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Abstract
Multidimensional gas chromatography (MDGC) has already been established as a method which enables the separation and 
identification of compounds which co-elute in conventional gas chromatography, as well as obtaining more accurate qualita-
tive and quantitative characterisation of compounds of low abundance. In the first part of this review mini-series, we discussed 
advances in technical aspects of the MDGC systems for essential oil (EO) analysis (Lebanov et al. in Chromatographia, 
2018). This second part critically discusses the application of MDGC to the process of characterisation and authentication of 
EOs, illustrating the benefits of the increased separation power to achieve the resolution of the full chemical profile of EOs, 
as well as the identification of chiral compounds and aroma analysis. Papers focused on MDGC in essential oil analysis are 
reviewed from the perspective of the influence of different variables, such as species, chemotype, plant organ, environmental 
conditions, plant age, and distillation processes, on the chemical profile of the essential oil. Special attention is placed on 
qualitative and quantitative aspects of EO analysis by MDGC. One section of this review is dedicated to data analysis and 
the application of multivariate statistical analysis in the process of essential oil authentication.

Keywords  Multidimensional gas chromatography · Essential oil · Characterisation · Heart-cut multidimensional gas 
chromatography · Comprehensive gas chromatography · Enantioselective multidimensional gas chromatography · 
Olfactometry · Multivariate statistical analysis

Introduction

Essential oils (EOs) are natural products obtained by hydro-
distillation, steam distillation or dry distillation, or in case of 
citrus oils by cold pressing methods, that contain mostly vol-
atile and semi-volatile compounds. Because of their pleasant 
odour, and potential positive effects on human health and 

wellbeing, large quantities of EOs are produced annually 
to fulfil the needs of the flavour and fragrance, perfumery, 
cosmetics, and pharmaceutical industries, specifically in the 
areas of aromatherapy and phytomedicine. The EO profile 
is unique for each species and chemotype and influenced by 
environmental factors as well as distillation process in their 
manufacturing [1, 2].

Compounds present in EOs are products of the secondary 
metabolism of plants, thus differences in chemical profiles 
between different EOs come from the fact that each plant 
species and chemotype has a distinctive secondary metabo-
lism [3, 4]. These metabolites, depending on their purpose 
in the plant, are produced and accumulated at different rates 
in different plant organs. Additionally, environmental condi-
tions, such as climate, precipitation, temperature, and time 
of harvest have a great impact on the secondary metabolism 
and chemical profile of the EO. Hence, the relative pres-
ence of ‘marker’ chemicals, used to establish EO authentic-
ity must be well-defined, establishing the links between the 
chemical profile of the sample, and the species, chemotype 
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and environmental conditions under which the plant was 
grown [5, 6].

Due to the nature of the EOs constituents, gas chromatog-
raphy (GC) is the most widely applied analytical technique 
for their qualitative and quantitative characterisation [1]. 
Routine EO analysis is typically performed by GC equipped 
with a single column. However, the complexity of most EOs, 
has led to an increasing interest in multidimensional separa-
tions. Multidimensional gas chromatography (MDGC) sys-
tems offer an increased separation power and peak capacity 
compared to standard GC systems, which can help in the 
identification and quantification of compounds present at 
trace levels that might be co-eluted with others present in 
higher amounts on a single column [7]. In a typical MDGC 
system, where a second column with a different stationary 
phase is connected to the first dimension (1D) column by 
means of a transfer device, increased peak resolution and 
peak capacity can be achieved. Analysis can be performed 
either in heart-cut (GC–GC) or in comprehensive mode 
(GC × GC) [1, 7]. In GC–GC, selected discrete fractions of 
the 1D column eluent are sent to the second dimension (2D) 
column [2], whilst in comprehensive two-dimensional gas 
chromatography (GC × GC), there is continuous modulation 
(fractionation) of the eluent, where each fraction is trans-
ferred to a short narrow-bore 2D column [3]. Multidimen-
sional GC in its various forms has been reviewed extensively 
in the past, where such standard configurations are explained 
in detail [8–10]. The latest technological and instrumental 
developments in MDGC were the subject of part 1 of this 
review mini-series [11], which specifically complements this 
current review focused upon applications.

MDGC is increasingly being applied to the characterisa-
tion of EOs, due specifically to its greater resolution and 
peak capacity. This increased capacity can help identify 
important differences in the EO composition arising from 
plant source, species, chemotype, plant organ or environ-
mental factors [2]. MDGC can also improve detection of low 
levels of environmental pollutants in EOs, or compounds 
produced by oxidative degradation of compounds from pro-
longed exposure to higher temperatures and/or light, due to 
poor storage conditions. In addition, some EOs, e.g. tea tree 
EO, can contain sensitisers which arise from the oxidative 
formation of peroxides, endoperoxides, and epoxides, and 
their abundance must also be closely monitored [12].

In this review, the application of MDGC in EO analy-
sis reported over the past decade or so, will be critically 
discussed. Special attention will be paid to the qualitative 
and quantitative aspects of EO characterisation by MDGC. 
The review is focused on studies looking into the increased 
separation power of MDGC and its application in the charac-
terisation and aroma analysis of EOs. Additional focus will 
be given to studies reporting on the application of MDGC 
in the identification and determination of the enantiomeric 

excess (EE) of chiral compounds and its importance in EO 
characterisation. The role data analysis has in the process of 
characterisation of EOs, and the importance of multivariate 
statistical analysis in the authentication process of complex 
matrices is included.

