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A natural and sustainable alternative to conventional solvents in terms of solubilization and extraction of
curcuminoids from Curcuma longa L. was investigated. By mixing ethanol with natural aromas, a drastic
increase (up to 30-fold) of curcumin solubility with regard to pure ethanol could be achieved. Through
a solubility screening of ten naturally abundant aromas with different functionalities, conducted via UV/vis
analysis, cinnamaldehyde was determined to be the most promising one. COSMO-RS calculations

combined with *H and NOESY NMR were conducted to determine the solving mechanism. As a natural
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Accepted 4th February 2023 source, rich in cinnamaldehyde, essential cinnamon oils were examined concerning their curcumin solving
ability with regard to their chemical composition. The best oil, coming from Cinnamomum cassia with

DOI: 10.1039/d2fb00026a a cinnamaldehyde content of 79%, was used successively as a natural solvent for cycle extraction

rsc.li/susfoodtech experiments. By encountering a premature saturation, a theoretical model for cycle extractions was proposed.
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Introduction

Curcuminoids are bright yellow pigments found in the
rhizomes of turmeric, Curcuma longa L. The plant can be har-
vested throughout Southeast Asia,"” where it has been known
for ages for its beneficial health effects, like anti-inflammatory
and antioxidant effects, in ayurvedic medicine, its colour, and
its flavour characteristics as a spice.*® Another genus, also
native to the tropical climate of Southeast Asia, is Cinnamomum,
cinnamon. Just like turmeric, it is a very popular spice, which is
known for its medicinal applications, including antioxidant,
anti-inflammatory, antidiabetic, anticancer, and cardio protec-
tive activities.”® Two species, Cinnamomum verum and cassia,
have been of interest throughout this study. They can be char-
acterized as tropical, evergreen trees containing cinnamalde-
hyde (up to 80%)>** in the oil of their bark. The two species can
be distinguished from one another by looking at their quills, the
rolled bark pipes, which are the exportable product. While
Cinnamomum verum has a soft, light bark, which rolls in several
layers, Cinnamomum cassia has a dark, hard bark, which only
rolls to one layer.®

The oils of these two species combined with ethanol were
investigated in terms of their solvent abilities, solving curcu-
min, and extracting the curcuminoids successively from their
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plant matrix. Using the essential oil of cinnamon is an elegant
step towards a green and sustainable extraction as nature
already provides oils with suitable solvent characteristics.'***
The close geographical proximity*”*'* of the two investigated
plants - turmeric and cinnamon - enables the cut of transport
costs along with the emission of CO,. By having all raw mate-
rials, the essential o0il"® and ethanol* produced sustainably as
well, a completely green extraction could be introduced.

Experimental
Chemicals

The synthetic phytochemicals curcumin (Cur, purity > 97%),
cinnamyl acetate (purity > 97.0%), benzyl benzoate (purity >
99.0%), 3-phenylpropylacetate (purity > 98.0%) and alpha-
hexylcinnamaldehyde (purity > 90.0%) were purchased from
TCI (Eschborn, Germany). Benzaldehyde (purity 99%) and trans-
cinnamaldehyde (purity > 98%) were bought from Merck
(Darmstadt, Germany). 3-Phenylpropionaldehyde (purity 95%)
was purchased from Fisher Scientific GmbH (Schwerte, Ger-
many) and citral (purity N/A) was obtained from All Organic
Treasures GmbH (Wiggensbach, Germany). The cinnamon bark
oil Cinnamomum zeylanicum was obtained from Jean Piitz (Gel-
senkirchen, Germany), while Cinnamomum cassia and Cinna-
momum verum were bought from PCW (Grasse, France). The
ground turmeric rhizomes were provided by Kwizda (Linz,
Austria). Ethanol (EtOH, purity = 99.8%), (R)-(+)-limonene
(purity = 93%), trans-anethole (purity = 99%), and deuterated
methanol-d, (purity >99.8%) were bought from Sigma Aldrich
(Darmstadt, Germany).
All chemicals were used without further purification.
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Methods

Solubility screening

Samples were prepared by mixing the solvent ethanol with
either the natural flavour compounds or the cinnamon oils at
different weight ratios (0-100 wt%) until the solutions were
homogeneous. The preparation of the mixtures used for the
solubility map, ternary mixtures of ethanol, water and the
cinnamon oil was executed analogously. Then, the samples
were saturated with synthetic curcumin and stirred for 1 h at
room temperature before filtration with 0.45 pm PTFE filters to
remove the excess. All samples were prepared in triplicate.

