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Abstract 

The hypothesis of this study was that hemp (Cannabis sativa L.) essential oil (EO) 

constituents from high-cannabinoid hemp are eluted at different times during the 

hydro-distillation process, allowing the generation of fractions with distinct chemical 

profile, with or without cannabinoids. The objective was to reveal changes in the com-

positional profile of EO fractions captured at ten sequential distillation timeframes (DT) 

and a control. Regression analysis was conducted to model the relationship between 

DT and 20 EO compounds, classified in four groups (monoterpenes, sesquiterpenes, 

cannabinoids, and others (acid esters, ketone, alcohol)) using ten DT values (5, 10, 

20, 40, 80, 120, 160, 200, 240, and 280 min). The results showed that most of the 

EO compounds were eluted early in the distillation process, until 10 min, then the EO 

compounds gradually decreased until 120 min and decreased to negligible amounts 

after 160 min DT. Monoterpenes eluted early in the distillation process, accounting 

for 69.79% of the total EO collected during the 0–5 min distillation interval. After that, 

the monoterpenes gradually decreased to 13.77% in the 240–280 min DT, while their 

concentration in the 0–180 min non-stop distillation was 33.55%. Conversely, the ses-

quiterpenes were eluted late in the distillation process. The concentration of sesquiter-

penes in the 0–5 min DT EO was 25.73%, then gradually increased to reach a plateau 

at 160–280 min DT (75.3–76.8%), while their concentration in the 0–180 min DT was 

54.4%. The results demonstrated that hemp EO with higher concentration of mono-

terpenes and free of cannabinoids can be obtained by separating the initial fractions, 

while hemp EO with higher concentration of sesquiterpenes and cannabinoids such 

as cannabidiol (CBD), cannabichromene (CBC), δ8-tetrahydrocannabinol (commonly 

known as δ8-THC), and δ9-tetrahydrocannabinol (commonly known as δ9-THC or 

dronabinol) can be obtained by capturing the fraction eluted after 160 min DT.
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1.  Introduction

Hemp (Cannabis sativa L.) potential for various applications has garnered attention 
for its diverse chemical components and their uses [1–3]. One of the primary products 
derived from hemp is EO, which is predominantly composed of terpenoids [4,5]. The 
chemical profile of hemp EO is of particular interest due to its organoleptic character-
istics, which further influences its utilization and biological activity [6–8]. According to 
numerous reports, the dominant constituents of hemp EO are mainly sesquiterpenes 
(including β-caryophyllene, α-humulene, and caryophyllene oxide), followed by a small 
portion of monoterpenes (mainly α-pinene and α-terpineol) [8–10]. However, previous 
studies indicated that hemp EO profile is influenced by factors such as phenological 
stages [11,12], harvest time, genetic and environmental influences [13–17], drying 
methods [18,19], seasonal variations [20], and extraction method [21–23], as well as 
terms and conditions during extraction, which can significantly influence the quantity 
and quality of the obtained EO. Therefore, optimizing the extraction process is crucial 
for obtaining high-value products that can be utilized in multiple applications, i.e., a 
single raw material to generate products suitable for various industries [24].

Additionally, previous research has demonstrated that grinding, extraction and 
distillation times can significantly alter the EO profiles of various EO crops [7,25,26], 
suggesting the potential to produce EO with distinctive characteristics valuable to 
various industries [5,27,28]. However, the previous research was conducted with 
industrial hemp (grain and fiber) hemp varieties [16,29,30]. In Europe, most research 
on hemp EO has focused on varieties approved and listed by the European Union 
[27,31,32]. These hemp varieties were primarily developed for grain and fiber produc-
tion, resulting in a relatively low EO content, ranging from 0.001% to 0.1% on a dry 
weight basis.

Conversely, hemp production and interest in the U.S. and worldwide have cen-
tered on varieties developed for cannabinoids production due to interest in its bene-
fits in human health [33–35]. These cannabinoid-type hemp varieties, initially derived 
from illicit marijuana breeding in the U.S. over the past few decades, are charac-
terized by high cannabinoid and EO content. While these new hemp varieties have 
been widely cultivated in the U.S., they have not yet been widely adopted in Europe.

It would be important to find out if cannabinoids-rich hemp developed in the U.S. 
would be successfully grown in the European countries and produce desirable EO pro-
file for the burgeoning hemp EO markets worldwide. Furthermore, it is not known how 
distillation time of U.S. hemp varieties grown in Europe would affect EO content and 
composition of such varieties. Therefore, this study hypothesized that EO constituents 
are eluted at different times during the distillation process, allowing the identification 
of fractions with desirable compositional profile. The objective was to reveal significant 
changes in the compositional profile of EO fractions captured at ten sequential distilla-
tion timeframes (DT) in comparison to control in terms of EO chemical profile.

Adjusting the DT of hemp can produce EOs of varying quality for different 
industries. Shorter DT yield monoterpene-rich oils, valued in fragrance, food, and 
aromatherapy, while longer DT release sesquiterpenes, more suitable for the 
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pharmaceutical industry. Tailoring DT can reduce costs and guide pricing based on chemical composition. Therefore, the 
main goal of this research is to monitor the quality of hemp EO over the following time frames: 0–5, 5–10, 10–20, 20–40, 
40–80, 80–120, 120–160, 160–200, 200–240, and 240–280 min, as well as a standard continuous DT of 3 hours (i.e., 
0–180 min), which was used as the control.

2.  Materials and methods

2.1.  Plant material, growing conditions, and sampling

The cannabinoids-hemp (Cannabis sativa L.) cv. Bob-1 was grown at the Alternative Crops and Organic Production 
Department in Backi Petrovac (45.336500°N 19.671355°E), a research unit of the Institute for Field and Vegetable Crops 
in Novi Sad, Serbia. Certified seeds of this variety were generously donated in May 2018 by a commercial hemp producer 
in Madras, Oregon, U.S.A. The seeds were sown directly into the ground at the end of March, aligning with the typical 
seeding time for industrial hemp varieties at this latitude and in this region. The cultivar Bob-1, not an officially approved 
variety, is not listed in the European List of Approved Hemp Varieties [36]. The hemp plants were grown on alluvial cher-
nozem soil with a pH of 7.2 and without irrigation. Traditional industrial hemp varieties cultivated for grain and fiber are 
usually grown as rainfed crops in most of northern, central, and southeastern Europe. These varieties are typically planted 
early, between March and April. Thanks to its deep, fast-growing root system, hemp efficiently utilizes the moisture accu-
mulated in the soil over the winter. At the flowering stage on June 20th, the top 50 cm of the hemp plants were harvested, 
and EO was extracted from the fresh biomass. The harvested material from five adjacent plants was homogenized, and 
multiple subsamples were prepared for the subsequent distillation study.