Qualitative MDGC Analysis of the Essential 
Oils

Advantages of MDGC in Essential Oil Analysis

MDGC, with its greater resolving power, provides the 
opportunity to separate and identify compounds that co-elute 
in conventional GC, facilitating much more comprehensive 
chemical profiles [13, 14]. For example, Baharum et al. [15] 
identified 48 significant compounds from Polygonum minus 
Huds EO, using GC × GC, compared with only 21 detected 
utilising one-dimensional (1D) GC/mass spectrometry 
(MS), while the rest were not identified due to the co-elution 
with other compounds. Similarly, Ray et al. [16], applying 
GC × GC-Time of flight (TOF)-MS, managed to identify 53 
terpenoids for the first time in the Hedychium coronarium 
J. Koening EO.

The increase in separation power of the MDGC technique 
can best be seen in the example of spathulenol, from the EO 
of Manekia obtusa (Miq.) Arias, Callejas & Bornst., which 
in 1D GC is observed as one overlapping peak, while in 
GC × GC can be resolved to six separate peaks (Fig. 1) [17]. 
A similar situation was observed with limonene, o-cymene, 
1,8-cineole and phenylmethyl alcohol in the Kewda flower 
oil which could only be separated in the 2D [12]. Cai et al. 
[18] observed that curcumene, α-ionone, and 2,3-dehydro-α-
ionone co-elute in the 1D GC analysis of Lonicerae japoni-
cae Thunb. EOs, but can be separated utilising GC × GC 
with TOF-MS detection. These compounds were separated 
on a mid-polar 2D column, with (50%) phenyl (50%) dimeth-
ylpolysiloxane as the stationary phase [18]. Sandalwood EO 
was analysed by Sciarrone et al. [19], where the sesquiterpe-
noids (E,E)-farnesol and (Z)-β-santalol co-eluted on a single 
apolar column, and (E,E)-farnesol and (Z)-α-santalol co-
eluted on a polar column. However, these three compounds 
were readily separated using GC–GC. Detection and quan-
tification of (Z)-β-santalol is particularly important, being 
one of the most significant sandalwood EO constituents for 
its sensorial qualities.

Off-line normal phase liquid chromatography (LC) can 
be applied as an additional separation step in EO analysis 
to decrease the complexity of the EO by pre-separating 
different chemical classes, e.g. more polar oxygenated 
compounds from mono- and sesquiterpenes. This way, 
by optimising separation conditions for more chemically 
homogenous groups of compounds, it is possible to obtain 
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higher resolution, identify new compounds and define dif-
ferences between different chemotypes, as in the case of dif-
ferent mandarin EOs. For instance, in Mexican mandarin 
EO, 16 compounds were identified for the first time, while 
in green manadarin EO, 35 compounds were found, which 
had not been reported in mandarin EOs previously [19]. 
Several compounds identified in the green mandarin EO, 
such as γ-terpinen-7-al, n-dodecanal, karahanenone, trans-α-
hydroxy-pinocamphone or ethyl butyl ketone, (Z)-jasmone, 
umbellenone, and prenol, had only previously been identi-
fied in yellow manadarin EO [20].

An increase in sensitivity and S/N ratio in GC × GC due 
to thermal modulator refocusing enables separation and 
identification of trace levels of compounds, including iden-
tification of environmental pollutants and/or degradation 
products. This is important from the perspective of quality 
control in EOs. Kirkin et al. [21] managed to separate and 
identify the compounds 2-caren-10-al and 4-(1-methylethyl)-
1,3-cyclohexadiene-1-methanol, and observe increased level 
of cumin aldehyde, which had arisen in the irradiation pro-
cess (utilised for sterilisation) of the EO in the presence of 
air. As each of these compounds co-elute in the 1D with 
other compounds, they could not be observed and identified 
with conventional GC. Sciarrone et al. [22] used GC–GC 

to analyse tea tree EO for traces of ascaridole and 1,2,4-tri-
hydroxymenthane, which usually occurs from oxidation 
processes, when the EOs are not properly stored. Hyphen-
ating MDGC with MS/MS detection can further increase 
the method sensitivity using specific precursor and product 
ions, multiple reaction monitoring (MRM) and selected ion 
monitoring (SIM) operational modes, facilitating detection 
of even lower levels of these compounds [23]. This is impor-
tant in quality assessment of EOs, especially when these oils 
are labelled as organic and must comply with more strict 
regulations [22].

