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Abstract

Food drying is an essential process to extend product shelf life by water removal. In
complex food formulations, single ingredients might dry and rehydrate differently, based
on their microstructure and their interaction with water. In this context, hydrocolloids are
often used as gelling agents, thickeners and stabiliser to modulate the product properties.
This thesis aims to advance knowledge in food engineering, investigating the role of the
drying process on gellan gum gel microstructure and the subsequent rehydration from a
structural and molecular perspective.

This research shows, for the first time, the freeze-dried low acyl (LA) gellan gum, high acyl
(HA) and HA:LA mixture gel structures and their properties upon rehydration. The water
interaction with the gel structure is affected by the presence of acyl groups along the HA
gellan gum polymer chain. The rehydration rate was shown to be lower for HA gellan gum
and was not dependent on the polymer concentration.

In the second instance, the effect of the gel pH on the dried structure is studied as well as
the water re-absorption extent and rate. In this part, two drying methods, freeze- and
oven-drying, were performed.

Finally, a comparison of the three drying processes (freeze-, oven- and supercritical fluid
drying) is reported, proposing the effect on the molecular structure by investigation of the

disordered chain domains of the gel network.



As supercritical fluid drying requires a pre-treatment in alcohol, its effect on the gellan gum
network was investigated. It is shown how alcohols change the gellan gum configuration,
leading to a considerable variation in gel texture.

A novel supercritical fluid batch rig is also proposed, characterised by high process
flexibility and reduced set-up and energetic costs, and therefore particularly suitable for

small/laboratory-scale use.



Acknowledgments

This PhD represents a milestone in my life and my career, three unforgettable years that
have given me unique skills and an incredible personal enrichment. It has been possible
with the support and help of people that | consider special.

Firstly, | would like to thank my supervisors, Professor lan Norton, Dr Tom Mills and Dr
Valentina Prosapio for their guidance and support throughout my PhD. They believed in
me, reassuring me in difficult periods and motivated me to achieve the best results. They
welcomed me to the EPSRC Centre for Innovative Manufacturing in Food, which funded my
research and where | found great people.

Special thanks goes to Dr lan Hamilton and Dr Abigail Norton, whose support and
mentorship have been fundamental to overcome difficulties.

I will be always grateful to Lynn Draper, who welcomed me when | first arrived in
Birmingham, younger but less wise then now.

I would like to genuinely thank the entire Food Microstructure Group, in particular Ernesto,
Domenico, Matteo, Federico, Giuseppe, Carlotta, Benedetta, Gaia, Ramona and Fabio, who
made me feel a bit closer home. Thanks to Aris, Yadira, Ourania, loanna, Panos, Amir, Amy
Ellis, Chris, John, Richard, Zoe, Kilian, Emmanuelle and all the other friends | have in
Chemical Engineering. Big thanks to all my friends | found in Birmingham.

To my family, who on a daily basis give me their undivided love. | should write another
thesis to explain how important they are to me.

Generally, the most important acknowledgment is left at the end. | leave this “special slot”

to the person who loves me and always believes in me. Thank you Chiara!



Table of Contents

F Y o X 1 o ot S TSROSO P PR /
W Yol (Lo 2] [=o [ =3 0 £ =1 0 1 S P 1
TADBIE Of CONLENLS ...ttt ettt ste s te st et se e e e e s e s e s et ses e essesss s aasastaenessesseen v
Ly e ) A 1o 11 = TSSO XI
LISE Of TABIES ...t e et ettt sttt aas s eaeeteeteetestesse st s ssa s s s s sessassensesens XXI
Chapter 1. INtroduUcChion...............ccooooovieeeeeeee ettt 1
0 B o o 1= Tot d ole ] | 1<) g A OO PRSP YUPPPUPRPN 2
1.2 AIMIS ittt st saesaesa sae st sttt e e n e na e 3
1. 3 TRESIS STTUCTUIE ...t sttt sttt st s 4
1.4 Publications and preSentations..........c.ceeceveeeeeiveietee et se ettt et ste e e sn s aerae s 6
Chapter 2. LItErature reVI@W.................coooeeveeveeeeeeveee e es s en s en e 9
P20 R oo 18 ot o 1o FOR SO PPRP 10
A o Vo [ oYolo] | Fo 1 Tc L3OO O OO 10
D N 1= | =T o T =4 U] o o OO OO UU USSR 18

2.3 Drying mechanisms in the food iNAUSTIY.......ccccocveeevieeeerieieeese e 26
R T oY Cy 1Rl o 1 YT = U 30
2.3.1.1 Pre-treatments and fre@zZiNG......c..ecueeveeveviese ettt e s 32

2.3.1.2 Collapse tEMPEIratUIE......ccevveeeieiecee ettt et ste e e s e st et e et sae e 33



2.3.1.3 Primary dryiNg...ccceceeueeeieieeierietietietistest st st et et se e stestestestestssessss s e sessnsens 34

2.3.1.4 SeCONArY ArYiNG...ccvcceeeeeee ettt sttt e e e e e ettt ess s s sn s 38

B T A N[t o [ V1o V-SSP 39
2.3.2.1 Heat and mass transport mechanisms..........cocceceevveeieieininiicccese e 40

2.3.2.2 Drying kinetics and drying periods..........cccceevevevevieseesiscisiseseeeeerieins 42

2.3.2.3 VACUUM AFYINEG.utitierierieiierietiesirtissetetessaesestestestestestestessssssasessessessessssasssssens 46

2.3.3 Supercritical fluid teChNOIOGY.......cccoveveeee ettt 47
2.3.2.1 Supercritical fluid drying.......ccccovceveeeeeeeeeieeeee ettt 51

2.3.2.2 Supercritical fluid exXtraction..........ccoeevveieeeceese e 54

B B T 1Yo 1= - LS TSRS 59
SR 2 0= 1Yo [ = 4 Lo o VO USRS 61
2.6 CONCIUSIONS....coeeitiiei ettt sttt s ettt et s sae st e ss s 62

Chapter 3. Investigation of freeze-dried gellan gum structure: effect of gel

FOrMUIQTION..........oooe st st 64
3L INEFOAUCTION. ...ttt sttt st e 65
3.2 Materials and MethOds..........cooveiriiiieiiee et 67
3.2.1 Gel PreParatioN.....ccccceeceeceeceieeietteceecte et et eettee e steere e esreesses e b stesbesresnsnnens 67
3.2.2 Molecular interactions: UDSC and FTIR........ccecceveeeeveirteerrereeceeceesrecveerenens 68
3.2.3 TeXtUIE @NAIYSIS..ccviieeierreriiiestecreceetiereetie e stesre e esteeseesseessssrsssessesassssssseesas 69
3.2.8 FrE@ZE-AIYiNG...ueesveerecteceeeeierietiectestecteee et ses e e rssvessestssssessessessssssessesssesrssnsens 70
3.2.5 Normalised Moisture Content (NMC) and water activity.........ccoeevervevenens 71
3.2.6 Drying MOIING....cveveeiesrecteceeeeertete ettt et e ste e e ses e e s e saeens 72



3.2.7 IMlICTOSCOPY..ceuueeeueetieueeeirastiesete et eeuteste et tea st et esesste st e stesse e eessessse st seaneesananssen 73

3.2.8 Static contact angle and wettability..........ccevvevevvvvveceeceeee e 74

3.2.9 Rehydration and SWEIlING........cccceeerueieeieieieiieeistst ettt 74

3.2.10 Rehydration MOdelliNg.........cceeveeeerueieieieietet ettt 75

3.2.00 SUBAI FElEASE...c.eeeeeeeete ettt e ettt sttt ssaestestestessesns e s 75

3.2.12 Sugar release MOdelliNg.......c.eveiviveerrierisiee ettt e 76

3.2.13 Statistical @NalYSiS......ccceeveee e e 77

3.3 ReSUIES @Nd diSCUSSION.......oviieiiiciititce sttt 78
3.3.1 Investigation of LA/HA freeze-dried structure.........ccocevevveeverveerevecrereenenn, 78

G T I A Y o T oY= OSSR 78

3.3.1.2 Freeze-dried STrUCTUe........ccccueviveererierce e s 87

3.3.1.3 Rehydration and sWelliNg.......ccceecevveveieiecceee e 91

3.3.1.4 HA/LA gellan MiXEUIE.......coceeveueviereeeteceeeeetee et eeveee et ssen e 99

3.3.2 Investigation of freeze-dried structure with mannitol or sucrose............ 105

3.3.2.1 Gels before freeze-drying.......ccccueevveeeeveeeevvecieseeseeeeceeeriesveseesns 105

3.3.2.2 Freeze-dried BeIS.....c.wuurveeretieeeeee e eeeevetesesteste e e sev e e 114

3.3.2.3 Rehydration and 1€aChing..........ccevevevevevemeere e, 123

3.4 CONCIUSIONS...cociriieeit ettt sttt sttt s st s st ettt s en e een 130

Chapter 4. Acidified/basified gellan gum gels: the role of the structure in

drying/rehydration ..............covoueeieecceeeeeeceeeeee vt 132
o R [N d oY [ Lot o o PR 133
4.2 Materials aNd METNOUS. ......oocvvveeeieee ettt eette s setes st tee sttt aves st aesssessssesssssesas 135

\



4.2.2 Gel Preparation....... ..o veeesee sttt ettt sttt 135

4.2.2 2t POLENTIAL..coveeeeeeeee ettt ettt 135
4.2.3 TEXTUIE @NAlYSiS..cccveesiesiesiesiesieiecis et e e et ettt ettt st st sss s s snsanaansansaeens 136
4.2.4 POSt-8elation EXPOSUIE.......cvveieeieeitieititestet et ste st ste sttt sss e e e e s s 136
4.2.5 Molecular interactions: UDSC and FTIR.......ccccvevveveveeeveseseseeieieiierins 136
4.2.6 FIrEEZE-AIYiNG. ..o sveeeeeeeieeietietietiet ettt et st st et e eesaeetestestestesssstssssssssnssessenans 136
L A O A=Y o Yo [ V7 oV - 136
4.2.8 Moisture content analysiS......ccceveveeiecirsiese sttt s 137
4.2.9 Micro computed microSCOPY (HCT) vovverevreeeeereeeeeeee e e ee e e 137
oy L I Y=Y 1Yo [ | A o o 1O USRS 137
4.2.11 Statistical @NalYSiS....cccceveeeeeeeieeiee ettt et 138
4.3 ReSUItS and diSCUSSION.......c.uivirieiiriiietie ettt sttt st 138
4.3.1 Effect of pH on gel structure and mechanical properties.......cccceverveue.e. 138
4.3.2 Gel drying and rehydration .........ccccoeeeeeeeereeicieciesee et 152
B4 CONCIUSIONS. ...ttt st st s st s e sttt s s s st eae e eneas 161

Chapter 5. Gellan gum dried gel structure: molecular and macroscopic

INVESTIZATIONS..........ooi ettt st ra e 162
70 B 1 oo 18 ot o o FOO SRS S 163
5.2 Materials and Methods..........covveieireeeece e e s 167
5.2.1 Gel preparation and solvent pre-treatment for sCO,-drying.................... 167
5.2.2 FrEEZE-AIYiNGeuecieieseeereeeeevietietetesteste e vt vesse e stestesveerssssesaessessnsenssesssons 168
5.2.3 OVEN AFYING worveetecrecteceeeeieteetie e steste e et ses et e e stesseesessssseessessessssssessessesassssens 168

\ll



I A ol (@ o [ Vi o = OO TSP 168

5.2.5 Moisture content and water actiVity.......ccocceveveveveeseesissiesescee e 169
5.2.6 Microstructure characterisation..........c..cceeoevreininecesecerece e 170
5.2.7 Molecular interactions: UDSC and FTIR.........ccoeceveveeveesirireseeeeeeienns 172
5.2.8 TEXEUIE @NAlYSiS....oceeeieieeieeieiietietietiet sttt se e e e ste st st st st ses s sesaes 173
5.2.9 Gel rehydratioN.....c.ecveeeeeeiee ettt ettt ettt s et 173
5.2.10 Statistical @aNalySiS.......ccvevevereeeeeeeeee et 173
5.3 ReSUItS aNd diSCUSSION.......c.cciieriiiiiiiece sttt sttt 173

5.3.1 Role of the drying technique on the low-acyl gellan gum gel structures.173

oIS 0t 01 R 5 o o V- PSP 173
5.3.1.2 Dried microstructure: Effect of the water removal ..................... 174
5.3.1.3 Dried microstructure: Effect of the process parameters.............. 180
5.3.1.4 Gel rehydration..........ccccevveeeieiecceceee et 183
5.3.1.5 Effect on gellan gel molecular structure........ccceceevevvevvvrvervvvennnne. 185

5.3.2 Effect of alcohols quality on gellan gum gel structure.........c.ccoevveuvneee. 190

5.3.2.1 Alcoholic pre-treatment on gellan molecular level...................... 190

5.3.2.2 Alcoholic pre-treatment on gellan macroscopic level.................198
5.3.2.3 Comparison with gelatin and k-carrageenan..........cccceverveuennnee. 205

LS N 000 o ol [V Y To ] 0 1R 206

Chapter 6. Design of a cost-reduced bench-scale plant for supercritical-fluid-

assisted applications..............cc.oooovieceeceee et e 209

LT R [ o Yo 18 Lot Lo VN 210

Vil



6.2 Materials @Nd METNOUS. ....coo ettt et eee et eeeetteaeseeeeessessaeeessassesesasns 212

6.2.1 MALEIIAIS...cecee ettt ettt 212
6.2.2 Rig description and ProCedUIe..........cuvveiveerveceeceeieee ettt s 213
6.2.3 ThermMOAYNAMICS.....cccveeeeeieeie sttt e e et ettt e s san s s ees 216
6.2.3.1 Equation of state (EOS) ....ccccevvevervrere ettt 216
6.2.3.2 Method for calculation of CO2 amount.........ccccecevveverenercrineenene 219

6.2.4 Experimental proCeAUIES.......coceveceeceeceiee ettt 222
I R 1= I o T o = 5 U 222
6.2.4.2 Freeze-dried gel impregnation with vitamin E............................ 223
6.2.4.3 Caffeine extraction.........c.ecceveireceneieece e 223

6.2.5 Characterization methods...........cccevevriieiineinircicece e 224
I T A 1= I o T o = U 224
6.2.5.2 Freeze-dried gel impregnation with vitamin E............................ 224
6.2.5.3 Caffeine eXtraCtion.........cceoeevreueeeeirceinerccee e 225

6.2.6 COST ANAIYSIS...ccvvieviriiieste ettt ettt ste e sr s eerse e r e 225
6.3 ReSUILS aNd diSCUSSION.....ccvuviiiiciieeictie ettt e e 226
Lo T B 1= e [ VT o= SO U U SUUUSUURRUSUIN 226
6.3.2 Freeze-dried gel impregnation with vitamin E............cccovvvvvvvverveneenene. 227
6.3.3 Caffeine eXtraCtion.........ccoueveeereeiercereeece e 229
6.3.4 COST ANAIYSIS....ovverrireieie ettt ettt e stesre e s e ss s e s 230
6.3.4.1 SET-UP COSES..coiiiiirtiirities ettt tete sttt e s te s ste e ste s etnesstaeesae s 230
6.3.4.2 RUNNING COSTS...uviirriireiieiiatiecteseeetesste st aesses e sessssssesnseseesresessesans 231

6.4 CONCIUSIONS. ...ttt ettt ettt et st sttt st e es et sas s ensen s 234



Chapter 7. Conclusions and suggestions for future work................................. 235

7.1 Investigation of freeze-dried gellan gum structure: effect of gel formulation............. 236
7.2 Acidified/basified gellan gum gels: the role of the structure in drying/rehydration....238

7.3 Gellan gum dried gel structure: molecular and macroscopic investigations................239

Chapter 8. REfEIreNCES.............ooveeeeeeeeeeeeeeeee et e ens s 242



List of Figures

III

Figure 2.1: Schematic illustration of the “sol-gel” transition..........cccceooeeveeeeeecececeeinna, 11

Figure 2.2: Viscosity as a function of shear rate for a polymeric solution above C*.
Newtonian plateau at low (1) and high (3) shear rates. Shear-thinning region (2) at
intermediate shear rates. Adapted from Phillips and Williams (2000).........cccceeeeeeecuennee. 13
Figure 2.3: G’, G” as a function of shear rate frequency: (A) 1% xanthan gum solution, (B)
1.5% amylose gels. Adapted from Phillips and Williams (2000)........ccccceurerenrrerrneneecesennens 15
Figure 2.4: Schematic representation of some molecular structures of pure gels (Aguilera
and Stanley, 1999): (A) Cross-linked, (B) Triple-helices (gelatin), (C) Egg-box structures
(pectin and alginate) in the presence of calcium cations, (D) Aggregated domains
(carrageenan and gellan gum), (E) Double helices in bundles (agarose), (F) Particulate gels
[(od[o] oW T o T o1 =11 o 1) SO TP 16

Figure 2.5: Scheme of the interaction between hydrocolloids in mixtures. Adapted from
Phillips and Williams (2000)....ccceeeerseerseenseereenreeeereenruersereinsesrecsesssessesssessssssessesssessesssesssssessens 18

Figure 2.6: High acyl gellan gum (A) and low acyl gellan gum (B) units. Adapted from Mahdi
1 A1 (2005) vt ee e eeeeee e e e e e e oot ee e eee e see e eeeeee e eee e reaeeeenrenn 19

Figure 2.7: G’(circles) and G” (triangles) as a function of temperature. Measurements at
0.1rad/sand 0.5 °C /min: heating (filled symbols) and cooling (open symbols) and heating.

Different gellan gum concentrations (A) 1 wt%, (B) 2 wt% and (C) 3 wt%. Adapted from

Miyoshi and Nishinari (1999D).......co ettt r e ee e e e aaeeaeeaeene 20

Xl



Figure 2.8: “Cation-mediated aggregate” model for gellan gum. Double helix aggregation
is promoted by the presence of cations (filled circles). Adapted from Robinson and
MANNING (1991)..ueietie ettt ettt et et re e st saees st e s e e s et eresaesessesses et aneetesensassesens 21

Figure 2.9: Textural properties of different hydrocolloids. Adapted from Phillips and
WilIAMS (2000)....ec e seeeeesseseeessseeeesees s ees e sescesess s ses e ses e see e sessessessessesseseesssssssessesen 23

Figure 2.10: Suggested models for binary hydrocolloid mixtures (Dickinson, 1991). (A)
Only one hydrocolloids forms the gel network, (B) one polymer forms an
interpenetrating” network in the other, (C) demixing and following gelation of both
hydrocolloids form a phase-separated network, (D) intermolecular binding forms a
(oo 1U] o] 1=Te I aT=] 8.Y/ o] o <R T R TT 24
Figure 2.11: Food stability map: food deterioration rate as a function of moisture content
and water activity. Adapted from Ariyawansa (2000).........ccc.ccuereeereneereereeesiesesesreeresaesaeeean 27
Figure 2.12: Schematic freeze-drying system. Adapted from Barbosa-Canovas and Vega-
MEFCAO (1996)....uriutieeeee et eeeertete et e ete e et et et e sbesaeeaeeseessesbenseessestesaesnssessensennsensestestens 31

Figure 2.13: Freeze-drying cycle on the water phase diagram. “Actual” means how the
real process occurs: the system passes from 2 to 5, then it reaches 3, forming a cycle...36
Figure 2.14: Sublimation rate as a function of chamber pressure, shelf and product
temperature: example of primary drying. Adapted from Rey and May (2010).................. 37
Figure 2.15: Typical configurations of air-dryers. Grey arrows refer to material to be dried
and black arrows to air. Adapted from Mujumdar (2014)...cceceeveveereceecenececeereeerveneeen 40
Figure 2.16: Typical rate of drying curve as a function of time. Adapted from Mujumdar

(2014) eeeee oo eee oo ee oo eee e eee e e et o2 et sen et e e et eee e 42

Xl



Figure 2.17: Mass and heat transfer processes through. Adapted from Aguilera and
SEANIEY (1999)... ittt ettt st st sttt st s bt et e e s s et eteseeenaeneeene s 44
Figure 2.18: Generic phase diagram. The supercritical state is formed above the critical
point. Adapted from Nalawade et al. (2006)........ccccceeuerireeiesrrerierire e e esaenens 48
Figure 2.19: lllustration of supercritical state formation. Presence of gas-liquid interface

below the critical point (1-3). Homogeneous phase as the critical point is reached (Brown,

Figure 2.20: Generic isotherm phase diagram for a binary system CO/solvent. Adapted
from Akien and Poliakoff (2009).....cccoceviciieiiiiieeente ettt e et ser e sre b sarannees 50
Figure 2.21: lllustration of a typical SCF drying process. Adapted from Wang (2008).......52
Figure 2.22: H,0-CO; system: isotherm diagram expressing the presence of mixture
liquid-gas. Adapted from Takenouchi and Kennedy (1964).......ccccceeeeveeeveceeseeseeieecee e 54
Figure 2.23: Example of crossover pressure for phenanthrene in scCO,. Mole fraction
solubility (y) as function of pressure and temperature. Adapted from Gupta and Shim
(2006).... ceereeeeereier ettt et e e r e e e e n e e st e n e e e re e 56

Figure 2.24: Polymer chains of the Ls-36 and Ls-45 surfactants. Adapted from Liu et al.

Figure 2.25: Scheme of dried gels after air-drying (xerogel), freeze-drying (cryogel) and
using supercritical fluids (aerogel). Adapted from Rolison and Dunn (2001).........cc.cceeuvenus 61
Figure 3.1: Water activity (aw) as a function of drying process time and LA (A), HA (B) gellan
F=qU g [ oo ] ) H=] o | SO TR ROSPO U P PPTPRPP 80

Figure 3.2: Desorption isotherms at 25 °C: (O) LA gellan 2 wt% and () HA gellan 2 wt%.84

Xl



Figure 3.3: Moisture content ratio (MR) for LA gellan gum (A) and HA gellan gum (B) both
at 2 wt% as a function of drying process time. Experimental average values are
(=] oo o £=Tc OO OO OO TRTRORSTRt 85
Figure 3.4: Moisture ratio (MR) vs water activity for LA (blue stars) and HA (red circles)
gellan gum. Mass fraction @t 2 Wt%......cccueveeviieiieie e e 86
Figure 3.5: Microstructures by puCT: 2 wt% LA gellan gum (A) and HA gellan gum (B)....... 88
Figure 3.6: Pore distribution after freeze-drying. Percentage is referred to the total pore
VOIUIMIE. ittt et b st e s bt sh et e b et e eh s st et ebe bt esenenesaeseanas 89

Figure 3.7: Microstructures by optical microscope: 2 wt% LA gellan gum (A) and HA gellan
BUM (B). ottt ettt ettt sttt e e e s s et et e s b e st esaeb e et et e s ers e s eneaaeaaeeaeeheereereeteeteeteetesrenen 90
Figure 3.8: Rehydration expressed as NMC as a function of rehydration time and LA (A),
HA (B) gellan gum content. The final value of rehydration, after 24 hours, is expressed in
10 0 TSN =T == o o 1T 92
Figure 3.9: Rehydration expressed as NMC (x(t) in table 3.2) as a function of rehydration
time for ha and LA gellan gum 2 wt%. The model used is Peleg. ......cccceeveevevrevrevvereceennnnn. 94
Figure 3.10: HA and LA gellan gum gels before drying, freeze-dried gels and after 30-
MINUEE/24 NoUr reNYAration. .....c.cveeiee ettt et b s st v aer s eaeeren 95
Figure 3.11: Peak force for LA (A) and HA (B) gellan gum gels as a function of polymer
(o0 ) (=T o1 PP 96
Figure 3.12 Pore distribution after freezing the gels in liquid nitrogen and freeze-drying.
Percentage is referred to the total pore volume. ... 98

Figure 3.13: 1:1 HA/LA mixture at 2 wt%: water activity vs time (A), drying kinetics (B).100

XV



Figure 3.14: Rehydration expressed as NMC as a function of rehydration time. La gellan 2
wt% (@), HA gellan 2 wt% (O), LA + HA 1:1 2 wt% (@ ). The final value of rehydration,
after 24 hours, is expressed in the 1egend. ..o e 101
Figure 3.15: uDSC curves for LA, HA gellan and 1:1 mixture at 2 wt%. The uDSC curves are
plotted as an average of the first cycles in triplicate. Peak temperatures and enthalpy

values are reported in Table 3.5. The individual uDSC curves have been offset on the y-

Figure 3.16: Microstructure by uCT: 1:1 HA/LA mixture at 2 wt%. Gel before drying (A),
freeze-dried Gl (B). .ottt e et r et s et et es e ae e eaeene 104
Figure 3.17: Peak force (A) and Young’s modulus (B) as a function of sugar type (@
sucrose, ¥ mannitol) and content. Gellan gum without sugars (O)......ccccceeveveeerereeveennne. 106
Figure 3.18: uDSC curves on cooling for gellan/sucrose (A) and gellan/mannitol (B). The
uDSC curves are plotted as an average of the first cycles in triplicate. Peak temperatures
and enthalpy values are reported in Table 3.7. The individual uDSC curves have been
OFFSEE ON T YmaXIS...eiriireiiiece ettt et et et ete e es et be e e sbeereensaesaessenneens 108
Figure 3.19: Peak temperature as a function of sugar type (C) (@ sucrose, ¥ mannitol)
and content. Gellan gum Without SUZArs (O).....uccucieeiee ettt e 109
Figure 3.20: Entropy difference (AS) as a function of sugar type (@ sucrose, ¥ mannitol)
and content. Data are referred on cooling and are related to the uDSC curves in Fig 3.18
AB. e e e e e h e e Rt e Rt a e r e e st e e n et ehe st r s ene 110
Figure 3.21: FTIR spectra for gellan/sucrose (A) and gellan/mannitol (B). Red line is related
to LA gellan gum gel, green to pure sucrose or mannitol, blue to LA gellan gum + 20 wt%

sugar. The peak wave numbers are referred to gellan/sucrose and gellan/mannitol.....113

XV



Figure 3.22: Water activity (aw) as a function of sugar type (@ sucrose, ¥ mannitol) and
content. Gellan gum Without SUZArs (O)....cuiceiiveeicrire ettt ee e 114
Figure 3.23: uCT, freeze-dried microstructures: 2 wt% LA gellan gum (A), 2 wt% LA gellan
gum + 20 wt% sucrose (B), 2 wt% LA gellan gum + 20 wt% mannitol (C). Gel before drying,
2 Wt% LA gellan gum (D, FEfErENCE). w..uiivicerieeietiece ettt evee e s e esa s st enaes 116
Figure 3.24: Pore size distribution (A) and pore-wall thickness distribution (B) for freeze-
dried LA gellan gum + 20 wt% sugar (grey-sucrose, black-mannitol). Freeze-dried LA gellan
U0 0 T TSN [T =T o OO 119
Figure 3.25: ESEM, freeze-dried microstructures: 2 wt% LA gellan gum (A), 2 wt% LA gellan
gum + 20 wt% sucrose (B, C), 2 wt% LA gellan gum + 20 wt% mannitol (D, E).................. 121
Figure 3.26: Force (N) vs distance (mm) for dried gellan/sucrose (blue) and
gellan/mannitol (green). Red solid line refers to the dried gel without sugars.................. 122
Figure 3.27: Rehydration expressed as NMC over time as a function of sucrose (A) or
MaNNitol (B) aNd CONTENT. ...coovveeieieee et ere sae e s et e sae et enes 124
Figure 3.28: Sugar release over time as a function of sucrose (A) or mannitol (B) and
(o0 1 =T o1 OO 127
Figure 3.29: Dissolution process: Higuchi model (Eq. 3.9) for both 10 wt% gellan/sucrose
aNd ellaN/MANNTTOL. .voviveieeeceee ettt ettt ettt se b es e et st ea b sessas et eas 129
Figure 4.1: Peak force (A) and elastic modulus (B) as a function of LA gellan gum (2% w/w)
Bl PH. e e et e st b e bbb e et e eheehe e eneesbenbeaee eheetesrneeraerbennean 139
Figure 4.2: Acidified/basified LA gellan gum gels (2% W/W). c..ccoeeeveineeeveineceneieeee e 140
Figure 4.3: Electrophoretic mobility of LA gellan gum at 0.1% w/w as a function of gel

SOIULION PH o e sttt e et e sbe e tesre et e e s e et stesbesrearsaessannneneestesneans 141

Xvi



Figure 4.4: Peak force (A) and elastic modulus (B) as a function of LA gellan gum (2% w/w)

gel pH and exposure to distilled water, acid (pH 2.5) or basic (pH 11.5) solutions for 24 h.

Figure 4.5: Peak force of 2% w/w LA gellan gum (natural pH) as a function of the exposure
MEATUM PH it e e e s et et b et et e es s e e e e e e eb st sae st st saeseeeeneen 146
Figure 4.6: Peak force as a function of LA gellan gum concentration at natural pH (5.2) and
PH 3. et e b e e b e st e e b nea e b s st e neae e 147
Figure 4.7: uDSC thermograms for acidified/basified gels (2% w/w) on cooling (A) and
heating (B). A magnification of the curve on heating related to gel at pH 5.2 is reported
(B). The uDSC curves are plotted as an average of the first cycles in triplicate and offset
on the y-axis. Peak temperatures and enthalpy values are reported in Table 4.2............ 149
Figure 4.8: FT-IR spectra for acidified gels (2% W/W). ...ccoeerieerrerire e 151
Figure 4.9: Drying kinetics curves for 2% w/w LA gellan gum expressed as NMC over time:
(A) freeze-drying; (B) oven-drying at 50 Cu......cvveeeeveiercinee e e ceeereetneeeseesre e eseessessesnens 153
Figure 4.10: Rehydration curves for 2% w/w LA gellan gum expressed as NMC over time.
The dried samples were placed in distilled water after freeze-drying (A) and oven-drying
(B) erereeeier et ettt e e s e s e h e e R e e R e R e e st e n et e en e 155
Figure 4.11: 24-hour rehydrated samples (2% w/w) after freeze-drying (A) and oven-
drying (B). Gel comparison (pH 4) on rehydration after freeze-drying (C) and oven-drying
(D) ettt ettt et e e e s R e e e e e e e e e s e e n et e nen s 158
Figure 4.12: Peak force (A) and elastic modulus (B) of dried and rehydrated gels (2% w/w)
as A fuNCLioN Of TNEIT PH. .ot st et e e se e st ereean e 160

Figure 5.1: Shrinkage measurement method: formula (eq. 5.1) on the top.......ccceeuueu.e. 171

XVl



Figure 5.2: LA gellan gum 2 % w/w, visual comparison: freeze-dried (A), oven-dried (60 °C)
(B), scCO,-dried (50 °C and 100 bar, no flow) (C), hydrogel before drying (reference, D).174
Figure 5.3: LA gellan gum 2 % w/w, uCT: freeze-dried (A), oven-dried (60 °C) (B), scCO;-
dried (50 °C and 100 bar, batch) (C), hydrogel before drying (reference, D)..................... 176
Figure 5.4: LA gellan gum 2 % w/w, ESEM images: freeze-dried (A, D), oven-dried (60 °C)
(B, E), scCOy-dried (50 °C and 100 bar, batch) (C,F)...ccccceireeecereeirece e 178
Figure 5.5: uCT: 2% w/w LA gellan gum after oven-drying at 20 °C (A) and 60 °C (B)......182
Figure 5.6: uCT: 2% w/w LA gellan gum after process in semi-continuous configuration
applying 1 mL/min (A) and 2.5 L/min flow (B). Temperature was set at 50 °C and pressure
AT L00 DA, ettt e e e b bbb e b st b sre e 183
Figure 5.7: Rehydration curves after different drying processes (@) freeze-drying, (V)
oven-dried (60 °C), () scCO,-dried (50 °C and 100 bar, batch). ......ccccccvvvvvrvercerceeecrnee. 184
Figure 5.8: uDSC curves for the gellan gum hydrogel before drying. Heating/cooling cycles
were applied from 5 °Cto 80 °C (A) and from 5 °Ct0 60 °C (B). .ccovvereeerreeereceeeerererrenvenne 186
Figure 5.9: uDSC curves after drying process on cooling. The uDSC curves are plotted as
an average of the first cycles in triplicate. Peak temperatures and enthalpy values are
reported in Table 5.2. The individual uDSC curves have been offset on the y-axis........... 187
Figure 5.10: FT-IR spectra for LA Gellan gum and ethanol: (A) (4000-600 cm™), (B) (2000-
600 cm™). The peaks values are related to the alcogel.........uvveeeveeeveceieceece e 191
Figure 5.11: DSC curves: LA gellan gum on heating (A) and cooling (B). The uDSC curves
are plotted as an average of the first cycles in triplicate. The individual uDSC curves have

been offSet ON the Y-aXIS. ...eiciie ettt sttt e e e s tesaesnesraenes 193

XV



Figure 5.12: DSC curves: LA gellan gum treated with different ethanol concentrations. The
uDSC curves are plotted as an average of the first cycles in triplicate. The individual uDSC
curves have been offset 0N the Y-aXis. .....cceve v 195
Figure 5.13: FT-IR spectra for LA Gellan gum with 1-propanol (A) and isopropanol (B). The
peaks values are related to the alCOZEl. ... 197
Figure 5.14: Ethanol treatment: directly by using a specific concentration (wt%) (black
bars) and through ethanol gradient (grey bars). ... 198
Figure 5.15: Peak force for LA Gellan gum treated with ethanol............cccoeveveeeiiveiennns 200
Figure 5.16: Peak force for LA Gellan gum treated with 1-propanol and 2-propanol......201
Figure 5.17: True stress vs true strain for LA gellan gum as a function of solvent quality
after complete gradual treatment. ... s 203
Figure 5.18: Young’s modulus for LA gellan gum as a function of the solvent concentration.
The collected data are related to a gradual solvent treatment up to the specific
CONCENTIALION. oiiiiiiiice e e 204

Figure 5.19: DSC curves: gelatin (top) and k-carrageenan (bottom) on heating and cooling.
The uDSC curves are plotted as an average of the first cycles in triplicate. The individual
UDSC curves have been offset 0N the Y-aXis. .....ccceeeeceiveieieceecie e e e 206
Figure 6.1: Schematic representation of the designed rig. The pressure vessel (PV)
geometry is highlighted on the right. Solvents or active compounds are placed below the
SAMIPIE. ettt et ettt ettt sbesteee et e et st e e e eheeaeeas e b aes e s be e et eheetesnesbennee it abesheeneennens 214
Figure 6.2: Process steps reported on the CO; phase diagram: (1a) CO2 cylinder in vapour-
liquid equilibrium; (1b) vessel filled with CO,; (2) CO; critical point; (3) working

(70 Y 1o L1 6T ] VRRTT TP 215

XIX



Figure 6.3: Generic isotherm phase diagram for a binary system CO/solvent adapted
from (Akien and Poliakoff, 2009). ....c.cceoiiieieece et e s e 220
Figure 6.4: Proposed method for CO; calculation. The constraints are represented by “ >”.
The subscript 1 is referred to CO,, whereas 2 is referred to EtOH............cccveceeveveceeeenens 221
Figure 6.5: Photo of LA gellan gum gel (left) and aerogel produced at 50 °C (right)........ 226
Figure 6.6: Pore distribution after scCO,-drying (at 50 °C and 100 bar).......ccccceeveeerrrenneee. 227
Figure 6.7: FT-IR spectra of HA/LA gellan, a-tocopherol and HA/LA gellan+a-

1o ol ] o] 1= o F 228

XX



List of Tables

Table 2.1: Typical values of physical properties for gas, liquid and SCF. Adapted from
BIrUNNEE (2005) . ceuuiiiiiiecriericeiieietteiieeiete et cae e eesaesbesseesbesbesasesaessesssansessestessssnsesssessessessesssanssssasss 49
Table 2.2: Critical pressures and temperatures of common supercritical fluid. Adapted
FrOM BrOWN (20010)..uiicieieecieceeieeerecttiieseeste et e e et e e saesbeeassassesaesbensssnsestesbessresssssesssessenssessesteons 50

Table 2.3: Critical temperature/pressure for EtOH/CO; binary mixture as a function of

EtOH mol %. Adapted from Reid et al. (1987)....ccceeeeeeeieceeece ettt e nenees 58
Table 3.1: Models used for freeze-drying. ... 72
Table 3.2: Peleg model for renydration. ..........ceeeeiveieiiecce e 74
Table 3.3: Parameters used for the Higuchi model at 10 Wt%........c.cccoevverecireieniese e 77

Table 3.4: Difference in peak load after freezing and thawing compared to the gels before
(o YT oY =TSSP 98
Table 3.5: Peak temperatures and enthalpies of thermal transitions on cooling for LA gellan
gum 2 wt%, HA gellan gum 2 wt% and their mixture (1:1) at 2 wt%. These values were
Calculated from Fig. 3.15. ..o sttt s re et e s e n e et s ere e 103
Table 3.6: Gel swelling (weight) after 24 hours in distilled water. Values are compared to

the initial gel weight, before freeze-drying. ... e e 104
Table 3.7: Peak temperatures, enthalpies and entropies measured on cooling as a function
of mannitol or sucrose content. These values were calculated from Fig. 3.19.................... 111
Table 3.8: Contact angle as a function of sucrose and mannitol contents. LA gellan gum is

KEPT QL 2 WETbu ettt ettt et st et b st st st st et e e e e e e nbentes 125

XXI



Table 4.1: Peak temperature and enthalpy of thermal transitions on cooling for LA gellan
gum at 2% w/w as a function of gel pH. These values were calculated from Fig. 4.7........ 150
Table 4.2: Water content percentage before drying for acidified LA gellan gum gels at 2%
w/w. The gel pH was adjusted by adding Citric aCid..........cceeeiveeeierireceeiee e 156
Table 5.1: Bulk densities and shrinkage Values..........ccocuevereieneienesnsee e 179
Table 5.2: Peak temperatures, enthalpies and entropies for the gel before drying and after
the drying process, followed by rehydration for 6 hours.........ccccceeeiececececcec e, 189
Table 6.1: Experimental caffeine concentration expressed as a molar fraction after
extraction in SUPErCritiCal CO .. ettt st e st s re e s ste st et ae s e e e e 229
Table 6.2: Cost indexes of the different components that can be part of a rig equipped with
A 150 ML VESSEL. ot et s b e et s 230
Table 6.3: Current power requirements of the rig devices. .....cccoevvevveevivieecceccece e 232
Table 6.4: Average process step times needed for a rig equipped with a 150 mL vessel...232
Table 6.5: Energy consumption calculation for each process step for a rig equipped with a

YO o V7T Y= SRR 233

XXl



Chapter 1

Introduction



Introduction

1.1 Project context

Under the growing influence of agricultural engineering in the mid-20™ century, food
science and engineering emerged, gaining a continuous interest (Karel, 1997, Saguy et al.,
2013). Food science and engineering embraces chemical, biological, physical and
engineering concepts with the intention to study and advance the knowledge within the
food industry (Bhandari, 2012).