2.2.  Essential oil (EO) extraction

The hemp EO was extracted using hydro-distillation in 4-L hydro-distillation units with most parts of the units resembling 
Clevenger apparatus, with three replicates. Each sample comprised 300 g of fresh biomass, specifically from the top 
50 cm of the plants, including leaves and flowers, with stems removed. The biomass was immersed in 1.5 L of water and 
distilled to obtain the EO.

All samples underwent continuous distillation. Once the distillation process was complete, the heat source was 
removed, and the EO was measured by volume using the graduated section of the apparatus. The EO, along with some 
water, was then collected in glass vials and stored in a freezer. After completing all distillations, the EO was carefully 
separated from the water, weighed on an analytical scale, and returned to the freezer for storage until gas chromatogra-
phy (GC) analysis. Therefore, the results on EO yields here are reported on a fresh weight basis. The EO yield is reported 
here as the volume-to-weight ratio based on the fresh hemp material.

Hemp EO fractions were captured at ten sequential DT (0–5 min, 5–10 min, 10–20 min, 20–40 min, 40–80 min, 
80–120 min, 120–160 min, 160–200 min, 200–240 min, and 240–280 min) and a control (0–180 min). In brief, we chose 
0–180 min as the control because the standard distillation time for hemp EO is stated to be 3 hours [37]. On the other 
hand, monoterpenes have a short extraction time, while an extended extraction period is crucial for isolating sesquiter-
penes, as their release occurs over a prolonged timeframe (up to 280 min). Therefore, we set the fractionation of volatile 
components within the DT framework as the focus of this research.

2.3.  Hemp essential oils (EOs) GC analyses

The composition of hemp EOs was analyzed using a 7890A gas chromatograph (Agilent Technologies Inc., Santa Clara, 
CA, USA) connected to a 5975C mass selective detector (MSD). A HP-5ms silica fused capillary column (30 m long, 
0.32 mm internal diameter, and 0.25 µm film thickness) was used for the analysis. The oven temperature started at 40 °C 
(with no hold), increased at a rate of 5 °C/min until reaching 300 °C, where it was held for 10 minutes. Helium was the 
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carrier gas with a flow rate of 1.0 mL/min. The injection volume was 1.0 µL and a split ratio of 20:1. The ionization source, 
quadrupole, and injector temperatures were set at 230 °C, 150 °C, and 250 °C, respectively. The MSD operated in full 
scan mode, with mass spectra recorded at 70 eV in electron ionization (EI) mode. The EO components were identified 
by comparing their linear retention indices (LRI) and mass spectral fragmentation patterns with those in the NIST’08 and 
Adams mass spectra libraries. LRIs were calculated using a mixture of aliphatic hydrocarbons (C

8
 to C

40
) under the same 

chromatographic conditions.
Additionally, gas chromatography with flame ionization detection (GC-FID) was performed using the same 7890A gas 

chromatograph equipped with an FID. The HP-5 silica fused capillary column and the oven temperature program were the 
same as with the MSD analysis. The detector and injector temperatures were set at 280 °C and 220 °C, respectively. The 
EO samples (1.0 µL) were injected in split mode (20:1), and their percentage composition was determined using the peak 
normalization method.

2.4.  Statistical analyses

One-way Analysis of Variance (ANOVA) was completed to determine if there is a significant difference among the ten 
sequential DT (0–5 min, 5–10 min, 10–20 min, 20–40 min, 40–80 min, 80–120 min, 120–160 min, 160–200 min, 200–
240 min, and 240–280 min) and control (0–180 min) in terms of EO, 28 constituents (α-pinene, β-pinene, myrcene, limo-
nene, β-(E)-ocimene, α-terpineol, β-caryophyllene, α-humulene, δ-selinene, γ-cadinene, δ-cadinene, nerolidol, maaliol, 
germacrene D-4-ol, spathulenol, caryophyllene oxide, globulol, ledol, γ-eudesmol, caryophylla-4(12),8(13)-dien-5α-ol, 
β-eudesmol, α-eudesmol, bulnesol, α-bisabolol, cannabidiol (CBD), cannabichromene, δ8-tetrahydrocannabinol (THC), 
and δ9-tetrahydrocannabinol (dronabinol)), classified into 4 groups (monoterpenes, sesquiterpenes, cannabinoids, and 
others (acid asters, ketone, alkochol)).

The analyses were completed using the Mixed Procedure of SAS [38]. Since the effect of Fraction was significant 
(P-value < 0.05) on all responses, further multiple means comparison was completed using Tukey’s multiple range test at 
5% level of significance, and letter groupings were generated. For each response variable, the validity of model assump-
tions was verified by examining the residuals as described in Montgomery [39].

2.5.  Regression analysis to describe the relationship and to forecast values

Regression analysis was conducted to model the relationship between distillation timeframe (DT) and EO, 22 constitu-
ents classified into four groups: monoterpenes (α-pinene, β-pinene, myrcene, limonene, β-(E)-ocimene), sesquiterpenes 
(α-humulene, δ-selinene, γ-cadinene, δ-cadinene, nerolidol, β-caryophyllene, maaliol, germacrene D-4-ol, spathulenol, 
caryophyllene oxide, globulol, γ-eudesmol, α-eudesmol, caryophylla-4(12),8(13)-dien-5α-ol, β-eudesmol, bulnesol, and 
α-bisabolol), cannabinoids (CBD, THC and dronabinol), (and others (acid asters, ketone, alkochole), using ten DT values 
(5, 10, 20, 40, 80, 120, 160, 200, 240, and 280 min). The most appropriate model was either a second-order polynomial 
(Eq 1), third-order polynomial (Eq 2), Exponential decay (Eq 3), or asymptotic (concave) (Eq 4). The model used for each 
constituent is indicated in the caption of each Figure.

	 Y = β0 + β1X+ β2X2 + ε	 (1)

	 Y = β0 + β1X+ β2X2 + β3X3 + ε	 (2)

	 Y = θ1eθ2X + ε	 (3)

	 Y = θ1 – θ2e–θ3X + ε	 (4)
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Where Y is the dependent (response) variable, X is the independent (DT) variable, and ε is the error term, which is 
assumed to have a normal distribution with constant variance.

While the second-order and the third-order polynomial models (Eqs 1 and 2) are linear, the other two models (Exponen-
tial decay (Eq 3), and asymptotic (concave) (Eq 4)) are nonlinear and their parameters were estimated iteratively using the 
NLIN Procedure of SAS [38], and the fitted models met all adequacy requirements of nonlinear models [40]. The figures 
as well as the second-order and third-order polynomial model fits were completed using Minitab 21 software (Minitab, 
State College, PA, USA).

Informed Consent: This study did not involve human participants; therefore, informed consent was not required.