Elution Patterns of Chemical Classes in GC × GC

Due to the orthogonality of the GC × GC system, where the 
compounds are typically separated according to their dis-
persion interaction on a non-polar column in 1D, and their 
polarity in the 2D using a polar column, molecular classes 
are separated and form clusters in two-dimensional (2D) 
contour plots [17]. Aliphatic alcohols, aldehydes and ace-
tates elute before monoterpene hydrocarbons in the 1D due 
to their higher polarity [24]. Alkanes are resolved in the 1D, 
while in the second, they elute first from the column (Fig. 2) 
[25]. Compared to the sesquiterpenes, monoterpenes elute at 
lower retention times in the 1D, due to their lower molecular 
weights [17, 26]. Sesquiterpenes and norsesquiterpenes elute 
in the 1D as per conventional GC, while in the 2D they are 
distributed according to the number of double bonds present, 
with retention time rising with an increase in the number of 
these bonds, which provide stronger interactions with the 
polar stationary phase [27]. Monoterpenoids and sesquiter-
penoids elute after their hydrocarbon homologues in the 1D 
and, due to the wider range of polarity, are typically more 
resolved in the 2D [17, 26]. Monoterpenic alcohols elute at 
the same time as monoterpenic acetates in the 1D, while in 
the 2D, monoterpenic acetates exhibit higher retention times 
[24]. Cluster formation in 2D contour plots is one of the 
advantages of GC × GC, because it gives a straightforward 
picture of the chemical classes present in the EO. These 
observations were used by Tissandie et al. [28] to identify 
vetiveryl acetates from vetiver EO, which under the thermal 
conditions of cryogenic modulation eliminate the acetate 
functional group, producing sesquiterpenes which were 
aligned with their parent ester peak along the 2D in the 2D 
contour plots.

Identification of Compounds Using GC–GC 
and GC × GC

Identification of peaks in 1D GC coupled with MS is mainly 
performed by comparing experimentally obtained mass 
spectra with appropriate reference libraries, and linear tem-
perature-programmed retention indices (LTPRIs), obtained 

Fig. 1   a Spathulenol, overlapping peak in 1D GC; b resolved to six 
compounds in GC × GC. Reproduced and adapted with permission 
from [17]
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from retention times using the Van den Dool and Kratz equa-
tions for temperature-programmed separation [30–33]. How-
ever, obtaining RIs in GC × GC is more complicated. Several 
papers have been published attempting to obtain RIs on both 
columns in GC × GC. The 1D retention times are approxi-
mated from the total retention time of the modulated peak 
with maximum response, after subtraction of the experimen-
tal 2D retention time obtained during the GC × GC analy-
sis. LTPRIs for the 1D are calculated using Van den Dool 
and Kratz equations. Von Mühlen et al. [24] has shown that 
these are in good agreement with the values obtained from 
1D GC separations [34]. Saucier et al. [35] and Brokl et al. 
[29] applied this method for peak identification in artichoke 
EO and ylang–ylang EOs, respectively. Savareear et al. [36], 
used two different columns in the 1D, obtaining two linear 
retention indices for each compound, which were used as an 
additional level of identity confirmation. In place of LTPRIs, 
Namara [6] used retention time locking for peak identifica-
tion. In this method, the head pressure is set using a regres-
sion system so that the retention time of n-pentadecane, the 
locking compound, is exactly 27.5 min. This enables the use 
of absolute retention times as an identification tool instead 
of retention indices, as chemical species have predictable 
retention times under the same conditions [6].

In GC–GC separation, to determine 2D retention index 
it is necessary to heart-cut all the alkanes, trap them at the 
inlet of the 2D column and separate on the 2D column under 
the same experimental conditions as heart-cut regions of the 
sample. This way, alkanes and samples are analysed under 
the same instrumental conditions and the 2D retention index 
can be calculated. For an isothermal GC × GC separation, the 
retention index in 2D can be calculated according to Kováts 
index [10]. Retention times obtained in the 2D of GC × GC 
temperature-programmed analysis cannot be directly com-
pared with reference literature values, because the retention 
times of compounds vary according to the exact temperature 

at the moment of elution. Estimation of 2D retention times 
in temperature-programmed separations can be performed 
using the isovolatility curves of an appropriate alkane homo-
logues series, where retention time dependence on tempera-
ture must be constructed. To build the isovolatility curve, it 
is necessary to perform direct injection of alkane mixtures 
on the 2D column. Due to the isothermal conditions in 2D 
columns, 2D retention times can be interpolated from isovol-
atility curves and retention indices calculated by the Kováts 
equation [10, 33]. However, this process is time consuming, 
and has not been applied in the analysis of EOs.

Characterisation According to Chemical 
Markers

Since the chemical profile of the EO depends on the sec-
ondary metabolism of the plant, species and chemotype are 
primary sources of differences between chemical profiles of 
EOs. Reported studies characterising differences between 
EOs according to species, chemotype and varieties, car-
ried out over the past decade are summarised in Table 1. 
Within this body of work, eight different species coming 
from Citrus family were characterised by Zoccali et al. [37] 
utilising liquid chromatography as an off-line pre-separation 
step before the GC × GC analysis of sesquiterpene and ses-
quiterpenoid fraction. Yan et al. [38] have shown, work-
ing with hops, that differences in cultivars lead to unique 
chemotypic patterns reflected in the abundance of specific 
terpenes and terpenoids. The highest amount of sesquit-
erpenes and sesquiterpenoids was found in Helga (66%), 
with humulene and caryophyllene being major contributors 
with 22.3% and 14.1% of total peak volume. Monoterpenes 
and monoterpenoids were big contributors to Cascade with 
46.8% of total peak volume, with β-myrcene having 38.4%, 
while Super Pride was having the highest total amount of 

Fig. 2   GC × GC total ion cur-
rent chromatogram contour 
plots of a distillation fraction 
collected after 25 min (frac-
tion 1) of distillation of mature 
ylang–ylang flowers harvested 
in Mayotte—A, monoterpenes; 
B, monoterpenoids; C, esters; 
D, sesquiterpenes; E, sesquit-
erpenoids, and F, alkanes, 
respectively. Reproduced with 
permission from [29]
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Table 1   Differences in EO chemical profile depending on species, age, origin, treatment of plant material and distillation reported over the past 
decade

