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Abstract: The food industry generates the largest number of valuable by-products. The
recovery of compounds such as fatty acids and polyphenols with notorious biological prop-
erties from biowaste is a new challenge in the circular economy scenario, as they represent
value-added starting materials for the preparation of functional foods, food supplements,
cosmetics and over-the-counter drugs. Less commonly explored are industrial wastewa-
ters, which return to the nearby water streams without adequate treatment. Distillation
wastewater (DWW) from the essential oils or agro-food industries may represent a valuable
source of bioactive compounds to be valorized. In this work, DWW from rosemary was
treated with different resins through dynamic and static adsorption/desorption approaches,
for the recovery of phenolic compounds including rosmarinic acid. The most effective
methodology, selected according to total phenolic and rosmarinic acid contents, as well as
antioxidant activity evaluation, was applied to sage, thyme and oregano DWWs. The pro-
cedure provides several advantages compared with conventional separation processes, as
it involves the lower consumption of reagents/solvents, low operational costs, ease of han-
dling, and simplicity of scale-up. The results of this work highlight a fast and sustainable
procedure for the recovery of rosmarinic acid and other phenolics (caffeic acid derivatives
and flavonoid glycosides) from DWWS, thus affording a fraction with antioxidant and
hypoglycemic activities.

Keywords: phenolics; industrial waste; HPLC-UV; rosmarinic acid; macroporous resins;
hypoglycemic agents; diabetes

1. Introduction
In 2020, the European Commission adopted the “new action plan for the circular

economy”, one of the main components of the “European Green Deal” for sustainable
growth [1]. This action, in line with the 2030 Agenda for Sustainable Development, adopted
by all United Nations Member States, underlines the urgency, among other things, of
promoting the circular economy and reducing waste production by supporting resource
regeneration. When possible, biomasses are destined for energy recovery through the
production of biofuels or methane. However, this is the least preferable fate for biomass,
according to the waste hierarchy, which prioritizes waste reuse and recycling in various
production cycles. In this context, the scientific community is increasing efforts to find
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alternative and sustainable ways to valorize food and agricultural waste, which could be
rich sources of valuable or high-added-value compounds [2–6].

According to the Food and Agriculture Organization of the United Nations (FAO),
the food industry generates among the largest amounts of by-products in the form of
peels, kernels, pomace, unripe and/or damaged fruits and vegetables (FAO 2015). Plant
and food biomasses are rich in polysaccharides (such as pectin and cellulose), enzymes
(such as pineapple bromelain), and many other classes of secondary metabolites, such as
polyphenols. Cellulose and other polysaccharides can be depolymerized into sugars, which
can be converted into bioethanol, whereas the recovery of other compounds such as fatty
acid and polyphenols is of importance for human health due to their biological properties
(antioxidant, antimicrobial, anti-inflammatory, anticancer, etc.). Citrus peels were one of the
first types of food industry waste utilized for the recovery of essential oils and flavonoids,
and they are re-utilized as additives in food and fruit juices [7]. Olive kernels and grape
pomaces are largely exploited as sources of polyphenols, and employed for the preparation
of functional foods [8–10].

Less widely explored by-products include those connected to the wastewater of
industries. It has been estimated that about 80% of the wastewater annually produced
(380 trillion L) returns to nearby water streams without adequate treatment [11]. The
representative example for the Mediterranean area is the olive mill wastewater, which is
rich in organic compounds, such as phenols—well-known for their large array of biological
activity, but highly polluting if released in industrial effluents, causing alterations in soil
quality and phytotoxicity to aquatic life [12]. Only in the last decade has research been
dedicated to the treatment of this type of biomasses to recover the (poly)phenolic fraction
as a value-added product to be employed in food, cosmetic and nutraceutical fields, thus
affording water suitable for irrigation purposes [13,14]. Other industrial activities have also
focused on the extraction of vegetable matrices, and distillation wastewater (DWW) derived
from the essential oils or agro-food industries may represent a valuable source of bioactive
compounds to be valorized after they are recovered from wastewater. In a recent study
from 2022, Truzzi et al. [15] demonstrated that the oil-exhausted biomass from Lavandula
angustifolia and L. intermedia essential oil steam distillation represents an interesting source
of bioactive compounds. The authors compared various extracts derived with different
solvents, some of which (ethanol and water) are applicable on a large scale, showing
their inhibitory effects on acetylcholinesterase and tyrosinase enzymes. Similarly, Fascella
et al. analyzed the quality of essential oils and distillation waters of L. angustifolia samples
on biochar, confirming that the distillation waters contain high amounts of bioactive
compounds [16]. Navarrete et al. obtained fractions enriched in carnosol and carnosic
acids through extraction from the residue of rosemary plants obtained after essential oil
production [17]. DWW from basil, rosemary, and sage represents an exceptionally rich
source of phenolic compounds, to be employed as an additive to prevent the oxidation
and/or microbiological degradation of food, as well as functional ingredients for cosmetic,
nutraceutical, and food applications [17,18]. Distillation biomasses from Thymus vulgaris
are reported to be a source of bioactive compounds and polyphenols, especially rosmarinic
acid (RA) and rutin, which also show hepatoprotective effects by reducing XOD xanthine
oxidase activity in the production of superoxide radicals [17]. DWW from five Lamiaceae
species cultivated in Sicily (Rosmarinus officinalis L., Origanum vulgare L., Origanum majorana
L., Salvia officinalis L. and Thymus vulgaris L.) were investigated by Napoli et al. to assess
their in vitro antioxidant and anti-inflammatory activities, with the aim of discovering
useful information for their exploitation in the pharmaceutical and nutraceutical fields [19].

Most of the properties listed above are attributed to rosmarinic acid, one of the main
phenolic compounds isolated from Lamiaceae species such as thyme, rosemary, sage, and
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oregano. Rosmarinic acid, together with its derivatives (lithospermic acid, yunnaneic acid
F, salvianolic acid A, and melitric acid A, Figure 1), has often been considered responsible
for the health properties of these medicinal plants, including their anti-inflammatory,
antioxidant, antitumor, antiviral, antimicrobial and hypoglycemic properties [20–24].
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Often, the procedures for phenolic recovery from natural matrices based on solvent
to solid extraction require long extraction times, high-energy dissipation, and the use of
large volumes of organic solvents with low extraction selectivity. Although several eco-
sustainable extraction processes have been developed over the years (ultrasound-assisted,
microwave-assisted, supercritical fluid extraction), these are not suitable to be applied to
wastewaters. The majority of works above-cited, highlighting the potential use of aromatic
plants’ post-distillation waster, report data on the extraction from solid residues or on
DWWs as they are, but none have tried to recover the phenolic fraction from this biomass.
Adsorption resins are ideal for phenolic recovery from wastewaters; furthermore, they
provide several advantages compared with conventional separation processes, as they
entail the lower consumption of solvents if properly optimized, low operational costs
and no energy consumption, they are easy to handle, and the processes are simple to
scale-up [13]. Amberlite XAD resins are highly porous and cross-linked spherical polymers,
very effective in the separation/purification of organic compounds present in plant and
biological samples [25]. They are non-ionic resins and, based on the polymer matrix, they
can be classified into two main groups: (a) polystyrene-divinylbenzene-based resins (XAD-
1, XAD-2, XAD-4, XAD-16, XAD-1180, XAD-2000, and XAD-2010) and (b) polyacrylic
acid ester-based resins (XAD-7, XAD-8, and XAD-11) [26]. They differ from one another
by pore diameter, surface area, porosity, particle size, volume, etc. These characteristics
directly influence the adsorption/desorption processes. Compared to other resins, such as
ion-exchange resins, they can be easily regenerated without employing chemical reagents.

Among the above-cited resins, XAD-2, XAD-4, XAD-16 (non-polar) and XAD-7
(medium polar) are commonly used for the recovery of natural products, especially pheno-
lic compounds, from complex mixtures or food industry waste, such as citrus and mango
peel and apple pomace [27]. Depending on the structure of phenolics, with the presence or
absence of glycosides, one resin may prove to be more effective than another; for instance,
anthocyanins from mulberry were recovered more effectively with low polar XAD-7 than
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with XAD-5 [28]. Carnosic acid and carnosol were extracted with the highest yields when
XAD-7 was employed [29], whereas XAD-16 showed very promising characteristics related
to the recovery of catechin and ferulic acid [30].