Niranjan (2016) divided food engineering into five main areas:

Food product manufacturing;

Food structure engineering and sensory testing;

Food sustainability, environmental impact and security;

Health, transport processes in the Gl tract, metabolism and satiety;

Food formulation, safety and quality.

In this context, the drying of food is principally located in the first and second areas, as it
is based on the research into drying kinetics, generated dried structure and subsequent
rehydration/solute release. However, the drying process crosses the other areas,
especially in terms of food safety and quality, since an essential requirement is to avoid
spoilage (Barbosa-Canovas et al., 2008).

It is clear how food drying is a fundamental process to extend shelf life, improving storage
and preservation (Mujumdar, 2014). In addition, the water removal from the food product
and, therefore, weight reduction also brings economic benefits, especially in terms of the
reduction of transport costs (Mujumdar, 2014).

The investigation of the drying mechanisms, through a microstructural approach (Norton

and Foster, 2002), aims to enhance the quality of the final product as well as improving
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the drying process (Ratti, 2001). Since most of the dried food products require rehydration
before consumption to recover the initial properties and texture (Marabi et al., 2006), it
remains fundamental to combine the evaluations on the dried material with the
rehydration process. In parallel, depending on the specific formulation and the presence
of solute that can be leached into water, the release of compounds and substances might
occur. Solute release needs to be considered together with rehydration, providing a whole

picture of the “Drying and Rehydration in the Food Industry”.

1.2 Objectives

The current use of gelling agents, stabilisers and thickeners result in more complex food
products, varying their chemical and physical properties also throughout the drying and
rehydration processes.

Among the common hydrocolloids, low and high acyl gellan gum have a similar backbone
structure, yet their mechanical properties are completely different due to the presence of
substituents along the polymer chain. The possibility to blend them in synergistic
combinations might give the possibility to simulate the mechanical properties of other
hydrocolloids generally used in the food industry, even at low polymer concentrations.
This thesis aims to understand and investigate the hydrocolloid behaviour, specifically for
gellan gum chosen as gel model system, on drying and rehydration.

Knowledge within the food industry has been enhanced as follows:

Investigation of drying kinetics and generated dried structure of complex gellan gum gel

systems in freeze-drying and study of the rehydration process. Characterising behaviour
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of low and high acyl gellan gum mixtures and combination of low acyl gellan gum with low
molecular weight compounds (mannitol and sucrose).

Design and engineering of acidified/basified gellan gum gels for drying/rehydration
applications.

Understanding of the impact of the water removal mechanism (i.e. sublimation,
evaporation and solvent replacement) on the gel microstructure.

Study of water removal by alcoholic dehydration and solvent quality in low acyl gellan gum
gels.

Design and development of a novel and cost-reduced supercritical fluid rig for industrial

applications (drying, extraction, impregnation of active compounds).

1.3 Thesis structure

The relevant literature to date is reviewed (Chapter 2) to contextualise the overall project,
introducing the three main results sections.

Chapter 3 is the first results section that reports information about the effect of the gel
formulation on the freeze-dried gel structure and subsequent rehydration. This chapter is
divided into two main parts: Section 3.3.1 investigates how the gel type (low and high acyl
gellan gum) affects the drying and rehydration processes to more deeply comprehend the
behaviour of their mixture. Section 3.3.2 evaluates a more complex system, consisting of
low acyl gellan and low molecular weight compounds (mannitol and sucrose), throughout
freeze-drying.

Chapter 4 embeds the previous findings on the gel formulation and freeze-drying to design

acidified/basified low acyl gellan gum gels for drying and rehydration applications. In
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parallel to freeze-drying, oven-drying is investigated, and the resulting gel structure is
compared with the freeze-dried gel.

The following chapter (Chapter 5) is split into two main sections; Firstly, Section 5.1
investigates the role of the water removal of three drying processes (i.e. sublimation,
evaporation and solvent replacement) on the gel structure. The formulation of the low acyl
gellan gum gels is kept constant, highlighting the impact of the drying technique on the
dried structure at both the molecular and macroscopic levels. Secondly, Section 5.2 aims
to evaluate the effect of alcohols (i.e. ethanol, 1-propanol, 2-propanol) on the gel
structure, as the solvent replacement/extraction by using supercritical carbon dioxide
requires an alcoholic pre-treatment. Specifically, the effect on the polymer chains and
network is shown.

Based on the use of supercritical carbon dioxide as a method of drying discussed in Chapter
5, Chapter 6 proposes the design and development of a supercritical fluid rig, as a novel
instrumentation. This chapter highlights this technology suitable for batch applications on
a laboratory scale.

In the final part (Chapter 7), the conclusions as well as the main outcomes of this research
are reported and the future work is suggested.

All the references are listed in Chapter 8.
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1.4 Publications and presentations

The results obtained throughout this study have been published as follow:

Publications:
Cassanelli, M., Norton, I. & Mills, T. (2018). Role of gellan gum microstructure in freeze

drying and rehydration mechanisms. Food Hydrocolloids, 75, 51-61.

Cassanelli, M., Norton, ., & Mills, T. (2018). Interaction of mannitol and sucrose with gellan

gum in freeze-dried gel systems. Food Biophysics, 13, 304-315.

Cassanelli, M., Prosapio, V., Norton, |., & Mills, T. (2018). Acidified/basified gellan gum gels:
the role of the structure in drying/rehydration mechanisms. Food Hydrocolloids, 82, 346-

354,

Cassanelli, M., Prosapio, V., Norton, I., & Mills, T. (2018). Design of a cost-reduced flexible
plant for supercritical-fluid-assisted applications. Chemical engineering and technology,

DOI: 10.1002/ceat.201700487.

Cassanelli, M., Norton, I., & Mills, T. (2017). Effect of alcohols on gellan gum gel structure:
bridging the molecular level and the three-dimensional network. Food Structure, 14: 112-

120.
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Oral presentations
Cassanelli, M., Norton, I., Mills T., Investigation of gel structure in freeze-drying process,

1%t Early Career Conference, Birmingham, 2015.

Cassanelli, M., Norton, I., Mills T., Drying techniques in the food industry, 2" EPSRC Centre

for Innovative Manufacturing (CIM) in Food, Loughborough, 2016.

Cassanelli, M., Norton, I., Mills T., Drying techniques in the food industry, 8" International

Food Factory Conference, 2016, Laval, France.

Cassanelli, M., Norton, I., Mills T., Correlation between food drying techniques and gel
rehydration rate by porosity modulation, 3™ EPSRC Centre for Innovative Manufacturing

(CIM) in Food, Birmingham, 2017.

Cassanelli, M., Norton, I., Mills T., Interaction of mannitol and sucrose with gellan gum in
freeze-dried gel systems, 3" UK Hydrocolloids Symposium, Sutton Bonington, Nottingham,

2017.

Cassanelli, M., Norton, I., Mills T., The Food Industry: Investigation of Drying Mechanisms,

3" Early Career Conference, Birmingham, 2017.
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2.1 Introduction

The aim of this chapter is to review the most relevant literature to date related to this
research. Before providing information about gellan gum, which is the material used in this
project, a general overview about the hydrocolloids in the food industry is presented. In
the second part of this chapter the drying methods (freeze, air and supercritical fluid
drying) involved in this study are reviewed, especially highlighting the effect on the gel

structure.

2.2 Hydrocolloids

Hydrocolloids are polymeric materials, either proteins or polysaccharides, that form three-
dimensional cross-linked structures through the gelation mechanism (Phillips and
Williams, 2000, Gulrez et al., 2011, Rizwan et al., 2017) and are characterised by
viscoelastic properties (Saha and Bhattacharya, 2010). They are produced from a range of
natural and synthetic polymers, characterised by a high water absorption and retention
(Gulrez et al., 2011) due to the presence of a large number of hydroxyl (-OH) groups along
the polymer chains (Saha and Bhattacharya, 2010, Rizwan et al., 2017). Hydrocolloids are
widely used in different industrial sectors, and especially in the food industry, for their
function of thickener, emulsifier, gelling agent, flavour release controller, stabiliser and fat
replacer (Phillips and Williams, 2000, Milani and Maleki, 2012, McClements, 2015).

The most common hydrocolloids used as gelling agents in the food industry are gelatin,
gellan, carrageenan, alginate, agar and pectin (Phillips and Williams, 2000, Williams and

Phillips, 2002), often present in the formulation of food products, such as ice creams,
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cakes, jams, candies and jellies (Saha and Bhattacharya, 2010, Piccone et al., 2011, Goff
and Hartel, 2013).

The ability to form gels is specific for a class of hydrocolloids, whereas the water-
thickening properties are specific for all hydrocolloids (Saha and Bhattacharya, 2010,
Sundar Raj et al., 2012). Moreover, different hydrocolloids are often mixed in a synergistic
way to provide food products with new and improved rheological as well as textural
attributes (Phillips and Williams, 2000, Milani and Maleki, 2012).

In addition to the applications for the food texture and rheology design, hydrocolloids have
been used for their prebiotic effects (Phillips and Williams, 2000), in weight-loss
programmes (Paeschke and Aimutis, 2008) and for their nutraceutical benefits as
cholesterol reducers (Imeson, 2011).

The formation of the gel network occurs by a gelation mechanism, the so-called “sol-gel”
transition, which takes place by either a physical gelation or by chemically cross-linking
(Nishinari et al., 2000, Gulrez et al., 2011). Initially, the polymer is dispersed in water,
forming the “sol”. As the chains crosslink, the polymer molecular weight increases,

decreasing its solubility and generating a continuous network, which consists of an

“infinite polymer” (“gel”) (Gulrez et al., 2011), as schematically reported in Fig. 2.1.

SoL GEL

gelation

III

Figure 2.1: Schematic illustration of the “sol-gel” transition.
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Hydrocolloids can be solubilised, resulting in them having a specific critical concentration
C*, a function of the polymer molecular weight, above which the transition from the so-
called “dilute region” to the “semi-dilute” region occurs (Phillips and Williams, 2000).
Below the critical concentration, the molecules are free to flow and can independently
move in solution and the system behaves as a Newtonian fluid (Phillips and Williams,
2000).
On the other hand, as soon as the polymer concentration becomes higher than the critical
value, a marked increase in the viscosity of the polymer solution occurs due to the
molecule interpenetration (Phillips and Williams, 2000). In terms of viscosity-shear rate
profile, three different regions are typically observed above C*(Fig. 2.2) (Phillips and
Williams, 2000):

1. Newtonian plateau at low shear rates, where the disruption rate of entanglements is lower
than the rate of re-entanglement.

2. Shear-thinning region, where the disruption of entanglements predominates, resulting in
a viscosity decrease to a minimum Newtonian plateau.

3. Newtonian plateau at high shear rates.

12
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Log viscosity

A 4

Log shear rate

Figure 2.2: Viscosity as a function of shear rate for a polymeric solution above C*.
Newtonian plateau at low (1) and high (3) shear rates. Shear-thinning region (2) at

intermediate shear rates. Adapted from Phillips and Williams (2000).

A versatile method to follow and investigate the formation/disruption of the gel network
is the resistance measurement to oscillatory deformation, obtaining the “mechanical
spectrum” of the material (Florjancic et al., 2002, Morris et al., 2012). A solid-like material
shows a high elastic resistance at high strain values. By contrast, the rate of deformation
for an ideal liquid is maximum for intermediate values of the oscillatory cycle, whereas it
decreases to zero at the cycle extremes, where the movement direction of the oscillation
is reversed (Morris et al., 2012). Consequently, a perfect solid generates stress exactly in
phase with the oscillatory deformation, while for an ideal liquid it is 90° out of phase. A
viscoelastic material, such as hydrocolloids, shows an intermediate behaviour, as the total
stress is resolved into the in-phase and out-of-phase components. These components

divided by the applied strain give information about the “solid-like” and “liquid-like”
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responses of the material. It is referred to as “storage” and “loss” modulus and they are
generally denoted as G’ and G” respectively. The ratio between the “loss” modulus (G”)
and the “storage” modulus (G’) is defined as the loss tangent, tan & (Phillips and Williams,
2000, Morris et al., 2012).

The commonly used hydrocolloids are formed by a physical cross-linked network during
gelation and they can be categorised into “strong” and “weak” gels. The former have
permanent bonds between the chains, forming the so-called junction zones, whereas the
latter consist of temporary associations between the polymer chains (Gulrez et al., 2011,
Milani and Maleki, 2012).

In Fig. 2.3, G’ (storage modulus), G” (loss modulus) are plotted against frequency (Phillips
and Williams, 2000). Rheological analysis can clearly distinguish weak (A) and strong (B)
hydrocolloid gels (as shown in Fig. 2.3) (Phillips and Williams, 2000). For the weak gels, G’

assumes values slightly above G, while strong gels have G’>>G” for all frequencies.
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Figure 2.3: G’, G” as a function of shear rate frequency: (A) 1% xanthan gum solution, (B)

1.5% amylose gels. Adapted from Phillips and Williams (2000).

In physical gels, the extent of the junction zones induces a variation, especially in
mechanical properties (Banerjee and Bhattacharya, 2011, Morris et al., 2012). In Fig. 2.4,

the gelation mechanisms are reported (Aguilera and Stanley, 1999).
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000000 00uqecvnne

Figure 2.4: Schematic representation of some molecular structures of pure gels (Aguilera
and Stanley, 1999): (A) Cross-linked, (B) Triple-helices (gelatin), (C) Egg-box structures
(pectin and alginate) in the presence of calcium cations, (D) Aggregated domains

(carrageenan and gellan gum), (E) Double helices in bundles (agarose), (F) Particulate gels

(globular proteins).

Gels can be sensitive to temperature, since a class of them is thermo-reversible (e.g.
carrageenan, gellan, gelatin and agar). On heating, it is possible to re-melt the structure
and solubilise the polymer. On the other hand, thermo-irreversible gels can only degrade
on heating (e.g. low methoxyl pectin and alginate) (Banerjee and Bhattacharya, 2012).

The gelation process can occur in two different ways. Conventional gels, known also as

“true gels”, set under quiescent conditions (Banerjee and Bhattacharya, 2012, Morris et
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al., 2012) and respond to stress application by fracturing (Morris et al., 2012). The rheology
of such systems comes from the interaction between the polymer chains, which can be
disrupted by a shear stress application (Norton et al., 2006). The resulting systems, known
as “fluid gels”, consist of gel particles in a continuous aqueous medium, forming a
concentrated micron-size gel suspension (Mills et al., 2013).

Gel mixtures have synergistic properties that are not only a combination of those of the
single constituents (Phillips and Williams, 2000). If the hydrocolloids in the mixture can
associate, either gelation or precipitation may occur (Fig. 2.5), whereas, if they do not
associate, the system will appear as a single phase at low polymer concentrations or a
phase separation occurs, especially at high polymer concentrations. In the latter case, the
two polymeric solutions are enriched in one of the two hydrocolloids: it can be considered
as “water-in-water” emulsion, where droplets with a high concentration in one of the
polymer are dispersed in a continuous aqueous, enriched in the other (Capron et al., 2001).
If either or both hydrocolloids can independently form a gel network, then gelation occurs
at the same time of phase separation (Fairclough et al., 2012).

Therefore, the type of hydrocolloid and its concentration within the mixture can

completely affect the final rheological/textural properties (Phillips and Williams, 2000).
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Hydrocolloid 1 + Hydrocolloid 2
Association No Association
Precipitation Gelation Single phase Phase separation

Figure 2.5: Scheme of the interaction between hydrocolloids in mixtures. Adapted from

Phillips and Williams (2000).

2.2.1 Gellan gum

Gellan gum is a natural anionic hydrocolloid consisting of linear repeating units of
tetrasaccharides (Phillips and Williams, 2000, Morris et al., 2012). The microorganism
Sphingomonas elodea (also known as Pseudomonas elodea) secretes this polysaccharide
in its native form (high acyl (HA) gellan gum), in a fermentation process (Sworn, 2009). The
manufacturing process initially consists of the control of a series of parameters, such as
aeration, agitation, pH and temperature (Bajaj et al., 2007). The steps following the
fermentation process are pasteurisation and alcohol precipitation. The native polymer is
often deacylated with an intermediate pre-treatment with hot alkali (Dickinson, 1991,
Sworn, 2009), obtaining low acyl (LA) gellan gum. In this form, gellan gum becomes more
sensitive to salts, especially divalent cations, inducing a higher interaction of the polymer
chains and their aggregation (Morris et al., 2012). The resultant gel is firmer and more
brittle than high acyl gellan gels, and can produce gels at lower concentrations (CPKelco,

2007).
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The tetrasaccharide unit is composed of B-D-glucuronate, B-D-glucose and a-L-rhamnose
(Phillips and Williams, 2000), with a molecular weight range between 100 and 200 kDa
(CPKelco, 2007, Kirchmajer et al., 2014). In Fig. 2.6 both the high acyl (HA) and deacylated

or low acyl (LA) gellan gum chains are reported (Mahdi et al., 2015).

CH,CH
0 0 o]
A CHs .
OH
N
OH OH OH
—nNn
CH,OH
O 0 (0]
CH
B OH 3
OH OH OH

Figure 2.6: High acyl gellan gum (A) and low acyl gellan gum (B) units. Adapted from Mahdi

et al. (2015).

Since gellan gum gels on cooling, it belongs to the class of “cold set” gels (Banerjee and
Bhattacharya, 2012). On the G’, G”’-temperature graph (Fig. 2.7), it is possible to distinguish
the coil-helix transition temperature (Tcn) as the marked change in slope of the G’ curve,
while the sol-gel transition temperature (Tsg) as the intersection of the G’ and G” curves

(Miyoshi and Nishinari, 1999b).
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Figure 2.7: G'(circles) and G” (triangles) as a function of temperature. Measurements at
0.1 rad/s and 0.5 °C /min: heating (filled symbols) and cooling (open symbols) and heating.
Different gellan gum concentrations (A) 1 wt%, (B) 2 wt% and (C) 3 wt%. Adapted from

Miyoshi and Nishinari (1999b).

When dispersed in hot water, the polymer is in form of disordered single-coils. On solution
cooling, the random coils initially rearrange to form threefold double helices (“coil-helix”

II'

transition), followed by helices aggregation (“sol-gel” transition) on further temperature
decrease, resulting in a three-dimensional gel network (Banerjee and Bhattacharya, 2012).
The ordered domains are called junction zones (Morris et al., 2012), stabilised by non-
covalent interactions (hydrogen bonds, electrostatic forces, hydrophobic interactions, Van
der Waals attractions) and molecular entanglements (Hui, 2006). The gellan gum
mechanism of gelation is, therefore, based on the “domain model”, divided into ordered
and disordered network zones (Morris et al., 1980).

The presence of physical interactions between the polymer chains makes gellan gum highly

sensitive to the presence of cations, mainly monovalent (Na* and K*) and divalent (Ca?*

and Mg?*). Both cation types interact with the gellan gum chains in a slightly different way:
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sodium and potassium indirectly crosslink the double helices (Fig. 2.4 D), through the
presence of water molecules, while calcium and magnesium bridge the polymer chains
through the interaction between the carboxylate groups of contiguous double helices
(Tang et al., 1996). Robinson and Manning (1991) schematically proposed the “cation-

mediated aggregate” model for gellan gum (Fig. 2.8).

Coils Q%Q %Q,HQSO

cool without cations ‘ T heat

K"%‘J‘/‘./:”,,”Q'_
SR b B
% %%?é

Weak gel 283
,51"“:;:’; o5 -’“/foffffffﬂ”\&;/.&

TSI
553

Figure 2.8: “Cation-mediated aggregate” model for gellan gum. Double helix aggregation
is promoted by the presence of cations (filled circles). Adapted from Robinson and

Manning (1991).
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In Figure 2.8, it is possible to observe that the absence of salts reduces the double helices
aggregation generating a “weak gel”.

Since the strength of the chain attraction depends on the polymer linear charge density as
well as the specific cation charge (Morris et al.,, 2012), divalent cations promote more
effectively the gellan gelation, resulting in gels twice stronger and firmer compared to
monovalent cations (Banerjee and Bhattacharya, 2011).

The ion size also affects the strength of binding, as it increases with increasing ion size (Li*
< Na*< K* < Rb* < Cs*) (Morris et al., 2012). However, an optimum salt concentration and,
therefore, the extent of aggregation has been reported (Morris et al., 2012). Similarly, an
increased concentration in H* by acidification of the polymeric solution, especially close to
the gellan gum pKa, leads to a more aggregated network (Norton et al., 2011, Bradbeer et
al.,, 2014). Although the charge density on the gellan gum molecules is reduced by
decreasing the pH, the presence of more cations leads to a higher aggregated network
(Bradbeer, 2014), as further discussed in Chapter 4. Interestingly, further addition of Na*
and Ca?* as in acid gels generally results in the strength reduction of the system (Sworn,
2009).

In terms of sol-gel transition temperature, divalent cations induce structural ordering at
higher temperatures compared to monovalent cations, although no significant
dissimilarity is found between Ca?* and Mg?* (Milas and Rinaudo, 1996). In other words,
the thermal stability induced by divalent cations is higher and, therefore, their amount to

promote gel gelation is considerably lower than monovalent cations (Milas and Rinaudo,

1996, Morris et al., 2012).
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On the other hand, HA gellan gum (biosynthesised native polysaccharide) forms gels,
which re-melt at approximately 65 °C, without showing “thermal hysteresis”. The amount
of HA gellan gum that can form a “self-supporting” gel network is at concentration above
~0.2 w/w %, compared with 0.05 w/w % for LA gellan gum (Sworn, 2009).

In HA gellan gum, the acyl substituents (glycerate and acetate) (Fig. 2.9) results in a softer
and more flexible gel, compared to the more brittle and firmer properties of LA gellan gels

(Phillips and Williams, 2000).

HA gellan Gelatin Alginate K-carrageenan LA gellan
Soft Hard
Elastic ﬁ Firm
Flexible Brittle
Xanthan/LBG Pectin 50 HA: 50 LA gellan Agar

Figure 2.9: Textural properties of different hydrocolloids. Adapted from Phillips and

Williams (2000).

Although the acyl substituents do not modify the overall molecular network and the
double helix structure, they do affect the gelation (Chandrasekaran and Thailambal, 1990).
The glycerate provides stabilisation by adding new hydrogen bonds, yet disrupting the
binding site for cations by orientation change of the adjacent carboxyl group
(Chandrasekaran and Thailambal, 1990). It leads to the loss of polymer aggregation
mediated by cations and, consequently, to a reduction in mechanical properties. On the
other hand, the acetate further hinders the helix aggregation (McClements, 2015).

The two gellan gum types can be blended to provide synergistic properties to the system,

especially in terms of mechanical properties (Phillips and Williams, 2000). Morris et al.
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(2012) reported that the textural attributes of HA/LA gellan gum mixtures are intermediate
between the extreme brittleness and hardness of the low acyl form and extensibility of the
high acyl form. Generally, binary mixtures of gels form a complex structure as
schematically reported in Fig. 2.10 (Dickinson, 1991). The two gellan gum gel types form
an interpenetrating three-dimensional gel network (Mao et al., 2000), resulting in the

double helices not to include strands of the two gel types (Fig. 2.10 B) (Morris et al., 2012).

(D)

Figure 2.10: Suggested models for binary hydrocolloid mixtures (Dickinson, 1991). (A) Only
one hydrocolloids forms the gel network, (B) one polymer forms an interpenetrating”
network in the other, (C) demixing and following gelation of both hydrocolloids form a

phase-separated network, (D) intermolecular binding forms a coupled network.

From a gelation mechanism perspective, HA gellan gum gel sets at higher temperatures,
whereas LA gellan forms the gel structure within the HA gellan network on further cooling,

IH

creating a structure described as a “gel within a gel” structure (Imeson, 2011).
Gellan gum and hydrocolloids in general are often used in combination with sugars

(Miyoshi et al., 1998, de Vries, 2002, Norton and Foster, 2002, Renard et al., 2006). Miyoshi
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et al. (1998) reported the effect of sugars in the gellan gum gel system and they concluded
that sugars can promote gelation and conformational ordering of gellan gum and,
particularly, that mannose is less effective than glucose. Both the coil-helix transition (Tchn)
and sol-gel temperatures (Tsg) tend to overlap at 41°C upon sugar increase. The
conformational ordering of gellan is influenced by the sugar type as follows: sucrose >
glucose >> fructose (Miyoshi and Nishinari, 1999a). The reason for this is ascribed to the
competition in molecular interaction between polymer-water and sugar-water, which is
highly related to dynamic hydration number (Nishinari and Watase, 1992).

Sugars have also an effect on gellan gum mechanical properties (Sworn and Kasapis, 1998).
It was found that sugars (d(-)-fructose, maltose and d(+)-glucose) generally increase the
gel strength, promoting gellan gum chain aggregation by replacing the solvent (Gekko and
Kasuya, 1985, Deszczynski et al., 2003), yet too high co-solute concentrations lead to a
strength drop, due to an excessive polymer cross-linking. This excessive biopolymer
aggregation results in a sharp decrease in mechanical properties (Kawai et al., 2008). The
reduction in the number of effective junction zones by increasing the solute concentration
leads ultimately to the gellan precipitation (Morris et al., 2012). However, the “optimum
extent” of association and cross-linking is significantly dependant not only on the sugar
content, but also on the presence of salt, which can be contained in the gellan formulation
(CPKelco, 2007, Morris et al., 2012). Nickerson et al. (2004) proposed that the presence of
co-solute in high concentrations forms “gel islands” embedded in a co-solute matrix.
Similar observations were found for HA gellan gum-sugar systems in terms of mechanical
properties as well as setting/melting temperatures (Sworn, 2009). Specifically, an increase

in sugar concentration leads to an increase in gel strength.
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2.3 Drying mechanisms in the food industry

The presence of water in food influences physical, chemical and mechanical properties
(Barbosa-Canovas et al., 2008). The main limit to biological conservation is the presence of
microorganisms, which can grow and proliferate in a humid environment (Aguilera and
Stanley, 1999), resulting in a reduction of the product shelf life, spoilage and organoleptic
degradation (Ratti, 2001, Fellows, 2009). The water content is generally expressed on
either dry basis or wet basis (Perry and Green, 1999). The former is normalised on the solid
content, whereas the latter on the total weight. However, not all the water within food
plays the same role in microorganism growth (Aguilera and Stanley, 1999). Part of water
interacts more with the material structure in a dynamic equilibrium, while part of water is
less affected by the material matrix, becoming more available for physical, chemical and
microbiological reactions (Barbosa-Canovas et al., 2008).

Water activity (aw) provides thermodynamic information about the energy status of the
system and, therefore, the water availability to participate in reactions (Mathlouthi, 2001,
Barbosa-Cénovas et al., 2008). One of the first mathematical definitions was suggested by
Labuza (1975), defining aw as the ratio of the vapour pressure (P,) in the material, over the

vapour pressure of pure water (Po) at the equilibrium (Eq. 2.1).

Ay=— (Eq. 2.1)
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Water activity is expressed on a scale from 0 to 1 and, generally, values below 0.3 indicate
that water strongly interacts with the material structure, whereas values above 0.7 that
water acts more as a solvent (Barbosa-Canovas and Vega-Mercado, 1996)

Water activity is used to define a stability map for food spoilage (Ariyawansa, 2000,
Barbosa-Canovas et al., 2008, Rahman, 2009) (Fig. 2.11), since water that strongly interacts
with the material structure (Aguilera and Stanley, 1999, Mathlouthi, 2001) is not involved

in reactions.

non-enzymic
browning

Relative deteroration rate

% 1US1U02 24NISION
o

moulds

yeasts
bacteria

Water activity

Figure 2.11: Food stability map: food deterioration rate as a function of moisture content

and water activity. Adapted from Ariyawansa (2000).
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From the stability map (Fig. 2.11) it is noticeable that spoilage is considerably delayed at
water activity values around 0.70. However, it is known that some moulds may grow very
slowly in water activity range between 0.60 and 0.62 (Jay et al., 2008). Furthermore, water
activity plays a key role in regulating the enzyme and vitamin activities as well as chemical
modifications, such as the browning due to the Maillard reaction or the vitamin C loss and
discoloration (Brown, 2010).

Water activity is strictly dependent on the material properties and, therefore, products
with the same water content may have different ay values. In addition, the formulation
may be designed to limit the occurrence of water participating in reactions by adding low
molecular weight solutes, such as sugars or salts (Barbosa-Canovas et al., 2008).

The most common drying process is air-drying, based on the water evaporation from the
material due to a thermal treatment, typically around 65-85 °C, although low temperature
process have been developed (~20 °C) (Kilic, 2009, Brown, 2010). The resulting material is
characterised by high apparent density and low porosity as well as microstructural damage
and deteriorated product properties (e.g. colour, aroma, texture and nutritional value)
(Ratti, 2001). Air-drying is discussed in more detail in Section 2.3.2.

Depending on the specific application, alternative drying methods are often used, such as
microwave assisted, vacuum assisted and freeze-drying. However, none of the processes
is ideal in every aspect (Nijhuis et al., 1998a, Wang and Xi, 2005).

Microwave or radio frequency (RF) assisted drying is characterised by fast heating,
generated by the interaction of the electrostatic field with water molecules, and rapid
mass transport. Although the energy absorption is proportional to the moisture content in

the material (Wang and Xi, 2005), through electrical resistance and/or dipole
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reorientation, the structure may be damaged, showing “puffing” (Brown et al., 2008,
Rakesh and Datta, 2011). Moreover, the microwave-drying process is relatively expensive
in terms of set-up as well as running costs (Nijhuis et al., 1998a).

A variation of the microwave drying consists in the application of vacuum. The reduced
pressure allows a lower process temperature, preventing the product damage and
degradation. Furthermore, the absence of air limits oxidative reactions, preserving the
nutrient content and colour. Interestingly, the vacuum extent leads to different textural
properties: for example, the high product internal pressure in conjunction with the low
chamber pressure promotes the material expansion (Brown, 2010).

Freeze-drying is an alternative method for drying, which allows a high-quality product in
terms of structure preservation, since it is based on ice crystal sublimation (Scherer, 1990).
Similarly to the microwave vacuum drying, the low pressure as well as the possibility to
reduce the process temperature limits chemical reactions and degradation (Ratti, 2001).
Freeze-drying is discussed in more detail in Section 2.3.1.

An emerging method for food drying applications is through the use of supercritical fluids
(Brown et al., 2008). In particular, supercritical CO; is commonly used for its low cost and
non-toxicity (Gupta and Shim, 2006). Furthermore, its chemical and physical properties
can be modulated according to the employed pressure and temperature. Supercritical fluid
drying is discussed in more detail in Section 2.3.3.1.