Optical density measurement

A qualitative assessment of the curcumin solubility in the
above-mentioned aroma mixtures was done by UV/vis analysis.
Samples were adequately diluted in ethanol before the
measurement in a spectral range of 350-700 nm, using
a Lambda 18 UV/vis spectrometer by PerkinElmer (Waltham,
USA). The maximum absorbance at a wavelength of 425 nm was
used to compare all samples.

COSMO-RS calculations

Based on the predictions by P. Degot et al.,” the chemical
potential of curcumin in solutions of ethanol mixed with
natural aromas was calculated based on the solutions' molar
ratios using the 19.0.4 version by COSMOlogic.'*** The COS-
MObase TZVPD-FINE 19.0 provided some of the precalculated
molecules, while the COSMO files of the missing ones were
calculated on a TZVPD-FINE level using the templates of COS-
MOconfX software (version 4.3). For curcumin only the COSMO
files of the four sensible conformations of the keto-enol
tautomer were calculated.

NMR analysis

The 'H and NOESY NMR spectra of trans-cinnamaldehyde and
hydroxycinnamaldehyde with curcumin were recorded in
deuterated methanol using a solvent ratio of 30/70 (n/n) of
aroma/methanol-d, in which 0.05 mmol curcumin was dis-
solved. Deuterated methanol was used as a solvent, as it is an
alcohol, similar to ethanol. Therefore, the results should be
comparable. The NMR spectra were recorded with a Bruker
Avance III HD 400 MHz spectrometer equipped with a 5 mm
BBO 400SB BB-H-D sample head with Z-gradient. The prein-
stalled measurement programmes were used to record the
spectra, while the scan rate was increased for the NOESY spectra
to achieve a better signal/noise ratio. The spectra were pro-
cessed and evaluated with MestraNova (version 14.1.2).

GC-FID analysis

The ratio of cinnamaldehyde in the oil samples was determined
via GC-FID analysis. The oils and the synthetic cinnamaldehyde
were solved in methanol (1 mg mL™") and filtered before
measurement. 1 uL of sample was injected into a GC-FID 7890A
system from Agilent (Santa Clara, USA) with a VF-5 column (30
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m X 250 pm X 0.25 pm) with a 1: 20 split ratio and eluted with
a helium flow of 1 mL min~". Flame ionization detection was
performed at 275 °C. A gradient program based on the results
presented by A. Chakraborty et al.*® was used: a temperature of
60 °C was held for 5 min at the beginning, which was ramped up
to 250 °C with a heating ratio of 20 °C. Successively, the
temperature was ramped up to 300 °C with a heating rate of
50 °C min . The peak areas were used to determine the ratio of
cinnamaldehyde in the cinnamon oils. Cinnamaldehyde in the
oils was characterized by the comparison of the retention times
with the retention time of the pure cinnamaldehyde sample.

GC-MS analysis

To analyse the volatile contents of the three cinnamon oils
qualitatively, GC-MS analysis was performed. Elution was ach-
ieved using a 7890B GC system from Agilent (Santa Clara, USA)
furnished with a ZB-5MSplus column (30 m x 250 um X 0.25
pum) from Phenomenex Inc. (Aschaffenburg, Germany). Samples
of a volume of 1 uL were injected with a 1:200 split ratio and
eluted with helium with a flow rate of 1.2 mL min " A
temperature gradient starting at 60 °C ramping up to 300 °C
with 20 °C min~* was applied. The end temperature was held
for 0.5 min. MS detection was carried out using an AccuTOF
GCX apparatus from Jeol GmbH (Freising, Germany) with
a positive electron impact ionization at a voltage of 70 V. The
spectra were assigned to their compounds via the NIST
database.

Determination of a ternary phase diagram

A phase diagram was recorded consisting of water, ethanol, and
Cinnamomum cassia oil from PCW. By adding the third
compound, either oil or water, dropwise to binary samples of
water/ethanol and ethanol/oil respectively, until a visible
change of the phase behaviour, the miscibility gap was deter-
mined. The phase separation was determined by the naked eye
and the exact amounts of all compounds were recorded.