3.  Results and discussion

3.1.  Essential oil (EO) yields during distillation times (DT)

The yield of hemp EO after 280 min of DT was 1.905%, while in the control (0–180 min) it was 1.175% (Fig 1A). In the 
first 10 min of DT, 42% of the total oil yield was obtained, while extending the DT for another 10 min increases the yield 
by 11%, which means that practically more than half of the yield (53%) is extracted in the first 20 min of distillation (Fig 
1B). As the DT increased from 0–5 min to 240–280 min, there was a general decline in EO yield. This is shown in Fig 1C 
as a plot of DT vs. EO (%) along with the fitted Exponential decay regression model (Ŷ = 0.371e–0.008DT ). This result also 
shows that most of the EO eluted early in the distillation process, until 10 min, then gradually decreased (0.2% in the DT 
10–20 and 20–40) until 120 min and further decreased to negligible amounts (< 0.1%) after 160 min DT. In brief, this study 
indicates that the majority of hemp EO is extracted early in the distillation process, with extended DT yielding diminishing 
returns. A similar trend is noted in the EO of turmeric leaves [41], Rocky Mountain juniper leaves [42], residual red ginger 
waste [43], and immortelle [44].

According to the literature, EO yield in hemp ranges between 0.01 and 0.61%, while the specific yield and composition 
can vary due to multiple factors related to growing conditions, agro-technique, and postharvest processing [45]. Previ-
ous studies have demonstrated that the optimal DT for hydro-distillation of hemp EO is 180 min [22,46,47]. This duration 
is reported to produce a superior-quality hemp EO, characterized by a sesquiterpene-dominant profile with a notable 

Fig 1.  (A) Distillation time (DT) and EO yield, (B) proportion of EO yield in the different DTs, and (C) Plot of DT vs EO along the fitted Exponen-
tial decay regression model.

https://doi.org/10.1371/journal.pone.0331767.g001

https://doi.org/10.1371/journal.pone.0331767.g001
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presence of monoterpenes [48]. Shorter DTs, however, result in EO with a higher yield of monoterpenes, which are valued 
for their superior olfactory profile, making them more desirable for the fragrance industry [44].

3.2.  Concentration (yields) of monoterpenes in hemp EO depends on distillation time (DT)

Monoterpenes (C
10

 compounds) represent a large group of biologically active compounds that consists of two linked 
isoprene units in basic structure. The monoterpene profile in this research (α-pinene, β-pinene, myrcene, limonene, 
β-(E)-ocimene, α-terpineol) aligns with previously reported data on the EOs of various hemp accessions in the litera-
ture [5,8,25,29,37]. The DT vs. the yield of monoterpenes (%) relationship was best described by an Exponential decay 
regression model (Ŷ = 60.6e–0.0057DT) (Fig 2A). As expected, the monoterpenes were eluted early in the distillation pro-
cess and comprised 69.79% of the EO in the 0–5 min DT (Table 1). After that, the monoterpenes in the fractions gradually 
decreased to 13.77% in the 240–280 min DT, while their yield in the 0–180 min non-stop distillation was 33.55%. Con-
versely, the sesquiterpenes increased with the increase in DT (Fig 2B).

Previous studies have shown that monoterpenes are dominant in fresh plant material but tend to decrease during dry-
ing and storage, resulting in a relatively higher yield of sesquiterpenes in dried hemp [19]. Given that the EO in this study 
was extracted from fresh material, the pronounced presence of monoterpenes in the early distillation fractions (0–5 min) is 
consistent and expected.

Other research also indicates that monoterpenes like myrcene, ocimene, limonene, α-pinene, β-pinene, and terpinolene 
are the predominant components of hemp EO, playing a key role in its aroma and biological effects [48,49]. Monoterpenes 
occur in higher yield at the beginning of the distillation process, as it was previously reported for juniper, rosemary, lav-
ender [50–52], and many other EO-bearing plants. The major monoterpenes in hemp EO in this study were β-myrcene 
(whose yield varied from 7.40 to 27.28% depend on DT frame), α-pinene (1.72–11.07%), β-pinene (0.46–6.21%), limo-
nene (0.90–8.32%), β-(E)-ocimene (1.41–7.56%), and α-terpineol (1.28–4.16%), which is in line with previous publications 
[48,53,54].

α-Pinene is one of the lowest boiling of all monoterpenes. It is an important flavor compound with characteristic herbal 
odor (with turpentine and woody scent), diverse biological activities, among them antioxidant, antitumor, antimicrobial and 
insecticidal [55,56], which makes it highly relevant in everyday life. The relationship between DT and the concentration of 
α-pinene (%) was described by an exponential decay regression model (Ŷ = 9.4e–0.006DT ) (Fig 2C). α-Pinene was eluted 
early in the DT, resulting in 11.07% of total oil in the 0–5 DT, with a significant decrease as DT increased, and reached 
1.72% at the 240–280 DT. α-Pinene concentration in the control (non-stop distillation 0–180 min) was 4.11%, similar to the 
one in the 80–120 and 120–160 DT (Table 1). For maximal extraction of α-pinene in hemp EO it could be recommend DT 

Table 1.  Mean concentrations of sum monoterpenes and single monoterpenes: α-pinene, β-pinene, myrcene, limonene, β-(E)-ocimene, and 
α-terpineol obtained from the 10 distillation time (DT) frames and control (0-180 min) of top hemp plants. 

√
MSE= Square root of Mean Squares 

Error that estimates the common standard deviation (σ). Within each row, means sharing the same letter are not significantly different.

RI calc RI lit DT (min) 0-5 5-10 10-20 20-40 40-80 80-120 120-160 160-200 200-240 240-280 0-180
√
MSE

Monoterpenes 69.79 a 49.15 bc 56.63 b 38.21 de 41.63 cd 31.51 ef 25.30 
fg

17.33 gh 16.64 gh 13.77 h 33.55 def

930 932 α-Pinene 11.07 a 7.66 b 7.51 b 6.99 bc 6.18 c 4.94 d 3.74 ef 2.68 fg 2.45 g 1.72 g 4.11 de 0.284

975 974 β-Pinene 6.21 a 4.59 b 4.03 c 3.61 c 3.00 d 2.11 e 1.19 f 0.76 fg 0.66 g 0.46 g 2.20 e 0.132

988 988 β-Myrcene 27.28 a 24.18 b 21.73 c 17.53 d 15.13 e 14.52 e 12.57 f 9.15 g 8.51 g 7.40 g 11.94 f 0.324

1023 1024 Limonene 8.32 a 6.33 b 6.12 bc 5.19 cd 4.60 de 3.13 f 2.03 g 1.86 gh 1.17 gh 0.90 h 4.06 ef 0.262

1042 1044 β-(E)-Ocimene 7.56 a 7.46 ab 6.67 bc 6.40 cd 5.78 de 4.56 f 3.36 g 1.41 i 2.23 h 1.83 hi 5.46 e 0.204

1185 1186 α-Terpineol 2.69 de 3.73 ab 3.85 ab 3.46 bc 4.16 a 2.99 cd 2.18 e 1.28 f 1.47 f 1.47 f 2.67 de 0.174

https://doi.org/10.1371/journal.pone.0331767.t001

https://doi.org/10.1371/journal.pone.0331767.t001
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between 120 and 160 min. A similar trend, i.e., α-pinene yields decreasing with increasing distillation time, was reported 
previously in rosemary, where the maximal concentration of α-pinene in EO is achieved between 120 and 180 min DT [57].