Plant species Family Differentiation between MDGC type References

Species, genotypes and varieties
 Mentha × piperita L., Mentha arvensis L., 

Mentha spicata L., Mentha × gentilis L.
Lamiaceae Comparison between Mentha species GC × GC [12]

 Lavandula angustifolia Mill.; Lavandula 
angustifolia Mill. × Lavandula latifolia

Lamiaceae Comparison between Lavender and Lavan-
din EOs

enan GC × GC [12]

 Lavandula angustifolia Mill.; Lavandula 
angustifolia Mill. × Lavandula latifolia 
Medik

Lamiaceae Comparison between Lavender and Lavan-
din EOs

GC × GC [40]

 Mentha × piperita L. and Mentha spicata L Lamiaceae Comparison between Peppermint and 
Spearmint EOs

GC × GC [40]

 Citrus EOs Citrus Comparison between Citrus species GC × GC [37]
 Humulus lupulus L. Cannabaceae Different genotype GC × GC [38]
 Ocimum basilicum var. thyrsiflora and 

Ocimum basilicum
Lamiaceae Comparison between Ocimum basilicum 

varieties
GC × GC [39]

 Lemon and Mandarin petitgrain Citrus Comparison between Lemon and Mandarin 
petitgrain EOs

enan GC–GC [41]

Plant part
 Piper cubataonum C.DC. Piperaceae Leaves and branches GC × GC [17]
 Piper regnellii (Miq.) C. DC. Piperaceae Leaves, stems and flowers GC × GC [42]

Origin
 Notopterygium incisum Ting ex H.T. chang Apiaceae Geographical origin GC × GC [26]
 Chrysopogon zizanioides L. Asteraceae Geographical origin GC × GC [27]
 Chrysopogon zizanioides L Asteraceae Geographical origin GC × GC [40]
 Rosa damascene Miller Geographical origin enan GC × GC [31]
 Citrus aurantifolia Swingle Citrus Geographical origin enan GC–GC [43]
 Leonotis leonurus (L.) R. Br. Lamiaceae Geographical origin GC × GC [44]
 Melaleuca alternifolia (Maiden & Betche) 

Cheel
Myrtaceae Geographical origin enan GC × GC 

and GC–GC
[45]

Age and season of plant picking
 Aniba rosaeodora Ducke Lauraceae Maturity 4-, 10-, and 20-year-old leaves GC × GC [46]
 Citrus deliciosa Ten Citrus Seasonal variations enan GC–GC [47]
 Origanum onites L. Lamiaceae Difference in date of sample collection GC × GC [48]
 Panax ginseng C. A. Mey. Araliaceae Maturity (3, 5, 8 years) GC × GC [49]

Plant treatment before distillation
 Chrysanthemum morifolium Ramat. Asteraceae Differentiation between EO distilled from 

sun-dried and sulphur-fumigated plant 
material

GC × GC [14]

 Mandarin EOs Citrus Effect of ripe fruit processing on the chemi-
cal profile of mandarin EO

GC × GC [20]

 Rosmarinus officinalis L.; Piper nigrum 
L.; Thymus vulgaris L.; Cuminum 
cyminum L.

Lamiaceae; Piper-
aceae; Lamiaceae; 
Apiaceae

Effect of irradiation on EO chemical profile GC × GC [21]

 Atractylodis macrocephalae rhizoma Atractylodes Differentiation between EO distilled from 
crude and processed rhizome

GC × GC [50]

 Chrysopogon zizanioides L. Asteraceae Differentiation between chemically and 
enzymatically acetylated vetiver EO

GC × GC [51]

 Rosmarinus officinalis L. Lamiaceae Differentiation between EO distilled air-
dried and freeze-dried plant material

GC × GC [52]

 Ilex paraguariensis A. St. Hil. Aquifoliaceae Differentiation between EO distilled from 
fresh and processed mate leaves

GC × GC [53]
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esters with 18.3% among all cultivars [38]. Another good 
example is the case of Ocimum basilicum var. thyrsiflora 
and Ocimum basilicum L. leaf EOs, two varieties which 
belong to Ocimum genus, as analysed by MDGC [39]. In 
O. basilicum var. thyrsiflora leaf EO, methyl chavicol was 
the dominant compound identified (81.82%), while the main 
component of O. basilicum leaf oil was linalool at 43.78%. 
Eight compounds which could be utilised as markers for 
differentiation of these two types were detected in O. basili-
cum. The analysis determined that O. basilicum var. thyrsi-
flora contains a significantly higher number of monoterpe-
noids, while O. basilicum was richer with sesquiterpenoids 
[39]. These differences could be readily observed from the 
full chemical profile of the EO on 2D contour plots, where 
the monoterpenoids and sesquiterpenoids were well sepa-
rated [17, 26].

Differences in secondary metabolism and accumulation 
rates of different compounds between different plant organs 
give rise to different chemical profiles. This can be seen in 
the example of EOs obtained from the leaves, stems and 
flowers of Piper regenllii (Miq.) (see Fig. 3). EO obtained 
from the leaves has the highest content of monoterpe-
nes (35.85%), with prominent compounds eluting before 
22.7 min (See Fig. 3a), stems have the highest content of 
phenylpropanoids (39.23%), while EO from the flowers has 
the highest relative abundance of sesquiterpenes (31.11%) 
(Figs. 3c, 4) [42].

