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ABSTRACT

Essential oils are volatile, aromatic plant metabolites with a complex chemical composition and a wide
range of applications in the pharmaceutical, cosmetic, and food industries. Due to their high market
value and the limited availability of certain raw materials, essential oils are susceptible to numerous
forms of adulteration, such as dilution with cheaper substances, the addition of synthetic compounds,
or substitution of the botanical source. Quality control and authenticity assessment of essential oils
require advanced analytical methods. The European Pharmacopoeia recommends basic physicochemical
determinations, including relative density and refractive index. Gas chromatography coupled with mass
spectrometry (GC-MS) represents the gold standard for the analysis of volatile constituents of essential
oils, enabling both identification and quantitative evaluation of terpene compounds. High-performance
liquid chromatography (HPLC) allows for the determination of non-volatile and thermolabile
compounds, which is particularly important in citrus oils. Nuclear magnetic resonance (NMR)
spectroscopy offers a rapid, non-destructive method for authenticity verification and impurity
detection, despite its lower sensitivity compared to chromatographic techniques. Contemporary
approaches to essential oil quality control are based on the combination of complementary analytical
techniques, enabling comprehensive chemical characterization and effective detection of adulteration.
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1. Introduction

The European Pharmacopoeia defines an essential oil as
a “fragrant product, usually of complex composition,
obtained from a botanically defined plant raw material by
steam distillation, dry distillation, or an appropriate
mechanical process without heating” [1]. Chemically,
essential oils (EOs) constitute a group of volatile, aromatic
secondary plant metabolites, i.e., mixtures of terpenoid,
phenolic, and phenylpropanoid-derived compounds. They
differ in chemical composition and biological properties;
however, common features of all essential oils include
volatility, lipophilicity, and a characteristic odor specific
to each oil. The biological properties exhibited by a given
essential oil depend directly on its chemical composition.
Among the most frequently reported and most significant
activities are antimicrobial, anti-inflammatory, sedative,
skin-irritating, and expectorant effects [2-4].

Many plant species synthesize essential oils, however,
only some of them constitute essential-oil-bearing raw
materials used for their industrial extraction. A typical
example of an essential-oil plant is Lavandula angustifolia.

Essential oils are used in many industrial sectors,
including the cosmetic, pharmaceutical, and food
industries. For example, peppermint oil is used for
gastrointestinal disorders, such as irritable bowel syndrome,
and exhibits antispasmodic and analgesic effects [5].
Lavender oil, due to its calming, anxiolytic, and sleep-
improving properties, is used in the treatment of anxiety
and insomnia [6]. Tea tree oil, because of its antiseptic
and antibacterial activity, is applied in dermatological
formulations such as creams and gels [7]. For the treatment
of upper respiratory tract diseases, eucalyptus oil is used,
offering expectorant, anti-inflammatory, and breathing-
facilitating effects [8]. Bitter orange oil, due to its
sedative properties, is used in the treatment of insomnia,
while citrus oils are commonly employed as flavoring
agents in the food industry [9]. Bergamot oil has found
application as a preservative in food and cosmetics,
a flavoring component of teas, and an ingredient
in perfume production [10].

Due to their wide range of applications and natural
origin, essential oils attract considerable scientific and
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commercial interest. Nevertheless, the limited availability
of certain plant raw materials, such as agarwood,
combined with variability in chemical composition resulting
from differences in extraction efficiency, environmental
conditions, and geographical origin, often leads to high
market prices. As a consequence, adulteration has become
a common problem in this sector [11, 12].

Owing to the various adulteration techniques and the
inherent variability in the quantitative composition of
essential oils of a given species - resulting from the plant
part used (e.g., flowers, leaves), harvest time,
geographical location, genetic factors, and vegetation
phase, an oil may fail to meet the requirements imposed
by legal regulations or standards recognized by
pharmacopoeias [12, 13]. Therefore, quality control of
essential oils is crucial, both in terms of ensuring safe use
and confirming authenticity. Authenticity can be
understood as an essential oil free from foreign bodies and
substances, as well as the absence of contamination in
the raw material from which it is obtained [11, 12]. This
article presents a review of analytical techniques used
in the quality control of essential oils.