In parallel to drying methods, dehydration treatments are often used to reduce the
moisture content and water activity to an intermediate level, often as a pre-treatment to
the drying process (Garcia-Gonzalez et al., 2007, Brown et al., 2008, Prosapio and Norton,

2017b). Osmotic dehydration in hypertonic solutions (Bakalis and Karathanos, 2005,
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Prosapio and Norton, 2017b) and alcoholic dehydration (Cassanelli et al., 2017a) are some

common methods.

2.3.1 Freeze-drying

Freeze-drying, also known as lyophilisation, is based on the direct sublimation of the solid
solvent, generally ice into a gaseous state (Barbosa-Canovas and Vega-Mercado, 1996,
Evans, 2008). The process consists in decreasing the thermodynamic conditions of the
system, pressure and temperature, below the triple point of water (6.1 103 bar and 0.01
°C) (Barbosa-Cédnovas and Vega-Mercado, 1996). Since the capillary forces are absent
throughout drying (Scherer, 1990), the final product structure is characterised by an
excellent quality preservation (Ratti, 2001). In parallel, nutrients and volatile aroma
compounds can be more easily preserved due to the low process temperatures (Ratti,
2001), avoiding some drying-associated reactions such as the Maillard-browing reaction
(Evans, 2008), which typically occur with other common drying methods, such as air-drying
(Ratti, 2001).

The freeze-drying process starts by freezing the product, resulting in ice crystal formation.
Once the pressure is sufficiently lowered, the ice crystal sublimation is thermodynamically
encouraged (primary drying) and the process can then be prolonged into the desorption
of unfrozen water molecules (secondary drying) to reach the desired moisture content
(Rey and May, 2010).

The whole process can take a significant amount of time and a typical production cycle can

last from hours to a few days (Tang and Pikal, 2004). It is, therefore, important the
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optimisation of the freeze-drying process in all its stages to reduce the energy cost and
reach a high efficiency.

In Fig. 2.12 the schematic freeze-drying system is reported, consisting of (Evans, 2008):
Vacuum pump to achieve the desired pressure and remove non-condensable gases.
Condenser, set at a lower temperature, for the vapour removal by deposition and constant
pressure control.

Trays/shelves, often connected to a temperature-controlled system, where the samples

are located throughout the process.

Product trays
I —
——
——
—

N Drying Chamber

Exhaust gas

—> Vapour flux

Condenser
Vacuum pump

Figure 2.12: Schematic freeze-drying system. Adapted from Barbosa-Canovas and Vega-

Mercado (1996).

Since each gram of ice can produce significant amounts of vapour, dependent on the
working pressure, the water vapour is collected at the condenser and not in the pump, to

avoid the pump degrading. The role of the vacuum pump is rather the removal of air or
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other gases. Moreover, a too low condenser temperature can be inefficient, adding extra
costs to the drying cycle. It should be set in order to have a high deposition rate to avoid

pump overloading.

2.3.1.1 Pre-treatments and freezing

The term “pre-treatment” is referred to the prior-to-freezing optimisation of the product
formulation and the surface area of the product exposed to the drying (Nireesha et al.,
2013). The former means the revision of the ingredients to modulate the stability, the ice
crystal size and shape and the product appearance, while the latter considers the study of
the best geometry to allow an efficient drying process, reducing the required time (Tang
and Pikal, 2004).

The freezing stage may be performed directly in the freeze-dryer, by using liquid nitrogen,
methanol or dry ice as common refrigerants. To obtain high-quality freeze-dried products,
a completely frozen material is required to avoid any boiling liquid, which irremediably
would lead to the collapse and damage of the structure (Cook, 2009).

The sublimation rate is strictly dependent on how the freezing is conducted, as the size of
the ice crystals affects the drying kinetics. Specifically, it is preferred to induce the growth
of larger crystals to form an interconnected ice path, used by water to leave the structure
as the drying continues (Abdelwahed et al., 2006b). However, some cellular products, for
instance meat or vegetables, may not tolerate the internal stress from large ice crystals
and, therefore, smaller crystals are preferred to avoid a poor texture and nutrient loss

(Chassagne-Berces et al., 2009). In this context, both the product formulation (e.g.
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presence of excipients and solutes) and freezing rate influence the degree of supercooling
and, therefore, the shape and size of crystals (Sinha, 2007, Roos, 2012).

A slower freezing is recommended if large crystals are desired and it is often combined
with the annealing step, which consists of a temperature increase, generally 5 °C above T’
of the material, defined as the glass transition of a maximally frozen material (Evans, 2008).
This last stage involves a temperature cycle to thermodynamically and kinetically

encourage the crystal growth by decreasing the free energy of the system (Evans, 2008).

2.3.1.2 Collapse temperature

For an amorphous material an important parameter is the collapse temperature T, specific
for each substance, which is the temperature above which the viscous flow of amorphous
material occurs, leading to the collapse of the frozen structure (Fonseca et al., 2004, Wang
et al., 2004, Roos, 2010), often noticeable as a radial shrinkage (To and Flink, 1978). Above
this temperature, the polymer matrix is not sufficiently rigid, collapsing on itself as soon as
the ice crystals sublimate (Pikal and Shah, 1990). In this event, the failure of the material
and the defect formation are evident (Kett et al., 2005, Rey and May, 2010). The loss of
the typical porous structure results, firstly, in a less efficient and incomplete drying process
and, secondly, in a poor product quality. In addition, it results particularly difficult to
reduce the final moisture content, since the collapsed structure offers a considerable
resistance to water to be removed (Tang and Pikal, 2004).

Materials can be divided into crystalline and amorphous. The former have a specific
melting temperature or eutectic point Teu (if the material is a mixture of more

constituents). For the latter, it is possible to identify the glass transition temperature Tg,
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which determines the transition between the vitreous state and the rubbery and high-
mobile one (Rey and May, 2010). For freeze-drying applications, T,’, defined as the
temperature of the maximally frozen material, is the temperature related to T, generally
a few degrees lower than the collapse temperature (Pikal and Shah, 1990, Evans, 2008,
Roos, 2010). Conceptually, T¢ is different from Tg, which refers to the solid dried material.
If the material is semi-crystalline a mixed behaviour is raised, depending on the respective
percentage, considering both Teut and Tg'. In this case local softening events/melting might
occur.

Since the collapse temperature (or Teu for crystalline materials) prediction may result
difficult, especially with complex systems, different characterisation techniques have been
developed to experimentally individuate it. Among these, freeze-drying microscopy (FDM)
allows to visually identify the collapse temperature throughout the application of
heating/cooling cycles to the sample (Wang et al., 2004). In addition, the thermal and
electrical impedance analyses may provide a more complete characterisation (Rey and

May, 2010), distinguishing T¢" and other thermal transitions.

2.3.1.3 Primary drying
The primary drying consists in the solvent removal from the material by sublimation. The
driving force for this mechanism is the vapour pressure differential (VPD) between the
equilibrium vapour pressure of the ice leaving the material and the ice at the condenser
(Nireesha et al., 2013).
Considering that sublimation is an endothermic process that requires a considerable

amount of energy (~2800 J g1), it results in heat being required for drying to occur. This
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energy is usually provided by heating elements assembled near the product (with
temperature equal to Tsheir) Or by the surroundings (through the freeze-dryer walls) and it
is transferred to the material by convection, conduction and radiation. The input energy
should be ideally equal to the required energy for sublimation, otherwise it may increase
the product temperature (Tp) if the resistance of the product is sufficiently high (Rey and
May, 2010). Here, it is possible to understand why temperature, defined as a target
temperature (Tiwr), is chosen a few degrees lower than the collapse temperature: if the
product temperature rises, the system is still below T.. However, it is important to note
that only 1 °C decrease results in a 13% increment of primary drying time (Pikal and Shah,
1990), essentially by VPD reduction.

On the water phase diagram in Fig. 2.13, the schematic and real sublimation mechanism
during freeze-drying are reported. After the freezing step (1), the chamber pressure (P() is
set 30-50 % lower than the equilibrium vapour pressure at the target temperature (1’)
(Chang and Patro, 2004), to ensure that the sublimation process starts (2). If the system
were exactly in 1’, the thermodynamic equilibrium would occur and there would not be
sublimation. At this point, T, decreases due to the endothermic process (3), establishing a
new equilibrium, yet the condenser depletes the pressure, removing the generated vapour
in the chamber (4), shifting the system away from the equilibrium. Another slight decrease
in Tp occurs (5), temporarily stopping the sublimation process until it repeats itself, after a
slight temperature increase, that leads to an equilibrium at higher pressure (3) (Chang and

Patro, 2004, Rey and May, 2010).
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Figure 2.13: Freeze-drying cycle on the water phase diagram. “Actual” means how the real

process occurs: the system passes from 2 to 5, then it reaches 3, forming a cycle.

Since the heat needs to be transferred to the material, a too low chamber pressure implies
that the heat transfer is mainly by conduction and radiation, while the convection
contribution is reduced, resulting in a sublimation rate decrease.

In Fig. 2.14 the sublimation rate is the reported output, while the chamber pressure,

product temperature and shelf temperature are the inputs.
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Shelf temperature

Sublimation rate

Chamber pressure

Figure 2.14: Sublimation rate as a function of chamber pressure, shelf and product

temperature: example of primary drying. Adapted from Rey and May (2010).

Firstly, it is observed that a higher chamber pressure leads to an increase in the sublimation
rate as well as in the product temperature (Rey and May, 2010). In effect, if the pressure
is higher, the predominant heat transfer mode is convection with a consequent higher ice
removal rate. Secondly, if the heating elements are equipped, it is possible to control
precisely the provided energy (Rey and May, 2010). Therefore, an increase in Tshelr results
in a faster sublimation process. It is deduced that T, remains constant if Tsheif increases and

P. decreases or vice versa.
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A “safe zone” can be delimited by the collapse temperature and the choked flow. This last
phenomenon occurs at too high sublimation rates, resulting in an increase of both
chamber pressure and product temperature (Rey and May, 2010).

The end of the primary drying can be determined by two ways. Firstly, it is possible to
notice the increase in the product temperature up to the shelf one, due to the end of the
sublimation. Secondly, the chamber pressure stops to fluctuate, because the vapour

leaving the chamber decreases (Chang and Patro, 2004).

2.3.1.4 Secondary drying

Secondary drying is often required to further reduce the moisture content down to 1% or
less (Tang and Pikal, 2004). As the ice is completely removed during primary drying, the
process is based on water desorption rather than sublimation. Unfrozen water molecules
are encouraged to leave the porous matrix by increasing the shelf temperature, even
above 0°C, and consequently breaking the physical and chemical interactions with the
structure. On the other hand, it is noteworthy to mention that depending on the
formulation, overdrying may result in a poorer product quality (Rey and May, 2010).
During the secondary drying, the unfrozen water desorption is more sensitive to
temperature variations compared to pressure changes. However, the vacuum can be
maintained to further force water desorption. Microstructurally, since small pores lead to
a more exposed surface area, an initial faster freezing rate is preferred in this context
(Rambhatla et al., 2004).

At the end of secondary drying, the vacuum is usually broken by using inert gases (Nireesha

et al.,, 2013).
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After secondary drying, the freeze-dried products have an enhanced shelf life as long as
they are stored in a sealed environment, being highly hygroscopic, and below the glass

transition temperature (Evans, 2008).

2.3.2 Air-drying

One of the most common drying processes used in both food and chemical industry is air-
drying (Brown, 2010). It is based on the evaporation of the solvent, generally water, from
the material, requiring simultaneous mass and heat transfer (Aguilera and Stanley, 1999).
The final product is characterised by a relatively high apparent density and low porosity
(Krokida and Maroulis, 1997, Joardder et al., 2015). Temperature is a key parameter in this
process, having a considerable effect on the drying kinetics (Scherer, 1990) as well as on
the material properties (Ratti, 2001). In the food industry, a typical thermal treatment,
performed at 65 °C-85 °C (Brown, 2010), may lead to a microstructural damage (e.g.
shrinkage and case hardening) (Joardder et al., 2015) and a chemical-physical modification,
with a product quality reduction and loss in nutrients (Mujumdar, 2014).

During drying, and especially in the earlier stages, external variables, such as humidity and
airflow properties, temperature, pressure, exposed surface area and type of supporter,
influence both the final product quality and drying efficiency (Mujumdar, 2014). Therefore,
dried microstructure and water removal rate are highly dependent on the type of dryer.
Specifically, there are three factors that can influence the process (Mujumdar, 2014):
Type of operation (batch, semi-continuous or continuous).

Type of flow geometry (parallel, co-current, counter-current or cross-flows).

Type of flow (mixed or plug flows).
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The air-dryers are classified in Fig. 2.15 (Mujumdar, 2014).

Continuous Continuous  Continuous
Batch Semibatch  cocurrent  countercurrent  cross-flow

No mixing -1 + |

< O
With mixing of one or two l (
phases
o)
O | o
o
L)

Figure 2.15: Typical configurations of air-dryers. Grey arrows refer to material to be dried

and black arrows to air. Adapted from Mujumdar (2014).

To rapidly estimate the process conditions and determine the amount of moisture in air,
it is common practice to use the psychrometric charts (Perry and Green, 1999), where the
thermodynamic properties of water vapour-air systems are reported on the chart in terms
of dry- and wet-bulb temperature, dew point temperature relative humidity and enthalpy

(Mujumdar, 2014).

2.3.2.1 Heat and mass transport mechanisms
Air-drying is based on heat and mass transfer mechanisms between the material and the

surroundings (Aguilera and Stanley, 1999). Generally, heat is initially transported to the

40



Literature Review

material surface by convection, while the evaporation zone is reached by conduction and
radiation, which can also locally increase the dried layer temperature (Aguilera and
Stanley, 1999). However, the predominant heat transfer mode depends on the material
properties and microstructure. The provided energy raises the material temperature,
having an effect on the mass transport mechanism. If the temperature of the wet solid is
below the water boiling point, the prevailing moisture transport within the material is by
liquid diffusion, otherwise it is by vapour diffusion (Mujumdar, 2014). At the same time, if
the vaporisation rate is higher than the vapour transport rate through the solid material,
the hydrostatic pressure differences may play a key role (Mujumdar, 2014).

For a continuous dryer, the mass and heat transfer mechanisms are described by the
balance Equations (Eq. 2.2 and 2.3) (Barbosa-Canovas and Vega-Mercado, 1996,

Mujumdar, 2014).

ZiMiin Wiin = ZiM(i)ut Wéut (Eqg. 2.2)

Zi Miin Cpi(Ti; - Tref) = ZiMcl;ut Cpi(Toiut - Tref) + AW (Eq. 2.3)

where Min and Mout stand for entering and exiting mass rates (kg s%), win and wout are the
moisture contents for each term (kg kg'* db), Cp is the heat capacity (k) kg K1), A the latent
heat of vaporisation of water (k) kg?), T is temperature (K) for each term and W is the
evaporated moisture from the solid feed.

The heat and mass transfers between the dried surface and the evaporation zone are
highly dependent on the microstructure of the product. The transfer rate is defined by the

driving force for both heat and mass transfers (identified as the temperature difference
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for the former and partial pressure or moisture difference for the latter) and the transfer
coefficient, which considers the system microstructure evolving over time (Aguilera and

Stanley, 1999).

2.3.2.2 Drying kinetics and drying periods

Evaporative drying does not cause only physical and microstructural modifications of the
product, but also an evolution in drying mechanisms over time. A way to depict the drying
kinetics is through the drying curves, in which different periods are identified, as reported

in the general example (Fig. 2.16) (Mujumdar, 2014).

Constant drying rate period

First falling drying rate period

Rate of drying

Second falling drying rate period

Time

Figure 2.16: Typical rate of drying curve as a function of time. Adapted from Mujumdar

(2014).
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The plot shows an initial constant drying rate period, dependent on the water evaporation
from the surface, which ends at the critical moisture content w*. Both the material
structure and air conditions may affect the critical moisture content (Aguilera and Stanley,
1999). The evaporation rate, E, is proportional to the difference between the liquid (Py)

and ambient (P,) vapour pressures, as shown in the Equation 2.4 (Scherer, 1990).

E =k -P) (Eq. 2.4)

where k is dependent on the temperature and humidity, as well as the material surface
area.

As the evaporation rate is no longer balanced by the water diffusion to the material surface
due to internal resistances, the drying kinetics start to decrease, resulting in one or more
falling periods (Mujumdar, 2014). The material surface is not any longer assumed to be
covered by a thin wet film, rather it is considered to be unsaturated (Aguilera and Stanley,
1999). It suggests that the process relies on the internal structure and diffusion through it,
rather than depending on the external conditions (Scherer, 1990). Based on the material
porosity, typical in gel systems, the water movement to the surface is also led by capillarity
(Scherer, 1990).

A second falling period may take place as the distance between the surface and the drying
front increases as well as the water is discontinuous with not fully filled pores. The drying
rate is now controlled by the moisture movement within the material and heat transfer
(Aguilera and Stanley, 1999), since the capillary pressure gradient decreases (Scherer,

1990).
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The mass transfer throughout the material is depicted in Fig. 2.17 (Aguilera and Stanley,

1999).
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Figure 2.17: Mass and heat transfer processes through. Adapted from Aguilera and Stanley

(1999).

On drying there is a continuous microstructure evolution due to the generation of stresses
and deformations. The material deforms upon drying and shrinkage can take place due to
capillarity, osmotic pressure, disjoining pressure and moisture potential (Scherer, 1990).
This can result in the material cracking, especially where the local stress is concentrated
(Scherer, 1990). In particular, cracking of material is generally observed if the drying rate
is high and the product is thick.

Capillary pressure (AP) occurs to avoid an increase in system energy. In effect, when the
water evaporates the more energetic solid/vapour interface would replace the solid/liquid

one (Scherer, 1990). The liquid tends to minimise this by spreading and limiting the area
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between solid and vapour. This generates capillarity tensions (AP) dependent on the
curvature radius (r) of the meniscus and on the surface tension liquid/vapour described by

the Young—Laplace Equation (Eq. 2.5) (Scherer, 1990).

1 1
AP = )/ZU(Z + E) (Eq 25)

where yy is the liquid surface tension, while r1 and r; are the curvature radii of the

meniscus.

Equation 2.6 is simplified for spherical geometries (Eq.2.6)

AP =2 (Eq. 2.6)

T
The maximal capillary tension is defined as follows (Eq. 2.7):

AP = (Ysv=Ys1)SP
Vp

(Eqg. 2.7)
where Sp/Vp stands for the ratio between pore surface and volume, ys, the solid/vapour
surface energy and ys the solid/liquid one.

Other mechanisms causing the material deformation during drying are the osmotic
pressure, disjoining pressure and moisture potential (Scherer, 1990).

Firstly, the osmotic pressure is generated in the presence of a solute gradient of

concentration and relies on diffusion through a semipermeable membrane.
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Secondly, the disjoining pressure is based on electrostatic interactions and results from
the interaction between two interfaces, either attractive or repulsive. The disjoining forces
become significant when the solid surfaces, covered with a thin layer of oriented water
molecules, become closer and, therefore, they generally take place at the end of drying.

Thirdly, the moisture potential, defined as the partial specific Gibbs free energy of a liquid
in a porous matrix (Scherer, 1990) is the overall moisture holding pressure in the material.
Higher drying rates as well as the system formulation may lead to the formation of a rigid
external crust, since the moisture content starts to rapidly decrease (Wang and Brennan,
1995). This phenomenon is known as case hardening (Joardder et al., 2015). It occurs due
to the rubber-glass transition during drying and due to the deposition of solutes on the
external surface, transferred by diffusion from the inner part of the material. As a

consequence, it can influence the overall drying process.

2.3.2.3 Vacuum drying

One of the drying methods to remove water from highly temperature-sensitive products
is by applying vacuum (Joardder et al., 2015). This may help to prevent nutrient loss, colour
change and structure degradation due to the low temperatures and pressures (Krokida
and Maroulis, 1997). Specifically, the absence of air decreases the occurrence of oxidative
processes.

The dried structure is affected by pressure especially in terms of generated porosity
(Joardder et al., 2015). It has been reported that decreasing the pressure, the total porosity

increases, limiting the shrinkage of the material (Joardder et al., 2015). As the drying
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temperature may be lower, the system may dry on a temperature below its glass transition
temperature, reducing or preventing the product collapse (Ratti, 2001).

The vacuum drying kinetics can be considerably higher than for conventional air-drying
since the air and water vapour expansion within the food can provide a larger area/volume
ratio, enhancing both the heat and mass transfer (Lee and Kim, 2009).

Since the pressure is reduced, the main heat transfer modes are based on conduction and
radiation rather than convection (Mujumdar, 2014). However, due to the possible
occurrence of shrinkage and consequent surface area reduction, conduction might not be

efficient (Mujumdar, 2014).

2.3.3 Supercritical fluid technology

Supercritical fluid technology has gained interest due to the unique properties of
supercritical fluids (SCFs) in a variety of areas, including chemistry, biomedicine,
pharmaceutics, cosmetics and food (Gupta and Shim, 2006). The supercritical state is
achieved by raising both the pressure and temperature over the substance critical

properties (Wang, 2008), as reported in the generic phase diagram (Fig. 2.18).
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Figure 2.18: Generic phase diagram. The supercritical state is formed above the critical

point. Adapted from Nalawade et al. (2006).

The resulting phase is homogeneous with the absence of the meniscus between liquid and

gas, as reported in Figure 2.19.

2191910

Figure 2.19: lllustration of supercritical state formation. Presence of gas-liquid interface

below the critical point (1-3). Homogeneous phase as the critical point is reached (Brown,

2010).
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A supercritical fluid is characterised at the same time by liquid- and gas-like properties,
which can be tuned according to the employed pressure and the temperature (Wang,
2008, Tabernero et al., 2012a). Specifically, SCFs are more similar to a liquid in terms of
density and solvation power, whereas are more comparable to a gas considering both

viscosity and coefficient diffusion (Table 2.1) (Brunner, 2005).

Table 2.1: Typical values of physical properties for gas, liquid and SCF. Adapted from

Brunner (2005).
Phase of substance Diffusivity (m?/s) Density (kg/L) Viscosity (Pa s)
Liquid (0.2-2.0) 10° 0.6-1.6 (0.2-3.0) 103
Gas (0.1-0.4) 10* (0.6-2.0) 103 (0.6-2.0) 10°°
SCF (0.2-0.7) 107 0.2-0.9 (0.1-0.9) 10*

Among the fluids that can be employed at the supercritical conditions, carbon dioxide
(CO3y) is the most used in industry since it is non-flammable, non-toxic, inert, low-cost and
can be easily recycled (Gupta and Shim, 2006, Liu et al., 2010). At atmospheric conditions,
CO: is gaseous and therefore every residue is expelled at the end of the process (Brown,
2010). Consequently, no solvent traces are present in the final material and CO; can be
recycled for the following process. Having a relatively low and accessible critical point
compared to other fluids (Table 2.2), it is particularly useful for the processing of thermo-

sensitive molecules (Gupta and Shim, 2006).
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Table 2.2: Critical pressures and temperatures of common supercritical fluid. Adapted

from Brown (2010).

Fluid Pc (bar) Tc (°C)
Water 221 374.1
Propane 43 96.8
Nitrous Oxide 72 36.6
Ethanol 64 243.1
Ethane 49 325
Carbon dioxide 74 311
Ammonia 113 132.4

Two fluids can form a supercritical fluid mixture with homogeneous properties if the binary
system is above and on the right of the mixture critical point (MCP) (Fig. 2.20) (Akien and

Poliakoff, 2009).
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Figure 2.20: Generic isotherm phase diagram for a binary system CO,/solvent. Adapted

from Akien and Poliakoff (2009).
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On the left of the MCP (Fig. 2.20) and above the critical pressure, the system is called an
“expanded liquid” (or enhanced fluidity liquid, EFL). The anti-solvent (CO2) may contain
larger quantities of solvent in a single homogeneous phase, behaving similarly to the
supercritical fluid mixture (De Marco and Reverchon, 2012) in terms of reduced surface
tension and viscosity (Martin et al., 2013).

Supercritical CO; (scCO;) assisted processes have been successfully applied to several
fields:

Drying and aerogel production (Ghafar et al., 2017, Jiang et al., 2017)

Petroleum and coal processing (Brunner, 2005)

Material impregnation of active compound (Medeiros et al., 2017)

Extraction and purification (Prieto et al., 2017, Rosa et al., 2017)

Micronisation (Peker et al., 1992, Sievers and Eggers, 1996)

2.3.3.1 Supercritical fluid drying

Supercritical fluid drying is widely used in the production of inorganic aerogels (Scherer,
1990, Estella et al., 2007, Zera et al., 2014) as well as organic aerogels (Tamon et al., 1997,
Brown et al., 2010a). The main advantages of using SCF for drying applications from a
microstructural perspective are the absence of the vapour-liquid interface and the
possibility to carry out the process in a single homogeneous phase, reducing the stress due
to capillarity (Scherer, 1990) (as discussed in Section 2.3.2.2) and avoiding both gel cracking
and collapse (Namatsu et al., 1999, Bouchaour et al., 2003). Supercritical fluid drying may
induce a very little extent of gel shrinkage, but only up to one tenth of the initial volume

(Scherer, 1990), especially upon depressurisation (Rangarajan and Lira, 1991). Rangarajan
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and Lira (1991) suggested that the shrinkage may be related to a redistribution of the
condensed phases by desorption and subsequent re-adsorption from one pore to another
within the dried gel structure.

A parallel benefit of the use of SCF is the possibility to limit structural thermal damages as
well as chemical reactions by contrast to air-drying, since the CO; critical temperature is
relatively low (31.1 °C).

A typical SCF-assisted drying process (Fig. 2.21) consists of both vessel pressurisation and
heating above the critical point of the fluid by using a pump/compressor and a heat
exchanger (Wang, 2008). The system is usually controlled through an expansion valve that
can decrease the internal pressure below the critical pressure, leading to a subcritical stage
later in the process. The solubilised solvent in the supercritical fluid medium is collected at

the end of the process by a separator (Wang, 2008).

Expansion valve

’N ’ Evaporator

Ty f il
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Compressor Condenser

Figure 2.21: lllustration of a typical SCF drying process. Adapted from Wang (2008).
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Typically, the SCF-assisted plants for drying work in a batch or semi-continuous
configurations (as further discussed in Chapter 6). The former is based on the solubilisation
of the solvent in the supercritical fluid (which acts as an anti-solvent) within the material
to dry, while the latter consists in a continuous flow of the selected SCF.

Similarly to an extraction process, the drying using supercritical fluids could be considered
as a water removal from the material. However, since the water solubility in supercritical
COz is relatively low (Sabirzyanov et al., 2002), a pre-treatment with other organic solvents
(e.g. ethanol) is often required. In this case, water is replaced by a solvent with higher
affinity with the anti-solvent. The SCF enters the sample to be dried in a similar way that
occurs during the extraction process (Brown, 2010): the solvent to be removed is
solubilised in the supercritical fluid medium and displaced out of the material.

In other cases, the solubility of water in the supercritical fluid medium can be enhanced by
using co-anti-solvents (Kopcak and Mohamed, 2005), such as ethanol or acetone, or
surfactants. They can be present at the bottom of the vessel of the batch configuration
(Sawada et al., 2008), or directly pumped as a mixture with the SCF (Brown, 2010).

The reason for the use of co-anti-solvents lies in the fact that the solubility of water in
scCO,, which depends on both the temperature and pressure, is very low. At 50 °C and 200
bar it can be estimated at around 4 mg of water per gram of CO; (Sabirzyanov et al., 2002),
while at 40 °C and same pressure it is equal to 2.4 mg/g. Therefore, the solubility is almost
halved due to a 10 °C temperature drop (Sabirzyanov et al., 2002), whereas it has a little
dependence on pressure within the range between 20 and 500 bar (Reighard and Olesik,
1996). In Figure 2.22 the low water solubility in scCO; is reported (Takenouchi and

Kennedy, 1964).
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Figure 2.22: H,0-CO; system: isotherm diagram expressing the presence of mixture liquid-

gas. Adapted from Takenouchi and Kennedy (1964).

2.3.3.2 Supercritical fluid extraction
In addition to the drying applications, supercritical fluids are used to extract specific
substances from materials. In this context, the supercritical fluid acts as a solvent, whereas

other organic fluids (e.g. ethanol) as a co-solvent if they are necessary.
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Solubility is measured as the maximum solute amount which can be dissolved by a solvent
at dynamic equilibrium, leading to a homogeneous solution (Peach and Eastoe, 2014) and
it can be expressed in g L'* or in mol dm™3. It is related to the amount of solute (e.g. active
compounds to remove from the material) in the supercritical fluid medium.

The solute (e.g. active compounds to remove from the material) can be fully soluble or
have partial solubility in scCO; and this behaviour is driven by the reduction of the system
energy. In other words, if the solvation process is encouraged, the molecules of the solute
tend to be surrounded by the solvent ones and they avoid staying together (Peach and
Eastoe, 2014).

Different factors contribute to the solvation power, e.g. system polarity, pressure and
temperature, and especially near the critical point supercritical fluids are highly sensitive
to small parameter changes (Sabirzyanov et al., 2002).

Temperature affects the solubility in two distinct ways (Brown, 2010). Firstly, higher
temperature leads to an increase in vapour pressure and consequently to an enhanced
solubilisation of the solute. Secondly, an increment in temperature causes a decrease in
solvent density, affecting the solvation power. These two factors are opposing and the
predominant mechanism depends on the pressure of the system.

In particular, the solubility of single compounds in scCO; is characterised by the existence
of a so-called “crossover” pressure (Chimowitz and Pennisi, 1986, Gupta and Shim, 2006).
It is defined as the specific pressure around which solubility isotherms (in a range of the
near-critical temperatures) tend to converge (Gupta and Shim, 2006). Figure 2.23 shows

that below the crossover pressure an isobaric increase in fluid temperature results in a
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solubility reduction. An opposite behaviour is noticed above the crossover pressure (Gupta

and Shim, 2006).
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Figure 2.23: Example of crossover pressure for phenanthrene in scCO;. Mole fraction
solubility (y) as function of pressure and temperature. Adapted from Gupta and Shim

(2006).

One of the main drawbacks for scCO; is that it can completely dissolve only non-polar or

slightly-polar substances. A generally used term is “like dissolves like” (Hansen, 1967) and
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it refers to the tendency for a polar solute to be easily solubilised by a polar solvent (Peach
and Eastoe, 2014).

To better understand the solubility and the term “like dissolves like”, it could be useful to
mention the Hansen theory (Hansen, 1967). It is based on three parameters (HSP)
expressed in MPa%>, defined as:

6P the energy for molecular polarity (related to dipole moment)

6D the energy related to dispersion forces (van der Waals)

6H the energy from hydrogen bondings

In the Hansen space, it is possible to identify a point with these parameters as coordinates.
An interaction radius R* can be defined, which expresses how alike two substances are. It

can be calculated as follows (Eq. 2.8):

Ra? = 4(8D1-6D;)? + (6P1-6P;)? + (6H1-6H>)> (Eq.2.8)

The closer two different substances are, the more probable they tend to solubilise into
each other. In other words, if a material is within the sphere of the solvent found in the
Hansen Space, they are compatible (Hansen, 1967).

Co-solvents or surfactants enhance the solubility of the polar compounds, denoted as the
“entrainer effect”, as well as influencing the critical temperature/pressure of the new

mixture (Reid et al., 1987, Sun, 2002), as shown in Table 2.3.
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Table 2.3: Critical temperature/pressure for EtOH/CO; binary mixture as a function of

EtOH mol %. Adapted from Reid et al. (1987).

Mol EtOH (%) P (MPa) Tc (°C)
0 7.38 31.1

0.95 7.65 32.7
2.14 7.83 35.3
2.78 8.07 37.2
3.66 8.25 39
4.64 8.61 42.1
6.38 9.19 47

An alternative way to increase the solute solubility is by addition of surfactants, surface-
active amphiphilic molecules composed of a hydrophilic head and a hydrophobic tail that
interact with both polar (e.g. water) and non-polar (e.g. CO2) substances (McClements,
2015). Similarly, to the high system sensitivity to co-solvents, small quantities of
surfactants dramatically change the solution properties. However, the increase in
thermodynamic stability depends on the affinity with the solvent and the dispersed phases
(Liu et al., 2002).

It has been argued that fluorocarbons are more CO;-philic than the equivalent
hydrocarbons (Peach and Eastoe, 2014). Recently, a reduction of the use of fluorocarbons
has been aimed to limit environmental hazards (Peach and Eastoe, 2014). To keep the
toxicity down, silicones have been investigated, considering that this polymer class belongs
to the CO;-philic substances (Liu et al., 2002). However, these polymers need higher
pressure to obtain a single homogeneous phase compared to the fluorocarbons (Liu et al.,

2002).
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Liu et al. (2002) reported that two non-ionic, non-fluorous and non-silicone surfactants (Ls-
36 and Ls-45) are recommended to be used to solubilise a significant amount of water in a

CO2 medium (Fig. 2.24).
Hj
C 12 st_o_(_CHg_CHg__O};(CH_C Hz—O')n_H

Ls-36: m=3, n=6 Ls-45: m=4, n=5

Figure 2.24: Polymer chains of the Ls-36 and Ls-45 surfactants. Adapted from Liu et al.

(2002).

These surfactants have both EO (ethylene oxide) and PO (propylene oxide) groups. The
number of EO groups along the polymer chain is expressed by “m”, whereas “n” refers to
the number of the PO groups. In particular, the latter is more CO»-philic than the former,
therefore the higher the ratio PO/EO is, the higher the solubility of the polymer in CO; is.

In other words, the solubility depends on the ratio m/n (Liu et al., 2002).

2.4 Dried gels

The resulting dried gels from the discussed techniques are classified into three main
classes (Gulrez et al., 2011, Banerjee and Bhattacharya, 2012):

Xerogels are solid monoliths of material obtained by unhindered shrinkage (Banerjee and
Bhattacharya, 2012). It is typically the result of air-drying (Job et al., 2005), which leads to
the collapse of the network and gel densification (Joardder et al., 2015). The pore size is

relatively small compared to the other dried gel structures.
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Cryogels are freeze-dried macroporous materials (Job et al., 2005), that can be considered
like a sponge (Lozinsky et al., 2003, Kumar et al., 2010), where the solvent fills the
structure. The polymer chains are forced to align and to associate along the ice crystal
edges in a so-called side-by-side mechanism (Zhang et al., 2013). Upon rehydration, these
cryogels are comparable to the gel structures obtained by freezing and thawing weak gels
(Richardson and Norton, 1998, Giannouli and Morris, 2003).

Cryogels have often a high-porous structure, with relatively large pores (Lozinsky et al.,

2003) and thinner pore-walls (Cassanelli et al., 2017c).

