt.%. Subsequently, the mixture was vortexed (2000
rpm, 1 min) and sonicated (30 °C, 20 min). The mixtures were left undisturbed (room
temperature, 18 h), and the stability of the hydrogel was assessed by qualitatively

evaluating gel strength through the inversion of the gel vial for 30 min.

2.10.3. Physical properties of films

The film thickness was measured with a digital micrometre at seventeen different
points within every 1 cm interval across the film samples. The moisture content was
calculated using the following equation and measured four times for each sample:

Moisture content (%) = W;/_W X 100 (Equation 2.12)
0

where, W, is the initial weight of films, and W is the weight of film after drying.
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2.10.4. Mechanical properties of films

Tensile properties were evaluated using an Instron 3367 device (Instron). Dog bone-
shaped specimens (20 mm in length, 3 mm in width) were obtained from the films and
tested at a speed of 4 mm/min. The tensile properties were determined based on the
thickness of the film, which was calculated for each sample using the mean thickness. The
results were presented as mean values and standard deviations derived from five

measurements.

2.10.5. Water contact angle analysis of films

The hydrophilicity of the film was measured using Attension Theta tensiometer
using the sessile drop method and Young-Laplace analysis mode. Films were cut into (1
cmx 1 cm) pieces and deionized water droplets (1 puL) were tested on each film samples.
Each sample was measured five times in the ambient atmosphere. Water contact angle

analysis was performed on Image) program (version 1.54g) with drop analysis plugin.

2.10.6. Water vapour transmission properties of films

The water vapour transmission rate (WVTR) and water vapour permeability (WVP)
of the NaAlg-BCP films were measured using the dry cup method, modified according to
Azmi et al.,?®® and based on the ASTM E96 standard. Glass vials with a transmission area of
64 mm? were used for the measurement. The NaAlg-BCP films were placed in a desiccator
maintained at 25 °C with a saturated magnesium nitrate solution to control the relative
humidity at 50% =+ 5% for 24 h. A digital ThermoPro TP49 hygrometer (ThermoPro, China)
was placed inside the desiccator to monitor real-time temperature and humidity.
Anhydrous calcium chloride was added to the vial to maintain a relative humidity of 0%.
Silicone grease was applied to the rim of the vial, and the NaAlg-BCP films were placed on
top. The initial weight of the vial with the films was recorded, after which the vial was stored
in a desiccator maintained at 50% RH and 25 °C. The weight of the vial was monitored daily

for 7 days. The WVTR and WVP were calculated using the following equation:

Am

WVTR = YT (Equation 2.13)

WVP = WVTR (ﬁ) (Equation 2.14)

Am . . . . . . . . .
where A—T is the weight gain over time, A is the transmission area of the film, L is the film

thickness, and Ap is the difference in water vapour partial pressure across the film.??
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2.10.7. Antifogging property of films

The antifogging property of NaAlg-BCP films was investigated using the hot-fog
test.??” Water (0.75 mL) was added to a 3-ml vial, and silicone grease was applied to the
rim of the vial to ensure a proper seal. The NaAlg-BCP films were then placed over the vial
openings. The vial was heated (60°C, 3 h) to induce condensation. The transparency of
each sample was visually evaluated and scored on a scale from A (completely transparent)
to D (fully fogged with coalesced water droplets) (Figure 2.2). A glass slide was used as a

control.
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Figure 2.2. Pictures of different scores based on surface appearance after fogging test. (A)
transparent surface; (B) fogging surface with reduced transparency; (C) fogging surface
exhibiting small, discrete water droplets; (D) surface with reduced transparency and
medium-sized, discrete water droplets; (E) surface exhibiting coalesced water droplets.

2.10.8. Acetic acid and ammonia detection of films

The capability of the films to detect CH;COOH and NH; vapour was evaluated
using the method described by Ferri et al.??' Films were cut and put into the hole of vial
cap, containing CH;COOH or NH; solution (10%vV/v, 2 mL). The vials were allowed to stand
in the fume hood for 6 h to investigate any colour change of films. NaAlg-BCP50 film was
selected for further sensitivity testing with varying concentrations (500ppm, 1, 5, 10%v/v)
of NHj;. The NaAlg-BCP50 film after exposure under NH; (10%v/v, 6 h) was chosen for
colour reversible test with CH3;COOH (10%v/v). The colour transitions were quantified
using the CIELab colour space system, which measures colours with Cartesian
coordinates (L* a* and b*). Photos were taken under consistent conditions, and the total

colour difference (AE) was calculated using the following equation:

AF=[(Ly — Ly)? + (ay — az-)? + (bys — by)? (Equation 2.15)
When the value of AE is greater than 5, the observer can clearly perceive two different

colours.
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2.10.9. Anthocyanin stability in film metrics

Freshly prepared NaAlg-BCP50 films (n = 3) were used to investigate colour changes
over time. Prior to analysis, photographs of the films were taken and recorded as Day 0. The
films were then stored in a plastic incubator (Gilson digital mini incubator) at 25 °C and
photographed daily at 24 h intervals for 14 days. Colour measurements were quantified
using the CIELab colour space system. All photos were taken under consistent lighting and

camera settings to ensure accuracy.

2.10.10. Thermal stability of films

Differential Scanning Calorimetry was conducted using MDSC, TA Instruments.
The film samples (about 5-6 mg) were heated in a hermetically-sealed aluminium pan
under a nitrogen atmosphere, from 40 to 300 °C at a heating rate of 10 °C/min. An empty
sealed aluminium pan was used as reference and the instrument was calibrated with an

indium standard.®?

2.11. Statistical analysis

Statistical analysis was performed on a one-way analysis of variance (ANOVA) with
Tukey’s test at a 0.05 significance level using IBM SPSS Statistics program (version
29.0.2.0). Yield, compositional analysis, degree of esterification of BCP, uronic acid
content, total phenolic content (TPC), total flavonoid content (TFC), total anthocyanin
content (TAC), protein content, amylose and amylopectin contents, DPPH antioxidant
activity, Klason lignin and sugar composition of DFC, water-holding capacity, and the
physical and functional properties of films were analysed in triplicate (n = 3), whereas

elemental analysis was performed in duplicate (n = 2).
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Chapter 3: Results and Discussion
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This chapter is divided into 2 sections based on the aims mentioned in chapter 1,

including:

Section 1: Aim | (A1) Valorisation of blackcurrant pomace.

Section 2: Aim |l (A2) Valorisation of extruded ginger pomace and Aim Ill (A3) Valorisation of

extruded aeroponically grown coriander and Thai basil roots: A comparative study.
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3.1.Valorisation of blackcurrant pomace (A1)

3.1.1. Characterisation of blackcurrant pomace (Objective A1 (i))

The chemical and elemental compositions of dried blackcurrant pomace (BC) are
reported in Table 3.1. Moisture, ash, protein, and Klason lignin content in BC are aligned well
with the literatures, where BC was reported to contain about 3.2 — 7.5 wt.% moisture, 2.8 - 3.3
wt.% ash, 11.1-17.4 wt.% protein, and 35.7 — 59.3 wt.% lignin.5*%*%¢ However, polysaccharide
content determined in this study (12.07 wt.%), including cellulose, hemicellulose, and pectin,

is significantly lower than the literatures, which ranged from 14.1 — 47.2 wt.%.5%54¢¢

Table 3.1. Compositional and elemental analysis of blackcurrant pomace

Composition (wt.%)

Moisture ® 7.57£0.17°
Ash @ 2.46+0.17°
Protein (N x 6.25) ® 10.66+0.31°
Cellulose®® 8.74 +0.52°
Hemicellulose *° 1.62 £0.69°
Pectin ®° 1.71+0.94°
Klason lignin @ 46.80+2.61¢

Elemental content (wt.%)

C 48.43 +0.13°
H 5.58 £ 0.04®
N 1.71 £0.05%
Remainder 44.30 = 0.15°

3 Estimated via the NREL method,?°42%%20° ® hased on HPLC analysis of carbohydrates and
sugars in acid-hydrolysed BC. Values are presented as mean * SD (composition, n = 3;
elemental content, n = 2). Letters indicate the significant differences (p < 0.05).

The variation in the reported polysaccharide contents of BC may be due to different
analysis method used, for example, Alba et al. reported that fractionated polysaccharides,
including acid-soluble pectin (2.9 - 5.8 wt.%), calcium-bound pectin (7.7 - 9.8 wt.%),
hemicellulose (14.4 - 14.5 wt.%) and cellulose (13.6 - 17.2 wt.%) in BC ranged from 38.7 -47.2

wt.%, depending on its origin,* whilst Wadrzyk et al. estimated a polysaccharide content of
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37.8 wt.%, comprising hemicellulose (7.4 wt.%) and cellulose (30.4 wt.%), using a Fibretherm
analyser.*”® Nawirska et al. reported 40.0 wt.% polysaccharides, consisting of pectin (2.7 wt.%),
hemicellulose (25.3 wt.%), and cellulose (12.0 wt.%), through acid and enzymatic hydrolysis.®
In contrast, Jakobsdottir et al. estimated the dietary fibre polysaccharides (14.1 wt.%) using an
enzymatic method.®®

In this study, pectin, hemicellulose, and cellulose were estimated using the NREL
standard method, based on their constituent monomers generated through acid hydrolysis and
subsequently analysed by HPLC.2% Therefore, the low content of polysaccharides obtained in
the acid-hydrolysed BC hydrolysate may be attributed to incomplete hydrolysis of

polysaccharides and acid-induced precipitation,??®

which could result in the production of
short-chain polysaccharides or oligosaccharides that are not fully detected by this method.
Complementary analytical techniques, such as thermogravimetric analysis (TGA), discussed
in Section 3.1.1.1, provide a broader assessment of total carbohydrate content. The higher
polysaccharide values obtained by TGA compared to those reported in Table 3.1 from HPLC
analysis further support the likelihood that HPLC-based monomer quantification
underestimates the total polysaccharide content in BC.

In addition, the total compositional analysis reported in Table 3.1 accounts for only
approximately 79% of the sample. Beyond incomplete polysaccharide hydrolysis, the
remaining fraction may consist of other components, potentially including lipids such as fatty

acids and/or triglycerides, as discussed in Section 3.1.1.2.

3.1.1.1. Thermogravimetric analysis of blackcurrant pomace

Thermogravimetric analysis (TGA) of BC was conducted to confirm the presence of
polysaccharides in BC. (see Figure 3.1). The TGA thermogram of BC exhibits three main phases
ranging from 25 - 150°C (phase A), 150 - 625°C (phase B) and over 625°C (phase C). The mass
loss observed in phase A (3.9 wt.%) may attribute to the evaporation of water and volatile
compounds. Phase B reveals a rapid mass loss of 40.1 wt.%, corresponding to thermal
decomposition of polysaccharide and lignin. Phase C represents the residual fixed carbon and

inorganic matters, accounting for 56.0 wt.%.
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Figure 3.1. TGA and dTG thermogram of blackcurrant pomace.

According to previous studies, the thermal degradation of polysaccharides and lignin
occurs within temperature ranges of 220 — 240 °C for pectin, 220-315 °C for hemicellulose, 315
- 400 °C for cellulose, and 160 — 500 °C and 750 - 800°C for lignin.'?°22%2% The derivative
thermogravimetric (dTG) curve further reveals characteristic degradation peaks corresponding
to pectin (240 °C), hemicellulose (290 °C), cellulose (330 °C), and lignin (413 °C) in BC. In
addition, the mass loss of approximately 23.3 wt.%, observed between 220 - 380 °C, attributed
to the decomposition of polysaccharides including pectin, hemicellulose, and cellulose, which
aligns with the reported polysaccharides content in BC.%*%*% However, the polysaccharide
content determined by TGA is considerably higher than the values reported in Table 3.1, which
were determined based on their constituent monomers. This could be because of incomplete

hydrolysis of the polysaccharides, resulting in limited release of their constituent monomers.

3.1.1.2. IR spectroscopy analysis of blackcurrant pomace

IR spectroscopy analysis of BC was performed to identify the functional groups
associated with its chemical constituents. The IR spectra and the corresponding peak
assignments are presented in Figure 3.2 and Table 3.1. A broad band peak observed around
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3280 cm™ corresponds to the -OH stretching of carboxylic acids (-COOH) or hydroxyl groups (-
ROH), indicating the presence of fatty acids or structural hydroxy-containing molecules in BC.
The presence of fatty acids and glycerides/triglycerides is further supported by characteristic
peaks at 3010 cm™ (sp?-C-H stretching of unsaturated fatty acids), 2922 and 2853 cm™ (-C-H
stretching of fatty acids/glycerides), 1742 cm™ (-C=0 stretching of esters/glycerides), 1627 cm’
' (-C=0 stretching of carboxylic acids/fatty acids), 1533 cm™ (-C=C stretching of alkenes), and
1376 cm™ (-C-H bending of alkanes).?*"2%
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Figure 3.2. IR spectra of blackcurrant pomace.

Given the large amount of lignin presented in Table 3.1, lignin or phenolic compounds
in BC also present in IR analysis, as evidenced by absorbance bands at 3280 cm™ (-O-H
stretching of phenolics), 3010 cm™ (sp?-C-H stretching of lignin), and 1533 and 1443 cm™ (-C=C
stretching of aromatics).®?% |n addition, typical bands associated with polysaccharides
present at 3280 cm™ (-O-H stretching), 2922 and 2853 cm™ (-C-H stretching), 1376 cm™ (-C-H
bending), and 1031 cm™ (-C-O stretching of glycosidic linkages), indicate the presence of
cellulose, hemicellulose, and pectin.'®2*:2% Vibrations appearing at 1742 and 1627 cm™ (-C=0
stretching of esters and carboxylic acids, respectively), also suggest the presence of

hemicellulose and pectin.’?%*
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Table 3.2. Summary of bands (cm™) found in IR spectra of blackcurrant pomace

Wavenumber (cm™) Assignment
3280 (broad) O-H stretching vibration of hydroxyl groups (-COOH or -ROH)
3010 sp? C-H stretching vibration of unsaturated fatty acids or

lignin/aromatics

2922 Asymmetric C-H stretching vibration of -CH, -CH; and -CH;
2853 Asymmetric C-H stretching vibration of -CH, -CH; and -CH;
1742 C=0 stretching vibration of esters of glycerides, pectin, and/or

hemicellulose
1627 C=0 stretching vibration of carboxylic acid of fatty acids, pectin,

and/or hemicellulose

1533 C=C stretching vibration of alkenes or aromatics
1443 C=C stretching vibration of aromatics

1376 C-H bending vibration of alkanes

1031 C-O stretching vibration of ethers/glycosidic linkages

3.1.2. Production and characterisation of pectin from blackcurrant pomace via
HCIl, citric acid, water and acid-free microwave hydrothermal conditions
(Objective A1 (ii))

3.1.2.1. Pectin yield
Variations in pectin yield, purity, structure, and functional properties are influenced by

extraction methods, pre-treatment steps, and initial pectin content of raw materials. The

appearance, yield (wt.%) and degree of esterification (DE, %) of the isolated pectin from BC
pomace (BCP) under different extraction conditions, including conventional HCL, citric acid,
water extractions, and acid-free microwave hydrothermal extractions (MHT), are presented in

Figure 3.3, with corresponding sample names are summarised in Table 2.1. Overall, the yield

of BCP ranges from 2.04 — 3.86 wt.%, which is similar with the reported values in literatures (2.9

— 9.8 Wt.%).535

The highest pectin yield is observed from conventional HCLl extraction (BCP-H, 3.86

wt.%), as expected. Strong mineral acids such as HCL effectively disrupt plant cell walls,
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facilitating the release of intracellular components and resulting in increasing yield. BCP
extracted using citric acid, a bio-based organic acid, at different concentrations (0.2 — 0.8M;
BCP-C1 to BCP-C4) yield 2.04 - 3.41 wt.%. Higher concentrations of citric acid result in
increased BCP yields, with BCP-C3 (3.39 wt.%) and BCP-C4 (3.41 wt.%) comparable to BCP-H
(3.86 wt.%), while BCP-C1 (2.04 wt.%) and BCP-C2 (2.37 wt.%) are similar to the conventional
water-extracted control (BCP-W, 2.28 wt.%, see Figure 3.3). Thus, the optimal condition for
BCP extraction using citric acid is at 0.6M (BCP-C3) as yield is not significantly different to BCP-
C4, while using less acid. The trend of increasing yield with higher citric acid concentration
aligns with previous findings on durian pectin extraction, where citric acid concentrations
between 0.0001 and 1.0 M produced significantly higher yields at 1.0 M.2" This could be
because of stronger acid hydrolysis at higher concentrations facilitates the release of
impurities such as hemicellulose, starch, ash, and pectin-organic acid complexes from plant

cell walls,?"5236:27

Regarding acid-free MHT at different microwave (MW) temperatures (100 - 160°C, BCP-
M1 to BCP-M4), higher MW temperatures led to increased pectinyields, peaking at 140 °C (BCP-
M3, 3.07 wt.%). This might be due to the formation of organic acids from biomass components
during hydrothermal treatment, creating a mildly acidic environment that promotes pectin
solubilisation and partial hydrolysis of cell wall components, thereby positively enhancing
pectin extraction. However, the yield significantly drops at 160 °C (BCP-M4, 2.05 wt.%, see

Figure 3.3B), possibly due to the thermal degradation of pectin.

Therefore, the optimal MHT extraction based on BCP yield was identified as 140 °C
(BCP-M3, 3.07 wt.%), which was slightly lower than BCP-H (3.86 wt.%), BCP-C3 (3.39 wt.%),
and BCP-C4 (3.41 wt.%), however, not significantly different. This finding aligns with the
reported pectinyields from mango peel, and lemon and orange residues extracted through MHT
at 140 °C under fixed solid-to-liquid ratios (1:10 for mango peel and 1:6 for lemon and orange
residues) and fixed MW holding times (10 min for mango peel and 15 min for lemon and orange
residues).'%?%® Nevertheless, yield can also be significantly influenced by solid-to-liquid ratio,
MW holding time, and MW power. Therefore, further optimisation of these factors could reduce

solvent use, time, energy, and cost, thereby enhancing the efficiency of BCP extraction.
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Figure 3.3. Appearance, yield and degree of esterification of commercial citrus pectin (CCP),
acid derived BCP (A), and free-acid derived BCP (B); Values are presented as mean + SD
(n=3).
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3.1.2.2. Degree of esterification of BCP

The DE, an essential characteristic of pectin, was calculated using the IR spectroscopic
method and is presented in Figure 3.3.2°® Commercial citrus pectin (CCP; DE of 40.7%), was
used as a control sample, while BCP exhibited DE values ranging from 16.6 —21.1%. Both CCP
and BCP were categorised as low methoxy (LM) pectin (DE < 50%). Interestingly, all BCP
exhibited a pale pink colour (see Figure 3.3), which may indicate the presence of bound
anthocyanins. The presence of the anthocyanin-bound pectin in BCP is supported by Salleh et
al., who observed this type of pectin derived from blackcurrant juice.®® As the MW temperature
increased to 160 °C, the pink colour lessened, suggesting that higher temperatures may lead to

the degradation of pectin-bound anthocyanins.?

The DE values obtained for BCP are consistent with the work reported by Alba et al.,
where BC pomace-derived pectin was identified as LM type with DE of 11 - 38%.%® However, the
DE of BCP in this study is significantly lower than citric acid-extracted pectin from BC pomace
(48.7 - 51.3%) reported by Corovié et al.,> and also lower than pectin derived from BC juice,
(65.2%) as reported by Salleh et al.®® Differences in the DE of BCP among studies may be due
to differences in the methods of determination and pre-treatment of raw materials. In this
study, a comparable titration method,?*° was also evaluated; however, it was found to be
unsuitable for determining the DE of BCP due to the presence of anthocyanins, pH-responsive
pigments bound within the pectin structure. The presence of these anthocyanin-bound
compounds interfered with the titration process, making it impossible to accurately determine

the DE of BCP (see Appendix 7).

Regarding the effect of extraction methods on the DE of BCP, acid-derived BCP (BCP-H
and BCP-C1 to BCP-C4) exhibited similar DE results, ranging from 18.5 — 20.1%, with citric acid
concentrations (0.2 — 0.8M) showing no significant influence (see Figure 3.3A). In contrast, for
MHT extraction, the DE of BCP slightly increased with the increasing MW temperature, peaking
at 120 °C (DE, 21.3%), followed by a plateau at 140 °C (DE, 20.7%); thereafter, it decreased at
160 °C (DE, 16.3%).
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3.1.2.3. Purity and sugar composition of BCP

Table 3.3 shows the purity of the extracted BCP based on their uronic acid content. The
uronic acid content of all BCP samples ranges from 38.70 - 61.26%, which is below 65%,
indicating low purity. Among all acid-extracted BCP, BCP-H exhibits the lowest uronic acid
content (38.70%). Increasing the concentration of citric acid initially led to higher uronic acid
contents in the extracted pectin (BCP-C1 to BCP-C3; 47.21 - 49.06%), but the value decrease
to 43.99% for BCP-C4. The reduction in uronic acid content at higher acid strengths and
concentrations may be due to the co-extraction of non-pectin polysaccharides, such as
hemicellulose or starch, which can also be precipitated in ethanol.?*" In addition, strong acids
may hydrolyse pectin into smaller molecules that are not precipitable with ethanol, resulting in

lower uronic acid content found in samples.?*?

For the acid-free extraction, the control water-extracted BCP (BCP-W) contains 42.84%
uronic acid, while the uronic acid content of MHT-extracted pectin ranges from 37.32-61.26%.
The uronic acid content slightly increases with increasing MW temperature, peaking at 120 °C
(61.26%); thereafter, a subsequent drop to 37.32% is observed at 160 °C, which could be due
to the thermal degradation of pectin. The trend of uronic acid content of BCP is consistent with
the galacturonic acid (GalA) content determined by HPLC analysis of acid-hydrolysed BCP (see
Figure 3.4). However, the uronic acid content is significantly higher than GalA content. This can
be explained by the presence of anthocyanins in BCP, which react with H,SO,4, one of the
chemicals used in the uronic acid-MHDP assay, producing red flavylium cations. These cations
absorb light in a similar wavelength range (450 — 550 nm; Amax at 495 nm, see Figure 3.24) as the
assay measurement wavelength (530 nm), thereby leading to an overestimation of uronic acid

content.
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Table 3.3. Purity of BCP based on uronic acid content (%)

Sample Uronic acid content (%)
BCP-H 38.70 £ 0.40°
BCP-C1 47.91 £1.44°
BCP-C2 47.21 +1.05°
BCP-C3 49.06 +0.80°
BCP-C4 43.99+0.69°
BCP-W 42.84 £0.40°
BCP-M1 59.88 +1.20¢
BCP-M2 61.26 £ 0.69°
BCP-M3 49.52 +1.38°
BCP-M4 37.32+1.05°

Values are presented as mean = SD (n = 3). Letters indicate the significant differences (p < 0.05).

Based on the sugar analysis of acid-hydrolysed BCP (Figure 3.4), the presence of
galacturonic acid (GalA), rhamnose (Rham), and arabinose (Ara) indicates the existence of
pectin and its branched side chains. Meanwhile, the detection of glucose (Glu) and mannose
(Man*), including xylose and fructose, suggests the presence of starch and hemicellulose
within the extracted soluble polysaccharide fraction. GalA is the main monosaccharide found
among all samples, confirming that pectin is the major component in the extracted BCP, with
the HCl-extracted sample (BCP-H) contained the highest GalA content (50.59%). Meanwhile,
citric acid-extracted pectin exhibits 36.45 - 40.01% GalA with increasing citric acid
concentrations; however, the proportions of other components, such as Glu and Man* also
increase. These results suggest that citric acid is less selective for pectin extraction, as higher

concentrations tend to promote the co-extraction of other soluble polysaccharides.

For MHT-extracted pectin, the highest GalA content is observed at 100 °C (BCP-M1,
48.59%), which also higher than that of the control water-extracted pectin (BCP-W, 42.59%). As
the MW temperature increased, the contents of GalA, Rha, and Ara gradually decreased,
suggesting thermal degradation of the pectin backbone and its branched side chains. In

contrast, the contents of Glu and Man* increased with rising temperature from 9.41 - 43.16%
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and 5.63-12.70%, respectively, suggesting that lower MW temperature (below 160°C) are more

selective for pectin extraction.

Table 3.4. Linearity of BCP based on ratio of GalA and Rham + Ara

Sample GalA (%) Rham + Ara (%) Linearity (GalA: Rham + Ara)
BCP-H 50.59 7.48 6.76
BCP-C1 36.45 6.79 5.37
BCP-C2 38.29 7.56 5.06
BCP-C3 40.01 6.49 6.16
BCP-C4 41.70 4.79 8.71
BCP-W 42.59 10.46 4.07
BCP-M1 48.59 7.87 6.17
BCP-M2 45.01 8.39 5.36
BCP-M3 39.05 3.81 10.25
BCP-M4 13.18 1.47 8.97

Values are presented as single measurements (n = 1); therefore, no statistical comparison

among samples was performed.

In addition, to indicate linearity of BCP, the ratio of GalA (pectin backbone) and sum of
Rham and Ara (pectin side chain) are summarised in Table 3.4. At the same acid concentration
of HCland citric acid, BCP-H exhibits higher linearity (6.76) than BCP-C1 (5.37). This difference
can be attributed to the weaker acidity and bulkier molecular structure of citric acid, which may
limit hydrolysis efficiency through steric hindrance. Meanwhile, at higher citric acid
concentrations (0.2 - 0.8M), the linearity of BCP also increased (5.06 — 8.71), suggesting partial
hydrolysis of pectin side chains. Similarly, increasing MW temperatures (100 - 140°C) resulted
in higher linearity (5.36 — 10.25), indicating the thermal degradation of pectin side chains.
However, at MW temperature of 160°C, the linearity drops to 8.97, suggesting that excessive

thermal exposure may lead to degradation of the main pectin backbone.