2. Methods of Essential Oil Adulteration

Essential oils are widely used in many branches of
industry; therefore, analysis of their composition is crucial
to ensure appropriate quality. The composition of
an essential oil is influenced by both internal factors,
as described above, and external factors associated with
adulteration. In recent years, the problem of essential oil
adulteration has attracted considerable research attention,
due both to safety concerns and the growing challenge of
detecting adulteration. Such practices not only negatively
affect economic aspects but also pose risks to consumers.
A composition different from that declared may result
in allergic or toxic reactions. Therefore, the possibility of
rapid and accurate qualitative verification of essential oils
is of great importance [11, 12, 14].

Currently, four main types of adulteration are
encountered on the market. One involves dilution of the
obtained essential oil with vegetable oils (VO). This type of
adulteration is particularly difficult to detect due to the
lack of changes in physicochemical properties of essential
oils, such as color, refractive index or density; however,
the aroma of the original oil may be diminished. Due to
similar chemical compositions, especially with respect to
volatile compounds, gas chromatography (GC) does not
always allow detection of vegetable oils addition. Dilution
with vegetable oils is a common practice because of its low
cost, availability, and the difficulty of detection using
standard analytical methods [14, 15]. Therefore, in the
case of such adulterations, infrared (IR) spectroscopy
combined with multivariate analysis is most commonly
employed. This approach allows the detection and
quantitative determination of contaminating substances,
but it does not enable their precise identification. This
limitation arises primarily from the fact that vegetable oils
consist mainly of triglycerides, which differ only in the
relative composition of individual fatty acids. However,
their absorbance in IR spectra is almost identical, resulting
in overlapping signals. Consequently, it is possible to
confirm the botanical origin of the oil, but not to identify
the individual components. This challenge can be
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addressed by nuclear magnetic resonance (NMR)
spectroscopy, which is based on the detection of the
electron cloud surrounding atomic nuclei, which differs
among specific atoms and molecules. NMR allows the
bypassing of complex multivariate analyses: if the target
signals do not overlap and are not directly assigned,
integration of the relevant peaks enables rapid and
precise qualitative and quantitative analysis of the
sample, without the need for elaborate data
manipulation [15].

Another common method involves the addition of
a cheaper oil from the same species or co-extraction with
oil obtained from a different part of the plant or from
a different geographical origin. Due to very similar
qualitative compositions and physicochemical properties,
this type of adulteration is again difficult to detect.
Particularly important, however, are differences
in quantitative composition, which determine the
biological activity of a given oil. Similar problems arise
with the addition of cheaper essential oils from closely
related species, which often represent more affordable
and readily available plant raw materials, such as the
addition of lavandin oil to lavender oil. The last of the
most common adulteration methods is the addition of
synthetic or natural compounds aimed at obtaining
adesired - often superior to the original - terpene
composition, thereby increasing the market value of the
essential oil [11, 12, 14, 15].

One of the essential oils most frequently subjected to
adulteration — either by dilution with essential oils from
other species or by the addition of synthetic compounds
— is lavender essential oil, Lavandula angustifolia Mill.
(LEO). Non-volatile compounds, such as glycols, benzyl
alcohol, or vitamin E, are often added, which are
undetectable by GC methods. In such cases, high-
performance liquid chromatography (HPLC) is recommended,
and its application in these scenarios is discussed in more
detail in the following chapter. LEO is also commonly
adulterated with racemic, synthetic linalool and linalyl
acetate, which are among its major constituents. In these
instances, enantioselective GC can be employed. Beale et al.
described a method for the rapid quality assessment of
LEO based on chemometric analysis of both targeted and
untargeted GC-MS data [16, 17].

Adulteration of essential oils represents a complex
and challenging issue in the context of qualitative
analysis. Such analyses often require the combination of
multiple analytical techniques, and even then, they do
not always allow for precise identification of contaminating
substances. Therefore, in terms of ensuring the safe use
of essential oils, it is essential to conduct comprehensive,
multi-step analyses employing a variety of, often
sophisticated, analytical methods.

3. Qualitative Analysis of Essential Oils

Quality control of essential oils aims to confirm their
compliance with pharmacopeial monographs or legal
standards. However, not only the aforementioned
adulterations may negatively affect analytical evaluation.
Deviations from standard values may also result from
improper storage, temperature fluctuations, packaging
type, or aging processes of the oil [11, 18,19].



