
 EXTRACTION AND FORMULATION 

OF PLANT SUBSTANCES 

 

Dissertation 

Zur Erlangung des Grades  

Doktor der Naturwissenschaften (Dr. rer. Nat.) 

der Fakultät für Chemie und Pharmazie 

Universität Regensburg 

 

 

 

 

 

 

 

 

 

vorgelegt von 

Pierre DEGOT 

 

Bains-Les-Bains, Januar 2022   



 



 

I 
 

Promotionsausschuss 

 

1. Gutachter Prof. Dr. Werner Kunz, Institut für Physikalische und Theoretische 

Chemie, Universität Regensburg (Deutschland) 

 

2. Gutachter Prof. Dr. Jörg Heilmann, Lehrstuhl für Pharmazeutische Biologie, 

Universität Regensburg (Deutschland) 

 

3. Prüfer Prof. Dr. Joachim Wegener, Institut für analytische Chemie, Chemo- 

und Biosensoren, Universität Regensburg (Deutschland) 

 

Vorsitzender Prof. Dr. Oliver Tepner 

 

 

 

 

 

 

 

 

 

Promotionsgesuch eingereicht am: 09.02.2022 

 

 

Diese Doktorarbeit entstand in der Zeit von Mai 2018 bis Juli 2021 am Institut für Physikalische und 

Theoretische Chemie der Universität Regensburg unter der Betreuung  

von Prof. Dr. Werner Kunz. 



II 
  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

III 
 

Acknowledgments 

 

An dieser Stelle möchte mich bei all denen bedanken, die mich während der Anfertigung dieser 

Doktorarbeit unterstützt haben. 

Allen voran danke ich Herrn Prof. Dr. Werner Kunz und Herrn Prof. Dr. Jörg Heilmann, die mich 

während der gesamten Arbeit hervorragend betreut haben und die mir es ermöglichten, an diesem 

überaus interessanten Themen zu forschen. 

Außerdem möchte ich mich bei Herrn Dr. Marcel Flemming und Herrn Dr. Didier Touraud für die gute 

Zusammenarbeit und die zahlreichen Ideen danken.  

Ebenfalls bedanke ich mich bei Christoph, Clara, Josephine, Diana, Lea, Christin, Clément und Verena, 

die mich im Rahmen ihrer Forschungsarbeiten im Labor unterstützt haben. Besonderer Dank geht an 

Verena für die gute und tolle Zusammenarbeit während ihrer Masterarbeit. 

Ebenfalls bedanke ich mich bei den Mitarbeitern des Lehrstuhls für Physikalische Chemie an der 

Universität Regensburg für die schöne Zeit, die tolle Arbeitszeit im Labor und auch die 

wissenschaftliche Hilfe während meiner Arbeit. Besonderer herzlicher Dank an meine Bürokollegen. 

Bei den Mitgliedern des Lehrstuhls für Chemie und Pharmazie an der Universität Regensburg möchte 

ich mich namentlich bedanken. Danke, dass ihr mir so herzlich aufgenommen haben und für die tolle 

Unterstützung, während ich bei euch gearbeitet habe. Besonderer Dank geht an Gabi, für die 

Einarbeitung bei der Zellkultur, Julia für die Unterstützung und Zusammenarbeit bei der 

Bakterienkultur und Tom, Sebastian, Katrin und Miri für die Unterstützung bei der HPLC. 

 

 

 

 

 

 

 



IV 
  

List of abbreviations 

AA Anisaldehyde reagent 

ACN Acetonitrile 

BuOH 1-Butanol 

C. longa Curcuma longa 

DCM Dichloromethane 

DiA Diacetin 

DLS Dynamic light scattering 

DMEM Dulbecco´s modified eagle medium 

DMSO Dimethyl sulfoxide 

E. coli Escherichia coli 

ECBM Endothelial cell growth supplement  

ECGM Endothelial cell growth medium 

ECGS Endothelial cell growth supplement 

EDTA Ethylenediaminetetraacetic acid 

EtOAc Ethyl acetate 

EtOH Ethanol 

FACS Fluorescence-activated cell sorting 

FBS Fetal bovine serum 

FSC Forward scatter 

HPLC High-performance liquid chromatography 

ICAM-1 Intercellular adhesion molecule-1 

IFN-Ω Interferon-Ω 

IKK I- Bˁ-kinase-komplex 

IL-1 Interleukin-1 

JAK Janus kinase 

LB Lysogeny broth 

LC-MS Liquid chromatography-mass spectroscopy 

LPS Lipopolysaccharide 

MEM Minimum essential medium 

MeOH Methanol 

MIC Minimum inhibitory concentration 

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide 

N Natural product reagent 

NaSal Sodium salicylate 

NEA Non-essential amino acid 

NF- Bˁ Nuclear factor kappa B 

NIK NF- Bˁ induced kinase 

NMR Nuclear magnetic resonance 



 

V 
 

NP Normal phase chromatography 

PBS Phosphate buffer saline 

PCA Pyroglutamic acid 

RP-18 Reverse phase chromatography endcapped with C18 chains 

S. aureus Staphylococcus aureus 

SDS Sodium dodecyl sulfate  

SFME Surfactant-free microemulsion 

SGS Silica gel column 

SSC Side scatter 

STAT Signal transducers and activators of transcription 

SXS Sodium xylene sulfate 

TLC Thin layer chromatography 

TNF-  h Tumour necrosis factor h 

TRAF Tumour necrosis receptor associated factor 

TriA Triacetin 

V Vanillin reagent 

 ̒

wt% 

Angle 

Weight percent 

 

 

 

 

 

 

 

 

 

 

 

  



VI 
  

Abstract 

 

The aim of this thesis was to investigate the extraction of potential valuable neutraceuticals from 

different rhizomes: Iris germanica L. and Curcuma longa. On the one hand, three different 

curcuminoids (curcumin, dimethoxy-, and bisdemethoxycurcumin) from Curcuma longa were 

extracted.  On the other hand, extraction and isolation of isoflavones and benzophenones of Iris 

germanica L. were performed. Most of the isolated compounds from Iris germanica L. were tested for 

their potential anti-inflammatory and antibacterial abilities. 

First, curcuminoids were successively extracted from Curcuma longa using a green, sustainable, bio-

degradable and food-approved surfactant-free microemulsion (SFME) consisting of water, ethanol 

(EtOH) and triacetin (TriA) exhibiting high extraction yields (15.28 mg curcuminoids per g Curcuma 

longa). The best yield was achieved by the usage of a SFME consisting of 40/24/36 H2O/EtOH/TriA 

(wt%). The maximum of solubility of curcumin was investigated in the binary mixture EtOH/TriA via UV 

measurements. The binary mixture EtOH/TriA (40/60 in wt%) turned out to be the best one for the 

solubilisation of curcumin. The structuring of the SFME was previously investigated with DLS and 

conductivity measurements. It was also found and demonstrated that the addition of water to the 

binary mixture of EtOH/TriA was responsible for the structuring of the SFME and for the high extraction 

yield. Indeed, bisdemethoxycurcumin, one of the curcuminoids, is the most άpolarέ curcuminoid and 

therefore, the most sensitive to water. Compared to the binary mixture EtOH/TriA (40/60 in wt%), the 

extraction yield of demethoxycurcumin and especially bisdemethoxycurcumin could be increased by 

14 % and 32 % respectively. 

Recycling and up-concentration of the SFME with curcuminoids was attempted. Therefore, the SFME 

was re-used to perform several extraction cycles and to concentrate the curcuminoids in the SFME. 

One of the goals of this study was to solubilise the curcuminoids in an aqueous solution. Therefore, 

different purification methods (hydro distillation, vacuum distillation and freeze-drying) were used to 

remove the essential oils of Curcuma longa and to enhance the relative purity of the extract. 

Purification of the extract was achieved by freeze-drying the rhizome of Curcuma longa, as it leads to 

high relative purity of the extract (about 94%) through repetitive lyophilisation cycles and did not 

destroy the curcuminoids before extraction. Using an appropriate composition of the SFME 

(50/32.5/17.5 H2O/EtOH/TriA in wt%), dilution of the curcuminoids extract solution with water and 

stabilisation against day light and precipitation were achieved. 
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The extraction efficiencies of the curcuminoids were further enhanced using different additives, which 

were solubilised in the water phase of the SFME. Meglumine has been found to be the best additive 

while using pyroglutamic acid (PCA) as pH regulator of the SFME and as hydrotrope for curcumin. Using 

meglumine with and without PCA, high extraction efficiencies of the curcuminoids were achieved: 17.3 

mg curcuminoids per g Curcuma longa using a SFME (15/34/51 H2O/EtOH/TriA in wt%) at pH 9 

containing 5 wt% meglumine neutralised with PCA in pure water and 18.3 mg curcuminoids per g 

Curcuma longa using a SFME (5/38/57 H2O/EtOH/TriA in weight percent) at pH 11.5 containing 15 wt% 

meglumine without PCA in pure water. A simple water extraction (water containing 15 wt% of 

meglumine) achieved the best extraction efficiency for bisdemethoxycurcumin (3.46 ± 0.62 mg per g 

Curcuma longa). 

Further, another SFME consisting of water, sodium salicylate (NaSal) and ethyl acetate (EtOAc) was 

investigated concerning its capacity to solubilize, stabilize and separate the three curcuminoids. The 

extraction efficiency of one curcuminoid could be enhanced using different SFME compositions: 

H2O/NaSal/EtOAc 17/12/71 and 7/13/80 (in wt%) for respectively bisdemethoxy- and 

demethoxycurcumin and the pure EtOAc for curcumin. The presence of NaSal in the SFME enhanced 

the stability of curcumin and the other two curcuminoids in solution, because of its antioxidant and 

UV absorbing properties. 

In the second part of this thesis, isoflavones and benzophenones were successively extracted and 

isolated from the rhizomes and the roots of Iris germanica L. by chromatographic methods (silica gel 

column followed by high-performance liquid chromatography (HLPC) and semi preparative HPLC). 

Using NMR and LC-MS data, structures of eleven isolated compounds were revealed. Some of the 

isolated compounds were tested as potential anti-inflammatory agents but had unexpected pro-

inflammatory properties, of which the rhizome extract showed the highest pro-inflammatory activity. 

The isolates and the extracts were also tested as potential antibacterial agents. None of the extracts 

nor isolates were active against the bacterium S. aureus. Only the iris butter (the essential oil of orris) 

showed a potent antibacterial activity, certainly due to the presence of irones. The iris butter showed 

also an antibacterial activity against the bacterium E. coli. 
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1 General introduction 

 

Extraction was performed and studied for centuries by humankind. Anyone who has ever made a cup 

of tea or coffee has performed an extraction. The compounds responsible for the flavour and colour 

of the tea are extracted from the ground material into the added hot water. Humankind have been 

using plants for curing illness for millennia, because plants contain compounds possessing specific 

therapeutic activities. But the use of plants directly can cause undesirable side effects and the dosage 

of active substances is complicated. Therefore, the extraction of such beneficial target compounds is 

of great interest in the domain of the chemistry of natural substances and therapeutic chemistry. Thus, 

different extraction and isolation techniques, such as liquid-solid extraction or high-performance liquid 

chromatography, are performed to obtain the desired active compounds. Having the pure target 

compound, pharmacological and phytochemical tests can reveal the biological and therapeutic activity 

of the isolated compounds. Other domains, in which extraction is essential, are the food and fragrance 

industry. Especially in the fragrance industry, where different parts of a plant are extracted or 

additionally treated to obtain the desired fragrance. The most common extraction technique is the 

hydro distillation.  

The use of natural colouring agents in the food industry is growing every year because of the growing 

consumer´s concern for safety and health of food formulations. Thus, the food industry is keen on 

finding alternatives to the common synthetic dyes, such as tartrazin. Natural colouring agents offer an 

alternative to synthetic dyes. Dyes are mostly used as powders or have to be formulated to be 

incorporated in food. Here again, because of the current growing consumerś  demand on natural, 

organic, and sustainable food formulations, the food industry needs to find alternative extraction 

techniques to replace the commonly used non-sustainable solvents, which are toxic for the human 

body and harmful to the environment. Nowadays, it is necessary to expand, modify, and reinvent the 

traditional extraction techniques in order to protect the consumer and the environment. For this 

purpose, the twelve principles of green chemistry, developed and published by P. Anastas and J. C. 

Warner in 1998, and the six principles of green extraction, developed and published by F. Chemat in 

2012, are focused on reducing the environmental and health impacts and are of interest for the food 

and fragrance industry. 

The aim of this work is first to extract a very popular natural colouring agent, curcumin, from Curcuma 

Longa with a green, bio-based, and sustainable solvent systems, which could be directly used in the 

food industry. Moreover, the aim is to investigate other solvent systems to extract and isolate 
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curcumin, by for example pH-dependent precipitation, or other solvent systems, which could be used 

in the pharmaceutical industry. Secondly, the aim was to explore the composition of the roots and 

rhizomes of Iris germanica L. and further to look into its biological and therapeutic activity. Indeed, 

many compounds from the rhizome of Iris germanica L. are already well known in the literature. On 

the contrary, the roots alone are less studied. Moreover, Iris germanica L. is used since centuries as 

alternative medicine in Asia and especially in India. Therefore, the potential anti-inflammatory and 

antibacterial properties of Iris germanica L. and of the different isolated compounds were investigated. 
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2 General information 

2.1 Extraction techniques 

Extraction is the first procedure to separate the desired natural molecules or groups of molecules from 

the raw materials. Sample preparation is a crucial step to perform solvent or steam extraction. The 

plant material often has to be washed first, then dried and finally ground before the extraction process 

[1]. These and several other steps are performed to obtain a homogenous plant material and to 

increase the contact area between the plant material and the extraction solvent or solvent mixture to 

achieve better extraction yield [2]. In this thesis, several different extraction techniques have been 

used: the solid-liquid (more specifically maceration and Soxhlet), liquid-liquid and steam extraction. 

2.1.1 Solid-liquid extraction 

Solid-liquid extraction (also known as solvent extraction) involves the separation of the constituents 

of a solid material (plant) by contact with a liquid. Every constituent (solute) of the plant has a different 

affinity for different solvents. This preference depends mainly on the polarity of the solvent and the 

solutes. Generally, non-polar solutes are dissolved by non-polar solvents, whereas polar solutes are 

dissolved by polar solvents [3]. This equilibrium is reflected by the partition coefficient K, the quotient 

of the activity of the solute in the respective phase, as described in equation 1: 

ὑ
ὥ     

ὥ     
 

 

(1) 

It can be categorised into non-exhaustive (maceration) and exhaustive (Soxhlet) solid-liquid extraction 

processes. The difference will be explained in the following. 

2.1.1.1 Maceration 

In the maceration process, the plant material stays in contact with the solvent at room temperature 

for several hours under agitation or not. The process can be repeated three or more times to ensure a 

good extraction efficiency. The agitation is provided to enhance the surface contact between the 

solvent and the plant material, more precisely to increase the mass transfer of the solutes from the 

matrix (plant material) to the solvent. Sometimes to further enhance the extraction efficiency, the 

temperature can be increased. However, heating should be avoided to prevent the decomposition of 

thermosensitive molecules. The choice of solvent is also crucial in the maceration process. It should be 

selective for the target molecule and if possible, as volatile as necessary in order to be removable by 

evaporation. After the maceration process, the plant material can be obtained by filtration in order to 
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perform successive extraction with fresh solvent. The solvent is removed from the extract by 

evaporation or drying [1,2,4].  

2.1.1.2 Soxhlet 

Soxhlet extraction was developed approximately 150 years ago [5]. The Soxhlet apparatus is a closed 

solvent circuit. The raw material is placed in a thimble and the solvent in the flask. Through refluxing 

and condensing, the solvent percolates the raw material and is rinsed back into the flask. The raw 

material is then extracted multiple times with fresh solvent. The advantages of the Soxhlet extraction 

are that only few amounts of the solvent are needed and it is hardly time consuming compared to 

maceration [6]. The disadvantage is that thermosensitive molecules can be degraded during the 

extraction process, because the solvent in the flask is always at its boiling temperature. 

2.1.2 Liquid-liquid extraction 

The liquid-liquid extraction can be performed analogously to the solid-liquid extraction. The partition 

coefficient of the solutes is the key parameter. Liquids involved are usually water (polar solvent) and 

an inorganic solvent (non-polar). The transfer of one or more solutes from one liquid phase to the 

other, generally from water to the inorganic solvent, is driven by the chemical potential. The solvent-

rich product is called the extract, and the residual solvent from which solutes have been removed is 

called the raffinate. Liquid-liquid extractions are performed in a separatory tunnel in the laboratory 

scale. [1,6,7] 

2.1.3 Hydro distillation 

Hydro distillation has been used in the manufacture and extraction of essential oils for centuries [8]. 

The etymology of the word attests to its traditional use. Indeed, άhydroέ comes from Greek and 

ǎƛƎƴƛŦƛŜǎ άǿŀǘŜǊέ ŀƴŘ άŘƛǎǘƛƭƭŀǘƛƻƴέ ŦǊƻƳ [ŀǘƛƴ άdistillareέ, meaning to drip. The raw material is placed 

in a flask with water, which is heated to boil. The high temperature destroys the plant matrix whereby 

the essential oil, which is not miscible with water at room temperature, is released. The oil forms a low 

boiling azeotrope with water, passes through a condenser, where it is separated by density difference 

into water and the essential oil phase. The duration of the distillation depends on the raw material, its 

preparation and on the nature of the essential oil. However, it is a time and energy consuming 

procedure to obtain the essential oil. Thermosensitive molecules can also be extracted using hydro 

distillation, because they are substantially less exposed to high temperature in comparison to Soxhlet.   

2.1.4 Green extraction 

The concept of green extraction was developed by F. Chemat et al. in 2012 on the basis of green 

chemistry, which was developed by P. Anastas and J. C. Warner in 1998 [9,10]. It is focused on reducing 
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environmental and health impacts of extraction processes. Six principles were listed as a guideline as 

follows: 

Principle 1: Innovation by selection and use of varieties of renewable plant resources. 

Principle 2: Use of alternative solvents, principally water or bio-based solvents. 

Principle 3: Reduction of energy consumption by energy recovery, using innovative technologies. 

Principle 4: Production of coproducts instead of waste to include in the bio- and agro-refining industry. 

Principle 5: Reduce unit operations and flavour safe, robust, and controlled processes. 