105



Chapter 3: Results and Discussion

70
A GalA
Glu
60 - B Man*
[ ] Rham
Ara
o ]
S
= 40 A N 40.0 1872
| g " 38.29 38.72
7
8- 30
g
o
O
20
4.16
10
1.584.314.73
.06
0
BCP-H BCP-Cl BCP-C2 BCP-C3 BCP-C4
70
B GalA
Glu
60 B Man*
[ I Rham
[ Ara
50 - 4)(_\‘) ————
~ 45.0
X 42,50 4.1
= 40 - 39.08
3=
-
2
E 30 -1
)
&)
20
6.37
12.7
10.46 ’ 0.87
10 | 5.9‘)8 & 5.63 = L i
0 f 0.7 0.77
BCP-W BCP-M1 BCP-M2

BCP-M3

BCP-M4

Figure 3.4. Sugar composition (%) of acid derived BCP (A), and free-acid derived BCP (B)
based on total soluble acid-hydrolysed BCP; Man* includes mannose, xylose and fructose.
Values are presented as single measurements (n = 1); therefore, no statistical comparison
among samples was performed.
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3.1.2.4. ATR-IR spectroscopy analysis of BCP

Figure 3.5 displays the ATR-IR spectra of CCP, acid-derived BCP (BCP-H, and BCP-C1 -
C4), and acid-free derived BCP (BCP-W, and BCP-M1 — M4). All samples exhibit a broad
absorbance band centred at around 3330 cm™, corresponding to the O-H stretching of uronic
or galacturonic acid, the C—-H stretching band at approximately 2920 cm™, the characteristic
carbonyl absorbances of pectin at around 1730 cm™ (-COOCHj3) and 1610 cm™ (-COOH), and

the intense band at 1013 cm™, attributing to C-O-C stretching of glycosidic bond.3%5425

The relative intensities of the two major carbonyl bands at around 1730 cm™ and 1610
cm™ varies with citric acid concentrations and MW temperatures, which were used to
determine the DE in section 3.1.2.2. In addition, a shift of the carbonyl vibration toward higher
wavenumber (to 1650 cm™) and an increased intensity of the peak near 1540 cm™ were
observed at higher citric acid concentrations and HCl-extracted sample (BCP-H), indicating
possible extraction of protein under acid conditions, in which bands at around 1650 cm™ and
1540 cm™ corresponds to amide | (C=0O stretching) and amide Il (N-H bending),
respectively.?**?** These peaks were also observed in the acid-extracted soy hull pectin and
grape pomace pectin.?**?¢ Moreover, BCP-H exhibits 19.50% protein, whileBCP-C1 to C4
exhibit levels of protein from below the detection limit (0.01% N, equivalent to 0.0625% protein)
to 11.16% (see Table 3.5). The increasing of protein content also corresponds to the increasing
of vibrational intensities of 1650 cm™ and 1540 cm™ (see Figure 3.5). For MHT-derived BCP, the
intensities between these two carbonyl bands are similar for BCP-M1 to M3 (MHT at 100 -
140°C), then the peaks at 1730 cm™ and 1610 cm™ decrease at 160°C, suggesting the
degradation of pectin at this MW temperature. Therefore, MHT at 100 - 140°C is more selective

for pectin extraction.
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Figure 3.5. IR spectra of commercial citrus pectin (CCP), acid-derived BCP (A), and acid-free

derived BCP (B).
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Table 3.5. Elemental composition and protein content of BCP

Sample C (%) H (%) N (%) Protein* (%)
BCP-H 34.70+0.01° 4.28 £0.46° 3.12+0.13¢ 19.50 +0.80°
BCP-C1 37.66 = 0.04¢ 4.67+0.19° n.d. n.d.
BCP-C2 38.55+£0.11°¢ 4.86+0.25° 0.18£0.25° 1.13+1.59°
BCP-C3 38.82+£0.04°¢ 4.84+0.10° 1.21+0.05° 7.53+0.31°
BCP-C4 39.54 +0.18f 4.98+0.07° 1.79+0.33° 11.16+2.08°
BCP-W 35.56 +0.02° 4.87+0.16° n.d. n.d.
BCP-M1 34.59 £0.07° 4.05+0.49° n.d. n.d.
BCP-M2 35.85+0.01° 4.51+0.02° n.d. n.d.
BCP-M3 36.66 = 0.09° 4.38 £0.25° n.d. n.d.
BCP-M4 37.51+0.04¢ 4.79 £0.20° n.d. n.d.

* Protein content was estimated from Nx6.25. Values are presented as mean = SD (n = 2).

Letters indicate the significant differences (p < 0.05).

3.1.2.5. Nuclear magnetic resonance spectroscopy (NMR) analysis of BCP

Liquid *C NMR spectroscopic studies were performed on the CCP and BCP, shown in
Figure 3.6, and a comprehensive summary of the NMR signals based on CCP and their
corresponding regions is presented in Table 3.6.5%'°%24” The resonance in the regions of 560-80
ppm and 897-105 ppm was characteristic of C2-C5 of monosaccharides and C1 (anomeric) of
monosaccharides, respectively. Additionally, the resonances at 852.7 and §170.5 ppm were
attributed to the CH; of methyl ester and C6 of galacturonic acid, respectively. Notably, these
resonances decreased when the MW processing temperature exceeded 140 °C, which is
indicative of thermal degradation and the decarboxylation of homogalacturonan (HG) or pectin

backbone.

For acid-derived BCP, the characteristic resonance at 52.7 ppm was observed in all
BCP-H and BCP-C1 to C4 with lower intensity compared to CCP and BCP-M1 to M3. Meanwhile,
the resonance at 170.5 ppm was difficult to observe. This could be because of low purity of
pectin in acid-derived BCP, which is in good accordance with uronic acid and sugar analysis

results.
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Figure 3.6. "°C NMR spectra of commercial citrus pectin (CCP); black and blue signals define
GalA (A), acid derived BCP (B), and free-acid derived BCP (C).

Table 3.6. Summary of °C NMR signals of pectin based on CCP.

Chemical shift (6, ppm) Assignment

173.4 Non-esterified carbonyl GalA (-COOH)
170.5 Esterified carbonyl GalA (-COOCHs,)
104.2 C1 Galactose

99.9 C1 GalA non-esterified

99.3 C1 GalA esterified

78.3 C4 GalA

71.8 C5GalA

68.5 C2GalA

67.9 C3 GalA

84.1-61.1 C2to C5 of GalA and sugar residues
60.7 C6 Galactose or C5 Arabinose

52.7 Methyl GalA (-COOCH;)
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3.1.2.6. Thermogravimetric analysis of BCP

TGA was performed to assess the thermal stability of the BCP in comparison with CCP
(see Figure 3.7). Allthe BCP display three distinct degradation temperatures, which are 25-150
°C, 220-280 °C, and 280-350 °C, corresponding to loss of moisture and volatile compounds,
pectin, and hemicellulose or starch, respectively. However, as CCP has been industrially
purified it demonstrated a less-pronounced mass loss between 280 and 350 °C, whereas BCP

exhibited a higher mass percentage loss within this temperature range.

The dTG of acid-derived BCP (BCP-H and BCP-C1 to C4) reveals that BCP-H has a
pronounced decomposition peak between 220-280 °C, while BCP-C1 to C4 exhibit two main
decomposition peaks 220-280 °C, and 280-350 °C, in which the intensity of the peak at 280-
350 °C is more pronounced with increasing citric acid concentrations. These results supported
that BCP-H has higher pectin purity than BCP-C1 to C4. In addition, higher citric acid
concentrations have more ability to extract other polysaccharides, such as hemicellulose or

starch, which is in a good accordance with the sugar analysis of BCP (see section 3.1.2.3)

Interestingly, the dTG of MHT-derived BCP (BCP-M1 to M4) displays a shift in the
decomposition peak from 230-310 °C to 250-350 °C, with increasing temperature. The most
pronounced shift occurred for pectin processed at 160 °C, suggesting a significant change in
the structure of pectin or hydrolysis.’® At this temperature, other polysaccharides such as
hemicellulose and starch also appear to become more soluble. In addition, sugar composition
analysis (Figure 3.4) supports this observation, as a significant decrease in GalA content at 160
°C indicates reduced pectin recovery. In contrast, the concentrations of Glu and Man?¥,

monomers of hemicellulose or starch, showed a marked increase at this temperature.

111



Chapter 3: Results and Discussion

A

WtPercent (%)

i i (901 cchari de:
100 4 e emiceinioss |—— TGA|[——BCP-H | | P
e - - dTG
80
60
40
20
0 T T T T T T T T T T T
100 200 300 400 500 600
Temperature (°C)
Moisture Pectin  Oligosaccharides/ TGA CCP
Hemicellulose
100~ | e dTG ||—— BCP-W
-2
80
<
5 60+ -1
2
[5)
=]
= 40
l o2 THAECCTT - I ——— 0
;’S\ . ’r,/';'{f‘ 2\ B e saesssezTiiooceet”
20 4 o N ,,';”7/
0 T g T ' T ¥ T g T . T -1
100 200 300 400 500 600

Temperature (°C)

Figure 3.7. TGA and dTG thermogram of CCP,
acid-derived BCP (A), and acid-free derived BCP (B).

(Do/%M) DIP

(Do/%IM) DLP

112



Chapter 3: Results and Discussion

3.1.2.7. Total anthocyanin content and antioxidant of BCP

Total anthocyanin content (TAC) was determined by colorimetric analysis based on the
colour change of anthocyanins (ACN) at pH 1 and pH 4.5 to confirm the presence of
anthocyanin-bound BCP (Table 3.7). At pH 1, most BCP samples exhibited a pronounced red
colour, which can be attributed to the conversion of ACN into the red flavylium cation form at
pH < 3,*® confirming the presence of anthocyanin-bound pectin. However, for most acid-
derived BCP samples, including BCP-H, and BCP-C2 to C4, cloudy solutions were observed at
pH 4.5 and pH 1 (see Appendix 8), likely due to protein precipitation below the isoelectric point
(pH 4.5).4 The presence of protein in theses samples had also been confirmed by IR analysis
and elemental analysis (see section 3.1.2.4). Protein precipitation interfered with TAC
measurement, leading to false-negative TAC values for BCP-H and BCP-C2 to C4. In contrast,
acid-free derived BCP samples exhibited TAC values ranging from 0.01 to 0.77 mg C3G/g. TAC
decreased with increasing MW treatment temperature, consistent with the fading of the pale

pink colour observed in BCP-M1 to BCP-M4 (Figure 3.3B).

Table 3.7. Total phenolic content (TPC), total flavonoid content (TFC), anthocyanin content
(TAC) and antioxidant activity of BCP.

Sample TPC(mgGA/g) TFC(mgQT/g) TAC(mgC3G/g) Antioxidant (DPPH

inhibition, %)

BCP-H 15.01 £0.79° n.d. -0.50 +£0.30*° 21.1£3.4"%
BCP-C1 37.40 +£0.99° n.d. 0.38+0.06" 45.2+2.2°
BCP-C2 38.78 +1.40° n.d. -0.98 £ 0.12*® 45.0+1.3°
BCP-C3 35.03+1.21¢ n.d. -0.67 £ 0.08*® 30.4+2.8¢
BCP-C4 29.44 +0.95° n.d. -0.69 * 0.35*° 23.4+29°
BCP-W 46.13 +1.368 n.d. 0.59+0.03" 61.3+0.5°
BCP-M1 37.24+0.64° n.d. 0.77+0.49" 42.9+1.9°
BCP-M2 33.82+0.69¢ n.d. 0.41 +0.03¢8 17.4£0.7°
BCP-M3 33.27+0.67¢ n.d. 0.17 +0.06° 14.3+1.2%
BCP-M4 21.35+0.57° n.d. 0.01+0.01¢% 3.6+0.8°

*Cloudy solutions were observed at pH 4.5, GA refers to gallic acid equivalent, QT refers to
quercetin equivalent, C3G refers to cyanidin-3-glucoside equivalent. Values are presented as

mean = SD (n = 3). Letters indicate the significant differences (p < 0.05).
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Total phenolic content (TPC), total flavonoid content (TFC), and antioxidant activity
(DPPH inhibition, %) of BCP were also determined and are presented in Table 3.7. Overall, the
antioxidant activity of BCP was primarily attributed to the presence of phenolic compounds and
anthocyanins, as flavonoids were not detected (n.d.) in any of the samples. The TPC and
antioxidant activity of BCP ranged from 15.01 - 46.13 mg GA/g and from 14.3% - 61.3% DPPH
inhibition, respectively. A consistent trend was observed between TPC and antioxidant activity,
with BCP-W showing the highest TPC (46.13 mg GA/g) and antioxidant activity (61.3% DPPH
inhibition). Both TPC and antioxidant activity decreased with increasing citric acid
concentration and MW treatment temperature, suggesting the breakdown of phenolic-pectin

linkages.

3.1.3. Microwave-assisted production of defibrillated celluloses from
blackcurrant pomace via HCIl, citric acid and acid-free conditions

(Objective A1 (iii))

This part reports the characterisation of the isolated defibrillated cellulose (DFC)
samples obtained from the microwave hydrothermal reprocessing at 160 °C on depectinated
blackcurrant residues, produced from pectin extraction via water, MHT, HCl and citric acid (see
section 3.1.2). Yield of DFC samples derived from depectinated blackcurrant residues ranges
from 58.8 — 85.3 wt.%; DFC-H, 58.8 wt.%; DFC-C1, 61.3 wt.%, DFC-C2, 61.6 wt.%; DFC-C3,
60.9 wt.%; DFC-C4, 59.6 wt.%; DFC-W, 68.9 wt.%; DFC-M1, 74.6 wt.%; DFC-M2, 80.3 wt.%;
DFC-M3, 80.1 wt.%; DFC-M4, 85.3 wt.%.
3.1.3.1. Microstructure analysis

Scanning electron microscopy (SEM) analysis was used to visualise the morphology of
commercial microcrystalline cellulose (CMC), DFC-H obtained after 0.2M HCL pectin
extraction, followed by MW reprocessing at 160 °C, DFC-C1 to C4 obtained after 0.2 - 0.8 M
citric acid, followed by MW reprocessing at 160 °C, and DFC-M1 to M4 derived after MHT at 100
- 160 °C, followed by MW reprocessing at 160 °C (Figure 3.8). All isolated DFC from
blackcurrant pomace exhibited mainly bulk and rough pallet-like characteristics in different
shapes and sizes. The DFC-C1 to C4 surfaces appeared more open-like and smoother as the
concentration of citric acid increased; however, the differences were not significant. This
suggests that the degree of hydrolysis may not have varied much with change in citric acid

concentration. Bondancia et al. found that cellulose isolated under shorter reaction times (1.5
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h) with 65 wt.% citric acid did not undergo complete hydrolysis.?*® The size and morphology of
the cellulose derived from different citric acid conditions may be influenced by reaction time
rather than the concentration of citric acid. Interestingly, although Fouad et al. and Trache et al.
suggest a link between smooth surfaces with loss of hemicellulosic and lignin components,
detailed IR spectra of the fibres pre- and post-treatment (see Figure 3.2 and Figure 3.9)
revealed no significant correlation.?%*' DFC-H and DFC-C1 to C4 revealed a smoother surface
and smaller sizes compared to DFC-W and DFC-M1 to M4. The smaller particle size observed
in acid-derived DFC may be due to the breakdown of the internal structure of cellulose, in
particular the amorphous regions, during acid hydrolysis in the acid pretreatment step. On the
other hand, DFC-M1 to M4 exhibited a flaky surface and uneven bundle structure, with

increasing MW temperatures indicating the defibrillation of the fibre bundles.

Figure 3.8. SEM images of commercial microcrystalline cellulose (CMC), acid-pretreat derived
DFC (A), and acid-free derived DFC (B) at 500x magnification.

115



Chapter 3: Results and Discussion

3.1.3.2. ATR-IR spectroscopic analysis of DFC

ATR-IR spectra of the isolated DFC from blackcurrant pomace are revealed in Figure
3.9. All DFC samples show the main characteristic transmittance peaks associated with the
structure of cellulose; broad O-H stretching centred at around 3310 cm™, C-H stretching at
approximately 2920 cm™. Additional cellulose-related bands were found at roughly 1030 cm™,
corresponding to C-O stretching.®*™*® |n addition, the evidence for the presence of
hemicellulose, pectin and lignin were observed in allisolated DFC. A small peak at around 1520
cm™ can be confirmed to be an absorption peak of aromatic skeleton,?®'?** which in the
corresponds to lignin. The peaks at around 1735 cm™ and 1620-1640 cm™ can be assigned to
the carbonyl group in hemicellulose and pectin.?®'2%® However, peaks correspond to
hemicellulose or pectin are less pronounced compared to raw material (BC pomace; Figure

3.2), confirming that those polysaccharides are extracted in the pectin extraction step.

3.1.3.3. Thermogravimetric analysis of DFC

The TGA of DFC samples is presented in Figure 3.10. All DFC samples contain mainly
cellulose with the main mass loss between 280 - 380 °C, followed by lignin (380 - 475 °C), and
peak shoulder below 280 °C, corresponding to residual hemicellulose or oligosaccharides.

Regarding thermal behaviour of DFC, the maximum degradation temperature (Tq) was
observed at 336 °C. For acid-pretreat derived DFC, including DFC-H and DFC-C1 to C4, the T4
of these samples (318 — 325 °C) are lower than CMC (336 °C) and BC pomace (330 °C, see
Figure 3.1). In addition, T4 decreased with increasing citric acid concentrations. Specifically,
the Tq values for acid-derived DFC (DFC-H: 318 °C, DFC-C1: 325 °C, DFC-C2: 322 °C, DFC-C3:
324 °C, and DFC-C4: 325 °C) were 5 - 12 °C lower than BC pomace (330 °C), and 11 - 18 °C
lower than CMC (336 °C).

In contrast, acid-free derived DFC, including BCP-W, and DFC-M1 to M4, exhibited T4
values (DFC-W: 350 °C, DFC-M1: 345 °C, DFC-M2: 346 °C, DFC-M3: 347 °C, and DFC-M4: 348
°C), approximately 15-20 °C higher than that of BC pomace (330 °C), and 5 - 14 °C higher than
CMC (336 °C). This suggests that the MW pretreatment for pectin removal has less impact on
cellulose structure, preserving its thermal stability.*® These findings align well with studies on
defibrillated cellulose obtained from various sources via acid-free MHT, where T4 values ranged
from 340 to 374 °C.*95%62 Additionally, the presence of lignin, as evidenced in Figure 3.11,

contributes to increased thermal stability.??

116



Chapter 3: Results and Discussion

A [DFC-
S
()
Q
o)
8
E
w)
s
s
H
T T T T T T T T T I N I
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)
B

Transmittance (%)

4 T T I T I T I T T T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 3.9. ATR-IR spectra of commercial microcrystalline cellulose (CMC), BC pomace, acid-
pretreat derived DFC (A), and acid-free derived DFC (B).
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Figure 3.10. TGA and dTG thermogram of CMC, acid-pretreat derived DFC (A), and acid-free
derived DFC (B).
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3.1.3.4. Klason lignin and sugar analysis of DFC

Lignin and sugar analyses of native BC pomace and DFC samples were conducted to
evaluate the impact of pretreatment on removing amorphous non-cellulosic structures (see
Figure 3.11). AlLDFC displayed elevated levels of glucose, compared to untreated BC pomace.
This increase in glucose suggests thatimpurities such as hemicellulose, pectin, and lignin were
partially removed during pretreatment, leading to a higher observed cellulose content.
Moreover, DFC-M1 to M4 exhibited lower concentrations of xylose, denoted as Man*, and GalA,
monomers of hemicellulose and pectin, respectively, compared to DFC-H and DFC-C1 to C4.
This observation indicates that double MHT processing may be more effective in breaking down
hemicellulose and pectin in lignocellulosic biomass than the acid-MHT process, likely due to

thermal degradation.

However, lignin content seems slightly increased in acid-derived DFC (45.1 — 49.5%)
and acid-free derived DFC (49.4 - 58.3%), compared to BC pomace (46.8%). This can be
explained by the complexity of lignin structure, which makes it resistant to degradation during
these processes, whereas other components, such as pectin and hemicellulose, are more
susceptible to degradation. Additionally, it is possible that pseudo-lignin from 5-hydroxymethyl
furfural (5-HMF) and furfural formed at high microwave processing temperatures, which can be
observed in microwave-assisted production of defibrillated cellulose from other biomass

sources.3%6%62
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Figure 3.11. Klason lignin and sugar composition of BC pomace, acid-derived DFC (A), and
free-acid derived DFC (B); Man* includes mannose, xylose, and fructose, Lignin** (%) is
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3.1.3.5. Powder X-ray diffraction (pXRD) analysis of DFC

The XRD diffractogram of native BC pomace (Figure 3.12) showed a primary broad peak
with high intensity between 20° and 22°, a secondary broad peak between 15° and 17°, and a
low-intensity peak at 34.5°, reflecting a predominantly cellulosic composition.?* This is also
observed in various biomass types, such as coffee husk, corn cob, teff straw and sweet
sorghum stalk.?®** After subjecting BC pomace to acid pretreatments (0.2M HCI, or 0.2 - 0.8M
citric acid), followed by MHT reprocessing, the resulting DFC-H, and DFC-C1 to C4 (Figure
3.12A) showed a change in their XRD patterns. The characteristic peaks observed at
approximately 15°, 16°, 20.1°, and 22.3° are indicative of (110), (110), (200) of cellulose I, and
(110), (020) of cellulose Il. However, the peak at 12.5°, corresponding to (110) of cellulose I,
was not observed.?®*%52% On the other hand, acid-free derived DFC (Figure 3.12B) exhibited
XRD patterns similar to that of native BC pomace. These findings suggest citric acid
pretreatment modifies the structure of cellulose more than microwave pretreatment. However,
this observation is inconsistent with the literature, which reported that citric acid treatment did

not alter the crystalline structure of cellulose.?%2%

Lorentzian deconvolution was employed to examine the crystalline pattern of DFC-C1
to C4. Upon pretreatment of BC pomace with citric acid (0.2 — 0.8M), the intensity of the
diffraction peak of the (110) plane of cellulose | in DFC-C1 to C4 (Figure 3.12C) was found to
be higher. With increasing citric acid concentration, the crystalline plane (110) of cellulose Il
was observed to be shifted to the (020) plane. This indicated that citric acid contributes to
enhancing the change in the crystalline plane of cellulose. However, the crystalline plane of
acid-free derived DFC (Figure 3.12B) remained unchanged compared to native BC pomace,

indicating that the crystalline structure of cellulose is not affected by microwave treatment.

There could be another possibility of Xylan crystal contained in acid-derived DFC-H,
and DFC-C1 to C4, as lignocellulosic materials are very complex and sugar analysis revealed
higher xylose content, denoted as Man*, in DFC-H, and DFC-C1 to C4 compared to native BC
pomace, DFC-W, and DFC-M1 to M4 (see section 3.1.3.4). DFC-H, and DFC-C1 to C4 exhibit
the reflections at around 15.8°, 18.1°, 20.1°, 21.5°, 24.4°, and 26.6°, likely matched with the

reflections of the Xylan hydrate crystal reported by Johnson et al.%°
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Regarding the crystalline index (Crl), BC pomace exhibited a Crl of 38.8%, while all DFC
samples showed an increase in Crl after pretreatment, ranging from 40.0 to 56.0% (Table 3.8).
This suggests that acid pretreatment together with MHT reprocessing and double MHT
processing induced the changes in the crystallinity index of BC pomace. However, the Crl of
DFC-C1 to C4 remained consistent between 43.0% and 44.2%, suggesting that varying citric
acid concentrations prior to MHT reprocessing have a minimal impact on the cellulose
crystallinity index. In contrast, varying MW temperatures before MHT reprocessing significantly

enhanced crystallinity, with the Crl reaching up to 56.0%.

Table 3.8. Crystalline index (Crl, %) of BC pomace and DFC samples.

Sample Crl (%) Sample Crl (%)
BC pomace 38.8

DFC-H 40.0 DFC-W 52.4
DFC-C1 43.1 DFC-M1 47.2
DFC-C2 43.5 DFC-M2 42.4
DFC-C3 44.2 DFC-M3 51.1
DFC-C4 43.0 DFC-M4 56.0

Values are presented as single measurements (n = 1); therefore, no statistical comparison

among samples was performed.

3.1.3.6. Solid state "*C CP/MAS NMR analysis of DFC

3C CP/MAS NMR spectroscopy was conducted to help characterise the structures of
DFCs (Figure 3.13). A comprehensive summary of the NMR signals of lignocellulose based on
CMC, and Xylan, and their corresponding regions is presented in Table 3.9.255” All spectra
revealed the presence of C1-C6 of cellulose sighals, observed within the range of 360 to 5120
ppm. Additionally, signals observed in the range of 820 to 635 ppm suggested potential
evidence of the aliphatic region, supporting the presence of fatty acids or triglycerides and
aligning with the IR spectrum (see Figure 3.9).5%%"2%2 The signals at 856 ppm and 5174 ppm
may be attributed to the methoxy (-OCHj5) group and carbonyl (C=0) group, respectively, in ester
bonds of lignin regions.?®’ The aromatic signals of lignin ranging from 3110 to 3160 ppm were

detected.?5®
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The untreated BC pomace and acid-free derived DFCs presented an NMR pattern of
cellulose | (Figure 3.13C).** However, a different pattern emerged in acid-derived DFC (Figure
3.13D). There was a splitting peak observed for C1 (at 5102 and 8105 ppm) and C4 (at 682, 84,
and 89 ppm), along with four sub-peaks in the regions of C2, C3, and C5. This difference might
be explained by a partial conversion of cellulose | to cellulose Il. The characteristic four sub-
peaks in the C2, C3, and C5 regions appeared along with the presence of a peak at C6 (562
ppm) resembling cellulose Il morphology.?54?%82%° The characteristic peak of C6 for cellulose |
(at 565 ppm) was also present,?”° suggesting that the cellulose underwent a partial conversion
rather than a complete transformation from cellulose | to cellulose Il during the acid

pretreatment step.

Table 3.9. Summary of "°C NMR signals of lignocellulose based on CMC and Xylan.

