
 
 

Delft University of Technology

Novel Methods for the Extraction of Galanthamine from Narcissus pseudonarcissus Bulbs

Rachmaniah, O.

DOI
10.4233/uuid:a54d1bec-00f9-4dfe-ad3a-c8d6645d2b33
Publication date
2023
Document Version
Final published version
Citation (APA)
Rachmaniah, O. (2023). Novel Methods for the Extraction of Galanthamine from Narcissus pseudonarcissus
Bulbs. [Dissertation (TU Delft), Delft University of Technology]. https://doi.org/10.4233/uuid:a54d1bec-00f9-
4dfe-ad3a-c8d6645d2b33

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.4233/uuid:a54d1bec-00f9-4dfe-ad3a-c8d6645d2b33
https://doi.org/10.4233/uuid:a54d1bec-00f9-4dfe-ad3a-c8d6645d2b33
https://doi.org/10.4233/uuid:a54d1bec-00f9-4dfe-ad3a-c8d6645d2b33








Propositions, 

behorende bij het proefschrift "Novel methods for the extraction of galanthamine from Narcissus 

pseudonarcissus bulbs" door Orchidea Rachmaniah. 
 

1. Besides producing beautiful flowers, and being the source of galanthamine, a medicine to 

treat Alzheimer patients, Narcissus bulbs have great potential for developing more alkaloid 

medicines for treating various diseases (this thesis). 

 

 
2. The development and exploitation of the potential of NADES is hampered by a lack of 

insight in their un- elucidated physico-chemical behavior (this thesis). 

 

 
3. Despite its robust and versatile properties, SC-CO2 has a major shortcoming in the narrow 

range of the extracted compounds. That leaves space for novel solvents such as ionic liquids 

and NADES. 

 

 
4. The solubility and extractability of compounds from natural materials using solvents are not 

necessarily correlated.  

 

 
5. Some NADES are attractive as room temperature mRNA vaccin storage and stabilisation 

media (Lamya Al-Fuhaid, personal communication). 

 

 

6. Even at high water concentrations of above 50 wt%, a NADES is formed near surfaces 

from a NADES constituent containing solution (Andreia Farinha, personal 

communication).  

 

 

7. When adding water on top of a NADES in a test tube, a third liquid phase develops from 

the interface. The absolute value of the additional heat involved in this new phase 

formation is in the order of one kJ per mole and is therefore measurable with 

nanocalorimetry. Experiment described in Y. Dai, Natural Deep Eutectic Solvents, 

dissertation Leiden University, 2013 p. 158 

 

 
8. Supercritical carbon dioxide combined with NADES can provide technology to formulate 

medicine particles of tunable sizes.  

 

 

9. Measurements of ultra-low trace element concentrations in water even far below any 

toxicity limit are highly useful. 

 

 

10. Bikers carrying baggage on their back instead of mounted on for instance on a rack is 

comparable with car passengers carrying their baggage during the drive.  

 

Deze stellingen worden opponeerbaar en verdedigbaar geacht en zijn als zodanig goedgekeurd door de promotoren 
prof.dr. G.J. Witkamp, prof.dr. R. Verpoorte en dr. Y. Choi. 
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Summary  
A large number of studies on Narcissus, a member of the Amaryllidaceae family, have 
been published. In particular on Narcissus species, their alkaloids content, their structures 
including with MS-fragmentation patterns, their preparative extractions, and the analysis 
of these compounds covering GC-MS, LC-MS, HPLC-DAD, as well as 1H-NMR have been 
intensively reported. However, aspects on pre-analytical steps, extraction in bulk 
quantities using green alternatives solvent have not been reported widely, hence leaving 
space for investigation. 

In this thesis, the sustainable production of galanthamine from Narcissus 
pseudonarcissus cv. Carlton bulbs, a relatively cheap biological left-over matrix from the 
agricultural-flower industry, was investigated within joint collaboration between the 
former Process Equipment Laboratory, and the Biotechnology department of Delft 
University of Technology, and the Natural Product groups of Institute Biology of Leiden 
University. The aim of the project was gaining insight into the extraction of N. 
pseudonarcissus alkaloids, especially galanthamine, by means of using green solvents 
instead of using volatile organic solvents (VOCs) as in the conventional process. Both 
supercritical fluid (SCF) (c.q. supercritical carbon dioxide) and natural deep eutectic 
solvents (NADES) which are recently considered as green solvents were applied. Classical 
alkaloids extraction methods by means of acid-base purification steps of alkaloids as well 
as an exhaustive Soxhlet extraction as a benchmarking method were also conducted for 
comparison. It was investigated whether the proposed method provides high yield and 
selectivity of the targeted compound. The described study must be considered as the first 
step for further studies on the commercial production of galanthamine from the biological 
matrix; to address the challenges met in the bulk quantity production of galanthamine, a 
N. pseudonarcissus alkaloid. 

Prior to doing the supercritical CO2 (scCO2) extraction, a literature study was 
carried out. According to the previous studies on the secondary metabolites (SMs) 
extractions by using scCO2, many aspects were found essential for the success of the 
extractions process. They are divided mainly into pre-extraction, extraction, and post-
extraction step, particularly when dealing with the plant’s matrices. Grinding and 
impregnation of the grinded material are important in this step as well as the drying of 
the material to keep the water level around 5-10% of dry weight. The selectivity of 
alkaloids is largely affected by adjusting the CO2 density which can be tuned by controlling 
the pressure and temperature of the scCO2 as well as by modifier addition. In the 
extraction step, particle size, porosity, contact surface area, and solubility of target 
compounds combining with the process systems, i.e. batch or continuous, play a major 
role. An integrated process including scCO2 extraction as well as fractionation in the post-
extraction step seems to be a promising strategy to enhance the yield and selectivity of 
targeted compounds. 

It is known that the scCO2 extraction of secondary metabolites (SMs), i.e. alkaloids, 
from its plant matrices is challenging. Therefore, a scCO2 extraction method of 
galanthamine extraction was developed by applying those essential aspects obtained 
from literature studies. Particle size, CO2 density, CO2 flow rate, plant material pre-
treatment, as well as modifier addition were included in the study of scCO2 extraction of 
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galanthamine from N. pseudonarcissus bulb. Until now research on the Narcissus alkaloids 
extraction using scCO2 has not been reported. 

The N. pseudonarcissus alkaloids extracts of scCO2 were identified using gas 
chromatography-mass spectrometry (GC-MS) and quantified using gas chromatography-
flammable ionisation detector (GC-FID). They were galanthamine, lycoramine, O-
methyloduline, norgalanthamine, narwedine, oduline, haemanthamine, O-
methyllycorenine, and haemanthamine derivative. Due to the different polarity between 
the non-polar nature of CO2 and the medium-polarity of targeted alkaloids the solubility 
of galanthamine in scCO2 is low.This situation becomes worse with the presence of the 
alkaloids as a protonated (salt form) in the plant and the strong interaction between the 
matrix and the analyte. Hence, a low yield of galanthamine was obtained when it was 
extracted solely by scCO2 without any pre-treatment of plant material. Thus, either a 
modifier or a pre-treatment to alter the alkaloids form into its free form is needed. 

It was found that a pre-treatment was necessary to minimise these drawbacks 
instead of using a modifier for having an appropriate yield of galanthamine. In fact, the 
presence of fatty acids (FFA) in the bulb, as a storage organ for the Narcissus plants, 
triggered the formation of fatty acid methyl esters (FAME) at the final extracts. Thus, 
MeOH addition for the modifier was not appropriate. The higher solubility of FAME in 
scCO2 than the galanthamine, resulted in a competitive solubility between galanthamine 
and the esterlowering yield of galanthamine. 

Pre-treatments of plant material using NaHCO3 (10%, w/w), diethylamine (DEA), 
and NH4OH (25%, v/v) as well as methanol, and water addition in different proportions 
were applied. It was found that the yield of galanthamine and the compositions of the 
extracts were largely influenced by both the applied pre-treatment and modifiers. A pre-
treatment using NaHCO3 (10%, w/w) gave more selection towards alkaloids 
(galanthamine, haemanthamine, O-methyllycorenine, and haemanthamine derivate) 
though a low yield was obtained (ca. ~18 μg/g DW). On the other hand, a pre-treatment 
with NH4OH (25%, v/v) seemed to be the most appropriate for increasing the yield of 
galanthamine. Three alkaloids were quantified: 300, 75, and 100 μg/g for galanthamine, 
haemanthamine and O-methyllycorenine, respectively, at NH4OH (25%, v/v) pre-
treatment, 70 oC, 220 bars, and 3 h. It seems that the free bases of N. pseudonarcissus 
alkaloids are highly soluble in scCO2 at a high pH as opposed to the slightly soluble salt 
form in which they are generally found in plants. The desorption of N. pseudonarcissus 
alkaloids from the plant material rather than the solubility of the alkaloids in the scCO2 
plays a major role in this scCO2 extraction, which was also revealed by scanning electron 
microscope (SEM). These treatments and the extraction conditions proved to be optimum 
for the extraction of galanthamine. 

Since the scCO2 extraction results seem to be promising, we found it of interest to 
compare this method with some of the classical alkaloids extraction methods which are 
generally used, and to discuss its possible advantages and applications. Following, a 
conventional method using acidified extraction followed with subsequent acid-base 
purification step of alkaloids was conducted as well as hot pressurised water (HPW) 
extraction. By applying this HPW method, a benefit of high pressure condition and acidic 
condition which was formed by the formation of carbonic acid (by using CO2 for 
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pressurising the vessel), an improvement on the matrix penetration and swelling of N. 
pseudonarcissus bulbs were expected. A higher galanthamine was yielded, 2600 μg/g DW 
(HBr 1% v/v, 65 oC, 3 h) though a lower selectivity was observed. Broader alkaloids 
selectivity clearly predominated in all extractions. Covering all the alkaloids which were 
identified in the scCO2 extract, epi-norgalanthamine was also included in these water 
extracts. Instead of higher yield, a stable emulsion always hampered purification steps. 
Although both acidified water and HPW extractions gave higher yield of galanthamine, 
they were so far not considered better than scCO2 extraction, regarding the generated 
emulsion problem and the broader selectivity. This implies that further purification steps 
are necessary. 

Lately, Natural deep eutectic solvents (NADES) have been reported as green 
solvents and they have been recently found to be suitable for some SMs such as phenolics, 
natural colourants, taxol, etc. Instead of being called DES, they are called NADES because 
they consist of primary metabolites such as sugars, sugar alcohols, amino acids, organic 
acids, and choline derivatives in different proportions. Because of the various 
combinations and the potential applications of these solvents (Yuntao DAI, dissertation 
Leiden 2013), alkaloids solubilities in NADES were studied as well. Thus, NADES is an 
appropriate green solvent candidate for galantamine extraction. NADES are composed of 
primary metabolites considered as polar to medium polar solvents, corresponding to N. 
pseudonarcissus alkaloids which are also medium-polar compounds.  

Prior to the application of galanthamine extraction using NADES as a solvent, a 
high-performance liquid chromatography (HPLC) method for analysing galanthamine in 
NADES matrix was developed. The presence of organic acids, i.e. citric acid, malic acid, 
and lactic acid, in the NADES influences the quantitative analysis of galanthamine. At low 
pH, i.e. acidic condition, galantamine will be totally ionised. Interactions with anions, in 
this case, can be generated from trifluoroacetic acid (TFA, an ion-pairing reagent) from 
the mobile phase, and organic acids from the NADES components. A reproducible 
retention time of the targeted compound was impossible to achieve and peak broadening 
and/or tailing were also observed. A method with an addition of sufficient organic base, 
i.e. triethylamine (TEA), to achieve pH 11 was found to be the best for eliminating these 
problems. An optimum chromatographic separation was achieved using a high pH 
resistant stationary phase column with MeOH: H2O (50:50, v/v) with addition of 0.3% (v/v) 
of TEA. In addition, appropriate sample preparation steps were necessary when working 
with plant extracts of NADES, as some water-soluble polysaccharides (WSPs) and lectin 
were co-extracted. This was indicated by a steep increase in back pressure of the reverse-
phase column due to the precipitation of these compounds in column after numbers of 
injection of NADES extracts.  

Following these findings of a successful HPLC analysis method of galanthamine in 
NADES matrix, a solubility test of galanthamine-HBr was conducted. Twenty-eight of 
NADES was selected based on previous reported NADES by our group. They were tested 
for the solubility study of alkaloids in which galanthamine-HBr was used as an alkaloid 
model. The solubility test data was analysed by multivariate analysis data using principal 
component analysis method (PCA). It was clearly shown that alkaloid i.e. galanthamine-
HBr solubility in NADES was positively correlated to the ionic type of NADES, acid, and 
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basic composition of NADES. Amino acid, water, eutectic type of NADES, and sugar gave 
a negative correlation. Galanthamine-HBr solubility was intensely affected by the ionic 
type and the acid composition of NADES, while basic composition had only a slight effect. 
Based on this we conclude that NADES containing acid and ionic type is the best type of 
NADES for solubilising galanthamine-HBr. 

A part of the solubility study of galanthamine-HBr in NADES, an application of 
extraction of N. pseudonarcissus alkaloids from the dried bulbs powder was performed 
using NADES as solvent in high pressurised extraction (HPE) apparatus. Following a 
selection approach based on the previous solubility test results. Though a hypothesis that 
an acid and ionic type is the best combination of NADES for solubilising of galanthamine-
HBr; neutral, basic, and amphoteric types of NADES were also chosen for extracting the 
galanthamine from it biological matrix. 

The interaction presence between analyte and matrix in the plant as well as the 
different form of alkaloids in the plant material provided different results. Eleven 
candidates were selected from the provided list of solubility-test in NADES. The high 
pressurised extraction (HPE) set-up was used to demonstrate the ability of NADES to 
extract the N. pseudonarcissus alkaloids. The set-up was able to perform the extraction. 
The NADES extraction gave ca. 1900-9400 μg/g DW of galanthamine with choline chloride-
citric acid (CCCA) and malic acid-sucrose (MAS) as a NADES. A part of general alkaloids 
profile which were generated from the extracts, multivariate data analysis (principal 
component analysis) was applied to reveal a clear correlation between the extracted 
alkaloid and the NADES types. Similar alkaloids profiles were determined for both NADES 
and water extracts while these were noticeable difference with methanol extract. This 
excluded β-Alanine-malic acid (βAMA), due to the extraction of unidentified compound 
(m/z 345 (M+)). In case of selectivity, narwedine was more extracted using choline 
chloride-sucrose (CCS), norgalanthamine extraction was quantitatively with fructose-
sucrose (FS), and homolycorine was selectively only with CCCA and MAS. Typical Narcissus 
alkaloids, galanthamine, lycoramine, oduline, and haemanthamine were quantitatively 
extracted with malic acid-glucose (MAG), citric acid-sucrose (CAS), and choline chloride-
malic acid (CCMA). Thus, NADES offer a promising selective Narcissus alkaloids extraction. 

The knowledge gained in this thesis can be beneficial to the application of 
environmentally friendly industrial processes involving scCO2 and NADES, such as 
enhanced yield of polar compounds and their selectivity to the alkaloids as the targeted 
compound. The outcome of this thesis can also be extended to the application of selective 
alkaloids extraction in bulk quantity production.  
 

  



6 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This page is intentionally left blank 

 

 



 

 



 

 



 



 



 

 



 

 

 

 



 

 

 

 

 

 

 



 



 



 



 



 



19



20



21



22



23



24



25



26



27



28



29



30



31



32



33



34



35



36



37



38



39



40



41



42



43



44



45



46



47



48



49



50



51



52



53



54



55



56



57



58 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This page is intentionally left blank 

 

 



CHAPTER 3 
 

Environmentally benign supercritical CO2 extraction of galanthamine from 
floricultural crop waste of Narcissus pseudonarcissus 

 

a Institute Technology of Sepuluh Nopember, Chemical Engineering Department, 
Surabaya, 60111, Indonesia. 

b Delft University of Technology, Biotechnology Department, Faculty of Applied Sciences, 
Van der Maasweg 9, 2629 HZ, Delft, the Netherlands. 

c FeyeCon Carbon Dioxide Technologies, Rijnkade 17A, Weesp, The Netherlands 
d EFC Separation B.V., Mekelweg 4, 2628 CD Delft, The Netherlands 

 
 
 
 

Abstract 
The influence of diverse factors on the supercritical fluid extraction (SFE) with supercritical CO2 
(scCO2) of galanthamine from bulbs of Narcissus pseudonarcissus cv. Carlton was investigated. 
The parameters that were studied were CO2 density (temperature and pressure), flow rate and 
plant material particle size and pre-treatment. The highest yield (303 μg/g) was achieved by 
extracting 53–1000 μm particle-size powdered dried bulb material moistened with NH4OH (25%, 
v/v) at 70◦C, 220 bar (690 kg/m3) for 3 h. Other N. pseudonarcissus alkaloids such as O-
methyllycorenine and haemanthamine were also obtained. N. pseudonarcissus alkaloids as free 
bases are highly soluble in CO2 at a high pH as opposed to the slightly soluble salt form in which 
they are generally found in plants. Therefore, plant material pre-treatment with a base is an 
essential step for galanthamine extraction. Scanning electron microscope (SEM) results also 
revealed that the desorption of N. pseudonarcissus alkaloids from the plant material rather than 
the solubility of the alkaloids in the scCO2 plays a major role in this scCO2 extraction. This extraction 
method has a good potential for industrial application. 
 
