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Abstract: Olive leaves (OLL) represent a major waste generated during the production of
olive oil, but there is a great potential for their valorization, because they provide important
content in polyphenolic phytochemicals, which possess several bioactivities. In spite of the high
number of studies dealing with polyphenol recovery from olive leaves, green processes involving
environmentally benign solvents are scarce. In this study, a novel renewable natural low-transition
temperature mixture (LTTM), composed of glycerol and sodium-potassium tartrate, was tested
for its efficient ability to extract polyphenolic substances from OLL. The extraction process was
optimised by using response surface methodology and the maximum yield in total polyphenols was
26.75 ± 3.22 mg caffeic acid equivalents per g dry weight, achieved with 50% (v/v) aqueous LTTM,
liquid-to-solid ratio of 45 mL g−1 and at 73 ◦C. The LTTM was proven to be equally effective with 60%
aqueous methanol, but it displayed inferior antioxidant properties. Liquid chromatography-diode
array-mass spectrometry analyses revealed no significant qualitative differences between the LTTM
and the aqueous methanolic extract.
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1. Introduction

It is nowadays regarded central to the emerging bioeconomy that the residual biomass originating
from the agricultural and food sector should not be simply treated as waste, but rather as a bioresource
with high potential for the production of precious chemicals and fuels. Agro-industrial activity accounts
for the generation of a large volume of wastes, including processing residues, such as leaves, branches,
peels, roots, stems and seeds. This biomass is usually undervalorized, in spite its richness in a spectrum
of high value-added substances. A prominent class of phytochemicals of abundant occurrence in
agri-food wastes is polyphenols, encompassing an outstanding diversity of structures [1]. Numerous
of these compounds possess biological properties of particular interest, including anti-inflammatory
and chemopreventive activities [2] and therefore they are considered to have a significant prospect as
bioactive agents in food, pharmaceutical and cosmetics industry.

In this context, Mediterranean countries are facing challenges to deal with problems associated
with agri-food wastes, typical to their major crops, such olives. Olive industry wastes that have
not been properly treated are a major ecological issue for olive-producing countries, and therefore
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approaches aiming at valorising olive wastes, primarily those allowing a sustainable recovery of
valuable natural components, are gaining acceptance. Olive leaves, a regular olive-processing residue,
contain high amounts of polyphenols with pharmacological potency [3]; hence, various extraction
methods have been developed for their effective recovery. However, green technologies pertaining to
such a process are particularly limited. The use of environmentally friendly extraction techniques may
represent innovative opportunities to face such challenge in a sustainable manner.

In the framework of deploying eco-friendly procedures for purposes of solid-liquid extraction
of precious chemicals, a new generation of solvents, termed low-transition temperature mixtures
(LTTMs) or deep eutectic solvents (DES), appears as a very promising path. These novel materials
are composed of non-toxic, natural and renewable substances and have attracting properties not
encountered with conventional volatile solvents, such as low vapour pressure, absence of flammability
and low cost [4]. Moreover, several LTTMs have been proven to be far more effective extraction means
of recovering polyphenols [5,6]. On this ground, this study was carried out to optimise extraction
of polyphenols from OLL, assisted by ultrasounds and the variables taken into consideration for
the optimisation included LTTM concentration, liquid-to-solid ratio and temperature. Extractions
with water and aqueous ethanol were also performed for comparison, because water and ethanol
are the most common bio-solvents employed for polyphenol recovery. The extracts obtained were
evaluated for antioxidant activity and the principal phenolics were tentatively identified by liquid
chromatography-diode array-mass spectrometry.

2. Materials and Methods

2.1. Chemicals

Solvents used for liquid chromatography-mass spectrometry were HPLC grade. Ethanol
(99.8%) was from Acros Organics (Geel, Belgium). Anhydrous sodium carbonate was from Carlo
Erba Reactifs (Val de Reuil, France). Glycerol (99%) was from Sigma-Aldrich (St. Lois, MO,
USA). Aluminium chloride hexahydrate, sodium acetate trihydrate, and sodium-potassium tartrate
tetrahydrate (SPT) were from Penta (Prague, Czeck Republic). 2,4,6-Tripyridyl-s-triazine (TPTZ, 99%)
was from Fluka (Steinheim, Germany). 2,2-Diphenyl-1-picrylhydrazyl radical (DPPH) was from
Aldrich (Steinheim, Germany).