In the present work, the best system for the recovery of phenolic compounds from
DWW was defined. To this end, no extractive protocols have been used, but two different
adsorption/desorption methodologies and four XAD resins (XAD-2, XAD-4, XAD-16,
XAD-7), applied to rosemary distillation wastewaters, have been compared. The fractions
were evaluated for polyphenol content, antioxidant activity, and extraction yield, and the
data obtained allow the identification of the most efficient method. The best procedure
was applied to DWW from sage, thyme and oregano. All the antioxidant fractions were
evaluated for their potential hypoglycemic activity in light of the potential application of
these new products as food ingredients and supplements for managing hyperglycemia. The
innovation of this work lies in the use of solid phase extraction (SPE) directly on DWWS, a
resource that has not been adequately exploited to date.

2. Results and Discussion
2.1. Recovery of Phenolics from Rosemary DWW and Antioxidant Activity

Distillation waste waters from rosemary (DWW-R) were used to optimize the proce-
dure for the recovery of bioactive compounds, comparing two different SPE procedures and
employing four different non-ionic XAD resins—XAD-2, XAD-4 and XAD-16 polystyrene-
divinylbenzene based, and the polyacrylic XAD-7. These resins differ in porosity, surface
area, and polarity. The two procedures applied are detailed in the materials and methods,
and are herein summarized (see Table 1 for acronyms).

Table 1. Acronyms adopted in the manuscript.

Sample Resin Procedure A Procedure B Acronym

Rosemary (R) DWW-R

XAD-2

aqueous phase R-AP2
ethanol phase R-EP2

aqueous fraction R-AF2
ethanol fraction R-EF2

XAD-4

aqueous phase R-AP4
ethanol phase R-EP4

aqueous fraction R-AF4
ethanol fraction R-EF4

XAD-7

aqueous phase R-AP7
ethanol phase R-EP7

aqueous fraction R-AF7
ethanol fraction R-EF7

XAD-16

aqueous phase R-AP16
ethanol phase R-EP16

aqueous fraction R-AF16
ethanol fraction R-EF16

Sage (S) DWW-S

XAD-7
aqueous fraction S-AF7
ethanol fraction S-EF7

Thyme (T) DWW-T
XAD-7 aqueous fraction T-AF7

ethanol fraction T-EF7

Oregano (O) DWW-O
XAD-7 aqueous fraction O-AF7

ethanol fraction O-EF7
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• Procedure A—Recovery by static adsorption/desorption: (i) mixing the DWW with
resins, (ii) the discarding o the aqueous solution containing non-retained compounds
(AP), and (iii) the desorption of retained compounds with ethanol (EP).

• Procedure B—Recovery by dynamic adsorption/desorption: (i) loading the DWW
on the column packed with resins, and (ii) eluting with water (AF) and then with
ethanol (EF).

The use of ethanol as a non-toxic solvent has been demonstrated widely; furthermore,
it is an ideal solvent for maximizing polyphenols recovery.

The % yield of each procedure, the total phenolic content (TPC) and the antioxidant
properties of DWW-R and related fractions are reported in Table 2.

Table 2. TPC, antioxidant activity (DPPH, ABTS and FRAP), % yield of process, recovery and
rosmarinic acid (RA) content of DWW-R and all samples obtained from procedures A and B on
different resins.

Samples TPC
(mg GAE/g)

Antioxidant Activity (µmol TE/g ± DS) % Yield RA (mg/g)

DPPH ABTS FRAP

DWW-R 63.9 ± 1.4 c 15.4 ± 0.2 h 60.9 ± 1.7 f 29.3 ± 1.7 f,g - 88.1 ± 1.2 g

Procedure A
R-AP2 7.9 ± 1.2 g 5.9 ± 0.1 j,k 29.7 ± 2.2 h,i 9.4 ± 1.2 i 40.0 6.1 ± 0.1 i,j

R-EP2 64.4 ± 9.5 c 22.8 ± 0.1 g 66.3 ± 7.3 f 42.7 ± 1.5 e,f 59.5 100.9 ± 2.4 f

R-AP4 12.2 ± 0.8 g 7.4 ± 0.1 j 26.6 ± 2.3 h,i 18.3 ± 2.6 g,h,i 43.0 7.1 ± 0.2 i,j

R-EP4 72.2 ± 8.8 c 34.4 ± 1.9 e 132.3 ± 0.1 e 52.8 ± 15.3 d,e 56.7 127.7 ± 0.1 d

R-AP7 13.6 ± 1.9 f,g 6.1 ± 0.1 j,k 27.2 ± 0.2 h.i 18.3 ± 2.6 g,h,i 55.6 2.5 ± 0.1 j,k

R-EP7 47.1 ± 2.3 d 23.6 ± 1.5 g 132.3 ± 2.1 e 74.2 ± 5.6 b 43.5 106.1 ± 0.4 e

R-AP16 5.7 ± 0.2 g 4.4 ± 0.1 k 17.9 ± 3.7 i,j 8.9 ± 0.2 i 55.7 5.7 ± 0.1 i,j

R-EP16 42.4 ± 6.2 d,e 32.9 ± 0.2 e,f 151.2 ± 8.3 d 127.3 ± 1.3 a 45.6 110.5 ± 0.6 e

Procedure B
R-AF2 46.1 ± 0.6 d 23.9 ± 0.2 g 35.2 ± 1.2 g,h 14.7 ± 1.7 g,h,i 46.3 18.0 ± 0.2 h

R-EF2 126.8 ± 9.4 a 51.4 ± 0.1 b 187.7 ± 7.2 b 54.5 ± 1.9 d,e 33.4 178.0 ± 1.3 b

R-AF4 15.6 ± 0.7 f,g 31.2 ± 0.2 f 65.8 ± 0.2 f 26.6 ± 2.8 f,g,h 74.5 8.3 ± 0.4 i

R-EF4 94.9 ± 3.4 b 42.7 ± 1.0 d 130.8 ± 4.1 e 57.2 ± 11.8 c,d,e 26.6 169.2 ± 1.9 c

R-AF7 28.2 ± 2.2 e,f 12.3 ± 0.1 i 45.4 ± 0.4 g 10.5 ± 1.6 h,i 55.8 0.4 ± 0.1 k

R-EF7 134.5 ± 9.1 a 55.0 ± 1.2 a 204.1 ± 8.9 a 71.2 ± 9.0 b,c 39.0 219.0 ± 1.4 a

R-AF16 31.6 ± 1.1 d,e 17.2 ± 0.7 h 9.1 ± 0.1 j 3.9 ± 0.9 i 42.7 3.4 ± 0.1 j,k

R-EF16 71.3 ± 7.6 c 47.2 ± 0.2 c 164.9 ± 5.8 c 62.4 ± 2.6 b,c,d 34.5 99.0 ± 0.7 f

Data are reported as means (n ≥ 3) ± SD. a–k Different letters in the same column indicate significant differences
(Tukey’s test, p < 0.05).

A preliminary comparison was established between DWW-R and the aqueous samples
R-AP and R-AF and the ethanol samples R-EP and R-EF. The ethanol samples obtained from
all the resins showed comparable (EP) or higher TPC (EF) than DWW-R. Furthermore, the
lowest TPC values recorded for the aqueous samples suggest that the phenolic constituents
are reduced in water after the treatments. This trend was confirmed by antioxidant activity
determination: ethanol samples showed higher antioxidant activities compared to the
DWW-R sample, whereas the aqueous fractions were scarcely active. These results highlight
two aspects, as follows: (i) the substantial content of polyphenols in DWW-R; (ii) solid-
phase extraction applied directly on DWW, using water and ethanol as eluents, allows the
almost-total recovery of phenolics from DWW.

In the literature, there are several procedures reported for the recovery of fractions of
bioactive compounds from Mediterranean aromatic plant residues (solid and wastewater),
most of them consisting of extraction from the solid residue with microwave-assisted
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extraction, ultrasound-assisted extraction, or using supercritical fluids. Only a few data are
available on wastewater phenolic recovery by liquid–liquid extraction, pressurized liquid
extraction or solid–liquid extraction, and even fewer by solid-phase extraction [31]. Ziani
et al. obtained a TPC of 98.8 mg GAE/g from DWW-R recovered after steam distillation,
but no enrichment procedure has been reported [32].

By comparing the results of the two procedures, it seems that the greatest antioxidant
activity values and also the highest polyphenol contents (TPCs) were obtained with proce-
dure B. Namely, the TPC increased in samples obtained with ethanol elution according to
procedure B (71.3–146.8 mg GAE/g), when comparing DWW-R (63.9 mg GAE/g), while
no significant variations are observed for the ethanol samples obtained with procedure A
(42.2–72.2 mg GAE/g). This could be explained by the partial degradation of the phenolic
constituents responsible for the antioxidant activity due to the long extraction time during
procedure A (72 h) [33].