Keywords: alkaloid, daffodil, narcissus and flower bulb, supercritical fluid extraction  
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CHAPTER 4 
 

The Effect of Acids on Alkaloid Yield in Pressurized Water Extraction of 
Narcissus Pseudonarcissus 
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d King Abdullah University of Science and Technology, Biology and Environmental Science 
and Engineering, Thuwal 23955-6900, Saudi Arabia 

 
 
 
 

73

Keywords: : acid-base extraction, alkaloids, galanthamine, narcissus, water extraction

Abstract 
Pressurized water (PW) extraction of galanthamine from Narcissus pseudonarcissus bulbs was 
performed. The obtained yield was compared with the yield from conventional acidified water 
extraction and methanolic Soxhlet extraction. Both PW and conventional acidified water 
extraction were followed by a subsequent purification step for the alkaloids. The PW extraction 
(70 °C, 150 bar, 45 min) yielded as much galanthamine as methanolic-Soxhlet extraction (ca. 3.50 
mg/g). Meanwhile, acid-base extraction with 1% of HBr (v/v) at 65 °C for 3 h gave a lower yield 
(ca. 2.65 mg/g). A higher PW temperature did not significantly increase the galanthamine yield. 
Pressure increase is not necessary since more water-soluble compounds such as proteins and 
polysaccharides are coextracted, resulting in high viscosity of the water extract solution, which 
hampers the filtration process. Hence, the acidity of the solution is highly important both in the 
case of PW extraction and acidified water extraction. Besides galanthamine, the total alkaloid 
profile following Narcissus alkaloids was also obtained. Lycoramine, O-methyloduline, 
norgalanthamine, epi-norgalanthamine, narwedine, oduline, haemanthamine, O-
methyllycorenine, and a haemanthamine derivate were identified. Although a high yield was 
obtained from PW extraction, the further purification needs to be improved to obtain an 
economically feasible industrial extraction process. 
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High Performance Liquid Chromatography Analysis of Galanthamine in 
Natural Deep Eutectic Solvent Extracts of Narcissus Bulbs 

Orchidea Rachmaniaha,b,c, Erica G. Wilsonb, Young Hae Choib, Robert Verpoorteb, and Geert-
Jan Witkampc, d 

 
a Institute Technology of Sepuluh Nopember, Chemical Engineering Department, Surabaya, 

60111, Indonesia.  
b Natural Products Laboratory, Institute of Biology Leiden, Leiden University, Sylviusweg 72, 

2333 BE, Leiden, the Netherlands 
c Delft University of Technology, Biotechnology Department, Faculty of Applied Sciences, 

Van der Maasweg 9, 2629 HZ, Delft, the Netherlands. 
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Abstract 
A new class of green solvents, natural deep eutectic solvents (NADES), are characterised by 
their great solubilizing power of a wide range of compounds, of which solubility is extremely 
low in conventional solvents like water. Galanthamine, an acetylcholinesterase inhibitor, has 
low solubility in water. However it showed high solubility in different types of NADES: choline 
chloride-citric acid (CCCA), malic acid-glucose (MAG), lactic acid-glucose (LAG), malic acid-
sucrose (MAS), α-proline-sucrose (PrS), choline chloride-malic acid (CCMA), choline chloride-
lactic acid (CCLA), and citric acid-sucrose (CAS). Amongst of them, an ionic liquid types of 
NADES, consist of a mixture of a base and an organic acid, showed the highest solubility of 
galanthamine. The analysis of the basic target compounds in these NADES is a challenging. 
The presence organic acids of the NADES components variated the pH of sample, thus 
galanthamine be partially ionized. Therefore, an isocratic HPLC system with C18 resin was 
developed for the quantitative analysis of the galanthamine in NADES extracts of Narcissus 
pseudonarcissus cv. Carlton bulbs. The system was optimized (type of stationary phase, 
concentrations of triethylamine, and percentages of methanol) to be able to handle the 
interference from NADES constituents. Samples were analysed using a wide range pH 
resistant C18 columns (100 x 4.6 mm, 3μ) at 280 nm. The mobile phase consisted of methanol-
water (1:1, v/v) with 21.52 mM of trimethylamine (0.3%, v/v), a flow rate of 0.7 mL/min, and 
a run-time of 5 minutes. The system provides an accurate and reproducible (RSD ≤2%) 
separation of galanthamine from other compounds. The method was validated for linearity 

93



 

(99.97%), recovery (99-100%), precision, repeatability, and specificity in the range of the 
analysed concentrations (3-23 μg/mL).   
 
Keywords: Alkaline, Alkaloids, Galanthamine, High Performance Liquid Chromatography, 
extreme pH analysis, NADES, Narcissus. 
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1. Introduction 
Natural deep eutectic solvents (NADES) are promising green solvents that consist of 

mixtures of certain molar ratios of two or more common primary metabolites such as organic 
acids and bases, sugars, alcohols, and amino acids (Dai et al., 2013a). Compared to 
conventional synthetic deep eutectic solvents (DES) or ionic liquids (ILs), NADES have the 
advantage of their low cost and toxicity, and simple preparation method, e.g. prepared by 
mixing two solid components with gentle heat (usually around 70-80 oC), after which they 
remain in the liquid state at room temperature. Furthermore, NADES comply with all the 
requirements of green solvents since they are biodegradable, biocompatible, and sustainable 
(Paiva et al., 2014) 

The capacity of NADES to solubilise a wide range of molecules has been demonstrated 
by Dai et al. (2013a). This solubilising power extends over a wide range of polarity. Medium 
to highly polar metabolites that are weakly soluble in water such as rutin, quercetin, 
carthamin, cinnamic acid, taxol, ginkgolide B, as well as macromolecules such as gluten, 
starch, and DNA could be dissolved in different NADES. Dai et al. (2013b) also conducted a 
study on the efficacy of NADES as extraction solvent of phenolics from safflower (Carthamus 
tinctorius). These phenolics were better soluble (Dai et al., 2013b) and more stable in sugar-
based NADES than in water or aqueous ethanolic solutions (40%, v/v) (Dai et al., 2014). 
Another type of application of NADES is as medium for enzymatically catalysed reactions as 
in the case of biodiesel production using Candida antartica lipase B (CALB) (Zhao et al., 2013). 
The high activity of CALB for the enzymatic transesterification of triglycerides with ethanol 
could still be maintained, thus yielding a high reaction yield of biodiesel.   

Galanthamine (Reminyl®) is one of the few cholinesterase inhibitors that has been 
approved by the Food and Drug Administration (FDA) of US for reducing the symptoms and 
progression of Alzheimer’s disease (AD). To date, there are no drugs available in the market 
that can cure AD (Heinrich and Lee Teoh, 2004; Ponnayyan Sulochana et al., 2014). Though 
natural galanthamine was used in the development as medicine, nowadays, galanthamine-
HBr, the prescription form of galanthamine, is mainly produced by a patented synthesis. The 
patent of the medicine and the synthesis have run out, so a new market for generics has 
opened. For galanthamine, the option of extracting it from a natural source such Narcissus 
using "greener solvents" thus seems attractive. The present extraction method of 
galanthamine is a classical alkaloid extraction, including the use of large amount of organic 
solvents, acid and bases. As a green alternative, we studied extraction with NADES.  
Galanthamine proved to be very well soluble in some NADES (Chapter 6). 

However, as well as the common extraction process, a separation method is needed 
to recover the galanthamine from the solvent. In case of NADES extraction, the low volatility 
of the solvent creates challenge for product separation and recovery. Supercritical CO2 
process seem to be more appropriate. The volatile SC-CO2 is insoluble in the nonvolatile and 
polar NADES, and they form two-phase systems. The basic principle of this process is the 
solubility of the targeted compounds in CO2. Unfortunately, none yet reported a recovery 
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process of SC-CO2 of compounds from NADES. Therefore, analysis of complex mixtures of the 
Narcissus alkaloids in the NADES matrix is important. A pre-concentrated method by high 
performance liquid chromatography (HPLC) is first need to be developed. 

The analysis of basic analytes such as alkaloids using C18-reversed phase-high 
performance liquid chromatography (RP-HPLC) can pose some difficulties such a tailing due 
to interaction with residual silanol groups. Moreover, the presence of organic acids such as 
choline chloride, organic acids, sugars, and amino acids as NADES components may further 
increase these difficulties. In particular, the presence of high concentrations of organic acids 
in NADES might generate problems with the HPLC analysis due to their interaction with the 
basic analytes. Marchand et al. (2008) observed that the presence of carboxylic acids in low 
pH mobile phases also contribute to peak tailing in the HPLC analysis of basic analytes due to 
the partially ionized of the anlytes.  It was thus a challenge to obtain a good separation of 
galanthamine, our target alkaloid, with a symmetric peak shape and high reproducibility in 
the HPLC analysis of NADES extracts.  

Here, we report the development of a simple, fast, and isocratic RP-HPLC method for 
quantification of galanthamine in N. pseudonarcissus cv. Carlton bulb NADES extracts. The 
separation was carried out using a mobile phase with methanol (MeOH), water, and as basic 
modifier - triethylamine - suppressing ionisation of the alkaloids at a pH around of 11-12; 
adjusting both of mobile phase and sample solution to pH around of 11-12, a shorter, 
consistent retention time, and sharper separation of galanthamine was achieved. The method 
was also validated to determine its linearity, reproducibility and robustness. The influence of 
the concentration of organic acids in the NADES extracts, is also discussed.  

 
 

2. Materials and Methods 
2.1. Chemicals  
HPLC grade organic solvents: acetonitrile (Biosolve B.V., Valkenswaard, The Netherlands), 
methanol (MeOH), trifluoroacetic acid (TFA), and triethylamine (TEA) (Sigma, St. Louis, MO, 
USA) were used to prepare the mobile phase. Galanthamine–HBr (Gal-HBr, Selleckchem, 
Absource Diagnostics GmbH, Munich, Germany) was used both for an external reference 
compound and for recovery tests to evaluate matrix effect of NADES. 
 
2.2. NADES preparation 
All the NADES used in this study were prepared according to Dai et al. (2013a). Appropriate 
amounts of the two components of NADES constituents were mixed in a bottle with a 
magnetic stirrer, and heated gently in a water bath at 40 oC until a clear liquid was formed. In 
case of NADES with low ratio of water, the corresponding NADES need to dry in the freeze 
dryer, approximately 3 days, till a constant weight was reached.  
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2.3. HPLC analysis 
Analyses were performed on an Agilent Technologies 1200 series HPLC system consisting of 
a G1310A pump and G1322A degasser, a G1329A auto sampler, a G1316A temperature 
controller, and a G1315D diode array detector (DAD). A Gemini NX-C18 comumn  (C18, 100 x 
4.6 mm, particle size 3.0 μm) purchased from Phenomenex (Torrance, CA, USA) equipped with 
a pre-guard column was used. The pH of all samples was measured prior to HPLC analysis to 
ensure that it was the same as that of the mobile phase (pH 11.6) and adjusted by dilution 
with the mobile phase if this were not the case. All samples were filtered through a 0.2 μm 
pore size Minisart regenerated cellulose (RC)-membrane syringe filter of 15 mm diameter 
(Sartorius Stedim, Goettingen, Germany). The injection volume was 5 μL. Galanthamine was 
quantified at 280 nm after identification based on retention time and UV-spectra compared 
with galanthamine-HBr (Gal–HBr) as a reference compound. Each sample was injected twice. 
The average of areas with RSD ≤2% was calculated and used for quantitation. A correction 
factor of molecular weight of Gal-HBr was also included to quantify galanthamine.   
 
2.4. Validation 

 Linearity 
For the linearity test, a stock solution of Gal–HBr ca. 2.90 ± 0.01 mg was prepared and diluted 
in mobile phase (MeOH-H2O = 1:1 (v/v) with 21.52 mM of trimethylamine (TEA) (0.3%, v/v) to 
seven different concentrations between  3–23 g/mL. These solutions were injected in 
triplicate and a curve of area vs concentration was plotted to calculate its linear fit.  

 Accuracy 
Accuracy was measured by evaluating the recovery of galanthamine from solutions choline 
chloride-citric acid (CCCA) (1:1 of mole ratio). This NADES ca. 298.27 ± 0.01 mg was accurately 
weighed and diluted to 5.0 mL in a volumetric flask with H2O (solution A). A stock solution of 
Gal-HBr was prepared by dissolving 4.49±0.01 mg in a 10.0 mL volumetric flask with MeOH-
H2O (1:1, v/v) (solution B). The five sample points were prepared by mixing the appropriate 
volumes of solution A and B to obtain a 1.0 mL total volume. Subsequently, the mixed 
solutions were diluted to 10.0 mL with MeOH; after 3 h, the solution was filtered and 1.0 mL 
of this solution was diluted to 10.0 mL with MeOH-H2O (45:55, v/v) and TEA 0.34% (v/v). The 
final solution was thus MeOH-H2O (1:1, v/v) with 0.30% (v/v) (21.52 mM) of TEA which is 
similar to the mobile phase composition. The pH of all samples was measured prior to HPLC 
analysis to ensure that it was the same as that of the mobile phase (pH 11.6) and adjusted by 
dilution with the mobile phase if this were not the case. The final diluted sample was 
transferred to a 2 mL micro tube and subsequently centrifuged at 14,000 g for 15 min. All the 
samples were injected in duplicate. The preparation steps of this section are detailed in Fig. 
1. A blank solution containing only CCCA was prepared and treated similarly with the samples. 

 Recovery 
2.4.3.1. Recovery from choline chloride-citric acid (CCCA) 
Recovery of Gal-HBr from CCCA test was calculated using the solution prepared in section 
2.4.2. Duplicate standard solutions were prepared by accurately weighing approximately 2.50 
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± 0.01 mg of Gal–HBr reference compound. This was transferred to a 100.0 mL volumetric 
flask, dissolved with mobile phase and then taken to volume with the same solution. All the 
samples were injected in duplicate. The detected Gal–HBr was quantified using response 
factors. 
 

 
 
Figure 1. Sample preparation steps for accuracy (section 2.4.2) and recovery (section 2.4.3) 
tests. 
 
2.4.3.2. Recovery from different types of NADES 
Recovery of Gal-HBr of five different types of NADES was tested at one concentration level. 
Approximately 2.50 mg (±0.01) of Gal-HBr was added to approximately 1000 mg (±0.01) of 
NADES. Then 100 ±0.01 mg (approximately 100 μL) of a homogenous solution of Gal-HBr in 
NADES was diluted in a 5.0 mL volumetric flask with MeOH-H2O (1:1, v/v); after 3 h, the 
solution was filtered and this solution was diluted to 10.0 mL with MeOH:H2O (45:55, v/v) and 
TEA 0.34% (v/v). The pH of all samples was measured prior to HPLC analysis to ensure that it 
was the same as that of the mobile phase (pH 11.6) and adjusted by dilution with the mobile 
phase if this were not the case. The final diluted sample was transferred to a 2 mL micro tube 
and subsequently centrifuged at 14,000 g for 15 min. All the samples were injected in 
duplicate.  
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 Precision  
Five samples of CCCA NADES plant extract of Narcissus pseudonarcissus bulbs were analysed 
in duplicate. The NADES plant extract was diluted and prepared as described in section 2.4.2 
and then filtered through a 0.2 μm PVDF syringe filter (Whatman, Buckinghamshire, UK) to 
eliminate the N. pseudonarcissus lectins. The filtrate was analysed with HPLC-DAD at 280 nm. 
 
 
3. Results and Discussion 

 Method of quantitative determination of Narcissus alkaloids, i.e. galanthamine, based 
on chromatography either with gas chromatography (GC) or high-performance liquid 
chromatography (HPLC) have been reported by researcher (Kreh et al., 1995; Mustafa et al., 
2003; Gotti et al., 2006; Ivanov et al., 2009; Katoch et al., 2012). Underivatized GC method 
was successfully separated mostly of Amaryllidaceae alkaloids, though haemanthamine and 
lycorenine were partly decomposed (Kreh et al., 1995). The GC drawback, especially for 
haemanthamine analysis, is solved with non-aqueous capillary electrophoresis (NACE) and 
HPLC-ESI-MS method (Gotti et al., 2006). However, analysis of complex mixture of 
Amaryllidaceae alkaloids was most often performed by HPLC; due to its advantages, ease to 
both quality standardize and controllable.  

An isocratic reversed-phase method using trifluoroacetic acid (TFA) as an ion-pair 
reagent (pH 3.4-3.6) with C18-column has been applied to analyse galanthamine in Crinum 
asiaticum L., Leucojum aestivum L., Narcissus Jonquilla, and Narcissus Carlton extracts 
(Mustafa et al., 2003). Ivanov et al. (2009) also applied this strategy to quantify galanthamine, 
lycorine, and norgalanthamine with a gradient elution of acetonitrile (ACN) (solvent A) and 
ammonium acetate buffer (1%, w/v, solvent B). Similarly, Amarylidaceae alkaloids of 
Zephyranthes grandiflora were quantified using formic acid (0.05%, v/v) and ACN-H2O as a 
mobile phase (Katoch et al., 2012). All of the mentioned methods (Ivanov et al., 2012; Katoch 
et al., 2012; Mustafa et al., 2003) allowed a good peak resolution and efficiency for 
galanthamine as a targeted compound with a low detection limit. However, none of them are 
dealing with NADES, consist of different constituent compounds form sugars, polyalcohol, 
organic acids, amino acids, and etc. Variances in matrix sample, more or less different in 
sample preparation prior the HPLC injection; minimizes the contents of sample are interfered 
the analysis.   

 
 HPLC method 

In the case of chromatographic analysis of ionisable compounds, i.e. acids and bases, 
it is important to consider the pH of the mobile phase since it will greatly affect the separation. 
This is due to the ionisation of the compounds and their interaction with the stationary phase 
(Borges and Euerby, 2013). Basic compounds such as alkaloids will be totally ionised in the 
mobile phase at a pH below their pKa, ca. pH = pKa―1; while in a mobile phase with a pH 
above their pKa, ca. pH = pKa + 1, they will be non-ionised. An intermediate pH is not 
recommended since a part of the weak basic (or acidic) analyte molecules (and silanol groups) 
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will be ionised. Thus, slight changes in pH can lead to significant changes in retention time of 
analytes resulting in non-reproducible analyse (Fornal et al., 2006) or produce peak-tailing or 
even double peaks. 

The non-ionised form will be more lipophilic (more hydrophobic), and thus be more 
strongly retained in a RP-system. However, the non-protonated binds easily to the weakly 
acidic residual silanol groups. The addition of an organic base like triethylamine (TEA) will 
solve this problem as it is much more abundant than the analyte; it will mask the silanol groups 
and thus reducing tailing. The better peak shape, will result in more reproducible results, both 
regarding retention time and peak area.  

The use of extreme pH values of the mobile phase is limited in the case of chemically 
bonded silica stationary phases, and the use of mobile phases with a pH below 2 or above 8.5 
leads to degeneration of the columns. The use of pre-columns which are regularly replaced 
can reduce the degeneration. Another possibility to reduce tailing of basic compounds is to 
work at an acidic pH and adding ion-pairing agents to the mobile phase (Mustafa et al., 2003; 
Katoch et al., 2012); that will form ion-pairs with the basic compounds in protonated form 
with no affinity to the silanol groups.   

Despite its limited pH stability (pH 2-7), silica still remains the most common support 
for bonded-phase chromatographic stationary phases, due to its mechanical strength and 
efficiency. Shi et al. (2014) used a core-shell type of C18 column with slightly alkaline mixture 
of mobile phase for analysis of alkaloids from Lycoridis radiatae bulbs extract. Hence, no need 
to apply a special C18 column. To eliminate this drawback, hybrid silica particles have been 
developed, that provides a high range of pH resistance, ca. pH 1-12.  

However, the use of acidic mobile phases with ion-pairing (TFA) (Mustafa et al., 2003) 
did not work for the NADES plant extracts, as the retention time of galanthamine fluctuated 
for replicate injections as well as for different types of NADES (Fig. 2). A possible explanation 
is that at low pH values, galanthamine is totally ionised allowing it to form ion pairs with all 
available anions-in this case TFA from the mobile phase, and organic acids from the NADES, 
thus causing fluctuations in the retention behaviour. Furthermore, other interactions 
between TFA, the organic acids and other cations present in some of the NADES, resulted in 
considerable difficulties in obtaining stable retention times or even double peaks in some 
samples as compared to the reference solution as well as peak broadening and/or tailing. 