2.2. LTTM Synthesis

Amount of 138.14 g glycerol (1.5 mol) was mixed with 60.45 g SPT (0.214 mol) and 13.5 g distilled
water (0.75 mol) in glass vial to give a molar ratio of 7:1:2. The mixture was heated at 60–70 ◦C for
approximately 60 min, under continuous stirring at 700 rpm and the perfectly transparent, moderately
viscous, pale brown liquid formed was left to cool down to ambient temperature. Appropriate
amounts of this LTTM were then used to make up aqueous solutions with concentrations 50–80% (w/v).
These solutions were used for the extractions, as dictated by the experimental design (Table 1).

Table 1. Experimental values and coded levels of the independent variables used for the 23

full-factorial design.

Independent Variables Code Units
Coded Variable Level

−1 0 1

CLTTM (%, w/v) X1 50 65 80
RL/S (mL g−1) X2 15 30 45

T (◦C) X3 50 65 80
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2.3. Olive Leaves (OLL)

Analytical information regarding olive variety and method of collection of OLL has been reported
elsewhere [7]. The OLL collected were pooled and dried, and the dried material was sieved to give a
powder with approximate average particle diameter of 0.3 mm. The material was placed in screw-cap
plastic tubes and stored in a dry and dark chamber.

2.4. Extraction Procedure

Appropriate amount of OLL was transferred in a 15 mL screw-cap tube and 10 mL of solvent
was added. The mixture was extracted for 60 min in a temperature-controlled sonication bath (Elma
P70, Singen, Germany) operated in pulse mode. Sonication was carried out at a frequency of 37 kHz,
ultrasonic power of 140 W and acoustic energy density of 35 W L−1.

2.5. Sample Preparation and Determinations

Following extraction, an aliquot of 1 mL of each sample was placed in a 1.5 mL Eppendorf
tube and centrifuged in a table centrifugator (Hermle, Wehingen, Germany) for 10 min, at 10,000× g.
A suitable volume of the clear supernatant was diluted 1:20 with methanol prior to determinations.
Total polyphenol yield (YTP) was determined with the Folin-Ciocalteu methodology [8] and results
were expressed as mg caffeic acid equivalents (CAE) per g of dry weight. Total flavonoid yield (YTFn)
was assayed with AlCl3 reagent, as previously reported [9] and given as mg rutin equivalents (RtE)
per g of dry weight. The antioxidant activity was estimated by determining the antiradical activity
(AAR) and the ferric-reducing power (PR) of the extracts. Both tests were carried out using published
protocols [8].

2.6. Experimental Design

A 23-full factorial design was used, as described previously [10], with YTP as the response.
The three independent variables considered were CLTTM (X1, varying between 50 and 80%, w/v), RL/S
(X2, varying between 15 and 45 mL g−1) and T (X3, varying between 50 and 80 ◦C). Each variable was
coded at three levels, −1, 0 and 1 (Table 1), according to the following equation:

xi =
Xi − X0

∆Xi
, i = 1, 2, 3 (1)

where xi and Xi are the dimensionless and the actual value of the independent variable i, X0 the actual
value of the independent variable i at the central point, and ∆Xi the step change of Xi corresponding
to a unit variation of the dimensionless value. Data from the experimental design were subjected
to regression analysis using least square regression methodology to obtain the parameters of the
mathematical models. Analysis of variance (ANOVA) was used to assess the significance of the
individual terms and the model. Data for each design point were recorded and 3D plots were obtained
using the fitted model.

