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Résumé

Les préoccupations grandissantes concernant la santé et I’environnement rendent la demande
en ingrédients naturels toujours plus forte. Parallelement, les fournisseurs d’ingrédients naturels
tentent de rendre les procédés d’extraction plus performants, plus sfirs, moins consommateurs
en énergie et en ressources non-renouvelables. Les hydrotropes, capables de solubiliser des
composés hydrophobes dans 1’eau, constituent une alternative prometteuse aux solvants
organiques, souvent dérivés du pétrole, potentiellement explosifs et émetteurs de composés
organiques volatiles. Afin de développer un nouveau procédé d’extraction hydrotropique
efficace a base d’amphiphiles biosourcés, nous nous sommes intéressés a la compréhension des
cinétiques et des phénomenes physico-chimiques impliqués dans 1’extraction de I’acide
carnosique (AC), un puissant antioxydant phénolique présent dans le romarin et la sauge
officinale. L’extraction de I’AC par des hydrotropes modeles de type éthers de polyéthylene
glycol a permis de démontrer 1’efficacité et la compétitivité de 1’extraction hydrotropique par
rapport a une extraction conventionnelle utilisant un solvant. Des relations structure/propriétés
physico-chimiques/efficacité ont été établies, puis généralisées aux hydrotropes biosourcés a
base de glycérol (éthers de butyle, pentyle, et isopentyle) ou de sucres comme le xyloside
d’amyle qui a été sélectionné par la suite pour son efficacité, sa biodégradabilité et sa
disponibilité. L.’ optimisation des conditions d’extraction a I'aide de plans d'expériences a permis
de doubler la quantité d’AC récupéré dans I’extrait sec. Pour finir, différentes techniques de
précipitation de I’AC contenu dans des solutions hydrotropiques ont été comparées afin de
faciliter sa récupération. Parmi elles, 1I’addition d’eau comme anti-solvant s’est révélée la plus
efficace pour précipiter I’ AC extrait du romarin. Sur la base de la composition et de 1’aspect du
précipité obtenu selon différentes conditions de précipitation, nous avons finalement pu établir
un mécanisme visant a expliquer les différentes étapes de la précipitation hydrotropique.

Mots-clés : Extraction, Romarin, Hydrotrope, Acide carnosique, Physicochimie, Xyloside
d’amyle
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Abstract:

The growing concerns for health and environment makes the demand for natural ingredients
ever higher. At the same time, natural ingredients manufacturers are trying to design effective,
safer and less energy-costly extraction processes while avoiding the use of non-renewable
resources. Hydrotropes are able to solubilize hydrophobic compounds in water, and constitute
a promising alternative to organic solvents, which are often derived from petroleum, potentially
explosives and producers of volatile organic compounds. To design a new effective hydrotropic
extraction process using biobased amphiphiles, we investigated the physical chemical and
kinetic phenomena governing the extraction of carnosic acid (CA), a powerful phenolic
antioxidant that occurs in rosemary and sage. The CA extraction using alkyl polyethylene
glycols ethers as model hydrotropes demonstrated the efficiency and the competitiveness of
hydrotropic extractions compared to conventional solvent extractions. Quantitative
Structure/properties relationship (QSPR) studies were established and generalized to biobased
hydrotropes including butyl or pentyl glycerol ethers, and sugar-based hydrotropes such as amyl
xyloside, which was further selected for its efficiency, biodegradability and commercial
availability. The optimization of the extraction conditions led to double the CA recovered in
the dry extract. Finally, different techniques have been investigated to precipitate CA from a
hydrotropic solution. Among them, the addition of water as an anti-solvent appears as the more
effective for precipitating CA from rosemary extract. Finally, the comparison of the precipitate
composition and aspect obtained using various precipitation conditions led us to establish a
mechanism explaining the different steps of the hydrotropic precipitation.

Key words: Extraction, Rosemary, Hydrotrope, Carnosic acid, Physicochemistry, Amyl
xyloside

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Agathe Mazaud, Université de Lille, 2020

Table of contents
GENETAl INTTOQUCEION . eeueeeeereeneeeeereeneeceesseeeeesesssseesssssssssssssssssssssasssssssssssssssssssssnee 1

Chapter 1. General concept of the hydrotropic extraction of natural

COMPOUIAS cevveeeerrrnecsssareossrssessssssesssasesssssssssssssasssssssssssssssssasssssssssssssssssssassssssssssssnss 9
I.1. Introduction to green eXtraction PrOCESSES.....ccccrereecssssssecsssssssessssassasssssssssssssssssssssnanss 9
[.1.1. How to get a dry extract from the plant?.............coccoriiiiiiniiiineeeeeee 9
[.1.2. Mechanisms of plant €XtraCtion ............cccceeevueeriiiieiiieiieeiee et 11
[.1.3. Intensification techniques to increase mass transfer ............ccoceeveeriieneenicnneennen. 12
[.1.4. Alternative extraction methods to conventional organic solvents..........cc..ccccueeuneee. 14
I.1.5. Aqueous micellar extraction: advantages and drawbacks........c..ccceeeveevviiennieennnen. 16

a. Surface and interfacial tensions: wettability of the plant surface............cccccceeeens 16

b. Micellization and SOIUDIIZAtION..........cccuiiiiiiiiieie et 17

c. Cloud point: concentration of the extract in a smaller phase ............ccooceeeviiennnennns 17

d. Extraction process with i0nic surfactants............cccceevueeiierieiiieniienieenieeeeneeeeee 19

e. Liquid crystals: undesirable viSCOUS Phases........ccceerueeriierieiiienieeieenie e 19
[.1.6. Hydrotropes as alternative to surfactants for aqueous extraction...........cc..cceeueenneee. 20

a. Definition, chemical structure and main Properties .........c.ccceveereeereenienneenieeeneenns 20

b. Hydrotropic extraction: a promiSing PrOCESS .......cceueerveerueeerueereerrieeneeenseeseesseeeseens 23

I.2. Roles of hydrotropes in the eXtraction ProcCess ......ccceececceeccssencssssscsssscssssscssassesasssses 25
[.2.1. Effect of hydrotropes on lignocellulosic materials............ccceceeeviieiniiennieennieennee. 26
[.2.2. Cell MEMDIane CTOSSINE .....ccovuviiiriiiiiiiiieiiiee ettt ettt ettt e et e s e e e 27
[.2.3. Selective exXtractions Of ACHIVES .....cc.eevueeriiriieniinieeeeeteeieeete et 28
L.3. Recovery of @ dry eXtract .......eceeeneeiieecsenisnensnncsnissensssncssnssssnsssnssssscssssssssssssssssssssans 30
[.3.1. Addition of water as anti-solvent: SEleCtiVe TECOVETY .......cccuervuernieniienieenieeieennenn 31
[.3.2. Evaporation of hydrotropes: case of solvo-solfactants.............ccccceevvieenienicnneennen. 32
[.3.3. Crystallization of an extract by cooling: case of sodium cumene sulfonate ........... 32
I.4. Recent advances and future of the hydrotropic extraction processes......ccceceeevecenes 32
[.4.1. Intensification of the hydrotropic eXtraction .............cceevvuieeriiieeniiieenieeeiee e 33
[.4.2. Towards eco-friendly hydrotropes and hydrotropic extractions ..........c...ccceeuveenneee. 35

a. Extractions using ionic aromatic hydrotropes..........ceeevveeriieeriiieenieeenieeenieeeieeeeans 35

b. Short-chain bio-based amphiphiles as new eco-compatible hydrotropes.................. 35

L.5. Conclusions of Chapter L.......iiiniiiiiiiiiisiiceinniistinsnnissessssesssncsssssssnsssssssessees 38
General experimental PArt ......ceeccccciccenneccssssnnnecssssssnsecssssssssesssssssssssssssssssssssses 41
A. Plant material and chemicalS..........coiiiviisseiiseissinnsnissnnssnensseicsnnsssnsssecsssnsssnssssssssecsans 41
AT PIant MALETIal ...co.veeeiiiiiiinieeiieeieeeese e 41
A2 AMPIIPRILES ..o 41

a. Commercially available amphiphiles.............cooiiiiiiiiniiiinie s 41

b. Synthetic amphiphiles.........cocueriiriiiiiniiieiee e 42

AL STANAATAS ..ottt et saee s 43
B. Quantification of carnosic acid concentration by HPLC ...........ccouveievveicrrnicscneccsnnees 43

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Agathe Mazaud, Université de Lille, 2020

Chapter II. Model hydrotropic extraction of carnosic acid from rosemary

with alkyl polyethylene glycol ethers (CiEj) ....cceoeeneessenssnncseecsuecsnnsnesnccncnne 45
I1.1. Alkyl polyethylene glycol ethers (CiE;j) as nonionic hydrotropes of choice for a
COMPIehenSIVe SLIAY ..cccveeeerrninssancnssnncssssnessnsessnsessassossasssssssssssasesssasesssssessssssssssssssasssssasssses 45
I1.2. Solubilization of carnosic acid in aqueous solutions of alkyl polyethylene glycol
ELNETS (CIEj) cicirreriininnniicissnniccsssnnicsssssnsccssssnsscsssssnsssssssssssssssssssssssssssssssssssssssssassssssssssssssssanss 46

I1.2.1. Investigation of commercial CE; hydrotropes: C4E; and C4Ex ....c..covieiiinienen. 47
a. Influence of carnosic acid on the Cloud Point of C4E .......c.coccoeniiiiiniiiiinies 47
b. High solubilizing power of C4E2 SOIUtIONS ......cccueiiiiiiiiiiiiiiiinicieeiceeeeeeee e 49
I1.2.2. Physicochemical properties of the alkyl polyethylene glycol ethers (CiE; with i =
A-12a00 J = T-4) ettt et 50
I1.3. Hydrotropic extraction of carnosic acid with aqueous solutions of alkyl
polyethylene glycol ethers (CiE;j with i = 4-12 and j = 1-4)...cccceceveecnsnrcssnnicssanccssasecsnnees 53
I1.3.1. Influence of alkyl chain length (i) and ethylene oxide number (j) on the
NYAIrOtrOPIC EXITACTIONS ...vvvieiiieeiiieeiieeeiiee et e et e e eieeeeteeesteeessaeeessaeeessseeesseeesseeensseennes 53
I1.3.2. Rationalization of the amphiphile efficiency .........ccccccooeeviiiiiiiiiniiiniieee. 55
a. Relationship between concentration of extracted carnosic acid and structural
properties (i, j) of alkyl polyethylene glycol ethers ..........c.cccooviiiiiiiiiiiiiiiiiiieee. 55
b. Relationship between concentration of extracted carnosic acid and physicochemical
descriptors (HLB, log P, Vi) of alkyl polyethylene glycol ethers ............cccoeveeeinennns 56
I1.3.3. Cloud point variation during eXtraCtion ...........ceceeerrueeeriieeeniieeerieeenieesreeessieeesnees 58
I1.3.4. Kinetics Of the eXtraCtions. ........c.eeruiiriiiriiiriieiie ettt st 60
I1.3.5. Physicochemical key parameters for an “ideal” hydrotrope.........c.cccccceevverneennnen. 63
I1.3.6. Optimization of the hydrotropic extraction with C4E|........ccccccoviiiiiinininninnnn. 64
Q. The CASE OF SAZE «...veeurieiiiiiieee ettt ettt e 64
b. Identification of the key conditions for the hydrotropic extraction with C4E; ......... 65
I1.4. Microscopic observations of rosemary leaves after extraction with aqueous
solutions of alkyl polyethylene glycol ethers and short alcohols.........ccccccceveicrcnnccccancenes 66
I1.4.1. Structural characteristics of rosemary [€aves...........ccueevviieriiiiiniieeniieeiee e, 66
I1.4.2. Impact of treatment on the plant material .............ccocceeeviiiiniiiiniieenieeeeeeee, 67
I1.5. Recovery of a SOlid @Xtract.......ccuceceecseeisnicsennsnnssnnnsnnsssncsnssssnsssnssssncsssssssssssssssesssans 69
I1.5.1. Hydrotropic Cloud Point Extraction (HCPE) of rosemary leaves.........c...ccccc...... 70
I1.5.2. Hydrotropic dilution With Water...........ccccueiiiieriiiiiiiieiieeeeee et 73
I1.6. EXperimental PArt .........cccieieiiiiissenisennsnissnecssnisssnssnnsssnessssssssssssssssssssssssssssssssssssssnes 76
I1.6.1. Determination of the cloud point of CiE; aqueous solutions.........c..ccceeeveeruveennnee. 76
I1.6.2. Solubility curve of carnosic acid in C4E; and SXS aqueous solutions. ................. 76
I1.6.3. Critical Aggregation Concentration (CAC) determination by tensiometry........... 76
I1.6.4. COSMO-RS calculations of the log P and Vi values.......c.cceevvieeniiennieennieennnen. 76
I1.6.5. HydrotropiC @XtraCtionS. .....cccuueeueeruterieeiieeieenite ettt eit et e st e st e bt e sateenbeesaeeas 77
a. Typical extractions with whole rosemary leaves .........c.ccoecueevieniieeieeniennieniceeene 77
b. Optimization of the hydrotropic extraction with C4E........c.coooiiiiiniiiiiniinnnne. 77
c¢. Hydrotropic Cloud Point Extraction (HCPE) process ..........ccccevieeneeniennceniicnnenns 77
d. Recovery by dilution With Water...........ccecuieriiiriiiiiieiieeiecee et 77

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Agathe Mazaud, Université de Lille, 2020

I1.6.6. Microscopic observation of the plant material...........cccceeviinieiniiniiinieniceeee. 78
I1.7. Conclusions of Chapter IL.........ccocicineicnssnicssnicssanccssancsssssesssascsssssessassessssssssasssssasssses 78
Chapter II1. Hydrotropic extraction with sugar and glycerol-based
RYATOLIOPES cevveeccranicsssanicssanessssneesssssessssssessssssesssssesssssssssssasssssssssssssssssssssssssssssses 81
I11.1. Structure and properties of sugar and glycerol-based amphiphiles..........cccceeee.. 81
II1.1.1. Physicochemical characterizations of alkyl monoglycerol and polyglycosides... 81
a. Short-chain alkyl polyglycosides as commercial complex miXtures ...........c.ceeeueenee 81
b. Short-chain alkyl monoglycerols as pure synthetic bio-based hydrotropes.............. 90
c. Polarity, amphiphilicity and size of the molecules ..........cc.cccooieniiiiiiniiniiiniiiinens 90
d. Surface activity and aggregation PrOPEItieS.........ccverueeruieriueereeriieesieeseeeseeeseeanaeans 91
I11.1.2. Hydrotropic solubilization of phytochemicals...........cc.cceoviiiiiniiinniinniiiiieeee, 93
a. Determination of the Minimum Hydrotropic Concentration (MHC) and
solubilization power of various amphiphiles ...........cccceiviiiiiiiiiiiiiieeees 94
b. Solute-dependence of the iso-amyl xyloside solubilization power...........c...cccceu..... 97
I11.2. Molecular model for the prediction of the extraction efficiency with sugar and
glycerol-based hydrotropes....cccccceiccssercsssnncssnnsssansssssnesssssessssssssssssssssssssssssssssssssssssssssss 102
[I1.2.1. Validation of the model obtained with alkyl polyethylene glycol-based extractions
........................................................................................................................................ 102
I11.2.2. Adaptation of the model to industrial purpoSes.........ccecueeeviiieriieinieeeieeeeeenae 106
I11.2.3. Influence of the leaf Wettability ..........coooueiiiiiiiiiiiiiiieeee e 107
I11.2.4. Transposition of the model to ground rosemary and Sage..........cccocveeevveeruneennne 109
IT1.3. Optimisation of the hydrotropic exXtraction .........cc.cceecceeccencsenssencseecssnncssncsnnens 110
II1.3.1. Iso-amyl xyloside, a very efficient sugar-based hydrotropic extractant............. 111
I11.3.2. Identification of the key parameters for hydrotropic extraction with iso-amyl
xyloside using a 2* fractional factorial deSigN ............ccovevevrveveveveveieeeeeeeeeeeeeeeeeeeseeeeeeeneee 112
a. Choice Of the faCtOrS ...c..eiiiiiiiiiiie e 112
b. Calculation of the effects ........ccceviriiiiiiiniieieeeee e 113
c. Increase in the concentration of carnosic acid extracted from rosemary (Y1) ........ 116
d. Increase of the carnosic acid coOntent (Y2) ...ccveeeeeeveeeeeciurieeeeiieee e e 116
€. Increase of the mass Yield (Y3) coceevieriiiniiniiiieecceeeeeeceee e 118
f. Best compromise between Y1, Y2and Y3...ooooeeoiiieeiiieeiiieciieeeieeeeiee e 118
I11.3.3. Optimization of the hydrotropic extraction with iso-amyl xyloside................... 119
a. Optimal hydrotrope CONCENIIAtioN .........cc.eeevueeriiiriiiniienieete ettt 119
D. OPtMAL TIME ..enviiiiiiiiiiieeee ettt ettt ettt e s e 119
II1.4. EXPerimental PATt......cccccveeicccssneecssssaneesssssnsecssssssessssssssssssssssssssssasssssssssssssssssssssssne 120
I11.4.1. Composition of the alkyl polyglycosides CiGLyco ........cccovuiieviiiiniieiniieiieene 120
a. Thermogravimetric analysis (TGA) and proton nuclear magnetic resonance ('H
INIMR) .ttt ettt et sb bttt s ht ettt st b et ebeenbe e 120
b. Mass SPeCtrOSCOPY ANALYSIS. «ou.veruiiriiieiienieiiterite ettt ettt st e 120
I11.4.2. Physicochemical properties and descriptors of alkyl polyglycosides CiGlyco and
alkyl MONOZIYCETOIS CiGLY ...vviiiiiiiiiiieeiie ettt ve e e eeeaeeenes 121
a. COSMO-RS calculations of the log P and Viy values..........ccoceeveeniienienicnneennnen. 121
b. Critical Aggregation Concentration (CAC) determination by tensiometry............ 121

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Agathe Mazaud, Université de Lille, 2020

I11.4.3. Solubility curves of rosemary contituents, fatty acids and alkyl gallates in

hydrotropic aqUEOUS SOIULIONS. .....eeiiuiiiiiiiieiiiie ettt ettt et e s e siree s 121
a. Quantification of camphor by GC-FID ..........ccccoiiiiiiiiiiiiiicececeeen 121
b. Quantification of UA, RA, alkyl gallates and fatty acids by HPLC ...................... 122
I11.4.4. Contact angle MEASUTEIMENLS .......ccerveeririerriieeeiieeniteeriteesieeesreeesreessireessaneenane 122
[I1.4.5. Hydrotropic @XtraCtions .........ceceeeueeruieeiieniieeieesiteeteesiteeeeesite et e sieeseeesireenee e 122
a. With whole rosemary [€aVes ........cccceeiiiriiiiiiiiiieeeee e 122
b. Typical extractions with ground rosemary [€aves.........c.ccccecueeveenieinieniieenieennenne. 122
C. Experimental deSi@N........coouiiiuiiiiiiiiiiiiiiieeicete et 123
d. Typical precipitation Method ............cociiriiiiiiiniieieee e 123
e. Experimental design StAtISTICS ......eeerurieiniiieiiiieiiiee ettt eieee s 123
IIL.5. Conclusions of Chapter IL..........cccocvierrseicsssnicssanccssascssssscssasesssssesssssessassossasssssassss 124
Chapter IV. Optimization of the rosemary extract recovery and

PULITICALION ccuuvreeiicrrrrrnneicssssnneccssssanneccsssssnsssssssssnsssssssssssssssssssnsssssssssasssssssssnnsases 125
IV.1. Precipitation of the extract by COOLNG .........cceeverisueiseissueisserssensencsencssencssecsnnnens 125

IV.1.1. Influence of the temperature on physicochemical phenomena involved in the
SOIUDIIIZAtION PIOCESS.c..uvvieeiiieeiiieeiteeeiieeeiteeeetteeeteeesteeessreeessseeessseeessseeansseeessseesnsseennes 126
a. Relationship between temperature, solubility and crystallization in solvents ........ 126
b. Aggregation and solubilization in aZEreZates ........cccueeveerieeriierieeiierieeriee e e 128
IV.1.2. Measurements of the crystallization temperature............ccoceeevveeenveeeneeennineennne 129
a. Turbidity as a crystallization INdiCALOT...........ccovieeriiieriiiierie et 129

b. The dependency of the crystallization temperature following to the hydrotrope

COMNCEMETALION ...t eeteniteeiteeeite et et e ettt et e et e bt e et et e e eab e e bt e sab e e bt e eabeenbeesabeebeesseeenseenanean 132
c. Influence of the extract concentration on the crystallization .............cccceevueeneenen. 133
IV.1.3. Precipitation of the rosemary extract by COOlING........ccceevuierierniienienieenieenieens 135
IV.2. Precipitation of the extracts by hydrotropic dilution .............cceeecieevsercsnnnsnnnene 136
IV.2.1. Relative importance of eight precipitation conditions............ccceeevveeenveennineennne 137
a. Selection of the factors and their levels for the experimental design...................... 137
b. Results of the factorial desi@n.........ccc.eevieiiiieiiiiiiieiie e 140
IV.2.2. Purification of the rosemary hydrotropic eXtracts ...........ccoceeevieeenveenneeennneennne 144
a. CompoSition Of the EXITACT .......cocueiiiiiiiiiiieieete e 144
b. Purification of the eXtracts ...........cooiiiiiiiiiiiiiiiee e 145
c. Comparison with the different proCesses ..........cuevueerieriieinieniienienieeeeeeeeeeeeen 148
IV.2.3. Microscopic observation of the particles formed by hydrotropic dilution......... 151
a. Hydrotropic precipitation of pure carnosic acid solutions ...........cceceeevveerriveennneen. 151
b. Precipitation of a hydrotropic rosemary eXtract...........cceeeeveereeereeesieeneeesieeseeenieenns 155
IV.3. EXperimental PArt.......ccccveiiccnssneecssssaniesssssnsecsssnssecssssssssssssssssssssnssesssssssssssssssssssssns 157
IV.3.1. Carnosic acid quantification by HPLC ..........ccocccoiiiiiiiiiieeee 157
a. Preparation of the samples. ......c.ccoiiiiiiiiiiiiiie e 157
b. Procedure 1 (INATUIEX). .....ccoeiuiiieeeiiiieeeeiie e e et eetee e eeae e e e eaae e e e eeaaaee e e eanreeeeennns 157
C. Procedure 2 (LLILLE) .......viiiieiieeeeeeeee e e 157
IV.3.2. Measurement of the turbidity through Crystal Eyes system. ...........cccccecueeenns 158
IV.3.3. Extraction and precipitation methods ...........ccoevieiriiiiniiiiniiiiieeeeeeeeeee 158

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Agathe Mazaud, Université de Lille, 2020

a. Extraction followed by precipitation by cooling. .........c.cccceceerviiniiniiinnicniicnneenee. 158

b. EXperimental deSI@N........c.coouiiiuieriiiiiieeiie ettt ettt ettt et saaeebee e 158

c. Experimental design StAtISTICS .....eeeruvieiriiieiiiieeeiieeeitee ettt s e 159

d. Conventional XtraACIONS. ......c.eevvierieeitierieeieesite ettt et e it e et eeeesbeebeesnaeeseesaeeas 159

€. Conventional PreCipitation. .........eeiieieirieeeiee ettt ettt e eesireesireesieee s 159

f. Recovery of the precipitate by centrifugation and washing procedure. .................. 159

g. Recovery of the precipitate by filtration and washing procedure..............cccueeneee. 160
IV.3.4. Measurement of the oxidative induction time. ..........ccccueevueerieenieeniennieenieenieens 160
IV.3.5. Microscopic observation of the Crystals. ..........ccocueevieiniiniiiniiiiiieiccceeee 160
IV.4. Conclusions of chapter IV ........ciicieicnneicnneicnnnicnsssissssscssssscssssesssssssssssessssssssasses 161
General CONCIUSION ....cccoveiicnserccssrnnesssnnesssssecsssssesssssessssssessssssssssssssssssssssssss 165
REFEIEINCES ..cuvviirrrrnicnssnnicssranccsssnnessssnicsssssessssssessssssssssssssssssssssssssssssssssssosssssssnsess 173
APPENAIXES .cuvvriersranccsssnesssssnessssssesssssessssassssssssssssssssssssssssssssssssssssssssassssssssssssnss 190

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Agathe Mazaud, Université de Lille, 2020

Table of abbreviations

AOQO: Antioxidant

BA: benzoic acid

BHA: Butylated Hydroxyanisole

BHT: Butylated Hydroxytoluene

BP: Boiling Point

CA: Carnosic acid

CAC: Critical Aggregation Concentration
CAR: Carnosol

CiE;j: Alkyl polyethylene glycol ethers with i is the number of the carbon atoms of the alkyl
chain and j the number of ethylene oxide units in the polar headgroup

CiGly: 1-monoalkyl glycerol
CiGlyco: alkyl polyglycosides including:

- GiGlu: alkyl polyglucosides
- CGiXyl: alkyl polyxylosides

CiP;: Alkyl polypropylene glycol ethers with i is the number of the carbon atoms of the alkyl
chain and j the number of propylene oxide units in the polar headgroup

Cmax: Hydrotrope concentration at which the Spax is reached
CMC: Critical Micellar Concentration

COSMO-RS: COnductor like Screening MOdel for Real Solvents
CP: Cloud Point

CPE: Cloud Point extraction

DES: Deep eutectic solvents

DP: Degree of polymerisation

DR-13: Disperse Red 13

EO: Essential oils

EF: Enhancement factor

GC-FID: Gas Chromatography — flame ionization detector
HCPE: Hydrotropic Cloud Point Extraction

HLB: Hydrophilic Lipophilic Balance

HPLC: High Performance Liquid Chromatography

HVED: High Voltage Electric Discharge

IL: Tonic liquids

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Agathe Mazaud, Université de Lille, 2020

LA : Lauric acid

LC: Liquid crystals

log P: Partition coefficient octanol-water

MW/MAE: Microwave/Microwave Assisted Extraction
MCA: 12-0-methyl carnosic acid

MHC: Minimum Hydrotropic Concentration
NaBMGS: Sodium butylmonoglycol sulfate

NaB: Sodium benzoate

NaCIN: Sodium cinnamate

NaCS: Sodium cumene sulfonate

NaNBBS: Sodium n-butylbenzene sulfonate
NaPTS/PTSA: Sodium p-toluene sulfonate/p-toluene sulfonic acid
NaS: Sodium salicylate

OA: Oleanolic acid

PEF: Pulsed-Electric Field

RA: Rosmarinic acid

TGA: Thermogravimetric Analysis

TFA: trifluoroacetic acid

UA: Ursolic acid

US/UAE: Ultrasound/Ultrasound Assisted Extraction
VG: veratrylglycerol-b-guaiacyl ether

Vm: Molecular volume

VOC: Volatile Organic Compound

SDS: Sodium docecyl sulfate

SXS: Sodium xylene sulfonate

Smax: maximum solubility of solute in a hydrotropic solution
Sw: solubility in water

"H NMR: Proton Nuclear Magnetic Resonance

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Agathe Mazaud, Université de Lille, 2020

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Agathe Mazaud, Université de Lille, 2020
General introduction Confidential

General introduction

In food and cosmetics industries, since most of the products are not consumed immediately
upon manufacture, an important challenge is to ensure consumers no loss of quality or safety
during storage and transport. However, many products contain high amounts of lipids such as
unsaturated fatty acids which are prone to oxidation.!? This is a natural reaction with oxygen
from air induced by light, heat or the presence of metal. The formation of free radicals and then
peroxides is responsible for the rancidity of fats and oils and can be harmful to health (Figure
1).2 When antioxidants (AO) are present, they react with peroxy radicals to form radical AO
(AQO"). For example, a catechol moiety forms a free radical semiquinone, which can be
stabilized to a certain extent by resonance as shown in Figure 1.> Thanks to the partial
stabilization of AO" by resonance, the reaction of the peroxy radical is energetically more
favorable with AO than with another fatty acid. Then, the highly reactive AO’ reacts in turn
with another peroxy radical and gives a stable oxidized form of the AO, an o-quinone in the
case of catechol.! Through this reaction, two free radicals are eliminated, so the presence of AO
induces the termination of the radical propagation and at the same time, limits the formation of

peroxides.
0,
R
1 - Initiation . A
Alkyl radical HO OH O\ /,O
H 00" WithAO
R\/\)\ R\/\/I\ @ x
Fatty acid Peroxy radical AO AO*
. ~ o
2 - Propagation ~
Without AO H

‘or” o o O

RM
Peroxides AO* Oxidized AO
oo’ B
R \/\)\ T
3 — Termination ~—_ —
~—

Figure 1. Schematic representation of the initiation (blue), propagation and termination steps of the
radical oxidative degradation of unsaturated fatty acids, and its prevention through the action of a
catechol antioxidant (AO, red)

Spices and herbs have been unknowingly used as natural AO to prevent food from degradation
for thousands of years. However, since the XX century, synthetic AOs such as Butylated
Hydroxyanisole (BHA) or Butylated Hydroxytoluene (BHT) have been promoted in the
industry for their cheapness, availability and efficiency. In recent years, the interest for natural

1
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food preservatives has grown based on consumer requirements and because they are considered
to be healthier and more eco-responsible than synthetic petro-sourced ones.*?

Typically, rosemary and sage leaves have been used since Antiquity® for culinary purposes as
flavoring or food preservatives, and their antioxidant properties were highlighted by Chipault
et al. in the middle XX™ century.” The authors compared the antioxidant index of 32 ground
spices including thyme, paprika, cloves or turmeric on frozen lard and found rosemary and sage
to have the highest effects. More than 50 years later, in 2010, rosemary extract was registered
by the European Commission as food additives in the AO category and received the number
E392.8 Since then, it is employed as natural AO in food preparations such as vegetable fats,
meats, or dairy products. Noteworthy, several studies have reported that rosemary extract has a
higher antioxidant activity compared to BHA and BHT.”!°

This remarkably high antioxidant power has been attributed to carnosic acid (CA), a phenolic
diterpene identified by Linde in 1964 and Wenkert in 1965 in sage and rosemary respectively
(Figure 2).!°'2 It could account for 90 % of the antioxidant capacity of rosemary extract,
according to Aruoma et al.'* Like many other AO, CA contains a catechol group in its structure,
a moiety known to exhibit high radical scavenging capacity.'* During the initial oxidation the
catechol group is converted to an o-quinone (Figures 1, 2), but interestingly, CA quinone is
able to isomerize into carnosol (CAR) and regenerate the catechol group, according to the
reaction mechanism illustrated in Figure 3.2 Thus, CA participates in two successive oxidation
reactions and doubles its antioxidant power compared to similar molecules, which makes it a
particularly interesting and efficient natural AO.

Oxidation Oxidation
2 ROO" 2 ROOH 2ROO" 2 ROOH
Carnosic acid Carnosic acid Carnosol Carnosol
quinone quinone

Figure 2. Two successive reactions of oxidation from CA to carnosol quinone. The catechol moiety is
colored in red.

Carnosic acid
quinone

Carnosol

Figure 3. Isomerization mechanism leading to the regeneration of the catechol group (in red) in CAR."?
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In order to improve the production of natural CA, its presence in planta has been widely studied.
CA is a rare secondary metabolite as it has only been found in nine species of plants, all from
the Lamiaceae family, which includes most aromatic herbs (e.g. mint, thyme, sage, oregano).
Among these plants, rosemary has the highest concentrations, between 0.3 to 5 wt.% in dried
leaves, followed by sage, which can reach up to 2-3 wt.% in dried leaves.® Unsurprisingly, this
finding coincides with the previous results showing that rosemary and sage had the most
important antioxidant index and with the attribution of the antioxidant power to CA. This
bioactive has only been found in leaves and flowers, and is at least 10 times less concentrated
in stems, roots and seeds than leaves.!>!¢ Tt should be noted that the concentration in leaves
strongly depends on the age of the plant, its geographical origin, the time of harvest, the storage
and drying processes.!”

Rosemary is a shrub reaching up to 2 m height, native to the Mediteranean basin, as suggested
by its Latin name ros-marinus meaning “dew of the sea”.® Its leaves have the margins folded
inwards and have the particularity of being covered on their underside with an important
number of trichomes, which are outgrowths of the epidermis, typically glandular or hair-like,
with a secretory or protection against light, heat or dryness function (Figure 4). Sage leaves
have the same particularity, they are covered by trichomes on their under and upper sides
(Figure 5).

Rosemary leaves

(a) Cross section E 2 (b)Abaxial face

- Curved
margin
—

£
el

Figure 4. Microscopic images of rosemary leaves (a) cross section and (b) underside face captured on
a digital microscope. Scale bars: 200 um. G: glandular trichomes, NG: Non-glandular trichomes.
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Sage leaves

(a) Cross section

Lo d

(b) Abaxial face

|

Figure 5. Microscopic images of sage leaves (a) cross section and (b) underside face captured on a
digital microscope. Scale bars: 200 um. G: glandular trichomes, NG: Non-glandular trichomes.

Briickner et al. have shown that CA accumulates in trichomes, especially in young trichomes.
Since CAR was not found in the trichomes but was present in the rest of the leaf, they suggested
that CA was biosynthesized in the trichomes and then transferred to the whole leaf to protect
cells from oxidative stress.'® Other derivatives of CA such as 12-0-methyl carnosic acid,
isorosmanol, rosmanol occur in the leaves in smaller amounts (6 to 600 times less concentrated
than CA).1

Trichomes are also the storage place of essential oils (EO)! which are generally composed of
30 to 50 molecules with a predominance of monoterpenes: 1,8-cineole, a-pinene, camphor, and
depending on the region of origin, borneol, p-cymene (Cuba, Turkey), verbonone (Corsica,
Sardinia) can be among the major constituants.>° With a concentration of 1 to 2.5 wt.% of EO
in its leaves, the extraction of volatiles from rosemary by hydrodistillation has been performed
for centuries.>!>* EO have been used for medicinal purposes and as fragrances in the perfume
industry.

In rosemary, 10 to 15 wt.% of the compounds can be extracted.?>** Besides CA, its derivatives
and EO, rosemary leaves contain many other extractable phenols including hydroxycinnamic
acids (e.g. coumaric, rosmarinic acids), flavonoids and glycosidic derivatives of flavonoids, di-
and triterpenes (Figure 6).>>~>° In addition to those specific secondary metabolites, rosemary
leaves are made up of fibers (17.7 — 42.6 wt.%) such as cellulose, the main component of the
cell walls, proteins (5 wt.%), lipids (15 wt.%), minerals (mostly Ca and K, 2 — 4 wt.%), some
vitamins (mostly vitamin A, < 0.01 wt.%), water (depending on the drying method) and free
sugars. The leaves are covered with a layer of waxes called cuticle, which can be 2 to 6 pm
wide on the trichomes.*® It consists of a mixture of fatty acids and waxes composed of very
long alkanes, with abundant presence of Cz9 to Css alkyl chains.?!3?
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Figure 6. Most represented extractable compounds of rosemary classified in five chemical groups and
a mean concentrations in rosemary leaves calculated from refs*'~> for essential oils and refs®?*->° for the
other bioactive compounds. RA: rosmarinic acid, UA: ursolic acid, OA: oleanolic acid, CA: carnosic
acid, CAR: carnosol, ISO: isorosmanol.

Finally, it is noteworthy that three pigments have been found in rosemary: chlorophyll a,
xanthones and carotenes with a maximum total mass of 0.4 wt.% (calculated from the reported
mass yield and content).”® Knowing the composition is important to perform extractions
because (i) some products are undesirable during extraction since they may lower the CA purity
of the extract, or even make the extract colored and odorous in the case of pigments and
monoterpenes respectively and (ii) other components of rosemary like fatty acids and alkanes
of the cuticle can lower the mass transfer of the solute to the solvent by forming a barrier

between CA, inside the cells and the solvent.

To isolate CA from other rosemary compounds, maceration and Soxhlet extractions with
conventional solvents like acetone, chloroform, hexane and ethanol have been used since CA
was discovered.®?*343¢ However, the use of such organic solvents must be avoided to limit
flammability and explosive risks, and reduce the dangers to human health and environment,
since most of those molecules are generally considered as harmful. One interesting way to
solubilize and extract hydrophobic compounds like CA by avoiding such risks is the use of
amphiphiles in aqueous solutions.

In this context, extractions of CA from rosemary using hydrotropic and surfactant solutions
were carried out in order to find which physicochemical parameters of the amphiphile govern
the extraction and which conditions would optimize the extraction. This work has been
performed in a CIFRE project, with the society Naturex (part of Givaudan) which is an
international leader in the natural ingredients fields. Since 1992, they have developed and
produced plant extracts with flavoring, coloring and antioxidant properties for the food,
cosmetics, and nutraceutical industries.
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The manuscript is divided into four main parts. The first chapter is a literature review
addressing the plant extraction processes and focusing on the hydrotropic extraction. The
physicochemical mechanisms of each technique are detailed and their relative
drawbacks/advantages are pointed out. As it is the core of this thesis work, extractions of CA
from rosemary and sage are taken as examples whenever possible. A part has also been
dedicated to the techniques usable for the recovery of a dry extract. Finally, current trends to
design more eco-responsible extractions are also presented with a discussion about the use of
bio-based hydrotropes. This chapter highlights the enthusiasm for the search for alternative
extraction methods to solvent-based ones and clearly demonstrates the interest of hydrotropic
extraction.

Modes of action of hydrotropes during an extraction process are not clearly detailed in the
literature and no guide can be found to select the best hydrotope. To try to answer this question,
we have first conducted a systematic study of a well-defined series of hydrotopes in order to
identify the chemical and physicochemical key parameters and to define a mathematical model
for the hydrotropic extraction. This is the subject of chapter II. For this purpose, fourteen
amphiphiles including hydrotropes and surfactants from a homogenous series of alkyl
polyethylene glycol ethers (abbreviated as CiE; where i is the number of the carbon atoms of
the alkyl chain and j the number of ethylene oxide units in the polar headgroup) were
investigated for the extraction of CA from rosemary. First, their ability to solubilize CA in water
was assessed and correlated to their physicochemical properties. Then, their capacity to extract
efficiently CA from rosemary was investigated under different conditions and the kinetics of
extraction were studied in more details. The influence of phytochemicals on the Cloud Point
(CP) of hydrotropes was also investigated, as well as the effect of hydrotropes on the plant
material at the microscopic scale. Finally, the recovery of CA as a solid extract was first
attempted by an innovative method using the CP, and then a more classical method using the
Minimum Hydrotropic Concentration (MHC) of the hydrotrope, showing the viability of the
process.

By taking advantage of the results obtained previously with the CiEj; model hydrotropes, the
investigations could be extended to bio-based hydrotropes in order to develop a fully "green"
extraction system, meeting the specifications of our industrial partner, Naturex. Thus, in
chapter III, we report on an in-depth study of two families of bio-based hydrotropes. The first
one uses commercially available sugar-based molecules such as iso-amyl xyloside and heptyl
glucoside and the other one consists in synthetic monoalkyl glycerol derivatives. In this section,
the physicochemical properties of amphiphiles were studied and used to validate the model
established for alkyl polyethylene glycol ethers in the previous chapter. After studying the
wettability of the plant by the best amphiphiles, they were used to extract CA from rosemary
and sage. Finally, the extraction conditions have been optimized for the most promising
amphiphile, iso-amyl xyloside, to provide an efficient extraction.

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Agathe Mazaud, Université de Lille, 2020
General introduction Confidential

Chapter IV specifically deals with the recovery of a CA-rich rosemary dry extract for further
use. To find the easiest and most effective way to recover CA after it was extracted from
rosemary, two methods were compared. First, the method of crystallization of the extract was
investigated. For that purpose, turbidity measurements of hydrotropic solutions containing pure
CA were performed at different temperatures. Then, the efficiency of this method was studied
in an extraction process. The second pathway to recover CA was to dilute the hydrotropic
solution under its MHC. This method reveals to be very efficient and was optimized to provide
a dry extract with a good yield and high purity.
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Chapter 1. General concept of the hydrotropic extraction of
natural compounds

I.1. Introduction to green extraction processes

I.1.1. How to get a dry extract from the plant?

Bioactive compounds are molecules which are biosynthesized in plants and having one or more
properties of interest in medicine, as an additive in cosmetic or agro-food products, or for other
various applications. Their industrial production involves successive steps with a general
objective: to provide the maximum amount of extract with maximum enrichment in the target
molecule. Nowadays, environmental and safety concerns are increasingly taken into account.
New processes tend to limit the use of solvents posing risks to humans (toxicity) or environment
(VOC emissions) and are designed to limit energy by reducing the time and number of unit
operations, their temperature and the use of other conditions requiring energy.*’-

Plant
selection

e Pretreatment | ...

Maceration
(example) /(48

Intensification —— Extraction

Solvent ] \
Plant solvent )\
. - Crude extract /—\ &=
filtration () Plant waste
Recovery of a
y Evaporation [\
dry extract ,
Recrystallisation I Dry extract Pure solvent |
Back extraction \ -
" Ppurification | D purified
Chromatography — extract

“._ Distillation e ¥

Formulation

Figure 1.1. Schematic representation of the natural compounds production, from plant to formulated
products. The different steps in the dotted box will be addressed and studied in this thesis work
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The first step to produce natural compounds is the plant selection (Figure I.1). It includes the
selection of the species, culture and harvest conditions in order to obtain the highest amount of
target molecule and to ensure its renewability.>**°

The extraction step (Figure I.1), which is generally preceded by the pre-treatment of the
plant (drying, grinding), consists in the separation of the target compounds from the plant by
solubilization in a solvent. Traditionally, organic solvents are used to extract hydrophobic
bioactives, and water to extract essential oils (EO) by hydrodistillation.*! The solvent is chosen
according to the polarity of the target molecules, for example fats can be extracted with hexane,
petroleum ether, terpenes and terpenoids with acetone, chloroform, ethanol, sugars with
ethanol, methanol, water.’” This step can be optimized by the choice of the method (e.g.
Soxhlet, maceration, percolation), conditions (e.g. stirring, heating) and use of intensification
technique (e.g. ultrasounds, microwaves). For example, a patent describes extractions of CA
from rosemary and sage using acetone, petroleum ether, toluene, dichloromethane or ethanol
and using either Soxhlet or maceration techniques.*®

Then, the plant must be separated from the solvent to recover a liquid crude extract. This
operation is generally performed by filtration. This step can be eliminated by choosing suitable
extraction methods such as Soxhlet extraction or percolation. Thanks to the low boiling points
of organic solvents, the concentration and recovery of bioactive compounds is generally
achieved by evaporation of the solvent (Figure I.1). This way, the pure solvent is recovered
and can be used for another extraction.*?

The powder obtained is then purified to remove the extracted by-products (Figure 1.1). This
step requires at least one unit operations which can be a solid-liquid extraction, a selective
recrystallization with temperature, a liquid chromatography or a distillation depending on the
target molecule and the by-products to remove. In the case of CA, two patents described
purification methods: the first consisted of two recrystallizations from cyclohexane in the
presence of activated carbon, with a final purity of 73 %,® and the second used a pH differential
precipitation. Indeed, by adding water and adjusting the pH of the plant extract between 7 and
10, impurities such as UA were precipitated while CA was solubilized and precipitated by
acidification below its pKa only after the removal of impurities by filtration.*

Optimizing the extraction step is important to reduce the environmental impact of purification
because the fewer compounds co-extracted, the easier the purification step and the less energy
consumed. Finally, the pure extract is formulated either in a liquid or solid form depending on
its specific application (Figure 1.1).%?

The plant/solvent extraction is a key step in the production of the natural ingredient and must
therefore apply the principles of green chemistry. Following them, the solvent should be
reusable, non-toxic, non-flammable, non-VOC and biodegradable, the method (e.g. maceration,
Soxhlet, percolation), the intensification, the pre-treatment, the pressure and temperature
conditions should be chosen to reduce the energy consumed of both this step and the following

ones.>7-38
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I.1.2. Mechanisms of plant extraction

In plants, secondary metabolites have a specific biological function or can be intermediates for
the synthesis of other molecules such as polymers. Under natural conditions, secondary
metabolites are located inside the cells from where they have to be extracted to be recovered in
the solvent. This process, like solid-liquid extractions, is usually described in four steps,
presented in Figure 1.2.4°

First, the solvent diffuses inside the plant through intercellular spaces, capillaries or pores of
the plant, and then, through the cell wall and the plasmic membrane to enter the cell. The
grinding of the plant material can reduce the diffusion path and increase the exchange surface
area, thus facilitating the access of the solvent to the cells. Without grinding, in the case of
leaves, another barrier must be crossed because leaves are covered with a cuticle, a very
hydrophobic layer composed of long alkanes, primary alcohols, fatty acids, aldehydes (Ci> -
Cs0) and esters (C3o — Ceo), polymers of fatty acids and triterpenes. The second step is the
solubilization of the solute(s) by the solvent in the cell. This is usually a quick or instantaneous
operation, provided that an adequate solvent is used.