Although the Pharmacopeia has fundamental regulatory
and standardization significance in the context of
pharmacy, essential oils are also subject to other
regulations. One of the most important quality and
standardization benchmarks are the standards for essential
oils set by the International Organization for Standardization.
The 1SO 9235 document defines essential oils as “product
obtained from a natural raw material of plant origin, by
steam distillation, by mechanical processes from the epicarp
of citrus fruits or by dry distillation, after separation of the
aqueous phase - if any - by physical processes.” The I1SO
11024 standard designates gas chromatography as the
flagship method for identifying the composition of essential
oils. Additionally, 1SO standards specify the identification
of synthetic additives, maximum concentrations of
individual components, chromatographic profiles of
specific essential oils, and guidelines for them [20, 21].

The use of essential oils in cosmetics is regulated by
Regulation of the European Parliament and of the Council
of 30 November 2009 on cosmetic products. This regulation
requires the preparation of a cosmetic product safety
report, adherence to Good Manufacturing Practice (GMP),
notification of the product through the EU Cosmetic
Products Notification Portal (CPNP), and prohibits testing
cosmetics on animals [22].

Legal acts and the Pharmacopeia also require the
control of contaminants in essential oils, including, among
others, heavy metal content (Pb, Cd, Hg, As), solvent
residues, and pesticides. The table below summarizes the
most important legal acts in force within the European
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Union that specify limits for these contaminants
depending on the industrial sector (Table 1) [23-34].

The Pharmacopeia contains both general monographs
on essential oils as well as specific monographs for
particular EOs. These include numerous identification
tests and purity studies. The European Pharmacopoeia
recommends determination of relative density, optical
rotation, refractive index, acid value, and acid value after
acetylation for the identification and quality assessment of
essential oils [1, 35]. The Pharmacopeia also describes
tests for detecting the presence of contaminants or
adulterations, such as foreign esters, fatty oils, or resinous
fractions of essential oils. In addition, quality assessment
also includes organoleptic evaluation (odor and taste) and
determination of solvent residues. For identification and
composition profiling, gas chromatography, thin-layer
chromatography, and high-performance thin-layer
chromatography (HPTLC) are recommended [1, 36].

Specific gravity compares the density of the sample
with that of a reference, verifying oil identity and purity,
with adulteration causing unacceptable deviations.
Determination of the refractive index involves passing
light through a thin layer of the sample between agate
prisms. Each essential oil refracts light in a characteristic
manner due to its unique chemical composition, and
comparison with reference values allows assessment of
identity and purity — dilution results in unacceptable
discrepancies. In IR spectroscopy, infrared radiation excites
chemical bonds in the sample, inducing vibrations with

Table 1. Regulatory limits and analytical standards for selected contaminants (heavy metals, pesticides, residual solvents,

phthalates and PAHs)

Type of
Contaminant

Standard/ Regulation

Permissible Limit (example)

Notes

Heavy metals
(Pb, Cd, Hg, As)

European Pharmacopoeia 11.0 - Heavy
metals test

Pb < 10 ppm, Cd < 1 ppm, Hg
< 0.1 ppm, As < 1 ppm

Applies to pharmaceutical raw materials;
analytical methods: ICP-MS, AAS

Regulation (EC) No 1881/2006

Depends on food product

Applies to food flavorings

REACH Regulation

No global limit, registration
required

Applies to chemicals in the EU

Pesticides

Regulation (EC) No 396/2005

Depends on pesticide (e.g.,
0.01-0.1 mg/kg)

Applies to plant raw materials and food
flavorings

1SO 22000 / HACCP

No numerical limit,
monitoring required

Good manufacturing practices

Residual solvents

European Pharmacopoeia 11.0 -
Residual solvents

Class 1: prohibited; Class 2:
e.g., methanol < 3000 ppm,
acetone < 5000 ppm

Applies to pharmaceutical raw materials

Phthalates (from
packaging/
migration)

ICH Q3C Aligned with Ph. Eur.; limits International standard for medicinal
for volatile solvents products
Directive 2005/84/EC DEHP, DBP, BBP < 0.1% in Relevant for contact with cosmetics and

children’s articles

food

REACH - Substances of Very High
Concern

Restricted or banned
substances

Monitoring required in raw materials

PAHs (polycyclic
aromatic
hydrocarbons)