Correlation analysis was conducted to assess the direct correlation between TPC and
the antioxidant activity measured according to DPPH, ABTS, and FRAP methods. As
reported in Table 3, the radical scavenging activity measured by DPPH highly correlates
with the TPC (R2 = 0.8597) and ABTS (R2 = 0.8481) results, but shows a lower correlation
with FRAP (R2 = 0.5892 with p-value < 0.05). The antioxidant activity measured by the ABTS
method highly correlates with the DPPH and FRAP (R2 = 0.8145) values, but shows a lower
correlation with TPC values (R2 = 0.7507 with p-value < 0.01). In turn, the reducing metal
power of the samples measured by the FRAP method shows a high correlation only with the
data obtained from the ABTS assay, with the lowest correlation for TPC values (R2 = 0.54335
with p-value < 0.05). According to the TPC and antioxidant activity results, ethanolic
fractions obtained from XAD-2 (R-EF2) and XAD-7 (R-EF7) have the highest content of
phenolics. These findings agree with the data from the literature emphasizing the greater
elution ability of polar compounds by XAD-2 with respect to XAD-16. Furthermore, the
lower porosity and specific area of XAD-2 compared to XAD-16 enhances the interactions
between the resin and the analytes. Moreover, XAD-7, with similar characteristics to
XAD-2, but with medium polar character, allows the recovery of both polar and non-polar
compounds such as flavonoids and cinnamic acids [25].

Table 3. Pearson’s correlation coefficients of antioxidant activities and TPC.

DPPH ABTS FRAP TPC

DPPH - 0.8481 a 0.5892 b 0.8597 a

ABTS 0.8481 a - 0.8145 a 0.7507 a

FRAP 0.5892 b 0.8145 a - 0.5435 b

TPC 0.8597 a 0.7507 a 0.5351 b -
a significant at p < 0.01; b significant at p < 0.05.

The analysis of the antioxidant results in relation to the resins employed is not fast
enough, and therefore a multifactorial analysis was carried out, as detailed in the following.

2.2. HPLC-UV Quantification of Rosmarinic Acid in DWW-R and Fractions

The DWW-R and all samples were analyzed using HPLC-UV to quantify the content
of rosmarinic acid (RA, Table 2), expressed in mg/g. The data show an RA content of
88.1 mg/g in DWW-R. Irakli et al. reported a lower RA content (between 51.40 and
58.93 mg/g) in a series of optimized extractions (ultrasound-assisted, microwave-assisted
and accelerated solvent extraction [34]), emphasizing the greater effectiveness of the use
of SPE directly on R-DWW compared to the application of extraction conditions to solid
residues from the steam distillation of rosemary.
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Aqueous phases (AP) and fractions (AF) were characterized by a lower RA content
compared to DWW-R, suggesting that the resins employed are able to adsorb rosmarinic
acid, and ethanol allowed the desorption of the same. By analyzing the ethanol samples,
it is possible to define the selectivity of the different resins in the adsorption/desorption
of RA. For procedure A, a comparable recovery rate was observed, in the order of XAD-2
(94.3) ≤ XAD-4 (94.7) ≤ XAD-16 (95.0) < XAD-7 (97.7), indicating XAD-7 as the best resin.
In procedure B, the recovery rate significantly increased in the following order: XAD-2
(90.8) < XAD-4 (95.3) < XAD-16 (96.6) < XAD-7 (99.8). The latter afforded a quantitative
recovery of RA from DWW-R, thus defining it as the best procedure for this purpose. The
chromatograms related to DWW-R and the fraction obtained with procedure B and XAD-7
are shown in Figure 2.
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Procedure B presents obvious advantages in terms of implementation times, as the
execution requires a couple of hours compared to the 72 h required in procedure A. Further-
more, the degree of ethanol consumption in procedure B is lower (6 mL/mL of DWW-R
loaded) than in procedure A (10 mL/mL of DWW-R loaded). As such, the former pro-
cedure proved to be more sustainable than the latter, and allowed the highest degree of
polyphenols recovery (according to TPC); XAD-7 in particular allowed the total recovery
of RA.

2.3. Principal Component Analysis (PCA)

Principal Component Analysis gave a general overview of data distribution, and
so principal components (PCs) were generated. The PCA was performed with the data
reported in Table 2 regarding the measurement of antioxidant activity, as well as the
polyphenol and RA contents of the DWW-R, aqueous and ethanol samples obtained with
all tested resins via the two procedures. The first principal component (PC1) showed
the highest eigenvalue of 4.23594, and accounted for 84.7% of the total variance of the
dataset. The second, third, and fourth PCs (PC2, PC3, and PC4) showed eigenvalue values
of 0.53585, 0.17104 and 0.0394, respectively, representing 10.7%, 3.4% and 0.79% of the total
variance, respectively. The larger the eigenvectors, the greater the correlations between
variables and PCs (Table S1). The principal components PC1 and PC2 accounted for 95.4%
of the total variance (Figure 3).

Following the analysis of the first two PCs, the following considerations were made.
The TPC, DPPH, FRAP, ABTS and RA contents are all positively associated with PC1, and
analogously all the ethanol samples (EP and EF) are located along the positive quadrant
of PC1. PC2 positively correlates with FRAP and ABTS, and negatively with the results
obtained from the other assays. The relationship between antioxidant assay measurements,
TPC and ethanol samples can be easily seen from the PCA plot. PCA allows for the
discrimination between the ethanol samples R-EP and R-EF (except for R-EP2) and the
aqueous samples R-AP and R-AF, which clustered in the left part of the biplot (highlighted
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with green frame in Figure 3) and were negatively correlated with PC1. Among ethanol
samples, R-EP16 could be significantly distinguished from other samples by its relatively
high FRAP values, whereas R-EF2 and mostly R-EF7 exhibited relatively higher TPC, DPPH,
ABTS and RA values than most of other samples, and were aligned to the right positive
end of the PCA plot. Based on these findings, the XAD-7 resin employed with procedure
B was chosen for the extraction of polyphenolic components from sage (DWW-S), thyme
(DWW-T) and oregano (DWW-O) wastewater distillation.
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2.4. Recovery of Polyphenols and RA from DWW-S, DWW-T, DWW-O and Antioxidant Activity

Samples of DWW-S, DWW-T and DWW-O underwent extraction and enrichment of
their polyphenol content using XAD-7 resin according to Procedure B. Table 4 reports the
antioxidant activity values (µmol TE/g) for each sample, and the results of DWW-R, R-AF7
and R-EF7 are also included for comparative analyses. In Table 4, the RA content and the
total phenolic content obtained by HPLC-UV quantification at 330 nm are reported as well.

These results demonstrate that the procedure employed is effective for the recovery of
polyphenols from all DWWs examined; the resulting EF fractions from sage, thyme, and
oregano have shown comparable antioxidant activities, higher than those measured for
DWW-R. The activity can be related to the phenolic content quantified at 330 nm, namely,
with RA. This latter compound was recovered in the EF samples of all Lamiaceae DWW
with high selectivity (S-EF7: 99.8%, T-EF7: 96.3%, O-EF7: 96.6%). Of note, this simple
and scalable procedure allows the achievement of a value-added fraction of interest for
nutraceutical, cosmetic and food applications. Further, the RA contents obtained for sage
(S-EF7: 299.6 mg/g) and oregano (O-EF7: 259.0) are higher than those reported for the
ultrasound-assisted extract obtained on post-distillation Greek sage (79.57 mg/g) and
Greek oregano (66.38 mg/g) [35], suggesting that SPE may preserve the RA content.
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Table 4. Antioxidant activity (DPPH, ABTS and FRAP), % yield of the process, rosmarinic acid (RA)
content and TPC (330 nm) of 4 Lamiaceae and fractions from XAD-7.