Determination of the critical point

The critical point (CP) of the ternary mixture of water/ethanol/
cassia oil was determined via dynamic light scattering experi-
ments combined with optical detection. First, correlations in
the ternary mixture were examined analogously to V. Huber
et al** using a temperature-controlled CGS-3 goniometer from
ALV (Langen, Germany), with an ALV-7004/FAST Multiple Tau
digital correlator and a vertically polarized 22 mW HeNe laser of
a wavelength of 632.8 nm. Samples were filtered into dust-free
cylindrical cells of 10 mm outer diameter using 0.2 pm PTFE
filters. The samples were thermostated in a toluene vat of 25 +
0.1 °C and measured for 180 s. Conferring to T. Buchecker and
S. Krickl et al.,*® the correlation curves were examined qualita-
tively assuming that higher y-intercepts correspond to more
time-stable structuring, indicating the critical points. To verify
the location of the CP, an optical determination in the points of
the highest correlation was conducted. Three samples in the
monophasic domain were prepared and diluted stepwise with

© 2023 The Author(s). Published by the Royal Society of Chemistry
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20 pL of water until phase separation. The sample with identical
volumes of both samples was determined as the critical point.

Cyclic extraction of Curcuma longa L.

As a proof of the concept of cyclic extraction for solvent econ-
omisation introduced by P. Degot et al.*® and continued by V.
Huber et al.,*** continuously fresh turmeric rhizomes were
extracted using the solvent composition of the highest curcu-
min solubility. The powdered rhizomes with a grain size of 50—
100 pm were obtained from Kwizda (Linz, Austria), and speci-
fied to contain 81 mg kg~ " water and 35 mL kg~ " essential oils.
2 g of rhizome powder were immersed in 32 g solvent (30: 70
ethanol/cinnamon oil (w/w)) at room temperature. After stirring
for 1 h, the samples were centrifuged for 10 min at 4700 G and
the supernatant was removed and used for another cycle of
extraction. This method was repeated until 12 extraction cycles
were achieved. A qualitative analysis of the increasing concen-
tration was done by diluting the extracts adequately in ethanol
and analysing the optical density like described above.

Results and discussion
Screening of natural aromas

By introducing additives into ethanolic solutions, the solubility
of curcumin can be increased depending on the nature of the
additives.”® Fig. 1 shows the UV/vis screening of six natural
aromas in solutions of ethanol.

The aromas in question were cinnamaldehyde (Cin), benz-
aldehyde (Bza), citral, anethole, benzyl benzoate, and limonene.
They were chosen based on their different structural elements.
While Cin and Bza are aromatic aldehydes with conjugated
systems of different sizes, benzyl benzoate is an aromatic ester.
Anethole is an aromatic ether, limonene is a non-functionalised
terpene and citral is a terpenoid with an aldehyde function.
Their structures can be viewed in Table S1 of the ESL{ Along
with the experimental results obtained by UV/Vis analysis, the
predictions of the chemical potential of curcumin via COSMO-
RS are presented in Fig. 1 at the bottom as well. The UV/vis
results in wt% are presented in Fig. S1 of the ESI.{ Addition-
ally, the UV/vis spectra of curcumin in binary mixtures of EtOH
and Cin are given in Fig. S2.1

Looking at the lower part of Fig. 1, the COSMO-RS prediction
of the chemical potential of curcumin, three trends of its
solubility in the EtOH/aroma mixtures were forecast: strongly
decreasing, hardly affecting, and improving the solubility of
curcumin in the mixtures.

Regarding the first case, limonene was the compound
leading to the low solubility. Comparing it to the other mole-
cules, limonene showed no positive solubility synergy with
EtOH. In all other cases, a solving synergy with a maximum
solubility of curcumin at an aroma content between 70 and
90 wt% could be achieved. Limonene, on the other hand,
exhibited a quasi-linear curve progression leading to lower
curcumin contents with higher limonene contents. The exper-
iments were confirmed by COSMO-RS calculations, yielding
a continuously worse solubility. Just like stated by V. Huber

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 UV/vis (a) and COSMO-RS (b) examination of the solubility and
chemical potential of curcumin in ethanolic solutions of natural
flavours (n : n) respectively. Cinnamaldehyde is represented by brown
squares, benzaldehyde by purple circles, citral by orange triangles,
benzyl benzoate by green diamonds, and limonene by blue left-facing
triangles. The UV/vis samples were analysed at a wavelength of
425 nm.

et al. who looked at hexanoic acid,”® a long carbon backbone
without functionalization affected the solubility of curcumin in
a negative way.