In view of the above, a high pH strategy was chosen and TEA was used as the mobile 
phase modifier at the concentration necessary to provide a pH one unit above the pKa of 
galanthamine, i.e. pH of 10. However, it was necessary to use a stationary phase that could 
resist a high pH value. In this case we chose a hybrid silica reversed phase-column. A column 
with organo-slica layers grafted onto a pure silica core; hence, the stationary phase will have 
high resistance for low to high pH.   

An optimum chromatographic separation of galanthamine in NADES was achieved 
using this high pH resistant stationary phase and the mobile phase consisting of MeOH-H2O 
(1:1, v/v) with the addition of 21.52 mM of TEA (0.3% v/v), resulting in pH = 11.6 (Fig. 3).  Three 
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parameters of analysis, stationary phase, concentration of TEA, and percentages of MeOH, 
were evaluated for robustness and discussed below. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 2.  HPLC chromatogram of extracts of Narcissus pseudonarcissus cv. Carlton bulbs with 
NADES (A) Malic Acid-Glucose (MAG), and (B) β-Alanine-Malic Acid (βAMA) by previous 
method using a core-shell silica based column (Mustafa et al. 2003).  
 

 
 

Figure 3.  HPLC chromatogram of galanthamine-HBr dissolved in different types of NADES 
which were analysed using proposed method. (A) Galanthamine-HBr standard, (B) Choline 
chloride-malic Acid (CCMA), (C) Malic Acid-Glucose (MAG), and (D) β-Alanine-Malic Acid 
(βAMA). 

A 
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 Sample Preparation 
A steep increase in the back pressure of the column was observed after a number of 

injections of NADES extracts. It might be due to the precipitation of polysaccharides or lectins 
which are present in Narcissus bulbs and could be well extracted with NADES. Opute and 
Osagie (1978) reported that flower bulbs as a storage organ accumulate polysaccharides 
rather than fats as a source of reserve energy. These are generally water soluble 
polysaccharides (WSPs) (Zhauynbaeva et al., 2003a) as well as lectins (Van Damme et al., 
1988; Van Damme and Peumans, 1990). The WSPs, mostly glucomannans (MW 31,000), were 
obtained from the aqueous extract of Narcissus tazetta (Zhauynbaeva et al., 2003a; 
Zhauynbaeva et al., 2003b), while Malikova et al. (2002) reported WSPs of natively acetylated 
glucomannan (MW 32,000) from Narcissus poeticus bulbs as well as starch with an 
amylopectin-type structure (Rakhimov and Zhauynbaeva, 1997). Van Damme et al. (1988) and  
Van Damme and Peumans (1990) obtained mannose-specific lectins when extracting fresh 
bulbs of N. pseudonarcissus with 1 M of (NH4)2SO4. Therefore, the utilization of NADES with 
their powerful solubilisation capacity for macromolecules (Dai et al., 2013a), might also 
extract WSPs and lectins from the powder of N. pseudonarcissus bulbs.  

This problem was minimized by simply diluting the NADES extracts with MeOH and 
filtering the resulting solution after 3 h with a 0.2 m membrane before injection. Methanol 
was chosen to precipitate the WSPs and lectins following to the method of Zhauynbaeva et 
al. (2003a). It is important to bear in mind that NADES extracts of biological material may 
contain large amounts of such hydrophilic polymers.  
 

 Validation 
Validation was carried out following the ICH Validation of Analytical Procedures Q2 (R1).  
3.3.1. Linearity 
The response of galanthamine in the range of concentrations detected in the plant extracts 
of NADES was tested (3―23 g/mL). The solutions were prepared in the mobile phase MeOH-
H2O = 1:1 (v/v) with 21.52 mM of TEA (0.30%, v/v), giving a pH of 11.6. It showed a linear 
relation with an R2 = 0.9997 as shown in Fig. 4. 
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Figure 4. Linearity of galanthamine (3-23 g/mL) tested at 7 levels of concentrations with 
trirplicates. 
 
3.3.2. Accuracy 
 

 

Figure 5. Accuracy of galanthamine (3-23 g per injection) in Choline chloride-Citric Acid 
(CCCA)-NADES sample matrix tested at 5 levels of concentrations with duplicates. 
 
3.3.3. Recovery and Robustness 
The recovery test was done by spiking galanthamine-HBr in five different concentrations using 
CCCA as a NADES (Table 1) as described in section 2.4.2. This sample was prepared to mimic 
the concentration of galanthamine obtained with the NADES extraction of N. pseudonarcissus 
cv. Carlton bulbs. 
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Table 1. Recovery values for spiking galanthamine in NADES (CCCA) by using the proposed 
method (MeOH-H2O (1:1, v/v) + 21.52 mM of TEA (0.30%, v/v) as a mobile phase). 

NADESa   
(mg) 

galanthamine (μg) Recovery   
(%)   added  detected   

0.513 40.41 40.55 100.34 
1.027 36.92 35.65 99.26 
2.053 26.94 27.17 100.84 
3.080 17.96 18.17 101.16 
4.107 8.98 8.89 99.02 

aCCCA (Choline chloride-Citric Acid) = 1:1 mole ratio. 
 
The recovery of galanthamine from other NADES was also tested. The results are shown in 
the Table 2, the corresponding chromatograms are in Fig.5.  
 
Table 2. Recovery of galanthamine added to different types of NADES by using the proposed 
method (MeOH:H2O (1:1, v/v) + 21.52 mM of TEA (0.30%, v/v). 

NADES 
typea 

NADES 
(mg) 

galanthamine (μg) Recovery   
(%) added  detected   

CCCA 148.02 2,32 2,30 99,30 
CCMA 120.16 2,61 2,55 97,55 
βAMA 210.54 2,78 2,79 100,44 

GFS 144.74 2,17 2,05 94,57 
CCF 123.79 2,66 2,48 93,26 

aCCCA (Choline chloride-Citric Acid) = 1:1, CCMA (Choline chloride-Malic Acid) = 1:1, βAMA (β-Alanine-Malic Acid) = 1:1, 
GFS (Glucose-Fructose-Sucrose) = 1:1:1, and CCF (Choline chloride- Fructose) = 5:2 (molar ratio’s). 

 
 Both Table 1 and 2, clearly show a satisfactory recovery value. However, the pH of the 
sample proved to be crucial both for qualitative (Fig. 6) and quantitative analysis (Table 1 and 
2). Thus it was necessary to ensure that all samples and standard solution had the same pH 
as the mobile phase 

In all types of NADES extracts, with the exception of those containing organic acids, it 
was possible to obtain an acceptable chromatographic resolution below 0.3% (v/v) (21.52 
mM) of TEA such 0.20, 0.25, and 0.27% (v/v) of TEA. However, in the case of NADES containing 
organic acids i.e. CCCA, CCMA, and βAMA, it is essential to work with 0.3% (v/v) (21.52 mM) 
to avoid double galanthamine peaks (Fig. 6). Hence, 0.3% (v/v) (21.52 mM) is the optimum 
concentration of TEA to have symmetrical and selective selectivity of galanthamine in NADES 
extracts without any interfere of NADES constituents. 

 Figure 6(C) shows a chromatogram obtained using 0.27% (v/v) (19.37 mM) of TEA in 
the mobile phase when NADES containing organic acids were analysed. The two peaks showed 
the same UV spectra as galanthamine but only the retention time of the second peak 
coincided with that of the reference compound solution. The sum of the areas of these two 
peaks coincided with the theoretical amount galanthamine present in the solution. A possible 
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explanation for this is that the organic anions such as citrate, malate, and lactate to different 
degrees may form ion-pairs with the ionised galanthamine and have a shorter retention time 
as they are more hydrophilic than the galanthamine base which elutes at a slightly different 
retention time than galanthamine; increasing the concentration of TEA suppresses the 
ionisation of galanthamine and also possibly pairs off the organic anions. A concentration of   
at least 0.3% (v/v) (21.52 mM) of TEA avoided these problems as can be observed in Fig. 6(B). 
This, fits with the general experience that the used of pH controlling modifiers must be 
present at about 25 mM or more. 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
Figure 6.  HPLC chromatogram of (A) Galanthamine-HBr standard, and (B, C) Narcissus 
pseudonarcissus cv. Carlton bulbs extracted with β-Alanine-Malic Acid (βAMA) of NADES. 
Chromatograms A and B were analysed using proposed method (MeOH-H2O (1:1, v/v) + 0.30% 
(v/v) (21.52 mM)) while chromatogram C analysed using MeOH-H2O (1:1, v/v) + 0.27% (v/v) 
(19.37 mM) of TEA. Both peaks have typical galanthamine UV spectra. 

 
The impact of the change of three parameters was evaluated for robustness. They 

were the type of stationary phase, concentration of TEA, and percentages of MeOH. 
In the case of the stationary phase being a core-shell type of silica, the result was 

satisfactory if pH of the mobile phase was kept at pH> 11. However, this type of stationary 
phase will not last approximately more than 150 injections, due to the rapid degeneration of 
the silica at high pH. Thus a stationary phase with high pH resistance such as those composed 
of hybrid particles must be used. 

 The concentration of TEA is a critical point as discussed above and any variation that 
resulted in a pH< 11 had a negative impact on the results especially when handling NADES 
containing organic acids.  

B 
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In the case of the MeOH content of the mobile phase, up to ±10% change can still 
provide an acceptable resolution (Rs) and capacity factor (k) of the system for galanthamine. 
Above that, galanthamine can co-elute with earlier peaks while a lower MeOH content will 
result in an unacceptably high k value. 

 
 

4. Conclusion 
An isocratic HPLC method consisting of a mobile phase of MeOH-H2O (1:1, v/v) with 
triethylamine 0.30% (v/v) (21.52 mM) with a Gemini NX-C18 3.0μ column, 100 x 4.6 mm 
(Phenomenex, Torrance, CA, USA) and a flow rate 0.7 mL/min and detection at a wavelength 
of 280 nm allowed the fast analysis of galanthamine in NADES extracts of Narcissus 
pseudonarcissus cv. Carlton bulbs.  The method was validated according to ICH Validation of 
Analytical Procedures: Text and Methodology Q2 (R1) proving to be accurate, reproducible, 
and it allowed the separation of galanthamine from other constituents of the extracts within 
5 minutes. A pH of mobile phase and sample above 11 was crucial to avoid double peaks and 
variations in the retention time and area count of galanthamine peaks. An analogues HPLC 
method by means suppressing the ionization of target compound can be applied when 
analysing different kind of alkaloids in NADES matrix.   
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Abstract 
The isolation of a compound from a natural source involves many organic and mostly toxic 
solvents for extraction and purification. Natural deep eutectic solvents have been shown 
to be efficient options for the extraction of natural products. They have the advantage of 
being composed of abundantly available common primary metabolites, being nontoxic 
and environmentally safe solvents. The aim of this study was to develop a natural deep 
eutectic solvent-based extraction method for galanthamine, an important therapeutic 
agent for the treatment of Alzheimerʼs disease. This alkaloid can be produced by synthesis 
or by extraction from Narcissus bulbs. To develop an efficient extraction method, a 
number of different natural deep eutectic solvents was first tested for their solubilization 
capacity of galanthamine bromide salt. Promising results were obtained for ionic liquids, 
as well as some amphoteric and acidic natural deep eutectic solvents. In a two-cycle 
extraction process, the best solvents were tested for the extraction of galanthamine from 
bulbs. The ionic liquids produced poor yields, and the best results were obtained with 
some acid and sugar mixtures, among which malic acid-sucrose-water (1: 1: 5) proved to 
be the best, showing similar yields to that of the exhaustive Soxhlet extraction with 
methanol. Furthermore, the natural deep eutectic solvent was more selective for 
galanthamine. 
 
Keywords: alkaloids, extraction, eutectic, NADES, Narcissus pseudonarcissus, 
Amaryllidaceae, pressurized extraction, galanthamine 
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Introduction
Alkaloids are a major source of (novel) medicines from plants. In
general, they are among the most active, and in some cases, toxic
compounds found in nature, such as strychnine, aconitine, co-
caine, morphine, atropine, nicotine, colchicine, and coniine. In
the past decades, an alkaloid, galanthamine, was found to have
pharmacologically significant acetylcholine esterase inhibition ac-

tivity, thus becoming a potential candidate for the treatment Alz-
heimerʼs disease (AD) symptoms [1]. This potential was proved
and galanthamine is now a major therapeutic tool in the treat-
ment of AD patients [1]. Originally, this alkaloid was isolated from
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The isolation of a compound from a natural source involves

many organic and mostly toxic solvents for extraction and
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available common primary metabolites, being nontoxic and
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develop a natural deep eutectic solvent-based extraction

method for galanthamine, an important therapeutic agent
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produced by synthesis or by extraction from Narcissus bulbs.

To develop an efficient extraction method, a number of differ-

ent natural deep eutectic solvents was first tested for their

solubilization capacity of galanthamine bromide salt. Promis-

ing results were obtained for ionic liquids, as well as some

amphoteric and acidic natural deep eutectic solvents. In a

two-cycle extraction process, the best solvents were tested

for the extraction of galanthamine from bulbs. The ionic

liquids produced poor yields, and the best results were ob-

tained with some acid and sugar mixtures, among which

malic acid-sucrose-water (1 :1 : 5) proved to be the best,

showing similar yields to that of the exhaustive Soxhlet extrac-

tion with methanol. Furthermore, the natural deep eutectic

solvent was more selective for galanthamine.
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snowdrops and Narcissus bulbs, but later on, an efficient synthetic
process was developed as well. Given the importance of the med-
ical applications of galanthamine, its extraction from Narcissus
pseudonarcissus L. cv. “Carlton” bulbs (family Amaryllidaceae), its
main natural source [2], has been extensively studied [3–5]. The
most efficient extraction methods involve the use of organic sol-
vents.

The strong pharmacological activities of alkaloids are con-
nected with the amine function that is typical of alkaloids. At basic
pH values, amines behave as low to medium polar compounds,
which are thus soluble in medium polar organic solvents such as
diethyl ether and chloroform. In acidic conditions, amines are pro-
tonated, increasing their hydrophilicity to the point of being easily
soluble in water at low pH values. This possibility of being hydro-
or lipophilic according to the pH makes alkaloids ideal drugs, as
they can be water soluble if needed but are lipophilic and basic
at physiological pH levels, allowing them to pass the cell mem-
branes and, in particular, the blood brain barrier easily. In fact,
the majority of all medicines, both natural and (semi)synthetic,
contain an amine function, precisely for their high bioavailability.

There are a number of examples of the extraction of alkaloids
from diverse plant materials at industrial scale for their use as APIs
(active pharmaceutical ingredient). These extraction methods re-
spond to three different traditional approaches as follows [6]:
1. Extraction with water at acidic pH from plant material, fol-

lowed by purification steps involving liquid-liquid partitioning
with nonpolar organic solvents. The acidic water layer is ex-
tracted with the organic solvent (e.g., diethyl ether, ethyl ace-
tate, chloroform, or dichloromethane) before and after adjust-
ing the pH to about 8–9. The alkaloids will be found in the sec-
ond organic extract, which can then be further purified to iso-
late the desired alkaloid and obtain it by crystallization from an
organic solvent; alternatively, chromatography can be used to
obtain the pure individual alkaloids.

2. Extraction of basified plant material with an organic solvent
such as those mentioned before. The organic phase is then par-
titioned with an acidic aqueous phase. Preferred acids are sul-
furic acid or phosphoric acid because counter ions like acetate
and chloride form lipophilic ion pairs with alkaloids that can re-
main in the organic phase even at low pH values. Further puri-
fication steps similar to those described before are then imple-
mented.

3. Extraction with methanol or ethanol of the defatted plant ma-
terial after humidification with an acid. The extract can be
taken to dryness and the crude alkaloid fraction subjected to
the purification steps described previously.

These processes involve the use of enormous amounts of mostly
toxic organic solvents that must be disposed of. Given the increas-
ing awareness of the need to find greener and more environmen-
tally friendly alternatives to such processes, a great deal of effort
has been invested in the development of novel methods that
could fulfill such requirements. Among these, supercritical extrac-
tion (SFE) with carbon dioxide has been successfully applied in
some cases, but its efficiency is limited due to the low lipophilicity
of most alkaloids, at least in their state in plant material.
Rachmaniah et al. [7] optimized the SFE of galanthamine from

bulbs of N. pseudonarcissus. The process required the moistening
of the plant material with NH4OH 25% (v/v) prior to its extraction
to obtain free bases of the alkaloids. However, the optimized con-
ditions yielded only 0.303 g/g DW, far below the classical extrac-
tion methods yields.

Other alternative solvents considered were ionic liquids (ILs)
and deep eutectic solvents (DESs); these have proved to be able
to be tailored to the extraction of all kinds of compounds. While
ILs are often toxic and non-environmentally friendly, DESs, intro-
duced by Abbott and coworkers [8], are an advanced generation
of eutectic solvents that are thought to be a much greener option.
The mixture of choline chloride-urea is an example of these sol-
vents [9]. In recent years, Choi et al. [10] discovered that combi-
nations of certain molar ratios of primary metabolites such as sug-
ars, sugar alcohols, polyalcohols, organic bases, organic acids, and
amino acids could also form eutectic mixtures. These solvents
were named natural deep eutectic solvents (NADES). They hy-
pothesized that NADES occur in all living organisms allowing
poorly fat- or water-soluble metabolites as well as macromole-
cules to solubilize in the cellular environment. The NADES ingre-
dients are found in all living systems and in view of their great
solubilizing power, could explain how medium polar and water-in-
soluble compounds can be biosynthesized, transported, and
stored. Moreover, their existence could explain the survival of or-
ganisms (e.g., plants, lichen, insects, and prokaryotes) in extreme
drought or cold conditions.

Most NADES have a moderate polarity, are highly stable, and
are more hydrophilic than ILs, being miscible with water in general
[11]. They consist of biodegradable components that are readily
available, such as ubiquitous primary metabolites and cations
and/or anions with low or even no toxicity at all [12]. An indication
of their innocuity is that enzymes can be dissolved in a DES and
preserve their conformation; while inactive in these conditions,
they recover their activity after the addition of water [10,13].
DESs are typically combinations of a hydrogen bond acceptor
(HBA), like choline or betaine, both natural quaternary ammo-
nium derivatives, with proline or other amino acids and hydrogen
bond donors (HBDs) such as amides, e.g., urea [8], carboxylic
acids, e.g., oxalic acid, malic acid, and citric acid, alcohols, e.g.,
glycerol and sugar alcohols [7, 10,11], or sugars or sugar ana-
logues [11,14]. The properties of the NADES choline chloride-
glycerol were also reported [15].

Dai et al. [11,14,16,17] described and characterized a large
number of NADES. The main advantages of NADES are that they
are easy to make and consist of simple, readily available compo-
nents. They are prepared by simply mixing the two compounds
in certain molar ratios with gentle heating until they melt, yielding
a liquid mixture at room temperature. No purification steps are
needed. The eutectic condition results in a mixture with a lower
melting point than that of any of its individual components. This
was proved to be due to the generation of strong intermolecular
hydrogen bonds.

