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Abstract: Herbal teas made from agricultural waste or by-products are gaining attention
as eco-friendly alternatives to support circular economy practices. Fig (Ficus carica L.)
leaves are well known for their biological activities. The research aims to investigate
the possibility of using fig waste leaves to produce healthy and sustainable herbal teas.
Different drying technologies have been used, including air drying (AD) and microwave
drying (MWD), and consumer acceptability was tested and related to the sensory features
and volatile odor compounds. Sensory descriptive analysis and hedonic consumer tests
were carried out. Odor volatiles were analyzed by headspace—solid-phase microextraction—
mass spectrometry—gas chromatography (HS-SPME-GC-MS). The teas were also evaluated
for their phenolic content and antioxidant capacity. Results indicate that MWD increases the
total phenolic compound amount by 20%, reduces C6 alcohols and aldehydes responsible
for green and herbaceous sensory notes, and increases pentanal, octanal, nonanal, ketones
(especially 6 methyl-5-hepten-2-one) and terpenes, such as 3-cyclocitral, which are related
to the fruity and honey odors; this leads to a more appreciated color and taste. This study
demonstrated that dehydrated fig waste leaves, especially those processed through the eco-
friendly microwave drying method, can be utilized to produce herbal teas with favorable
sensory and nutritional properties. This approach aligns with sustainability objectives and
presents a promising strategy for diversifying the herbal tea market while promoting the
valorization of agricultural wastes.

Keywords: Ficus carica L. waste leaves; circular economy; leaf herbal teas; drying
processes technologies; antioxidant activity; consumer acceptability; volatile compounds;
sensory descriptors

1. Introduction

The European herbal tea market has experienced significant growth in recent years,
mainly driven by an increasing consumer interest in healthy and natural products and
the growing preference for organic and sustainable ingredients [1]. The herbal tea market
is projected to grow to USD 12.47 billion by 2032, with a compound annual growth rate
(CAGR) of 5.49% during the period 2024-2032 [2]. The rise of functional teas, which
are formulated to support specific health goals, and the growing interest in personalized
wellness solutions are also shaping the future of the herbal tea market [3]. In this context,

Beverages 2025, 11, 16

https://doi.org/10.3390 /beverages11010016


https://doi.org/10.3390/beverages11010016
https://doi.org/10.3390/beverages11010016
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/beverages
https://www.mdpi.com
https://orcid.org/0000-0003-3022-7911
https://orcid.org/0000-0003-3888-1811
https://orcid.org/0000-0003-2799-7712
https://orcid.org/0000-0002-6162-9297
https://doi.org/10.3390/beverages11010016
https://www.mdpi.com/article/10.3390/beverages11010016?type=check_update&version=1

Beverages 2025, 11, 16

20f11

herbal teas produced from plant by-products or agricultural waste have been paid more
attention, as they represent a sustainable alternative that can reduce the environmental
impact associated with the disposal of these materials, in alignment with the circular
economy principles. Recent studies have demonstrated the potential of using leaves, stems,
and other plant residues from different crops to create functional herbal teas that are rich in
bioactive compounds [4-6]. As an example, olive leaves have been proposed for herbal tea
production, showing interesting activity for lipids and glycemic control [7].

The fig (Ficus carica L.) is the third classical fruit crop associated with the beginning of
horticulture in the Mediterranean basin and south-west Asia, and it is an important crop
worldwide, consumed as fresh and dried fruit or used to produce jam [8]. Fig production
is increasing in the Mediterranean area (making up 70% of global production), with a
considerable quantity of waste leaves that have to be disposed of.

Fig fruits have traditionally been appreciated for their taste and nutritional value,
hiding other potential uses of the leaves. Fig leaves are a sustainable and valuable source of
bioactive compounds, including antioxidants like tocopherols, polyphenols, and flavonoids,
with strong antioxidants and antimicrobial properties. In particular, it has been demon-
strated that the amount of phenolic compounds in figs is higher than in red wine and tea [9].
Moreover, a range of health-promoting effects, such as anti-tumor, hypolipidemic, antioxi-
dant, antibacterial, and hypoglycemic properties have been demonstrated [10,11]. Recently,
different authors also evidenced that fig leaves could have potential applications in the
food industry as natural alternatives to synthetic additives, enhancing foods’ physical,
sensory, and health benefits [12].