Cell Plasmic membrane Cell wall Cuticle
barriers | (phospholipidic bilayer) (cellulose)  (waxes)

Upper epidermis
Cell
organites

Mesophyll 3 3 < \

Lower epidermis

Ground leaf particle

The solvent adsorbs The solute diffuses from the

h The solvent diffuses The enriched solvent . h
onto the solid from its location in diffuses from the thin layer art?qnd the partlc!e to
surface and the solid to the inside to the outside the solvent: its concentration
penetrastiﬁdmto the solute in the cell of the solid particle becomes hosrzﬁgi?eous in the

Figure 1.2. 3D Representation of a ground leaf particle (0.1 mm), its internal structure and the path of
the solvent (black) and solutes (blue) during extraction.
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The third step is the mass transfer of the solutes from the cell to the surface of the plant particle,
following the reverse path of the solvent described in the first step (cell wall and internal spaces
of the plant). Finally, the solute generally diffuses from the plant particle to the bulk solution
by convection. With an adequate stirring, the mass transfer should be negligible and it should
not be a limiting step.

Among the four steps, the extraction rate is generally limited by the diffusion of the solutes
through the cell barriers. The plasmic membrane is a phopholipidic bilayer and the cell wall is
mostly composed of cellulose. The diffusion through these structures may be enhanced both by
a chemical affinity between the transferred molecule and the layer, by the small volume of the
molecule or by a higher porosity of the cell wall.*8

I.1.3. Intensification techniques to increase mass transfer

In order to increase the mass transfer of the solutes and since grinding as pre-treatment provides
particles too large to allow the solvent to access all the cells, several intensification techniques
have been developed with the aim of breaking down the cell barriers during extractions and
release the plant material in the medium.

Ultrasound and microwave-assisted extractions (UAE and MAE respectively) are the most
reported processes using intensification techniques. Indeed, they have been studied for more
than 50 years, they require relatively inexpensive equipment (< 200 k€), they are very effective
in mechanical cell disruption and therefore in the reduction of extraction time (< 1 h).*%
Ultrasound (US, 18 — 1000 kHz) produces microbubbles which repeatedly grow and collapse.
This phenomenon, called cavitation, creates shock waves and water microjets which are implied
in the enlargement of the pores and the cell disruption.*® However, ultrasounds also produce
free radicals which can degrade the target molecules.*’ On the other hand, microwaves (MW)
heat the solvents or samples with a high dielectric constant. Cells generally contain a high
amount of water, which is highly dielectric. The increase in internal temperature induces first
the increase in internal pressure and then, due to this phenomenon, the disruption of the cells.
In the case of a highly dielectric solvent, the plant material is heated both from the inside and
from the heated solvent, so the process is quicker. This technique is not suitable for the
extraction of thermo-degradable molecules.

As far as CA is concerned, the efficiency of MAE and UAE has already been compared to
conventional extractions.?>¥** Compared to extractions performed in ethanol at 40 °C during
4 h, the concentration of extracted CA slightly increased from 2.11 to 2.46 and 2.21 g/L using
MAE and UAE on de-oiled ground rosemary leaves respectively, but decreased from 0.36 to
0.32 and 0.11 g/LL when MAE and UAE were applied on fresh leaves. The yield of these
extractions performed in ethanol increased in both cases, when microwaves and ultrasounds
were applied discontinuously, leading to lower purity. However, the time of extraction could
be reduced to 7 min.*® While extractions were tested in ethanol in the same time (30 min) and
temperatures (40 °C), it was found that the use of US probe was more efficient compared to
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reactions in US reactor or US bath; it increased the amount of CA extracted but the purity was
slightly lowered from 8.41 to 8.21 %. Microwaves had quite the same effect, but when
microwaves were used under vapor pressure to keep temperature to 125 and 150 °C, the mass
yield highly increased from 10 to 25 % and the amount of CA extracted decreased, leading to
extracts with small purities of 2.1 — 2.5 %. The decrease in the CA amount extracted can be due
to its thermo-degradability. However, although CA is highly reactive to free radicals, US in
smooth conditions did not seem to degrade it.>> In general, the CA content in the extract
decreases when US and MW are used. Combined with an increase in mass yield, it means that
other co-products are more efficiently extracted under the effect of intensification, but that the
effect on CA is less important, meaning that CA is more accessible than other co-products. This
may be related to the location of CA in the trichomes, which are outgrowths and therefore
always in contact with the solvent, while other compounds located inside the leaves are likely
to be more easily extracted under the effect of US or MW.

Other cell disruption techniques are currently being developed and are thus still more expensive
and less optimized. Electrically assisted extractions using a pulsed electric field (PEF) or high
voltage electrical discharges (HVED) induce electroporation through the application of high
voltage pulses during a short time (2 ps — 0.01 s) to plants placed between two electrodes.*® In
addition, the negative pressure cavitation extraction and the instant controlled pressure drop
technique are novel techniques using a controlled pressure in the extraction to induce cell
disruption.’’

Finally, the polysaccharides of the cell wall can be digested using enzymes (carbohydrases such
as cellulases) before or during extraction. The hydrolysis of the structural polysaccharides
releases some compounds which were bounded in the polymer network and facilitates the
access of the solvent to the cells.*” The extraction of EO from rosemary and thyme has already
been improved by using cellulases and hemi-cellulases enzymes. Cellulase was more efficient
than hemi-cellulase and they were more efficient when combined.>

Thanks to intensification, extraction times and thus, energy consumed are reduced. However,
the energy required for the intensification technique must be taken into account. For example,
enzymatic hydrolysis needs 60 to 100 kJ/kg while pulsed-electric field extraction (electrically
assisted) only needs 1 — 15 kJ/kg and mechanical grinding requires 20 — 40 kJ/kg.*°

Interestingly, some intensification techniques have already been used in solvent-free processes.
For example, solvent-free microwave extractions have been performed to recover EO from
rosemary, mint and polyphenols from sea buckthorn and onions. They consist of the application
of microwaves on the plant which induces the cell disruption, the mass transfer of solutes to the
outside of the plant material and the recovery of the liquid extract by gravity or by application
of vacuum.!
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I.1.4. Alternative extraction methods to conventional organic solvents

In addition to intensification techniques and pretreatments, the choice of the extraction medium
is determinant for the extraction procedure. In order to reduce the environmental footprint of
the solvent production, some extractions were designed with agro-solvents rather than petro-
solvents. Ethanol, which is conventionally used in extractions of pigments, antioxidants or other
polyphenols can be produced from biomass. Methyl tetrahydrofurane and terpenes (d-limonene,
p-cymene) have already been used for the extraction of fats and oils,’” and aqueous solutions
of glycerol for the extraction of polyphenols.>?

However, although the low boiling points of organic solvents allow convenient evaporation and
recovery of both the solid extract and the pure solvent which can be recycled, this property and
the supposed toxicity of some organic solvents raise serious concerns related to storage,
flammability, VOC emissions and worker exposure. To avoid the use of solvents with low
boiling points, the whole process must be redesigned to fit with the characteristics of the chosen
extraction medium.

Considerable work has been done to develop inventive methods using pressurized gas or non-
toxic liquids such as water or ethanol. Supercritical COz2 has already replaced organic solvents
in extraction processes because it is able to solubilize compounds of various hydrophobicities
such as volatile oils, flavonoids, terpenes, fatty acids, antioxidant compounds or pigments.54 In
fact, the solubilization of molecules can be adjusted by changing the pressure and temperature
conditions, or by adding ethanol as co-solvent. In its supercritical state, CO> has a very low
viscosity and high diffusivity so it can easily penetrate the plant material. Moreover, since its
critical point is reached at quite low temperature and low pressure (T = 31.06 °C, P = 7.38
MPa), supercritical state can be achieved without spending a lot of energy. When the reactor is
depressurized, CO> automatically turns into gas and separates from the extract which is
therefore a solvent-free extract.> This method has already been performed for extracting CA
several times and resulted in CA-enriched extracts, with purities from 2 to 3 times higher.’*8
The addition of 7 % of ethanol was found important to increase the amount of extracted CA.

Likewise, subcritical water (T = 100-374 °C, P = 1.5-22 MPa, liquid state) and supercritical
water (T > 374 °C, P > 22 MPa) are used as green extraction solvents since under such pressures
and temperatures, the solubilization of less polar molecules is made possible. Indeed, due to the
disorganization of water structure induced by the breaking of intermolecular H-bonds under
these conditions, its dielectric constant considerably drops from about 80 at ambient
temperature and pressure to 5 at the critical point, giving water similar properties as organic
solvents such as ethanol (¢ = 24) or chloroform (¢ = 5).°° It is thus able to dissolve EO,
flavonoids, and polyphenols or phenols such as CA, which have been extracted in subcritical
water at 200 °C, 60 bar by Ibafiez et al.®® Depressurization causes the loss of these properties to
water, so the extracted organic compounds become insoluble and can be recovered by
filtration.?”
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Subcritical water or supercritical CO, may replace organic solvents and avoid the risks
associated with low boiling points of solvents but they require equipment which may be
expensive and not suitable for large-scale extractions. Moreover, according to Giacometti et al.,
it is necessary to develop technologies that use low temperatures and consumes little energy in
order to provide environmentally friendly extractions of bioactive compounds from aromatic
plants.%! However, to solubilize CA or other hydrophobic solutes in water at low temperature,
a solubilizer must be added.

Only few CA extractions solubilized by a third molecule in aqueous solutions have been
reported and used ionic liquids (IL) and deep-eutectic solvents (DES) as solubilizers (Figure
7). First, aqueous solution of 1-octyl-3-methylimidazolium bromide (IL, 1 M) has been reported
for RA and CA extractions (UAE) from rosemary leaves at room temperature.®> More recently,
an aqueous solution of DES (15 wt.% of tetrapropyl ammonium chloride, 55 wt.% of 2-
propanediol and 30 wt.% of water) was found more efficient than ethanol (70 %) and acetone
to extract CA and CAR from rosemary.%

The separation of the solute from the IL solution was performed for other extractions than
rosemary and most of the times it is performed by back-extraction with an organic solvent (e.g.
ethyl acetate, chloroform, dichloromethane, n-butane) as reported after extractions of norstictic
acid, a phenolic compound, from lichen or caffeine from guarand seeds.®*% However, such
methods do not avoid the use of organic solvents, so other techniques have been reported using
water, as reviewed by Bogdanov.® After the extraction of the volatile oils from the fruits of
Forsythia suspensa by [C2C1im][Ci1CO] (1-Ethyl-3-methylimidazolium acetate), they were
recovered by hydrodistillation of the crude extract. In addition, the pH-dependance of the aloe
vera anthraquinones solubility in water and [Csmim]Cl (1-butyl-3-methylimidazolium
chloride) was used in a biphasic aqueous solution of IL to transfer anthraquinones from the 1L
phase to the aqueous phase by changing pH from 4 to 14. Finally, shikimic acid, a cyclohexene
from star anise, was recovered by precipitation using water as an anti-solvent.*’

IL are excellent extractants and furthermore, they can be used in aqueous medium (0.05 — 2.5
M) to act as solubility agents.®> However, despite they are promoted for their low flammability
compared to most of the organic solvents, most of IL still contain toxic products with low
biodegradability such as imidazolium derivatives, and because of their ionic character, IL are
generally corrosive.®® Moreover, although some bio-based IL have already been developed at
the laboratory scale from sugar derivatives for example, they are not commercially available
yet.” On the contrary, DES are easy to prepare from bio-based compounds, by a simple mixture
of the components, which are often low toxic and cheap, and constitute an interesting alternative
to organic solvents, as already pointed out by Naturex.® However, both IL and DES are, by
definition, mixtures, meaning that more compounds will have to be separated from the extract
in the recovery step.

The use of amphiphiles such as hydrotropes or surfactants as solubility enhancers would avoid
the use of expensive equipments, flammable and/or toxic organic solvents while performing the
extraction in water (Figure 1.3).
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Figure 1.3. Solvents, alternative solvents and techniques and their drawbacks. The scales are inspired
from the classification of the alternatives solvents by Chemat et al.>

I.1.5. Aqueous micellar extraction: advantages and drawbacks

a. Surface and interfacial tensions: wettability of the plant surface

A surfactant, i.e. surface-active agent is an amphiphilic molecule (with both a hydrophobic and
a hydrophilic moiety) with the property to lower the tension (or energy) at the liquid/liquid,
liquid/solid or liquid/gas interface by accumulating there. Current micellar extraction
procedures include liquid-liquid (e.g. extraction of antioxidants from olive mill wastewater,
phenols from red flesh orange juice)®® and solid-liquid extractions (e.g. tanshinones from sage’®,
anthraquinones from Morinda citrifolia roots’!, chlorophylls from spinach’?). For solid-liquid
extractions, a low surface tension of the solvent is particularly important to increase the
wettability of the plant. Since the plant surface is generally covered with pores, cavities and/or
outgrowths, the solvent must have a low surface tension to cover all the cavities, increase the
exchange surface with the plant and enter the pores* (Figure L.4).
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b. Micellization and solubilization

In the case of a water-air system, when the water surface comes to a point where it is saturated
of surfactants, their concentration in the water phase increases rapidly and they start to self-
assemble into micelles to minimize the energy of the system. This phenomenon occurs at the
Critical Micellar Concentration (CMC = 10™* — 10> M). The formation of the micelles creates
hydrophobic microenvironments, which can solubilize poorly-water soluble molecules (Figure
L.4).%

Surfactant physicochemical properties Extraction
S (g/L) §

o (mN/m)

72.8 Plant roughness,
it outgrowths
/ Low surface 3 High
tension it wettability |
| Solubilization ® @ :
I of the target |
cmcC Csurfactant (mOI/L) 3 molecu?e i

IR I T £ I i R R

Plant particles

- * Micelles: Hydrophobic
% microenvironments

Figure 1.4. Application of the physicochemical properties of surfactants to the micellar extraction
mechanism.

¢. Cloud point: concentration of the extract in a smaller phase

Interestingly, aqueous solutions of some nonionic surfactants and especially many
poly(ethylene oxide) surfactants such as Triton X-100 or Genapol X-080 phase separate above
a temperature called “cloud point” (CP). Indeed, the surfactant micelles stabilized in water by
interactions can be destabilized by the breaking of the H-bonds due to heating which induces a
phase separation, hence the formation of a surfactant-rich phase and a surfactant-poor phase
between which the extracted molecules partition.”

This property has mainly been reported for concentrating a liquid extract and three processes
can be pointed out (Figure L.5):

- Cloud Point Extraction (CPE): This method can be considered as a purification
technique. A liquid extract is recovered by a surfactant-free extraction from plant, which
may be performed by organic solvent and surfactants are added to the liquid extract to
concentrate the target compounds in a smaller phase. The solution is heated until phase
separation and electrolytes such as NaCl are often added to the mixture to help the
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phenomenon. For example, Katsoyannos at al. reported phenols and carotenoids
extraction from olive mill wastewater and fresh-red orange juice which were obtained
from a milling and a pressing process respectively. For this purpose, a mixture of
Tween® 80 and NaCl, at pH 2.5 — 3.5 were used.® Furthermore, Zhou et al. reported
ethanolic extractions of flavonoids from Apocynum venetum leaves followed by the
liquid-liquid CPE of the crude extract using a mixture Genapol X-080/NaCl/CTAB.”

- Micelle-mediated extraction and CPE: the plant material is first extracted by the
surfactant solution and then, a CPE is applied on the micellar crude extract, as presented
above. For example, coumarin derivatives of Cortex fraxini were extracted using
aqueous solutions of Genapol X-080 (5 %) and then concentrated by addition of salt
(20 %) or heating (55 °C).”

- Aqueous two-phase extraction: the micellar extraction and the concentration of the
extract can also be performed in a one-step process. For example, triterpenes of sage
(ursolic and oleanolic acids) were extracted with aqueous solutions of Brij® 56,
Genapol® X-080 or Tween® 65 (7 wt.% in water) above their CP at 105, 50 and 65 ° C
respectively, with rigorous stirring. Due to strirring, small droplets of the surfactant-rich
phase are dispersed in the medium, hence the solution becomes cloudy. The
chromatograms of the crude extracts obtained with Genapol X-080 and the
ethanol/water mixture (70/30) were compared and the surfactant solution showed higher
selectivity compared to organic solvents, since many compounds are detected on the
chromatogram of ethanolic extract but not on the chromatogram of the micellar
extract.’®

Interestingly, the concentrated micellar extracts can be directly used in cosmetic formulations.
For example, bromelain which are proteolytic enzymes have been extracted from pineapple by
enzymatic-assisted extraction, concentrated using a solution of Triton X-100 and directly
formulated in cosmetic creams and gels.”’
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Figure 1.5. Role of nonionic surfactants in the extraction and concentration process of an extract.

d. Extraction process with ionic surfactants

Similarly, solutions of ionic surfactants can be used to extract and/or concentrate the extract in
a smaller phase. Indeed, the extraction of cryptotanshinones from Salvia miltiorrhiza Bunge
was more efficient with Sodium dodecyl sulfate (SDS) than water or conventional solvents
(methanol, ethanol, ethyl acetate, dichloromethane).”” SDS was also found better than
cetrimonium bromide (CTAB) to extract piperine from black pepper. In this study, piperine
solubilized in the surfactant solutions was recovered by crystallization with temperature.’®

For the concentration step, ionic surfactants do not present any CP, but they can be destabilized
by addition of electrolytes (“salting-out” effect), organic solvents or pH change instead of
heating.”® However, non-ionic surfactants are generally preferred for performing a coacervative

extraction.”®-3"

e. Liquid crystals: undesirable viscous phases

The particularity of surfactants is their propensity to form liquid crystals (LC) at a certain
concentration (lyotropic LC) or a certain temperature (thermotropic LC) leading to very viscous
phases. However, during the extraction step, the viscosity of a solvent can limit its penetration
inside the plant material and the mass transfer of the solute.®” In addition, in the last step of the
CPE, when surfactants (with alkyl chain lengths longer than 10 — 12 carbon atoms) concentrate
to 50 - 90 % in a surfactant-rich phase, LCs can be formed, which is not convenient for the
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recovery of an extract. To overcome this phenomenon, methanol can be added to lower the
viscosity.”

1.1.6. Hydrotropes as alternative to surfactants for aqueous extraction

a. Definition, chemical structure and main properties

The concept of hydrotropy has been introduced by Neuberg in 19168! defining hydrotropes as
molecules able to improve the solubilization of organic substances in water. Therefore, the
concept of hydrotrope was a general term for a molecule which, in aqueous solution, solubilizes
other molecules which would otherwise not be dissolved. Since then, this concept has evolved
and the physicochemical phenomenon underlying the formation of a hydrotropic phase has been
the subject of many researches.

Currently, hydrotropes are defined as short amphiphiles which (i) forms weak aggregates,
unorganized structures, (ii) solubilizes important amounts of hydrophobic compounds at high
concentration, and (iii) breaks surfactant LC.3>% These characteristics are presented here in
more detail.

Formation of weak aggregates

For a part of the scientific community that relies on osmometric studies and molecular dynamics
simulations of solubilization, hydrotropic aggregation is a stepwise phenomenon which
involves the successive formation of dimers, trimers, tetramers successively,®* or bigger
aggregates at higher concentration. For example, the aggregation number of sodium n-butyl
benzene sulfonate (NaNBBS) turned out to be 36 — 40.%3 They consider hydrotropic aggregation
to be a non-cooperative phenomenon which occurs above the Critical Aggregation
Concentration (CAC), defined as the CMC counterpart of surfactants, which cannot be used for
hydrotropes since they do not form real micelles.

This phenomenon has also been viewed as a prerequisite for solubilization, which occurs above
another concentration called Minimum Hydrotopic Concentration (MHC).% This theory is
corroborated by the fact that the MHC is currently considered to be constant for a given
hydrotrope regardless the hydrophoby/polarity of the solute. To our knowledge,
Balasubramanian at al. were the first in 1989 to draw that conclusion,?® i.e. MHC does not vary
when changing the solubilized molecule. They tested the solubilization of three hydrophobic
probes (fluoresceine diacetate, perylene and ethyl p-nitrobenzoate) in aqueous solutions of five
anionic hydrotropes: sodium salicylate (NaS), sodium p-toluene sulfonate (NaPTS), sodium
xylenesulfonate (SXS), sodium cumenesulfonate (NaCS), and sodium butylmonoglycol sulfate
(NaBMGS). The MHC determined for these three probes (NaBMGS: 0.8 mol/L) corresponds
approximately, but is slightly higher, to the CAC (NaBMGS: 0.7 mol/L), strongly suggesting
that the aggregation is a necessary condition to solubilization.®
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On the other hand, thermodynamicists have noticed that urea molecules form a near-ideal
mixture with water (they do not form aggregates) but have similar properties compared to other
hydrotropes which are prone to aggregate. On the basis of the solubilization curves of butyl
acetate and benzyl benzoate in sodium benzoate (NaB), NaS and urea, they identified the
presence of a solute as the main driving force for hydrotropic aggregation, hence the
aggregation comes a cooperative phenomenon.®’

In both cases, despite the lack of consensus on the phenomenon origin, researchers agree that
hydrotropes form weak aggregates. This property is useful for differentiating hydrotropes from
surfactants, which aggregate strongly and form organized micelles and from co-solvents, which
do not structure.®

Solubilization of important amounts of hydrophobic compounds at high concentration

According to the first definition of hydrotropy, surfactants and co-solvents which can dissolve
hydrophobic compounds would have been considered as hydrotropes. However, the
concentration of amphiphiles required for such solubilization (MHC for hydrotropes) is
different for surfactants (102 — 10> M), hydrotropes (= 1 M) and co-solvents (2 — 3 M).%°

Moreover, at high concentration, hydrotropes are much more efficient to solubilize hydrophobic
compounds compared to surfactants which form liquid crystalline phases, thus limiting the
solubility due to high viscosity. This was first demonstrated for the solubilization of octanoic
acid in solutions of SXS compared to solutions of sodium octanoate.’® In Figure L6, this
phenomenon is illustrated for the solubility curves of CA in aqueous solutions of Tween® 80, a
commercial surfactant derived from a polyethoxylated sorbitan and oleic acid, and C4E>, a
short-chain alkyl polyethylene glycol ethers (CiE;, with i the numbers of carbon atoms in the
alkyl chain and j the number of ethylene oxide units) generally considered as hydrotrope.”

Noteworthy, solubility curves were performed at pH 2, to avoid deprotonation of CA. Indeed,
despite its deprotonation would increase the water-solubility of CA, it has also been noticed in
a previous study that it would increase its reactivity and its degradation.”! This may be related
with a higher reactivity of catechols in alkaline solutions, as shown by Maier et al.”> As a result,
Tween® 80 solubilizes CA above 0.5 wt.% whereas the MHC occurs at 15 wt.% for C4E,, but
this latter can solubilize 40 g/L of CA, so 2.5 times more than the maximum solubility reached
with Tween® 80 at 10 — 15 wt.%.
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Figure 1.6. Saturation concentration of CA in aqueous solutions of Tween® 80 and C4E; after 24 h of
stirring, at pH 2, 25 °C (experimental method precised in section 11.6.2)

Destabilization of liquid crystals

To explain the breaking of LC, Guo et al. used a model of pentanol molecules inserted between
SDS surfactants to tune the SDS packing parameter in such a way that they form lamellae in
water instead of the standard spherical micelles (Figure 1.7, a). In the presence of an ionic
hydrotrope, SXS, the system evolves with the hydrotrope inserted between SDS molecules, in
the “palisade layer”, near their sulphate groups, establishing dipole/dipole and/or ion/dipole
interactions (Figure 1.7, b). Pentanol molecules which have a low polarity migrate to the space
between two SDS layers, as far as possible from the hydrophilic moiety (Figure 1.7, a). The
intercalation of pentanol in the palisade layer i.e. between SDS molecules and below SXS ones
strongly destabilizes the lamellar structure by inducing a modification of the oil/water interface
curvature (Figure 1.7, ¢) **. Indeed, a lamellar structure is normally characterized by its zero-
value curvature.
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Figure L.7. Structure transition from lamella to bicontinous induced by SXS 3
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b. Hydrotropic extraction: a promising process

Regarding extraction, hydrotropes meet almost all the requirements since they exhibit the same
useful properties as surfactants without forming LC. Indeed, like surfactants, hydrotropes are
surface-active and they solubilize even more hydrophobic compounds than surfactants. In
addition, the ability of surfactants to phase separate above their CP, a convenient property for
extraction processes (section I.1.5), has also been reported for some non-ionic hydrotropes.
Indeed, alkyl ethers of polyethylene glycols (CiE;), propylene glycols (CiP;), glycerol,
isosorbide and tetraols also have a CP (< 100 °C),”**® and this property has also been used
in a process called “Hydrotropic cloud point extraction” (HCPE) for the extraction of piperine
from black pepper with alkyl glycerol ethers as hydrotropes.”

Despite all their convenient properties, hydrotropes have not been widely reported in extraction
processes. In particular, no hydrotropic extraction of CA has ever been reported, according to
SciFinder® (Figure 1.8) The key word “carnosic acid” was refined for “rosemary OR sage” and
then “extraction” to get only the papers of interest. Then, the number of journal article for each
category of interest was noted by refining with the corresponding key words. The category
“organic solvents” include all the articles which use at least one of the following solvent:
acetone, hexane, chloroform, petroleum ether, methanol, ethanol, diethyl ether, ethyl acetate
and tetrahydrofurane.
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Figure L.8. Number of journal articles found on SciFinder® (07/29/2020) about CA extraction from
rosemary or sage classified by extraction techniques. Among the journal articles of the search “carnosic
acid” refined with “rosemary OR sage”, the key word “extraction” was combined with the key words
relative to the extraction techniques (in italic): SFE: Supercritical fluid extraction, UAE: Ultrasounds-
assisted extraction, MAE: Microwave-assisted extraction, SWE: Subcritical water extraction, ILs: ionic
liquid, DES: deep-eutectic solvents. The other techniques non reported had no result when searched.
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Apart from CA, the number of papers containing the key words “extraction” and “hydrotrope”
(159 references) are very few compared to those containing “extraction” and “supercritical
fluid” or “cloud point” or “micelle” or “subcritical water”, which relates to other green
extraction techniques or those containing “extraction” and “ultrasounds” or “microwaves” or
“pulsed electric field” or ‘“high voltage electric discharge” or ‘“enzyme” relating to
intensification techniques (Figure 1.9).

12000

SciFinder®

L ‘ 1 ‘ L I 1 I L I 1 l 1 . L BN | wem |

SFE UAE MAE CPE PEF ME EAE SWE HVED HE

Advanced extraction techique

10000
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Nb of papers
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2000 r

Figure L9. Number of journal articles found on SciFinder® (07/27/2020) about different extraction
techniques using intensification (in red) or alternative solvents (in black). The key word “extraction”
was combined with the key words relative to the extraction techniques (in italic): SFE: Supercritical
fluid extraction, UAE: Ultrasounds-assisted extraction, MAE: Microwave-assisted extraction, CPE:
Cloud point extraction, PEF: Pulsed electric field, ME: Micellar extraction (key word: micelle), EAE:
Enzyme-assisted extraction, SWE: Subcritical water extraction, HVED: High voltage electric discharge,
HE: Hydrotropic extraction (key word: hydrotrope)

Subsequently, the literature on hydrotropic extraction is reviewed with an emphasis on the role
of hydrotropes during extraction, the existing techniques to recover a dry extract and the
evolution of the chemicals and techniques used to make the whole process more eco-
compatible.
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I.2. Roles of hydrotropes in the extraction process

Hydrotropes have been used in extraction processes since the 1950’s, for both liquid/liquid and
solid/liquid extractions. A conceptual map based on the data concerning “hydrotropes” and
“extraction” from SciFinder® gave a global visualization of the research themes studied in the
same time than hydrotropic extraction (Figure 1.10). In blue and purple are shown the articles
relative to the cosmetic and pharmaceutical application of hydrotropes. Conventional
techniques studied with extraction such as solubilization, purification, biomass, and mass
transfer are depicted in red and green. Noteworthy, by highlighting the word “solubilization”,
the conceptual map points out that hydrotropes are generally used for their solubilization
properties in extraction processes. Interestingly, a yellow group composed of “paper pulp” or
“pulping”, “wood” and “sodium xylene sulfonate” stand out on the left. Indeed, more than half
reported extraction processes since 1950 relate to the extraction of lignin from wood or other

lignocellulosic materials with alkyl benzene sulfonates and generally with sodium xylene

sulfonate (SXS).
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patition detergents
acids
e surfagtants
ph
. water
se tion
paper pulp 4\ o curgema
phepols
plant = i
sodium xylene sulfonate ex?rWion antioliplants cosfetics
wood
hydrwpes drug deliv@py systems
green chemistry -
solubilization
lignin
ar natural products
ulpin: :
pulging pharmageuticals
purifigation
massransfer solvent @traction
solgents
hydralysis
uv-visible spectroscopy
biomass particlg size spectropfiotometry

A i temperature
/("v" VOSviewer

A
v

Figure 1.10. Conceptual map performed on VosViewer of the references containing the key words
“hydrotrope” and “extraction” on SciFinder®
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1.2.1. Effect of hydrotropes on lignocellulosic materials

Lignin is a biopolymer of phenolic compounds such as p-coumaryl alcohol, found in most
plants, particularly in wood and stems and in fewer quantity in leaves.””*® Along with cellulose
and hemi-cellulose, it is a major component of cell walls and gives it rigidity. Its presence in
wood is undesirable for paper production because it is responsible for yellowing of paper, so its
extraction has started to interest industrials. Moreover, since cellulose, hemi-cellulose and
lignin are very abundant molecules, and given the fact that they can be precursors of many bio-
based molecules, their isolation from each other has been widely studied.”

In 1938, McKee was the first to use sodium, calcium and ammonium salts of benzoic, salicylic,
xylene sulfonic, cymene sulfonic, benzene sulfonic, phenol sulfonic, and toluene sulfonic acids
as hydrotropes in an extraction process, as stated in its patent. SXS (30 wt.%) has been found
to be the most efficient solubilizer and extractant of lignin from woods (e.g. poplar wood).!%

A mechanism of lignin solubilization by p-toluene sulfonic acid (PTSA) has recently been
proposed by Ji et al.”® They found that PTSA was highly effective in removing lignin and
hemicellulose (86 and 77 % resp.) compared to IL ([Amim][Cl], removal < 15 %) and choline
chloride-lactic acid, a DES (ChCl-Lac, removal < 20 %). According to molecular dynamics
simulations and quantum chemistry calculations using veratrylglycerol-b-guaiacyl ether (noted
VG) as a model compound of lignin, they proposed that both C—H — &t interactions and strong H-
bonds between PTSA and VG helped to solubilize lignin. Moreover, they noticed that the
amount of phenolic alcohols in solution increased after the hydrotropic process, suggesting the
depolymerisation of lignin (Figure 1.11).

According to Chen et al., the hydrolysis of glycosidic bonds in carbohydrates and lignin-
carbohydrate complexes and ether bonds in lignins is enabled by the deprotonation of PTSA
(pKa = - 2.8 at 20°C), as shown in Figure 1.11. Thus, a near-complete dissolution of lignin was
performed in 20 min at 60 - 80 °C.'%! The structure of hemi-cellulose is less organized than the
structure of cellulose making hemi-cellulose more prone to hydrolysis but sulfonic acid
derivatives also seem to destructure cellulose fibers under specific conditions. Indeed, Novy et
al. observed the ultrastructure of cellulose by confocal laser scanning microscopy using
fluorescence carbohydrate-binding modules to reveal crystalline and paracrystalline cellulose.
They found that the action of SXS (40 wt.%) at 190 °C during 4 h on hardwood chips modified
the cellulose ultrastructure and produced fragmented cellulose fibers (Figure 1.11).!%

Therefore, a sulfonic acid derivative is able to destructure cellulose, the main component of the
cell wall, to hydrolyse lignin and hemi-cellulose and to dissolve the produced monomers or
oligomers in aggregates for non-water soluble compounds or directly in water for sugars, as
summarized in Figure I.11. It is likely that such action on the cell wall increases its porosity
and improves a putative mass transfer through the cell wall, and therefore the extraction of
bioactives located inside the cells.
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Figure I.11. Overview of the roles of PTSA as an hydrotrope on the molecules of the cell wall according
to mechanisms proposed by Ji et Lv.”®, Chen et al.!! and Novy et al.!??

1.2.2. Cell membrane crossing

Besides lignin and hemi-cellulose, the extraction of other bioactives has also been reported
several times over the past 20 years, since Gaikar and co-workers reported the extraction of
curcuminoids and piperine from turmeric rhizomes and black pepper respectively, using mainly
alkali (sodium or potassium) salts of benzoic, salicylic and aromatic sulfonic acids.!?*1%* Since
then, only a few plant extractions using hydrotropy have been reported in the literature. One
can cite the extraction of embelin from embelia ribes'®, that of forskolin from Coleus

Forskohlii roots'® or andrographolide from Andrographis paniculata Leaves'"’.

In their study of hydrotropic extraction of piperine from Piper Nigrum (black pepper), Raman
and Gaikar have proposed a mechanism of mass transfer through cell walls and membranes.'%
They used five anionic hydrotropes (NaNBBS, NaCS, NaPTS, NaBMGS, SXS) and analyzed
the liquid extract composition after the extractions. They detected the presence of inorganic
phosphorus, reducing sugars and amino acids, from what they deduced that hydrotropes had
probably destabilized the phospholipid bilayer and dissolved some structural proteins and
carbohydrate polymers such as extensins, hemi-cellulose or cellulose from the cell wall. This
phenomenon is not surprising since it has been demonstrated that hydrotropes can break
polymers of the cell wall and destructure cellulose (section 1.2.1). They suggested a process in
which hydrotropes cross the wall, which has just been dissolved, then the phospholipid bilayer
membrane, which has also been disorganised (Figure I.12). Such a dizorganisation is in
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agreement with the previous results of Guo®® established on SDS/pentanol lamellar phases
(section 1.1.6), since the phospholipid bilayer is structured like surfactant lamellar phases.
Interestingly, this suggests that the penetration of the hydrotrope in plants through the cell
membrane and the inhibition of the surfactant LC both result from the ability of the hydrotropes
to intercalate between mono- or bicatenary surfactants. In other words, macro- and mesoscopic
scale behaviors of hydrotropes can be inferred from the many intermolecular interactions taking
place at the nanoscale.

When the physical chemical barrier is broken enough, piperine can be solubilized by
hydrotropes and transferred to the solution. As mentioned previously, hydrophobic compounds
are solubilized by hydrotropes through aggregation, a phenomenon which occurs above the
MHC. Therefore, MHC is the minimum concentration required to extract organic compounds.
The steps for the hydrotropic extraction mechanism are showed in Figure 1.12, on the basis of
the schematic representation proposed by Gaikar et al.!%

1 Hydrotropesabsorb on the 4
cell wall [ I E g . E} o
. -] ) » | Hydrotrope
L 4 i:} . ? 2 ? N aggregate
Solubilisation or Hydrotrope
destabilisation of the monomer
molecules of the cell wall
£ | Cellulosic
Formation of aggregates - Swollen
conteningthe target —
molecule messbrane
protein
‘ — Piperine
crystals
4 Release of aggregates
outside of the plant

Figure 1.12. Schematic representation of the mass transfer during extraction of piperine from Piper
Nigrum (black pepper).'®

1.2.3. Selective extractions of actives

The efficiency of hydrotropic solubilization may differ between active compounds, therefore
hydrotropes selectively solubilize one active rather than others. This is one of the major
strengths of hydrotropes, as selective extraction facilitates the next step of purification. For
example, it has been shown that embelin from embelia ribes can be extracted and recovered
with a purity of 90 and 92% using NaCS and NaNBBS respectively, compared to pure embelin
obtained with a conventional multistep extraction and purification process.'%

Interestingly, urea, citric acid, nicotinamide, NaS were very efficient to separate solutes with
close chemical structures and close boiling points such as phenol/o-chlorophenol!® and
NaBMGS in the separation of o- and p-chlorobenzoic and nitroaniline isomers.'” In this last
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study, o-isomers are more soluble in hydrotropic solutions than p-isomers, and thus, when the
hydrotropic solution with an adequate concentration is added to the mixture, all the o-isomers
are solubilized and the recovered solid is only composed of p-isomers. This selectivity supposes
a non-negligible effect of the chemical structure of the solute on its interaction with the
hydrotrope, and on its aggregation.
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Figure 1.13. Solubility curve of lauric acid (LA) in aqueous solutions of sodium cumene sulfonate
according to values from ref!!”

To better compare the extractability of the solutes and the effect of hydrotrope, researchers have
introduced the enhancement factor (EF), as the ratio between the quantity of solute that is
solubilized by hydrotropes at any hydrotrope concentration and the quantity solubilized in pure
water, noted Sy.!!! Usually, authors report the maximum EF, i.e. using the solubility at the
plateau, or at the Cmax (noted Smax, Figure 1.13). It depends both on the hydrotrope and the
solute and is increased with temperature, as shown for lauric and benzoic acids (LA and BA
resp.) in Table I.1. The comparison of the maximum EF and solubilities of BA and LA
highlights the fact that sodium benzoate (NaB) is the best hydrotrope for solubilizing LA
whereas sodium salicylate (NaS) is a better solubilizer for BA. The EF is convenient to compare
the action of different hydrotropes on the same solute.

However, a smaller EF can mean both a lower hydrotropic solubility or higher water solubility,
so this is not sufficient to compare the behaviors of two solutes in aqueous solutions of the same
hydrotrope. Taking NaB as example, EF(LA) > EF(BA) but S(LA)max < S(BA)max.
Consequently, in an extraction process, BA would preferentially be solubilized and extracted
compared to LA, but the action of the hydrotrope on its solubility is less important.
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Since solubilization is hydrotrope-solute dependant, Herbig et al. wondered which
physicochemical parameter of the solute had an effect on the EF in solutions of urea (40
wt.%).!1? Among the 12 solutes tested, several ionisable molecules (e.g. salicylic acid,
diclofenac) were tested under acidic and basic conditions (pH 4 and 8) to modify their solubility
in water and their interactions with their environment in hydrotropic solutions. They found that
solutes with log D (log P corrected with pH) comprised between 2 and 4.5 had the highest EF.
Indeed, molecules with log D below 2 are more soluble in water, and the increase in solubility
is not as important when hydrotrope is added, whereas molecules with log D > 4.5 have a lower
solubility in the hydrotropic phase. Therefore, the selectivity of hydrotropic processes can be
shaped by the choice of hydrotrope and its concentration, with an accurate study of the solubility
curves of the target compounds and the undesirable ones.

Table I.1. Maximum solubilities (mmol/L) and enhancement factors EF of BA and LA at 30 and 40 °C
for several hydrotropes (NaB: sodium benzoate, NaS: sodium salicylate)

Solute LA BA'!l
Temperature (° C) 30 40 30
EFmax Smax EFmax  Smax EFmax Smax
NaB 23.3 13.9 26.0 19.3 6.63 21.3
NaS 12.5 9.0 15.1 14.0 9.43 30.3
Nicotinamide 4.7 3.2 10.1 7.8 3.34 10.7

To sum up, hydrotropes have two major roles in plant extractions: (i) they transfer through the
cell wall and can destructure it, especially if it contains a high amount of lignin and hemi-
cellulose, they also transfer through the cell membrane, which is similar to a lamellar LC, (ii)
they solubilize organic compounds through aggregation, a highly hydrotrope-solute dependant
phenomenon.

I.3. Recovery of a dry extract

Plant extractions are generally performed using an organic solvent and followed by the recovery
of the target compounds which induces the removal the solvent.!'* The solute crystallization
(or precipitation if amorphous particles are produced) is a two-step process composed of crystal
nucleation and growth, and induced by the supersaturation (AS) of the solution, that is the
difference between the actual concentration of a solute and its solubility in the solution.!!® If
the supersaturation is not important enough, the solute may not precipitate due to metastability.
In solvent extraction processes, three main methods are used to achieve supersaturation: (i) the
evaporation or distillation of the solvent, which is a convenient method considering their low
boiling point, (ii) the cooling of solution when the solubility of the solute depends on the
temperature, (iii) the addition of an antisolvent.!'!® The two latter methods can be used to purify
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the extract at the same time by selectively crystallizing the target compound or the “impurities”
using their different solubilities upon cooling or addition of the antisolvent.!'> Those methods
have been adapted to hydrotropic solutions, as reported below.

1.3.1. Addition of water as anti-solvent: selective recovery

The easiest way to get supersaturation in a hydrotropic solution is the dilution with water to the
MHC (Figure 1.14), which can be analogous to the addition of an anti-solvent without using
organic solvent. It has been used in many processes and studied in detail for the recovery of a
curcuma extract, in comparison with pure curcuminoids.!'” The use of pure compounds was
efficient in modelling the crystallization of the extract because in both cases, fine crystals were
obtained due to higher nucleation rates than growth rates.

Crystallization Extraction

Active solubility
(g/L)

AS

MHC [Hydrotrope]
(mol/L)

Figure 1.14. Characteristic active solubility curve in hydrotropic solution and schematic representation
of the precipitation step. AS = supersaturation

Interestingly, as shown in Figure 1.14, the concentration of both solute and hydrotrope decrease
and therefore, it is clear that the highest value of supersaturation is always reached at the MHC.
The superstation is lower above MHC due to the increase in solubility of the solute, and is also
lower below the MHC due to a decrease in the solute concentration.
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1.3.2. Evaporation of hydrotropes: case of solvo-solfactants

“Solvo-surfactants” is the name given to a new class of hydrotropes described by Lunkenheimer
in 2004.!'8 Like hydrotropes and surfactants, they can form aggregates, and consequently, they
are able to solubilize hydrophobic molecules. On the other hand, like solvents, they have low
boiling points. Among the reported solvo-surfactants, one can cite alkyl glycerol ethers, alkyl
polyethylene or polypropylene glycol ethers (CiE; or CiP;, with i the alkyl chain length and j the
number of ethylene or propylene oxide units) which present low boiling points (BP =170 — 270
°C at 1 bar) and can be recovered by evaporation under vacuum (BP = -1 — 70 °C at 1 mbar).

An innovative process of the extraction of piperine using solvo-sufactants C4E;, monopentyl
glycerol (CsGly) and 1-butyl-3-methyl glycerol ether ([4.0.1], 40 %) has been reported.
Regarding the recovery of the extract, the solute was first concentrated by a temperature-
induced liquid-liquid phase separation, which occurs above the CP of the hydrotropes in a
similar process compared to surfactants. In this study, a temperature of 60 °C was applied to
induce the phase separation. Studying the extraction of piperine with mono and di-alkyl
glycerols used as hydrotropes, it has been shown that the solute (piperine) could preferentially
migrate to the hydrotrope-enriched phase without significant degradation. Then, the phases
were manually separated and the dry extract was recovered by heating the hydrotrope-enriched
phase at 60 °C under vacuum to evaporate the hydrotrope.”*

1.3.3. Crystallization of an extract by cooling: case of sodium cumene
sulfonate

The standard cooling process to selectively crystallize solutes from a solvent has also been
adapted to phytochemicals extracted in hydrotropic solutions. It has been studied, for instance,
for the precipitation of piperine extracted from black pepper. By cooling an aqueous hydrotropic
solution of NaCS from 80 °C to 30 °C, the authors showed, as expected, that the solubility of
piperine decreased with decreasing temperature.'' Thus, it is necessary to increase temperature
using this hydrotrope for extraction and to cool the system down to cause the precipitation. The
precipitation from the aqueous hydrotrope solutions showed higher nucleation rates than crystal
growth rates, leading to smaller crystals than those obtained by dilution with water.