The goal of this study was to select the NADES in which
galanthamine HBr (hydrobromide) was best soluble, and then
use these results to identify the solvent that provided the highest
yield of galanthamine when applied to the extraction of bulb ma-
terial.
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Results and Discussion
Galanthamine as a (protonated) salt in the plant has limited solu-
bility in nonpolar organic solvents. Nevertheless, due to its basic-
ity, galanthamine can be extracted with aqueous polar solvents
containing dilute acids. The resulting extract contains other minor
alkaloids and soluble impurities apart from galanthamine and
thus has to be purified. An ideal solvent should extract galanth-
amine selectively, avoiding lengthy steps that can additionally re-
duce the yield. To study the potential of NADES for the selective
extraction of galanthamine from bulbs, several were selected
from the work of Dai et al. [10,11,14,16,17]. Some were modi-
fied by adding water to lower their viscosity for easier manipula-

tion [18]. However, the amount of added water never exceeded
20% (w/w) to preserve the NADES properties. The solubility of gal-
anthamine HBr (Gal-HBr) in various NADES is shown in ▶ Table 1.

▶ Table 1 shows the results of the solubility experiments with
28 different NADES, representing the 5 different classes. The table
is arranged according to the NADES constituents (in molar ratios).
A non-supervised multivariate analysis of this data set was con-
ducted using principal component analysis (PCA). The PCA score
plot is a summary of the relationships among the observations
(NADES), i.e., showing the maximum separation of all samples
(▶ Fig. 1a); the loadings plot is a summary of the predictors
(NADES constituents) (▶ Fig. 1b). The NADES with the highest
solubility of Gal-HBr all cluster on the lower right side of the score

▶ Table 1 Galanthamine-HBr solubility in different types of NADES. Color changes appearing after 3 months were recorded.

NADESa Molar ratio NADES
classification

Colorb Gal-HBr/NADES (mg/g ± SD)

NADES NADES + Gal-HBr Solubilityc

1 FG‑H2O 1 :1 : 2 Neutral – – 11.3 ± 0.1

2 FS‑H2O 1 :1 : 5 Neutral – – 11.3 ± 0.1

3 FS‑H2O 2 :1 : 6 Neutral – – 9.2 ± 0.0

4 FS‑H2O 1 :1 : 33 Neutral – – 3.7 ± 0.0

5 CCMA‑H2O 1 :1 : 1 Ionic liquid – – 18.0 ± 0.1

6 CCCA‑H2O 1 :1 : 9 Ionic liquid – – 62.2 ± 0.8

7 CCLA 1 :1 Ionic liquid – – 16.6 ± 0.0

8 BeMA‑H2O 1 :1 : 3 Ionic liquid – – 7.7 ± 0.1

9 PrS‑H2O 2 :1 : 7 Amphoteric + + 23.1 ± 0.1

10 PrS‑H2O 2 :1 : 1 Amphoteric + + 24.8 ± 0.1

11 PrCA‑H2O 1 :1 : 5 Amphoteric + + 2.1 ± 0.0

12 βAMA‑H2O 3 :2 : 5 Amphoteric – – 4.9 ± 0.0

13 CCS‑H2O 4 :1 : 6 Basic – – 4.7 ± 0.0

14 CCS‑H2O 4 :1 : 4 Basic – – 2.4 ± 0.0

15 CCG‑H2O 5 :2 : 5 Basic – – 4.0 ± 0.0

16 CCF‑H2O 5 :2 : 5 Basic ++ + 3.9 ± 0.0

17 CCGo-H2O 2 :1 : 1 Basic – – 8.5 ± 0.0

18 CCGo-H2O 2 :2 : 1 Basic – – 12.4 ± 0.0

19 MAG‑H2O 1 :1 : 5 Acidic – + 35.7 ± 0.0

20 MAF‑H2O 1 :1 : 5 Acidic ++++ ++++ 7.8 ± 0.1

21 MAS‑H2O 1 :1 : 5 Acidic ++ +++ 26.4 ± 0.3

22 CAG‑H2O 1 :1 : 5 Acidic – – 2.0 ± 0.0

23 CAF‑H2O 1 :1 : 7 Acidic ++++ ++++ 2.4 ± 0.0

24 CAS‑H2O 1 :1 : 2 Acidic +++ ++++ 8.4 ± 0.0

25 CAS‑H2O 1 :1 : 9 Acidic +++ ++++ 10.1 ± 0.1

26 LAG‑H2O 5 :1 : 3 Acidic – – 32.9 ± 0.1

27 MAGGo-H2O 1 :1 : 1 :2 Acidic – – 1.3 ± 0.0

28 MAGF‑H2O 1 :1 : 1 :2 Acidic +++ +++ 1.3 ± 0.0
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plot (6, 9, 10, 19, 21, 26), though some NADES with poor solubil-
ity are also in that area. From the PCA, it can be deduced that Gal-
HBr is neither soluble in basic (13–18) nor in neutral NADES (1–3).
Supervised multivariate data analysis did not improve the separa-
tion obtained with PCA (data not shown).

The results (▶ Table 1) showed that the highest solubility of
galanthamine correlated with the presence of acid components
and water as NADES constituents. The solvent FS (4), a neutral
type of NADES, consists of sugars and a high concentration of
water. However, the solubility of 3.7mg/g obtained with this
NADES was relatively low compared to other neutral NADES with
less water. Gal-HBr was not very soluble in basic NADES (13–18)
whereas their solubility in ILs (5–8), which also contain a base,
was much higher. In fact, the solubility of Gal-HBr in IL 6 is the
highest among all tested NADES; this NADES contains 32.7%
water. On the other hand, there is no clear trend regarding the ef-
fect of sugars. The NADES containing sugar and malic acid, in
combination with fructose (20), showed a much lower solubility
of Gal-HBr than in combination with glucose (19) or sucrose
(21). Interestingly, acid NADES containing citric acid with sugars
(22–25) had a lower solubilizing power than those containing
malic acid. In contrast, ILs 5 and 6, containing citric acid, scored
better than those containing malic acid. The effects of the organic
acids might be explained by the basic properties of galanthamine
(pKa = 8.2) [3]. Gal-HBr is protonated in acidic conditions, so that
an acid-containing NADES should solubilize Gal-HBr more effi-
ciently. The hydrogen bonding properties of sugars and the pres-
ence of bases in a NADES is less significant and even detrimental
for the solubilization of Gal-HBr. It is important to note that while
the effect of a base on the solubility of alkaloids in an aqueous so-
lution is totally predictable, little is known about the behavior of
acids and bases in the predominantly nonaqueous environment
of NADES. Following the solubility tests described before,
11 NADES were selected to compare their performance in the ex-
traction of galanthamine from N. pseudonarcissus L. cultivar “Carl-
ton” bulbs using pressurized extraction (▶ Table 2). This type of
extraction was chosen as a simple reproducible and fast technique

Assuming that 200mg of plant material, containing 4mg/g
galanthamine, is extracted with approximately 300mg of NADES,
a rough calculation of the saturation level of galanthamine in the
NADES (▶ Table 1) shows that its solubility must not be lower
than 2.7mg/g solvent to avoid saturation of the solvent. Some of
the NADES from ▶ Table 1 exhibited a maximum solubility of
galanthamine below this value. Thus, only NADES that solubilized
between 23.1 and 62.2mg/g of galanthamine were selected for
these experiments (▶ Table 2)

Pressurized extraction is a simple, fast, and large-scale process
involving the use of a pressurized extractor. The plant material
was mixed with sand and the solid NADES and loaded into the
extraction cells. This mixture was heated for 1 h at 50 °C during
which the NADES is presumably formed by deep eutectic melting
and the extraction process of the bulb material starts. The extrac-
tion column was then placed in the extractor and the pressure was
increased to 50 bar at 50 °C after which the NADES extract was
flushed out of the extraction vessel under pressure. This cycle
was repeated twice, lasting a total of 8min. It thus consisted of
three steps: a heat up step (1min), a hold step (2min), and a dis-
charge step. During the 2-min hold step, the void cell volume of
the extractor is filled with water (approximately 42–44% of cell
volume) at the same temperature and pressure for the second
cycle.

Galanthamine amounts were extracted by pressurized extrac-
tion using different types of NADES as analyzed by HPLC. The
NADES abbreviations refer to ▶ Table 2, while cy1 and cy2 refer
to the first and second cycle, respectively. The third bar (green) is

▶ Table 2 NADES candidates used in this study for the N. pseudo-
narcissus alkaloids extractability with a pressurized extraction
method.

Noa NADESb Molar ratioc NADES type

1 FG 1 :1 Neutral

2 FS 1 :1 Neutral

5 CCMA 1 :1 Ionic liquids

6 CCCA 1 :1 Ionic liquids

9 PrS 2 :1 Amphoteric

12 βAMA 1 :1d Amphoteric

13 CCS 4 :1 Basic

15 CCG 5 :2 Basic

19 MAG 1 :1 Acidic

21 MAS 1 :1 Acidic

24 CAS 1 :1 Acidic

aNADES number is based on▶ Table 1; bG = glucose, F = Fructose, S =
sucrose, CC = choline chloride, MA =malic acid, CA = citric acid, Pr =
α-proline, βA = β-alanine; cMolar ratios, excluding the water mole ratio,
were used due to the use of the solid form of NADES components;
dInstead of using 3 :2 as a molar ratio, a 1 :1 molar ratio of βAMAwas
used in order to reduce the viscosity of this NADES and prevent the
clogging problem during the extraction

▶ Fig. 1 a PCA score plot of the galanthamine-HBr data set and (b)
loadings scatter plot. The composition of the NADES (sugar, base,
acid, amino acid, and water), represented as the mole percentage,
were used as predictors. NADES are numbered as in ▶ Table 1.
Green are neutral NADES; blue are ionic liquids; yellow are ampho-
teric DESs; red are basic DESs; purple are acidic DESs.
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the total obtained with the two extraction cycles. Three replicates
were made of all extractions.

The extract obtained in the first cycle is considered to be the
NADES extract. In the second cycle, water is forced through the
extraction cell to flush out remaining soluble matter. ▶ Fig. 2
shows the total galanthamine yield from both cycles obtained
with the different NADES. The yield of the first and the second
cycle are shown separately. Due to the large amount of water in
the extract of the second cycle, it is much less viscous than the
first NADES extract. The second cycle shows that pressing out
the mixture of the leftover NADES with water still washes out
quite a high amount of alkaloids from the extraction column. The
alkaloid profiles are shown in ▶ Table 3 and discussed below.

When analyzing the results, it is clear that the difference in the
galanthamine yield in the first and the second extract depends on
the type of NADES. In the case of amphoteric (9, 12) and basic
(15) NADES, the second cycle significantly improved the galanth-
amine yield. Conversely, in the case of ILs (5, 6) and acid-type
NADES (19, 21, 24), the highest yield was obtained in the first
cycle (▶ Fig. 2). Neutral NADES consisting of sugars (1, 2) pro-
vided approximately equal yields of galanthamine in both cycles.
This showed the need of using the two cycles to obtain the high-
est yields of galanthamine.

Acid-type NADES (21, 24) extracted the most galanthamine
(3.7 and 3.3mg/g DW, respectively) and the galanthamine con-
tents of the first cycle were also the highest, ca. 2.8 and 1.8mg/
g DW, respectively. In the case of the IL types (5, 6), the yield was
very poor, and the second cycle, with more water, hardly ex-
tracted any alkaloids at all. Thus, the high solubilities of Gal-HBr
in the IL (▶ Table 1) did not translate to high extraction yields.
Considering that the first extract is the pure NADES solvent, one

would expect the solubility of Gal-HBr to be correlated to its ex-
traction yield, but most of the high solubilizing solvents did not
give very high yields of the alkaloids. In fact, MAS (21) was num-
ber 4 in the ranking of Gal-HBr solubility (▶ Table 1) but per-
formed best in the extractor, whereas the best two (6, 19) did
not perform very well in the extractor.

The importance of water as noted in the present experiment is
illustrated by the high level of galanthamine in the second extract
of the amphoteric NADES (9, 12) (▶ Fig. 2), though in the case of
the ILs (5, 6) such an effect was not observed. Among the ILs, the
solubility of Gal-HBr in 6, which contained 32.7% water, was the
highest (▶ Table 1). However, it produced the lowest extraction
yield, practically the same as water. Possibly, the binding of the
alkaloid to the plant matrix is too strong to allow it to solubilize
readily in the solvents. This discrepancy between solubility and
extractability has also been noticed in the case of vanillin extrac-
tion from vanilla pods. This is not entirely surprising, considering
that in the case of the extraction of a compound from a biological
matrix, apart from the solubility of the solute per se, the solute-
matrix interaction must be considered. Actually, this solute-ma-
trix interaction constitutes a barrier that has to be overcome to
allow the release of the metabolite for its solubilization. It is thus
a significant limiting factor in extraction efficiency [7,19].

The high pressurized water and methanol extractions yielded
0.57 and 3.90mg/g DW of galanthamine, respectively, under the
same extraction conditions as those used for NADES (▶ Fig. 2 and
Table 3). The pressurized extraction using MAS (21) effectively ex-
tracted galanthamine with a yield comparable with the MeOH ex-
traction. The galanthamine yield of an exhaustive Soxhlet extrac-
tion of N. pseudonarcissus with methanol was 3.5mg/g (0.35%)
DW (results not shown), which is consistent with reports by Lubbe

▶ Fig. 2 Galanthamine amounts (as base) extracted by pressurized extraction using different types of NADES as analyzed by HPLC. The NADES
abbreviations refer to ▶ Table 2 while cy1 and cy2 refer to the first and second cycle, respectively. The third bar (green) is the total obtained with
the two extraction cycles. Three replicates were made of all extractions.
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et al. [20] and Akram et al. [21,22] of concentrations of galanth-
amine in the range of 0.2–0.4% DW galanthamine in these bulbs.

Considering the large difference in the yield of galantamine
obtained with the various types of NADES, the next point to ex-
plore was the selectivity of NADES and what this revealed about
their interactions with galanthamine and solutes in general. More
than 20 isoquinolinic alkaloids have been isolated from
N. pseudonarcissus cv. Carlton [23]. These include the following
types or classes: homolycorine type: homolycorine, massonine,
hippeastrine, lycorenine, O-methyllycorenine, and oduline [24];
galanthamine type: galanthamine, narwedine, norgalanthamine,
epinorgalanthamine, and lycoramine [25]; haemanthamine type:
haemanthamine [25] and vittatine [4]; lycorine [5,24]; crinine-
[26] and narciclasine-type alkaloids) [27–29].

To learn more about the selectivity of the NADES extraction,
gas chromatography-mass spectrometry (GC‑MS) and gas chro-
matograph equipped with a flame ionization detector (GC‑FID)
were used to obtain the qualitative and quantitative profiles of
the alkaloids in the extracts, respectively. The amount of other
identified alkaloids besides galanthamine is expressed as μg of
galanthamine equivalents in g of dry weight of plant material,
assuming a similar detector (GC‑FID) response for all alkaloids.
Narwedine, norgalanthamine, galanthamine, lycoramine, oduline,
homolycorine, and haemanthamine, i.e., representatives of the
galanthamine-, homolycorine- and haemanthamine-type of alka-
loids, were found in the NADES extracts. No lycorine-, crinine- and
narciclasine-type of alkaloids were observed in the N. pseudo-
narcissus cv. Carlton bulb material. One unidentified (Un1) com-
pound was observed in the extract with βAMA (12). This com-
pound had an m/z 345 (M+) and a fragment ion of m/z 330 (M+ –
15), most likely due to the loss of a methyl (-CH3) radical from a
methoxyl (R‑O‑CH3) group. However, the fragmentation pattern
of Un1 does not show a fragmentation pattern similar to either
haemanthamine- or homolycorine-type alkaloids, which are char-
acterized by an ion withm/z 272 orm/z 109, respectively. Because
of the lack of further spectral data, Un1 could not be identified
and should be isolated for structural elucidation. A comparison
of the alkaloid profiles of the NADES extracts of N. pseudonarcissus
bulbs (▶ Table 3) revealed some selectivity for the abovemen-
tioned alkaloids. For example, narwedine was only extracted with
NADES 6 and 13, which are combinations of choline chloride with
an acid and a sugar, respectively; homolycorine was only extracted
with 6, 12, and 21. Interestingly, 6 is also the NADES that solubil-
izes Gal-HBr best (▶ Table 1). Norgalanthamine was present in all
types of NADES extracts, but significantly higher amounts were
extracted with 1 and 12 (ca. 900 μg/g DW). In both cases, norga-
lanthamine was only found in the first extraction cycle.

An explanation for the selectivity for alkaloids of different
types of NADES could lie in their degree of lipophilicity. An estima-
tion of their lipophilicity based on the octanol-water partitioning
coefficient obtained by applying the method described in www.
chemspider.com (▶ Table 3) showed that, unsurprisingly, the
higher the lipophilicity values of an alkaloid the higher their solu-
bility in lipophilic solvents if compared to hydrophilic solvents in-
cluding water. N. pseudonarcissus alkaloids (▶ Table 3) were ar-
ranged in descending order of lipophilicity, with O-methyllycore-
nine (not found in the extracts) being the most lipophilic amongst

them (ACD/log P = 2.98) and narwedine the least (ACD/log P =
1.04). The hydrophilicity of narwedine is reflected in its presence
in the water extract and absence even in the methanol extract, a
behavior that is opposite to that of galanthamine, which has the
highest yield by far in the methanol extract. Unfortunately, the
lack of physicochemical data of both alkaloids and the NADES
themselves do not allow more than speculations. The ratio of gal-
anthamine to minor alkaloids (▶ Table 3) provides clear evidence
of selectivity of the extraction. MAS (21) extracts, which are the
richest in galanthamine, have relatively low levels of minor alka-
loids. For certain minor alkaloids, it is possible to find a specific
NADES that yields a relative high level of a particular alkaloid, e.
g., norgalanthamine in the first cycle with the amphoteric NADES
12, or haemanthamine with the neutral NADES FS 1.

The yield of the extraction of galanthamine from N. pseudo-
narcissus bulbs with acidified water (1% v/v of HBr, 65 °C, 3 h) and
SFE (CO2, 70 °C, 220 bar, 3 h, plant material moistened with
NH4OH 25%, v/v), was 2.7mg/g DW and 303 μg/g DW, respec-
tively [7], and the selectivity for galanthamine in both methods
was below 70%. Thus, NADES extraction with MAS 21 is more effi-
cient both in terms of galanthamine yield and selectivity. The
highest yield obtained with NADES extraction is similar to that of
a methanolic extraction, but with a slightly higher selectivity for
galanthamine (▶ Table 3).