Principle 6: Aim for a non-denatured biodegradable extract without contaminants. 

bƻǿŀŘŀȅǎΣ ōŜŎŀǳǎŜ ƻŦ ǘƘŜ ƎǊƻǿƛƴƎ ŎƻƴǎǳƳŜǊǎΩ awareness of safety and health aspects of 

manufactured products, especially in food and cosmetic industry, industry has to change or partially 

ŀŘŀǇǘ ƛǘǎ ŜȄǘǊŀŎǘƛƻƴ ǇǊƻŎŜǎǎŜǎ ǘƻ ƳŀǘŎƘ ǘƘŜ ŎƻƴǎǳƳŜǊǎΩ ǇŜǊŎŜǇǘƛƻƴ ŀƴŘ ŘŜƳŀƴŘΦ aƻǎǘ ƻŦ ǘƘŜ ǎƻƭǾŜƴǘǎ 

currently used in the industry are derived from crude oil, which is toxic for the human body and non-

degradable. Currently used solvents are often flammable, volatile, and responsible for the greenhouse 

effect and pollution. The use of alternative, green and bio-based solvents is a major challenge for the 

industry. Extraction of natural products is applied in almost every production process in the cosmetic, 

pharmaceutical, and food industry. Nowadays, the focus is set on protecting both the environment 

and the consumers.   

2.2 Isolation and identification techniques 

2.2.1 Thin layer chromatography   

Thin layer chromatography (TLC) works with two phases, one stationary phase, the plate, and one 

mobile, the solvent flowing on the plate. The two phases interact differently with the target molecules 

which should be isolated. The stationary phase is held in place while the mobile phase moves through 

the plate [11]. If the stationary phase is polar (e.g. SiO2), the chromatography is termed normal-phase 

chromatography (NP). On the contrary, a non-polar stationary phase (alkane-sidechain attached to the 

silanol on the plate, C18 for example) is referred to as a reversed-phase chromatography (RP-18). 

Commonly, TLC uses an aluminium plate coated with the stationary phase, silica gel (NP) or C18 

modified silica gel (RP-18). A drop of the extract solution is placed on the bottom of the aluminium 

plate, then the plate is placed in a chamber in contact with the mobile phase and is eluted. The TLC is 

a mandatory step to develop suitable mobile phases for column chromatography, as it can show how 

an extract will behave during column chromatography. 



 

7 
 

The mobile phase can be defined by the eluent strength, an empirical value of solvent. High values of 

eluent strength can be assigned to polar solvents, whereas low values to non-polar solvents. The eluent 

strength of a solvent mixture can be evaluated with equation 2, where ₵0 is the eluent strength of the 

solvent mixture, ₵0i the eluent strength of the pure solvent i and i˄ the volume fraction of solvent i: 

 ’   

 

(2) 

  Another empirical value used to define the elution efficacy of the mobile phase is the retention time 

Rf of a compound i. It is used for comparing and identifying compounds or families of molecules. The 

Rf value of a solute is defined as the distance dsolute travelled by the molecule divided by the distance 

dsolvent travelled by the solvent or solvent mixture, as shown in equation 3: 

Ὑ
Ὠ

Ὠ
 

 

(3) 

Theoretically, to have a god separation the Rf values should be between 0.2 and 0.6. 

2.2.2 Derivatisation reagents for the thin layer chromatography 

2.2.2.1 Anisaldehyde reagent  

Anisaldehyde reagent (AA) is a universal reagent to visualize natural oxidisable molecules such as 

phenols, glycosides, antioxidants, steroids, essential oils, terpenes, and carbohydrates. Compounds, 

which appear to be colourless on the TLC plate, can be visualised on the TLC plate by the anisaldehyde 

reagent. The reagent is sensitive to most functional groups except to alkenes, alkynes, and aromatic 

molecules (without other functional groups). The solution of anisaldehyde reagent is sprayed on the 

TLC plate, which is then heated for 2-10 min to 105-110°C. Depending on the molecule, different 

colours are produced upon heating, making the anisaldehyde reagent an excellent visualisation 

method for examining oxidizable compounds on TLC plates. 

2.2.2.2 Natural product reagent 

Natural product reagent (N) is an analytical reagent for the determination of flavonoids, isoflavonoids 

and vegetable acids by compound dependent colour changes due to complex formation with the 

reagent. Natural product reagent contains the active reagent diphenylboryloxyethylamin, which reacts 

with free hydroxy groups as described in Figure 1. 
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Figure 1: Mechanism of reaction of diphenylboryloxyethylamin with isoflavonoids. 

Therefore, the TLC plate is heated to 100°C to accelerate the formation of the flavonoids-diphenylboryl 

complex and then sprayed with natural product reagent. After about 15 minutes intensive 

fluorescence will occur depending on the structure of the molecule under 254 and 366 nm. Molecules 

with one hydroxy group will appear yellow, molecules with two hydroxy groups orange yellow and 

molecules with three hydroxy groups green. 

2.2.2.3 Vanillin reagent 

Just as anisaldehyde, the vanillin reagent (V) is used to detect oxidisable compounds and a universal 

reagent. The reagent is used for the detection of steroids, higher alcohols, phenols and essential oils. 

Two different solutions, one with vanillin and one with sulfuric acid, are sprayed on the TLC plate. Then 

it is heated for 3-5 min until colouration occurs. 

2.2.3 Column chromatography 

Column chromatography is widely used in a chemistry lab to separate molecules from an extract 

solution. It is based on different adsorption of the molecules to the adsorbent, the stationary phase. 

In most of the case, the adsorbent is silica gel, which is packed in a glass column. A glass frit at the end 

of the column holds the stationary phase in place. The eluent and the extract are then added on top 
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of the glass column to pass through the column by gravity. The molecules are percolating through the 

column with different speed rates (related to the different Rf values of the thin layer chromatography), 

allowing them to be collected in different fractions. The main advantage of a silica gel column is the 

low cost and disposability of the stationary phase used. 

2.2.4 High-performance liquid chromatography  

High-performance liquid chromatography (HPLC) is a very important separation method in chemistry. 

It is used to analyse and even isolate (with a preparative HPLC) molecules from a plant extract. The 

separation principle is based on the distribution of the molecules in the sample between a mobile 

phase (the eluent) and a stationary phase (adsorbent in the column). An HPLC is composed of several 

units: pumps, autosampler, UV detector. The autosampler is responsible for the injection of the sample 

onto the column. The pumps are responsible for keeping the mobile phase afloat through the column. 

The pumps can be operated with two different elution modes: isocratic, where the composition of the 

eluent does not change during the measurement, and gradient mode, where the composition of the 

eluent is varying. The presence molecules can be monitored by a UV detection system, either with one 

or more wavelengths, but other detection systems exists, such as refractive index detectors or 

evaporative light scattering detectors [12]. A good separation is achieved when the peaks are entirely 

separated in the chromatogram. The time taken for a molecule to travel through the column to the 

detector is known as its retention time. The retention time is characteristic for each molecule in the 

sample. Qualitative information on the molecule is provided with the retention time and the UV-

spectra, whereas quantitative information is given by the peak area [13,14]. The choice of the eluent, 

gradient conditions, and column depends on the nature of the sample´s components. The commonly 

used solvents are methanol (MeOH), acetonitrile (ACN), water, and isopropanol, sometimes with some 

additives like acetic acid, phosphoric acid or trifluoroacetic acid (TFA) to assure complete protonation 

of the target molecules and to prevent the detection of several peaks due to the presence of one 

molecule with different charges. Different columns are available for HPLC: in most of the cases people 

are working with a RP-18 or NP column. But other types of columns such as phenyl, diphenyl, diol or 

chiral columns exist, too. The choice of the packaging material of the column is strongly depending on 

the structure of the molecules in the sample. A preparative HPLC is composed of the same units as a 

classic HPLC, just a fraction collector is added after the UV-detector in order to collect the separated 

compounds. 

2.2.5 Optical density measurement 

 Optical spectroscopy is a method widely used in research for the study of molecules, as well as 

production and quality control [15,16]. The basis for optical spectroscopy is the interaction of light with 
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the sample. It is based on the transmission of light or other electromagnetic radiation through matter. 

The emission and absorption depend on the wavelength of the radiation. When light passes through a 

sample, certain wavelengths can be absorbed resulting in colouration when the absorption is located 

between 400 and 800 nm. The remaining light, which is not absorbed, can be recorded as a function 

of wavelength by a suitable detector, generating a UV/Vis spectrum, which is characteristic of the 

analysed sample. For quantification purposes the wavelength of highest absorption (˂max) is of 

importance. When starting a measurement, a blank is taken (only the solvent without the sample) to 

subtract the solvent absorbtion. Then the sample is irradiated by light with an intensity I0. The detector 

measures the remaining light intensity I after passing through the sample and the absorbance A is then 

calculated, as described in equation 4. The ratio between I0 and I is called the transmittance. 

ὃ ὒέὫ
Ὅ

Ὅ
ὒέὫὝ (4) 

The Lambert-Beer´s Law finally links the measured absorbance A to the concentration c of the sample, 

as described in equation 5, where ₵ is the molar extinction coefficient and L the illuminated layer 

thickness: 

ὃ    ,  Ã  (5) 

2.3  Dynamic light scattering 
If light hits matter, light can be absorbed (cf. Optical density measurement, section 2.2.5) or scattered. 

Light scattering is used to study the presence and size of colloids, aggregates, micelles, or 

macromolecules in solutions. The dynamic light scattering (DLS) technique measures Brownian motion 

and correlates it to the particles´ size. The Brownian motion is the random movement of particles 

suspended in a medium, the solvent. The larger the particle is, the slower the Brownian motion. The 

sample is illuminated by a laser beam and the intensity of fluctuations of the scattered light due to the 

Brownian motion of the particles is detected at a scattering angle  ᷆by a detector.  The detection of 

scattered light is the result of destructive and constructive phases. The autocorrelator correlates this 

intensity fluctuations over time and an intensity correlation function G2( )̱ can be generated, as 

described in the equation 6. It describes the Brownian motion of the particles in the sample and is 

expressed as an integral over the product of intensities at time t and delayed time (t+̱), where ̱ is the 

lag time [17]. 

Ὃ †  ὍὸȢὍὸ †   (5) 

For most of the cases, the correlation function is an exponentially decaying function of the time delay 

ˍ όƳƻƴƻŘƛǎǇŜǊǎŜ ǇŀǊǘƛŎƭŜ size). By fitting this correlation function, a translational diffusion coefficient 

can be extrapolated and then with the use of the Stokes-Einstein equation the hydrodynamic radius 
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can be calculated. The hydrodynamic radius is the radius of a hypothetical sphere diffusing at the same 

rate as a particle. DLS measurements were proven to be useful to examine and characterize surfactant-

free microemulsions (SFME) [18,19]. 

2.4 Surfactant-free microemulsions 
An emulsion is a mixture of two immiscible liquids, commonly water and an oil, where no apparent 

phase separation but a turbidity is observed.  Two types of emulsions are distinguished: oil in water 

(O/W) and water in oil (W/O). One phase is dispersed as droplets in the other outer phase, the 

continuous phase. The size of the droplets characterizes the name of the emulsion: if the droplet size 

is between 0.1 and 10 µm, it is spoken of a macroemulsion. If the droplet size is under 100-200 nm, a 

microemulsion is present. Macroemulsions are only kinetically stable. Over time a macroemulsion will 

revert back to their separate phases. On the contrary, microemulsions are thermodynamically stable. 

A microemulsion is considered as a one-phasic and isotropic solution containing water, oil, and a 

surfactant. Its formation is spontaneous and does not require any input of energy, in contrast to 

emulsions. Surfactant-free microemulsions (SFMEs) are a special case of microemulsion as they 

consist, like emulsions, of two immiscible liquids, an aqueous phase (often water), an organic phase 

όƻƛƭύΣ ŀƴŘ ŀ ǘƘƛǊŘ ŎƻƳǇƻƴŜƴǘ ŎŀƭƭŜŘ άŎƻ-ǎƻƭǾŜƴǘέΦ {Ca9ǎΣ ŀǎ ƛƴŘƛŎŀǘŜŘ ƛƴ ǘƘŜ ƴŀƳŜΣ ŀǊŜ ǿƛǘƘƻǳǘ 

surfactant [19,20]Φ ¢ƘŜ άŎƻ-ǎƻƭǾŜƴǘέΣ sometimes called amphi-solvent, is an amphiphilic molecule and 

partially or completely miscible with the aqueous and organic pƘŀǎŜΦ ¢ƘŜ ǊƻƭŜ ƻŦ ǘƘŜ άŎƻ-ǎƻƭǾŜƴǘέ ƛǎ ǘƻ 

enhance the solubility of the organic phase in the aqueous phase, e.g. to reduce the miscibility gap 

between them.  

SFMEs are widely studied in the literature. One example of SFMEs is the ternary mixture composed of 

water, ethanol (EtOH), and octanol [21ς24]. In this ternary system, Zemb et al. have examined the pre-

Ouzo and Ouzo effect in this SFME [19]. They observed scattering signals in the monophasic region 

inducing a structuring in the domain near to the phase separation border. The effect behind the 

formation of this structuring was named pre-Ouzo [25]. The name takes its origin in the Ouzo effect, 

which can be observed in emulsions. The Ouzo effect describes a spontaneous emulsification, 

happening during the addition of water to a binary mixture of octanol/EtOH. The same effect appears 

with the beverage Ouzo, a drink containing EtOH and anethole, which turns turbid (milky) upon the 

addition of water while being still stable against macroscopic phase separation into two layers. SFMEs 

are of great importance in the industry as the absence of surfactant is a big advantage. Indeed, the use 

of surfactants leads to several problems: irritating taste, not always bio-degradable, poisoning of the 

aquatic life if their waste ends up in the groundwater, skin irritation, influence on enzymes, or 

accumulation in the body. 



12 
  

2.5 NMR and NOESY 

2.5.1 NMR 

Nuclear Magnetic Resonance (NMR) spectroscopy is used in research and quality control as analytical 

technique for determining the content and purity of sample or for structure elucidation [26ς28]. NMR 

is based on a simple principle: all nuclei have a spin and are electrically charged. When placed in a 

magnetic field, nuclei absorb electromagnetic radiation and an energy transfer takes place from base 

energy to a higher energy level. When the spin returns to its base level, the corresponding emitted 

energy is measured and processed in order to obtain an NMR spectrum of the concerned nuclei. A 

signal in the NMR spectrum is referred to as a resonance. The frequency of a signal is known as its 

chemical shift. The chemical shift is defined by the resonant frequency of a nucleus relative to a 

standard in a magnetƛŎ ŦƛŜƭŘ ŀƴŘ ŘŜǇŜƴŘǎ ƻŦ ǘƘŜ ƴǳŎƭŜǳǎΩ ŎƘŜƳƛŎŀƭ ŜƴǾƛǊƻƴƳŜƴǘΦ Lǘ ƎƛǾŜǎ ƛƴŦƻǊƳŀǘƛƻƴ 

about the composition of atomic groups within the molecule and adjacent atoms. The signal intensity 

is used to determine proportions of different compounds in a mixture.  

2.5.2 NOESY 
1H-1H NOESY (Nuclear Overhauser Effect SpectroscopY) is a 2-D NMR experiment. It uses the Nuclear 

Overhauser Effect (NOE) to provide information about which proton resonances are from protons 

which are close together in space. The basic pulse sequence consists of three 90° pulses. The pulse 

sequence is shown in Figure 2. 

 

Figure 2: Schematic representation of the three pulses sequence [29].  

A first excitation 90° 1H pulse creates transverse spin magnetisation. The spins precess during a 

defined waiting time t1. A second 90° 1H pulse creates a longitudinal magnetisation, where 

magnetisation transfer via cross-relaxation takes place during a defined mixing time tm. The mixing 

time tm should be between half t1 and t1 to ensure good sensitivity. A third 90° pulse creates transverse 

spin magnetisation from the remaining longitudinal magnetisation and acquisition takes place during 

a defined time t2. The NOESY spectrum is generated by a Fourier transformation, which contains cross-

peaks when magnetisation transfer has occurred during the mixing time tm. In this thesis, NOESY 

spectra were measured for structure elucidation, especially for isoflavones and benzophenones.  
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3 Green and sustainable extraction of curcuminoids 

from the rhizome of Curcuma longa 

3.1 Introduction 

Curcuma longa (C. longa), commonly called turmeric, is a perennial, rhizomatous and herbaceous 

plant, and belongs to the Zingiberaceae family (ginger). The plant is cultivated predominantly in the 

Indian subcontinent and Southeast Asia. It is only known as a domestic plant and not found in the wild. 

Turmeric plants reach about one meter in height. The flowers are yellow-white and bloom in summer. 

The leaves are large, oblong, dark green on the upper surface and emerge from the branching 

rhizomes. The rhizome is thick, branched, pale yellow to brown-orange, and ringed with the bases of 

old leaves. Turmeric can only be reproduced via its rhizomes. A botanical view of C. longa is shown in 

Figure 3.  

 

Figure 3: Botanical overview of C. longa (from Koehler's Medicinal-Plants). 

The rhizomes are the source of the bright yellow-orange, powdery spice known around the world and 

sold as turmeric. Curcuminoids are responsible for the colour of the rhizomes [30]. The curcuminoids 
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are natural phenols, which constitute about 0.1 to 6 % of the dried turmeric [30,31]. There are many 

different curcuminoids, which can be found in C. Longa the three most famous are: curcumin 

(curcumin I), demethoxycurcumin (curcumin II), and bisdemethoxycurcumin (curcumin III) [32ς34]. 

They can be distinguished from each other by the number of methoxy groups on the aromatic ring, as 

shown in Figure 4. 

 

Figure 4: Structure of curcumin (top), demethoxycurcumin (middle) and bisdemethoxycurcumin (bottom). 

The term curcumin, in general, can be used to represent all curcuminoids found in C. longa. The 

curcuminoids are non-toxic to humans and insoluble in water at physiological or acidic pH, slightly 

soluble in water at alkaline pH, and highly soluble in oil and non-sustainable solvents such as acetone 

or MeOH [35,36]. C. longa has been used for centuries worldwide, particularly in Asia and especially in 

India, as a culinary spice and colouring agent, food preservative, and antioxidant in the food industry 

and as an anti-inflammatory, therapeutic agent or dietary supplement in the pharmaceutical industry 

[37ς42]. Besides the curcuminoids, other phytochemicals and essential oils (0.1 to 2% of the dried 

turmeric) can be found in C. longa [43ς46]. 