Parallel as α-pinene, β-pinene, as its isomer, also possesses low boiling point, characteristic herbal scent (pine-like 
woody odor), and wide range of biological properties, especially potent antimicrobial and anticancer activities [58–60]. 
The relationship between the DT and the concentration of β-pinene was described by an exponential decay regression 
model (Ŷ = 5.54e–0.009DT). The concentration of β-pinene followed a similar trend to that of α-pinene, with concentrations 
decreasing as DT increased (Ŷ = 5.54e–0.009DT) (Fig 2D). In summary, the highest concentration of β-pinene is noted 
at the beginning of the distillation process (6.21% at 0–5 min), then significantly decreases at 5–10 min, and this trend 
continuously progresses with the DT (4.03% and 3.61%, at 10–20 min and 20–40 min, respectively). In the control, its 
concentration is significantly lower, 2.20%, while in the final DT (240–280 min) its concentration is only 0.46% (Table 1). 
Previous research demonstrated that the highest concentrations of β-pinene in the EO were obtained during the 5–10 min 
distillation of ground fresh hemp biomass. In contrast, the elution dynamics in non-ground material differed significantly, 
with peak β-pinene elution occurring between 80 and 120 minutes [26].

Myrcene is commonly used fragrance ingredient in food and beverage industry, cosmetic and household products 
[61,62]. Apart from its spicy odor type, it is valuable because of its promising health benefits such as antioxidant, anti- 
inflammatory, antiproliferative antibacterial and analgesic properties [63]. Practically, myrcene is the most dominant mono-
terpene in hemp EO in this study (11.94% in control), and one of the most common terpenes found in hemp [64]. The 
concentration of myrcene decreases over time during a distillation process, according to its exponential decay regression 
model (Ŷ = 24.84e–0.005DT ), i.e., concentration of myrcene decreased as DT increased (Fig 2E). The concentration of 
myrcene was 27.3% in the 0–5 min DT EO and decreased to 7.4% in the 240–280 min DT EO (Table 1). A similar trend 
was observed in oregano EO, where the myrcene concentration was 6.06% at the beginning of distillation and gradually 
declined with longer distillation durations, stabilizing between 0.58% and 0.73% from 40 to 360 minutes [65].

Limonene is widely used as flavor and fragrance compound in foodstuffs and beverages, cosmetic and household prod-
ucts [66]. It provides a lemon-like odor to the many EOs, among them in hemp [67]. Limonene has significant antimicrobial, 
anticancer, analgesic, immune regulation, neuroprotection, antioxidant, anti-inflammatory properties and many other phar-
macological effects [68]. The concentration of these compounds in the control EO (0–180 min) was 4.06%. However, the 
relationship between DT and the concentration of limonene in hemp EO was described by the exponential decay regres-
sion model and the fitted models are the same (Ŷ = 7.56e–0.008DT) (Fig 2F). This compound showed a general decline in 
concentration with increasing DT; limonene concentration in the EO at 0–5 min DT was 8.3% and was reduced to 0.90% in 
the 240–280 min DT (Table 1). This pattern is further supported by hydrodistillation extraction kinetics regression models for 
Juniperus virginiana, where the highest concentration of limonene (43.0%) was observed in the 0–5 min fraction, compared 
to a significantly lower concentration (26.9%) in the continuous 0–240 min distillation control [52].

β-(E)-Ocimene is a very common plant volatile compound, an important floral-scent compound, because of sweet 
herbal odor responsible for attracting floral visitors [69,70]. It has been found in a variety of plants, and it is also a 
significant compound of the hemp EO [67]. The concentration of these compounds in the control EO (0–180 min) 
was 5.46%. As observed with other monoterpenes, β-(E)-ocimene also has an Exponential decay regression model 
(Ŷ = 7.88Exp(–0.006DT)) (Fig 2G), and this compound also showed a general decline in concentration with increasing 
DT. Summarily, concentration in the EO at 0–5 min DT was 7.56% and was reduced to 1.83% in the 240–280 min DT 
(Table 1). A similar trend was observed during the distillation of lavender EO, where the concentration of β-ocimene pro-
gressively declined over the distillation period from 5 to 60 minutes [71].

Fig 2.  A fitted regression model that shows the relationship between distillation time (DT) and the concentration (%) of (A) Monoterpenes, (B) 
Sesquiterpenes, (C) α-Pinene, (D) β-Pinene, (E) Myrcene, (F) Limonene, (G) β-(E)-Ocimene (%), and (H) α-humulene, (I) δ-Selinene, (J)  
γ-Cadinene, (K) δ-Cadinene, and (L) nerolidol.

https://doi.org/10.1371/journal.pone.0331767.g002

https://doi.org/10.1371/journal.pone.0331767.g002
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α-Terpineol has an odor similar to lilacs, and it is a common ingredient in perfumes, cosmetics, and other aroma 
industries [72]. It is also found in hemp [73]. α-Terpineol possess antioxidant, anti-inflammatory, anti-tumor, analgesic and 
anticonvulsant effects, and therefore, it has potential as pharmaceuticals as well [74,75]. In the control (0–180 min), this 
compound was presented with 2.67% in EO. However, the concentration of α-terpineol increased from 2.7% at 0–5 min 
DT to the max of 4.2% in the 40–80 min DT and then decreased again down to 1.4% in the 160–200 min DT EO (Table 1). 
This decreasing trend could be consequence of degradation of α-terpineol in water during distillation process [76].

If EO with high concentrations of monoterpene hydrocarbons such as α-pinene, β-pinene, myrcene, limonene, β-(E)-
ocimene is desirable for specific applications, then such EO can be obtained when this type of high cannabinoids-hemp is 
distilled for 5- or 10-min. Hemp EO with a higher concentration of α-terpineol (oxygenated monoterpene) can be obtained 
when the EO fraction 40–80 min DT is collected separately from the other fractions. This is of exceptional commercial 
importance, because the targeted production of hemp EO with a higher proportion of monoterpenes can be significantly 
shortened, which would achieve great savings in DT and costs.

Hemp, EO rich in monoterpenes, possesses a unique and pleasant herbal aroma characterized by turpentine, woody, 
citrus, and floral notes. Its highly volatile top notes make it well suited for applications in the flavor and fragrance indus-
tries, as well as in aromatherapy, due to the documented benefits of individual monoterpenes [62,77,78]. Several stud-
ies have also confirmed that shorter DT effectively yield hemp EOs with higher monoterpene content—an attribute that 
enhances their value for aromatic and therapeutic applications [22,25].

