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Abstract: Many plants belonging to the Lamiaceae family are rich in essential oils (EOs) which are
intensively used for aromatherapy, food and beverage flavoring, alternative medicine, cosmetics,
and perfumery. Aerial parts of Thymus vulgaris L., Thymus pannonicus All., Lavandula angustifolia L.,
Lavandula x intermedia, Origanum vulgare L., and Origanum vulgare var. aureum L. were subjected to
hydrodistillation, and both resulting fractions were analyzed. The purpose of this study was to deter-
mine the chemical composition, antioxidant activity, and total phenolic content of six essential oils
and their corresponding hydrolats (HDs) through GC-MS and spectrophotometric analyses. Overall,
161 compounds were identified, some found exclusively in essential oils and others in hydrolats, mak-
ing them individual products with specific end purposes. The total phenolic content was the highest
for the Thymus vulgaris L. EOs (3022 + mg GAE L), because of its high phenolic oxygenated
monoterpenes content (thymol and carvacrol) and the smallest for the Lavandula angustifolia L.
EOs (258.31 + 44.29 mg GAE L~1), while hydrolats varied from 183.85 £+ 0.22 mg GAE L1 for
Thymus vulgaris L. HD and 7.73 mg GAE L~ for Thymus pannonicus All. HD. Significant antioxidant
effects determined through DPPH® and ABTS®* assays were also observed in samples with higher
hydrophilic compounds. The highest antioxidant activity was determined for Thymus vulgaris L. EO
and its corresponding HD. Although EOs are the principal traded economic product, HDs represent a
valuable by-product that could still present intense antiseptic activities, similar to their corresponding
EOs (thyme and oregano), or have multiple aromatherapy, cosmetics, and household applications
(lavender and lavandin).

Keywords: antioxidant activity; bioactive compounds; by-product valorization; essential oils;
GC-MS; hydrolats

1. Introduction

Medicinal and aromatic plants have always served as sources of compounds with
bioactive properties for ritual, food flavoring, medicinal, cosmetic, and hygienic pur-
poses [1]. These compounds are secondary metabolites which serve many functions in
plants, e.g., from signaling to defense molecules, improving the plant’s chances of survival
when faced with unfavorable environmental conditions [2]. Essential oils are mostly com-
posed of highly complex, volatile organic compounds which are insoluble in water, mainly
composed of monoterpenes and sesquiterpenes [3], representing one of the four main bio-
logical classes of natural compounds alongside polyphenols, alkaloids, and glycosides [1,4].
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Although essential oils (EOs) have been used for centuries, some cultures still use them for
their therapeutic potential as antiseptics, antioxidants and antivirals [5-8], for ecological
agriculture, e.g., as pesticides, and as repellents for insects and mites [9]. One by-product
of essential oils is hydrolats (HDs), which consist primarily of water containing less than
1% hydrophilic bioactive substances [3].

Many Lamiaceae family plants have a high EO content [10], primarily in their leaves and
flowers, but also in some fruits and seeds [11]. The total economic value of the essential oil
industry worldwide in 2007 was around 2.00 billion USD [12-14], and is expected to reach
27 billion USD by 2022 [15], from which lavender essential oil represents approximately
45 million USD [16].

Thymus vulgaris L. is an aromatic perennial subshrub, native to the southern re-
gions of Europe [6,17], rich in terpenoids (thymol, carvacrol, linalool, geraniol, p-cymene,
7y-terpinene, limonene, B-caryophyllene), phenolic compounds (quinic acid, rosmarinic
acid, caffeic acid, p-coumaric acid, syringic acid) and flavonoids (apigenin, luteolin, cirsi-
maritin) [17]. Thyme bioactive compounds have many pharmacological effects: antioxi-
dant [18,19], antimicrobial, antifungal, anxiolytic, anticancer, antiviral, anti-inflammatory,
neuroprotective, lipolytic, cardio- and hepato-protective [19-22].

Thymus pannonicus All. is a perennial creeping subshrub in Central and Eastern Europe
(also known as Hungarian or Eurasian thyme) that prefers open fields, prairies and rocky
areas terrains. Infusions rich in penolic compounds present antimicrobial and antioxidant
properties [23], being intensively used in oral hygiene products like mouth washes and gargles
for cold, and cough relief [24]. Depending on its chemotype, the EO has high amounts of
B-citral, geranial, thymol, or carvacrol, alongside p-cymene, y-terpinene, linalool [23,24].

Lavandula angustifolia L. is indigenous to the Mediterranean region [25,26], and nowa-
days has worldwide distribution and represents an important commercial essential oil
crop [26,27]. The main characteristic of lavender EO is its higher content in linalool/linalyl
acetate and low camphor content [1,12,27-29]. It is usually used in perfumery and cosmetic
products, while lavandin EO with a higher camphor percentage is used in household
cleaning products [30]. Lavender EO yield is around 3% [31]; it has many applications
as complementary and alternative medicine (CAM) [32-34], with numerous applications
in mental health settings as an antidepressant, sedative, anxiolytic, and neuroprotec-
tive [32], as well as showing antiseptic, antihypertensive, antispasmodic, analgesic and
anti-inflammatory properties [27,33,35].

Lavandula x intermedia (lavandin) is a natural hybrid with a high EO yield, resulting
from interbreeding L. angustifolia x L. latifolia. It is a relatively tall evergreen shrub with
an average height ranging from 60 to 150 cm, with greyish leaves and long fragrant violet
inflorescences that bloom by the end of June to July [1,36,37]. The main EO components
are 1.8-cineole, linalool, camphor, isoborneol alongside linalyl acetate and lavandulyl
acetate [29,30]. Having a slightly different odor, lavandin EO is rarely used in perfumery
and pharmaceuticals, but is widely used in household hygiene products (detergents and
other cleaning products, insecticides) [12].