Aerogels are mesoporous materials composed of “being” (solid domains) and
“nothingness” (free volume space) (Rolison and Dunn, 2001). The resulting structure has a
low-density and high specific surface area (Banerjee and Bhattacharya, 2012). They are
generally produced by using supercritical fluid, which can solubilise and displace the
solvent within the gel network, limiting the shrinkage of the material (Scherer, 1990). It
has been shown that the porous structure is exclusively dependent on the supercritical

fluid conditions during the drying process (Brown, 2010).

Figure 2.25 shows the dried gels are schematically reported (Rolison and Dunn, 2001,

Lozinsky et al., 2003).
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Xerogel Aerogel

Figure 2.25: Scheme of dried gels after air-drying (xerogel), freeze-drying (cryogel) and

using supercritical fluids (aerogel). Adapted from Rolison and Dunn (2001).

2.5 Rehydration

Dried food is often expected to rehydrate to recover the properties of the fresh product,
such as texture, colour, shape and flavour. Hence, the quality of dried products to be
rehydrated cannot be satisfactory if their rehydratability is limited or there is only a partial
water re-absorption (Ratti, 2001). Although it depends on the specific product, the amount
of water to be recovered should be close to the quantity before drying. Examples of food
intended to be rehydrated are vegetables (Bakalis and Karathanos, 2005, Goula and
Adamopoulos, 2009, Vergeldt et al., 2014), pasta and cereal products (Ogawa et al., 2014),
ready meals and food/dairy powder (e.g. soups or sauces) (Hogekamp and Schubert, 2003,
Richard et al., 2013, Abdel-Haleem and Omran, 2014).

The extent and rate of rehydration are strictly dependent on the drying conditions, which
can degrade and alter the material structure as well as its chemical/physical properties
(Marabi et al., 2006). The extent of rehydration gives information about the quantity of
water that it is re-absorbed by the material at the equilibrium, while the rate indicates the

speed of the rehydration. They are both influenced by the material structure, especially in
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terms of shape, shrinkage, porosity, pore size distribution and thickness of the pore wall,
and by the chemical properties, such as material wettability (Aguilera and Stanley, 1999).
Rehydration can be assessed by measuring the sample moisture content over time
(Krokida and Marinos-Kouris, 2003), finding rehydration ratio Ro, calculated as the ratio

between the mass of the rehydrated (M,) and dried sample (Mg) (Eq. 2.9).

Rehydration ratio (Ro) = Mr/Mg (Eq. 2.9)

The water transport through the dried material is generally based on molecular diffusion,
but multiple mechanisms may occur at the same time, such as vapour diffusion, Knusden
diffusion, surface diffusion, hydrodynamic flow and capillary flow (Saguy et al., 2005).

In addition to the chemical/physical properties of the material, the medium properties
affect the rehydration process. In particular, the temperature, viscosity and polarity of the
liquid, as well as the presence of solutes, may influence the process kinetics (Krokida and
Marinos-Kouris, 2003).

Based on the final application of the product, it results clear that drying should be designed

according to the rehydration process.

2.6 Conclusions

The quality of dried food is key for the food industry. Preservation of nutrients, shelf life
extension, enhanced product stability, customer-pleasing appearance and high
rehydratability are the main factors to pursue to meet the high-quality standards. Their

achievability is strictly dependent on the drying technique. Water can be removed by
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sublimation, evaporation or via solvent replacement, leading to a different structure and,
therefore, quality. The final application of the dried food and the market to target can
indicate the best way to dry the material. Once the method is defined, the optimisation of
the drying process is required to have a more efficient, robust and safe process. The
presence of ingredients that highly interact with water within the food formulation, such
as hydrocolloids, makes the study of drying and rehydration mechanisms more complex,

as they are likely to interact also with other product constituents.
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Chapter 3

Investigation of freeze-dried gellan gum
structure: effect of gel formulation

This work is published as follows:

Cassanelli, M., Norton, I., & Mills, T. (2018). Role of gellan gum microstructure in freeze
drying and rehydration mechanisms. Food Hydrocolloids, 75: 51-61.

Cassanelli, M., Norton, I., & Mills, T. (2018). Interaction of mannitol and sucrose with gellan

gum in freeze-dried gel systems. Food Biophysics, 13, 304-315.
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3.1 Introduction

Hydrocolloids are of importance in the food industry, as gelling agents, stabilisers or
thickeners (Phillips and Williams, 2000, Norton and Foster, 2002, Williams and Phillips,
2002, Renard et al., 2006). They are often used in complex products, such as dairy or instant
food, to modulate and enhance their mouthfeel and textural properties (Rolin, 1993, de
Vries, 2002, Norton and Foster, 2002, Renard et al., 2006). As the quality of the food
product is the result of the interaction between the formulation constituents
(Pongsawatmanit et al., 1999, Kaushik and Roos, 2007), hydrocolloids might behave
differently depending on how they interact with other ingredients. Particularly in the
confectionery industry, gelling agents are often wused in combination with
sugars/sweeteners (Edwards, 2007). Interactions with other gums and/or additives can
lead to synergistic rheological/textural properties (Phillips and Williams, 2000).

To improve both preservation and storage, food frequently needs to be dehydrated (Brown
et al., 2010a) or to have a reduced moisture content and water activity, depending on the
specific industrial applications (Barbosa-Céanovas et al., 2008). To achieve a high product
quality, all the formulation constituents and their interaction should be considered during
the drying process. Among the common drying techniques, Scherer (1990) recommended
freeze-drying as a method to enhance both product shape and volume preservation,
decreasing shrinkage, since it is based on the sublimation of water from the solid matrix,
and providing a high-quality structure (Ratti, 2001).

Before consumption, the dried food is often rehydrated (Marabi et al., 2006, Joardder et
al., 2015). The water uptake is dependent on both the structure and properties of the

freeze-dried gel embedded within the product formulation, affecting some mechanisms,
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such as sugar/salt release from the gel network if they are present as solutes (Hoffman,
1987, Tgnnesen and Karlsen, 2002, Lin and Metters, 2006, Nishinari and Fang, 2016).
Freeze-dried gels from hydrocolloids, such as low acyl (LA) and high-acyl (HA) gellan gum
gels, have already been investigated in terms of dried structure (Silva-Correia et al., 2011,
Tiwari et al., 2015). However, Silva-Correia et al. (2011) and Tiwari et al. (2015) reported
analyses only based on Scanning Electron Microscopy results, without providing
information about pore size distribution throughout the entire bulk volume. A micro
Computed Tomography analysis can provide a deeper understanding at the
macroscopic/microscopic level. Interestingly, there is a lack of information about freeze-
dried HA gellan gum structure, or a clear comparison with LA gellan gum. Furthermore, the
freeze-drying kinetics for gellan gum systems has not been investigated yet, especially
highlighting the role of the molecular configuration. Abramovi¢ and Klofutar (2006)
suggested that the water absorption on gellan gum polymer is strictly dependent on its
molecular structure, providing a useful support for drying kinetics modelling. However, in
that study these considerations were applied to a generic drying process, and without
considering the 3D macrostructure. Gantar et al. (2014) investigated the rehydrated gellan
gum after freeze-drying in terms of final water uptake. Nevertheless, in the same work the
rehydration kinetics was not proposed and HA gellan gum was not considered.

Although Morris et al. (2012) reviewed the role of sucrose in gellan gum gels, the literature
to date does not report any information about the effect of alternative sweeteners, such
as mannitol, on the gellan gum gel systems at the molecular level. Mannitol is a sugar
alcohol produced by several organisms (Wisselink et al., 2002), commonly used in the food

industry as an alternative sweetener (Mitchell, 2008). Although mannitol and polyols are
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referred to as sugar alcohols, they are not actual carbohydrates, as they contain two more
hydrogens in their formula due to hydrogenation (Mitchell, 2008). Mannitol tends to
crystallise from aqueous solution on freezing, showing a polymorphic behaviour (Berman
et al., 1968, Kim et al., 1998, Yu et al., 1999, Yoshinari et al., 2002), whereas sucrose forms
an amorphous matrix from the aqueous solution after freeze-drying (Islesias and Chirife,
1978, Chinachotil and Steinberg, 1986, Carstensen and Van Scoik, 1990, Mathlouthi and
Reiser, 1995, Levenson and Hartel, 2005, Abdelwahed et al., 2006a).

Nussinovitch et al. (2000) investigated the effect of sucrose in freeze-dried gellan, agar and
k-carrageenan gels on both the mechanical and acoustic properties, yet the influence of
sucrose on the freeze-dried structure, in terms of porosity and pore-wall thickness
distribution, was not mentioned.

In this Chapter, the study of freeze-drying and rehydration for low acyl (LA) and high-acyl
(HA) gellan gum gels and their mixtures from a molecular and structural point of view is
proposed. In addition, the interaction between sucrose and mannitol with LA gellan gum is
investigated in terms of freeze-dried gel microstructure and subsequent water re-

absorption.

3.2 Materials and methods

3.2.1 Gel preparation

In this study, low acyl (Kelcogel F, CPKelco, UK) and high acyl (Kelcogel LT100, CPKelco, UK)
gellan gum were used as gelling agents. Different polymer mass fractions (1.5, 2, 2.5, 3
wt%) were used to prepare gels. For the polymeric solution, distilled water, obtained by a

water still system (Aquatron A400D, Stuart, UK), was heated up to 85 °C and then gellan
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gum powder was slowly added to avoid clump formation. To have complete powder
hydration and dissolution, the solutions were stirred for two hours at constant
temperature.

Sugars were added in different contents (5, 10, 15 and 20 wt%) and, in this case, LA gellan
gum was kept constant at 2 wt%. D-Mannitol (Sigma-Aldrich, UK) or sucrose (Sigma-Aldrich,
UK) were added to hot distilled water at 85 °C, followed by a slow addition of gellan gum.
All materials were used with no further treatment or purification.

The gel samples were moulded with a 22 mm diameter and 60 mm height, covered with a
plastic film to avoid water evaporation and stored at room temperature (20 °C £ 1 °C) for
24 hours before characterisation.

Afterwards, the gels were cut, and from each mould, four samples were obtained (22 mm
in diameter and 15 mm in height). The sample dimensions were chosen to facilitate the

visual assessment of the gel during texture analysis.

3.2.2 Molecular interactions: uDSC and FTIR

Analyses were performed by using a uDSC 3 evo (Seteram Instrumentation, France).
Samples were accurately weighed (0.6 g £ 0.1 g) and placed in the “closed batch cell”. The
reference cell was filled with an equal mass of distilled water. A series of two
heating/cooling cycles was applied with an isothermal period to reduce the thermal history
effect at the beginning. The samples were initially held isothermally at 5 °C for 15 minutes.
The first cycle consisted of a sample heating from 5 °C to 85 °C and following cooling to 5
°C. The rate of both heating and cooling was constant at 1 °C/min. The second cycle was

set at the same conditions.
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The uDSC curves were plotted as an average of the first cycles in triplicate and offset on
the y-axis for clearer visualisation, whereas the related values of transition temperature,
enthalpy and entropy were reported with plus/minus a single standard deviation.

Molecular interactions between the gellan gum and sugars were evaluated by Fourier
transform infrared (FTIR) spectroscopy (Spectrum Two IR Spectrometer, Perkin Elmer, USA)
in reflection mode within the wave numbers range 600-4000 cm™ at a resolution of 4 cm"

L, For each sample, 16 scan signals were averaged to reduce the noise.

3.2.3 Texture analysis

Mechanical properties were determined by uniaxial compression test using a texture
analyser (TA.XT plus, Stable Micro System Ltd, UK), fitted with a 40 mm diameter cylinder
probe (P-40), lubricated with silicon oil to minimise friction between the samples and the
probe/plate (Bagley et al., 1985). The analyses were carried out with a compression rate of
2 mm/s (Norton et al., 2011). For each sample, the load to failure and elasticity were
determined by measuring the peak force after 50% strain and the Young’s modulus. The
peak force was used to have an indication about the gel strength on compression.

The gel compression was plotted in force/distance, reporting a plus/minus standard
deviation on the curve every 0.5 mm.

The load to failure value is the force peak in the force-time graph, whereas the Young’s
modulus is measured by elaborating the “true strain” (¢H)/“true stress” (o7) curve, using

the following Equations (3.1-3.4) (Mao et al., 2000):
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ge = (Ho—h)/Ho (Eq. 3.1)
en = In(1 + g) (Eq. 3.2)
ot =F/Ao (Eq. 3.3)
ot =0 (1 + &) (Eq. 3.4)

where ge and ey are respectively the engineering and true strains, while ce and ot are the
engineering and true stresses. Ap and Ho are the cross-sectional area and initial height of
each sample. F and h are the recorded compression force applied and height of each

sample.

3.2.4 Freeze-drying

The gel samples were put into a -18 °C freezer for 24 hours, applying a 0.2 °C/min freezing
rate, previously measured by using thermocouples at both the sample surface and core.
Afterwards, they were placed into the freeze-dryer (SCANVAC 110-4 PRO, LaboGene,
Denmark) onto the shelf trays at room temperature (20 °C + 1 °C). The chamber pressure
was lowered to 0.18 mbar by a rotary pump and the temperature of the condenser was set
at-110 °C.

The drying kinetics experiments were performed by running the process at 1, 3, 6, 18, 24,
30 and 48 hours, after which the samples were stored under low vacuum conditions in a
desiccator with silica gel beads until characterisation.

The dried-gel structures obtained by combining the two gellan gum gel types or

mannitol/sucrose were investigated after 48-hour freeze-drying.
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These process parameters were kept constant for all experiments, to highlight the effect of
the gel formulation on the structure.

3.2.5 Normalised Moisture Content (NMC) and water activity

The dimensionless value NMC (Normalised Moisture Content) (Brown et al., 2010a) was
used to monitor the sample water content at the end of the drying process and during

rehydration (Eq. 3.5).

(Md — Ms) (Md — Ms)
_ Ms _ —Ms
NMC =0 = sy — (Mo — Ms) (Fa. 3.3)
Ms

Where My is the sample mass after drying (or during rehydration), Msthe solid sample
mass, and M, sample mass before drying. M, was measured before putting the gels into
the freezer. NMC is expressed as g water/g solid content at the time t over the initial
moisture content in g water/g solid content on a dry basis (Eq. 3.5).

According to this measurement, Mswas calculated. To find it, part of the samples was put
into an oven to air-dry for 24 h at 60 °C. This gentle thermal treatment could avoid potential
gel degradation due to the high temperatures, yet assuring a moisture content plateau is
reached (24 hours). When the solid mass percentage of these samples from the same batch
was found, it was used to assess Ms. The solid content experimentally calculated was equal
to the value calculated by using the constituent mass percentage used for the gel
preparation, showing that the assumption about the method of M; calculation was suitable.
The negligible moisture content threshold is suggested by Brown (2010) as NMC < 0.1.
The Aqualab dew point water activity meter (4TE, Labcell LTD, UK) was used to measure

the water activity values. The gel samples were placed into the test chamber at 25 °C, after
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being crushed to expose the remaining water in the core of the sample, if present due to

an incomplete drying.

3.2.6 Drying modelling

Drying kinetics was evaluated by comparing two semi-theoretical models commonly used
for drying (Table 3.1), the Newton model (Jain and Pathare, 2004, Akpinar, 2006) and the
Page model (Akpinar, 2006, Erbay and Icier, 2010, Belghith et al., 2016). The regression

analysis is based on the Least Squares method.

Table 3.1: Models used for freeze-drying.

Model Model’s Equation Parameters
Oswin (Abramovi¢ and Meq = A Aw 12 LA gellan:
(1 - aw)
Klofutar, 2006) A=0.136; B=0.446
HA gellan:

A=0.106; B=0.478
Page (Akpinar, 2006) MR = e~ Kt" K: empirical coefficient

n: number constant

t: drying time

Newton (Akpinar, 2006) MR = e™Kt K: empirical coefficient

The drying kinetics models chosen were based on both the actual moisture content (Mcg)
and at the equilibrium point (Meg), defined by the Moisture Ratio (Darvishi et al., 2014),

expressed on a dry basis in the Equation 3.6:
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MR — Mcd (t) — Megq
~ " Mco — Meq (Eq. 3.6)

Where Mc, stand for the initial moisture content before drying.

In order to find Meq and the desorption isotherm curves, the Oswin model (Table 3.1) was
used to have the relationship between water activity and the moisture content at the
equilibrium, based on experimental aw data for both LA and HA gellan gum. The gels were
analysed at specific drying times by placing them into the water activity meter, where they
reached the equilibrium at 25 °C. Abramovi¢ and Klofutar (2006) have argued that the
Oswin model, in comparison with other models, better fits the experimental data in all the

range of water activity (aw) specifically for both LA and HA gellan gum.

3.2.7 Microscopy

Investigation of the dried gel structure was performed by using a light microscope (Brunel
SP300-fl Brunel Microscopes Ltd., UK) fitted with an SLR camera (Canon EOS 133 Rebel XS,
DS126 191). Objective lens up to 4x magnification was used.

In combination with optical microscopy, X-ray micro computed tomography (Bruker LCT,
SkyScan 1172, Belgium) was performed to quantitatively analyse the total porosity. This
system allows visualisation of 2D cross-sections and generates a complete 3D structure
reconstruction without any chemical fixation. The acquisition mode can be set at a
maximum current of 96 YA and voltage of 100 kV. Qualitative and quantitative analyses

were performed using a CT-analyser (1.7.0.0), after binarisation into black and white
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images, obtaining porosity information. The “sphere-fitting” algorithm was applied for the
structure porosity and pore-wall thickness calculations.

Scanning Electron Microscope (ESEM FEG, XL30, Philips, The Netherlands) was used to
collect high-quality micrographs of the dried gel/sugar structures. After cooling in liquid
nitrogen, the dried gels were cut in both vertical and horizontal direction. The maximum

voltage was set up to 10 kV and the magnification to x 150.

3.2.8 Static contact angle and wettability

Measurements were performed at room temperature (20 °C + 1 °C) using the KRUSS Drop
Shape Analyser (DSA 100, Germany). A 500 pL glass syringe with a 0.5 mm needle diameter
was used to deposit a 5 pl distilled water drop onto the dried gel. The freeze-dried samples
were previously compressed into circular tablets (10 mm in diameter and 3 mm in height)
to obtain a flat surface, applying 10 tons in a hydraulic press for 10 seconds.

The static sessile drop method was used to measure the distilled water contact angle. These

values were collected 2 seconds after the drop deposition.

3.2.9 Rehydration and swelling

The water uptake was evaluated by measuring the sample weight every 6 minutes for 30
minutes and after 24 h to determine the rehydration end point and swelling behaviour. The
gel samples, completely submerged in distilled water (100 ml) (Vergeldt et al., 2014) at
room temperature (20 °C + 1 °C), were gently blotted before weighing. The NMC values
(Eg. 3.5) were adjusted taking into consideration the solid evolution over time, due to the

sugar release into water. In particular, Ms was re-calculated at each time: the amount of
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sugar in solution was measured and subtracted from the initial solid content in the sample.
In Eqg. 3.5, Mgq becomes M, function of time.

The rehydration behaviour was determined plotting NMC as a function of time. Swelling
capability was assessed by measuring the gel weight (Khare and Peppas, 1995) at the

rehydration plateau after 24 hours and was normalised with the original weight (before

drying).

3.2.10 Rehydration modelling
Regression analysis was carried out using both linear and polynomial fitting. The freeze-
dried gel system was further investigated by applying the Peleg model (Goula and

Adamopoulos, 2009) (Table 3.2).

Table 3.2: Peleg model for rehydration.

Peleg (Goula and X: Moisture content at time t

X(t) =Xy +
O =X+ +pt
Adamopoulos, 2009) Xo: Initial moisture content
1
Xeg =Xo+ =
ed 0 B Xeq: Equilibrium moisture content
t: time

B: Peleg capacity constant

a: Peleg rate constant

3.2.11 Sugar release
Sugar release was evaluated by using a small-volume, temperature-controlled, automatic
refractometer (J357, Rudolph Research Analytical, USA). The dried samples were located in

100 ml of distilled water at room temperature (20 °C + 1 °C), simulating sink conditions
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(Petralito et al., 2012). The measurement was carried out on 0.5 ml of solution, withdrawn
every 3 minutes up to 30 minutes. The analysed solution was pipetted into the original
solution to avoid increasing the concentration as an artefact. The plotted graphs present
normalised curves expressed as Release Ratio (RT) on a scale from 0 to 1 (Eq. 3.7).

gsugar

. wa er(t)
Release Ratio (RT) = ssugermax (Eq.3.7)

g water

Where g sugar/g water is the experimental value as a function of time, while g sugar max/g

water represents the concentration of the amount of sugar constituting the dried sample.

3.2.12 Sugar release modelling
The gellan/solute system was further investigated by applying the simplified Higuchi model
(Eq. 3.8) and have a comparison with the theoretical behaviour of the gel in water

(Tongwen and Binglin, 1998, Costa and Lobo, 2001).

fe = Kyt®? (Eq. 3.8)

where f: is the amount of released sugar into the solution by surface unit and is Ky stands
for the Higuchi dissolution constant.

Costa and Lobo (2001) suggested that the Higuchi model is particularly suitable to model
the release of active compounds from porous materials, applying the percolation theory to

the equation: the Higuchi dissolution constant can be derived taking into consideration the
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structure parameters of the dried gel system, such as the porosity (Tongwen and Binglin,

1998), as reported in Equation 3.9.

fe =V DpCst[2paeg — (g; + €5 )Cs] (Eq. 3.9)

where Dg [m?/min] is the diffusion coefficient through the matrix channels, Cs and pq are
respectively the solubility [g/m?] in the matrix aqueous solution and the solid-state density
of sugar [g/m?®]. €5 is the accesible drug porosity (i.e. the volume fraction of the loaded
solute that can be solubilised by the dissolution medium), €; the inherent porosity (i.e.
initial porosity, before dissolution) (Tongwen and Binglin, 1998). These parameters are

summarised in Table 3.3 for both solutes at 10 wt%.

Table 3.3: Parameters used for the Higuchi model at 10 wt%.

Sucrose Mannitol
Ds [m?/min] (at 20°C) 60 4.30 10°2° 60 6.05 10710
(Linder et al., 1976) (Bashkatov et al., 2002)
Cs[g/m3] 1.1110° 1.1110°
pd [g/m3] 1.59 10° 1.49 10°
€ (0 wt% solute) 0.848 0.848
€; 0.739 0.645
€5 0.109 0.203

In this work, the following assumptions were made (Eq. 3.10, 3.11, 3.12):
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Ds =D (Eq. 3.10)
E=Z¢gg+ ¢ (Eq. 3.11)
gg=¢€5+e5=¢€l (Eq. 3.12)

where D is the diffusion coefficient in the medium and €§ the non-accessible drug porosity
(Tongwen and Binglin, 1998).

In this work, this model was used only for gels with 10 wt% sucrose or mannitol. The control
was performed by using equivalent amount of sugar/water to measure the required time

to have complete solute solubilisation.

3.2.13 Statistical analysis
All the experiments were carried out in triplicate. Errors were expressed as plus/minus a
single standard deviation.
The drying/rehydration kinetics were investigated and modelled by using the experimental

average values.

3.3 Results and discussion

3.3.1 Investigation of LA/HA freeze-dried structure

3.3.1.1 Freeze-drying

A series of experiments was carried out to investigate the drying process in terms of water
activity as a function of time, highlighting the effect of the polymer content (1.5, 2, 2.5, 3

wt%) for both LA and HA gellan gum.
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In general, it was confirmed that water activity was highly dependent on the material,
rather than the polymer content, since no specific trends were observed by changing the
solid mass percentage in the studied range.

The water activity decrease over time on freeze-drying was completely different between
LA and HA gellan gum, as shown in Fig. 3.1. The former reached a value below the microbial
growth threshold (0.6) faster than the latter. This means that at a given timescale, water
interacts with HA gellan gum less, resulting in a higher water activity value. The final values
of water activity (48 hours) were in agreement with those for a freeze-dried product
(Beuchat, 1981). For all drying time points, it is important to consider that the material can
easily re-adsorb moisture from the surroundings, affecting the water activity test reading.

In fact, a completely dried material would lead to a water activity value close to zero.
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Figure 3.1: Water activity (aw) as a function of drying process time and LA (A), HA (B) gellan

gum content.
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The different behaviour in gellan gum systems (Fig. 3.1) is related to the specific gel
microstructure and the different interaction between the polymer and water. What could
effectively change the water interaction and, therefore, aw are both the morphological and
the chemical aspects. Considering the former, the steric hindrance of acetyl groups along
the HA gellan chain, which are not present along the LA one, keep the polymer network
more open (Mao et al., 2000) and obstruct the aggregation of the double helices (Morris et
al.,, 2012). This may have an effect on the interaction of water molecules with the gel
network and, therefore, on the value of water activity. From a chemical point of view, the
glycerate substituents tend to stabilise the double helix aggregation, since more hydrogen
bonds are created within the strands and between the helices (Morris et al., 2012). This
suggests that more interactions with water are expected for the HA gellan gum gel. In fact,
from the water activity results reported in Fig. 3.1, the combination of these two factors
led to weaker interaction between water molecules and HA gellan gum network. To further
investigate this observation, wettability for both the gel types was assessed by measuring
the static contact angle with distilled water after two seconds after the drop deposition.
For LA gellan gum the value was 78.5° + 1.2°, while HA gellan was less wettable, as the
contact angle is 97.2° + 2.2°. In effect, as the carboxyl groups affect the polymer
hydrophilicity (Prezotti et al., 2014), the presence of the L-glyceryl groups, which change
their orientation, can be the reason for the reduced HA gellan gum wettability, indicating
that in general water interacts less with HA gellan gum. In fact, Abramovi¢ and Klofutar
(2006) suggested that LA gellan gum “binds” in a dynamic equilibrium more water per gram
of material, 0.0683 g/g against 0.0594 g/g for HA gellan gum, since the number of available

active sites is larger, showing that water interacts more with LA gellan gum. Specifically,
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this water monolayer in a dynamic equilibrium depends on the rapid interaction (less than
10! seconds) between the water molecules and the chemical substituents of the polymer
chains (Barbosa-Canovas et al., 2008). Furthermore, Abramovi¢ and Klofutar (2006)
reported that the area of the monomolecular layer per gram of LA gellan gum is 242 m?/g
against 211 m?/g for HA gellan gum.

In this study, it seems that the polymer content does not affect the results. It is well-known
that more polymer leads to the distance reduction between the helices, increasing the
possibility to have junction zones, and therefore increasing the mechanical properties
(Banerjee and Bhattacharya, 2011). However, in terms of freeze-drying this effect was
negligible in the range between 1.5 and 3 wt% (Fig. 3.1). Moreover, since the pH of the
polymeric solution is constant for both the materials as a function of the polymer amount,
the overall molecular charge density, which might affect the water activity within the
material, is likely to remain constant in this range (as further discussed in Chapter 4).

The freeze-drying process parameters influenced the drying rate, but they were kept
constant for all the experiments to highlight the effect of the material properties. After 48-
hour drying all the samples were below the moisture content limit (NMC < 0.1), set as a
reference (Brown et al., 2010a).

The collected water activity values for both the gels were used to model both the
desorption isotherms at 25 °C and the drying kinetics. For all the drying times, the gels were
placed in the water activity meter and the equilibrium at 25 °C was reached. The desorption
isotherms were found by using the Oswin model (Fig. 3.2). Since the water activity is not
dependent on the polymer content, the experimental values used in the model were the

aw related to 2 wt% gellan gum, assumed as a reference. From this comparison, at a given
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generic equilibrium moisture content, the water activity was lower for LA than for HA gellan
(Fig. 3.2), in agreement with Abramovi¢ and Klofutar (2006), especially in the linear region
of the isotherm, which describes water absorbed in multilayers (Mathlouthi, 2001). This is
likely to be due to the relatively weaker interaction between the HA gellan gum network
and water molecules, since the water content in the monolayer region (Mathlouthi, 2001)

is slightly higher for LA gellan due to the different molecular structure
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Figure 3.2: Desorption isotherms at 25 °C: (O) LA gellan 2 wt% and () HA gellan 2 wt%.

Once the Meq and MR were worked out, the freeze-drying kinetics was found by fitting the
experimental data with the Newton and the Page models (Fig. 3.3 A-B). Interestingly, the
freeze-drying kinetics was not affected by the specific gel type, since the trends are similar.
For both materials, it was found that the Page model better fits the experimental points,
as the R? is higher. It might suggest that a first-order kinetics model (Newton) is not the
most suitable to fit the experimental data for freeze-drying than an exponential model

(Page).
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Figure 3.3: Moisture content ratio (MR) for LA gellan gum (A) and HA gellan gum (B) both

at 2 wt% as a function of drying process time. Experimental average values are reported.
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Polymer content should affect the drying kinetics, increasing the product resistance to the
water vapour flow, since a more packed and entangled three-dimensional network is
expected as the mass fraction rises. However, no significant discrepancies were noted as a
function of the contents, as discussed for water activity. It suggests that the relative
increase in the polymer mass is negligible in terms of drying kinetics and change of water
activity.

In Fig. 3.4, the MR values as a function of water activity are shown (HA and LA gellan gum
at 2 wt%). As discussed in Fig. 3.1, there is a considerable gap between HA and LA gellan
gum in terms of water activity, especially at low moisture content values, suggesting that

water interacts more with LA gellan gum.
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Figure 3.4: Moisture ratio (MR) vs water activity for LA (blue stars) and HA (red circles) gellan

gum. Mass fraction at 2 wt%.
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The experimental data were fitted with a two-term exponential function. R? is 0.999 and

0.992 respectively for LA and HA gellan gum.

3.3.1.2 Freeze-dried structure

The freeze-dried gel structure is deeply affected by the crystal nucleation and growth
during the freezing step, resulting in a highly porous structure (Roos, 2012). Therefore, the
freezing rate was kept constant throughout the experiments and the final temperature was
set at-18 °C.

Ice crystal size and shape are related to the gel formulation and material properties. The
latter, such as mechanical properties, can affect the ice crystal growth and lead to a
different freeze-dried structure (Voitkovskii, 1962, Caldwell et al., 1992, Regand and Goff,
2003): a softer material, able to support more stretch, might more easily accommodate the
ice crystals, without breaking the material membrane along the ice crystal edges (Scherer,
1990).

In this context, the generated freeze-dried gel structure was investigated by micro
computed tomography (Fig. 3.5). These micrographs suggest that the produced pores
during the ice crystal sublimation are interconnected, forming paths for water to be
reabsorbed in the following rehydration process, as the calculated total porosity
corresponded entirely to the open porosity and the close porosity was negligible: for 2 wt%
LA gellan the total porosity was 84.8% + 4.2% (Fig. 3.5 A), while for HA gellan there was a

slight increase up to 90.9% + 1.9% (Fig. 3.5 B).
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Figure 3.5: Microstructures by uCT: 2 wt% LA gellan gum (A) and HA gellan gum (B).

Polymer content affects the freeze-dried structure, reducing the total porosity. In fact, a
reduction to 74.7% * 0.8% for LA gellan gum and to 84.3% + 0.4% for HA gellan gum was
observed at 3 wt%.

The collected results show larger pores for the freeze-dried HA gellan. Since it is softer and
less rigid than LA gellan (Phillips and Williams, 2000), the lower mechanical resistance can
encourage the ice crystal growth. Moreover, the slightly higher monovalent and divalent
ion concentration (Na*, K¥, Mg?*, Ca?*) in the gel formulation for LA gellan, ~5 wt% (Amici
et al., 2000) compared to ~3 wt% for HA gellan (Huang et al., 2004), may affect both the ice
crystal nucleation and growth. These cations are mainly added as chlorides (CPKelco, 2007).
The pore size distribution is shown in Fig. 3.6 and it is related to the total amount of pores
within the gel structure, expressed as the total porosity. It indicates that for HA gellan gum
the void mean size was shifted towards larger values. Tiwari et al. (2015) reported similar

results for LA gellan gum, reporting a pore size range between 219 and 600 pum.
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Figure 3.6: Pore distribution after freeze-drying. Percentage is referred to the total pore

volume.

The optical microscope observations (Fig. 3.7 A-B) show larger pores in agreement with the

values collected by uCT.
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Figure 3.7: Microstructures by optical microscope: 2 wt% LA gellan gum (A) and HA gellan

gum (B).

The resulting freeze-dried HA and LA gellan gum gels (Fig 3.5 and Fig 3.7) are defined as
“cryogels” (Pajonk et al., 1990, Tamon et al., 2000, Job et al., 2005). They are a macroporous

material and they can be considered like a sponge (Lozinsky et al., 2003, Kumar et al., 2010),
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where the solvent, such as water, can penetrate and fill the structure. If rehydrated, these
cryogels are comparable to the gel structures obtained by freezing and thawing weak gels
(Richardson and Norton, 1998, Giannouli and Morris, 2003), such as the xanthan gum
cryogelation. For these hydrogels, the polymer chains are forced to align and to associate
along the ice crystals edges in a so-called side-by-side mechanism, potentially forming

junction zones during the freezing step (Zhang et al., 2013).

3.3.1.3 Rehydration and swelling

Both gel type samples in different solid contents were left to rehydrate up to 24 hours and
values were monitored at regular intervals up to 30 minutes (Fig. 3.8). In particular, for LA
gellan it was shown that increasing the polymer content, and therefore having a more

packed and entangled structure, the rehydration was slower.
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Figure 3.8: Rehydration expressed as NMC as a function of rehydration time and LA (A), HA
(B) gellan gum content. The final value of rehydration, after 24 hours, is expressed in the

legend.
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By contrast to the drying results, this observation suggests that rehydration of LA gellan
gum was sensitive to the polymer content. On the other hand, HA gellan shows overlapping
rehydration curves. Furthermore, for the former it was possible to distinguish two main
rehydration rates, corresponding to the first period (up to 6 minutes) and the second period
(from 6 to 30 minutes). Specifically, a fast water uptake was noticeable at short timescale.
For 2 wt% LA gellan gum the initial rate is 0.110 min, while the second rate for longer
periods decreases to 0.006 mint. This last value is constant for all the contents, equal to
0.006 + 0.001 min™. On the other hand, HA gellan gum did not present a faster initial step
and the second rate is slightly higher, equal to 0.012 + 0.001 min™.

In terms of trend, a polynomial fitting was more suitable for HA gellan gum, since R? is 0.989
using a parabolic fitting, while a linear regression gives R? equal to 0.942. This confirms that
the overall water uptake tends to slow down over time. Similarly, a parabolic fitting was
suitable for LA gellan gum in the second period (R? equal to 0.996). However, LA gellan gum
in the entire measured range, from 0 to 30 minutes, is better fitted by the Peleg model
(Goula and Adamopoulos, 2009), which takes into consideration an initial quicker step (Fig.
3.9).

The collected data suggest that this model will reproduce the LA gellan gum behaviour (R?=

0.99), while it is not ideal for HA, with R? = 0.54 (Fig. 3.9).
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Figure 3.9: Rehydration expressed as NMC (X(t) in Table 3.2) as a function of rehydration

time for HA and LA gellan gum 2 wt%. The model used is Peleg.