Two papers published by Liu and coworkers [30,31] reported
the extraction of alkaloids with NADES. In the first paper,
43 NADES were tested for the extraction of different classes of
compounds, including some quarternary isoquinoline alkaloids
(berberine, palmatine, and jatrorrhizine). The best results were
obtained with combinations of CC (choline chloride) (see ▶ Ta-
ble 3) with different organic acids, among which levulinic acid
(1 :2) proved to be the most efficient. Combinations with sugars
or betaine gave lower yields, similar to combinations with urea.
Proline, sugars, or polyalcohol-containing NADES also gave low
yields, though the combination of proline with organic acids was
very efficient. All tested NADES contained 25% water. In a second
paper [31], 75 NADES were studied for the extraction of various
alkaloids, including examples of the morphinan, protoberberine,
bisbenzyl, indole, and quinolizidine type. The results are in line
with our experience with Gal-HBr solubility, with ILs overall having
the highest extraction yields of morphinan alkaloids, the type
closest to galanthamine. Li and coworkers [32,33] also explored
the extraction of berberine and palmatine, obtaining similar re-
sults to those obtained by Liu and coworkers [30,31]. The combi-
nation CCCA (choline chloride and citric acid) (see ▶ Table 3)
(1 : 2) with 30% water was shown to be the best for the extraction
of the two alkaloids from the bark of Phellodendron amurense Rupr.
[33]. For the extraction of these alkaloids from the rhizomes of
Coptis chinensis Franch., betaine-based NADES were used [32]. In
this case, the combination with organic acid and water (1 : 1 :1)
also performed best, particularly when using citric acid. On the
other hand, the combinations of this acid with sucrose and urea
extracted less than half that obtained with the acid-based NADES.
Boldine, another isoquinoline alkaloid, gave the best results with
proline-oxalic acid (1 :1) with 20% water. Yields were about 5- to
10-fold obtained with CC in combination with levulinic acid,
among others [34].
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Si et al. [35] found CC-levulinic acid (1 :2) and CC-oxalic acid
(1 :1) with 25% water in both cases to be the most efficient NADES
for the extraction of rutaecarpine, while betaine and CC in combi-
nation with glucose gave a poor yield. The combination of malic
acid with betaine or CC yielded approximately half that obtained
with levulinic acid. Takla et al. [36] compared several extraction
methods for some isoquinoline alkaloids (crinine, lycorine, and
crinamine) using diverse NADES that all contained 35% water.
The efficiency of the extraction of individual alkaloids differed
considerably. The most universal was CCF (choline chloride and
fructose) (see ▶ Table 3) with 35% water, which extracted all
three and showed the highest overall alkaloid yield. CCCA and
CCLA (choline chloride and lactic acid) were also quite efficient,
in accordance with our observations that the ILs are suited for al-
kaloid extraction. Some of the alkaloids were not extracted by
neutral or acidic neutral types of NADES.

The poor performance of the tested ionic liquids as extraction
solvents for galanthamine in our study is in contradiction with the
results discussed in the previous paragraph for various other types
of alkaloids [30–36], in which the ILs were actually the most effi-
cient. In these studies, 25–30% water in the NADES proved to in-
crease yields. With this percentage of water, the NADES preserve
characteristics that distinguish them from a simple aqueous solu-
tion of the NADES ingredients [18] The differences in the extract-
ability of galanthamine in this study, if compared to the results ob-
tained for other alkaloids, and the high solubility of Gal-HBr in ILs
could reside in the release of the alkaloid from the matrix for
which the ILs lack competence. Similar problems have already
been observed with the SFE of galanthamine and with the extrac-
tion of vanillin from vanilla pods. In the case of galanthamine, the
alkaloid must be extracted from bulbs, a sugar and lipid-rich
matrix, which is quite different from leaves, roots, and stems.

Considering the aims of this study, the experiments afforded a
great deal of information concerning the solubility of Gal-HBr as
alternatives to organic solvents. Galanthamine hydrobromide
proved to be the most soluble in ILS, amphoteric NADES, and
NADES composed of acids with sugars and water in specific molar
ratios. The results are, to some extent, similar to those obtained
with other alkaloids, though there is a degree of selectivity that
remains unexplained. Another conclusion is that the highest solu-
bility is clearly achieved with NADES that contain 20–35% water.
These have the additional advantage of being much less viscous,
and thus much easier to work with.

A second aim of the study was to develop an efficient extrac-
tion method for bulb material. By testing the NADES in which
Gal-HBr were most soluble, it was found that this was not neces-
sarily a good criterion for selecting the best solvent for galanth-
amine extraction from Narcissus bulbs. This was particularly nota-
ble in the case of ILS. Sugar-acid types of NADES proved to be the
most efficient and malic acid-sugar-water (1 : 1 : 5) produced the
highest yield, comparable to that of the exhaustive methanol
Soxhlet extraction, with a slightly higher selectivity for galanth-
amine. The difference between the solubility of the pure com-
pound and the extractability of galanthamine from the bulbs indi-
cates that the interactions of the target compound and extraction
solvent with the matrix might play an important role, as bulbs are

very rich in sugars and lipids as well as special storage tissues that
some NADES cannot penetrate easily.

Materials and Methods

Chemicals and materials

HPLC grade methanol (Biosolve B.V.) and triethylamine (Sigma-
Aldrich) were used for the mobile phase. Gal-HBr for solubility
studies was kindly donated by Tiofarma B.V. and the Gal-HBr ref-
erence compound was acquired from Selleckckem.com. Papaver-
ine-HCl, used as an internal standard, and acetic acid were pur-
chased from Sigma-Aldrich. Defatted sea sand was obtained from
Büchi. All components of NADES (reagent grade) were purchased
from Sigma-Aldrich. The powder of N. pseudonarcissus bulbs (fam-
ily Amaryllidaceae) was kindly supplied by Leenen B.V.

Galanthamine-HBr solubility experiment

The NADES used in this study were prepared according to Dai
et al. [11]. The solubility test was conducted by gradually adding
an accurately weighed amount of Gal-HBr to a sealed bottle. It
was stirred at 40 °C on a multipoint stirring hot plate using a mag-
netic stirrer. The appearance of the samples was observed every
2 h. When the added amount of Gal-HBr dissolved completely in
NADES yielding a transparent and colorless solution, more Gal-
HBr was added. The experiment was interrupted either when
saturation was reached or the solution changed color, e.g., into a
yellowish or brownish color. The saturation point was defined as
an opaque appearance of the solution.

Extraction of bulbs with natural deep eutectic solvent

Extraction was performed in a Büchi pressurized extractor instru-
ment E-916. The extraction was conducted using 2 cycles at 50 °C,
50 bar. Each cycle consisted of a heat up step (1min, 50 °C,
50 bar), a hold step (2min), and a discharge step (5min). Before
the extraction program, a preheating step was conducted at 50 °C
for 1 h to allow the NADES constituents to melt, forming the liquid
NADES. Each cycle of extraction lasted a total of 8min.

Approximately 200mg powdered bulbs of N. pseudonarcissus
cv. “Carlton” (25–53 μm in particle size) were used for each ex-
traction. The ratio of plant powder to NADES compounds (in solid
state) was fixed at 40% (plant :NADES, w/w). Before loading into
the extraction cells, the plant material and NADES components
were thoroughly mixed with 1.5 g defatted sand to obtain the de-
sired void fraction. This is done to increase the contact between
plant material and NADES, minimizing the dead volume in the ex-
traction cell and preventing a blockage during the extraction pro-
cess. Additionally, around 2.5 g of defatted sand was loaded at the
bottom and top of the cells. The whole sample load occupied ap-
proximately 65% of the total extraction cell volume. Finally, the
metal frit of the extraction cell outlet was covered with a cellulose
filter to prevent clogging.

Once the heating block was loaded with the extraction cells,
the cells were automatically tightened when the extraction tem-
perature was reached and the remaining cell volume, i.e., approx-
imately 40% of the total extraction cell volume, was filled with
water and pressurized using nitrogen (an inert gas). After this,
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the first step of the first cycle was started. When the static extrac-
tion (hold step 1min) was completed, the discharging step was
immediately started by opening the pressure valve so that the ex-
tract flowed into the collection vials. The second cycle was started
immediately after the discharge step of the first cycle was finished
with no flushing or sample reloading between cycles. After the
second cycle, the extraction cells were flushed with gas (3min)
at 50mL/min and then water (1min) at 10mL/min. The extracts
from each extraction cycle and the last flushing step were col-
lected individually. Each extraction was done in triplicate. The
yield of galanthamine of the pressurized extraction with NADES
was calculated as the total yield of each cycle.

Apart from the NADES extraction, samples were also extracted
with water and methanol in a speed extractor as classic solvent ex-
tractions. The conditions were similar to those used for NADES.
The whole extraction process, including the sample preparations
for analysis, is shown in Fig. 1S, Supporting Information.

High-performance liquid chromatography
determination of galanthamine
Preparation of standard solution

A solution of Gal-HBr was prepared by dissolving an accurately
weighed amount of approximately 2.50mg (± 0.01mg) in a
25‑mL volumetric flask with the mobile phase. The resulting
solution was filtered through Whatman 0.2 μm polyvinylidene di-
fluoride (PVDF) syringe filters and injected twice. The standard so-
lution was prepared in duplicate. All areas with an RSD (relative
standard deviation) ≤ 2% were averaged.

Preparation of sample solutions

Approximately 100 μL of the NADES solution were accurately
weighed and diluted 50 times with methanol (MeOH). This solu-
tion was left to rest for 3–4 h to ensure the complete precipitation
of sugar component NADES. The solution was then filtered with a
0.2-μm regenerated cellulose (RC) membrane syringe filter (Sar-
torius Stedim). An aliquot of 1.00mL of this solution was diluted
to 2.00mL with TEA (triethylamine) (0.60%, v/v) in H2O. The final
solution was thus similar to the mobile phase MeOH‑H2O (1 :1,
v/v) with 0.30% (v/v) (21.52mM) of TEA. The pH of the sample
was measured to ensure it was the same as that of the mobile
phase (ca. pH 11.6) This solution was transferred to a 2-mL micro-
tube and centrifuged at 14000 g for 15min. The suspension was
filtered again through a Sartorius 0.2 μm RC-membrane syringe
filter. The filtrate was analyzed with HPLC‑DAD at 280 nm.

High-performance liquid chromatography analysis

HPLC analysis was carried out to quantify Gal-HBr in the NADES
solutions using an Agilent 200 series HPLC system consisting of a
G1310A pump and G1322A degasser, a G1329A autosampler, a
G1316A temperature controller, and a G1315D diode array
detector (DAD) (Agilent). A Phenomenex Gemini NX‑C18,
100 × 4.6mm, particle size 3.0 μm column was used. A five-mi-
croliter sample was injected and measured at 280 nm. Samples
were eluted with a mobile phase of methanol :H2O (1 :1) with
0.30% (v/v) triethylamine at a 0.7mL/min flow rate and 27 °C.
The total run time was 5min.

Sample preparation for gas chromatography analysis

The NADES extracts were submitted to a clean-up for their GC
analysis following the method described by Bastos et al. [37].
The obtained extracts (approximately 2.00mg) were each diluted
to 2.00mL with water using a volumetric flask. The solutions were
vortexed for 1min and taken to a pH of 11 by the addition of a
sufficient amount of 1 M NaOH. Three mL of chloroform were
added to this solution and vortexed for 1min. The two-layer
mixture was centrifuged for 5min at 4500 rpm, and the organic
(lower) chloroform layer was collected. After passing the organic
layer through a Pasteur pipet loaded with anhydrous sodium sul-
fate, the organic layer was evaporated under vacuum to dryness
in a Savant SpeedVac. This purified alkaloid fraction was redis-
solved in 1.00mL methanol containing 0.05% (v/v) acetic acid for
both GC‑MS and GC‑FID analysis.

Alkaloid identification by gas chromatography-
mass spectrometry

All the alkaloids of the obtained extracts were identified by GC‑MS
with no derivatization step [16,24]. The GC‑MS analysis was car-
ried out on an Agilent 7890A GC system with a 5975C single
quadrupole mass spectrometric detector and an Agilent 7693
autosampler (Agilent Technologies, Inc.). Samples were injected
into a DB-5 column (30m × 0.25mm i.d., 0.25 μm; JW Scientific,
Agilent Technologies, Inc.) and eluted with a 30min temperature
gradient of 200–250 °C at 2.5 °C/min, then 250–270°C at 10 °C/
min followed by an 8-min hold at 270°C. The injector and detec-
tor temperatures were 250 and 270°C, respectively. The injection
volume was 1 μL and the flow rate of the carrier gas (helium) was
1.5mL/min with a split ratio of 1 :20. The MS analysis was done in
scan mode (m/z 50–350) using electron ionization at 70 eV. Gal-
anthamine identification was accomplished by comparison of the
m/z data with that of a reference compound. Other alkaloids
present in N. pseudonarcissus extracts were identified by compar-
ing their corresponding mass spectral fragmentation data to liter-
ature data [4,5,24,25,38–40].

Alkaloids quantification by gas chromatography

The alkaloids were quantified using GC‑FID. The preparation of
the calibration curve was done following the method published
by Gotti et al. [25]. Different volumes (75, 100, 125, 150, and
175 μL) of a Gal-HBr stock solution (78.4 μg/mL) were transferred
to vials. These were then vacuum-dried and 500 μL of an internal
standard solution consisting of 88.8 μg/mL of papaverine-HCl and
150 μL of 0.05% acetic acid in methanol were added to each vial.
One μL of the resulting solution was injected into the GC‑FID. All
chromatographic conditions were identical to those described
above. The ratio of the peak area of Gal-HBr to the internal stan-
dard, papaverine-HCl, was plotted against their corresponding
weight ratios to obtain the calibration plot. The amount of other
identified alkaloids besides galanthamine is expressed as galanth-
amine equivalents (μg/g of dry weight of plant material), assum-
ing a similar detector response for all alkaloids in GC‑FID.

Data processing

NADES constituents such as sugars, bases, acids, amino acids, and
water in their molar ratio were used as predictors, while galanth-
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amine solubility was used as the response. The data set is shown
at ▶ Table 2. Correlation of NADES constituents to the solubility of
Gal-HBr was interpreted by PCA, SIMCA‑P software (version
13.0 Umetrics) [41], using unit variance scaling.
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Abstract 
An economical and environmental evaluation of the production process of galanthamine-HBr 
from plant material of Narcissus pseudonarcissus was done by using the volatile organic 
compound (VOC), diethyl ether. It was compared with an alternative process using supercritical 
CO2 (scCO2). The alternative scCO2 process has 17% lower production costs of galanthamine-HBr 
(€/kg) compared to the conventional extraction process using diethyl ether followed with an acid-
base alkaloids purification step (at 22 tonnes annual production). From the environmental point 
of view, the alternative process is more sustainable as it consumes 99% less of energy and 
generates 46% less of waste. In addition, approximately 1550 kg/kg of mass intensity as well as 60 
kg/kg solvent intensity were calculated for the alternative process which are 37% and 94% lower, 
respectively, than for the conventional process. Thus, the scCO2 process is preferable both from 
the economic and environmental point of view. For maximising the benefit of the scCO2 process 
and winning the galanthamine-HBr market, an integrated process of scCO2 using a multi-products 
plant producing also other high purity N. psudonarcissus alkaloids as by-products should be 
considered.  
 

Keywords: economy analysis; estimation; rough calculation  
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1 Introduction 

Razadyne® (formerly Reminyl®), a medicine containing a galanthamine-HBr as an 
acetylcholine esterase inhibitors (AChEIs), is at present the most successful amongst other 
AChEIs based medicines such Cognex® (containing tacrine), Aricept® (containing 
donepezil), and Exelon® (containing Rivastigmine) in treating mild-to-moderate 
Alzheimer’s Disease (AD) (Sabbagh, 2009). 

At present, there is no preventative or curative treatment available for AD. Thus, 
the AChEIs therapy is the only approved therapeutic options (Heinrich and Lee Teoh, 
2004). Galanthamine was first marketed in Bulgaria at late 1950s, with a commercial name 
of Nivalin® (Cronnin, 2001). It is approved in US, many European and some Asian countries 
(Heinrich and Lee Teoh, 2004). 

After its initial launch, the galanthamine price reached $40,000/kg (Heinrich and 
Lee Teoh, 2004). The commercial availability was critical due to the limited amount of the 
natural raw material Galanthus nivalis (snowdrop) (Cronnin, 2001). However, the price 
went down after the synthetically produced galanthamine was introduced into the 
market. The first synthetis patented of galanthamine was reported by Sanochemia 
Pharmazeutika in 1996 (Heinrich and Lee Teoh, 2004). Nowadays, galanthamine-HBr is 
mainly produced by total synthesis. The synthetic routes of galanthamine-HBr were 
reviewed by Bulavka and Tolkachev (2002) including the patents (Bolugoddu et al., 2006; 
Koilpillai et al., 2012; Lahiri et al., 2006). The galanthamine purification via the 
galanthamine-HBr salt was patented by Gabetta and Mercalli (2011).  

For non-patent drugs, the generic manufacturers are looking for the lowest priced 
API. A production process selection yielding a high purity API without damaging the 
environment and lowering the health and safety issues is critical. This can be reached by 
reducing and minimising the use of volatile organic compounds (VOCs) in the process 
production. A minimised solvent use leads to lower costs for disposal, legal liabilities and 
may overcome regulatory constraints. 

In this study, two different processes for galanthamine-HBr production are 
compared. One is an extraction process by means of supercritical carbon dioxide (scCO2), 
and the other a US patented conventional extraction process (Hille et al., 2002). For this 
purpose, bulbs of Narcissus pseudonarcissus cv. Carlton were chosen as the raw material. 
Both economic and environmental aspects (waste production) will be taken into 
consideration for a comparative the two processes.  Calculations of the economy of the 
processes were also applied.  

The results will enable the stake holders to make a rational decision on the 
suitability and sustainability of the evaluated production processes of galanthamine-HBr.  
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2 Market size of galanthamine 

There will be an estimated 65.7 million people with AD in 2030, and 115.4 million 
in 2050 (Anonimous, 2013; Prince et al., 2013). This estimation includes both men and 
women, in 5-year age bands from 60 to 84 years, and for those aged 85 years and older 
(Ferri et al., 2005; Prince et al., 2013). The rate of increase is higher in the developing 
countries than in developed countries. It is forecasted to increase by 100% between 2001 
and 2040 in developed countries. Whereas a scary number of an increase rate of ca. 300% 
is estimated for India, China, and their South Asian and Western Pacific neighbours (Ferri 
et al., 2005). 

 

 
Figure 1. Statistics data of people with AD (Anonimous, 2013). 

 
The costs of the huge number of AD patients in 2010 were worldwide US$ 604 

billion, of which approx. 70% in Western Europe and North America (Wimo et al., 2013). 
This includes direct costs (medical and social care) and indirect costs (unpaid caregiving 
by families and friends). The United States spent US$ 216 billion/year only for paying 
professional caregivers. Thus, this disease is affecting every health system in the world. 
AD patients live ca. 11.2% years longer than patients with stroke, cardiovascular disease, 
or cancer (Ballard et al., 2011). The dependency of AD patients on caregivers and the 
inherent high costs urge governments to collaborate with social communities, e.g. 
families, neighbourhoods, and health and social care systems, and raise awareness to be 
better prepared for the future. Obviously, medication might offer relieve for the caretaker 
with galanthamine as only medicine that has some effects on the symptoms and 
consequently there will be a growing demand for this compound.  