2.7. Qualitative Liquid Chromatography-Diode Array-Mass Spectrometry (LC-DAD-MS)

A previously described methodology [11] was employed to tentatively characterise the principal
polyphenolic metabolites, with some modifications. Briefly, the equipment used was a Finnigan MAT
Spectra System P4000 pump, coupled with a UV6000LP diode array detector and a Finnigan AQA
mass spectrometer. A Fortis RP-18 column, 150 × 2.1 mm, 3 µm, was used, at 40 ◦C. Analyses were
performed with electrospray ionization (ESI) in both positive and negative ion mode, with acquisition
set at 50 eV, capillary voltage 4 kV, source voltage 25 V, detector voltage 650 V and probe temperature
350 ◦C. Eluent (A) and eluent (B) were 1% acetic acid and methanol, respectively. The flow rate was
0.2 mL min−1, and the elution programme used was as follows: 0–2 min, 10% B; 2–40 min, 100% B;
45 min, 100% B.
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2.8. Statistics

All extractions were carried out twice and all determinations in triplicate. Values reported
are averages. Response surface design and associated statistics, as well as value distribution were
performed with JMP™ 10, at least at a 95% significance level (p < 0.05).

3. Results and Discussion

3.1. LTTM Synthesis

In a previous study, an LTTM composed of glycerol, SPT and water at a molar ratio of 5:1:4
was tested for its efficiency in extracting polyphenolic antioxidants from various agri-food wastes,
including OLL [5]. The YTP from OLL achieved with this particular solvent was lower compared to
those obtained with other glycerol-based LTTMs, yet for the extraction of materials such as onion
solid wastes, the solvent performed satisfactorily. Given the nature of the solvent, which is composed
of inexpensive and fully food-compatible materials (glycerol and SPT), it was deemed that it would
merit a profounder investigation as a food-grade solvent with a prospect in processes pertaining to the
extraction of natural antioxidants.

In this framework, improvements were first accomplished with the aim of tailoring its composition.
Considering the polarity of OLL polyphenols (sparingly water-soluble), the percentage of glycerol
was increased whereas that of water was minimised, maintaining the appropriate molar ratio that
would provide LTTM stability. Thus, following preliminary experimentation, the molar proportion
that yielded a stable LTTM was found to be glycerol:SPT:water 7:1:3. Lower glycerol ratio did not
result in sufficient HBD:HBA interaction, so SPT was not fully melted, even after prolonged heating
(>2 h). On the other hand, water ratio < 3 gave LTTM that tended to crystalize upon cooling down to
ambient temperature. This was presumably because the HBD groups, as well as spatial arrangement
and number could affect LTTM stability. Water molecules could contribute in this regard, facilitating
hydrogen bond formation and enhancing their stability [12]. The LTTM synthesised as described above
was stable for several weeks at room temperature and it has not been previously reported.

3.2. Process Optimisation

The next step in optimising polyphenol extraction from OLL was the regulation of critical
conditions that may affect extraction yield, including the concentration of the LTTM in an aqueous
solution (CLTTM), the liquid-to-solid ratio (RL/S) and temperature (T). To do so, a 23-full factorial
design was deployed, with two central points (points # 15 and 16, Table 2). This enabled the recording
of the response (YTP) upon simultaneous variation of all three independent variables (CLTTM, RL/S
and T) (Figure 1). Assessment of term contribution by performing ANOVA showed that T (X3),
CLTTM·RL/S (X1·X2), RL/S·T (X2·X3) and C2

LTTM (X2
1) were non-significant (p < 0.05). Hence by omitting

the non-significant terms, the following model was obtained:

YTP

(
mg CAE g−1 dw

)
= 11.01 + 5.26X2–0.21X1·X3 + 6.34X2

2–3.59X2
3

(
p = 0.0007, R2 = 0.97

)
(2)

With the use of the desirability function, the recommended settings to achieve the highest YTP

were estimated to be CLTTM = 50% (w/v), RL/S = 45 mL g−1 and T = 73 ◦C. Under these conditions, the
maximum predicted YTP was 26.75 ± 3.22 mg CAE g−1 dw.

The optimal YTP determined matched exactly the one previously obtained (27.68 ± 1.66 mg CAE
g−1 dw) [5], demonstrating that the changes brought about to the composition of the solvent, did not
compromise extraction yield. Instead, critical evaluation of the optimal conditions found through the
process optimisation revealed that:

1. CLTTM was reduced from 80% (w/v) to 50% (w/v); this fact illustrated that with significantly lower
amount of solvent, the same yield can be achieved.
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2. RL/S was reduced from 100 to 45 mL g−1, which demonstrated that a lower volume of solvent
would suffice to obtain the same yield, resulting in even less solvent requirements.