The second case, hardly any effect on the solubility, is made
up by anethole and benzyl benzoate. In comparison to pure
EtOH, both molecules managed to enhance the solubility of
curcumin in mixtures with EtOH 5-fold. Their curve progres-
sions of the COSMO-RS predictions were very similar with
a positive trend of the chemical potential, indicating a bad
solubility. Yet, the results of the experiments, especially in the
pure aromas, were not as bad as predicted, which was an overall
sign that both the ester and ether groups had a seemingly
decent effect when solving curcumin.

All aldehydes, Cin, Bza, and citral, make up the third group,
showing an almost identical curve progression of the chemical

Sustainable Food Technol.,, 2023, 1, 319-327 | 321
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potential. Lower predicted chemical potentials in the EtOH/
aldehyde mixtures indicate positive solubility synergies.

Even though the synergies could indeed be observed in the
solubility experiments, the overall curves do not look as similar
as predicted. A 10-fold solubility augmentation compared to the
pure EtOH was achieved in citral mixtures, while mixtures of
Bza and Cin with EtOH almost doubled and tripled these results
respectively. This led to the hypothesis that COSMO-RS did not
consider some interactions Bza and Cin must incur with cur-
cumin. Possible neglected interactions may include -7 inter-
actions or stacking. Bza and Cin both are planar, aromatic
molecules. The conjugated system of Cin is larger than the one
of Bza and nearly looks like half the structure of curcumin. It
can be imagined that curcumin may stack with the two aromas
and will form a complex with a preferential solubility in EtOH.

Concerning these results, the augmentation of the curcumin
solubility in mixtures of EtOH mixed with natural flavours was
driven by two effects: The solubility of curcumin in the aromas
was the first, less effect. Depending on the functionalisation of
the molecules in question, a trend could be established as
follows: aldehyde in conjugation with the aromatic system >
aldehyde in conjugation > ester > ether > non-functionalised
molecules. The second, more important effect was the prefer-
ential intermolecular interactions between the solute curcumin
and the natural flavours. These interactions permitted such
high solubilities of curcumin.

Both prerequisites were fulfilled by Cin, which was also the
additive yielding the highest curcumin solubility. Looking at
nature, cinnamon bark oil is a natural source of Cin with high
contents of up to 80%.'“"* Nevertheless, natural products are
rarely pure, and cinnamaldehyde derivatives were inspected to
test their effect on the solubility of curcumin. The derivatives
which could most likely be encountered in the oils*** included
cinnamyl acetate, 3-phenylpropyl acetate, a-hexyl cinnamalde-
hyde, and hydrocinnamaldehyde. Their corresponding experi-
mental and theoretical data regarding the solubility and
chemical potential of curcumin are presented in Fig. 2. A
depiction depending on the weight ratio of the Cin derivatives is
given in Fig. S3 of the ESIT and their structures can be viewed in
Table S1.}

Cinnamaldehyde like in Fig. 1 achieved the highest curcu-
min solubilities, while the rest showed mediocre ability to
enhance the curcumin solubility. This find was also supported
by the COSMO-RS predictions. However, the curcumin solu-
bility enhancing effect of hydrocinnamaldehyde strayed off
course. Instead of causing a solubility synergy upon mixing with
EtOH like all other examined molecules, a linear increase of
curcumin solubility was achieved. This stood in contrast with
the chemical potential calculated via COSMO-RS. According to
the prediction, hydrocinnamaldehyde should behave similarly
to Cin with a similar effect on the solubility of curcumin. To
explain this, '"H NMR measurements in deuterated methanol
were made (cf Fig. S4-8t).

It was suspected that the aldehydes react with the alcohol
and form a hemiacetal. This is indeed the case as the hemi-
acetals can be observed in the "H-NMR spectra of trans-cinna-
maldehyde or hydrocinnamaldehyde in methanol-d,. The
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Fig.2 UV/vis (a) and COSMO-RS (b) examination of the solubility and
chemical potential of curcumin in ethanolic solutions of natural
flavours (n : n) respectively. Cinnamaldehyde is represented by brown
squares, cinnamyl acetate by marron circles, 3-phenylpropyl acetate
by orange triangles, a-hexyl cinnamaldehyde by golden down-facing
triangles, and hydrocinnamaldehyde by yellow diamonds. The UV/vis
samples were analysed at a wavelength of 425 nm.

hemiacetal amounts to 16% and 89%, respectively (cf Fig. S4
and 5t). This also explains why COSMO-RS was not able to
predict the solubility of curcumin in hydrocinnamaldehyde/
ethanol correctly, as only little hydrocinnamaldehyde is
present in the solution. The double bond in ¢rans-cinnamalde-
hyde seems to prevent hemiacetal formation to some extent.”