European Pharmacopoeia 11.0 -
Vegetable fatty oils

8 PAHs < 10 pg/kg in
vegetable oils

Applies to pharmaceutical and cosmetic
raw materials

1SO 21461

No numerical limit, defined
analytical methods

Detection by GC-MS / HPLC

CLP Regulation (EC 1272/2008)

CMR classification - labeling
required

Carcinogenic, mutagenic, toxic substances
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a unique frequency distribution that constitutes a material
“fingerprint.” Comparison of a spectrum of the sample
with a standard enables identity verification and detection
of adulteration [35]. Analytical methods used to study the
composition of essential oils include gas chromatography
(GC), high-performance liquid chromatography (HPLC), and
nuclear magnetic resonance (NMR).

3.1. Gas Chromatography (GC)

Gas chromatography (GC) is a highly sensitive,
accurate, and selective analytical method used for the
analysis of complex volatile organic compounds [37, 38, 39].
When coupled with MS or FID detectors, it is the most
commonly chosen technique for studying chemical
composition, assessing quality, authenticity, and originality
of EOs [38, 39, 40]. The use of conventional GC columns
provides high separation efficiency for volatile compounds
and allows their identification based on mass spectra.
Essential oils often contain analogs, isomers, or homologs
of compounds belonging to different chemical classes.
These compounds have similar structures and physical
properties, which can lead to co-elution and complicate
the separation of mixtures using conventional columns.
For this reason, columns with orthogonal stationary phase
selectivity are frequently employed in essential oil
analysis, enabling the examination of the same sample
on columns of different polarity, thereby improving the
reliability of compound identification. In more complex
cases, techniques with higher separation capacity, such as
two-dimensional gas chromatography (GCxGC) or chiral
columns, are also used, allowing the separation of terpene
enantiomers and a more detailed characterization of
essential oil composition [38, 41, 42].

Many studies also focus on reducing analysis time by
using shorter columns, lowering outlet pressure, faster
oven heating, etc. For example, studies conducted by
Tranchida et al. employed GC-MS with a triple quadrupole,
enabling shortened analysis of citrus EOs [43]. However,
there is still an insufficient number of samples, particularly
for more complex analytes, to fully validate and assess
improvements in GC-MS techniques aimed at reducing
analysis time [39]. Nevertheless, GC-MS remains the “gold
standard” for essential oil composition analysis.

Shi et al., based on GC and GC-MS analyses, reported
for the first time the chemical composition of essential oil
from the roots of Seseli mairei H. Wolff, identifying 37
components accounting for 97.84% of the total oil [44].
Thabet et al., by comparing retention indices and data
with the NIST Mass Spectral Library, determined and
compared the composition of oils obtained from different
vegetative parts of Bontia daphnoides L. They identified
dehydroepingaione as the dominant volatile constituent
and demonstrated compositional differences among oils
from flowers, leaves, stems, and fruits of the plant [45].

GC-MS analysis is also useful for authenticity verification
of essential oils. Dubnicka et al. examined commercially
available oils of tea tree, lavender, sandalwood, rose,
eucalyptus, and lemongrass. In four samples, they detected
the addition of diethyl phthalate (Fig. 1a), and in all samples
they identified carbitol - ethoxydiglycol (Fig. 1b) [46].
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Fig. 1. Structures of: (a) diethyl phthalate and (b)
ethoxydiglycol

The presence of these toxic additives is particularly
concerning given the intended use of the oils for
aromatherapy. Brett et al. focused on the analysis of
fennel and star anise oils. In addition to qualitative profiling,
they compared stable isotope ratios of E-anethole. This
approach allowed them to demonstrate that as many as
27% of the commercially available samples analyzed were
adulterated [47].

Nevertheless, gas chromatography has its limitations.
In the case of non-volatile substances or those with high
boiling points - such as castor oil - this method is unable
to identify them, and other techniques, such as HPLC,
must be employed [9, 12, 48].