Besides species, chemotype and plant organ, it is well 
known that geographical origin, soil, and climate, can also 
affect the expression of the secondary metabolism in the 
plants, thereby affecting the chemical profile of EOs. Addi-
tionally, the time of harvest and distillation process also have 
a significant impact on the final chemical composition, and 
thus value of the EO [29]. In recent years, many authors 
have reported effects of these parameters on the EO chemi-
cal profiles (Table 1).

Vetiver EO, obtained by hydro-distillation of the fragrant 
roots of Chrysopogon zizanioides L., is of high commer-
cial value as a common ingredient within the perfumery 
industry. Therefore, it is important to determine geograph-
ical influence on the chemical profile of vetiver EO, as 
this impacts the fragrance of the EO. With this in mind, 
Filippi et al. [27] and Cordero et al. [40] determined the 

fingerprints of vetiver EOs from Brazil, Java, Haiti (Fig. 5) 
and Bourbon using GC × GC. It was shown that the Brazil-
ian oil had characteristically high levels of zizanoic acid 
and khusimol; the Haitian had higher levels of oxygenated 
compounds, and those from Java had more sesquiterpenes, 
such as β-vetivenene. Furthermore, Filippi et al. showed, 
in several samples, significant variations in the levels of 
different compounds with regard to the international ISO 
standard 4716:2002. Such discrepancies arise from the fact 
that the international standard was set utilising 1D GC, 
which is obviously much lower in resolution compared to 
the GC × GC method applied by Filippi et al., and Cordero 
et al. From this example, it is clear then how MDGC has an 
important role to play in setting improved authenticity and 
quality standards.

Besides differences according to geographical origin, 
Kutlular et al. [48] showed that harvest time caused observ-
able differences in EO chemical profiles. Leaves and grains 
obtained from Origanum onites L. harvested on three differ-
ent dates, 15th June, 25th June, and 5th July, provided differ-
ent EO yields, as well as chemical profiles. Samples showed 
an increase of linalool from 0.14% on 15th June to 5.14% 
when harvested on 5th July, and similar changes occurred 
with thymol and β-pinene. They also observed an increase 
in the concentration of oxygenated compounds in oregano, 
which contribute more to its fragrance [48]. This observa-
tion relates to the scope of climate conditions, number of 
sunny or rainy days, average temperature, humidity, etc., as 
well as other environmental factors influencing secondary 
metabolism, which helps map optimal conditions necessary 
to obtain the best EO quality.

It is important to take into account the distillation pro-
cess used to produce the EO, when assessing its chemi-
cal profile. For example, the steam distillation of Chrys-
opogon zizanioides, producing vetiver EO, gives a more 
distinctive chemical profile, containing α-cubebene and 
α-ylangene (floral scents), with several other compounds 
only identified in the distilled product, such as 9,10-dehy-
dro-2-norzizaene, β-copaene and trans-calamenene [54]. 
Besides the extraction technique, distillation time also has 
a great influence on the composition of the EOs. Brokl 
et al. [29] showed with ylang–ylang that EO collected 
after 25 min of distillation is much richer in more volatile 

Table 1   (continued)

Plant species Family Differentiation between MDGC type References

Distillation procedure
 Cananga odorata (Lam.) Hook.f. & 

Thomson
Annonaceae Effect of distillation time on chemical 

profile of EO
GC × GC [29]

 Chrysopogon zizanioides (L.) Asteraceae Differentiation between distilled EO and 
extraction products

GC × GC [54]
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compounds compared to the those collected after 8 h, 
which have higher abundance of compounds with higher 
boiling points, such as sesquiterpenes. The lowest grade 

ylang–ylang EOs, with short distillation times, are mostly 
utilised in the perfume industries due to the high content 
of very volatile compounds.

Fig. 3   2D contour plots 
(GC × GC/TOFMS) of Piper 
regnellii a leaves, b stems, 
c flowers. Reproduced and 
adapted with permission from 
[42]

Fig. 4   Semi-quantitative class 
distribution of compounds in 
each Piper regnellii essential 
oil studied by GC/qMS and 
GC × GC/TOFMS. Reproduced 
with permission from [42]
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Fig. 5   2D contour plot of Haiti type vetiver essential oil. Reproduced with permission from [27, 41]
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Comparison of the chemical composition of EOs obtained 
from Aniba rosaeodora Ducke (rosewood) leaves and small 
branches of 4-, 10- and 20-year-old trees using conventional 
GC, showed greater similarity in identified compounds 
between oils from the 10- and 20-year-old plants, identify-
ing 22 compounds, compared to 31 identified in the 4-year-
old ones. However, analysis of the same oils by GC × GC 
showed fewer dissimilarities, whilst separating and identify-
ing over 90 compounds in each of these three EOs [46]. This 
shows that GC × GC, by resolving otherwise co-eluting com-
pounds, provided much more accurate and reliable chemical 
profiles. Subsequently, it was concluded that rosewood EO 
from younger plants and older trees are essentially similar, 
and can be used equally in the perfume industry, with the 
fragrance obtained from the young plant oil very similar to 
the older one [30]. This has obvious economic impact on 
rosewood EO production.