3. T was reduced from 80 to 73 ◦C, hence making the whole process less energy-demanding and
therefore more cost-effective and environmentally friendly.

4. The resident time was 60 min instead of 90 min, and this was another improvement with regard
to the points mentioned in 3.

Table 2. Measured and predicted values of YTP, determined for individual design points of the
experimental design.

Design Point
Independent Variables Response (YTP, mg CAE g−1 dw )

X1 X2 X3 Measured Predicted

1 −1 −1 −1 10.21 9.27
2 −1 −1 1 11.82 13.16
3 −1 1 −1 17.00 18.34
4 −1 1 1 26.69 25.96
5 1 −1 −1 11.28 12.24
6 1 −1 1 8.65 7.55
7 1 1 −1 21.58 20.47
8 1 1 1 18.34 19.51
9 −1 0 0 14.94 13.92

10 1 0 0 12.10 12.18
11 0 −1 0 12.37 12.10
12 0 1 0 23.28 22.61
13 0 0 −1 6.95 6.70
14 0 0 1 8.84 8.16
15 0 0 0 11.08 11.01
16 0 0 0 9.08 11.01
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LTTMs with a higher water proportion, compared with its aglycone quercetin [12]. On such a 
ground, it has been supported that the extraction of more polar compounds may require LTTMs 
with higher water analogy [13]. Additionally, as many LTTMs are rather quite viscous, appropriate 
viscosity tuning may be achieved through water incorporation, to facilitate extraction efficiency [14]. 
On the other hand, water content as high as 63.8% (v/v) has been used in glycerol-based LTTMs for 
the extraction of polyphenolic antioxidants [15]. However, water proportion exceeding 50% may 
involve danger of LTTM disintegration and loss of their peculiar properties [16]. 
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Extractions were carried out under continuous stirring at 600 rpm, for 60 min.

With respect to CLTTM, it has been suggested that the amount of water required depends on the
polarity of the solute (polyphenols), with flavonoid glycosides, such as rutin, being more soluble in
LTTMs with a higher water proportion, compared with its aglycone quercetin [12]. On such a ground,
it has been supported that the extraction of more polar compounds may require LTTMs with higher
water analogy [13]. Additionally, as many LTTMs are rather quite viscous, appropriate viscosity tuning
may be achieved through water incorporation, to facilitate extraction efficiency [14]. On the other
hand, water content as high as 63.8% (v/v) has been used in glycerol-based LTTMs for the extraction
of polyphenolic antioxidants [15]. However, water proportion exceeding 50% may involve danger of
LTTM disintegration and loss of their peculiar properties [16].

Regarding RL/S, the optimum level of 45 mL g−1 found was higher than those used in other cases
of polyphenol extraction with various LTTMs, which ranged between 10 and 20 mL g−1 [17–19]. Yet,
RL/S of 36.2 mL g−1 has also been reported [15]. It should be stressed that optima RL/S determined for
polyphenol extraction with conventional solvents may reach up to 100–120 mL g−1 [20,21], but such
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high values have never been predicted for polyphenol extraction with LTTMs. As pointed out earlier,
a minimum RL/S is always required for sufficient mixing, which would allow for attaining appropriate
diffusivity and hence increased extraction yield. If RL/S is low, then the various equilibria established
may hinder mass transfer [22]. It appears that adequate mass transfer can be achieved in LTTMs at
lower RL/S, thus turning extraction of polyphenols into a less solvent-demanding process.

Likewise, in the limited number of available studies dealing with polyphenol extraction with
LTTMs, the effect of T, which plays central role in an extraction process, appears to be stronger at
relatively moderate levels, varying from 60 to 80 ◦C [17–19], whereas higher T have not been tested.
The optimal value determined in this study was 73 ◦C, which fell within such a range. Recently, it was
shown that yield of polyphenol extraction from red grape pomace dropped sharply by switching T
from 60 to 70 ◦C, to recover partly at 80 ◦C [23]. The effect of T was studied more thoroughly in another
recent examination, where an apparent anti-Arrhenius behaviour was revealed [15]. To explain this
phenomenon, it was supported that increasing T beyond a certain limit, there might be decomposition
of the LTTM, which would lead to weakening of their capacity to solubilise the solute. It would appear
that as the temperature rises, the energy provided to the system is sufficient to initiate disintegration
of the LTTM through thermally-induced hydrogen bond rupture.