Nowadays, various extraction methods and solvents are found in the literature. The most common 

extraction methods are Soxhlet, ultrasonic, solvent, microwave, or supercritical carbon dioxide 

extraction [47ς50]. Conventionally, non-sustainable and toxic solvents are used, such as MeOH, 

acetone, and petroleum ether. They have to be removed after the extraction. One of the first 
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challenges for the industry is the replacement of these extraction solvents by harmless, green, and bio-

based solvents [9]. Indeed, due to the growing current consumers´ perception of the safety and health 

of food formulations, the development and extraction of natural dyes is more and more important for 

the food industry [51ς54]. The use of synthetic dyes, such as tartrazine (E102, Figure 5), one of the 

most popular synthetic azo-dyes (because of its low price, high solubility in water, stability against UV-

light and oxidative stress, and the small necessary amount to colour the food), does not match with 

the consumers´ perception anymore (tartrazine can be responsible for allergic reactions and 

hyperactivity in children) [53]. However, tartrazine is still permitted in the food industry (reference 

daily intake <7.5 mg/kg body weight [51]), but the food formulations, which contain tartrazine, have 

to carry a warning label: άaŀȅ ƘŀǾŜ ŀƴ ŀŘǾŜǊǎŜ ŜŦŦŜŎǘ ƻƴ ŀŎǘƛǾƛǘȅ ŀƴŘ ŀǘǘŜƴǘƛƻƴ ƛƴ ŎƘƛƭŘǊŜƴέ.   

 

Figure 5: Structure of tartrazine. 

Curcuminoids are among the potential natural dyes that are an excellent alternative to tartrazine. They 

are basically non-toxic and biodegradable [35]. Nevertheless, the poor water solubility is a drag to its 

extraction and use in the food industry. In the industry, the curcuminoids are extracted with EtOH or 

aqueous EtOH solutions (it is the most popular sustainable alternative). To obtain a powder, they are 

recrystallised from the aqueous EtOH solution. Before extraction and recrystallisation, the essential 

oils present in the turmeric rhizomes need to be removed [55]. To remove them, toxic and volatile 

solvents such as hexane or pentane are used. Curcumin is then obtained from unflavoured C. longa. 

Many studies have shown that supercritical carbon dioxide could be an alternative to unflavour the 

turmeric [55,56]. In the literature, the binary mixture EtOH/H2O (80/20 in volume or weight) is 

commonly used as a reference, but the extraction yield of the curcuminoids remains low and needs, 

therefore, further optimisation. Another way to extract the curcuminoids from C. longa is the use of 

hydrotropes. A hydrotrope is a small amphiphilic molecule and highly soluble in water [57]. The 
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difference compared to a surfactant is the non-polar part, which is much smaller than the hydrophobic 

part of a surfactant. Hence, hydrotropes cannot build defined structures such as micelles or liquid 

crystals in water. Often, they form aggregates in water in the presence of a hydrophobic compound, 

which allows the latter to be dissolved in an aqueous phase [58]. The concentration which is needed 

to dissolve a hydrophobic compound in water is called the minimum hydrotropic concentration (MHC). 

Different types of hydrotrope exist: non-ionic ones such as EtOH, urea, or nicotinamide and ionic ones 

such as sodium salicylate (NaSal), sodium xylene sulfonate (SXS), or sodium benzoate. In the literature, 

different hydrotropes (NaSal, SXS or sodium cumene sulfonate for example) have been used to 

solubilize and extract the curcuminoids by Dandekar et al [59]. However, the used hydrotropes are 

petroleum-based, non-green, and exhibit low extraction efficiencies as compared to the standard 

solvent extraction. In this thesis, a mixture of water, EtOH, and triacetin (TriA) has been used as an 

extraction system and compared with Soxhlet, the common green extraction mixture EtOH/H2O, and 

other solvents. TriA is a triglyceride and is widely used in the food industry as a food additive, solvent, 

or humectant (E1518). The advantage of the mixture of water, EtOH, and TriA is the fact that the 

mixture is entirely green, bio-based, and sustainable [60]. Therefore, it could be a promising alternative 

for the extraction of the curcuminoids from C. longa. Another ternary mixture consisting of NaSal, 

water, and ethyl acetate (EtOAc) will also be used as an extraction medium [61]. NaSal is not food-

approved but it is used a preservative in the cosmetic, pharmaceutical, and also the food industry, 

unless it is ingested. 

After the extraction, the second challenge of using curcuminoids is their stability as powder or in 

solutions. The major problems with the curcuminoids are their instability against UV-light, alkaline and 

physiological pH, oxidation, and temperature [35,36,62ς65]. Elevated temperatures degrade the 

curcuminoids, which is also a problem for their extraction [66]. Indeed, before extraction, the rhizomes 

of C. longa get unflavoured and one of the commonly used methods to extract essential oils is the 

hydro distillation. But this method is not used to obtain unflavoured turmeric because the 

curcuminoids get strongly degraded during the process. In alkaline and physiological solutions, the 

hydroxide catalyses the degradation of the curcuminoids. Several different products can be formed 

during the degradation of the curcuminoids, such as vanillin, acetone, ferulic acid, hexahydrocurcumin, 

or bicyclopentadione. One of the main mechanisms of degradation of curcumin is the autoxidation 

with the help of dissolved oxygen. Indeed, the role of oxygen radicals on the degradation of the 

curcuminoids is well known in the literature and has been studied over decades [35,63,67]. Moreover, 

curcuminoids are also known for being antioxidants [68ς70]. This means that the curcuminoids react 

preferably with oxygen species. Antioxidants are food additives in the cosmetic, pharmaceutical, or 
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food industry and used to prevent the oxidation of the formulation caused by oxygen. In this study, 

the stability of curcumin against UV-light in the different extract medium has been studied. Moreover, 

the role of NaSal, a charged hydrotrope as antioxidant and potential stabiliser for the curcuminoids 

will be investigated more deeply. The addition of different additives such as meglumine (solubilizer) 

and pyroglutamic acid (PCA, hydrotrope) to the extraction medium has been explored for the 

extraction and stabilisation of the curcuminoids [71]. Meglumine, N-methyl glucamine, is a sugar-

based, biodegradable pharmaceutical excipient. Meglumine is well known and widely used in the 

pharmaceutical industry to improve the solubility of poorly water-soluble drugs in water [72ς74]. It is 

already used to solubilize antimonate (treatment against Leishmaniasis), gadoteric acid (contrast agent 

for magnetic resonance imaging), or ioxaglic acid (contrast agent for angiography) [75ς78]. PCA is a 

small amphiphilic molecule, which is present in the human skin and could be used as hydrotrope for 

the extraction of the curcuminoids. It is a non-essential nutrient and is biosynthesised by the body 

[79,80]. The difference between the other used hydrotropes in the literature and PCA is that PCA is 

allowed in the food, cosmetic, and pharmaceutical industries. 
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3.2 Material and methods 

3.2.1 Material 

All used chemicals and materials are summarised in Table 1 and Table 2. 

Table 1: Listing of all used chemicals. 

Chemicals 

Name Purity Description/Grade 
Company  

(city, country) 

Curcumin > 97% 
synthetic 

phytochemical 
TCI (Eschborn, Germany) 

Demethoxycurcumin җ 98% 
synthetic 

phytochemical 
Merck (Darmstadt, Germany) 

Bisdemethoxycurcumin > 98% 
synthetic 

phytochemical 
Merck (Darmstadt, Germany) 

Curcuma longa n.a. turmeric powder Kwizda (Linz, Austria) 

Curcuma longa n.a turmeric powder 
Wagner Gewürze GmbH 

(Schwäbisch Gmünd, Germany) 

Curcuma longa n.a turmeric powder 
Schuhbeck´s Gewürze GmbH 

(München, Germany) 

Curcuma longa n.a turmeric powder Sonnentor (Sprögnitz, Austria) 

Curcuma longa n.a turmeric powder 
Lebensbaum GmbH  

(Overath, Germany) 

Sodium salicylate 

(NaSal) 
> 99.5% white powder Merck (Darmstadt, Germany) 

Meglumine > 99% ReagentPlus® Merck (Darmstadt, Germany) 

Pyroglutamic acid 

(PCA) 
> 99% white powder Merck (Darmstadt, Germany) 

D-Glucamine > 97% white powder TCI (Eschborn, Germany) 

D-(+)-Glucosamine 

hydrochloride 
> 98% white powder TCI (Eschborn, Germany) 

Sodium hydroxide 

(NaOH) 
җ фу҈ 

pro analysi (p.a.), 

pellets 
Merck (Darmstadt, Germany) 

NaOH  n.a. 1mol/L Carl ROTH (Karlsruhe, Germany) 

Sodium Bromide 

NaBr 
n.a. extra pure Merck (Darmstadt, Germany) 

Hydrochloric acid (HCl)  n.a. 1mol/L, Titripur® Merck (Darmstadt, Germany) 

Ethanolamine n.a. for synthesis Merck (Darmstadt, Germany) 

Diethanolamine җ 98%  Merck (Darmstadt, Germany) 
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Triethanolamine n.a. p.a. Merck (Darmstadt, Germany) 

Triacetin (TriA) 99% food grade, FCC Merck (Darmstadt, Germany) 

Diacetin (DiA)    

Ethanol (EtOH) җ фф.8% 
p.a.,  

Rotipuran® 

Merck (Darmstadt, Germany)  

or  

Carl ROTH (Karlsruhe, Germany) 

Acetone җ фф.5% p.a. Merck (Darmstadt, Germany) 

Acetonitrile n.a. 
HPLC grade, 

LiChrosolv® 
Merck (Darmstadt, Germany) 

Acetic acid җ ффΦу҈ p.a. Merck (Darmstadt, Germany) 

Ethyl acetate (EtOAc) җ ффΦу҈ 
analytical reagent 

grade 

Thermo Fisher Scientific 

(Steingrund, Germany) 

Toluene җ ффΦу҈ 
analytical reagent 

grade 

Thermo Fisher Scientific 

(Steingrund, Germany) 

Methanol (MeOH) n.a. 
HPLC grade, 

LiChrosolv® 
Merck (Darmstadt, Germany) 

Sulfuric acid 95-97% 95-97% p.a. Merck (Darmstadt, Germany) 

Anisaldehyde (AA) җ фтΦр҈ FCC, Kosher Merck (Darmstadt, Germany) 

Anisaldehyde reagent 

(AA reagent) 
n.a. 

AA: 0.5 mL 

acetic acid: 10 mL 

MeOH: 85 mL 

sulfuric acid: 5 mL 

n.a. 

Dimethylsulfoxide-d6 99.8% NMR solvent Deutero (Kastellaun, Germany) 

D2O 99.96% NMR solvent Deutero (Kastellaun, Germany) 

Water millipore 
Milli-Q purification 

system  
Merck Millipore (Billerica, MA USA) 
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Table 2: Listing of all used materials. 

Materials 

Name Description Company 

Cellulose filter 
grade 1289, diameter 240mm, 

84 g/m² 

Sartorius (Göttingen, 

Germany) 

Syringe filter 0.2 
0.2 µm PTFE or CA Membrane, 

diameter 13 or 25mm 

VWR international 

(Ismaning, Germany) 

Syringe filter 0.45 
0.45 µm PTFE or CA 

Membrane, diameter 25 mm 

VWR international 

(Ismaning, Germany) 

Silica gel plate TLC silica gel 60 F254 20x20 cm Merck (Darmstadt, Germany) 

Centrifuge tube 
50 mL, PP, 20 000 g,  

Conicol-Bottom, sterile or not 

VWR international 

(Ismaning, Germany) 

GC-HPLC vials 
brown glass 1.5 mL ND9 

with screw caps 

Carl ROTH (Karlsruhe, 

Germany) 

DC Chamber 
twin through chamber for 100 

x 100 mm plates 
Camag (Muttenz, Switzerland) 

NMR tubes 
NMR tubes borosilicate length 

8 inch 
Deutero (Kastellaun, Germany) 

Tube for DLS 
Tube, culture, disposable, 

10x75mm, borosilicate 

Corning Incorporated  

(New York, USA) 

Pipette tips 10, 100, 200, and 1000 µL 
VWR international 

(Ismaning, Germany) 

 

3.2.2 Methods   

3.2.2.1 H2O/EtOH/TriA and H2O/EtOH/DiA 

3.2.2.1.1 Ternary phase diagram  

The different ternary phase diagrams were recorded at 25°C. 3 g samples of a binary mixture 

(EtOH/TriA, EtOH/H2O and EtOH/DiA ranging from 100/0 to 0/100 with a step of 10 in weight percent) 

with a defined composition were prepared. The third component (H2O, TriA, and DiA respectively) was 

then added dropwise to the binary mixture until a change in phase behavior occurred (the solution 

became turbid or clear). The samples were mixed manually or with a vortex if needed. The needed 

amount of the third component was recorded to obtain the miscibility gap and, therefore, the desired 

ternary phase diagram. 

3.2.2.1.2 Dynamic light scattering 

DLS measurements were performed at 25°C with an ALV/CGS-3 goniometer with an ALV/LSE-5004 

correlator. The solutions (for the compositions see Table S 1 of the Appendix) were measured in 
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borosilicate glass tubes. To remove dust and impurities, the tubes were cleaned with acetone (in a 

distillation apparatus) and the solutions were filtered with 0.2 µm syringe filters before the 

measurement. All solutions were recorded for 300s.  

3.2.2.1.3 Conductivity measurement  

Conductivity measurements were carried out with a low-frequency WTW inoLab Cond730 conductivity 

meter, connected with a WTW TetraCon325 electrode (Weilheim, Germany) at 25.0 ± 0.2°C 

(thermostatic measuring cell) under constant stirring at 500 rpm. 20 g of samples (EtOH, DiA, binary 

mixture EtOH/TriA, and DiA/TriA) containing 0.2 wt% of NaBr (to ensure a sufficient amount of charge 

for the conductivity) were filled into the measuring cell. The samples were successively diluted with 

pure water and the related conductivity was noted. 

3.2.2.1.4 Solubility measurements  

Optical density measurements were carried out via UV/Vis, using a Lamda 18 UV/Vis spectrometer by 

Perkin Elmer (Waltham, USA) at 422 nm. The examined solutions (5 g of each sample) were saturated 

with curcumin under constant stirring (750 rpm) at room temperature to find the optimum in the 

binary mixtures (EtOH/TriA and EtOH/DiA going from 100/0 to 0/100 with a step of 10). After that, the 

saturated solutions were filtered (syringe filter PTFE 0.2 µm) and analysed via UV/Vis. Then, water was 

added to this optimum binary mixture and the maximum solubility of curcumin was examined again. 

Before the measurements, all of the samples were adequately diluted 1000-fold with acetone 

(extinction coefficient 0.138 L.g-1.cm-1). A calibration curve in acetone was done with curcumin 

(maximum absorbance at 422 nm (Y) against the concentration in g/L (X), Y = 0.138 * X , R² = 0.9997). 

3.2.2.1.5 Stability of curcumin in binary solvent mixtures 

Binary mixtures (EtOH/TriA 40/60 and DiA/TriA 60/40 in weight) were saturated with curcumin (under 

constant stirring (750 ppm) for one hour) and the stability of curcumin at daylight, in darkness, and in 

darkness at 8°C was carried out via UV/Vis measurements, as described in section 3.2.2.1.4. The 

stability of curcumin in the binary mixture of EtOH and TriA stored in a brown and blue glass bottle 

was also investigated via UV/Vis. 

3.2.2.1.6 Curcuminoid content of different C. longa powders 

2 g of C. longa was extracted using a Soxhlet apparatus with 50-60 mL of acetone. Turmeric powders 

from different brands were used: Wagner, Schuhbeck, Sonnentor, and Lebensbaum. After the 

extraction (extraction time of about five hours), the presence of curcuminoids in the extract solutions 

was tested via TLC. A defined sample volume of 4 µL was spotted using a glass syringe of 100 µL 

(Hamilton, Switzerland) and a Linomat 5 from CAMAG (Berlin, Germany), on a TLC plate (silica gel). 

Then, the TLC plate was eluted with a mixture of toluene and acetic acid (40/10, v/v). Derivatisation of 



22 
  

the TLC plate was carried out with anisaldehyde reagent (AA reagent). Pictures were taken before and 

after derivatisation. 

3.2.2.1.7 Extraction procedure with C. longa from Wagner 

C. longa (Wagner) was extracted in centrifuge tube with different extraction mixture compositions 

(EtOH/TriA, H2O/EtOH/TriA, DiA/TriA, and H2O/DiA/TriA) under constant stirring at room temperature 

for one hour. The weight ratio of C. longa to extraction mixture of 1 to 5 was used for the extraction. 

The extract solutions were then centrifuged (4200 g for 10 min), filtered (EtOH/TriA system with 0.2 

µm syringe filter, DiA/TriA system with 0.45 µm) and the curcuminoid extraction efficiency was 

measured via UV/Vis.  

3.2.2.1.8 High-Performance-Liquid-Chromatography method 

The curcuminoid content of the extract solutions was analysed by HPLC using the following HPLC 

system: Waters HPLC system with two Waters 515 HPLC pumps, Waters 717 autosampler, Waters 2487 

UV/Vis detector, ACE Equivalence 3 C18-Column (110A°, 3 µm, 150x2.1 mm) and Empower® as 

software. Table 3 summarizes the used gradient method and the different parameters of the HPLC. 

Each sample was made in triplicate and eluted three times. Three calibration curves of the 

curcuminoids (curcumin, demethoxycurcumin, and bisdemethoxycurcumin) were recorded in the 

concentration range of 0.04 to 0.2 mg/mL, as shown in Figure S 1 of the Appendix. The same gradient 

method and parameters, as described in Table 3, were used. 

Table 3: Parameter and gradient method used for the HPLC system. 

Parameters 
Gradient method 

Solvent A Solvent B Time (min) 

Temperature 40 °C 60-40 40-60 0-17 

Flow 0.4 mL/min 40-0 60-100 17-18 

Injection volume 10 µL 0 100 18-24 

Solvent A 
H2O with 0.3 % of 

acetic acid 
0-60 100-40 24-25 

Solvent B Acetonitrile 60 40 25-32 

   

3.2.2.1.9 Determination of the curcuminoid content  

2 g of C. longa (Kwizda) was extracted using a Soxhlet apparatus with 50-60 mL of acetone. After the 

extraction process, the extract solution was filtered using cellulose filter, put in a volumetric flask, 

topped off with acetonitrile, diluted 50-fold, and finally eluted by HPLC (average of three runs), as 
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described in section 3.2.2.1.8. The Soxhlet extraction was done in triplicates and the curcuminoid 

content was then determined using the calibration curves (Figure S 1 of the Appendix). 

3.2.2.1.10 Determination of the best ratio C. longa to extraction mixture 

4 g of C. longa (Kwizda) was extracted at different weight ratios C. longa to binary mixture EtOH/TriA 

40/60 (w/w) under constant stirring for one hour at room temperature in a centrifuge tube. Different 

weight ratios from 1:2 to 1:7 (C. longa to EtOH/TriA) were investigated. After that, all the extract 

solutions were centrifuged (4200 g for 10 min), filtered with cellulose filters, put in volumetric flasks, 

topped off with acetonitrile, diluted 25-fold, filtered through 0.2 µm syringe filters into HPLC glass 

bottles, and finally eluted by HPLC. All the samples were eluted three times through the HPLC and 

made in triplicates. The curcuminoid content of each extract solution was determined using the 

calibration curves (Figure S 1 of the Appendix). 