Chemical shift (6, ppm) Assignment

174 carbonyl esters of lignin

110-160 Aromatics

105 C1 cellulose

102 C1 Xylan (XnC1)

89 C4 crystalline cellulose (C4 Cr)
84 C4 amorphous cellulose (C4 Am)
82 C4 Xylan (XnC4)

75,73,72 C2to C5 cellulose

75,74 C2, C3 Xylan (XnC2, XnC3)

65 C6 crystalline cellulose (C6 Cr)
63 C5 Xylan (XnC5)

62 C6 amorphous cellulose (C6 Am)

Another possibility is the folding of Xylan structures occurring during the treatment, as
evidenced by the presence of peaks at 105, 72, 75, 82, and 64 ppm, corresponding to XnC1 to
XnC5 of twofold Xylan, respectively. In addition, the XnC1 to XnC5 signals of threefold Xylan
appeared at 8102, 73, 74, 77, and 63 ppm, respectively.?”’ Twofold Xylan can be bound with
cellulose microfibrils, which effectively extend the crystalline region in the cellulose system,
resulting in better resistance to the microbial hydrolysis process.?” On the other hand, self-
assembled crystal hydrate Xylan can readily form in aqueous solution, in which threefold Xylan
may occur in crystalline hydrate form.?®° It can be seen that the folded Xylan signals are
prominentin acid-pretreated DFC (Figure 3.13C). This may be explained by the treatment of BC

pomace in the first step with citric acid or HCL, which can remove sidechain uronic acids of
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Xylan, resulting in less solubility of Xylan in water, making it readily self-assembled into twofold,
threefold Xylan or Xylan hydrate form. The effect of the Xylan sidechains on the formation of
Xylan hydrate crystals has been explained by Johnson et al.?®® The presence of xylose in
carbohydrate analysis can further confirm the presence of Xylan in DFC samples (see section

3.1.3.4).
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Figure 3.13. Solid state '*C CP/MAS NMR spectra of BC pomace, commercial microcrystalline cellulose (CMC) (A), Xylan (B), acid-derived DFC
(C) and acid-free derived DFC (D).
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3.1.3.7. Water-holding capacity (WHC) and hydrogel formation

The WHC and hydrogel formation capability of the DFC and their bleached samples
(BDFC) are showed in Table 3.10 and Figure 3.14. The higher WHC was observed in acid-
derived DFC samples (DFC-H, DFC-C1 to C4; 5.12-5.60 g/g), followed by acid-free derived DFC
samples (DFC-W, DFC-M1 to M4; 4.77-5.13 g/g). These values are below those obtained from
defibrillated celluloses derived from orange peel and pea waste using acid-free MHT.>*¢° This
implies that the DFCs produced from BCP through both acid and MHT pretreatments may not
have the same WHC. This difference in WHC may be attributed to the elevated lignin content
(approximately 45.1 — 58.3%; Figure 3.11) present in the resulting DFCs, as also evidenced in
solid state *C CP/MAS NMR spectra (Figure 3.13), and TGA thermograms (Figure 3.10),
resulting in the interference of hydrogen bonding between polysaccharides and water
molecules. Upon the presence of lignin content, alkaline bleaching was performed for
delignification of DFC samples. As expected, the WHC of bleached DFC (BDFC) samples
increases to 8.97 - 9.69 g/g for acid-derived BDFC; BDFC-H, BDFC-C1 to C4, and 7.95 - 10.86
g/g for acid-free derived BDFC; BDFC-W, BDFC-M1 to M4.

The ability to form hydrogels was tested with CMC, unbleached DFC samples, and
bleached DFC samples at concentrations of 2.5%, 5% and 7.5%. CMC and all DFCs derived
from BC pomace did not afford a stable hydrogel at any concentration, which may be due to the
residual lignin present in DFC samples and high crystalline structure of CMC. Thereafter, alkali
bleaching of all DFCs resulted in the formation of stable hydrogels at a concentration of 5%
with BDFC-M1 to M4 (Figure 3.14B), and the acid-derived BDFC series (BDFC-H, BDFC-C1 to
C4) gelling at 7.5% (Figure 3.14A). Interestingly, the '*C CP/MAS NMR spectra (Appendix 9) of
the acid-derived BDFC series (BDFC-H and BDFC-C1 to C4) revealed more crystalline Xylan
hydrate, whilst the BDFC-M1 to M4 series revealed less rigid Xylan structures. The latter show
propensity to form gels at 5% in water, whilst the former form gels at 7.5% in water. Thus, it

appears that cellulose with less rigid Xylan is more favourable for hydrogel formation.

127



Chapter 3: Results and Discussion

Table 3.10. Water holding capacity (WHC) of DFC and bleached DFC (BDFC) samples

Sample WHC (g/g) Sample WHC (g/g)

DFC-H 5.12+0.17%° BDFC-H 8.97 £ 0.44°
DFC-C1 5.42 £0.40 BDFC-C1 9.69 = 0.69¢
DFC-C2 5.60+0.31° BDFC-C2 8.568+0.01°
DFC-C3 5.38 + 0.45° BDFC-C3 8.60 = 0.29°
DFC-C4 5.48 £ 0.14° BDFC-C4 9.63+0.19¢
DFC-W 5.13£0.27%° BDFC-W 7.95+0.47°
DFC-M1 4.77 £0.14° BDFC-M1 10.28 +0.17¢
DFC-M2 5.00 £ 0.24° BDFC-M2 9.83 +0.29%
DFC-M3 4.89 £0.24° BDFC-M3 9.67 = 0.59¢
DFC-M4 4.91+0.10° BDFC-M4 10.86 = 0.44'

Values are presented as mean = SD (n = 3). Letters indicate the significant differences (p < 0.05).

BDFC-M4

Figure 3.14. Hydrogel formation of acid-derived BDFC samples at 7.5% (A), and acid-free MHT
BDFC samples at 5% (B).
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3.1.3.8. Rheological studies of hydrogels

The amplitude sweep test, also known as a strain sweep test, is a common oscillatory
rheology test used to analyse the viscoelastic properties of hydrogels. To conduct this test,
stable hydrogels were prepared from BDFC-H and BDFC-C1 to C4 (7.5%) and BDFC-M1 to M4
(5%). These hydrogels were subjected to increasing shear strain (y, %) while maintaining a
constant angular frequency. The relationship between the increasing shear strain and the
storage modulus (G’) and loss modulus (G”), describing the solid-like and liquid-like
viscoelastic behaviour of the hydrogel, respectively, was plotted. Figure 3.15A displays the
rheological amplitude sweep curves of the hydrogels derived from 7.5% of BDFC-H and BDFC-
C1to C4 and 5% of BDFC-M1 to M4.

Within the initial phase of small shear strain, the hydrogels exhibited a linear
viscoelastic region (LVR). During this region, all hydrogels displayed solid-like viscoelastic
behaviour (G’ > G”), indicating that the hydrogel behaved more like a solid than a fluid, with
elastic behaviour dominating over viscous behaviour. As the shear strain increased, both G’ and
G” decreased, suggesting that the hydrogel network structure underwent deformation and then
reached a crossover point or flow point (G’ = G”) at a shear strain between 147% and 316%.
Past the crossover point, G” value became higher over G’, indicating that the hydrogel began to
exhibit fluid-like behaviour.?’2 The yield point, marking the point at which G’ begins to decrease,
was found at a shear strain of 0.1% and was comparable between both classes of materials.
The ability of cellulose to form gels depends on the degree of fibrillation and surface charge,
the increase of both fibrillation and specific surface area can enhance the water holding
capacity of fibrillated cellulose.?”®?”* However, G’ for BDFC-H, and BDFC-C1 to C4 were
comparable and higher than that of DFC-M1 to M4, may be due to the higher concentration of
the former, resulting in increased gel strength in the hydrogel. The hydrogels made from
bleached DFC-C1-C4 (7.5%) and bleached DFC-M1-M4 (5%) exhibited rheological behaviour
similar to that of high-consistency enzymatic fibrillated cellulose (HefCel) gel, in which the LVR
and yield point occurred at shear strains below 1%, and the flow point was observed beyond

100% strain.?”® Additionally, HefCel cannot form a stable gel at concentrations below 7%.%”°

Flow and thixotropic analyses were performed to investigate the flow behaviour and time-

dependent structural changes in BDFC hydrogels, presented in Figure 3.15B and 3.15C,
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respectively. The viscosity of all BDFC samples decreases with increasing shear rate, indicating
shear thinning behaviour. This phenomenon is linked to the network of defibrillated cellulose
disruption under shear action, leading to the aggregation or breakdown of the system and
subsequent reduction in viscosity.?’® In addition, subsequently reducing the shear rate allows
the network to reform, resulting in an increase in viscosity, and a hysteresis loop within the
overall flow curve was observed (Figure 3.15B(i) and 3.15B(ii)), indicating thixotropic behaviour
in BDFC hydrogel samples derived from BC pomace. These behaviours have also been found in
microfibrillated suspensions of pea hull fibre.?”” However, we note a slightly unusual hysteresis
loop showing crossover for sample BDFC-M3 (Figure 3.15B(ii)), which may be due to the

presence of an artefact in the sample, for example, microscopic particulate matter.

The thixotropy test was conducted to monitor viscosity and structural changes of
bleached DFC hydrogels over time. In Figure 3.15C(i) and 3.15C(ii), it can be seen that all
bleached DFC hydrogels gradually decreased with time at a shear rate of 0.1 s™', and a deep
drop was observed with the application of a high shear rate (100 s™"). Then, the bleached DFC
hydrogels showed increased viscosity with time, representing the time-dependent behaviour.
However, hydrogels derived from bleached MW-DFCs showed lower time-dependent
behaviour than bleached CA-DFCs. This again can be explained by the difference in
concentration of bleached DFCs in hydrogels, in which 5 wt% MW-DFCs and 7.5 wt% CA-DFCs
were prepared, resulting in a stronger and more viscous network structure in bleached CA-
DFCs. Both types of bleached DFCs can be considered for industrial food applications, as they
show reformed structures over time and can be applied as both functional and nutritional

substances.
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Figure 3.15. Amplitude sweep curves (A), flow curves (B), and thixotropic curves (C) of acid-derived BDFC (i), and acid-free derived BDFC (ii).
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3.1.4. Isolation of solvent extractives and characterisation of anthocyanins (ACN)-

rich hydrolysates (Objective A1 (iv))

Blackcurrant hydrolysates (BCH), by-products obtained from BC pomace after pectin
isolation (section 3.1.2), were freeze-dried and retained for further characterisation, as they
were expected to contain bioactive compounds with potential antioxidant activity. Solvent
extracts of BC pomace prepared using heptane (BCHt), ethanol (BCEt), and a 1:1 ethanol-water
mixture (ETW) were included as comparable samples. Additionally, the BCEt extract was
further purified with ethyl acetate to yield two fractions: an ethanol-ethyl acetate soluble
fraction (BCEt-F1) and an insoluble fraction (BCEt-F2), both of which were also used as

comparable samples.

3.1.4.1. Yield of solvent extracts and ACN-rich hydrolysates

The yields and appearances of BC pomace extracts and hydrolysates are shown in
Figure 3.16. Solvent extractions using solvents of varying polarity (heptane, ethanol, and a 1:1
ethanol-water mixture) produced yields ranging from 3.1 to 8.5 wt.% (Figure 3.16A). Among
these, the ethanol-water extract (ETW, 8.5 wt.%) showed the highestyield, with 1.5 times more
extract than the ethanol extract (BCEt, 5.7 wt.%) and 2.7 times more than the heptane extract
(BCHt, 3.1 wt.%). This trend reflects the higher polarity of the ethanol-water solvent, which
enables more efficient extraction of polar compounds such as water-soluble carbohydrates,
sugars, and highly polar pigments. In contrast, the non-polar solvent (heptane) selectively
extracts non-polar constituents such as fats and lipids, which typically account for 2.5 - 16.2
wt.% of BC pomace.***®3%5 Meanwhile, ethanol is well known to enable to extract non-polar and
polar compounds. To further separate these components within the ethanol extract (BCEt),
ethyl acetate was employed. The non-polar, ethanol-ethyl acetate soluble fraction (BCEt-F1,
3.3 wt.%) yielded 1.8 times higher than the polar, ethanol-ethyl acetate insoluble fraction
(BCEt-F2, 1.8 wt.%). In addition, non-polar extracts (BCHt and BCEt-F1) exhibited totally
different colour (dark green) compared to polar extracts (BCEt, BCEt-F2, and ETW; dark purple
or dark red).

Acid-free hydrolysates obtained from water extraction and MHT (100 — 160 °C) yield 4.9
- 11.0 wt.%, with higher yields were observed with increasing MW temperatures (see Figure
3.16B). These results indicate that higher MW temperatures promote the extraction of

additional compounds, possibly due to the formation of organic acids from polysaccharide
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components during hydrothermal treatment. The resulting mildly acidic environment may
facilitate the hydrolysis of cell wall components, thereby enhancing the release of soluble
compounds.

The water-extracted hydrolysate (BCH-W, 4.9 wt.%), a control sample, yielded 1.7 times
lower than ETW. This is consistent with the literature that solvent mixtures exhibit more efficient
extraction than a single solvent.”®’® The relatively low yield of BCH-W is also expected, as
soluble polysaccharides such as pectin had already been removed in a previous step (section
3.1.2). Interestingly, the colour change in MHT hydrolysates (BCH-M1 to M4) was observed with
increasing MW temperatures, shifting from dark purple to brown. This change could be due to
the thermal degradation of anthocyanins (ACNSs), the natural purple pigment.?®® This
observation is consistent with the colour changes observed in extracted BCP obtained from
MHT (100 - 160 °C; see Figure 3.3B).

Acid-derived hydrolysatesyielded 14.2 -66.2 wt.% (Figure 3.16C), which is significantly
higher than both the solvent extract group (1.8 — 8.5 wt.%) and the acid-free hydrolysate group
(4.9-11.0 wt.%). These elevated yields are likely due to the strong hydrolysis ability of the acid,
which facilitates the release of more compounds into the hydrolysates. However, traces of acid
were also present in the resulting hydrolysates, indicating that additional purification would be

necessary before further application.
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Figure 3.16. Yield and appearance of solvent extracts (A), acid-free BCH (B), and acid-derived
BCH (C); * contained acid traces. Values are presented as mean * SD (n = 3). Letters indicate
the significant differences (p < 0.05).

3.1.4.2. TPC, TFC, TAC, and antioxidant activity of solvent extracts and ACN-rich

hydrolysates

The total phenolic content (TPC) of the solvent extracts and BCH was determined using
the Folin-Ciocalteu assay, with results expressed as gallic acid equivalents (mg GA/g). Total
flavonoid content (TFC) was measured using the ALCl; assay and reported as quercetin
equivalents (mg QT/g). Total anthocyanin content (TAC) was quantified using the pH differential
method and expressed as cyanidin-3-glucoside equivalents (mg C3G/g). Antioxidant activity
was assessed using the DPPH assay and reported as percent DPPH inhibition (%). The results

for TPC, TFC, TAC, and antioxidant activity are summarised in Table 3.11.
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Table 3.11. TPC, TFC, TAC, and antioxidant activity of solvent extracts and BCH.

Sample TPC(mgGA/g) TFC(mgQT/g) TAC(mgC3G/g) Antioxidant

(DPPH inhibition, %)

Solvent extracts

BCHt 14.60 = 1.87¢ 6.06 +0.95° n.d. 0.0x0.1°
BCEt 30.46 = 0.54° 19.46 + 0.95° 10.77 £ 2.67' 46.3+2.7°
BCEt-F1 26.35 = 1.56° 20.54+0.83° n.d. 22.1£0.8°
BCEt-F2 44.45 £ 0.24¢ 20.01£0.41°¢ 83.29 + 6.38" 91.0+3.1%
ETW 28.30 £ 6.94"° 2.18+1.05° 15.32 £ 2.15! 66.0+1.6°
Acid-free hydrolysates

BCH-wW 10.43 + 3.92° n.d. 3.32+2.15°® 56.9 £+ 1.4¢
BCH-M1 94.31 £0.35° n.d. 7.22+0.66" 85.3+0.1"
BCH-M2 163.82+3.92¢  n.d. 4.21+0.53¢ 85.0+0.4"
BCH-M3 195.54 +4.06" n.d. 0.78 +0.04° 86.3+0.5'
BCH-M4 131.07+£3.01"  n.d. n.d. 68.7 + 0.3
Acid-derived hydrolysates

BCH-H n.d. n.d. 1.69+0.46° 83.3+x1.0¢
BCH-C1 n.d. n.d. 2.68 +0.03' 89.4 = 0.5!
BCH-C2 n.d. n.d. 1.12 £0.03¢ 89.3+0.3!
BCH-C3 n.d. n.d. 0.90+0.12° 88.9+0.7!
BCH-C4 n.d. n.d. 0.93+0.05° 82.2+0.5¢

Values are presented as mean £ SD (n = 3). Letters indicate the significant differences (p < 0.05).

TPC of solvent extracts and acid-free BCH ranged from 14.60 — 44.45 mg GA/g, and
10.43 - 195.54 mg GA/g, respectively, while TPC was not detected in acid-derived BCH. TFC
was observed in only organic solvent extracts, ranging from 2.18 — 20.54 mg QT/g, whereas
aqueous solvent extracts were not detected. Meanwhile, TAC was detected in polar solvent
extracts, with BCEt and ETW containing 10.77 and 15.32 mg C3G/g, respectively. Further
purification of BCEt with ethyl acetate enhanced the TAC by approximately 8 folds, producing
BCEt-F2 with 83.29 mg C3G/g. TAC ranged from 0.78 - 7.22 mg C3G/g in acid-free BCH and from
0.90-2.68 mg C3G/g in acid-derived BCH.
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Interestingly, a greatincrease in both TPC and TAC was observed in the MHT hydrolysate
obtained at 100 °C (BCH-M1) compared with the conventional water hydrolysate (BCH-W). This
likely due to the microwave (MW) interaction with polar molecules (water) within the
blackcurrant pomace cell walls, generating rapid internal heating that promotes biomass
depolymerisation and degradation, thereby facilitating the release of polar compounds such as
phenolics and anthocyanins into the hydrolysate. With increasing MHT temperatures (100 - 160
°C), TPC rose from 94.31 mg GA/g (BCH-M1; 100 °C) to 195.54 mg GA/g (BCH-M3; 140 °C),
before decreasing to 131.07 mg GA/g (BCH-M4; 160 °C). These results are in good accordance
with the literature, showing that microwave-assisted extraction of blackcurrant helps improve
phenolic content compared to conventional hot solvent extraction, in which the TPC increased
from 31.25 (conventional solvent extraction) to 41.77 mg GA/g (deionised water, microwave,
780 W, 60 min),"" and from 26.32 (conventional solvent extraction) to 40.19 mg/g (microwave,
600W, 10 min).?”® The TPC yield significantly increases to 58.60 mg/g when microwave-assisted
agueous two-phase extraction was applied.?”® In contrast, TAC decreased progressively with
increasing temperature, declining from 7.22 mg C3G/g (BCH-M1; 100 °C) to undetectable
(BCH-M4; 160 °C). Although hydrothermal treatment generally promotes the conversion of
biomass components into organic acids, creating a mildly acidic environment in which
anthocyanins are relatively stable due to the predominance of the flavylium cation form,
prolonged exposure to elevated temperatures under severe hydrothermal conditions may still

accelerate anthocyanin degradation.

In addition, the increasing TPC trend observed between MHT 100 - 140 °C can be
explained by (i) the thermal degradation of ACNs into phenolic compounds. The plausible
mechanism of Delphinidin and Cyanidin conversion, the primary ACNs found in blackcurrant,
areillustrated based on Oancea and Jiang et al. (Figure 3.17).27°%° Phenolic acids such as gallic
acid, protocatechuic acid, and 4-hydroxybenzoic acid, are produced through the C2-C3 bond
cleavage, whereas phloroglucinaldehyde is generated via C3-C4 bond cleavage of Delphinidin

or Cyanidin through hydrolytic cleavage and autoxidative reaction.?°

(ii) Hydrothermal
conversion of cellulose- and hemicellulose-derived monomers, such as glucose and xylose,
into hydroxymethylfurfural (HMF) or furfural through dehydration at evaluated MHT
temperature. These aromatic compounds are soluble in the aqueous phase, thereby elevating

the measured TPC values (Figure 3.18).2°"2%
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Figure 3.17. Plausible mechanism of thermal degradation of Delphinidin and Cyanidin.
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At 160 °C, however, the TPC of BCH-M4 decreased to 131.07 mg GA/g. This reduction is

likely due to the partial polymerisation or condensation of HMF and furfural with other

compounds, including phenolics and aldehydes, forming high-molecular-weight polymeric

substances known as humins (Figure 3.18).2%2 Humins are insoluble in water and were likely

removed along with the solid BC residue. The formation of humins or pseudo-lignin is

commonly reported at temperatures of 160 °C and above during MHT, particularly in

microfibrillated cellulose production.
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Antioxidant activity of the solvent extracts and BCH samples was evaluated at a
concentration of 200 ppm. The solvent extracts showed a wide range of antioxidant activity,
from 0.0% to 91.0% DPPH inhibition. Among them, BCEt-F2 exhibited the highest activity,
followed by ETW, BCEt, BCEt-F1, and BCHt. The antioxidant activity observed in these extracts
was likely influenced by both anthocyanins (ACNs) and phenolics. In contrast, antioxidant
activity in acid-free BCH appeared to be driven primarily by phenolics, while in acid-derived
BCH it was largely influenced by ACNs, with DPPH inhibition values of 56.9-86.3% and 82.2-
89.4%, respectively.

Interestingly, although acid-derived BCH showed high antioxidant activity (up to 89.3%
DPPH inhibition), its TAC was relatively low (0.90 - 2.68 mg C3G/g), and both TPC and TFC were
undetectable. This discrepancy may be explained by the formation of aggregated, water-
insoluble complexes of phenolics and other compounds under the strongly acidic conditions
during the freeze-drying of unneutrallised hydrolysates (as observed experimentally; Appendix
8). Such aggregation can cause false-negative results in TPC, TFC, and TAC assays, which are
designed to measure soluble free phenolics, flavonoids, and anthocyanins rather than their

bound or polymerised forms.

3.1.4.3. Characterisation of anthocyanins in solvent extracts and BC pomace

hydrolysates.

Given the special properties of ACNs as natural pigments, pH-responsive compounds,
antioxidant compounds, and their presence in most of BC pomace solvent extracts and
hydrolysates (see section 3.1.4.2), further characterisation of ACNs was evaluated using high
performance liquid chromatography-diode array detector-mass spectrometry (HPLC-DAD-
MS/MS), following the method based on Simerdova et al.?’° Chromatograms of major ACNs in
solvent extracts and BCH are presented in Figure 3.19 and their analyses are summarised in
Table 3.12. In addition, the insets within each chromatogram illustrate the relative proportions

of each ACNs among the total detected ACNs, based on peak areas (Figure 3.19).
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Table 3.12. Summary of HPLC-DAD-MS data for blackcurrant anthocyanins in the solvent
extracts and BCH, including retention time, molecular weight, molecular formula,
fragmentation patterns, and absorbance maxima.

Identified tr Molecular Molecular [M+H]" Fragmentations  Absorbance

compound (min) Formula Weight (m/z) MS? (m/z) (nm)
D3G 6.4  Cy;Hx0q,"  465.3865 465 465, 303 526
D3R 7.0 CyHs3 04"  611.5285 611 611, 465, 303 526
C3G 7.6  CyunHxO4" 449.3875 449 449, 287 518
C3R 8.4  CyHs0q55 595.5295 595 595, 449, 287 518

Across all solvent extracts and BCH samples, four major ACNs were identified, which
are delphinidin-3-glucoside (D3G), delphinidin-3-rutinoside (D3R), cyanidin-3-glucoside
(C3G), and cyanidin-3-rutinoside (C3R). These compounds were confirmed through their mass
spectra and fragmentation patterns (Appendix 10). The types of ACNs detected in this study
align well with previous literature; however, the retention times observed in our chromatograms

appear slightly earlier than those reported by Simerdova et al.?’°

It is obviously seen that among all solvent extracts, the ETW shows the highest
intensities of the four ACNs, followed by BCEt, while the signals disappear completely in BCHt
(Figure 3.19A). Further purification of BCEt sample with ethyl acetate increased the intensities
of all four ACNs in the BCEt-F2 fraction to levels higher than those in ETW, whereas the BCEt-
F1 fraction showed no detectable ACNs. Similar trend was observed in the TAC analysis
(section 3.1.4.2), where ACNs were not detected in BCHt or BCEt-F1, and the highest TAC was
observed in BCEt-F2, followed by ETW and BCEt. With respect to the relative proportions of
each ACN, the glucoside forms of delphinidin and cyanidin (D3G and C3G) appear to dissolve
preferentially in less polar solvents (e.g., ethanol). Their percentages were higher in BCEt and
BCEt-F2, ranging from 21.8 —22.3% for D3G and 8.6 — 9.7% for C3G, compared with ETW (D3G:
16.9%; C3G: 5.9%).
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Figure 3.19. Chromatograms of anthocyanins detected at 520 nm in solvent extracts (A), acid-
free BCH (B), acid-derived BCH (C). Insets within each chromatogram illustrate the relative
percentage of each anthocyanin among the total detected.
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Interestingly, the HPLC-DAD-MS/MS results support the TAC findings for BCH (section
3.1.4.2). Acid-free BCH samples show higher ACN intensities than acid-derived BCH (see
Figures 3.19B and 3.19C). In addition, BCH-M1 exhibited stronger ACN signals than BCH-W,
and a decreasing trend in ACN intensities was observed with increasing MHT temperature. In
the BCH-W sample, the four ACNs accounted for 10.3% D3G, 35.9% D3R, 3.2% C3G, and
28.0% C3R. These values suggest that the rutinoside forms preferentially dissolve in more polar
solvents (such as water), in contrast to the ethanol-based BCEt extracts. MHT at 100 °C (BCH-
M1) improved ACN extraction, increasing the relative proportions to 15.5% D3G, 47.0% D3R,
4.8% C3G, and 26.2% C3R. All four ACNs increased in BCH-M1 compared with BCH-W,

indicating that MHT at 100 °C enhances ACN extraction, but not specific in each ACN.