Despite this, limited information is present in the literature about fig leaf herbal tea.
The only topics include its health-promoting properties against mild atopic dermatitis
and in reducing blood glucose levels [13-15], as well as its tannin content, color, potential
antioxidant activity, and polyphenol content in formulation with other herbs [16,17]. How-
ever, no study has taken into consideration the consumer acceptability, odor volatiles, and
sensory features of fig leaf herbal teas.

The recovery of fig leaves in agreement with the Global Sustainability Goals for 2030
could support the sustainability of their production, reducing their environmental impact
and aligning with the circular economy, thus ensuring all parts of the fig tree are used
efficiently. They could become a source of profit for farmers and manufacturers, particularly
in regions where fig cultivation is widely spread.

In herbal tea manufacturing, the quality of the dried leaves is defined by their sensory
features and the amount of bioactive compounds. Different drying techniques have be used
in recent years and, among these, microwave drying, which is a faster and green technology;,
has attracted attention; usually, in comparison with many drying methods, it leads to a
better color, aroma, and rehydration capacity, but in some cases, such as rosemary and
marjoram, a major reduction in volatile aromatic compounds, has been demonstrated [18].

Considering this, the present study aims to investigate the possibility of using fig
leaves to produce healthy and sustainable herbal teas. In this context, different drying
technologies will be tested, including air drying (AD) and microwave drying (MWD), and
consumers’ acceptability will be tested and related to the sensory features and volatile odor
compounds of the herbal teas.

2. Materials and Methods
2.1. Sample Collection and Drying Processes

Fresh fig leaves (Ficus carica L. cv. Dottato) were collected after harvesting and before
the natural fall in September 2024 in an open field site in Sicily, Italy. Once collected, the
leaves were transported to the laboratory, where they were immediately processed. After
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a preliminary cleaning process with cold water, they were divided into two aliquots and
subjected to air drying (AD) and microwave drying (MWD) processes, respectively. The
drying procedures were chosen and performed according to those reported by Cincotta
et al. [13]. Briefly, ten leaves were placed in a tray dryer (Armfield Ltd., Model UOPS,
Hampshire, UK) at 50 °C for 3 h at a constant air velocity (1.5 m/s) for AD and on a
ceramic plate in a microwave oven at 400 W power for 4 min for MWD. The drying
time—temperature/power combinations were set according to the previous test [19] and
considering the best sensory features evaluated by the sensory panel in preliminary trials;
the leaves had a starting moisture of 73%, and the time was set until the products reached a
moisture loss of 98%, determined by periodically weighting the samples in an analytical
balance (Sartorius mod. QUINTIX 65-1S, Gottingen, Germany) with an accuracy of 0.0001 g.
The drying procedures were repeated three times under the same conditions.

2.2. Fig Tea Preparation

The fig leaf herbal teas were prepared according to the protocol proposed by Cincotta
et al. [19]. In detail, 3 g of chopped fig leaves were placed in 120 mL of boiled mineral
water at ~95 °C for 10 min. Subsequently, the infusion was filtered through a filter paper
(Munktell & Filtrak, Barenstein, Germany), cooled to room temperature, and used for the
successive analyses. Each sample was analyzed in triplicate.

2.3. Total Phenolic Content and Antioxidant Capacity

The total polyphenol content (TPC) and antioxidant capacity (AC) of fig leaf tea were
evaluated by spectrophotometric analysis using the Folin—Ciocalteu method and DPPH
assays, respectively, as described by Vinci et al. [20].

2.4. Volatile Aroma Compound Analysis

The volatile compounds of the fig leaf tea were determined by headspace—solid-phase
microextraction—gas chromatography-mass spectrometry (HS-SPME-GC-MS). Eighteen
mL of fig herbal tea and 4 g of NaCl were introduced into a 40 mL glass vial and equilibrated
for 30 min at 30 °C. A DVB/CARB/PDMS fibre was introduced in the headspace of the
vial for 30 min for the volatile compounds’ extraction and then in the injector of the GC for
3 min at 260 °C.

For GC-MS analysis, a Shimadzu GC 2010 Plus gas chromatograph coupled to a
TQMS 8040 triple-quadrupole mass spectrometer (Shimadzu, Milan, Italy) and fitted with
a Vi-Wax-ms capillary column (60 m x 0.25 mm i.d.; coating thickness 0.25 nm) was used.