3.2.2.1.11 Extraction procedure 

The same extraction procedure, as described before in section 3.2.2.1.10, was used with a constant 

weight ratio C. longa to extraction mixture of 1:4. Therefore, 4 g of C. longa was extracted with 16 g of 

extraction mixture. Different extraction mixtures were investigated (see Table S 2 of the Appendix). 

The same procedure, as described before in section 3.2.2.1.10, was used to determine the curcuminoid 

content of all extract solutions. All samples were made in triplicates. 

3.2.2.1.12 Extraction and enrichment procedure 

The same extraction, as described in section 3.2.2.1.10, was used with two different weight ratios C. 

longa to extraction mixture: 1:16 and 1:24. Therefore, 2 g of C. longa was extracted with respectively 

32 g and 48 g of different extraction mixture compositions. The same extraction mixture compositions 

of EtOH/TriA and H2O/EtOH/TriA (see Table S 2 of the Appendix) were investigated. After the 

extraction, the extract solutions were centrifuged (4200 g for 10 min), the supernatant was collected 

and 2 g of fresh C. longa was added again (one cycle). After several cycles (2, 3 and 4), the curcuminoid 

content was determined, as described in section 3.2.2.1.10. All samples were made in triplicates. After 

each cycle and for all extract solutions with the two different weight ratios, the amount of solvent loss 

was also determined. 

A preliminary test was done via UV/Vis with C. longa (Wagner). 2 g of C. longa was extracted with 32 

g of the binary mixture EtOH/TriA 60/40 in weight (ratio C. longa to extraction mixture of 1 to 16) with 

the same extraction procedure as described above. Before all measurements, the samples were 

adequately diluted with acetone.   
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3.2.2.1.13 Distillation 

C. longa (Kwizda) was distillated using a Clevenger apparatus for two hours (1 g of C. longa for 8.5 g of 

water). Then, a binary mixture of EtOH/TriA (40/60, w/w) was added to the distillation flask to start 

the extraction (composition of the extraction mixture after addition of the binary mixture: 

H2O/EtOH/TriA 40/24/36 in weight). Then, the same extraction and analytical procedures, as described 

in section 3.2.2.1.10, were used to determine the curcuminoid content (weight ratio C. longa to 

extraction mixture: 1:20). Moreover, the purity of the extract solution (approximation based on area 

percent by HPLC: area of the three curcuminoid peaks divided by the area of all the peaks) was also 

determined. A reference extraction with the same weight ratio (1:20) but without distillation was also 

done for comparison. All samples were made in triplicates.  

3.2.2.1.14 Vacuum distillation 

C. longa (Kwizda) was distillated under vacuum three times at 30°C using a water bath (1 g of C. longa 

for 10 g of water). To this purpose, C. longa was put with water in a 50 mL flask connected to a reflux 

condenser, a 100 mL flask (for the distillate) and a vacuum oil pump. After each distillation cycle (three 

in total), half of the initial amount of water in the distillation flask was accumulated as distillate in the 

100 mL flask. The collected water as distillate was replaced in the distillation flask by the corresponding 

mass of fresh water. After three times, a binary mixture of EtOH/TriA (40/60 and 65/35, w/w both) 

was added to the distillation flask to start the extraction procedure (compositions of the extraction 

mixture after addition of the binary mixture: H2O/EtOH/TriA 40/24/36 and H2O/EtOH/TriA 

50/32.5/17.5 in weight). After that, the same extraction and analytical procedures, as described in 

section 3.2.2.1.10, were used to determine the curcuminoid content (weight ratio C. longa to 

extraction mixture: 1:26.5). Moreover, the purity of the extract solutions, as described in section 

3.2.2.1.13, was also determined. All samples were made in triplicates. 

3.2.2.1.15 Lyophilisation 

2 g of C. longa (Kwizda) with 30-35mL of water in a centrifuge tube was freeze-dried several times (3-

6 times). After each freez-drying cycle, approximately the same initial mount of water was added to 

the 2 g of dried C. longa. After 3, 4, 5 and 6 cycles of freeze-drying, the 2 g of dried C. longa were 

extracted, using the same extraction procedure as described in section 3.2.2.1.10, with two different 

ternary extraction mixtures (H2O/EtOH/TriA 40/24/36 and H2O/EtOH/TriA 50/32.5/17.5 in weight) 

with a weight ratio C. longa to ternary extraction mixture of 1:8. The same analytical procedure, as 

described in section 3.2.2.1.10, was used to determine the curcuminoid content. Moreover, the purity 

of the extract solutions after each cycle, as described in section 3.2.2.1.13, was also determined. All 

samples were made in triplicates.  
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3.2.2.1.16 Water solubility and stability of the extracts 

0.1 mL of purified curcuminoid extract (via lyophilisation (4, 5 and 6 times, cf. 3.2.2.1.15)) were diluted 

in 10 mL of water. The half of the diluted curcuminoid extract was stored at daylight and room 

temperature and the other half in darkness at room temperature. Photos were taken after 3, 14 and 

30 days to investigate the colour stability of the diluted extracts. The colour stability of the purified 

curcuminoid extracts were also investigated by the same way.  

3.2.2.2 (Meglumine/PCA/H2O)/EtOH/TriA 

3.2.2.2.1 Solubility of curcumin in water with different additives 

18 g of a sample containing 5 wt% meglumine in water was divided in 6 identical samples of 3 g. 

Curcumin was added (150 mg) to all the samples. After 10, 20, 30, 40, 50 and 60 minutes, one sample 

was filtered (0.45 µm CA) and measured via UV/Vis (2000-fold in acetone). 

The maximum solubility of curcumin was investigated as described in section 3.2.2.1.4. Different 

additives (triethanolamine, diethanolamine, ethanolamine, D-glucamine, meglumine, D-(+)-

glucosamine (at pH 11 and 12, adjusted with NaOH tablets) and NaOH) were solubilised in water at 

different weight concentrations (1, 3, 5, 7, 10 and 15 wt%). For NaOH, the pH of the water was adjusted 

to 11.5. Before measurement, the solutions were adequately diluted with acetone (2000-fold for 

meglumine and D-(+)-glucosamine at pH 11 and 12, 5000-fold for ethanolamine, 1000-fold for 

diethanolamine and D-glucamine, 100-fold for triethanolamine and NaOH). All the measurements 

were made in duplicate. 

For the hydrotropic curve, different amounts of PCA, NaSal, or EtOH were solubilised in water (3 g 

samples). Then, the solutions were saturated with curcumin overnight at room temperature. After the 

solubilisation process, the solutions were filtered (0.2 µm syringe filter) and the maximum solubility of 

curcumin was investigated via UV/Vis measurements. The solutions were diluted with acetone before 

measurement (500-fold for PCA and NaSal and 1000-fold for EtOH) 

3.2.2.2.2 Stability of curcumin in water with different additives 

The stability of solutions containing 15 wt% of additives (same as described above in section 3.2.2.2.1, 

only the additives were tested and not the different hydrotropes) were investigated under constant 

lighting (30 W corresponding to 150 W halogen lamp). The stability was investigated via UV/Vis 

measurements with the same dilutions in acetone as described previously. All the measurements were 

made in duplicate. The pH of the solution after saturation with curcumin was measured using a VWR 

phenomenal 211 electrode connected to a VWR phenomenal instrument (pH 1000 L). 
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3.2.2.2.3 Nuclear magnetic resonance experiment 

Heteronuclear Multiple Bond Correlation (HMBC) experiments were conducted using a Bruker Avance 

III HD-400 NMR-spectrometer (Billerica, MA, USA) operating at 400 MHz. Two identical samples (34 

wt% of PCA in 66 wt% of water) at two different pH (1.3 and 10.2) were measured. The first sample 

with an initial pH of 1.3 (without any additives). The pH value 10.2 of the second sample was adjusted 

using NaOH tablets. Approximately, 0.8 mL of the samples was filled in the NMR tube. The sample at 

pH 10.2 was measured with an insert containing D2O so that D2O is not in contact with the sample. 

Different mole ratios of curcumin to meglumine (1/4, 1/3, 1/2, 1/1, 2/1, 3/1 and 4/1) were investigated 

via NMR (1H-NMR). Curcumin and meglumine were solubilised in DMSO-d6. Curcumin and meglumine 

alone were also measured as references. Rotating frame Overhauser Enhancement SpectroscopY 

(ROESY) experiments were also done with the ratio curcumin to meglumine 2 to 1. 

3.2.2.2.4 Ternary phase diagram  

Meglumine was solubilised in water at different weight concentration (5 and 15 wt% of meglumine in 

respectively 95 and 85 wt% of water) and the desired pH was then adjusted with PCA. The different 

phase diagrams were recorded at room temperature at different pH values (7,9, 11.3 and 11.5) for 

both weight concentrations of meglumine in water. At pH 7, one more concentration of meglumine 

was investigated (20 wt% of meglumine in 80 wt% of water). The pH was adjusted for the water that 

was used to record the phase diagrams. The same procedure, as described in section 3.2.2.1.1, was 

used to obtain the different phase diagram. 

3.2.2.2.5 Determination of the pKa of meglumine 

1.76 g of meglumine was dissolved in 10.1 g of water (solution at 15 wt% of meglumine) and titrated 

with a 0.5 M HCL solution. During the titration, the pH was recording using a VWR phenomenal 211 

electrode connected to a VWR phenomenal instrument (pH 1000 L). 

3.2.2.2.6 Dynamic light scattering 

The same method as described in section 3.2.2.1.2 was used. The following samples were measured 

over the time: TriA/EtOH/(H2O containing 15 wt% of meglumine, pH 11.5) 36/24/40, TriA/EtOH/(H2O 

containing 5 wt% of meglumine, pH 11.3) 36/24/40 and TriA/EtOH/(H2O containing 5 wt% of 

meglumine, pH 9 (addition of PCA)) 36/24/40 (w/w/w). 

3.2.2.2.7 Solubility of curcumin  

The same method as described in section 3.2.2.1.4 was used. The addition of meglumine with or 

without PCA to the water was carried out as described in section 3.2.2.2.4. All the samples were made 

in duplicates. Before measurements, all samples were diluted with acetone.  
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3.2.2.2.8 Selective precipitation of the curcuminoids by varying the pH 

The pH-driven precipitation of curcumin and bisdemethoxycurcumin was investigated. Therefore, 

meglumine was dissolved in water (5 wt%), then the solution was saturated with curcumin or 

bisdemethoxycurcumin and filtered (40 mL sample). 1 mL of a HCL solution at 0.5 mol/l was added to 

the solution. The pH was then measured and 1 mL of solution was taken and put in a centrifuge tube. 

In total 14 mL of HCl were added and 14 mL were taken and put into 14 centrifuge tubes. After that, 

all the centrifuge tubes were centrifuged (4200 g for 10 min).   

The pH of the ternary solution H2O/EtOH/TriA (40/24/36 in weight) with 15 wt% and 5 wt% meglumine 

as concentration in pure water were investigated over the time with and without saturation of 

curcumin. 

3.2.2.2.9 Stability of curcumin in the ternary phase diagram 

Solubility measurements were carried out as described in section 3.2.2.1.5 over time. In Table S 4 of 

the Appendix are given the investigated compositions. Before the measurement all the solutions were 

diluted 5000-fold with acetone.  

3.2.2.2.10 High-Performance-Liquid-Chromatography method 

The same HPLC system was used as described in section 3.2.2.1.8, but with a new ACE Equivalence 3 

C18-column (110Å, 3 µm, 150x2.1 mm). Since the column changed, the calibration curves have been 

repeated as described in section 3.2.2.1.8. The used parameter and gradient method are given in Table 

4. The curcuminoid calibration curves are shown in Figure S 2 of the Appendix. 

Table 4: New parameter and gradient method used for the HPLC system. 

Parameters 
Gradient method 

Solvent A Solvent B Time (min) 

Temperature 40 °C 60-40 40-60 0-17 

Flow 0.4 mL/min 40-0 60-100 17-18 

Injection volume 5 µL 0 100 18-24 

Solvent A 
H2O with 0.3 % of 

acetic acid 
0-60 100-40 24-25 

Solvent B Acetonitrile 60 40 25-32 

 

3.2.2.2.11 Extraction procedure 

 The same extraction method was used as described in section 3.2.2.1.11. 4 g of C. longa (Kwizda) was 

extracted with 16 g of extraction mixtures (for the compositions see Table S 3 of the Appendix). The 

same analytical method as described in section 3.2.2.1.11 was used with the only difference, that the 
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volumetric flask was topped off with a mixture of acetonitrile/water. The curcuminoid content of the 

extract solutions was determined using the calibration curves (Figure S 2 of the Appendix). 

A water extraction with only meglumine as additive was carried out. Meglumine was solubilised in 

water at different weight concentration (5 and 15 wt% of meglumine in respectively 95 and 85 wt% of 

water). 4 g of C. longa (Kwizda) was extracted with 16 g of these two extractions mixtures in centrifuge 

tubes (one hour at room temperature under constant stirring). After the extraction, about 20-25 mL 

of an 1M HCL solution was added to the extraction medium. After centrifugation (4200 g for 10 min), 

the supernatant was removed and the precipitate was extracted again with acetonitrile. After 

centrifugation, the extract solution was topped off with acetonitrile in a volumetric flask and eluted by 

HPLC, as described in section 3.2.2.2.10. The curcuminoid content and the purity, as described in 

section 3.2.2.1.13, of the extract solutions were determined. 

3.2.2.3 H2O/NaSal/EtOAc 

3.2.2.3.1 Ternary phase diagram 

To obtain the miscibility gap of the phase diagram H2O/NaSal/EtOAc, the same method as described 

in section 3.2.2.1.1 was used.  

3.2.2.3.2 Solubility measurement 

The same method has been used as described in section 3.2.2.1.4. The solutions (for composition see 

Table S 5 of the Appendix) were saturated with curcumin in the monophasic region of the ternary 

compositions to determine the solubility map of curcumin.  

3.2.2.3.3 High-Performance-Liquid-Chromatography method 

The same method as described in section 3.2.2.2.10 has been used to determine the curcuminoid 

content of the extract solutions. 

3.2.2.3.4 Determination of the best ratio C. longa to extraction mixture 

The composition of the critical point was used to determine the best ratio C. longa to extraction 

mixture. Therefore, 1 g of C. longa (Kwizda) was extracted with different weight ratios: 1:2 to 1:6 with 

a step of 1, 1:10, 1:15 and 1:20 (C. longa : extraction mixture, w : w) under constant stirring for one 

hour at room temperature in centrifuge tubes. The extracts solutions were then centrifuged (4200 g 

for 10 min), the supernatant was filtered into 10 mL (ratios 1:2 to 1:6 and 1:10) or 25 mL (ratios 1:15 

and 1:20) volumetric flask using cellulose filters, topped off with acetonitrile (ratios 1:2 to 1:6) or 

acetonitrile/water 90/10 (w/w) (ratios 1:10, 1:15 and 1:20), diluted 25-fold with acetonitrile, filtered 

through 0.2 µm syringe filters into HPLC glass bottles, and finally eluted by HPLC. All samples were 
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eluted three times and made in triplicates. The curcuminoid content was determined using the 

calibration curves of the curcuminoids (Figure S 2 of the Appendix).    

3.2.2.3.5 Extraction procedure 

The same extraction and analytical procedures as described before in section 3.2.2.3.4 were used with 

a constant ratio C. longa to extraction mixtures of 1 to 10. Different extraction mixtures were 

investigated (see Table S 5 of the Appendix). 

3.2.2.3.6 Stability of curcumin in the ternary system 

 Stability measurement were carried out via UV/Vis as described in section 3.2.2.1.5. The different 

solutions (for compositions see Table S 5 of the Appendix) were saturated with curcumin, then filtered 

(0.2 µm syringe filter) and store at daylight only. The optical density was measured over the time. 

3.2.2.3.7 Determination of the oxygen content 

Measurements of the dissolved oxygen were carried out using a TPS Aqua-D oxygen-meter connected 

to a TPS ED1 electrode (Brisbane, Australia) at 25 ± 1°C. 10 g of the samples (for compositions see Table 

S 5Table S 5 of the Appendix) were prepared and the measurements were carried out after a two-point 

calibration against air and a solution of 2 g sodium sulfite in 100 mL water under constant stirring. 

Values were taken after 5 minutes to ensure equilibration.   

3.2.2.3.8 Determination of the curcuminoids´ partition coefficient 

The same HPLC method as described in section 3.2.2.2.10 was used to determine the partition 

coefficient of the three curcuminoids. Three 6 g samples with the composition of the critical point 

(H2O/NaSal/EtOAc 17/12/71 in weight) were prepared in centrifuge tubes, and 1 wt% of curcumin was 

dissolved in every sample. After homogenisation, different amounts of water were added to the 

samples (1 g, 2 g, and 3 g of water respectively) to obtain a phase separation. After centrifugation 

(4200 g for 10 min), the two phases were separated and put into 10 mL volumetric flasks. Two different 

dilutions were used for the two phases: 25-fold for the oil-rich phase and 2- to 3-fold for the water-

rich phase. All the phases were then analysed by HPLC as described in section 3.2.2.3.3. 

The same procedure described above was used with an extract solution (0.6 g of C. longa (Kwizda) was 

extracted with an extraction mixture with the critical point composition). In this case, the water-rich 

sample was not diluted before the HPLC measurements.  

The partition coefficient of the curcumin and curcuminoids was determined as the logarithm of the 

ratio between the concentration of curcumin or cucuminoids in the oil-rich phase and the 

concentration of curcumin or cucuminoids in the water-rich phase.  
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3.2.2.3.9 Interfacial tension 

The interfacial tension measurements were performed by Asmae El Maangar in Marcoule (France, 

ICSM, university of Montpellier, CEA, CNRS, ENSCM). The method was described in the paper El 

Maangar et al. [61] and will be described here again. A Krüss Spinning Drop tensiometer has been used 

to measure the interfacial tensions Ω between the aqueous and organic-rich phases. The aqueous 

phase was used as the outer phase and the organic phase as the droplet. The measurements 

(duplicate, mean of two oil droplets) were carried out at 4000 to 8000 rpm. The data were collected 

only in this rotation speed range and only if the resulting interfacial tension had a constant value. 

Density data, which have been made in the previous work of El Manngar et al. [81]de are needed to 

obtain the interfacial tension.        