Sample
TPC
(330 nm)
mg/g

Antioxidant Activity (µmol TE/g ± DS)
Yield (%) RA (mg(g)

DPPH ABTS FRAP

Rosemary
DWW-R 152.5 ± 39.3 g 15.4 ± 0.2 f,g 60.9 ± 1.7 e,f 29.3 ± 1.7 f 88.1 ± 1.2 g

R-AF7 3.3 ± 0.3 i 12.3 ± 0.1 g 45.4 ± 0.4 f,g 10.5 ± 1.6 g 55.8 0.4 ± 0.1 h

R-EF7 399.2 ± 15.8 d 35.5 ± 1.2 d 204.1 ± 8.9 c,d 71.1 ± 9.0 d 39.0 219.0 ± 1.4 d

Sage
DWW-S 345.2 ± 8.1 e 37.9 ± 0.7 c,d 93.6 ± 1.9 e 111.4 ± 10.5 c 114.2 ± 0.4 c

S-AF7 3.6 ± 0.1 i 18.8 ± 0.2 f 13.1 ± 3.6 g 41.5 ± 1.7 e,f 55.7 0.4 ± 0.1 h

S-EF7 768.3 ± 12.5 b 88.4 ± 1.6 a,b 269.4 ± 12.4 b 188.9 ± 14.8 a 31.1 299.6 ± 0.3 a

Thyme
DWW-T 394.4 ± 4.7 d 39.6 ± 0.8 c,d 73.8 ± 2.8 e.f 114.6 ± 6.5 c 113.3 ± 0.3 e

T-AF7 35.1 ± 0.3 h,i 19.6 ± 0.6 f 14.3 ± 0.2 g 49.6 ± 2.5 e 50.7 8.8 ± 0.2 h

T-EF7 868.8 ± 19.7 a 92.5 ± 1.0 a 310.1 ± 7.3 a 180.9 ± 6.1 b 34.1 232.6 ± 5.0 c

Oregano
DWW-O 260.8 ± 3.6 f 40.7 ± 0.2 c 172.7 ± 8.9 d 117.7 ± 4.8 c 104.5 ± 0.2 f

O-AF7 46.4 ± 0.3 h 27.7 ± 1.1 e 54.8 ± 7.2 f 86.7 ± 9.6 d 24.1 8.9 ± 0.6 h

O-EF7 556.9 ± 4.7 c 86.8 ± 3.6 b 226.4 ± 27.1 c 166.8 ± 4.4 b 64.2 259.0 ± 0.7 b

Data are reported as means (n ≥ 3) ± SD. a–i Different letters in the same column indicate significant differences
(Tukey’s test, p < 0.05).

2.5. Evaluation of Inhibitory Activity Against α-Glucosidase and α-Amylase

Considering the promising capacities of plant polyphenols, including rosmarinic acid,
to manage hyperglycemia [36–39], the raw samples DWW-R DWW-S, DWW-T, and DWW-
O and all the fractions obtained with the optimized procedure were in vitro assayed for
their inhibitory activity toward α-glucosidase and α-amylase. These enzymes, normally
involved in carbohydrate metabolism, have become targets in the search for hypoglycemic
agents for their post-prandial glucose lowering effects. The data obtained have been
elaborated as IC50 values and are reported in Table 5.

Table 5. Hypoglycemic activity, determined as in vitro α-glucosidase and α-amylase inhibition, of
the DWW of 4 Lamiaceae and fractions obtained with procedure B and XAD-7.

Sample α-Glucosidase α-Amylase

DWW-R 643.2 ± 15.0 a 73.9 ± 3.6 a

R-AF7 460.4 ± 29.2 b 66.5 ± 1.3 b

R-EF7 96.7 ± 2.4 g 18.2 ± 0.3 f

DWW-S 272.3 ± 35.9 d 35.7 ± 2.1 e

S-AF7 663.7 ± 23.2 a 43.8 ± 2.6 d

S-EF7 76.7 ± 4.3 g 12.1 ± 1.4 f

DWW-T 196.1 ± 13.4 e,f 39.7 ± 2.5 d,e

T-AF7 216.7 ± 17.6 d,e,f 34.9 ± 0.8 e

T-EF7 83.4 ± 5.6 g 18.3 ± 2.1 f

DWW-O 250.3 ± 30.2 d,e 50.8 ± 2.2 c

O-AF7 391.7 ± 13.4 c 43.5 ± 3.7 d

O-EF7 80.6 ± 2.2 g 17.3 ± 0.9 f

Acarbose 161.4 ± 8.2 f 17.9 ± 0.6 f

Data are reported in IC50 (µg/mL) as means (n ≥ 3) ± SD. a–g Different letters in the same column indicate
significant differences (Tukey’s test, p < 0.05).
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The activity towards the enzymes followed the same trend as the antioxidant activity—
DWW-S, DWW-T and DWW-O have comparable inhibitory activities, proving more active
than DWW-R. The ethanol samples were far more potent inhibitors than both aqueous sam-
ples and wastewaters, corroborating that the procedure developed allowed the recovery
and concentration of phenolics from DWW with promising hypoglycemic activity. The in-
hibitory power of EF7 fractions toward α-amylase (18.3–12.1 µg/mL) was also comparable
to that of acarbose (17.9 µg/mL), an antidiabetic drug, employed herein as the positive
reference. Furthermore, the samples showed an acarbose-like behavior, being more potent
inhibitors of α-amylase over α-glucosidase. It is probable that the inhibition magnitude
can be related with the presence of rosmarinic acid among other polyphenols. In fact, RA
and extracts enriched in RA have previously been reported for their inhibitory activity
toward the carbohydrates hydrolyzing enzymes [36]. The ethanol fraction from DWW-S
(S-EF7) showed lower IC50 values toward α-glucosidase (76.7 µg/mL) and α-amylase
(12.1 µg/mL), and was thus the most active sample. Of note, this fraction was also the one
with the highest RA (299.6 mg/g) and polyphenols content (768.3 mg/g), corroborating
that the antioxidant principles are also responsible for enzyme inhibition.

2.6. HPLC-MS/MS Analysis of DWW and Enriched Fractions After Extraction

HPLC-MS analysis was employed to identify the components present in rosemary,
sage, thyme, and oregano DWW samples, and their EF fractions. TIC chromatograms
of EF are reported in Figure 4, while those of the corresponding DWWs are reported in
Supplementary Materials (Figure S1).

The analyses were performed in negative ionization mode, and Table 6 reports the
identified components for each sample along with their retention times. For each identified
compound, the m/z value [M-H]− and main MS/MS fragments are provided (see Table S2
for the identified compounds in each Lamiaceae). Component identifications were achieved
by comparing the m/z values of the molecular ion and fragment ions of each component
with the data in the literature. The chemical structures of identified compounds are reported
in Figure S2.

The identified compounds can be grouped as follows: caffeic acid derivatives [caffeoyl
glucose (3), yunnaneic acid F (4), salvianolic acid B/E isomer (10), rosmarinic acid (11),
sagerinic acid (12), lithospermic acid (13), salvianolic acid A (16), rosmarichinone derivative
(19)]; glucosylated flavonoids [quercetin-O-glucoside (5), luteolin-O-glucoside (6), luteolin
7-O glucuronide (8), isorhamnetin-O-glucoside (9), luteolin acetyl-glucuronide(15)]; organic
acids [isocitric acid (1), malic acid (2)]; diterpenes [carnosol (17) and carnosic acid (18)].

All TIC chromatograms of DWW samples and their respective ethanol fractions show
the most abundant component eluting at tR 23.5 min, corresponding to an [M-H]− signal at
m/z 359. This component has been identified as rosmarinic acid (11), and its fragmentation
pattern exhibits signals at m/z 197, 179, 161, and 135 (Figure S3). The prevalent presence of
this phenolic compound in DDWs and related ethanolic samples is in line with reports in
the literature on post-distillation solid residue extracts from the same plants [35,40].

Caffeic acid derivatives were identified by a typical fragmentation pattern character-
ized by neutral losses of 198, 180, 162, 110, 44, and 18 Da, corresponding to the loss of
3,4-hydroxyphenyl lactic acid, caffeic acid, dehydrated caffeic acid, catechol, CO2, and
water, respectively [21,41]. Other caffeic acid derivatives identified were yunnaneic acid
F (4) with [M-H]− at m/z 597, salvianolic acid B/E isomer (10) with [M-H]− at m/z 717,
lithospermic acid (13) with [M-H]− at m/z 537, and salvianolic acid A (16) with [M-H]−

at m/z 493. The fragmentation pattern of 13 exhibits signals at m/z 493 (M-H-CO2), 359
(M-H-C9H6O4), 295 (M-H-C9H10O5-CO2) and 161 (M-H- C9H6O4-C9H10O5), confirmed by
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data in the literature [42]. The fragmentation patterns of these derivatives [43] are shown
in Figure S4.
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Of note, lithospermic acid (13) was found only in thyme samples (DWW-T and mostly
in T-EF7); yunnaneic acid F (4) 5,6,7,10-tetrahydro-7-hydroxy rosmarichinone derivative
(19) [44] was exclusive to the sage samples DWW-S and S-EF7, whereas salvianolic acid
A (16) was present only in rosemary derivatives. Salvianolic acid B/E isomer (10) was
identified in rosemary and thyme samples.