A clinical study on galanthamine-HBr showed that clinical doses of 8, 16, or 24 
mg/day/patient for 5 months treatment give a minimum of adverse effects (Heinrich and 
Lee Teoh, 2004). Assuming 16 mg/day/patient as a reference; a single patient will need 
around 2.4 g of galanthamine per year within an assumption of 5 months of medication, 
thus minimising the adverse effects. It is assumed, that the current product will only take 
a 30% market share, a possible standard goal for pharmaceutical companies to invest into 
a new product (Rita, 2002); by using the predicted statistical data (Fig. 1), there will be ca. 
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50 million people with AD at 2025. Thus, a process size of 36 metric tonne of 
galanthamine-HBr would be necessary if 30% of all patients are treated annually. 

Taking a $3.18/tablet of 4 mg of galanthamine-HBr (www.drugbank.ca) within the 
mentioned assumptions, a medical expenses around $2000 should be spent by a single 
patient only for 5 months treatment of single drug, i.e. galanthamine-HBr, consumption. 
Thus, indicating that a lower price is needed to benefit the patients, especially in the 
developing countries.  

 
 

3 The potential of Narcissus pseudonarcissus as a raw material for galanthamine 
production 

Narcissus pseudonarcissus cv. Carlton is cultivated since many years in large 
amounts. It is the most cultivated Narcissus cultivar in The Netherlands. Narcissus ranked 
third position for the popularity of common planted flower in The Netherlands 
(Anonimous, 2008).  Its high rate of propagation, flexibility to diseases, and climate makes 
Carlton superior amongst the Narcissus cultivars (Kreh, 2002; Rossing et al., 1997).  The 
commercial availability of large quantities in the market makes it interesting for 
cultivation for medicinal purposes.  

Moreover, the well-established cultivation system which is supported by a robust 
management system will help to monitor and maintain the quality products with botanical 
source assurance and assure a stable market supply both for ornamental flowers and 
medicinal purposes. 
 
 
4 The potential of Narcissus pseudonarcissus alkaloids other than galanthamine  

The research described in this thesis show that haemanthamine can be obtained 
from scCO2, water, and NADES extracts (Chapter 3, 4, and 7). O-methyllycorenine was 
found in scCO2 and water extracts (Chapter 3 and 4), O-methyloduline was present in 
water extracts including the pressurised extraction method (Chapter 4), while 
norgalanthamine was selectively extracted with the fructose-sucrose (FS) NADES, and 
oduline with malic acid-sucrose (MAS), malic acid-glucose (MAG), and citric acid-sucrose 
(CAS) NADES (Chapter 7). One should take advantage of the selectivity of the different 
solvents for producing high added value by-products and thus gain more benefit from the 
extraction process.  

Galanthamine, lycorine, narciclasine, and pretazettine are the most studied 
Narcissus alkaloids due to their multiple bioactivities (Bastida et al., 2006). Narcissus is 
found to contain a high level of galanthamine especially in the bulbs (Lubbe et al., 2013; 
Rita, 2002); with haemanthamine at the second important product, followed by the acid 
alkaloid, narciclasine (Lubbe et al., 2013). Haemanthamine is abundant in the Narcissus 
leaves, where galanthamine and narciclasine are at the same level. However, narciclasine 
is not found in the roots. The most abundant alkaloid in bulbs is galanthamine throughout 
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the whole growing season, whereas haemanthamine and narciclasine concentrations are 
relatively low. However, haemanthamine and narciclasine production can be optimised 
as to obtain valuable by-products from the N. pseudonarcissus cv. Carlton bulbs 
extraction. 

Like galanthamine, haemanthamine and narciclasine have interesting properties 
for medicinal purposes. Antimalarial activity was detected for haemanthamine (Bastida et 
al., 2006) while an anti-tumour effect was found at micromolar concentration (Jimenez et 
al., 1976; McNulty et al., 2007). Its effect against various cancer cells was also reported by 
Bastida and Viladomat (2002). Narciclasine and its semi-synthetic derivatives are also 
promising candidates for cancer drugs. Hence, N. pseudonarcissus bulbs was chosen as 
the plant material for industrial scale production of galanthamine. It is well supported by 
a well-established cultivation system, and extensive research and development. 

In addition, O-methyloduline, norgalanthamine, oduline, and O-methyllycorenine 
are further bioactive compounds of Narcissus. Norgalanthamine has a cytotoxic effect 
against fibroblastic cell lines, as well as acetylcholine esterase activity though weaker than 
galanthamine. Cytotoxic activity was also observed for O-methyllycorenine (Bastida and 
Viladomat, 2002).  

 
 
5 Process descriptions 
5.1 Existing medium-scale process of galanthamine extraction 
As earlier mentioned, galanthamine-HBr is presently mainly produced by a total synthetic 
process (Heinrich and Lee Teoh, 2004). Although for commercial purposes, a 
galanthamine production from plant material seems a feasible alternative process. Some 
published medium- to large-scale production processes of galanthamine from plant 
material such as bulbs and leaves are summarized in Table 1. 
 Organic solvent extraction and acidified water extraction followed by subsequent 
acid-base liquid-liquid extraction (LLE) step is generally used for the purification of 
galanthamine. This is similar to the common laboratory scale preparation of alkaloids from 
plant matrices (Bastos et al., 1996; Berkov et al., 2008; Ptak et al., 2008), where organic 
solvent extraction using alcohol (MeOH or EtOH) and acidified water extraction are the 
most widely use extraction methods.  
 Block diagrams of some production processes of galanthamine as mentioned in 
Table 1 are shown in Figure 2, and 3. In general, they have common process units such as: 
organic or acidified water extraction, followed by purification through of liquid-liquid 
partition extraction (LLE) and finally crystallisation. Cvak et al. (2008) applied adsorption 
processes, i.e. ion exchange and column chromatography, to increase the purity of 
galanthamine-HBr. The acid-base separation principle is applied in LLE with volatile 
organic solvents such as chloroform, diethyl ether, methyl isobutyl ketone, and gasoline 
but also using ion exchange columns. Crystallisation is applied at the end of the process 
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both for increasing the purity and obtaining galanthamine as a water-soluble salt, i.e. 
galanthamine-HBr or galanthamine-HCl. 

Plant matrices as raw material for the industrial production of galanthamine has 
several drawbacks in processing (Cvak et al., 2008):  

(1) The lack of robustness and scalability to a large-scale isolation process. The process 
steps are usually tailor made for a specific plant material. The developed process for 
small-laboratory scale is hard to be implemented in a larger-industrial process. 

(2) The volatile organic compounds (VOCs) used as solvents which are toxic and not 
environmentally friendly are not suitable for an industrial scale process. 

(3) The problem of the formation of emulsions in LLE. 
 
5.2 The proposed alternative method of the galanthamine extraction 

Several medium size processes of galanthamine isolation from plant material were 
reported (Table 1). For the purposes of economic evaluation, a protocol of conventional 
extraction process of galanthamine-HBr production as described by Hille et al. (2002) was 
chosen as it represents an alternative for the common alkaloid extraction methods from 
plant matrices. A combination of ion exchange and liquid-liquid extraction as reported by 
Cvak et al. (2008) as a purification method requires ion exchange column chromatography 
which is a cost increasing factor.  

Considering the main message of the 12 principles of the green chemistry,  
reducing or eliminating the use or the generation of hazardous substances in the design, 
manufacture, and chemical products (Deetlefs and Seddon, 2010), this classical method 
does not score high. Another disadvantage of the acidified water extraction as patented 
by Cvak et al. (2008) is the formation of stable emulsions, which was also observed in 
Chapter 4. This makes the method less robust. Moreover it, requires more organic 
solvents, and must be followed by another separation process (Cvak et al., 2008). While 
the scCO2 extraction process (Chapter 3), as a closed system does not lose any solvent, 
and possibly consumes less energy. 

A pre-treatment step, moistening with NH4OH (25%, v/v), is included in the scCO2 
extraction to increase the solubility of galanthamine. This pre-treatment process followed 
by scCO2 extraction and another purification step followed by crystallization step is here 
considered as an alternative greener process.  

Thus, an assessment of the performance of these two different methods was 
conducted, i.e. a conventional and a scCO2 extraction process. This will enable a rational 
choice based on the suitability and sustainability of a method to produce galanthamine.  

Comparison of technologies based on costs is the normal approach for the 
economic assessment of processes. There are capital costs associated with the purchase 
of specific equipment for high pressurised process such as scCO2 extraction, and there are 
operational costs. Increasing energy costs and regulations to replace existing production 
processes with environmentally more benign processes (e.g. reducing waste generation, 
solvent emission, and energy consumption) are the driving forces behind the 
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development of novel extraction processes. When comparing mature-conventional 
processes with novel emerging technologies, like scCO2 extraction, there are several 
uncertainties, like low accuracy of estimated costs, and lack of the optimal performance 
data for the emerging technologies.  

Curzons et al. (2001) proposed relatively simple parameters for assessing the 
greenness of the process, such as total solvent consumption per mass of product, number 
of solvents used, and energy for solvent recovery (MJ/kg).  
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6 Economic evaluation 
6.1 Mass balance and the used data for calculation 

Mass balance calculation was performed; covering the initial stage of the pre-
treatment step until the final stage-crystallization step as the process production of the 
system. The raw material which was used in the calculation is dried bulbs of Narcissus 
pseudonarcissus cv Carlton containing 3 mg/g of galanthamine (Rachmaniah et al., 2014). The 
drying process as well as their cultivation process were not included both in the scope of mass 
balance and economic calculation. Mass balance was calculated  assuming 25 working days 
per month, giving 300 of working days per year.  Thus, with an assumed annual production 
capacity of 36 tonne of galanthamine-HBr (see Section 2), approximately 120 kg of 
galanthamine-HBr will be produced per day. 

In addition, data used for the calculations are obtained either from experiments or 
references. Primary data were obtained from the experiment results of this thesis, i.e. pre-
treatment conditions of plant material, parameters of the extraction process, yield of alkaloid 
in the extraction process, and the selectivity for alkaloids. All these paramaters are needed 
for calculating a mass balance of the scCO2 extraction process (Chapter 3). Other parameters 
were obtained from literature, we consider these as secondary data, which were mostly 
needed for calculating the mass balance of the conventional process and making its economic 
evaluation.  

A mass balance of the conventional extraction process was calculated based on the 
protocols of Hille et al. (2002), using diethyl ether (Et2O) as a solvent. Data which was not 
provided in Hille et al. (2002) were obtained from other literature sources. Due to the lack of 
reliable extraction yield data, the yield of an experimental exhaustive dichloromethane-
soxhlet extraction of basified plant material was used for calculating the mass balance of the 
conventional process.   

The physical properties of chemicals were obtained from the Sigma-Aldrich catalogue 
(Zwijndrecht, The Netherlands), the chemical properties came from www.chemspider.com. 
The price of chemicals and equipment were obtained from the global trade platform 
(www.alibaba.com), while CO2 price was provided by Linde-Gas-Benelux (Schiedam, The 
Netherlands). The chemical prices were for a pharmaceutical grade quality for industrial uses. 
The price of fresh bulbs of N. pseudonarcissus cv. Carlton in bulk quantity was from a quote 
from Holland Biodiversity B.V. (Lisse, The Netherlands),  assuming, that the dried-powder of 
bulbs has a price three times higher than fresh bulbs. Details on both of experimental data 
and assumptions which have been applied for the mass balance calculations are shown in 
Table 2.  
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6.2 Raw material costs 
 Raw material costs (Table 3) were calculated using the mass balance of the 
two proposed process (Fig. 4 and 5, respectively, for a conventional and an 
alternative process). Simplifying the calculation, 1000 kg of galanthamine-HBr 
production was used as basis of calculation.  
 

Table 3. Price estimation of material used for producing 1000 kg Galanthamine-HBr 
(Gal-HBr).  

Material components  
(stream number)α 

Price 
Mass needed with 

different production 
processβ (kg) 

Total price (Є) 

Є/kg A B A B 
Powder of N.pseudonarcissus 
bulbs (1)A, B 4.71 912,500 1,353,450 4,297,875  6,374,750  

Na2CO3 (2)A 0.15 36,500 0 5,649  0 
Diethyl ether (4 + 18)A 2.00 1,493,092 0 2,986,184  0 
Isopropanol (25)A / (15)B 1.31 1,791 1,234 2,345  1,616  
HBr (24)A / (14)B 2.38 450 220 1,071  524  
H2SO4  (95%, v/v) (12)A 0.18 5 0 1  0 
NH4OH (28%, v/v) (17)A / (2)B 0.20 6 135,345 1  26,854  
CO2 (4)B 0.11 0 56,037 0   6,164  
MeOH (8)B 0.35 0 2,550 0   880  

Total chemicals costs (Є/1000 kg Gal-HBr) 7,293,124  6,410,788  
Total chemicals costs (Є/kg Gal-HBr) 7,293  6,411  

α Stream number on pictorial diagrams (Fig. 4 and 5, respectively, for conventional and alternative process). 
β A – Conventional process followed the extraction protocols of  Hille et al. (2002); B – Alternative process 
(proposed scCO2 extraction method in Chapter 3). 

 
 

Costs of chemicals for the conventional extraction process are about 1.2 
times higher than the alternative process via scCO2 extraction (Table 3). This is due 
to the high consumption of Et2O as an extraction solvent, which stands for about 
41% of the total costs of chemicals. This amount is needed both to extract and to 
do the LLE separation, but also to solve the problem of the formation of emulsions 
in the LLE process. Therefore, a recycle stream for Et2O needs to be considered in 
the process flow which is important for the economic evaluation. Recycling 50% of 
Et2O, will reduce the total costs of chemicals for the conventional process to Є 
5,800/kg Gal-HBr; thus a 21% decrease.  

In case of chloroform, the most common solvent for separating alkaloids as 
immiscible VOCs instead of Et2O, the costs of the solvent will be decreasing to about 
30%, giving a total costst of chemicals of Є 5,136/kg Gal-HBr. However, considering 
its risks properties such carcinogenic, and its classification as a Hazardous Air 
Pollutants (HAPs), the use in pharmaceutical production is minimised.  
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Dichloromethane (DCM) as a replacement solvent was proposed. It is the 
best choice as an alternative solvent of the four chlorinated solvents, chloroform, 
dichloroethane, and carbon tetrachloride (Alfonsi et al., 2008). The costs of 
chemicals were estimated to be Є 1,128,778 when DCM is used as a solvent. 
Combining the use of DCM as solvent and recycling 50% of DCM in the process, a 
total costs of chemicals of Є 4,871/kg Gal-HBr was calculated. Thus, about 33% 
cheaper than using Et2O and also cheaper than the alternative scCO2 process. 
However, scCO2 extraction gave a cleaner product free from solvent residues, due 
to minimal use of VOC and CO2 is easily to evaporate at ambient temperature and 
pressure. Leaving an extract-product without any trace of CO2-solvent. Therefore, 
other parameters to assess the greenness of the processes will be discussed.  

Alfonsi et al. (2008) also proposed ethyl acetate (EtOAc) as a replacement 
for DCM in the extraction process. However, no alkaloids were detected when the 
LLE process was performed using EtOAc as a solvent. Details of the total costs of 
chemicals for various VOCs are shown in Table 4. 

 
Table 4. Estimation of the total costs of chemicals for various Volatile Organic 
Solvents (VOCs)α. 

Solvent (kg)β Price 
(Є/kg) Mass (kg) Price 

(Є) 
Total chemicals costs 

(Є/kg Gal-HBr)  
Diethyl ether (Et2O) 2.00 1,493,092 2,986,184 7,293 
Diethyl ether (Et2O) + 50% 
of recycle 

2.00 746,546 1,493,092 5,800 

Chloroform (CHL) 0.56 1,493,092 829,496 5,136 
Dichloromethane (DCM) 0.76 1,493,092 1,128,778 5,435 
Dichloromethane (DCM) + 
50% of recycle 

0.76 746,546 746,546 4,871 

α The estimation was calculated based on the production process of 1000 kg of Galanthamine-
HBr (Gal-HBr) with a conventional process following the extraction protocols of  Hille et al. 
(2002). 
β The total mass of solvent needed for streams no 4 and 18 (see Fig. 4). 
 Price of other chemicals referred to Table 3. 

 
The total yield of the process, i.e. the amount of Gal-HBr after crystallization 

per kg dry-weight of plant material (kg/kg),  is 0.11% (1.1 g/kg) and 0.07% (0.7 g/kg) 
respectively for the conventional and alternative process. That means they are 
more or less similar, considering all uncertainties in our assumptions. Meanwhile, 
the theoretical yields are 37% and 25% respectively for the conventional and 
alternative process, assuming that bulbs contain 3 mg/g of galanthamine 
(Rachmaniah et al., 2014). In the the conventional process the yield of an exhausted 
dichloromethane-Soxhlet extraction was used as benchmark, while in case of scCO2. 
An extraction process a high yield is important, as it determines the cost of 
galanthamine per kg. (Table 6).  
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Both calculated yields were low, about 0.10%;, though they are  higher than 
to the processes described by Hille et al. (2002) and Sagdullaev (2005), who 
reported a total yield of Gal-HBr of 0.1 g/kg and 0.5 g/kg of Gal-HBr respectively.. A 
possible explanation could be in lower levels of galanthamine in the plant material 
used. 
6.3 Capital costs estimation 

Capital costs were estimated using the factorial method proposed by Lang 
(1948) (Sinnott, 2005). This estimation method is based on the purchase costs of 
the major equipment required for the process, while the other costs are estimated 
as specific factors for each of the various types of equipment.  

The Lang’s approach is simple, using  factors that varies only with the type 
of process such as for predominantly solids, predominantly fluids, or for a mixed 
fluids-solids processing plant (Sinnott, 2005). The fixed capital costs of the project 
are estimated by a function of the total purchase of major equipment costs by the 
equation (Sinnott, 2005):  

 

eLf CfC  

Where Cf = fixed capital costs 
 Ce = the total delivered costs of all major equipment 
 fL = the ‘Lang factor’ (which depends on the type of process) 
 
As both the conventional and scCO2 process discussed in this chapter involve a 
mixed process of fluids-solids, a Lang factor  3.6 is applied. 

This method roughly estimates the capital costs (accuracy with a typically 
±30% margin of error). It gives an approximate order of magnitude for the purpose 
of comparing different processes (Rostagno and Prado, 2013) when ‘go’ or ‘not go’ 
decisions are involved. Thus, it can be used in an initial feasibility study. 