3.2.2.3.10 Precipitation of curcumin 

500 mg of curcumin was dissolved in 20 g of a ternary mixture at the critical point composition. After 

that, 10 g of water (half of the weight of the ternary mixture) was added to the sample to force phase 

separation. Overnight, a solid precipitate appeared at the interface. The obtained solid was isolated 

(Buchner filtration), washed three times with water and finally analysed via NMR. The oil-rich phase 

was evaporated with a rotary evaporator and the solid precipitate resulting from the solvent 

evaporation analysed. The sample was made in triplicate to give a standard deviation. 

An enrichment procedure, as described in section 3.2.2.1.12, has been used. 2 g of C. longa (Kwizda) 

was extracted with the above ternary mixture (critical point composition) for one hour under constant 

stirring at room temperature. The extract solution was centrifuged, the supernatant collected and 2 g 

of fresh C. longa (Kwizda) added to the supernatant. The enrichment procedure was performed 5 

times. After that, the final supernatant was filtered (cellulose filter paper) into centrifuge tubes and 

water was added (50% of the solution weight). The solution was centrifuged (10 min, 20 400 g), filtered 

(0.2 µm syringe filter), and the precipitate was analysed via HPLC.   
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3.3 Results and discussion   

3.3.1 H2O/EtOH/TriA and H2O/DiA/TriA 

3.3.1.1 Phase diagrams and structuring 

TriA, DiA and EtOH were chosen as investigated solvents because of their edibility, low toxicity, 

sustainability, and miscibility. The idea was to combine an edible oil (TriA) with different edible co-

solvents (EtOH and DiA) in water to develop a green, sustainable, and edible ternary mixture, which 

could be used for the extraction of curcuminoids from C. longa. TriA is slightly miscible with water, DiA 

and EtOH are completely miscible with water and TriA. The ternary mixtures H2O/EtOH/TriA and 

H2O/DiA/TriA have been investigated, focusing on their mixing behaviour and their possible structuring 

as SFME (TriA plays the role of the oil phase and EtOH and DiA as co-solvent). The two obtained phase 

diagrams and the different solvent mixtures used to investigate the maximum solubility of curcumin 

and the extraction of the curcuminoids from C. longa are described in Figure 6.  

 

  

Figure 6: Ternary phase diagram of the systems (left) H2O/EtOH/TriA and (right) H2O/DiA/TriA in wt% (black) and mol% (blue 
square) containing the examined data points for the determination of the maximum of solubility of curcumin (orange square) 
and of the curcuminoid extraction efficiency from C. longa. 

The ternary system with DiA showed a bigger miscibility gap (two phasic region, dark area in the phase 

diagram) than the ternary mixture with EtOH in weight ratio. The ternary mixture with EtOH made it 

preferable for further investigation because more water could be solubilised in TriA. However, the 

miscibility gaps were of comparably smaller size and covered almost the same area for both co-

solvents in mole. Therefore, EtOH and DiA can be presumed as equally potent. The phase diagram with 

DiA instead of EtOH as co-solvent has been investigated too, as alternative for people with eating 

restrictions. Since the obtained phase diagrams showed a similar behaviour as common phase 
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diagrams between water, oil and hydrotrope, the possible structuring of the systems was investigated 

via DLS measurements. Indeed, DLS was performed to confirm or not the presence of SFME.  

  

 

 
 

  
Figure 7: DLS measurements of the investigated binary mixtures water and co-solvents (H2O/EtOH on the top left; H2O/DiA on 
the top right), co-solvents and TriA (EtOH/TriA in the middle left; DiA/TriA in the middle right), and ternary mixtures 
(H2O/EtOH/TriA on the bottom left; H2O/DiA/TriA on the bottom right). All the investigated compositions are given in weight 
ratio [82]. The data concerning the binary mixture H2O/EtOH were provided by Buchecker T. and Krickl S. et al. [83]. 
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The DLS measurements are shown in Figure 7. The different binary mixtures water/co-solvent and co-

solvent/TriA were investigated. As can be seen in  Figure 7, the binary systems with water showed a 

different behaviour. The H2O/EtOH did not show pronounced correlation functions. It was already 

known that this binary mixture did not show any peculiarities via DLS because of the mixtures´ high 

diffusion coefficients. Indeed, these cause too rapid fluctuations and, therefore, were not detectable 

with DLS. On the contrary, the binary mixture H2O/DiA did show some correlation functions, more or 

less pronounced following the weight ratio. The most pronounced correlation functions were found 

between 40 wt% and 60 wt% of DiA in the binary mixture. It was the sign of fluctuating structures in 

these binary mixtures, which are more pronounced and defined than in the binary mixture H2O/EtOH. 

Regarding the binary mixtures of co-solvent/TriA, only a slight increase of the correlation function in 

the case of the binary mixture EtOH/TriA (50/50 in weight) has been detected, but only to a small 

extent. However, it did not give an indication of structuring. No correlation functions were detected 

with the binary mixtures DiA/TriA. After the behaviour of the different binary mixtures, the behaviour 

of the ternary mixtures was investigated with the two systems. The compositions EtOH/TriA 40/60 and 

DiA/TriA 60/40 have been chosen to be examined upon addition of water (these compositions were 

chosen because of the maximum solubility of curcumin, see section 3.3.1.2). The more water was 

added to the systems, the more defined and pronounced correlation functions appeared. This finding 

indicated the spontaneous formation of a SFME upon addition of water for the two systems. Moreover, 

bigger structures are created because of the decrease of the correlation function at later lag time for 

both systems. The closer was the composition of the SFME to the miscibility gap, the bigger were the 

formed structures. The structuring was more pronounced with the system containing DiA as co-solvent 

than EtOH. To further examine and to prove the structuring and the formation of SFME, conductivity 

measurements were performed. The conductivity measurements are shown in Figure 8. They gave 

information about the structuring of a system through a charge carrier´s mobility (NaBr). Since NaBr 

was not soluble in DiA and TriA, a little bit of water was added to perform the measurement and ensure 

charge mobility (which is the reason why the curves do not start by 0).  
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Figure 8: Conductivity curves obtained with addition of water to EtOH (red square), DiA (black square), EtOH/TriA 40/60 in 
weight (blue square) and DiA/TriA 60/40 in weight (orange square) [82]. 

As can be seen in Figure 8, all the curves showed an increase in conductivity at low water content. The 

same behaviour was observed for the pure co-solvents: the conductivity increased until a maximum 

followed by a decrease of conductivity due to a dilution of the charge. For EtOH, a small increase with 

low water content was noted until the charges were diluted too much (after around 10 wt% of water). 

This slight increase was due to the enhanced ion dissociation and the high electrophoretic mobility in 

the aqueous media [83]. For DiA, a larger increase was noted, which would indicate an association 

between TriA and DiA. If the binary mixtures are compared to the pure co-solvent, different behaviours 

are obtained. For EtOH/TriA, a strong increase of the conductivity was observed. This indicated that 

TriA was responsible for the structuring of the mixture and the formation of the SFME. The curve was 

stopped at around 50 wt% of water because of the miscibility gap. Indeed, with more water, the 

solution became turbid. On the contrary, for DiA/TriA, the same increase was also observed for pure 

DiA. It indicated that TriA did not contribute to the structuring since DiA alone was capable of 

structuring. For the same reason as before, the curve was stopped around 30 wt% of water. 

3.3.1.2 Solubility, stability and extraction of curcumin from different C. longa powder 

First, the ability of the binary mixtures of co-solvent/TriA and the SFMEs to solubilize curcumin was 

investigated. The results are shown in Figure 9. As can be seen, the binary mixture EtOH/TriA showed 

a remarkable solubilizing synergy. Indeed, the maximum solubility could be increased 3-fold in a binary 

mixture EtOH/TriA 60/40 (w/w) compared to pure TriA and 6-fold compared to EtOH. In contrast, no 

strong solubilizing synergy was observed in the binary mixture DiA/TriA. Therefore, and for viscosity 

reasons also, the binary mixtures EtOH/TriA 60/40 and DiA/TriA 40/60 were chosen as the optimum 
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binary compositions and were studied further. Indeed, the maximum solubility of curcumin was 

investigated upon addition of water to those optimum binary compositions. The same trend, as 

expected, was obtained for both SFMEs: the maximum of solubility of curcumin decreased upon the 

addition of water. This was not surprising because curcumin is a hydrophobic compound and therefore 

not soluble in water. However, in the SFME with DiA, it was found that the maximum solubility of 

curcumin first increased (upon addition of 5 wt% of water) and then decreased as expected. All these 

results gave the idea that extraction should be performed to see if the water addition to a binary 

mixture of EtOH/TriA or DiA/TriA has an influence on the curcuminoids extraction efficiencies.  

 

  

Figure 9: Determination of the maximum solubility of curcumin in the binary mixtures of EtOH/TriA (orange barres, on the left) 
and DiA/TriA (blue barres, on the left) and in the SFME H2O/EtOH/TriA (orange barres, on the right, starting from a weight 
ratio of 40/60 EtOH/TriA) and the SFME H2O/DiA/TriA (blue barres, on the right, starting from a weight ratio of 60/40 
DiA/TriA). Upon addition of water, the weight ratio co-solvent/TriA stays constant at 40/60 and 60/40 for respectively 
EtOH/TriA and DiA/TriA [60]. 

First, different C. longa powders from the supermarket were tested regarding their curcumin content. 

Therefore, the different C. longa powders were extracted using a Soxhlet apparatus und the curcumin 

content was determined using UV/Vis. Information about the different powders are given in Table 5. 

The determination of the curcumin content via Soxhlet and UV/Vis gave acceptable results in 

comparison with the curcumin content provided by the suppliers. Only the curcumin content of the C. 

longa powder from Wagner was below the indicated curcumin content. All the determined curcumin 

contents were closed to the minimum curcumin content given by the suppliers. It can be explained by 

the fact that curcumin and the curcuminoids, in general, are temperature sensitive. Indeed, the 

extraction time with Soxhlet was several hours (5-8 hours) and the extracted curcuminoids were 

always in contact with boiling acetone (temperature above 60°C). Therefore, they could be degraded 

during the extraction time.  
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Table 5: Information concerning the different C. longa powders. 

Label 

Curcumin content 

(wt%) (determine 

by UV/Vis) 

tǊƛŎŜ ǇŜǊ YƎ όϵύ 
Origin of the 

rhizome 

Curcumin 

content (wt%) 

(given by the 

suppliers) 

Lebensbaum 4.2 49.8 India 3-6 

Sonnentor 3.1 99.8 Tanzania 3-4 

Schuhbeck 1.9 82.0 India 1.5-2.2 

Wagner 1.2 29.9 India 1.5-2.2 

 

Moreover, TLC was used to provide information about the constitution of the obtained extracts. Since 

the chemical composition of the rhizome is strongly depending on the growing conditions (weather, 

ǎƻƛƭΣ ŜƴǾƛǊƻƴƳŜƴǘΣ ŜǘŎ ΧύΣ ƛǘ was useful to compare the different C. longa powders and to know if 

different constituents as the curcuminoids could be extracted during the Soxhlet extraction or not. The 

TLC plates are shown in Figure 10.  

As can be seen, the four different extracts showed six different spots, the same for each brand. The 

lower three spots (the yellow ones on the picture with visible light after derivatisation with AA on the 

bottom at the left) were the curcuminoids: bisdemethoxycurcumin, demethoxycurcumin and 

curcumin (starting from the bottom). The three other spots were probably essential oils. This will be 

proved later in section 3.3.1.3. Regarding the curcumin content, the differences between the C. longa 

powders were visible on the TLC plates. Indeed, the intensity of the curcuminoid spots increased from 

the left to the right. This result was in accordance with the determined curcumin content by Soxhlet 

and UV/Vis. Considering the price of the different C. longa powders, the brand Wagner was chosen for 

conducting the first extraction experiments. The same binary and SFME compositions as in Figure 9 

(on the right) were investigated to extract the curcuminoids. The results are shown in Figure 11. 
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Figure 10: TLC plates of the four different C. longa powders: Wagner, Schuhbeck, Sonnentor, and Lebensbaum (from the left 
to the right) before derivatisation (top) and after derivatisation with AA (bottom). The plate is irradiated with light at 254nm 
(top, on the left), white light (bottom, on the left), and with light at 365 nm (bottom and top, on the right) [82].   

 

Figure 11: Maximum absorbance after extraction depending on the water content of the extraction mixtures for both SFMEs 
(H2O/DiA/TriA (red circle) and H2O/EtOH/TriA (dark square)). The ratio co-solvent/TriA remain constant for the different SFME 
compositions [82]. 
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One hour extraction time was determined to be enough for the extraction of the curcuminoids from 

C. longa. As depicted in Figure 11, the amount of extracted curcuminoids increased with the water 

content of the SFME. The composition of the extraction mixtures, more specifically the SFME, had a 

strong influence on the extraction efficiencies of the curcuminoids. It was not possible with UV/Vis to 

distinguish the three different curcuminoids. Therefore, the extraction was further investigated using 

HPLC (to obtain the different extraction efficiencies of the three different curcuminoids) and with one 

batch of C. longa powder (10 Kg were bought by Kwizda) to avoid standard deviation due to the 

rhizome composition. Before that, the stability of curcumin in the binary mixture co-solvent/TriA was 

investigated to have an idea about the instability of curcumin at visible light in the extraction mixture. 

Moreover, knowing the ability of the binary mixtures to stabilize curcumin was of interest concerning 

the extraction time. Indeed, if curcumin was degraded in one hour, it was not necessary to investigate 

the extraction efficiency. Furthermore, the storage life is of high importance for product formulations. 

Different conditions were tested: room temperature and daylight, room temperature and darkness, 

8°C and darkness, room temperature and dark bottle and room temperature and blue bottle. The two 

found optimum binary mixtures of EtOH/TriA and DiA/TriA for the maximum solubility of curcumin 

were investigated. The results are shown in Figure 12. 

 

Figure 12: Stability measurements of curcumin in the binary mixtures of EtOH/TriA (triangle up) and DiA/TriA (square) under 
different conditions: room temperature and light (dark colour), room temperature and darkness (red colour), 8°C and darkness 
(blue colour), room temperature and blue bottle (purple colour), and room temperature and brown bottle (green colour). 
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It is well known that curcumin is photolabile [62,84] and, therefore, will be degraded very quickly under 

daylight conditions. As can be seen, it was evident that the two binary mixtures did not stabilise 

curcumin under daylight conditions, as the maximum absorbance decreased exponentially. In contrast, 

the samples stored in the dark and in the fridge had a much better stability. Indeed, almost no 

curcumin was degraded over several months. These results confirmed the low photostability of 

curcumin. But this was not a problem for the extraction process (samples stirred one hour at room 

temperature). Moreover, the difference between room temperature and 8 °C did not have an 

influence on the degradation of curcumin if the samples are stored in the darkness, as the maximum 

absorbance of these samples are rather constant (for both binary mixtures). It was not surprising, 

because the degradation of curcumin is an auto-degradation process activated by light [63]. It is also 

well known that oxygen plays a role in the degradation process of curcumin. Here, the samples were 

stored at normal air atmosphere and no oxygen was removed. Oxygen had only an influence in 

combination with light. This aspect will be analysed deeper and better in one of the following ternary 

phase diagrams (H2O/NaSal/EtOAc, see section 3.3.4.2). Since curcumin was strongly degraded under 

daylight conditions, the packaging of a formulation containing curcumin (as a solid or in solution) is of 

great importance. Therefore, the influence of two different coloured glass bottles (brown and blue) on 

the degradation of curcumin was investigated only with the binary mixture EtOH/TriA. As can be seen 

in Figure 12, the same results were obtained as described above: the brown glass bottle provided a 

better protection of curcumin than the blue one, as the brown one covers a broader spectral area than 

the blue one. An oversaturation of the sample could explain the little decrease of the maximum 

absorbance at the beginning. 

3.3.1.3 Extraction, improvement of concentration, purity and stability 

In the following sections of this thesis, the same batch of C. longa powder from Kwizda (Linz, Austria) 

was used for all experiments. First, the best weight ratio of C. longa to extraction mixture was 

determined using the binary mixture EtOH/TriA 40/60 (in weight). This result was then used as a basis 

for all investigated SFME compositions with EtOH and DiA as co-solvents and extraction solvents. Then, 

the influence of water and the hence formed SFME on the extraction efficiencies of the curcuminoids 

was investigated by HPLC. The results are shown in Figure 13 and Figure 14. The detailed extraction 

yields are given in Figure S 6 of the Appendix. A total of 17.13 mg curcuminoids per gram C. longa was 

obtained by the Soxhlet extraction. This determined amount is undervalued because the curcuminoids 

are degraded by the impact of heat [42,64]. During the Soxhlet extraction process (several hours), the 

curcuminoids were solubilised in boiling acetone (temperature above 60°C). Indeed, as can be seen in 

Figure 13 and Table S 6 of the Appendix, the amount of bisdemethoxycurcumin extracted with a weight 
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ratio C. longa to binary extraction mixture (EtOH/TriA 60/40 in weight) of 1:4, 1:5, 1:6 and 1:7 was 

above the amount of bisdemethoxycurcumin extracted by Soxhlet. The weight ratio 1:6 was found to 

be the optimum for the extraction of the curcuminoids from C. longa. However, only a slight increase 

of the extraction yield of 7% is achieved in comparison with the weight ratio 1:4. Therefore, the ratio 

1:4 was chosen to perform the further extractions. Indeed, the ratio 1:4 was the best ratio regarding 

the green and sustainable aspect: less waste of extraction mixture and a good extraction efficiency.  

 

Figure 13: Curcuminoid yields in mg curcuminoids per g C. longa for varying C. longa to binary EtOH/TriA extraction mixture 
weight ratios. The used extraction mixture was the binary mixture EtOH/TriA 60/40 (in weight). The Soxhlet results are also 
given as reference [60]. 

The influence of water and, therefore, of the structuring of the extraction mixture (SFMEs) on the 

curcuminoid extraction efficiencies was then investigated with the ratio 1:4. As can be seen in Figure 

14, the addition of water to the binary mixtures of co-solvent/TriA led to an increase of the extraction 

efficiencies of the curcuminoids for the two investigated systems. The result with Soxhlet was used as 

reference, as shown in Table S 6 of the Appendix. The highest extraction efficiencies for curcumin and 

demethoxycurcumin were given by Soxhlet. As mentioned before, the result for 

bisdemethoxycurcumin was undervalued and once again, it was the case here. Moreover, the lowest 

extraction efficiencies for bisdemethoxycurcumin are provided by the solvents alone and Soxhlet. 
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Figure 14: Overview of the curcuminoid extraction efficiencies (in mg curcuminoids per g C. longa) for the different extraction 
mixtures with a varying water content and solvents (top) and overview of the single extraction efficiencies of curcumin (second 
from the top), demethoxycurcumin (third from the top) and bisdemethoxycurcumin (bottom) for the different extraction 
mixtures with a varying water content and solvents (in mg per g C. longa). 