Table 6. Identification by HPLC-MS of the main constituents from 4 Lamiaceae distillation wastewa-
ters and corresponding ethanol fractions.

tR
(min) m/z [M-H]− Fragments m/z

(Relative Intensity) Identification Reference

1 2.3 191 111 (100), 155 (10) 173 (30) isocitric acid [45]
2 2.3 133 115 (100), 87 (5) malic acid [46]
3 2.3 341 179 (100), 161 (20), 221 (20) caffeoyl glucose [47]

4 18.5 597 267 (20), 311.6 (100), 329 (40), 355
(20), 491 (20), 509 (20), 579 (20) yunnaneic acid F [47]

5 18.7 463 301 (100) quercetin-O-glucoside [48]
6 18.7 447 285 (100) luteolin-O-glucoside [48]

7 18.8 421 153 (100)
4-(3,4-

dihydroxylbenzoyloxymethyl)
phenyl-O-β-D-glucoside

[49]

8 19 461 285 (100) luteolin-O-glucuronide [50]
9 19.5 477 300 (10), 315 (100), 357 (5), 462 (5) isoramnetin-3-O-glucoside [50]

10 21.8 717 555 (5), 519 (100), 475 (20) salvianolic acid B/E [48]
11 23.5 359 161 (100), 179 (30), 197 (30), 135 (15) rosmarinic acid [50]
12 23.8 719 539 (45), 359 (100), 341 (35) sagerinic acid [47]
13 26.4 537 493 (100), 359 (10), 295 (5), 161(5) lithospermic acid [50]
14 26.8 555 493 (100), 359 (40) salvianolic acid K [48]
15 27.6 503 285 (100), 399 (20), 443 (5) luteolin-3′-acetil-O-glucuronide [48]
16 30.2 493 295 (100), 313 (10), 383 (5) salvianolic acid A [51]
17 50.1 329 285 (100) carnosol [52]
18 52.6 331 287 (100) carnosic acid [52]

19 53.8 345 301 (100) 5,6,7,10-tetrahydro-7-hydroxy
rosmariquinone [50]

Among the flavonoid glucosides, quercetin-O-glucoside (5), luteolin-O-glucoside
(6), luteolin 7-O-glucuronide (8), isorhamnetin-3-O-glucoside (9), and luteolin-3-acetyl-O-
glucuronide (15) were identified. A typical fragmentation pattern showed the presence of a
hexose and the presence of aglycones at m/z 285, 301, and 315 corresponding to luteolin,
quercetin, and isorhamnetin (Figure S5). Quercetin-O-glucoside (5), luteolin-O-glucoside
(6) and isorhamnetin-3-O-glucoside (9) were present only in rosemary samples, whereas
luteolin-3-acetyl-O-glucuronide (15) was identified only in R-EF7.

Isocitric acid (1) was unambiguously identified with an [M-H]− signal at m/z 191,
and its fragmentation patterns (sequential losses of m/z 173 (M-H-18), 155 (M-H-18-18),
111 (M-H-18-18-CO2)) allow for their discrimination from quinic acid, as reported in the
literature [45]. Malic acid (2) was identified with an [M-H]− ion at m/z 133.

The MS analysis of DWW-R and R-EF7 samples showed the presence of carnosol (17)
and carnosic acid (18).

The identifications corroborate the presence of value-added compounds in DWWs, as
most of the identified compounds have been well-studied for a large array of biological
activities. Moreover, the presence in the ethanolic fractions and related DWWs of flavonoids
and other caffeic acid derivatives, in addition to rosmarinic acid, can justify the notable
hypoglycemic activity exerted by the samples, as these compounds have been reported to
inhibit α-glucosidase and/or α-amylase.
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3. Materials and Methods
3.1. Materials

Gallic acid, quercetin, stationary phases Amberlite XAD-16, XAD-7, XAD-4, and
XAD-2, and 2,4,6-tripyridyl-s-triazine (TPTZ) were purchased from Merck (Milan, Italy).

Folin–Ciocâlteu reagent, 2,2-diphenyl-1-picrylhydrazyl radical (DPPH•), ferric chlo-
ride hexahydrate (FeCl3 6H2O), and acetic acid (CH3COOH) were purchased from Fluka
(Milan, Italy). Methanol (MeOH), ethanol (EtOH), hydrochloric acid (HCl), and sodium
acetate trihydrate (CH3COONa 3H2O) were purchased from Carlo Erba (Milan, Italy).

6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) and ammonium salt
of 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS+) were purchased from
Sigma Aldrich (Milan, Italy). Pancreatic alpha-glucosidase for enzymatic assays and
analytical-grade rosmarinic acid were purchased from Sigma Aldrich.

3.2. Plant Material

The medicinal plants under study (rosemary, sage, thyme, and oregano) were kindly
provided by Azienda Agricola Rinoldo Davide, Via Gaspare Ambrosini 12, Favara (AG),
Italy. The plants were collected between April and May 2021, each during its balsamic
period (before complete flowering), and were dried in a ventilated and shaded place until
a stable dry weight was obtained. For the hydrodistillation of oregano and thyme, their
flowering tops were treated, while for rosemary and sage, the leaves were used, excluding
the woody parts or twigs for each plant.

3.3. Hydrodistillation

The plant material (100 g) was treated with 1 L of distilled water in a round-bottom
flask. It was connected to a Clevenger-type system for hydrodistillation, as previously
reported [53]. After essential oil recovery, the distillation water (DWW), was filtered and
frozen at −78 ◦C until use.

3.4. Solid-Phase Extraction (SPE)

Two different procedures were performed on the DWW, employing in both cases 4
XAD resins, as reported in the following (see Table 1 for acronyms). XAD-2, XAD-4, XAD-7,
and XAD-16 resins were activated before use with EtOH (5 mL of EtOH per gram of resin)
and kept in a shaker at 180 rpm for 1 h and at 37 ◦C.

Subsequently, the resins were filtered through filter paper, washed with deionized
water (5 mL/g) and incubated at 180 rpm for 1 h at 37 ◦C.

• Procedure A. Recovery by static adsorption/desorption.

Here, 4 mL of DWW was added to 4 g of activated resin (XAD-2, XAD-4, XAD-7,
or XAD-16) in a flask and mixed at 160 rpm for 24 h at 25 ◦C. The four mixtures were
filtered through paper to recover the aqueous phase (AP) containing all the components
of DWW not retained by the resin [54]. Subsequently, the filtered resins underwent the
extraction of their adsorbed components by mixing with 20 mL of EtOH at 160 rpm, for
24 h at 25 ◦C [55]. This second filtrate represents the ethanol phase (EP) containing all the
components of DWW retained by the resin and desorbed after the addition of EtOH. A
further treatment with EtOH (20 mL) for 24 h was performed on each resin to eventually
desorb any remaining component. Both AP and OP were dried under vacuum, kept in a
desiccator until constant weight, and stored at −20 ◦C until use.

• Procedure B. Recovery by dynamic adsorption/desorption on column.

Here, 4 g samples of each resin (XAD-2, XAD-4, XAD-7, or XAD-16) suspended in
EtOH were packed in a 1 cm column. Then, the resins were conditioned with water (with 4
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times the bed volume). After that, 10 mL of DWW was poured into each column; after the
adsorption, the column was eluted with water (40 mL) and the eluate was collected as an
aqueous fraction (AF). Then, the column was eluted with EtOH (60 mL), thus affording the
ethanol fraction (EF).

The fractions were dried, kept in a desiccator until constant weight, and stored at
−20 ◦C until use.

3.5. Total Polyphenol Content (TPC) Evaluation

TPC was determined spectrophotometrically at 765 nm with a microplate reader
(Biotek Synergy H1; Bad Friedrichshall, Germany), as previously reported [56]. Samples
obtained from the different R-DWW treatments were solubilized in water:methanol (70:30
v:v) at concentrations ranging from 0.5 to 1.0 mg/mL. The results obtained are reported in
Table 2 as mg GAE (gallic acid equivalents)/g of material.

3.6. Antioxidant Activity

The antioxidant activities of all samples were assayed with different methods (DPPH,
ABTS, and FRAP).