Rehydration is essentially affected by two main factors: surface and bulk structure (Aguilera
and Stanley, 1999). The molecular configuration and three-dimensional network of the gel
are correlated to these factors, raising the discrepancies noted during the water uptake.

Rehydration for LA gellan is firstly governed by a quicker water uptake, mainly due to the
affinity with water (higher wettability), which makes the penetration into the porous
structure faster. The first rate is highly dependent on the polymer content, while the
second rate was considerably lower, since most of the water is already absorbed. For HA
gellan there was not the initial quick uptake, since the walls around the voids in the dried

structure were thicker and less hydrophilic. However, the rate was slightly higher compared
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to the second rate for LA gellan, as the porosity was higher with bigger voids. Overall, it
seems that HA gellan is considerably less sensitive to the variation in polymer content
compared to LA gellan.

In terms of swelling, HA gellan dramatically increases its weight after 24-hour rehydration
(around 192% its original weight before drying), mainly due to its softer and more flexible
mechanical behaviour and different molecular properties (Tanaka and Fillmore, 1979,

Aguilera and Stanley, 1999), as shown in Fig. 3.10.

HA #

L A A

Before drying Freeze-dried 30-min rehydrated 24-h rehydrated

Figure 3.10: HA and LA gellan gum gels before drying, freeze-dried gels and after 30-

minute/24 hour rehydration.
It is noteworthy to mention that the initial gel properties, especially for LA gellan, cannot

be recovered after rehydration, offering limited-resistance to compression, as shown in Fig.

3.11.
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Figure 3.11: Peak force for LA (A) and HA (B) gellan gum gels as a function of polymer

content.
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Although the formation of ice crystals during the freezing step aligns and aggregates the
polymeric gellan gum chains along the ice crystal edges, the freeze-dried process generates
large pores that behave like cracks within the material. This behaviour was observed to be
independent of the ice crystal size, especially for LA gellan gum, and, therefore, the freezing
rate. Specifically, the influence of the ice crystals on the gel structure was measured in
terms of mechanical properties by gel compression after freezing and thawing the LA and
HA gellan gels at 2 wt%. Two freezing rates were applied by putting the samples in a freezer
(-18 °C) and using liquid nitrogen. The freezing rate of the former method was around 0.2
°C/min, whereas the samples in liquid nitrogen required less than one minute to be
completely frozen. A slower freezing rate induces larger crystals (Rey and May, 2010),
leaving larger pores once the freeze-drying occurs compared to a faster freezing rate, as

Fig. 3.12 shows in comparison with Fig. 3.6.
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Figure 3.12 Pore distribution after freezing the gels in liquid nitrogen and freeze-drying.

Percentage is referred to the total pore volume.

For both gel types, the use of the freezer and liquid nitrogen reduced the peak load, as

shown in Table 3.4.

Table 3.4: Difference in peak load after freezing and thawing compared to the gels before

drying.
Freezing method LA gellan gum 2 wt% HA gellan gum 2 wt%
Freezing in liquid nitrogen -92.5% -6.2%
Freezing in at 0.2 °C/min -83.1% -20.9%
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3.3.4 HA/LA gellan mixture

The understanding of the freeze-drying and rehydration allows the prediction and design
of new dried structures made from a mixture of the single gels. The 1:1 HA/LA blend at 2
wt% was chosen as a model system. Fig. 3.13 A-B show the desorption isotherm and the

freeze-drying kinetics.
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In terms of drying, the results were closer to the LA gellan behaviour. On the other hand,
the rehydration results (Fig. 3.14) showed an evident drop in rehydration rate, especially if

they are compared to the rehydration curves with 2 wt% for the single gels.

® | A Gellan gum 2% (0.91 £ 0.00)

1.0 - ' O HA Gellan gum 2% (2.92 + 0.21)
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0.0 ® . . : :
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Figure 3.14: Rehydration expressed as NMC as a function of rehydration time. LA gellan 2
wt% (@), HA gellan 2 wt% (O), LA+ HA 1:1 2 wt% (B ). The final value of rehydration, after

24 hours, is expressed in the legend.

As previously discussed, both surface and bulk properties need to be considered. In this
case, the total porosity was 84.8% + 4.2%, closer to LA gellan gum. Considering the presence
of the acyl substituents along the HA gellan chains, the material becomes less wettable.

These two parameters together decrease the rehydration rate of the mixture.
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The gel-system mixing/phase separation may affect these mechanisms. For LA and HA
gellan it has been reported that double helices do not include strands of the two gel types
(Morris et al., 2012), as the DSC peaks show separate thermal transitions for the mixture

(Kasapis et al., 1999). Fig. 3.15 confirms these results, since for the uDSC curve for the

mi»
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| ~+ HA gellan 2 wt%
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Figure 3.15: uDSC curves for LA, HA gellan and 1:1 mixture at 2 wt%. The uDSC curves are
plotted as an average of the first cycles in triplicate. Peak temperatures and enthalpy values

are reported in Table 3.5. The individual uDSC curves have been offset on the y-axis.
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In particular, the peak temperatures of the gellan mixture are similar to the values of the
single components and the enthalpies related to the thermal transitions are almost halved

compared to values of pure HA or LA gellan gum, as reported in Table 3.5.

Table 3.5: Peak temperatures and enthalpies of thermal transitions on cooling for LA gellan
gum 2 wt%, HA gellan gum 2 wt% and their mixture (1:1) at 2 wt%. These values were

calculated from Fig. 3.15.

LA gellan gum 2 wt%  HA gellan gum 2 wt% 1:1 HA/LA blend at 2 wt%

Temperature (°C) 32.7+0.1 71.8+0.3 320+04 73.7+1.6

AH () gY) -0.200 = 0.005 -0.219 £ 0.036 -0.088 £ 0.008 -0.087 +0.001

From a macroscopic perspective, UCT micrographs did not show any bulk phase-separation,
since areas with different density (noticeable at the uCT as darker or brighter regions) were
not present for both the pre-dried (before freeze-drying) and dried gels (Fig. 3.16). This can

suggest an interpenetrating three-dimensional gel network (Mao et al., 2000).
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Figure 3.16: Microstructure by UCT: 1:1 HA/LA mixture at 2 wt%. Gel before drying (A),

freeze-dried gel (B).

Interestingly, the swelling mechanism was intermediate (Table 3.6), since the final weight,
after leaving the gel 24 hours in water, was around 64% greater than the gel weight before
drying. By contrast, in terms of weight LA gellan showed a decrease of around 9%, while

HA gellan a gain of 192%, likely due to the presence of acetyl groups (Wareing, 1997).

Table 3.6: Gel swelling (weight) after 24 hours in distilled water. Values are compared to

the initial gel weight, before freeze-drying.

Gel system Swelling
LA gellan gum 2 wt% -9%
HA gellan gum 2 wt% +192%
1:1 HA/LA blend at 2 wt% +64%
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It seems that LA and HA gellan form two networks, more rigid for the former. On
rehydration HA gellan swells, yet the swelling is limited by the presence of the stiffer LA
gellan network. Presumably, on swelling, the LA gellan network was broken, allowing some
expansion, but not to the same extent as a pure HA gellan sample of equivalent solid

content.

3.3.2 Investigation of freeze-dried structure with mannitol or sucrose

3.3.2.1 Gels before freeze-drying

The presence of additional solutes, such as sugars, can lead to different gel structures based
on the solute physical/chemical properties and its content in the system. It can result in the
alteration of the interaction between water/polymer and polymer/polymer and, therefore,
the behaviour on drying and rehydration.

Hence, it was investigated how LA gellan gum gel was dried in the presence of either
sucrose or mannitol.

Fig. 3.17 shows the mechanical properties of the gels as a function of the sugar type and
content. The peak force generated by a 50% strain compression increased with the sugar
content, especially from 10 wt% up, whereas only a slight increase was observed for

Young’s modulus.
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Figure 3.17: Peak force (A) and Young’s modulus (B) as a function of sugar type (@ sucrose,

V¥ mannitol) and content. Gellan gum without sugars (O).
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The peak force increases as the solvent is reduced by replacement with solid content. This
leads to a higher polymer chain aggregation. The slight elastic modulus increase may
suggest that the number of effective junction zones does not increase, although the
polymer is more packed.

In Fig. 3.17, it is possible to observe that the mechanical responses are different depending
on the sugar type. Specifically, mannitol shows less resistance to compression, as the load
to failure is lower than the gellan/sucrose system (Fig. 3.17 A). This might be related to an
improved network lubrication compared to sucrose (Hodge et al., 1996, Cao et al., 2009).
Depending on the size of the sugar molecule, the polymer chains can move differently
(Vieira et al., 2011). Since the molecular weight of mannitol (182.2 g mol?) is lower than
sucrose (342.3 g mol?), it might penetrate more the interstices of the gel network,
lubricating it. However, the extent in gel network lubrication is dependent also on other
parameters related to the co-solute, such as hydrogen bonding, solubility, polarity and
dialectric constant (Vieira et al., 2011).

The molecular structure was further investigated with uDSC, shown in Fig. 3.18, to correlate

the gel structure order/aggregation with the mechanical properties.

107



Investigation of freeze-dried gellan gum structure:
effect of gel formulation

(A) —  2%LAgelan
----------------- 2% LA gellan with 5% sucrose
1z« & | —-——- 2% LA gellan with 10% sucrose
1 mW l Exo — 2% LA gellan with 15% sucrose
| _——— 2% LA gellan with 20% sucrose
E
Z | T T
Q -
(1N
4
m I ——
I RS ——
- J_,_a—"‘_’-\_\-"\ L o
i —_— T e e
i T T T T
20 30 40 50 60 70
Temperature (°C)
(B) —— 2% LAgellan gum
b ceeeeee o 2% LA gellan gum with 5% mannitol
—————— 2% LA gellan gum with 10% mannitol
Tmw l Exo — -——.= 2% LA gellan gum with 15% mannitol
_ 2% LA gellan gum with 20% mannitol
g _’_/"/—/_\
—_
o
L
4 o
[ - ~
@ - J__..—-—""-F \\. _________________
T e
__'_,__--*'/ .\__‘_____-‘_____
- - il
- T \\..._ ____________
T T T T
20 30 40 50 60 70

Temperature (°C)
Figure 3.18: uDSC curves on cooling for gellan/sucrose (A) and gellan/mannitol (B). The
UDSC curves are plotted as an average of the first cycles in triplicate. Peak temperatures
and enthalpy values are reported in Table 3.7. The individual uDSC curves have been offset

on the y-axis.
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The reduction in the amount of water by adding both sucrose and mannitol leads to an

increase in the transition peak temperature (Fig. 3.19).
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Figure 3.19: Peak temperature as a function of sugar type (@ sucrose, ¥ mannitol) and

content. Gellan gum without sugars (O).

It was found that the gel network order decreases as sugar increases, since there is a less
pronounced reduction in entropy AS on cooling, compared to the value for 0 wt% sugar
(Fig. 3.20). This thermal transition is referred to the gellan gum coil-helix and sol-gel
transitions (Picone and Cunha, 2011). AS was estimated as AH/T,, where T, stands for the
peak temperature, balancing the enthalpic interactions and the entropic value at the

equilibrium (Table 3.7), where AG=0=AH-T,AS (Deszczynski et al., 2003).
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B.
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Table 3.7: Peak temperatures, enthalpies and entropies measured on cooling as a function

of mannitol or sucrose content. These values were calculated from Fig. 3.19.

T (°C) AH (J g?) AS(Jgtect)*103
Gellan gum 2 wt% 32.7+0.1 -0.200 = 0.005 -6.1+0.1
+ Sucrose 5 wt% 33.8%+0.2 -0.158 +0.030 -4.6+0.1
+ Sucrose 10 wt% 34.4+0.3 -0.126 + 0.008 -3.6+0.2
+ Sucrose 15 wt% 35.2+0.7 -0.113 + 0.008 -3.2+0.2
+ Sucrose 20 wt% 36.1+0.6 -0.098 + 0.002 -2.7+0.1
+ Mannitol 5 wt% 33.9+0.6 -0.195 + 0.003 -5.7+0.2
+ Mannitol 10 wt% 34.8+0.9 -0.173 £0.016 -49+0.4
+ Mannitol 15 wt% 35.6+0.7 -0.160 + 0.025 -4.5+0.7
+ Mannitol 20 wt% 37.5+0.3 -0.158 £ 0.004 -42+0.1

Although there are more interactions between the polymer chains and between the
polymer and sugar due to the solvent reduction by solute replacement and a more packed
structure is formed, these chains are more disordered. Specifically, mannitol less affects
the structure order, since the entropy remains closer to the system at 0 wt% sugar (Fig.
3.20). It might be related to the smaller molecular size for mannitol, which could less affect
the network order.

The molecular interaction of the sugars with the gel polymer is confirmed by the FTIR (Fig.
3.21). In fact, the characteristic sucrose bands are shifted from 1145, 980 and 903 cm™ to

1157, 995 and 930 cm™ respectively. Noor et al. (2012) reported similar considerations in
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gellan gum-LiCF3SOs. However, the formation of a new complex was not observed, since
there were no different peaks in the mixed system.
Mannitol generates similar interactions, since the peaks at 1278 and 1014 cm™ are shifted

to higher wave numbers, specifically 1310 and 1043 cm™®.
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Figure 3.21: FTIR spectra for gellan/sucrose (A) and gellan/mannitol (B). Red line is related

to LA gellan gum gel, green to pure sucrose or mannitol, blue to LA gellan gum + 20 wt%

sugar. The peak wave numbers are referred to gellan/sucrose and gellan/mannitol.
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3.3.2.2 Freeze-dried gels

The freeze-drying process was performed for 48 hours as a reference time, since it was
found that for all the samples with either mannitol or sucrose up to 20 wt%, the NMC value
is below 0.1, set as a reference for negligible moisture content (Brown et al., 2010a). In this
case, the presence of moisture could be only due to the re-adsorption from the
environment when vacuum is broken with air. The water activity was measured to first
investigate the solute physical state (i.e. crystalline or amorphous solid) and correlate it
with the mechanical and structural properties.

The water activity values for the 48-hour freeze-dried gellan gel with both sucrose and

mi:
0.5
O 2% LA gellan gum
v 2% LA gellan gum with mannitol
04 4| ® 2% LA gellan gum with sucrose
L 2
2 031 L]
: P .
I3
©
S 02 3 {
0.1 - i
¥
00 T T T T T
0 5 10 15 20 25

Sugar content wt%
Figure 3.22: Water activity (aw) as a function of sugar type (@ sucrose, ¥ mannitol) and

content. Gellan gum without sugars (O).
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As the mannitol content increases, aw decreases, whereas the trend for sucrose is
completely different. This behaviour is related to the solute physical state (Chinachotil and
Steinberg, 1986, Barbosa-Canovas et al., 2008). The water molecules form hydrogen bonds
and are localised in the crystal lattice (Stephenson et al., 1998). Therefore, by increasing
the mannitol content, the percentage of crystalline material rises and, as a result, the
overall amount of water that strongly interacts within the product is expected to increase.
On the other hand, the amount of water acting as plasticiser in amorphous substances,
such as sucrose in freeze-dried products, can be substantially higher (Katz and Labuza,
1981). Water can enhance the time-dependent recrystallization process (Barbosa-Canovas
et al., 2008), leading to the water desorption from the material (Jouppila et al., 1997, Haque
and Roos, 2004) and to the increase of apparent water activity, if moisture is not removed
from the product (Katz and Labuza, 1981). Therefore, since water activity can change as a
function of time during storage (Jouppila et al., 1997, Barbosa-Canovas et al., 2008), all the
dried gels are measured within a few hours after the end of the freeze-drying process.

The freeze-dried microstructure was initially analysed by uCT (Fig. 3.23). The total porosity
for the dried gel without sugar was 84.8% * 4.2%. The sucrose addition at 10 wt% and 20
wt% led to a drop to 73.9% + 0.5% and 48.6% + 2.9% respectively, while the corresponding
values for mannitol/gellan system were 64.5% * 0.4% (10 wt%) and 50.1% + 1.8% (20 wt%).
The main difference between the two systems is that sucrose and mannitol lead to different
porosity characteristics. Specifically, the former produced small and circular voids within

the cross-section. The latter generated large and elongated pore clusters along a direction.
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In effect, the micrographs in Fig. 3.23 suggest that the pore-wall thickness is considerably

different.

Figure 3.23: uCT, freeze-dried microstructures: 2 wt% LA gellan gum (A), 2 wt% LA gellan
gum + 20 wt% sucrose (B), 2 wt% LA gellan gum + 20 wt% mannitol (C). Gel before drying,

2 wt% LA gellan gum (D, reference).

Overall, the presence of sugar completely affected the dried structure, decreasing the final

porosity and shifting the pore average size towards smaller values (Fig. 3.24).
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Mannitol generated slightly larger pores compared to sucrose (Fig. 3.24 A) and, at the same
time, pore clusters more separated by thicker solid walls, affecting the pore
interconnection (Fig. 3.24 B). The reason for this structure caused by the presence of
mannitol is related to a different supercooling compared to the gellan/sucrose system,
mannitol precipitation at high contents (above 10 wt%) as well as the solute physical state
in the frozen system.

Firstly, as the structure of freeze-dried materials is dependent on the freezing step, the
difference between gellan/mannitol and gellan/sucrose may be related to a different
supercooling (Rambhatla et al., 2004), since it is well-known that sugar alcohol compounds
depress the freezing point more than sucrose and other disaccharides (Sinha, 2007, Goff
and Hartel, 2013). Consequently, a higher degree of supercooling is expected for sucrose,
resulting in a reduction in the crystal growth rate.

Secondly, the pore-wall thickness results (Fig. 3.24 B) related to the system at 20 wt% are
likely to be related to the mannitol solubility in water, as mannitol can precipitate during
both the solution cooling and the freezing step, leading to the formation of agglomerates.
In effect, the mannitol solubility in water at around 10 °Cis ~13 wt% (van der Sman, 2017),
while at 80 °C it is above 45 wt% (Mitchell, 2008, van der Sman, 2017). Therefore, mannitol
contents above 10 wt% tend to form pore clusters more separated by solid walls and less
interconnected. On the other hand, sucrose does not precipitate in this range of contents,
resulting in a pore-wall thickness distribution more similar to the freeze-dried gellan
without additives. Interestingly, both the pore and wall thickness distributions were more
comparable between the two systems if the sugar content was 10 wt%, as mannitol did not

precipitate.
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Thirdly, mannitol tends to form a crystalline matrix upon slow freezing, especially as a
mixture of a and B polymorphs (Kim et al., 1998, Yu et al., 1999). These crystals can have a
length up to 6-7 mm (Kim et al., 1998) and can potentially interfere with the ice crystal
growth, which occurs at similar temperature. The mannitol crystals formed on freezing,
along with the mannitol agglomerates resulting from its precipitation, can lead to higher

values of pore-wall thickness as well as a specific direction of the pore clusters.
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Figure 3.24: Pore size distribution (A) and pore-wall thickness distribution (B) for freeze-

dried LA gellan gum + 20 wt% sugar (grey-sucrose, black-mannitol). Freeze-dried LA gellan

gum is in red.
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In Fig. 3.25, the ESEM results provided additional information about the dried material. The
gellan/sucrose dried gel showed a homogeneous matrix (Fig. 3.25 B-C). Devi and Williams
(2013) reported SEM micrographs for a freeze-dried sucrose solution (~5 wt%) with similar
solid dried pore walls, suggesting that sucrose formed an amorphous phase. On the other
hand, mannitol formed crystals around the pores (Fig. 3.25 D-E). The shape of these
mannitol crystals after a freeze-drying process was in agreement with the current literature
(Kim et al., 1998, Cares-Pacheco et al., 2014).

Interestingly, it was observed that the freeze-dried structure did not collapse, although the
drying process was carried out at a temperature higher than the collapse temperature for
pure sucrose (Tc ~-32 °C) (Fonseca et al., 2004). In effect, Fig. 3.25 B-C shows a
homogeneous structure, without domains with different density in the solid material, as
Rey and May (2010) reported for the system glucose/mannitol, or with a small scale
collapse (Abdelwahed et al., 2006a). Thus, it indicates that the interaction of gellan-sucrose

did not lead to the structure collapse during freeze-drying.
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Magn 150x

Figure 3.25: ESEM, freeze-dried microstructures: 2 wt% LA gellan gum (A), 2 wt% LA gellan

gum + 20 wt% sucrose (B, C), 2 wt% LA gellan gum + 20 wt% mannitol (D, E).

These dried structures generated completely different mechanical properties as shown in

Fig. 3.26, in agreement with Devi and Williams (2013). It is noticed that the deformation
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mechanism occurs through a succession of abrupt fractures during compression (Devi and
Williams, 2013). After the initial linear elastic behaviour, a sharp drop in the applied force
follows each brittle cracking, especially evident for the gellan-sucrose system.

It seems that the mechanical properties of the dried material depend on both the
formulation, as noticed for the samples before drying, and the different microstructure,
namely porosity, void location and wall thickness (Deng et al., 2004, Leguillon and Piat,
2008). Moreover, the particular physical state of the sugar might contribute to the overall
mechanical behaviour. In this context, the SEM micrographs may suggest that a structure
formed by more fibre-like crystals, as the case of mannitol/gellan, can be deformed more

easily under an applied stress, caused by the slide between these crystals.
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Figure 3.26: Force (N) vs distance (mm) for dried gellan/sucrose (blue) and gellan/mannitol

(green). Red solid line refers to the dried gel without sugars.
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3.3.2.3 Rehydration and leaching

Fig. 3.27 shows the rehydration curves for gellan-sucrose and gellan-mannitol. Sucrose
presented a slightly quicker water uptake over time compared to mannitol, especially at
sugar contents up to 10 wt%. However, at 20 wt%, this difference was negligible. In both
cases, there was an increase in rehydration rate and extent as a function of sugar amount.

However, at a content equal or above 10 wt%, the water uptake kinetics sharply dropped.
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The surface properties were assessed in terms of material wettability by measuring the
static contact angle. As the sugar content increases, the average wettability becomes
higher (Table 3.8) and, consequently, the rehydration rate is expected to rise as sugar

increases.

Table 3.8: Contact angle as a function of sucrose and mannitol contents. LA gellan gum is
kept at 2 wt%.

Contact angle [°]

LA gellan gum 2% 78.5+1.2

+ Sucrose (wt%)

5 60.4+0.6
10 47524
20 28.0+3.3

+ Mannitol (wt%)

5 62.4.£2.3
10 52.7+3.8
20 11.5+3.1

In terms of bulk properties, the total porosity and pore size distribution were not
significantly different between gellan gum with sucrose or mannitol, although the average
pore volume was slightly lower for the latter. A possible reason for sucrose/gellan to
rehydrate slightly more quickly over time especially at a low solute content can lie in the
pore-wall thickness, since it is found to be considerably thinner for sucrose/gellan (Fig. 3.24
B). Water can penetrate into the structure more easily, passing through a thinner wall that

separates two non-connected pores. As a result, this offers less resistance to the water
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absorption. The decrease in rehydration rate for both systems, above 10 wt%, may be due
to an enhanced structure packing, with thicker walls.

Finally, the medium properties evolve over time, as the viscosity increased as sugar was
released. The viscosity values of the aqueous solution with either sucrose or mannitol were
similar at a given concentration, within the employed range of solute contents (Mathpal et
al., 2006, Jiang et al., 2013). After the initial sugar dissolution and release at the interface
between the sample and the solution, both mannitol and sucrose should diffuse through
the rehydrated structure into the aqueous solution by the gradient of concentration. The
normalised sugar release curves are shown in Fig. 3.28. It seems that the dissolution rate
for mannitol (Fig. 3.28 B) was slightly higher compared to sucrose (Fig. 3.28 A).
Interestingly, after 30 minutes the amount of sugar in solution was not equal to the initial
solute mass of the dried sample, as the release value did not reach 1 ((Fig. 3.28 A-B). It
suggests that the sugar in the core of the sample required more time to diffuse out. In
effect, since the rehydrated mannitol/gellan structure became visually less compacted over
time, due to the solid leaching, and more solute was released from the inner parts of the
gel, a change in slope at longer time scales was observed (Fig. 3.28 B). That can also explain
why the errors related to mannitol/gellan are larger than the system with sucrose. To
support this theory, the gels with both the solutes were squashed to encourage a complete

solute dissolution. In this case, the release ratio was close to 1.
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From these results on the sugar release, it was observed that the gel structure delayed the
solute dissolution, since both sucrose and mannitol reached a complete solubilisation after
4.0 £ 0.8 min and 2.6 £ 0.4 min respectively.

In Fig. 3.29, the dissolution process for both 10 wt% gellan/sucrose and gellan/mannitol
was fitted by the Higuchi model (Eq. 3.9), adapted for a porous matrix (Tongwen and
Binglin, 1998, Costa and Lobo, 2001). It has been suggested that this model, based on the
Fickian diffusion in a square-root time dependence (Siepmann and Peppas, 2011), is
appropriate to describe release phenomena (Costa and Lobo, 2001).

However, it seems that the Higuchi model overestimates the material release rate with
respect to the experimental points, especially for short timescales. It may be due to the
assumptions made in this work to model the system with the Higuchi model, together with
the ones discussed in Section 3.10. It is accurate only with steady-state systems with
stationary boundary conditions that do not undergo considerable alterations due to the
presence of water (i.e. expansion due to swelling or contraction due to dissolution)
(Tongwen and Binglin, 1998, Costa and Lobo, 2001, Siepmann and Peppas, 2011). In reality,
the system is actually non-planar and the sample shape slightly evolves over time. In
addition, being the model characterised by a one-dimension equation, the effect of the

lateral area is neglected.
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Figure 3.29: Dissolution process: Higuchi model (Eqg. 3.9) for both 10 wt% gellan/sucrose

and gellan/mannitol.

By contrast, a linear fitting is more accurate, with the R?of 0.983 and 0.987 respectively for
the gellan/sucrose and gellan/mannitol systems. This relatively slow release is likely to be
due to the progressively thicker external layer of the sample that forms over time.

From the previous considerations, both the material and medium properties are likely to
affect the rehydration process. A larger sugar amount should enhance the wettability, yet

make the structure more packed, with thicker walls and less pores.
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In terms of mechanical properties, similar behaviour to the gels without sugars (Fig. 3.11
A) was observed after rehydration. Moreover, during rehydration the solute release occurs,

leaving a less compacted material with a lower solid content.

3.4 Conclusions

In this study, the role of both molecular and macroscopic structures for HA and LA gellan
gum on freeze-drying and rehydration were investigated. After focusing on the single gellan
gum gel type, the properties of their mixture were assessed. Similarly, the results on freeze-
dried low-acyl gellan gum gels with sucrose or mannitol are shown.

It was reported for the first time that the water activity decrease during freeze-drying was
considerably larger for LA gellan, since the molecular structure more effectively binds water
molecules due to the absence of acyl groups. On the other hand, drying kinetics in terms
of moisture content is similar between the gels.

The dried structure for LA and HA gellan had comparable porosity, with slightly higher
values for the latter. In addition, the pore size distribution for HA gellan was moderately
shifted towards larger values. Nevertheless, the rehydration was considerably higher for LA
gellan, since it was found to be more hydrophilic. Designing the gel formulation, it would
be possible to predict and modulate the water uptake rate, accordingly to the specific
application.

Understanding a more complex system, such as a mixture of the two polymer types,
provides a further method to modulate the dried-gel properties. In this context, it has not
yet been reported in the literature to date the properties of the HA/LA gellan blends on

freeze-drying and rehydration. Specifically, it was shown that the mixture has an
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intermediate behaviour in some properties, such as swelling capability, while others are
more similar to either HA gellan (rehydration) or to LA gellan (water activity reduction).
Considering the presence of either mannitol or sucrose, gel aggregation is observed before
freeze-drying, due to the solvent replacement with solute, and, at the same time, a less
ordered gel network is present. This gel structure aggregation produces stronger gels, as
the polymer chains are closer and more entangled. Specifically, the gellan/sucrose system
shows higher values of peak load, probably due to the different molecular steric hindrance
and gel network lubrication compared to mannitol.

The generated gel structure after freeze-drying has a considerable effect on the mechanical
properties, as the specific additive type generates a different porosity as well as pore/pore-
wall thickness distributions. Specifically, mannitol generates thicker walls around the pores,
whereas sucrose leads to smaller pores and thinner walls. These structural parameters
affected the rehydration rate/extent as well as the solute release from the dried gel
network. Both gellan/mannitol and gellan/sucrose systems showed an initial increase in

rehydration rate, followed by a considerable drop to higher solute contents.
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Chapter 4

Acidified/basified gellan gum gels:
the role of the structure in
drying/rehydration

This work is published as follows:
Cassanelli, M., Prosapio, V., Norton, I., & Mills, T. (2018). Acidified/basified gellan gum gels:

the role of the structure in drying/rehydration mechanisms. Food Hydrocolloids, 82, 346-

354.
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4.1 Introduction

In the food industry, the texture of the gel is a key parameter for the design of the food
formulation and control the product characteristics (Bourne, 2002). One of the main
parameters that affects the gel structure is the pH of the system: the attractive and
repulsive forces between the polymer chains, as well as the interactions with the water
molecules, change with it, resulting in the formation of different gel networks (Norton et
al., 2011, Banerjee and Bhattacharya, 2012).

Picone and Cunha (Picone and Cunha, 2011) studied the effect of pH on the properties of
gellan gum gels using rheological and calorimetric techniques: they found that an increase
in pH resulted in a more fragile and deformable gel due to a decrease in molecular
aggregation and an increase in the mobility of the strands. However, their experiments
were restricted to limited pH conditions (3.5 for acid, 5.3 for neutral and 7 for basic). The
gel properties at pH < 3.5, 3.5< pH < 5.3 and 5.3 < pH < 7 were not investigated, nor was
the behaviour of gels exposed to different environments (acid and/or basic). Norton et al.
(2011) and Bradbeer et al. (2014) studied the textural properties of acidified gellan gum
gels, observing that lowering the pH from 5 to 3 caused an increase in strength, whereas
with a further reduction to pH 2, the structure became very weak, assuming a sponge-like
behaviour. However, the gellan gum gels were not characterised from a molecular point of
view.

If used as food additives (de Vries, 2002, Norton and Foster, 2002, Renard et al., 2006), gels
may be subjected to drying to extend the product shelf-life (Mothibe et al., 2011). Drying
implies water removal to inhibit microorganisms' growth and enzyme activity, but can

seriously damage the food microstructure with consequent change of properties, especially

133



Acidified/basified gellan gum gels:
the role of the structure in drying/rehydration

the texture (de Bruijn and Bdrquez, 2014, Vega-Galvez et al., 2015, Prosapio and Norton,
2017a). Among the drying processes proposed in literature, air-drying and freeze-drying
are the most commonly used. Air-drying involves moisture removal by evaporation. It is a
very simple technique, but it may cause several adverse effects on food attributes such as
case hardening, shrinkage, poor rehydration and the alteration of colour, flavour and
texture (Nijhuis et al., 1998b, Maskan, 2000, Ratti, 2001). Freeze-drying consists of the
freezing of the product followed by water removal through sublimation at reduced
pressure. It better preserves the food structure, but is characterised by long processing
time and high-energy consumption (Reyes et al., 2015, Karam et al., 2016). Drying of gellan
gum gels has been studied by some authors (Silva-Correia et al., 2011, Tiwari et al., 2015,
Bonifacio et al., 2017, Chang et al., 2017, Ciurzynska et al., 2017, Evageliou and Saliari,
2017), but the effect of the gel pH on the drying and rehydration kinetics has not yet been
investigated.

The aim of the present work is to investigate the behaviour of the gels prepared, not only
in acid conditions, but also in a basic environment, providing a chemical interpretation of
the mechanisms involved. The textural properties of the acidified/basified gels will be
studied after acid or basic exposure in order to provide a method for the design of the gel
mechanics and, therefore, the food properties. The molecular interpretation of the pH
effect on the gel structure is carried out by both thermal (DSC) and structural (FT-IR)
analyses. In addition, for each pH, the effect of the drying technique on the gel
microstructure will be evaluated, with a study of the drying and rehydration kinetics of
oven and freeze-dried samples. Also, the rehydrated gel textures are investigated in

comparison with the mechanical properties before drying.
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4.1 Materials and methods

4.2.1 Gel preparation

Low acyl gellan gum powder (Kelcogel F) was provided by CPKelco (UK). Citric acid (purity
99%) and sodium hydroxide (purity 98%) were supplied by Sigma-Aldrich (UK). All materials
were used as received and further discussed in Section 3.2.1.

A solution of 2% (w/w) was prepared by dissolving the gellan powder in distilled water and
stirring at 85 °C for 2 hours to ensure a complete powder hydration and dissolution. The
pH of the solution was measured using a pH meter (Seven compact, Mettler Toledo, UK)
and was found to be equal to 5.2. For the acidified gels, the pH of the solution was adjusted
by adding citric acid 0.3 M at the same temperature, whereas for basified gels sodium
hydroxide (NaOH) 0.25 M was added. The solution was then placed into cylindrical moulds

and, after gelation, the samples were 10 mm high with a 22 mm diameter.

4.2.2 Zeta potential and electrophoretic mobility

Zeta potential of gellan gum was measured in a Zetasizer Nano-ZS (Malvern Instrument,
UK) using the acid-base titration method (Quast, 2016). Solutions of gellan gum were
prepared with a concentration equal to 0.1% (w/w) to avoid gelation, yet a sufficient
polymer concentration to perform the analysis. The pH of the solution (from 2 to 10.5) was
adjusted by adding 0.25 M HCI or NaOH 0.25 M. For each solution, the electrophoretic
mobility was measured at 25 °C and plotted as a function of the pH in order to

experimentally calculate the pK; of gellan gum (Quast, 2016).
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4.2.3 Texture analysis
The mechanical properties of the gels were characterised by uniaxial compression as

discussed in Section 3.2.3.

4.2.4 Post-gelation exposure

All the gels prepared at different pH were placed in different environments for 24 hours at
20 °C: acid medium at pH 2.5 was formed by 0.3 M citric acid dissolved in distilled water;
neutral medium was formed by distilled water; basic medium at pH 11.5 was formed by
NaOH 0.25 M dissolved in distilled water. Later in the process, the samples were

characterised again to highlight possible changes in the gel structure.

4.2.5 Molecular interactions: uDSC and FTIR
All the uDSC experiments were carried out from 10 °C to 90 °C with a scan rate of 1 °C min-
1, applying a single heating/cooling cycle. Further details are reported in Section 3.2.2.

The Fourier transform infrared spectroscopy method is provided in Section 3.2.2.

4.2.6 Freeze-drying

The procedure details for the freeze-drying process are provided in Section 3.2.4.