With increasing MHT temperatures from 100 — 160 °C, the intensities of all four ACNs
progressively declined and were completely absent at 160 °C (BCH-M4), likely due to thermal
degradation, as previously discussed in section 3.1.4.2. At 140 °C (BCH-M3), only D3Rand C3R
remained detectable. This may indicate that these ACNs are either more thermally resistant
than their glucoside counterparts or are present in higher initial concentrations in BC pomace,

causing them to degrade more slowly.

Interestingly, increasing citric acid concentrations (0.2 — 0.8 M; BCH-C1 to C4) did not
noticeably alter the relative proportions of the four ACNs (Figure 3.19C). In these samples, the
rutinoside forms (D3R and C3R) consistently appeared in higher proportions than the glucoside
forms (D3G and C3G), similar to the patterns observed in the solvent extracts (Figure 3.19A)
and acid-free BCH samples (Figure 3.19B). In contrast, extraction with 0.2 M HCl significantly
changed the proportions of four ACNs in BCH-H (Figure 3.19C), where the glucoside forms
(D3G; 26.1% and C3G; 22.2%) were higher than the rutinoside forms (D3R; 16.9% and C3R;
18.0%). This shift can be attributed to the strong acid hydrolysis capability of HCL, which is
sufficient to hydrolyse the glycosidic linkage between glucose and rhamnose in the rutinoside
forms, leading to the removal of the rhamnose moiety and the formation of the corresponding
glucosides (D3G and C3G). The proposed fragmentations of D3G, C3G, D3R, and C3R, based

on their mass spectrometric patterns (see Table 3.12), are illustrated in Figure 3.20.
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Figure 3.20. Proposed fragmentation patterns of delphinidin-3-glucoside (D3G), delphinidin-3-
rutinoside (D3R), cyanidin-3-glucoside (C3G), and cyanidin-3-rutinoside (C3R).

3.1.4.4. Characterisation of solvent extracts and BC pomace hydrolysates.

Apart from determination of aromatic compounds such as phenolics, flavonoids, and
anthocyanins, other types of compounds in solvent extracts and BCH were preliminary
scanned through proton nuclear magnetic resonance ("H-NMR). The 'H-NMR spectra of the
solvent extracts and BCH were illustrated in Figure 3.21and Figure 3.22, respectively. Singlet
signals at  2.16 ppm, 6 4.7 ppm (broad), and & 7.26 ppm correspond to residual acetone, D,O
solvent, and CDCl; solvent, respectively. Additional signals at & 1.06 ppm (triplet), d 3.49 ppm
(quartet), and d 4.7 ppm (broad) represent the CH3, CH,, and OH groups of residual ethanol or

ethanol-D; solvent. These solvent-related signals can be ignored.

The "H-NMR spectra of BCHt, BCEt, and BCEt-F1 display similar patterns characteristic
of plant oils, particularly triglycerides and their hydrolysis products, fatty acids (Figure 3.21).
The major peaks and their assignments, based on typical triglyceride structures, are

summarised in Table 3.13.%%%4 These spectra highlight several key signals commonly
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associated with triglycerides or free fatty acids, which are expected components resulting from

triglyceride hydrolysis.

Table 3.13. Summary of '"H NMR signals of blackcurrant heptane extract (BCHt) and ethanol
extracts (BCEt and BCEt-F1).

Signal Chemical shift Assignment
(5, ppm)
A 0.89 (m) Terminal -CH; of fatty acids or triglycerides
B 0.97 (m) Terminal -CH; of fatty acids or triglycerides
C 1.22-1.42 (m) Long chain CH,
D 1.52-1.70 (m) B-CH, to carbonyl
E 1.94-2.14 (m) CH. groups adjacent to C=C double bonds
F 2.33(m) a-CH, to carbonyl
G 2.77-2.80(m) CH.between two double bonds (polyunsaturated region)
H 4.10, 4.30 (dd, dd) Glycerol-OCH.
I 5.26 (m) Glycerol -OCH
J 5.36 (m) Protons on the C=C double bonds of fatty acids or

triglycerides

However, due to the complex composition of oils and triglycerides, '"H-NMR analysis
alone could only provide preliminary identification of compound types present in BCHt, BCEt,
and BCEt-F1 extracts. More detailed structural characterisation will further discuss in GC-MS
analysis section. The results also indicate that heptane is more selective for extracting
triglycerides and fatty acids than ethanol. Although ethanol is a polar solvent, making
triglycerides less soluble under normal conditions, its use under reflux improves their solubility
and enables partial extraction. Furthermore, additional purification of BCEt using ethyl acetate
to obtain the ethanol-ethyl acetate-soluble fraction (BCEt-F1) increases the purity of

triglycerides and fatty acids in the final extract.

Ethanol can extract a broader range of compounds which are not only triglycerides and
fatty acids, but also aromatic compounds, citric acid and sugars. This is evident in the "H-NMR
spectra of the ethanol-ethyl acetate-insoluble fraction (BCEt-F2), which reveals the signals

corresponding to citric acid (dd, 62.73 ppm), sugar region (863.3 - 5.5 ppm), and aromatic region
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(65.5-8.5ppm) (Figure 3.21 and Table 3.14). The ETW extract displays a similar spectral profile
to BCEt-F2. The presence of sugars in both BCEt-F2 and ETW is further supported by the sugar

analysis results (Appendix 11).

Based on solvent polarity, it is obvious that heptane selectively extracts non-polar
compounds such as triglycerides and fatty acids. In contrast, ethanol-water preferentially
extract polar compounds such as citric acid and sugars. Ethanol can extract a broader range of

compounds in both non-polar and polar compounds.

Table 3.14. Summary of "H NMR signals of blackcurrant ethanol extracts (BCEt-F2), ethanol-
water extract (ETW), and blackcurrant pomace hydrolysates (BCH).

Chemical shift (3, ppm) Assignment

2.50-3.00 (dd) -CH,of citric acid
3.30-5.30 Sugars or polysaccharides
5.50-8.50 Aromatics
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Figure 3.21. "H-NMR spectra of solvent extracts; BCHt, BCEt, and BCEt-F1 in CDCls, BCEt-F2 in ethanol-D2, and ETW in D,0.
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Figure 3.22."H-NMR spectra of acid-free BCH (A), and acid-derived BCH (B) in D,0.
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The "H-NMR spectra of both acid-free and acid-derived BCH show two dominant
chemical-shift regions: §2.50 - 3.00 ppm, corresponding to citric acid, and 83.30 - 5.30 ppm,
corresponding to sugars or polysaccharides (Figure 3.22 and Table 3.14). The presence of
sugars and polysaccharides in both acid-free and acid-derived BCH were further confirmed by
the sugar analysis results (Appendix 11). In acid-free BCH, additional low-intensity signals
appear inthe aromatic region (65.50 - 8.50 ppm), although these are much weaker than the two
major regions (Figure 3.22A). Between BCH-W and BCH-M1, the intensities of the 82.50 - 3.00
ppm and 63.30 - 5.30 ppm regions are stronger in BCH-M1, indicating that MHT at 100 °C

enhances the extraction of these compounds compared with conventional water extraction.

With increasing MHT temperatures, the intensities of both major regions are less
pronounced, with the signals between 62.50 - 3.00 ppm disappear at MHT 160 °C, suggesting
thermal degradation of citric acid. In contrast, the signals between 62.50 — 3.00 ppm is more
pronounced in acid-derived BCH, especially the citric acid-derived BCH (BCH-C1 to C4),

indicating citric acid trace in hydrolysates (Figure 3.22B).

The two doublet (d) signals observed between 62.50 - 3.00 ppm, is assumed to be a
signal of citric acid. A commercial citric acid sample was analysed by '"H-NMR as a reference
(Appendix 12), and its interpretation was based on the known chemical structure of citric acid
(Figure 3.23). Although citric acid possesses a plane of symmetry, analysis using the Newman
projection reveals the methylene protons (Ha and Hg) as diastereotopic protons (Figure 3.23B).
Therefore, these diastereotopic protons were observed as doublet (d) signals, with the geminal
splitting patterns occurred through AB coupling system and 2"-order coupling (Avas/) < 10),%°
showing the coupling constant (*Jas and 2Jzs) of 16 Hz with resonance distance (Ad4s) of 0.18

ppm (Table 3.15).

B
A COOH
aH Hp
COOH
HO
COOH

Ho OH Hg

Figure 3.23. Chemical structure of citric acid: plane (A) and Newman projection (B).
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The chemical shift, multiplicity, and coupling constants of this signal in both
commercial citric acid and BCH samples are summarised in Table 3.15. In the reference
sample, citric acid exhibits the resonance at 52.87, 2.69 (d,d, Adas = 0.18 ppm, 2Jss = 16 Hz).
Acid-derived BCH samples show very similar resonance with chemical shifts at around 52.88,
2.70 (d, d, Adas = 0.18 ppm, %z = 16 Hz). In contrast, acid-free BCH samples display a lower
chemical shift and Ads, showing at around 52.74, 2.62 (d, d, Adas = 0.13 ppm, 2ag = 16 Hz). This
change can be explained by the ionisation state of citric acid under different pH conditions, in
which the citric acid signal shifted downfield (higher d) at lower pH, and the distance between

the & of Ha and Hg increased accordingly.?®®

Table 3.15. Summary of chemical shift, multiplicity, coupling constant of "H NMR signal of
citric acid and BCH (D,0, 400 MHz) at 62.50 - 3.00 ppm.

Sample Multiplicity Chemical shift Coupling Distance between H, and
(3, ppm) constant (2, Hz) H; (A8as, ppm and Avag, Hz)
Citric acid d,d 2.87,2.69 2Jpg, %Jea =16 Hz 0.18 ppm, 72 Hz

Acid-free BCH

BCH-W d,d 2.72,2.60 2Jag, Zpa =16 Hz 0.12 ppm, 48 Hz
BCH-M1 d, d 2.75,2.62 ?Jng, *Jea =16 Hz 0.13 ppm, 52 Hz
BCH-M2 d, d 2.73,2.61 ?Jng, *Jea =16 Hz 0.12 ppm, 48 Hz
BCH-M3 d, d 2.77,2.63 2 a8, 2Jpa =16 Hz 0.14 ppm, 56 Hz
BCH-M4 dd n.d. n.d. -

Acid-derived BCH

BCH-H d, d 2.89, 2.71 2) a8, 2Jpa = 16 Hz 0.18 ppm, 72 Hz
BCH-C1 d, d 2.87,2.70 2) a8, 2Jpa = 16 Hz 0.17 ppm, 68 Hz
BCH-C2 d, d 2.89, 2.71 2) a8, 2Jpa = 16 Hz 0.18 ppm, 72 Hz
BCH-C3 d, d 2.88,2.70 2) a8, %Jpa = 16 Hz 0.18 ppm, 72 Hz
BCH-C4 d, d 2.88,2.70 2Jp, 2Jea =16 Hz 0.18 ppm, 72 Hz
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Gas chromatography-mass spectrometry (GC-MS) results for BCHt, BCEt, and BCEt-F1
support the "H-NMR findings, confirming that fatty acids are the major components of these
extracts (Table 3.16). The chromatograms and mass spectra for BCHt, BCEt, and BCEt-F1 are
provided in Appendix 13, 14, and 15, respectively. Linoleic acid and palmitic acid were
identified as the two predominant fatty acids in BCHt, with tetracosane appearing as the third
major compound. Similarly, linoleic acid and palmitic acid were also the most abundant fatty
acids in BCEt and BCEt-F1. Interestingly, the ethyl ester forms of both palmitic acid and linoleic
acid were detected in these samples. This suggests that esterification occurred during
extraction, in which palmitic and linoleic acids reacted with ethanol under reflux conditions,
where ethanol served both as the solvent and as the alcohol reagent. The citric acid naturally
presented in BC pomace (identified earlier through "H-NMR) likely acted as an acid catalyst,

facilitating the esterification process.

Table 3.16. Major identified compounds in BCHt, BCEt, and BCEt-F1.

Compound Retention time (tg, min) Area (%)

BCHt BCEt BCEt-F1

Palmitic acid 5.59 11.18 18.55 12.24
Palmitic acid, ethyl ester 5.64 7.92 2.5
Linoleic acid 6.02 30.49 31.08*
Linoleic acid, ethyl ester 6.05 52.63*

Oleic Acid 7.32 1.7

Heptadecane 7.52 1.46 0.96 1.28
Tricosan-2-ol 8.15 2.48

Tetracosane 8.42 8.66 3.28 4.21
Octacosane 9.32 3.84

* Mixtures of linoleic acid and linoleic acid ethyl ester were observed.
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3.1.4.5. Optical properties of acid-free blackcurrant pomace extracts

Anthocyanins (ACNs) are well-known as pH indicator pigments. Based on our findings,
microwave-assisted hydrothermal extraction (MHT) at 100 °C is recommended for ACNs
extraction among all studied conditions, which can yield high TAC without requiring any
additional mineral acid and organic solvent. The highest TAC value of MHT was found in BCH-
M1 (7.22 mg C3G/g; Table 3.11). Although the obtained TAC value is lower than that of
blackcurrant extract obtained from microwave-assisted acid extraction (20.4 mg C3G/g at
700W, pH 2),% it is higher than that of the TAC of microwave-assisted ethanolic extraction

(104.09 mg C3G/100g or 1.04 mg C3G/g, 30% ethanol).?®’

The optical properties of the BC pomace ETW extract and MHT hydrolysates (BCH-M1
to M4) across the full pH range were investigated using UV-visible spectroscopy (Figure 3.24).
The shift in the maximum absorption peak is primarily due to the colour change of BC pomace
extracts with pH, influenced by the ionic nature of the ACNs, which can undergo structural
transitions in response to changes in pH: from red flavylium cation (pH < 3) to colourless
carbinol pseudobase, by hydration (pH 4-5), to blue quinonoidal base (pH 6-9) and, finally to
yellow chalcones (pH > 10) (Figure 3.25).2482% As the pH of the solution increases from 1to 11,
the maximum absorption peak undergoes a notable hypsochromic (blue) shift from
approximately 495 nm to below 400 nm, accompanied by a colour change from red to yellow.
BCH-M1 responded well to both acidic and basic pH as similar as the control ETW. In contrast,
all other MHT hydrolysates (BCH-M2 to M4) had less ability to respond to acidic pH. Therefore,

among all MHT hydrolysates, BCH-M1 is most suitable for pH-responsive applications.
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Figure 3.24. Visual appearance of ETW extract and MHT hydrolysates from pH 1 to 12 (A), UV-vis spectra of BCH-M1 from pH 1to 11 (B), UV-vis
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Figure 3.25. Effect of pH on chemical structure of anthocyanin and its colour.?®®

3.1.5. Repurposing of blackcurrant pomace via Microwave-assisted hydrothermal

fractionation into pH-sensitive films (Objective A1 (v))

In this section, six different formulations of pH-responsive sodium alginate (NaAlg)
films were developed. The sample codes and film compositions are summarised in Table 2.3.
Based on the findings from earlier experiments, microwave-assisted hydrothermal treatment
(MHT) at 100 °C was selected for fractionating blackcurrant (BC) pomace into three key
components: blackcurrant pectin (BCP-M1), anthocyanin-rich hydrolysate (BCH-M1), and
bleached defibrillated cellulose (BDFC-M1). BCP-M1, identified as low-methoxyl (LM) pectin
containing residual anthocyanins (ACNs), served both as a co-biopolymeric matrix and an
internal ACN source. BCH-M1, which exhibited strong pH responsiveness under both acidic
and basic conditions, functioned as an additional ACN source and pH-responsive agent.
BDFC-M1 was incorporated as a reinforcing additive to improve film structure and mechanical
property. In this section, BCP-M1 will be referred to as BCP, BDFC-M1 as DFC, and BCH-M1 as
ACN.

3.1.5.1. Characterisation of NaAlg and NaAlg-BCP films

The appearance and microstructures of NaAlg and NaAlg-BCP films on surface and
cross-section were examined using scanning electron microscopy (SEM) (Figure 3.26). All

NaAlg and NaAlg-BCP films are transparent. According to the SEM images, the NaAlg film
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exhibited an amorphous-like texture, illustrated by smooth surfaces without pores or holes
from top to bottom. However, some cracking was observed, likely attributable to the soft nature
of the polymer films. The cross-sectional fractures indicating good homogeneity within the
films. The interactions between BCP, NaAlg and the Ca?* ions likely contributed to forming a
more stable and uniform network, with incorporating 20% BCP revealed the smoothest surface
and less cracking (Figure 3.26; NaAlg-BCP20). Incorporation of DFC or ACN into the NaAlg-
BCP20 film altered its microstructure, giving the surface a rougher and less homogeneous
appearance. The addition of DFC or ACN appeared to disrupt the polymer network, resulting in
a less structured film and consequently reducing its tensile strength (see later). Similarly,
cracking has been observed in the literature when ACN from rose, and blackcurrant was added
to NaAlg/apricot peel pectin films and konjac glucomannan/carboxymethyl cellulose

fl lms 106,107

NaAlg BCP50

NaAlg BCP10

P

TTE—— 7
- R

Figure 3.26. Visual appearance and SEM images (inset show cross-section (4000x)) of NaAlg
and NaAlg-BCP films.
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Attenuated Total Reflectance Infra-Red (ATR-IR) analysis was used to confirm the
functional groups present in the films (Figure 2.37). All films exhibited the main characteristic
absorption bands associated with the structure of NaAlg at around 3267 (O-H stretching), 2920
(C-H stretching), 1605 (COO"stretching) and 1409 cm™ (C-H bending or C-O stretching).%%2%
After adding BCP, a new band was observed at 1740 cm™ attributable to the methyl ester of
galacturonic acid within pectin or possibly the product of esterification of pectin and glycerol.
No new significant absorbance bands were observed after adding either DFC or ACN. The O-H
stretching band in NaAlg-BCP20 at 3263 cm™ shifted to 3255 cm™ and 3253 cm™ for NaAlg-
DFC and NaAlg-ACN, respectively. This change may be due to the incorporation of NaAlg-BCP
and DFC or NaAlg-BCP and ACN through hydrogen bonding.98:290.291
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Figure 3.27. ATR-IR spectra of NaAlg and NaAlg-BCP films.
3.1.5.2. Mechanical properties of films

The tensile strength of NaAlg-BCP films ranged from 2.14 to 5.15 MPa, while the tensile
strain at break was between 1.86 and 2.98 mm/mm (Table 3.17). It was observed that the
NaAlg-BCP50 film exhibited the highest tensile strength among all NaAlg-BCP films. However,
there was no significant difference between other NaAlg-BCP films. This possibly due to the

synergistic effect of NaAlg-BCP blending,'® where the carboxyl groups of NaAlg and pectin
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interact with calcium ions, creating the “Egg box” model. The unique physical crosslink of the
amorphous molecular structure of the “Egg box” resembles the structure of the synthetic
semicrystalline polymers known as “Fringed-Micellar”,’® may have contributed to the
increased strength of the films. This aligns with results from the literature where a similar
highest tensile strength trend was found at around 40% pectin content.’® Moreover, the higher
tensile strength of NaAlg film when adding BCP may also be due to hydrogen bonding between

molecular polymer chains,?%

and the chemical crosslink between glycerol and non-esterified
pectin structures.?*®* However, the interaction that improves the tensile strength property of the
films leads to a densely packed structure, resulting in reduced tensile strain at break of NaAlg-

BCP films with increased BCP content.

The addition of DFC into the NaAlg-BCP20 film resulted in reduce tensile strength and
tensile strain at break. This phenomenon may be attributed to the residual insoluble lignin and
crystalline Xylan present in DFC (BDFC-M1). Klason lignin analysis indicated that lignin
accounted for approximately 17.5%, while residual crystalline Xylan was confirmed by the "*C
CP/MAS NMR spectra (Appendix9). The presence of insoluble lignin and crystalline Xylan could
interfere with intramolecular interactions between NaAlg/BCP and DFC, potentially leading to
a discontinuous polymer network and the formation of defect zones, thereby limiting

reinforcement within the film matrix.

Unlike DFC, the addition of ACN decreased the tensile strength of the NaAlg-BCP film;
however, a slight increase in tensile strain at break was observed. This could be attributed to
the plasticising effect of ACN. As small polyphenolic molecules, ACNs can act as plasticisers
by interacting with NaAlg/BCP polymer chains through hydrogen bonding. These interactions
enhance chain mobility, leading to increased film flexibility.>** However, the presence of ACN
may also disrupt intramolecular interactions within the polymer matrix, thereby weakening the
overall film structure.?®* This finding was consistent with previous studies, which suggested that
polyphenols can inhibit the chain interaction in the film structure, thereby reducing the tensile

strength.?*
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Table 3.17. Mechanical properties of NaAlg and NaAlg-BCP films.

Sample Tensile stress (MPa) Tensile strain at break (¢, mm/mm)
NaAlg 2.90+1.22° 2.59 = 0.40"°

NaAlg-BCP10 2.72 £ 0.40° 2.98 +0.36°

NaAlg-BCP20 2.88+1.73° 2.22 £0.42%°

NaAlg-BCP50 5.15+1.60° 1.86 +0.25°

NaAlg-DFC 2.14+£0.41° 1.88+0.21°2

NaAlg-ACN 2.26 £0.37° 2.37 £0.26*°

Values are presented as mean = SD (n = 3-6). Lowercase letters indicate the significant
differences (p < 0.05)

In addition, the tensile strength of the NaAlg and NaAlg-BCP films is significantly lower
than the tensile strength of commercial packaging, ranging from around 15 to 70 MPa.??' This
limitation may be influenced by the structural characteristics of NaAlg, which consists of
different polymer block types, including homopolymeric blocks (MM or GG) and alternating
blocks (MG or GM) (Figure 3.28).2° Among these, GG blocks have a stronger affinity for binding
with Ca? ions, which can enhance crosslinking and improve mechanical strength.?®” Therefore,
optimising the ratio of mannuronic acid (M) to guluronic acid (G) monomers and selecting
NaAlg with a higher content of GG blocks could be a promising strategy to enhance the tensile
strength of NaAlg-BCP films. Moreover, the incorporation of bio-based acid crosslinkers may
offer additional mechanical reinforcement. For instance, Singh et al. demonstrated that
NaAlg/pectin films crosslinked with citric acid and tartaric acid through covalent bonding

exhibited tensile strength values of up to 18 MPa.*®
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Figure 3.28. Chemical structure of NaAlg; monomers (A), polymeric block types (B), and
structural conformation (C).%%¢
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3.1.5.3. Rheological properties of NaAlg-BCP film-forming solutions

Viscosity significantly influences film properties such as thickness, spread ability,
mechanical properties and homogeneity of films.2°%3% All flow curves (Figure 3.29) exhibited
shear thinning behaviour, in which increasing shear rate decreases shear viscosity. This
behaviour indicates the deformation of the entanglement structure and the reduction of
intermolecular forces between pectin and NaAlg with increasing shear rate. The weakness of
intermolecular forces with increasing shear rate is consistent with berry pectin gel and NaAlg
solution.®*'%2 Compared with NaAlg solution alone, solutions with higher concentrations of
BCP showed lower shear viscosity (Figure 3.29A) suggesting that NaAlg primarily dominates

the viscosity of NaAlg-BCP solutions.

The shear viscosity on addition of glycerol as a plasticiser (Figure 3.29B) was slightly
lower than without glycerol in the NaAlg-BCP solutions. The glycerol molecules are able to
occupy intermolecular spaces between polymer chains, weakening the ordered polymer
network.?*® As expected, the addition of a calcium crosslinker increased the shear viscosity of
NaAlg-BCP solutions (Figure 3.29C), confirming the formation of “egg box” structures and
interlinked network involving NaAlg, BCP and Ca?* ions. The highest shear viscosity among the
NaAlg-BCP film-forming solutions containing Ca®* ions was observed in the NaAlg-BCP20
formulation, followed by NaAlg-BCP50, NaAlg-BCP10, NaAlg, NaAlg-ACN, and NaAlg-DFC,
respectively. However, no significant differences in shear viscosity were found among NaAlg-
BCP10, NaAlg, NaAlg-ACN, and NaAlg-DFC. The shear viscosity results generally correlated
well with the tensile strength of the corresponding NaAlg-BCP films. Specifically, NaAlg-BCP10,
NaAlg, NaAlg-ACN, and NaAlg-DFC films exhibited no significant differences in tensile
strength, while NaAlg-BCP50 showed a relatively higher value.
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Figure 3.29. Flow curves of NaAlg-BCP film forming solutions: 4% of polymer solution (A), with
glycerol adding (B), with glycerol and calcium chloride adding (C).

Amplitude sweep test of the NaAlg-BCP film-forming solutions containing glycerol and

CaCl, (Figure 3.30A) was conducted to evaluate the linear viscoelastic region (LVR) and

rheological stability of viscoelastic solid/liquid. All curves showed the LVR within a strain of 1%

and the crossover point or yield point was not observed in the range of study (strain of 0.1% to

100%). The NaAlg solution predominantly displayed viscoelastic liquid behaviour with higher

value of loss modulus (G”) over storage modulus (G’) was observed.

The frequency sweep test was conducted to observe the change in the stability and

microstructure of the film-forming solution during storage or transportation.?°%%® The

frequency sweep test of the NaAlg-BCP film-forming solutions containing glycerol and CaCl,
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(Figure 3.30B) was conducted within the LVR as determined earlier by the amplitude sweep
test. The G’ and G” of the NaAlg-BCP film-forming solutions increased with increasing

frequency (Figure 3.30B (i and ii).