Origanum vulgare L. is native to Southern Europe in the Mediterranean region. It is
mainly found as a perennial shrub with an essential oil content of around 2% v/w. The EO
is mainly composed of monoterpenoids, giving it its specific, pungent smell (y-terpinene,
p-cymene, thymol, and carvacrol). Its EO presents intense pharmacological activities
(antibacterial, antifungal, anticancer, anti-inflammatory, antioxidant) [8,11,38-40] and has a
high bicyclic monoterpenoid content (a-thujene, sabinene, germacrene D) [41,42].

Origanum vulgare var. aureum L., commonly known as golden oregano, is a tall wood
perennial plant up to 50 cm in height with bright green and golden-yellow leaves. It forms
clusters of white flowers which are used for culinary, pharmaceutical, and decorative
purposes [43]. Its main EO constituents are linalool, p-cymene, y-terpinene, presenting
potent antioxidant, antibacterial and antifungal activities [44].

Despite the fact that the chemical compositions of EOs have been well studied, few re-
search papers have focused on the aqueous phase, i.e., the by-product resulting from the EO
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industry known as HDs or floral water [45]. The water-soluble EO components dissolved
in the distillation water give the resulting HD its characteristic scent and flavor [36,46].
Most HDs have no further applications because of the low abundance of compounds of
interest, and as such, are generally discarded [1,36]. Nonetheless, they are sometimes used
in the food industry as flavoring agents (deserts and beverages), and in the cosmetic sector
in skincare products [47].

This study had the following objectives: (i) to broaden the limited existing data
regarding the chemical compositions of several EOs and their corresponding HDs using
GC-MS analysis; and (ii) to perform biochemical analysis to determine the antioxidant
activity and the total phenolic content of the EOs and their correspondent HDs.

2. Results
2.1. Essential Oils and Hydrolats Chemical Composition

Table 1 presents the chemical composition of six EOs and their corresponding con-
centrated HDs resulting from the same distillation process. In total, 161 compounds were
identified, of which 54 were specific to the EOs, 66 were commonly found in both EOs
and HDs, and 41 were found exclusively in HDs. The major classes of compounds are
presented in Figure 1.
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Figure 1. Major compound classes present in all EOs, and HDs determined through GC-MS (EOs
are named TVEO, TPEO, LAEO, LIEO, OVEO, OVAEO from Thymus vulgaris L., Thymus pannoni-
cus All., Lavandula angustifolia L., Lavandula x intermedia L., Origanum vulgare L., Origanum vulgare
var. aureum L., respectively; and HDs are named TVHD, TPHD, LAHD, LIHD, OVHD, OVAHD
from Thymus vulgaris L., Thymus pannonicus All., Lavandula angustifolia L., Lavandula x intermedia L.,
Origanum vulgare L., Origanum vulgare var. aureum L., respectively).

Considering that distillation is still the most used method for obtaining EOs, many
HDs are generated in the process as by-products. These HDs have low concentrations of
bioactive compounds, i.e., usually under 1000 mg per litter [48,49], while still presenting
antioxidant and antimicrobial effects.