4.2.7 Oven-drying
Conventional drying tests were carried out introducing the wet gels in an oven (Fistreem
International Co. Ltd, UK) with no flow air, at 40, 50 and 60°C, room pressure and a constant

relative humidity (RH) about 20%.
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4.2.8 Normalised Moisture Content (NMC) and moisture content analysis

Normalised Moisture Content was measured as specified in Section 3.2.5.

The content of citric acid present in each gel (added to adjust the pH) was calculated
subtracting the weight of the polymer (2% w/w) and the weight of the water from the total
weight of the gel. The water amount was determined using a moisture analyser (model MB
25, OHAUS, Nanikon, Switzerland). Two grams of sample were placed within the aluminium
pans and located over the pan support of moisture meter. A halogen element inside the
moisture meter provides uniform infrared heating. It heats the sample at a set temperature
of 120 °C until the sample weight becomes constant. Moisture percentage as a function of

weight change was recorded and displayed.

4.2.9 Micro computed microscopy (uCT)
Dried gels were analysed by X-ray micro-computed tomography using the Skyscan 1172

(Bruker, Belgium). Further details are discussed in Section 3.2.7.

4.2.10 Rehydration

Details for the method of rehydration are reported in Section 3.2.9.

At regular intervals (30, 120, 1440 min) the solid content was measured by using the
moisture analyser. It was observed that the evolution of the solid material, due to the

solubilisation of citric acid in water, was less than 1%.
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4.2.11 Statistical analysis
All the experiments were performed in triplicate. Errors were expressed as plus/minus a

single standard deviation.

4.3 Results and discussion

4.3.1 Effect of pH on gel structure and mechanical properties

The investigation of the pH effect on the mechanical and physical properties of LA gellan
gum gels was carried out by texture analysis. In Fig. 4.1 the peak load and the Young's
modulus are reported as a function of the gel pH.

It is shown that increasing the H* concentration of the hot solution by citric acid addition
the peak load to reach a 50% strain on compression initially rises up to the maximum of

87.7N £5.0 N at pH 3.5.

138



Acidified/basified gellan gum gels:
the role of the structure in drying/rehydration

100
(A) { ® Acidified/basified LA gellan gum
80 -
~ 601
5 {
(]
o
(@]
L 40 -
20 -
[ ]
. ] b
0 T T T T T
2 3 4 5 6 7
500
(B) v Acidified/basified LA gellan gum
400 -
<
o
= _
@ 300
=
>
©
o
S \ 4
(2]
D200 -
c
3 L
>_
100
0 i T T T ¥ ? Y
2 3 4 5 6 7

pH

Figure 4.1: Peak force (A) and elastic modulus (B) as a function of LA gellan gum (2% w/w)
gel pH.
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A further decrease in pH leads to a considerable drop in strength with an evident loss in
transparency (Bradbeer et al., 2014), as shown in Fig. 4.2, and a sponge-like behaviour
(Norton et al., 2011). A similar trend was observed for the elastic modulus with the highest
gel stiffness at pH 3.5. All the compressed gels failed after a 50% deformation. The basified
gels showed a textural behaviour similar to the gel in natural conditions, since a difference

less than 5 N and 2 kPa was observed for the peak load and elastic modulus, respectively.

Figure 4.2: Acidified/basified LA gellan gum gels (2% w/w).

In agreement with Norton et al. (2011), the gels that require the highest force were the
ones produced at the pH around the gellan gum pKa. Fasolin et al. (2013) reported a pK,
around 3.5 for low-acyl gellan gum (Kelcogel®F) by measuring the zeta potential as a
function of pH. This value is in agreement with the experimental pK,, obtained by

measuring the electrophoretic mobility (Fig. 4.3).
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Figure 4.3: Electrophoretic mobility of LA gellan gum at 0.1% w/w as a function of gel

solution pH.

This method follows the procedure proposed by Quast (2016) and Mehrishi and Seaman
(1968): at high pH the mobility tends to reach a plateau because the polymer chain might
be fully ionised. On pH reduction, the polymer becomes less negatively charged. The pKj is
considered as being the specific pH at which the electrophoretic mobility is half of the
plateau value.

The reason for the increase in the load to failure by pH reduction down to 3.5, followed by
the decrease in mechanical properties on further pH reduction (Fig. 4.1), might be related
to the negative charge percentage on the polymer chains. The Henderson-Hasselbach
equation (Eq. 4.1) correlates the solution pH and the compound pK, and shows that the

ionisable solute is half dissociated for pH=pKa.
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a-
pH = pK, + logﬁ (Eq. 4.1)

where [HA] is the molar concentration of the weak acid and [A’] the molarity of the
conjugate base of the acid. From this equation, it is deduced that the highest dissociation
is for pH higher than the pKa. In other words, the gellan gum system evolves as a function
of the pH, not only in terms of available cations, but also in terms of polymer ionisation.
During the gel preparation, the hot solutions at natural or higher pH contain highly ionised
polymer chains. In effect, the gellan gum zeta potential at natural pH (5.2) is equal to -20.3
mV = 1.1 mV, whereas at pH 3.5 is -12.2 mV = 0.8 mV. In order to form the gel network,
cations are required, interacting with the negative charges and forming aggregated regions,
the so-called junction zones (Morris et al., 2012). In the Kelcogel®F formulation, both
monovalent (Na* and K*) and divalent (Ca?* and Mg?*) cations are present, added as
chlorides up to around 5% w/w (Amici et al., 2000, CPKelco, 2007). The gel in this condition
can set, if the gel concentration is above the critical one (Phillips and Williams, 2000),
although it may result in a weak gel in terms of mechanics (Norton et al., 2011). The gel
formed at high pH has a high percentage of negative charges and part of them interacts
with the cations already present in the gellan gum formulation. However, the overall
amount of positive charges is not sufficient to balance the negative charges of the polymer,
thus leading the formation of a less aggregated gel.

It has been observed that the linear charge density (Morris et al., 2012) of the polyanion
decreases as the pH of the aqueous solution becomes lower (Rizwan et al., 2017), by
protonation of the carboxylate groups (Bradbeer, 2014). This consideration is in agreement

with the zeta potential and electrophoretic mobility results (Fig. 4.3), which indicate that
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the overall polymer charge changes as a function of the pH. The gel chains at natural pH
have a high linear charge density, which in the presence of cations form junction zones.
The dimensions of these highly ordered domains do not cause scattering, as the gels are
transparent (Norton et al., 2011). When the pH is decreased, the linear charge density on
the gellan gum molecules is reduced, whereas the amount of cations available in the
medium is raised by the acid addition. The junction zones reduce in number, yet the
interaction between the chains increases due to the presence of more cations. However,
when the pH equates the pKa or it is below this value, the polymer becomes nearly neutral,
as the cations (provided by salt addition in the initial formulation or upon acidification) can
balance the negative charge of the carboxylate groups of the polymer. Moreover, the
excess of positive charges may induce local chain repulsion and further weaken the gel
network. As the gel is more turbid for low pHs (Fig. 4.2), this suggests that the polymer is
more aggregated, with packed domains of gellan gum chains. The low electrostatic
interaction leads to phase separation between the polymer and solvent (Morris et al.,
2012, Bradbeer et al., 2014). This can explain why the gel assumes a sponge-like behaviour
with a low capability to hold water, especially under stress (Norton et al., 2011). Similar
behaviour but due to a different principle is the sponge-like structure of cryogels (Lozinsky
et al., 2003, Kumar et al., 2010). In these systems, water can more easily move through the
large channels of the highly porous structure and can be removed during compression.

The trend of the mechanical properties for the acidified gels was preserved, even if they
were submerged in distilled water (pH-neutral environment) for 24 hours (Fig. 4.4). Once
the H* cations electrostatically interacted with the polymer, it seems that they were

minimally released from the structure, since the peak load decreased only slightly. This
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reduction might be due to the moderate LA gellan gum gel swelling and subsequent
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Figure 4.4: Peak force (A) and elastic modulus (B) as a function of LA gellan gum (2% w/w)

gel pH and exposure to distilled water, acid (pH 2.5) or basic (pH 11.5) solutions for 24 h.
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The results obtained after acid/basic exposure (Fig. 4.4 A-B) confirmed that the load to
failure is strictly related to the presence of junction zones and the interaction of the chains
within them, as the linear charge density may vary (Morris et al., 2012).

The acidified/basified gels were then placed in water with citric acid at pH 2.5 or NaOH at
pH 11.5 for 24 hours. For the acid solution exposure, it was evident that gels formed at
relatively high pH could generate a considerably stronger structure, around 15 times the
initial peak force, while at low pH this effect was negligible. It is believed that this is related
to the fact that the high-pH polymer is highly ionised and the subsequent addition of H*
leads to larger and more compacted junction zones by saturating the negative charges. It
seems that the hydrogen ions interact with these available negative charges, after
penetrating the structure. At the same time, the extent of disordered domains decreases,
resulting in considerably stronger gels (Morris et al., 2012). Upon soaking the low-pH gels
in the acid solution, this effect became less evident, as the initial negative charges were
already reduced, as shown for pH 3 and 2.5. Since the peak load at pH 3.5 slightly increased,
it suggests that at this pH the polymer was not completely neutral and the negative charges
were not yet saturated by cations. Similarly, the acid exposure affected the elastic
properties of the gels, as the Young’s modulus increased (Fig. 4.4 B). Interestingly, none of
the gels showed signs of failure during compression to 50% strain, yet they could not
recover the initial height when the stress was removed. For the basic solution exposure,
the peak load and elastic modulus did not increase. The slight decrease in the peak force
suggests that water might swell the structure, making it weaker, as well as the high OH-

concentration that might influence the junction zone size by neutralising cations.
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In order to investigate further the influence of the acid solution exposure, gels at natural
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Figure 4.5: Peak force of 2% w/w LA gellan gum (natural pH) as a function of the exposure

medium pH.

It seems that the amount of H* required to interact with all the negative charges on the
polymer is pH 3 or less. Above pH 3, the amount of cations provided is not sufficient to
make the junction zones larger. In addition, when the gels were soaked in aqueous solution,
a decrease in load to failure was observed at pH higher than 3, mainly due to the network
expansion, as shown in Fig 4.4.

At pH 3.5 the effect of the polymer concentration on the gel peak force was evaluated and

compared to the natural-pH gel (Fig. 4.6).
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It was observed that at pH 3.5 a gel can set even at very low gellan gum concentration
(0.25% w/w). Interestingly, 0.5% w/w generates a gel as strong as the 2% w/w gel at natural
pH. On the other hand, the gel at the natural conditions at 0.5% w/w cannot form a firm
sample with a cylindrical shape. This behaviour might be particularly beneficial for food
formulation design to achieve comparable mechanical properties with a reduced

concentration in gelling agent.
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Figure 4.6: Peak force as a function of LA gellan gum concentration at natural pH (5.2) and

pH 3.5.
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As the gels formed a continuous network, they were further investigated at the molecular
level with both uDSC and FT-IR techniques.

In Fig. 4.7 the uDSC thermograms for the acidified/basified gels on cooling (A) and heating
(B) are reported. At the natural pH (5.2) a single exothermic peak was noted (Fig. 4.7 A),
suggesting that the formation and aggregation of double helices take place at very close
temperatures, as Picone and Cunha (2011) reported. It seems that two peaks are
overlapping. On the other hand, the endothermic peak at ~30 °C is likely to be related to
the melting of non-aggregated gellan gum helices (Fig. 4.7 B), while other transitions at

higher temperatures lead to the complete gel melting (Picone and Cunha, 2011).
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uDSC thermograms for acidified/basified gels (2% w/w) on cooling (A) and

heating (B). A magnification of the curve on heating related to gel at pH 5.2 is reported (B).

The uDSC curves are plotted as an average of the first cycles in triplicate and offset on the

y-axis. Peak temperatures and enthalpy values are reported in Table 4.1.
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The thermograms (Fig. 4.7 A) for the basified gels (pH 7 and 6) are similar to the gel at pH

5.2, showing a single peak formed of the two exothermic transitions (Table 4.1).

Table 4.1: Peak temperature and enthalpy of thermal transitions on cooling for LA gellan

gum at 2% w/w as a function of gel pH. These values were calculated from Fig. 4.7.

pH 7 pH 6 pH 5.2 pH 4 pH 3.5
Temperature (°C) 33.5+0.9 33.9+0.7 32.7+0.1 30.9+0.1 28.1+0.6
AH (J g?) -0.216 £+ 0.039 -0.238+0.036 -0.200+0.005 -0.124 +0.016 -0.054 + 0.022

On decreasing the pH, the related enthalpy was found to decrease (Table 4.1). It suggests
that disordered chains associate, forming junction zones progressively smaller in number.
Below the pKi no peaks were evident on cooling, indicating that the gel did not melt in the
experimental temperature range as it was highly aggregated. In agreement with the
enthalpy reduction, the peak temperature shifted to lower values. It suggests that the
disordered chains that undergo the coil-helix transition become progressively shorter and
a lower temperature is required for the transition to occur. The acidified gels at pH lower
than 4 do not have clear second transitions related to the melting of the junction zones
(Picone and Cunha, 2011), as shown in Fig. 4.7 B.

In Fig. 4.8 the infrared spectra for the acidified gels are shown.

As the gellan gum chains interact more within the junction zones for the gels at pH 4 and
3.5, less intense bands in the wave number range between 1170 and 960 cm™ were
observed compared with the gel at natural pH. In this range, the peaks are likely to be

related to the CO stretching and the interactions with cations can limit this vibration band.
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On the other hand, on further pH decrease there are more intense peaks, suggesting that

the polymer chains electrostatically interact to a lesser extent.
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Figure 4.8: FT-IR spectra for acidified gels (2% w/w).

This work shows that the mechanical properties are highly affected if the gels were
acidified/basified before gelation or after gel setting. If the acid/base is added into the hot
solution, it is important to consider that the charges on the polymer change and, therefore,
their interaction with the cations. On the other hand, if it is added after gelation, the gel
might become considerably stronger if initially produced at pH above the pKa. As a food
engineering application, the product stability and thickness might be controlled and

tailored to the final application by modulation of pH
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4.3.2 Gel drying and rehydration

The gellan gum gels prepared in acid/basic conditions were studied in terms of drying and
rehydration kinetics. Specifically, the samples were initially freeze-dried or oven-dried,
followed by rehydration in distilled water up to 24 hours. Fig. 4.9 shows the freeze-drying
(A) and oven-drying (B) kinetics curves.

As expected, the drying rate was considerably higher for the oven-drying, since it is based
on the evaporation at relatively high temperatures. From the microstructural point of view,
no differences were observed within the oven-drying temperature range investigated.
However, the pH did not affect the water removal rate, as the drying kinetics curves tended

to overlap in both processes.
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Figure 4.9: Drying kinetics curves for 2% w/w LA gellan gum expressed as NMC over time:

(A) freeze-drying; (B) oven-drying at 50 °C.
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Contrary to the drying kinetics, the rehydration rate was influenced by the pH of the
solution, as shown in Fig. 4.10. Overall, the freeze-dried gels show a quicker water uptake,
especially for short timescales, while the oven-dried ones tend to rehydrate more slowly.
The reason lies in the microstructural differences between the two sample types. Freeze-
drying generates relatively large pores due to the formation of ice crystals during the
freezing step and, therefore, a highly porous material (Rey and May, 2010). On the other
hand, water removal through evaporation leads to the collapse of gel structure, increasing

the material bulk density and thus making the rehydration process slower.
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Figure 4.10: Rehydration curves for 2% w/w LA gellan gum expressed as NMC over time.

The dried samples were placed in distilled water after freeze-drying (A) and oven-drying

(B).
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The pH affected the extent of rehydration and rehydration rate of both freeze-dried and
oven-dried gels. Specifically, in Fig. 4.10 A it is shown that, by decreasing the pH down to
the pK,, the initial water uptake of freeze-dried samples decreases. It is likely to be related
to the formation of smaller pores due to the citric acid addition during the gel preparation,
which should enhance the ice crystal nucleation rate rather than their growth (Petzold and
Aguilera, 2009). In effect, the total porosity, embedding both open (interconnected) and
closed (non-interconnected) pores, moved from 84.8% + 4.2% (natural pH) to 55.2% + 5.2%
(pH 2.5). A more rigid material, due to the polymer chain aggregation, may influence more
the crystal expansion, compared to a softer gel (Scherer, 1990). By further decreasing the
gel pH (2.5 and 3), the initial water uptake became slightly higher. The curves related to pH
2.5 and 3 are close to each other, at slightly lower values for the former. As shown in Table
4.2, by decreasing the pH of the solution, the solid content of the gel increases, achieving
about 4.1% at pH 3 and 8.5% at pH 2.5. As a consequence, a more aggregated and

compacted material is obtained, which may obstruct the water uptake.

Table 4.2: Water content percentage before drying for acidified LA gellan gum gels at 2%

w/w. The gel pH was adjusted by adding citric acid.

pH Water content %
4 97.0+0.6
3.5 96.9+0.5
3 95.9+0.5
2.5 91.5+0.7
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The oven-dried gels tended to rehydrate more slowly and to a smaller extent as the pH
decreased (Fig. 4.10 B). A rigid-collapsed network, generated by decreasing the pH to 3.5,
might re-absorb less water over a longer timescale, since the more aggregated structure
resists expansion of the gel. At low pH, the rehydration rate is even lower, due to the
structure packing. This may be related to the higher solid content percentage, which is
likely to decrease the material porosity (from 7.1% * 0.9% at natural pH to 4.6% + 3.3% at
pH 2.5) and increase the pore-wall thickness.

In terms of shape and volume retention as well as mechanical properties in comparison
with the gels before drying, it is interesting to observe that the acidification at pH 4 led to
a relatively higher appearance in quality for both the drying methods (Fig. 4.11). At the end
of the 24-hour rehydration in distilled water the gels were visually similar to the ones
before drying and an increased turbidity by decreasing the pH was observed after
rehydration, as the case before drying (Fig. 4.11 A-B). Freeze-dried gels showed some
shrinkage, probably due to the presence of gaps in the polymer network during water

removal.
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Figure 4.11: 24-hour rehydrated samples (2% w/w) after freeze-drying (A) and oven-drying

(B). Gel comparison (pH 4) on rehydration after freeze-drying (C) and oven-drying (D).
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In Fig. 4.12, the mechanical properties for the rehydrated gels are reported in comparison
with the gels before drying.

The freeze-dried and rehydrated gels at higher and lower pH than 4 became less strong. At
pH 3.5 a drop in load to failure is shown (Fig. 4.12 A). Since the gel network is more rigid
and stronger because of the junction zones formed at this pH, the ice crystals might be less
accommodated. Below the pKa, the gel did not recover the initial properties before freeze-
drying, having a peak force after 50% strain between 0 and 1 N. However, it is important to
mention that the final mechanical properties are lower for each pH. In effect, although a
polymer chain alignment occurs due to the ice crystal formation, the freeze-dried material
has large pores that behave like cracks, resulting in a peak load decrease, in addition to the
effect of distilled water, as previously discussed (Fig. 4.4 A-B). It seems that pH 4 generates
the optimum junction zone formation, leading to an intermediate behaviour in terms of
strength and elasticity, which appears to preserve more the mechanical properties after
freeze-drying and rehydration. Similarly, the oven-dried and rehydrated gels showed that
the gel mechanics and geometry were minimally affected in the case of the gels at pH 4. In
this context, the gel pH decrease is necessary to enhance the polymer network rigidity and
avoid that the gel become too soft after rehydration. However, if the aggregation level is
further increased, the recovery of gel shape and mechanics is obstructed, similarly to the
freeze-dried and rehydrated samples. Below the pK, the gel might start to have a more
disordered structure which might make the gel shape/volume recovery more difficult (Fig.
4.11 A-B). However, especially the gel at pH 2.5 did not recover the initial shape, influencing

the texture measurement, as it was collapsed and compacted even after rehydration.
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Figure 4.12: Peak force (A) and elastic modulus (B) of dried and rehydrated gels (2% w/w)

as a function of their pH.
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The freeze- and oven-dried gels at pH 4 were then rehydrated in both acid (pH 2.5) and
basic (pH 11.5) solutions to evaluate the effect on the dried and rehydrated gel structure.
For the freeze-dried samples, it was noted that the peak force reached 7.40 + 1.76 N, a
value comparable to 8.11 + 4.22 N for the rehydration in distilled water. It seems that
during the water uptake the gels did not become stronger. However, it is difficult to predict
if larger and stronger junction zones are formed on rehydration in acid solution, since the
system was highly affected by the presence of large pores formed after freeze-drying. In
the basic solution, the gels became softer, showing a peak force equal to 0.70+0.11 N, due
to the effect of the high OH™ concentration, as discussed in the Section 4.3.1 about the gel
exposure to the basic solution.

The initial cylindrical shape of the air-dried gels, lost after the structure collapse, was not
recovered if an acid solution was used. It is likely to be related to the change in gel network
throughout the rehydration. As a result, the load to failure was affected by the irregular
shape and compacted material and was equal to 1.94 + 0.18 N. On the other hand, the
effect of the basic solution generated rehydrated gels with a less defined shape as well as
a lower peak force (3.05 + 1.52 N), similarly to the freeze-drying case.

Overall, it seems that the rehydration in a neutral environment is more suitable to recover
the geometrical properties of the gel and have a relatively stronger material for the gels

previously freeze- and oven-dried.

4.4 Conclusions
It has been demonstrated that it is possible to modulate the mechanical properties of gellan

gum gels by adjusting the pH of the solution during gelation and by acid/basic environment
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exposition. The gel structure aggregation and the formation of junction zones have been
correlated to the electrostatic interactions and cation condensation that take place
according to the gelation conditions. It results in changes in load to failure and in elastic
modulus.

Both the freeze- and oven-drying of gels are not pH sensitive in terms of drying kinetics.
However, the rate and the extent of the gel rehydration depends on the structure
aggregation/junction zones and porosity and, therefore, on the gel pH. Regardless of the
drying method, a drop in the rehydration rate was observed at pH close to the gellan pK,,
in occurrence of the formation of larger and stronger junction zones.

This study can be particularly useful for the design of the food formulation and to predict
possible changes in food additives when subjected to different environments and/or

drying.
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Chapter 5

Gellan gum dried gel structure:
molecular and macroscopic investigations

Part of this work is published as follows:
Cassanelli, M., Norton, I., & Mills, T. (2017). Effect of alcohols on gellan gum gel structure:
bridging the molecular level and the three-dimensional network. Food Structure. 14: 112-

120.
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5.1 Introduction

Dried hydrocolloids are common in complex food products, such as dairy or instant food,
to modulate and enhance their mouthfeel and textural properties (Rolin, 1993, de Vries,
2002, Norton and Foster, 2002, Renard et al., 2006). Dried food products can be consumed
as they are, but they often need to be rehydrated before consumption (Marabi et al., 2006,
Joardder et al., 2015). As the speed of this process can vary according to the specific
application, both the properties and the structure of the dried gel contained in the product
formulation may affect the water uptake. Thus, the rehydration rate, strictly dependent on
the drying process, of both the gel, and, therefore, the final product, can be modulated
(Marabi et al., 2004).

Dried gel systems are of interest not only in the food industry, but also in nutraceutics and
biomedicine. For example, they are often used as a carrier for the release of active
ingredients (e.g. drugs, bioactive molecules or sugars) (Hoffman, 1987, Tgnnesen and
Karlsen, 2002, Lin and Metters, 2006, Nishinari and Fang, 2016) and for the design and
modulation of biopolymeric dried scaffolds to provide specific mechanical and chemical-
responsive properties (Sachlos and Czernuszka, 2003).

Among the drying techniques in the food industry, freeze-drying is widely used since it
preserves (Krokida et al., 1998, Evans, 2008) the food structure and nutrients (Avila and
Silva, 1999), as the process occurs at low temperatures. By contrast, air-drying generates a
compacted structure (Krokida and Maroulis, 1997, Joardder et al., 2015), since local
stresses within the material are generated on evaporation (Scherer, 1990). This mechanism
is affected by the surface tension of the liquid (Deshpande et al., 1992), which is relatively

high for water. Supercritical fluid (SCF) assisted techniques have recently been proposed in
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the food industry (Brown et al., 2008, Brown et al., 2010a), as they are generally used for
other food applications, such as extraction (Peker et al., 1992), isoelectric precipitation of
proteins (Hofland et al., 2000), micronisation (Prosapio et al., 2016c) and substrate
impregnation (De Marco and Reverchon, 2017b).

The supercritical-fluid drying of both gel systems (Scherer, 1990, Tkalec et al., 2015,
Ubeyitogullari and Ciftci, 2016) and entire food products (Garcia-Gonzalez et al., 2007,
Brown et al., 2008) often requires the use of alcohols. They can be used as co-antisolvents
during the scCO; -drying process or in a material pre-treatment before drying (hydrogel-
alcogel transition) (Tkalec et al., 2015, Ulker and Erkey, 2017).

The interaction between alcohol and gel can have an impact on the gel properties, such as
shape, shrinkage, transparency and texture (Buesa, 2008). Some hydrocolloids (e.g. pectin
and guar gum) can still form a gel network if alcohols are added to the hot solution during
the preparation stage (Oakenfull and Scott, 1984, Phillips and Williams, 2000, Tkalec et al.,
2015). However, the alcohol percentage depends on the specific gelling agent and can be
limited. For instance, hydroxypropyl cellulose (HPC) is soluble in aqueous solution with an
ethanol concentration around 50%, while xanthan gum water-solution can contain up to
60% in ethanol (Phillips and Williams, 2000). Furthermore, the ethanol addition can affect
some gel properties, like transparency, and promote gelation at lower temperatures
(Yamanaka et al., 2000).

In terms of produced dried-gel gellan gum structure, the aforementioned drying techniques
have already been investigated. Silva-Correia et al. (2011) and Tiwari et al. (2015) reported
information about freeze-drying in gellan gum systems. However, their analyses were

based only on Scanning Electron Microscopy observations, lacking data about porosity
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throughout the whole dried-gel volume. In order to have a 3D sample reconstruction, micro
CT microscopy can be a useful method to complete the freeze-dried microstructure
understanding. Ratti (2001) accurately compared freeze-drying with air-drying, suggesting
that the former is more suitable to achieve a high quality product although it is more
expensive. The effect of air-drying on the material structure has been deeply explained and
rationalised by Joardder et al. (2015). The drying kinetics and the effect of the different
drying processes on the dried-gel macrostructure were reported by Sundaram and Durance
(2008). However, in that work locust bean gum, pectin and starch were the hydrocolloids
investigated and they were mixed to form a single gel system, which is considerably more
complex and different from LA gellan gum in terms of gelation mechanism and molecular
configuration. Brown et al. (2010a) studied the effect of the supercritical CO2 (scCO;) drying
on agar gels in comparison with both oven and freeze-drying processes. However, this
system was characterised only at the macroscopic scale by uCT microscopy, without
providing information on the effect on the molecular and network level. Furthermore, the
collected data on agar are significant only for gelling agents with comparable gelation
mechanism and molecular structure, unlike gellan gum.

In this work, for the first time the effect of freeze, oven and scCO,-drying on gel
microstructure at both the molecular and macroscopic levels was investigated. Precisely,
the role of the physical mechanism of water removal for the specific drying method is
highlighted (i.e. sublimation, evaporation and solvent replacement/extraction), rather than
the drying kinetics. LA gellan gum was used as a model gelling agent in a quiescent form,
yet other hydrocolloids are expected to behave similarly, especially if they present a similar

gelation mechanism, based on the physical interactions of the polymer chains (Gulrez et
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al., 2011), such as k-carrageenan (Aguilera and Stanley, 1999). This study proposes uDSC
analysis as a method to investigate the role of the drying technique on the gel network,
characterising the molecular aggregation extent and structure order. In fact, although uDSC
has already been used for gellan gum investigations (Sudhamani et al., 2003), it has never
proposed for dried gellan gum gels to show the presence of possible changes in the dried
sample thermal behaviour. After drying, the samples were rehydrated to study how the
structure affects the water uptake into the material.

To further investigate scCO;-drying, the alcohol pre-treatment to obtain alcogel was
studied, assessing the alcohol-hydrocolloid interactions once the gel was produced. The
characterisation of quiescent gels at the molecular scale was performed by uDSC and FTIR,
as Sudhamani et al. (2003) reported for the gellan gum gels without alcohols, whereas the

mechanical properties were investigated by texture analysis.

5.2 Materials and Methods

5.2.1 Gel preparation and solvent pre-treatment for sCO,-drying

Low acyl gellan gum gels (Kelcogel F, CPKelco, UK) at natural pH were prepared following
the method discuss in Section 4.2.1, obtaining samples of 10 mm in height and 13.5 mm in
diameter.

Similarly, 2% w/w gelatin (from porcine skin, Sigma-Aldrich, UK) and 2% w/w k-carrageenan
(Sigma-Aldrich, UK) were prepared to compare the solvent quality with LA gellan gum.
Once the gels were formed, different alcohols were separately used to assess their effect
on the gel properties. Ethanol (EtOH), 1-Propanol (1-PrOH) and 2-Propanol/Isopropanol (2-

PrOH) (AnalaR NORMAPUR, VWR, UK) were used as pure solvents or diluted in different
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concentrations with distilled water to perform a gradual alcohol treatment. In this specific
case, solutions at 25, 50 and 80 wt% were prepared. When a gradual treatment was
applied, the gel samples were left, stepwise, in the alcoholic solution for 6 hours. Finally,
the treated gels were submerged in the pure solvent. The last step of the gradual treatment
was 24-hour long. On the other hand, if the treatment was not gradual, the samples were
directly left for 24 hours in the specific alcoholic solution/pure alcohol.

All the materials were used with no further treatment or purification.

5.2.2 Freeze-drying

The freeze-drying process is discussed in detail in Section 3.2.4.

5.2.3 Oven-drying

Oven-drying was performed in a Fistreem Vacuum oven at 20 °C, 40 °C and 60 °C under
static air, room pressure and a constant relative humidity (RH) of 20%. Since oven-drying
kinetics depends on the temperature, the process time was set accordingly to reach the

specific moisture content value (NMC below 0.1) (Brown et al., 2010a).

5.2.4 scCO;,-drying

Carbon dioxide was supplied from BOC (Guildford, UK).Before drying using scCO;, an
ethanol (purity 99.9%, AnalaR NORMAPUR, VWR, UK) pre-treatment was performed to
replace water, while the supercritical CO;-drying was carried out to remove the liquid

ethanol from the sample and, therefore, to obtain a solid dried matrix (NMC below 0.1).
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The gel samples were left, stepwise, in the alcoholic solutions at 25, 50 and 80 % wt%. Each
step was carried out for 6 hours, before using absolute ethanol for 24 hours.

The supercritical drying process necessary to remove ethanol was carried out in two
different configurations: batch and semi-continuous. In the batch configuration, alcogels
were placed into the vessel and then it was pressurised with CO, and heated until the
desired operating conditions were achieved. The effects of temperature (40-50 °C) and
pressure (85-100 bar) were investigated. In the semi-continuous configuration, alcogels
were placed in the high-pressure vessel, which was pressurised applying a continuous CO;
flow at 2.5 L/min throughout the experiment using an air-driven liquid pump (MS-71,
Haskel, USA). The same conditions of pressure and temperature were tested.

In both configurations, temperature was controlled by a thermostatic water bath, in which
the rig is submerged. Pressure was monitored by using a manometer, while the CO; flow
rate was read by a digital mass flow meter (RHEO8, Rheonik, Germany) and adjusted by
opening the metering valve downstream, since steady state conditions are applied.

All the experiments in the batch configuration were carried out for 12 hours, followed by a
20-minute depressurisation. If the forced flow was applied, a 3-hour process was

performed.

5.2.5 Moisture content and water activity
Drying was assessed by measuring both the sample moisture content and water activity.

Further details are reported in Section 3.2.5.
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5.2.6 Microstructure characterisation

The dried gel microstructures were analysed by X-ray micro computed tomography (uCT,
Skyscan 1172, Bruker, Belgium) and Scanning Electron Microscopy (ESEM FEG, Philips XL30,
The Netherlands), in conjunction with the analysis of physical/geometrical properties such
as density, shrinkage and shape.

High-resolution micro computed tomography and scanning electron microscopy were
performed following the method proposed in Section 3.2.7. In the specific case of the
ESEM, the maximum voltage was set up to 10 kV and the magnification up to x 1500.

The absolute (true) density of LA gellan gum was measured by using the AccyPyc Il 1340
pycnometer, using helium as a displacement medium.

The gel shrinkage was determined by using the paraffin oil (Sigma-Aldrich) liquid
displacement method (Del Valle et al., 1998, Yan et al., 2008a). This oil is particularly
suitable for this application since it is highly hydrophobic, by contrast with the hydrophilic
gel structure. The method used is based on the liquid displacement (Fig. 5.1) (Yan et al.,

2008a).
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%Volume = %% 100 (Eq. 5.1)
l —Mox
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|

Figure 5.1: Shrinkage measurement method: formula (Eqg. 5.1) on the top.

Where M’ is the mass of the chamber filled with oil, Mg+ the mass of oil with the dried
sample, Mo+ the oil mass with the non-treated sample. The experimental oil density p| was
found to be 0.871 g mL%, while the theoretical value lies in the range of 0.827 g ml* and
0.890 g mL™.

Once the sample volume was calculated, the bulk density of the sample was measured as

the mass was known.
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5.2.7 Molecular interactions: uDSC and FTIR

Thermal transitions were investigated by using a uDSC 3 evo (Seteram Instrumentation,
France). The sample was placed in the “close batch cell” (0.6 g + 0.1 g). The reference cell
was filled with an equal mass of distilled water. Two sets of analyses were carried out on
LA gellan gum gel before drying, from 5 °C to 80 °C and from 5 °C to 55 °C, applying a scan
rate of 1 °C /min. The latter temperature range was used to isolate the melting of the
disordered chains and avoid the “second” thermal transitions, that depict the disruption of
the junction zones (Picone and Cunha, 2011).

The dried samples were rehydrated for six hours in 100 mL distilled water to enhance the
mobility of the polymer disorder chains and observe the thermal event on cooling. In this
case, thermal cycles were applied from 5 °C to 55 °C.

For the investigation of the effect of solvent on the gel structure, all the experiments with
LA gellan gum and k-carrageenan were carried out from 5 °C to 80 °C with a scan rate of 1
°C /min and in each experiment two heating/cooling cycles were applied. For gelatin, the
maximum temperature was set at 60 °C. The reference cell was filled with an equivalent
amount of alcohol or alcoholic solution.

In all these experiments, the uDSC curves were presented as an average of the first cycles
in triplicate, while the values of transition temperature, enthalpy and entropy were
expressed with plus/minus a single standard deviation.

Molecular interactions between the hydrocolloid and alcohols were evaluated by Fourier
Transform Infrared Spectroscopy (Spectrum Two IR Spectrometer, Perkin Elmer) in
reflection configuration. Spectra were collected for gels, gels with solvents (alcogels), and

alcohols with a resolution of 4 cm™.
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The selected scanning range was 600—4000 cm™! wave numbers and 16 scans were applied

to each sample.