3.3.  Concentration of sesquiterpenes in hemp EO depends on distillation time (DT)

Sesquiterpenes (C
15

 compounds; three isoprene units) are bulkier than monoterpenes, and less volatile. Because of that, 
they were eluted late in the distillation process. The concentration of sesquiterpenes in the 0–5 min DT EO was 25.73%, 
then gradually increased to reach a plateau at 160–280 min DT (75.3–76.8%), while their concentration in the 0–180 min 
DT was 54.4% (Table 2). The relationship between DT and the concentration of sesquiterpenes (%) was best described 
by asymptotic (concave) regression model (Ŷ = 79.73 – 54.06e–0.0105DT ) (Fig 2B). There were 18 sesquiterpenes in hemp 
EO: β-caryophyllene, α-humulene, δ-selinene, γ-cadinene, δ-cadinene, nerolidol, maaliol, germacrene D-4-ol, spathulenol, 
caryophyllene oxide, globulol, ledol, γ-eudesmol, caryophylla-4(12),8(13)-dien-5α-ol, β-eudesmol, α-eudesmol, bulnesol, 
and α-bisabolol (Table 2).

The sesquiterpene profile observed in this study aligns with previously reported data on the EOs of various hemp 
accessions [6,11,79]. Additionally, sesquiterpenes have been reported to be more abundant in early harvests [80], as well 
as in the female inflorescences and leaves of spontaneous hemp varieties, which are recognized as significant sources of 
sesquiterpenes and CBD-rich EOs [81].

Sesquiterpenes are the most abundant class in hemp EO, with β-caryophyllene domination [8,46,82]. β- 
Caryophyllene possesses a spicy odor type, with sweet, woody, and clove undernotes, which gives a unique aroma 
to hemp EO. Additionally, promising biological activities such as antioxidant, anti-inflammatory, and anticancer 
make it very attractive for science and industry [83]. The concentration of β-caryophyllene in the control was 7.17%, 
while the EO of the fractions increased significantly with time; from 6.78% in the 0–5 DT EO to 12.37% in the 240–
280 min DT EO (Table 2). β-Caryophyllene has a second order polynomial regression model (Adjusted R2 = 83.3%; 

Ŷ = 7.77+ 0.009DT+ 0.00003DT2) (Fig 3A). The results highlight β-caryophyllene as a functional non-psychoactive 
ligand in food, i.e., a dietary cannabinoid with anti-inflammatory properties [84]. Therefore, there is interest in discovering 
pretreatments that can increase its content in hemp EO, such as microwave or oven heating [32].

β-caryophyllene is usually found together with small quantities of its isomers among them α-humulene (formerly α- 
caryophyllene) and its oxidation product such as caryophyllene oxide and caryophylla-4(12),8(13)-dien-5α-ol [84].  
α-Humulene has a woody odor, and it is identified as a major component in the hops (Humulus lupulus L.) EO, also a 
species that belongs to the Cannabaceae family [85]. Exploring the relationship between DT and the concentration of 
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α-humulene (%) showed that it is best described by an asymptotic (concave) regression model (Ŷ = 4.39 – 1.83e–0.0126DT ) 
(Fig 2H). α-Humulene concentration in the 0–5 min DT was 2.13% and increased to 4.74% in the 240–280 min DT, while its 
concentration in the control EO was 3.26% (Table 2).

Compounds such as δ-selinene and γ-cadinene are not for fragrance use. However, they are known as surfactants and 
emulsifiers [86]. The relationship between DT and the concentration of δ-selinene was best described by asymptotic (con-
cave) regression model (Ŷ = 1.093 – 0.48e–0.035DT) (Fig 2I) The concentration of δ-selinene, as well as sesquiterpenes 
increase generally with DT, from 0.66% in the 0–5 min DT to 1.12% in the 240–280% DT. On the other side, its concentra-
tion in the control DT was 1.22% (Table 2).

The concentration of γ-cadinene was the lowest in the 0–5 min DT EO (1.25%), then it increases and maintains a 
plateau from 10–20–120–160 min (2.48%), then there was a slight dip at 160–200 min and a recovery in the 200–240 min 
(1.51%) (Table 2). The fluctuations observed in γ-cadinene concentration in different DT (Ŷ = 2.35 – 3.96e–0.2563DT ) (Fig 
2J), especially the dip at 160–200 min, suggests that the dynamics of γ-cadinene release were influenced by multiple fac-
tors throughout the distillation process.

However, δ-cadinene is sesquiterpene with mild herbal and woody odor [87], responsible for the antimicrobial and 
acaricidal activity [88,89]. The relationship between DT and the concentration of δ-cadinene (%) was described well 
by asymptotic (concave) regression model (Ŷ = 1.338 – 0.497e–0.031DT ) (Fig 2K). There was a gradual increase in 
the concentration of δ-cadinene from the initial 0–5 min (0.87%) until around 160–200 min (1.45%); δ-Cadinene in the 

Table 2.  Mean concentrations of sum sesquiterpenes and single sesquiterpenes: β-caryophyllene, α-humulene, δ-selinene, γ-cadinene, δ- 
cadinene, nerolidol, maaliol, germacrene D-4-ol, spathulenol, caryophyllene oxide, globulol, ledol, γ-eudesmol, caryophylla-4(12),8(13)- 
dien-5α-ol, β-eudesmol, α-eudesmol, bulnesol, and α-bisabolol obtained from the 10 distillation time (DT) frames and control (0-180 min) of top 
hemp plants. 

√
MSE= Square root of Mean Squares Error that estimates the common standard deviation (σ). Within each row, means sharing 

the same letter are not significantly different.

RI calc RI lit DT (min) 0-5 5-10 10-20 20-40 40-80 80-120 120-160 160-200 200-240 240-280 0-180
√
MSE

Sesquiterpenes 25.73 g 29.29 g 39.58 f 48.67 e 53.83 d 61.37 c 68.82 b 75.94 a 75.29 a 76.83 a 54.40 d

1419 1417 β-Caryophyllene 6.78 f 8.80 cd 8.88 cd 7.48 ef 8.04 de 9.13 c 10.70 b 10.51 b 10.99 b 12.37 a 7.17 ef 0.337

1451 1452 α-Humulene 2.13 e 3.12 d 3.14 d 3.42 bcd 4.07 abc 3.38 bcd 4.10 abc 4.11 abc 4.21 ab 4.74 a 3.26 cd 0.233

1494 1492 δ-Selinene 0.66 g 0.78 f 0.890 e 0.947 de 1.06 bc 1.016 cd 1.11 bc 0.86 ef 1.12 abc 1.12 ab 1.22 a 0.034

1514 1513 γ-Cadinene 1.25 d 2.08 b 2.17 ab 2.36 ab 2.27 ab 2.22 ab 2.48 a 1.53 cd 2.51 a 2.41 ab 1.65 c 0.098

1523 1522 δ-Cadinene 0.87 f 1.01 ef 1.09 e 1.23 d 1.24 d 1.24 cd 1.29 bcd 1.45 a 1.40 ab 1.31 bcd 1.37 abc 0.042