Comparing the chemical profiles of the EOs and HDs resulting from the same distil-
lation batch (Figure 2a) showed that both products had common compounds in different
ratios. However, they both contained unique compounds and should be considered inde-
pendent products. In Figure 2b, for lavender EO, we considered only constituents with
concentrations above 0.5%. We compared 20 components, of which 14 were shared with
their corresponding HD, and only five compounds with a concentration above 0.5% were
exclusively found in the HD.
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Table 1. Chemical composition of the essential oils and hydrolats identified by GC-MS (%).
Nr. RI Compound Name Class TV TV TP TP LA LA LI LI ov OV OVA OVA
Crt. EO HD EO HD EO HD EO HD EO HD EO HD
1 930 a-Thujene MH 0.89 0.07 0.04 - 0.53 - 0.26 - 0.07 - 0.75 -
2 939 a-Pinene * MH 0.68 - 0.21 - - - 1.31 - 0.17 - 0.31 -
3 954 Camphene MH 0.69 - 0.23 - 0.22 - 0.73 - - - 0.06 -
4 975 Sabinene * MH 0.13 - 0.28 - 0.21 - 0.66 - 1645  0.44 1.32 0.04
5 979 B-Pinene * MH 0.31 - 2.19 - 0.69 - 1.48 - 0.65 - 1.31 -
6 990 B-Myrcene * MH - - 0.07 - 0.24 - - - - - - -
7 1002 a-Phellandrene * MH - - - - - - 0.13 - - - 0.1 -
8 1003 2-Carene MH - - - - 0.39 - - - - - - -
9 1011 3-Carene * MH - - - - 0.18 - 0.3 - 1.12 - - -
10 1012 (+)-4-Carene MH 0.75 - - - - - 0.13 - 0.08 - 14 -
11 1014 «-Terpinene MH - - 0.11 - - - - - - - 0.09 -
12 1020 D-Limonene * MH 0.33 - 0.21 - - - 2.65 0.07 - - - -
13 1021 0-Cymene MH - - - - - - 0.05 - - - - -
14 1023 m-Cymene MH 0.1 - - - 0.08 - 0.36 - 0.07 - - -
15 1024 p-Cymene MH 264 2.28 0.07 - - - - 0.16 - 1.09 20.81 2.68
16 1037 cis-B-Ocimene * MH - - 0.16 0.06 1.21 - 4.92 - 0.6 - 2.71 0.17
17 1050 trans-B-Ocimene * MH - - 2.14 - 0.13 - 1.58 - 4.96 - 2.57 -
18 1059 v-Terpinene MH 36 012 0.32 - 0.09 0.04 0.44 - 0.35 - 13.73 115
19 1088 - Terpinolen MH 0.05 - 0.07 - - - 0.64 - 0.04 - - 0.07
20 1322 Linalyl propionate MH - - - - 0.6 - - - - - - -
21 Neo-allo-ocimene MH - - - - - - 0.28 - 0.17 - 0.19 -
22 t-Limonene MH 0.09 - - - - - 1.56 - - - - -
1-Undecene,
23 4-methyl- MH - - - - - - - - - 0.48 - -
24 873 1-Hexanol MO - - - - - - 0.3 0.64 - - - -
25 878 4-Hexen-1-ol, (Z)- MO - - - - - - - 0.08 - - - -
26 963 3-Octanone MO 2.83 - - - - - - - - 2.82 - -
27 977 1-Octen-3-ol MO 0.87 1.66 0.3 0.44 - - - 0.73 - 13.31 - 1.14
28 978 1-Octen-3-one MO - - - 0.36 - - - - - - - -
29 980 3-Octanol MO 09 082 - 0.15 - - - - - 2.59 - -
30 1010 Accticaddheyl MO - - - - - 014 006 - - - -
31 1029 Eucalyptol MO - - 0.37 1.12 9.16 20.8 1897 2438 0.15 5.39 - -
32 1070  cis-Sabinene hydrate MO 23 0.62 1.58 - 0.45 - - - - - - -
33 1073 cis-Linalool oxide MO - - - - - 1.92 - 0.61 - - - 2.79
34 1089 trans-Linalool oxide MO - - - - - 0.98 - 0.45 - - - 2.18
35 1096 Linalool MO - 0.65 0.6 023 16.15 2247 2877 2983 0.23 11.59 2654  54.09
36 1099 trans-Sabinene MO 044 - - 103 - - 037 - - 097 011 108
hydrate
37 1105 ~ Dropanoicacid, MO - - - - - 006 - - - - -
hexyl ester
38 1130 2-Pinen-7-one MO - - - 0.42 - - - - - - - -
39 1135 Limonene oxide MO - - - - 0.34 0.3 - - - - - -
40 1138 Limonene epoxide MO - - - 0.1 - - - - - - - -
41 1142 cis verbenol MO - - 0.86 - - - - - - - - -
42 1144 trans-Sabinol MO 0.03 - - - - - - 0.09 - - - -
43 1145 trans-Verbenol MO 0.05 - 1.19 - - - - - - - - -
44 1146 Camphor MO 0.04 - 0.46 0.38 435 1694 4.32 9.21 - 1.02 - -
45 1147 Nopinone MO - - - - - - - 0.16 - - - -
46 1148 6-Octenal, 7-methyl- MO ) ) ) 0.54 ) ) ) ) ) ) ) )
3-methylene-
47 1153 Camphene hydrate MO - - - - - - - 0.05 - - - -
48 1156 Neryl oxide MO - - - 0.14 - - - - - - - -
49 1163 Pinocarvone MO - - - - - - - 0.03 - - - -
50 1165 Isoneral MO - - - 0.7 - - - - - - - -
51 1168 Lavandulol MO - - - - - - 0.65 0.84 - - - -
52 1169 endo-Borneol MO 1.85 242 1.58 0.15 3.25 6.55 9.3 13.65 - 1.07 - -
53 1177 Terpinen-4-ol MO 0.17 - 0.25 - 2.83 7.92 5.48 1045 0.02 494 0.2 -
54 1184 Isogeranial MO 0.05 - - 1.33 - - - - - 0.25 - 0.13
55 1188 a-Terpineol MO 0.1 - 0.21 0.1 0.85 4.36 0.95 317  0.09 6.16 0.19 -
56 1190 Methyl salicylate MO - - - - - - - - - - 0.13 -
57 1194 Butanoic acid, hexyl MO B } ) B } } 0.86 ) ) ) ) )
ester