The applied conditions were as follows: an injector temperature set at 260 °C; splitless
injection mode; oven temperature programmed at 45 °C for 5 min, then ramped to 110 °C
at 5 °C/min and further to 260 °C at 20 °C/min; helium used as the carrier gas with a
constant flow rate of 1 mL/min; a transfer line temperature of 250 °C; an acquisition range
of 40-400 m/z; and a scan speed of 1250 amu/s.

Compound identification was assessed by comparing the mass spectra with the
NIST"20 library (NIST/EPA /NIH Mass Spectra Library, Wiley, Gaithersburg, MD, USA)
and the FFNSC 3.0 database, the injection of reference standards, calculation of linear reten-
tion indices (LRIs) using the Van den Dool and Kratz equation, and the relevant literature.
The results were expressed as peak area percentage.

2.5. Qualitative Descriptive Analysis

The qualitative descriptive analysis (QDA) of the fig herbal teas was carried out
according to the method reported by Cincotta et al. [19]. All the participants involved in
the study signed an informed consent form according to the principles of the Declaration
of Helsinki.
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The sensory panel underwent a four-week training in compliance with ISO 8586:2023.
During the preliminary sessions, several sensory descriptors were generated, and seventeen
were selected based on their citation frequency (Figure 1). Each descriptor was then
thoroughly defined and explained to eliminate any ambiguity about its meaning. Sensory
descriptors were then validated by using reference standards, helping panelists to calibrate
their sensory perceptions and ensure consistent use of descriptors across different sessions.

e AD MWD

orange color

astringent aftertaste 9 golden color
8
sweet aftertaste 7 pale yellow color
6
bitter aftertaste 5 \ chamomile odor
4
%
woodty taste 2 floreal odor
sweet taste herbaceus-green odor
astringent taste fruity odor
bitter taste hay odor
honey odor anice-like odor

Figure 1. QDA spider plot of significant descriptors of fig leaf herbal teas. AD: air-dried fig leaf
herbal tea. MWD: microwave-dried fig leaf herbal tea. Numbers from 1 to 9 refers to sensory scores
where 1 (absence of sensation) and 9 (extremely intense).

The judges assessed the intensity of each descriptor by assigning a score ranging from
1 (absence of sensation) to 9 (extremely intense). Each sample was evaluated by the judges
across four sessions. Evaluations took place between 10:00 and 12:00 a.m. in individual
booths illuminated with white light. The order of sample presentation was randomized
across judges and sessions. Water and unsalted crackers were provided between samples
to cleanse the palate.

All data were recorded using a computerized registration system (FIZZ Byosistemes
ver. 2.00 M, Couternon, France).

2.6. Consumers’ Acceptability Test

The acceptability test included 80 participants (41 males and 39 females) aged between
24 and 60 years. They were randomly selected through convenience sampling among stu-
dents and staff of the University of Messina who regularly consume herbal teas. Participa-
tion in the survey was completely voluntary. The evaluation of the samples was conducted
based on four attributes—color, appearance, odor, taste, and overall acceptability—using
an hedonic scale ranging from 1 (extreme dislike) to 9 (extreme appreciation).

2.7. Statistical Analysis

XLStat software, version 2024.1 (Addinsoft, New York, NY, USA), including XLStat
sensory, was used for the statistical analysis of data. Grubbs's test was used to detect
and remove the outliers. The Kolmogorov-Smirnov test was applied to verify if the data
followed a normal distribution. A two-way ANOVA and Duncan’s multiple-range test,
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conducted at a 95% confidence level, were used on chemical and sensory data to identify
significant differences among the samples.

3. Results and Discussions
3.1. Total Phenolic Content and Antioxidant Activity

Figure 2 reports the total phenolic concentration and antioxidant capacity of fig herbal
teas prepared by using AD and MWD leaves.

1.0 100

0.9 - 90
0.8 b 80
0.7 70
0.6 60
0.5 50
0.4 40
0.3 30
0.2 20
0.1 10
0.0 0
AD MWD

mmm Total Phenolic Content  es=== AC%

AC%

mg/L eq. Gallic acid

Figure 2. Total phenolic content and antioxidant capacity of fig leaf herbal teas. AD: air-dried fig
leaf herbal tea. MWD: microwave-dried fig leaf herbal tea. Different letters indicate statistically
significant differences at p < 0.05 by Duncan’s test.