First, the total of curcuminoids extracted (graph on the top at the left of Figure 14) will be compared. 

The system H2O/EtOH/TriA showed the highest increase of the total curcuminoid content. The system 

H2O/DiA/TriA also showed an increase of the total curcuminoid content but to a lesser extent than 

with the system with EtOH as co-solvent. The difference between the two systems was due to various 

reasons: as shown in Figure 9, the maximum solubility of curcumin was higher in the system containing 

EtOH as co-solvent and secondly the viscosity of the extraction mixtures and SFMEs containing DiA was 

much higher than those with EtOH. Surprisingly, DiA as extraction solvent alone showed a good 

extraction efficiency compared to the binary mixture DiA/TriA and the SFMEs containing DiA as co-
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solvent. On the contrary, EtOH and TriA as extraction solvent alone showed really bad extraction 

efficiencies in comparison with the binary mixture EtOH/TriA and the SFMEs containing EtOH as co-

solvent. Moreover, the EtOH/H2O 80/20 (in weight) mixture was investigated as reference. Indeed, this 

mixture is used in the literature and also in the industry to extract the curcuminoids from C. longa. This 

mixture showed the same extraction efficiencies as the other solvent alone except DiA. Surprisingly, 

the best extraction mixture was the SFME containing EtOH as co-solvent and 40 wt% of water (i.e. 

H2O/EtOH/TriA 40/24/36 in weight per cent), although the curcuminoids are not water soluble. It was 

also the most structured SFME, according to Figure 7. The addition of water helped to swell the 

rhizomes and to open the plant matrix, so that the extraction efficiencies of the curcuminoids 

increased. It was also the case for the extraction with EtOH and EtOH/H2O 80/20 (in weight) as 

extraction solvent or mixture.  Now the different curcuminoid extraction efficiencies will be compared: 

the addition of water had almost no influence on the extraction of curcumin. On the contrary, it had 

an influence on the extraction of demethoxycurcumin and even more on the extraction of 

bisdemethoxycurcumin. The increase of the total curcuminoid extraction efficiency was almost 

exclusively due to bisdemethoxycurcumin and demethoxycurcumin. Indeed, bisdemethoxycurcumin 

has been found to be ǘƘŜ Ƴƻǎǘ ǇƻƭŀǊ ŀƴŘ άǿŀǘŜǊ-ǎƻƭǳōƭŜέ ŎǳǊŎǳƳƛƴƻƛŘΦ This was demonstrated using 

COSMO-RS calculations [71]. For that reason, the addition of a polar solvent like water to the binary 

mixtures EtOH/TriA and DiA/TriA increased the extraction efficiency of bisdemethoxycurcumin and to 

a small extent of demethoxycurcumin. All these results proved that the extraction was not solely 

dependent on the solubility of curcumin in the extraction mixture, but was driven by various other 

factors, such as viscosity, ability of the solvent to penetrate the plant matrix, desorption of the target 

molecule, the mass transfer of the latter from the plant matrix to the extraction solvent or mixture. 

However, the solubility efficiency of a solvent or a mixture of solvents gave a first and necessary idea 

prior to extraction experiments. 

The two developed SFMEs (H2O/EtOH/TriA and H2O/DiA/TriA) were able to extract the curcuminoids 

from C. longa. Moreover, the two different SFMEs were food-approved, green, and edible. Indeed, 

regarding the six principles of green extraction, as explained by Chemat et al. [9], the two SFMEs could 

be classified as green and biocompatible extraction systems. The six principles were described in this 

thesis in 2.1.4 and are applicable for the two developed SFME extraction systems.  

C. longa has been used as raw material, a renewable plant resource and therefore is conformed with 

the first principle. Concerning the second principle, all used solvents were food-approved, non-toxic, 

and biodegradable. Moreover, water was used partly as extraction solvent and the best extraction 

SFME contained 40 wt% of water. EtOH is a commonly used solvent and TriA is a triglyceride and is 
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already used as an additive in the food industry. They were responsible for the formation of the SFME 

and for the good extraction and solubilisation of the curcuminoids. To extract the curcuminoids, the 

maceration method at room temperature under constant stirring was performed for one hour, so that 

the energy consumption remains very low. Indeed, no need to heat or to stir for a long time to obtain 

very good curcuminoid extraction results, which agree with the third and fifth principle. The fact that 

the developed SFMEs were food-approved was the big advantage of this extraction procedure. Indeed, 

there was no need to remove the solvents (high energy consuming) as the SFMEs were food-agreed 

and edible. The only produced waste was the remaining plant material C. longa which is renewable. It 

can be used as a bio-compost and is bio-ŘŜƎǊŀŘŀōƭŜ όŦƻǳǊǘƘ ǇǊƛƴŎƛǇƭŜύΦ [ŀǎǘƭȅΣ ǘƘŜ ƻƴƭȅ άŎƻƴǘŀƳƛƴŀƴǘǎέ 

of the extract were the essential oils. They are coextracted, but are non-toxic and edible too. If they 

are not desired, they can be removed upstream. This aspect will be investigated in the following as 

well as the ability to enrich the SFMEs by reusing the SFME extraction system with fresh C. longa. 

The SFME with EtOH as co-solvent has been chosen to study the enrichment of the SFME extraction 

system for different reasons: it was the best solubilizing SFME and the SFME with the lower viscosity, 

so that the SFME extraction system should be more workable. To be sure that the enrichment 

procedure worked, a preliminary test was carried out with the cheap C. longa powder from Wagner, 

which was monitored via UV/Vis as proof of concept. The results are shown in Figure S 3 of the 

Appendix. The linear increase of the maximum absorbance proved that the extract solutions can be 

enriched in curcuminoids. Thus, to exploit the full potential of the EtOH-based SFME, cycle extractions 

were made along the same dilution line as previously investigated. Two different weight ratios C. longa 

to SFME extraction system were investigated: 1 to 16 and 1 to 24. A saturation of the SFMEs with 

higher water content should be reached with the smaller weight ratio, which should be not the case 

with the higher one. The reuse of the SFME extraction system strengthened the fact that the SFME 

extraction system should be classified as a green and biocompatible one, according to the six principles 

of the green extraction [9]. The results are shown in Figure 15 and Figure 16, as well as the detailed 

total of the curcuminoids in the binary or SFME extraction systems in Table S 7 of the Appendix and 

the average loss of binary or SFME extraction solution after each extraction cycle in Table S 8 of the 

Appendix, for both weight ratios 1:16 and 1:24  
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1:16 1:24 

  

  

Figure 15: Overview of the extraction cycles for different binary and SFME extraction mixtures with varying water content at 
two different weight ratios 1:16 (on the left) and 1:24 (on the right) for the total curcuminoid content (top) as mg of all 
curcuminoids in the binary or SFME extraction system. The total curcuminoid concentration in mg/g SFME extraction system 
for both ratios is represented on the bottom. To calculate this concentration, the average loss of the binary or SFME extraction 
system after each extraction cycle was used (Table S 8 of the Appendix) [85].  
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1:16 1:24 

Curcumin 

  
Demethoxycurcumin 

  
Bisdemethoxycurcumin 

  
Figure 16: Overview of the extraction cycles for different binary and SFME extraction mixtures with varying water content at 
two different weight ratios 1:16 (on the left) and 1:24 (on the right) for the single component curcumin (top), 
demethoxycurcumin (middle), and bisdemethoxycurcumin (bottom) as mg single component in the binary or SFME extraction 
system [85]. 
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It was possible to enrich the binary or SFME extraction system in curcuminoids for both ratios to a 

certain extend. If the total of curcuminoids in the binary or SFME extraction system of both ratios 

(Figure 15, on the top) are compared, some noticeable differences can be seen. With the ratio 1:16, 

the standard deviations were larger than with the ratio 1:24. Many reasons were responsible for this: 

the loss of extraction volume, agitation problems (due to the loss of the extraction volume), and 

saturation of the binary or SFME extraction system. Indeed, final saturation of the curcuminoids in the 

SFME containing 40 wt% of water was detected with the ratio 1:16. On the contrary, no saturation was 

detected with the ratio 1:24. For both ratios, the curcuminoid content was increased almost linearly, 

as long as no saturation occurs. The water had a strong influence on the curcuminoid extraction 

efficiencies, especially with the ratio 1:24. Indeed, the addition of a small amount of water (5 wt%) to 

the binary mixture EtOH/TriA 60/40 in weight had a big influence on the curcuminoid content in the 

SFME extraction system, since the gap between the binary curve (black curve, Figure 16 on the right) 

and the SFME extraction system curves (red, green, dark blue, and turquoise curves, Figure 16 on the 

right) increased ǿƛǘƘ ǘƘŜ ǇƻƭŀǊƛǘȅ ŀƴŘ άǿŀǘŜǊ-solubilƛǘȅέ ƻŦ ǘƘŜ ŎǳǊŎǳƳƛƴƻƛŘǎ όǘƘƛǎ ƎŀǇ ƛƴŎǊŜŀǎŜŘ ŦǊƻƳ 

curcumin to bisdemethoxycurcumin). The same influence was noticeable with the water content of 

the SFME extraction system: the higher the water content of the SFME was, the more the gap between 

the different SFME curves from curcumin to bisdemethoxycurcumin increased. For the ratio 1:16, the 

influence of water was noticeable only to a small extent, due to the loss of the SFME extraction system. 

As can be seen, the curcuminoid content increase was not rigorously linear as for the weight ratio 1:24. 

As written before, a saturation of the three curcuminoids was reached for the SFME extraction system 

containing 40 wt% of water after three cycles with the weight ratio 1:16. The SFME extraction system 

containing 30 wt% of water with the same ratio should be closed to saturation as the slopes of the 

curves decreased after two extraction cycles for the three curcuminoids. It can be expected that it 

should be saturated after 5 extraction cycles. After 4 extraction cycles, the SFME extraction system 

containing 15 wt% of water contained the highest amount of extracted curcuminoids (128.29 mg 

curcuminoids in the SFME extraction system, see Table S 7 of the Appendix). Bisdemethoxycurcumin 

and demethoxycurcumin were more abundant in the SFME extraction systems containing high 

ŀƳƻǳƴǘǎ ƻŦ ǿŀǘŜǊ ŀǎ ǘƘŜȅ ŀǊŜ ƳƻǊŜ άǇƻƭŀǊέ ǘƘŀƴ ŎǳǊŎǳƳƛƴΦ hƴ ǘƘŜ ŎƻƴǘǊŀǊȅΣ ǘƘŜ ŀƳƻǳƴǘ ƻŦ ŎǳǊŎǳƳƛƴ 

remained almost the same for the SFME extraction systems containing 15 wt% of water or less, 

because curcumin prefers hydrophobic solvents. No saturation, on the other hand, occurred with the 

ratio 1:24, because higher amounts of SFME extraction solvent were used and therefore, the loss of 

SFME extraction system after each cycle was not enough to prematurely reach a saturation. The SFME 
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extraction systems containing 30 and 40 wt% of water exhibited almost the same curcuminoid content. 

This indicated that beyond 30 wt%, water had no more influence on the curcuminoid extraction. 

If only the curcuminoid content in the different SFME extraction systems is compared, a higher content 

could be reached with the ratio 1:24. This result was not surprising, because previously it was 

demonstrated that a higher weight ratio C. longa to SFME extraction system slightly increased the 

curcuminoid extraction efficiencies (see Figure 13). If the curcuminoid concentration (see Figure 15, 

on the bottom) is now compared, it can be seen that a higher concentration could be reached with the 

smaller weight ratio 1:16, due to the loss of SFME extraction system after each extraction cycle. This 

loss increased with the water content of the SFME extraction system for both ratios and no real 

differences were noted between the ratios. So, it is important to consider that the curcuminoid 

concentration and the curcuminoid content in the SFME extraction system should not be confused. 

The most concentrated extracts were reached with the ratio 1:16 and the higher curcuminoid content 

was achieved with the ratio 1:24. If the two different weight ratios are compared with the six principles 

of the green extraction and the principles of the green chemistry, it can be seen that the ratio 1:16 

should be the best appropriate ratio. Indeed, less SFME extraction system is used. But with the ratio 

1:24, a higher content was reached (almost 20-25% more curcuminoid in the SFME extraction system) 

and the practical effort was the same for both ratios to obtain the phytochemicals. 

One of the goals of this study was to have curcumin solubilised in an aqueous solution containing as 

much water as possible. As curcumin is a hydrophobic compound, it is completely insoluble in water. 

The SFME extraction system containing 40 wt% of water and EtOH as co-solvent showed a very good 

ability to extract the curcuminoids. Adding water to dilute the SFME extraction system will result in 

phase separation because the SFME extraction system H2O/EtOH/TriA 40/24/36 in weight is very close 

to the miscibility gap of the ternary mixture H2O/EtOH/TriA (see Figure 6). A ternary mixture 

H2O/EtOH/TriA 50/32.5/17.5 (in weight), on the contrary, was dilutable with water to the infinite. 

Therefore, to extract the curcuminoids with this ternary mixture should be advantageable. Indeed, the 

extract solution was dilutable with water after the extraction process and if no precipitation occurred, 

the curcuminoids will be solubilised in an aqueous solution containing a very high content of water 

(more than 99 wt%). As mentioned in the introduction and in section 3.3.1.2, the essential oils are 

extracted along with the curcuminoids. If they are not removed beforehand, a precipitation will occur 

during the infinite dilution of the extract solution because the essential oils are not water soluble, like 

curcumin. Moreover, the essential oils are also able to solubilize curcumin. Therefore, different 

techniques to remove the essential oils and keep a high amount of curcuminoids in C. longa were 

investigated. After each technique to remove the oils, the ability of the extract solution to be infinitely 
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dilutable with water has also been studied. Three different techniques were used: steam distillation, 

vacuum distillation, and freeze-drying (lyophilisation). Two different SFME compositions were 

investigated: H2O/EtOH/TriA 40/24/36 and H2O/EtOH/TriA 50/32.5/17.5 in weight. The results are 

shown in Figure 17 and Figure 18. The detailed curcuminoid contents are shown in Table S 9 of the 

Appendix.  

 

Figure 17: Comparison of the purification techniques: a) and b) vacuum distillation and c) steam distillation. Two different 
SFME compositions were used as extraction system: a) TriA/EtOH/H2O 17.5/32.5/50 with a weight ratio C. longa to SFME 
extraction system of 1 to 26.5 and b) and c) TriA/EtOH/H2O36/24/40 with a weight ratio of C. longa to SFME extraction system 
of 1 to 26.5 and 1 to 20 for respectively the vacuum distillation and steam distillation purification processes. The reference 
with the same weight ratio and without any purification process was also done for comparison. The relative purity of the 
extract solutions has been also determined (Y-axis on the right) [85]. 
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Figure 18: Extracted curcuminoids per g. C. longa with the two SFME extraction systems TriA/EtOH/H2O 17.5/32.5/50 in weight 
(top) and TriA/EtOH/H2O 36/24/40 in weight (bottom) with a weight ratio C. longa to SFME extraction system of 1 to 8 after 
several cycles of lyophilisation. The relative purity after each cycle of lyophilisation has been also determined (Y-axis on the 
right). 

Steam distillation is the most popular and common method to extract the essential oil for the perfume 

industry. To avoid the permanent contact between the curcuminoids and the high temperature, a 

vacuum steam distillation was investigated also. Indeed, the curcuminoids are temperature sensitive 

and could be destroyed during the steam distillation. In Figure 17 the comparison between the two 

different purification processes is shown. As can be seen, both processes increased the relative purity 

of the extracts (almost 82% after the purification process, almost 76% without). The vacuum distillation 

gave a similar result as the steam distillation, but was not as effective. Only 2 h of steam distillation 

was required to achieve the same purity. The major difference between the two processes was the 



50 
  

curcuminoid content after purification and extraction. Both processes led to a decrease of the 

curcuminoid content. Only half of the curcuminoids have been extracted after the steam distillation in 

comparison with the non-processed C. longa. In contrast, only around 10% less curcuminoids have 

been extracted after the vacuum distillation in comparison with the non-processed C. longa. The 

vacuum distillation was a better alternative compared to the steam distillation, because no heat is 

required and therefore, the curcuminoids were not degraded thermally during the process. Moreover, 

the SFME extract containing 50 wt% of water was infinitely dilutable with water without precipitation 

upon the dilution. But a lot of SFME extraction mixture was used to extract the curcuminoids. Indeed, 

the used weight ratios C. longa to SFME extraction system were 1 to 20 and 1 to 26.5 for both 

purification processes. For this reason, lyophilisation was investigated as an alternative. This 

purification method did not require any heating and should permit the extraction of the essential oil 

without degrading the curcuminoids, like the vacuum distillation. The results are shown in Figure 18. 

As can be seen, a relative purity of around 94-95% could be reached through multiple cycles of 

lyophilisation. Moreover, the curcuminoid content decreased only slightly (comparable decrease as for 

the vacuum distillation). This decrease was due to the handling of the samples during the purification 

process. Indeed, small amounts of C. longa can be lost during one cycle of lyophilisation or it is possible 

that the C. longa powder was not completely water-free at the end of the lyophilisation process. The 

purity and curcuminoid extraction efficiencies were independent of the SFME extraction mixture 

compositions. For this purification process, a weight ratio of 1 to 8 (C. longa to SFME extraction system) 

was used. This weight ratio was in accordance with the six principles of green extraction [9], because 

less SFME extraction mixture was required in comparison to the steam and vacuum distillations. The 

only drawback was the time consumption. Indeed, one cycle of lyophilisation required between 2 to 3 

days to be achieved in the lab. For this method, the applicational effort is minimal in comparison to 

the steam and vacuum distillation. For comparison, supercritical CO2 could be used to achieve a same 

purity (or even more), but the applicational effort is much higher in this case. 

The infinite water dilution of the extract solutions after the vacuum distillation and the lyophilisation 

was tested with the SFME extraction mixture H2O/EtOH/TriA 50/32.5/17.5 in weight. In both cases, no 

precipitation occurred during the dilution. After some hours, a precipitation occurred, but it was 

resoluble, when the sample is gently shook. Therefore, the colour stability of the extract and the 

diluted extract solutions were investigated over the time after different cycles of lyophilisation (4, 5, 

and 6). Pictures have been taken after 3, 14, and 30 days. The samples were stored at day light and in 

darkness. The pictures are shown in Figure 19.
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Figure 19: Pictures of the different extracts (at day light) and extract dilutions (at day light and in the darkness, 0.1 mL extract in 10 mL water) after extraction and different cycles of lyophilisation 
(4, 5, or 6 times of freeze drying) over time. The SFME H2O/EtOH/TriA 50/32.5/17.5 in weight was used as extraction system using a weight ratio of 1 to 8 (C. longa to SFME extraction system). [85]
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As said before, if the essential oils are not removed before the extraction, a phase separation will occur 

during the dilution of the extract after extraction with water. Here, all the extract solutions were clear 

and homogeneous after dilution. If the diluted extract was stored in the darkness, almost no change 

in the colouration was observed with the naked eye. On the contrary, if the diluted extract was stored 

at day light, a decolouration occurred over time. Indeed, the strong yellow colour had nearly 

disappeared after 30 days. On the other hand, the colour of the extract (not diluted) was stable over 

time, even though they were stored at day light. These results conformed with Figure 12. Indeed, here 

again, the light was the most degrading factor for the curcuminoids. 