58 1199 Estragole MO - - - 0.25 - - - - - - - -
59 1206 cis-Verbenone MO - - 0.16 - - - - 0.05 - - - -
60 1209 trans-Piperitol MO - - - - - - - 0.05 - - - -
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Table 1. Cont.
Nr. RI C dN a V. TV TP TP LA LA LI LI ov OV OVA OVA
Crt. ompound Name ass EO HD EO HD EO HD EO HD EO HD EO HD
61 1227 Citronellol MO - - - 0.28 - - - - - - - -
62 1232 cis-Geraniol MO - - - 218 - - 0.07 0.65 - - - -
63 1235 Thymol methyl MO 1078 056 - - - - - - 028 - - -
ether
Butanoic acid,
64 1237  2-methyl-, hexyl MO - - - - - - 039 - - - - -
ester
65 1239 B-Citral MO - - 20.3 277 - - - - - - - -
66 1241 Isobornyl formate MO - - - - 0.07 - - - - - - -
o7 1244 COTVaCTOlmethyl MO 626 164 - - - - - - - - 304 097
68 1246 D-Carvone MO - - - - - - - 0.15 - 0.18 - -
69 1252 (-)-cis-Myrtanol MO - - - 0.31 - - - - - - - -
70 1254 Geraniol MO - - - 2.03 - - - - - - - -
71 1255 Piperitone MO - - - 0.12 - - 0.04 0.1 - - - -
72 1258 Linalyl acetate MO - - - 028 367 569 373 019 055 - - -
73 1264 (-)-trans-Myrtanol MO - - 0.17 - - - - - - - - -
74 1268 Geranial MO - - 20.66 3791 - - - - - - - -
75 1287 Bornyl acetate MO - 0.36 0.2 - - - 0.29 0.07 - - - -
76 1290 Thymol MO 1552 6296 9.7 - - - - - 0.21 1.92 6.88 21.96
77 1292 Lavandulyl acetate MO - - - 199 314 081 0.99 - - - - -
78 1299 Carvacrol * MO 1.85 2148 034 - - - - - 0.08 0.43 - 0.45
79 1333 Hexyl tiglate MO - - - - - - 0.15 - - - - -
80 1352 Thymol acetate MO 0.05 - - - - - - - - - - -
81 1381 Nerol acetate MO - - 333 324 014 0.19 0.11 - - - - -
s2 1384  llexanoicacid, MO - - - - - 019 - - - - -
hexyl ester
83 1435 Coumarin MO - - - - - 1.54 - 0.13 - - - -
84 & Limonene MO - - - - - 16 - - - - - -
diepoxide
8 copMenthaend- po - - - - - 007 015 - - - -
86 Linalyl formate MO - - - - - 0.09  0.09 - - - - -
87 trans-Pyranoid MO - - - - - - - 07 - - - -
linalool oxide
88 n-Hexyl butanoate MO - - - - - - - 0.05 - - - -
89 ()-trans- MO - - - - - - o - - - -
Isopiperitenol
90 2-Caren-4-ol MO - - - - - - 005 013 - - - -
91 Cumic aldehyde MO - - - - - - 047 025 - - - -
92 p-Cymen-7-ol MO 0.14 - - - - - 0.12 0.23 - - - -
93 Car-3-en-5-one MO - - - 0.12 - 0.32 - 0.07 - - - -
94 p-Cymen-8-ol MO 0.08 - - - - - - - - - - 0.9
8,9-Dehydrothymol
9% methyl ether MO 0.17 ) ) ) } ) ) } ) ) . )
96 3-Carene-2,5-dione MO 7.9 - - - - - - - - - - -
2,4-Di-tert-
97 butylphenol MO ) 051 ) ) ) ) ) ) ) ) ) )
98 1-Nonen-3-ol MO - - - 0.12 - - - - - 0.99 - -
99 Rosefuran MO - - - 0.05 - - - - - - 0.03 -
100 p-Menth-1-en-7-al MO - - - 0.31 - - - - - - - -
101 p-Menth-3-en-9-ol MO - - - 0.36 - - - - - - - -
102 tmns—?)(l(()))l—Caren—Z— MO B ) ) 0.29 B ) ) _ } ) ) B
103 Hydroxy-a-terpenyl MO ~ } ) 012 ) ) ) B ) ) ) _
acetate
104 Isothymol methyl MO ) ) ) B } ) ) B 0.02 ) _ )
ether
105 Dihydroedulan MO - - - - - - - - 0.12 0.28 0.26 0.71
cis-p-2-Menthen-1-
106 ol MO - - - - - - - - - 0.45 - -
107 3-p-Menthen-7-al MO - - - - - - - - - 0.17 - -
2,4-Di-tert-
108 butylphenol MO ) ) ) ) ) ) ) ) ) 11 ) )
109 Limonene MO 002 - - 03 - - - - - - - -
diepoxide
110 p-Cymen-8-ol MO - - - - - - - - - - - -
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Table 1. Cont.
Nr. RI Compound Name Class V. TV TP TP LA LA LI LI ov OV OVA OVA
Crt. EO HD EO HD EO HD EO HD EO HD EO HD
111 1376 «-Copaene SH 0.05 0.07 - - - - - - 0.15 - 0.26 -
112 1378 isoledene SH 0.14 - - - 0.25 - 0.03 - - - 0.43 -
113 1389 (-)-B-Bourbonene SH 029 - 122 03 - - - - 165 047 052 -
114 1391 B-Elemen SH - - 0.57 0.16 - - - - 0.51 - 0.21 -
115 1402 Sesquithujene SH - - - - - - 0.07 - - - - -
116 1405 B-Longipinene SH 0.03 - - - - - - - - - - -
117 1408 Isocaryophyllene SH - - 0.24 1.49 2.16 - 2.26 - 13.41 - 3.04 -
118 1414 cis-n-Bergamotene SH 0.03 - 0.03 - 0.29 - 0.08 - 1 - 0.11 -
119 1419 B-Caryophyllene * SH 314 064 096 - 269 022 046 - - 032 098 023
120 1422 B-Cedrene SH 0.1 - - - 0.55 0.08 0.04 - - - - -
121 1432 B-Copaene SH 0.15 - 0.12 0.08 - - - - 0.72 - 0.19 -
122 1440 «-Guaiene SH 0.04 - - - - - - - - - 0.46 -
123 1441 Aromandendrene SH 44 0.86 197 0.06 - - - - - - - 112
124 1444 B-Farnesene SH - - 0.32 - - - - - - - - -
125 1447 Isogermacrene D SH - - 0.42 - - - - - - - - -
126 1454 Humulene SH 0.13 - - - - - - - 3.08 - 0.22 -
127 1456 trans-o- SH - - - - - - - 019 - - -
Bergamotene
128 1459 v-Elemene SH - - - - - - - - 0.37 - - -
129 1468 ~ CiMuurola-d(is)s- SH - - - - - - - - 116 - - -
diene
130 1479 y-Muurolene SH 0.16 - 0.31 - - - 0.07 - 0.19 - 0.11 -
131 1481 Germacrene D SH 1.03 028 1534 367 249 023 013 - 22.63 - 598 259
132 1498 Valencene SH 0.05 - - - - - - - - - 0.16 -
133 1502 Bicyclogermacrene SH - - - 0.21 - - - - 5.18 - 0.56 -
134 1507 «-Farnesene SH - - 0.34 - 0.14 - 0.1 - 15.64 - - -
135 1509 «-Bisabolene SH - - 0.04 0.12 0.35 0.07 - - 222 - 0.13 -
136 1512 v-Cadinene SH 0.14 - - - 092 019 0.2 - 0.58 - 0.16  0.58
1371523 Sesquiphellandrene SH ) ) ) 015 ) ) ) ) ) ) ) )
138 1544 Nerolidol SH - - - - - 0.23 - - - 0.25 - -
139 Cadina-3,5-diene SH - - - - - - - - 0.52 - - -
(R)-lavandulyl (R)-2-
140 1513 methylbutaynoa - SO - - - - - - 033 - - - - -
141 1561 Nerolidol SO - - - 1.04 - - - - - - - -
142 1562 Elemol SO - - 0.6 432 - - - - - - - -
143 1580 Germacren D-4-ol SO - - 0.19 - - - - - 2.97 - - -
144 1582 (-)-Spathulenol SO 0.29 - - 0.1 - - - - - 5.64 0.73 1.55
145 1583 Cary(()))}()ilé}éllene SO 14 006 - - 04 025 01 - - 1244 067 073
146 1615 Humulene oxide SO 0.03 - - - - - - - - - 0.27 -
147 1631 v-Eudesmol SO - - - 0.19 - - - - - - - -
148 1632 Epicubenol SO - - - - 012 011 - - 023  0.68 - -
149 1640 7-Cadinol SO - - - - 245 184 - - 047 286 026 039
150 1641 Alloaromadendrene SO - - - - - - - - - 04 01 -
oxide-(1)
151 1642 T-Muurolol SO 0.06 - - - - - - - 0.21 - 0.16 0.37
150 1644 ~ Avomadendrene SO 006 - - - - - - - - 04 - -
oxide-(2)
153 1648 «-Muurolol SO - - - - - - - - - 1.19 - -
154 1654 «-Eudesmol SO - - - 04 - - - - - - - -
155 1682 Nerolidyl acetate SO - - 8.03 - - - - - - - - -
156 1687 a-Bisabolol SO - - - - 348 226  0.65 - 0.33 - - -
157 1692 Shyobunol SO - - - - 0.46 - - - - - 0.99 0.91
158 1696 Farnesol SO - - - 0.08 - - - - - - - -
159 1762 cis-Lanceol SO 0.17 - - - - - - - - - - -
160 1765 15-Hydroxy-a- SO 007 - - - - - - - - - - -
muurolene
Aromadendrane-
161 410-diol SO - - - - - - - - - 0.42 - -
Total unidentified (%) 157 194 0.87 2.34 1.25 1.97 1.25 2.96 0.07 1729 057 1.02
Total identified (%) 98.43 98.06 99.13 99.68 9875 98.03 9875 97.09 99.93 8321 9949 9898
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Table 1. Cont.