The total phenolic content was higher in MWD samples than in AD ones (p < 0.05),
while the antioxidant capacity showed similar values with no statistically significant differ-
ences (p > 0.05).

The drying method usually influences the content of phenolic compounds. In this
context, different authors have observed a higher total phenolic content in MWD-dried
vegetables and fruits than those processed using conventional drying methods such as sun
drying or hot air drying [19,21-24]. This behavior could be due to the rapid evaporation of
water from food, thus providing relatively shorter drying times and limiting the phenolic
losses during the heating process [18,25].

3.2. Volatile Aroma Compounds

Table 1 reports the volatile composition of AD and MWD fig leaf herbal teas as
classified by chemical classes, their LRI, odor descriptors, and the quantitative statistical
significance as determined through the ANOVA. The identified volatile compounds belong
to different chemical classes, including alcohols, aldehydes, esters, furans, ketones, and
terpenes, each one contributing to the overall aroma profile of the teas. Most of these
compounds exhibited statistically significant differences in relation to the utilized drying
method, highlighting its impact on the volatile composition and thus on the sensory
properties of the fig leaf herbal teas.
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Table 1. Volatile percentage composition of the fig leaf herbal teas.

Compound LRI Odor AD 2 MWD 3 ANOVA 4
Alchools
Hexanol 1345 herbaceus 0.62 £+ 0.03 - *
(Z)-3-Hexen-1-ol 1378 green 14.73 £1.27 - o
(Z)-2-Hexen-1-o0l 1397 green 0.99 £ 0.05 1.04 + 0.07 ns
1-Octen-3-ol 1438 hearty 0.24 +0.01 0.78 - 0.04 *
2-Ethyl-hexanol 1477 citrus 2.06 £0.14 1.87 £ 0.12 ns
1-Octanol 1546 waxy 1.30 &+ 0.07 0.92 £0.08 *
All 19.93 + 1.57 4.61 £0.31 ot
Aldehydes
2-Methyl-butanal 914 cocoa, musty 0.25+0.01 0.89 & 0.04 o
3-Methyl-butanal 917 aldehydic, fruity 0.26 + 0.02 0.81 £ 0.05 **
Pentanal 979 fermented, fruity 0.88 = 0.04 9.12 £ 046 ot
Hexanal 1078 green 2.60 £ 0.19 291 £0.13 ns
(Z2)-2-Hexenal 1198 green 0.37 £0.02 0.15 £ 0.01 *
(E)-2-Hexenal 1216 green 25.27 +1.41 0.82 4 0.07 ot
Octanal 1279 aldehydic, orange 2914+0.24 7.35 +0.45 o
(Z)-2-Heptenal 1321 - 0.21 £ 0.02 0.99 £+ 0.04 *
Nonanal 1385 orange peel 12.96 + 0.09 27.68 £1.11 *
(E)-2-Octenal 1426 fatty 0.29 +£0.01 0.75 £ 0.03 o
Decanal 1492 aldehydic 407 £023 3.87 £0.31 ns
Benzaldehyde 1529 fruity, almond 0.20 £ 0.02 0.50 £ 0.03 *
(E)-2-Nonenal 1534 fatty 0.63 + 0.04 1.14 £+ 0.09 *
(2E,6Z)-Nonadienal 1585 green - 0.61 + 0.04
All 50.90 £ 2.34 57.58 +2.86
Esters
(2)-3-Hexen-1-ol acetate 1306 green, slighty floreal 1.90 + 0.08 0.50 £ 0.02 o
(3Z)-Hexenyl propanoate 1373 green 0.33 £ 0.02 - *
(3Z)-Hexenyl butyrate 1450 gree“flf;;;gglapple' 4.01 + 0.24 - *
All 6.24 £0.34 0.50 £ 0.02 *
Furans
2-Methyl-furan 899 chocolate 0.58 +0.03 0.96 & 0.04 *
2-Ethyl-furan 951 malty 0.41 +0.02 0.43 +0.03 ns
All 0.99 £ 0.05 1.39 £ 0.07 *
Ketones
3-Heptanone 1144 green 0.15+0.01 0.11 +£0.02 ns
2,5-Octanedione 1313 - 0.68 + 0.04 3.26 £0.21 *
6-Methyl-5-hepten-2-one 1331 citrus, fruity 347 £0.14 10.11 + 0.86 i
All 4.31+0.19 13.49 + 1.09 i
Terpenes
a-Terpinene 1157 woody, citrus 0.04 4 0.02 - ns
Limonene 1176 citrus 3.19 £0.14 3.90 £0.29 ns
Eucalyptol 1194 eucalyptus 0.28 +0.03 0.33 £+ 0.02 ns
v-Terpinene 1225 terpenic 0.11+0.01 0.05 4 0.03 ns
Linalool 1534 floral - 0.36 &+ 0.04 *
(E)-Caryophyllene 1596 spicy, clove 1.42 £0.09 - *
-Cyclocitral 1624 hay-like, mild floral 6.89 £+ 0.15 13.37 £ 0.84 *
Estragole 1671 anise 5.26 = 042 3.70 = 0.18
Nerylacetone 1864 fatty 0.45 £ 0.05 0.73 £0.04
All 17.53 £ 0.91 22.14 +1.44