After three days, a precipitation occurred in the diluted samples, where the turmeric powder C. longa 

was freeze-dried four- and five-times (see Figure S 4 of the Appendix). This precipitate could be 

resolved by shaking. After 30 days, the corresponding extract solutions (after four- and five-times of 

freeze-drying) displayed a precipitation (see Figure S 5 of the Appendix). The samples, where the 

turmeric powder C. longa was six times freeze-dried, did not display any precipitation in the extract 

solution and almost no precipitation in the diluted extract (see Figure S 4 and Figure S 5 of the 

Appendix).  

3.3.1.4 Overview 

First, two edible, green, bio-based, and food-approved SFMEs consisting of H2O/EtOH/TriA and 

H2O/DiA/TriA were examined and developed to extract the major three curcuminoids from C. longa. 

The existence of SFMEs was proved by using DLS and conductivity measurements. Solubilizing 

measurements have demonstrated that there was a solubilizing synergy of curcumin in the binary 

mixture EtOH/TriA (up to a threefold increase compared to pure TriA). On the contrary, the binary 

mixture DiA/TriA did not show any solubilizing synergy. Upon addition of water, the solubility of 

curcumin in the two different SFME extraction systems decreased since curcumin is a hydrophobic 

compound. Surprisingly, the addition of water to the binary mixture EtOH/TriA resulted in an increase 

of the curcuminoid extraction efficiencies. More precisely, the bisdemethoxycurcumin extraction 

efficiency increased a lot compared to curcumin (from 2.19 mg bisdemethoxycurcumin per g C. longa 

in the binary mixture EtOH/TriA 40/60 in weight to 2.89 mg bisdemethoxycurcumin per g C. longa in 

the SFME extraction system consisting of 40 wt% of water (H2O/EtOH/TriA 40/24/36 in weight)). It was 

also demonstrated using COSMO-RS calculations, that the polarity of the curcuminoids increased from 

curcumin to bisdemethoxycurcumin and therefore, the addition of water, a polar solvent, to the binary 

mixture of EtOH/TriA led to an improved curcuminoid extraction efficiency. The SFME extraction 

system containing EtOH as co-solvent was superior to the SFME extraction system containing DiA in 

solubilizing and extracting the curcuminoids from C. longa. Moreover, the mixture of EtOH/H2O was 
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also used as reference extraction system of the industry and it was found, that the addition of a third 

(more hydrophobic) component, here TriA, led to an increase of the curcuminoid extraction efficiency. 

The big advantage of the SFME as extraction system was their edibility and their green and bio-based 

aspects. 

To fully use the high solubilizing power of the SFME extraction system containing EtOH as co-solvent, 

it was re-used to perform several extraction cycles and, therefore, to concentrate the SFME extraction 

systems in curcuminoids. Moreover, the relative purity of the extracts was examined and improved 

through the use of three purification processes: steam and vacuum distillation and lyophilisation. 

Among them, it was found that the most adequate purification method was the lyophilisation of the 

ground rhizomes prior to their extraction because of the simplicity of the purification method, the high 

amount of extracted curcuminoid, and the high obtained purity. Removing the essential oils prior to 

the extraction of the curcuminoids enabled the extract solution to be infinitely dilutable with water (if 

the SFME extraction system did not cross the miscibility gap during the dilution). It led to stable 

aqueous solutions (diluted extract solution) of curcumin in darkness and to stable extract solutions at 

day light, if several cycles of lyophilisation (at least six) were achieved prior to extraction. 

3.3.2 (Meglumine/PCA/H2O)/EtOH/TriA 

3.3.2.1 Solubility and stability of curcumin in water with different additives  

Different additives (meglumine, ethanolamine, diethanolamine, triethanolamine, D-glucamine, D-(+)-

glucosamine, PCA, NaSal and NaOH) were tested to further develop the high potential of the developed 

SFME extraction system consisting of H2O/EtOH/TriA. First, a small kinetic experiment using 

meglumine as additive was done to determine the best agitation time (see Figure S 6 of the Appendix). 

Then, the interaction between meglumine and curcumin was investigated with NMR to understand 

the mechanism of solubilisation of curcumin in water using meglumine and, after that, the influence 

of the different additives on the curcumin solubility and stability in water was investigated. The 

different additives are shown in Figure 20.  



54 
  

 

Figure 20: Structure of the different used additives 

 

As can be seen in the Figure S 6 of the Appendix, after 10 minutes, the aqueous solution was already 

saturated with curcumin. This result indicated that meglumine and curcumin probably formed a salt in 

water and therefore, the solubilisation of curcumin happened instantly in the aqueous solution. This 

finding will be further investigated with NMR. The different 1H-NMR spectra are shown in Figure 21. 
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Figure 21: 1H-NMR-spectra of the different mole ratios meglumine/curcumin: 0/1 (red), 1/4 (light pink), 1/3 (light green), 1/2 (orange), 1/1 (blue in the middle), 2/1 (yellow), 3/1 (violet), 4/1 (dark 
green), and 1/0 (blue at the bottom).
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The detailed 1H-NMR spectra of curcumin and meglumine alone are shown in Figure S 7 and Figure S 8 

of the Appendix. The hydroxy groups of meglumine showed a broad peak at 4.4 ppm. It was not a sharp 

and defined peak because some residual water was present in DMSO-d6 and therefore, they formed 

hydrogen bonds with water. With the addition of curcumin, this peak became sharpened and defined 

and was especially de-shielded (more than 1 ppm only with the addition of 1 mol curcumin to 4 mol 

meglumine). The more curcumin was present in the mixture curcumin/meglumine in mole, the more 

the hydroxy groups´ peak of meglumine was shielded. The hydroxy groups´ peak became broad again 

with a higher amount of curcumin (mole ratio meglumine/curcumin of 1/1 to 1/4), but was still de-

shielded. Rotating frame Overhauser Enhancement SpectroscopY (ROESY) measurements (2D-NMR) 

have been done with the mole ratio meglumine/curcumin 2/1 to see if cross-peaks appeared or not. 

The 2D-spectra are shown in Figure S 9 and Figure S 10 of the Appendix. Cross-peaks appeared between 

the aromatic protons of curcumin and the protons of the sugar-chain and the methyl group of 

meglumine and between the methyl groups of curcumin and meglumine. These results supported the 

idea that meglumine and curcumin formed a salt in water. Aromatic rings (present in curcumin) could 

also act as hydrogen bond acceptors and therefore, may have a significant interaction with hydrogen 

bond donors like the N-H group (present in meglumine) [86] or to a small extent like the sugar-chain 

of meglumine. In fact, it is already known in the literature that carbohydrates have a specific 

interaction with aromatic compounds, including polyphenols [87,88].  Moreover, the fact that a salt is 

formed and that the N-H group and the OH groups of meglumine have a significant interaction with 

the aromatic rings of curcumin could explain the de-shielding of the hydroxy groups´ peak of 

meglumine. The possible interaction between curcumin and meglumine is shown in Figure 22. 

 

Figure 22: Possible interaction between curcumin and meglumine 
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The results of the solubility and stability of curcumin in water in presence of the additives are shown 

respectively in Figure 23 and Figure 24. 

 

Figure 23: Maximum solubility of curcumin in water with different additives: ethanolamine (dark square), diethanolamine (red 
circle), triethanolamine (blue up-facing triangle), meglumine (green down-facing triangle), D-glucamine (violet diamond), D-
(+)-glucosamine at pH 11 (yellow left-facing triangle) and 12 (cyan right-facing triangle), NaSal (brown hexagon), PCA (dark 
yellow star), EtOH (orange pentagon) and NaOH (sky blue sphere). 

The used additives could be divided into two different groups for the solubilisation of curcumin in 

water: co-solvent and hydrotrope. Indeed, as can be seen in Figure 23, EtOH, NaSal, and PCA showed 

hydrotropic properties and the other additives co-solvent properties. The shape of the EtOH, NaSal, 

and PCA curves demonstrated typical hydrotrope curves: they spread over many orders of magnitude 

and were steep. Hydrotropes cannot form any defined structures in water like surfactants can and 

therefore, a lot of it were needed to solubilize curcumin in water. EtOH was a bad hydrotrope, because 

a too high amount was needed to solubilize a low amount of curcumin. PCA and NaSal were similar 

hydrotropes and better than EtOH. On the other hand, the co-solvents were much better than the 

three different hydrotropes. The shape of the co-solvent curves was different from the hydrotrope 

curves: they were much flatter and spread over only one order of magnitude. Moreover, a lower 

amount was needed to solubilize a significant amount of curcumin in water. The best co-solvents were 

meglumine and ethanolamine, followed by D-glucosamine at pH 12 and 11, D-glucamine and 

diethanolamine. The worst co-solvent was triethanolamine. For comparison, NaOH was used as an 

additive in water at pH 11.5. NaOH solubilised curcumin in water as much as one of the highest mass 
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concentrations of triethanolamine in water (10 wt%) and the lowest mass concentration of D-

glucamine (1 wt%) and therefore was worse than the best co-solvents meglumine and ethanolamine. 

The high pH of water with NaOH allowed the solubilisation of curcumin in water, although curcumin is 

extremely hydrophobic. The pH of different water solutions with 15 wt% of co-solvent and NaOH at 

pH 11.5 was recorded before and after saturation with curcumin. The results are shown in Table 6. The 

pH was not the major reason for the solubilisation of curcumin in water with the different additives (if 

it were the case, the solubility should be pH-dependent, which was not the case, see Table 6). The 

solubilisation of curcumin was dependent on the additive, but no clear trend can be seen.    

 

Table 6: pH before and after saturation with curcumin and maximum absorbance of different water solutions containing 15 
wt% of additives (additive/water, 15/85 in weight) saturated with curcumin [89]. 

Additive  

(15 wt% in water) 
pH before saturation pH after saturation 

Maximum absorbance 

422 nm in acetone 

(undiluted) 

Ethanolamine 12.15 11.07 5602 

Diethanolamine 11.59 10.68 1118 

Triethanolamine 10.90 10.30 126 

Meglumine 11.60 10.84 1822 

D-Glucamine 11.18 10.64 685 

NaOH pH 11.5 11.47 10.40 67 
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Figure 24: Stability of curcumin (saturated solutions) in water (85 wt%) with 15 wt% of additives under constant lighting: 
ethanolamine (dark square), diethanolamine (red circle), triethanolamine (blue up-facing triangle), meglumine (green down-
facing triangle), D-glucamine (violet diamond), D-(+)-glucosamine at pH 11 (yellow left-facing triangle) and 12 (cyan right-
facing triangle) and NaOH (sky blue sphere).For NaOH, the pH before saturation was set to 11.5. [89] 

The stability against light was investigated for all additives at the highest concentration in water (15 

wt%). For comparison, the stability with NaOH at pH 11.5 was also investigated. As can be seen in 

Figure 24, some additives, like diethanolamine, triethanolamine, and meglumine, stabilised curcumin 

in water more against light than NaOH, D-glucosamine, or ethanolamine. The best stabiliser was 

diethanolamine, followed by triethanolamine, meglumine, and D-glucamine respectively. NaOH, 

ethanolamine, and D-glucosamine were very bad stabilisers. Indeed, after 90 and 120 min lighting, 

almost 60% of curcumin was lost with NaOH and ethanolamine, respectively. After the same time of 

lighting, only 10-20% curcumin was lost with diethanolamine, triethanolamine, and meglumine. No 

correlation between solubilisation and stabilisation was found. But meglumine or diethanolamine 

seemed to be the best solubilizers and stabilators. Meglumine was chosen as additive to further 

investigate the solubilisation and stabilisation of curcumin in the green, biodegradable, and edible 

SFME as it solubilised more curcumin in water than diethanolamine. First, the stability against light 

was investigated under different condition: in darkness at room temperature, in darkness at 8 °C and 

under constant lighting. For comparison in the darkness, the same solution containing NaOH as 

additive was also investigated.  The results are shown in Figure 25.  
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Figure 25: Stability of saturated curcumin solutions in water (85 wt%) with 15 wt% of meglumine (down-facing triangle) under 
constant lighting (green curve), in the darkness (orange curve) and in darkness at 8 °C (violet curve) and in water at a pH of 
11.5 adjusted with NaOH (sphere) under constant lighting (sky blue) and in the darkness (dark blue). [89] 

As can be seen in Figure 25, the pH was the major factor for the degradation of the sample and not the 

type of illumination. Indeed, the samples stored in the dark are slightly more stable than the ones 

under constant lighting. The stability in the fridge with meglumine as additive was the best one. After 

7 hours, only 30% curcumin was lost. After the same time, half of curcumin was lost in the darkness 

and 62% under lighting. The temperature played a role in the degradation speed due to the high pH in 

water. The stability of curcumin in water could be extended to several hours in water but remained 

extremely low in comparison with the green, bio-based, and edible SFME. Therefore, the addition of 

meglumine to the best SFME extraction system consisting of H2O/EtOH/TriA should enhance the 

solubility and maybe the extraction efficiencies of the curcuminoids in this system. The stability of 

curcumin in the SFME with meglumine should also be investigated to see if meglumine stabilizes or 

destabilizes curcumin. 
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3.3.2.2 Solubility, stability and extraction of curcumin with meglumine and PCA as additive in 

water in the SFME extraction system 

As the pH played a major role in the degradation of curcumin, a pH regulator was added to regulate 

the pH of the SFME with meglumine. PCA was used as pH-regulator because PCA is allowed in the 

pharmaceutical industry and showed hydrotropic properties for curcumin. The addition of PCA to 

regulate the pH could also be beneficial for the solubility and the extraction efficiencies of the 

curcuminoids. First, the influence of meglumine at different weight per cent and PCA on the phase 

diagram was investigated. The given concentrations of meglumine are the concentrations in pure 

water before its use for the formation of the SFME with EtOH and TriA. The addition of PCA to regulate 

the pH was done also in water with the different weight concentrations of meglumine and not in the 

SFME. The results of the influence of meglumine and PCA on the phase diagram H2O/EtOH/TriA are 

shown in Figure 26. Four different pH values were investigated: pH 7, pH 9, pH 11.3 and pH 11.5 (the 

pH values over 11 are the pH without PCA for the two meglumine concentrations, 5 wt% and 15 wt% 

respectively, in pure water). At pH7, meglumine is completely positively charged (the salt formation 

with curcumin should not be possible) and pH 9 was chosen because of the pKa of meglumine (9.64, 

see Figure S 11 of the Appendix). The phase diagram without PCA was also investigated to see the 

influence of meglumine alone on the phase diagram. The water used to obtain the different phase 

diagrams was freshly prepared with meglumine and/or without PCA and the phase diagram was 

recorded on the same day. R represents the molar ratio between PCA and meglumine (the mole 

number of PCA divided by the mole number of meglumine). RpH7 and RpH9 represent the molar ratio at 

pH 7 and 9 respectively. In water at pH 7 and 9, RpH7 was equal to 0.88 ± 0.01, 0.91 ± 0.01 and 0.95 ± 

0.01 for respectively 5 wt%, 15 wt% and 20 wt% of meglumine in water neutralised with PCA and RpH9 

was equal to 0.82 ± 0.02 and 0.85 ± 0.02 for respectively 5 wt% and 15 wt% of meglumine in water 

neutralised with PCA. 
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Figure 26: Ternary phase diagrams of the systems: H2O with meglumine (5, 10, and 15 wt% in pure water) neutralised with 
PCA at pH 7/EtOH/TriA (top), H2O with meglumine (5 and 15 wt% in pure water) neutralised with PCA at pH 9/EtOH/TriA 
(middle), and H2O with meglumine (5 and 15 wt% in pure water) without PCA at pH 11.3 and 11.5 respectively/EtOH/TriA 
(bottom). The R values represent the molar ratio between PCA and meglumine at the different pH values (7 and 9) for the 
different weight concentrations of meglumine in pure water [71]. 
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As can be seen in Figure 26, meglumine had almost no influence on the miscibility gap in the phase 

diagram compared to the phase diagram without additives. On the contrary, a salting-out effect of PCA 

was observed in the oil-rich phase of the phase diagram when the water pH was adjusted to pH 7 and 

9 with PCA. To explain the salting-out effect, the charge of PCA and meglumine must be investigated 

at different pH values. As meglumine has a pKa of 9.64, it is almost completely positively charged at pH 

7 and a part of it is positively charged at pH 9. At pH 11.3 or 11.5 meglumine is not charged. PCA 

contains an amino group and a carboxylic function. Therefore, PCA can be charged at two different 

positions. At pH 7 and 9, the carboxylic function is negatively charged. The charge of the amino group, 

more precisely of the nitrogen, should be determined according to the pH values.  Therefore, 2D-NMR 

measurements have been done for samples containing PCA in water at two different pH values: 1.3 

and 10.2. The results are shown in Figure 27. 
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Figure 27: 2D-NMR spectra (HMBC) of PCA in water at pH 1.3 (blue cross peak) and at pH 10.2 (red cross peak). 
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The signal at around 7.9 ppm corresponds to the hydrogen atom linked to the nitrogen of PCA. The 

blue cross-peaks are the cross-peaks visible at pH 1.3 and the red ones were at pH 10.2. As can be 

seen, a correlation between the hydrogen atom linked to the nitrogen and the different carbon atoms 

around the nitrogen was visible at pH 1.3. This peak and the cross-peaks disappeared at pH 10.2 and 

therefore, the nitrogen did not share a bond with any hydrogen atom and was negatively charged. This 

means that PCA is partially negatively charged at pH 7 and 9 in the different phase diagrams. As a lot 

of charge is present in the ternary mixture of H2O/EtOH/TriA at pH 7 and 9, it is responsible for the 

observed salting-out effect in the oil-rich-phase because more water is needed to solve the different 

ions (PCA and meglumine). The influence of PCA and meglumine on the structure of the SFME was also 

investigated via DLS. One sample composition was used: H2O/EtOH/TriA 40/24/36 in weight. 5 

different samples were recorded (with or without the addition of additives in the water phase before 

mixing the ternary mixture): 15 wt% of meglumine in water (pH 11.5), 5 wt% of meglumine in water 

(pH 11.3), 5 wt% of meglumine in water at pH 9 (RpH9 = 0.82 ± 0.02), 5 wt% of meglumine in water at 

pH 7 (RpH7 = 0.88 ± 0.01), and without additives in water. Two different conditions were analysed: one 

hour of stirring to simulate the conditions of the extraction and without stirring (simulate the 

conditions during storage). The results are shown in Figure 28 and Figure 29. 
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a) 

 

b) 

 

c) 

 

d) 

 

                                                  e) 

 

Figure 28: DLS measurements of the investigated ternary mixture H2O/EtOH/TriA 40/24/36 with a) 15 wt% meglumine in pure 
water at pH 11.5, b) 5 wt% meglumine in pure water at pH 11.3, c) 5 wt% meglumine in water at pH 9 (RpH9 = 0.82), d) 5 wt% 
meglumine in water at pH 7 (RpH7 = 0.88), and e) without additives in water. The measurements were done directly after mixing 
and after one hour of stirring time to simulate the extraction conditions. 
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a) 

 

b) 

 

c) 

 

d) 

 

                                                  e) 

 

Figure 29: DLS measurements of the investigated ternary mixture H2O/EtOH/TriA 40/24/36 with a) 15 wt% meglumine in pure 
water at pH 11.5, b) 5 wt% meglumine in pure water at pH 11.3, c) 5 wt% meglumine in water at pH 9 (RpH9 = 0.82), d) 5 wt% 
meglumine in water at pH 7 (RpH7 = 0.88), and e) without additives in water. The measurements were done directly after mixing 
and after a certain time: after 30, 60, 90, 120 min and 2.5 days. 
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As can be seen in Figure 28, the addition of meglumine and PCA to the water phase at different pH had 

almost no influence on the SFME, if the samples were measured directly after mixing. In contrast, the 

addition of 15 wt% of meglumine to pure water decreased the correlation curve and therefore, the 

structuring was weaker than the reference system without any additives. Meglumine at high weight 

concentration destroys the structuring of the ternary system of H2O/EtOH/TriA partially. After one 

hour of stirring, no change was observed for all the samples except for the two samples at pH 7 and 9. 