Nr. oy Compound Name Class V. TV TP TP LA LA LI LI ov OV OVA OVA

Crt. EO HD EO HD EO HD EO HD EO HD EO HD
Total of Major Compounds (%)

Monoterpene hydrocarbonates (MH) 34.02 247 6.1 0.06 4.57 004 1748 023 2473 201 4535 411
Monoterpenes oxygenate (MO) 524 93.68 6226 8515 7743 9251 7693 9681 175 5563 3738 864

Total Monoterpene 86.42 96.15 6836 8521 82 9255 9441 97.03 2648 57.64 8273 90.51
Sesquiterpene hydrocarbonates (SH) 988 1.85 2188 624 984 102 326 - 692 104 1352 452
Sesquiterpene oxygenate (SO) 208 006 882 613 691 4.46 1.08 - 421 2403 318 395
Total Sesquiterpene 1196 191 307 1237 1675 548  4.34 - 7341 2507 1670 847
Others 162 194 094 234 125 197 125 29 011 1729 057 1.02
Total 100 100 100 100 100 100 100 100 100 100 100 100

RI: calculated retention indices relative to n-alkanes (C10-C35); Compounds identified by using comparison with standards were marked
with an asterisk (*).
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Figure 2. Overlayed chromatograms for LAEO (black) and LAHD (pink) (a) and a comparison
between the major compounds with a concentration above 0.5%, where LAEO is with blue and
LAHD with orange (b).

To further compare the chemical compositions of the EOs and HDs in the analyzed
samples, we determined the ratios of commonly found compounds in both samples. The
results are shown in Figure 3.
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Figure 3. Ratios of compounds in hydrolats to essential oils: (a) TVHD/TVEO, (b) TPHD/TPEO,
(c) LAHD/LAEOQ, (d) LIHD/LIEO, (e) OVHD/OVEOQ, (f) OVAHD/OVAEO.
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2.2. Biochemical Analysis of the Essential Oils and Hydrolats
2.2.1. Total Phenolic Content

Folin-Ciocalteu reagent was used to determine the total phenolic content of the EO
and HDs samples. For the EO, a 1:10 dilution with methanol was needed, while the HD
was used without dilution. The results varied between 3022 mg GAE L~! for TVEO and
7.73 mg GAE L~! for TPHD.

The data are presented in Table 2.

Table 2. Total phenolic content (TPC) analyzed for EO and HDs.

Sample Name TPC (mg GAEL-1)
Essential Oils Hydrolats

TVEO 3022.36 +44.292 TVHD 183.85 £0.222
TPEO 846.36 + 3.44 0 TPHD 7.73 £0.01P
LAEO 258.31 +0.53 € LAHD 10.63 £0.03 ¢
LIEO 355.67 +£0.20 ¢ LIHD 12.36 4 0.01 4
OVEO 681.15 +0.39 4 OVHD 7.79 +0.03 P

OVAEO 2991.46 +27.612 OVAHD 38.73 £0.02 ¢

The results are presented as mean =+ standard deviation. Superscript letters (a—d) denote significant differences
between results on the same data line after Tukey’s test for p < 0.05. Means with superscripts having the same
letter in the column are not significantly different.

2.2.2. Antioxidant Activity

For all EOs and HDs, the antioxidant activity was evaluated using DPPH® and ABTS**
assays (Table 3). The inhibition results ranged from 4.89% for LIHD to 94.27% for TVEO
for DPPH® assay and from 10.11% for TPHD to 98.38% for LAEO for ABTS®** assay.

Table 3. The antioxidant activity for the EO and HDs determined through DPPH® and ABTS®** assays.
Results are depicted as the mean of a triplicate experiment (1 = 3) & standard deviation.

DPPH* Assay ABTS*®* Assay
Sample Name
Inhibition (%) Inhibition (%)
Essential oils
TVEO 94.27 +£0.012 92.68 £+ 0.022
TPEO 24.09 + 0.03P 87.63 + 0.02°
LAEO 9.69 + 0.06 ¢ 98.38 + 0.03P
LIEO 9.73+0.03¢ 88.50 & 0.17 ¢
OVEO 89.11 + 0.23 4 53.32 + 0.76 4
OVAEO 58.18 & 0.07 © 96.47 + 0.08 ©
Hydrolats
TVHD 16.97 + 0.07 2 98.16 + 0.132
TPHD 547 +0.03P 10.11 +£0.13P
LAHD 528 +0.07b 1291 +0.11°¢
LIHD 489 +0.03¢ 12.76 + 0.04 €
OVHD 492 +0.08¢ 10.56 + 0.31 b
OVAHD 6.51 +£0.084 71.36 + 0.09 d

The results are presented as mean =+ standard deviation. Superscript letters (a—d) denote significant differences
between results on the same data line after Tukey’s test for p < 0.05. Means with superscripts having the same
letter in the column are not significantly different.