DPPH. The DPPH radical scavenging activity was assayed as previously reported [57]
on DWW, aqueous (AP and AF; 1 mg/mL in water) and ethanolic samples (OP and EF;
0.5 mg/mL in water:MeOH 70:30). Trolox solutions were prepared in methanol at different
concentrations (10–80 µM). The UV-Vis data have been elaborated to give the % of radical
quenched (Equation (1)). The linear regression analysis of the parentage of inhibition of
Trolox vs. its concentration gave a calibration curve for expressing the inhibition of all the
other samples in Trolox equivalents (µmol TE/g).

quenched radical (%) =
ODradical − ODsample

ODradical
× 100 (1)

ABTS. The bleaching ABTS assay of DWW, AP, AF, OP and EF (0.1 mg/mL in wa-
ter:MeOH 70:30) was performed as previously reported [57]. Trolox solutions were prepared
in methanol at increasing concentrations (25, 50, 100, 150, and 200 µM) and assayed analo-
gously. The linear regression of the percent of quenched radical vs. Trolox concentration
allowed the elaboration of the samples’ results as TE.

FRAP. The ferric reducing antioxidant power was assessed for DWW, AP, AF, OP
and EF (0.1 mg/mL in water:MeOH 70:30), as previously described [57]. Trolox samples
(25–850 µM) were assayed under the same conditions, and the results of the samples are
expressed as TE.

3.7. Enzyme Inhibition Assays

The α-glucosidase and α-amylase inhibitory potential of all DDW, AP, OP, AF and EF
samples (1.0 to 0.5 mg/mL in water:MeOH 70:30) were assayed as previously described [58].
Acarbose was employed as a positive reference under the same conditions. The optical
density acquired was elaborated to give the percentage of enzyme inhibition according
to Equation (2). From the regression analysis of these data vs. sample concentration, the
concentration that inhibited 50% of enzyme activity was calculated (IC50, µg/mL).

enzyme inhibition (%) =
ODES − ODsample

ODES
× 100 (2)

where ODES represents the optical density of the mixture containing the enzyme and the
substrate, whereas ODsample is the optical density of the same reaction but in the presence
of the inhibitor (DDW, AP, OP, AF or EF).
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3.8. HPLC-UV Analysis of Rosmarinic Acid

For HPLC-UV analysis, a Thermo Fisher (Madison, CA, USA) Ultimate 3000 HPLC-
DAD was used, equipped with a Gemini 5 µm NX-C18 column (250 mm × 4.6 mm, 110 Å).
The elution gradient of CH3CN acidified with 2.5% of formic acid (FA, solvent B) in H2O
acidified with 2.5% of FA (solvent A) was optimized as follows, according to previous
work [19]: t0 min B = 5.0%, t10 min B = 15%, t30 min B = 25%, t35 min B = 30%, t50
min B = 90%, t57 min B = 100% and t65 min B = 5%, with a flow rate of 1 mL/min. The
analyses were recorded at three wavelengths—280 nm, 330 nm, and 350 nm. A pure sample
of rosmarinic acid was used as an external standard to build a calibration curve (with
concentration ranging from 0.062 to 0.744 mg/mL). The samples were injected (5 µL) at a
concentration of 1 mg/mL.

3.9. HPLC-MS Analysis

Mass spectrometry analysis was performed using a Thermo Scientific (Madison, CA,
USA) linear ion trap mass spectrometer LTQ equipped with an ESI ion source, coupled
online with an HPLC system (Ultimate 3000, Dionex, Thermo Scientific, Madison, CA,
USA). Each sample (10 mg/mL; 20 µL) was injected using an autosampler (Ultimate 3000,
Dionex) into a Waters (Milford, MA, USA) Symmetry RP-C18 column (150 mm × 1 mm i.d.,
100 Å, 3.5 µm). The chromatographic run was performed over 80 min at 50 µL/min—t0
min B = 5%, t25 min B = 15%, t40 min B = 25%, t55 min B = 55%, t60 min B = 95%, t65 min
B = 100%, and t80 min B = 5%; solvent A consisted of H2O + 1% FA (formic acid) and B of
CH3CN + 1% FA.

Two successive scanning modes were set, as follows: (1) Full-scan scanning in the range
of 150–2000 m/z; (2) fragment ions scanning with a 2 Da isolation window. The following
operational conditions were adopted: N2 gas flow rate 30 units/min; auxiliary gas flow rate
(He) 8 units/min; spray voltage 4 kV; capillary voltage −18 V; capillary temperature 220 ◦C.
Fragmentation was achieved with a collision energy of 29 a.u. using He as the collision gas.
The mass axis was calibrated with a standard mixture consisting of caffeine, the peptide
MRFA, and the polymer Ultramark. Data acquisition and processing were carried out using
the Xcalibur software (v. 1.3) and the Qual browser interface (Thermo Scientific, Milan,
Italy). The identification of constituents was manually inspected by analyzing their MS/MS
spectrum and comparing these data with those from the literature.

4. Conclusions
This research has demonstrated that distilled wastewaters (DWWs) from four Lamiaceae

species are rich in antioxidant and hypoglycemic compounds, particularly rosmarinic
acid and other phenolic compounds. The study evaluated two methodologies and four
resins for maximizing the recovery of value-added compounds from wastewater. The
XAD-7 resin demonstrated the highest adsorption rate for rosmarinic acid, consistently
yielding fractions with higher total phenolic content (TPC) and enhanced antioxidant
and hypoglycemic activities compared to the original DWWs. The procedure developed
here for recovering value-added compounds directly from industrial wastewater offers
several advantages over conventional extraction methods. These benefits include reduced
reagent and solvent consumption, lower operational costs, simpler handling procedures,
and greater scale-up potential.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules30061391/s1, Table S1: Extracted eigenvectors; Figure S1:
TIC chromatograms of DWWs of rosemary (DWW-R), sage (DWW-S), thyme (DWW-T) and oregano
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(DWW-O); Table S2: Phytochemicals identified in the four Lamiaceae analyzed; Figure S2: Chemical
structures of identified compounds; Figures S3–S5: Fragmentation pathways of identified compounds.

Author Contributions: Conceptualization, N.C., V.M. and E.M.N.; methodology, C.S. and N.C.;
validation, C.S., M.S. and N.C.; formal analysis, C.S., L.P. and M.G.G.P.; investigation, C.S., M.S. and
M.G.G.P.; resources, V.M. and E.M.N.; data curation, N.C.; writing—original draft preparation, N.C.,
L.P. and V.M.; writing—review and editing, V.M., E.M.N. and N.C.; visualization, V.M.; supervision,
V.M. and E.M.N.; funding acquisition, V.M. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by PRIN 2022 PNRR macrosettore “PE—Physical Sciences and
Engineering” Title: “Old but Gold! Identification of molecular platforms for age-associated diseases to
promote healthy and active aging”. D.D. 1409 del 14/09/2022—PNRR per la Missione 4, Componente
2, Investimento 1.1, grant number P2022MWY3P.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Materials. Further inquiries can be directed to the corresponding authors.

Acknowledgments: The authors thank the Bio-Nanotech Research and Innovation Tower of the
University of Catania (BRIT; project PONa3_00136) financed by the Italian Ministry for Education,
University and Research MIUR, for making available the Synergy H1 microplate reader. L. Pulvirenti
gratefully acknowledges the PNRR project SAMOTHRACE (CUP B622000620005).

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Fetting, C. The European Green Deal; ESDN Report; European Sustainable Development Network: Vienna, Austria, 2020; Volume 2,

p. 53.
2. Capanoglu, E.; Nemli, E.; Tomas-Barberan, F. Novel Approaches in the Valorization of Agricultural Wastes and Their Applications.