1530 1531 Nerolidol 0.71 e 0.82 de 0.94 cd 1.10 bc 1.12 bc 1.18 b 1.17 b 1.55 a 1.24 b 1.12 bc 1.45 a 0.039

1565 1566 Maaliol 2.62 e 3.22 de 3.59 cd 4.15 bc 4.20 bc 4.42 b 4.65 b 5.83 a 4.55 b 4.75 b 3.71 cd 0.169

1572 1574 Germacrene D-4-ol 2.20 f 2.95 e 3.21 de 3.52 cd 3.67 cd 3.80 bc 3.91 bc 5.61 a 4.25 b 4.08 bc 2.66 ef 0.145

1576 1577 Spathulenol 1.56 e 1.73 e 1.88 e 2.37 d 2.70 cd 3.37 b 3.24 b 3.85 a 3.57 ab 3.37 b 2.86 c 0.098

1580 1582 Caryophyllene 
oxide

0.31 h 0.58 g 0.79 f 1.18 e 1.48 cd 1.61 bc 1.75 ab 1.46 cd 1.89 a 1.79 ab 1.37 de 0.048

1588 1590 Globulol 0.26 gh 0.62 fg 0.99 f 1.73 e 2.50 d 2.93 d 3.73 c 4.72 a 4.16 bc 4.41 ab 0.11 h 0.125

1600 1602 Ledol ND ND ND ND ND ND ND 0.18 c 0.29 b 0.12 d 2.58 a

1627 1630 γ-Eudesmol 0.31 g 0.68 fg 1.10 f 1.93 e 2.77 d 3.61 c 4.59 b 5.70 a 5.35 a 5.20 ab 3.06 cd 0.167

1640 1639 Caryophylla- 
4(12),8(13)- 
dien-5α-ol

ND ND 0.34 f 0.60 e 0.72 e 1.44 a 1.10 c 1.34 ab 1.34 ab 1.22 bc 0.86 d

1646 1649 β-Eudesmol ND 0.12 g 0.21 g 0.39 f 0.60 e 0.79 d 0.90 c 0.98 bc 1.12 a 1.05 ab 0.70 d

1650 1652 α-Eudesmol 0.26 g 0.61 fg 1.04 f 1.90 e 2.88 d 4.00 c 4.70 b 6.13 a 5.87 a 6.29 a 3.37 cd 0.166

1669 1670 Bulnesol 0.01 e 0.02 e 0.07 de 0.26 d 0.65 c 1.17 b 2.62 a 3.11 a 3.01 a 2.70 a 1.15 b 0.225

1687 1685 α-Bisabolol ND ND 1.24 f 2.22 ef 3.03 e 4.44 d 5.79 c 6.93 ab 6.20 bc 7.28 a 4.14 d

https://doi.org/10.1371/journal.pone.0331767.t002

https://doi.org/10.1371/journal.pone.0331767.t002
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200–240 min DT EO was not significantly different (Table 2). However, in the control sample, content of δ-cadinene was 
1.37%.

Oxygenated sesquiterpene nerolidol is a major contributor of the characteristic floral aroma note [90]. In the con-
trol sample (0–180 min), its concentration was 1.45%, and it was not statistically different from the peak value, although 
slightly lower numerically. The concentration of nerolidol increases steadily over the DT, starting from 0.714% at 0–5 min 
and reaching a peak at 160–200 min (1.546%) (Table 2). This suggests that nerolidol is continuously released or formed 
during the distillation process. After reaching its peak, there was a decrease in nerolidol concentration at 200–240 min 
(1.24%) and a further decline at 240–280 min (1.121%). This relation can be described by asymptotic (concave) regres-
sion model (Ŷ = 1.17 – 0.58e–0.048DT ) (Fig 2L).

Oxygenated sesquiterpene maaliol, found in patchouli oil (Pogostemon cablin), Valeriana wallichii and several other 
plants, possesses cytotoxic and insecticidal activity [91,92]. The connection between DT and the concentration of maaliol 
(%) was best described by asymptotic (concave) regression model models (Ŷ = 4.55 – 2.224e–0.041DT) (Fig 3B). The trend 
was similar to the one with γ-cadinene. There was a noticeable and consistent increase in the concentration of maaliol 
in the EO fraction from the beginning of the distillation process (2.62%) up to 160–200 min (5.83%). After that, there was 
a slight decrease in the concentration of maaliol in the next two DT (Table 2). The concentration of this compound in the 
0–180 min control was 3.71%.

Sesquiterpenoid germacrene D-4-ol showed insecticidal activity [93]. The relationship between the concentration of 
sesquiterpene compounds germacrene D-4-ol and DT in the hemp EO was best described by asymptotic (concave) 
regression model (Ŷ = 3.96 – 1.92e–0.043DT ) (Fig 3C). There was a general trend of increasing concentration of Germacrene 
D-4-ol in the EO with the extension of DT, from 2.20% at 0–5 min DT EO to 5.61% in the 160–200 min EO (Table 3). After 
that, germacrene D-4-ol decreased in the EO of 200–240 min and in 240–280 min DT EO. Germacrene D-4-ol concentration 
in the 0–180 control was 2.66% (Table 2).

Table 3.  Mean concentrations of sum cannabinoids, CBD, Cannabichromene, δ8-Tetrahydrocannabinol, δ9-Tetrahydrocannabinol, and other 
EO constituents (acid asters, ketone, alcohol) obtained from the 10 distillation time (DT) frames and control (0-180 min) of top hemp plants. √
MSE= Square root of the Mean Squares Error that estimates the common standard deviation (σ). Within each row, means sharing the same 

letter are not significantly different.

RI 
calc

RI lit DT (min) 0-5 5-10 10-20 20-40 40-80 80-120 120-
160

160-
200

200-
240

240-
280

0-180
√
MSE

Cannabinoids ND ND 0.21 
h

0.60 
h

1.25 
g

2.58 
f

3.40 
e

4.29 
d

5.53 
c

7.12 
b

8.37 
a

1419 1417 CBD ND ND 0.21 
gh

0.60 
g

1.25 
f

2.51 
e

3.32 
d

4.15 
c

5.35 
b

7.12 
a

7.64 
a

0.152

1451 1452 Cannabichromene ND ND ND ND ND 0.07 
d

0.08 
d

0.14 
c

0.17 
b

ND 0.37 
a

1494 1492 δ8-Tetrahydrocannabinol ND ND ND ND ND ND ND ND ND ND 0.10

1514 1513 δ9-Tetrahydrocannabinol 
(Dronabinol)

ND ND ND ND ND ND ND ND ND ND 0.17

Others EO constituents (acid 
asters, ketone, alcohol)