I.4. Recent advances and future of the hydrotropic extraction
processes

Most hydrotropic plant extractions have been performed with sodium alkyl benzene sulfonates,
sodium benzoate or salicylate. When hydrotropes were compared, NaCS (2 M) was found to be
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the most efficient hydrotrope in many cases such as for the extraction of andrographolide from
Andrographis paniculata leaves (30 min, 30 °C)'Y, forskolin from Coleus Forskohlii roots (3
h, 30 °C)!%. NaNBBS (2 M) was also described as the best hydrotrope for the extraction of
piperine from black pepper (2 h, 27 °C)!% and nicotinamide (2 M) for the extraction of vanillin
from vanilla beans (2 h, 50 °C).'?° However, in the latter case, only resorcinol, nicotinamide,
citric acid and NaS were tested.

Although the extraction of actives (apart from lignin) from biomass is a recent process, it has
evolved over the past 20 years to better fit the principles of green chemistry. Thus, hydrotropic
extractions have been increasingly designed to increase yields, reduce time of extraction and
energy consumption and to use renewable, bio-based hydrotropes. The evolutions of the
hydrotropes used and the conditions of extraction are reported below.

1.4.1. Intensification of the hydrotropic extraction

For less than 10 years, certain hydrotropic extractions using intensification techniques have
been attempted. The extraction of EO from different species of lemongrass (Cymbopogon)
using hydrotropes is a good example of the practice changes (Table I.2). Indeed, Desai et al.
reported for the first time in 2012 the extraction of citral from Cymbopogon flexuosus (Steud.)
Wats. with NaS and NaCS. They found that the maximum yield (15.8 mg/g of dried leaves)
was reached with NaS at 1.75 M, with 5 wt.% of plant loaded at 63 °C during 4.5 h.'?! Then,
six years later, geraniol was extracted from another lemongrass (Cymbopogon martini) using
ultrasounds and NaCS was a better extractant compared to NaPTS, NaS and resorcinol. The
time of extraction was reduced to 16 min and the hydrotrope concentration to 1 M thanks to the
action of ultrasounds.'??

Finally, in a recent study about the extraction of EO from Cymbopogon winterianus, by
hydrodistillation compared the effect of resorcinol, NaCS, NaPTS and NaS (0.2 M) in the
aqueous medium. During such process, the plant permeability is increased by the presence of
hydrotropes, thus liberating the EO in water. Then, due to heating, oil and water are removed
by evaporation, whereas other bioactives and hydrotropes remain in the solution. The highest
EO yield was obtained with resorcinol and the authors found a 56 % increase in EO yield using
ultrasounds but no effect of microwaves. Both microwaves and ultrasounds reduced the time of
extraction and utility consumption by 56 % and the carbon emissions by 29 and 36 %
respectively.!?
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Table 1.2. Hydrotropic extractions of EO from lemongrass

Target Technique Intensification Tested Optimal Optimal
molecule hydrotropes solution conditions

Plant:solution

NaS NaS ratio = 5:95
s 1121 :
Citral Maceration No NaCS 175 M T = 63 °C
t=45h
NaS
NaCS
Geraniol’?> Maceration US NaCS 1aM t = 16 min
NaPTS
NaS
All Hydro- US NaCS Resorcinol Use of US
volatiles!?® distillation MW Resorcinol 02M
NaPTS

In another study, Mishra et al. extracted andrographolide in conventional hydrotropic extraction
with an optimum amount reached within 20 min using NaCS at 2 M and 30 °C. After dilution
with water, 96 % of the target molecules were recovered with a purity of 94 %.'% In 2014,
Hartarti et al. reported a hydrotropic extraction of andrographolide using microwaves: with a
power of 119.7 W, in 15 min, solutions of NaB and urea (3 M) gave yields of 10.9 and 1.0 %
respectively.'?* However, Mishra et al. had estimated the andrographolide content at 2.3 %, so
the maximum yield to reach 94 % of purity in the extract is 2.45 %, corresponding to 100 % of
available andrographolide extracted, and 6 % of the dry extract composed of by-products.
Hartarti et al. do not report the purities obtained, but if plants of the two articles present the
same content of andrographolides, then the purity of the NaS extract cannot exceed 21 % (if
100 % of andrographolides are extracted).

In this case, the optimization of the conventional hydrotropic extraction was sufficient to
maximize the yield and the purity of the extract. The optimization of a microwave hydrotropic
extraction did not manage to lower consequently the time of extraction, and has only increased
the yield with a necessarily negative impact on the purity.
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1.4.2. Towards eco-friendly hydrotropes and hydrotropic extractions

a. Extractions using ionic aromatic hydrotropes

Processes with anionic hydrotropes such as alkyl benzene sulfonates have increasingly been
designed to be more eco-responsible. For example, extraction of citral with NaCS and NaS,
reported in Table L.2, was followed by the recovery of an extract through hydrotropic dilution,
and then, by evaporation of water in order to recover a hydrotropic solution at 1.75 M. No loss
of yield was observed between the use of the new and the recycled solution.'?!

Another study reported sodium cinnamate (NaCIN) as extractant of forskolin and curcumin
from Coleus Forskholii and Curcuma Longa, respectively.'? This study investigated the
particularity of NaCIN to be a photo-switchable hydrotrope, and found that this hydrotrope (i)
was efficient to recover 75 % of forskolin and 71 % of curcumin, (ii) was isomerized within 6
h from trans-NaCIN to cis-isomer (Figure 1.15), destabilizing the aggregate structure, and
inducing the precipitation of organic solutes. In the precipitate, 3 % of the dissolved forskolin
and 17 % of the dissolved curcumin, with purities of 30 and 49 % respectively were recovered.
However, the authors pointed out that isomerization must be reversible so that the hydrotropic
solutions can be recycled.

o]
B — e g
o7 O Na*
trans-NaCIN cis-NaCIN
Forms aggregates Do not aggregate

Figure 1.15. Isomerization of sodium cinnamate under UV irradiation

b. Short-chain bio-based amphiphiles as new eco-compatible hydrotropes

The definition of hydrotropes has evolved over the years. For a long time, anionic surfactants
composed of an aromatic ring substituted by a sulfonate, or carboxylate group were the only
reported hydrotopes. Typically, SXS, NaCS and NaB were used.®® Then, non-ionic hydrotropes
such as resorcinol and the natural nicotinamide (a vitamin B) and urea were studied.'®
Noteworthy, the hydrotropic properties of adenosine tri-phosphate (ATP) have recently been
reported and it is now not only considered for its energetic role, but also as a biological
hydrotrope with a role of solubilizer in the cells.'?” It is likely that other natural hydrotropes
may be discovered in the future.

Over the past 20 years, the hydrotropic behavior of short non-ionic amphiphiles similar to small
surfactants was investigated. Short-chain CiE; and CiP; have been assimilated to hydrotropes
since they do not form well-defined structures in water such as micelles.® Since then, 1-mono
and di-alkyl ethers of glycerol®®, alkyl polyglycosides (CiGlyco),'*® mono alkyl ethers of
isosorbide (Ci-Iso),”>!? erythritol and pentaerythrytol®® with alkyl chain lengths
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between 4 and 6 have been proposed as bio-based hydrotropes. The chemical structures of the
main chemical families of hydrotropes with their most reprensentative examples are presented
in Figure 1.16.

Conventional hydrotropes

lonic (sodium salts) Nonionic
Alkyl benzene sulfonates Alkyl benzene
carboxylates Urea Nicotinamide Resorcinol
Sodium xylene Sodium n-butyl benzene Sodium b i
sulfonate (NaXS) sulfonate (NaNBBS) odium benzoate
0

o] . Na*
N O, o = o (o} HO OH
= S\/ Na \\S,O Na* JJ\ = ] NH,
\
HiC | o) Y O HaoN™ "NHy [
o\ N

CH3

Alternative hydrotropes: short amphiphiles
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Figure 1.16. Main chemical families of hydrotropes

Bio-based hydrotropes are synthesized with precursors recovered or derived from biomass.
Several alcohols can derive from biomass (Figure 1.17) and are used as alkyl chain precursors,
directly in the hydrotrope synthesis (CiGlyco),'® or after bromation to get bromoalkanes to
synthesize Ci-Iso’®, or oxidation to get aldehydes to synthesize CiGly in a one-step catalyzed
process’ and alkyl ethers of tetraols in a two-step (acetalisation and hydrogenolysis) catalyzed
process.”® The polar head must also be issued of carbohydrates from wheat bran starch, food
waste or other renewable feedstock (Figure 1.17). Noteworthy, some polar heads are more
interesting than others to limit the number of steps for their synthesis: sugars (glucose and
pentoses) and glycerol are common products which can be easily obtained in large amounts
from biomolecules. Erythritol and isosorbide may also be biobased, but their production
requires more steps, which is less recommended in green chemistry.”>!3' Among these
hydrotropes, only several alkyl polypentosides (i-CsXyl) and alkyl polyglucosides (C4, C7Glu)
have been commercialized in large scale.
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Regarding the environmental impact, the short amphiphiles cited above are non-VOC (unless
CiEjwith i < 4),'32 and can be biodegraded in aerobic conditions in 5 days such as CiGlyco and
GiE; '¥ Particularly, i-CsXyl and C7Glu passed the OECD 301F test which consists of the
measurement of consumed oxygen by manometric respiratory within 28 days with results of 86
and 82 %, far exceeding the 60 % pass level.'**13 Other experiments assessed of low
dermatologic and ocular irritation, low health toxicity and low eco-toxicity for aquatic

organisms, !30-137:138
~_~_OH
Butanol cat.
on condensation
~
Renewable Ethanol
OH
_feedstock o ~ Detiain [
’ < — Fusel oil ———
‘. OH Isoamyl
Starch, ! Hydrolysis HﬁoéngH on alcohol
cellulose : O Fermentation | o™ >
: Glucose | —— o
Erythritol
Hz
HO H
| : HONZQ i QIO)
i ' Hydrolysis OH Y OH | Hydrolysis (x 2)
| Hemicellulose A RO on HO% — | %a%,
‘ : Pentoses Sorbitol :
Isosorbide]
OH
: _____, | HO OH
. . ESNaOH Glvcerol .
Triglycerides r y Bio-based polar head
= 1
HCl : ,
------------------ " Fa?ty SZi ds Bio-based alkyl chain

Figure 1.17. Synthesis pathways of hydrotropes precursors from biomass. ABE = Acetone, butanol,
ethanol process

So far, only two alkyl glycerol ethers ([4.0.1] and CsGly) and C4E; have been reported in a
hydrotropic extraction process, for the extraction of piperine.”* Confirming the growing interest
in short amphiphiles as hydrotropes and for bio-based hydrotropes, short alkyl ethers of glycerol
(CiGly with i comprised between 1 and 6) have also been recently reported as solubilizers of
syringic acid and gallic acid and the recovery of the precipitated solutes by dilution with water
was studied.'** Two patent applications also described the concept of hydrotropic extraction
using CiGlyco for the extraction of argan leaves, vanilla, mangosteen, and olive pomace.'4%!4!
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I.5. Conclusions of chapter I

The plant/solvent extraction mechanism is generally limited by the mass transfer of the target
molecule across cell barriers (cell membrane, cell wall, cuticle). To break the cell barriers and
improve the mass transfer, intensification techniques such as ultrasounds and microwaves are
generally used. Moreover, a high solubilization of the target molecule is required. To solubilize
hydrophobic target compounds, organic solvents are generally used, but due to high
flammability and explosive risks, their use may be avoided.

Thanks to their ability to aggregate, surfactants and hydrotropes have been used as solubilizers
for target molecules, and have also showed particular advantages, such as the concentration
through CP. Interestingly, hydrotropes are better solubilizers compared to surfactants which
have a solubilizing power limited by the formation of LC. Moreover, it has been reported that
their use on plant material induces a destabilization of the cell wall by solubilization of hemi-
cellulose and lignin, destructuration of cellulose and destabilization of the phospholipidic
barrier. Thus, the use of hydrotropes is likely to avoid, or reduce the use of intensification
techniques since cell wall has already been destabilized. Hydrotropic extractions of lemongrass
EO have been reported to be improved by ultrasounds,'?* but the use of microwaves for the
extraction of andrographolide has not been found more efficient or quicker, but lowered the
purity of the extract.!?7:124

Hydrotropic extractions would make it possible to avoid the use of flammable and VOC
solvents by performing extractions in aqueous medium (hydrotropes may be used at 10 — 40
%). A general process for hydrotropic extraction, with the three existing recovery ways for
recovering a solid extract is presented in Figure 1.18, to sum up this chapter.

In an environmentally friendly approach, bio-based hydrotropes may be used instead of
conventional benzene sulfonates. Among them, we will further interest in mono-alkyl glycerol
ethers abbreviated as CiGly and alkyl polyglycosides (CiGlyco), which can be produced by bio-
based precursors. CiGlyco are particularly relevant for industrial applications thanks to their
large-scale commercial availability whereas the hydrotropes derived from glycerol have proven
to be of interest for their ability to be removed by evaporation under vacuum, like solvents and
their ability to concentrate the extract by heating above the CP.>*
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Figure 1.18. Hydrotropic extraction process with illustrations of the macro or mesoscopic scales. Cy:
hydrotrope concentration
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General experimental part

A. Plant material and chemicals

A.1. Plant material

Rosemary leaves (Rosmarinus officinalis L.) and sage leaves (Salvia Officinalis. L.) were
provided by Naturex. They were harvested and dried in Morocco. The dried rosemary leaves
contain 2.72 wt.% of CA, whereas the dried sage leaves contain 1.85 wt.% CA according to
Soxhlet extractions (24 h, acetone, HPLC quantification).

Hydrotropic extractions could be performed with whole leaves or ground leaves. In the latter
case, for the grinding, 20 g of dried leaves were milled in a blender (Philips HR2056/90) for 1
min providing a powder with an average particle size of about 0.5 mm.

A.2. Amphiphiles

a. Commercially available amphiphiles

Purity

Molecule Notation (%) Origin Chapter
0
Tween 80 >99 Sigma Aldrich I
1-butoxy ethanol C4E: > Sigma Aldrich II
ethylene glycol monoiso-butyl ether i-C4E; >99 TCI II
diethylene glycol monobutyl ether C4Er >99 TCI I 11
triethylene glycol monobutyl ether C4Es >99 TCIL II
diethylene glycol monohexyl ether CeE2 95 Sigma-Aldrich II
Sodium xylene sulfonate SXS > 90 Fluka II
Ethanol EtOH 96 VWR I
Propanol PrOH > 99 Alfa Aesar II
Butanol BuOH > 99 TCI I
; ®
Simulsol”™ SL4 CGlu 627 Seppic I
butyl glucoside
®
_ Appyclean” 6505 i-CsXyl  65.8° Wheatoleo I, IV
iso-amyl polyxyloside
Sepiclear® G7 , :
C-Gl 78.9% S I
heptyl polyglucoside 7 e
Simulsol® AS48
Cs,2G1 67.2% Seppi I
ethylhexyl polyglucoside o2 °PpIC
A lean® 6781
ppyclean” 678 CsnoGlyco  66.9°  Wheatoleo I

caprylyl-capryl polyglycoside
# Checked by thermogravimetric analysis (section I1I.1.1)
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b. Synthetic amphiphiles

Molecule Notation Chapter
Pentyl diethylene glycol ether CsEx II
Iso-amyl diethylene glycol ether i-CsEz II
Pentyl triethylene glycol ether CsEs II
Hexyl triethylene glycol ether CeEs II
Hexyl tetraethylene glycol ether CeE4 II
Octyl triethylene glycol ether CsEs II
Octyl tetraethylene glycol ether CsE4 II
Decyl tetraethylene glycol ether CioE4 II
Dodecyl tetraethylene glycol ether Ci2E4 II
Butyl glycerol ether C4Gly I
Pentyl glycerol ether CsGly I
Iso-amyl glycerol ether i-CsGly I

These alkyl polyethylene glycol ethers were synthesized in the laboratory according to a method
described elsewhere.!*>"!1** Their purity was assessed by 'H NMR (> 97 wt.%) and by
comparing their CP with the reference values.

Butyl and pentyl glycerol ether C4Gly and CsGly were prepared from their corresponding
glycidyl ethers in a one-step-process by condensation with water at 115 °C over 48 h.**

Iso-amyl glycerol ether i-CsGly was prepared from 3-methylbutan-1-ol (98%, Aldrich),
epichlorydrin (99%, Aldrich), ZnCl, (98%, Aldrich) and NaOH (VWR) in a two-step
process.”*!% First, 3-methylbutan-1-ol (176 g, 2 mol) and ZnCl, (13.7 g, 0.1 mol) were heated
to 100 °C under stirring. Epichlorydrin (200.6 g, 2.17 mol) was added dropwise over 1 h while
the solution was kept at 100 °C, then heated to 115 °C for 5 h. Then, the epoxide was formed
using a NaOH solution (55 wt.%, 200 mL) at 50 °C and stirred over 65 h. The product was
extracted with diethyl ether. The organic phases were washed with water, dilute HCI and water
once again, dried over MgSOs. The solvent was filtered and evaporated. The epoxide was
purified by distillation under vacuum (3x1072 mbar, 40 — 60 °C, 180 g). Finally, it was heated
to 110 °C in excess of water (260 mL) during 48h. Water was evaporated and the product
directly distilled under vacuum (3x107 mbar, 80 — 90 °C) to give a colorless liquid (110 g, 0.68
mol, 34 %).

"H NMR (300 MHz, CDCl3): 3.86 (m, 1H), 3.76-3.61 (m, 2H), 3.56-3.46 (m, 4H), 2.79 (bs, 1H,
OH), 2.41 (bs, 1H, OH), 1.68 (non a, J = 6.8 Hz, 1H), 1.48 (q a, J = 6.8 Hz, 2H), 0.90 (d, J =
6.8 Hz, 6H).
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A.3. Standards
Molecule Purity (%) Origin Chapter
Phosphoric acid 85 Sigma-Aldrich L 1L, 10, TV
.. Chengdu Biopurify
> L, IL, 11, TV
Carnosic acid 78 Phytochemicals Ltd U
C . Chengdu Biopurify
> II, 111
Ursolic acid o8 Phytochemicals Ltd ’
Camphor >98 Sigma-Aldrich II, III
Rosmarinic acid >96 Sigma-Aldrich II, 111
Myristic acid >99 Sigma-Aldrich I
Stearic acid >08 TCI I, 111
Behenic acid >99 TCI I
Propyl gallate >08 TCI 111
Octyl gallate >08 TCI III
Dodecyl gallate >08 TCI 111
Hexadecyl gallate >95 TCI 111

B. Quantification of carnosic acid concentration by HPLC

For HPLC analyses, methanol (HPLC grade) was purchased from VWR and trifluoroacetic acid
(TFA, 99 %) was from Alfa Aesar. Ultrapure water was obtained from a ThermoFisher
apparatus (18.2 MQ.cm).

Samples to be analyzed were previously diluted by 10 in methanol (HPLC grade) containing
0.1 % (v/v) of TFA and filtered with 0.2 um PTFE syringe filters. Analyses were performed
using an HPLC apparatus LC 20AD from Shimadzu equipped with an autosampler (injection =
10 uL), a Cig column (Interchim, 5 um particle, 3.0 x 150 mm) maintained at 30 °C, and a UV
detector (SPD 20A) set at 210 and 230 nm. The mobile phase was a mixture of methanol/water
in a 80:20 v/v ratio with 0.1 % (v/v) TFA in methanol, in isocratic mode, with a flow rate at 0.5
mL/min releasing CA after 12 min of retention time.
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Chapter II. Model hydrotropic extraction of carnosic acid
from rosemary with alkyl polyethylene glycol ethers (CiE;)

As mentioned in the previous chapter, so far, the hydrotropic extraction mechanisms have only
been reported for ionic amphiphiles such as alkyl benzene sulfonates. However, non-ionic
amphiphiles present a promising alternative to ionic hydrotropes since many non-ionic
surfactants and hydrotropes such as alkyl glycerol ethers (CiGly) or alkyl glycosides (CiGlyco)
can be derived from biomass. Many non-ionic hydrotropes are also fully miscible with water
and known for their high solubilization capacity, as shown for butyl diethylene glycol ether
(C4E2) in chapter I. Also, due to their nature, different interactions with the biological
membranes of the plant can be expected. In this chapter, we investigated the mechanism of
extraction with non-ionic hydrotropes and the influence of the amphiphile structure on the
extraction efficiency.

II.1. Alkyl polyethylene glycol ethers (CiEj) as nonionic
hydrotropes of choice for a comprehensive study

Well-defined alkyl polyethylene glycol ethers, abbreviated as CE; — where i represents the
number of carbon atoms of the alkyl chain length and j the number of ethylene oxides — can
serve as convenient amphiphilic models for structure-activity relationship studies since their
properties can be readily tuned depending on i and j.'**!% For the sake of convenience and
based on immediate availability on the market, petro-sourced CiE; have been used. However,
in the longer term, it is entirely feasible, and even preferable, to prepare these hydrotropes from
bio-based synthons.!**15° Indeed, it has been shown that ethylene oxide could be synthesized
from bio-ethanol and that the alkyl chain could be a fatty alcohol derived from biomass.!>!"1>?

Within the large family of CiE;, a subclass can be considered for short alkyl chain lengths, i.e.
i < 8 carbon atoms. They are categorized as hydrotropes®!' because of their capacity to self-
assemble in water like surfactants, but at higher concentration and without forming well-defined
aggregates such as micelles.3®!%% In addition, aqueous solutions of CiE;j phase separate at their
cloud point (CP), which is reached when heating induces the breaking of H-bonds which
naturally stabilizes aggregates in water. This property constitutes another advantage for
extraction. Indeed, micellar extraction generally consists of a CP phase separation to
concentrate the bioactives in a smaller phase, as reported for the extraction of antioxidants from
olive mill wastewater or phenols from red flesh orange juice.”” As far as hydrotropes are
concerned, a promising similar type of process has also been described for the extraction of
black pepper. Short chain mono and di-glycerol alkyl ethers and butyl monoethylene glycol
(C4E1) were used for the hydrotropic extraction and then, piperine was recovered after (i) a CP
phase separation, and (ii) evaporation of hydrotropes under vacuum.**
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In this study, extractions were performed with a homologous series of twelve C;E; with i ranging
from 4 to 12 and j from 1 to 4, including two surfactants (Ci0E4+ and Ci2E4) for comparison,
which were chosen for their miscibility with water (CP > 0 °C). Two other were chosen with
branched alkyl chains to be compared to their linear isomers (Figure I1.1).

\/\/\o/\/o\/\oH \/\/o\/\oH
C.E, C.E,
)\/\o/\/o\/\oH )\/O\/\OH
iCsE, iC,4E,

Figure II.1. Branched hydrotropes i-C4E; and i-CsE, and their linear isomers

For most extractions, plants are prepared by grinding (extraction of sage’’, piperine from black
pepper®* or chlorophylls from spinach’?). In this first experimental chapter, we chose to perform
extractions at room temperature without intensification nor pretreatment, to focus on the
influence of the physicochemical properties of CiE;. Indeed, conditions leading to medium
extraction efficiency will allow a better discrimination of the candidates. Therefore, whole
rosemary leaves were used and the effects of the chemical structure, CP, log P, hydrophilic-
lipophilic balance (HLB) of the hydrotropes were studied in regards to CA solubilization and
extraction efficiency. Extraction kinetics were also investigated, and microscopic changes of
leaves structure due to extraction were noticed in order to determine the mechanism of
hydrotropic extraction with C;E; in comparison with conventional extraction with alcohols such
as ethanol and butanol. Finally, the recovery of CA was undertaken using the HCPE process
reported for piperine,”* and by dilution of the extraction solution with water, leading to the
precipitation of the extract.

I1.2. Solubilization of carnosic acid in aqueous solutions of alkyl
polyethylene glycol ethers (CiE;)

CA has a poor solubility in pure water at room temperature (< 0.1 g/L). In its protonated form,
CA is considered as a hydrophobic compound with a log P equal to 5.4 (at pH 2, SciFinder®
data).'>* Additionally, the fact that CA is apolar has been recently substantiated by comparing
the sigma-profiles of CA and water using COSMO-RS (COnductor like Screening MOdel for
Real Solvents) calculations.®® This method which combine statistical thermodynamics and
quantum chemical theories screens the charge density on the surface of molecules to predict
thermodynamic properties such as their chemical potential, their activity coefficient. Thanks to
those predictions, it is able to estimate the strength of interactions between two molecules, and
thus, physicochemical descriptors such as log P. Amazingly, CAR, which is the main CA
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oxidized derivative, has shown to be slightly more polar than CA despite the acidic function is
lactonized. The CA water-insolubility can however be overcome by adding a cosolvent such as
ethanol above 40 % (v/v)' or commercially available alkyl polyethylene glycol ethers
surfactants.!>%!57

I1.2.1. Investigation of commercial CiE; hydrotropes: C4E; and C4E>

a. Influence of carnosic acid on the Cloud Point of C4E1

C4E; is certainly the most studied ethoxylated hydrotrope and the only one that has proven its
efficiency in the hydrotropic extraction process.”* Therefore, the solubilization of CA in C4E;
aqueous solutions was investigated. Since phase separation occurs before saturation, the phase
diagram (temperature-hydrotrope concentration) of the C4Ei-CA-water ternary system was
determined at different CA concentrations. Indeed, the evolution of the CP with the C4E;
concentration has already been reported for binary systems containing only C4E; and pure
water. The lower critical solution temperature (LCST), which is the lowest temperature at which
a liquid-liquid phase separation is observed'*®!>® was found to be 48.7 °C at about 30 wt.%
C4E: (Figure I1.2). Noteworthy, the CP stabilizes at a plateau between 20 and 45 wt.% C4E;.

The CA-hydrotrope solubilization was studied at pH 2 (H3PO4 1 % v/v) to make sure that CA
remains in its protonated form, which is less likely to oxidize into quinone (which can further
isomerize into CAR).°>!>%1%0 Figure IL2 shows the evolution of the CP with the C4E,
concentration for solutions containing 0, 5 and 20 g/L of CA. In presence of phosphoric acid
only, the CP of C4E; remained stable from 20 to 50 wt.%, at about 3.5 °C below the plateau
observed in its absence. It demonstrates the salting out effect of H3POs, like for electrolytes
such as NaCl or NaBr.!6!:162

CA also decreases the CP with its concentration. The depression of CP induced by the presence
of CA was expected since this effect has already been reported for organic compounds, even
the polar ones such as alkyl parabens or alkanols, in C12Es solutions and Triton X-100.!93-165
That can be explained by preferential solubilization of the hydrophobic compound into the
surfactant aggregates, leading to a micellar growth and change of shape and, as a consequence,
to a CP decrease.'®? Noteworthy, the effect on the CP seems to be more important at low
concentrations of C4E; than at high concentrations. Increasing the CiE; concentration induces
the formation of aggregates that are less concentrated in CA, resulting in a less important effect
on aggregates.

This is problematic for measuring the solubility limits of a compound in C4E; solution because
no saturation (when there is remaining solid) can be observed before the CP occurs. Indeed, as
depicted by the pictures which show the solutions of 0, 10, 20, 30, 40 and 50 wt.% C4E;
containing 20 g/L of CA at 20 °C, CA (in yellow) remains solid only when no hydrotrope is
present in solution, otherwise it is solubilized in a liquid phase containing the hydrotrope, either
separated from an aqueous phase (10, 20, 30 wt.%) or homogeneous (40, 50 wt.%).
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Figure II.2. Temperature of liquid-liquid phase separation (CP) of C4E; aqueous solutions at pH 7
(empty points) from ref** and pH 2 (full points) containing no CA (red), 5 g/LL CA (purple) and 20 g/L
CA (blue). Pictures show solutions containing 20 g/L. CA at 20 °C at 0, 10, 20, 30, 40 and 50 wt.% C4E,.

The effect of the ratio between CA/C4E; on the CP decrease can be surprising since an
increasing salt concentration generally gives parallel CP curves as showed for NaCl in CgEs
solutions. To quantify this phenomenon, we found an interesting correlation between the CP
decrease (ACP) and the molar concentrations [CA] and [C4E1], as indicated in Figure I1.3 and
Eq.IL.1 with ‘CPy’ the CP with no solute at pH 2 and ‘CP’ the CP at pH 2 at [CA] and [C4E4].

[CA]

CP,-CP=7134 x —————
° [C4E 1>’

(11.1)

50
45 | R2 = 0.9956
40
35
30
25 |
20 |
15 |
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ACP (°C)

. | 1 1
0 0.002 0.004 0.006 0.008

[CA] / [C,E,J>*

Figure IL1.3. Correlation between the salting out effect measured by the CP decrease (ACP), [CA] and
[C4Eq].
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b. High solubilizing power of C4E:2 solutions

As the CP of the commercially available C4Ez is very high (> 100 °C even in the presence of
CA), the solubility of CA in this hydrotropic solution was determined as a function of the
hydrotrope concentration and compared to that obtained with sodium xylene sulfonate (SXS)

(Figure I1.4).%6
45
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Figure I1.4. Solubility (S) of CA in aqueous solutions of C4E; (@) and SXS (o) at pH 2 after 24 h under
stirring. Pictures show solutions at 2.5 g/I. CA with 5 (@), 20 () or 30 (©) wt.% of C4E» and SXS at
pH 2.

The MHC of C4E; is 10 wt.% and a solution of 30 wt.% C4E; can solubilize more than 25 g/L
of CA, which is more than ten times the maximal amount of CA that can be extracted from
rosemary at ratio 1:10 (w/v). The MHC of SXS, which is an archetypical hydrotrope, is 20-25
wt.%, twice the MHC of C4E». Due to a SXS saturation level in water nearing 42 wt.% in our
conditions (pH = 2, T = 25 °C), the maximal CA content that can be solubilized in those
solutions (Smax) is 3 g/L.. By comparison, C4E> shows an excellent solubilizing capacity. Indeed,
the pictures of the solutions containing 2.5 g/L of CA (the targeted concentration) show a good
solubility in C4E; as soon as 20 wt.% is reached, contrary to SXS, even up to 30 wt.%.
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I1.2.2. Physicochemical properties of the alkyl polyethylene glycol ethers
(GiEj withi =4-12 andj = 1-4)

Depending on their chemical structure, CiE;j have different Critical Aggregation Concentration
(CAC), surface tension (ocac), HLB, octanol-water partition coefficient (log P), molecular
volume (Vm) and CP. Those main physicochemical properties and descriptors are summarized
in Table II.1 for the well-defined CiE; with i ranging from 4 to 12 and j from 1 to 4 as well as
for SXS. The CAC and surface tensions at CAC (ccac) were compiled from the literature!6-1%
and measured when missing (for i-C4E1, i-CsE> and CsEs, curves presented in Appendix 1).
Noteworthy, C4E; and CsE; remarkably lower the surface tension of water to 25-35 mN/m
compared to SXS which only reaches 52 mN/m, despite their CAC are of the same order of
magnitude (0.25-0.89 mol/L for CiE; with i = 4-5 and 0.48 mol/L for SXS). Overall, CAC values
are divided by 10 when two carbon atoms are added whereas no clear evolution is observed
with j, the number of ethylene oxides. The surface tension of CiE;always remains between 27.2
and 35.2 mN/m.

To have comparable values of log P and molecular volumes (Vm) for all GE;, they were
calculated with the Cosmo-Quick software (COSMO-RS method), which uses the prediction of
the thermodynamic properties such as the activity coefficient to calculate the solubility of
molecules in solvents or their partition between two solvents, i.e. the log P for octanol/water
partition.'>* As far as SXS is concerned, the Vi was calculated for xylene sulfonic acid, giving
an approximate value of the Vi, of the SXS anionic part, but this prediction could not give a
precise enough value of log P (COSMO: 2.0 vs literature: -1.86).17% As a result, its Vi was
found to be close to those of C4E; and C4E>. HLB were calculated according to Griffin’s
equation (Eq.IL2), where My and Mt correspond to the molecular mass of the hydrophilic part
and the molecular mass of the whole molecule respectively.!”! This equation has been
introduced for non-ionic surfactants, and more precisely for CiE;, so it could not be used for
SXS, but should be well suited for the other hydrotropes.

HLB = M_T %20 (I1.2)
As expected, log P values increase with increasing i, reflecting an increase of lipophilicity, as
well as Vi, which reflects an increasing size while HLB values decrease. Similarly, HLB and
Vn increased with increasing j while log P generally decreased, as a result of an increasing
hydrophilicity.

Finally, the LCST were reported for each CiE; from the literature.'%®!"2173 Unsurprisingly, when
the hydrophilicity of the amphiphile is increased by increasing j or decreasing i, the LCST
increases. However, as a preamble of the extraction study, it is more interesting to have the CP
values at the hydrotrope concentration used for the extraction. The concentration of each CiE;
was fixed at 30 wt.%, which is well above their CAC (see Table II.1), and the CP of
amphiphiles at this concentration were also reported.
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Table II.1. Physicochemical properties of alkyl polyethylene glycol ethers (CiE;) withi =4 to 12 and j

=1to4.
cac GCAC Vm®d LCSTe CP30%"  CP3o%+ca®
i HLB® log P
mmol/L. gL  (mN/m) (A% (°C) 0 Q)
ol 1 890 105 25.8 10.3 0.89 166.7 24572 25.8 214
4 1 830168 97.9  27.2!68 10.3 0.68 165.6 487168 49.5 45.8
4 2 880168 143 28 168 13.0 0.72 220.0 >100!%8 >100 >100
4 3 550'74 113 35.2 14.5 -0.04 275.9 >100 >100 >100
iso-5 2 370 65.1 27.7 11.9 0.96 240.1 n.d. 42.6 40.6
5 2 290 51.0 29.2 11.9 1.11 241.1 39168 41.5 39.8
5 3 257168 56.5  30.3'68 13.5 0.33 297.0 62.8168 69.0 67.0
6 2 n.d.p n.d. n.d.p 11.1 1.69 260.8 7.2168 11.0 9.2
6 3 81168 19.0 31168 12.7 0.69 316.7 45,1168 47.8 45.1
6 4 84168 233 31.7'68 13.9 0.68 3714 66.1168 66.5 65.5
8 3 7.5166 1.97 n.d.P 11.4 1.77 360.0 10.9168 19.3 17.3
8 4 8.5167 2.60 30'¢7 12.6 1.33 414.8 38.3168 43.9 42.1
10 4 0.86'%  0.287 29.4% 11.6 2.12 455.7 20.5'73 33.6 314
12 4 0.05'%  0.018 27.6'® 10.7 2.77 497.9 6.6'7 LC above 19 °C!7>176
SXS 47986 100.7 5286 - n.d. 204.6 - - -

2 Critical Aggregation Concentration ; ® Calculated according to Griffin’s relation ; ¢ From CosmoQuick[], with a
calculation based on the COSMO-RS method and refined with real values of similar molecules ; ¢ Molecular
volume ; ¢ Lower Concentration Solution Temperature,  CP at 30 wt.% CiE;, & CP at 30 wt.% CiE; and 2.5 g/L. CA
; " Not determined because CP < 25 °C.

Because following extractions were performed at a plant:solvent (P:S) ratio of 1:10 (w:v) and
the CA content in rosemary dried leaves is typically around 2.5 wt.%,? an average concentration
of 2.5 g/LL of CA can be expected in the liquid extract if all CA available in rosemary is extracted
from the raw material. CA is readily soluble in almost all hydrotropic systems leading to
homogeneous single-phase solutions at 25 °C, except for i-C4E, C¢E2 and CgE3 solutions, for
which a two-phase system has already been obtained at 25°C due to a lower CP (Figure ILS).
In these cases, CA is solubilized in the upper CiE;-rich phase. Nevertheless, at 5 °C, all CiE;
form a single phase.

In accordance with the previous results (Figure II.2), the presence of 2.5 g/ of CA
systematically leads to a decrease of the CP of CiE; solutions from 1 to 4 °C (Table II.1) with
a larger reduction (= 4 °C) for C4E1 and i-C4E;. No CP has been observed for C4E> and C4E3 up
to 100 °C. In the case of Ci2E4, its aqueous solution at 25 °C is very viscous due to the formation
of liquid crystals (LC). Indeed, at such temperature and high concentration, this surfactant is
known to form a lamellar phalse.175 For CioE4, no LC were formed at room temperature but a
lamellar phase appeared just above the CP (> 34 °C), in accordance with previously reported
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alkyl chain CiE; hydrotropes (i < 8) do not form LC at 30 wt.%

CeEs CgEsz CgEy C1oE4 Ci2Eq4

N — ——t

Figure IL.5. Thermal behavior at 5, 25, 50 and 75 °C of aqueous solutions containing 30 wt.% of CiE;
(i=4tol12andj=1to4) and 2.5 g/LL of CA. In biphasic systems, CA is solubilized in the yellow

amphiphile-rich upper phase.

In a previous study, a correlation had been found between the ratio i/j and the LCST for 25
hydrotropes and surfactants, excluding C4E;.'®® Thus, we examined the evolution of the CP at
30 wt.% of CiE; solutions containing CA (empty points) or not (full points) in Figure I1.6. As
previously reported for LCST, the CP decreased with i/j, excepted for C4E; and i-C4E;.
Noteworthy, despite C4E> is not represented in Figure I1.6, it does not fit the correlation either.
Indeed, with a i/j = 2, its CP at 30 wt.% should be about 45 °C whereas it is actually above 100

°C.

80
70

60

40 |
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30 r
20

oe

i-C,E,

C.E,

Figure I1.6. Evolution of the CP with the ratio i/j of aqueous solutions of 30 wt.% CE; at pH 2 with no

CA (o) and 2.5 g/L CA ()
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I1.3. Hydrotropic extraction of carnosic acid with aqueous
solutions of alkyl polyethylene glycol ethers (CiE; with i = 4-12

andj =1-4)

I1.3.1. Influence of alkyl chain length (i) and ethylene oxide number (j) on
the hydrotropic extractions

As explained above, extractions were performed at 30 wt.% for each amphiphile, well above
their CAC (Figure I1.7). Moreover, the aqueous solutions were acidified with 1 % (v/v) of

phosphoric acid (i.e. pH = 2) to limit the oxidative degradation of CA into carnosol (CAR

) 159

Hydrotropes have already been reported to enhance the transfer of piperine from the plant to
the solvent through the cell wall barriers.'?> On the other hand, some CiE; have been shown to
improve the foliar uptake of pesticides in bitter orange, barley and Chenopodium album, which
is a mass transfer in the opposite direction.!’818 However, to our knowledge, they have never

been used for rosemary extraction.

- e )
Rosemary 8 measurement
Leaves lg == A /

CE;water |
3070 B sampling u .
10 mL — = 0.5-24h o —
Stirri 50-100 uL Filtration 2
tiring plant/solution
48 h, 25 °C (8 um) H
pH 2 , CA dosage
HPLC
\_ )

Figure IL.7. Schematic representation of the different steps for extraction of CA from rosemary leaves

with aqueous solutions of CiE;

Here, the efficiency of rosemary extraction was studied with fourteen CiE; and compared to
ethanol (EtOH), propanol (PrOH), 1-butanol (BuOH) and SXS. Figure IL8 shows the
concentration of CA (quantified by HPLC) in the filtrate obtained after 24 and 48 h of extraction
for the different systems (Figure IL.7). All extractions were performed at least two times and
the mean values were used to limit errors due to the plant variability and the measurements.
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Figure I1.8. Concentration of CA in the filtrate after 24 and 48 h of extraction from 1 g of whole leaves
of rosemary in contact with 10 mL of solutions at 25 °C, at pH 2.

E24 h
m48 h

Cea (9/L)

First, all the hydrotropic CiEj-based solutions are efficient towards the extraction of CA from
rosemary. C4E;, CsE; and CgE> give the best results which are of same order of magnitude as
neat BuOH. As expected since it is the most common solvent used in CA extraction (see
Chapter I), EtOH at 96 wt.% extracts the highest amount of CA after 48 h. However, its
efficiency after 24 h is similar to that of CsE; for example. In comparison with the hydrotropic
solutions, 30 wt.% aqueous solution of ethanol does not extract CA at room temperature. That
is not surprising since CA is not soluble at this temperature in such a mixture, but can however
be partially overcome by heating to reflux as reported by Jacotet-Navarro et al.'>> Similarly, no
CA was found in the filtrate obtained after extraction using 30 wt.% BuOH solutions because
liquid-liquid phase separation occurred providing a small organic phase, which was lost during
filtration by remaining on the glass walls and the plant. Conversely, as PrOH is miscible with
water at 30 wt.% and more hydrophobic than EtOH, it significantly solubilizes CA. A
concentration of 0.93 + 0.02 g/L. was extracted from rosemary after 48 h, which is about 25 %
less than the best hydrotrope (1.21 g/L for CsEz). SXS, which is one of the first hydrotropes
used for plant extractions,'® is not efficient at this concentration and pH compared to short
CiE;. This can be related to the low solubility of CA (< to 0.8 g/L) in the SXS solutions,
compared to C4E» solution (Figure I11.4).

Comparing CiE; between them, we can see that for a same alkyl chain length i, a decrease in the
amount of extracted CA is observed when the ethylene oxide number j increases, e.g. C4E; >
C4E> > C4E3; CsEa > CsEs; CeEx > CsEz > CoE4, and CsE3 > CgE4. Interestingly, when j is kept
constant, a non-linear trend with the extraction efficiency is observed when increasing the alkyl
chain length for the CiE; and CiE; series. Indeed, they reach a maximum of efficiency for Cs
and Ce respectively. More precisely, for the CiE;3 series, there is a parabolic-like influence of
the alkyl chain length i on the extraction efficiency with an optimal point at i = 6, beyond which
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increasing i leads to a collapse of the efficiency. For the CiE4 series, the effect is linear with a
negative correlation between i and the extraction efficiency. At least for some series, this shows
that an optimal structure can be attained to maximize the extraction performances. Overall, a
good hydrotropic CiE; extractant should have a few ethylene oxide number in its polar head
while keeping an appropriate "hydrophilic-lipophilic balance". Short-chain hydrotopes CiE; are
globally better extractants of CA than longer-chain hydrotropes/surfactants CiE;.

I1.3.2. Rationalization of the amphiphile efficiency

a. Relationship between concentration of extracted carnosic acid and structural

properties (i, j) of alkyl polyethylene glycol ethers

The efficiency of the CiE;, which strongly depends on both 7 and j, is in the following order:
CsEx > CeEr > C4E; > C4E2 > CEs > CsEs > CgEs > CsE3 > C4E3 > CsE4 > CioE4 > C12E4. Thus,
we first tried to predict the amount of extracted CA from their chemical structure using only i
and j. The coefficients of the equation (Eq.IL.3) were calculated by multiple linear regression
between Cca i, j, i%, j> and i/j for all CiE; with a correlation coefficient of 0.82 (Figure IL9).
From the comparison of the factors of the equation, we can say that i is more influent than j.
Therefore, an amphiphile must have a small alkyl chain to be efficient. However, this
correlation must be improved because the difference between i-C4E; and C4E; or i-CsE> and
CsE> cannot be taken into account since they have the same i and j. Moreover, i and j
characterize only alkyl polyethylene glycols, so they could not be transposed to other
amphiphiles.

i
Cea=2.5+0427-1.15i-0.02 2 +0.09 /% - 0.47]-, (IL3)

1.5 Z

09

Estimated C., (g/L)

03

O L L L L 1 L L L L 1 L L L L
0 0.5 1 1.5

Experimental C, (g/L)

Figure I1.9. Correlation between experimental and estimated concentration of extracted CA based on
the Eq.11.3
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b. Relationship between concentration of extracted carnosic acid and
physicochemical descriptors (HLB, log P, Vm) of alkyl polyethylene glycol

ethers

The diffusion of a molecule inside the plant requires both lipophilicity and mobility, the latter
being directly related to the size of the molecule.!®! This can be related to the structure and
chemical composition of the cell barriers which are crossed during the diffusion. Indeed, during
the diffusion across the phospholipid bilayer, the molecule crosses two types of environments:
one mainly composed of the hydrophilic glycerol and phosphate functions and the other one
composed of the hydrophobic alkyl chains of the phospholipids. Thus, very polar and apolar
molecules require a lot of energy to cross the hydrophobic core and the hydrophilic layers
respectively. A medium hydrophobicity and polarity is better suited to reduce the energy of the
diffusion.'®>!83 In addition, the molecule needs to diffuse across the cell wall (= 200 nm),
mainly composed of polar cellulose fibers. This layer is known to allow the diffusion of water,
ions and water-soluble molecules such as plant hormones, but not proteins, hydrophobic
molecules or particles with a diameter greater than 4 nm, which corresponds to the porosity of
the matrix.'®*

Based on these considerations, the molecular volume (V) was plotted as a function of HLB
and log P (Figure IL.10, a and b) for each linear GiE;.!”" Contour lines representing the
concentration of extracted CA at 48 h were calculated with Origin®. Each line is a set of points
corresponding to theoretical amphiphiles with the same efficiency for an extraction in the same
conditions. According to the calculation, there is an optimum of efficiency for hydrotropes with
alog P above 1 or a HLB below 12.5 and with a Vi, below 250 A3. Indeed, CsE», which is the
best hydrotrope has alog P of 1.11, a HLB of 11.9 and a Vi of 241 A3,

These diagrams suggest the existence of equations to estimate the concentration of extracted
CA. Indeed, “isoconcentration” curves can be represented as concentric circles with a center
corresponding to the theoretical properties to maximize the efficiency of an hydrotrope, and the
radius corresponding to a function of the concentration of extracted CA (Figure I1.10, c, d).