The tan 9, the ratio of loss modulus (G”) to storage modulus (G’), reflects the balance
between the viscous and elastic behaviour.®* The tan 3 (Figure 3.30B (iii)) of NaAlg solution
was greater than 1, indicating liquid-like behaviour (G”>> G’). The tan & for NaAlg-BCP solutions
decreased with increasing BCP content and the addition of DFC or ACN, reflecting a transition
from a more liquid-like (G” > G’) to a more solid-like matrix (G’ > G”). This shift is primarily
attributed to the crosslinking of higher content of low methoxy BCP facilitated by Ca®" ions,
where enhanced entanglement contributes to an increase in solid-like behaviour.’®® However,
the tan & for NaAlg-BCP50 remained below 1 throughout the entire frequency sweep, signifying
consistently solid-like behaviour within the range of study. It can be seen that the viscosity of
NaAlg-BCP solutions including glycerol and CaCl; increased with higher BCP content (Figure
3.29C), while tan & decreased (Figure 3.30B (iii)), indicating that adding BCP can improve the

elastic property of NaAlg solutions.
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Figure 3.30. Rheological properties of NaAlg-BCP film-forming solutions; Amplitude sweep curves showing (A): Storage modulus (G’) (i), Loss
modulus (G”) (ii), Comparison of storage (G’) and loss modulus (G”) (iii); Frequency sweep curves showing (B): Storage modulus (G’) (i), Loss

modulus (G”) (ii), Loss tangent (tan d) (iii).
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The creep-recovery test evaluates the elasticity of materials.®**® NaAlg and NaAlg-
BCP10 showed a small recovery and largely permanent deformation with the recovery of 1.12%
and 0.19%, respectively (Figure 3.31 and Table 3.18), indicating predominantly viscous
behaviour with negligible elasticity. As the BCP content increased, the recovery improved
significantly with NaAlg-BCP50 exhibiting the highest recovery (93.53%). This reflects a shift
towards elastic (solid-like) behaviour due to the enhanced network structure created by BCP,
which allows the material to regain its original shape partially. For the NaAlg-BCP20 solution,
the addition of DFC or ACN exhibited a reduction in recovery from 64.82% to 9.01% and 4.33%,
respectively. This again confirms the decrease in network structure which may be due to DFC

or ACN interference.

According to the frequency sweep and creep-recovery tests, increasing the BCP
content in NaAlg films resulted in lower tan & values and higher recovery rates, indicating
enhanced elastic behaviour in the film-forming solutions. However, this trend contrasts with
the mechanical properties of the final films (Table 3.17), where higher BCP content was
associated with a decrease in tensile strain at break, suggesting reduced flexibility. This may be
due to water loss during film drying, which leads to structural rearrangement and densification

of the polymer network, resulting in different mechanical behaviour in the final films.
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Figure 3.31. The strain (%) experienced by the NaAlg-BCP film-forming solutions when

subjected to a creep recovery test at a constant shear of 0.5 Pa.
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Table 3.18. Recovery (%) of NaAlg-BCP film-forming solutions.

Sample Recovery (%) at a shear stress of 0.5 Pa
NaAlg 1.12 £0.23%

NaAlg-BCP10 0.19+0.23¢

NaAlg-BCP20 64.82 £ 6.89°

NaAlg-BCP50 93.53 +3.29°

NaAlg-DFC 9.01£1.13¢

NaAlg-ACN 4.33 £ 0.69%

Values are presented as mean = SD (n = 3). Lowercase letters indicate the significant

differences (p < 0.05)

3.1.5.4. Physical properties of films

The control film (NaAlg) had a thickness of 0.074 mm and had the highest moisture
content among all the films (Table 3.19). The addition of BCP resulted in no significant
difference in thickness compared to the control film. This is in good accordance with previous
literature, where no differences in thickness were observed between alginate and alginate-
commercial low-methoxy pectin films.?®® The introduction of either DFC or ACN from BC
pomace extracts into the NaAlg-BCP20 solution led to a gradualincrease in film thickness from
0.065 mm (NaAlg-BCP20) to 0.078 mm (NaAlg-DFC) or 0.077 mm (NaAlg-ACN). This increase
in thickness is likely due to the higher dry matter content of DFC and ACN. A similar trend was
observed when cellulose nanocrystals were added into NaAlg-Pectin and NaAlg-Pectin-Red
cabbage ACN films,'® as well as when incorporating blackcurrant waste powder into chitosan

or pectin films.*®

The hydrophobicity or hydrophilicity of the surface of the films was determined by water
contact angle measurements (Table 3.19 and Figure 3.32). The contact angle of NaAlg film was
21.67° (at60s) and increased with increasing BCP concentration. The NaAlg-BCP films showed
higher contact angles than NaAlg indicating a relatively more hydrophobic surface in the
former. However, all contact angles for the NaAlg-BCP films were less than 90°, indicating that

all the films have hydrophilic surfaces.
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Table 3.19. Physical, water vapour transmission, and antioxidant properties of NaAlg and NaAlg-BCP films.

Sample Thickness (mm) Moisture content Water contact angle WVTR WVP DPPH inhibition
(%) (°) at 60s (x103g/s-m?) (x10""g/m-s-Pa) (%)

NaAlg 0.074£0.011**  27.75%1.79° 21.67+1.79° 4.35+0.82° 8.53+0.63% n.d.

NaAlg-BCP10 0.068 £0.008®  16.53 +1.31° 30.71+1.81° 2.16+0.48° 5.54 +1.05° 1.50+0.16°

NaAlg-BCP20 0.065 = 0.010° 14.94 +1.41° 38.47 £ 0.75° 3.12+0.42% 5.74+1.13° 4.55+0.07°

NaAlg-BCP50 0.066 £ 0.009** 14.54+1.17° 47.02+0.91° 3.94 +0.32% 7.57 +0.52%° 25.66+0.11°

NaAlg-DFC 0.078 £ 0.015° 10.72 £ 0.94° 39.06 = 1.39° 4.22 +0.88" 10.53+2.16° 9.17 +0.38°

NaAlg-ACN 0.077£0.012° 14.70+1.17° 37.98 £0.38° 4.64+1.15° 11.21+2.93° 14.53 +0.11¢

Values are presented as mean = SD (n = 3-6). Lowercase letters indicate the significant differences (p < 0.05)
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Figure 3.32. Water contact angle analysis of NaAlg and NaAlg-BCP films.
3.1.5.5. Water vapour transmission properties

The water vapor transmission rate (WVTR) and water vapor permeability (WVP) of
NaAlg-BCP films reflect the moisture transfer property of film. The WVTR was observed in a
range of 2.16 to 4.64 x10°g/s-m?, while the WVP was ranged from 5.54 to 11.21x10""g/m-s-Pa
(Table 3.19). A similar trend was observed for both WVTR and WVP, in which the NaAlg film
exhibited higher value compared to NaAlg-BCP10, NaAlg-BCP20, and NaAlg-BCP50 films. This
reduction can be attributed to the denser network formed between NaAlg and BCP through
intramolecular interactions, resulting in lower WVTR and WVP values. However, the addition of
DFC or ACN resulted in increased WVTR and WVP values compared to the NaAlg film, possibly
due to the accumulation of DFC or ACN within the polymer network, which created greater free
volume in the films. The increased free volume facilitated a higher rate of water vapour

transmission, thereby enhancing the moisture permeability of films.?25:3%
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The WVTR and WVP values of NaAlg-BCP films were lower than the previous findings,
where NaAlg-CaCl, films exhibited higher WVTR values, ranging from 13.38 to 36.70 x10°
g/s-m?,%7 and NaAlg-Pectin-ZnCl; films showed WVP values between 23.9 and 51.3 x10™
g/m-s-Pa.'® The relatively lower WVTR and WVP values of NaAlg-BCP films compared to NaAlg-
CaCl, films and NaAlg-Pectin-ZnCL; films may be due to differences in measurement methods.
This study employed the dry cup method, whereas the others used the wet cup method,%%3%
which typically yields higher permeability values.?%®%%° However, the relatively high WVTR and
WVP values of the NaAlg-BCP films, which significant higher than the commercial low-density
polyethylene films (WVTR of 7.23x10° g/s-m? and WVP of 8.46x107® g/m-s-Pa), suggesting their
potential to regulate water vapour transmission and reduce condensation, thereby providing
antifogging functionality and helping to extend the shelf life of perishable products.?*
3.1.5.6. Antifogging property

Since the NaAlg-BCP films possess a hydrophilic surface evidenced by water contact
angles below 90° and high-water vapour transmission properties, their antifogging behaviour
was further evaluated. The fogging test was visually assessed using the NaAlg and NaAlg-BCP
films, with a glass slide serving as a control. The results are shown in Figure 3.33, scored
according to the criteria in Figure 2.2, and summarised in Table 3.20. At the initial point (to), all
NaAlg-BCP films and the glass slide appeared completely transparent (score A). The control
glass slide revealed fogging surface (score B) within 5 min of water vapor exposure and
developed small, discrete water droplets (score C) by 30 min of exposure. With prolonged
exposure, an increase in water droplet size was observed (score D-E). In contrast, the NaAlg-
BCP films maintained their transparency for up to 20 min under heating. By 30 min, slight
crinkling on the film surface and a reduction in transparency were observed (score A-B).
Although the reduced transparency was observed, there was no fogging observed on NaAlg-
BCP films surface. This condition remained stable up to 180 min of exposure to heated water
vapor. The antifogging property of NaAlg-BCP films can be referred to the hydrophilic nature,
which enables rapid absorption of water vapor through hydrogen bonding.??**'° In addition, the
relatively high WVTR and WVP values of the films facilitate the transmission of water vapor
through the film. As a result, no condensed water droplets were observed on the film surface.
Therefore, the hydrophilic nature of the NaAlg-BCP films, combined with their high-water

vapour permeability, contributes to their effective antifogging performance.
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Figure 3.33. Appearance of a glass slide, NaAlg and NaAlg-BCP films under the exposure of

water vapour over a 180-min period.

Table 3.20. Antifogging scores (A-E) of glass slide and NaAlg-BCP films over a 180-min period.

Sample Test time (min)

to ts tio t20 130 teo ti20 T1s0
Glass slide (control) A B B B C D E E
NaAlg A A A A A A-B AB AB
NaAlg-BCP10 A A A A A-B AB AB AB
NaAlg-BCP20 A A A A A-B AB AB AB
NaAlg-BCP50 A A A A A-B AB AB AB
NaAlg-DFC A A A A A-B AB AB AB
NaAlg-ACN A A A A A-B AB AB AB
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3.1.5.7. Antioxidant property of films

The antioxidant activity of NaAlg-BCP films, represented by the percentage of DPPH
inhibition, increased with an increase in BCP content (Table 3.19). The higher DPPH inhibition
of the NaAlg-BCP films may be attributed to the higher ACN-bound or remaining polyphenolics
in BCP. Similar results were found in pectin extracted from lemon, pomelo, and pitaya peels.?"
The incorporation of either DFC or ACN into NaAlg-BCP20 films improved the antioxidant
activity. This may be due to residual lignin in the DFC, the ACNs in BC extract, or a combination
of both factors.?®>*'? This suggests that adding BCP to NaAlg film improves both tensile
properties and antioxidant activity. NaAlg-BCP50 demonstrated the highest antioxidant activity,
possibly attributed to the increased amount of bound ACNs in BCP. While our primary focus is
on using blackcurrant ACN as pH indicators for monitoring food quality, their antioxidant

capabilities could also be harnessed to extend the shelf life of food products.

3.1.5.8. Volatile NHz; and CHs;COOH detection

Aqueous CH;COOH and NH; solutions were prepared at a concentration of 10%v/v to
demonstrate the ability of NaAlg and NaAlg-BCP films to detect volatile acids and amines
within packaging environments. Figure 3.34 shows the colour changes of the NaAlg-BCP films
after 6h of exposure to CH;COOH and NHs;. A colour change in response to NH; is seen in all
NaAlg-BCP films, although the ACN fraction had not blended in films such as NaAlg-BCP10,
NaAlg-BCP20, and NaAlg-BCP50. The observed colour change can be attributed to conversion
of CAN molecules into chalcone molecules,?®**' due to an increase in pH from the addition of
NH;.248288313 |n gddition, the darkening of the brown colour may be a result of the ionisation of
the phenolic hydroxyl groups in an alkaline system, which has also been observed in the
polyhydroxyalkanoate/tannin films.??' In contrast, the CH;COOH vapour did not cause
significant changes in the film colour. This may be due to the pKa of CH;COOH being between
3 to 4, which cannot drive the ACN molecules into red flavylium cation structure occurring at
pH below 3.248288313 Additionally, International Commission on Illumination (CIE) Lab colour
analysis confirmed a significant change in colour of NaAlg-BCP films (Table 3.21 - 3.23). The
AE > 5 indicating that the change could be differentiated by the naked eye for all the NaAlg-BCP
films under NH; detection (Figure 3.34), and the NaAlg-BCP50 film displayed the most
significant change (Table 3.21).
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Further tests with various concentrations of NH; solutions (Table 3.22) were performed
with the NaAlg-BCP50 film. The colour change became visible after 2h of exposure to NH;
solution, with the light red-brown colour intensifying into a dark brown with prolonged exposure
to NH; vapours. A concentration of 500 ppm NH; was selected to demonstrate the spoilage
environment of minced beef or pork, corresponding to the upper limit of the biogenic amine
index, which is 500 mg/kg or 500 ppm.®2 This concentration was the lowest level found to induce
a visible colour change in the NaAlg-BCP50 film within 6h, with a AE value of 7.61. Therefore,
NaAlg-BCP50 film has the potential to detect pork or beef spoilage within 6h.

To demonstrate the reusability of NaAlg-BCP films for pH detection, a colour reversible
test was performed with the NaAlg-BCP50 film. The film was sequential exposed to 10% NH,
for 6h, followed by 10% CH,COOH. Within 2h of exposure to CH,COOH, a visible colour change
was observed, shifting from dark brown to pale brown (Table 3.23 and Figure 3.34). However,
the film cannot fully revert to its original colour. This incomplete recovery can be explained by

the sensitivity of ACN, which can be degraded under high pH conditions.?89*3

CH;COOH, tg, to NH;, ten Sensitivity  t, ton ten
*
- Q0@ wv- @ ®
‘ * *
NaAlg-BCP10 . L ‘ 5% NH; .
* - *
NaAlg-BCP20 ‘ . ‘ 1% NH;3 ‘
* ’ *
NaAlg-BCP50 500 ppm (;’
. NH3 b -
NaAlg-DFC . Q ‘ Colour *t ton i,
’ reversible ° " *
*
10%
woonk @ O@ 2 OO @

*AE > 5, the observer can clearly

i ; *t, after 6h under 10%NH;
differentiate between two colours

Figure 3.34. Colour change of NaAlg-BCP films after 6h of exposure to acetic acid and
ammonia vapours, and colour evolution of the NaAlg-BCP50 film over time in response to
different concentrations of ammonia.
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Table 3.21. CIE Lab colour analysis of NaAlg and NaAlg-BCP films after exposure to 10% v/v CH;COOH and NH, for 6h.

Conditions Sample Colour attributes Colour
L* a* b* difference (AE)
Control at t, NaAlg 64.67 + 0.58" -0.33 £ 0.58* 4.33 £0.58* n/a
NaAlg-BCP10 54.67 + 0.58" 0.33 £ 0.58%° 11.00 £ 0.01%° n/a
NaAlg-BCP20 57.67 = 0.58"*° 1.33+0.58°% 9.67 £ 0.58°" n/a
NaAlg-BCP50 51.67 + 0.58"¢ 3.67 £0.58"% 14.67 £ 0.58 n/a
NaAlg-DFC 58.67 = 0.58*° 0.00 £ 0.01°° 8.33 £ 0.58°° n/a
NaAlg-CAN 56.00 = 0.014 1.00 = 0.018% 10.33 £ 0.58%° n/a
10%CH3;COOH, 6h NaAlg 64.67 + 0.58" 0.00 £0.01% 4.67 £0.58" 0.94 £ 0.82*
NaAlg-BCP10 54.33 + 0.58*° 1.00 = 0.017%° 11.67 £ 0.585° 1.05 = 0.92°°
NaAlg-BCP20 55.67 + 0.58%" 3.67 £0.58% 13.33 £ 0.58"% 4.87 +0.665%°
NaAlg-BCP50 52.33 + 0.58" 4.67 £0.58% 16.67 £ 0.58" 2.49 £ 1,108
NaAlg-DFC 57.00 = 0.01%° 2.00 £0.01°° 11.00 £ 0.018¢ 3.75 £ 0.65%"
NaAlg-CAN 57.00 = 0.01%° 1.00 = 0.018% 9.67 £0.58% 1.28 +1.43"°
10%NHs, 6h NaAlg 66.33 = 0.58"° 0.00 £0.014 4.00 £0.01% 1.91+1.01/
NaAlg-BCP10 56.00 = 0.01%° 1.33 +0.58" 21.00 £ 0.01%° 10.15 £ 0.09*
NaAlg-BCP20 43.67 £ 0.58" 7.67 £0.58% 36.00 = 0.01% 30.50 = 0.84%"
NaAlg-BCP50 29.67 = 1.15% 13.33 £0.58" 34.67 = 0.58% 31.28 = 1,524
NaAlg-DFC 45.00 £ 0.01%¢ 5.00 £0.01%° 31.33£0.58* 27.22 = 1,114
NaAlg-CAN 45.00 = 1.00°° 5.00 £0.01% 32.33 £ 0.58* 24,93 = 1.17%"

Values are presented as mean = SD (n = 3). Different lowercase letters (a-e) indicate significant differences (p < 0.05) between films under the
same conditions. Different uppercase letters (A-C) indicate the significant differences (p < 0.05) for the same film under different conditions. AE >
5 (*) indicates a colour difference noticeable to the human eye.
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Table 3.22. CIE Lab colour analysis of the NaAlg-BCP50 film after exposure to NH, at varying concentrations, ranging from 10%v/v to 500 ppm,

for 2h and 6h.
Conditions Sample Colour attributes Colour
L* a* b* difference (AE)

10%NHs;, 6h
5%NH;3, 6h
1%NHs, 6h
500ppm NHs;, 6h

NaAlg-BCP50
NaAlg-BCP50
NaAlg-BCP50
NaAlg-BCP50

29.67 £ 1.15%°
36.67 £ 0.58%°
46.67 = 0.58"
45.67 = 0.58"

13.33 £ 0.58*
5.00 +0.01*
0.33+0.58*
3.67 £0.58*

34.67 £ 0.58"
29.00 £ 0.017°
21.33 £ 0.58"
19.33 £ 0.58*

31.28 £ 1.52"
20.80 = 0.44""
9.01+0.79%
7.61 = 0.35%

10%NHs, 2h
5%NH;s, 2h
1%NHs, 2h
500ppm NHjs, 2h

NaAlg-BCP50
NaAlg-BCP50
NaAlg-BCP50
NaAlg-BCP50

29.67 £ 0.58%°
40.00 = 0.01%°
49.00 = 0.01%
50.67 = 0.58"

8.33 £ 0.58"
1.00 £0.01°°
-0.67 + 0.58"
4.67 = 0.58"°

35.67 £0.58"
27.00 £0.01°°
18.67 £ 0.58%
19.33 £ 0.58*

30.78 £ 0.79*"
17.20 = 0.63%"
6.54 = 0.64%
4.96 = 0.33%

Values are presented as mean * SD (n = 3). Different lowercase letters (a-e) indicate significant differences (p < 0.05) between films exposed to

different NH; concentrations at the same exposure time. Different uppercase letters (A-C) indicate the significant differences (p < 0.05) for the

same film exposed to similar NH; concentrations at different exposure times. AE > 5% indicates the observer may notice the difference between

two colours.
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Table 3.23. CIE Lab colour analysis of the NaAlg-BCP50 film following sequential exposure to 10% NH; and 10% CH,COOH, for 2h and 6h.

Conditions Sample Colour attributes Colour

L* a* b* difference (AE)
At to NaAlg-BCP50 after 6h of 10%NH; exposure ~ 28.67 +1.15° 13.33+£0.58° 34.67 £ 0.58° n/a
10%CH;COOH, 2h 42.67 +0.58° 15.67 +0.58° 40.00 = 1.00? 15.54 = 0.90*"
10%CH;COOH, 6h 46.00 = 0.01° 15.67 £ 0.58° 41.67 £ 0.58° 18.88 £ 1.11*

Values are presented as mean £ SD (n = 3). Different lowercase letters (a-c) indicate significant differences (p < 0.05) between films exposed to

the same CH3;COOH concentration at different exposure times. AE > 5 (*) indicates a colour difference perceptible to the human eye.
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3.1.5.9. Stability of ACN within the films

The stability of ACN can be influenced by various factors such as pH, temperature, light,
antioxidants, oxygen, and etc.®'* Due to their excellent pH sensitivity, ACN incorporated into
NaAlg-BCP films have successfully demonstrated visible colour changes when exposed to NH3,
representing a high-pH environment. However, several other factors may affect the stability of
ACN within the film matrix. Therefore, the NaAlg-BCP50 film was selected for further stability
testing to evaluate how the film’s colour changes over a 14-day period in a plastic incubator
(Gilson digital mini-incubator) at 25 °C and can be seen in Figure 3.35. CIE Lab colour analysis
(Table 3.24) confirmed a gradual colour change in the NaAlg-BCP50 film, with the AE value
increasing steadily each day. A noticeable visual difference in colour was observed within 10
days (AE > 5). As the film was stored in an incubator at 25 °C, its colour change may have been
influenced by temperature, light, and air exposure. ACNs are known to be more stable at lower
temperatures (2-4 °C).3'*%'® The observed brownish coloration can be attributed to the ring
opening of ACN into chalcones at elevated temperatures.®*'® Moisture in the air can also
promote the deglycosylation of ACN into anthocyanidin glycosides, which can then convertinto
chalcones.?'® Oxygen is another critical factor affecting ACN stability, as its presence can lead
to degradation through oxidative reactions or enzymatic activity involving oxidases.®’ Light,
particularly high-intensity or UV light, can also induce ring-opening of ACN into chalcones.?™
However, in this study, light was likely not the primary factor contributing to the film’s colour
change, as the samples were stored in an incubator exposed only to natural light. As a result,
the ACN in the film are not stable under ambient conditions, with colour changes occurring
within 10 days. Thus, the films should be stored under low temperature, low light and low

oxygen conditions to preserve their stability and colour integrity.

Day0 Day 1 Day2 Day 3 Day 4 Day5 Day6 Day7

Day10 Day11 Day12 Day13 Day14

Figure 3.35. Colour changes of the NaAlg-BCP50 film over a 14-day period.
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Table 3.24. CIE Lab colour analysis of NaAlg-BCP50 over a 14-days period.

Sample Conditions Colour attributes Colour
L* a* b* difference (AE)

NaAlg-BCP50 DayO 61.67 +1.53° 13.00 £0.01° 12.67 £ 0.58% n/a
Day 1 63.33 £ 1.53% 12.00 +0.01%° 12.00 £ 0.01° 2.10+0.60°
Day 2 63.33 £ 0.58% 12.33+0.58% 13.33 £ 0.58%° 2.29+1.63°
Day 3 63.67 £ 0.58%° 11.33+0.58% 13.33 £ 0.58%° 2.85+0.56°
Day 4 63.00 = 1.00%° 12.00 £ 1.00% 14.33 £ 0.58¢* 2.74+0.87°
Day5 63.00 £ 0.012° 12.33+0.58% 14.67 + 0.58° 2.91 +0.58°
Day 6 63.33 £0.58% 10.33 +0.58° 14.00 = 0.01°0< 3.68+0.48%
Day 7 64.00 £0.01° 10.67 +0.58° 15.33 + 0.58°%f 4.36 £1.23*
Day 8 64.00 £0.01° 11.67 £1.15% 16.00 = 1.00% 4.51+1.01%°
Day9 64.00 £ 1.00° 12.00 = 1.00%° 16.33 + 0.58°% 4.57 £ 0.44%°
Day 10 64.33 £ 0.58° 11.33+0.58% 17.33 £ 0.58" 5.71 = 0.79>
Day 11 64.00 £0.01° 10.33+0.58° 17.00 = 1.00%" 5.74 1,23
Day 12 64.00 £0.01° 11.33+0.58% 17.67 + 0.58¢" 5.90 = 0.52°¢¢"
Day 13 64.33 £ 0.58° 10.67 = 1.53° 18.67 +1.15" 7.16 = 0.84°"
Day 14 64.33 £ 0.58° 10.67 +0.58° 19.33 +0.58 7.72 +1.04%

Values are presented as mean = SD (n = 3). Different lowercase letters (a-i) indicate significant differences (p < 0.05) between films over 14 days.

AE > 5 (*) indicates a colour difference perceptible to the human eye.
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3.1.5.10. Thermal stability of films

Thermal stability is an essential property for understanding how films behave under
heat and for evaluating their suitability during manufacturing, storage, and use. The thermal
stability of the film-forming compounds and the NaAlg-BCP films was evaluated using
differential scanning calorimetry (DSC) under nitrogen gas (Figure 3.36). Alginic acid was
chosen as a control to compare the thermal stability with NaAlg through DSC. Two small
endothermic peaks were observed at 111 °C and 139 °C in alginic acid, while a small peak at
111 °C was not seen in NaAlg (Figure 3.36A). The shift of a main sharp endothermic peak to
higher temperatures (at 184 °C) was seen in NaAlg when compared to alginic acid (and 173 °C).
This tend to be because sodium ions form ionic bonds with alginate, making it more resistant
to thermal degradation compared to the weaker hydrogen bonds in alginic acid.®'® For BCP and
DFC, a small endothermic peak and a predominant sharp endothermic peak were also

observed at 135 °C and 137 °C, and 184 °C and 209 °C, respectively.