Any industrial process performed on the plant organ 
before distillation can influence the chemical profile of 
the EO. Polidor et al. [53] compared chemical profiles of 
fresh leaves obtained from Ilex paraguariensis A. St. Hil. 
(popularly called “mate”) with leaves obtained after indus-
try processing through blanching and drying, where these 
harsh processes lead to a change in chemical composition. 
Analysis of the samples showed an increase in the number 
of compounds in the processed mate, probably due to chemi-
cal degradation of certain compounds. For instance, some 
norisoprenoids observed in the green (or processed) mate 
EO, such as (E)-β-damascenone (3.03%), and (E)-β-ionone 
(0.81%), might come from the degradation of carotenoids 
determined in fresh leaves. It was also observed an increase 
of monoterpenoids (to 41.46% in green mate) and furans, as 
well as a decrease of linalool (from 17.61% in fresh leaves 
to 5.5% in green mate), all come as a result of industrial pro-
cessing. These compounds proved to be excellent chemical 
markers for differentiation of processed and non-processed 
leaves [53].

Enantioselective MDGC

EOs are complex mixtures containing many chiral com-
pounds which may be present in enantiomeric or diastere-
omeric forms. Enantioselective GC is commonly adopted for 
the assessment of an EOs authenticity, as the enantiomeric 
excess (EE) of chiral compounds is often peculiar for each 
plant species, chemotype, geographical origin, or in some 
instances the technological treatment the EO has undergone. 
Many chiral compounds, such as limonene, β-phellandrene, 
γ-muurolene and germacrene D tend to co-elute in 1D GC. 
In an attempt to separate them and obtain a more reliable EE 
measurement, Lo Presti et al. [55] applied enantioselective 
GC–GC to the determination of 17 enantiomeric pairs in 
Pistacia lentiscus L. twig oil, obtaining enantiomeric ratios 

for each pair, while Bonaccorsi et al. [56] applied enantiose-
lective GC–GC to bergamot petitgrain EO, determining ten 
pairs of enantiomers.

Many enantiomers present in citrus EOs, such as 
(−)-camphene and (−)-α-terpineol, partially or completely 
co-elute with other compounds in 1D GC, which makes their 
full characterisation impossible. Application of enantiose-
lective GC–GC/MS techniques carried out by Bonaccorsi 
et al. [43] and Schipilliti et al. [41] managed to separate ten 
pairs of enantiomers obtaining the EE for each of them and 
setting quality markers for both citrus EOs and petitgrain 
lemon and mandarin EOs, as well as markers for differentia-
tion between different lime species. Both research groups 
characterised the same eight enantiomeric pairs. Besides 
these enantiomeric pairs, Bonaccorsi et al. also identified 
and characterised α- and β-phellandrene, while Schipilliti 
et al. identified linalyl acetate and α-pinene. Separation of 
nine enantiomeric pairs from petitgrain lemon EO on 2D chi-
ral column of GC-GC/MS system is presented in the Fig. 6, 
while EE of α-pinene was determined from the 1D enan-
tioselective GC/ flame ionisation detector (FID). In addi-
tion, Bonaccorsi and Schipilliti observed certain differences 
in EE among the characterised chiral components. Harvey 
et al. [57] and Barba et al. [58] performed enantioselective 
GC–GC analysis of Mentha spicata L. and Mentha × piperita 
L. EOs, respectively, finding differences in the two chiral 
profiles which reflect the difference in the plant material 
used to prepare the EOs. Mentha × piperita was distilled as 
a mixture of M. spicata and M. aquatica, chemotype men-
thone, compared to the pure species M. spicata used by 
Harvey.

Krupcik et al. [59] applied enantioselective flow-modu-
lated GC × GC with a FID and quadruple mass spectrometry 
(qMS) to the determination of the enantiomers in lavender 
EO. However, due to the complexity of the matrix and vari-
ety of chiral compounds, two different sets of columns were 
used, differing in the 1D cyclodextrin column (Rt-βDEXse 
and β-DEX 120), while having the same polyethylene glycol 
stationary phase column as in the 2D. The EE obtained for 
α-pinene, α-phellandrene and α-terpineol from both column 
sets were in good agreement. Discrepancies were observed 
for β-pinene, limonene and camphene, which might have 
arisen from co-elution with other compounds in either one 
of the column systems [59]. Sgorbini et al. [12] also showed 
good agreement of EE of authenticity markers for lavender 
EOs with the standards for this EO set by European Phar-
macopeia [60].

As most MDGC separations are rather time consuming, 
Wong et al. [45] proposed a method for fast enantioselec-
tive GC–GC and GC × GC for authentication of tea tree EOs 
coming from Australia. They separated three main chiral 
monoterpenes: limonene, terpinen-4-ol and α-terpineol, in 
under 25 min with an enantioselective column in 2D, and in 
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under 20 min when an enantioselective column was used 
in 1D. The fast separation was achieved by optimising the 
column configuration and oven temperature ramp rates. This 
method was applied to determine the EE of these compounds 
in the tea tree EOs coming from different geographical loca-
tions and can be used in the authentication of this EO. Utilis-
ing GC–GC, Greule et al. [61] used different oven tempera-
ture ramp rates in both dimensions for the characterisation 
of different chiral compounds in oregano, thyme, savory, 
and fennel EOs.