To make a more accurate estimation of capital costs, the direct and indirect-
costs items are added. In case of a mixed fluids-solids processing plant the typical 
factors for the components of capital costs are  (Sinnott, 2005): 
 
Major equipment, total purchase costs (PCE) PCE/ Cf 
  

1. Direct-costs items  
f1 equipment erection 0.45 
f2 piping 0.45 
f3 instrumentation 0.15 
f4 electrical 0.10 
f5 buildings, process 0.10 
f6 utilities 0.45 
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f7 storage 0.20 
f8 site development 0.05 
f9 ancillary buildings 0.20 

Total Lang factors of direct-costs 3.15 
Total physical plant costs (PPC), PPC = PCE (1 + f1 + … + f9 ) = PCE x 3.15 
  

2. Indirect-costs items  
f10 design and engineering 0.25 
f11 contractor’s fee 0.05 
f12 contingency 0.10 

Total Lang factors of indirect-costs 1.40 
Fixed capital costs = PPC (1 + f10 + f11 + f12 ) = PPC x 1.40 

 
Thus, a quick estimation of capital costs can be made in the early stage of the 
project design, when the preliminary flow-sheets have been drawn and the size of 
the major equipment is set.  
 Adopting the Free On Board (FOB) of equipment price from 
www.alibaba.com, a global e-commerce trading platform, the estimated capital 
costs using the Lang’s approach are displayed in Table 5.  
 
Table 5. Summary of capital costs estimation applying the Lang factor for a 22-tonne 
annual production capacity of Gal-HBr (approximately 74 kg/day) 

 
Conventional 

Alternative 
scCO2 

Tot. equipment prices for specified Gal-HBr capacity (CE)  €    290,393   €    264,552  
PCE/Cf (Cf = FL Ce)  € 1,045,415   €    952,386  

PPC (Lang factor calculations) = PCE x 3.15 € 3,293,057   € 3,000,015  
Fixed capital costs (Lang factor calculations) = PPE x 1.40  € 4,610,279   € 4,200,021  

 
The capital costs of the extraction process following the protocols of Hille et al. 
(2002) would be  € 4,610,279 (5 M€), and for the alternative scCO2 process  € 
4,200,021 (4.2 M€).  In the conventional process a vessel-mixer for LLE separation 
(ca. 35%), and an evaporator to deal with the huge amount of Et2O (ca. 61%) are 
the major equipment costs. While in the scCO2 extraction method, 91% of 
equipment costs were for high-pressure equipment of scCO2 extraction. 

6.4 Production costs estimation 

To estimate the production costs, the data inTable 6.6, page 267, in Sinnott (2005) 
were used. The fixed capital costs were estimated in section 6.3.  
The following  assumptions were made for estimating the production costs 
(Sinnott, 2005): 

- The miscellaneous materials costs were 10% of maintenance costs 
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- The maintenance costs were 5% of fixed costs 
- Operating labour costs were 15% of operating costs 
- Plant overheads costs were 50% of operating labour costs 
- Laboratory costs were 30% of operating labour costs 
- Capital charge costs were 6% of capital costs 
- Insurance costs were 1% of capital costs as well as royalties costs, and 
- Local taxes was 2% of capital costs 

Hence, by applying these assumptions,  production costs (€/kg of Gal-HBr) for both 
conventional and alternative process was obtained (Table 6). 
 
Table 6. Summary of production costs with 22 tonne annual capacity of Gal-HBr 
(approximately 74 kg/day). 

Costs items* Production Process 
Conventional Alternative scCO2 

Fixed Capital Costs (A)  €       4,610,279   €   4,200.021  
SUB TOTAL A  €       4,610,279   €   4,200,021  

Variable costs (B)   
1. Raw plant & chemical materials  €       1,085,595   €       474,847 
2. Miscellaneous materials  €             23,051   €         21,000  
3. Shipping and packaging (negligible) 0 0 

SUB TOTAL B  €       1,108,647   €      495,847  
Fixed costs (C)   
4. Maintenance  €          230,514   €      210,001 
5. Operating labour (15% of item D) 15%D 15%D 
6. Laboratory costs (30% of item 5) 4.5%D 4.5%D 
7. Plant overheads (50% of item 6) 7.5%D 7.5%D 
8. Capital charges (6% of item A)  €          276,617   €      252,001  
9. Insurance (1% of item A)  €            46,103   €        42,000  
10. Local taxes (2% of item A)  €            92,206   €        84,000  
11. Royalties (1% of item A)  €            46,103   €        42,000  

SUB TOTAL C  €    691,542 + 27%D   €     630,003 + 27%D  
Direct production costs (B + C) € 1,800,189 + 27%D € 1,125,850 + 27%D 
Operating costs (A + B + C = D) € 6,410,468 + 27%D € 5,325,872 + 27%D 

Operating costs (D)  €     8,781,463   €  7,295,714  
Plant capacity of Gal-HBr (kg/day) 74.07 74.07 

Production costs €/kg  €        118,556   €        98,498  
*Assumptions for the calculations were adapted from Table 6.6. (Page 267, Sinnott, 2005). 

 
By applying a 36-tonne annual capacity, both processes did not give a 

competitive price of galanthamine-HBr compared to the existing price in the 
commercial market. A conventional process results in higher production costs of 
galanthamine-HBr, mainly due to solvent costs in the variable costs items; while 
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equipment costs, fixed capital costs, are the major items influencing the production 
costs in the alternative process (Table 6). 

Currently, the price of galanthamine-HBr produced from Leucojum aestivum 
is 20,000 €/kg (Codina, 2011). This indicates that our proposed method for 36 tonne 
annual production does not meet the expectation of providing a lower price for 
galanthamine-HBr. Therefore, a simulation of production capacity was performed 
in order to find the minimal production capacity; producing a lower costs (€/kg) of 
galanthamine-HBr than the existing market price.  
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Figure 6. The estimated production costs of galanthamine-HBr (€/kg) at different 
production capacity levels. (A) a conventional production process following 
protocols of Hille et al. (2002), and (B) an alternative scCO2 process. 

 
By varying the production capacity, the variable costs (i.e. raw plant 

materials, chemicals, as well as miscellaneous materials) and fixed capital costs for 
the equipment will change, and thus change the production costs. The existing 
market price for natural galanthamine-HBr (ca. 20,000 €/kg) can be achieved at 
2,500 and 3,900 tonne production capacity, respectively, for conventional and 
scCO2 process (Fig. 6). Meaning, a plant should be operated at that minimum 
capacity of process in order to reach the existing price; entering the supply chain of 
galanthamine-HBr. 

Codina (2011) claimed that the combination of in vitro production with an 
airlift-bioreactor for large scale cultivation of Narcissus confuses, can produce 
galanthamine-HBr at a price of ca. 12,000 €/kg. However, their extraction and 
purification protocols were not revealed. To produce for this price with our scCO2 
process, the productions should be 11,000 tonnes annually, whereas the 
conventional process would reach this goal at an annual production of 28,000 €/kg. 

Entering the existing supply chain of galanthamine-HBr market with this 
strategy is not interesting due to the low price of commercial galanthamine-HBr 
synthetic. Therefore, a new strategy of developing process for the production of 
high quality galanthamine-HBr at lower price is necessary. Different approaches can 
be thought of instead of using the scCO2 process as proposed (Fig. 5), coupling the 
scCO2 extraction with another method of purification or fractionation as well as 
producing multi-products from the same biomass, such as O-methyloduline, 
norgalanthamine, oduline, haemanthamine, and O-methyllycorenine is preferred. 
Thus maximising the potential of other N. pseudonarcissus alkaloids. This seems to 
be the best way for entering the market of galanthamine-HBr.  

 
6.5 Analysis of sensitivity 

The effects of the existing costs such as fixed capital costs, variable costs (i.e. 
raw plant material and chemicals), and fixed costs on the production costs of 
galanthamine-HBr was studied further in more detail.  

Fixed capital costs (see section 6.4) and the raw material costs were 
estimated by varying the production capacity (Fig. 7), while fixed costs will be more 
or less constant throughout capacity variations. Obviously raw material and 
chemicals costs increase as the production capacity increases. Higher production 
capacity will directly increase the consumption of bulbs material as well as other 
chemicals. Thus, the raw materials costs increases. In case of a conventional 
process, Et2O as the extraction solvent dominated the chemicals costs at 71%, 
followed with plant material at 29%. However, 99% of materials costs were 
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dominated by plant material in the scCO2 process, due to a lower yield of 
galanthamine. Galanthamine yield was a 303.4 μg/g DW of bulbs (Rachmaniah et 
al., 2014) in scCO2 extraction compared with a 1.05 mg/g in the conventional 
extraction-using VOC-Et2O as a solvent (Table 2). 

 

 
 
Figure 7. Raw material and fixed capital costs at different production capacity of 
galanthamine-HBr. (A) a conventional production process following protocols of 
Hille et al. (2002), and (B) an alternative scCO2 process. 
 

The trends as shown in Fig.7, make clear that jus upscaling is not the way to 
go. To reach to the current market price the scale needed is larger than the total 
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global market.  So novel approaches should focus on higher levels of alkaloids in the 
plant material, higher efficiency of liberating alkaloids from the plant matrix, and 
coming to an integrated process with multiple products leading to cheaper and high 
purity galanthamine-HBr and some other alkaloids. This alternative strategy will be 
further discussed at section 8. But first also an assessment of the greenness will be 
made, as there might be quite some hidden environmental costs in the processes. 
  
 
7 Assessment of the greenness 
7.1 Waste production 

Waste generation originates either from non-recycled solvent (initial 
assumption) as well as biomass waste. In case of the conventional process, 
principally, there are two generated wastes: non-recycled Et2O (from evaporation 
process) and plant material residues including the liquid waste of aqueous and 
organic phase of LLE.  

None of the organic solvent, i.e. Et2O, is recycled as described at the 
protocols of Hille et al. (2002). In addition, extra processes are necessary to remove 
the organic solvent from the plant matrix and liquid waste prior to discharge into 
the environment or re-use as compost. Table 4 shows that recycling of 50% of 
solvent will significantly reduce the total chemicals costs. However, a mass balance 
calculation with recycle stream of solvent was not further performed, thus an initial 
assumption of the costs calculation (no recycled solvent) was used. Recycling the 
evaporated Et2O and MeOH (from evaporator) can be a way for minimising the 
generated of VOC waste as well as reducing the chemical expenses. However, a 
purge stream should be managed in order to avoid an accumulation of impurities 
which might otherwise build up in the recirculation system. 

 
Table 7. The estimation of waste generation for producing 1000 kg galanthamine-
HBr (Gal-HBr).  

Generated waste (streams number)α 
Mass for different production 

processβ (kg) 
A B 

Plant material residue (7)A / (5)B 1,038,408 1,487,454 
Et2O (from evaporation) (11 + 23)A 962,291 0 
Liquid wastes (from LLE) (15 + 20)A 777,273 0 
CO2 (gas) (7)B 0 56,037 
MeOH (from evaporation) (12)B 0 2,180 

Total generated waste (kg/1000 kg Gal-HBr) 2,777,972 1,545,671 
Total generated waste (kg/kg Gal-HBr) 2,778 1,546 

α Stream number on pictorial diagrams (Fig. 4 and 5, respectively, for conventional and alternative 
process). 
β A – Conventional process following Hille et al. (2002); B – Alternative process (proposed scCO2 extraction 
method in Chapter 3). 
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While in the scCO2 process, the plant material residue, CO2, and MeOH (from 
evaporation process) are generated as wastes. An advantage of this alternative 
process using scCO2 is the fact that CO2 can be directly vented into surrounding 
without any fears for polluting the environment. This is also applied to the plant 
matrix residue, it is clean from any organic solvent residue and could be recycled as 
biomass, like for manure. However, due to the use of NH4OH for moistening the 
plant material in the pre-treatment step, it should be observed that there is no 
NH4OH left in the waste or at least  has an allowable level of chemicals in the 
biomass waste. Clearly, the alternative process drastically reduces the generated 
waste (Table 7).  
 
7.2 Energy consumption 

In case of the conventional process, the main energy consumption is for the 
evaporation of organic solvents, i.e. Et2O. In the alternative process energy for 
pressurising the CO2 is the major energy requiring part of the process, also some 
energy energy goes to the evaporation of MeOH.  
 The amount of energy needed to evaporate a certain amount of organic 
solvent consist of the amount of energy to heat the solvent from room temperature 
(20 oC) to their boiling point (Tb) and the heat of evaporation. The calculation follows 
the equation below:  

 HTCH vaplp,  

Where  ∆H  = amount of energy (kJ/kg) 
 Cp,l  = specific heat of liquid (kJ/kg.K) 
 ∆T  = temperature difference (K) 
 ∆vapH = enthalpy of evaporation (kJ/kg) 
 
While the amount of energy to pressure CO2 is estimated in the following way:   

av

PdPxW 11
 

Where  W  = work (J/kg) 
 η = pump efficiency 
 ρ  = density (kg/m3) 
 ΔP  = pressure difference (Pa = J/m3) 
 
Thus, assuming a 75% of pump efficiency, an average density of CO2 350.93 kg/m3 
in the range of 6-22 MPa (at 343 K) which has 16 MPa of pressure difference. The 
amount of energy to pressurise CO2 from 6 to 22 MPa and the calculated energy 
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consumption for evaporating solvents (based on 1000 kg production of 
galanthamine-HBr) are shown in Table 9.  
 
Table 8. Properties of chemicals to be evaporated.  

Process 
production Chemical Cp,l 

(kJ/kg.K) Tb (K) ∆vap H 
(kJ/kg) ∆H (kJ/kg) 

Conventional Et2O 2.33 308 357.79 1,664.92 
scCO2 MeOH 2.53 338 1,099 2,594.23 

 
In terms of total energy consumption  the alternative scCO2 process needs 

much less energy than the conventional process. Besides these major energy 
requiring steps, there is still some energy needed heating the extraction vessel (in 
case of scCO2 process), and to crystallis the galanthamine at low temperature (-15 
to 10 oC). Due to lack of information, a more detailed and fair comparison is not 
possible at this stage. 
 
Table 9. Estimated energy consumption for the evaluated processes for producing 
1000 kg galanthamine-HBr (Gal-HBr).  

Process 
production 

Energy for 
evaporating solvent  

(∆H, kJ) 

Energy for 
pressurising CO2 

(W, kJ) 

Total energy 
consume (kJ) 

Conventional  1,602,137,439 - 1,602,137,439 
scCO2 5,655,975 3,406,530 9,062,505 

 
By comparing the generated waste and the consumed energy between the 

two processes as well as the proposed parameters by Curzons et al. (2001) for 
assessing the greenness of the process (Table 10) it is clear that scCO2 as alternative 
process for producing Gal-HBr comes out best. Though, more volume of solvent was 
used in the scCO2 process, CO2, MeOH, and isopropanol (IPA), compared to 
conventional, the amount of scCO2 mass intensity (kg mass of solvent/kg mass of 
product) as well as the energy needed for the solvent recovery are much lower.  

 
Table 10. Selected ‘green’ metricsα 

Green metrics term categoryβ Units Process  
A B 

Mass    
Total mass (kg) 
Mass of product (kg) 

 

kg/kg 2,444 1,549 

Total mass solvent (gross)(kg) 
Mass of product (kg) 

 

kg/kg 1,495 60 

Energy    
Total solvent recovery energy (MJ) 
Mass of product (kg) 

 

MJ/kg 1,602 6 

Solvent    
Number of different process - 2 3 

α The parameters was selected based on Curzons et al. (2001). 
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β The term was calculated based on mass balance calculation to produce 1000 kg of 
galanthamine-HBr (Table 4). 
 A – Conventional process following the protocol of Hille et al. (2002); B – Alternative 

process (proposed scCO2 extraction method, Chapter 3). 
 

In addition, at low production capacity of galanthamine-HBr such 22 tonnes 
annually (74 kg/day), the energy required to recovery the solvent can be negligible. 
Due to a small flow rate of MeOH to be evaporated (ca. 161 kg/day) and a low 
energy needed to evaporate MeOH (ca. 2600 kJ/kg of MeOH). It can be 
compensated by a waste of heat generated by pump. 

Conclusion of all these analyses is that, in general, the alternative-scCO2 
extraction process is better than the conventional process such as in term of total 
costs of chemicals and production costs at the same production capacity  (Table 
10). The alternative process is thus not only the cheapest, but also the greenest. It 
is thus the best candidate for developing an integrated multi-product process. 
 
8 Integrated process – NADES extraction coupled with scCO2 fractionation 

From the NADES experiments we learned that these solvents are 
significantly increasing the extractability of alkaloids (Chapter 7). That means it 
could be a very useful first step at the scCO2 suffers from a very low extractability. 
Therefore we propose nn integrated process of NADES extraction-scCO2 
fractionation with malic acid-sucrose (MAS = 1:1) as solvent using pressurised 
extraction in fixed bed-type of extractor (Fig. 8). This NADES gave highest yield of 
galanthaminein addition to lycoramine, norgalanthamine, narwedine, oduline, 
haemanthamine, and homolycorine  (Chapter 7). 

The NADES extract  flow goes into a scCO2 extractor, the pressure is adjusted 
according to the process conditions of the scCO2 extraction (Chapter 3). The non-
volatile and more polar MAS will form  a two-phase system with the volatile and 
non-polar scCO2.  

In order to obtain a multi-products process a scCO2 fractionation process is 
proposed as the last step in the process (Fig. 8). This maximises the benefits of 
supercritical fluid as well in yielding high purity galanthamine and some further pure 
alkaloids of Narcissus. This will make the production process of galanthamine-HBr 
more economically competitive. 

Two methods are possible for fractionation in scCO2 extraction (Smith et al., 
2013): (1) fractional extraction, the extraction pressure is increased in steps for 
given periods of time while separator pressure is held constant; (2) fractional 
separation, the extraction pressure is held constant but separator pressure is 
decreased in steps. Once the solutes have been solubilised in scCO2, it is possible to 
fractionally separate them by reducing the pressure in stages or by stepwise 
changing other conditions such as temperature or flow rate.  
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The crystallisation process is the next unit in the purification process, 
producing high purity of alkaloids-salts (Fig.8). 
                                                                                                                 
Table 11. Narcissus alkaloids extracted by Malic acid-sucrose (MAS) of NADES 
(Chapter 7) 

Alkaloid Name Structurea Molecular 
weighta  

Galanthamine Type   

Galanthamine 
(C17H21NO3)a 

 

287 

Norgalanthamine 
(C16H19NO3) 

 

273 

Narwedine (C17H19NO3) 

 

285 

Homolycorine Type   

Homolycorine 
(C18H21NO4) 

 

315 

Oduline (C17H19NO4) 

 

301 

Haemanthamine Type   

Haemanthamine 
(C17H19NO4) 

 
301 

Lycoramine Type   

Lycoramine (C17H23NO3) 

 

289 

aStructure, molecular weight, as well as molecular formula adopted from Bastida and Viladomat 
(2002) 
 

Due to a lack of knowledge of physical-chemical properties of Narcissus 
alkaloids such as boiling point, vapour pressure, melting point, solubility in scCO2, 
as well as unavailability of experimental data, precise mass balance calculations of 
the process  Fig. 8 cannot be conducted. Hence, the separation in the separators 
were approached using the similarity of the chemical structures (Table 11), which 
can be classified as groups: Galanthamine, norgalanthamine and narwedine  
galanthamine-type of Narcissus alkaloids; homolycorine and oduline, are 
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homolycorine-type of Narcissus alkaloids; haemanthamine and homolycoramine 
are each a separate class. One may expect that the fractionation will separate at 
least at the level of these groups. Considering the retention time in gas 
chromatography, galanthamine type of alkaloids will be obtained as the first 
fraction, followed by homolycorine type of alkaloids in the second fraction, while 
the third and fourth fraction will be haemanthamine and homolycorine. But more 
data are needed to conduct the mass balance calculation for all products. 
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9 Conclusion 

The proposed scCO2 extraction process (Chapter 3) presents many advantages compared 
to the conventional process following the protocols of Hille et al. (2002). The advantages 
concern both economical and environmental aspects, such as:  

- The number of functional units in the process is reduced from 6 to 4, leading to a 
capital costs reduction. 