2.712 
a

2.461 
ab

2.19 
abc

2.36 
ab

1.76 
cd

1.22 
de

0.90 
e

0.79 
e

0.91 
e

0.73 
e

2.04 
bc

https://doi.org/10.1371/journal.pone.0331767.t003

Fig 3.  A fitted regression model that shows the relationship between distillation time (DT) and the concentration (%) of (A) β-caryophyllene, 
(B) maaliol, (C) germacrene D-4-ol, (D) spathulenol, (E) caryophyllene oxide, (F) globulol, (G) γ-eudesmol, (H) α-eudesmol, (I) caryophylla- 
4(12),8(13)-dien-5α-ol, (J) β-eudesmol, (K) bulnesol, and (L) α-bisabolol.

https://doi.org/10.1371/journal.pone.0331767.g003

https://doi.org/10.1371/journal.pone.0331767.t003
https://doi.org/10.1371/journal.pone.0331767.g003


PLOS One | https://doi.org/10.1371/journal.pone.0331767  October 29, 2025 13 / 21

Spathulenol is sesquiterpene with numerous biological activities: anticholinesterase, antinociceptive, anti-hyperalgesic,  
anti-mycobacterial, antioxidant, anti-proliferative, anti-oedematogenic, and anticancer [94]. The relation-
ship between spathulenol (%) in the EO and DT was best described by asymptotic (concave) regression model 
(Ŷ = 3.656 – 2.25e–0.013DT) (Fig 3D). The concentration of spathulenol in the DT fractions followed similar trend to the one 
of germacrene-D-4ol, with low concentration in the first 3 DT EO and gradually increasing to 3.85% in the 160–200 min DT 
EO, and then decreased slightly in the subsequent DT EO (Table 2). Spathulenol concentration in the 0–180 control EO 
was 2.86%.

Caryophyllene oxide has a woody odor with a sweet, dry, fresh and spicy scent. It possesses numerous biological 
activities, among them anti-inflammatory, analgesic, gastroprotective, and anticancer [95]. The relationship between 
caryophyllene oxide and DT was best described by asymptotic (concave) regression model (Ŷ = 1.723 – 1.537e–0.025DT )  
(Fig 3E). Caryophyllene oxide concentration was low in the initial DT 0–5 min (0.313%) and increased gradually to max out 
at 200–240 min DT (1.893%). Its concentration in the 0–180 min control EO was 1.365% (Table 2).

Globulol is sesquiterpene alcohol with strong antifungal activity [96]. The asymptotic (concave) regression model 
(Ŷ = 4.97 – 4.79e–0.0086DT ) described best the relationship between globulol concentrations in the EO and the DT (Fig 3F). 
The concentration of this compound in the 0–5 min DT EO was 0.26% and gradually increased with the increase in DT 
to reach 4.72% in the 160–200 min DT EO (Table 2). Interestingly, the concentration of globulol in the 0–180 min DT EO 
was only 0.111, suggesting possible loss or conversion of this compound into another one (Table 2). Cavalcanti et al. [97] 
reported that globulol was eluted after the second hour of distillation of Schinus terebinthifolius and Schinus mole. Further-
more, in a study on six medical Cannabis sativa genotypes, two of the genotypes did not contain globulol [98].

Ledol is poisonous sesquiterpene which affects the central nervous system [99]. The concentration of ledol in the DT 
EO from 0 until 160 min DT was zero, suggesting that this compound starts eluting late in the distillation process, reading 
a maximum of 0.29% in the 200–240 min DT EO (Table 2). These results are similar to those in a previous report on dis-
tillation study of Schinus terebinthifolius and Schinus mole using hydrodistillation; ledol was extracted late in the process, 
after 2 h of hydrodistillation [97].

γ-Eudesmol is oxygenized sesquiterpene with a waxy sweet odor and multiple biological activities [100]. The relation-
ship between the DT and the concentration of γ-eudesmol (%) was best described by asymptotic (concave) regression 
model (Ŷ = 6.24 – 6.09e–0.008DT ) (Fig 3G). The trend was similar to that of globulol; the concentration of γ-eudesmol was 
low (0.31%) in the 0–5 DT EO and increased gradually to reach max at 160–200 min DT EO (5.67%) (Table 2). The con-
centration of this compound did not change in the subsequent two DT fractions. The concentration of γ-eudesmol in the 
control 0–180 EO was 3.058%.

Caryophylla-4(12),8(13)-dien-5α-ol is formed by oxidation of β-caryophyllene [101], and in small concentrations it 
can be found in Baccharis species [102], as well as Achillea sp. [103] and others. The relationship between DT and the 
concentration of caryophylla-4(12),8(13)-dien-5α-ol in hemp EO was best described by asymptotic (concave) regression 
model (Ŷ = 1.33 – 1.48e–0.017DT ) (Fig 3I). The compound did not elute until 10–20 min (0.336%), increased gradually to 
reach max at 80–120 min DT (1.443%), while its concentration in the 0–180 min control EO was 0.864% (Table 2).

β-Eudesmol is sesquiterpenoid alcohol and is isolated from various plants, and it is very potent anticancer compound 
[104]. The concentration of β-eudesmol (%) vs DT was best described by the asymptotic (concave) regression model 
(Ŷ = 1.16 – 1.17e–0.01DT ) (Fig 3J). β-Eudesmol was absent from the 0–5 min DT EO but did appear in the 5–10 min DT EO 
(0.124%), then increased gradually to reach maximum at 200–240 min DT EO (1.115%). The concentration of this com-
pound in the 0–180 min DT was 0.696%, similar to the one in the 80–120 min DT EO (Table 2).

α-Eudesmol, sesquiterpenoid alcohol have a potential for treating neurogenic inflammation in the trigemino-vascular 
system such as migraine [105]. The relationship between DT and the concentration of α-eudesmol (%) was best described 
by the asymptotic (concave) regression model (Ŷ = 7.87 – 7.75e–0.006DT ) (Fig 3H). The concentration of α-eudesmol 
was low in the 0–5 min DT EO (0.255%) and increased gradually to reach a maximum in the later DT, 160–280 min DT 
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fractions (5.8–6.2%). The concentration of this compound in the 0–180 min DT control was 3.373%, similar to the com-
pound concentration in the 40–80 and 80–120 min DT (Table 2).

Bulnesol is spicy odor sesquiterpene alcohol present in large amounts in Bulnesia sarmientoi [106], but it can also be 
found in other plants in minor concentrations. The relationship between DT and the concentration of bulnesol (%) was 
best described by polynomial regression model (adjusted R2 = 98.5%; Ŷ = 0.11 – 0.0088DT+ 0.00025DT2) (Fig 3K). The 
concentration of bulnesol was very low in the 0–5 min DT EO (0.003%), but then it increased gradually to reach a plateau 
at 120–280 min (2.6–3.1%). The concentration of this compound in the control EO was 1.152% (Table 2).