3.3. Assessment of Model Validity and Extraction Efficiency

To ascertain the validity and hence the applicability of the model built via the response surface
methodology, extraction was performed under optimal conditions and afforded 30.09 ± 2.71 mg
CAE g−1 dw. This value fell within the limits of statistical error, as predicted for the maximum
value determined by the model (26.75 ± 3.22 mg CAE g−1 dw). Additionally, to set the efficiency
of the LTTM on a comparative basis with other eco-friendly conventional solvents, extractions were
carried out under the optimised conditions, and the extracts were analysed for YTP, YTFn, AAR and PR.
The solvents used were 60% (v/v) ethanol [7], 9% (w/v) glycerol [24] and water, while 60% methanol
served as control solvent.

The LTTM was proven to be equally efficient with aqueous methanol, giving by 4% higher YTP

(p > 0.05). However, it was significantly more efficient than water, as the difference in YTP was by
40.6% higher (p < 0.05) (Figure 2a). Aqueous ethanol provided higher YTFn compared with the LTTM,
which gave YTFn values comparable to those of aqueous glycerol and water (Figure 2b), yet in this
case no statistical differences were detected (p > 0.05). On the contrary, the extract obtained with the
LTTM displayed significantly lower AAR and PR (p < 0.05), compared with the aqueous methanolic
extract (Figure 3). This finding contrasted a general trend observed in studies on LTTM extracts, where
increased polyphenol levels were associated with proportional antioxidant activity [5,9,23], but such a
phenomenon has been previously seen in OLL extracts, with correlation between YTP and AAR being
low and statistically non-significant [7]. In concurrence with this, a more recent study showed that
high YTP did not fully coincide with high AAR in OLL extracts [25].

The antioxidant activity measured in OLL extracts has been suggested to be the outcome
of interactions amongst the various polyphenolic substances [26], a claim further supported by
studies that assessed the antiradical behaviour of mixtures of pure antioxidants and extracts [27].
The discrepancy observed regarding the weak antioxidant effects of the LTTM extract, in spite its
high polyphenol concentration, may be attributed to differences in the amount of flavonoids and
other phenolics, major representative of which is oleuropein. This might be manifested because it
was found that the AAR exhibited stronger correlation with the flavonoid content, rather than total
polyphenols [28]. On such a ground and taking into account that the LTTM extracts had lower total
flavonoid concentration, it might be reasonable that they also had lower levels of both AAR and PR.
Similar findings have been previously reported [29]. In any case, it could be speculated that the
differences in the antioxidant potency seen between the LTTM and the aqueous methanolic extract,
might reflect differences in the relative amounts of the polyphenolic antioxidants, as well as phenomena
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of synergism and antagonism [27]. The latter aspect is strongly supported by the fact that OLL may
behave as a more powerful antioxidant than its individual polyphenols [30].Environments 2017, 4, 31 7 of 11 
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methanol (AM), 60% aqueous ethanol (AE), 9% (w/v) aqueous glycerol and distilled water (W). 
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Asterisk (*) denotes statistically different value (p < 0.05). 
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than the more polar LTTM. On the other hand, its presence might be an indication of luteolin 
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3.4. Tentative Characterisation of Extract Composition

The extracts obtained with LTTM and 60% (v/v) methanol were analysed by LC-DAD-MS to
identify possible qualitative differences in their polyphenolic profile, which could be indication
of selectivity. Based on mass spectral and UV-vis characteristics, the principal phytochemicals
tentatively identified were luteolin and four glycosides thereof, along with an apigenin glycoside
and oleuropein (Table 3). These constituents are regularly detected in OLL and represent major
polyphenolic metabolites [31]. In Figure 4, it is given the total ion current of the 60% (v/v) methanolic
extract (upper chromatogram) and the LTTM extract (lower chromatogram). As can be seen, there were
no major differences with respect to the main peaks detected, with the exception of luteolin aglycone,
which appeared only in the aqueous methanolic extract. This was probably due to lower polarity of
the aglycone, which would endow it with higher solubility in aqueous methanol, rather than the more
polar LTTM. On the other hand, its presence might be an indication of luteolin glycoside hydrolysis in
aqueous methanol.
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1 24.09 266, 340 611 449, 287 Luteolin di-glycoside 
2 26.92 248, 354 595 617[M + Na]+, 449, 287 Luteolin rutinoside 
3 27.86 252, 280 541 563, 361, 137 Oleuropein 
4 28.20 244, 340 579 601[M + Na]+, 271 Apigenin rutinoside 
5 29.05 266, 342 449 287 Luteolin glucoside 
6 29.91 266, 340 449 287 Luteolin glucoside 
7 32.02 252, 292, 352 287 - Luteolin 