3.2. High-Performance Liquid Chromatography (HPLC)

High-performance liquid chromatography (HPLC) is
a widely used analytical technique applied for the
separation and identification of mixture components, the
creation of chemical profiles and chemical “fingerprints”,
as well as for quantitative analysis. This method is
particularly useful for the analysis of complex matrices,
such as plant extracts and essential oils, as it enables the
identification of thermolabile or non-volatile compounds
that cannot be analyzed by gas chromatography. In the
study of herbal products, HPLC plays an important role
in quality control by enabling the identification of chemical
markers and the creation of chemical fingerprints
supported by chemometric methods. The most commonly
used detection techniques are HPLC-UV and HPLC-DAD,
while HPLC-MS is increasingly applied. The development
of UHPLC and hyphenated techniques, such as HPLC-DAD-MS
and HPLC-NMR, has significantly expanded the possibilities
for chemical profiling of natural products; however, the
development of fully universal detection methods
remains a challenge [49-51].

In the context of essential oil analysis, high-
performance liquid chromatography enables the
detection of terpenes, alkaloids, flavonoids, and phenolic
compounds. Non-volatile constituents of essential oils are
especially important for the identification of essential oils
(EOs) derived from different citrus species, as they are
more specific than volatile components. HPLC allows both
the identification and quantitative determination of
compounds such as coumarins and oxygenated
heterocyclic compounds (OHCs) present in cold-pressed
citrus essential oils [52-54].



Arigo et al. developed an HPLC-PDA method combined
with a linear retention index (LRI) approach and a UV-Vis
library, which enabled the characterization of oxygenated
heterocyclic compounds (OHCs) in citrus essential oils. This
approach significantly facilitated the determination of
OHCs, even when they possessed very similar structural
features. In such cases, coupling HPLC with a mass
spectrometric detector also represents a considerable
advantage [55, 56]. Dosoky et al. developed a UPLC-MS/MS
method that enabled the detection and quantification of
14 coumarins and furanocoumarins in essential oils
obtained from 12 citrus species [54].

Puthenvitil et al. scaled up an HPLC method and
validated it at the preparative HPLC level for the isolation
and purification of thymol from the essential oil of
Trachyspermum ammi. Using this approach, they obtained
thymol with a purity of 98.87%, which was further confirmed
by gas chromatography-mass spectrometry (GC-MS),
Fourier-transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD), and nuclear magnetic resonance (NMR)
analyses. Their results confirm the effectiveness and
efficiency of preparative HPLC in the isolation of chemical
compounds from complex plant matrices [57].

Although high-performance liquid chromatography is
highly effective in the identification of non-volatile
compounds and, when combined with GC-MS, provides
complementary information on the phytochemical
composition of essential oils, a major drawback - especially
in routine analyses - is the long analysis time, which is
approximately 45 minutes. Russo et al. developed two LC
methods: a 10-minute method providing an accurate
chemical profile and a 3-minute method ideal for
preliminary analyses. The chemical profiles obtained with
both methods focused on OHCs characteristic of the
respective citrus essential oils and were consistent with
chromatograms obtained using conventional HPLC
methods. This demonstrates the feasibility of applying the
developed methods in routine analyses [58].

3.3. Nuclear Magnetic Resonance (NMR)

NMR spectroscopy is based on the magnetic properties
of nuclei ('H, '3C, or '5N), enabling highly accurate
analysis and identification of compounds. A major
advantage of this technique is its high experimental
reproducibility, relative ease of measurement, and simple
sample preparation, as it does not require derivatization or
sample destruction. Moreover, NMR analysis does not
require prior separation of mixture components, which
greatly facilitates work with complex matrices such as
essential oils. In addition, nuclear magnetic resonance
enables the analysis and identification of compounds such
as sugars, organic acids, alcohols, and other highly polar
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compounds, which are much more difficult to analyze
using chromatographic techniques. The main limitation of
NMR spectroscopy is its low sensitivity - approximately 10
to 100 times lower than that of GC-MS. Nevertheless,
it remains a very good choice for routine, rapid quality
control analyses [58, 59].

Schripsema et al. investigated the composition of
vetiver essential oil using GC-MS and NMR. Their study
showed that out of eight commercially available oils,
as many as four contained added vegetable oils, which
was revealed only by NMR spectroscopy. They demonstrated
that '3C NMR spectra are the most effective method for
the unequivocal identification of contaminating substances.
An additional advantage of NMR is the lack of necessity
for simultaneous measurement of a reference standard.
The use of differential spectroscopy enabled the
detection of signals originating from adulterants [60].