3. Discussions

The plants in this study were chosen based on two criteria: (i) intense usage for their
strong antiseptic activities (thyme [20-23] and oregano [8,11,38—40]), and (ii) aromatherapy,
cosmetic, and household purposes (lavender [26,27] and lavandin [12]).

In several countries, the production of EOs is one of the most important industries,
with a trading market worth billions of USD annually. It has been projected that the EO
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market will reach 27 billion USD in 2022. The majority of HDs are wasted, and the recovery
of this by-product could be economically valued.

The chemical composition of EOs and HDs were determined using the GC-MS tech-
nique, which is a gold standard in the field, allowing the determination of all major and
minor compounds. The average chemical composition of EOs comprised two major com-
pound classes: hydrocarbonated compounds or terpenes (monoterpenes, sesquiterpenes,
diterpenes) and oxygenated compounds or terpenoids (derived from terpenes, alcohols,
aldehydes, phenols, esters, ketones, lactones) [50].

Hidrocarbonated terpenes (limonene, -caryophyllene, pinenes) are nonpolar and do
not bond with water molecules. Therefore, they are found almost exclusively in EOs and
rarely in HDs; their presence in the latter usually indicates poor separation [50].

In contrast, HDs are rich in many oxygenated compounds which are more soluble in
water, making thyme, oregano, and lavender HDs rich in biologically active compounds,
like terpenes, compared to citrus or coniferous HDs [50].

According to Silha et al. [3], the abundance of compounds determined in the HDs
results from the favorable conditions present during the steam distillation process instead of
hydrodistillation. Some compounds can interact with the surrounding boiling water and get
transformed into different compounds through oxidation, polymerization, or hydrolyzation.
(e.g., B-caryophyllene to caryophyllene oxide, limonene to limonene oxide) [51].

According to Garneau et al. [48], Melissa officinalis has around 30 compounds found
specifically in its EO, 24 in the HD, among which 11 are commonly found in both products.

In the wild thyme samples analyzed in this study, i.e., TVEO and TVHD, 57 and 19
compounds respectively were identified, of which three were exclusively found in the HD.
The chemical profiles were represented mainly through oxygenated monoterpenes 52.4%
in TVEO and 93.68% in TVHD, represented by thymol methyl ether, carvacrol methyl
ether, thymol, carvacrol, followed by hydrocarbonated monoterpenes comprising 34.02%
in TVEO and 2.47% in TVHD, represented by p-cymene. Other studies have indicated
that thymol, p-cymene, limonene, and carvacrol are the major terpenes detected [11,52].
Sesquiterpenes were almost exclusively identified in TVEO, with 11.96% instead of 1.91%
being determined in TVHD.

Usually, the chemical compositions of HDs are different from those of their corre-
sponding EOs, being enriched in hydrophilic oxygenated terpenes, especially phenols [53].

Because of their phenolic structure, thymol 62.96% and carvacrol 21.48% were present
in high quantities in TVHD, as previously reported in other studies [53,54].

Hungarian thyme [23,24,55] revealed a citral chemotype with a similar oxygenated
monoterpenes pattern, i.e., 62.26% in TPEO and 85.21%, with B-citral, geranial, and thymol
being the major compounds. In TPEO, high levels of sesquiterpenes were identified,
with germacrene D and nerolidyl acetate being the major compounds. TPHD presented
28 exclusive compounds, mainly oxygenated monoterpenes.

GC-MS analysis revealed 42 and 39 chemical constituents respectively in lavender
samples, while identifying 98.75% for LAEO and 98.03% for LAHD of all compounds.
Oxygenated monoterpenes represented the major class of compounds in LAEO, account-
ing for 77.43% (linalyl acetate 36.7%, linalool 16.15%, and eucalyptol 9.16%), followed by
sesquiterpenes hydrocarbons 9.84%, oxygenated sesquiterpenes 6.91%, and monoterpenes
hydrocarbon 4.57% [56]. As expected, in LAHD, almost 97% of all identified compounds
were in the oxygenated form, and seven were not detected in the essential oil, but were
found only in the HD. Oxygenated monoterpenes accounted for 92.51% (linalool 22.47%, eu-
calyptol 20.8%, camphor 16.94%, terpinen-4-ol 7.92%, a-terpineol 4.36%), while oxygenated
sesquiterpenes represented 4.46%. As previously reported, the presence of eucalyptol and
camphor indicates contamination with lavandin [29,30]. Sesquiterpene hydrocarbons ac-
counted for only 1.02%, and their influence within the biochemical analysis was negligible.

Even if lavandin EO is considered to be of lower quality than lavender EQ, it has
gained popularity due to increasing demand and its higher EO production yield [10].
Therefore, for lavandin, 56 and 36 compounds were identified, respectively, accounting for
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98.75% in LIEO and 97.09% in LIHD. The same pattern was observed for LIEO as for LAEO,
i.e., 76.93% of the identified compounds were oxygenated monoterpenes (linalool 28.77%,
eucalyptol 18.97%, endo-borneol 9.3%, terpinen-4-ol 5.48%, camphor 4.32%, and only a
small amount of linalyl acetate 3.73%). For LIHD, essential oil separation was optimally
performed, and 16 exclusive compounds were identified. Oxygenated monoterpenes
accounted for 96.86% of all the identified compounds (linalool 29.83%, eucalyptol 24.38%,
endo-borneol 13.65%, terpinen-4-ol 10.45%, camphor 9.21%).

In oregano samples, a different pattern emerged [57]. In OVEO the major class
of compounds was represented by hydrocarbonated sesquiterpenes and monoterpenes
accounting for 69.2% and 24.73% respectively, with high quantities of germacrene-D 22.63%,
sabinene 16.45%, a-farnesene 15.64%, isocaryophillene 13.41%, bicyclogermacrene 5.18%,
and trans-p-ocimene 4.96%. Oxygenated monoterpenes 1.75% and sesquiterpenes 4.21%
were represented by germacren-D-4-ol 2.97% as major compounds.