First, the change of the chemical shift of the curcumin
signals in the binary mixture with cinnamaldehyde/
hydrocinnamaldehyde in methanol-d, is investigated, cf. Table
1. No changes of the chemical shifts of the aroma compounds
were observed. An upfield shift of the chemical shift corre-
sponds to an increase in electron density at the nucleus, while
a downfield shift corresponds to a decrease in electron density
at the nucleus. Changes in the chemical shift are in correlation
with the mesomeric effects of functional groups.®*** The allyl
protons of curcumin (21,24 & 19,20) experience a slight

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Chemical shifts of the curcumin protons in methanol-d4
(MeOD-d,4) with a 30 mol% additive, either Cin or HCi. The respective
H-NMR spectra with assigned signals are shown in the appendix.
Signals that experienced an upfield shift are marked in bold and the
signals with a downfield shift are shown in italic

#H 1,4 27 21,24 10,13 11,12 7,16 19,20 3,6 22
Methanol-d, 3.91 — 6.63 6.82 711 722 7.57 — —
Cin 376 — 688 — 702 — 760 — —
HCi 3.73 5.97 666 696 — — 74 — —

downfield shift, as well as protons (10,13) of the aromatic ring in
the case of hydrocinnamaldehyde. In contrast, the signal of
(11,12) is shifted upfield for cinnamaldehyde. In both cases, the
methoxy groups of curcumin (1,4) experience an upfield shift.

Combining changes in chemical shift in the "H spectra (cf.
Fig. $6-87) and the cross peaks found in the respective "H-"H-
NOESY spectra (¢f. Fig. S9 and 107%) the different curcumin
solubilities can be explained. For cinnamaldehyde in methanol-
d,, cross peaks between all hydrogen nuclei of cinnamaldehyde
and the methoxy groups of curcumin are visible in the NOESY
spectrum. The methoxy groups of curcumin increase the elec-
tron density in the aromatic ring (+M-effect), whereas the elec-
tron density at the methoxy group itself is reduced. The
electron-deprived hydrogen nuclei of the methoxy group can
interact with the electron-rich cinnamaldehyde with its
aliphatic, allylic and aldehyde protons. This also corresponds to
the changes in the chemical shift. With the increased electron
density at the methoxy groups (1,4) their +M-effect intensified
and thus a higher electron density in the aromatic ring is
observed leading to an upfield shift of the protons in the
aromatic ring (11,12). Unfortunately, the other signals of the
aromatic ring (10,13) and (7,16) are not visible in the NMR
spectrum as these signals overlap with the signals of cinna-
maldehyde. The allylic hydrogen nuclei in conjugation to
carbonyl (—M effect) are shifted downfield. This shift is less
pounced for (19,20) while the signal of (21,24) is shifted by
+0.25 ppm. The residual cross peaks in the NOESY spectrum
show interactions between t¢rans-cinnamaldehyde and curcu-
min themselves respectively.

With hydrocinnamaldehyde, the methoxy groups of curcu-
min (1,4) are also shifted upfield. However, looking into NOESY,
no cross peaks between curcumin and hydrocinnamaldehyde
can be observed.

This is surprising as at least the aromatic ring of hydro-
cinnamaldehyde should be able to interact with the electron-
deprived methoxy groups. Looking closer into the NOESY
spectrum a weak cross-peak, close to the background, between
the aromatic protons of hydrocinnamaldehyde and the methoxy
groups of curcumin can be seen. This observation correlates
with the observed solubilities, whereas hydrocinnamaldehyde
only slightly increased the solubility of curcumin in ethanol. In
addition, no interaction between the methoxy groups and the
aldehyde proton can be seen, as the hemiacetal is predomi-
nately present. However, no cross peak between the hemiacetal
and the methoxy group is observed either. Its methoxy group
(+M-effect) and additional hydroxy group (+M-effect) increase

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the electron density at the hemiacetal which should be favour-
able for interactions with the methoxy group of curcumin. As
already observed by Huber V., hydroxy groups have a strong
negative effect on the solubility of curcumin and probably
prevent further interactions.”® This will need to be further
evaluated in the future.

After the solubility assessment of pure compounds, three
natural cinnamon bark oils were examined:

Cinnamomum cassia oil from PCW (cassia), and two Cinna-
momum verum oils, one from PCW (verum) and one from Jean
Piitz (zeylanicum). To characterize the oils, the total Cin content
was determined via GC-FID and by-products were identified
using GC-MS. All chromatograms and mass spectra are pre-
sented in Fig. S11-45 of the ESL.