OLL: Olive leaf; LTTM: Low-transition temperature mixture; Rt: Retention time. 

4. Conclusions 

The newly launched LTTM tested in this study was demonstrated to be equally efficient with 
60% aqueous methanol, in extracting polyphenolic compounds from OLL. On the other hand, it was 
evidenced that it extracted relatively lower amounts of flavonoids, a fact that might negatively 
impact the antioxidant properties of the extracts obtained, as indicated by comparison with the 
aqueous methanolic extract. However, the chromatographic profiling of both extracts did not show 
significant qualitative differences in the polyphenolic composition, and therefore the differences in 
the antioxidant potency might arise from differences in the relative amounts of the polyphenolic 
antioxidants occurring in the extracts. Given the exceptionally benign nature of the LTTM used, 
which is composed of non-toxic and edible substances, it would be recommended that its potency as 
an effective means of recovering natural antioxidants merits profounder investigation. 
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Figure 4. Total ion chromatograms showing the principal polyphenols detected in 60% (v/v) aqueous
methanol (a) and 50% (v/v) aqueous LTTM (b).

Table 3. UV-vis and mass spectrometric data of the principal polyphenols detected in the OLL extracts,
obtained with 50% (v/v) LTTM, at 73 ◦C.

No Rt (min) UV-Vis [M + H]+ (m/z) Other Ions (m/z) Tentative Identity

1 24.09 266, 340 611 449, 287 Luteolin di-glycoside
2 26.92 248, 354 595 617[M + Na]+, 449, 287 Luteolin rutinoside
3 27.86 252, 280 541 563, 361, 137 Oleuropein
4 28.20 244, 340 579 601[M + Na]+, 271 Apigenin rutinoside
5 29.05 266, 342 449 287 Luteolin glucoside
6 29.91 266, 340 449 287 Luteolin glucoside
7 32.02 252, 292, 352 287 - Luteolin

OLL: Olive leaf; LTTM: Low-transition temperature mixture; Rt: Retention time.

4. Conclusions

The newly launched LTTM tested in this study was demonstrated to be equally efficient with
60% aqueous methanol, in extracting polyphenolic compounds from OLL. On the other hand, it was
evidenced that it extracted relatively lower amounts of flavonoids, a fact that might negatively impact
the antioxidant properties of the extracts obtained, as indicated by comparison with the aqueous
methanolic extract. However, the chromatographic profiling of both extracts did not show significant
qualitative differences in the polyphenolic composition, and therefore the differences in the antioxidant
potency might arise from differences in the relative amounts of the polyphenolic antioxidants occurring
in the extracts. Given the exceptionally benign nature of the LTTM used, which is composed of
non-toxic and edible substances, it would be recommended that its potency as an effective means of
recovering natural antioxidants merits profounder investigation.
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Nomenclature

AAR antiradical activity (µmol DPPH g−1)
PR reducing power (µmol AAE g−1)
RL/S liquid-to-solid ratio (mL g−1)
T temperature (◦C)
YTFn yield in total flavonoids (mg RtE g−1)
YTP yield in total polyphenols (mg GAE g−1)

Abbreviations

AAE ascorbic acid equivalents
CAE caffeic acid equivalents
DPPH 2,2-diphenyl-picrylhydrazyl radical
dw dry weight
HBA hydrogen bond acceptor
HBD hydrogen bond donor
LTTM low-transition temperature mixture
RtE rutin (quercetin 3-O-rutinoside) equivalents
SPT sodium-potassium tartrate
TPTZ 2,4,6-tripyridyl-s-triazine
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