In OVHD, 21 compounds were specific to the HD. Oxygenated monoterpenes and
sesquiterpenes were the major compounds classes, accounting for 55.63% and 24.03%, with
high levels of 1-octen-3-0l 13.31%, caryophyllene oxide 12.44%, linalool 11.59%, a-terpineol
6.16%, (-)-spathulenol 5.64%, eucalyptol 5.39%, and terpinen-4-ol 4.94%. Hydrocarbonated
and oxygenated monoterpenes and sesquiterpenes were detected under 4%. OVHD had
the highest quantity of unidentified compounds 17.29%.

In golden oregano samples, hydrocarbonated and oxygenated monoterpenes rep-
resented the major compound groups accounting for 82.73% in OVAEO and 90.51% in
OVAHD. In accordance with previous studies [44], in OVAEO the major compound was
linalool 26.54% followed by p-cymene 20.81%, y-terpinene 13.73% and thymol 6.88%. In
OVAHD, eight compounds were specific, while the major compounds were linalool 54.09%,
and thymol 21.96%.

The ratio of hydrolats to essential oils has been calculated for the major common
compounds that occur in both sample types (Figure 3). These results confirmed, once again,
the presence of oxidized compounds as major compounds in the corresponding HDs. For
example, the highest ratio values for one of the compounds found in HDs compared with
EOs is carvacrol 11.61 for TVHD/TVEO; elemol 7.20 for TPHD/TPEO; «-terpineol 5.13
for LAHD/LAEQ; cis-geraniol 9.29 for LIHD/LIEO; terpinen-4-ol 247 for OVHD/OVEOQ;
trans-sabinene hydrate (4-thujanol) 9.82 for OVAHD/OVAEO.

Overall, a similar chemical pattern was observed for all EOs and their corresponding
HDs, polarity influencing the distribution of chemical compounds. The absence of oxy-
gen in the nonpolar molecules like hydrocarbonated monoterpenes and sesquiterpenes
(p-cymene, y-terpinene, germacrene D, aromandendrene), make these compounds specific
to the EO, and their presence in the HDs could indicate a poorly performed separation.

Instead, slightly more water-soluble compounds, like oxygenated monoterpenes and
sesquiterpenes (alcohols: linalool, terpinen-4-ol, eucalyptol, geraniol; ketones: camphor,
piperitone, D-carvone; aldehydes: B-citral, geranial; phenols: thymol, carvacrol) are usually
present in higher quantities, and the higher the polarity, the higher the proportion of dis-
solved compounds in HDs. Therefore, a difference between the EO and its corresponding
HD is visible, and both products need to be considered independent of each other to
recommend them for different purposes.

The total phenolic content among all six EOs samples varied as follows:
TVEO > OVAEO > TPEO > OVEO > LIEO > LAEO and for their six corresponding
HDs TVHD > OVAHD > LIHD > LAHD > OVHD > TPHD. As previously reported
by other studies [52,56], thyme plants have high amounts of thymol and carvacrol, both
of which are phenolic oxygenated monoterpenes, leading to a high total phenolic content.
The lowest phenolic equivalent for EOs was observed in LAEO with 258.31 mg GAEL !,
while the highest was recorded for TVEO with 3022.36 mg GAE L~1.

Among the HDs, TVHD has the highest phenolic content, i.e., 183.85 mg GAE L !
in accordance with its chemical composition, thymol, and carvacrol, accounting for over
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80% of its constituents. In comparison, TPHD and OVHD presented the lowest phenolic
content, i.e., 7.7 mg GAE L~ following their low oxygenated terpenes content.

The antioxidant activity of the EOs and HD samples was evaluated using DPPH® and
ABTS** assays. The antioxidant activity for all six EOs and their corresponding HDs was
influenced mainly by the presence of p-cymene, y-terpinene, eucalyptol, linalool, thymol,
carvacrol, and the synergistic role that the combination of one or more compounds played
was reported previously by other studies [58].

The antioxidant activity determined through the DPPH® assay showed that TVEO
and OVEO had a higher inhibition, i.e., 94.27% and 89.11% respectively, compared to the
rest of the EOs taken into this study: TVEO > OVEO > OVAEO > TPEO > LIEO > LAEO. In
the case of the HDs, only TVHD had a relatively high DPPH*® inhibition (16.97%) compared
to the other samples (over 5%): TVHD > OVAHD > TPHD > LAHD > OVHD > LIHD.

Through the ABTS®** assay, almost all EOs samples presented a high inhibition, with
an average of 87%: LAEO > OVAEO > TVEO > LIEO > TPEO > OVEO. For HDs, only
TVHD and OVAHD presented values over 70%, the others averaged around 11%, and the
results were calculated as follows: TVHD > OVAHD > TPHD > LAHD > OVHD > LIHD.

As presented by other studies [59-61], the more hydrophilic compounds present
in the samples (EOs and HDs) were better reproduced by the ABTS** assay than the
DPPH?® assay, which is more sensitive for samples containing phenolic compounds and
derivates. The data suggested that using the ABTS®* assay, we obtained higher values of
the antioxidant activity of EOs and HDs compared to DPPH® assay. The different values
of the antioxidant activity measured for the same sample (EO or HD) could be explained
by the different mechanisms involved in the reactions of radical antioxidant and sample
compounds [62,63].

4. Materials and Methods
4.1. Plant Material

Fresh herbs of Thymus vulgaris L., Thymus pannonicus All., Lavandula angustifolia L.,
Lavandula x intermedia L., Origanum vulgare L., and Origanum vulgare var. aureum L. were
obtained from a local producer in Arad County, Romania. Voucher specimens from these
plants are deposited at “Aurel Valicu” University of Arad, Romania. All plant materials
were air-dried and stored in paper bags before distillation.

4.1.1. Essential Oil and Hydrolat Extraction

Dried aerial parts were submitted to steam distillation using small-scale copper distil-
lation equipment. The resulting EOs and HDs were separated using a separation funnel
and stored at +4 °C until further usage.