J. Agric. Food Chem. 2022, 70, 6787–6804. [CrossRef] [PubMed]
3. Cardullo, N.; Calcagno, D.; Pulvirenti, L.; Sciacca, C.; Pittalà, M.; Maccarronello, A.; Thevenard, F.; Muccilli, V. Flavonoids with

lipase inhibitory activity from lemon squeezing waste: Isolation, multispectroscopic and in silico studies. J. Sci. Food Agric. 2024,
104, 7639–7648. [CrossRef]

4. Maccarronello, A.E.; Cardullo, N.; Silva, A.M.; Di Francesco, A.; Costa, P.C.; Rodrigues, F.; Muccilli, V. From waste to bioactive
compounds: A response surface methodology approach to extract antioxidants from Pistacia vera shells for postprandial
hyperglycaemia management. Food Chem. 2024, 443, 138504. [CrossRef]

5. Yadav, S.; Malik, K.; Moore, J.; Kamboj, B.; Malik, S.; Malik, V.; Arya, S.; Singh, K.; Mahanta, S.; Bishnoi, D. Valorisation of
Agri-Food Waste for Bioactive Compounds: Recent Trends and Future Sustainable Challenges. Molecules 2024, 29, 2055. [CrossRef]

6. Muccilli, V.; Maccarronello, A.E.; Rasoanandrasana, C.; Cardullo, N.; de Luna, M.S.; Pittalà, M.G.G.; Riccobene, P.M.; Carroccio,
S.C.; Scamporrino, A.A. Green3: A green extraction of green additives for green plastics. Heliyon 2024, 10, e24469. [CrossRef]
[PubMed]

7. Wedamulla, N.; Fan, M.; Choi, Y.; Kim, E. Citrus peel as a renewable bioresource: Transforming waste to food additives. J. Funct.
Foods 2022, 95, 105163. [CrossRef]

8. Giosue, A.; Siano, F.; Di Stasio, L.; Picariello, G.; Medoro, C.; Cianciabella, M.; Giacco, R.; Predieri, S.; Vasca, E.; Vaccaro, O.; et al.
Turning Wastes into Resources: Red Grape Pomace-Enriched Biscuits with Potential Health-Promoting Properties. Foods 2024,
13, 2195. [CrossRef]

9. Balli, D.; Cecchi, L.; Innocenti, M.; Bellumori, M.; Mulinacci, N. Food by-products valorisation: Grape pomace and olive pomace
(patè) as sources of phenolic compounds and fiber for enrichment of tagliatelle pasta. Food Chem. 2021, 355, 129642. [CrossRef]

10. Galanakis, C.; Tsatalas, P.; Charalambous, Z.; Galanakis, I. Polyphenols recovered from olive mill wastewater as natural
preservatives in extra virgin olive oils and refined olive kernel oils. Environ. Technol. Innov. 2018, 10, 62–70. [CrossRef]

https://doi.org/10.1021/acs.jafc.1c07104
https://www.ncbi.nlm.nih.gov/pubmed/35195402
https://doi.org/10.1002/jsfa.13600
https://doi.org/10.1016/j.foodchem.2024.138504
https://doi.org/10.3390/molecules29092055
https://doi.org/10.1016/j.heliyon.2024.e24469
https://www.ncbi.nlm.nih.gov/pubmed/38298717
https://doi.org/10.1016/j.jff.2022.105163
https://doi.org/10.3390/foods13142195
https://doi.org/10.1016/j.foodchem.2021.129642
https://doi.org/10.1016/j.eti.2018.01.012


Molecules 2025, 30, 1391 17 of 19

11. Pratap, B.; Kumar, S.; Nand, S.; Azad, I.; Bharagava, R.; Ferreira, L.; Dutta, V. Wastewater generation and treatment by various
eco-friendly technologies: Possible health hazards and further reuse for environmental safety. Chemosphere 2023, 313, 137547.
[CrossRef] [PubMed]

12. Ochando-Pulido, J.; Vellido-Pérez, J.; González-Hernández, R.; Martínez-Férez, A. Optimization and modeling of two-phase
olive-oil washing wastewater integral treatment and phenolic compounds recovery by novel weak-base ion exchange resins. Sep.
Purif. Technol. 2020, 249, 117084. [CrossRef]

13. Ochando-Pulido, J.; González-Hernández, R.; Martinez-Ferez, A. On the effect of the operating parameters for two-phase olive-oil
washing wastewater combined phenolic compounds recovery and reclamation by novel ion exchange resins. Sep. Purif. Technol.
2018, 195, 50–59. [CrossRef]

14. Costa, C.; Amorim, C.; Duque, A.; Reis, M.; Castro, P. Valorization of wastewater from food industry: Moving to a circular
bioeconomy. Rev. Environ. Sci. Bio. 2022, 21, 269–295. [CrossRef]

15. Truzzi, E.; Chaouch, M.; Rossi, G.; Tagliazucchi, L.; Bertelli, D.; Benvenuti, S. Characterization and Valorization of the Agricultural
Waste Obtained from Lavandula Steam Distillation for Its Reuse in the Food and Pharmaceutical Fields. Molecules 2022, 27, 1613.
[CrossRef] [PubMed]

16. Fascella, G.; D’Angiolillo, F.; Ruberto, G.; Napoli, E. Agronomic performance, essential oils and hydrodistillation wastewaters of
Lavandula angustifolia grown on biochar-based substrates. Ind. Crops Prod. 2020, 154, 112733. [CrossRef]

17. Navarrete, A.; Herrero, M.; Martín, A.; Cocero, M.; Ibáñez, E. Valorization of solid wastes from essential oil industry. J. Food Eng.
2011, 104, 196–201. [CrossRef]

18. Gavaric, N.; Kladar, N.; Misan, A.; Nikolic, A.; Samojlik, I.; Mimica-Dukic, N.; Bozin, B. Postdistillation waste material of thyme
(Thymus vulgaris L., Lamiaceae) as a potential source of biologically active compounds. Ind. Crops Prod. 2015, 74, 457–464.
[CrossRef]

19. Napoli, E.; Ruberto, G.; Carrubba, A.; Sarno, M.; Muscarà, C.; Speciale, A.; Cristani, M.; Cimino, F.; Saija, A. Phenolic Profiles,
Antioxidant and Anti-Inflammatory Activities of Hydrodistillation Wastewaters from Five Lamiaceae Species. Molecules 2022, 27,
217427. [CrossRef]

20. Vladimir-Knezevic, S.; Blazekovic, B.; Kindl, M.; Vladic, J.; Lower-Nedza, A.; Brantner, A. Acetylcholinesterase Inhibitory,
Antioxidant and Phytochemical Properties of Selected Medicinal Plants of the Lamiaceae Family. Molecules 2014, 19, 767–782.
[CrossRef] [PubMed]

21. Kim, G.; Park, Y.; Jin, Y.; Park, C. Production and applications of rosmarinic acid and structurally related compounds. Appl.
Microbiol. Biotechnol. 2015, 99, 2083–2092. [CrossRef]

22. Luo, C.; Zou, L.; Sun, H.; Peng, J.; Gao, C.; Bao, L.; Ji, R.; Jin, Y.; Sun, S. A Review of the Anti-Inflammatory Effects of Rosmarinic
Acid on Inflammatory Diseases. Front. Pharmacol. 2020, 11, 153. [CrossRef] [PubMed]

23. Ekin, H.; Deliorman Orhan, D.; Erdocan Orhan, I.; Orhan, N.; Aslan, M. Evaluation of enzyme inhibitory and antioxidant activity
of some Lamiaceae plants. J. Pharm Res. 2019, 23, 749–758. [CrossRef]

24. Pavlovic, M.; Lunic, T.; Graovac, S.; Mandic, M.; Repac, J.; Gasic, U.; Nedeljkovic, B.; Bozic, B. Extracts of selected Lamiaceae
species as promising antidiabetics: Chemical profiling, in vitro and in silico approach combined with dynamical modeling. Ind.
Crops Prod. 2022, 186, 115200. [CrossRef]

25. dos Santos, F.; de Rezende, C.; Junior, V. Macroporous polymeric resins as a tool to obtain bioactive compounds in food and
food-waste: A review. J. Food Compos. Anal. 2022, 114, 104703. [CrossRef]

26. Huck, C.; Bonn, G. Recent developments in polymer-based sorbents for solid-phase extraction. J. Chromatogr. A 2000, 885, 51–72.
[CrossRef]

27. Soto, M.; Moure, A.; Domínguez, H.; Parajó, J. Recovery, concentration and purification of phenolic compounds by adsorption: A
review. J. Food Eng. 2011, 105, 1–27. [CrossRef]

28. Chen, Y.; Zhang, W.; Zhao, T.; Li, F.; Zhang, M.; Li, J.; Zou, Y.; Wang, W.; Cobbina, S.; Wu, X.; et al. Adsorption properties of
macroporous adsorbent resins for separation of anthocyanins from mulberry. Food Chem. 2016, 194, 712–722. [CrossRef]

29. Kovac, M.; Pavic, V.; Hud, A.; Cindric, I.; Molnar, M. Determination of Suitable Macroporous Resins and Desorbents for Carnosol
and Carnosic Acid from Deep Eutectic Solvent Sage (Salvia officinalis) Extract with Assessment of Antiradical and Antibacterial
Activity. Antioxidants 2021, 10, 556. [CrossRef]