5.2.8 Texture analysis

In Section 3.2.3 the details about the texture analysis methods are reported.

5.2.9 Gel rehydration

The gel rehydration method is reported in Section 3.2.9.

5.2.10 Statistical analysis
All the experiments were performed in triplicate. Results were reported as an average and

plus/minus a single standard deviation.

5.3. Results and discussion

5.3.1 Role of the drying technique on the low-acyl gellan gum gel structure

5.3.1.1 Drying

In order to highlight the effect of the drying process on gel structure, the gel formulation
was kept constant throughout the experiments. The gel composition may lead to a different
drying kinetics and final microstructure, due to a different crystal distribution in the case
of freeze-drying (Tiwari et al., 2015), case hardening for air-drying (Joardder et al., 2015)
and different CO; penetration for SCF assisted technology. The drying efficacy of the three
techniques was evaluated in terms of normalised moisture content (NMC) and water

activity (aw) (Barbosa-Canovas et al., 2008). At the end of the drying processes (time
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specified in the Material and methods), the former was below 0.1. Water activity was in all
cases in the range 0.2-0.3, considerably lower than the threshold of 0.6, below which
bacteria and microorganisms cannot grow and proliferate (Barbosa-Canovas et al., 2008,
Rahman, 2009). The difference between the drying processes was negligible, within a
standard deviation. For all drying methods, it is important to consider that moisture can be
re-adsorbed by the dried material. This can affect the results of moisture content and water

activity.

5.3.1.2 Dried microstructure: Effect of the water removal

The visual appearance of the gels before and after drying is reported in Figure 5.2.

Figure 5.2: LA gellan gum 2 % w/w, visual comparison: freeze-dried (A), oven-dried (60 °C)

(B), scCO-dried (50 °C and 100 bar, no flow) (C), hydrogel before drying (reference, D).
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At a first glance, it is possible to observe that the only drying technique that caused a loss
in the cylindrical shape was oven-drying, while the other two methods preserved the
geometrical features, although some shrinkage occurred. Water evaporation causes the
collapse of the material, especially considering that the gel network becomes less rigid at
relatively high temperatures (i.e. in oven-drying). On the other hand, sublimation of ice
crystals into vapour and the solvent extraction at supercritical conditions alter the three-
dimensional macrostructure less and, therefore, better maintain the cylindrical shape.
The absence of liquid and, therefore, capillary stress during the sublimation of ice crystals
plays an important role in the structure preservation (Scherer, 1990) (Fig. 5.2 A). Similarly,
this collapse does not occur with supercritical fluid drying due to the absence of the liquid-
gas interface passing from the supercritical state to gas on depressurisation (Abbas et al.,
2008). More shrinkage was observed for the sCO,-dried gel compared to freeze-dried one.
The reason for that can be related to the higher polymer flexibility during drying due to the
relatively higher process temperatures in sCO,-drying. On the other hand, in oven-drying
the capillary hydrostatic stress due to the surface tension of the receding water menisci
causes a collapse of the structure (Fig. 5.2 B) (Snoeck et al., 2014).

The gel microstructure was assessed by UCT to investigate different cross-sections and to

obtain quantitative porosity values for the entire bulk volume (Fig. 5.3).
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Figure 5.3: LA gellan gum 2 % w/w, uCT: freeze-dried (A), oven-dried (60 °C) (B), scCO;-

dried (50 °C and 100 bar, batch) (C), hydrogel before drying (reference, D).

Considerable differences in the dried structure were found among the three drying
processes.

The pCT analyses revealed that freeze-drying results in a homogeneous and symmetrical
structure, with a well preserved cylindrical shape due to the absence of material collapse
(Fig. 5.3 A). Oven-dried samples, showed an irregular structure formed by thick layers of
overlapping material (Fig. 5.3 B). With scCO,-drying the cylindrical shape was retained,

although some shrinkage occurred and the internal structure was not completely
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homogeneous (Fig. 5.3 C). Some larger pores randomly distributed and localised in different
regions were observed. This behaviour might be related to the effect of ethanol during the
pre-treatment, leading to a stiffer gel structure (Eltoum et al., 2001, Buesa, 2008). The use
of alcohols can slightly deform the gel, locally modifying the stress generated, especially
during the gel shrinkage on drying. The ethanol pre-treatment is likely to remove all the
water from the sample, since the possible presence of liquid water, poorly soluble in
supercritical CO,, would generate a local collapse due to unbalanced capillary forces in the
gel network (Scherer, 1990). A heterogeneous structure can be detected with brighter and
darker regions in the uCT micrographs. The quantitative uCT analysis highlighted the
presence of these larger pores for scCO»-drying. Specifically, for freeze-drying the porosity
counts as 84.8% + 4.2%, 7.1% + 0.9% for oven-drying and 20.5 %t 8.4% for supercritical
carbon dioxide drying.

From the ESEM micrographs reported in Figure 5.4, it was possible to qualitatively gain

information regarding both the pore size and their distribution.
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Magn 50x

Figure 5.4: LA gellan gum 2 % w/w, ESEM images: freeze-dried (A, D), oven-dried (60 °C) (B,

E), scCO,-dried (50 °C and 100 bar, batch) (C,F).
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In terms of pore size and shape, the freeze-drying results, dependent on the ice crystal size,
were in agreement with the current literature on gellan (Silva-Correia et al., 2011). It seems
that for freeze-drying the structure is more stretched (Fig. 5.4 A-D), forming a material
membrane (Fig. 5.4 D), while the evaporation at high temperatures during oven-drying
induces a structure packing. On the other hand, carbon dioxide in a supercritical state does
not lead to the structure collapse (Scherer, 1990), despite a homogenous shrinkage, as
previously discussed. In this case, the ethanol pre-treatment needs to be considered in the
gel shrinkage measurement. In effect, the ethanol pre-treatment can affect both the shape
and volume retention (Eltoum et al., 2001, Buesa, 2008). Specifically, before scCO,-drying,
the direct use of pure ethanol led to more significant shrinkage, up to 50.2% + 0.6%, while
a gradual treatment can limit this effect, reaching a value of 13.1% £ 0.2% (Cassanelli et al.,
2017b). Obviously, the material shrinkage percentage after scCO,-drying needs to take this
pre-treatment into consideration, especially if compared with the other techniques (Table

5.1).

Table 5.1: Bulk densities and shrinkage values.

Freeze drying  Oven-drying  Gradual EtOH pre-treatment +

scCO,-drying (batch)

Bulk density (g/cm3)  0.03 £0.01 0.17+0.01 0.05+0.01

Shrinkage % 26.20+1.69 82.55+0.12 54.65+1.00

The shrinkage extent defines the bulk sample density after drying. The freeze-dried sample

had the lowest density, being highly porous. The density for the oven-dried structure was
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the highest due to its collapse during the drying process. For supercritical CO,-drying, the
final product was homogeneously shrunk, yet not collapsed.

On the other hand, the absolute density was not dependent on the drying process and, in
fact, it was found to be 1.7 g/cm? by using the pycnometer, close to the value reported in

Upstill et al. (1986).

5.3.1.3 Dried microstructure: Effect of the process parameters

In addition to the effect of the water removal on the gel network, the influence of the
process parameters was investigated in terms of the produced dried structure.
Considering freeze-drying, process parameters such as the pressure chamber and product
temperature could likely affect the drying rate (Chang and Patro, 2004), rather than the
material structure, which is, by contrast, strongly dependent on the gel formulation. Hence,
in this work all these variables were kept constant. The collapse temperature (Tc) in the
freeze-drying application is specific for each substance and is the temperature above which
the collapse of the frozen structure occurs. This irreversibly leads to the failure of the
material and to defect formation (Bellows and King, 1972, Kett et al., 2005, Abdelwahed et
al., 2006b). During gelation, hydrocolloids generate a network, specific for each gelling
agent, in which water is embedded. Specifically, the sol-gel temperature of gellan gum is
around 30 °C. As the material temperature in the freeze-dryer is low, at around -18 °C, the
structure is likely to be sufficiently rigid to ensure stability and avoid its collapse (Fig. 5.2A
and Fig. 5.3 A). To and Flink (1978) firstly reported that the collapse is noticeable as a non-

uniform radial shrinkage, which is absent after freeze-drying for LA gellan gum.
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Oven-drying was performed at room pressure and 20 °C, 40 °C and 60 °C. Similar to freeze-
drying, it has been reported that both the material formulation and the drying process
parameters may contribute to a variation in structure, in terms of porosity, shrinkage and
shape retention (Joardder et al., 2015). Focusing on the process variables, temperature
should affect the drying rate and consequently the moisture gradient along the material
(Joardder et al., 2015). Low temperatures reduce the drying rate and as a consequence the
surface evaporation rate is approximately close to the diffusion moisture transfer rate
(Mayor and Sereno, 2004). On the other hand, higher drying rates may lead to the
formation of a rigid crust on the surface, since the moisture content starts to rapidly
decrease (Wang and Brennan, 1995). It leads to the generation of internal stress, affecting
both shrinkage and porosity. This phenomenon is known as case hardening (Joardder et al.,
2015).

Since oven-drying was not vacuum assisted in this work, the main process parameter was
temperature, which was set at 20°C, 40 °C and 60 °C.

The obtained dried microstructure did not show considerable differences in porosity,
shrinkage and bulk density within this temperature range (Fig. 5.5). The total porosity for
all these samples was less than 10%. However, the cross-section of the oven-dried structure
at 20 °C (Fig. 5.5 A) seemed to have less irregular sample edges. It may be related to a
slower water removal (Maskan, 2001), inducing less stress and distortion to the material

(Joardder et al., 2015).
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Figure 5.5: uCT: 2% w/w LA gellan gum after oven-drying at 20 °C (A) and 60 °C (B).

The research into supercritical CO,-drying has shown that both temperature and pressure
may lead to different material structures. However, in this study, the micrographs referred
to a process pressure of 85 bar or 100 bar and a set temperature of 40 °C or 50 °C did not
show structural differences between the samples. It is likely that this temperature/pressure
window is too small to generate differences in the dried structure.

On the other hand, variations were notable by changing the process configuration, applying

a CO; flow rate (Fig. 5.6).
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Figure 5.6: uCT: 2% w/w LA gellan gum after process in semi-continuous configuration
applying 1 mL/min (A) and 2.5 L/min flow (B). Temperature was set at 50 °C and pressure

at 100 bar.

Specifically, from the uCT micrographs it is possible to observe that the cylindrical section
tended to be less defined. Compared to the batch configuration, very large pores were
formed. Denser areas were created, since brighter parts were evident, especially on the
sample surface. It seems that in some parts of the sample there was a local collapse due to
the applied scCO; flow. Furthermore, this flow makes the overall ethanol removal process
faster, since after 3 hours the samples were completely dried. The quicker solvent
displacement might result in a heterogeneous shrinkage (loss in cylindrical shape) and in a

local material densification.

5.3.1.4 Gel rehydration
The water uptake and its diffusion into the material were affected by both the surface and

bulk properties (Aguilera and Stanley, 1999). The former is more likely influenced by the
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chemical properties of the gel type and its formulation. On the other hand, the latter
considers the mechanical, morphological and physical properties.

The dried structures were expected to rehydrate differently, based on the porosity
distribution, void size and interconnection, shrinkage and consequently bulk density. In Fig.

5.7, the rehydration curves are shown.
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Figure 5.7: Rehydration curves after different drying processes (@) freeze-drying, (V)

oven-dried (60 °C), () scCO,-dried (50 °C and 100 bar, batch).

Freeze-drying resulted in a product that can easily and quickly reabsorb water. This is due
to the high porosity and to the presence of large pores, which are a preferential path for

water to penetrate. Oven-dried samples rehydrated slowly, since the structure was
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completely collapsed. No macropores were present and the produced shrinkage was much
higher, consequently affecting the water uptake rate. Supercritical carbon dioxide in
combination with the ethanol pre-treatment generated an intermediate rehydration rate
and water uptake.

Figure 5.7 suggests that for freeze-drying two different rehydration rates, expressed as
NMC over time, describe the water uptake. After 6 min the rate was 0.110 min%, while for
longer timescales the rehydration slowed down to 0.006 min™. This trend became less
evident for the other drying techniques. For scCO»-drying, this rate passed from 0.15 min!
to 0.04 min!, while for oven-drying it became negligible.

These results suggest that freeze-drying is suitable for applications where a fast rehydration
is required, while oven-dried and scCO;-dried structures are more appropriate for

applications where the rehydration rate should be slower.

5.3.1.5 Effect on gellan gel molecular structure

After drying, the structure needs to be rehydrated with distilled water to enhance the
polymer chain mobility and distinguish clear thermal transitions on cooling. Otherwise, flat
thermal events would be recorded. For this reason, six-hour-rehydrated samples were
analysed with puDSC to assess the effect of the drying process on the gel network.

For the dried gels, the maximum temperature was set at 55 °C with the aim to highlight the
effect of the gellan gum disordered domains on cooling (Picone and Cunha, 2011). The idea
was to induce the helix-coil transition to the disordered chains on heating, without melting
the junction zones. In effect, if the junction zones were completely melted (Fig. 5.8 A), the

enthalpy AH on cooling was -0.200 + 0.005 J g*. Instead, if the gel was heated only up to 55

185



Gellan gum dried gel structure:
molecular and macroscopic investigations

°C, AH was -0.167 + 0.007 J g1, suggesting that only the disordered chain domains were

melted (Fig. 5.8 B). If the gels were completely melted, the shape of the following gelation

peak seemed to embed the two transitions (Fig. 5.8 A), namely the coil-helix transition and

the chain aggregation in junction zones.
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Figure 5.8: uDSC curves for the gellan gum hydrogel before drying. Heating/cooling cycles

were applied from 5 °C to 80 °C (A) and from 5 °C to 60 °C (B).
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In Fig. 5.9, uDSC curves on cooling of samples dried using the different techniques are
reported. They suggest that the drying process differently alter the gel structure, since the
peak related to the cooling of the disordered chain domains shifted to higher or lower
temperatures in comparison to the LA gellan gum hydrogel.

It is evident that oven-drying sharply increased the thermal transition temperature to 38.9

1 0.4 °C, compared to the gel before drying (32.7 £ 0.1 °C).
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Figure 5.9: uDSC curves after drying process on cooling. The uDSC curves are plotted as an
average of the first cycles in triplicate. Peak temperatures and enthalpy values are reported

in Table 5.2. The individual uDSC curves have been offset on the y-axis.
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The higher peak temperature compared to the gel before drying is related to the dried gel’s
inability to completely re-absorb water because of structure collapse. In effect, the NMC
value for these samples was around 0.5 even after 24 h rehydration in distilled water. The
oven-dried sample showed that the enthalpy AH, which is related only to the mobility of
the disordered chains if the gel is heated up to 55 °C, as previously discussed, decreased
from -0.167 £ 0.007 J g1t0-0.070 + 0.017 J g* (Table 5.2). It suggests that disordered chains
involved in the coil-helix transition are fewer as a result of a more aggregated structure due
to the structure collapse and the water removal by evaporation. In terms of entropy
difference, AS, calculated as AH/T at the equilibrium (Deszczynski et al., 2003) on cooling,
a reduction was observed, as shown in Table 5.2. It indicates that, after gel cooling, the
system was less ordered, probably due to the relatively high drying temperature, compared
to the gel before drying.

Freeze-drying was expected to force the alignment of the polymer chains during the
freezing step along the ice crystal edges, similarly to what occurs during cryogel formation
(e.g xanthan). The reduction in enthalpy to -0.084 + 0.029 J g'* compared to the gel before
drying suggests that fewer disordered chains are involved in the thermal transition. The
peak temperature reduction (27.0 + 2.5 °C) indicates that the chains should be more
aggregated due to the previous formation of ice crystals. However, the overall order of the
system slightly decreased, as the entropy was reduced to -3.0 103+ 0.7 103 ) g* °C L. This
can suggest that the polymer chains in this structure were less ordered although more

packed.
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Supercritical COz-drying in batch configuration is a gentle process since the capillary stress
suppressed. However, the need to perform an ethanol pre-treatment tends to irreversibly
influence the polymer conformation, hardening the material (Eltoum et al., 2001, Buesa,
2008, Cassanelli et al., 2017a). A significant drop to 24.1 £ 0.8 °C in transition temperature
was observed, likely due to the presence of ethanol that altered the water network around
the polymer, which obstructs polymer rearrangement (Cassanelli et al., 2017a). More time
was required for the exothermic transition to happen, in comparison with the gel before
drying. Similar considerations were applied to the scCO; process in the presence of a
continuous flow.

In Table 5.2 the values of peak temperatures, enthalpies and entropies are summarised.

Table 5.2: Peak temperatures, enthalpies and entropies for the gel before drying and after

the drying process, followed by rehydration for 6 hours.

Gradual EtOH pre-treatment

Hydrogel Freeze-dried Oven-dried
+ scCO,-dried (batch)
Temperature (°C) 32.6+0.1 27.0+25 38904 24.1+0.8
AH (Jg?) -0.167 £ 0.007  -0.084 + 0.029 -0.070 £ 0.017 -0.047 + 0.007
AS (JgteCchy*103 -5.1+0.2 -3.0+0.7 -1.8+0.4 -1.9+0.2

On a second thermal cycle, these dried and rehydrated gels showed a similar thermal

behaviour recorded on the first cycle.
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5.3.2 Effect of alcohols quality on gellan gum gel structure

In this work, the production of aerogels required the use of ethanol to pre-treat the gel
samples and prepare them for supercritical CO,-drying, as water is not soluble in the scCO;
at the employed conditions (Sabirzyanov et al., 2002). The effect of ethanol and other
alcohols on the LA gellan gel structure on three different scales was therefore investigated.
Specifically, the chemical and physical properties of both the constitutive polymer molecule

and gel network as well as the mechanics of the gel at a macroscopic level were considered.

5.3.2.1 Alcoholic pre-treatment on gellan molecular level

In order to characterise the interaction of the solvent with the gellan gum chains and the
effect on the gel network, infrared spectroscopy was performed (Brown et al., 2008). The
peaks and intensity information is dependent on the macromolecule conformation and,
therefore, the system is sensitive to the specific solvent (Pawde and Deshmukh, 2008).
Figure 5.10 shows the collected spectra for pure ethanol, LA gellan gum hydrogel and
alcogel. Results for LA gellan gum gel were in agreement with the current literature (Pikal

and Shah, 1990, Sudhamani et al., 2003, Coutinho et al., 2010).
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Figure 5.10: FT-IR spectra for LA Gellan gum and ethanol: (A) (4000-600 cm™), (B) (2000-

600 cm™). The peaks values are related to the alcogel.
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After the gel dehydration by ethanol treatment, a decrease in OH peak (between 3400 and
3200 cm) was noticed (Fig. 5.10 A), mainly due to the water removal and replacement
with the alcohol.

At the same time, in the alcogel the typical ethanol bands in the fingerprint region were
evident, between 1100 cm™ and 1000 cm™. In the alcogel, the characteristic ethanol peaks
for the C-O stretch were shifted from 1095 cm™ and 1048 cm™to 1075 cm™and 1037 cm™t
respectively, suggesting that the interaction between ethanol and the polymer chains
occurred. Similar considerations were reported for the gellan gum-LiCF3SO3 system (Noor
et al., 2012). Therefore, since ethanol is polar with a strong hydrogen-bond donor group (-
OH) (Roberts and Caserio, 1977, Antoniou et al., 2010), it seemed that it effectively
interacts with the polymer at the molecular level, leaving an imprint on the gel structure.
The EtOH presence affected the typical gellan gum peak at 1637 cm™ related to the
glycosidic bond (Sudhamani et al., 2003, Noor et al., 2012). In effect, the alcolgel showed a
peak shift to 1605 cm™, suggesting that the solvent was effectively interacting.

In addition, the EtOH alcogel peak at 1037 cm™ is slightly more intense than pure ethanol.
This may indicate that more contributions were present, namely the C-O-C stretches along
the polymer chain and C-O stretch in the ethanol molecule (Fig. 5.10 B).

A deeper investigation of the ethanol/gellan gum interaction was carried out by analysing

the uDSC thermographs (Fig. 5.11).
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Figure 5.11: DSC curves: LA gellan gum on heating (A) and cooling (B). The uDSC curves are

plotted as an average of the first cycles in triplicate. The individual uDSC curves have been

offset on the y-axis.

Specifically, the effect of ethanol on the gel structure could be assessed by the evaluation

of the thermal transitions that were involved during the gel cooling and heating.

Since the thermal events were nearly flat when ethanol was used, it is clear that the

molecular thermal transitions were affected (Fig. 5.11). Particularly, both the endothermic

and exothermic peaks are not present, probably due to the higher polymer chain packing

induced by ethanol. This experiment suggests that the thermoreversible behaviour was lost

when ethanol was added, replacing water as a solvent. From this result, it is likely that an

alteration of the gellan network occurs, namely due to the effect of ethanol on the

structure.

Water in the three dimensional structure is plays a key role in the formation of crystalline

regions (Hatakeyama and Hatakeyama, 1998). In a true-quiescent gel, in parallel to the

water movement in the gel network, water molecules can move between the junction
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zones (Ohtsuka and Watanabe, 1996), hydrating the double helices (Ohtsuka and
Watanabe, 1996). If salts are added to the gel solution, metal ions tend to replace water
molecules between the helices (Ohtsuka and Watanabe, 1996), affecting as a consequence
the stability of the junction zones (Morris et al., 2012). The addition of alcohols tends to
alter the water network (Nose and Hojo, 2006), likely affecting the stabilising interactions
and therefore the gel structure stability (Hui, 2006, Antoniou et al., 2010), decreasing the
network order. Specifically, the water molecules removal by alcohols tends to destabilise
the hydrogen bonds especially in the hydrophilic portions (Eltoum et al.,, 2001).
Additionally, this effect may result in a different mobility of the polymer chains when a
stress is applied in alcohols rather than in water. In other words, the chain movement is
more likely to be hindered by changing the solvent due to the molecular and network
configuration in alcohols compared to water.

In this light, Figure 5.12 A shows the uDSC curves during cooling as a function of ethanol

concentration in the aqueous solution.
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Figure 5.12: DSC curves: LA gellan gum treated with different ethanol concentrations. The
UDSC curves are plotted as an average of the first cycles in triplicate. The individual uDSC

curves have been offset on the y-axis.

At 25 wt% EtOH, a reduction in the endothermic peak and a shift to a lower temperature
were observed. More time was required for the exothermic transition to happen, by
comparison with the non-treated gel. This is ascribed to the formation of a more
aggregated structure. However, the resulting structure was more disordered as an entropy
reduction was quantitatively calculated. In effect, by using the alcoholic solution at 25 wt%
EtOH, the AS value changed, calculated on cooling as AH/T at the equilibrium, from -6.1 10°
3+0.1103 ) g'°C?, in the non-treated gel, to -4.7 102 + 0.9 103 J g °C2. This means that
after the treatment the entropy reduction related to the main thermal transition was
lower.

In Fig. 5.12 B the thermographs on heating are reported. The peak loss on heating at 25
wt% is caused by polymer aggregation and the reduction in the non-aggregated domains

that undergo the coil-helix transition.
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A further increase in ethanol percentage led to a complete disappearance of the thermal
transition, as concluded for the use of pure ethanol. The applied thermal cycles on uDSC
analysis were within the temperature range of the gellan solid-state for both the untreated
and treated samples.

The effect of the solvent molecule length and the OH position on the gel network were
assessed. For this purpose, both isopropanol and 1-propanol were used.

In terms of uDSC analysis, these alcohols led to a flat thermal event within the same
temperature range, following a trend similar to pure ethanol. Likewise, the collected
infrared spectra show that the interaction between alcohols and the gellan gum network
occurred. In effect, the typical gellan peak referred to the glycosidic bond at 1637 cm™ shifts
to 1611 cm™for 1-PrOH and to 1620 cm™ for 2-PrOH (Fig. 5.13).

Interestingly, peaks were noticed within the wave number range between 1100 cm™and
1000 cm* for 2-PrOH (Fig. 5.13 B). Specifically, intense new peaks were found at 1069 cm"
1,1055 cm™. Moreover, a shift from 950 cm™ to 970 cm™ was noticed. It may indicate that

there is an effective interaction between LA gellan gum and isopropanol.
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Figure 5.13: FT-IR spectra for LA Gellan gum with 1-propanol (A) and isopropanol (B). The
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5.3.2.2 Alcoholic pre-treatment on gellan macroscopic level

Both the material texture and shrinkage were evaluated in order to link them to the
smaller-scale level. In particular, two different routes were undertaken, namely directly
using a specific concentration of solvent or gradually adding it. In terms of shrinkage, it was
measured that a gradual treatment was more suitable to better retain both the initial shape
and volume, as it is shown in Fig. 5.14.

It was evident that a gradual treatment led to a shrinkage of 13.1% + 0.2%, while the direct
use of pure ethanol increased it up to 50.2% + 0.6%. It is likely that the diffusion currents
during the solvent exchange from outside inwards the material resulted in a gel network

distortion (Bancroft and Gamble, 2008). Similar effects were noticed for isopropanol and
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Figure 5.14: Ethanol treatment: directly by using a specific concentration (wt%) (black bars)

and through ethanol gradient (grey bars).
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Mechanical properties were clearly influenced by the solvent quality. Figure 5.15 shows
how the peak load increases as the solvent concentration was raised. In addition, the true
fracture strain moved from 35.3% + 1.7% for non-treated gel to 42.7% £ 2.9% for the alcogel
treated with an ethanol gradient up to 100 wt%.

A microstructural explanation of the shrinkage and load to failure increase may be related
to anincrement in network packing and chain entanglement (Tkalec et al., 2015). However,
it was found that the non-treated gels with the equivalent polymer density of the gradually
treated alcogels (13.1% shrinkage) showed a strength only equal to 23.9 £ 1.5 N, well below
the value referred to the alcogels (Fig. 5.15). The considerable strength increase might be
due to the fact that alcohols act as fixatives, producing material hardening and shrinkage
(Titford and Horenstein, 2005, Buesa, 2008).

On the other hand, this mechanical behaviour is likely not to be related to a more ordered
structure, as previously discussed in the uDSC section. Specifically, these results may
indicate that the slight alcogel turbidity observed in Fig. 5.15 might be dependent on a
more packed network, rather than an increase in junction zones size (Banerjee and
Bhattacharya, 2011), which means a more ordered system.

It is noteworthy to mention that the peak force drop for direct use of solutions at ethanol
concentrations greater than 50 wt% was likely to be related to both the shrinkage and
cylindrical shape distortion, when the gradual solvent treatment was not applied (Fig. 5.15).
This was obviously an artefact for the measurement. This geometrical distortion was mainly
due to the high solvent exchange through a stiffer outer portion of material caused by a
high concentrated alcoholic solution that rapidly fixed the polymer chains (Titford and

Horenstein, 2005, Buesa, 2008).
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Figure 5.15: Peak force for LA Gellan gum treated with ethanol.

Increasing the solvent molecular length, the gel hardening was still evident, yet a slight
decrease in the peak load was noticed compared to ethanol, as it was possible to see when
a gradient up to 100% isopropanol/1-propanol was used (Fig. 5.16). Similarly, the measured
fracture true strain was 40.4% * 2.8% for the alcogel treated with a 1-propanol gradient up
to 100 wt% and 39.5% + 3.2% for isopropanol.

Since the gel shrinkage for isopropanol (13.9% * 0.3%) and 1-propanol (15.7% + 2.5%) was
comparable with gradual treatment with ethanol (13.1% * 0.2%), the slight strength
decrease compared to the case with ethanol might be dependent on the different alcohol-

polymer interaction and gellan chain mobility in isopropanol and 1-propanol.. Moreover,
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the different solvent viscosity (Spiro et al., 1990) might have a role in the gel mechanical
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Figure 5.16: Peak force for LA Gellan gum treated with 1-propanol and 2-propanol.
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In agreement with the previous results, Fig. 5.17 compares the true stress and true strain
as a function of the employed solvent after complete (up to 100 wt% alcohol) gradual
solvent treatment. The mechanical properties results for the untreated LA gellan gum were
in agreement with Norton et al. (2011). It was noticed that at around 10% true strain the
EtOH alcogel started to considerably increase the resistance to the compression, since
there was an increment in true stress. On the other hand, this stress increase was slightly
shifted to higher strain values for both 1-PrOH and 2-PrOH alcogels.

In Fig. 5.17, the curve related to gellan/water is also reported: the gel samples were
submerged in pure water for 24 hours before the texture analysis. A slight decrease in true
stress was measured in comparison with the untreated gel. Combining this consideration
to the slight volume expansion when more water was added during the treatment (25%
ethanol + 75% water) (Fig. 5.14), it seemed that water tended to open the gel structure.
More free water led to a gel softening, as shown in Fig. 5.17, in a sort of “network dilution”.
It is noteworthy to mention that the error bars are collapsed to the experimental points

due to the wide experimental range of true stress.
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Figure 5.17: True stress vs true strain for LA gellan gum as a function of solvent quality after

complete gradual treatment.

The increase in true stress as well as the Young’s modulus (Fig. 5.18) with the solvent
concentration suggested an entangled and packed structure when solvents were gradually
used, raising the final stiffness value. Nevertheless, the network was less ordered, as
discussed in Section 5.3.2.2.

The error bars (plus/minus a single standard deviation) in Fig. 5.18 become more evident
increasing the solvent concentration. Although the effect of the solvents on the quiescent
gel shape distortion was considerably less pronounced if compared with the non-gradually-

treated alcogel shape, it could affect the texture results.
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Figure 5.18: Young’s modulus for LA gellan gum as a function of the solvent concentration.
The collected data are related to a gradual solvent treatment up to the specific

concentration.

In general, the load to failure increased as a function of the solvent concentration due to
the molecular interactions between the alcohol and polymer, as the FTIR analysis
suggested. It seems that alcohols do not affect the M* site available along the gellan gum
chain (Fig. 2.6), since it is in contrast to the HA gellan gum mechanical properties. The acyl
substituents (glycerate and acetate) (Fig. 2.6) are well-known to lead to a softer and more
flexible gel (Phillips and Williams, 2000). Specifically, the glycerate provides stabilisation by

adding new hydrogen bonds, yet disrupting of the binding site for cations by orientation
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change of the adjacent carboxyl group (Chandrasekaran and Thailambal, 1990, Morris et
al., 2012) and consequently the junction zone alteration. On the other hand, the acetate
hinders the helix aggregation (Morris et al., 2012, McClements, 2015). However, the acetyl
groups do not modify the overall molecular network and the double helix structure

(Chandrasekaran and Thailambal, 1990), unlike the alcohol case.

5.3.2.3 Comparison with gelatin and k-carrageenan

As an evidence and to further validate the considerations on the molecular level of LA
gellan gum, a uDSC evaluation on k-carrageenan and gelatin was performed. These
hydrocolloids were investigated as additional models, since they are respectively similar
and different to LA gellan gum in terms of gelation and molecular configuration.

The collected uDSC results (Fig. 5.19) suggested that k-carrageenan had a similar behaviour
to LA gellan gum, as it is shown in the thermographs, whereas gelatin preserves the thermal
peaks. This trend was expected for k-carrageenan, considering that the polymer gelation is

equivalent.
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Figure 5.19: DSC curves: gelatin (top) and k-carrageenan (bottom) on heating and cooling. The

KUDSC curves are plotted as an average of the first cycles in triplicate. The individual uDSC

curves have been offset on the y-axis.

5.4 Conclusion

The present work shows for the first time the effect of freeze, oven and scCO»-drying on

low-acyl gellan gum gels systems. All the techniques successfully reduced the water activity

below the microbial growth threshold. The drying process influenced the dried gel

structure. Specifically, the freeze-drying generated a highly porous material with more

aggregated polymer chains. By contrast, the oven-dried gel was completely collapsed and
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highly aggregated, resulting in a gel that slowly and partially re-absorbs water. The scCO»-
drying did not induce the structure collapse and only partially shrank the material, leading
to a slower water uptake than the freeze-dried gel, yet quicker than the oven-dried gel.
However, the necessity to perform an alcoholic pre-treatment made the material harder,
changing the polymer network order and increasing the aggregation extent. In particular,
the alcohol addition to gels led to water network alteration, which irreversibly affected the
gel properties at both the molecular and macroscopic scales, depending on the solvent type
and concentration. The reason for this behaviour is likely to be related to the interaction
between the gel network and the solvent molecules.

From a macroscopic level, the presence of alcohols increased the compression strength and
stiffness due to the network fixation. Furthermore, depending on the alcoholic molecule
length, the mechanical properties slightly changed, likely due to a different polymer
interaction with alcohols.

A gradual treatment allowed a more successful retention of both the volume and shape
with respect to the direct use of solutions at high alcohol content. Therefore, it is
recommended when gelling agents are combined with alcohols.

Finally, it seems that the pre-treatment study can be extended to other gelling agents and
it is likely to expect similar results if the gels are comparable to gellan gum, like k-
carrageenan, or different results if the polymer and its gelation are dissimilar, such as
gelatin. In effect, similar thermal behaviour on cooling and heating was observed in
presence of ethanol for k-carrageenan, characterised by analogous gelation mechanism,

whereas, gelatin behaved differently than gellan gum.
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The understanding of the relationship between the drying techniques and the produced
dried structure can help to design both food products with gelling agent in their
formulation and gel agents alone, in either quiescent form or gel particle suspension,

throughout the whole production process.
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Chapter 6

Design of a cost-reduced flexible plant for
supercritical-fluid-assisted applications

This work is published as follows:
Cassanelli, M., Prosapio, V., Norton, |., & Mills, T. (2018). Design of a cost-reduced flexible
plant for supercritical-fluid-assisted applications. Chemical engineering and technology,

DOI: 10.1002/ceat.201700487.
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6.1 Introduction

Supercritical fluids assisted techniques have gained interest due to the unique properties
of supercritical fluids (SCFs). SCFs show, at the same time, liquid-like properties and gas-
like properties which can be tuned according to the employed pressure and the
temperature (Tabernero et al., 2012b, Prosapio et al., 2016a), as further discussed in
Section 2.3.3. Carbon dioxide (CO3) is the most commonly used fluid because it has a
relatively accessible critical point, 31.1 °C and 73.8 bar, which makes it useful for the
processing of thermo-sensitive compounds. Supercritical CO, (scCO;) assisted processes
have been successfully applied to several fields, e.g. aerogel drying, impregnation and
extraction.