4.1.2. Hydrolat Liquid-Liquid Extraction (LLE)

The dispersed and dissolved compounds in the HD samples were separated by
LLE using a modified method, as described by Paolini et al. [47]. Briefly, 1 mL hexane
and 25 mL HD were mixed and sonicated at room temperature, at 35 kHz, for 1 h at
100% power, using the Elmasonic TI-H5 (Elma, Schimdbauer GmbH, Singen, Germany).
Subsequently, the hexane-hydrolat mixture was centrifuged for 5 min at 7000 rpm using
a Hettich ultracentrifuge (Rotina 380 R, Hettich GmbH, Tuttlingen, Germany), and the
organic layer was filtered through a 0.24 um PTFE syringe filter before GC-MS analysis.
This process was performed three times, and the resulting organic extracts were combined.

4.1.3. Annotations

For all the EOs and HDs, the annotations used are presented in Table 4.
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Table 4. Abbreviations for the samples obtained in the present research.

Sample Name Essential Oil Hydrolat
Thymus vulgaris L. TVEO TVHD
Thymus pannonicus All TPEO TPHD
Lavandula angustifolia L. LAEO LAHD
Lavandula x intermedia L. LIEO LIHD
Origanum vulgare L. OVEO OVHD

Origanum vulgare var. aureum

L OVAEO OVAHD

4.2. Chemical Composition of EOs and HDs Determined by GC-MS

EOs and HDs were analyzed by using a gas chromatograph (GC, Shimadzu 2010,
Kyoto, Japan) coupled with a mass spectrometer (MS, TQ 8040, Shimadzu, Kyoto, Japan)
using a method described earlier in Moisa et al. [7]. Briefly, the EOs and HDs constituents
were determined by a gas chromatograph (Shimadzu2010, Kyoto, Japan) coupled with a
triple quadrupole mass spectrometer (TQ 8040, Shimadzu, Kyoto, Japan), and an optima
IMS + WAX column (30 m x 0.25 mm i.d., 0.25 um film thickness, Macherey—Nagel, Duren,
Germany). The carrier gas used was He, with a 1 mL min~! flow. The oven temperature
was initially 70 °C that was held for 11 min, and raised to 190 °C at a rate of 5 °C min~!
and then to 240 °C at a rate of 20 °C min~! where it was kept for 5 min. Injector and MS
source temperatures were set to 250 °C and 200 °C, respectively. The injection volume
was 1 uL, with a split ratio of 10:1. Before the injection, EOs samples were diluted (1:25,
v:v), and the HDs samples were injected as obtained. All the samples were were filtered
using 0.45 pm PTFE membrane. All chemical constituents were identified using spectra
libraries NIST 14 and Wiley 09 [6,7], compared with some commercial standards (x-pinene;
sabinene; (3-pinene; (3-myrcene; o-phellandrene; 3-carene; D-limonene; cis-f3-ocimene;
trans--ocimene; carvacrol; caryophyllene), and by comparing their retention indices
(abbreviated RI), determined relative to the time of retention values of n-alkanes (C10-C35),
on capillary columns with those found in the literature [64].

4.3. Total Phenolic Content

All samples were analyzed spectrophotometrically for total phenolic content using
Folin-Ciocalteu reagent (FCR) [65], and the results were calculated and expressed as GAE/L
(mg gallic acid equivalents). The HDs were analyzed without dilution, adding to 1 mL
of sample, 0.5 mL FCR, 2 mL Nay;CO3 20%, and 5 mL distilled water. The reaction time
was 1.5 h in the dark at room temperature. Afterward, the absorbance was recorded at
765 nm against a blank prepared in the same conditions, using a UV-Vis spectrophotometer
(Specord 200, Analytik Jena AG, Jena, Germany) [65].

4.4. Antioxidant Activity
4.4.1. DPPH® Method

The radical scavenging activity of the EOs and HDs was analyzed using 1,1-diphenyl-
2-picrylhidrazyl radical (DPPH®) and measured spectrophotometrically at 517 nm after 1 h
reaction time in the dark, as described by Moisa et al. [65]. The inhibition was calculated
with the following equation:

Inhibition (%I) = [(Acontror — Asample)/Acontrol] % 100

where Aol is the absorbance of the DPPH® solution, and Aggypie is the absorbance
recorded for the mixture of extract and DPPH® solution.

4.4.2. ABTS** Method

The scavenging activity of the EOs and HDs was analyzed using the 2,2’-azino-bis
(3-ethylbenzothiazoline-6-sulphonic acid (ABTS®** radical), following an earlier described
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method [66]. Briefly, 1 mL ABTS®** was mixed with 0.5 mL sample (EOs, HDs and ultrapure
water as control) and measured spectrophotometrically at 734 nm after 10 min reaction in
the dark.

4.5. Statistical Analysis

All statistical analyses were further conducted with GraphPad Prism version 9.2.0
(San Diego, CA, USA). The resulting data were further analyzed with ANOVA and Tukey’s
post hoc test. The significantly different means p < 0.05 were marked with different letters.

5. Conclusions

In this work, chemical investigations using GC-MS revealed that the same batch of
EOs and their corresponding HDs obtained from six plants from Lamiaceae family (thyme,
lavender, and oregano) had different compositions of bioactive compounds. HDs, as by-
products obtained in the distillation of EOs, have a pleasant smell, a natural taste, and,
depending on their oxygenated terpenes content, sometimes their smell is superior to that
of the corresponding EO.

In our work, DPPH® and ABTS®** assays demonstrated that both EOs and HDs present
antioxidant activities, further confirming that HDs could be considered as independent
products and with high economic value as flavoring agents in soft drinks and food products,
or in aromatherapy, natural cosmetics, or green synthesis applications.

Although EOs are the principal traded economic product, HDs represent a valuable
by-product that could present intense antiseptic activities, similar to those of their cor-
responding EOs (thyme and oregano), or have multiple aromatherapy applications or
cosmetic and household uses (lavender and lavandin).
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