30. Pompeu, D.; Moura, F.; Silva, E.; Rogez, H. Equilibria, Kinetics, and Mechanisms for the Adsorption of Four Classes of Phenolic
Compounds onto Synthetic Resins. Sep. Sci. Technol. 2010, 45, 700–709. [CrossRef]

31. de Elguea-Culebras, G.; Bravo, E.; Sánchez-Vioque, R. Potential sources and methodologies for the recovery of phenolic
compounds from distillation residues of Mediterranean aromatic plants. An approach to the valuation of by-products of the
essential oil market-A review. Ind. Crops Prod. 2022, 175, 114261. [CrossRef]

32. Ziani, I.; Bouakline, H.; Bouknana, S.; Bentouhami, N.; Sher, F.; Ansar, S.; Fauconnier, M.; Bnouham, M.; El Bachiri, A. Sustainable
management of rosemary wastewater and essential oil in agri-environmental bioprocessing. Food Biosci. 2024, 62, 105263.
[CrossRef]

https://doi.org/10.1016/j.chemosphere.2022.137547
https://www.ncbi.nlm.nih.gov/pubmed/36529169
https://doi.org/10.1016/j.seppur.2020.117084
https://doi.org/10.1016/j.seppur.2017.11.075
https://doi.org/10.1007/s11157-021-09600-1
https://doi.org/10.3390/molecules27051613
https://www.ncbi.nlm.nih.gov/pubmed/35268713
https://doi.org/10.1016/j.indcrop.2020.112733
https://doi.org/10.1016/j.jfoodeng.2010.10.033
https://doi.org/10.1016/j.indcrop.2015.05.070
https://doi.org/10.3390/molecules27217427
https://doi.org/10.3390/molecules19010767
https://www.ncbi.nlm.nih.gov/pubmed/24413832
https://doi.org/10.1007/s00253-015-6395-6
https://doi.org/10.3389/fphar.2020.00153
https://www.ncbi.nlm.nih.gov/pubmed/32184728
https://doi.org/10.12991/jrp.2019.184
https://doi.org/10.1016/j.indcrop.2022.115200
https://doi.org/10.1016/j.jfca.2022.104703
https://doi.org/10.1016/S0021-9673(00)00333-2
https://doi.org/10.1016/j.jfoodeng.2011.02.010
https://doi.org/10.1016/j.foodchem.2015.08.084
https://doi.org/10.3390/antiox10040556
https://doi.org/10.1080/01496390903562274
https://doi.org/10.1016/j.indcrop.2021.114261
https://doi.org/10.1016/j.fbio.2024.105263


Molecules 2025, 30, 1391 18 of 19

33. Dai, J.; Mumper, R. Plant Phenolics: Extraction, Analysis and Their Antioxidant and Anticancer Properties. Molecules 2010, 15,
7313–7352. [CrossRef]

34. Irakli, M.; Skendi, A.; Bouloumpasi, E.; Christaki, S.; Biliaderis, C.; Chatzopoulou, P. Sustainable Recovery of Phenolic Compounds
from Distilled Rosemary By-Product Using Green Extraction Methods: Optimization, Comparison, and Antioxidant Activity.
Molecules 2023, 28, 6669. [CrossRef] [PubMed]

35. Bouloumpasi, E.; Hatzikamari, M.; Christaki, S.; Lazaridou, A.; Chatzopoulou, P.; Biliaderis, C.; Irakli, M. Assessment of
Antioxidant and Antibacterial Potential of Phenolic Extracts from Post-Distillation Solid Residues of Oregano, Rosemary, Sage,
Lemon Balm, and Spearmint. Processes 2024, 12, 140. [CrossRef]

36. Zhu, F.X.; Asada, T.; Sato, A.; Koi, Y.; Nishiwaki, H.; Tamura, H. Rosmarinic Acid Extract for Antioxidant, Antiallergic, and
alpha-Glucosidase Inhibitory Activities, Isolated by Supramolecular Technique and Solvent Extraction from Perilla Leaves. J.
Agric. Food Chem. 2014, 62, 885–892. [CrossRef]

37. Lin, D.; Xiao, M.; Zhao, J.; Li, Z.; Xing, B.; Li, X.; Kong, M.; Li, L.; Zhang, Q.; Liu, Y.; et al. An Overview of Plant Phenolic
Compounds and Their Importance in Human Nutrition and Management of Type 2 Diabetes. Molecules 2016, 21, 101374.
[CrossRef]

38. Deka, H.; Choudhury, A.; Dey, B. An Overview on Plant Derived Phenolic Compounds and Their Role in Treatment and
Management of Diabetes. J. Pharmacopunct. 2022, 25, 199–208. [CrossRef] [PubMed]

39. Cardullo, N.; Catinella, C.; Floresta, G.; Muccilli, V.; Rosselli, S.; Rescifina, A.; Bruno, M.; Tringali, C. Synthesis of Rosmarinic Acid
Amides as Antioxidative and Hypoglycemic Agents. J. Nat. Prod. 2019, 82, 573–582. [CrossRef]

40. Celano, R.; Piccinelli, A.; Pagano, I.; Roscigno, G.; Campone, L.; De Falco, E.; Russo, M.; Rastrelli, L. Oil distillation wastewaters
from aromatic herbs as new natural source of antioxidant compounds. Food Res. Int. 2017, 99, 298–307. [CrossRef]

41. Hauck, B.; Gallagher, J.A.; Morris, S.M.; Leemans, D.; Winters, A.L. Soluble Phenolic Compounds in Fresh and Ensiled Orchard
Grass (Dactylis glomerata L.), a Common Species in Permanent Pastures with Potential as a Biomass Feedstock. J. Agric. Food Sci.
2014, 62, 468–475. [CrossRef]

42. Taamalli, A.; Arráez-Román, D.; Abaza, L.; Iswaldi, I.; Fernández-Gutiérrez, A.; Zarrouk, M.; Segura-Carretero, A. LC-MS-based
metabolite profiling of methanolic extracts from the medicinal and aromatic species Mentha pulegium and Origanum majorana.
Phytochem Anal. 2015, 26, 320–330. [CrossRef] [PubMed]

43. Taghouti, M.; Martins-Gomes, C.; Schäfer, J.; Santos, J.; Bunzel, M.; Nunes, F.; Silva, A. Chemical Characterization and Bioactivity
of Extracts from Thymus mastichina: A Thymus with a Distinct Salvianolic Acid Composition. Antioxidants 2020, 9, 34. [CrossRef]

44. Mena, P.; Cirlini, M.; Tassotti, M.; Herrlinger, K.; Dall’Asta, C.; Del Rio, D. Phytochemical Profiling of Flavonoids, Phenolic Acids,
Terpenoids, and Volatile Fraction of a Rosemary (Rosmarinus officinalis L.) Extract. Molecules 2016, 21, 111576. [CrossRef] [PubMed]

45. Masike, K.; Mhlongo, M.; Mudau, S.; Nobela, O.; Ncube, E.; Tugizimana, F.; George, M.; Madala, N. Highlighting mass
spectrometric fragmentation differences and similarities between hydroxycinnamoyl-quinic acids and hydroxycinnamoyl-isocitric
acids. Chem Cent. J. 2017, 11, 29. [CrossRef] [PubMed]

46. Llorent-Martinez, E.J.; Gouveia, S.; Castilho, P.C. Analysis of phenolic compounds in leaves from endemic trees from Madeira
Island. A contribution to the chemotaxonomy of Laurisilva forest species. Ind. Crops Prod. 2015, 64, 135–151. [CrossRef]

47. Mekam, P.; Martini, S.; Nguefack, J.; Tagliazucchi, D.; Stefani, E. Phenolic compounds profile of water and ethanol extracts of
Euphorbia hirta L. leaves showing antioxidant and antifungal properties. S. Afr. J. Bot. 2019, 127, 319–332. [CrossRef]

48. Mona, M.M. Comparative study of Mentha species growing wild in Egypt: LC-ESI-MS analysis and chemosystematic significance.
J. Appl. Pharm. Sci. 2018, 8, 116–122. [CrossRef]

49. Taghouti, M.; Martins-Gomes, C.; Felix, L.M.; Schafer, J.; Santos, J.A.; Bunzel, M.; Nunes, F.M.; Silva, A.M. Polyphenol composition
and biological activity of Thymus citriodorus and Thymus vulgaris: Comparison with endemic Iberian Thymus species. Food Chem.
2020, 331, 127362. [CrossRef]
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