The coefficients of the equation (Eq.IL.4) of the circles, with r, the radius and the equation
(Eq.ILS) connecting r to Cca were calculated by multiple linear regression between In(Cca)
and Vi/100, (Vin/100)?, log P, log P? for all CiE; with a rather good correlation coefficient of
0.9 (Figure I1.10, e). Similarly, Eq.IL.6 connects r’ to HLB and Vi and Eq.IL.7 shows the
relation between 1’ and Cca. The same methodology was used than that used with log P but
Viw/55, (Vin/55)?, HLB and HLB? were used instead of the previous factors. Eq.IL.4 suggests
that the best hydrotrope should have a log P = 1.37 and a Vi, = 240 A% and Eq.IL6 suggests
that it should have a HLB = 11.9 and a Vin = 218 A®.

V., — 240\*
2 (M=~ _ 2
r ( — ) + (log P — 1.37) (IL.4)
Cca=1.2 x exp (-0.31%) (11.5)
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Figure II.10. (up) Color-coded contour plot of the concentration of extracted CA after 48 h versus
molecular volume and log P (a) or HLB (b) of the amphiphiles. Each contour line is calculated with the
Origin® software, (middle) Contour plots calculated by Eq.IL.4 and 5 (¢) and Eq.IL.6 and 7 (d). The
maximum of efficiency is supposed to be at the center of the circles (log P = 1.37, Vi, = 240 A%, and
(HLB = 11.9, V,, = 28 A%). The radius is function of the concentration. (down) Correlation between
experimental and estimated concentration of extracted CA. Estimation based on the Eq.Il.4 and 5 (e)
and Eq.I1.6 and 7 (f).

© 2020 Tous droits réservés.

57

lilliad.univ-lille.fr



Thése de Agathe Mazaud, Université de Lille, 2020
Chapter II. Extraction of CA with GiE; Confidential

The comparison of branched hydrotropes i-CsE> and i-C4E; with their isomers CsE> and C4E;
(Figure I1.8) shows that the ramification induces a significant decrease of the amount of CA
extracted. This can be related to the volume of the alkyl chain because for the same number of
carbons, a branched chain is shorter but larger. Therefore, the decrease of efficiency can be
related to a decrease of the mobility and a weaker diffusion through plant barriers.

I1.3.3. Cloud point variation during extraction

Noteworthy, most of the extractions were performed in homogeneous solutions except for C¢E2
and CgE3 because of their CP below 25 °C. In the case of i-C4Ei, the extraction started in
homogenous solution but as the CP decreased with the enrichment of the solution by
phytochemicals such as CA, a biphasic mixture was obtained at the end. In each case, the CP
was reduced after extraction. In the case of C¢E», the CP is not observable after extraction
because the mixture is still biphasic at 0 °C. Post-extraction CPs were compared to the CPs of
the hydrotropic solutions containing 2.5 g/LL of CA, which is close to the maximum
concentration that can be reached after extraction (Figure I1.11). Indeed, the rosemary dried
leaves used for these extractions contain 2.7 wt.% CA.

100
m0
90 m25
80 O After ext (48h)

70
60
50
40
30
20
10

0

CP (°C)

N N Vv > Vv V -] Vv ) ] > 13 \ ]
S F O F

Figure I1.11. Thermal behavior of the solutions of amphiphiles without any solute (black bars) or in the
presence of 2.5 g/L. (dark grey) and after extraction, i.e. with CA and many other phytochemicals
solubilized (light grey).

CP can inherently limit the range of usable temperature during the extraction procedure. For
the purification step, on the contrary, reaching the CP post-extraction can advantageously
concentrate CA in a smaller phase. Noteworthy, the lower the CP, the less consumed energy.
In Figure I1.11, since the reduction of the CP is higher in amphiphile solutions after extraction
than with only 2.5 g/LL CA, other extracted compounds than CA induce a depression of the CP.
One can assume at first sight that the more the CP is reduced, the more phytochemicals are
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extracted, but all the phytochemicals do not reduce the CP in the same way. This was verified
by investigating the thermal behavior of solutions of C4E1 (30 wt.%) containing 1 to 25 g/L of
CA, rosemarinic acid (RA) and pure camphor (C) which are constitutive of rosemary (Figure
I1.12). Solutions of 1 to 25 g/L of ursolic acid (UA) in C4E; (30 wt.%) were not possible to
prepare due to its low solubility. Stearic acid (SA) was soluble at 1 g/L. at room temperature
and while heating at 5 and 10 g/L. However, when SA was concentrated at higher
concentrations (15, 20 and 25 g/L), the CP occurred while SA was not completely solubilized.
Therefore, the CP was not reported in the results. For CA, RA and camphor, CP linearly
decreased with the amount of solubilized solute.

50
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_0._oH _L__oH
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Figure I1.12. Evolution of the cloud point (CP) of an aqueous solution of 30 wt.% C4E; at pH 2
containing increasing amounts of camphor (C), carnosic acid (CA), rosmarinic acid (RA) and stearic
acid (SA; not soluble above 10 g/L).

Normalizing the concentration of added solutes, the CP-depression effect of phytochemicals is
in the following order: CA > SA > RA > C. It is known that the reduction of CP is a consequence
of an increase of the micelle volume due to the incorporation of the hydrophobic compounds
into the micelle core.'®!85 This CP-depression effect seems to be partly determined by the
phytochemical polarity (i.e. log P); a trend already reported with homologous series of phenols
and phthalates.!® In Figure I1.12, the same behavior is indeed observed for RA (log P = 0.8),
camphor (log P = 2.1) and CA (log P = 5.4, SciFinder® data), but the CP depression effect of
SA (log P = 8.7) is between CA and camphor, although it should be more important based on
log P only. This can be explained by the more amphiphilic and less rigid character of SA
compared to the other molecules.

As the significant decrease of CP post-extraction cannot be assigned to CA only, this effect can
be considered as an indicator of the selectivity of the extraction. For example, i-C4E; extracts
0.81 g/L of CA, which should theoretically correspond to a CP of 24.4 °C. However, the
solution after extraction has a CP of only 2.5 °C. In other words, while the CP should be reduced
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by 1.4 °C, it is reduced by 23.3 °C, 16 times more than expected. In the case of i-CsE», 1.04 g/L
CA was extracted and the CP was reduced only 10 times more than expected. One could
conclude that i-C4E; probably extracts more hydrophobic compounds, besides CA, than i-CsEo.
Obviously, this cannot be applied to hydrotropes with CP > 100 °C (e.g. C4E2) or CP <0 °C
after extraction (e.g. CeEp).

11.3.4. Kinetics of the extractions

To optimize the time of extraction, the kinetics were studied over 48 h to ensure completion.
Figure I1.13 reports the amount of extracted CA as a function of time for C4E1, C4E> and C4E3
and clearly shows that the slope of the extraction curve decreases when the number of ethylene
oxide units increases. The kinetics of the other amphiphiles are shown in Figures I1.13 and
I1.14 for GiE; with i < 8, and in Appendixes 2-5 for CE; with i > 8, SXS and alcohols.
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Figure I1.13. Kinetics of the extractions performed with aqueous solutions containing 30 wt.% of C4E,
(m), C4E; (@) and C4E3 (#) at 25 °C, pH 2 focused between 0 and 30 h. The different steps are indicated

as follows: @ (dark grey) washing step, @ (light grey) diffusion step and © (white) plateau
corresponding to completion of extraction.

The extraction process can be divided into three steps as reported by Pinelo et al. for the
extraction of phenols from apple skin.'® First, a washing step @ takes place in the first minutes
of extraction and corresponds to the solubilization of the easily accessible CA located in some
broken cells in rosemary leaves.*’ The nature of the CiE; has no influence during this step and
about 0.12 g/LL of CA is extracted in 30 min. Then, during the several hours of the diffusion
step @, there is a mass transfer of CA from the inside of the plant to the solution, helped by the
amphiphile which diffused into the plant and solubilizes CA. Finally, until completion of
extraction, the amount of extracted CA increases very slowly until reaching a plateau. The times
at which the plateau is reached are reported in Table II.2 for the different CiE;.
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The kinetics of extraction were found to be linear for all the CiE; at the beginning of the diffusion
step (Figure IL.15). Interestingly, for some CiE;, such as C4E1, CsE3 CgEx> or C¢Es, the diffusion
step is completely linear until the plateau occurs (Figures I1.13 and I1.14). To take into account
the real efficiency during the diffusion step (step ® in Figure I1.13), we determined a constant
rate k which corresponds to the slope of the kinetic curve at the beginning of the extraction,
considering the linear part as modelled by an apparent zero-order kinetic.'®” Values of k are
given in Table I1.2 for the different CiE; and diffusion steps of the kinetics are shown in the
Figure I1.15 for all GiE;, SXS, EtOH 96 wt.% and BuOH 100 wt.%.

Cea (9/L)

Time (h)

Ceca (g/L)

Time (h)

Figure I1.14. Kinetics of the extractions performed with aqueous solutions containing 30 wt.% of (a)
CsE: (grey), i-CsE; (black), CsEs (blue), (b) CsE, (black), CsEs (grey), CeE4 (blue) at 25 °C, pH 2
between 0 and 48 h.
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Figure IL.15. Linear evolution of the concentration of extracted CA during the diffusion step for each
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For the C4E; series, the extraction is faster when j is lower (Figure I1.13, Table I1.2). The same
trend occurs for the other series CsE; and C6E; (Figure 11.14, Table I1.2). Moreover, for the
CiEz, CiEs and CiE4 series, a parabolic-like trend is observed with the highest extraction rate for
the hydrotrope with a Cs, Cs and Cg alkyl chain respectively. The linear alkyl chains C4E; and
CsE» also show higher constant rates than their branched isomers.

Table IL.2. Concentration of CA at the end of extraction, transfer coefficients k obtained by linear
regression between Cca and t, and times of extraction completion (tplawcau)-

Cca asu k Iplateau
(g/L) (g/L/h) (h)
PrOH 30 % 0.93 0.091 15
BuOH 100 % 1.15 0.061 > 24
EtOH 96 % 1.97 0.084 > 24
i-C4E1 0.81 0.038 > 24
C4E1 1.02 0.154 8
C4E2 0.99 0.048 17
C4E3 0.54 0.022 21
i-CsE2 1.04 0.049 > 24
CsEz 1.21 0.056 21
CsE3 0.76 0.031 24
CeE2 1.15 0.043 24
CeEs 0.98 0.025 > 24
CeE4 0.74 0.017 > 24
CsEs 0.58 0.018 > 24
CsE4 0.44 0.026 > 24
CioE4 0.28 0.015 15
Ci2E4 0.20 0.004 > 24
SXS 0.12 0.006 24

I1.3.5. Physicochemical key parameters for an ‘“‘ideal” hydrotrope

For selecting the best hydrotropes, which should be able to extract the highest amount of CA
as fast as possible, the constant rates k were plotted as a function of the amount of CA extracted
at 48 h (Figure I1.16).

In terms of kinetics, we have the following order: C4E; >> CsEz > C4E; = i-CsEz> > CeEz >
i-C4E1 > CsE3 > CgE4 > CeEs > C4E3 > CgEs > CeE4 > CioE4 > SXS > Ci2E4. While there is a
relatively good correlation between the extraction rate k and the amount of CA extracted for the
different CiE;, C4E; seems to have a different behavior as its extraction is much faster compared
to other amphiphiles. Noteworthy, C4E; had already been reported with a different behavior
when the CP was correlated with i/j (Figure I1.6). The extraction with C4E; can be stopped
after only 8 h because all CA that can be extracted by C4E; (1.02 g/L) has already been
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recovered. However, if the extraction was fast with C4E;, the final CA concentration obtained
in the extract after 48 h of extraction was not the highest one (Figure I1.16). On the contrary,
EtOH 96 wt.% is the most efficient extractant after 48 h but its kinetics is much longer: the
extraction rate raised smoothly between 24 and 48 h to reach a high concentration of CA in the
final extract. Extractions with CiE; at 30 wt.% cannot be compared neither with BuOH 30 wt.%,
which i1s immiscible with water, nor with EtOH 30 %, which cannot solubilize CA, but were
compared with PrOH 30 %. Indeed, 0.93 g/L of CA were recovered with an extraction with
PrOH 30 %, which is slightly lesser than with C4E; or C4E> (Figure IL.8), and its & is comprised
between those of C4E1 and C4Eo.

0.18

Rate
015 | 1

.C4E1

0.12

k

@/Lh) 0°

0.06

0.03

0.00
0 GCiE4 0.5 1 15 2

Ccaasn (9/L)

Figure I1.16. Constant rates k for the linear part of the extraction curves as a function of the
concentration of CA extracted after 48 h, at 25 °C, pH 2 with 30 wt.% CE;, SXS or PrOH (full points),
96 wt.% EtOH and 100 wt.% BuOH (empty points).

I1.3.6. Optimization of the hydrotropic extraction with C4E1

a. The case of sage

From a practical point of view, C4E; is the most interesting hydrotrope because it gives one of
the highest amount of CA and its extraction can be stopped after few hours whereas it takes
generally more than 20 h with the other hydrotropes. Therefore, we used hydrotropic solutions
of C4E1 at 30 wt.% to compare the extractions of CA from rosemary and sage (Figure I11.17).
Since sage and rosemary do not contain the same CA content with 2.7 and 1.85 wt.% CA
respectively, the percentage of extracted CA from leaves was used instead of the concentration
in the filtrate to compare the efficiencies of the extractions. Therefore, the concentration of CA
in the filtrate with C4E; after 24 h of extraction, 0.99 g/L (Figure IL.8), represents 36.5 % of
extracted CA from the available part in rosemary. This value could be increased to 44 % by
performing the extraction at 40 °C. Extractions from sage gave similar results, slightly lower at
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34.5 % and 42 % at 20°C and 40°C respectively, suggesting that similar extraction mechanisms
occur for the both plants (Figure I1.17).

60
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|
TC¢C) m40
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Extracted CA (%)

20

10

Rosemary Sage

Figure I1.17. Percentage of extracted CA in the 30 wt.% C4E; solution after 24 h of extraction from 1 g
of whole leaves of rosemary and sage in contact with 10 mL of solutions at 25 and 40 °C, at pH 2.

b. Identification of the key conditions for the hydrotropic extraction with C4E1

The effect of the P:S ratio and the C4E: concentration were also investigated on extractions
performed on whole leaves of rosemary at 25 and 40 °C, as shown in Figure I1.18. With a P:S
ratio of 1:10, which has been used for all the previous extractions, the amount of extracted CA
at 25 °C increases by a factor 2.5 (from 15 to 37 %) while increasing the C4E; concentration
from 20 to 30 wt.%. However, it remains stable at 37 % from 30 to 40 wt.% C4E;. The same
behavior is observed when extractions are performed at 40 °C because the amount of extracted
CA increases by a factor 3.6 to reach 44 % from 20 to 30 wt.% C4E: and remains stable at
higher C4E concentration.

Interestingly, when the amount of rosemary leaves is divided by 4, i.e. at a P:S ratio of 1:40,
the same relative amount of CA is extracted in the 40 wt.% C4E; solution at 25 °C (34 vs 36 %)
and at 40 °C (43 vs 44 %). At this P:S ratio, the solution at 20 wt.% C4E; is as efficient as the
one containing 40 wt.% to extract CA at 25 and 40 °C with respectively 33 and 46 % of
extracted CA. Therefore, with a too high P:S ratio, the amount of extracted CA falls down,
meaning that the extraction is limited by the hydrotrope/available CA ratio, i.e. the
hydrotrope/rosemary ratio. However, once a sufficient hydrotrope/rosemary ratio is reached, it
can be considered that the amount of CA extracted from whole leaves of rosemary will only
depend on the temperature, whatever the P:S ratio and the hydrotrope concentration.
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Figure I1.18. Amount of extracted CA solution after 24 h of extraction in 20, 30 and 40 wt.% C4E,
aqueous solutions from 500 mg and 125 mg of whole leaves of rosemary (ratio P:S = 1:10 and 1:40
respectively) in contact with 5 mL of solutions at 25 °C, at pH 2.

I1.4. Microscopic observations of rosemary leaves after extraction
with aqueous solutions of alkyl polyethylene glycol ethers and
short alcohols

I1.4.1. Structural characteristics of rosemary leaves

Leaves are the site of photosynthesis, that is, the place where the carbon dioxide is converted
into dioxygen and sugar through redox reactions under the action of light.!3* For that purpose,
leaves are composed of many chlorophyll cells, called “mesophyll cells” which can be of two
types: (i) a continuous layer of palisade mesophyll cells and (ii) spongy mesophyll cells between
which gases can flow. Noteworthy, thanks to its strong antioxidant power, CA may have a role
of protection of the photosynthetic electron transport chain since they are only found in
chloroplasts, which are mostly present in these chlorophyll cells.!> Mesophyll cells are
comprised between the upper and the lower epidermis, as shown in Figure I1.19. The upper
epidermis is covered by a very hydrophobic layer of about 10 um width composed of long
alkanes, fatty acids and triterpenes to protect the leaves from water and to limit
evapotranspiration.?! Cuticle also covers the trichomes with a 2—6 um width.!>2% As well, each
tissue has his own function: the collenchyma provides structural support and the vascular tissues
transport nutrients and fluids internally.?*!8¢ The lower epidermis is covered by numerous hair-
like and glandular trichomes, where CA is biosynthesized and essential oils are stored, which
constitute a particularity of rosemary and other Lamiaceae plants.'®!° The fact that the margins
are folded inward is also a particularity of rosemary and certainly an adaptation to its warm and
dry natural environment.
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Considering that trichomes contain a high amount of CA whereas the other part of the leaves
contains lower CA amount and higher CAR, 12-0-methyl carnosic acid (MCA) and other CA
derivatives amounts,'® it should be interesting to extract only trichomes, which are in direct
contact with the medium of extraction, to reach a higher CA purity in the final extract.

1 mm

Cuticle

Upper epidermis

Lower epidermis

Collenchyma

Vascular tissues

Palisade

Mesophyill
Spongy
Glandular

Trichomes
Hair-like

Figure I1.19. Scheme of the internal structure of a rosemary leaf observed in cross section

11.4.2. Impact of treatment on the plant material

Cross sections of rosemary after 48 h of extractions with CiE; were observed by optical
microscopy and compared to leaves before extractions (Figure I1.20). Trichomes seem to be
cut/degraded after the extractions performed with C¢E> and the spacing between margins seems
to be increased. For example, a leaf before extraction (untreated) has its margins spaced 229
um apart whereas a CeEx-treated leaf has its margins spaced 715 pm apart. To appreciate the
effect of CiE;j on the leaf structure, trichomes were counted by observing the opening (as
presented as an example by the red crosses in Figure I1.20) and the width opening has been
measured on leaves after 48 h in contact with different CiE;, BuOH, EtOH and water. The results
are shown in Figure I1.21.
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Figure I1.20. (Ieft) Top-view (up) and bottom view (down) of a whole rosemary leaf, microscopic
observations of cross sections (up) and bottom view (down) of rosemary leaves before extraction
(middle) and after 48 h in contact with a 30 wt.% CgEz aqueous solution at pH 2 and 25 °C (right). P:
parenchyma, T: trichomes

The width of the opening on the lower side of leaves was found larger after treatment with water
and aqueous solutions of C;E; and EtOH, but unchanged with pure solvents EtOH 96 wt.% and
BuOH 100 wt.%. This result can be related with the fact that untreated rosemary leaves are as
rigid as leaves after treatment with pure EtOH and BuOH, whereas they are softer after
treatment with the aqueous solutions. The presence of water induces a swelling of the material
that may participate to extraction by providing to hydrotropes an easier access to trichomes.
More importantly, the density of trichomes decreases after a treatment with CiE;, whereas it
looks unchanged after a treatment with water, EtOH 30 and 96 wt.% and BuOH 100 wt.% at
ambient temperature, showing the clivage/degradation of the trichomes. As a consequence, we
can assume that CA should be more delivered into the hydrotropic solution. This suggests that
CiE; penetrate inside the leaves and interact with the structural molecules of the cells, i.e.
molecules of the cell wall or the cell membrane. On the contrary, pure EtOH can extract CA
but does not destruct the leaves, so it is able to diffuse through the cell barriers without
destabilizing them.

The kinetic performance of small amphiphiles like C4E1, may be explained by a hybrid behavior
combining the extraction mechanisms of alcohols with that of other CiE;. For instance, C4E;
degrades trichomes as the other CiE; but may also penetrate inside the plant matrix to extract
CA as EtOH does.
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Figure I1.21. Analysis of the structure of rosemary leaves before extraction (red background) and after
48 h in contact with water, aqueous solutions of CiE; or solvents (a), and cross sections of rosemary
leaves after 48h in contact with water (b), aqueous solutions of C4E; (c), C4Ex (d), C4Es (e), CsE» (1),
CsE2 (g), CioE4 (h), EtOH (i) at 30 wt.%, EtOH at 96 wt.% (j), and BuOH at 100 wt.% (k). Trichomes
are located inside the dotted lines. The width of the opening and the number of trichomes present in the
opening have been measured by numeric microscopy on nine different leaves for each experiment.

I1.5. Recovery of a solid extract

As mentioned in section 1.1.1, the plant/solution extraction is generally followed by the
recovery of a solid extract from the liquid extract, previously separated from the plant. Contrary
to solvents, which are easily separated from the extracted molecules by evaporation, the
recovery of a solid extract from a hydrotropic solution may be challenging. Indeed, water and
hydrotropes are generally less easily evaporated because of their higher boiling points.
However, two options can be investigated: the HCPE process including CP phase separation
and evaporation of the hydrotrope from the resulting smaller phase containing the extract,”* and
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the dilution to a hydrotrope concentration below its MHC, which induces the precipitation of
the extract.''” C4E;, which presented the best compromise between CA extraction yield and
kinetic rate, has also a CP which can be used to concentrate the extract and a low boiling point
to be evaporated under vacuum, making it suitable for HCPE process. Therefore, both
processes, i.e. HCPE process and hydrotropic dilution, were compared to recover a rosemary
extract from 40 wt.% solutions of C4E;.

I1.5.1. Hydrotropic Cloud Point Extraction (HCPE) of rosemary leaves

To ensure that the extraction of CA is not limited by C4E; amount, it was performed with a high
hydrotrope/rosemary ratio. Whole rosemary leaves were extracted with an aqueous solution of
40 wt.% C4E; at room temperature (25 °C) and 40 °C during 24 h with a P:S ratio of 1:40, with
a total volume of 25 mL, as shown in Figure I1.22.
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Figure I1.22. Schematic procedure of the HCPE process performed on rosemary whole leaves with a
40 wt.% C4E: aqueous solution at pH 2, pictures of the crude extract and leaves after extractions at 25
and 40 °C and phase diagram of C4E; aqueous solutions at pH 7 from ref** explaining the phase
separation in a hydrotrope-enriched phase (H, green) and a water-enriched phase (W, blue). The CA
concentration or content is quantified by HPLC at three different stages noted 1, 2 and 3 whereas the
C.E; concentration is quantified by '"H NMR only in the liquid phases at the stages 1 and 2.

A solution containing 40 wt.% C4E; at pH 2 exhibits a CP at 46 °C according to Figure I1.2,
and this CP is lowered after extraction according to section II.3.3. Noteworthy, at the end of the
extraction performed at 40 °C, two phases were recovered, showing once again the effect of the
solutes on the CP. The solution was cooled below its CP and thus homogenized before the
separation of the rosemary leaves from the hydrotropic solutions by Biichner filtration. The CA
and C4E; concentrations in the filtrates were quantified respectively by HPLC and by 'H NMR
(Table I1.3). The extractions performed at 40 °C were more efficient compared to extractions
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at 25 °C, as expected from the results of section I1.3.6. Interestingly, the leaves that had been
treated at 40 °C turned brown-yellow with a destroyed aspect, whereas those extracted at 25 °C
kept their original aspect (Figure II.22). This can be related to the denaturation induced by
hydrotropes as previously reported (section I1.4.2), which can be more important at 40 °C.

The resulting filtrates were heated to 60 °C in an oven to induce their phase separation in two
phases: a hydrotrope-enriched phase with CA at the top, noted “H” and a water-enriched phase
at the bottom of the vessel, noted “W”. This partition can be well understood by the study of
the phase diagram (Figure I1.22). Indeed, if the 40 wt.% C4E; solution contained only C4E;
and water, the heating from 25 to 60 °C would provide two phases with 12 and 55 wt.% C4E;
in relative proportions that equilibrate with the global amount. Here, the two phases are
separated by Pasteur pipette and the 'H NMR quantification of C4E; showed that extraction at
25 °C was separated in two phases of 8 and 57 wt.% of C4E; and 9 and 55 wt.% of C4E; for the
extraction at 40°C, as reported in Table IL.3. As expected, the hydrotrope-enriched phase
contained all the CA in both experiments (HPLC quantification). However, the CA
concentrations were not improved compared to the mother filtrates while they were contained
in smaller phases, meaning that the global amount of recovered CA has been lowered.
Nevertheless, the isolation of the CA-enriched phase from the hydrophilic phase already
consisted in a first purification step because some very polar extractives are eliminated by
remaining in the water phase. This residual hydrophilic phase was thrown away but may be
recycled for another hydrotropic extraction by adjusting the hydrotrope concentration.

Finally, the organic phase was evaporated under vacuum in a 50 °C bath since C4E; has a
relatively low boiling point (171 °C at 1 bar and 8 °C at 1 mbar®*). Whether the extractions
were performed at 25 or 40 °C, 166 mg of pasty and dark extracts were collected, corresponding
to a mass yield of 27 %, as calculated by Eq.IL.8. This extract was solubilized in methanol, and
analyzed by HPLC to evaluate the final CA content in the extract, as calculated by Eq.I1.9 and
reported in Table IL.3.

mass of the dry extract

Mass yield = —— x100 (I1.8)
initial mass of rosemary

CA mass recovered in the dry extract
CA content = x100 (I.9)
mass of the dry extract
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Table II.3. Quantitative results regarding the CA and C4E; concentrations in the filtrate after
plant/hydrotropic solution separation (stage 1), in hydrotropic phase (H) and water-enriched phase (W)
after CP phase separation (stage 2), CA content and yield of the solid extract (stage 3) after extractions

performed at pH 2.
Stage Textraction (°C) 20 40
1 C4E1 (Wt.%) 40 40
Cca (g/L) 0.25 0.35
" w H = W
2 C4E1 (Wt.%) 57 8 55 9
Cca (g/L) 0.22 0 0.35 0
"";'""""Méiéé'y'i'éid"(%') """""""""""""" 7 21
CA content (wt.%) 1.12 1.45

To evaluate the CA loss during the HCPE process, carnosol (CAR), the oxidized product of CA
was also quantified by HPLC and the CA recovery rate (RRca) was calculated for each stage
from Eq.IL.10. The CA/CAR ratio and RRca are reported in Figure I1.23.

CA mass in the precipitate

RRcp = 100 I1.10
€A™ CA available in rosemary X ( )

60
— Textraction (OC)
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Figure I1.23. CA/CAR ratio and CA recovery rate (RRca) in the filtrate after plant/hydrotropic solution
separation (stage 1), in hydrotropic phase after CP phase separation (stage 2), and in the solid extract
(stage 3)

In normal conditions, the CA/CAR ratio is usually comprised between 10 and 15.%% As such,
the CA/CAR ratio after the extraction at 25 °C (stage 1) was equal to 14, suggesting that no CA
had been oxidized in CAR. However, the CA/CAR ratio after the extraction at 40 °C was
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lowered to 4.8, indicating that CA was thermodegraded into CAR. Interestingly and contrarily
to the CA/CAR ratio, the RRca after an extraction at 40 °C is always higher than that after an
extraction at 25 °C. Temperature has a dual opposite effect: it facilitates the CA recovery all
the while facilitating CA degradation.

At the second step (after the phase separation), the RRca was calculated from CA concentration
in the hydrotrope-enriched phase and the volume of this latter. As it was already suggested by
the Cca (Table I1.3), the recovery rate and the CA/CAR ratio were lowered compared to their
values at the first stage. This result strengthens our previous hypothesis according to which CA
is thermodegraded, although in this case, the thermodegradation occurs during the heating step
(at 60 °C) used to pass above the CP.

The solid extracts contain only 1.12 and 1.45 wt.% of CA (Table I1.3) after extractions at 25
and 40 °C, associated with a CA/CAR ratio of 3.1 and 2.1 respectively. The recovery rate has
decreased again and is not satisfying since only 12 and 15.5 % of the available CA are
recovered.

To sum up, the HCPE process is a rather long and constraining method which is not well suited
to CA because of its thermosensitivity. Indeed, more than 70 % of the extracted CA in the first
stage is lost during the concentration process, and the CA content in the final extract is close to
1 wt.%, which is not acceptable from an industrial standpoint.

I1.5.2. Hydrotropic dilution with water

For this study, whole rosemary leaves were extracted with 40 wt.% C4E; during 5 h, at room
temperature (25 °C) in a P:S ratio of 1:10, at pH 2. Then, the solution was filtered under vacuum
on Biichner. The filtrate was analyzed by HPLC and it was found that 24 % of the available CA
had been extracted, corresponding to a concentration of 0.59 g/L in the filtrate. Although it is a
poor recovery rate, experiments have been performed on this solution which contained enough
CA to test the dilution process. The filtrate was divided in five samples of 2 mL which were
diluted to 5, 7.5, 10, 12.5, and 15 wt.% C4E; by addition of respectively 14, 8.66, 6, 4.2, and
3.32 mL of acidic water. According to the literature, the CAC of C4E; is 0.83 mol/L%, i.e. about
10 wt.%. Therefore, CA should be theoretically insoluble in the hydrotropic solution if there is
less than 10 wt.% of hydrotropes, inducing its precipitation.

The aim of this experiment is to confirm the precipitation of CA and to evaluate the possibility
to precipitate it selectively compared to the other co-products of extraction in order to increase
the CA content. After each dilution, the solutions were filtered through 0.2 pm PTFE filters.
The precipitates were diluted in 10 mL of ethanol and were analyzed by HPLC, as well as the
filtrates.

As desired, when diluted to 5, 7.5 and 10 wt.% of hydrotrope, the major part of CA is recovered
in the precipitate since only 2, 1 and 12 % of the total CA remain in the filtrate (Figure 11.24).
The maximum CA content in the precipitate (10 wt.%) is reached when the solution is diluted
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to 7.5 wt.% (Figure I1.25). On the contrary, when diluted at 12.5 and 15 wt.% C4E, CA mostly
remains in the filtrate because only 37 and 7 % of CA are recovered in the precipitate
respectively (Figure 11.24).
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Figure I1.24. Influence of the dilution factor on the distribution of CA between precipitate and filtrate
after hydrotropic dilution with acidic water, represented by the final hydrotrope concentration.
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Figure I1.25. Influence of the dilution factor during hydrotropic dilution with acidic water, represented
by the final hydrotrope concentration, on the mass yield (green), CA recovery rate (red) and content
(black) in the dry extract obtained after an extraction of rosemary using 40 wt.% C4E; for 5 h.
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While the dilution factor increases, the mass yield increases from 3.5 to 6.7 %, the CA recovery
rate from 1.2 to 24 % and the CA content from 1.2 to 10 wt.%. Noteworthy, when diluted to
7.5 wt.%, all the CA extracted (24 % of the available CA in rosemary) is recovered in the
precipitate. Moreover, no CA was oxidized or lost in the filtrate. This dilution process looks
thus very efficient and attractive due to its easiness, with a practicable dilution (the total volume
increased from 2 to 10.66 mL).

In addition, the fact that the low dilution (15 wt.% final C4E) provided a precipitate with a
mass yield of 3.5 % and only 1.2 wt.% CA, a purification of the extract through stepwise
dilution and filtration may be possible, as presented in Figure I1.26. Indeed, considering 100 g
of hydrotropic extract concentrated at 40 wt.% C4E;, a dilution by a factor 2.66 would lead to a
15 wt.% concentrated solution (266 g) and the precipitation of 3.5 g of extract with 1 wt.% CA
(35 mg CA). The residual filtrate would weight 263 g. A second dilution by a factor 2 would
lead to 526 g of a 7.5 wt.% C4E; solution, including a solid extract containing CA and co-
products that can only precipitate at 7.5 wt.% but not at 15 wt.% C4E;. Among the 6.75 g which
should precipitate in a one-step dilution, 3.5 have already been discarded, so only 3.25 g should
precipitate. Since the 6.75 g should have been composed of 10 wt.% CA (675 mg), and 35 mg
CA have already been lost in the first dilution step, then 640 mg CA should be recovered in the
3.25 g extract, corresponding to a CA content of about 20 wt.%, twice the amount that would
be obtained by a direct one-step dilution to 7.5 wt.%. The initial amount of CA would thus be
distributed as follows: 7 % in the first precipitate, 1 % in the second filtrate and 92 % in the
second precipitate. This "thought” purification experiment may be transposable to other
hydrotropic systems. We thus tried next to optimize the extraction step with other bio-based

hydrotropes.
Hydrotropic liquid extract o
40 wt.% C,E, | “e
100 ¢g o
Dilution factor: 2.66
P Hydrotropic precipitate Hydrotropic liquid extract .
o 1wt.% CA 15wt.% C,E, (ﬁ
! 35¢g 263g
%m
CA Hydrotropic precipitate Hydrotropic liquid extract
97 v 20 wt.% CA 7.5wt.% C,E,; 1%
- 3.25¢g 523¢g

Figure I1.26. Theoretical sequential dilution to 15 and 7.5 wt.% of a 40 wt.% C4E; rosemary extract
containing CA to increase the CA content in the extract.
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I1.6. Experimental part

I1.6.1. Determination of the cloud point of CE; aqueous solutions

Aqueous amphiphilic solutions were prepared with adequate concentration of CA and CiE; and
1 % (v/v) of phosphoric acid. In most cases, solutions were homogeneous at room temperature
and were heated until clouding. Otherwise, solutions were cooled in an ice bath before this
procedure. Same experiments were carried out with solutions containing additionally 2.5 g/L
of CA. All the CP measurements were triplicated and reproducible within 0.2 °C.

I1.6.2. Solubility curve of carnosic acid in C4E2 and SXS aqueous solutions.

Hydrotropic solutions of C4E> and SXS were prepared at different concentrations and acidified
with 1 % (v/v) of phosphoric acid (85 %) to avoid CA oxidation in water.'>® Solutions were
added with 20-25 g/L of CA and continuously stirred for 24 h at room temperature. If not
saturated, the solution was added with more solute to reach the saturation. The solution was
then filtered using a syringe equipped with a PTFE filter (® = 0.2 um). The amount of
solubilized CA was determined by HPLC quantification.

I1.6.3. Critical Aggregation Concentration (CAC) determination by
tensiometry

Hydrotropic solutions of i-C4E;, CsE3, CsE> and i-CsE, were prepared at different
concentrations in ultrapure water (ThermoFisher, 18.2 MQ.cm). Their surface tensions were
measured by a tensiometer K100 (Kruss) using a Wilhelmy plate at 25 °C. Triplicated
measurements gave a standard deviation below 0.2 mN/m.

11.6.4. COSMO-RS calculations of the log P and Vn values

For all CiE;, molecular geometries were drawn on COSMO Quick (COSMOlIogic) which was
used to calculate the molecular volumes as well as the octanol-water partition coefficient (log
P). This latter is predicted with a COSMO-RS method combined with a non-linear correction
term using a Random Forest QSPR, and is valid only at 25 °C.
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I1.6.5. Hydrotropic extractions

a. Typical extractions with whole rosemary leaves

All the extractions were performed by macerating 1 g of rosemary leaves in 10 mL of an
aqueous solution containing 30 wt.% of amphiphile and acidified with 1 % (v/v) of phosphoric
acid (pH 2). The solutions were stirred at room temperature for 48 h with an Intelli-Mixer RM-
2L rotator. For the kinetic study, 100 uL of solution were sampled at 30 min then every hour
for 8 h and finally at 24 h. After 48 h, the solutions were separated from the plant by Biichner
filtration under vacuum (cellulose filters, ® = 8 um). CA amount was quantified by HPLC and
all experiments were performed twice.

b. Optimization of the hydrotropic extraction with C4E:

Extractions were performed by macerating 1 g or 250 mg of rosemary or sage leaves in 10 mL
of an aqueous solution containing an adapted concentration of C4E and acidified with 1 % (v/v)
of phosphoric acid (pH 2). The solutions were magnetically stirred in a thermostated bath at 25
or 40 °C for 24 h at 250 rpm. After 24 h, the solutions were separated from the plant by Biichner
filtration under vacuum (cellulose filters, ® = 8 um). CA amount was quantified by HPLC and
all experiments were performed twice.

¢. Hydrotropic Cloud Point Extraction (HCPE) process

Extractions were performed by macerating 625 mg of rosemary leaves in 25 mL of an aqueous
solution containing 40 wt.% C4E; and acidified with 1 % (v/v) of phosphoric acid (pH 2). The
solutions were magnetically stirred in a thermostated bath at 25 or 40 °C for 24 h at 200 rpm.
After 24 h, the solutions were separated from the plant by Biichner filtration under vacuum
(cellulose filters, @ = 8 pum). Then, they were heated to 60 °C until complete phase separation
(20 min) and the two phases were separated by Pasteur pipette. CA concentrations were
quantified by HPLC before phase separation and in both phases after separation. The amount
of C4E; was quantified by 'H NMR by comparison with the signal of residual water in the
hydrotrope-rich phase. Finally, the hydrotrope-rich phase was evaporated under vacuum. The
resulting extract was solubilized in methanol to quantify the CA and CAR contents by HPLC.

d. Recovery by dilution with water

Extractions were performed by macerating 2 g of rosemary leaves in 20 mL of an aqueous
solution containing 40 wt.% C4E; and acidified with 1 % (v/v) of phosphoric acid (pH 2). The
solutions were magnetically stirred in a thermostated bath at 25 or 40 °C for 5 h at 400 rpm.
Then, the solutions were separated from the plant by Biichner filtration under vacuum (cellulose
filters, ® = 8 um) and the filtrate was separated in 5 samples of 2 mL. Those samples were
diluted with the required amount of water acidified 1 % (v/v) of phosphoric acid (pH 2) and
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then filtered through syringe filters (PTFE, ® = 0.2 um). The filters were freeze-dried and 10
mL of ethanol was passed through the filters, thus solubilizing CA. The amount of CA in
ethanol was quantified by HPLC.

I1.6.6. Microscopic observation of the plant material

To observe the cross section of the leaves, small slices of leaves had to be prepared by two close
and cautious straight cuts perpendicular to the leaves using a razor blade. Then, to avoid the
leaf to move, the small section was stuck on a microscope slide using a double-sided adhesive.
Then, the cross section could be observed by a numeric microscope Keyence VHX-6000. The
bottom side of the leaves could also be observed to see the trichomes of leaves and pictured by
the microscope software.

I1.7. Conclusions of Chapter 11

In the past years, increasing attention has been focused on green extraction. Among different
processes, aqueous hydrotropic extraction has the advantage of being safer than the use of
flammable solvents, generating negligible atmospheric pollution, and requiring non-ATEX
industrial equipment. In this chapter, we investigated the extraction of CA from rosemary using
a series of alkyl polyethylene glycol ethers at ambient temperature. In a first time, the analysis
of the solubility curve of CA in C4E; aqueous solutions showed that C4E> was able to provide
an efficient solubilization of CA. Furthermore, the solubilization of CA, like other lipophilic
molecules, lowered the CP of the CiE;. This effect seems to be more important with more
lipophilic molecules and at lower CiE; concentrations, as reported for C4E;.

Moreover, the analysis of the extraction kinetics highlighted their evolution in three steps:
washing, diffusion and a plateau. Considering both the kinetics and the amount of extracted CA
by the different hydrotropes, we have shown that the CiE; should have preferentially (i) a small
molecular volume (< 250 A?), (ii) a log P above 1, and (iii) a linear alkyl chain rather than a
branched one to pass through the plant material. Among all the CiE;, CsE> and C4E; look the
best ones as they provide 1.21 g/L of CA over 21 h and 1.02 g/L over 8 h respectively. They
are more efficient than SXS, a conventional ionic hydrotrope, and than aqueous solutions of
EtOH and PrOH at a same concentration. As far as aqueous solutions (at 30 wt.%) of SXS and
EtOH are concerned, their low efficiency can be explained by the low solubility of CA, which
can be a limiting factor of the extraction. Otherwise, the difference of efficiency must be
explained by the diffusion of the amphiphiles and the mechanism of extraction. As far as the
diffusion through the plant material is concerned, it is likely to be related to the structural and
physicochemical characteristics of the amphiphiles.
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On the basis of miscroscopic observations, a mechanism of the hydrotropic extraction can be
proposed as follows: (1) Water penetrates into the dried leaves inducing their swelling and
softening, (2) thanks to the softening, which provides a better accessibility of amphiphiles to
the trichomes, hydrotropes diffuse into the trichomes area, (3) trichomes are degraded or cut
through the action of hydrotropes, which certainly liberate the molecules, including CA, which
are contained inside (Figure I1.27). Since no structural changes were observed with pure
solvents, it should be noted that this mechanism is particular to hydrotropic extraction, and that
pure alcohols only use their ability to diffuse into the plant, which may be related to their small
size. It is likely that some hydrotropes such as C4E; extract CA by both phenomena, explaining
the higher kinetics compared to pure solvent.

v §J =~ N0 AL
X v, | T

Rosemary leaf \

(Cross section)

Hydrotrope

Figure IL.27. Proposed mechanism of hydrotropic extraction of rosemary leaves in three steps:
softening, diffusion of the hydrotropes into the plant, liberation of CA and other rosemary components
with trichome clivage

Finally, concerning the recovery of CA, it can be performed by dilution below the MHC with
water inducing its precipitation, as shown with C4E1.!® A sequential dilution could also
potentially provide a purer solid extract. Using this method, the hydrotropic solution can then
be recycled by removing a part of water to adjust the hydrotrope concentration, or playing with
the CP temperature to separate the hydrotrope.'?! Another way to recover CA and recycle the
hydrotrope in the same time would be to take advantage of the CP by separating the phase
constituted of the hydrotrope and the solute formed after gentle heating, then distilling the
hydrotrope (or the solute) under vacuum if volatile enough. That consists in the HCPE
process.”* However, this method was not suited for CA since it was thermodegraded into CAR.

Alkyl polyethylene glycol ethers are currently mostly petro-sourced molecules, but could be, in
a longer term, produced by bio-based precursors. However, in the following chapters, we will
take advantage of these first results to study non-ionic hydrotropes such as alkyl monoglycerols
or alkyl polyglycosides, which are currently or could be, in the near future, commercialized as
bio-sourced molecules, and may be more biocompatible.
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Chapter III. Hydrotropic extraction with sugar and
glycerol-based hydrotropes

In chapter II, we have shown that short-chain alkyl polyethylene glycol ethers (CiE;) are
particularly efficient for the extraction of CA from rosemary providing a competitive aqueous
hydrotropic extraction compared to alcoholic or micellar ones.'®® Noteworthy, nonionic
hydrotropes have demonstrated a better efficiency in that case compared to ionic hydrotropes
such as sodium xylene sulfonate, despite these latter are used in most of the reported hydrotropic

extractions,3”83:18

This chapter focuses on CA extraction using sugar and glycerol-based hydrotropes. Indeed, as
shown in chapter I, those hydrotropes can be derived from biomass, they do not emit VOC,
and sugar-based hydrotropes are highly biodegradable which make them interesting as an
alternative to solvents, or, among hydrotropes, to C;E;. For that purpose, five commercial alkyl
polyglycosides (CiGlyco) and three synthetic alkyl glycerols were used: butyl glucoside
(C4Glu), iso-amyl polyxyloside (i-CsXyl), heptyl (C7Glu) and ethylhexyl (Ce,-2Glu)
polyglucosides, caprylyl-capryl polyglycoside (Csi10Glyco), butyl (CsGly), iso-amyl (i-
CsGly) and pentyl (CsGly) glycerol ethers. Their ability to solubilize and extract CA from
rosemary and sage leaves is discussed.