Traditional gel drying techniques, i.e. freeze-drying and air-drying, are characterised by
high energy consumption, long processing times and/or can cause the collapse of the gel
structure with consequent low porosity (Brown et al., 2010b). In this field, an innovative
method consists of a hydrogel-alcogel transition, followed by solvent removal using scCO;
(Ulker and Erkey, 2017); this process is faster, allows a better retention of the gel structure
and a good control over the porosity and pore size distribution (Brown et al., 2010b).
Conventional techniques for the impregnation of active compounds in a porous substrate
involve organic solvent evaporation; however, high residual solvent and decomposition of
thermo-labile molecules may occur (Yokozaki et al., 2015). These problems are avoided in
supercritical impregnation because organic solvents are not used, mild temperatures are
employed and at the end of the process, CO; is completely removed from the product by

depressurisation.
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Traditional solid-liquid extraction requires the use of expensive and hazardous organic
solvents, harmful both for living beings and the environment (Baiano and Del Nobile, 2016).
Supercritical CO; extraction overcomes this obstacle providing high quality extracts, whilst
reducing the toxicity associated with the solvents and shortening the processing time
(Machmudah et al., 2011).

However, supercritical fluids assisted techniques also show some limitations, such as the
need of specialised and expensive equipment and high-energy costs mainly related to the
fluid compression (Singh et al., Walters et al., 2014, He and Chen, 2017). Therefore, in the
last few years, their application has been restricted mainly to high-added value products
(Domingo, 2015). In order to extend the use of these technologies to other industrial fields
and to reduce their environmental impact, strategies aimed to overcome the above
reported limitations should be suggested. Many studies involving the use of scCO; have
been proposed for different applications (Golubovic et al., 2007, Perrut, 2012, Pantic et al.,
2016, Prosapio et al., 2016c, Prosapio et al.,, 2016b, De Marco and Reverchon, 2017a,
Lépez-Dominguez et al., 2017, Villanueva-Bermejo et al., 2017), but, so far, there have been
no published papers regarding the design of a high-pressure plant which is able to be
adapted to different processes, with reduced set-up and running costs.

In this work, a novel flexible batch plant for supercritical-fluid-assisted processes is
proposed. The aforementioned restrictions are minimised by the absence of pumps, which
are expensive for high-pressure applications and require high-energy consumption. The
employed vessel is not equipped with transparent windows that are used by some authors
to visually observe the transition from liquid to supercritical conditions in absence of pumps

(Maiwald and Schneider, 1995, Zera, 2016) or to study the vapour-liquid equilibria (VLE) of
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the systems solvent/antisolvent and solvent/antisolvent/solute (Campardelli et al., 2017,
Lee et al., 2017). In order to work at high pressure values, these windows are usually made
of quartz which is an expensive material (Sevilla and Hussain, 2017). In the present work,
the supercritical conditions are attained by taking advantage of the thermodynamics of the
system formed by CO,, solute and solvent (e.g. ethanol if present): the process is designed
to achieve a specific pressure at the working temperature by calculating and weighing the
precise amount of CO,. The rig can be adapted for different applications; in particular, in
the present study, it has been tested for gel drying, impregnation of a porous substrate
with a-tocopherol and extraction of caffeine from green coffee beans and tea leaves. The
operating principle of the designed rig will be described more in detail and its applicability
will be assessed; for each application, the thermodynamics of the involved system will be
studied and some preliminary experiments will be performed. Finally, a set-up and running
cost analysis will be discussed to verify the convenience of the proposed plant compared

with the classic batch and the semi-continuous ones.

6.2 Materials and methods

6.2.1 Materials

The proposed rig was built with piping, valves and joints purchased from Swagelok®
(Manchester, UK).

Pure CO; cylinder in a dipped-tube configuration was used to withdraw liquid carbon
dioxide (BOC, Guildford, UK) for all the experiments in this work.

For the gel drying experiments, gels were made by dissolving 2% w/w low acyl gellan gum

(Kelcogel F, CPKelco, UK) in distilled water and stirring at 85 °C for 2 hours. The solution
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was then placed into cylindrical moulds and, after gelation on cooling at 20 °C, samples
were 10 mm high with a 13 mm diameter. Absolute ethanol (EtOH, purity 99.9%) supplied
by AnalaR NORMAPUR (VWR, UK) was used as a pre-treatment agent.

For the impregnation process, a freeze-dried gel, made of a mixture of low (LA) and high
acyl (HA) gellan gum (1:1) at 2% w/w, was used as a porous substrate. The dimensions of
the dried gel were the same as mentioned for the gel drying process. Vitamin E (a-
tocopherol, purity > 95.5%), provided by Sigma-Aldrich (UK), was loaded into the dried gel
during the scCO; adsorption.

The caffeine extraction process was performed on both coffee beans (green robusta coffee
beans) and black tea leaves. Pure caffeine (purity 99%), supplied by Sigma-Aldrich (UK) was

used as a reference standard.

6.2.2 Rig description and procedure

The outline of the proposed rig is shown in Fig. 6.1.
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Figure 6.1: Schematic representation of the designed rig. The pressure vessel (PV)
geometry is highlighted on the right. Solvents or active compounds are placed below the

sample.

Section 1 consists of the CO» cylinder, a pressure gauge (M1), a non-return valve (NRV), a
metering valve (MV1) and a pressure relief valve (PRV) set at 150 bar for this series of
experiments. This rig part is connected by a metal hose to the main section (Section 2). The
pressure vessel (PV), highlighted on the right of Fig. 6.1, consists of an upper stainless steel
sample cylinder and a lower short pipe, the external diameter is 4.8 cm for the former and

2.5 cm for the latter. After the vessel is separately cooled down in a freezer at -20 °C, the
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sample is placed in it and vertically connected to the rig. The vessel is assembled in a
heating copper coil (HEC), in which a heating liquid circulator (LC) pumps a mixture of
water/glycol. After the liquid CO; is weighed, the upper and lower parts of the metal coil
with the vessel are insulated. It is important to note that this coil does not affect the weight
measurement, since it does not touch the vessel.

In Fig. 6.2 the process is shown on the CO; phase diagram.
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Figure 6.2: Process steps reported on the CO, phase diagram: (1a) CO; cylinder in vapour-

liquid equilibrium; (1b) vessel filled with CO»; (2) CO; critical point; (3) working condition.

Liquid CO; flows from the cylinder (1a) to the vessel due to the pressure difference caused

by the temperature gradient. After the filling (1b), the pressure vessel is heated following
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the vapour-liquid equilibrium, passing the critical point (2), up to the working conditions in
the supercritical region (3).

The total amount of CO; inside the vessel can be controlled by a high resolution hanging
scale (HS, resolution % 1 g), since all the main parts are connected to it (delimited by the
dashed line in Fig. 6.1) and isolated from the first part by the flexible metal hose. The
system weight (constituted by the weight of the vessel, valves, gauge, heating coil and
piping) is zeroed in order to accurately measure the weight of CO,. The maximum quantity
that can be filled depends on the vessel capacity, which for the proposed rig is 0.15 L. At
this stage, the metering valves MV2 and MV3 are closed. MV1 is kept open until the desired
amount of liquid is weighed. Afterwards, the heat provided by the copper coil increases the
temperature in the vessel and, therefore, the fluid pressure, monitored by the pressure
gauge M2. Using this method, the maximum pressure that can be reached in the
temperature range of this work is about 200 bar. The heating of section 2 is remotely
controlled to match the set temperature with the value measured by the thermocouple

(Tc) located inside the vessel.

6.2.3 Thermodynamics

6.2.2.1 Equation of state (EOS)

In this work the equation of state used to calculate the properties of the involved systems
is the ‘Soave-Redlich-Kwong’ (SRK) equation (Eqg. 6.1), widely accepted for supercritical fluid

applications (Brunner, 1994, Sabirzyanov et al., 2002).

p_ R __am
V-b V(V+b)

(Eg. 6.1)
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Where temperature (T), pressure (P) and molar volume (V) are expressed in K, bar and L
mol™? respectively. R is the gas constant expressed in L bar KX mol~L. Here, the interaction

factor a(T) depends on temperature:

a(T) =a'(T,)a(T) (Eq. 6.2)
where:
R2T,?
a'(T,) = 0.42748 P” (Eq. 6.3)
- 2
a(T) = |1 + (0.480 + 1.574w — 0.176w?) (1 - ;)] (Eq. 6.4)
The co-volume b can be calculated as:
b= 0.08664% (Eq. 6.5)

ow_n
C

In these formulas the subscript means that it is related to the critical point and w is the
acentric factor. For this EOS the acentric factor w is 0.239, T¢is 31.1 °Cand P. equal to 73.77
bar (Brunner, 1994).

Brunner (1994) discussed different equations of state, suggesting that both the ‘Ideal Gas’
and the ‘Van der Waals’ equations are not accurate for supercritical fluid applications. In

effect, both equations oversimplify the system, leading to an incorrect estimation of the

PVT behaviour. Specifically, the Ideal Gas equation is well applicable only at high
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temperatures and low pressures, while the Van der Waals equation of state is not adequate
for practical applications for most substances (Brunner, 1994).

The SRK equation of state can still be used for the calculations even if the system is not a
pure substance. In this case, the EOS is modified (Eg. 6.6), combining the mixture
parameters am(T) and b, which can be defined by the quadratic mixing rules for a generic

binary system (Eg. 6.7 and 6.8) (Brunner, 1994). The subscript “m” means “modified”.

RT  am(T)

P = V=by V(V+bpy) (Eq. 6.6)
A (T) = x§a11(T) + 2x1%,1,(T) + x5 a2,(T) (Eq. 6.7)
bm = xlzbll + lexzblz + x%bzz (Eq 68)

Where x; is the molar fraction in one phase, while both aji and bj are related to the pure
components.

The binary parameters a12(T) and b1 are expressed in Eq. 6.9 and 6.10:

a12(T) = a1 (T)az(T) (1 — kq2) (Eq. 6.9)

blZ = 05(b11 + bzz)(l - l12) (Eq 610)

Both ki and |12 are relatively smaller than 1. If both a12(T) and b1, are not known, they can

be neglected (Brunner, 1994).

218



Design of a cost-reduced flexible plant for
supercritical-fluid-assisted applications

Since ethanol is used in this work, the acentric factor w and the critical
temperature/pressure related to EtOH must be used to calculate both ai and bi.
Specifically, the acentric factor is 0.644, T is 240.7 °C and P is 61.4 bar. Both a12(T) and b1

have been set to zero to simplify the calculation method.

6.2.3.2 Method for calculation of CO; amount

Depending on the solute type and amount to solubilise, the quantity of CO; can require
specific constraints to reach a homogeneous supercritical phase. Specifically, based on the
solute volume, the process has to be designed calculating the minimum temperature and
pressure. If the amount of solute is negligible, the simplest way is to directly use the
suggested EOS. However, some solutes form a mixture with CO, with critical properties
considerably different from those of the pure CO;, especially higher critical pressure and
temperature. In this case, the calculation needs specific thermodynamic restrictions.

For both cases, the initial step is the sample volume calculation to find the net free volume
inside the vessel. The use of a pycnometer to measure the material density might simplify
this estimation. If the system does not require specific constraints, the CO; mass can be
worked out from Eq. 6.1. On the other hand, other substances soluble in CO; may interact
with it, forming a mixture with a different critical point. For example, ethanol is used in this
study to displace water from the wet gels because it is poorly soluble in scCO; (Brunner,
2005). As a consequence, the critical point of the CO2/EtOH system is higher than pure CO»
(Yeo et al., 2000, Furlong, 2011). In this case, the critical temperature and pressure of the
CO,/EtOH system have to be lower than the working conditions in order to operate in

completely developed supercritical conditions. In Fig. 6.3, the generic binary system
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COy/solvent (Akien and Poliakoff, 2009) shows that to work in the supercritical state, the
operating point should be located at a pressure value above the mixture critical point (MCP)
of the binary system at a given temperature (P > P.) and at a CO, molar fraction located on

the right of the MCP (X1 > X).
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Figure 6.3: Generic isotherm phase diagram for a binary system CO,/solvent adapted from

(Akien and Poliakoff, 2009).

In order to calculate the amount of CO; needed to solubilise ethanol, an iterative procedure

was used, as shown in Figure 6.4.
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Figure 6.4: Proposed method for CO; calculation. The constraints are represented by “ >”.

The subscript 1 is referred to CO,, whereas 2 is referred to EtOH.

First, the working temperature (Tw) and pressure (Pw) were fixed. Since the moles of ethanol
to be removed (n2) are known, it is necessary to hypothesise a value for CO, molar fraction

(X1). Therefore, the moles of CO2 (n1) can be obtained from Eq. 6.11:

X1

lem (Eq. 6.11)

ny =

Then, once calculated the total moles have been calculated (ni1+ny), it is possible to work

out the molar volume Vi, and the parameters am and b from Eq. 6.7 and 6.8, respectively.

221



Design of a cost-reduced flexible plant for
supercritical-fluid-assisted applications

Afterwards, from Eq. 6.6 it is possible to calculate P: if this value corresponds to the working
pressure (P = Py), x1 hypothesised is correct, otherwise a new value has to be fixed and the
calculation process reiterated until convergence.

For safety considerations, the maximum amount of liquid CO; should be lower than the
total available volume in the vessel, to avoid an uncontrolled increase in pressure. The

safety valve (PRV) prevents the rig from overpressurisation.

6.2.4 Experimental procedures

6.2.4.1 Gel drying

Gel samples were treated stepwise with alcoholic solutions at 25, 50 and 80 wt% and left
in each concentration for 6 hours. Finally, the samples were soaked in absolute ethanol for
24 hours. The volume of the treated gel was measured in parallel by using the paraffin oil
displacement method (Del Valle et al., 1998, Yan et al., 2008b) to precisely calculate both
the net available volume in the vessel and the ethanol percentage. Further details are
reported in Section 5.2.6. Afterwards, the amount of CO, can be obtained by the SRK
equation of state and applying the thermodynamic constraints previously discussed.

The effect of the temperature was investigated at 40 °C and 50 °C, while the working
pressure was constantly at 100 bar. After the system was heated, a drying time of 8 hours
was applied to promote the ethanol solubilisation into the scCO,. The venting stage was
carried out opening MV3 at the bottom of the vessel and ensuring a low flow rate, less than
1 bar min', to maintain the temperature above the critical temperature and avoid the
collapse of the material. Furthermore, the slow depressurisation was carried out to limit

the bubbling effect, since the system becomes thermodynamically unstable (Mayinger,
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1988). At the end of the experiments, the produced aerogels were stored in a low-vacuum

desiccator till characterisation.

6.2.4.2 Freeze-dried gel impregnation with vitamin E

The freeze-dried gel consisting of HA/LA gellan gum mixture (1:1) at 2% w/w was placed in
the vessel with 0.4 g of a-tocopherol on the bottom of the vessel. During this stage, the
dried gel and the vitamin were not in direct contact. Two experiments were performed at
120 bar and 140 bar, chosen as reference conditions (Gupta and Shim, 2006). The working
temperature was fixed at 60 °C for both experiments. After 24 hours (chosen as the
reference time), the vessel was vented at a rate lower than 1 bar min't. The sample was

analysed after complete depressurisation.

6.2.4.3 Caffeine extraction

In the case of the coffee beans, they needed to be pre-treated with water, as suggested in
literature (Peker et al., 1992). Firstly, a saturated caffeine solution was prepared by leaving
the green Robusta coffee raw beans in water (1 g coffee for 2 g water) for 24 hours in an
ultrasonic bath to promote the mass transfer. The maximum amount of extracted caffeine
was then calculated by UV-VIS spectrophotometer, taking pure caffeine as a reference at a
wavelength equal to 296 nm. Afterwards, the coffee beans to be processed were soaked
for 1 hour in this saturated solution to allow water to penetrate into the structure, yet
limiting the caffeine lost by osmosis. The scCO; extraction was carried out at 40 °C and 110
bar (milder conditions (Gupta and Shim, 2006) than those generally used in industrial

processes (De Marco et al., 2018)), partially filling the bottom of the vessel with 4 ml of
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distilled water, separated by the sample by a metal grid. The same conditions were applied
to black tea leaves, although no pre-treatment was necessary. Both the processes were

performed for 8 hours, followed by depressurisation at the rate lower than 1 bar min.

6.2.5 Characterisation methods

6.2.5.1 Gel drying

The aerogel microstructure was analysed by X-ray micro-computed tomography (uCT).
High-resolution micro computed tomography was performed by using the Skyscan 1172
(Bruker, Belgium). Without any chemical fixation or sample preparation, this system
provides a complete 3D bulk reconstruction. The acquisition mode can be set at a maximum
current of 96 pA and voltage of 100 kV. The CT-analyser (1.7.0.0) was used to obtain both
a qualitative and quantitative analysis. After 2D cross-section binarisation into black and

white images, the overall porosity and the pore size distribution can be measured.

6.2.5.2 Freeze-dried gel impregnation with vitamin E

The amount of a-tocopherol adsorbed in the substrate was calculated by weighing the
sample before and after the process. As a further method of validation, the UV-VIS
spectrophotometer (Orion AquaMate, Thermoscientific, UK) was used, after calibration at
292 nm, placing the sample in an aqueous medium and measuring the concentration of the
released vitamin (De Marco and Reverchon, 2017a). The loading was calculated according

to the following Eq. 6.12:
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mass a—tocopherol absorbed

Loading% = 100 (Eq. 6.12)

total mass
Fourier transform infrared (FT-IR) spectra were obtained via the Spectrum Two IR
Spectrometer (Perkin Elmer, UK) in reflection mode at a resolution of 4 cm™. The scan
wavenumber range was 4000-500 cm™, and 16 scan signals were averaged to reduce the

noise.

6.2.5.3 Caffeine extraction
The concentration of caffeine in the obtained solution was analysed by using the UV-VIS
spectrophotometer, selecting the wavelength at 296 nm. The collected results were

compared with data from literature (Gupta and Shim, 2006).

2.6 Cost analysis

A qualitative analysis was carried out to compare the set-up and running costs of the
proposed rig with a semi-continuous and a classic batch rigs, using 0.15 L as a reference for
the vessel capacity. The set-up costs were estimated on the basis of current quotations,
while the running costs were calculated considering the average energy requirements for

each configuration and the amount of CO; employed during the processes.
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6.3. Results and discussion

6.3.1 Gel drying

The CO; amount was calculated using the proposed method in Fig. 6.4. Before drying using
scCO,, the ethanol pre-treatment was performed, leading to the sample dehydration
before the actual process. The supercritical fluid technology was used to remove the liquid
from the sample to obtain a solid matrix, avoiding its collapse, which usually occurs with
traditional drying because of the capillary induced tensile stresses (Scherer, 1990). In effect,
the photograph in Fig. 6.5 shows that later in the drying process the cylindrical shape was

preserved.

Figure 6.5: Photo of LA gellan gum gel (left) and aerogel produced at 50 °C (right).

Although the gel partially shrank, the structure did not collapse. Furthermore, from a
microstructural point of view, it seems that no considerable differences rose within the
working temperature range, since both the shape and the shrinkage were comparable. The
guantitative analysis provided a total porosity value equal to 27.1% + 6.5% at 50 °C. The

considerable standard deviation was dependent on the large random pores generated
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during the drying process, as it was possible to notice from the pore size distribution (Fig.

6.6).
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Figure 6.6: Pore distribution after scCO>-drying (at 50 °C and 100 bar).

6.3.2 Freeze-dried gel impregnation with vitamin E

Solubility data allow determining the saturation conditions at fixed temperature and
pressure. In particular, at 60 °C and 120 bar the molar solubility of a-tocopherol in scCO; is
equal to 200-10°®, whereas at 60 °C and 140 bar is equal to 300-10° (Chen et al., 2000).

In order to assess the effectiveness of the designed rig for supercritical impregnation,
experiments of a-tocopherol adsorption in a porous gellan substrate were performed at 60

°C and the effect of the operating pressure was investigated.
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When the operating pressure was fixed at 120 bar a-tocopherol was impregnated, with a
mean loading equal to 16.7%. As expected from the solubility data, increasing the pressure
at 140 bar, the amount of adsorbed vitamin increased, with a mean loading equal to 17.7%.
Fourier transform infrared (FT-IR) analyses were performed to identify possible interactions
between a-tocopherol and the hydrocolloid in the loaded gels. FT-IR spectra of the

unprocessed vitamin and gellan and processed a-tocopherol/gellan are reported in Fig. 6.7.

HA/LA gellan + a-tec
HA/LA gellan

a-toc

%T

4000 3000 2000 1000

Wavenumber (cm'l}

Figure 6.7: FT-IR spectra of HA/LA gellan, a-tocopherol and HA/LA gellan+a-tocopherol.

The spectrum of unprocessed a-tocopherol shows absorption bands at: 917 cm™ OH
bending, 1087 cm in-plane bending of phenyl, 1158 cm™ CH, wag, 1369 cm™ CH3 bending,
1465 cm™ the C—C stretching and in the range 2800-3000 cm™ stretching vibration of the
C—H groups (De Marco and Reverchon, 2017a, Prosapio et al., 2017). HA/LA gellan gum
spectrum shows absorption bands at: 1017 cm™ C=0 stretching, 1413 cm™ symmetric COO

stretching, 1613 cm™ asymmetric COO™ stretching, 2917 cm™ C-H stretching and in the
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range 3020-3660 cm™ OH stretching (Silva-Correia et al., 2011). The spectrum of the loaded
gel confirms the occurred impregnation and indicates the presence of HA/LA gellan gum

and a-tocopherol since the characteristic peaks of both the compounds are present.

6.3.3 Caffeine extraction
The extraction of caffeine from green coffee beans and black tea leaves was carried out in
the presence of water (Stahl et al., 2012). In this case, it was not necessary to reach a
homogeneous supercritical phase and, therefore, the SRK equation was used without
applying any constraints.
After the process at 40 °C and 110 bar, the collected solution was analysed to calculate the

amount of solubilised caffeine, as reported in Table 6.1.

Table 6.1: Experimental caffeine concentration expressed as a molar fraction after

extraction in supercritical CO..

Material y-10-6
Green coffee beans 36.2
Black tea leaves 56.9

These values are in agreement with the literature data on caffeine solubilisation in scCO
(Li et al., 1991, Burgos-Soldrzano et al., 2004), within the same order of magnitude.
Interestingly, the amount of caffeine from green coffee beans is slightly lower than the
guantity collected from black tea leaves. This was likely to be related to the different

material morphology and structure. In effect, the rigid matrix of the coffee beans might
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represent a resistance for scCO; to penetrate and for the caffeine molecule to leave the

material.

6.3.4 Cost analysis

6.3.4.1 Set-up costs

In the batch rig proposed in this work, the investment costs are considerably reduced. In
literature, specific data related to the costs of these components is not available because
they depend on the brand, the size and the flow rate. However, on the basis of current
quotations obtained from companies, it is possible to make a qualitative evaluation. A
vessel with an internal volume equal to 150 mL was used as a reference for the calculations.
If the total cost related to piping, valves and manometers is defined with a cost index “K”,
it is possible to estimate the cost index of the other components in comparison with it, as

reported in Table 6.2.

Table 6.2: Cost indexes of the different components that can be part of a rig equipped

with a 150 mL vessel.

Equipment Cost index
(a) Piping, sample cylinder, valves and manometers K
(b) High pressure vessel 5-6 K
(c) High pressure pump 6-8 K
(d) Pump cooling system 2-4K
(e) Heating system K
(f) Quartz windows K
(g) Hanging scale+Freezer K
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From these approximate data it is possible to assess that: the cost of the batch rig proposed
in this work is about 3 K (a+e+g), while the cost of a semi-continuous rig and a classic batch
rig is about 10-14 K (a+c+d+e). These estimations considered the use of a stainless steel
sample cylinder and a short pipe as a pressure vessel (Section 6.2.2). The cost of a batch rig
without pumps, but equipped with quartz windows (which needs to be fitted in a high
pressure vessel) is about 8-9 K (a+b+e+f). Therefore, the cost of the proposed rig is about
3-5 times lower than a semi-continuous and a classic batch rigs, and about 3 times lower

than a batch rig with quartz windows.

6.3.4.2 Running costs

In order to have a general overview about the energy saving related to the proposed rig, a
guantitative evaluation of the energetic costs was carried out in comparison with the classic
batch rig and a semi-continuous rig (both equipped with a pump and a chiller). For this
purpose, scCO; gel drying was considered as a reference process using a 150 mL vessel for
the calculations. Usually, a semi-continuous process consists of the following steps:
preliminary cooling to reach the chiller set-point; pressurisation of the vessel pumping
scCOy; stabilisation of the operating conditions (pressure, temperature and CO; flow rate);
drying; depressurisation (no electric energy involved). In the classic batch process, the step
related to the stabilisation is missing, since once the operating pressure is reached, the
pump is switched off. In the proposed batch process, the pressurisation step is performed
without the use of pumps and the preliminary cooling of the vessel is carried out by using
a dedicated freezer

In Table 6.3 the average power requirements of the main rig devices are reported.
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Table 6.3: Current power requirements of the rig devices.

Equipment Power consumption [W]
High pressure pump 180-750
Pump cooling system 200-1500
Freezer 25-40
Heating system 85-1100

In order to estimate the energy consumption required by each configuration (proposed,
classic batch and semi-continuous rigs), the average times of each process step are
reported in Table 6.4; these data were taken from the literature related to gel drying

(Dowson et al., 2012, De Marco et al., 2016, Ciftci et al., 2017).

Table 6.4: Average process step times needed for a rig equipped with a 150 mL vessel.

Process steps Novel batchrig  Classic batch rig  Semi-continuous rig
Preliminary cooling [min] 120 120 120
Pressurisation [min] 20 5-10 5-10
Stabilisation [min] 0 0 15
Drying [min] 480 480 240-300

The energy consumptions of the three configurations are summarised in Table 6.5. The
calculations were carried out considering the lowest energy requirement for each device
from the ranges reported in Table 6.3. Similarly, for the semi-continuous rig, the lower

pressurisation and drying times were considered (Table 6.4).
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Table 6.5: Energy consumption calculation for each process step for a rig equipped with a
150 mL vessel.

Novel batch Classic batch Semi-continuous
rig rig rig
Cooling [kJ] 180 1500 5280
Heating [kJ] 2550 2474 1632
Pumping [kJ] 0 54 2808
Total energy consumption [kJ] 2730 4078 9720

The comparison of the total energy consumption of the three configurations shows that
the proposed rig allows a cost reduction of about 72% with respect to the semi-continuous
rig and about 33% compared to the classic batch. Consequently, considering an average
aerogel weight equal to 50 mg, it is possible to assess that the energy demand to produce
the same amount of final product is 55 kJ/mg for the proposed rig; 82 kJ/mg for the classic
batch rig and 194 kl/mg for the semi-continuous rig.

Another important factor to take into account is the amount of CO; employed during the
process. Using the average process step times reported in Table 6.4, it is possible to
calculate the total quantity of CO, required producing an aerogel. Specifically, for both
batch rigs the required CO, mass is the same, while for the semi-continuous one is
considerably higher. As evidence, the drying working conditions of this study involve 50-80
g of CO; per process for both the proposed and classic batch rigs, whereas for the semi-
continuous rig, supposing an average flow rate of 10-20 g/min (Brown et al., 2010b, De

Marco and Reverchon, 2017a), the CO; quantity is about 2500-5000 g.

233



Design of a cost-reduced flexible plant for
supercritical-fluid-assisted applications

6.4 Conclusions

In this work, a cost-reduced batch plant for supercritical assisted processes was proposed.
It has been demonstrated that the designed plant is characterised by high flexibility, since
it is able to adapt to different supercritical CO; applications, such as gel drying,
impregnation and extraction. It has been evaluated that the present rig allows a
considerable reduction in both the set-up and running costs.

On the basis of these results, which are in agreement with the literature to date, it is
possible to assess that the designed plant can be very useful on laboratory scale to produce
several products through different techniques but using the same rig and with reduced

costs.
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This research aimed to investigate the drying and rehydration for hydrocolloids commonly
used in the food industry. Freeze-, air- and supercritical fluid- drying processes were
considered and applied to gellan gum gels, chosen as model hydrocolloid.

The main findings of this thesis can be summarised and divided into three key parts as

follows:

7.1 Investigation of freeze-dried gellan gum structure: effect of gel formulation

This study focused on the effect of the gellan gum gel formulation on the generated freeze-
dried structure. In the first part, HA and LA gellan gum were investigated and mixed in
order to understand the behaviour upon freeze-drying and the structural properties of the
dried gel. In the second part, only LA gellan gum was used as a gelling agent, while the
formulation was changed by adding sucrose or mannitol.

It is knows that the textural properties of a gel system can change based on the gelling
agent mixture and their ratio. This thesis shows that also the properties of the gel upon
drying and rehydration can be modulated based on the final application. If the mixture
contains a higher percentage of LA gellan gum, the water activity of the system will be
lower at a given freeze-drying time. On the other hand, the HA gellan gum addition to the
mixture increases the swelling capability and the rehydration extent, yet the water re-
absorption rate is lower.

Gelling agents are often combined with sugars and polyols in real products and in such
complex formulations the presence of these additional ingredients can have an effect on
the gel properties. The sucrose addition leads to a stronger freeze-dried gel and, therefore,

if the dried product needs to have this texture on biting, sucrose is preferred, whereas
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mannitol increases less the material strength. The different dried gel structure containing
either sucrose or mannitol not only changes the material mechanical properties, but also
the rehydration rate and extent. If the product needs to be rehydrated before
consumption, the water re-absorption rate can be increased by adding up to 10 wt% in
solid content of either sugar/polyol. However, the mechanical properties of the
rehydrated gel will be considerably lower, as the compounds are leached from the
structure on rehydration.

As there are a lot of applications of fluid gels in the food industry, a future
recommendation is the investigation of freeze-dried gel particles made of HA/LA gellan
gum mixtures. This work would consist in scaling down the findings on quiescent gels to
smaller aggregates in a continuous aqueous medium. In addition, a further investigation
on hydrocolloids with similar and different molecular structure and gelation mechanism,
such as k-carrageenan or gelatin, may be useful to understand the general gel behaviour
on freeze-drying.

A future recommendation is the use of a Freeze-drying Microscope (FDM) to complete the
characterisation of the freeze-dried material. This analysis will accurately identify the
material collapse temperature, which is key to avoid the structure collapse after freeze-
drying. In parallel, the thermal behaviour of the material can be further investigated by
electrical impedance analysis, which can detect softening events in the frozen state and
show potential micro-collapses. Considering fluid gels, Freeze-drying Microscopy would
help detecting particle aggregation (clumping) and loss of shape due to the ice crystal

formation.
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In addition, X-Ray Diffraction (XRD) analysis can provide more details about the physical
state of sugars in these dried gels and, therefore, their interaction with water.

Nuclear Magnetic Resonance (NMR) is recommended to measure the water mobility in
these gel systems before drying and after rehydration. By measuring the relaxation time
rate of the water protons, especially applying a CPMG sequence, it will be possible to have
more information about the interaction of water with the polymer chains and sugars by
comparison with the water interaction in the gel without additional solutes.

Additional information about the interaction between the gel network and water can be
obtained by carrying out a Dynamic Vapour Sorption (DVS) analysis. This gravimetric
technique shows how the rate and extent of vapour absorption/desorption occur in the

dried material upon exposure to a broad range of humidity, typically from 0% to 90% RH.

7.2 Acidified/basified gellan gum gels: the role of the structure in drying/rehydration

To further investigate the effect of the gel formulation on the drying process, the LA gellan
gum hot solution was acidified/basified before gel forming. Gel texture and appearance,
before and after drying, as well as the rehydration rate and extent are highly sensitive to
gel pH and they can be modulated by changing it. The gel acidification/basification changes
the properties not only on freeze-drying, but also on oven-drying.

This investigation could be supportive to the product formulation design. For example,
food products, such as dairy or meat substitutes, that contain gelling agents could have
different textural properties as a function of their pH. In particular, the mechanical
properties of quiescent gels or fluid gels can be adjusted according to the customer

requirements. For this reason, the study of different hydrocolloids (polyanions and
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polycations), whose gelation mechanism is also dependent on the pH, can be useful to
control the product properties at different pHs.

In conjunction with the effect on the gel rehydration rate and extent, the pH modulation
can be used to design the release of substances from the gel matrix for oral applications.
A future recommendation is the study of acidified/basified gels in simulated
gastric/intestine fluids to replicate the release of compounds (e.g. vitamins) in the body.
For this purpose, the active compound to load into the gel should be added directly to the
hot polymeric solution or after gel setting, depending on the compound thermo-
sensitivity. The in-vitro release tests by using UV spectroscopy/chromatography can be

performed to analyse the release rate of the active compounds.

7.3 Gellan gum dried gel structure: molecular and macroscopic investigations

The findings of this thesis suggest that not only the macrostructure, but also the molecular
network of the gellan gum gels was affected by the drying method and water removal
process. The highly porous dried gel generated by freeze-drying suggests that this
technique is more suitable than oven-drying, which leads to the gel network collapse,
when the product application requires high rehydration rate and extent, although the
drying time is considerably longer. In addition to the conclusions on the gel structure, it is
important to consider that the thermal treatment, needed for oven-drying, can cause a
product deterioration from a chemical point of view. Similarly, scCO,-drying may degrade
the chemical properties of the product, since ethanol is required for the alcoholic pre-
treatment before drying. However, from a microstructural perspective, the absence of

capillarity passing from the supercritical state directly into gas on depressurisation avoids
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the gel collapse. The scCO,-drying is preferred to freeze-drying when other processes are
combined, for example drying with extraction or impregnation: for example, the gel can
be placed in the pressurised vessel, dried with scCO; and then loaded with specific
compounds.

The SCF dried gels had a different microstructure depending on the presence or not of CO;
flow. A batch configuration led to a more gentle solvent displacement process. A novel
batch-rig for lab-scale was designed and developed, especially for aerogel applications. For
the first time, it has been proposed the use of a hanging scale to weigh the amount of CO;
required for the experiment and the use of the thermodynamics to reach the working
conditions. The SCF dried samples processed in this rig were very structurally similar. This
new rig is, therefore, recommended for laboratory scale applications.

The effect of pre-treatments could be further investigated in conjunction with drying
methods, such as osmotic dehydration or by using firming agents. The use of hypertonic
solutions containing either sugars or salts can be used to have an impact on both the
material structure and process efficiency. The drying time can be reduced, reaching a low
value of water activity in a shorter period. Also, the moisture content can be relatively
higher at a given water activity value, having a potential consequence on the subsequent
rehydration.

Firming agents, such as calcium carbonate, can harden the material without necessarily
changing the polymer configuration, as happens with alcohols. They can reduce the
collapse of the structure, especially for oven-drying, and after rehydration, the structure

can be stronger, limiting the texture deterioration that generally occurs during drying.
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In this thesis, the drying and rehydration of gel systems only were investigated. A
recommended future work is the study of more complex food products, containing
hydrocolloids in the formulation, to assess the interaction of the ingredients and the
overall behaviour on drying. For example, this research can be considered the starting
point to design and optimise both the product quality and the production process of

freeze-dried ice cream and dairy, dried meet substitutes, ready meals and beverages.
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