! Linear retention indices calculated on a Vf-Wax-ms 60 m capillary column; 2 air-dried fig leaf herbal tea;

3

microwave-dried fig leaf herbal tea; * statistically significant differences among AD and MWD samples at

p < 0.001 (***), p < 0.01 (**) or p < 0.05 (*); ns = not statistically significant (p > 0.05). Compounds in bold are the
most significant volatiles contributing to sensory odor attributes.

Globally, aldehydes were the most represented chemical class, representing more than

50% of the volatile fraction, followed by alcohols, terpenes, ketones, esters, and furans

(Figure 3).
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Figure 3. Volatile percentage composition as classes of substances of fig leaf herbal teas. AD: air-dried
fig leaf herbal tea. MWD: microwave-dried fig leaf herbal tea. Different letters in the same class of
substances indicate statistically significant differences at p < 0.05 by Duncan’s test.

These compounds arise from fatty acid oxidation processes. Lipid oxidation plays a
crucial role in odor compounds’ development and involves a series of radical reactions.
During this process, unsaturated fatty acids, in the presence of radicals and reactive oxygen
species, form hydroperoxides, which subsequently decompose into alkyl radicals and hy-
droperoxyl radicals. As these reactions progress, various radicals interact, producing more
stable compounds such as aldehydes, alcohols, ketones, and other volatile substances that
contribute to odor [26]. Notably, (E)-2-hexenal, well known as leaf aldehyde, exhibited the
highest content in AD samples (25.27%) and the lowest content in MWD samples (0.82%);
conversely, saturated aldehydes such as pentanal, octanal, nonanal, and benzaldehyde were
most represented in MWD fig herbal tea. Aldehydes like decanal and nonanal contribute
to citrus, fruity, and floral notes, while benzaldehyde contributes to cinnamon and almond
notes [27].

The total alcohol content exhibited significant differences (p < 0.001) between the
two drying methods, with MWD significantly reducing the overall alcohol concentration
compared to AD, especially for (Z)-3-hexen-1-ol, the leaf alcohol, which shows a high
concentration in the AD samples (14.73%).

Esters were more present in AD fig leaf herbal tea, particularly (3Z)-hexenyl butyrate
(4.01%), which was almost absent in MWD samples. Moreover, (3Z)-hexenyl butyrate,
which is responsible for green, fruity, apple and brandy notes, is widely present in vegeta-
bles, and it has been demonstrated that it can induce stomatal closure in grapevine and
tomato plants [28].

The total ketone content showed a significant difference (p < 0.001) between drying
methods, with a total higher content in MWD fig herbal teas, mainly due to the content
of 6-methyl-5-hepten-2-one; this compound arises from the carotenoid degradation and is
responsible for citrus and fruity odors [29].

Terpenes were the second class of volatile compounds most represented in MWD
fig herbal tea. A different ratio among terpenes and alcohols resulted from the different
drying methods, as shown in Figure 2. The most represented were limonene, (3-cyclocitral,
and estragole. Some terpenes, such as (3-cyclocitral, were significantly higher (p < 0.01) in
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MWD fig herbal tea (13.37% vs. 6.89% in AD), while others like limonene did not show
statistically significant differences (p > 0.05).