First, special attention was given to physicochemical properties of those amphiphiles and their
solubilizing power. Then, the molecular model established for CiE; was tested and validated for
these bio-sourced hydrotropes. Finally, the extraction was optimized through an experimental
design approach aimed at finding the extraction conditions that maximize the concentration of
extracted CA, the extraction yield, and the final CA content in the dry extract. In particular, the
influence of temperature, hydrotropic concentration, stirring speed and time of extraction were
evaluated, providing an efficient process to extract CA with i-CsXyl hydrotrope.

III.1. Structure and properties of sugar and glycerol-based
amphiphiles
II1.1.1. Physicochemical characterizations of alkyl monoglycerol and
polyglycosides
a. Short-chain alkyl polyglycosides as commercial complex mixtures
Alkyl glycosides are commercially available bio-sourced amphiphiles, which makes them very
interesting for industrial applications. Indeed, their production from wheat bran or poplar has
already been developed at a large scale.'** However, unlike CiE; which have allowed to

establish a relationship between the efficiency of the hydrotrope and some key parameters,
thanks to their well-defined structure, commercial CiGlyco are complex mixtures. Therefore,
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in order to transpose the model established for CiEj on CiGlyco, their composition has been
investigated.

First, to prepare C;iGlyco solutions at a precise concentration, the amount of active ingredient
in the commercial solutions has to be quantified. Indeed, for convenience, industrials
commercialize CiGlyco in liquid aqueous solutions containing 30-40 wt.% water. The precise
amount of water was determined by thermogravimetric analysis (TGA), as presented in Figure
III.1, and the precise amphiphile content was calculated assuming that the solutions only
consist of water and CiGlyco. During the experiments, the commercial mixtures were heated
under nitrogen at 10 °C/min from 30 to 500 °C. At 140 °C, all the water is evaporated but the
hydrotrope is still in its original form. The following contents were thus measured: 62.7, 65.8,
78.9, 67.2, 66.9 wt.% for C4Glu, i-CsXyl, C7Glu, Cs2Glu and Cg/10Glyco respectively.
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Figure IIL.1. Thermogravimetric analysis (TGA) of C4Glu (red), i-CsXyl (orange), C;Glu (grey),
C(,,.zGlu (yellow), Cg/loGlyCO (blue)

Then, the composition of the glycoside part was examined through two mass spectroscopy
analyses:

- aFIA-HRMS (Flow Injection Analysis — High Resolution Mass Spectrometry) analysis
was performed to detect all the compounds without separating them, using an ESI
(Electron Spray Ionisation) source in negative mode.

- a LC-MS (Liquid Chromatography — Mass Spectrometry) analysis was also performed
to separate molecules according to their polarities.

These analyses were only performed on one alkyl polypentoside (i-CsXyl), one alkyl
polyglucoside (C;Glu) and one alkyl polyglycoside, which is composed of some alkyl
polyglucoside and some alkyl polypentoside (Cs/10Glyco).
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The typical mass spectrum in negative ion mode of the commercial i-CsXyl is presented in
Figure IIL.2. The molar mass of iso-amyl monoxyloside (i-CsXyl;) is 220 g/mol. Therefore,
the ion at m/z 265 corresponds to i-CsXyl; in its [M+FA-H] form, with M the molecule
analysed, FA, the mass of the formic acid (46 g/mol) and H the mass of the proton. Since the
molar mass of i-CsXyl increases by 132 g/mol for each xylose unit added, the ions at m/z 397,
529 and 661 correspond to iso-amyl di-, tri- and tetra-xyloside respectively. The i-CsXyls and
i-CsXylg are also part of the commercial mixture since their corresponding ions at m/z 793 and
925 are shown in the HRMS spectrum with low relative intensities (1.78 and 0.46 %
respectively). Therefore, Appyclean 6505, the commercial form of i-CsXyl, is composed of
molecules of iso-amyl polyxyloside with a degree of polymerisation (DP) ranging from 1 to 6.

120 1 P-0.0002 P+0.0025 P+0.0003 P-0.0072 P+ 0.0063
1 397.1715
10 A
X 87
E i
4 1 529.2139
20 +
1 265.1295 l 661.2561
0 “l“l“l‘l'lkilell||l'l=L:&L||||A'=|-L|li|kih||‘|L|||‘\]|L|||||||||
200 30 40 50 60 700 800 900 1000
m/z

Figure I11.2. High Resolution Mass Spectra of Appyclean 6505 (commercial i-CsXyl mixture) obtained
by Flow Injection Analysis in negative ionization mode. The above annotation ‘“P” corresponds to the
addition of one pentose unit.

In addition, a liquid chromatography separated all the components of the commercial solutions.
The MS-chromatograms of the ions at m/z 265.130 (i-CsXyly), 397.172 (i-CsXyl2), 529.214 (i-
CsXylz), 661.256 (i-CsXyls) and 793.294 (i-CsXyls) with an error of 0.005 are presented in
Figure IIL.3. At least two different compounds can be identified as i-CsXyl; and four as i-
CsXylo. Moreover, many isomers of i-CsXyl3, i-CsXyls and i-CsXyls are observed without a
sufficient separation to be counted. This is explained by the formation of different regioisomers
while adding one xylose unit on another and by the fact that each iso-amyl mono or
polyxyloside is a complex mixture of o/B-anomers and pyranoside/furanoside isomers,'*
inducing an inevitably increase of the variability with the number xylose units. Thanks to this
variability, two isomers can have different lipophilicities, as confirmed by a different retention
time in the LC column. Noteworthy, the response factors can vary from one molecule to
another, so this analysis cannot be quantitative.
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Figure II1.3. LC-MS chromatogram of Appyclean 6505 (commercial i-CsXyl mixture) for the m/z
265.130 (i-CsXyl1), 397.172 (i-CsXylz), 529.214 (i-CsXyls), 661.256 (i-CsXyls) and 793.298 (i-CsXyls).

Finally, to measure the average DP, a 'H NMR analysis of the freeze-dried solution was
performed in D>0. In such solvent, the dissociation of the OH bonds and their exchange with
D>0 is highly probable. Since the quantity of D>O is in excess, the part of residual OH bonds
compared to OD bonds is negligible (Figure III.4). From these affirmations, it is possible to

compare the number of protons in the alkyl chain and in the xylose part on the 'H NMR
spectrum (Figure IIL5).
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Figure III.4. Transformation of OH bonds in OD bonds of sugars in three examples of i-CsXyl

molecules. From top to bottom, iso-amyl xylopyranoside, iso-amyl xylofuranoside, iso-amyl di-
xylofuranoside, carbon numbers indicated in blue.
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Figure IIL5. '"H NMR spectrum of Appyclean 6505 (commercial i-CsXyl mixture) in D,O

Indeed, at 0.81 ppm, a signal corresponds to the CH3 protons, accounting for six protons.
Between 1 and 1.9 ppm, the signals correspond to protons on carbons 7 and 8 as confirmed by
the integration for 3 protons. At 4.7 ppm, the signal corresponds to H>O or HDO, which are
formed from the exchange between OH and D-O. Between 4.8 and 5.5 ppm, several small
signals correspond to anomeric protons on carbons 1 and 1°, depending on the anomer form and
on the compound. However, they are confounded with the baseline, so they were not taken into
account in the calculation of the average DP. Signals from 3 to 4.6 ppm correspond to the
protons on carbons 2, 3, 4, 5 and 6, that is, 2 protons of the alkyl chain (carbon 6) and 5 protons
for each xylose unit. In that case, there are 9.68 protons in this section. Thus, according to
Eq.IIL.1, the average DP is 1.54.

__ protons from 3 to 4.6 ppm-2  1+8.68 -2
protons in one xylose unit 5

=1.54 (I11.1)

Concerning Sepiclear G7, the commercial form of C;Glu, its DP ranges from 1 to 7 according
to its spectrum in negative ion mode (Figure I11.6). Indeed, the ions at m/z 323, 485, 647, 809,
971, 1133 [M+FA-H], correspond to C;Glu;, C;Gluz, C7Glus, C7Glus, C7Glus, C7Glus and
C7Gluy respectively (Figure II1.6). According to the LC-MS, at least two isomers of C7Glu;
are detected but one seems to be highly predominant. At least five isomers of C7Gluz and at

least 13 isomers of C;Glus are detected. Again, the variability increases with the DP (Figure
I11.7).
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Figure IIL.6. High Resolution Mass Spectra of the Sepiclear G7 (commercial C;Glu mixture) obtained
by Flow Injection Analysis in negative ionization mode
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Figure III.7. LC-MS chromatogram of Sepiclear G7 (commercial C;Glu mixture) for the m/z 323.171
(C7Gluy), 485.224 (C+Gluy), 647.279 (C7Glus), 809.330 (C7Gluy), 971.382 (C;Glus), 1133.435 (C7Glug)
and 1295.488 (C7Gluy), each m/z with an error of 0.005.
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Figure ITIL8. '"H NMR spectrum of Sepiclear G7 (commercial C;Glu) in D,O with integrals

As performed for i-CsXyl, the "H NMR analysis of the C;Glu mixture in D>O was performed
to calculate its average DP (Figure IIL.8). Signals are attributed according to the colors:

- Blue / CHj3 protons on carbon 13/ 0.75 ppm
- Green / protons on carbons 8 to 12 / from 1 to 1.6 ppm
- Black / protons on carbons 2 to 6 (glucose) and carbon 7 (aliphatic part) / from 3 to 4.6

ppm
- Red / anomeric proton (carbon 1) / from 4.76 to 5.25 ppm

The average DP was found to be 1.56 according to Eq.IIL.2, which is similar to Eq.IIL.1. The
same operation was performed for C4Glu and Ce-Glu, leading to DP of 1.96 and 2.10
respectively (Spectra in Appendixes 6 and 7).

po protons from 3 to 4.6 ppm - 2

1.2
protons in one glucose unit (ITL.2)

Finally, regarding Cs/10Glyco, the FIA-HRMS analysis shows as expected that the commercial
solution is composed of a huge number of molecules (Figure I11.9). Indeed, molecules can first
be divided in two categories: octyl and decyl derivatives. Corresponding ions are indicated in
the mass spectrum in blue and red respectively. Among the detected ions, the two lowest m/z
337 and 365 correspond to CsGlu; and C10Glu; [M+FA-H] respectively. The other compounds
are detected adding the mass of a pentose (noted P) such as xylose or arabinose or a hexose
(noted H), corresponding here to a glucose. This way, a total of 16 compounds are indicated on
the figure: CsGlui, CsGluiPent;, CgGluiPenty, CsGluiPents, CsGluy, CsGlusPent;, CsGlus,
CsGlusPent; (in blue), CioGlu, CioGluiPent;, C10GluiPent2, Ci0Gluz, C10GluzPent;, CioGlus,
C10GlusPent;, C10Glus (in red).
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Figure II1.9. High Resolution Mass Spectra of the Appyclean 6781 (commercial Cg/10Glyco mixture)
obtained by Flow Injection Analysis in negative ionization mode
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Figure II1.10. LC-MS chromatogram of Appyclean 6781 (commercial Cs/10Glyco mixture) for the m/z
(from top to bottom) 497.260 (CioGluPent;), 469.229 (CsGlu,Pent;), 467.250 (CioPent,), 335.208
(CioPent;), 439.218 (CgPent), 307.176 (CsPent;), 661.292 (CsGlus), 499.240 (CsGluz), 689.324
(CloGIU3), 527.270 (CloGluZ), 365.218 (CloGlul),
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The LC-MS confirms a huge variability of polarities and compounds (Figure II1.10). This
variability is higher than for Appyclean 6505 and Sepiclear G7 but the general conclusions are
the same: the variability increases with the DP and for DP = 1, only two isomers are present,
including one predominant. Noteworthy, CsGlu; and C10Glu; seem to be more concentrated
than CgPent; and CjoPent,. If the response factor was the same for all the compounds, a ratio
70/30 of glucose/xylose could be calculated from the areas of the LC-MS chromatograms.
However, this cannot be a precise quantification since the response factor generally depends on
the molecule.

The 'H NMR spectrum gives more information about the Cs/Cio ratio (Figure II1.11). Indeed,
when the signal at 0.8 ppm is calibrated for 3 protons, the signal at 1.11 ppm should be
integrated for 10 protons in a CgGlyco molecule and 12 protons in a C10Glyco molecule. The
experimental integration of the signal gives a value of 11.1 protons, indicating that 55 % of the
molecules are decyl glycosides. Concerning the sugar polar head, the calculation is more
complicated than previously, because the ratio hexose/pentose is not precisely quantified. If all
the molecules were only composed of pentoses, the average DP would be 1.77 (using Eq.II1.1),
and on the contrary, if they were only composed of hexoses, the average DP would be of 1.47.
Therefore, the average DP is obviously between 1.47 and 1.77 and depends on the
hexose/pentose ratio. Even if the value is not precise, the ratio 70/30 calculated from LC-MS
was used to estimate the average DP, resulting in a value of 1.55.

W :

3 2 1 [ppm]

Figure IIL.11. '"H NMR spectrum of Appyclean 6781 (commercial Cs/19Glyco mixture) in D,O

Therefore, in the CiGlyco series, i-CsXyl is the hydrotrope with the shortest alkyl chain,
followed by Cg/10 Glyco, C7Glu, CsGlu and Cs2Glu. Indeed, during the process of CiGlyco
synthesis, the Fisher glycosylation of one sugar on another occurs more likely on a hexose than
a pentose because of their conformation, according to Estrine et al.!*® Alkyl polypentosides
such as i-CsXyl have thus generally a lower degree of polymerization (DP) than alkyl
polyhexosides, leading to a lower molecular volume and hydrophilicity.!**!*!
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b. Short-chain alkyl monoglycerols as pure synthetic bio-based hydrotropes

As far as alkyl glycerols are concerned, no large scale commercial source exists so far.
Therefore, butyl, pentyl and iso-amyl monoglycerol ethers were synthesized in pure form at the
laboratory scale. In the following document, they will be referred to as Cs4, Cs, and i-CsGly.

Monoalkyl glycerol ethers CiGly can be synthesized by a “green” approach in a one-step
catalytic reductive alkylation of glycerol with an appropriate aldehyde (Figure IIL.12),
carboxylic acid or ester, making them potentially bio-sourced molecules.!*!1%3

Al FHo L _ow T r_o_L_oH

Figure IIL.12. Synthetic way of C;Gly through reductive alkylation (yield: 94 %, selectivity: 25/1)'2

However, for the sake of convenience, alkyl glycerol ethers were synthesized by opening their
corresponding epoxide with water under heating. Indeed, butyl glycidyl ether is commercially
available, making the synthesis of C4Gly very easy. For the other alkyl glycerol ether, their
corresponding epoxide were synthesized in two steps from their corresponding alcohol and
epichlorydrin, as previously reported.”* The whole process of synthesis is reported in Figure

II1.13.
115°C, 5h 50 °C, 65 h 110°C, 48 h
o 2nCl2 (5% mol) OH NaOH, H,0 o MO oH
RO +a < —— R,oy\/m - R/O\/<I - = R/OJ\/OH
C,: litt. 78 %
Cs: litt. 74 %

i-Cs: 34 % (three steps)

Figure IIL.13. Synthetic way of C;Gly through epoxide opening. Yields for C4Gly and CsGly from ref**

c. Polarity, amphiphilicity and size of the molecules

Thanks to the knowledge of the precise structure of each alkyl glycoside and glycerol, their
polarity, their amphiphilicity (HLB) and their molecular volume (Vm) can be predicted as
previously for CiEj. HLB was calculated according to Griffin’s equation'”! (Eq.IL2, section
I1.2.2) whereas log P and Vi, were predicted with the COSMO-RS method. Since the DP of
C4Glu, i-CsXyl, and C;Glu is comprised between 1 and 2, the values of log P, HLB and
molecular volume (V) of the mixture were estimated as the weight average of the predicted
values obtained for the corresponding alkyl mono- and di-glycoside. Similar prediction was
performed for Ce»Glu using alkyl di- and tri-glucoside, and for Csg/10Glyco using CsGlu; (14.2
%), CsGluz (17.3 %), C10Glui (17.3 %), C10Gluz (21.2 %), CsXyli (6.1 %), CsXyla (7.4 %),
CioXyli (7.4 %), Ci0Xyl2 (9.1 %). This composition does not fully represent the one of the
Cs/10Glyco mixture since no CiGluPent neither C;Glus is found, but it gives a realistic average
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DP, glucose/xylose ratio and Cg/Cio ratio, with a minimum set of molecules. The predicted
values, as well as the molar mass are reported in Appendixes 8 and 9 for each individual
molecule, and the average values corresponding to the mixture are reported in Table IIL.1.

Noteworthy, in the glycoside series, log P increases, whereas HLB globally decreases with
increasing the alkyl chain length ‘i’. It can be found an anomaly in the fact that the HLB of
C5Glu is lower than that of Ce-2Glu (and log P C7Glu > CeGlu). However, this can be
explained by a higher DP of Ce_>Glu, which thus becomes more hydrophilic. Moreover, the DP
has a strong influence on M and V.. Within the CiGly series, only the log P differentiates the
CsGly isomers. They seem to have a similar polarity compared to Cg/10Glyco, a higher
lipophilicity compared to all alkyl glycosides (lower HLB), as well as lower M and V.

Table III.1. Predicted physicochemical descriptors of alkyl glycosides and alkyl glycerols

M b m b, c
1)) (e/mol) ‘2 A3) log P>« HLB"¢

Alkyl glycosides
C4Glu 1.96 393 433 -1.54 17.0
i-CsXyl 1.54 292 335 -0.41 14.8
C7Glu 1.56 370 430 0.46 14.3
Ce,2Glu 2.10 472 539 0.24 15.1
Cs/10Glyco 1.55 384 457 1.73 13.0

Alkyl glycerols

CsGly 1 148 196 1.23 12.3
CsGly 1 160 217 1.77 11.4
i-CsGly 1 160 218 1.67 11.4

2 see section I.1.1.a and b; ® Average values taking into account DP; ¢ From Cosmo-Quick[], with a calculation
based on the COSMO-RS method and refined with real values of similar molecules; ¢ Calculated according to
Griffin’s relation

d. Surface activity and aggregation properties

The Critical Aggregation Concentration (CAC) is an important physicochemical property of
amphiphiles, which can be experimentally measured by plotting the surface tension evolution
against the amphiphile concentration. CAC and surface tension at the CAC (Gcac) have already
been reported for C4Gly, CsGly, i-CsGly®, for the commercial form of C4Glu'®*, and have been
measured here for the missing i-CsXyl, C7Glu, Cs-2Glu and Cs/10Glyco, as reported in Figure
II1.14. All the values are summarized in Table IIL2.
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Figure I11.14. Evolution of the surface tension (c) with the amphiphile concentration for Cs/10Glyco
(orange), Cs 2Glu (green), C;Glu (blue) and i-CsXyl (purple).

Table II1.2. CAC and MHC of CiGlyco and C;Gly measured by tensiometry and from the solubility
curves of CA respectively. All experiments were performed at 25 °C, pH 2.

CAC GCAC MHC
Abbreviation
wt.%  mol/L (mN/m) wt. %
Alkyl glycosides
C4Glu 4 11.5 0.29 33 43%*
i-CsXyl 55 0.19 28.9 9.0
C7Glu 0.6 0.016 274 2.8
Ce,2Glu 0.06 1.3x1073 26.9 1.7
CsnoGlyco 0.05 13x1073 25.7 0.4
Alkyl glycerols
C4Gly 8.9 0.6 % 28.6 %0 14
CsGly 24 0.15% 25.39% 4.8%96
i-CsGly 5.8 0.36 % 23.9% 6.1%

* MHC obtained from the solubility curve of DR-13

The CAC are ranged in the following order: Cg/10Glyco < Cg 2Glu < C7Glu < CsGly < i-CsXyl
~ i-CsGly < C4Gly = C4Glu. Indeed, as already reported for linear ethoxylates with alkyl chains

from 4 to 16 carbons,

© 2020 Tous droits réservés.
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12 and 10 respectively,”® the log(CAC) or log(CMC) linearly decreases with increasing i
(Figure II1.15). Furthermore and as expected, the minimal surface tensions decrease with
increasing i, for both alkyl glycerols and glycosides. Finally, with an equivalent alkyl chain (C4
and i-Cs), the alkyl glycerols seem more surface active than alkyl glycosides despite the fact
that their polar head seem to have almost no effect on the CAC.

100 ¢
~ 10 k !
*
e 8
Q
< 1k
3 “~a
o
o \~~ ~,
s
o o1t
b
0.01 ' : '
2 4 6 8 10

Figure I1IL.15. Evolution of the CAC or CMC with the alkyl chain length (7). CiGlyco (A/2) and CGly
(®/0), full symbols for linear alkyl chain (Cs4, Cs, C7, Cs/10) and empty symbols for branched alkyl chain
by (i-Cs, Cs,2)

I11.1.2. Hydrotropic solubilization of phytochemicals

In view of extracting CA from rosemary, and because the intrinsic properties of amphiphiles
do not provide any information on the phytochemical-amphiphile interactions, the solubility of
CA in C;Glyco and CiGly solutions has been studied. In Chapter II, we have shown that an
aqueous solution of C4E> could solubilize more than 25 g/L. of CA (above 30 wt.%), and that
all the aqueous solutions of CiE; (30 wt.%) could solubilize at least 2.5 g/L. of CA, the minimum
concentration required to prevent the extraction from being limited by the solubility of CA.
Interestingly, this solubilization induced a decrease in CP, and thus, in some cases, a phase
separation. CiE; were also found to be more efficient than SXS, which solubilized less than 1
g/L at 30 wt.%, making the extraction limited by the solubility of CA. In this section, the
solubilization power of CiGlyco and CiGly towards CA is reported, and the solubility of other
phytochemicals is studied to evaluate the selectivity of the amphiphiles.
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a. Determination of the Minimum Hydrotropic Concentration (MHC) and

solubilization power of various amphiphiles

The MHC value (see section 1.1.6) is a crucial parameter to set the required concentrations and
volumes for the extraction. Therefore, the MHC of i-CsXyl, Ce-2Glu, C7Glu, Cg/10Glyco and
C4Gly were determined by solubilization of CA (Figure III.16), in the same conditions as
previously reported for C4E» in section I1.2.1, which had a MHC of about 10 wt.%. The MHC
of C4Glu has already been reported from the solubility curves of Disperse Red-13 (DR-13), a
hydrophobic dye, and was found to be 43 wt.%, a very important concentration which would
certainly not be industrially interesting.!** Concerning i-CsXyl, CA is solubilized above a MHC
of 9 wt.% (Figure II1.16), which is close to a reported value obtained with Sudan Red 7B (10
wt.%).!°

16

10 r

Sca (9/L)

o N B> (o]
T

S S
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[Hydrotrope] (wt.%)

Figure II1.16. CA solubility curves in Cs/;10Glyco (orange), Cs2Glu (green), C;Glu (blue) and i-CsXyl
(purple), C4Gly (empty black) aqueous solutions at pH 2, 25 °C

Table II1.2 summarizes the CAC and MHC for each amphiphile and shows that the MHC are
higher than the CAC, with a multiplying factor from 1.5 to 30, which suggests that these two
properties have different physical chemical signification.”®!*’ Indeed, the CAC reflects the
concentration at which the hydrotrope starts self-assembling in water®® whereas the MHC is
more related to the formation of specific hydrotrope-solute complexes, which depends both on
the hydrotrope and the solute properties.®>!*® For a long time, the self-assembly of hydrotropes
in water was considered as a prerequisite for the solubilization of a hydrophobic solute and
some molecular dynamics simulations confirmed it.3>'% However, more recent studies based
on thermodynamic considerations have suggested that the main driving force of solubilization
is the hydrotrope accumulation around the drug, and that a competition between hydrotrope-
hydrotrope and hydrotrope-solute association could occur, leading to decrease the solubilization
in case of strong hydrotrope-hydrotrope association.®’
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In CsGly and i-CsGly, a phase separation occurred when CA was added before any saturation
could be reached, as shown for CsGly in Figure IIL17.'"%® CsGly and i-CsGly in aqueous
solution do not reach a CP below 100 °C, but a CP-phase separation has already been observed
for both amphiphiles using the salting out property of Na;SO4.” Besides, an extrapolated CP
was determined at 158 °C for CsGly using the NaxSO4, NaCl, and NaBr salting out effects.”
From observations of the CiE;jbehavior in chapter II and this statement, it is likely that the CPs
of CsGly and i-CsGly are decreased below room temperature due to the presence of CA.

At 5 wt.% CsGly, the solution was saturated in CA since a residual solid was observed.
However, no CA was detected in the supernatant from the HPLC analysis. Therefore, this
solution was certainly below the MHC, or at the MHC, considering that this latter has already
been reported at 4.8 wt.% from DR-13 solubility curves. Above the MHC, no saturation was
reached since the 10, 15 and 20 wt.% CsGly formed two phases: (i) an amphiphile-rich lower
phase, which contain CA and (ii) a amphiphile-poor phase, which is enriched in water.
Noteworthy, the amphiphile-rich phase is found at the bottom of the tube, contrary to CiE;
aqueous solutions because of their densities (CsGly: 1.06%% vs C4E;: 0.90*°!). Since the MHC
of CsGly and i-CsGly cannot be measured for the solubilization of CA, they are indicated in
Table II1.2 for the solubilization of DR-13 (and measured for i-CsGly for which the value was
not found in the literature, curve in Appendix 10).

CsGly

1 15 2
(W.%) 0 0 30

Aspect

Figure II1.17. Pictures of CsGly solution after the addition of 20 g/L. CA, at pH 2, 25°C. No residual
solid is observed except in the 5 wt.% CsGly solution, below the MHC. CA is solubilized in the yellow
amphiphile-rich lower phase.

In addition to MHC, it is important to know the CA solubility at the hydrotrope concentration
used for the extraction. In view to compare extractions using C;Glyco with the model
established for CiE;, the CA solubility was measured at 30 wt.% concentration C4Glu, i-CsXyl,
C7Glu, Cs.2Glu, and Cg/10Glyco at 25 °C and pH 2. The solubility of ursolic acid (UA) was also
investigated under the same conditions to evaluate the selectivity of amphiphiles (Figure
I11.18).
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Figure II1.18. Solubility of CA and UA in solutions of different CiGlyco at 30 wt.% after stirring for
24 h at 25 °C, pH 2.

C4Glu does not solubilize efficiently CA and only few amounts of UA at this concentration
which is below the MHC following to the literature (2.0 mol/L,43 wt.%),'** contrary to i-CsXyl,
C7Glu, Cs2Glu and Cg/10Glyco (Table II1.2). C;Glu solubilizes the highest amount of both CA
(30.4 g/L)) and UA (20.1 g/L), while i-CsXyl solubilizes the lowest amounts of CA (14.1 g/L)
and UA (= 0.4 g/L). In between, Cs-2Glu is also able to solubilize a high amount of CA (26.8
g/L). As mentioned previously, the main driving force of solubilization is the hydrotrope
accumulation around the drug.®” Therefore, the better efficiency of C;Glu compared to i-CsXyl
and Ce-2Glu can be attributed to higher interactions between the hydrotrope and the solute,
which may be related to the linear shape of its alkyl chain.?’?

Noteworthy, Ce-2Glu forms a gel when UA is added, as well as Cg/10Glyco in presence of both
CA and UA. Those gels are probably composed of LC, occurring with amphiphiles that have
the longest alkyl chain of the series. Noteworthy, LC in binary systems water-Csg/10Glyco have
been described above 70 wt.%, but the 30 wt.% solution is more viscous than the other CiGlyco.
The ability of UA to incorporate in cell membranes and stabilize them has been demonstrated
in liposomes,”*® and suggests that UA forms strong interactions with Cg->Glu and Cs/10Glyco.
After centrifugation of the gels, two phases stood out, a viscous lower one and a fluid
supernatent, where concentrations of CA and UA were measured by HPLC. The values are
reported in Figure IIL.18, but may underestimate the UA concentration in the gel before
centrifugation. Thus, the highest ratio of CA/UA solubilities is found for i-CsXyl solution,
making it the most attractive amphiphile for selective extractions.
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b. Solute-dependence of the iso-amyl xyloside solubilization power

To further investigate the selective solubilization power of i-CsXyl towards CA and with the
purpose of using i-CsXyl for the extraction of rosemary, the solubility curves of three
phytochemicals of rosemary (CA, UA and rosmarinic acid, noted RA) measured at pH 2, 25 °C
are presented in Figure II1.19. In view to perform extractions at a plant/solvent ratio of 1:10
(w:v) and since CA is present at 2.72 wt.% in dried rosemary leaves, a minimal solubility of
2.72 g/L is required for a complete extraction of the available CA. According to its solubility
curve in i-CsXyl, this minimal solubility is reached at 15 wt.% of i-CsXyl. The solubility of CA
does not increase indefinitely along the hydrotrope concentration, the maximum of CA
solubility (Smax = 14 g/L) being reached at Cmax = 30 wt.% of i-CsXyl. CA extractions should
thus be preferentially performed with hydrotropic solutions of i-CsXyl between 15 and 30 wt.%.

80

70 |
60 |
50 |
40 |

S (g/L)

30

20 f

¢ ——
10 }
[ UA
0 N — A
0 10 20 30 40 50 60
i-CsXyl (Wt.%)

Figure II1.19. Solubility curves of rosmarinic (RA), carnosic (CA) and ursolic (UA) acids in aqueous
solutions of i-CsXyl at pH 2 and 25 °C, after 24 h of equilibration stirring.

Regarding RA, it is already soluble at 14 g/L in pure water, but its solubility can be increased
up to 47 g/L in aqueous solutions of 30 wt.% i-CsXyl. On the opposite, i-CsXyl is not a good
solubilizer for UA, a highly hydrophobic triterpenoid. Its solubility never exceeded 0.7 g/L and
was only of 0.4 g/L in a 30 wt.% i-CsXyl solution. The differences between RA, CA and UA
are in accordance with their log P which are respectively equal to 0.8, 5.4 and 8.7 (SciFinder®
data). The ratio between the concentrations of solute solubilized at O and 30 wt.% of i-CsXyl
(i.e. the solubility enhancement factor at 30 wt.%) is maximal for CA, which has an
intermediate log P between those of RA and UA. A similar behavior has already been reported
for the hydrotropic solubilization of drug molecules with hydrotropes such as urea, N,N-
diethylnicotinamide (DENA) or N,N-dimethylbenzamide (DMBA). The solubilizations have
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been reported to be maximal for hydrophobic drugs with polarities comprised in a specific range
of log P depending on the hydrotrope (2-4.5 for urea and 4-10 for DENA and DMBA) 3+!12

To further investigate this interesting selectivity, the solubility of eight other solutes having
different log P were compared in 0 to 60 wt.% i-CsXyl aqueous solutions. Two homologous
series were chosen to minimize structural effects: four alkyl gallates with chain lengths of 3, 8,
12, 16 carbons atoms (abbreviated as CiG), and three fatty acids with chain lengths of 14, 18,
22 carbons atoms (abbreviated as CiFA). Camphor (C) was also studied as representative
monoterpene, and because it was identified as component of rosemary.?** For each solubility
curve (Figures III.20-22), the slope of the pseudo-linear part, called the solubilization
enhancement coefficient, was calculated, as well as the MHC. The precise measurement of the
MHC can sometimes be difficult because of the detection limits. We thus chose to measure the
MHC as the minimum hydrotrope concentration required to solubilize 0.1 g/L of solute, which
is the threshold concentration to consider a solute as very slightly soluble in any solution,
according to the World Health Organization.?%

60 80
5 | @C 70 | (b) RA
y =1.02x - 9.20 60 y =0.91x + 16.68
40 g 50
O)
g 30 (7; 40
2 20 o) 30
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O L L 1 O | | |
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20 T 14 1
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Figure II1.20. Solubility curves of camphor (a), rosmarinic (b), carnosic (c) and ursolic (d) in solutions
of i-CsXyl at pH 2 and 25 °C. MHC is represented in dotted line.
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Figure IT1.21. Solubility curves of myristyl (a) and stearyl (b) acids as model molecules in solutions of

i-CsXyl at pH 2 and 25 °C. MHC is represented in dotted line.
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Figure II1.22. Solubility curves of propyl (a), octyl (b), dodecyl (c) and hexadecyl (d) gallates as model
molecules in solutions of i-CsXyl at 25 °C. MHC is represented in dotted line and a focus is made on
the MHC region if necessary.

The solubilization enhancement coefficient and the solubility in water of each solute are plotted
against their log P in Figure II1.23. Noteworthy, all the molecules with a log P below 7 have
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noticeable solubilization enhancement coefficients, between 0.5 and 3, meaning that they can
be extracted with an adapted concentration of i-CsXyl. Conversely, molecules with a log P
above 7, such as UA, have a low solubilization enhancement coefficient, and C2FA is never
solubilized (thus not reported). In addition, compounds with a log P < 3 have a significant
water-solubility (above 1.5 g/L, the solubility of C), suggesting that they are unlikely to
precipitate during hydrotropic dilution which will be done for the recovery step. Therefore, a
distinction can be made between three groups: (i) below log P = 3, molecules such as RA will
be extracted in i-CsXyl aqueous solution but they will mostly not precipitate, (ii) from log P =
3 to 7.5, molecules such as CA will be extracted and could be recovered in the precipitate and
(iii) above log P = 7.5, molecules such as UA are not likely to be extracted.

10 C 1
“E 1
Q 1
5 |
8 |
£ 1¢ .
Q 1
E 1
[«}) 1
() 1
[ 1
(1} 1
= .
g 01 0OCiG
_.? [
= Extraction
2 mmm——) |
(@]
n CigFA
0.01 @ UA
20
(b) "
15 | Precipitation by dilution
® RA |
) :
2 10t !
o i
C.G :
5 | 3 |
O |
! C,,FA
eC !
0 ' -O—00-0——-C0—@
0 2 4 6 8 10

log P

Figure II1.23. (a) Solubilization enhancement factors and (b) water-solubility (So%) of rosmarinic acid
(RA), carnosic acid (CA), ursolic acid (UA), camphor (C), indicated in bold (black circles) and the
model molecules alkyl gallates (Cs.;6G, white circles) and fatty acids (Ci4-22FA, white diamonds) as a
function of their log P (SciFinder®, pH 2 for acids to ensure the predominance of the protonated form).
The factors are calculated from the slope of the solubility curves at 25 °C (Figures I11.20-22). The
solubilities are measured by HPLC for GG, CiFA, RA, CA and UA and GC-FID for C.
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In addition, the MHC of i-CsXyl measured for each solute from Figures I11.20-22 were also
plotted against their log P in Figures II1.24. Interestingly, the MHC seems to linearly increase
with log P from O to 9. This finding supports the theory that the MHC origin is the hydrotrope-
solute interaction.®”'”” From a practical point of view, knowing the MHC is essential to perform
an extraction since it gives indications on both the hydrotrope concentration required to
solubilize the product and the dilution which must be applied to precipitate the extract. Thus,
the fact that MHC depends on the solute should induce a possible selective extraction and/or
precipitation. Indeed, a 15 wt.% i-CsXyl solution would be able to selectively solubilize
molecules with log P below 7.5 such as CA rather than molecules with a log P above 7.5 such
as UA.

25

MHC (wt.%)

log P

Figure I11.24. MHC as a function of the log P of the solutes. Rosemary constituents are shown in black
circles (®), alkyl gallates in white points (©) and fatty acids in white diamonds (0).
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II1.2. Molecular model for the prediction of the extraction
efficiency with sugar and glycerol-based hydrotropes

I11.2.1. Validation of the model obtained with alkyl polyethylene glycol-
based extractions

In Chapter II, the concentration of CA in the filtrate of extraction from whole rosemary leaves
by aqueous solutions containing 30 wt.% CiE; (i =4 to 12; j = 1 to 4) has been determined and
discussed according to i and j.'®® The efficiency of short-chain GiE; (i < 8) to extract CA from
whole leaves compared to longer ones (i > 8) was clearly demonstrated. Furthermore, based on
the results and a systematic study on the CiE; series, the concentration of CA in the final filtrate
could be quite well modeled with the molecular volume (Vm) and HLB or log P of the
hydrotrope used for the extraction. Here, we tried to apply this model to the extractions using
CiGlyco and C;Gly under same conditions, i.e. with whole rosemary leaves for 48 h, at pH 2
and with 30 wt.% amphiphile. The kinetics of extractions was also studied from 1 to 8 h (kinetic
study in Appendixes 11-12).

When the extraction is performed on whole rosemary leaves, amphiphiles must first cross the
cell wall to be internalized and then, solubilize CA. CiGlyco such as CgGlu and Ci2Glu have
been reported to make strong interactions with liposomes and cell membranes, leading to the
breakdown of the lamellar structures and the formation of lipid-surfactant mixed micelles.?% In
the same study considering five linear CiGlyco from Cg to Ci2Glu, the shorter the surfactant
alkyl chain, the higher the permeability of bilayer structures. Same behavior might be expected
with shorter hydrotropes.

As shown in Figure IIL.25.a, the maceration of rosemary in CiGlyco solutions leads to the
extraction of CA, except for C4Glu for which the concentration used is below its MHC. Among
CiGlyco, i-CsXyl is the most efficient amphiphile and extracts 0.43 g/L of CA after 48 h. As
reported for a series of CiE; hydrotropes, the most efficient ones have a short alkyl chain, a
small molecular volume and are preferably lipophilic.'®® In the alkyl glycoside series, i-CsXyl
is the hydrotrope with the shortest alkyl chain and also the smallest polar head group composed
of pentose(s). Then, other CiGlyco range in the following order: C7Glu > Cg/10Glyco > Ce -2Glu
for the extraction at 48h. Noteworthy, Ce2Glu is faster to extract CA than the other ones since
all the CA is extracted in less than 24h (no increase of CA concentration between 24 and 48 h).
This can also been found in the kinetics, since Ce-2Glu has the second highest k of the CiGlyco,
after i-CsXyl.
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Figure II1.25. Concentration in the filtrate of CA extracted from whole rosemary leaves after 24 and 48
h of stirring by 30 wt.% CiGlyco solutions (a) or 30 wt.% CiGly solution (b). Kinetic rate between 1 and
8 h of extraction (c).

With regard to CiGly, they are much more efficient than CiGlyco (between 0.8 and 1.1 g/ CA
in the filtrate vs 0.43 g/L for i-CsXyl), which can be attributed to their small polar head, leading
to smaller molecular volumes. C4Gly and i-CsGly seem to have the same efficiency because
they have extracted the same concentration of CA after 24 and 48 h of maceration whereas
CsGly seems more efficient (Figure I11.25.b). Indeed, with 1.07 g/LL CA extracted after 48 h,
CsGly is competitive with the best C;E;j (CsE2: 1.21, C4E1: 1.02 g/L CA). Interestingly, they are
slower compared to i-CsXyl (Figure IIL.25.c). To understand this phenomenon, alkyl
polyglycosides and alkyl glycerols have been positioned with CiE; on the 2D-diagrams
established for these latter showing the molecular volume (Vm) against log P or HLB on
Figures I11.26 and 27.
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Figure II1.26. Contour plot of the concentration of extracted CA from whole rosemary leaves after 48
h versus molecular volume and log P of the amphiphiles. Each contour line is calculated by Eq.11.4 and
5 and correspond to a concentration of CA extracted of 0.25, 0.5, 0.75 and 1 g/L as indicated. C;Glyco
are indicated in green, CGly in red, SXS in blue and CE; in black.
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Figure II1.27. Contour plot of the concentration of extracted CA from whole rosemary leaves after 48
h versus molecular volume and HLB of the amphiphiles. Each contour line is calculated by Eq.I1.6 and
7 and correspond to a concentration of CA extracted of 0.25, 0.5, 0.75 and 1 g/L as indicated. C;Glyco
are indicated in green, CGly in red, and C;E; in black.
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Considering the two models, C4Glu and Cs-2Glu are further from the center than the contour
line representing a concentration of CA of 0.25 g/L. (Figures I11.26 and 27), meaning that their
extraction should result in a filtrate less concentrated than 0.25 g/L. As well, i-CsXyl, C;Glu
and Cg/10Glyco should extract between 0.25 and 0.5 g/L of CA. All these assumptions are in
accordance with the experimental values of 0.01 and 0.23 g/L for C4Glu and Cs2Glu and 0.43,
0.33 and 0.29 g/L for i-CsXyl, C7Glu and Cg/10Glyco. Finally, in both figures, alkyl glycerols
are located at the center of the circles, meaning that they are close to the maximum efficiency,
and 1 g/l CA should be recovered in the filtrate after extraction. This is the case for CsGly,
which extracts 1.07 g/LL CA, but not for C4Gly and i-CsGly which extract respectively 0.82 and
0.83 g/L CA.

The expected concentrations of CA in the filtrate of extraction were predicted more precisely
according to Eq.IL.4, I1.5 and Eq.I1.6 and I1.7, and were plotted against the experimental values
in Figure II11.28. As previously concluded from the 2D-diagrams, the two models seem to be
quite efficient to predict the efficiency of CiGlyco, except for Ce-2Glu. CsGly is also well
predicted but i-CsGly and C4Gly deviate from the model. Nevertheless, they are still predicted
as efficient hydrotropes, and indeed, they are more efficient than most CiE;. Therefore, the
model established for the concentration of CA extracted by aqueous solutions at 30 wt.% CiE;
can be considered as valid for CiGlyco and CiGly.

1.4
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3
o 0.8
206
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Figure II1.28. Correlation between experimental and estimated concentration of CA extracted from
whole rosemary leaves after 48 h. Estimation based on the prediction from V, and log P (a) and V, and
HLB (b). CiGlyco are indicated in green (1: C4Glu, 2: i-CsXyl, 3: C;Glu, 4: C2Glu, 5:Cg/10Glyco) and
alkyl glycerols (6: C4Gly, 7: i-CsGly, 8: CsGly) in red and CiE; in black.
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I11.2.2. Adaptation of the model to industrial purposes

In view to enlarge the accessibility of this model, we also attempted to establish one which
could be used without requiring additional experiments nor having access to specific software
such as COSMO-RS. For that purpose, we chose to keep HLB that can be calculated from the
structure of the molecule and the molar mass instead of the molecular volume. Noteworthy,
those descriptors are interesting for the short-chain amphiphiles that we use, but the HLB could
be harder to get in the case of ionic compounds or amphiphiles that are not composed of a short
alkyl chain and a polar head (e.g. nicotinamide). If the HLB cannot be calculated, it can still be
experimentally determined, but these experiments are generally time-consuming.

Since the method of using CiE; seems to be efficient to predict the efficiency of all hydrotropes,
this method was used herein, using only the linear CiE; because the difference of M and HLB
cannot be made on isomers. As a result, the best M was found to be 146 g/mol, and the best
HLB 12.1, close to the previous value obtained for the model with Vi, (11.9). The model
resulted in the following equations:

2 = (M _ 146)2 + (HLB — 12.1)? (111 3)
"= \Tas ' '
Cca=1.18 x exp (-0.065 r?) (111. 4)

Noteworthy, the estimation of the concentration of CA in the filtrate after extraction was as
effective with this model as with the previous ones for alkyl glycerols: the estimated value was
close to the experimental one for CsGly (1.13 vs 1.07 g/L) and higher than the experimental one
for C4Gly and i-CsGly (1.18 and 1.13 vs 0.86 and 0.82 respectively, Figure II1.29). For
CiGlyco, only the efficiencies of C4Glu and i-CsXyl are well estimated, with a difference from
experimental below 0.1 g/L, but the estimated values for C;Glu and Csg/10Glyco were further
from the experimental ones than with the previous models using the molecular volume. This
model gives an idea of the efficiency of CiGly and C;Glyco, however, it seems to be less
effective than the previous ones such as the one established with log P and V. Indeed, although
HLB can be a good indicator, its simple calculation does not fully relate of the intramolecular
interactions which would influence an experimental HLB.