However, the DSC curves of alginic acid and NaAlg in this study were inconsistent with
the literatures, which typically show a broad endothermic peak at approximately 100 °C
corresponding to water evaporation.'®3'® This can be explained by the different DSC lids used
as pinhole or perforated lid was used in the literature,’®®'® but sealed pan was used in this
study. In pinhole pan, a broad endothermic peak of dehydration, followed by a sharp
exothermic crystallisation peak of amorphous structure were observed. In contrast, the sealed
pans prevented dehydration, allowing the sample to retain water until it reached 100 °C.
Consequently, a sharp endothermic peak and the loss of crystalline structure were observed

instead.®"®

Regarding thermal stability of NaAlg and NaAlg-BCP films, The DSC curve of NaAlg-BCP
films revealed a small endothermic peak and a predominant sharp endothermic peak, similar
to those observed in NaAlg powder. However, these peaks were shifted to 149 °C and 204 °C,
respectively, indicating the formation of crosslinks between NaAlg and Ca®* ions. This
interaction leads to the development of an “egg-box” structure, which enhances the films’
thermal resistance. As the BCP content in the films increased, the small endothermic peaks
shifted to higher temperatures (from 147 °C to 152 °C), while the main sharp peaks shifted

lower (from 204 °C to 187 °C). This shift is likely due to the interference caused by the branches
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of pectin or anthocyanin-bound pectin in BCP, which hinder the formation of the “egg-box”
structure. Moreover, incorporating DFC or ACN into NaAlg-BCP20 films did not affect the small
endothermic peak at 150 °C. However, the main endothermic peak shifted higher to 195 °C with
DFC addition, and lower to 189 °C when ACN was incorporated. These findings suggest that no
significant thermal transitions occur below 147 °C, indicating that all NaAlg-BCP films are well-

suited for room temperature storage and relatively high-temperature food heating applications.
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Figure 3.36. Differential scanning calorimetry (DSC) curves of starting materials (A), and NaAlg
and NaAlg-BCP films (B).
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3.2. Valorisation of extruded ginger pomace (GP) (A2), and extruded aeroponically

grown coriander (CR) and Thai basil (ThB) roots (A3): A comparative study

3.2.1. Characterisation of GP, CR and ThB (Objective A2 (i) and A3 (i))

Compositional and elemental analysis of the extruded ginger pomace (GP), coriander
root (CR) and Thai basil root (ThB) are shown in Table 3.25. The results revealed that GP is arich
source of carbohydrates, containing mainly starch and cellulose (39.52 wt.%). Minor
carbohydrates, such as hemicellulose and pectin, were each present at less than 1 wt.%. This
trend agrees with the literature, which identified starch as the major carbohydrate component
in spent ginger (47.23 - 50.79%).""® However, the carbohydrate content can vary depending on
the ginger source and the pre-treatment applied.

Konar et al. analysed spent ginger and found that, in addition of starch, the material
contained protein (11.74 - 13.02 %), ash (9.37 - 10.32%), cellulose (3.84 — 4.32%), and pectin
(1.63 — 2.09%), with lignin and hemicellulose not detected."® In contrast, our GP contained
lignin (1.82 wt.%), hemicellulose (0.75 wt.%) and lower levels of ash (3.26 wt.%), protein (3.00
wt.%) and pectin (0.48 wt.%) than those reported by Konar et al.’® It should also be noted that
the cellulose and starch contents in our GP sample were estimated from the measured glucose
content, the monomer of both polysaccharides, so the reported values represent the combined
proportion of these two polysaccharides.

In contrast, CR and ThB consisted primarily of lighocellulosic material, with high
contents of lignin (22.42 - 25.61 wt.%), protein (23.31 — 23.41 wt.%), and ash (9.44 - 10.16
wt.%). Compared with coriander seeds and leaves, and basil seeds, which contain protein
(11.00 -21.30% in coriander seeds; 4.05% in coriander leaves; 9.40% in basil seeds) and ash
(1.70 — 8.59% in coriander seeds; 1.90% in coriander leaves; 5.20% in basil seeds),"”*3% the
extruded, aeroponically grown CR and ThB exhibited higher protein and ash contents. However,
it is important to note that protein content was estimated from total nitrogen, which may be
influenced by the presence of chlorophyll. Chlorophyll, the green pigment in plants, contains
four nitrogen atoms in its chemical structure, potentially leading to an overestimation of protein

content.
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Table 3.25. Compositional and elemental analysis of extruded ginger pomace (GP), coriander
root (CR) and Thai basil root (ThB).

Composition (wt.%) Ginger pomace Coriander root Thai basil root

Moisture ® 8.99+0.51¢ 7.42 +0.62°° 4.88 £0.017°
Ash @ 3.26 +0.53 9.44 +0.20% 10.16 = 0.508¢
Protein (N x 6.25) @ 3.00 = 0.09% 23.31 = 0.44" 23.41+0.57°8
Cellulose and starch®" 39.52 + 2.38" 9.79 £ 0.38* 10.25 £ 1.83*
Hemicellulose *° 0.75 £ 0.04* 0.99 £ 0.02% 1.14 = 0.51"8
Pectin *° 0.48 £ 0.04% 6.46 +0.07°° 5.01+1.81°°
Klason lignin @ 1.82 = 0.54%° 22.42 = 0.66" 25.61+0.60°°

Elemental content (wt.%)

C 41.18 £ 0.04* 42.06 = 0.05°° 41.31 £0.29%
H 6.28 £0.01°° 5.96 £ 0.13% 5.71£0.07*
N 0.48 £0.01% 3.73+0.07" 3.75 £ 0.09%
Remainder 52.06 = 0.03“ 48.03 = 0.18* 48.85 = 0.49%

3 Estimated via NREL method, 204206209 gstimated from HPLC carbohydrate and sugar analysis
of acid hydrolysed BC. Values are presented as mean = SD (n = 3). Letters indicate the
significant differences (p < 0.05).

The presence of carbohydrates, primarily starch and cellulose, in GP (Figure 3.37A),

and lignocellulosic components and ash in CR and ThB (Figure 3.37B), was further supported
by thermogravimetric analysis (TGA). The TGA thermogram and derivative thermogravimetric
(dTG) curve of GP show an initial moisture loss between 25 - 150 °C, followed by a major mass
loss occurring between 150 — 400 °C. The main thermal degradation peak (T4) at 293 °C
accounting for 63.48 wt.%, typically associated with the thermal degradation of starch (see
Appendix 18), and the shoulder observed above 300 °C may correspond specifically to
cellulose degradation.?22%0

For CR and ThB, the TGA and dTG profiles displayed three distinct regions
corresponding to moisture loss (25 - 150 °C), carbohydrate and cellulose decomposition (150
—350°C), and lignin degradation (350 — 500 °C). Carbohydrate and cellulose region accounted
for approximately 43.61 wt.% in CR (T4 = 318 °C) and 41.86 wt.% in ThB (T4 = 323 °C). Lignin
contributed 17.28 wt.% in CRand 15.76 wt.% in THB, while fixed carbon and ash made up 31.49
wt.% in CR and 35.44 wt.% in ThB, respectively.
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However, the carbohydrates content estimated from TGA (63.48 wt.% for GP; 43.61
wt.% for CR; 41.86 wt.% for ThB), which reflect thermal decomposition behaviour, was higher
than the value measured by HPLC (Table 3.25). This could be explained by incomplete
hydrolysis of polysaccharides during sample preparation for HPLC. Partial hydrolysis can
produce short-chain oligosaccharides that are not quantified when estimating cellulose,
hemicellulose, and pectin contents, as only the monomeric sugars, such as galacturonic acid,

xylose, and glucose, are considered.
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Figure 3.37. TGA and dTG thermograms of GP (A), CR and ThB (B).
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IR spectroscopy analysis of GP supported the TGA result, as the detected peaks
associated to the functional groups characteristic of carbohydrates (Figure 3.39). The presence
of carbohydrates is indicated by the broad peak at 3292 cm™ (-OH stretching of hydroxyl
groups), 2926 cm™ (-C-H stretching), 1640 cm™ (-C=0 stretching of esters), and 996 cm™ (-C-O
stretching of glycosidic bond).’®"**' However, the IR spectra closely resemble those reported
for ginger starch in the literature, as well as amylose and amylopectin (see Appendix 18),"%":322

suggesting that starch is likely the predominant carbohydrate in the extruded ginger pomace.

IR spectra of CR and ThB (Figure 3.38) also displayed characteristic carbohydrate
signals at 3296 cm™ (-OH stretching), 2921 cm™ (-C-H stretching), 1640 cm™ (-C=0 stretching),
and 1026 cm™ (-C-O stretching). In addition, the peaks at 3296, 1634, 1536, and 1240 cm™,
associated with N-H stretching of amide bonds (Amide A), C=0 stretching (Amide I), N-H
bending (Amide II), and N-H bending combined with C-N stretching (Amide Ill), respectively,®*
were more pronounced compared to GP sample. These enhanced amide signals indicate that

CR and ThB contain relatively high protein contents.
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Figure 3.38. IR spectra of GP, CR and ThB.
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3.2.2. Supercritical CO;(scCO,) extraction and characterisation of GP, CR and ThB
extracts (Objective A2 (ii) and A3 (ii))

Prior to fractionating the extruded GP, CR and ThB via acid-free microwave assisted
treatment, the ginger essential oil (GP oil), CR extract (scCR), and ThB extract (scThB) were
recovered through supercritical CO, (scCO.) extraction with 10% ethanol as a co-solvent. This
method was selected based on its reported efficiency and considered a green methodology.
Literature shows that adding ethanol can significantly enhance essential oil yields (up to 6.06
wt.% in dried ginger, and 4.12 wt.% in spent ginger), compared with scCO, alone (dried ginger;
1.54 wt.%, spent ginger; 2.51 wt.%).”*'?? In addition, scCO, extraction of coriander seeds and
aerial parts of basil typically yield 0.57 - 7.00 wt.%, and 0.39 - 2.2 wt.% of extract,
respectively.'88190:324325 The yields of GP oil, scCR and scThB extracts, obtained in this study
were only 0.45, 0.42, and 0.37 wt.%, respectively. These relatively low yields may be due to the
extrusion process, which disrupts the cell walls and facilitates the release of essential oils into

the expressed juice, leaving a reduced amount of extractable oil in the remaining solids.

GP oil, scCR and scThB extracts, were analysed by '"H NMR and IR spectroscopy (Figure
3.39) to identify types of compounds present. The '"H NMR spectra of GP oil (Figure 3.39A)
showed resonances similar to those reported for ginger ethanolic Soxhlet extracts by Bose et
al.®*® Signals between 50.50 and 83.00 ppm likely correspond to alkyl chains of ginger bioactive
compounds such as gingerols and shogaols. A singlet signal at 63.75 — 4.00 ppm may be
attributed to the -OCH; moiety, while broad singlet signals between 65.00 and 65.75 ppm may
be attributed to the -OH protons of alcohols and phenols. In addition, aromatic protons (66.00
- 8.00 ppm) were also observed. Although these features are consistent with gingerols and
shogaols, the resonances between 60.50 and 54.50 ppm may also indicate the presence of
fatty acids or triglycerides, similar to those detected and assigned in blackcurrant pomace

heptane and ethanolic extracts (see Figure 3.21 and Table 3.13).

Meanwhile, the '"H NMR spectra of scCR and scThB extracts (Figure 3.39B) were
dominated by signals characteristic of fatty acids and triglycerides between 60.50 and 85.50
ppm, with detailed assignments provided in Table 3.13.2%32% \Weaker resonances were also
observed in the 86.00 - 8.50 ppm range, indicating the presence of aromatic bioactive

compounds, but at lower concentrations.
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Figure 3.39. Appearance and "H NMR spectra (CDCls, 400 MHz) of GP oil (A), scCR and scThB extracts (B),

and IR spectra of GP oil (C), scCR and scThB extracts (D).
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The IR spectra of GP oil (Figure 3.39C) and scCR and scThB extracts (Figure 3.39D),
showed characteristic absorbance bands at around 3300 — 3400 cm™ (O-H stretching), 2800 -
2900 cm™ (C-H stretching), and 1700 cm™ (-C=0 carbonyl stretching), further support the
functional groups identified in the '"H NMR analysis. In the scCR and scThB extracts, the
relatively strong C-H stretching bands (2800 — 2900 cm™) and pronounced C=0 stretching at
approximately 1700 cm™ indicates the presence of long-chain hydrocarbons or long-chain fatty

acids within these extracts.

Detailed characterisation of the major compounds contains in GP oil, scCR and scThB
extracts were identified using GC-MS (Table 3.26). The analysis revealed that palmitic acid,
linoleic acid, and several aromatic compounds, specifically Zingerone derivatives (compounds
2,4,6,7,9 and 10), and Shogaols (compounds 3 and 10), were the predominant constituents
(Table 3.26 and Figure 3.40). Interestingly, aromatic compounds accounted for 51.29% of the
total composition, while fatty acids were detected only 4.58%. The three most abundant
phenolics were 4-(3-hydroxy-2-methoxyphenyl)-butan-2-one (10.37%, 2), 1-(4-hydroxy-3-
methoxyphenyl) oct-4-en-3-one (3-Shagaol) (10.20%, 3), and 1-(4-Hydroxy-3-methoxyphenyl)
decane-3,5-dione (7.13%, 4). The GC chromatogram of GP oil and the mass spectrum of these
major compounds are provided in Appendix 16. Zingerone and shogaols have also been
identified as major bioactive compounds in scCO; - ethanol extracts of dried ginger and spent
ginger.”*22 However, unlike those extracts, our GP oil did not contain zingiberene, gingerols, or

a-curcumene, which are typically reported as key bioactive constituents.

GC-MS analysis of the scCR and scThB extracts support the '"H-NMR and IR findings,
confirming that fatty acids and long-chain hydrocarbons are the major components. The
primary fatty acids identified were palmitic acid (22.46 % in scCR; 44.43 % in scThB) and oleic
acid (11.37 % in scCR; 5.81 % in scThB), along with other compounds such as oleamide,
heneicosane (C,1H44), pentacosane (CzsHsy), and heptacosane (Cy;Hss) (Table 3.26). The GC
chromatogram and the mass spectra of the three major compounds in scCR and scThB extracts
are provided in Appendix 17 and 18, respectively. These results are consistent with literature
reports indicating that palmitic and oleic acids are among the most abundant fatty acids in

coriander and basil. 75320
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However, characteristic essential oil constituents of coriander and basil, such as
linalool, geranial, and estragole,'”®"7%'78 were not detected as major compounds under the
scCO; extraction conditions with 10% ethanol. Instead, this extraction method selectively
recovered fatty acids and long-chain hydrocarbons, which accounted for 37.06% of the total
composition in scCR and 66.25% in scThB (based on GC peak areas). In contrast, the same
extraction conditions were more suitable for ginger, where only 4.58% of the extract consisted

of fatty acids, while essential oil compounds represented 51.29% of the total detected

components.
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Figure 3.40. Phenolic compounds found in GP oil identified based on GC-MS result.
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Table 3.26. Major identified compounds by GC-MS in GP oil, scCR and scThB extracts.

Compound Aromatic Retention Area (%)
compound time  “Gpoil scCR  scThB
no. (tr, min)

Palmitic acid 5.59 1.61 22.46  40.43
(E)-1-(6, 10-dimethylundeca-5, 9-dien-2-yl)-4-methylBenzene 1 5.62 1.53

Oleic acid 6.00 11.37 5.81
Linoleic acid 6.01 2.97
4-(3-hydroxy-2-methoxyphenyl)-butan-2-one 2 6.31 10.37

Heneicosane 6.33 6.47
1-(4-hydroxy-3-methoxyphenyl) oct-4-en-3-one (3-Shagaol) 3 6.47 10.20

Oleamide 6.57 3.24 5.01
1-(4-Hydroxy-3-methoxyphenyl) decane-3,5-dione 4 6.60 7.13

Pentacosane 6.86 6.49
1-(4-Hydroxy-3-methoxyphenyl) decane-3,5-diyl diacetate 5 7.07 5.51
1-(4-Hydroxy-3-methoxyphenyl) dodecane-3,5-dione 6 7.22 1.49
1-(4-hydroxy-3-methoxyphenyl) dec-1-ene-3,5-dione 7 7.41 3.87

Heptacosane 7.51 2.04
1-(4-Hydroxy-3-methoxyphenyl) tetradec-4-en-3-one (10-Shagaol) 8 7.84 4.66
1-(4-Hydroxy-3-methoxyphenyl) tetradecane-3,5-dione 9 8.06 4.32
1-(4-hydroxy-3-methoxyphenyl) tetradec-1-ene-3,5-dione 10 9.52 1.09
4-(2-(2-(2,6-Dimethylhepta-1,5-dien-1-yl)-6-pentyl-1,3-dioxan-4-yl) ethyl)-2-methoxyphenol 11 9.84 1.12
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3.2.3. Isolation and characterisation of protein isolated from acid-free
microwave-assisted hydrolysates obtained from GP, CR and ThB (Objective

A2 (iii) and A3 (iii))

This section presents the preliminary results of protein recovery from the GP, CR, and
ThB hydrolysates (by-products of defibrillated cellulose production; section 3.2.4) obtained
from acid-free conventional water (50 °C, 2h) or microwave-assisted treatment at low to
moderate temperatures. For microwave-assisted extraction (MAE), oil-free GP was processed
across a temperature range of 60 — 120 °C. Oil-free CR was treated at 60 and 80 °C, based on
the results obtained for GP, while ThB was evaluated at 80 °C following the outcomes from both
GP and CR.

Table 3.27 summarises the isolated protein yield and protein content of crude GP, CR,
and ThB extracts. Protein recovered from water extraction of oil-free GP (GPP-W) yielded 0.82
wt.%, whereas microwave-assisted extraction produced up to 3.56 wt.% as the temperature
increased from 60 to 100 °C. At 120 °C, however, no protein could be recovered. In contrast, the
protein content, estimated by nitrogen analysis and the Bradford assay, decreased with
increasing microwave temperature. This reduction at higher temperatures is likely due to
thermal denaturation, consistent with literature that microwave temperatures between 46 and
65°C are optimal for extracting proteins from soybean and herbal roots.' Denaturation alters
protein structure and can lead to aggregation, thereby reducing the availability of dye-binding
sites for Coomassie Brilliant Blue G-250. Additionally, partial hydrolysis at elevated
temperatures may produce smaller peptides that bind the dye less effectively, resulting in lower
protein content values determined using the Bradford assay. However, protein denaturation
itself should not affect nitrogen-based measurements. The observed decrease in nitrogen-
derived protein content may instead be due to the loss of nitrogen, for example through the
leaching of soluble nitrogen-containing compounds into the liquid fraction or through thermal

degradation processes.
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Table 3.27. Yield and protein content of isolated protein from oil-free GP, CR, and ThB.

Sample Yield (wt.%) Protein content
Based on N content* (%) Bradford assay (%)

GPP-W 0.82+0.04° 61.13+0.18° 0.020 = 0.002¢
GPP-MWG60 0.82 +0.37¢ 51.19 £ 1.06° 0.021+0.001¢
GPP-MW80 2.13+0.20¢ 33.16 £0.04° 0.011 £0.003°
GPP-MW100 3.56£0.31" 14.88 + 0.44° 0.006 + 0.002°
GPP-MW120 - - -
CRP-W 0.35+0.01° 59.88 = 0.35¢ 0.011 £0.001°
CRP-MW60 0.88+0.09° 65.28 £ 0.31" 0.018 £ 0.001°
CRP-MW80 0.91 +0.09' 60.84 + 0.49° 0.022 +0.001¢
ThBP-W 0.21+0.07° 72.56 = 0.62" 0.006 = 0.002°
ThBP-MW80 0.54 £0.08° 68.72+0.57¢ 0.007 = 0.002?

* Protein content is estimated from N x 6.25 conversion factor. Values are presented as mean

+ SD (n = 3). Letters indicate the significant differences (p < 0.05).

IR spectra of isolated protein from oil-free GP (GPP; Figure 3.41A) reveals characteristic
protein absorption peaks at 3282, 1635, 1515, and 1235 cm™, corresponding to N-H stretching
of amide bonds (Amide A), C=0 stretching (Amide I), N-H bending (Amide Il), and N-H bending
combined with C-N stretching (Amide lIl), respectively.®*®* At a MW extraction temperature of
100 °C (GPP-MW100), the intensities of these protein-associated peaks decreased, while the
carbohydrate-related peak at 1019 cm™ (-C-O stretching of glycosidic bond) became more
pronounced.’®%' These changes indicate that protein denaturation likely occurred at 100 °C
under MAE, and the increased isolated yield may be attributed to a higher proportion of
carbohydrates. Therefore, microwave temperatures below 100 °C are preferable for protein

extraction.

Based on the results obtained from GP, MAE temperatures below 100 °C (60 and 80 °C)
were performed on CR, with water included as a control. Water extraction yielded 0.35 wt.%
crude protein (CRP-W), while MAE at 80 °C produced up to 0.91 wt.% (CRP-MW80) (Table 3.27).
As MW temperature increased, the protein content calculated from nitrogen (N) content
decreased from approximately 65% (CRP-MW60) to 61% (CRP-MW80). In contrast, protein
content estimated from Bradford assay increased, ranging from about 0.018% (CRP-MW&60) to
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0.022% (CRP-MW80). The large discrepancy between these two methods could be explained
by the limitations of N-based protein estimation, which may overestimate protein content
because nitrogen measurements include all nitrogen-containing compounds, not just proteins.
For example, residual nitrate, which normally present in ginger as a natural occurring
compound and in aeroponically grown plants as a nutrient can contribute significantly to the
total nitrogen detected. In contrast, Bradford assay provides greater specificity for protein
determination, in which acidic cationic Coomassie Blue G-250 (brownish green; absorption at
470 nm) binds to proteins through hydrophobic interaction, providing a stable protein-bound

anionic Coomassie Blue G-250 form (blue; absorption at 595 nm; see Figure 3.42).3%

Based on the Bradford assay, MAE at 80 °C yielded the highest protein content in the
isolated CR crude protein (CRP-MW80; 21.54 mg/100 g). Therefore, MAE at 80 °C was
subsequently applied to ThB, producing 0.54 wt.% of isolated ThBP-MW80 protein with a
protein content of 7.08 mg/100 g. In comparison, the control water extraction of ThB yielded a

lower protein content (ThBP-W; 0.21 wt.%).

187



Chapter 3: Results and Discussion

A |apr-mwioo B |muBp-Mwso
ThBP-W
GPP-MWS0
S Ty
: S [crRe-Mws
g g
g g [cRP-MW60
= =
<
& g
E_.q
32‘78
-OH/-NH ;
c=0"
1635 _OH/-NH 1635 * -OH/-NH
1 1 1 Ll 1 |l 1 T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'™) Wavenumber (cm™)
C

Figure 3.41. IR spectra of isolated protein from GP (A), and CR/ThB (B), appearance of isolated protein (C), structure of chlorophyll (D),
crystallographic example of water-soluble chlorophyll protein with polypeptide (beige) and chlorophyll (blue) (E).3?®

ThB 4
protein |

\ A~ =

o W
2 d

iy

188



Chapter 3: Results and Discussion

o= S O
protein +
|
H

/N N /N®
Q O @ OO
\/N\/©\ \/N\/©\ P

Figure 3.42. Chemical scheme of Coomassie Blue G-250 used in the Bradford assay for
protein determination.3%”

IR spectra of isolated proteins from oil-free CR and ThB (CRP and ThBP; Figure 3.41B),
further confirmed the presence of protein, indicated by strong characteristic peaks
corresponding to Amide A (N-H stretching; 3278 cm™), Amide | (C=0 stretching; 1635 cm™),
Amide Il (N-H bending; 1528 cm™), and Amide Il (N-H bending combined with C-N stretching;
1214 cm™).32® However, the ThBP spectrum exhibited less pronounced peaks at 3278 and 1528
cm”, associated with N-H functional groups, suggesting a lower protein content. This
observation is consistent with the protein content determined by the Bradford assay (Table
3.27).

In addition, the presence of Chlorophyll binding protein is assumed to be in the isolated
CR and ThB protein, as indicated by their dark green colouration (see Figure 3.41C). This
observation also helps explain the overestimation of protein content when calculated from
nitrogen (N) measurements. Because chlorophyll contains nitrogen atoms within its porphyrin
ring, its presence contributes additional non-protein nitrogen, leading to inflated protein values
when using N-based conversion factors.

An example of a water-soluble Chlorophyll-protein (WSCP) complex is shown in Figure
3.41D and 3.41E, where the magnesium cation of Chlorophyll preferably binds with carbonyl
groups of amide or amide side chains, depending on types of Chlorophyll.*2® WSCPs were first
reported by Liang et al. as highly efficient photosensitisers for photodynamic therapy (PDT), a
technique typically used for cancer therapy and have been shown to remain stable in air and at
temperatures up to 100 °C.%?° These proteins can also be isolated from cauliflower, Brussel

sprouts, Japanese radish, and Virginia pepper weed.%?®
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3.2.4. Acid-free microwave-assisted production of defibrillated celluloses from

GP, CR and ThB (Objective A2 (iv) and A3 (iv))

This section presents the production and characterisation of defibrillated cellulose
(DFC) derived from the GP, CR, and ThB residues obtained through acid-free microwave-
assisted protein extraction (MAE), followed by microwave-hydrothermal reprocessing (MHT) at
160 °C. Based on the optimal protein yields and protein contents determined by the Bradford
assay (Table 3.26), the optimal MAE conditions were identified as 60 °C for GP and 80 °C for
both CR and ThB. Accordingly, the residues generated under these optimal conditions (GPR-
MW60, CRR-MW80, and ThBR-MW80) were subjected to MHT at 160 °C to produce defibrillated
cellulose (DFC-GP60, DFC-CR80, and DFC-ThB80). In addition, structural changes in GP, CR,
and ThB following protein extraction by water or MAE (denoted as GPR, CRR, and ThBR) were

evaluated, along with DFC samples.

3.2.4.1. Yield and microstructure analysis

Yield of the extruded ginger residues (GPR), CRresidues (CRR), and ThB residues (ThBR)
obtained from acid-free conventional water or MAE, as well as the isolated DFC fractions
produced by MHT reprocessing at 160 °C, are summarised in Table 3.28. Under conventional
water extraction (50 °C, 2h), the residue yields were 39.30 wt.% for GPR-W, 81.29 wt.% for CRR-
W, and 66.25 wt.% for ThBR-W, which are reported as the controls. As microwave temperature
increased, the yield of GPRs declined markedly from 45.18 to 22.22 wt.%, likely due to the
enhanced release of starch (see Section 3.2.5.1). In contrast, the residue yields of the CRRs

remained relatively stable at around 74 wt.%.

The yield of DFC-GP60 (34.58 wt.%) was substantially lower than those of DFC-CR80
(74.58 wt.%) and DFC-ThB80 (77.50 wt.%). This trend corresponds to the compositional
differences among the raw materials, where GP is predominantly starch-based, whereas CR
and ThB contain mainly lignocellulosic components, which are less extractable under the

applied conditions.