Indeed, a stronger and higher correlation curve was obtained after one hour of stirring, which indicates 

that the system showed stronger structuring than the reference system without additives. This was 

more significant for the system at pH 7 than at pH 9. Viscosity measurements have been made for 

several samples to investigate the potential increase of viscosity of the different systems leading, for 

example, to stirring problems and to worse extraction efficiencies of the curcuminoids. The results are 

shown in Table S 10 of the Appendix. For all the systems with additives investigated with DLS, the 

viscosity was higher than the reference system without additives. Moreover, the highest viscosities 

were found for the systems at pH 7 and 9 (3.38 and 3.32 mPa.s respectively). This increase of viscosity 

could be an explanation for the stronger structuring of the systems with meglumine and PCA at pH 7 

and 9 in water after one hour of stirring. The same systems without stirring have also been 

investigated. The results were similar for all the measurements after two hours. The same systems 

have also been measured after 2.5 days (the samples were left in the measuring tubes so that the 

samples were not again filtered before measurement). For the samples with meglumine and PCA and 

without additives, no change occurred after 2.5 days. On the contrary, for the samples with only 

meglumine as additive in pure water, much bigger structuring occurred. A bimodal correlation curve 

was obtained with 5 wt% of meglumine in pure water after 2.5 days. After the same time, much bigger 

aggregates were built with 15 wt% of meglumine in pure water. The pH of the SFME was very high and 

TriA was not stable under basic conditions. TriA can be hydrolysed to glycerol and acetic acid under 

basic conditions [90]. Glycerol is completely soluble in water and short chain alcohols like EtOH, which 

is also the case for acetic acid. After 2.5 days, all the samples remain clear, although bigger aggregates 

were formed in the case of the samples with only meglumine as an additive in pure water.  

Prior to the extraction, the maximum solubility of curcumin in the different ternary systems was 

investigated. Two different weight concentrations of meglumine (15 wt% and 5 wt% in pure water) 

and four different pH values (7, 9, 11.3, and 11.5) were investigated for the solubility and the extraction 

of the curcuminoids from C. longa. The results are shown in Figure 30. 
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Figure 30: Ternary phase diagrams of the systems: H2O/EtOH/TriA the reference system (top),H2O with meglumine (5 and 15 
wt% in pure water) without PCA at pH 11.3 and 11.5 respectively/EtOH/TriA (second from the top), H2O with meglumine (5 
and 15 wt% in pure water) neutralised with PCA to pH 9 (RpH9 = 0.82 and 0.85 respectively for 5 and 15 wt% of meglumine in 
water)/EtOH/TriA (third from the top), and H2O with meglumine (5 and 15 wt% in pure water) neutralised with PCA to pH 7 
(RpH7 = 0.88 and 0.91 respectively for 5 and 15 wt% of meglumine in water)/EtOH/TriA (bottom). The ternary phase diagrams 
also contain the compositions of the mixtures used for curcumin solubilisation studies. The corresponding solubility data are 
given on the right side of each phase diagram corresponding to the different pH values. R values represent the molar ratio 
between PCA and meglumine at the different pH values for the two different weight concentrations of meglumine in pure 
water [71]. 

First, the influence of the pH on the maximum solubility of curcumin in the ternary phase diagram was 

investigated with NaOH. As meglumine in water had a high pH (11.3 or 11.5 for respectively 5 wt% and 

15 wt% of meglumine in water) and the pH after the formation of the SFME did not change (i.e. the pH 

of the ternary mixture after mixing is equal to the pH of the water phase before mixing), the pH of the 

water phase was adjusted to 11.2 with NaOH in order to compare with meglumine. As can be seen in 

Figure 30, the pH had no major impact on the maximum of solubility of curcumin in the SFME. It was 

only very slightly increasing. Thus, the pH did not impact the maximum solubility of curcumin. 

Regarding the solubility at pH 11.3 and 11.5 (i.e. without PCA but only with meglumine in water), the 

same trend was observed for both weight concentrations of meglumine in water as previously: upon 

addition of water, the maximum solubility of curcumin decreased. The decrease was more pronounced 

with 5 wt% of meglumine in pure water than with 15 wt% of meglumine. For both meglumine 

concentrations, the maximum of solubility of curcumin was more robust against small additions of 

water (i.e. meglumine/water) as previously without meglumine in water. The maximum of solubility of 

curcumin decreased only slightly with 15 wt% of meglumine in pure water. Regarding the maximum 

solubility of curcumin at pH 7 and 9, the same trend as before was also observed (the solubility of 

curcumin decreased upon the addition of water) for both weight concentrations of meglumine in 

water. It is important to notice that the dilution lines were different (due to the increase of the 

miscibility gap due to the addition of PCA) and therefore, a direct comparison is difficult. Only the same 
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weight concentration of meglumine in water at different pH are comparable. Moreover, the dilution 

lines at pH 7 and 9 with 15 wt% of meglumine in pure water were investigated close to the miscibility 

gap. Therefore, the ratio between EtOH and TriA remained not constant. The two investigated binary 

solutions EtOH/TriA (40/60 and 65/35 in weight) showed the same maximum of solubility as previously 

without any additive in water, as expected. First, the different pH with 5 wt% of meglumine in water 

will be compared. Upon addition of PCA to the SFME system to bring the pH from 11.3 to 9, the 

maximum solubility of curcumin decreased. Upon further addition of PCA to bring the pH from 11.3 to 

7, the maximum solubility of curcumin also decreased, but not as strongly as at pH 9. It can be 

supposed that there was a synergism between PCA and meglumine for this SFME system (i.e. with 5 

wt% of meglumine in pure water). On the contrary, the addition of PCA to the SFME system with 15 

wt% of meglumine in water to bring the pH from 9 to 7 further decreased the maximum solubility of 

curcumin and in this case, no synergism can be observed or presumed. 

The real advantage to use meglumine as an additive in pure water was the high increase of the 

maximum solubility of curcumin for the SFME containing 40 wt% of water (H2O/EtOH/TriA 40/24/36) 

for all the systems without PCA. The comparison between the different SFME systems is shown in 

Figure 31.  

 

Figure 31: Maximum absorbance of curcumin (at m˂ax = 422 nm) at saturation for the same SFME composition (H2O/EtOH/TriA 
40/24/36) with different additives in pure water: reference SFME without additives, water with NaOH at pH 11.2, water with 
5 wt% of meglumine, and water with 15 wt% of meglumine (from the left to the right) [71]. 
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As can be seen in Figure 31, the increase of the maximum solubility of curcumin was due to the addition 

of meglumine and not due to the pH. The maximum solubility of curcumin was higher for all the 

systems with additives than with the reference system without additives. Moreover, the maximum 

solubility of curcumin increased 5-fold with the addition of only 15 wt% of meglumine to pure water. 

Therefore, the different weight concentrations of meglumine should be tested for extraction. Prior to 

the extraction, the stability of curcumin in different SFME systems with additives at different pH values 

must be investigated. Indeed, curcumin is degrading under basic conditions (see section 3.3.2.2). 

Therefore, the change of colour of the saturated solutions for the investigation of the maximum of 

solubility of curcumin was observed for a certain time to obtain preliminary results. In some samples 

at pH 11.3 and 11.5 (i.e. with only meglumine in pure water) a precipitation occurred overnight or after 

2 days. Moreover, a change of colour was observed: from red (high pH) to orange (decrease of the pH). 

The same change of colour occurs at pH 9, but the samples were less red at the beginning than at pH 

11.3 and 11.5 and no precipitation was observed. No changes were noticed at pH 7 for both weight 

concentrations of meglumine in water. The UV samples were stored in the lab at day light. 

First, the precipitation of curcumin along the dilution lines with 15 wt% and 5 wt% of meglumine in 

pure water without PCA at pH 11.3 and 11.5 respectively was investigated more precisely (for sample 

composition see Table 7). The samples were stored in darkness after saturation with curcumin and 

pictures of the sample were taken over the time. The pictures and the different investigated 

compositions of the ternary system are shown in Table 7.  
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Table 7: Sample composition (Sample 1 to 5; from the left to the right in the pictures) for the investigated precipitation of 
curcumin with 5 wt% and 15 wt% of meglumine in water and pictures of the samples after saturation with curcumin, after 1 
and 2 days in the dark. [89] 

Sample 

composition (wt%) 

5 wt% of meglumine in pure water 15 wt% of meglumine in pure water 

Day 0 

1: EtOH/TriA 40/60 

  

2: H2O/EtOH/TriA 

5/38/57 
Day 1 

3: H2O/EtOH/TriA 

15/34/51 
  

4: H2O/EtOH/TriA 

30/28/42 
Day 2 

5: H2O/EtOH/TriA 

40/24/36 
  

 

All samples were red after saturation with curcumin, except for the binary system, which was orange. 

The red colour was due to the high pH. The samples had a more pronounced red colour with an 

increasing water content of the SFME for both weight concentrations of meglumine. The red colour 

was more pronounced for the samples with 15 wt% of meglumine in water than with 5 wt% of 

meglumine. After one day of storage in the dark, all the red samples became brighter (due to the 

decrease of the pH over time) and for both weight concentrations of meglumine in water, a 

precipitation occurred in the samples 4 and 5 (with respectively 30 wt% and 40 wt% of water with 

meglumine in the SFME). The precipitation was stronger in the samples with 15 wt% of meglumine in 

water (judged with bare eyes) and stronger in sample 5 than sample 4 (see Figure S 12 of the Appendix). 

After two days, more curcumin has precipitated in samples 4 and 5 for both concentrations and all the 

samples are brighter again (except the binary system). No precipitation occurred in the others samples 

(sample 1 to 3). The more water was in the SFME and the more meglumine was dissolved in water, the 

more curcumin has precipitated in the samples. The pH and the different pKa (meglumine and 

curcumin) seemed to play the major role for the precipitation of curcumin.  
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Therefore, the precipitation pH of curcumin and bisdemethoxycurcumin has been investigated first in 

water containing 5 wt% of meglumine, in order to know if the precipitation occurred at the pKa of 

meglumine or of the polyphenol. Then, the pH of precipitation of curcumin in the SFME H2O/EtOH/TriA 

40/24/36 (in weight) at different meglumine concentrations in water (5 wt% and 15 wt%) was 

investigated. Further, the pH of the same SFME without curcumin has also been measured as 

comparison. The results are shown in Figure 32 and in Figure S 13 and Figure S 14 of the Appendix. In 

water with 5 wt% of meglumine, curcumin started to precipitate at a pH of 9.70 and 

bisdemethoxycurcumin began to precipitate at a pH of 10.48 (see the pictures of the centrifuge tubes 

in Figure S 13 and Figure S 14 of the Appendix). The precipitation of the polyphenols was not dependent 

on the pKa of meglumine (pKa = 9.64, see Figure S 11 of the Appendix) but on the pKa of the polyphenols 

themselves. This means that if the curcuminoids could be extracted with a simple water/meglumine 

mixture, the separation of the three curcuminoids could be possible simply by lowing the pH step by 

step.  

As previously mentioned, meglumine, more precisely the high pH, destroyed TriA and therefore, the 

SFME over the time, meaning that the pH of the SFME decreased over the time. In the SFME 

H2O/EtOH/TriA 40/24/36 (in weight) with 15 wt% of meglumine in water, curcumin started to 

precipitate at a pH of 9.32 and with 5 wt% of meglumine at a pH of 8.94. The difference could be 

explained by the higher maximum solubility of curcumin in the SFME with 15 wt% of meglumine in 

pure water. Indeed, more curcumin was soluble and therefore, the precipitation should be started at 

a higher pH value. Over four hours, the pH of the SFME without curcumin decreased from 11.02 to 

8.95 and from 10.01 to 9.32 over three hours with curcumin saturation. After one hour of stirring, no 

precipitation occurred, meaning that the extraction could be performed without any problems 

concerning the precipitation of curcumin from the extraction SFME system.  
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a) 

 

b) 

 

Figure 32: a) Evolution of the pH over the time in the SFME H2O/EtOH/TriA 40/24/36 with 15 wt% of meglumine in water 
without curcumin (black square), with curcumin at saturation (red circle) and with 5 wt% of meglumine in water with curcumin 
at saturation (up-facing orange triangle. The pH of precipitation of curcumin is indicated for both weight concentrations of 
meglumine in water. b) investigation of the pH of precipitation of curcumin (black square) and bisdemethoxycurcumin (up-
facing blue triangle) in water containing 5 wt% of meglumine. 

The only drawback of the use of meglumine with or without PCA in the SFME extraction system was 

the high pH. Therefore, the stability of curcumin in different SFME extraction systems with or without 

additives was investigated via UV/Vis measurements. As curcumin precipitated overnight in the SFME 

extraction system containing 30 and 40 wt% of water with additives, the highest water content used 

for the stability measurement of curcumin was 15 wt% (i.e. H2O/EtOH/TriA 15/34/51 or H2O/EtOH/TriA 

15/51/34 in weight). Moreover, the pH of the samples stored in the dark and at day light was also 

measured over the UV-measurement time. NaOH as additive was also investigated as well as 

meglumine with and without PCA. The results at day light and in darkness are shown respectively in 

Figure 33 and Figure 34. Curcumin was not stable in the reference systems H2O/EtOH/TriA 15/34/51 

and H2O/EtOH/TriA 15/51/34 in weight. Indeed, after 10 days almost no curcumin was detected via 

UV/Vis. Moreover, a change of the spectra was observed. Thus, all the curcumin was degraded after 

10 days. The reference system with NaOH as additive at pH 11.5 showed the same results as the 

reference system without additives. It can be deduced that the high pH has no influence on the 

curcumin stability or instability in the SFME. The change of spectra occurred later for the samples with 

additives (meglumine with or without PCA), because the maximum of solubility of curcumin was much 

higher in the SFME with water containing additives than in the reference SFME. From all the results, it 

can be deduced that first, the high pH had no influence on the curcumin stability and that light was 

responsible for the curcumin degradation in the SFME.  
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Figure 33: UV/Vis spectra of two different SFME systems H2O/EtOH/TriA 15/34/51 and 15/51/34 in weight with different 
additives in water and without additives over time at curcumin saturation at day light. From the left to the right and from the 
top to the bottom: H2O/EtOH/TriA 15/34/51 with water containing 15 wt% of meglumine (pH 11.5); with water containing 5 
wt% of meglumine (pH 11.3); with water containing 5 wt% of meglumine with PCA at pH 9 (RpH9 = 0.82); with water containing 
NaOH (pH 11.5); without additives; ternary phase diagram without PCA with the composition of the investigated SFME; 
H2O/EtOH/TriA 15/51/34 with water containing 15 wt% of meglumine with PCA at pH 9 (RpH9 = 0.85); without additives; 
ternary phase diagram with PCA at pH 9 with the compositions of the investigated SFME. 
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Figure 34: UV/Vis spectra of two different SFME systems H2O/EtOH/TriA 15/34/51 and 15/51/34 in weight with different 
additives in water and without additives over time at curcumin saturation in darkness. From the left to the right and from the 
top to the bottom: H2O/EtOH/TriA 15/34/51 with water containing 15 wt% of meglumine (pH 11.5); with water containing 5 
wt% of meglumine (pH 11.3); with water containing 5 wt% of meglumine with PCA at pH 9 (RpH9 = 0.82); with water containing 
NaOH (pH 11.5); without additives; ternary phase diagram without PCA with the composition of the investigated SFME; 
H2O/EtOH/TriA 15/51/34 with water containing 15 wt% of meglumine with PCA at pH 9 (RpH9 = 0.85); without additives; 
ternary phase diagram with PCA at pH 9 with the compositions of the investigated SFME. 

The fact that the pH had no influence on the curcumin stability was also supported and demonstrated 

by the measurements in darkness. Indeed, in the dark curcumin was stable over one month at least. 

Some samples showed a maximum absorbance higher than the initial one. As all the samples were 

diluted 5000-fold, this higher absorbance can be attributed to dilution mistakes. Only the sample with 

15 wt% of meglumine in water at pH 11.5 showed a decrease of the maximum absorbance, but this 

decrease was due to the precipitation of curcumin in the sample. The precipitation can be explained 

by the degradation of TriA over the time (due to the high pH) and the decrease of the pH. The pH has 

also been measured and the results are shown in Table 8. As can be seen, the pH decreased very fast 

after two to three days only. Indeed, all the samples had a pH under 7.5. The pH decreased faster under 

light as in darkness. It can be deduced that the degradation of TriA occurred faster than the 

degradation of curcumin in darkness. After one month, a new peak appeared in the UV spectra of all 




























































































































































































































































































































































