Furthermore, the HLB of propanol was estimated to 5.7 considering that the hydrophilic part
was only composed of the alcohol function. Interestingly, the estimation of the efficiency of
propanol did not effectively reflect reality (0.06 vs 0.93 g/L, Figure II1.29). The estimation of
the HLB was lower than that obtained by Alany et al. (7.48)*"7 however, this value would lead
to an estimated value of 0.23 g/L, far below the experimental value of 0.93 g/L. From this
observation, the model can only be validated for molecules with a HLB above 10, and according
to the method of calculation of HLB, for non-ionic amphiphiles for which a clear distinction
can be made between the hydrophilic polar head and the lipophilic alkyl chain.

106

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Estimated C¢p 45, (9/L)

Thése de Agathe Mazaud, Université de Lille, 2020

Chapter III. Extraction of CA with C;Gly and CiGlyco Confidential
15 ,
12 | 6

V' o® .0
rd // .
| e .- 0
0.9 o
O //
06 B //’
,,, [
0.3 | 9. 20
-5
1 .-% e03
4 09
0 .’ . 1 1 1 1
0 0.3 0.6 0.9 1.2 1.5

Experimental Ccp 4q,(9/L)

Figure II1.29. Correlation between experimental and estimated concentration of CA extracted from
whole rosemary leaves after 48 h, based on the model established for M and HLB. CiGlyco are indicated
in green (1: C4Glu, 2: i-CsXyl, 3: C;Glu, 4: Cs2Glu, 5:Csg/10Glyco) and CiGly (6: C4Gly, 7: i-CsGly, 8:
CsGly) in red, propanol in empty point (9) and CE; in black.

I11.2.3. Influence of the leaf wettability

For both the previous models, and particularly for the models using M or HLB, it is difficult or
even impossible to differentiate two isomers, such as CsEz and i-CsEz or CsGly and i-CsGly.
However, the branching of the alkyl chain has clearly a negative effect on the efficiency of the
hydrotrope. This has been previously attributed to a higher volume, but was not reflected by the
estimation of the CA concentration in the filtrate. Indeed, all the models estimate almost the
same efficiency for i-CsGly and its isomer CsGly while i-CsGly is about 20 % less efficient. To
understand this phenomenon, contact angles of 2 uL droplets of water and hydrotropic solutions
were measured on the upper side of rosemary leaves, as shown in Figure II1.30. To limit the
impact of the variability of the plant surface, which is inherent to the material, each contact
angle was calculated from the mean value of ten measurements, resulting in standard values of

about 5°, a common value for contact angle measurements on plant materia

1 208

Contact angle (0) reflects the wettability of the surface by the hydrotropic solution, and is
connected with ySG, the surface free energy of rosemary, VLG, the interfacial tension between

rosemary and the hydrotropic solution and Yoo the surface tension of the hydrotropic solution,

also noted o, by the Young equation (Eq.IILS):

© 2020 Tous droits réservés.

YsG¢ = Ys.+ YL COs 0

107

(IIL.5)

lilliad.univ-lille.fr



Thése de Agathe Mazaud, Université de Lille, 2020
Chapter III. Extraction of CA with C;Gly and CiGlyco Confidential

Figure II1.30. Contact angle of water (a) and an aqueous solution of CsGly at 30 wt.% (b) on the upper
side of rosemary leaves

Table II1.3. summarizes the contact angles with rosemary and the surface tensions (c) of water
and the aqueous solutions containing 30 wt.% of hydrotropes, which have been measured at
this concentration specifically for more precision. As expected, the presence of a hydrotrope
decreases both 6 and ¢ compared to neat water. Moreover, those two values evolve with the
alkyl chain length in the following order: C4 > Cs > i-Cs for both CiE> and C;Gly series.
Excluding the difference of glycoside nature, the same phenomenon occurs with
C4Glu > i-CsXyl. The polar head also influences both 6 and ¢ in the same order: for the C4
series, E> < Gly < sugar (Glu) and for the Cs and i-Cs series, Gly < E; < sugar (Xyl).

Table II1.3. Contact angles observed between 2 puL droplets of aqueous hydrotropic solutions at 30
wt.% (or water) and the upper sides of rosemary leaves and surface tension of these solutions

0(°) ¢ (mN/m)
Water 1064 = 11.8 72.8
CsGly 589 =+ 59 28.6
CsGly 419 =+ 7.1 26.8
g i-CsGly 402 + 53 25.3
© C4E2 568 + 59 28.0
g CsEz 486 + 6.2 30.0
— i-CsE2  46.1 + 43 28.5
CsGlu 791 = 37 29.0
i-CsXyl 519 + 62 37.0
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Since Ygq only depends on the plant surface, the value of — c.cos 6 depends only on the

interfacial tension Yg; as shown by Eq.IIL6. Those values were plotted against the

concentration of CA extracted by the hydrotropic solutions in Figure II1.31. Interestingly, two
groups stand out, corresponding to the different alkyl chain lengths. Furthermore, for a similar
alkyl chain length, the concentration of CA extracted seems to increase exponentially when Vg
decreases, meaning that the concentration of extracted CA only depends on the interfacial
tension and the alkyl chain length i. Indeed, when the interfacial tension decreases, interactions
between the hydrotrope and the plant increases, which probably results in a higher adsorption
of hydrotropes on the plant, hence an easier diffusion. However, this assumption should be
verified for more amphiphiles.

—0c0s0 =vyg,— Ysg (III. 6)

1.4

y = 9X1 0-5 e-0.47X

1.2 R2=0.98 y = 0.0002¢0-56x
ies Re = 0.99

1 i=4
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0.6

04

0.2

O 1 1
-20 -15 -10 -5
-o0.cos 0

Figure II1.31. Evolution of the concentration of CA extracted from whole rosemary leaves after 24 and
48 h of stirring by 30 wt.% CiGlyco (green), CiGly (red) and CE, (black) with —o cos 0, i.e. with the

interfacial tension Yy, Empty points represent branched alkyl chains.

I11.2.4. Transposition of the model to ground rosemary and sage

The previous experiments highlighted CsGly and i-CsXyl as the best CiGly and C;Glyco
respectively, thanks to their short alkyl chain, small polar heads compared to CiGlyco for
example and thus, small molecular volume. However, extractions of whole leaves of rosemary
resulted in a concentration of CA in the filtrate of 1.07 and 0.43 g/L respectively, whereas 2.7
g/L could be expected if all the CA available was extracted. Considering that, in all the cases,
about 20 % of the hydrotropic solution is not recovered because it is absorbed in dehydrated
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rosemary leaves, the recovery rate at this time can be expected to be 32 and 13 %, which must
obviously be increased.

To this aim, extractions with C;Gly and i-CsXyl were performed on ground rosemary in order
to reduce the cell barriers and to release the phytochemicals of the cells. The results were
compared with ground sage, which contained 1.85 wt.% CA for comparison (Figure I11.32).
Regarding extractions of rosemary, CsGly was still the best hydrotrope and resulted in a
concentration of CA in the filtrate of 2.53 g/L.. Once again, i-CsGly and C4Gly had an equivalent
efficiency (2.37 g/L CA in the filtrate) and i-CsXyl was less efficient than C;Gly, with a CA
concentration of 2.1 g/L. Therefore, the efficiency of hydrotropes was ranged in the same order
than for the extraction of whole leaves. Regarding extractions of sage, those three latter
hydrotropes had a similar efficiency and extracted around 1.3 g/L + 0.04. CsGly was found to
be the best hydrotrope for this experiment too with 1.36 g/l CA extracted. However, the
extraction of sage was less efficient than that with rosemary since the recovery rate of CsGly
can be estimated to 59 % for sage and 75 % for rosemary. Noteworthy, with i-CsXyl the
recovery rates can be estimated to 55 and 62 % for sage and rosemary respectively.

2.8
°o6 L T
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m Sage

m Rosemary
2.2

2
1.8
1.6
1.4
1.2

1

Cea (9/L)

C,Gly i-C<Gly CGly i-CsXyl
Hydrotrope (aq. 30 wt.%)

Figure II1.32. Concentration in the filtrate of CA extracted from ground rosemary and sage leaves after
30 min of stirring by 30 wt.% CiGly solutions and i-CsXyl. Dotted lines show the maximum
concentration of CA which can be extracted from rosemary and sage leaves.

I11.3. Optimisation of the hydrotropic extraction

In view to perform extractions at a larger scale, CiGlyco were found a better option compared
to CiGly since they are commercially available and they seem to be more biodegradable.!?
Indeed, their high biodegradability has been demonstrated by the prescribed OECD 301 test for
aerobic degradation in aqueous medium (28 days) and OECD 311 one for anaerobic
biodegradability under sludge digester condition (60 days).!3”2%-2!! In addition, iso-amyl
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polypentoside (i-CsXyl), heptyl polyglucoside (C;Glu) and caprylyl/capryl polyglycosides
(Cs10Glyco) passed the OECD 301F test with results up to 86, 82 and 98% of biodegradation
over 28 days.!**13® Furthermore, no dermatologic irritation for decyl and octadecyl glucoside
(C10Glu, C13Glu)'*” and moderate ocular irritations (for Cs/10Glyco or i-CsXyl according to the
OECD 405 test)'*? have been found, along with low health toxicity (LDso > 35 g/kg according
to the OECD 401 test) for Cs/10Gluy.6.'*” Eco-toxicity for aquatic organisms such as zooplankton
and phytoplankton was found to be lower for CiGlyco surfactants compared to CiE; and among
the CiGlyco, the branched ones are even less harmful than the linear ones.?'? In addition,
CiGlyco are easily prepared from bio-based resources, namely alcohols from fatty acids, and
glucose or xylose from starch or hemicellulose.!3*213

II1.3.1. Iso-amyl xyloside, a very efficient sugar-based hydrotropic
extractant

Extractions from ground rosemary were performed for 30 min at room temperature, with a
plant/solution ratio of 10 g/100 mL, with i-CsXyl, C7Glu and Cs/10Glyco, which were the most
efficient CiGlyco for the extraction of CA from whole rosemary leaves. According to the
solubility curves, the hydrotropic concentrations were chosen so that each solution had a similar
solubilization capacity for CA (6.5-8 g/L, Figure I11.16). After filtration to separate the solution
from the residual plant, CA concentration in the liquid extract was quantified by HPLC (Table
I11.4).

Table II1.4. Mass yield and CA content in the liquid and solid extracts obtained from ground rosemary
after 30 min of stirring in the hydrotropic solutions at room temperature.

Hydrotropes Cca? Dilution Dry extract
(conc. wt. %) (g/L) factor Mass yield CA content
(%) (wt. %)
i-CsXyl (22.5) 2.05 2.5 53 12.6
C7Glu (12) 1.9 4.2 2.2 7.9
CsnoGlyco (4) 1.6 10 0.01 n.d.b

2 CA content in the intermediate liquid extracts obtained after the extraction and the removal of plant residuals.
® Not enough recovered solid extract to be analyzed

i-CsXyl was the most effective extractant during the first step of extraction with 2.05 g/L of CA
recovered in the filtrate. In order to recover CA, the hydrotropic solution was diluted just at the
MHC with acidic water (pH 2) to precipitate insoluble materials forming the hydrotropic
extract. The dilution factors (Table IIL.4) are the ratio between the concentration of the
hydrotrope used for the extraction and of its MHC with CA (Table II1.2). Then, the precipitate
was recovered by Biichner filtration under vacuum and freeze-dried before HPLC

111

lilliad.univ-lille.fr



Thése de Agathe Mazaud, Université de Lille, 2020
Chapter III. Extraction of CA with C;Gly and CiGlyco Confidential

quantification of CA. The ratio between the mass obtained and the initial amount of rosemary
is called the mass yield (Eq. IL8).

The extract with the highest mass yield and CA content (Eq.IL.9) was obtained with i-CsXyl.
Concerning Cg/10Glyco, the required dilution factor seems too high to precipitate CA. Indeed,

the CA concentration decreased to 0.16 g/L, a value close to its solubility limit in pure water
(0.08-0.1 g/L) (Figure I11.16).

If i-CsXyl remains the best extractant on whole leaves, the extraction of CA is less efficient
compared with ground leaves (1.92 g/L over 30 min vs 0.43 g/L over 48 h respectively). Even
if CiGlyco may pass through cell membranes, it is not sufficient to lead to equivalent mass
transfer kinetics compared to the one induced by the grinding step. We thus optimized the
process with i-CsXyl using ground leaves.

I11.3.2. Identification of the key parameters for hydrotropic extraction
with iso-amyl xyloside using a 2¢fractional factorial design

a. Choice of the factors

Many factors can influence the final mass yield and recovery rate of the target molecules during
the whole extraction process. The study of each factor and their interaction pairwise would
require numerous experiments which can however be lowered thanks to an experimental
design.'?!21%220 Though particle size plays an important role, it has been widely studied
elsewhere and has thus been excluded from the optimization.?!*?!522! Anyway, an average size
of 0.5 mm has been used herein as it is the most industrially accessible particle size due to the
terpene content of rosemary leaves which make them become sticky during grinding. Four other
factors were selected: time of extraction, hydrotrope concentration, stirring speed and
temperature during maceration (Figure II1.33). A two-level full factorial design was chosen
since it is adapted to measure interactions between factors and identify the most significant
ones. The plant/solution ratio was set at 5 g for 50 mL to minimize the use of hydrotropic
solution while keeping a good dispersion of rosemary.

Two levels for each variable were defined as reported in Table IILS. They were chosen as
extreme factors: weak (50 rpm) or vigorous (400 rpm) stirring, short (5 min) or long (30 min)
extraction time and heating (60 °C) or room temperature (25 °C). For the hydrotrope
concentration, the first level was defined at 15 wt.%, the concentration which solubilizes 2.7
g/L of CA, i.e. the expected concentration of CA if all the available CA in the 5 g of rosemary
is extracted. The second level was chosen at the minimum concentration which is able to
solubilize the highest concentration of CA, i.e. 30 wt.% (see Figure I111.19).
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Table IIL.S. Factors and levels of the experimental design.

X1 X2 X3 X4
Levels
Stirring (rpm) Time (min) [Hydrotrope] (wt.%) Temperature (°C)
Low (- 1) 50 5 15 25
High (+ 1) 400 30 30 60

Hydrotropic solution
Ground rosemary (50 mL)
O,

(mg=5g) /H-OHWO\/\( Dilution with

water (pH 2)

Solid extract

Dry extract (mg,)

Y, = CApe (Wt %)

Freeze-drying

Constant (CAcontent in
temperature the dry extract)
bath

Y, = Yield (%)

(mex l/ mR)

&

Y,=C L
X4 = Stirring

X, =Time (concentration of
X3 =[Hydrotrope] CAin the filtrate)
X,4= Temperature

Figure II1.33. Schematic representation of the different steps for the extraction of CA from ground
rosemary with factors X;and responses Y;of the experimental design.

b. Calculation of the effects

A 2* factorial design was then constructed leading to 16 experiments (Figure II1.34). The
hydrotropic extraction process requires at least three steps (Figure II1.33): i) maceration in the
hydrotropic solution, ii) dilution below MHC and precipitation and iii) filtration of the
precipitate to recover the solid extract. This wet solid extract is then freeze-dried. To evaluate
the effect of the selected factors on the whole process, three responses were quantified: i) the
CA concentration in the first filtrate after maceration (Y1 = Cca, r1 (g/L)), ii) the CA content in
the dry extract (Y2 = CApe (Wt.%)) and iii) the mass yield of the extraction (Y3 = Mass yield

(%))
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Figure II1.34. 2* Factorial matrix of the 16 extractions of the experiment design performed with i-CsXyl
and results on (a) the concentration of CA recovered in the filtrate after plant/solution extraction and

separation, (b) the purity of CA in the dry extract and (c) the mass yield of the extraction.
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The analysis of the results of the experimental design shown in Figure III.34 leads to a
mathematical expression (Eq.IIL7) for each responses (Y) using the calculated coefficients b;,
referring to the effect of the factori (i =1 to 4), bj; referring to the interaction between a factor
1 and a factor j, bjjk and bjjk, referring to the interactions between the factors i, j and k or i, j, k,
1 respectively.

Y:b0+b1 Xl +b2X2+b3 X3+b4X4
+ b12 X1X2 + b13 X1X3 + b14 X1X4 + b23 X2X3 + b24 X2X4 + b34 X3X4
+byos X X5 X5 + biog X XoXy +byag X X3Xy + bazg XoX3Xy + bioag X1 XXXy (IIL.7)

Table II1.6 presents the calculated coefficients for the three responses. One experiment has
been triplicated in order to get a standard deviation for each response (SDy) from which the
standard deviation of the coefficients is calculated (SDwi). Then, taking into account the Student
coefficient (t) a significance threshold (t.SDyi) can be calculated with a confidence level of 99
(*¥*%), 98 (**) and 95% (*) for each response. All the coefficients bi, bjj, bijk or bi234 below this
threshold can be deleted from the mathematical expression. Significant coefficients are
indicated in bold in Table IIL.6.

Table IIL6. Estimated b coefficients of regression models using a 2* factorial design.

Filtrate 1 Dry extract
Coeff. -
Cca,r1 (g/L) CApE (Wt. %) Mass yield (%)

bo 1.42%%* 16.95%** 1.03%%**
b1 0.05 1.42% -0.21
b2 0.01 -0.37 -0.04
b3 0.50%*% -0.21 0.09

b4 -0.01 - 1.42% 0.44%*
b1z -0.01 - 1.02% -0.02
b1 0.03 0.31 -0.10
b1 - 0.06 -0.02 -0.26
b23 0.03 -0.12 0.21

b24 - 0.06 - 1.40* 0.02
b3 0.00 2.06%* 0.30*
b123 0.02 -0.32 -0.27
b124 0.01 0.72 -0.05
b134 0.01 -0.17 -0.10
b234 0.03 0.08 0.23
b1234 -0.01 1.94 -0.05
SDy o1 08 024
SDwi 0.03 0.22 0.06
t.SDbi(95% ) 0.2 1.0 0.3

* Significant with a confidence level of 0.95, ** Significant with a confidence level of 0.98, *** Significant with
a confidence level of 0.99.
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¢. Increase in the concentration of carnosic acid extracted from rosemary (Y1)

Regarding the CA concentration in the filtrate after maceration (Table IIL.6), bs is the only
significant coefficient (p < 0.01). Thus, the concentration of hydrotrope (X3) is the only factor
which has a significant influence on the maceration and the mathematical expression is greatly
simplified (Eq.IILS8).

CCA,FI =1.42+0.50 X3 (HI 8)

The stirring (X1), the time (X2) and the temperature of extraction (X4) can be fixed to the level
-1 or +1 with nearly no influence on this step. This constitutes a great difference compared to
DES extraction of CA from rosemary, which highly depend on time and temperature.®® This is
well perceptible in the results. Indeed, two distinctive groups stand out (Figure I1I1.34.a):
experiments 1 to 4 and 9 to 12 were performed with 15 wt.% i-CsXyl and clearly give less
efficient results (Y1 = 0.9 g/L) than those for which X3 = 1, which used 30 wt.% of hydrotrope
(Y1=19 g/L, exp 5 to 8 and 13 to 16). To better visualize the effect of the hydrotrope
concentration, Figure ITL.35 represents the factor X3 on the horizontal axis, and the factors X,
X2 and X4 on the vertical axis. The mean value of the response for X3=+1 (Y| =1.9) and for
X3=-1(Y1=0.9) are indicated and marked with a red or green rectangle.

(@) b3=0.5

Xy Stirring
X, Time
X4 Temperature

[Hydrotrope]
— 09|19 > X;
15 30

Figure II1.35. Representation using NemrodW® of the significant principal effect bs for Y (Cca, r1) of
the experimental design of rosemary extraction by i-CsXyl.

d. Increase of the carnosic acid content (Y2)
With regards to the CA content in the dry extract, the mathematical model can be expressed as
followed (Eq.I11.9):
Y,=169+14X,— 14X, — 1.0X;, — 14X+ 2.1 X34 (I111.9)

The coefficient bi234 is not taken into account since it is generally neglected in regard to other
interaction coefficients. Its value is probably due to a small lack of fit of the expression of the
mathematical model, but this should not interfere with the interpretation of the effect of the X;
factors on CApk. Since the mathematical model includes the coefficients b2, ba4 and bz4 which
are significant, the corresponding interactions are represented in Figures II1.36 and ranked by
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decreasing importance. Inside each square is indicated the value corresponding to the average
of the responses. Green zones correspond to favorable conditions for increasing CApeg. It can
be seen that for each of the three interactions studied separately, a CA content greater than 19.4
wt.% is obtained. On the opposite, red areas are operating conditions that should be avoided,
otherwise CA contents will drop below 15 wt.%. These CA content levels (19.4 and 15 wt.%)
have been materialized with two horizontal dashed lines in Figure I11.34.b.

The study of the interactions reveals non-simultaneous favorable conditions for all the factors.
However, there are several possible operating conditions to obtain a CA content in the dry
extract greater than 19.5 wt.% (Figure I11.36). That for, two factors must be set in accordance
with one or two of the three favorable cases (X1 =1, Xo=-1)or (X2 =1 and X4 =-1) or (X3 =
X4 = -1) but at the same time, no unfavorable conditions must be realized (X; = X2 =-1) or (X2
=Xg=1)or(Xz=-1,Xs=1).

According to the study of the X3X4 interaction (Figure II1.36.a) which is the most important
(bzs = 2.06), the best conditions are a low hydrotrope concentration (15 wt.%) and a low
temperature (25 ° C). This effectively corresponds to experiments 1 to 4 for which the response
Y2 (CApEg) is greater than 19 wt.%. On the other hand, if the extraction is performed at high
temperature (60 °C) and with a low hydrotrope concentration (15 wt.%), the conditions are very
unfavorable and the CA content will be very low (Y2 = CApe < 13 wt.%, Exp 9, 11 and 12 in
Figure II1.34). Heating the solution can promote the degradation of CA, or the extraction of
undesired components from rosemary (hereafter referred to as “by-products”) and therefore
decrease the selectivity of the extraction.

Another way to reach 19 wt.% content (Figure I11.36.b) is to keep the temperature low (X4 = -
1) and work with a high stirring speed (X2 = + 1), corresponding to experiments 3, 4 and 7 in
Figure I11.34.b. This confirms the deleterious effect of the temperature on CA content despite
it has no effect on the concentration of CA in the filtrate, and highlights the influence of the
stirring. All unfavorable conditions excluded, Figure II1.36.c shows that a high CA content
(CApE > 19 wt.%) can alternatively be obtained with a high stirring speed and short maceration
time, as depicted by the responses of experiments 2, 6 and 14 of Figure I11.34.b. This suggests
that the extraction of by-products is avoided by stopping the extraction after 5 min, without
affecting the CA recovery. In other words, the extraction of CA seems faster than the by-
products one.

(a) baa =2.1 (b)bu=-14 (¢) bi2=-1.0
X4 X4 X2
60 N Temperature 60 N Temperature 30 N Time
13.7 [ 17.4 | [Hydrotrope] 17.3(13.8| Time 16.2(17.0| Stirring
X3 X2 X1
15 120.6(16.1(30 5|17.3|19.4]| 30 50(14.9/19.8|400
25 25 5

Figure II1.36. Representation using NemrodW® of the significant principal interactions X;X; for Y»
(CApE) responses of the experimental design of rosemary extraction by i-CsXyl.
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e. Increase of the mass yield (Y3)

Considering only the interactions of first order (neglecting the 2" order interaction b3 which
again might come from a faulty fit of the model), Eq.IIL.10 expresses the overall mass yield Y3
as a function of factors Xi.

Y3 =1.0+04 X4 —-0.3 X14 +0.3 X34 +0.2 X23 (IH 10)

Temperature (X4) is a very important factor since it constitutes the most important effect (b4)
and is involved in the two most important interactions (bss and bis4). Figures II1.37 a and b
show that the most favorable conditions for the most important interactions (X3-X4 and Xi-X4
respectively) are a high hydrotrope concentration, a high temperature and a low agitation.
Indeed, experiments 13 and 15 meet all those conditions and their mass yields are higher than
1.7% (Figure II1.37.c), whereas the medium mass yield is 1.0%. The highest mass yield (3.3%)
is reached for the experiment 15 which meet all the favorable conditions. On the opposite, when
an unfavorable condition of the 2 main interactions is achieved (Exp 1, 3, 5-8), the mass yields
drop to less than 1% (Figure II1.34.c). Therefore, the most important condition to maximize
the mass yield is to perform the extraction at 60 ° C.

(a) b34 =03 (b) b4 =-0.3 (C) bx; =0.2
X
X X4 3
60 4Temperature 60 A Temperature 30N [Hydrotrope]
1.1 | 1.9 | [Hydrotrope] 1.9 | 1.0 | Stirring 0.9 | 1.3 |Time
X3 X1 X2

15 (0.8 |0.4 (30 50| 0.5 | 0.7 | 400 5112107 |30

25 o5 5

Figure II1.37. Representation using NemrodW® of the significant principal interactions X;X; for Y3
(Mass yield) responses of the experimental design of rosemary extraction by i-CsXyl.

f. Best compromise between Y1, Y2and Y3

Among the four studied variable factors, the higher the hydrotrope concentration, the higher the
CA concentration in the filtrate (Y1), while temperature, stirring and time have no significant
effect on Cca, r1 after the first step of extraction. The two responses Y2 and Y3 are mainly
governed by the X3X4 interaction ([hydrotrope]/temperature) but Figures I11.36.a and I11.37.a
show that the most favorable areas for Y2 and Y3 are opposite. Thus it is not possible to
maximize Y2 (CA content in the dry extract) and Y3 (mass yield) at the same time. With a high
temperature and with a high hydrotrope concentration, an important concentration of both CA
and by-products are extracted and thus recovered in the dry extract, which is characterized by
a low CA content (low Y2), but in return by a high mass of extract (high Y3). It follows that
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high temperature and hydrotrope concentration cause the extraction of by-products from
rosemary while CA extraction would not be favored by this combination.

I11.3.3. Optimization of the hydrotropic extraction with iso-amyl xyloside

a. Optimal hydrotrope concentration

To adjust the hydrotrope concentration more precisely, extractions of ground rosemary leaves
were performed at room temperature for 30 min under intermediate stirring (250 rpm). The
concentration of CA was analyzed in the filtrate, as shown on Figure II1.38. Noteworthy, the
efficiency of the hydrotropic solution increases from the MHC to a plateau at 18 wt.%, at which
the concentration of CA extracted remains stable between 2 — 2.1 g/L.. Indeed, a solution with
a medium i-CsXyl concentration of 18 or 22.5 wt.% has the same efficiency as the hydrotropic
solution at 30 wt.%. This is of particular interest for a future industrial process since it allows
to limit i) the cost related to hydrotrope and ii) the dilution factor required to pass below the

MHC.
2.5
2
= i
B 1.5
3
o 1L
MHC
05 \l/
0’ 1 1 1 1
0 5 10 15 20 25 30

i-CsXyl (%)

Figure II1.38. Influence of the i-CsXyl concentration on the concentration of CA recovered in the filtrate
after 30 min of extraction at 25 °C, pH 2.

b. Optimal time

Finally, to complete the experiments of the factorial design, which showed no effect of
increasing the time from 5 to 30 min, we studied the kinetics of the extraction from 5 to 60 min.
This kinetic study, showed in Figure II1.39, confirmed that the concentration of CA in the
filtrate reached a plateau after only 5 min of extraction (the first sampling) and slightly
decreased when the time increased to 1 h. This can be attributed to the degradation of CA.
However, at a large scale, it should be difficult to operate an extraction of less than 30 min, so
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this time was kept as the optimal one for the following study. After 30 min of extraction with
22.5 wt.% i-CsXyl at room temperature, 57 % of the available CA were recovered in the filtrate.
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Figure II1.39. Kinetic study of the estimated amount of extracted CA in the hydrotropic solution,
considering that 20 % of the hydrotropic solution is absorbed by the plant. Extractions performed with

aqueous solutions at 22.5 wt.% i-CsXyl, at 25 °C, pH 2.

I11.4. Experimental part

I11.4.1. Composition of the alkyl polyglycosides CiGlyco

a. Thermogravimetric analysis (TGA) and proton nuclear magnetic resonance ('H

NMR)
TGA: 10 mg of the commercial mixtures were heated under nitrogen 10 °C/min from 30 to 500

°C on a TA Instruments TGA Q/50 apparatus.
"H NMR: All alkyl polyglycosides were freeze-dried until constant mass, dissolved in D,O and

analyzed with a Briicker apparatus (300 MHz).

b. Mass spectroscopy analysis.

Appyclean 6505, Sepiclear G7 and Appyclean 6781 (commercial forms of i-CsXyl, C7Glu and
Cs10Glyco) were freeze-dried over 24 h and then analyzed by FIA-HRMS and a LC-MS method

on a Q-TOF mass sprectrometer maXis (Briiker). The nebulizer gas was set at 0.6 bar and 2.0
bar respectively, the dry gas flow at 7.0 L/min and 9.0 L/min respectively and for both analyses,
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the capillary voltage was set at 4000 V. The mass spectrometer was equipped with a Cig column
from Waters (UPLC HSS T3 — 2.1 x 100 mm — 1.7 um) maintained at 40 °C. The mobile phase
was composed of (A) 0.1% formic acid/water and (B) 0.08% formic acid/acetonitrile. The
multi-step linear solvent gradient used was: 0-0.2 min, 3 %B; 0.2-6 min, 3-60% B, 6-6.5 min,
60-90% B, 6.5-7.5 min, 90% B 7.5-7.6 min, 90-3% B and 7.6-8.6 min, 3% B; flow rate 500
uL/min; injection volume 2.5 pL.

I11.4.2. Physicochemical properties and descriptors of alkyl polyglycosides
CiGlyco and alkyl monoglycerols C;Gly

a. COSMO-RS calculations of the log P and Vm values

See section 11.6.4

b. Critical Aggregation Concentration (CAC) determination by tensiometry

See section 11.6.3.

I11.4.3. Solubility curves of rosemary contituents, fatty acids and alkyl
gallates in hydrotropic aqueous solutions.

Solubility curves of CA in CiGlyco and Cs4Gly were performed following the procedure of
section I1.6.2. For other solutes, same procedure was followed with adapted solute. The amount
of solubilized solute was determined by HPLC quantification (for RA, UA, alkyl gallates and
fatty acids) or GC quantification (camphor).

a. Quantification of camphor by GC-FID

Hydrotropic solutions (500 uL) were extracted with 500 uL of ethyl acetate and then, diluted
by a factor 10 or 100 depending on the concentration of camphor. Analyses were performed
using an Agilent GC Trace apparatus equipped with a PTV injector and a FID detector
6890N/G1530N. The PTV injector (injection = 2 uL) was held at 80 °C for 2 min, then heated
at 20 °C/min to 260 °C and maintained at this temperature for 6 min. Separation was achieved
on a 30 HP-1 methyl siloxane column with 320 um internal diameter and 0.25 um film thickness
(Agilent J&W). The column was held at 80 °C for 3 min, then heated at 10 °C/min to 300 °C
and maintained at this temperature for 10 min. Carrier gas (N2) flow rate was set at 1 mL/min.
The detector temperature was set at 300 °C.
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b. Quantification of UA, RA, alkyl gallates and fatty acids by HPLC

Hydrotropic solutions were diluted by a factor 5 (or 100 in the case of RA) in MeOH (0.1 %
TFA). Analyses were performed using an HPLC apparatus LC 20AD from Shimadzu equipped
with an autosampler (injection = 10 or 20 puL), a Uptisphere Cig column (Interchim, 5 um
particle, 4.6 x 250 mm) maintained at 30 °C, a UV detector (SPD 20A) set at 210 nm for UA,
330 nm for RA, 275 nm for Cg, Ci12 an C16G and 300 nm for C3G or a ELSD LT-II Shimadzu
detector maintained at 40 °C for fatty acids. The mobile phase was a mixture of MeOH (0.1%
TFA)/water, in a 70:30 ratio for RA, 80:20 for C3G and CsG, 90:10 for UA, C;2G and C;6G and
100:0 for fatty acids in isocratic mode, with a flow rate set at 1 mL/min.

111.4.4. Contact angle measurements

Homogeneous solutions were prepared with 30 wt.% hydrotrope in water. Leaves were chosen
as straight as possible and stuck by a double-sided adhesive tape on a microscopic lamella
which was locked to the base. Thanks to a syringe, a droplet of 2 uL of hydrotropic solution
was deposited on the leaf surface. Contact angles were captured with a Drop Shape Analyser
(DSA - 100, Kriiss) equipped with a camera. The angle between the drop and the surface of the
leaves was measured by the software of the apparatus (Advance).

I11.4.5. Hydrotropic extractions

a. With whole rosemary leaves

See section 11.6.5.a

b. Typical extractions with ground rosemary leaves

Hydrotropic solutions were prepared at the specify hydrotrope concentrations and acidified at
pH 2 with 1% (v/v) phosphoric acid. Extractions were performed by macerating ground
rosemary in the hydrotropic solution with a solid:liquid ratio 1:10 w:v under magnetic stirring
(250 rpm) at room termperature (25 °C) during 30 min, unless for the kinetic study (several
samplings between 0 and 60 min). The volume of solution, the hydrotropes, plants and the
hydrotrope concentration are precised in Table II1.7. Then, plants were separated by Biichner
filtration (cellulose filter, ® = 8 um) and the concentration of CA in the filtrate was quantified
by HPLC.
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Table II1.7. Different experimental conditions for typical extractions.

Hydrotropic or surfactant solution Plant
section -
Concentration Volume
Amphiphil T M
mphiphile (WE%) (mL) ype ass (g)
CiGly, Rosemary
111.2.4 30 10 1
i-CsXyl Sage
i-CsXyl, 22.5
I11.3.1 C5Glu, 12 100 Rosemary 10
Cs10Glyco 4
II1.3.3.a i-CsXyl 0-30 100 Rosemary 10
I11.3.3.b i-CsXyl 22.5 1000 Rosemary 100

c. Experimental design

Extractions were performed by macerating 5 g of rosemary in 50 mL of a hydrotropic solution
(solid:liquid ratio 1:10 w:v) under magnetic stirring in the specific modalities defined by the
experimental design (time, stirring speed, hydrotrope concentration and temperature). Plants
were then separated by Biichner filtration (cellulose filter, ® = 8 um).

d. Typical precipitation method

The filtrates (section II1.3.1 and II1.3.2. Experimental design) were precipitated by sudden
dilution with acidic water (H3PO4, 1% v/v, pH 2) to reach the MHC and thus, induce the
precipitation of the extracts. Then, the solution was stirred at 350 rpm for 30 min and settled
for 30 min. The precipitate was recovered by filtration under vacuum, using the specified filters
(cellulose, @ = 3 um). Finally, they were diluted in MeOH (0.1 % TFA) to quantify their CA
content by HPLC.

e. Experimental design statistics

The coefficients of effects, noted b, were calculated using Microsoft Excel. The experiment 13
was repeated three times to perform a “repeated measures Student t-test”: the standard
deviations o(Y) and o(b;) of the response and the effects were calculated and the significance
threshold with a 95, 98 or 99% confidence level were determined using the Student t-
distribution table (two-tailed), with the corresponding p-value (< 0.05, 0.02 or 0.01) and a
degree of freedom of 2 (3 repeated experiments -1). The determination of the significant X;X;
interactions was performed with NemrodW®,
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I11.5. Conclusions of Chapter III

Agro-resources are increasingly attractive to replace petro-based organic solvents in common
processes due to their generally higher biocompatibility. Therefore, Chapter III was dedicated
to the investigation of the efficiency of CA extraction with aqueous solutions of commercial
alkyl polyglycosides (CiGlyco) with i ranging from 4 to 8 and synthetic alkyl monoglycerols
(CiGly), with i = 4 or 5. In addition, one CiGlyco surfactant (Cg/10Glyco) was compared with
hydrotropes. First, we have characterized the average structure of the CiGlyco mixtures, which
are very complex with a degree of polymerisation (DP) between 1 and 7, and found an average
DP between 1.5 and 2.1, depending on the amphiphile. Thanks to this characterization,
physicochemical properties such as MHC, CAC, surface tension were measured and descriptors
such as HLB, log P, molecular volume, and molar mass were estimated for CiGlyco, as well as
for CiGly and were used to validate the relationship between those descrptors and the efficiency
of hydrotropes established in Chapter II for CiE;.

This way, we have also shown how agro-based CiGlyco and C;Gly hydrotropes can extract
more or less efficiently CA from rosemary. CiGly and especially pentyl glycerol CsGly was
very efficient regarding the extraction of whole and ground leaves of rosemary (1.07 g/L and
2.53 g/ CA recovered in the filtrate respectively, in comparison with a maximum
concentration expected of 2.72 g/L). CiGlyco were less efficient than CiGly to extract CA but
iso-amyl polyxyloside (i-CsXyl) has been highlighted as the most suitable CiGlyco to extract
CA from both ground and whole leaves compared to caprylyl/capryl polyglycosides
(Cs/10Glyco) and heptyl polyglucosides (C7Glu). This can be related with the fact that i-CsXyl
has the lowest DP of the CiGlyco series, and a short alkyl chain, and thus, a small molecular
volume. In addition, the efficiency of i-CsXyl to solubilize more or less efficiently some
products, depending on their partition coefficient was shown with homologous series of alkyl
gallates and fatty acids, and phytochemicals of rosemary. This partition coefficient - solubilities
relationship presage finer selectivity during the extractions compared to the use of solvents, for
which the solubility depends more on the polarity than the amphiphilicity.

The optimization of the extraction parameters with i-CsXyl by a 2* factorial design showed that
in a first step, it is important to extract CA with a relatively high hydrotrope content, i.e. 30
wt.% rather than 15 wt.%. Then, we have shown that this concentration can be lowered to 18
wt.% without affecting the efficiency of the extraction. Moreover, the temperature during
extraction (step 1) also plays a key role for the precipitation (step 2) of the insoluble material.
At high temperature (60 °C rather than 25 °C), extracts with a high mass yield but a low purity
in CA are produced, suggesting the extraction of a higher fraction of by-products at high
temperature. Inversely, the maximum purity of 23.3% was obtained after extractions performed
at low temperatures but in detriment to the mass yield. The stirring speed, the concentration of
hydrotrope and the time have less impact but interactions with temperature were found.
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Chapter IV. Optimization of the rosemary extract recovery
and purification

The recovery of a solid extract in the context of a solvent extraction can be a simple and efficient
step performed by evaporation. In order to ensure the competitiveness of a hydrotropic
extraction compared to a solvent extraction, a simple and energy saving technique must be
designed and optimized to recover all the extracted target molecules.

As mentioned in the literature review (Chapter I), three main methods are described to ensure
the precipitation or crystallization of the extracts: (i) evaporating or distilling the solvent, which
are convenient methods given their low boiling point, (ii) cooling the solution when the
solubility of the solute depends on the temperature (iii) adding an anti-solvent. Moreover, the
Hydrotropic Cloud Point Extraction (HCPE) using C4E; as the hydrotrope failed to efficiently
recover CA due to its high thermodegradability (Chapter II). Therefore, this chapter focuses
on optimizing the recovery of a hydrotropic extract of rosemary either by cooling or
dilution. Considering the results of Chapter III, extractions were performed with alkyl
polyglycosides (CiGlyco), in particular with i-CsXyl, which was determined to be the optimal
hydrotrope in regards to its efficiency, commercial availability and biodegradability.

IV.1. Precipitation of the extract by cooling

Among the reported hydrotropic extractions in the literature, only a few use a cooling process
for the recovery of a solid extract. This has been described for the extraction of piperine from
NaCS solution, concentrated at 1 M (MHC = 0.1 M). Gaulkar and Gaikar concluded that this
technique was “a better option compared with the precipitation by dilution” because it avoids
the use of large volumes of water and the hydrotropic solution can directly be reused.!'® In
addition, a high purity precipitate (95 %) could be obtained by cooling from 80 to 30 °C a
hydrotropic solution of sodium cumene sulfonate (NaCS) used to extract diosgenin, a
phytosteroidal saponin, from dioscorea rhizomes. However, the amount of diosgenin in the
precipitate was small, and the authors found it more efficient to combine cooling and dilution
with water, giving a precipitate with higher mass yield but lower purity, and then washing the
precipitate to remove undesirable products.???> Out of these two examples, to our knowledge,
the precipitation or crystallization of a hydrotropic extract only by cooling has never been
reported again.

Thus, based on the understanding of the physicochemical phenomena induced by cooling and
involving crystallization, which are first reviewed in this section, and after studying
crystallization in model solutions containing pure CA, the precipitation of CA from hydrotropic
extracts of rosemary has been attempted by this way.

125

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Agathe Mazaud, Université de Lille, 2020
Chapter IV. Recovery of the hydrotropic extract Confidential

IV.1.1. Influence of the temperature on physicochemical phenomena
involved in the solubilization process

a. Relationship between temperature, solubility and crystallization in solvents

In solvents, the solubility of an organic compound results of a competition between solute-
solvent, solute-solute, and solvent-solvent interactions, which can be hydrogen bonds, Van der
Waals interactions, or “hydrophobic interactions”. For example, in a polar solvent like water,
strong hydrogen bonds organize the molecules between them, the system must therefore spend
energy to insert different molecule between those of the solvent since it will destructure the
network.?>® To decrease the energy of the system, solute-solvent interactions are created
provided that they have similar polarities: this is the ‘like dissolves like’ theory.

A temperature increase induces the breakdown of hydrogen bonds and less optimal polar
interactions. The effect can occur on both the solute-solvent and the solvent-solvent
interactions. However, in the case of organic compounds (or salts), an increased solubility is
generally observed during heating, and can be explained by a reduction in the structuring of the
solvent, inducing less energy required to solubilize a molecule. This effect can be represented
by the Apelblat model (Eq.IV.1), with S, the solubility of the solute, So = 1 mol/kg, the
constants A, B and C constants relative to the solvent-solute system, and T (K) the
temperature.?**

hu§q=A+E+cma) (IV.1)
S, T

Moreover, remarking that the water-solubilities of 47 solutes including for example amino acids
or sugars exponentially increase with temperature, an empirical model (Eq.I'V.2) has also been
proposed with “a”, the solubility at 0 °C and “b” a constant depending on the solvent-solute
system.??> Thanks to this model, the temperature gap required to double the solubility can be
calculated, and is comprised between 10 and 70 °C, depending on the solute, with an average
value of 20 °C. In other words, increasing the temperature of 20 °C causes the solubility to
double.

S=qgelT (IV.2)

The same behavior has been observed for the solubility in organic solvents, for example, the
dissolution of p-nitrophenylacetonitrile was measured in sixteen organic solvents between 5
and 60 °C. The Apelblat model was found to be effective in modelling solubility curves, and
by analyzing data from the literature, the empirical model also fits the curve, as shown for the
solubilization of p-nitrophenylacetonitrile in ethanol in Figure IV.1.*° Thanks to the
temperature dependence of solubility, supersaturation can be achieved by cooling. However,
the particles do not crystallize as soon as the saturation curve is reached: there is a metastable
zone, as shown in Figure I'V.2. Nucleation, which is the first part of the crystallization process,
occurs spontaneously when the metastable zone limit is reached. Then, the particles grow
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bigger, so less and less material is solubilized, and the effective supersaturation decreases. The
metastable zone width can be increased by rapid cooling for example, but it is hardly

predictable 2?7228
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Figure IV.1. Evolution of the p-nitrophenylacetonitrile molar fraction (xs) in ethanol with temperature
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Figure IV.2. Solubility (saturation) curve and typical de-supersaturation profile during crystallization
induced by cooling, adapted from Billot et al.”*

In comparison, an aqueous solution of an organic compound solubilized in aggregates of
surfactants or hydrotropes is a more complex system since the interactions between the three
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components (water, amphiphile, solute) must be considered in addition to the solute-solute,
amphiphile-amphiphile and water-water interactions.

b. Aggregation and solubilization in aggregates

Temperature dependence of the Critical Aggregation and Micellar Concentrations (CAC
and CMC)

Surfactants and hydrotropes aggregate above their CMC and CAC respectively, and this
aggregation is enabled by amphiphile-amphiphile, amphiphile-water and water-water
interactions. For many types of surfactants, a decrease in temperature induces an increase in
CMC as measured for Ci2Es, sodium dodecylbenzene sulfonate (LAS), sodium dioxyethylene
glycol monododecyl sulfate (SLES) and rhamnolipids (mono-rhamnose, CioCioR: and di-
rhamnose CioCioR2) at 25 and 10 °C.?** This effect suggests that surfactants are more
hydrophobic while increasing temperature (lower CMC indicates higher hydrophobicity) and
may be explained by the breaking of hydrogen bonds between amphiphiles and water due to
molecular agitation, the same well-known effect that explains the cloud point phase separation.
On the opposite, at a lower temperature, amphiphiles make more interactions in water, so they
seem more hydrophilic, and CMC occurs at higher concentration.