Studies conducted by Fabry et al. focused on the
analysis of isoeugenol and other structurally related
phenylpropanoids. They developed and validated a rapid
"H NMR method for the simultaneous analysis of
phenylpropanoids in essential oils [61]. Mahanta et al.
focused on the essential oil from black turmeric
rhizomes, in which they identified four thermolabile
sesquiterpene markers whose determination had been
impossible in previous GC-MS analyses. Once again, the
"H NMR technique was used to validate a method applied
to the analysis of variability in the oleochemical profile of
samples originating from different harvest batches and
subjected to different storage or drying conditions. This
approach enables rapid routine analysis of black turmeric
rhizome essential oil [62].

Zhao et al. focused on the characterization and
differentiation of peppermint essential oil. Analysis of 1D
and 2D NMR spectra enabled the assignment of 'H NMR
signals for the main constituents of this oil and
additionally revealed differences in chemical composition
between oils originating from different geographical
regions. Based on these data, they developed a quotient-
difference method allowing the determination of whether
a given oil originated from the USA or India - the major
suppliers of peppermint essential oil. At the same time,
they subjected approximately 50 oil samples to detailed
NMR analysis, which revealed that 42% of them had been
adulterated [6].

The above studies demonstrate the potential of
nuclear magnetic resonance in chemical and qualitative
analyses as well as in the authentication of essential oils,
while also constituting a rapid, simple, non-destructive,
and highly reproducible analytical method (Table 2).

Table 2. Comparison of analytical techniques used for essential oil analysis

Method Types of compounds Main advantages
analyzed

Main limitations

GC-MS  Volatile compounds
quantitative profiling

High sensitivity and selectivity; qualitative and Not suitable for non-volatile or

thermolabile compounds

HPLC Non-volatile or polar Excellent  resolution;
compounds

compounds; quantitative determination

for thermolabile Requires solubility in the mobile phase;
longer analysis time

NMR Broad range of compounds Provides structural and quantitative information; non- Lower sensitivity
destructive; reliable for authenticity assessment
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4. Conclusions

Verification of the quality and authenticity of essential
oils constitutes a key step in ensuring the safety of their
use and compliance with pharmacopoeial requirements and
relevant standards. Due to the complex chemical nature of
essential oils and the natural variability of their
composition, the application of advanced analytical
methods with high sensitivity and selectivity is essential.
Gas chromatography coupled with mass spectrometry (GC-MS)
remains the primary technique for the analysis of the
volatile fraction of essential oils, enabling detailed
identification and quantitative assessment of terpene
components.

High-performance liquid chromatography (HPLC,
UHPLC), in turn, serves as a complementary method,
allowing for the determination of non-volatile and
thermolabile compounds that are of significant importance
for biological activity and oil authenticity, particularly
in the case of essential oils derived from citrus plants.
Increasingly, hybrid approaches combining GC-MS and LC-MS
are being employed, enabling the acquisition of
a comprehensive chemical profile of the sample and the
detection of adulteration, such as the addition of cheaper
oils, solvents, or synthetic components.

NMR spectroscopy, despite its lower sensitivity
compared to chromatographic methods, is gaining
importance in rapid, non-destructive sample analysis and
in the confirmation of essential oil authenticity. Contemporary
studies indicate that only the integration of multidimensional
analytical techniques (Table 2) enables a complete and
reliable chemical characterization of essential oils, thereby
forming the basis for quality control and the detection of
adulteration.

In laboratory practice, the identification of essential oil
constituents requires the strategic application of analytical
techniques. The separation of mixture components is
usually performed using GC-MS or GC-FID, which enables
both the analysis of the chemical profile and the
comparison of retention times with reference data [11].
Mass spectra are compared with spectral libraries, while
the presence of individual compounds can be confirmed
using reference standards or certified reference materials
by recording NMR or MS spectra [63]. In cases where
reference standards are not available, hyphenated
analytical techniques are applied, such as the combination
of gas chromatography, mass spectrometry and 'H NMR,
as well as FT-IR coupled with chemometric analysis. These
approaches allow the detection of subtle changes in chemical
composition and the identification of potential adulterants
[64]. Such strategies enable reliable quality assessment of
essential oils, the detection of non-authentic additives,
and the monitoring of the degradation of their
components.
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