The ash content of all samples decreased by approximately half following acid-free
water treatment, whether by conventional extraction or MAE. Specifically, ash contents were
reduced from the raw material values of GP (3.26 wt.%) to 1.40 - 1.75 wt.% in GPRs and 1.52
wt.% in DFC-GP60; from CR (9.44 wt.%) to 6.56 - 6.69 wt.% in CRRs and 5.69 wt.% in DFC-
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CR80; and from ThB (10.16 wt.%) to 5.68 - 6.93 wt.% in ThBRs and 5.49 wt.% in DFC-ThB80. The
reduction of ash content could be due to the decrease in soluble inorganic matters during the

acid-free water treatments.

Table 3.28. Yield of residues and DFC derived from oil-free GP, CR, and ThB.

Sample Yield (wt.%) Ash content (wt.%)

Residue sample

GPR-W 39.30 £ 5.53" 1.57 £0.03°
GPR-MW60 45.18 £ 3.71° 1.70+0.11¢
GPR-MW80 37.85 + 6.45 1.29+0.01°
GPR-MW100 30.82 £ 6.58% 1.40 £0.03°
GPR-MW120 22.22 +3.72° 1.75 £ 0.24¢
CRR-W 81.29+0.78" 6.63+0.19
CRR-MW60 74.66 £ 0.25' 6.69 = 0.24'
CRR-MW80 74.57 £ 0.52 6.56 = 0.15°
ThBR-W 66.25+0.21° 5.68 + 0.25°
ThBR-MW80 61.97 £ 0.58° 6.93+0.21¢
DFC sample

DFC-GP60 34.58 £0.23° 1.52£0.03°
DFC-CR80 74.53 £0.73f 5.69 +0.35°
DFC-ThB80 77.50 = 0.75¢ 5.49+0.01°

Values are presented as mean = SD (n = 3). Letters indicate the significant differences (p < 0.05).

SEM analysis was conducted to evaluate the effect of acid-free extraction on the
morphology of the extruded ginger pomace (GP) (Figure 3.43), extruded aeroponically grown
coriander roots (CR) and Thai basil roots (ThB) (Figure 3.44). The native GP displayed clusters
of starch granules (highlighted in the red circles) along with other components, whereas the
GPR samples and the DFC-GP60 exhibited more ruptured surfaces. As the microwave
hydrothermal treatment (MHT) temperature increased from 60-120 °C, the SEM images showed
progressively more ruptured surfaces, greater exposure of fibres (yellow circles), and fewer

visible starch granules. Unlike GP, SEM images of CR and ThB not did not show any starch
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granules; instead, only surface ruptures were observed, consistent with their lignocellulosic

nature.

In addition, the starch granules underwent noticeable surface changes, in which the
initially round and smooth granules observed in GP, GPR-W, and GPR-MW60 became
increasingly cracked and rough with higher MW temperatures, eventually disappearing entirely
at 120 °C. This observation supports that the reduced yields of GPR and DFC-GP60 are
associated with starch loss. Furthermore, the DFC-GP60 sample revealed more distinct fibre
bundles, indicating that MHT reprocessing of GPR-MWG60 at 160 °C not only enhanced starch

removal but also promoted cellulose defibrillation.
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Figure 3.43. SEM images of GPR samples and DFC-GP60 sample at 250x magnification; red
circle shows starch granules; yellow circle refers cellulose fibrils.
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Figure 3.44. SEM images of CR, CRR samples and DFC-CR80 sample (A), and of ThB, ThBR
samples and DFC-ThB80 (B) at 500x maghnification.
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3.2.4.2. ATR-IR spectroscopy analysis

The ATR-IR spectra of native GP, the GPR residues, and the defibrillated cellulose (DFC-
GP60) are stacked and presented in Figure 3.45A, along with CR-derived and ThB-derived
samples (Figure 3.45B and 3.45C). All samples exhibit IR transmittance peaks characteristic
of polysaccharides, which are the main carbohydrate constituents in these materials, and
particularly cellulose and starch in GP samples. The broad band at approximately 3200 — 3400
cm™ corresponds to the stretching vibration of -OH groups. The bands at 2920 cm™ and 1640
cm™ are attributed to the -CH stretching and -OH bending or C=0 stretching vibration,
respectively. The stretching vibration of C-O-C glycosidic bonds is also evident in the region of

990 - 1030 cm™. 161

In addition, with increasing MW temperature, a shift in the C-O-C related vibration from
998 to 1024 cm™ was observed in GP samples (Figure 3.45A), along with an increase in the
intensity of the band at 1602 cm™. The vibration near 998 cm™ may be associated with the C-O-
C glycosidic bonds of amylopectin, while those at around 1020 cm™ may be correlated to
amylose or cellulose (see Appendix 17; ATR-IR spectrum of commercial polysaccharides).
Thus, the shift from 998 to 1024 cm™ suggests structural changes within the starch components

or the loss of starch, resulting in a more prominent cellulose-related peak.

In the IR spectra of the CR and ThB samples, a reduction in the peak at 1538 cm™,
assigned to N-H bending of Amide Il was observed, indicating the partial loss of protein during
acid-free water extraction or MAE. However, other protein-related peaks, including the N-H
stretching vibration near 3300 cm™ (Amide A) and the C=0 stretching vibration around 1630 cm’
"(Amide 1),323 overlapped with polysaccharide-associated peaks in the same spectral region,
making it difficult to resolve these protein signals clearly. In addition, strong absorption peak at
around 1630 cm™ may also attributed to C=0 stretching, related to the presence of calcium

330

oxalate dihydrate (supported by pXRD result; see Figure 3.46).
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Figure 3.45. ATR-IR spectrum of native GP, GPR samples and DFC-GP60 (A), of native CR,
CRR samples and DFC-CR80 (B), and native ThB, ThBR samples and DFC-ThB80 (C).
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3.2.4.3. Powder X-ray diffraction (pXRD) analysis

The determination of cellulose’s crystalline structure is particularly important because
the balance between its crystalline and amorphous regions dictates many of its functional
properties. Higher crystallinity typically enhances rigidity and thermal stability, while lower
crystallinity increases chemical reactivity and water accessibility. Changes in the crystalline
structure of the GP-derived, CR-derived, and ThB-derived samples, along with their
corresponding DFCs, were examined using pXRD. The stacked pXRD diffractograms are

presented in Figure 3.46.

Native GP (Figure 3.46A) displayed crystalline peaks at 15.0°, 17.1°, 17.8°, 19.9°, and
22.7°, along with weaker diffraction peaks at 11.3° and 26.4°, which likely attributed to the
characteristic peaks of A-type starch.?22' Conventional water treatment (GPR-W) resulted in a
slight reduction in the intensity of these starch peaks. With increasing MW temperature up to
80 °C, the starch-related peaks gradually diminished and ultimately disappeared at 100 °C. No
starch crystallinity was detected in GPR-MW100, GPR-MW120, or DFC-GP60, indicating that
the crystalline structure of starch was destroyed or that starch was completely removed at MHT

temperatures of 100 °C and above.

In contrast, characteristic cellulose peaks at 15.9°, 22.0°, and 34.5° emerged in GPR-
MW100, GPR-MW120, and DFC-GP60.?%® The intensities of the 15.9° and 22.0° reflections
increased with higher temperatures up to 120 °C, and the DFC-GP60 sample, obtained by MHT
reprocessing GPR-MW60 at 160 °C, exhibited the highest intensities. A similar trend was
observed in the cellulose crystallinity index (Crl), which increased from 18.3% in GPR-MW100
to 27.7% in GPR-MW120 and reached 39.8% in DFC-GP60. This suggests that amorphous
components were increasingly hydrolysed and removed during MHT, leading to higher cellulose

crystallinity.

For both CR and ThB samples, characteristic cellulose crystalline peaks at 15.6°, 22.1°,
and 34.6° were observed (Figure 3.46B and 3.46C), along with strong calcium oxalate dihydrate
peaks at 14.3°, 20.1°, and 32.2°, which are commonly found in many plant materials.330-332
Compared with the native samples, CR (Crl =15.7%) and ThB (17.6%), water extraction slightly
increased cellulose crystallinity in CRR-W (Crl = 18.3%) and ThBR-W (20.4%). MAE at 60 or 80
°C further enhanced the Crl values of CRR-MW60 (18.7%), CRR-MW80 (19.1%), and ThBR-
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MW80 (28.7%). Subsequent MHT reprocessing at 160 °C again improved the crystalline

structure of the DFC materials, with Crl values of 28.4% for DFC-CR80 and 32.8% for DFC-

ThB80.

With respect to calcium oxalate dihydrate, the peak intensities at 14.3°,20.1°, and 32.2°

slightly decreased in DFC-CR80 and DFC-ThB80 samples compared with the native CRand ThB

samples; however, the peaks remained prominent, suggesting that MHT up to 160 °C does not

alter the crystalline structure of calcium oxalate dihydrate. The presence of calcium oxalate

was further supported by thermogravimetric analysis and solid state '*'C CP/MAS NMR

spectroscopy (see section 3.2.4.4 and 3.2.4.5.).
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Figure 3.46. pXRD diffractograms of native GP, GPR samples and DFC-GP60 (A), of native CR,
CRR samples and DFC-CR80 (B), and native ThB, ThBR samples and DFC-ThB80 (C);
crystalline plane of cellulose (red), starch (black), and calcium oxalate dihydrate (blue).
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3.2.4.4. Solid state '*C CP/MAS NMR analysis

Changes in native GP, GPR after treatment, and defibrillated cellulose (DFC-GP60) were
also evaluated using solid state '*C CP/MAS NMR spectroscopy, and the NMR spectrum were
plotted in Figure 3.47. Native GP showed resonances characteristic of both cellulose and
starch, with starch signals appearing more intense. The resonances of starch in the GP
resembled of A-type native corn starch and debranched cassava starch, showing peaks at
around 3102 (C1), 83 (C4), 73 — 76 (C2, C3, and C5), and 63 ppm (C6).%%%3%* Cellulose
resonances appeared at 8105 (C1), 89 (crystalline C4), 83 (amorphous C4), 73 - 76 (C2, C3,
and C5), 65 (crystalline C6) and 63 ppm (amorphous C6), identified based on commercial
microcrystalline cellulose (CMC) (see Figure 3.13 and Table 3.9).

As the MW temperature increased, the starch-related resonances at 8102, 73, and 63
ppm decreased, while the cellulose-related peaks at 6105, 89, 76, and 65 ppm became more
pronounced, especially in the DFC-GP60 sample. In addition, the enhanced signals at 589 and
65 ppm, associated with crystalline cellulose,®* further indicate an increase in cellulose
crystallinity. These results are consistent with the pXRD findings, indicating that amorphous
regions were gradually hydrolysed and eliminated during MHT, resulting in increased cellulose

crystallinity.
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Figure 3.47. Solid state '*C CP/MAS NMR spectra of GP, GPRs, and DFC-GP60.
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Solid state '*C CP/MAS NMR spectra of native CR, ThB, and their residues and DFC
samples were dominated by lignocellulosic materials. Characteristic cellulose resonances re
observed between 560 and 110 ppm, while lignin-related aromatics and carbonyl signals
appeared in the range of 6110 - 180 ppm (Figure 3.48). Similar resonance patterns were
detected in native BC pomace, and its DFC samples (Figure 3.13) and detailed assignments of

each peak were summarised in Table 3.9.

With respect to acid-free conventional water extraction or MAE, comparable trends
were observed for GP, CR and ThB. Extraction at temperatures below 100 °C slightly enhanced
the purity of cellulosic materials, as evidenced by more pronounced cellulose resonances,
without altering their crystalline structure. This indicates that these extraction conditions are

suitable for recovering thermally sensitive compounds such as proteins.

In contrast, DFC-CR80 and DFC-ThB80 obtained from MHT reprocessing at 160 °C
exhibited more intense cellulose resonances at 6105, 89, 76, and 65 ppm. Especially, the
increased intensity of peaks at 889 and 65 ppm, which are associated with crystalline cellulose,
suggests an increase in cellulose crystallinity. These findings are in good agreement with the

pXRD results discussed in section 3.2.4.3.
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Figure 3.48. Solid state "*C CP/MAS NMR spectra of CR, CRRs, and DFC-CR80 (A), and of ThB, ThBRs, and DFC-ThB80 (B).
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3.2.4.5. Thermogravimetric analysis

Thermogravimetric analysis (TGA) and its derivative (dTG) for GP, CR, and ThB samples
are presented in Figure 3.49. All samples exhibited two major mass loss between 25 - 150 °C,
and 150 - 400 °C, corresponding to the loss of moisture or volatile compounds, and the
decomposition of carbohydrates, respectively. For comparison, commercial amylose,
amylopectin, and cellulose showed characteristic thermal degradation ranges of 245 — 345 °C
(Ta = 296 °C), 290 — 335 °C (T4 = 309 °C), and 295 — 360 °C (T4 = 340 °C), respectively (see
Appendix 18).

For GP-derived samples (Figure 3.49A and 3.49B), GPR samples displayed the main
mass loss within the carbohydrate degradation region between 250 — 400 °C (T4 = 314 °C),
indicating starch (including amylose and amylopectin) as the main component. As the MW
treatment temperature increased, this Tqvalue decreased, and a cellulose-related peak at T4 =
343 °C appeared in GPR-MW120, suggesting progressive starch loss at higher MW

temperatures.

For CR-derived and ThB-derived samples (Figure 3.49C and 3.49D), the carbohydrate
degradation region exhibited a cellulose-related peak at Tq = 339 °C and 347 °C, respectively.
Apart from mass loss associated with moisture evaporation and carbohydrate decomposition,
a further mass loss observed between 400 and 500 °C was attributed to the presence of lignin,
indicating that lignocellulosic materials constitute the major components of these samples.
Furthermore, additional minor mass losses were detected in the CR-derived samples at
approximately 130 - 160 °C and 460 - 500 °C (Figure 3.49C; yellow regions), which may be
associated with the thermal degradation of calcium oxalate. The first transition, occurring
between 130 and 160°C, corresponds to the release of tightly bound water (Equation 3.1), while
the following mass loss from 460 to 500 °C is attributed to the decarbonisation of calcium
oxalate (Equation 3.2).%%%%% However, literature reports indicate that CO was detected along

with CO,, which may result from the disproportionation of CO (Equation 3.3).%3°

CaC,0, - nH,0 > CaC,0, + nH,0 (Equation 3.1)
CaC,0, > CaCO; +CO (Equation 3.2)
2CO > C+CO, (Equation 3.3)
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Interestingly, DFC-GP60 exhibited a main T4 at 359 °C, accompanied by a shoulder
peak at 323 °C (Figure 3.49A), while DFC-CR80 and DFC-ThB80 showed the main T4 at 358
and 363 °C, respectively (Figure 3.49C and 3.49D). The higher T4 is attributed to crystalline
cellulose, whereas the shoulder likely reflects the presence of residual carbohydrates,
specifically starch in DFC-GP60, or amorphous cellulose. This observation agrees with the
literature that amorphous hemicellulose, starch, and cellulose could not be completely
remove under the MHT conditions below 200 °C,”* although this work applied double MW
treatment to produce DFC-GP60. In addition, the DFC-GP60, DFC-CR80 and DFC-ThB80
samples exhibited improved thermal stability compared to commercial CMC (T4 = 340 °C).
This enhanced stability corresponds well with the increased crystallinity index (Crl)

reported in section 3.2.3.4.

3.2.4.6. Water-holding capacity (WHC) and hydrogel formation

Water-holding capacity (WHC) values of GP-derived, CR-derived, and ThB-derived
samples are summarised in Table 3.29. Native GP (3.90 g/g), CR (5.02 g/g) and ThB (6.41 g/g)
revealed the lowest WHC values within their groups. Conventional water extraction slightly

increased the WHC values of GPR-W (8.80 g/g), CRR-W (6.23 g/g), and ThBR-W (7.82 g/g).

MAE (60 — 120 °C) facilitated the removal of tightly packed starch in GP-derived
samples, as evidenced by SEM images (Figure 3.43), thereby increasing surface area and
enhancing WHC, reaching up to 14.01 g/g. Subsequent MHT reprocessing at 160 °C for DFC
production further promoted the removal of amorphous components and cellulose
defibrillation (Figure 3.43), resulting in a further increase in surface area and WHC (DFC-

GP60; 17.33 g/g).

In contrast, MAE and MHT reprocessing at 160 °C slightly improved the WHC of CR-
and ThB-derived samples, with maximum AWHC values of 1.41 g/g and 1.79 g/g,
respectively. This limited improvement can be attributed to the presence of lignin, a
hydrophobic biopolymer tightly associated with cellulose fibres (as indicated by solid state
8C NMR; Figure 3.48), as well as calcium oxalate salts, which are highly insoluble in water
(as evidenced by pXRD; Figure 3.46). These components hinder hydrogen bonding between
water molecules and cellulose fibrils, resulting in lower WHC values compared with GP-
derived samples. However, further treatment, such as acid washing or chelation, could
promote demineralisation of the CR- and ThB-derived samples, potentially improving their

WHC and gel-forming ability.
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Table 3.29. Water-holding capacity (WHC; g/g) of GP-derived,

CR-derived and ThB-derived samples

Sample WHC (g/g)

GP 3.90 +0.25°
GPR-W 8.80 £ 0.42"
GPR-MW60 10.84 + 0.568
GPR-MW80 11.26 + 0.508
GPR-MW100 13.65+0.15"
GPR-MW120 14.01 £ 0.52"
DFC-GP60 17.33+0.12'
CR 5.02+0.12°
CRR-W 6.23 +0.23¢
CRR-MW60 5.95+0.32°
CRR-MW80 6.38 £ 0.20¢
DFC-CR80 6.43 £ 0.26¢
ThB 6.41 +0.43¢
ThBR-W 7.82+0.28°
ThBR-MW80 7.60+0.48°
DFC-ThBR80 8.20 £ 0.37°

Values are presented as mean + SD (n = 3). Letters indicate the significant differences (p <

0.05).

Given the relatively high WHC of GP-derived, CR-derived, and ThB-derived samples,
a hydrogel inversion test was conducted to evaluate hydrogel formation at concentrations
of 2.5 wt.%, 5.0 wt.%, and 7.5 wt.%. GPR-W, GPR-MWG60 and GPR-MW80 formed stable
hydrogels at a concentration of 7.5 wt.%, while GPR-MW100, GPR-MW120 and DFC-GP60

achieved hydrogel formation at a lower concentration of 5.0 wt.% (Figure 3.50).

These results correlate well with the WHC results (Table 3.29), where higher WHC
values enabled hydrogel formation at lower material concentrations. In addition, hydrogel
formation of GPR samples is likely due to starch gelatinisation at 30 °C, the hydrogel
formation temperature employed in this study. GPR-W, GPR-MW60 and GPR-MW80

required higher concentrations (7.5 wt.%) to form hydrogels, which is consistent with their
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lower WHC values (8.80 - 11.26 g/g). This could be attributed to the presence of crystalline
starch with strong internal hydrogen bonding, as evidenced by pXRD patterns (Figure 3.46)

and the presence of intact starch granules observed in SEM images (Figure 3.43).

In contrast, higher MAE (100 — 120 °C) and MHT reprocessing at 160 °C reduced
crystalline starch crystallinity (pXRD; Figure 3.46) and enhanced cellulose defibrillation
(SEM images; Figure 3.43). These structural changes facilitated starch gelatinisation and
promoted hydrogen bonding between defibrillated cellulose and water, enabling hydrogel
formation at a lower concentration of 5.0 wt.% in GPR-MW100, GPR-MW120, and DFC-
GP60. However, due to the presence of non-polar compounds and fatty acids in native GP,
CR and ThB (section 3.2.2), as well as the presence of lighin and calcium oxalate salts in

CR- and ThB-derived samples, inhibited effective hydrogel formation. As a result, these

wt.%.

ot M0
L)
DFC-GP60
5%

materials were unable to form stable hydrogels at concentrations ranging from 2.5 - 7.5
GPR-MW100
5%

v Dy L
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7.5% 7.5% 7.5% 5%

Figure 3.50. Hydrogel forming of GP-derived samples.

3.2.5. Recovery of ginger starch from acid-free microwave-assisted derived

hydrolysates (Objective A2 (v))

Ginger is well known as one of the starchy plants. In this section, insoluble matter (GPI) and
soluble starch (GPS) were recovered from extruded ginger pomace (GP) hydrolysates
obtained from acid-free conventional water extraction (50 °C, 2 h) and microwave-assisted
extraction (MAE; 60 - 120 °C). GPIl was obtained by centrifugation of stainless steel-mesh
(150 um) filtered GP hydrolysates, while GPS was recovered from GPI- and protein-free
hydrolysates by ethanol precipitation. The recovered fractions were subsequently dried,
weighed, and characterised in terms of yield and physicochemical properties to evaluate
the influence of extraction method and temperature on starch recovery. However, starch is

not a major component of lignocellulosic plants such as coriander and Thai basil roots.
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Therefore, this section does not address starch recovery from extruded coriander and Thai

basil roots.

3.2.5.1. Starch yield

Starch yield, including both insoluble matter and soluble starch, is summarised in
Table 3.30. Insoluble matter (GPI) obtained by water extraction as the control (GPI-W)
accounted for 27.48 wt.%. With increasing microwave-assisted extraction (MAE)
temperature (60 - 120 °C), GPlyield initially increased, reaching a maximum of 31.88 wt.%

at 80 °C, and then decreased to 14.13 wt.% at 120 °C.

In contrast, soluble starch (GPS) was not recovered from either water extraction or
MAE at 60 °C. GPSyield began to increase at an MAE temperature of 80 °C (GPR-MW80; 2.33
wt.%) and rose substantially to 37.09 wt.% at 120 °C (GPR-MW120). The inverse relationship
observed between GPS and GPlyields at higher MAE temperatures may be attributed to the
microwave-induced transformation of ginger starch granules from a semi-crystalline,
water-insoluble form to a more soluble form. This structural transformation, evidenced by
surface cracking and granule disruption in SEM images of GPR samples (Figure 3.43). The
phenomena have been well explained by Hu et al., in which the polar molecules of starch
directly absorb the MW radiation, resulting in rapid molecular rotation and frictional
heating, which subsequently induces surface cracking of starch granules.®*” In addition,
changes in crystalline structure associated with semi-crystalline starch granules were also

observed and are further discussed in Section 3.2.5.3.

Table 3.30. Yield of GP insoluble matter (GPI) and soluble starch (GPS).

GPIl sample Yield (wt.%) GPS sample Yield (wt.%)
GPI-W 27.48 + 3.87° GPS-W -
GPI-MWe60 28.06 £ 5.42° GPS-MW60 -
GPI-MW80 31.88 £6.09° GPS-MW80 2.33+0.32*
GPI-MW100 28.44 = 4.00° GPS-MW100 9.32£0.86°
GPI-MW120 14.13+2.63° GPS-MW120 37.09 £ 0.48°

Values are presented as mean * SD (n = 3). Letters indicate the significant differences (p <

0.05).
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3.2.5.2. ATR-IR spectroscopy analysis

Figure 3.51 show the physical appearance and ATR-IR spectra of GPl and GPS. All
samples exhibit characteristic IR absorption bands associated with carbohydrates, which
are consistent with starch-related functional groups.?'®%' The broad band observed at
approximately 3300 cm™ corresponds to the stretching vibration of -OH groups. Peaks at
2920 cm™ and 1640 cm™ are attributed to the -CH stretching and -OH bending vibration,
respectively. In addition, the stretching vibration of C-O-C glycosidic bonds is evidentin the
region of 990 — 1020 cm™, further confirming the starch-based nature of both GPl and GPS

samples.’®32

With increasing microwave (MW) processing temperature, a noticeable shift in the
C-O-C-related absorption peak from 994 to 1014 cm™was observed in GPl samples (Figure
3.51A). This shift is indicative of structural changes within the starch components,
particularly in relation to double-helix ordering. The absorbance ratio at 995/1022 cm™ is
commonly employed to quantify the degree of double-helix structure in starch systems.?'®
The calculated degrees of double-helix structure for GPl and GPS samples are summarised
in Table 3.31. Increasing MW temperature resulted in a reduction in double-helix content
for both fractions, with GPI consistently exhibiting a higher degree of double-helix structure
than the corresponding GPS samples. The reduction in double-helix structure with
increasing MW temperature indicates decreased molecular ordering, associated with the
crystalline structures of starch granules. These findings are in good agreement with the
pXRD results discussed in Section 3.2.5.3, further confirming the loss of starch crystalline

structures at elevated MW temperatures.

Table 3.31. Structural constituents of GPl and GPS samples.

GPIl sample Degree of double = GPS sample Degree of double
helix® helix®
GPI-W 1.12 GPS-W -
GPI-MW60 1.1 GPS-MW60 -
GPI-MW80 1.02 GPS-MW80 0.93
GPI-MW100 1.02 GPS-MW100 0.79
GPI-MW120 0.97 GPS-MW120 0.87

2Absorbance ratio of IR bands at 995 and 1022 cm™ (995/1022). Values are presented as
single measurements (n = 1); therefore, no statistical comparison among samples was
performed.
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Figure 3.51. ATR-IR spectra of GPI (A) and GPS (B) samples; Inset pictures show the
physical appearance of GPl and GPS.
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3.2.5.3. Powder X-ray diffraction (pXRD) analysis

GPIl samples displayed crystalline peaks at 11.3°, 15.0°, 17.1°, 17.8°, 19.9°, 22.7°,
and 26.4° (Figure 3.52A), which can be attributed to the (111), (140), (131), (150), (103),
(132), and (142) crystalline planes of A-type starch, respectively.?**% As the MW treatment
temperature increased to 80 °C, the intensities of these starch-related diffraction peaks
gradually decreased and completely disappeared at 100 °C. No detectable starch
crystallinity was observed in GPI-MW120, indicating that the native crystalline structure of

starch was fully disrupted at MW temperatures of 100 °C and above.

In contrast, GPS samples exhibited a markedly lower degree of starch crystallinity,
characterized by weak diffraction peaks at 13.0° and 19.7° (Figure 3.52B). These peaks are
indicative of V-type starch, which consists of single-helical amylose complexes formed
through interactions with suitable ligands such as fatty acids, aroma compounds, or other
small hydrophobic molecules.?®*® V-type starch typically forms under ethanol-aqueous
conditions, which promote amylose-ligand complexation.®****! Moreover, amylose-ligand
complexes are widely applied as carriers for bioactive compounds, flavours, and lipophilic
nutrients.®*3%° Consequently, the presence of V-type starch in GPS samples suggests
potential applications in functional foods, encapsulation systems, and starch-based

biodegradable materials.