A comprehensive analysis of the evolution of CMC with the temperature for ionic surfactants®!

such as SDS or dodecyl trimethyl ammonium bromide showed that CMC first decreases when
the temperature increases from 10 to 25 °C, then increases above 25 °C. This indicates a
competition between a higher hydrophobicity given by the breaking of solute-solvent hydrogen
bonds and higher hydrophilicity due to lower hydrophobic effect. Indeed, the water disorder at
high temperature makes the presence of a surfactant molecule in water less expensive in energy,
therefore the hydrophobic effect is weakened and the surfactant becomes apparently more
hydrophilic (indicated by the CMC increase). This behavior has also been observed for non-
ionic surfactants such as dodecyl polyethylene glycol ethers (Ci2E;, with j = 4, 6 or 8)**? and
decyl glucoside (8-C10Glu)?*?, which have a minimum CMC at 50 °C and 35 °C respectively.

Regarding hydrotropes, the evolution of the CAC with temperature remains uncertain but it is
likely that same behaviors occur for surfactants and hydrotropes since they are of similar
structure. Moreover, if aggregation is considered to be a prerequisite for solubilization, a CAC
change should induce a change in solubilization behavior.

Influence of the temperature on the solubility

The solubility curves of many organic compounds such as piperine!'’, andrographolide'®’ or
234 were measured in hydrotropic solutions of NaCS (piperine), NaBMGS
(andrographolide), NaPTS, citric acid or nicotinamide (alizarin) at different temperatures (from
25 to 80 °C for piperine and andrographolide, at 50 and 60 °C for alizarin). In all cases, the
solubility increased with temperature, and interestingly, the MHC and the Cmax did not

alizarin
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change.?** Noteworthy, the increase in solubility of piperine with temperature in NaCS solution
has been adequately correlated with an exponential function, in the form of equation (Eq.IV.2),
which had been established for solvents.

The particularities of the physicochemical phenomena involved in the increase in solubility due
to heating in hydrotropic solutions have been investigated. A molecular dynamics simulation
of the NaCS-water system showed that aggregates are more likely to form at high temperatures
(tested between 25 and 85 °C), due to a higher apparent hydrophobicity.?* This easier formation
of aggregates could explain the higher solubility of organic solutes. However, a calculation of
the complexation constants of another study that investigated the solubility of two drugs
(estrone and griseofulvin) in nicotinamide solutions at 20 and 40 °C revealed that the solute-
amphiphile interaction would decrease with increasing temperature. The authors attribute the
increase in solubility due to heating of these two drugs to their higher intrinsic water-
solubility.?3

Regarding short amphiphiles such as i-CsXyl, the evolution of their solubilization and
aggregation with temperature has not yet been studied, their use as hydrotropes being quite
recent.

IV.1.2. Measurements of the crystallization temperature

a. Turbidity as a crystallization indicator

The crystallization phenomenon involves nucleation and growth, which are complex and still
poorly understood phenomena.?*” During nucleation, new particles are created, whereas during
growth, the existing particles grow and the number of large particles increases. Noteworthy, in
an industrial process, a maximum crystal growth is required to ensure efficient and easy
recovery of the crystals by filtration.

When the crystals size reaches several micrometers, the solution becomes turbid, and the
particle obscuration can be measured by light reflection.?’ Indeed, the turbidity probe
(immersed into the solvent) emits light in the direction of a mirror, which reflects it back to the
detector (Figure IV.3). In the presence of suspended crystals, the light is scattered in all
directions and the intensity of the light beam is reduced. Then, an increase in turbidity indicates
crystals growth.??’

Mirror

- !-'" W
Light source
and detector

Figure IV.3. The turbidity probe emits a light beam in the solution to the mirror, which reflects it back
to the detector.
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Since turbidity can be measured only above a certain size of particles, its measure does not
provide any information on the nucleation rate. However, from a practical point of view, such
measurements are best suited to understand crystallization for the purpose of recovering an
extract. For example, turbidity measurements were performed at several pH (between 2 and 12)
to find the best one to precipitate the proteins extracted from canola meal. The maximum
turbidity was found in the range of pH 4-6, indicating the precipitation of the proteins.?*

In this study, the system of interest is basically composed of water, i-CsXyl and rosemary
extract. However, since the extraction of rosemary leads to a crude extract composed of many
molecules, the system was first simplified to three components: water, i-CsXyl, CA.
Noteworthy, the pH was adjusted to 2 using 1 % (v/v) of H3PO4 to ensure that CA is not soluble
in water, and to limit its degradation.”' All measurements were performed at the University of
Avignon using the Crystal Eyes (HEL) technology, which includes electronics, turbidity and
temperature probes, PC and software (Figure IV.4). The solution was magnetically stirred and
thermoregulated by the cooling circulator following the predetermined cooling and heating
rates. However, the temperature was measured more precisely into the solution by the
temperature probe because there is always a small difference between the controlled
temperature in the water bath and in the solution due to heat loss or due to a delay caused by
heat transfer through the double-walled (thermostated) beaker glass.

Turbidity and

j temperature
probes |
ﬁ

T\H 7(—)\ Cg:;al

ﬁﬁ

@ Double-walled
0 beaker

Cooling Magnetic

circulator stirrer

Figure IV.4. Crystal growth monitoring using Crystal Eyes® apparatus. The solution is magnetically
stirred in a double-walled thermoregulated beaker. The temperature is controlled in the water bath of
the cooling/heating circulator and checked in the vessel by the temperature probe. Finally, the turbidity
probe send data to the computer.

At the beginning of the experiment, the solution must be completely limpid. Indeed, the
turbidity (arbitrary unit) measures the sample obscuration, i.e. the amount of reflected light by
the mirror. This measure is converted to a voltage signal and recorded by the WinISO software.
Temperature was set above 70 °C at the beginning of each experiment to make sure that the
solution was clear (a temperature of 75 °C set to the cooling circulator leaded to a temperature
in the beaker of 72 — 73 °C). Then, two successive cooling cycles from 72 °C to 15 °C were
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performed at a cooling rate of 2 °C/min, separated by a heating cycle (2 °C/min). The turbidity
was automatically measured every 20 seconds.

Figure IV.5 plots the turbidity and the temperature versus time for two crystallization cycles
using 9 wt.% i-CsXyl solution, corresponding to the MHC. The first observation is the
confirmation of the increase in solubility while heating: at 70 °C, at least 0.3 g/L are solubilized
whereas only 0.15 g/L are soluble at ambient temperature (section III.1.2). Moreover, during
the first time of cooling (red curve) the turbidity stays almost constant below 0.5. A significant
increase is then observed above 33 min, when the temperature drops below 36 °C, meaning that
particles of several microns are generated and grow. Turbidity increases up to about 40 min (23
°C) and then, two phenomena are observed: (i) an overall decrease in turbidity, which generally
relates to a reduction in crystals size, and (ii) several peaks, which are artefacts due to the
deposit of large particles on the turbidity probe, between the mirror and the detector. Those
peaks reflect the presence of sticky particles, which adhere to the probe and the glass walls of
the beaker. They are removed from the probe after a few seconds thanks to the vigorous stirring.
However, a pasty precipitate remains on the magnetic bar and at the bottom of the beaker. If
the larger particles are sticky, they are likely to agglomerate each other and grow until they
settle or get stuck on the walls. This could explain the reduction in turbidity.

80 3
Temperature Crystallization
1 25
12
—_ Fry
o s
- 1158
=
=
11
1 0.5
0

Time (min)

Figure IV.5. Evolution of the temperature (blue) and the turbidity during two cycles of crystallization
of pure CA (0.3 g/L) in a 9 wt.% i-CsXyl solution at pH 2 in a double walled beaker. The turbidity
during the first and second cycles are represented in red and yellow respectively.

After the first crystallization, the solution is heated to 75 °C, so that it becomes clear again. The
evolution of turbidity during the second crystallization cycle is similar to that of the first, with
a stable part, a sharp increase and then, and a slight decrease with peaks showing the presence
of large sticky particles. However, the crystallization point is reached at lower temperature (34
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°C). The thermodegradation of CA at high temperature could be responsible for the delayed
crystallization by lowering the amount of CA that has to be solubilized, but this is not the best
hypothesis since the degradation products of CA (e.g. carnosol) are not water-soluble either.®
Moreover, the same surprising phenomenon has already been reported for the crystallization of
L.D-malic acid in water.”” Therefore, this effect must be related to a higher metastable zone
width. For the next experiments, only the temperatures of the first crystallizations will be
measured since they are more comparable to a simple cooling process. Also, a 5-points
smoothing will be applied on the turbidity curves to facilitate their analysis.

b. The dependency of the crystallization temperature following to the

hydrotrope concentration

In order to select the hydrotrope concentration for the extraction and CA crystallization tests,
solutions of i-CsXyl at 9, 11 and 13 wt.% were compared. The composition of each system was
adapted so that the CA concentration is the one of its saturation at room temperature, i.e. 0.15,
0.5 and 1.6 g/L respectively (Figure IV.6b). The turbidity and temperatures curves during the
first crystallization and the dissolution steps are presented for each experiment.

At 9 wt.% (green curve, Figure IV.6c¢) and at 11 wt.% (red curve, Figure 1V.6d), the turbidity
increases as soon as the solution is cooled. Moreover, a sharp increase occurs when the
temperature drops below 26 °C in case of the solution at 11 wt.%, whereas for the one at 9
wt.%, the transition is more progressive and earlier (28 min - 43 °C). The maximum of turbidity,
is obtained for the solution at 11 wt.%, however, after having reached a maximum, the turbidity
immediately reduces, meaning that agglomeration takes place (Figure IV.6d).

At 13 wt.%, the turbidity slightly increases from about 30 °C (Figure IV.6e). The turbidity
does not increase above 1, so only few and small particles should have been generated. This
latter point is problematic for the extraction because if 1.6 g/L cannot be crystallized efficiently,
it is likely that a rosemary extract cannot be efficiently recovered by cooling either. However,
CA is not the only molecule extracted from rosemary, and the presence of other molecules could
allow the precipitation of the extract. One may even imagine that the impurities may be first
precipitated, followed by CA in order to purified the extract.
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Figure IV.6. Entire solubility curve of CA at room temperature (25 °C) in i-CsXyl solutions (a), same
solubility curve zoomed on the MHC (b). The green, red and purple dots represent CA concentrations
used at 9, 11 and 13 wt.% of i-CsXyl for crystallization experiments (c, d, e). Turbidity (green, red or
purple depending on CA- i-CsXyl concentrations) and temperature (blue) curves during first cooling
and first heating cycles are presented. All experiments were performed at pH 2 to avoid CA

deprotonation.

¢. Influence of the extract concentration on the crystallization

To compare pure CA and a rosemary extract, the same turbidity experiments were performed
with an extract enriched in CA (62.7 wt.%) obtained from an ethanolic extraction of rosemary.
Using the 13 wt.% i-CsXyl solution, two concentrations of extract were tested and compared to
pure CA (1.6 g/L): the same concentration of extract (1.5 g/L) and the same effective
concentration of CA (2.5 g/L of extract). The results are presented in Figure IV.7.

The turbidity curves of the solutions containing 1.6 g/L. of CA and 1.5 g/L of extract are very
similar, but the precipitation of the extract gives higher turbidity, meaning that larger or more
numerous particles are certainly formed. The same behavior is observed for the experiment
performed with 2.5 g/L of extract, which showed a sharper increase in turbidity. Therefore, a
rosemary extract containing 1.6 g/LL of CA could be precipitated thanks to the presence of co-
extracted products. Noteworthy, maximum concentrations of CA of 2 - 2.5 g/L can be expected
from hydrotropic extractions with i-CsXyl according to our previous results in chapter III.
Therefore, CA solubility at low temperature must be below 0.2 g/L to recover at least 90 % of

the extract.
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Figure IV.7. Temperature (blue curve) during a cooling and heating cycle and turbidity of solutions of
i-CsXyl at 13 wt.%, pH 2 with 1.6 g/L. of pure CA (purple), 1.5 g/L (black) and 2.5 g/L (red) of a
rosemary extract (62.7 wt.% CA) loaded.

To check the compliance with this requirement, the turbidity of five 9 wt.% i-CsXyl solutions
containing 0, 0.1, 0.25, 0.5 and 1 g/L of extract (62.7 wt.% of CA) was measured during a
cooling and heating cycle (Figure I'V.8). Solutions containing 0.25, 0.5 and 1 g/L seem to have
similar behaviors: a sharp increase in turbidity is observed during the cooling step until reaching
a value between 2 and 2.5, with a slight increase of the crystallization temperatures which
occurs at 55, 56 and 60 °C respectively.

The temperature at the inflexion of the turbidity curves during the heating step can be
considered as the dissolution temperature, and it was found to be between 45 and 50 °C when
the extract concentration is comprised between 0.25 and 1 g/L. The differences between the
crystallization and dissolution temperature comes from the metastable zone, which corresponds
to about 10 °C in these cases. Regarding the solution containing 0.1 g/L of extract, its turbidity
does not increase above 1, meaning that this precipitate may be harder to recover by filtration,
and may thus constitute the concentration loss by a cooling process.
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Figure IV.8. Temperature (blue curve) during a cooling and heating cycle and turbidity of solutions of
i-CsXyl at 9 wt.%, pH 2 with 0, 0.1, 0.25, 0.5 and 1 g/L of a rosemary extract (62.7 wt.% CA) loaded,
represented by the green, yellow, orange, red and black respectively.

1V.1.3. Precipitation of the rosemary extract by cooling

Solutions of i-CsXyl at 9 wt.% could be of interest for the extraction process followed by
cooling because 0.25 to 1 g/L of extract can be solubilized above 50 °C but precipitate at low
temperatures. Solutions at 13 wt.% seem less suitable despite the higher solubility of CA
because precipitation could occur only if many co-products are extracted.

To verify those assumptions, extractions of ground rosemary were performed with 9, 11, 13
and 15 wt.% i-CsXyl solutions at 55 °C for 30 min. Then, the mixtures were filtered under
vacuum to separate the solutions from the plants using preheated vessels and the filtrates were
cooled down to 10 °C while magnetic stirred to induce homogeneous precipitation. Finally, the
solutions were filtered through 1 um glass microfiber filters and the concentration of CA was
quantified in the filtrates by HPLC. In most cases, no precipitate was observed on the filters, so
the recovered CA could not be quantified from it. The fraction of precipitated CA was thus
calculated by the difference between the concentration of CA remained in the filtrate and the
one previously quantified in the crude extract.

With a 9 wt.% solution, only 23 % of extracted CA is recovered in the filtrate, so 73 % may be
recovered by precipitation using more efficient filtration systems. The hypothesis formulated
following to the previous turbidity experiments is verified: it is possible to extract CA at 55 °C
and to recover it by cooling. However, only 0.05 g/L are extracted (Table IV.1), and the
extraction efficiency can be increased by a factor 100 or 200 by using a 13 or 15 wt.% solution
respectively. Indeed, the extractions performed at a higher hydrotrope level result in
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concentrated crude extracts, but they could not be precipitated at 10 °C since the concentration
of CA in the filtrate did not change. This is in agreement with the results of the previous section
showing that the precipitation of 1.6 g/L. of CA (or 1.5 g/L of extract including 0.9 g/L. of CA)
was not efficient, and that only 0.7 g/L of CA could be extracted at 55 °C (Table IV.1).

Table IV.1 Concentration of CA extracted at 55 °C

i-CsXyl (%) 9 11 13 15
Extraction 55 °C Cca, ext (g/L) 0.047 0.32 0.66 1.02
Crystallization 10 °C, Recovered (%) 73 25 0 0
filtration (1 um) Lost in the filtrate (%) 27 75 100 100

Therefore, from a practical point of view, a simple process of extraction and precipitation by
cooling is not possible with i-CsXyl despite turbidity measurements have shown crystal growth
while lowering the temperature in many cases. This procedure should however not be ruled out
for other hydrotropic systems keeping in mind that, based on turbidity data, crystal density and
growth depend at least on the two following factors:

- the extract concentration (its increase results in more numerous and larger crystals)
- the hydrotrope concentration (no linear relationship, optimal has to be found).

1V.2. Precipitation of the extracts by hydrotropic dilution

Precipitation by dilution with water is the conventional process to recover the hydrotropic
extract. For example, it has already been performed to recover boswellic acids from NaNBBS
solutions,?’ or curcuminoids from NaCS solutions.!!” The main disadvantage of such process
is the high amount of water required to dilute the hydrotropic solution below the MHC. Indeed,
for each of these experiments, extractions have been performed at 2 M and MHC occurs at 0.1
M, so the solutions must be diluted by 20 (19 L of water for 1 L of hydrotropic solution).
However, the dilution factor can be reduced by changing the hydrotrope and optimizing the
process, as shown for the recovery of piperine from NaBMGS extract which was also used at 2
M, but has a MHC of only 0.8 M: a dilution by a factor 2.5 was sufficient to precipitate the
extract. Moreover, the precipitation has not always been easy: the expected precipitation of
limonin by dilution with water occurred in the case of the extraction with NaCS, but not in NaS
solution.?!” Therefore, precipitation is solute-hydrotrope dependant. It was shown in chapter
III that a rosemary extract could be precipitated from i-CsXyl solutions, and the following study
focuses on optimizing this step and understanding the mechanisms involved in the precipitation.
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I1V.2.1. Relative importance of eight precipitation conditions

a. Selection of the factors and their levels for the experimental design

The precipitation process depend on many factors that can influence the size and shape of the
recovered amorphous solid or crystals, the recovery rate of the target molecule(s), and the purity
of the extract.!!”:13%240 Noteworthy, the formation of large particles is preferred to easily recover
the extract by filtration. Too small particles can cause a slower filtration because of the clogging
of the pores, or lower mass yield if the filter porosity is larger than the particles. The study of
numerous factors in parallel can represent a tedious work, but an experimental design can help
to reduce the number of experiments and identify which ones are the most impacting. First, the
number of factors and their levels must be listed.

In all precipitation processes, particles are formed from a supersaturated solution by nucleation
and growth. A high initial supersaturation leads to the spontaneous formation of numerous
nuclei and hence, to small particles.?*! Furthermore, the initial supersaturation is basically the
difference between the effective solute concentration [S]esr and its solubility S, which depends
on the hydrotrope concentration (Eq.IV.3). [Sletr depends on both the initial solute
concentration [S]; and the dilution, which is proportional to the initial hydrotrope concentration
Cu,i (Eq.IV.4) and can be increased by a higher volume of water added.

[S];

~ dilution

AC =[S] - S (1V.3)

Cuij
MHC

Minimal dilution = (v.4)

In this study, the effect of different conditions on the precipitation of a rosemary extract is
investigated. For this purpose, 100 g of ground rosemary were extracted in 1000 mL of
hydrotropic solutions under the conditions optimized from the experimental design in Chapter
III, and the 800 mL of the recovered filtrate were splitted in several samples of 42 mL
(equivalent to a volume recovered from a 50 mL extraction with 5 g of rosemary). Therefore,
the initial concentrations of i-CsXyl Cu;i were of 30 wt.% and, as a result of the extraction, the
concentration (HPLC) of CA were of 2.25 g/L. (Figure IV.9). The dilution can thus be adjusted
by changing the volume of added water for each sample. This factor is noted X; in the
experimental design (Table IV.2).
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Figure IV.9. Extraction and precipitation process, factors (X;) and responses (Y;) of the experimental
design

For choosing X levels, the supersaturation and the maximum amount of CA that can be
recovered were plotted against the dilution (Figure IV.10b) after being calculated from the
differences observed in Figure IV.10a between the effective concentration of CA (red curve)
and the CA solubility (blue curve) which evolve with the dilution. The 4-fold dilution (resulting
in a 7.5 wt.% i-CsXyl solution) was chosen since it should lead to almost the highest yield
(Figure IV.10b). However, this is also the point of the highest supersaturation (black curve),
so it may lead to small crystals. The second level was chosen at a resulting hydrotrope
concentration of 11.5 wt.%, since it is the point where the effective concentration of CA
theoretically equals the saturation (Figure I'V.10a). Therefore, the supersaturation must be low
and particles should be large.

4
lubili
35 | () Solubility -
Initial
3r concentration

Ceca (/L)
Xcn and AC

0 10 20 30 6 8 10 12
[i-CsXyl] (wt. %) Dilution factor

Figure I'V.10. (a) Solubility curve of CA in i-CsXyl (blue), initial concentration in the rosemary extract
performed with the optimized parameter, and effective concentrations reached with different dilution

factors, specified above the red points (red). (b) Initial supersaturation (AC (g/L), black) and maximum
fraction of CA recovered (Xca, green) plotted versus the dilution factor, calculated from curves of (a).
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The water addition rate, the temperature, and the stirring speed have already been reported as
factors inducing larger or smaller crystals.!!”??? Indeed, large particles of 2-naphtol from NaCS
solutions were obtained at high temperature (55 > 35 > 25 °C) and low water addition rate
(0.033 > 0.054 > 0.095 g/min). Besides, a high stirrer speed resulted in higher nucleation rates
(small crystals) by disrupting the formed agglomerates.?* Those factors were reported as X»,
X3 and X4 in the experimental design (Table I'V.2, Figure I'V.9). Their levels have been chosen
to be extreme:

* the water addition rate between 10 mL/sec, corresponding to a sudden one-portion
addition, and 0.05 mL/sec, corresponding to one drop per second.

* the temperature was compared between 10 (low) and 40 °C (high). It should be pointed
out that the water added for the dilution was not thermostated for practical reasons. This
may minimize the responses for experiments with one portion additions, especially for
high dilutions, both levels trending toward room temperature, but would not impact the
other ones.

* the stirring speed levels were chosen as slow (50 rpm) and fast (500 rpm)

To increase the particles size, their agglomeration can be favored by the increased time of
agitation, called residence time.>*? Indeed, when stirring continues during a certain time after
the addition of the anti-solvent is completed, it has been shown that particles generally continue
to grow. A residence time without stirring (settling period) was also added as a factor of the
experimental design (Xe). The factors agitation and settling were noted Xs and Xe with the
levels O (this step is not performed) or 1 h. Finally, the nature (X7) and the porosity (Xsg) of the
filters were integrated in the experimental design (Table IV.2, Figure IV.9). Low porosities
were chosen (1 and 3 um) to evaluate if the 3 pm filters are sufficiently effective in recovering
the extracts. Both types of filters existed in cellulose nitrate and glass microfibers so the material
of the filters was added to check if it could have an effect on the efficiency of the process.

Table IV.2. Factors and levels of the experimental design

Factor -1 +1
X; i-CsXyl (wt.%) after dilution [Dilution] 7.5 [4] 11.5[2.6]
X, Water addition rate (mL/min) 0.05 10
X3 Temperature (°C) 10 40
X4 Stirring speed (rpm) 50 500
Xs Stirring time (h) 0 1
X Settling time (h) 0 1
X5 Nature of the filter Cellulose nitrate Glass microfiber
Xs Filter porosity (um) 1 3
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b. Results of the factorial design

Studying each factor would require numerous experiments. To lower this number, we
performed an experimental design using a Hadamard matrix, which provides an efficient
screening of the factors: all eight factors can be screened in only twelve experiments (Table
IV.3).2* At the end of the process, sticky precipitates were recovered, even after freeze drying,
as shown in Table IV.3. Their darkness changed following to the experiments but a lighter
precipitate did not seem to be correlated with a higher CA content (see section I11.5.1, Eq.IL9).
The effect of the eight factors summarized in Table IV.2 were observed on the extract mass
(Y1) after freeze-drying (over about 6 h, until reaching a constant mass) and the CA content
(Y2) quantified by HPLC, as shown in Figure IV.9.

The analysis of the results of the experimental design presented in Table IV.3 leads to a
mathematical expression (Eq.IV.5) for each responses (Y) using the calculated coefficients b;,
referring to the effect of the factori (i =1 to 8).

8
Y= bO + Z bi Xi (IVS)
i=1

In addition to the twelve experiments, the sixth experiment, the one giving the best results, was
performed two more times to calculate the standard deviation of each response (SDy), the
subsequent standard deviation of the effects (SDpi) and significance levels of the factors,
according to the #-Student with a confidence level of 95 % (p < 0.05). The significant
coefficients b; are represented in blue in Figure IV.11 whereas the non-significant ones are
represented in grey. The non-significant coefficients can be supressed from Eq.IV.5. According
to the calculated significant level, only X> and Xs have a significant influence on the mass of
the extract (Figure IV.11a), which can thus be calculated with the following equation
(Eq.IV.6):

Y1 =308 - 37 X2 -27 Xg (IV 6)

Therefore, to increase the recovered mass of the extract, X> and Xg must be at their — 1 levels,
corresponding to a low addition rate and a filter porosity of 1 um instead of 3 um. Indeed, the
slow addition of antisolvent has often be used to get large particles, which can be related to the
lower effective supersaturation, resulting in lower nucleation rates, and higher growth
rates.!!7?%0 The fact that the filter porosity is a significant factor shows that some particles that
are smaller than 3 um can be recovered by 1 um-filters, leading to higher average mass of the
precipitate of 27 mg (increase in mass yield of 0.5 %, considering that the solution corresponds
to an extraction of 5 g rosemary).
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Table I'V.3. Algebraic signs of the experimental conditions and main results

Y1 Y2
Xo Xi X2 X3 X4 Xs Xe¢ X7 Xs mextracc CA content Filter
(mg) (Wt.%)
1 + + + - 4+ 4+ + - - 263 9.7
2 + - + o+ - + + o+ - 234 13.0
3 + + - 4+ + -+ 4+ o+ 333 8.7
4 + - + - 4+ + - 4+ o+ 276 124
5 + - - + - +  + - + 264 12.2
6 + - - -+ -+ o+ - 381 17.4
7 + + - - - + - 4+ + 359 9.9
8 + + + - - - 4+ - + 247 8.6
9 + + + + - - -+ - 394 8.7
10 + - + + + - - - 4+ 210 10.9
11 + + - + + + - - - 362 6.1
12 + - - - - - - - 373 3.2
SDy 21 0.3
SDbi 36 0.1
tSDpi 26 0.4
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Figure IV.11. Graphical representation of the b; coefficients estimated by linear regression from a
Hadamard design for eight variables for the mass of the extract Y, (a) and for the CA content Y (b).
The dotted line represents the significance limit with a 95 % confidence level. The significant b; are

highlighted in blue.
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Regarding the CA content, seven factors seem to have a significant influence on the response.
Surprisingly, only the temperature (X3) seems to have no influence both on the CA content and
on the extract mass, with a confidence level of 95 % (Figure IV.11b). CA content (wt.%) can
thus be calculated with the following equation (Eq. IV.7).

Y, =10.1-1.5X;+0.5X, + 0.8 X4 +0.5 X5 + 1.5 Xg + 1.5 X7 + 0.4 X (IV.7)

Among those factors, three are particularly important, with an effect above 1 (p < 0.01):

(i) The dilution by 4 (X =-1) is preferred over a dilution by 2.6 (level +1). This may be related
to an effect similar to washing: at 7.5 wt.% of i-CsXyl (dilution by 4), the hydrotrope is less
likely to be found in the precipitate since it is less concentrated, resulting in higher CA content.

(ii) Interestingly, the settling step (X6 = +1) seems to increase the CA content. This factor is not
significant for Y1, but is close to the significant level (p < 0.05), and has an antagonist effect on
Y and Y». During the experiments, it has been observed in many cases a sticky deposit in the
vessel, which could not be removed during the filtration. This sticky aspect should come from
the presence of the hydrotrope since the same behavior has been observed in the turbidity
experiments (section IV.1) for systems containing only CA, i-CsXyl and water. Thus, if
hydrotrope-charged particles deposit at the bottom of the vessel during the settling step, then
only the hydrotrope-free particles are filtered, leading to a lower recovered mass but a more
concentrated extract.

(iii) The nature of the filter, which should be in glass microfiber (X7 = +1) rather than in
cellulose nitrate. Noteworthy, despite this factor is not significant for Y it is the only factor
which is positive for both Y; and Y»>, meaning that cellulose nitrate filters are completely
unsuitable to this application. This may be due to different hydrophobicity of the filters and
thus, different retention levels of CA, co-extracted compounds and/or hydrotrope, leading to
different CA contents.

The factors X5 and Xg have a weak influence on Y but anyway, they should be rather at their
+ 1 level. Xgis the porosity of the filter, so the use of large pores seems to induce higher CA
content, meaning that large particles are likely to be more concentrated in CA than small ones.
The fact that bs is positive would suggest an enrichment in CA of the particles along with the
time, but in fact, as explained above, due to the deposit of some materials on the walls and the
loss in mass yield, it rather reflects less hydrotrope-charged particles. This means that
hydrotropes would have more time to disperse in water.

The factors X> and X4 should also be set at their +1 level (rapid water addition rate and high
stirring speed). This effect cannot be attributed to the particles size since a rapid water addition
and a high stirring speed should lead to small particles, so it should be attributed to the
composition of the particles. It is likely that the incorporation of hydrotropes in precipitates is
avoided by a high nucleation rate and aggregate disruption induced by the rapid water addition
or by a high stirring speed respectively. In other words, smaller aggregates will contain less
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hydrotropes due to a lower volumic fraction and exhibit higher specific surfaces to get them
out.

1V.2.2. Purification of the rosemary hydrotropic extracts

a. Composition of the extract

The maximum CA content obtained with the experimental design is 17.1 wt.%. For industrial
applications, this content should be improved. To find out which molecules can be removed, a
hydrotropic extraction of ground rosemary was performed with medium conditions (i-CsXyl:
22.5 wt.%, 20°C, 300 rpm), followed by precipitation with medium conditions (dilution factor:
2.5 to reach 9 wt.%, 250 rpm, 30 mi agitation, 30 min settling) and filtration under vacuum
through glass microfiber 1um-filter. The precipitate was finally freeze-dried until reaching a
constant mass. As reported above, a dark and pasty precipitate was recovered on the filter. The
composition was analyzed by the analytical department of Naturex.

Unfortunately, only 47 wt.% of the extract could be identified (Figure IV.12). Despite freeze-
drying until no mass evolution, a high amount of residual water is expected in the other part,
but has not been quantified. CA and its derivatives such as carnosol (CAR) or 12-0-methyl
carnosic acid (MCA) compose the major part of the analyzed extract (total: 23.5 wt.%), but
interestingly, the CA content (17 wt.%) is similar to that of the experiment number 6 from the
above experimental design (17.4 = 0.3 wt.%). The other identified phytochemicals (e.g. fatty
acids, flavonoids) amount to 4.2 wt.%, i.e. 4 times less concentrated than CA. Nevertheless,
there is more i-CsXyl (19.2 wt.%) than CA recovered in the extract. Finally, as expected from
the i-CsXyl selectivity, the CA content of the extract is 40, 10 and 7 times the content of RA,
triterpenes and volatiles respectively, whereas their concentrations in planta are supposed to be
in the same order of magnitude. Thus, CA seems to have been concentrated in the extract.

i-CsXyl (19.2)
CA(17.0)

Triterpenoids (1.7)
Fatty acids (1.9)

RA (0.4)

Figure I'V.12. Composition of a rosemary hydrotropic extract performed with 22.5 wt.% i-CsXyl at pH
2, 20 °C, and diluted to 9 wt.% with acidic water, stirred and settled for both 30 min, filtered under
vacuum through a 1 pm glass microfiber filter, and freeze-dried.
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b. Purification of the extracts

Since an important part of the precipitate is composed of the hydrotrope, its removal through
additional washing with water has been investigated. Acidic water (pH 2) was used to avoid
CA deprotonation so that it remains insoluble.

Extractions of ground rosemary were performed with 22.5 wt.% i-CsXyl, at room temperature
(25 °C) during 30 min under stirring (250 rpm). The plant was separated from the hydrotropic
solution by filtration under vacuum (8 pm cellulose filter). To simplify the process, the
washings were first investigated on extracts recovered by centrifugation. Therefore, the filtrate
of the extraction was equally separated in seven conical centrifuge tubes (10 mL each) and
diluted by a factor 2.5, by adding 15 mL of acidic water to the filtrate (Figure IV.13). The
solution became cloudy and was centrifuged for 5 min (5000 rpm). The supernatant was
removed from all the centrifuge tubes and one of the precipitates was freeze-dried and analyzed
by HPLC. It contained 13 wt.% of CA and 26 wt.% of i-CsXyl, corresponding to 17.2 and 35.2
mg of CA and i-CsXyl respectively. In all the remaining centrifuge tubes, 10 mL of acidic water
were added to the precipitate, and the mixture was manually agitated for 5 min, sonicated for 5
min more and manually agitated again until the precipitate was completely dispersed (5 — 10
min). Then, they were centrifuged again (5000 rpm, 5 min) and two of them were freeze-dried
before HPLC analysis. This procedure was repeated again so that two precipitates were washed
once, two others were washed twice and the last two were washed three times (Figure IV.13).
Noteworthy, green powders were obtained after washings instead of the initial pasty dark
precipitate, as shown in Figure IV.13.

The hydrotrope i-CsXyl, CA and its derivatives (CAR and MCA) were quantified in the
precipitates by HPLC, and their recovered mass was calculated thanks to global precipitate
weight (Figure IV.14a). The amount of i-CsXyl was reduced to 10.6 wt.% after a single
washing and was totally removed after the third one. Its removal can be related to the fact that
the precipitate becomes more powdered. Despite between 1 and 2.5 mg of CA were lost at each
washing step, resulting in a final mass of 11.6 mg in the precipitate, the CA content in the
precipitate reached from 13 to 22.1 wt.% thanks to the decrease of the global mass.
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Figure IV.13 Experimental procedure to evaluate the effect of washings on the residual quantity of
carnosic acid (CA), carnosol (CAR), methyl carnosic acid (MCA) and hydrotrope i-CsXyl in the
precipitate recovered by centrifugation
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Figure IV.14. Effect of the washing steps on the composition of the precipitates recovered by
centrifugation after extraction with 22.5 wt.% i-CsXyl at 25 °C during 30 min, separation plant/solution
by filtration under vacuum, dilution of the crude extract by a factor 2.5 (a) or 4 (b), separation of the
precipitate by centrifugation. The contents of CA: carnosic acid, CAR: carnosol, MCA: methyl carnosic

acid, i-CsXyl: iso-amyl xyloside are determined by HPLC and other compounds determined from the
total yield
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HPLC analysis allow to quantify precisely the hydrotrope in the precipitates using an ELSD
detector, but this can also be shown by 'H NMR. Indeed, the spectrum of the precipitate that
had been washed 3 times is very similar to the one of CA (Figure IV.15, spectra e and f). The
numerous peaks in the region between 2.8 and 4 ppm in the i-CsXyl spectrum, which are
characteristic of the carbohydrate protons, are present in the spectrum of the precipitate before
washing, but not after washing. The peak at 6.33 ppm is characteristic of the aromatic 'H in CA
and interestingly, a second peak appears at 6.4 ppm in the extract. Their ratios are in both
dilution cases about 7:3, suggesting that the minor compound is MCA, in accordance with the
HPLC results. Moreover, the characteristic peak of CAR is present at 6.7 ppm and the ratio
CA:CAR is found to be 5:1. Since it does not increase with the number of washings, CA is not
degraded during the process. Finally, the comparison between the precipitates and pure CA
(between 0.6 and 1.8 ppm) confirms that the extract is not completely pure. However, no
characteristic compounds could be identified.

i A

6 5 4 3 2 1 [ppm]

Figure IV.15. '"H NMR spectra of i-CsXyl (a), precipitates obtained by 2.5-fold dilution without
washing (b), after one (c), two (d) and three (e) washing steps, compared to pure CA (f) in DMSO-ds.

Exactly the same procedure (Figure IV.13) was performed on the crude extract obtained by a
4-fold dilution, i.e. by adding 30 mL of acidic water. Compared to the dilution by 2.5, a lower
mass of i-CsXyl is recovered (19 mg), but it represents a larger proportion in the precipitate (49
wt.%). As far as CA is concerned, its recovered mass has been reduced compared to the first
experiment by a factor 5. It can be partially explained by its intrinsic water solubility. Indeed,
if the volume used for dilution is doubled, the CA mass which remain in water is also doubled,
but alone, it should not explain the difference observed between the 2.5-fold and the 4-fold
dilutions. Interestingly, only one washing was sufficient to remove all the 19 mg of i-CsXyl
(Figure IV.14b)
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c. Comparison with the different processes

Interestingly, after the same extraction with 22.5 wt.% i-CsXyl, the CA content was lower in
the precipitates recovered by centrifugation compared that recovered by filtration with 1 um-
filter (13 wt.% vs 17 wt.%), whereas the i-CsXyl content was higher (26 wt.% vs 19 wt.%).
Noteworthy, the CA recovery rate by centrifugation, which represents the proportion of CA
recovered compared to CA available in the plant (see section I1.5.1, Eq.I1.10), was higher by
centrifugation than filtration with 1 pm-filter (50 vs 40 %), as shown in Table IV.5. It means
that (i) all the CA is not recovered by filtration and (ii) some particles with a high i-CsXyl
content are recovered by centrifugation, but not by filtration through 1 um filters.

Whether the precipitate was recovered by filtration (3 pm) or centrifugation, three washing
steps increased the CA content (from 12.6 to 26.5, or from 13.1 to 22.1 wt.% respectively) but
reduced the global mass yield by a factor 2. In the case of centrifugation, the recovery rate was
reduced from 50 to 34 wt.%, but when the precipitate was recovered on a cellulose filter (3
um), the recovery rate did not seem to be impacted. Noteworthy, this step seems to be efficient
only if the precipitate is well dispersed in water. However, because of its pasty aspect, it is
generally stuck to the filter. A magnetic bar was thus placed over the filter and stirred (400 rpm)
during the washing (20 mL) so that the precipitate was mechanically unstuck from the filter and
dispersed in water. Then, the same filter was used for the filtration under vacuum, and the
procedure was repeated two more times. A green powder was obtained with a 2.6 % yield and
26.5 wt.% CA.

Finally, the results of the extraction performed with the optimized conditions of the
experimental designs for both the extraction step (chapter III) and the precipitation step
(section IV.2.1) were compared to the other experiments. The optimized conditions are
summarized in Table IV.4. The temperature of 10 °C was selected rather than 40 °C because
its coefficient b3 is negative for both Y and Y>. However, it should not have a strong effect on
the result since bz it is not significant. The plant/solvent ratio was kept at 1/10 and two
experiments were performed: the first on a volume of 50 mL, was recovered by filtration, and
the second on a volume of 100 mL was recovered by centrifugation and washed, to compare
the two processes.

Table I'V.4. Optimized conditions for the extraction and precipitation process

Extraction Optimization Precipitation Optimization
dution Ditutiony 7314
[Hydrotrope] (%) 30 Water addition rate
. 0.05
(mL/min)
Temperature (°C) 10
Time (min) 30 Stirring speed
500
(rpm)
o Stirring time (h) 1
Temperature (°C) 25 Settling time (h) 1
Stirring speed (rpm) 50 Nature of the filter Glass microfiber
5P P Filter porosity (um) 1
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A concentration of 2.21 g/L. was obtained in the crude extract, i.e. the filtrate obtained from the
plant/solution filtration. After the precipitation, a mass yield of 7.2 % and a recovery rate of CA
of 55 % were reached, so this procedure can be considered as the most efficient hydrotropic
extraction to recover the maximum amount of CA. After the filtration, the final extract
contained 20.5 % of CA. It could be increased only to 24.6 % by the washing procedure
described above. Indeed, the dispersion of the precipitate in water was not very efficient because
the precipitate was more stuck on the glass microfiber filter than on the cellulose one. Therefore,
this process was complicated to perform, leading to the reduction of the recovery rate of CA
from 55 to 40 %. This drawback is due to the filter material, because when performed with the
cellulose (3 um) filters, no CA was lost.

Table I'V.S5. Comparison of the extracts obtained by optimized filtration or centrifugation and washing
with water. In each case, ground rosemary is extracted for 30 min.

Extraction o @ entional Not optimized Optimized
technique
i-CsXyl i-CsXyl
Solvent Acetone 22.5 wt.% 30 wt.%
Recovery
technique” E F G pm) ¢ B pm) Fum)
Pre01pltate No No 3 No 3 No No 3
washings
Mais%y)“ﬂd 12.7 52 263 105 42 6.5 72 45
CA (C(;’Or)‘tem 20.0 126 265 131 221 17.0 205 246
Recozz;;)}l rate 90 24 25 50 34 40 55 40

(1) The extract was recovered either by evaporation (E), filtration under vacuum (F) or centrifugation
(C) and then, freeze-dried.

An extraction with acetone was performed in comparison with common conditions (30 min of
stirring, room temperature, extract recovered by evaporation). Interestingly, the same CA
content was reached with the optimized procedure, but the acetone extract had a higher recovery
rate.

Finally, to validate the antioxidant properties of the extracts, the autoxidation of fatty acid
methyl esters (FAMEs) in their presence was investigated using RapidOxy apparatus. The
antioxidant properties are determined mainly by the ability to delay the beginning of the
oxidation generally performed under high oxygen overpressure (300 kPa) and at high
temperature (110 °C). This induction period reflects the antioxidant power. For example, an
induction time of 5.6 h was measured for CA from the curve presented below. All the oxidative
times were measured three times, and the error was found to be 0.1 h (Figure 1V.16). The
longer the induction period, the stronger the antioxidant power.'*
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Figure IV.16. Evolution of the oxygen pressure (PO,) with the time during the oxidation of sunflower
FAME:s in the presence of 0.1 % CA (20 mg in 2 mL using Rapidoxy® apparatus.

Extracts with the lowest and the highest CA contents (12.6 and 26.5 wt.%) were compared to
pure CA and to the acetone extract (20 wt.%) at a same amount (0.1 wt.% of extracts in 2 mL)
of FAMESs). Noteworthy, the induction time is not proportional with the CA content, as already
observed for pure antioxidants such as BHT (Figure IV.17).2** However, the better efficiency
than expected can be also attributed to CA derivatives, or other polyphenols such as rosmarinic

acid which also have an antioxidant effect, or may provide additional antioxidant capacity.

Induction time (h)
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Figure IV.17. Oxidative induction time of several rosemary extracts measured on the autoxidation of
sunflower FAMEs (0.1 wt.% for 2 mL, 400 kPa O,, 110°C), as a function of their CA concentration
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1V.2.3. Microscopic observation of the particles formed by hydrotropic
dilution

The conclusions from the experimental design give some insights on the precipitation
mechanism but some conditions still need adjustments. For example, it showed that extractions
should be performed at 30 wt.% rather than 15 wt.% i-CsXyl. However, another experiment has
shown that the amount of extracted CA did not increase above 18 wt.%. The reduction of the
hydrotrope concentration from 30 wt.% to 18 wt.% would also reduce the quantity of water
required for dilution factor from 3.3 to 2 to reach a final concentration of 9 wt.%, which is
suitable for industrial application. Moreover, it has been demonstrated that agitation and settling
times were important to increase the CA content, but it would be interesting for industrial
application to reduce them to the minimum. Thus, the precipitation kinetics has been studied to
optimize those three conditions, to confirm the assumptions from the experimental design and
to provide a deeper understanding of the precipitation mechanism.

a. Hydrotropic precipitation of pure carnosic acid solutions

To facilitate the understanding of the crystallization mechanism, the experiments were first
performed on a model system composed of CA, i-CsXyl and acidic water (1 % v/v H3POx).
Three solutions with different initial i-CsXyl concentrations were prepared (Cu,i= 18, 22.5 or
30 wt.%) with 2.5 g/L. of CA solubilized (100 mg in 40 mL) and diluted at room temperature
with water (dropwise addition) under stirring (500 rpm). The final hydrotrope concentration
was selected to 9 wt.% rather than 7.5 wt.% because this study focuses on the growth of the
crystals, whereas reaching a concentration of 7.5 wt.% increases the CA content. It corresponds
to a dilution with 1, 1.5, 2.3 volumes of water depending on the Cy;;.