B-cyclocitral is a volatile short-chain apocarotenoid generated by enzymatic or non-
enzymatic oxidation of the carotenoid (3-carotene, with a characteristic hay-like, mild
floral flavor [30]. 6-Methyl-5-hepten-2-one and (3-cyclocitral both arise from carotenoid
degradation; in this regard, it has been demonstrated that the MWD process can reduce the
total carotenoid content in relation to the microwave power [31]. In our sample, microwaves
also act on the carbon double bonds of (E)-2-Hexenal and (Z)-3-Hexen-1-ol, drastically
reducing the amount of these substances which are responsible for green and herbal notes.
Otherwise, it is well known that microwaves have the potential to modify food flavor, as
happened in our samples [32].

3.3. Sensory Analysis
3.3.1. Qualitative Descriptive Analysis

Figure 1 shows the graphical representation of the QDA data of the sensory profiles of
fig leaf herbal teas prepared using the two different drying methods, AD and MWD. The
evaluation includes multiple sensory attributes for color, odor, and aftertaste.

The QDA was based on the evaluation of seventeen descriptors, three for the color,
seven for odor, four for taste, and three for aftertaste.

Concerning color, the AD fig herbal tea showed a more intense orange color, whereas
the MWD tea had a paler yellow color. Regarding odor, the AD fig herbal tea had a stronger
green odor. In contrast, the scores of the trained assessors indicated that MWD enhances
fruity and honey odors.

The AD fig herbal tea also had a more intense bitter and astringent taste and aftertaste,
while the MWD fig herbal tea showed higher scores for sweet taste. The different scores of
the panel for the odor and color sensory descriptors resulted in agreement with the effects
of the drying technology on the volatile profile.

More precisely, a decrease in volatile compounds such as the 2-hexen derivatives in
MDW samples could be related to the lowest score for green and herbaceous notes; the
highest score for fruity notes for MWD samples could be related to the higher content of
aliphatic aldehydes and ketones, whereas the lowest score for the orange color could be
relate to the breakdown of carotenoids whose products also enhance the fruity notes.

3.3.2. Consumers’ Acceptability

The acceptability results from the consumers were statistically elaborated and the
data are reported in Figure 4. Color, odor, flavor, and taste acceptability were considered.
The MWD fig leaf herbal teas showed the highest overall acceptability. At the same time,
the acceptability scores for color, odor, flavor, and taste were higher in the MDW samples
than in the AD samples. The consumers preferred MDW samples, mainly distinguished
by a lower intensity of green herbaceous notes, which act as drivers of “dislike” for the
consumers. The higher intensity of golden and pale yellow color and fruity and honey
odors could be considered drivers of “liking” for the consumers.
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Figure 4. Consumer acceptability of fig leaf herbal teas. 1: extreme dislike, 9: extreme appreciation.
AD: air-dried fig leaf herbal tea. MWD: microwave-dried fig leaf herbal tea. Different letters for the
same attribute indicate statistically significant differences at p < 0.05 by Duncan’s test.

4. Conclusions

Our research demonstrates the possibility of using dehydrated fig waste leaves to
produce herbal teas that are appreciated by the consumers both for their nutritional and
sensory features. Fig leaves represent an opportunity for the herbal tea market, whose
growth requires diversification and agricultural waste valorization strategies. Fig leaf
teas obtained by microwave drying process have distinct sensory features, with mild,
sweet, and fruity flavors which are more broadly accepted by the consumers, especially
in the Mediterranean area. The microwave drying applied to the fig leaves resulted the
most suitable methods, since it reduces all the volatile compounds responsible for green
and herbaceous notes which are disliked by consumers; it also led to a lighter color and
a less bitter taste, with well-appreciated stronger fruity and honey odors. Our results
demonstrated that in product development, great attention has to be paid to the drying
process, which significantly affects the sensory characteristics of the leaves. Moreover,
it highlights the possibility of using microwaves as a scalable and eco-friendly drying
method in the herbal tea sector, thus saving energy and time. The use of fig leaves to obtain
high-value products which respond to growing consumer demand for health foods is in
agreement with the Sustainable Development Goals and circular economy principles.
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