The application of MDGC in combination with chiral 
analysis is a powerful tool for the characterisation of EOs 
from different geographical origins [4, 5, 22, 62, 63]. Krup-
cik et al. [31] characterised chiral compounds present in 
EOs obtained from Rosa damascene Miller from Bulgaria 
and Turkey. Several quality markers, such as α-pinene and 
β-pinene, can be used as authenticity markers for rose oil, 
while R-limonene, R-linalool and α-terpineol can be used to 
distinguish the Bulgarian rose EO from the Turkish variant. 
Dugo et al. [47] showed that there are seasonal variations in 
the EE of chiral compounds present in mandarin EO from 
Citrus deliciosa Tenore (cultivars ‘Avana’ and ‘Tardivo di 
Ciaculli’) between September, when the fruit is still green 

(unripe), and March (late season). These EE ratios can be 
used as standards when the quality of these EOs is assessed. 
Finally, Schmarr et al. [64] showed that the EE of (S)-lin-
alool in cacao oil obtained by simultaneous steam distilla-
tion–extraction, does not change after industrial processing 
and can be used for authentication of the cacao.

Aroma Analysis

Gas chromatography hyphenated with olfactometry (GC–O) 
enables the detection of odour active compounds using sniff-
ing ports [5, 65, 66]. GC × GC is not an ideal technique for 
olfactometric analysis because the human breathing cycle 
is too slow for this type of MDGC, where several com-
pounds can exit the 2D column in a few seconds. However, 
in GC–GC only a selected portion of the effluent is sent 
to the 2D column, using its maximum resolving power to 
separate a limited number of analytes, and can therefore be 
successfully used to resolve selected odour-active regions 
[65]. Eyres et al. [65] applied this method for the analy-
sis of the co-eluting floral odour region in coriander. The 
region of interest was heart-cut from the first column and 
cryotrapped before being separated on the second column 

Fig. 6   GC–GC separation of chiral compounds in petitgrain 
lemon EO. 2 (+)-α-thujene, 2′ (−)-α-thujene; 5 (−) camphene, 5′ 
(+)-camphene; 6 (+)-sabinene, 6′ (-)-sabinene; 7 (+)-β-pinene, 
7′ (−)-β-pinene; 16 (−)-limonene, 16′ (+)-limonene; 26 (−)-lin-

alool, 26′ (+)-linalool; 39 (+)-terpinen-4-ol, 39′ (−)-terpinen-4-ol; 
41 (−)-α-terpineol, 41′ (+)-α-terpineol; 49 (−)-linalyl acetate, 49′ 
(+)-linalyl acetate. Reproduced with permission from [41]
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of the GC–GC–O system. It was determined that E-2-do-
decenal was the only compound contributing to the floral 
odour of coriander (Fig. 7a). The same method was later 
applied to hops, where the authors wanted to determine 
the compound responsible for its woody odour, which was 
achieved by GC–O (Fig. 7b). GC × GC/FID analysis of the 

hops woody active region, separated 6 compounds, formally 
co-eluting in GC-O analysis, which might contribute to the 
odour (Fig. 7c) [65]. To capture and determine the aromas of 
rosemary EO, oleoresin, and dried leaves, Van der Wat et al. 
[67] applied headspace analysis using multi-channel poly-
dimethylsiloxane traps, olfactometry and GC × GC/TOFMS 
characterisation. It was observed that the dried rosemary had 
a grassier, more farmyard-like, and woodier aroma, while 
the EO was dominated by a menthol aroma, with prominent 
eucalyptus and camphor notes mostly coming from terpe-
nes and terpenoids, and high concentrations of eucalyptol, 
pinene, camphor, and limonene. In addition, it was observed 
that the dried herb had evident loss of limonene and phel-
landrene, which was responsible for peppery and citrus fruit 
aromas [67].

Quantitative Analysis

Co-elution in the conventional 1D GC analysis affects not 
just qualitative, but also quantitative analysis. Applying 
GC–GC/MS to tea tree EO, Sciarrone et al. [22] completely 
separated and quantified p-cymene, limonene, and 1,8-cin-
eole, which are known to co-elute in 1D GC, obtaining 5% 
and 10% higher values for p-cymene and 1,8-cineole, and a 
4 times smaller value for limonene, compared to that deter-
mined using 1D GC. Sesquiterpenes, especially those pre-
sent in lower concentration, are also affected by co-elution 
in conventional GC. For instance, the quantity of δ-cadinene, 
co-eluting in the conventional GC analysis of tea tree oil 
with trans-calamenene, was overestimated by 30% [22]. 
Thus, application of MDGC can be necessary to obtain more 
accurate quantitative information on compounds present in 
EOs.

Normalised percentage abundance is the most common 
method for quantitative characterisation of EOs. This way 
of comparing the abundances is only recommended between 
the samples coming from the same family or chemotype. 
Otherwise, absolute concentration of compounds can be 
determined using internal and external standards. Since 
EOs are often complex mixtures containing hundreds of 
compounds, pure standards are not always commercially 
available, and it is impossible to use reference standards 
for the quantification of each compound in an EO. Thus, it 
is necessary to compromise and use compounds belonging 
to the same chemical class as reference standards [3, 68]. 
Filippi et al. [27] applied this principle to determine relative 
response factors (RRFs) for the experimental FID quanti-
fication of one compound as a representative of a whole 
chemical class [27].