α-Bisabolol is a monocyclic sesquiterpene alcohol with floral odor type (with nascence of peppery, balsamic and 
clean notes), derived from a variety of plants, present in higher concentrations in chamomile EO. It is widely used in 
cosmetics and pharmacies because of its anti-inflammatory, anticancer, and other activities [107,108]. The relationship 
between DT and the concentration of α-bisabolol (%) was best described by asymptotic (concave) regression model 
(Ŷ = 8.37 – 8.63e–0.007DT ) (Fig 3L). α-Bisabolol was not detected in the initial DT of 0–5 and 5–10 min, then it eluted and 
accumulated in the 10–20 min (1.242%) (Table 2). After that, the concentration of this compound gradually increased 
to reach a maximum later in the DT, at 240–280 min (7.284%). The concentration of α-bisabolol in the control EO was 
4.141% and not significantly different from the one in the 80–120 min DT EO fraction (Table 2).

Unlike monoterpenes, a higher accumulation of sesquiterpenes was recorded in the period after 40 min. This indicates the 
fact that for a higher concentration of sesquiterpenes in the EO, a longer distillation is necessary. The concentration of some 
sesquiterpenes increases even after 180 min, which is the standard distillation time of hemp EO (control). Greater share of 
sesquiterpenes in the EO influences the fragrance profile of hemp EO as it gets a more pronounced spicy note, with earthy and 
woody odors, similar as in hop EO [109]. Prolonged distillation time gives EO with a different chemical profile, but also increases 
costs, so it is recommended that the duration of the process be adjusted to the potential application. Practically, the most import-
ant sesquiterpenes in hemp EO are β-caryophyllene and α-humulene, due to their abundance and biological significance. Other 
sesquiterpenes, which are primarily bi-products of β-caryophyllene degradation, are considered to have minor significance in 
hemp EO quality and biological activity [9,32,110]. In brief, prolonging the distillation time can lead to an increase in sesquiter-
penes, which are heavier and less volatile compounds [111], a finding that has also been confirmed by our research.

3.4.  Concentration of cannabinoids in hemp EO depends on distillation time (DT)

Cannabinoids belong to meroterpenoids made of 21 or 22 atoms and a pentyl or propyl side chain (i.e., prenylated 
polyketides) [112]. The relationship between DT and the concentration of total cannabinoids (%) can be described well by 
a second order polynomial regression model (Adjusted R2 = 99.2%; Ŷ = –0.124+ 0.0165DT+ 0.00003DT2) (Fig 4A). The 
concentration of the total cannabinoids was below the detection limit in the 0–10 min DT fraction, then increased gradually 
to reach 7.1% in the 240–280 EO fraction, while their concentration in the non-stop 0–180 min EO was 8.27% (Table 3).  
Indeed, this trend was similar to the one observed with the CBD concentration in the EO fractions, indicating the total 
cannabinoids were mostly CBD. A previous study found that the duration of distillation significantly affected the chemical 
composition of EOs, leading to variations in terpene extraction while generally increasing the presence of minor sesquiter-
penes and CBD [25], which is in agreement with the results of this study. Additionally, cannabinoids had a strong positive 
correlation with sesquiterpenes [79].

Cannabidiol (CBD): The relationship between DT and the concentration of CBD (%) was best described by a second 
order polynomial regression model (Adjusted R2 = 99.5%; Ŷ = –0.094+ 0.0152DT+ 0.000035DT2) (Fig 4B). Similar to 
the trend in α-bisabolol, the concentration of CBD in the 0–5 and in the 5–10 min DT fractions was below the detection 
limit (0.00%). Cannabidiol appeared in the EO in the 10–20 min DT and then gradually increased to reach a maximum of 
7.124% in the 240–280 min DT (Table 3). Interestingly, the concentration of CBD in the control EO (0–180 min) of 7.636% 
was similar to the one in the 240–280 min DT EO (Table 3). This may suggest conversion of some compounds into CBD in 
the non-stop distillation of 0–180 min.
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Cannabichromene (CBC) was eluted late in the distillation process; its concentration in the EO fractions up to 80 min 
was below the detection limit (Table 3). The compound appeared in the 80–120 min DT EO (0.071%), and gradually 
increased to 0.173% in the 200–240 min DT EO. Interestingly, CBC was not detected in the 240–280 min DT EO. Also, the 
CBC concentration in the non-stop 0–180 min EO was 0.367% (Table 3).

δ8-Tetrahydrocannabinol: The concentration of δ8-Tetrahydrocannabinol in all EO fractions was below the detection 
limit, while its concentration in the non-stop 0–180 min control was 0.096% (Table 3).

δ9-Tetrahydrocannabinol (Dronabinol): The concentration of δ9-Tetrahydrocannabinol (Dronabinol) in all EO frac-
tions was below the detection limit, and its concentration in the 0–180 min non-stop distillation EO was 0.166% (Table 3).

The DT for extracting cannabinoids from hemp can vary, but a common range is between 180 and 240 min [113]. How-
ever, the optimal DT can depend on factors like the specific cultivar, the desired composition of the EO, and the extraction 
method used. Some studies have found that longer DT can lead to increased levels of certain cannabinoids due to decar-
boxylation reactions [33,114,115].

3.5.  Concentration of other compounds in hemp EO depend on distillation time (DT)

The relationship between DT and the concentration of others EO constituents (acid asters, ketone, alkochol) (%) is 
described by asymptotic regression model (Ŷ = 2.66e–0.0055DT) (Fig 4C). The concentration of these constituents in the 
EO generally decreased with an increase in DT and varied between 2.7% (in the 0–5 min EO) to 0.734% (Table 3). The 
concentration of these constituents in the 0–180 min DT was 2.04%. Therefore, if desired, an EO fraction with a relatively 
high concentration of these constituents can be obtained by distilling the biomass for a shorter duration.

4.  Conclusions

This study confirmed that EO constituents from high-cannabinoid C. sativa elute at distinct times during hydrodistillation, 
enabling the production of chemically diverse EO fractions. By analyzing ten sequential distillation timeframes, research 
showed clear temporal patterns: monoterpenes appeared early, while cannabinoids eluted later. Regression analysis 

Fig 4.  Fitted regression model that shows the relationship between distillation time (DT) and the concentration (%) of (A) Cannabi-
noids [Ŷ = –0.124+ 0.017DT+ 0.00003DT2], (B) CBD [Ŷ = –0.094+ 0.015DT+ 0.00004DT2], and (C) Others (acid asters, ketone, alkochole) 
[Ŷ = 2.66e(–0.0055DT)].).

https://doi.org/10.1371/journal.pone.0331767.g004

https://doi.org/10.1371/journal.pone.0331767.g004
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supported these trends, demonstrating that distillation timing can be used to selectively enrich or exclude specific com-
pounds. This time-based fractionation offers a practical strategy for customizing EO compositions to suit various applica-
tions, such as aromatherapy, cosmetics, or cannabinoid-rich wellness products, and aids in regulatory compliance. The 
approach also enhances distillation efficiency and product consistency. Future research should explore the bioactivity, 
sensory properties, and functional uses of these EO fractions, as well as test the method across different hemp varieties 
and processing conditions.
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