When the dilution was completed, the solution was stirred for one hour more and settled for
another hour. About 10 um of the bulk solution were collected when it was possible every 5 or
10 min at the beginning of the experiment and every 15 or 20 min during the settling step. The
collected solution was observed under numeric microscope. The experiments were performed
twice and for each microscopic observation, several images of the solution were taken, and the
size of the particles were measured with the microscope software (Keyence).

For each experiment, the generated crystals evolve similarly. Before or just after crystallization,
small black particles (1 - 2 um) are observed. Then, at the beginning of crystallization, needle-
like crystals of 10 um long and 1 pm wide appear, this is the nucleation stage (Figure I1V.18).
The same primary crystals are recovered immersed in amorphous, transparent and spherical
particles which seem to grow with time (from about 20 to 500 um diameter). Moreover, the
concentration of needle-like particles seems to increase around and into the particles with
increasing time. Then, the particles can evolve in two ways: (i) the consolidation of the large
particles or (i) their breaking causing the release of needle-like particles or small agglomerates.
In this first case, the amorphous phase seems to have disappeared, and the particles shape
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become irregular (Figure IV.18). The needle-like particles are supposed to be composed of
CA, so the amorphous phase must be composed of i-CsXyl, or a mixture of i-CsXyl -water.

Before
crystallization

nI"
it O
.

=1

Nucleation * Primary crystals

(CA)

Immersion

Agglomeration

Consolidation Breakage

Figure I'V.18. Typical evolution of the CA crystals shape formed by dilution of a i-CsXyl solution. Scale
bars = 50 pm.

The microscopic images presented in Figure IV.18 typically describe the mechanism involved
in the aggregation with a bridging liquid, where the bridging liquid would be the hydrotrope.?*?
In such process, the generation of primary crystals is induced either by cooling or anti-solvent
addition. Then, it consists of their agglomeration thanks to the addition of a third liquid, the so-
called bridging liquid, which must be immiscible with the anti-solvent to form droplets (in
which particles agglomerate by getting immersed if the droplets are larger than the crystals),
and exhibit a good wettability towards the crystals.>*> For example, aqueous solutions of
salicylic acid can be crystallized using ethanol and agglomerated in chloroform droplets.*® The
agglomerates are subsequently consolidated and then, a growth or a breakage is observed. This
process is generally called spherical agglomeration.
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Therefore, the evolution of our system is clearly similar to this process although i-CsXyl is fully
miscible with water. Indeed, it surprisingly forms large droplets in which CA particles
aggregate. Noteworthy, this phenomenon has not been observed when hydrotropic dilution was
performed in absence of CA. The formation of i-CsXyl droplets is thus induced by the presence
of CA. It can be rationalized by the fact that the previous assemblies of hydrotropes and CA in
aggregates in the hydrotropic solution (C > MHC) are disaggregated while the solution is
diluted (step “a”), inducing the release of some hydrotrope molecules in the solution and thus,
making the aggregates more concentrated in CA (hence their precipitation). However, it is
likely that CA and i-CsXyl still have a strong affinity so that some hydrotrope molecules remain
around it while CA precipitates, leading to small droplets, which coalesce (step “b”’). Then, the
system evolves by the CA crystallization, i.e. solute-solute interactions is stronger than solute-
hydrotrope ones, releasing hydrotropes molecules in water (step “c”). Therefore, irregular
particles are created, and can further consolidate by surface and internal crystallization (step
“d”). If the needle-like crystals did not have the time to consolidate, it leads to the breakage of
the particles (step “e”), as shown in Figure IV.18.

Noteworthy, increasing the stirring speed breaks the aggregates, making them smaller and less
porous, and thus favors the consolidation of particles.>*” This would explain the higher CA
content observed in the experimental design with a high stirring speed: particles are more
consolidated and less porous, so i-CsXyl has less space inside the particles to stay, and CA is
thus more concentrated.

Overall, the particles morphology did not change with the Cn;, however, the size of particles,
the evolution of crystals with the time, the appearance of the precipitate recovered by filtration
did. The initial CA concentration was the same (2.5 g/L) but since the experiments with 18,
22.5 and 30 wt.% required a different dilution by 2, 2.5 and 3.3 respectively, the final CA
concentration and thus, the solute/hydrotrope concentration differed. In spherical
agglomeration process, the bridging liquid to solute ratio (BSR) is considered as the most
critical parameter. Indeed, at low BSR there is insufficient bridging liquid to promote complete
agglomeration whereas at high BSR large, very porous, and irregularly shaped agglomerates
are formed (Figure IV.19).24>248

‘““weo o o @D
~ /7
Low BSR High BSR

Figure IV.19. Evolution of the particles with the BSR in spherical agglomeration process, from ref?*3
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During each crystallization (performed twice), images were taken at regular intervals and the
diameters of 5 — 15 particles were recorded to provide a representative overview of the growth
of the particles. Figure I'V.20 presents the particles sizes plotted versus time, with t = 0 the end
of dilution, and the aspect of the solution during the process. For each experiment, the particles
grow at the beginning of the crystallization, reach a maximum and then, smaller particles are
observed in solution. As expected, the particles size reduces during the settling stage, because
the larger and heavier particles deposit at the bottom of the Erlenmeyer by gravity. When the
Cu,i is 22.5 or 30 wt.%, the maximum size was reached before the settling step, about 15 min
after the dilution was completed. Moreover, the initially most concentrated solution generated
very large particles. In the graphic, the maximum size is 580 um diameter, but some particles
were larger and could not be measured with the microscope since they could not be entirely
seen with the lens (Figure I'V.21). It is likely that this solution provides particles larger than 1
mm. The generation of large particles can induce their recovery on the vessel walls by sticking
effect, which could explain the reduction of the particles diameter 45 min before the settling

step.
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Figure IV.20. (a) General aspect of the solution before and after dilution, during agitation and settling
steps. (b, c, d) Representative particles diameter versus time observed by numeric microscope during
hydrotropic precipitation at pH 2, 25 °C and images of the glass microfiber filters (& =1 pm) obtained
after Biichner filtration of solutions initially containing (b) 18, (c) 22.5, (d) 30 wt.% of i-CsXyl and 2.5
g/L of CA and diluted to 9 wt.%.
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Figure IV.21. Microscopic image of a particle generated by the dilution of the 30 wt.% i-CsXyl solution
to 9 wt.% in presence of CA (2.5 g/L), taken after 15 min of residence time. Aggregate width = 547 pm.

Finally, it should be noted that the growth of the particles and the morphologic changes are not
correlated. Indeed, for the solution at Cu; = 30 wt.%, particles with a visible transparent
amorphous phase where CA is immersed (aspect shown in Figure I'V.18 and Figure IV.21) are
observed until t = 70 min, whereas no amorphous phase are visible at the beginning of the
settling step in the two other experiments. This can be the reason why the recovered precipitate
on the filter is sticky for the solution at Cy; = 30 wt.% and it is a powder for the solutions at
Ch,i = 18 and 22.5 wt.%. Both assumptions suggest that a high amount of i-CsXyl is recovered
in the precipitate with CA for the solution at Cn,i = 30 wt.%, but not for the solutions at Cy,; =
18 and 22.5 wt.%. Once again, this is a similar effect compared to the one occurring in spherical
aggregation since the solution at Cn; = 30 wt.% is the solution with the most important
hydrotrope/solute ratio (see Figure IV.19).24%24

b. Precipitation of a hydrotropic rosemary extract

As reported in section 1V.2.2, a rosemary extract is not pure in CA because by-products are
extracted in the same time. Thus, the behavior of hydrotropic extracts during precipitation was
compared to the precipitation of CA, to point out the similarities and differences. Extractions
of 5 g of rosemary were performed with 50 mL of solutions containing 18, 22.5 and 30 wt.%
i-CsXyl. After the plant/hydrotropic solution separation by filtration, the liquid extracts were
diluted with acidic water (pH 2) to 9 wt.%, stirred for 1 h and settled for 1 h. As for pure CA,
solutions were observed through numeric microscopy.

Numerous spherical particles from 1 to 3 um were observed when the hydrotropic extract was
precipitated whereas needle-like particles had been formed from pure CA precipitation. Other
large particles (Figure IV.22¢, d) are observed and Figure 1V.22a and b suggest that they are
formed by agglomeration of the particles (a) followed by coalescence (b). It is likely that the
resulting particles are first irregular (¢) and then, homogenise to become quite spherical (d).
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Some small solid particles from the plant which passed through the filter (parts of trichomes
from example) are also observed and initiate aggregation around them (Figure IV.23).

Figure IV.22. Microscopic images of particles at different stages of the agglomeration/coalescence
process of the crude extract performed at Cy;= 30 wt.% and diluted to 9 wt.%. Images were taken
during the settling step. (a) Flocculation, (b) Coalesced particle, (c) Agglomerate with irregular shape,
(d) Large spherical agglomerate

Figure IV.23. Microscopic images of an agglomerate during the precipitation of the crude extract
performed at Cyi= 18 wt.% and diluted to 9 wt.%. Trichomes that must have been removed from
rosemary during the hydrotropic extraction are visible at the center of the agglomerate

Noteworthy, at the end of the settling steps, numerous small black particles (1 -3 pm) remain
in suspension, as shown in Figure IV.22. This phenomenon should be related to the results of
the experimental design, showing that the use of a 1um-filter rather than a 3um-filter resulted
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in a higher yield, but lower CA content. The fact that the porosity is a significant factor for the
yield is obviously explained by the presence of those small particles at the end of the process,
which can pass through the 3 um-filters. However, their recovery seems to lower the CA
content, so they should be composed of a higher hydrotrope fraction compared to large particles,
or of other extracted components. Due to higher surface specific areas, it is likely that they
adsorb more hydrotropes on their surface that the bigger particles. Since small particles are still
in suspension during the settling step and regarding that their aggregation needs agitation to
facilitate their encounter, it is likely that the agitation step has not been long enough and that
small particles would continue to aggregate if the residence time is longer.

IV.3. Experimental part

IV.3.1. Carnosic acid quantification by HPLC

The major part of CA quantifications were performed with procedure presented in general
experimental part, section B, but two other HPLC procedures are decribed for this chapter,
depending on the application.

a. Preparation of the samples.

For each HPLC procedure, the samples were previously diluted by 10 in methanol (HPLC
grade) containing 0.1 % (v/v) of TFA and filtered with 0.2 um PTFE syringe filters.

b. Procedure 1 (Naturex).

The mobile phase was an isocratic solution containing 65 % of acetonitrile and 35 % of acidic
water (0.5 % H3POs). The flow rate was set to 1.5 mL/min. A Cig 5 um (250 x 4.5 mm) column
was used at 25 °C. CA and CAR were detected at 230 nm.

¢. Procedure 2 (Lille)

Analyses were performed using an HPLC apparatus LC 20AD from Shimadzu equipped with
an autosampler (injection = 10 pL), a Cis column (Interchim, 5 um particle, 3.0 x 150 mm),
and a UV detector (SPD 20A) set at 210 and 230 nm and an ELSD detector (LT-II from
Shimadzu) The temperature was maintained at 30 °C in the oven and in both detectors. The
mobile phase was a mixture of methanol (0.1 % (v/v) TFA) (A) and water (B). The gradient
elution started at 60% of solvent A for 20 min, was increased to 80% for 5 min, and stabilized
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at 80 % for 30 min. The flow rate was 0.25 mL/min from O to 25 min and was increased to 0.5
mL/min after 30 min of analysis. The hydrotrope i-CsXyl was detected by ELSD at 7.5 min and
CA was detected both by ELSD and UV at 38 min of retention time.

1V.3.2. Measurement of the turbidity through Crystal Eyes system.

The hydrotropic solution of i-CsXyl (100 mL) was prepared in a thermostated double walled
beaker and adjusted to pH 2 with 1 % (v/v) of phosphoric acid (85 %). The required mass of
CA or extract was added to the solution. The temperature ramps were provided by a programmable
water-bath in a cooling circulator (Huber). It was first adjusted to 70 °C before starting the
experiment, and the powder of CA or extract was dispersed with an Ultra Turrax T 25 (IKA) at
15000 rpm to ensure its complete dissolution. Then, the thermo-controlled circulator was
programmed with two cycles from 70 to 15 °C, with heating ramps set at 2 °C/min and
temperature stabilization at the extrema for 20 min.

All the measurements presented herein were obtained using a HEL E1450S turbidity probe and
a temperature probe operated by Crystal Eyes software and immersed in the hydrotropic
solution. The solutions were stirred at 250 rpm using a magnetic bar.

1V.3.3. Extraction and precipitation methods

a. Extraction followed by precipitation by cooling.

The hydrotropic solution of i-CsXyl (100 mL) was prepared in a double walled beaker at the
required concentration and acidified to pH 2 with 1 % (v/v) of phosphoric acid (85 %).
Rosemary leaves (10 g) were grounded to 0.5 mm by a IKA® MF10 grinder and added to the
hydrotropic solution. The mixture was stirred for 30 min at 250 rpm at 55 °C (temperature
controlled by the cooling circulator). Then, the plant was separated from the solution by a
Biichner filtration under vacuum using a 5-15 pm filter which had previously been heated to 55
°C to avoid the precipitation of the extract in the filter. The vessel used for the filtration was
also preheated at 55 °C in an oven. Then, the filtrate was cooled to 10 °C to induce the
precipitation. It was then filtered through 1 um glass microfiber filter. Since no precipitate was
observed in most cases, the filtrate was analysed by HPLC to determine the amount of CA
retained on the filter (procedure 1).

b. Experimental design.

An extraction was performed using 100 g of ground rosemary and 1000 mL of hydrotropic
solution containing 30 wt.% of i-CsXyl, at pH 2 (1 % (v/v) H3PO4 85 %). For the grinding, 20
g of rosemary was milled in a blender (Philips HR2056/90) for 1 min providing a powder with
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an average particle size of about 0.5 mm. The mixture was magnetically stirred at 50 rpm for
30 min at 25 °C. Then, the plant material was separated from the solution by a Biichner filtration
under vacuum using a cellulose filter (8 um) to recover 700 mL of enriched solution of CA
(2.25 g/L according to the HPLC analysis). The filtrate was separated in 15 samples of 42 mL
each, which were diluted with acidic water (pH 2, 1 % (v/v) H3PO485 %) with the conditions
specified in the experimental design. The temperature was controlled using a thermostated
water bath. The precipitate was filtered using the specified filters and freeze-dried over about 6
hours until the mass remained stable (- 50 °C, 0.2 mbar). The resulting extracts were weighted,
diluted in 50 mL of methanol and analysed by HPLC (experimental part, section B).

c. Experimental design statistics

The coefficients of effects, noted b, were calculated using Microsoft Excel. The experiment 6
was repeated three times to perform a “repeated measures Student t-test”: the standard
deviations SD(Y) and SD(bi) of the response and the effects were calculated and the
significance threshold with a 95 % confidence level was determined using the Student t-
distribution table (two-tailed), with the corresponding p-value (< 0.05) and a degree of freedom
of 2 (3 repeated experiments -1).

d. Conventional extractions.

In section IV.2, the hydrotropic extracts were prepared from 10 or 100 g of ground rosemary,
following the procedure described in section I11.4.5.b.

e. Conventional precipitation.

The crude hydrotropic extract was precipitated by sudden dilution with a factor 2.5 with acidic
water (pH 2). The i-CsXyl concentration decreased to 9 wt.%, which induced the precipitation
of the extract. The next steps are already described in section I11.4.5.d.

f. Recovery of the precipitate by centrifugation and washing procedure.

After a conventional extraction with 100 mL of hydrotropic solution, the crude extract solution
(78 mL recovered) was split in 7 equal samples of 10 mL, as presented in Figure IV.13, and
the sudden dilution by 2.5 or 4 with acidic water was directly performed in the 50 mL Falcon®
centrifuge tubes. Then, the precipitate was separated from the supernatant by centrifugation (5
min, 5000 rpm) with a Sigma 2 -16 PK centrifuge. All the precipitates were dark and pasty
before washing. Then, 10 mL of acidic water (pH 2) were added to six of the seven tubes to
wash the extract, which were manually agitated for 5 min, sonicated for 5 min and manually
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agitated again for 5 to 10 min until complete dispersion of the extract. The six tubes were
centrifuged (5 min, 5000 rpm) and this procedure was repeated once on four tubes and twice
on two tubes. The final precipitates were freeze-dried (- 50 °C, 0.2 mbar), weighted, diluted in
methanol (1 % v/v TFA) and analyzed by HPLC to quantify both i-CsXyl and CA. Then,
methanol was removed by evaporation under vacuum, and the extracts were dissolved in
DMSO-ds to be analyzed by 'H NMR. NMR spectra were recorded on a Bruker 300 apparatus
and calibrated relative to residual solvent peaks (H20: 3.33 ppm; DMSO-ds: 2.54 ppm).

g. Recovery of the precipitate by filtration and washing procedure

After a conventional extraction with 100 mL of hydrotropic solution, and a conventional
precipitation, the precipitate was recovered on a 2 — 3 um cellulose filter. Then, the precipitate
was washed by taking off the filter, and put it in a glass recipient with a magnetic bar (400 rpm)
to unstick it from the filter as explained in the text. Thanks to the mechanical action of the
magnetic bar, the precipitate could be unstuck from the filter and dispersed in acidic water.
Then, the filter was taken back and used to filtrate the washing solution. After three washing
steps, the precipitate was freeze-dried (- 50 °C, 0.2 mbar), weighted, diluted in methanol (1 %
v/v TFA) to be analyzed by HPLC (procedure 3).

1V.3.4. Measurement of the oxidative induction time.

FAMEs were synthesized from sunflower oil and sodium methanolate in methanol at room
temperature (25 °C) for 12 hours, then extracted with petroleum ether three times and purified
through neutral aluminium oxide column, using petroleum ether as eluent. The purity of
FAMESs was assessed by NMR 'H, and they were stored at - 20 °C.

Then, 2 mL of sunflower FAMEs were placed in a teflon container in the RapidOxy apparatus
(Anton Paar). The oxygen overpressure was set to 300 kPa and the temperature to 110 °C.
Antioxidant was added at 0.1 wt.%, using a presolubilized solution in ethyl acetate 20 g/L. The
overpressure was measured by the software OxyLogger.

IV.3.5. Microscopic observation of the crystals.

Hydrotropic solutions of i-CsXyl (50 mL) at 18, 22.5 and 30 wt.% containing 2.5 g/L. of CA
were prepared. To ensure CA solubilization, the solutions were set to 40 °C until they became

completely limpid, then cooled down to room temperature. The solutions were diluted with
acidic water (1 % (v/v) H3PO485 %, pH 2) to the MHC (9 wt.% of i-CsXyl). The water addition
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rate was kept to 0.05 mL/sec using dropping funnel. After all the required water was added, the
solutions were stirred for 1 h at 500 rpm and then, settled without stirring for 1 h. During all
this process, samples (10 uL) were collected and observed by a numeric microscope to
determine the crystal sizes and shapes. This procedure was performed two times for each
i-CsXyl concentration.

The same procedure was performed after extractions using the conventional procedure
described above, with 50 mL of hydrotropic solutions at 18, 22.5 and 30 wt.% i-CsXyl for 5 g
of rosemary.

IV.4. Conclusions of chapter IV

This chapter was an opportunity to compare the different techniques to recover a rosemary
hydrotropic extract and to understand the mechanism of hydrotropic precipitation. Hydrotropic
dilution with acidic water was found much more efficient compared to cooling to recover the
hydrotropic crude extract. Indeed, thanks to a Hadamard experimental design, and to the use of
appropriate filters, the recovery rate of CA could be increased by a factor 2 and the CA content
in a dry extract without washing could reach up to 20.5 wt.%, the same content that can be
obtained with acetone. We showed that washing the extract with water could enhance the CA
rate by about 25 %. However, the recovery rate reached with acetone could not be equalled with
i-CsXyl. The precipitation process still needs to be improved in accordance with the conclusions
on the crystallization mechanism hereunder.

From the conclusions of the Hadamard experimental design and microscopic observations, a
mechanism of rosemary extract crystallization by i-CsXyl can be proposed in accordance to the
literature. It is basically composed of three steps, presented in Figure 1V.24:

* Nucleation: The hydrotropic solution is diluted to a concentration at which rosemary
extract is saturated. Thus, the rosemary extract precipitates in spherical particles. This
shape is due to the presence of by-products since pure CA forms needle-like crystals.
With slow dilution, only few particles are generated first, then grow.

* Growth: Thanks to strong solute-hydrotrope interactions, the particles of rosemary
extract are immersed in larger hydrotrope-rich particles. Then, thanks to stirring, these
particles meet, aggregate and finally coalesce. When they become too large and too
heavy, they settle down and fix on the vessel glass walls. A low hydrotrope concentration
or a too vigorous stirring limit their growth and thus their fixation on the vessel walls.
On the contrary, the longer the residence (agitation) time, the larger the aggregates.
During this step, i-CsXyl acts as a bridging liquid.

* Concentration: During the residence time, extract particles get closer, bond and

consolidate. In the same time, probably due to stirring and further crystallization,
hydrotropes are removed from the particles and solubilized in the solution.
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Figure IV.24. Mechanism of hydrotropic precipitation of a rosemary extract by dilution with water.

Finally, the extract particles are recovered by either filtration or centrifugation. Filtration
separate the large extract particles from the small ones which were either removed from the
particles during the consolidation step, or did not have the time to agglomerate. They are
composed of other extracted compounds or enriched in hydrotropes (more adsorption on more
surface specific area). On the contrary, centrifugation recovers all particles, resulting in a lower
CA content but a higher mass yield. Noteworthy, the consolidation of the extract particles
continues during filtration and centrifugation. According to HPLC measurements, the residual
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hydrotrope can be totally removed thanks to washing, providing rosemary extract as a non-
sticky powder.

Therefore, to increase the recovery rate, three interesting options could be investigated: (i)
reduce the water addition rate, (ii) increase the residence time during which the solution is
stirred (iii) centrifuge the solution after the optimized process.
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General conclusion

Carnosic acid (CA) is a phenolic diterpene which naturally occurs
in rosemary and sage. It has received a special attention in recent
years due to its strong antioxidant power. Indeed, the high
antioxidant capacity induced by its catechol group (Figure V.1)
and its ability to regenerate the corresponding phenolic hydroxyls
from the o-quinone formed by oxidation makes CA suitable for
replacing controversial synthetic ingredients such as BHA or | Figure V.1. Chemical
BHT in cosmetic or food preparations. structure of carnosic acid

Nowadays, ethanol and other solvents such as acetone or hexane are commonly used to extract
CA from rosemary and sage. However, in a responsible, environmental and sustainable
approach, their use should be avoided in order to limit the release of VOC, as well as the risks
related to health of operator and to high flammability. This thesis aimed to investigate the
potential of aqueous solution of nonionic hydrotropes as alternatives to organic solvents in the
process of CA extraction. Indeed, hydrotropes are small amphiphilic molecules generally
composed of a polar head which provides interactions with water and an apolar alkyl chain
bearing a number of carbon atoms which does not exceed 8, otherwise the amphiphile is called
surfactant. Such a structure confers them the ability to form aggregates or clusters in water, thus
enhancing the solubilization of hydrophobic compounds such as CA.

Thereby, three families of hydrotropes, namely alkyl polyethylene glycol ethers CiE; (chapter
IT), alkyl polyglycosides CiGlyco and monoalkyl glycerols CiGly (chapter III) bearing alkyl
chain lengths from 4 to 8 have been investigated in details. There were chosen for their several
reasons: i) their accessibility as commercial materials in the case of some CiE; and C;Glyco, i)
the availability of a large range notably for the CE; (i from 4 to 8 and j from 1 to 4), iii) their
bio-based origin. Our approach has consisted in performing first a systematic study on the petro-
sourced CiE; to gain a better understanding of the mode of action of hydrotropes and then
secondly to extent the scope to the bio-based ones with the aim of developing a suitable system
for a potential industrial production. Thus, we were also interested in the process of extraction,
which we studied and optimized with the most promising amphiphile.

In the first part of the thesis, we focused on the mechanism and the relationships between the
chemical and physicochemical features of the hydrotropes and their efficiency as extractants.
Extractions were performed from whole leaves of rosemary so that the mass transfer of
extracted molecules resulted only from the action of the hydrotropes. The comparison of the
content of CA recovered in the fourteen aqueous solutions of alkyl polyethylene glycol ethers
(CiE; with the alkyl chain length i =4 - 12 and the number of ethylene oxide units j = 1-4) after
extraction at room temperature highlighted CsE2 and C4E1 as the most efficient hydrotropes
able to extract 1.21 g/L in 24 h and 1.02 g/L. CA in 8 h respectively. For comparison, aqueous
solutions of propanol at the same concentration (30 wt.%) extracted 0.93 g/L in 48 h, and
ethanol at 96 wt.% reached 1.24 g/LL CA in 24 h (CA not soluble in 30 wt.% ethanol). Thanks
to a systematic study carried out on the range of CiE;, some key features could be identified: a
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molecular volume Vm close to 240 or 218 (depending on the model), a partitioning coefficient
log P equal to 1.37 and a hydrophilic lipophilic balance HLLB of 12, thanks to the following
equations modelling the CA concentration as a function of these three descriptors:

V., — 24012
CCA: 1.2 x eXp -0.3 x (T) + (IOgP - 137)2

V., — 218\?
Cea=1.15 x exp [ -0.066 x <T) + (HLB — 12)?

In addition, microscopic observations allowed to show the different modes of action between
the hydrotropic solutions and solvents such as ethanol. Indeed, the combined actions of water
and CiE; favors the destruction of the leaves, resulting in the release of the phytochemicals in
the solution and easier access of the aqueous hydrotrope to the cells while ethanol only enhances
the mass transfer of actives, without affecting the structure of the plant (Figure V.2).

Destruction Diffusion

CiEj Short chain C,E] Solvi
e.g. CGEZ e.g. C4E1 (eg e
Figure V.2. Scheme of two different modes of action of solvents and aqueous solutions of C;E; for the
extraction of CA from rosemary leaves (presented in cross sections)

However, though efficient, CiE; cannot be industrially used because of their petro-sourced
origin, their low biodegradability and their potential toxicity (e.g. C4E; is classified as VOC
and toxic or hazardous air contaminant). Accordingly, in order to develop a process with bio-
based hydrotropes, the efficiency of three synthetic monoalkyl glycerols (CiGly with i =4 - 5)
has then been assessed. Pentyl glycerol (CsGly) was found to be more efficient than butyl
glycerol (C4Gly) and than its isomer iso-amyl glycerol (i-CsGly) with 1.07 g/L of CA recovered
in the hydrotropic solution after 48 h of extraction. By grinding the plant, a concentration of
2.53 g/LL CA could be reached in the filtrate of extraction after only 30 min, close to the
maximum value expected of 2.7 g/L.. From this observation, despite the fact that the grinding
step is not straightforward to implement at the large scale, it is an important process parameter
of extraction since the efficiency is increased by a factor 2.5, while the time is considerably
reduced from 48 h to 30 min.

Alkyl polyglycosides constitute the second family of bio-based hydrotropes which was
investigated. Iso-amyl polyxyloside was the most efficient hydrotrope of this family, and could
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extract 0.43 g/LL CA from whole leaves, with a maximum concentration expected of 2.7 g/L.
This concentration could be increased to 2.1 g/L by grinding the plant. Noteworthy, its higher
efficiency compared to other alkyl polyglycosides, as well as its lower efficiency compared to
CiE;, was attributed to its structure, in accordance with the key features pointed out with the
systematic study of CiE;. Indeed, iso-amyl polyxyloside has the smallest polar head of the alkyl
polyglycosides since it is only composed of pentoses and has the lowest degree of
polymerisation, but also a larger polar head than most of CiE;, conferring it a higher polarity,
hydrophilicity and volume than CiE;, and the lowest of the alkyl polyglycosides.

The influence of the volume and polarity or hydrophilicity of hydrotropes were attributed to
their ability to diffuse through cell barriers, but contact angle measurements of hydrotropic
solutions with i =4 and 5 on rosemary leaves showed the influence of the hydrotrope structure
on interfacial tension, and therefore, on their adsorption on the plant surface. Indeed, it was
shown that (i) the interfacial tension is lower for a linear chain than a branched one, and for a
hydrophobic polar head rather than a hydrophilic one: CiE; < CiGly < GiGlyco and (ii) for a
same alkyl chain length, the concentration of CA in the hydrotropic solution exponentially
increases when the interfacial tension decreases.

Despite alkyl polyglycosides were less efficient than monoalkyl glycerols, their commercial
availability and their higher biodegradability made them hydrotropes of particular interest, and
iso-amyl polyxyloside was found a good compromise to adapt hydrotropic extraction on
ground rosemary at a larger scale. The advantages and drawbacks of using hydrotropes (i = 3-
7) and solvents are summarized in Figure V.3, as well as the concentration of CA recovered in
the filtrate after extractions of whole rosemary leaves for 48 h.

167

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Agathe Mazaud, Université de Lille, 2020

General conclusion Confidential
Alkyl _ Alkyl Alkyl polyethylene Alcohols
polyglycosides glycerols glycols
1 C:sE, HOCANO O
2 C,E» on HO AN NN
3 C;Gly HO O NN
4 iC5E, HO g O
5 C.E, HONAON~~
6 C,E, HOC AN NAO
7 CqE; HO NSNS
8 PrOH \)Oi/ HOLA
. HO. O
9 iC5Gly » \/\(
10 C,Gly HO O~
1 C5E3 Ho/\/o\/\o/\/o\/\/\
12 C.E, HO Ao OO
0.
13 C,E, Hom OW HO~NAONN O
14 iCoXyl -~~~ \HO" OH/i5
/ o OW
15 C,Glu Ho ]
OH
16 C‘,Glu\\\\HO L
17 EtOH HO O, OW HO_~
18 BuOH ‘\Ho“‘ “OH| HO~_~
; ; ; ; ; OH /2.0
0 02 04 06 08 1 1.2
Ceca (g/L) Bio-sourced Bio-sourced Commercially available Efficiency
High biodegradability Pure Pure Cost
Advantages Commercially available Efficiency Efficiency Recycling
Drawbacks High volume Low biodegradability Petro-sourced Flammability
High polarity Eco-toxicity Toxicity Toxicity
v Not available VOC (C,E,) VOC

Low efficiency

High concentration
required (Ethanol)

Figure V.3. Concentration of CA in the aqueous solution at 30 wt.% hydrotrope or solvent (with i = 3-
7) after 48 h of maceration of whole rosemary leaves under stirring at pH 2, chemical structures of
hydrotropes ranged by order of efficiency, advantages and drawbacks relative to their use.

As mentioned previously, grinding the plant appears as a mandatory step to recover a maximum
amount of CA. Indeed, by grinding the plant, cell barriers are broken and thus, cells
automatically release phytochemicals in the hydrotropic solution. However, many co-products
could also be easily extracted in addition to CA, hence a less selective extraction. To overcome
this drawback, the selectivity of solubilization of several alkyl polyglycosides was studied in
chapter III. Iso-amyl polyxyloside was found to be the most selective hydrotrope with its
small alkyl chain length, limiting the solubility of the apolar ursolic acid, and allowing
solubilization of CA. With a too small alkyl chain length, butyl polyglucoside could not
solubilize enough CA, resulting in an inefficient extraction that was limited by the solubility of
CA rather than by the diffusion of the amphiphile. On the contrary, a too long alkyl chain (i >
8) was also found to be inefficient due to very high viscosity attributed to the formation of liquid

crystals typically encountered with surfactants.

168

© 2020 Tous droits réservés.

lilliad.univ-lille.fr



Thése de Agathe Mazaud, Université de Lille, 2020
General conclusion Confidential

The alkyl chain length has also an important influence on the recovery of CA. Indeed, the most
efficient recovery method was found to be the dilution under the Minimum Hydrotropic
Concentration (MHC) to precipitate the extract. However, increasing the alkyl chain length
resulted in reducing the MHC, thus increasing the dilution factor required to precipitate the
extract. Therefore, considering that the dilution factor was applied to both the amphiphile and
the solute, the CA concentration could be reduced to its solubility limit, so that CA did not
precipitate. This consideration promotes once again the use of hydrotropes rather than
surfactants. Figure V.4 summarizes the relationship between structure, physicochemical
properties and role of hydrotropes in the entire extraction process.

. Dilution
Extraction below MHC
20semary Plant/solution
Hywpe separation
- !
Roles of V'H/“”‘\/ 3‘% ';’-!*' 3‘“ | *
hydrotrope 1 %o ! S
in extraction s Solubilization i o
__________________________________ [ Adsorption | | Diffusion | | cAfcoproducts| i | Precipitation |
Ad t 3 |
equate | | i _—
HLB Selectivity | Eoll
Physicochemical High i
properties BT | :
Low interfacial Low aeenlly i HightHE
tension volume !
Stucture i
Alkyl chain [ Linear | | short | short| [Long | Short |
[ r Too short Too long ii
Polar head Hydrophobic ‘ Small ‘ \— ’

Figure V.4. Roles of hydrotropes in the extraction mechanism and influence of their structure one
their physicochemical properties and on their role during extraction.

A second part of the thesis was devoted to optimizing the entire extraction process using iso-
amyl polyxyloside, namely the conditions for both the extraction of CA from rosemary and its
recovery in solid form (chapter III and IV respectively). A first experimental design using a
2% fractional matrix on the extraction conditions showed that (i) the most important condition
to extract a high CA concentration is the hydrotrope concentration, (ii) increasing the
temperature and the time of extraction has a great influence on the final solid extract, but not
on the extract mass of CA recovered, meaning that CA is more accessible than co-products of
extraction. However, although 2.1 g/LL of CA could be recovered in the first filtrate with the
best experiment (62 % of the available CA), the major part of CA was lost during the
precipitation. This step was thus optimized in chapter IV in order to increase the recovery of
CA from the hydrotropic solution.

The hydrotropic precipitation step was first optimized using a Hadamard factorial design,
which analyzed the relative importance and the influence of eight factors of the precipitation
(dilution rate, hydrotrope concentration after dilution, temperature, stirring, time of stirring,
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time of settling, nature and porosity of the filter) on the mass yield and the CA content in the
extract. A low dilution rate and a low porosity of the filters (1 um) were found to be
determinant conditions to increase the mass yield. By combining the best conditions of
precipitation, the recovery rate could be increased from 24 to 55 %, thus only 6 % of CA was
lost in the filtrate. The resulting extract contained 20.5 wt.% CA, the same content as that
obtained from a conventional extraction with acetone (Table V.1). However, the recovered
extracts were pasty, which should be avoided for industrial applications in order to facilitate its
recovery.

To explain this aspect, the mechanism of hydrotropic precipitation was investigated thanks
to microscopic observations. Indeed, it seems that the hydrotropes act as a “bridging liquid”,
i.e. particles of precipitated extract are immersed in droplets of hydrotrope, which size seems
to increase with the hydrotrope concentration. Those particles are highly concentrated in both
CA and hydrotrope and certainly grow by a phenomenon of agglomeration. An adequate
agitation allows particles to meet and thus, to agglomerate while preventing the particles to
form smaller ones, which would pass through the filters. Finally, to avoid having a pasty extract,
the hydrotrope can be removed by washing with water. However, this step has so far resulted
in an additional loss of 15 % CA (Table V.1).

Table V.1. Comparison of different extraction techniques (30 min maceration under stirring) of CA
from ground rosemary leaves.

Extraction technique Conventional Not optimized Optimized
Solvent Acetone 5 i-CsXyl (wt.%) 30
Recovery technique Evaporation Filtration (3 pm) Filtration (1 um)

Precipitate washing 0 0 3 0 3
Yield (%) 12.7 5.2 2.63 7.2 4.5
CA content (%) 20.0 12.6 26.5 20.5 24.6
Recovery rate (%) 92 24 25 55 40

The objectives of this thesis work were at different levels: i) finding an efficient and safe
aqueous solution of nonionic hydrotropes as an alternative to organic solvents for the extraction
of CA from rosemary, ii) understanding the physicochemical mechanism and the roles of
hydrotropes during the extraction process, and finally iii) optimizing the entire process. Despite
monoalkyl glycerols were found to be more efficient than iso-amyl polyxyloside in extracting
CA from whole and ground leaves of rosemary, i-CsXyl was chosen as the best compromise
owing to its higher biodegradability and its commercial-availability. By performing the
extraction on ground leaves with 30 wt.% iso-amyl polyxyloside without no intensification nor
heating, and with optimum filters, dilution and dilution rate, an extract with a CA content of 20
wt.% could be obtained. It contained 55 % of the available CA and 6 % of CA were lost during
the precipitation. However, considering that at least 20 % of the available CA are lost in the
plant due to high absorption of aqueous solution by the dehydrated leaves, it should be
interesting to extract again the leaves to recover the remaining part of CA. Finally, alcohols are
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still more easily recyclable than hydrotropic solutions thanks to their low boiling points, but in
a “green” approach, the dilute solution, which still contains hydrotrope, could further be heated
to evaporate the amount of water that has been added during the dilution step, and could this
was be recycled. Figure V.5 summarizes the roles of hydrotropes and other conditions during
extraction and proposes suggestions for future research.

Isoamyl Rosema

Water xyloside ry
y
Extraction
Hydrotrope Adlsorp'tion
concentration Diffusion
Destructuration
Solubilization
Co-products CA (62 %)
Temperature

. Rosemaryrich in
Plapt/so_luuon — hydrotropic solution
filtration CA (38 %)

Hydrotropic
precipitation

Dilution under MHC

Dilution
(factor and rate)

Particle growth
L 2
Pl‘ecipltate/ W Freeze_drying Dry extract
Filter solution > CA (55 %)
(Nature and porosity) filtration J

Hydrotropic solution
below MHC
CA (6 %)

Figure V.5. Schematic diagram of the CA extraction, most important factors (green), roles of
hydrotrope (blue), location of CA (red) and perspective of research for better optimization and
recycling (orange)
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Appendix 2. Kinetics of the extractions performed with aqueous solutions containing 30 wt.% i-C4E,
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at 25 °C, pH 2 between 0 and 48 h
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Appendix 3. Kinetics of the extractions performed with aqueous solutions containing 30 wt.% CsEs
(black) and CgE4 (blue) at 25 °C, pH 2 between 0 and 48 h
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Appendix 4. Kinetics of the extractions performed with aqueous solutions containing 30 wt.% C1oE4
(black) and Ci2E4 (blue) at 25 °C, pH 2 between 0 and 48 h
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Appendix 5. Kinetics of the extractions performed with aqueous solutions containing 30 wt.%
propanol (blue) and sodium xylene sulfonate (red), 96 wt.% ethanol and 100 % butanol at 25 °C, pH 2
between 0 and 48 h

Appendix 6. 'H NMR spectrum of C4Glu in D,O with integrals
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Appendix 7. 'H NMR spectrum of Ce»Glu in D,O with integrals

Appendix 8. Predicted physicochemical properties of single C4Glu, i-CsXyl, C7Glu and Ce 2Glu of

© 2020 Tous droits réservés.

various DP
. e M Vm

Amphiphile DP (g/mol) (A3) log P HLB %
1 236 276 -0.91 15.2 4

C4Glu
2 400 440 -1.56 17.1 96
1 220 264 0.01 13.6 46

i-CsXyl
2 354 396 -0.76 15.9 54
1 278 339 0.83 12.9 44

C7Glu
2 442 502 0.18 154 56
1 292 359 0.96 12.3 0
Cs,2Glu 2 456 523 0.31 15.0 90
3 620 687 -0.34 16.2 10
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Appendix 9. Predicted physicochemical properties of single molecules in the Cs/10Glyco mixture

Polar Vm
nC head DP M (g/mol) A3) log P HLB %0
1 262 326 1.75 114 6.1
Xyl
g 2 396 458 0.98 14.2 7.4
1 292 359 1.40 12.3 14.2
Glu
2 456 523 0.75 15.0 17.3
1 290 367 2.74 10.3 7.4
Xyl
10 2 424 499 1.97 13.3 9.1
1 320 401 2.54 11.2 17.3
Glu
2 484 565 1.89 14.1 21.2
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Appendix 10. Solubility curve of DR-13 in i-CsGly aqueous solutions, at pH 2 and 25 °C.
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Appendix 11. Linear evolution of the concentration of extracted CA during the diffusion step for
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alkyl glycosides: i-CsXyl (a), C;Glu (b), Cs-2Glu (c¢), Cg/10Glyco (d).
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Appendix 12. Linear evolution of the concentration of extracted CA during the diffusion step for
alkyl glycerols: C4Gly (a), i-CsGly (b), CsGly (c).
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Résumé

Les préoccupations grandissantes concernant la santé et I’environnement rendent la demande en ingrédients
naturels toujours plus forte. Parallelement, les fournisseurs d’ingrédients naturels tentent de rendre les procédés
d’extraction plus performants, plus s{irs, moins consommateurs en énergie et en ressources non-renouvelables. Les
hydrotropes, capables de solubiliser des composés hydrophobes dans 1’eau, constituent une alternative prometteuse
aux solvants organiques, souvent dérivés du pétrole, potentiellement explosifs et émetteurs de composés
organiques volatiles. Afin de développer un nouveau procédé d’extraction hydrotropique efficace a base
d’amphiphiles biosourcés, nous nous sommes intéressés a la compréhension des cinétiques et des phénomenes
physico-chimiques impliqués dans 1’extraction de 1’acide carnosique (AC), un puissant antioxydant phénolique
présent dans le romarin et la sauge officinale. L’extraction de I’ AC par des hydrotropes modeles de type éthers de
polyéthylene glycol a permis de démontrer I’efficacité et la compétitivité de 1’extraction hydrotropique par rapport
a une extraction conventionnelle utilisant un solvant. Des relations structure/propriétés physico-
chimiques/efficacité ont été établies, puis généralisées aux hydrotropes biosourcés a base de glycérol (éthers de
butyle, pentyle, et isopentyle) ou de sucres comme le xyloside d’amyle qui a été sélectionné par la suite pour son
efficacité, sa biodégradabilité et sa disponibilité. L’optimisation des conditions d’extraction a 1'aide de plans
d'expériences a permis de doubler la quantité d’ AC récupéré dans 1’extrait sec. Pour finir, différentes techniques
de précipitation de I’AC contenu dans des solutions hydrotropiques ont été comparées afin de faciliter sa
récupération. Parmi elles, ’addition d’eau comme anti-solvant s’est révélée la plus efficace pour précipiter I’AC
extrait du romarin. Sur la base de la composition et de 1’aspect du précipité obtenu selon différentes conditions de
précipitation, nous avons finalement pu établir un mécanisme visant a expliquer les différentes étapes de la
précipitation hydrotropique.

Mots-clés : Extraction, Romarin, Hydrotrope, Acide carnosique, Physicochimie, Xyloside d’amyle

Abstract:

The growing concerns for health and environment makes the demand for natural ingredients ever higher. At the
same time, natural ingredients manufacturers are trying to design effective, safer and less energy-costly extraction
processes while avoiding the use of non-renewable resources. Hydrotropes are able to solubilize hydrophobic
compounds in water, and constitute a promising alternative to organic solvents, which are often derived from
petroleum, potentially explosives and producers of volatile organic compounds. To design a new effective
hydrotropic extraction process using biobased amphiphiles, we investigated the physical chemical and kinetic
phenomena governing the extraction of carnosic acid (CA), a powerful phenolic antioxidant that occurs in
rosemary and sage. The CA extraction using alkyl polyethylene glycols ethers as model hydrotropes demonstrated
the efficiency and the competitiveness of hydrotropic extractions compared to conventional solvent extractions.
Quantitative Structure/properties relationship (QSPR) studies were established and generalized to biobased
hydrotropes including butyl or pentyl glycerol ethers, and sugar-based hydrotropes such as amyl xyloside, which
was further selected for its efficiency, biodegradability and commercial availability. The optimization of the
extraction conditions led to double the CA recovered in the dry extract. Finally, different techniques have been
investigated to precipitate CA from a hydrotropic solution. Among them, the addition of water as an anti-solvent
appears as the more effective for precipitating CA from rosemary extract. Finally, the comparison of the precipitate
composition and aspect obtained using various precipitation conditions led us to establish a mechanism explaining
the different steps of the hydrotropic precipitation.

Key words: Extraction, Rosemary, Hydrotrope, Carnosic acid, Physicochemistry, Amyl xyloside
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