The oil with the highest Cin content was the cassia oil from
PCW with 79%, followed by the zeylanicum oil with 74%, and
the verum oil with 62%. The reference, pure, and synthetic
cinnamaldehyde had a total content of 97%. As the oils con-
tained considerably less of the aroma in question, it was not
expected that any of them could meet the high curcumin solu-
bility achieved in Cin/EtOH mixtures. Fig. 3, however, shows
that the curve progression of oil cassia matched the curve of Cin
almost perfectly, enhancing the curcumin solubility in solu-
tions of EtOH almost identically.

The zeylanicum oil contained only 5% less Cin than the
cassia oil. Yet, its solubilisation power was far weaker, only
dissolving 65% of the amount of curcumin that was solved in
solutions of ethanol and cassia. While the Cin content in the
zeylanicum and verum oils differed by 12%, their power of
solubilizing curcumin was more comparable. An explanation
was found in the GC-MS data which are presented in Fig. S15-
45. The Cinnamomum cassia oil predominantly contained
derivatives of Cin, while the other two oils were also rich in
terpenoids. By reviewing Fig. 1, limonene, a non-functionalised
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Fig. 3 Comparison of the curcumin solubility in ethanolic solutions of
the cinnamon oils, Cinnamomum cassia oil from PCW (yellow trian-
gles), Cinnamomum cassia from Jean Putz (blue circles), and Cinna-
momum verum (green down-facing triangles), with cinnamaldehyde
(brown squares) as a reference.
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terpene, corrupted the solubility of curcumin in EtOH signifi-
cantly. Thus, indeed, the presence of terpenes and terpenoids in
both Cinnamomum verum oils had a negative impact on the
solubility of curcumin, which could not be compensated by Cin.

The cassia oil, on the other hand, did not contain any
terpenoids or terpenes but only aromatic esters and aldehydes.
As stated above, the curcumin solubility could be enhanced by
functionalised, aromatic additives. This is the reason why the
cassia oil managed to yield such high curcumin solubilities.
Remembering that the oil contained 79% Cin but achieved
almost equally high solubilities as the reference, the high
abundance of Cin could not be the sole reason for the high
solubility. This led to the assumption that the mixture of all
ingredients of the oil could create their own solubility synergy,
which preferentially solved curcumin. Subsequently, all further
experiments of this study were performed using the Cinnamo-
mum cassia oil from PCW.

It still has to be noticed, regarding the mass spectrum of
Fig. S21,7 that oil from the species Cinnamomum cassia contains
coumarin. Coumarins are phytochemicals found in many
plants like, in this case, cinnamon or tonka beans, which can
cause liver disease in rats and dogs.** Though, the metabolomic
pathway in the human body is different, coumarins and their
corresponding metabolites can still be harmful. Hence,
coumarins as flavouring agents in food were barred by the
United States Food and Drug Administration (FDA), whereas
Europe's Food Safety Authority (EFSA), on the other hand,
approved a tolerable daily intake of 0.1 mg kg™ ' body weight for
adults. Regulations about foodstuffs, which are already carriers
of coumarin, like cinnamon, however, are ambiguous and these
foodstuffs can still be used without problems. Thus, utilizing
Cinnamomum cassia oil for applications is still approved.*>3>3
Processes, in which the presence of coumarins is undesired, can
bypass this problem by processing the oils. Oils with a high
curcumin solving power should be obtainable by removing
coumarin from oil cassia, or by rectifying Cinnamomum verum
oils, depleting them of terpenoids. Both methods can yield oils
of low coumarin content and high solving capacity of curcumin.

A proof of concept - preparation for extraction experiments

A ternary phase diagram of water, EtOH, and oil cassia, the most
powerful oil in terms of solving curcumin was recorded. It is
depicted in Fig. 4. Despite the oil being a multiple component
mixture, it will be treated as a unit, which allows the classifi-
cation of the diagram as a ternary one. The mixture of water and
cinnamon bark oil was enabled by using EtOH as a co-solvent
and solubilizer, reminiscent of the formulation of spear mint
oil by C. Benkert et al.** Between the hydrophilic and hydro-
phobic compounds, a large miscibility gap was found. Neither
water nor oil cassia was soluble at any proportion in one
another. Water and EtOH on the other hand were fully miscible.
This is not visible in the diagram, as only one small drop of
Cinnamomum cassia oil turned the binary water/EtOH mixtures
with a content of less than 40 wt% two-phasic. Ultimately, to
achieve a full miscibility of all compounds at any proportion
a minimum content of 40 wt% EtOH was necessary. The critical
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Fig. 4 Ternary phase diagram of water, ethanol, and Cinnamomum
cassia oil (PCW). The black region labelled 2@ marks the two-phasic
region. The heat map of the monophasic domain shows the solubility
of curcumin with red indicating a high solubility while purple shows
a low one. The critical point of the mixture is signified by the turquoise
circle labelled CP.

point of the system was determined visually and via DLS
measurements (¢f: Fig. S461). It was located on the oil side of the
system.