3.2.5.4. Thermogravimetric analysis

Thermogravimetric analysis (TGA) and its derivative (dTG) for GPI and GPS samples
are presented in Figure 3.52C and 3.52D. All samples exhibited a major mass loss between
250 - 350 °C, corresponding to the thermal degradation of starch. For comparison,
commercial amylose and amylopectin showed characteristic thermal degradation ranges
of 245 - 345 °C (T4 =296 °C) and 290 - 335 °C (T4 = 309 °C), respectively (see Appendix 18).
Both GPl and GPS samples exhibited higher degradation temperatures (Tq ® 315 °C),
indicating greater thermal resistance compared with the commercial starches. With
increasing MW treatment temperature, a slight decrease in Tq was observed, which may be
associated with the loss of crystalline structure at elevated MW temperatures. These

findings are consistent with the pXRD results discussed in Section 3.2.5.3.
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Figure 3.52. pXRD diffractograms of GPI (A) and GPS (B) samples, TGA and dTG
thermograms of GPI (C) and GPS (D) samples.

3.2.5.5. Determination of amylose and amylopectin content.

Amylose content plays an important role in determining functional properties of
starch such as gel strength and gelatinisation temperature.®*? Amylose and amylopectin
contents in GPl and GPS samples were determined through the formation of iodine-starch
complexes in an alkali medium.?'® The amylose-iodine complex produced a characteristic
blue colour, whereas the amylopectin-iodine complex exhibited a purplish-red colour,
which is attributed to the higher degree of branching and larger molecular weight of

amylopectin.?'®

As shown in Table 3.32, conventional water extracted GPI (GPI-W) contained
48.85% of amylose and 52.89% of amylopectin. However, amylose content in GPI-W was
significantly higher than 31.16% reported for isolated fresh ginger starch,**? which may be

attributed to differences in pretreatment and extraction methods.

Amylose content in GPI samples decreased from 39.12 to 23.66% (GPI-MW60 to

GPI-MW120) with respect to the increasing MW temperature. This could be because MW
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radiation facilitated surface cracking of starch granules, thereby releasing amylose, water-
soluble starch, into aqueous phase. Therefore, the water-soluble starch (GPS) samples
exhibited higher amylose contents, ranging from 41.85% to 46.70%, compared with the GPI
samples at the same MW treatment temperatures. This elevated amylose content is
consistent with the pXRD results, which revealed the presence of V-type starch, single-

helical amylose complexes, in the GPS samples (Section 3.2.5.3).

Table 3.32. Starch content and its purity in GPl and GPS samples.

Sample Amylose content® (%) Amylopectin content?® (%)
GPI-W 48.85 = 0.99¢ 52.89 +1.00°
GPI-MW60 39.12+0.25° 61.29 +0.25°
GPI-MW80 33.09 £ 0.46° 68.19 £ 0.46°
GPI-MW100 24.91£0.33° 75.25+0.33°
GPI-MW120 23.66 £0.13° 76.71£0.13f
GPS-MW80 46.70 = 0.22f 53.43+0.22°
GPS-MW100 46.65 = 0.66' 53.69 £ 0.67°
GPISMW120 41.85+0.43° 58.13 £ 0.44°

@ Estimated from colorimetric lodine-complex assay.?'*Values are presented as mean = SD

(n = 3). Letters indicate the significant differences (p < 0.05).
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4.1. Conclusions

Based on the results reported and discussed, this thesis successfully demonstrates
the valorisation of renewable biomasses e.g. blackcurrant pomace (BC), extruded ginger
pomace (GP) and extruded aeroponically grown coriander (CR) and Thai basil (ThB) roots
into biobased chemicals and materials via green technologies. Significant new knowledge

has been created and disseminated via the following peer-reviewed publications.

1. Inthalaeng, N.; Gao, Y.; Remdn, J.; Dugmore, T. I. J.; Ozel, M. Z.; Sulaeman, A.;
Matharu, A. S. Ginger Waste as a Potential Feedstock for a Zero-Waste Ginger
Biorefinery: A Review. RSC Sustainability 2023, 1 (2), 213-223.
https://doi.org/10.1039/d2su00099¢g. (Impact factor, 4.9).

2. Inthalaeng, N.; Barker, R. E.; Dugmore, T. I. J.;; Matharu, A. S. Microwave-Assisted
Production of Defibrillated Lignocelluloses from Blackcurrant Pomace via Citric
Acid and Acid-Free Conditions. Molecules 2024, 29 (23).
https://doi.org/10.3390/molecules29235665. (Impact factor, 5.3).

3. Inthalaeng, N.; Dugmore, T. . J.; Matharu, A. S. Production of Hydrogels from
Microwave-Assisted Hydrothermal Fractionation of Blackcurrant Pomace. Gels
2023, 9 (9). https://doi.org/10.3390/gels9090674. (Impact factor, 4.6).

4. Inthalaeng, N.; Dugmore, T.1.J.; Matharu, A. S. Repurposing of Blackcurrant Pomace
via Microwave-Assisted Hydrothermal Fractionation into pH-Sensitive Films. ACS
Sustain Chem Eng 2025, 13 (34), 13988-14002.
https://doi.org/10.1021/acssuschemeng.5¢05240. (Impact factor, 7.3).

4.1.1. Valorisation of blackcurrant pomace

This section explored the valorisation of blackcurrant pomace through three processing
routes: (i) conventional solvent extraction to obtain lipids, phenolics, and anthocyanins; (ii)
conventional acid extraction and microwave-assisted hydrothermal treatment (MHT) to
produce pectin (BCP) and anthocyanin-containing hydrolysates (BCH) as by-products; and
(iii) MHT of depectinated residues to generate defibrillated cellulose (DFC) and its bleached
derivative (BDFC). The resulting fractions, including BCP, BCH, and bleached DFC,
originating from blackcurrant pomace were subsequently combined with sodium alginate
to demonstrate their potential application in pH-responsive films. The overall conclusion is

summarised in Figure 4.1.
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Figure 4.1. Diagram of the blackcurrant pomace valorisation process.

The findings show that blackcurrant pomace can be successfully separated into BCPs
and DFCs through acid-free MHT and acid-assisted extraction. The resulting BCPs exhibited
a low degree of esterification (16.6-21.4%) and retained antioxidant activity, as well as
phenolics and anthocyanins. MHT at < 140 °C found to be more suitable and selective for
BCP extraction than acid extraction, as no detectable protein was present in the resulting
pectin. Furthermore, BCPs produced via MHT contained higher galacturonic acid content

compared with those derived from citric acid extraction.

The DFCs derived from acid-free microwave-assisted and/or acid processing yielded
lignocellulosic materials with different physicochemical properties, in which acid-derived
DFCs exhibited smaller size, lower crystallinity and lower thermal stability compared to
MW-DFCs. Interestingly, crystalline xylans were detected in acid-derived DFC, identified by
3C CP/MAS NMR, pXRD and residue xylose via carbohydrate analysis, which showed higher
xylose content and signal intensity than MW-DFCs. This suggests that acid treatment
promotes hydrolysis of xylan side chains, reducing their water solubility and driving self-
assembly into ordered structures. These findings support the conclusion that MHT at
moderate temperatures (100-160 °C) effectively prevents xylan self-assembly, offering an

advantage for controlled carbohydrate polymer fractionation in biomass.
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Both processing methods produced DFC materials with water-holding capacity but

lacked the ability to form a hydrogel. Through further bleaching of the DFC using H,O, under
alkaline conditions, their water-holding capacity (WHC) was significantly enhanced. The
bleached samples can hold water at a rate of up to 10.9 g H,O/g sample, which is twice the
capacity of the unbleached samples (up to 5.6 g H,O/g sample). Additionally, the bleached
samples display stable hydrogel formation at a concentration of 5% w/v for acid-free MHT
derived samples, and at 7.5% w/v for acid-derived samples. The viscoelastic, shear-
thinning and time-dependent behaviours observed in bleached DFC gels indicate their

potential for applications in food, pharmaceuticals, and cosmetics.

Conventional solvent extractions, including heptane, ethanol, ethanol-water
extraction, were evaluated to compared with BCH. Among all extractions, heptane showed
the selectivity for non-polar compounds, yielding primarily palmitic acid, linoleic acid, and
tetracosane. Ethanol extracted a broader range of components, including sugars,
phenolics, anthocyanins, and fatty acids. Fatty acid ethyl esters were also detected, likely
due to esterification between fatty acids and ethanol. Further purification of the ethanol
extract with ethyl acetate improved the separation of lipid-rich and anthocyanin-rich
fractions. Both ethanol-water extract (ETW) and BCH contained predominantly polar

constituents, such as phenolics, anthocyanins, citric acid, and sugars.

Ethanol-water extraction demonstrated greater selectivity for anthocyanins than MHT
and acid-assisted extraction, with ETW exhibiting a total anthocyanin content (TAC) twice
that of BCH (15.32 mg C3G/g for ETW vs. 7.22 mg C3G/g for BCH-M1). In contrast, BCH
displayed stronger antioxidant activity than the solvent extracts, and MHT showed
increasing selectivity for phenolic extraction with temperature, reaching a total phenolic
content of 195.54 mg GA/g at 140 °C (BCH-MS3). Four major anthocyanins, which are
delphinidin-3-glucoside (D3G), cyanidin-3-glucoside (C3G), delphinidin-3-rutinoside
(D3R), and cyanidin-3-rutinoside (C3R), were identified in both solvent extracts and BCH by
HPLC-DAD-MS/MS. The rutinoside forms dominated in solvent extracts and BCH obtained
from MHT and citric acid extraction; however, D3G and C3G became dominant in BCH-H,

likely due to HCl-driven hydrolysis of the rhamnose-glucose linkage in rutinosides.

Among all evaluated extraction conditions, BCH-M1 is recommended for anthocyanin
recovery, as it yields high TAC without the need for mineral acids or organic solvents and
responds well to both acidic and basic pH, comparable to the ETW control. Therefore, BCH-

M1 is the most suitable MHT-derived hydrolysate for pH-responsive applications.
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The integrated MHT at 100 °C successfully yielded anthocyanins (ACN), BCP, and DFC

from blackcurrant pomace, with each component functionally involved in the final film
products. The blending of ACN, BCP and DFC derived from blackcurrant pomace within a
NaAlg matrix can produce pH-sensitive biobased films for potential food applications.
These colorimetric films can detect NH; as a proxy for food freshness monitoring. Their
antifogging properties, supported by high water vapour permeability (WVP), make them
especially suitable for packaging highly perishable produce. Rheological studies revealed
that NaAlg-BCP50 exhibited the most solid-like behaviour, highest recovery, and highest
tensile strength among all NaAlg-BCP films, making it potential for applications requiring
structural integrity under stress. However, for a wider range of commercial applications the
tensile strength of the prepared films based on NaAlg needs to be improved and the oxygen
permeability and barrier properties need to be explored. By leveraging blackcurrant
pomace-derived components, the study highlights a sustainable approach to reducing food
waste, enhancing food safety and committing to responsible production and consumption.
Moreover, the feasibility of using blackcurrant pomace as a multifunctional raw material is
demonstrated using microwave-assisted hydrothermal treatment, which consumes less
time and energy than conventional extraction methods, offering a more environmentally

friendly alternative.

4.1.2. Valorisation of extruded ginger pomace, extruded aeroponically

grown coriander and Thai basil roots

This section examined the valorisation of extruded ginger pomace (GP), extruded
aeroponic coriander (CR), and Thai basil (ThB) roots through green fractionation
approaches. These included supercritical CO, extraction, microwave-assisted extraction
(MAE) of proteins and starch, and microwave hydrothermal processing to produce
defibrillated cellulose (DFC). Figure 4.2 concludes the overall valorisation and fractionation
pathways applied to GP, CR, and ThB, yielding lipids, essential oils, proteins, starch, and
DFC.

Supercritical CO, using 10% ethanol as a co-solvent proved effective for selectively
recovering essential oils from GP, characterised by a high content of zingerone and shogaol
derivatives and a low proportion of fatty acids. In contrast, the same extraction conditions
preferentially recovered fatty acids and long-chain hydrocarbons from CR and ThB,

highlighting the feedstock-dependent selectivity of supercritical CO, extraction.
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Subsequent MAE of the oil-/fatty-acid-free residues enabled further fractionation

into protein and starch fractions, with starch recovered only from GP. MAE conducted at
temperatures below 100 °C was suitable for protein extraction across all feedstocks. Based
on extractionyield and protein content determined by the Bradford assay, 60 °C was optimal

for protein extraction from GP, while 80 °C was more suitable for CR and ThB.

3 i
- Aeroponic root

.. wastes

—

DS ~ \\i_g-.\

Water extraction
MHT

scCO, Oil-free
extraction residue

Residues

Hydrolysates

Essential |

Figure 4.2. Diagram of the valorisation processes for ginger pomace and aeroponic root
wastes. Products obtained from ginger pomace and aeroponic root wastes are shown in
green boxes, while yellow boxes indicate products derived exclusively from ginger
pomace.

Starch recovered from the GP MAE hydrolysate consisted of insoluble starch (GPI)
and soluble starch (GPS) fractions. GPl was the only starch fraction obtained under MAE at
60 °C and under conventional water extraction conditions (50 °C), exhibiting a high amylose
content of up to 48.85%. As MAE temperature increased (up to 120 °C), GPI yield and
amylose content decreased, while GPS yield increased and exhibited high amylose content
(up to 46.70%). This behaviour is attributed to microwave irradiation promoting surface
cracking and disruption of the crystalline structure of starch granules, as evidenced by SEM
and pXRD analyses, thereby facilitating the release of amylose and water-soluble starch

into the aqueous phase.

pXRD analysis further revealed a crystallinity transformation from A-type starch in
GPI to V-type starch in GPS, suggesting that MAE at temperatures = 80 °C promoted the
formation of amylose-ligand complexes. V-type starch is widely recognised for its
applications as an encapsulation matrix for bioactive compounds, flavours, and lipophilic
nutrients. Accordingly, the presence of V-type starch in GPS indicates strong potential for
applications in functional foods, encapsulation systems, and starch-based biodegradable
materials. In addition, both GPl and GPS exhibited higher thermal stability (Tq = 300-315 °C)

compared to commercial potato starch (amylopectin T4 = 309 °C; amylose T4 = 298 °C;
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Appendix 20), further supporting their suitability for advanced material and food

applications at high temperature.

The DFCs produced via acid-free MAE followed by MHT reprocessing of GP, CR, and
ThB yielded lignocellulosic materials with water-holding capacity (WHC). Among them,
DFC-GP60 exhibited the highest WHC (17.33 g/g), substantially exceeding those of DFC-
CR80 (6.43 g/g) and DFC-ThB80 (8.20 g/g). Consistent with this behaviour, DFC-GP60
demonstrated the ability to form a stable gel at 5%w/v, whereas DFC-CR80 and DFC-ThB80
did not exhibit gelation within the investigated concentration range (2.5 - 7.5%w/v). Solid-
state '*C CP/MAS NMR finding indicated higher lignin contentin DFC-CR80 and DFC-ThB80,
as evident in higher lignin signal intensities. In addition, pXRD analysis revealed
pronounced crystalline calcium oxalate dihydrate in DFC-CR80 and DFC-ThB80, suggesting
that the combined presence of lignin and inorganic crystalline phases may hinder hydrogel
formation. All DFCs showed enhanced thermal stability and crystallinity relative to their
native counterparts, with degradation temperatures ranging from 358 to 363 °C and
crystallinity indices between 28.4 and 32.8%. Collectively, these findings highlight DFC-
GP60 as the most promising candidate for hydrogel-based applications, while DFC-CR80
and DFC-ThB80 demonstrate potential for high-temperature and structurally robust

material applications.

4.2. Future Work

Because of time limitations and availability of equipment, several ideas could not
be fully explored to enhance the quality of this work. The following section discusses these

ideas as potential future work.

4.2.1. Supercritical CO, extraction

In this study, supercritical CO, extraction was conducted under a single condition
(10% ethanol co-solvent, 350 bar, 35 °C, 2h) to extract essential oils and fatty acids from the
extruded ginger pomace (GP) and the extruded aeroponically grown coriander (CR) and Thai
basil (ThB) roots. Preliminary results showed that within the same extraction condition, fatty
acids and long-chain hydrocarbons was preferentially recovered from CR and ThB, while
essential oil with high content of zingerone and shogaol was predominantly extracted from
GP. Thus, exploring a wider range of extraction parameters such as pressure, temperature,
CO:; flow rate, and the use of co-solvents, could significantly improve extraction efficiency
and selectivity. Future studies should investigate the effect of these variables to optimise

yield, and composition of the extracted compounds.
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In addition, the scCO, extracts may contain variations in phenolics, fatty acids, and

pigments, which could exhibite antioxidant activity. Therefore, further evaluation of the
antioxidant properties of these extracts is recommended to assess their potential

applications as functional food ingredients or natural antioxidant agents.

4.2.2. Further characterisation of extracted protein

The characterisation of extracted proteins from GP, CR and ThB was limited in this
study. Additional analyses, such as sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) and protein composition analysis using a protein analyser,
would allow for a better understanding of molecular weight distribution and amino acid

profiles.

Furthermore, evaluation of functional properties, including antioxidant activity,
solubility, emulsifying capacity, foaming ability, and thermal stability, would help assess the
suitability of these proteins for industrial food and pharmaceutical applications,
particularly in the growing demand for plant-based proteins. In addition, ginger proteins are
known to exhibit enzymatic properties and bioactivities. Therefore, future work should
include catalytic activity measurements and bioactivity assays to further investigate the

functional potential of ginger proteins derived from microwave-assisted extraction.

4.2.3. Properties testing of extracted polysaccharides: blackcurrant pectin

and ginger starch

The extracted polysaccharides in this study, namely blackcurrant pectin and ginger
starch, were obtained using microwave-hydrothermal treatment (MHT) at different
temperatures. Structural modifications were observed, including a reduced degree of
esterification in blackcurrant pectin and a crystalline transformation of ginger starch from
A-type to V-type. However, molecular weight distribution and comprehensive functional

property evaluations were not conducted.

Given the structural alterations induced by MHT, the functional properties of
blackcurrant pectin and ginger starch are likely to be affected. Therefore, future work should
include detailed characterisation of their molecular weight distribution, rheological
behaviour, gelling ability, emulsion stability, and digestive properties. Such investigations
would provide valuable insights into their suitability and potential applications in food,

pharmaceutical, and biopolymer-based industries.
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4.2.4. Carbonisation of extracted polysaccharides; blackcurrant pectin and

ginger starch, for production of Starbon-like materials

The extracted polysaccharides, specifically blackcurrant pectin and ginger starch,
exhibited structural changes under MHT, which may influence their gelation behaviour.
Future research could explore the potential of blackcurrant pectin and ginger starch gel as
precursors to produce mesoporous carbonaceous materials (Starbon) through
carbonisation by assessing the effects of carbonisation temperature and activation
conditions on porosity, surface area, and adsorption performance. This approach could
expand the valorisation potential of the extracted biopolymers for applications in catalysis,

separation, and environmental remediation.

4.2.5. Effect of inorganic minerals on the characteristics and properties of
defibrillated cellulose derived from aeroponically grown coriander

and Thai basil roots

Aeroponically grown coriander and Thai basil roots were cultivated in a nutrient mist
containing dissolved inorganic salts, typically including macronutrients such as nitrogen,
phosphorus, and potassium, together with micronutrients and secondary nutrients
including calcium, magnesium, and sulphur. As a result, residual inorganic minerals may
remain associated with the root biomass even after cellulose isolation and defibrillation. In
this study, highly crystalline calcium oxalate dihydrate was observed in the defibrillated
cellulose derived from aeroponically grown coriander and Thai basil roots, which likely
hindered the gel-forming ability of the resulting defibrillated cellulose. These inorganic
constituents may also influence the physicochemical characteristics of the material during
processing. In particular, mineral species can alter local heat transfer and may affect
microwave-assisted treatment through interactions with bound water and ionic
polarisation, although calcium oxalate dihydrate itself is not considered a highly efficient
microwave absorber. Therefore, future work should investigate the effect of
demineralisation pretreatments prior to defibrillation. Treatments such as dilute acid
washing or chelation may help remove residual inorganic deposits, including crystalline
calcium oxalate dihydrate, and could potentially improve fibrillation efficiency, water-

holding capacity, and gel-forming ability of the resulting defibrillated cellulose.
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4.2.6. Rheological properties of ginger pomace defibrillated cellulose

hydrogels

The rheological behaviour of ginger defibrillated cellulose hydrogels was not
investigated in this study. Future work should focus on characterising their viscoelastic
properties, including storage and loss modulus, yield stress, and shear-thinning behaviour.
Such analyses are essential for understanding the structural stability and flow behaviour of
the hydrogels, which are critical for their potential applications in food, biomedical, and

packaging materials.

4.2.7. Development of blackcurrant extracts pH-responsive film

Although blackcurrant extracts were incorporated into films, their practical
application was limited by the short stability of anthocyanins within the film matrix. Future
studies should investigate encapsulation strategies, such as microencapsulation or
nanoencapsulation, to improve anthocyanin stability and prolong functional performance.
Additionally, film formulations should be optimised to meet commercial standards,
including mechanical strength, barrier properties, and shelf-life requirements. Validation
using real food spoilage tests is also necessary to assess the effectiveness of the films as

intelligent packaging materials.

4.2.8. Scale-up for industrial applications

All experiments in this study were conducted at a laboratory scale. Future work
should focus on scaling up the extraction processes to pilot or industrial scale, while
evaluating process efficiency, energy consumption, economic feasibility, and
environmentalimpact, which would be essential forcommercialimplementation and could

contribute to the reduction and valorisation of food and agricultural waste.
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Appendix 1. Calibration curve of galacturonic acid (0-80 ug/mL) at 530 nm for uronic acid
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Appendix 2. Calibration curve of standard albumin (0-2000 ug/mL) at 595 nm for protein
determination in GR, CR, and ThB protein extracts using Bradford assay.
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Appendix 3. Calibration curve of standard amylose (0-1 mg/mL) at 720 nm for

determination of GR starch purity.
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Appendix 8. BCP-H solution at pH 1 (A) and pH 4 (B), and BCH-H solution (C).

224



Appendices

A

BDFC-C4

BDFC-C3

BDFC-C2

BDFC-C1

BDFC-H

0 170 160 150 40 10 120 110 100 % s N 6 N 4 0 20 10
11 (ppem)

Bleached DFC-M4

e e

Bleached DFC-M3

Bleached DFC-M2

Bleached DFC-M1

Appendix 9. Solid state *C CP/MAS NMR spectra of bleached acid-derived DFC (A) and
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Appendix 10. Mass spectroscopy and fragmentations of delphinidin-3-glucoside (D3G, A),
delphinidin-3-rutinoside (D3R, B), cyanidin-3-glucoside (C3G, C), cyanidin-3-rutinoside
(C3R, D).
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Appendix 11. Sugar analyses of ethanol-ethyl acetate-insoluble fraction (BCEt-F2),
ethanol-water extract (ETW)(A), acid-free BCH (B), and acid-derived BCH (C).
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Appendix 13. GC chromatogram and MS spectra of three major compounds identified in BCHt:
palmitic acid (A), linoleic acid (B), and tetracosane (C).
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Appendix 14. GC chromatogram and MS spectra of three major compounds identified in BCEt:
palmitic acid (A), palmitic acid ethyl ester (B), and mixtures of linoleic acid and its ethyl ester (C).

230



Appendices

Abundance Scan 440 (5.599 min). BC-El-F1-G1_040725 D\datams |

Intensity

— BCEt-F1

157.1185.1

iz
Abundance #129144. n-Hexadecanoic acid
0|
5000 1290
97.0
l J 157.0 18502130 2560
IR P
T T L LA T T Ll i e b | T T T T
mz--> 0 20 40 &0 80 100 120 140 160 180 200 220 240 260 280 300 320 340 350 350 400 420 440 460 480 500 520 540 560
A Abundance Scan 445 (5.628 min): BC-E1-F1-G1_040725.D\data.ms

840 B

120.1 1571
18542131 25622842

3131 3550 3932 423 1449.2475.0

Mz 0 20 40 60 B0 100 120 140 160 150 200 220 240 260 280 300 320 340 360 350 400 420 440 460 450 500 520 540

Abundance F158424; Hexadecanoic acid, ethyl ester
840
50004
550 o wre 2410 2840
2ol Bl | I Jomo |

00 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540
Abundance Scan 516 (6.034 min): BC-EVF1-G1_040725 Didatams i

C

2
o
3
53
23
L

5000:
3550 3033 4290 453.1490.1 5332 |
u ma-> Q29 40 €0 §0 100120 149 160 180 200 220 240 290 280 300 320 340 360 380 400 420 440 460 450 500 520 340
Abundance F154683: H(E). 11(E)}-Conjugated linoleic acid
L L L L L L L L L L L
35 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 835 9.0 9.5 10.0 0 '

230 2800
500 ye2 020002070 |
miz-> 0 20 40 60 80 100 120 140 160 160 200 220 240 260 260 300 320 340 360 360 400 420 440 460 450 500520 540

Time (min)

Appendix 15. GC chromatogram and MS spectra of three major compounds identified in BCEt-F1:
palmitic acid (A), palmitic acid ethyl ester (B), and mixtures of linoleic acid and its ethyl ester (C).
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Appendix 16. GC chromatogram and MS spectra of three major compounds identified in GP-oil: 4-(3-hydroxy-2-methoxyphenyl)-Butan-2-one (A), 1-(4-

hydroxy-3-methoxyphenyl)oct-4-en-3-one (B), and 1-(4-Hydroxy-3-methoxyphenyl) decane-3, 5-dione (C).
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Appendix 17. GC chromatogram and MS spectra of three major compounds identified in scCR extract:
palmitic acid (A), oleic acid (B), and oleamide (C).
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Appendix 18. GC chromatogram and MS spectra of three major compounds identified in scThB extract:
palmitic acid (A), heneicosane (B), and pentacosane (C).
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