- The costs of chemicals  of the scCO2 process is 57% lower than of the conventional 
process 

- The wastes production is lower in the scCO2 proces.  
- The productioncosts of galanthamine-HBr at 36 tonnes annual capacity is 17% 

lower than the conventional process. 
However, to maximize the potential of scCO2 (high purity of product) as well as the 
greenness of the process, an integrated process with multi-end products should be 
applied. Compensating the high expenditure on the equipment costs. The development 
of an integrated process of NADES extraction coupled with scCO2 fractionations iss 
proposed, in which the greenness is further improved and particularly the extractability 
of the alkaloids is expected to be improved.  
 
 

 

 

 

154



 

References 
Alfonsi K, Colberg J, Dunn PJ, Fevig T, Jennings S, Johnson TA, Kleine HP, Knight C, Nagy 

MA, Perry DA and others. 2008. Green chemistry tools to influence a medicinal 
chemistry and research chemistry based organisation. Green Chemistry 10:31-36. 

Anonimous. 2013. Dementia statistics. http://www.alz.co.uk/research/statistics;  
Anonimous. 2008. Country Report on the State of Plant Genetic Resources for Food and 

Agriculture The Netherlands. The Hague: Ministry of Agriculture, Nature and Food 
Quality of the Netherlands. 1-47 p. 

Ballard C, Gauthier S, Corbett A, Brayne C, Aarsland D, Jones E. 2011. Alzheimer's disease. 
The Lancet 377:1019-1031. 

Bastida J, Rodolfo L, Viladomat F. 2006. Chemical and Biological Aspects of Narcissus 
Alkaloids. The Alkaloids. 

Bastida J, Viladomat F. 2002. Alkaloids of Narcissus. Narcissus and Daffodil. In: Hanks GR, 
editor. CRC Press. 

Bastos JK, Xu L, Dhammika Nanayakkara NP, Burandt CL, Moraes-Cerdeira RM, McChesney 
JD. 1996. A Rapid Quantitative Method for the Analysis of Galanthamine and Other 
Amaryllidaceae Alkaloids by Capillary Column Gas Chromatography. Journal of 
Natural Products 59:638-640. 

Berkov S, Bastida J, Nikolova M, Viladomat F, Codina C. 2008. Rapid TLC/GC-MS 
identification of acetylcholine esterase inhibitors in alkaloid extracts. 
Phytochemical Analysis 19:411-419. 

Bolugoddu VB, Shukla S, Jambula MR, Sagyam RR, Pingili RR, Thirunavakarasu AB; DR. 
Reddys laboratories Limited, assignee. 2006 12 January 2006. Preparation of (-)-
Galanthamine Hydrobromide. India patent US 20060009640 A1. 

Bulavka V, Tolkachev O. 2002. Synthesis of galanthamine and related compounds. 
Narcissus and Daffodil. In: Hanks GR, editor. CRC Press. 

Codina C. 2011. Sustainable Production of Galanthamine by both in vitro culture and 
agriculture crops of highly galanthamine-containing plants. Universitat de 
Barcelona. 

Cronnin JR. 2001. The Plant Alkaloid Galanthamine. Approved as a Drug; Sold as a 
Supplement. Alternative & Complementary Therapies 7:380-383. 

Curzons AD, Constable DJC, Mortimer DN, Cunningham VL. 2001. So you think your 
process is green, how do you know?-Using principles of sustainability to determine 
what is green-a corporate perspective. Green Chemistry 3:1-6. 

Cvak L, Buchta M, Faustmann J, Stverka P, Jegorov A; Google Patents, assignee. 2008. 
Isolation of Galanthamine From Biological Material. 

Deetlefs M, Seddon KR. 2010. Assessing the greenness of some typical laboratory ionic 
liquid preparations. Green Chemistry 12:17-30. 

Ferri CP, Prince M, Brayne C, Brodaty H, Fratiglioni L, Ganguli M, Hall K, Hasegawa K, 
Hendrie H, Huang Y and others. 2005. Global prevalence of dementia: a Delphi 
consensus study. The Lancet 366:2112-2117. 

155



 

Gabetta B, Mercalli E; Indena S.p.A., assignee. 2011 11 January 2012. Process for the 
preparation of galanthamine hydrobromide. Italy patent US 8013151 B2. 

Heinrich M, Lee Teoh H. 2004. Galanthamine from snowdrop—the development of a 
modern drug against Alzheimer’s disease from local Caucasian knowledge. Journal 
of Ethnopharmacology 92:147-162. 

Hille T, Hoffmann H-R, Kreh M, Matusch R; 2002. Process for The Isolation of 
Galanthamine. DE. 

Jimenez A, Santos A, Alonso G, Vazquez D. 1976. Inhibitors of protein synthesis in 
eukaryotic cells: Comparative effects of some Amaryllidaceae alkaloids. 
Biochimica et Biophysica Acta (BBA) - Nucleic Acids and Protein Synthesis 425:342-
348. 

Koilpillai JP, Ganala NT, Podila NK, Upputuri V, Dandala R, Meenakshisunderam S; 
Aurobindo Pharma Limited, assignee. 2012 11 January 2012. Process for the 
preparation of galantamine hydrobromide. India. 

Kreh M. 2002. Studies on galanthamine extraction from Narcissus and other 
Amaryllidaceae. Narcissus and Daffodil. In: Hanks GR, editor. CRC Press. 

Lahiri S, Prasad M, Maheshwari N, Kumar Y; Ranbaxy Lab. Ltd. , assignee. 2006 9 February 
2006. Process for the preparation of pure galantamine. Germany patent 
WO2006013546 A2. 

Lapkin AA, Plucinski PK, Cutler M. 2006. Comparative Assessment of Technologies for 
Extraction of Artemisinin. Journal of Natural Products 69:1653-1664. 

Lubbe A, Gude H, Verpoorte R, Choi YH. 2013. Seasonal accumulation of major alkaloids 
in organs of pharmaceutical crop Narcissus Carlton. Phytochemistry 88:43-53. 

McNulty J, Nair JJ, Codina C, Bastida J, Pandey S, Gerasimoff J, Griffin C. 2007. Selective 
apoptosis-inducing activity of crinum-type Amaryllidaceae alkaloids. 
Phytochemistry 68:1068-1074. 

Prince M, Prina M, Guerchet M. 2013. Journey of Caring. An analysis of long-term care for 
dementia. London, UK. 

Ptak A, El Tahchy A, Dupire Fo, Boisbrun M, Henry M, Chapleur Y, Moś M, Laurain-Mattar 
D. 2008. LCMS and GCMS for the Screening of Alkaloids in Natural and in Vitro 
Extracts of Leucojum aestivum. Journal of Natural Products 72:142-147. 

Rachmaniah O, Choi YH, Arruabarrena I, Vermeulen B, Verpoorte R, Witkamp GJ. 2014. 
Environmentally benign super critical CO2 extractionn of galanthamine from 
floricultural crop waste of Narcissus pseudonarcissus. The Journal of Supercritical 
Fluids 93:7-19. 

Rita M. 2002. Galanthamine production from Narcissus: agronomic and related 
considerations. Narcissus and Daffodil. In: Hanks GR, editor. CRC Press. 

Rossing WAH, Jansma JE, Ruijter FJD, Schans J. 1997. Operationalizing sustainability: 
exploring options for environmentally friendly flower bulb production systems. 
European Journal of Plant Pathology 103:217-234. 

156



 

Rostagno MA, Prado JM. 2013. Natural Product Extraction : Principles and Applications. 
Cambridge: Royal Society of Chemistry. 

Sabbagh MN. 2009. Drug development for Alzheimer's disease: Where are we now and 
where are we headed? The American Journal of Geriatric Pharmacotherapy 7:167-
185. 

Sagdullaev SS. 2005. Preparation of Galantamine Hydrobromide from Leaves of Ungerniya 
Victoris by Aqueous Alcohol Extraction. Chemistry of Natural Compounds 41:239-
239. 

Sinnott RK. 2005. Coulson and Richardson's Chemical Engineering. Elsevier Butterworth-
Heinemann. 

Smith R, Inomata H, Peters C. 2013. Chapter 4 - Historical Background and Applications. 
Supercritical Fluid Science and Technology. In: Richard Smith HI, Cor P, editors. 
Elsevier;175-273. 

Wimo A, Jönsson L, Bond J, Prince M, Winblad B. 2013. The worldwide economic impact 
of dementia 2010. Alzheimer's & Dementia 9:1-11.e13. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

  

157



 

 Appendix: Process flow diagrams and indicative main stream sizes 
and compositions for processes based on Hille (2002) , and the scCO2 process. Note: the streams 
are indicative only, as the mass balances are not complete . 
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1. Conclusions 
The extraction of galanthamine, a medium polar alkaloid of Narcissus, using green solvents 
was evaluated in this thesis. Galanthamine can be obtained both by using supercritical CO2 
(scCO2) and natural deep eutectic solvents (NADES) from its biological matrix as alternatives 
to aqueous acids and VOCs. In terms of environmental and economic benefits, as solvents, 
the first have some advantages: they are readily available, safe, sustainable, cheap, and have 
a low toxicity. Moreover, NADES made by simple “mixing” are non-volatile and biodegradable.  

In case of scCO2 extraction, galanthamine was successfully extracted from Narcissus 
bulbs. The extraction was found to be quite selective, providing galanthamine as the major 
compound followed with haemanthamine, and O-methyllycorenine as minor products 
(Chapter 3). Pre-treatment with bases to provide an alkaline medium in the plant matrix is 
necessary, suggesting that free bases of Narcissus alkaloids are well soluble in scCO2. 
However, desorption of galanthamine from its matrix rather than its solubility in the scCO2, 

plays a major limiting role in the extraction. A comparison was conducted with a classical 
extraction method of alkaloids as well as Soxhlet extraction. The classical extraction method 
that uses acidified water to obtain a crude extract followed by acid-base purification steps of 
alkaloids gave higher yield of galanthamine than the scCO2 extraction (Chapter 4). Selectivity 
for alkaloids was observed in all extraction methods. Though the strong interaction between 
galanthamine and the matrix can be eliminated by classical-acid extraction methods as well 
as using hot pressurised water extraction (HPW), unfortunately, a persistent emulsion 
problem hampers the subsequent liquid/liquid purification step. A benchmark extraction 
method from solid material was performed by using methanolic-Soxhlet extraction. A similar 
yield of galanthamine was obtained with the classical-water extraction using hydrobromic 
acid (1%, v/v) and the methanolic-Soxhlet extraction. 

As green solvents, NADES were tested for the selective extraction of galanthamine. A 
high-performance liquid chromatography (HPLC) method was developed to analyse the 
extracts (Chapter 5). However, the presence of high amounts of organic acids as constituents 
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of NADES such as citric acid, malic acid, and lactic acid was found to influence the 
galanthamine analysis. Unreproducible chromatograms as well as peak broadening and tailing 
were obtained when NADES containing an organic acid were analysed in a low pH value 
mobile phase following the method of Mustafa et al. (2003). This was related to the fact that 
at low pH values (pH <pKa of target compound) galanthamine will be totally ionised and ion-
pair formation with the acids (i.e. TFA) may affect the separation. To avoid this, a basic 
modifier was added to the mobile phase. An optimum chromatographic separation was thus 
achieved using a high pH resistant stationary reverse phase column with the addition of 0.3% 
(v/v) of triethylamine (TEA) in the mobile phase. It was also necessary to eliminate some 
polysaccharides and lectins that co-extract using NADES. These compounds precipitated 
when in contact with a mobile phase containing MeOH, causing a sharp increase in back-
pressure of the system after a series injection of NADES extracts. This problem could be simply 
overcome by adding methanol to the NADES extract and after 3 hours of contact, filtering 
over a 0.2 μm membrane before HPLC injection. Following the study of the extraction of 
galanthamine from the plant material, a solubility test of galanthamine-HBr (Gal-HBr) in 
different kinds of NADES was performed (Chapter 6). Multivariate data analysis (MVDA) of 
the results (principal component analysis method) clearly shows that the solubility of 
galanthamine-HBr is positively correlated with the acid and water constituents of NADES. 
Moreover, sugars and basic compounds have a clear lowering effect on the solubility of Gal-
HBr. Thus, ionic liquids and acids classes of NADES have a high solubilisation capacity, while 
none from neutral and basic class of NADES showed high solubility of Gal-HBr.  

A part of the solubility study of galanthamine, an application of extraction with  
pressurised method was used to extract the alkaloids from N. pseudonarcissus bulbs. This 
proved to be very successful as the obtained NADES extracts showed the highest 
galanthamine yields as compared with other extraction methods, i.e., scCO2, water extraction 
and HPW extraction. Similar alkaloids profiles were found for   water and all NADES extracts -
with the exception of the β-Alanine-malic acid (βAMA) extract- but they were quite different 
to that of the methanolic extract. While the selectivity of NADES differs according to the kind 
of NADES, galanthamine, lycoramine, oduline, and haemanthamine were observed in all 
NADES extracts. In conclusion, NADES are promising for selective Narcissus alkaloid 
extraction. 
 The economic evaluation of the scCO2 extraction process of galanthamine was 
conducted as a complement and compared with a conventional extraction method using 
diethyl ether. Lang factor approach was used to estimate the capital costs, this gives accuracy 
with a margin error of approximately ±30% of the actual production costs (Є/kg of 
galanthamine). This estimation showed that production costs of galanthamine are lower by 
applying a scCO2 extraction process than the conventional process; less energy is consumed 
and there is less generated waste. Thus, it was concluded that this greener scCO2 extraction 
process is promising for the galanthamine production. However, an integrated production 
process yielding multiple products should be considered to maximise the benefits of scCO2 
process,  
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2. Perspectives 

Both scCO2 and NADES are considered to be green solvents that fit very well with the trend in 
scientific research and process technology in designing environmentally sustainable methods 
or processes. Despite its drawbacks, i.e. its limitation to solubilize the medium to polar 
compounds, scCO2 has a great advantage if compared to other solvents in terms of selectivity, 
especially considering that it can be modified easily by changing extraction variables such as 
pressure and temperature. However, taking full advantage of the benefits is challenging. In 
the case of scCO2 extraction from plant matrices, different strategies can be applied 
depending on the target compounds and type of plant matrix. By combining scCO2 extraction 
with either a reaction process (Akgün, 2011) or another separation process, i.e. designing an 
integrated process, it may be possible to achieve higher yields (than solely single procedures 
of scCO2 extraction) while maintaining and even maybe increasing selectivity. In fact, the full 
potential of supercritical fluid (SCF) can only be optimally achieved by using such an integrated 
approach. 

The presence of NADES in living organisms might be involved in storage and transport 
of various non-water-soluble metabolites in cells. Our studies showed clear advantages of 
NADES as medium polar solvents with good selectivity for Narcissus alkaloids. The abundance 
of primary metabolites, such as sucrose, glucose, choline, alanine, citric acid, and malic acid, 
in Narcissus pseudonarcissus bulbs as observed by 1H-NMR in methanol-d4-KH2PO4 in D2O (pH 
6) extracts (Lubbe et al., 2013) are in accordance with the hypothesis about the presence of 
NADES in living organisms. However, as a newly discovered solvent, their properties and 
behaviour are still largely unknown and thus need further in-depth studies before a rational 
development of applications is possible.  

More research on the physical-chemical properties of NADES, such as viscosity, 
conductivity, density, surface tension, and polarity on a broad range of NADES is necessary. A 
deeper fundamental study would be required to understand the possible intermolecular 
interactions between the molecules of NADES mixtures and various solutes, including the role 
of hydrogen bonding. This should lead to a theory that could predict the solubility of a target 
compound and thus allow rational engineering of NADES for various applications. Moreover, 
insight in terms of toxicity of the individual NADES compounds and the mixture as well as the 
potential chemical interactions with solutes should be studied, including the toxicity of any 
artefact formed. A direct use of NADES extract would then be possible. 

One of the challenges to meet is the recovery of the extracted compounds from the 
non-volatile NADES. A back-distillation method may be used to recover volatile target 
compounds from NADES. However, great attention should be paid to sugar based NADES 
considering the browning/caramelisation of sugars at high temperatures. In the case of non-
volatile or thermo-sensitive targeted medium polar compounds, it may be promising to 
combine the NADES extractions with scCO2 extraction or fractionation as an integrated 
process. It could offer environmentally benign alternatives to the conventional extraction 
methods strategies. Implementing this integration strategy of processes would allow a full 
exploration of the potential of Narcissus pseudonarcissus bulbs, yielding a multi-product 
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extract with different alkaloids. Such a strategy would allow the elimination of undesirable 
compounds (i.e. impurities), at the same time also increasing the yield, and improving the 
purity of targeted compounds.  

NADES has a negligible vapour pressure (non-volatile) and polar properties so that a 
two-phase system will be formed with the volatile and non-polar scCO2. Hence, the recovery 
principle is based on the solubility of the extracted compounds in scCO2.  High volatility and 
low polarity of compounds will favour their solubility in scCO2, yielding the targeted 
compounds-rich scCO2 phase while the insoluble compounds would remain in the NADES 
phase. Moreover, the presence of NADES may increase the selectivity of scCO2 for the 
components of interest. It will allow the performance of different extraction processes while 
keeping the benefits of both ecological and economics aspects; this offers a great potential 
for various applications.  

Fusing the strengths of both processes, the selectively and the great ability of NADES 
to extract medium polar compounds and its safety, with the advantage of the absence of 
residual solvents in the final product of an scCO2 extraction or fractionation, make this an ideal 
integrated extraction and purification process of natural products, e.g. for pharmaceutical, 
food, and cosmetic purposes. However, some practical issues require more attention, among 
them the high viscosity of NADES extracts, and the effect of the water content as well as the 
solubility of the targeted compounds (in this case the Narcissus alkaloids) in scCO2, the phase 
behaviour of binary systems of NADES/scCO2 and ternary systems of NADES/scCO2/solutes 
(Narcissus alkaloids). The solubility of different Narcissus alkaloids in scCO2 should also be 
considered to design selective fractionation conditions. Thus, all these issues require further 
research in a multidisciplinary approach, bringing together the biology, natural products 
chemistry, and process technology.  
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