The solubility of curcumin in various ternary mixtures is
characterized by the contour map, covering the monophasic
area. Red signified a high solubility, while purple was an indi-
cation for a bad one. The area close to the oil cassia apex
exhibited the highest curcumin solubility, while the lowest one
was found in the binary mixtures of water and EtOH. A corre-
lation of the best solubility of curcumin with the critical point
was not found. The solubility seemed rather to depend on the
content of the oil. A decrease of solubility was found in a diag-
onal direction from high cinnamon oil contents to low ones.

Hence, it was assumed that the solubility of curcumin was
principally governed by the amount of oil in the mixtures. The
theory about the preferential solubility of curcumin being
a result of special interactions that are shared by the target and
cinnamaldehyde and potentially its derivatives as suggested via
NMR was supported by the trend of solubility in the ternary
systems.

70-80 wt% of cinnamaldehyde and accordingly the essential
oil was found to be the optimum additive content to reach the
maximum of curcumin solubility in the binary mixtures with
EtOH. The same was true for the ternary ones. An oil content of
80 wt% achieved the highest solubility of curcumin. Despite
water limiting its solubility throughout previous studies,"*® in
this case, it had a positive influence on the solubility. A small
addition of water, here 5 wt%, had an enhancing effect on the
solubility of curcumin. This has already been described by P.
Degot et al. in the mixture of water/sodium salicylate/ethyl
acetate, who also found that water could change the solvent
environment to an extent allowing even higher solubilities of
curcumin.*® From these results, an optimum composition of 5 :
22:73 (w/w/w) was found in the water/EtOH/oil cassia ternary

© 2023 The Author(s). Published by the Royal Society of Chemistry
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system. This composition was also used to perform the
successive extraction experiments.

To prove whether the enrichment of curcuminoids in the
ternary water/EtOH/cinnamon oil system was possible, the
solvent was used to perform several cycles of extraction. In
previous studies by P. Degot and V. Huber et al.>**° the issues of
the cycle extractions included fast saturation due to a low
solubility of the solvent and the change of solvent, limiting the
cycles and, thus, the enrichment procedure. The trialled system
of water/EtOH/oil cassia was expected not to encounter these
problems. The extracts were analysed via UV/vis in conformity
with P. Degot et al.*® after every extraction cycle. The single
curcuminoids could not be distinguished from one another in
that way, of course, due to their similar wavelength of highest
absorption. However, this was enough to see the trend. Fig. 5
presents the results. The absorbance and with it the concen-
tration of curcumins increased fairly linearly with each
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Fig. 5 Top: absorbance of curcuminoid extracts in water/EtOH/oil
cassia (black squares), water/EtOH/TriA (red circles), and ChCl + Lev/
EtOH/TriA (blue triangles) after several cycles of extraction. The
references were taken from P. Degot®® and V. Huber et al.>* and were
calculated according to the calibration curve presented in Fig. S47.+
Bottom: total mass of extracted curcuminoids in the water/EtOH/oil
cassia system through experimental analysis (green squares) and
modelling (orange squares).
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extraction cycle in the ternary cinnamon oil system. Environ-
mental conditions, like temperature, were the reason for the
deviations from the linear behaviour. In contrast to the refer-
ence system of water/EtOH//TriA, achieving twelve cycles of
extraction took a duration of two days instead of only a few
hours. Hence, the system achieving fewer cycles, of course, did
not suffer under the environmental conditions. Nevertheless,
the curcuminoid content could be enriched similarly in all three
systems, proving the concept of cycle extraction.

Regarding the mass of curcuminoids (¢f Fig. 5 green curve
on the bottom), similarly to the experiments using the natural
deep eutectic solvent,* indeed a saturation seemed to occur
after ten cycles, although the solubility limit should not have
been reached yet. Beforehand, the blame of premature satura-
tion was placed on the change of solvent, due to the loss of
choline chloride to the plant matrix. However, hardly such
interactions should take place in this system. An explanation
was found when regarding the loss of solvent after every cycle of
extraction. Approximately 2 g of solvent was lost after each
extraction of 2 g rhizome powder. This altered the powder to
solvent ratio drastically. As this ratio has a strong influence on
the quality of extraction,® this may play a key role during these
experiments. In the following equation, a theoretical model was
proposed to determine the maximum number of cycles before
saturation, where m is the mass of curcuminoids, n the number
of cycles, A the absorbance (in this case, the mean increase of
absorbance after each extraction cycle), ¢ the molar extinction
coefficient, [ the illuminated layer thickness, V the total volume
of the solvent and V, the loss of solvent after one cycle: m(n) =
nAlel(V — nV,).

According to this model, the number of cycles depends
largely on V,, as this is the only variable which can be affected
actively during the process. Increasing the number of cycles
should be facilitated by decreasing the lost volume. This, in
turn, should make it possible to take advantage of the effectivity
of the solvent. On the laboratory scale, the reduction of solvent
loss can only be achieved by replacing the centrifugation with
a more effective method or by changing the extraction process
from a batch extraction to a continuous one. The topic of
a follow-up study should be the proof of this theory and an
amelioration of the process in order to achieve more cycles and
to fully use the potential of the solvent.

Conclusions

The prospect of finding alternative, natural solvents for the
solubilization and extraction of curcuminoids from turmeric
was the motivation of this study. Additionally, it is one of the
few studies, entertaining the idea of using essential oils as
solvents. Natural aromas were investigated using UV/vis exam-
inations regarding the solubility of curcumin along with
predictions of its chemical potential via COSMO-RS, combined
with NMR measurements, and GC analysis to determine suit-
able natural products able to dissolve curcuminoids.

Natural aromas, abundant in essential oils, like cinna-
maldehyde, benzaldehyde, citral, anethole, benzyl benzoate,
and limonene, were investigated in terms of their ability to
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dissolve curcumin. A passable increase of the curcumin solu-
bility of a factor of 10-30 in comparison to pure EtOH was
achieved by the former three phytochemicals, which were all
aldehydes. The remaining three hardly affected the solubility in
a positive way. According to this screening, structural features
like an aromatic system or an aldehyde function had positive
effects on the curcumin solubility in ethanolic solutions. Both
of these features were found in cinnamaldehyde, which yielded
the best solubility results. Interactions between the conjugated
systems of cinnamaldehyde and curcumin were determined via
NOESY NMR to be the basis for the strong augmentation of the
solubility of curcumin in EtOH. Successively, cinnamon bark
oils were examined as solvents while being a natural source of
cinnamaldehyde.

Three oils in total were examined, one Cinnamomum cassia
oil and two Cinnamomum verum oils. While all three oils ach-
ieved decent solubility results, only the Cinnamomum cassia oil
reached almost identical results comparable to the pure cin-
namaldehyde. This oil had the highest cinnamaldehyde content
of 79%, which was enough to imitate the pure reference. Even
though the two Cinnamomum verum oils were similarly rich in
cinnamaldehyde, they exhibited higher terpene and terpenoid
contents, which limited the curcumin solubility. Cinnamomum
cassia, on the other hand, mostly contained structural
analogues of cinnamaldehyde while no terpenoids were
present. Concludingly, side compounds with functionalities
similar to the ones of cinnamaldehyde were found to be bene-
ficial for the curcumin solubility in ethanolic solutions.

A ternary phase diagram of water/EtOH/oil cassia with
a corresponding solubility map was recorded. The content of
cinnamon oil essentially dictated the solubility of curcumin in
the ternary systems and reached a maximum in the ternary at
high oil contents and low water contents. At the point of the
highest solubility, curcuminoid enrichment experiments were
performed via cycle extraction. By reusing the solvent several
times, it was certainly possible to increase the concentration of
curcuminoids. However, after twelve cycles, also a premature
saturation occurred in the cinnamon oil-based solvent. This
preterm saturation prompted a theoretical model linking it to
the loss of solvent after every cycle of extraction. This model
should be verified and refined in the future while also ideas to
amend the process should be proposed.

The extraction of phytochemicals using essential oils of
natural sources as alternatives to conventional solvents also has
to be examined in more detail, while also the influence of water
on the solubility and extraction ability should be focused. This
study could pave the way for novel extraction processes of
phytochemicals relying on only sustainable sources.
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