Another way to overcome the lack of reference com-
pounds in quantification is to adopt a predicted relative 
response factor (PRRF). Calculation of PRRFs is based on 

Fig. 7   a GC–GC–O separation of co-eluting cluster in coriander leaf 
on 2D column, where (E)-2-docenenal was found to contribute to 
the floral odour; b shaded region that was perceived as woody dur-
ing GC–O analysis of hop; c outlined segment corresponding to the 
woody perceived region of hop, resolved into six different compounds 
using GC × GC/FID. Reproduced with permission from [65]
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combustion enthalpies and structures of compounds, taking 
into account the elemental composition of each constitu-
ent, and also specific molecular features, such as aromatic 
rings. This method was introduced by de Saint Laumer et al. 
[69] and was validated by Tissot et al. [70]. Filippi et al. 
[27] compared RRFs obtained experimentally, with PRRFs 
for compound quantification and obtained very good agree-
ment. For terpenic alcohols and terpenes, PRRF values were 
consistent with their corresponding RRFs, while terpenic 
ketones and aldehydes showed significantly higher PRRF 
values than those obtained experimentally. Cordero et al. 
[40] and Sgorbini et al. [12] applied PRRF for quantification 
of compounds within lavender and mint EOs. The values 
obtained were mostly in good agreement with external ref-
erence standards but a larger deviation, exceeding 20% of 
relative error, was observed for menthone and carvone in 
mint and 1,8-cineole and (S)-borneol in the lavender EO. 
In a work performed by Cordero, PRRF values were also in 
good agreement with quantitative data obtained by external 
calibration and the relative error did not exceed +/− 32%. 
Notar-Francesko et al. [51] applied PRRFs as a quantifica-
tion method for the constituents of Haitian vetiver oil which 
was altered using a lipase–catalysed acylation reaction.

Data Analysis in EO Characterisation 
and Authentication

By applying modern instrumental techniques such as 
GC × GC, it is possible to separate and identify a very high 
number of the compounds present in EOs. Therefore, data 
analysis, using statistical and mathematical principles, is 
becoming an inseparable part of MDGC, especially in EO 
characterisation. Multivariate statistical techniques, such as 
principal component analysis (PCA) [26, 49, 50] and hier-
archical cluster analysis (HCA) [44] can be used to cluster 

samples according to their chemical profiles, emphasising 
variances between the samples, and leading to grouping of 
samples according to the similarity of their chemical pro-
files and the possibility of building fitting models. Partial 
least squares discriminant analysis (PLS-DA) and variable 
importance in the projection (VIP) analysis, can be applied 
to maximise variation between the groups and to detect 
variables which have the greatest influence on classifica-
tion, identifying variables responsible for classification [49]. 
Applying PCA, HCA and orthogonal projections to latent 
structure discrimination analysis (OPLS-DA), Nsuala et al. 
[44], managed to classify EOs obtained from several species 
of Leonotis leonurus (L.) R. Br, into two classes—inland 
and coastal regions (Fig. 8)—identifying chemical markers 
for this differentiation, as well as chemical markers for the 
identification of EOs obtained from the species L. leonurus.

An interesting application of GC × GC together with PCA 
and HCA is found within the field of forensics and criminol-
ogy, where knowledge of chemical profiles of EOs, includ-
ing possible impurities, can provide important information 
to help identify suppliers and pathways for drug trafficking. 
One of the EOs of interest is sassafras obtained from the spe-
cies Sassafras albidum (Nutt.) Nees (native of North Amer-
ica), which is an important ingredient within the illicit drug 
ecstasy. Schaffer et al. [71] combined GC × GC/TOF with 
PCA and HCA techniques to determine similarities between 
sassafras EOs. HCA was applied and a dendrogram formed 
which could unambiguously show the chemical similarity 
between the samples, and identify those coming from the 
same batch, and plants coming from the same geographical 
location. In the analysis of sassafras EOs, ketones and alde-
hydes are of special interest because they can be found in the 
final product, either unaltered or converted to amines. This 
can be a direct link between the final product and the start-
ing raw material. In addition, PCA has shown that the main 
variation in seized sassafras EOs comes from the differences 

Fig. 8   PCA and OPLS-DA scatter plots showing the distribution of L. leonurus essential oils into two major groups; inland (green upward trian-
gle Mpumalanga and KwaZulu-Natal) and coastal (blue upward triangle Western Cape). Reproduced with permission from [44]
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in the distillation procedure, which can connect a certain 
product with its producer [71].

Multivariate curve resolution analysis (MCR) is a chemo-
metric technique which deals with the background signals 
arising from the GC instrumentation, such as baseline drift, 
spectral background, noise, low S/N ratio, changes in peak 
shape and co-elution [72]. In combination with alternat-
ing least squares (ALS), it can be a powerful technique to 
resolve and provide relative determination of compounds in 
complex mixtures and matrices [73]. De Godoy et al. [74] 
applied a MCR-ALS algorithm to build a multivariate quan-
titative model using data obtained from GC × GC/FID to 
identify and quantify rosemary EO in complex samples, with 
interferences such as perfumes present. He et al. [75] applied 
several chemometric techniques, namely heuristic evolving 
latent projections (HELP), selective ion analysis (SIA), 
alternative moving window factor analysis (AMWFA) and 
alternating trilinear decomposition (ATLD), which ena-
bled mathematical peak separation and identification of 
216 terpenoids and phthalides in a herbal Chinese mixture, 
Chaihu Shugan San, which contains seven individual herbs. 
Based on the obtained data, some potential quality markers 
(Q-markers) were identified for the quality of the products. 
They also managed to build a “connectivity map”, reveal-
ing that the main compounds, terpenes and phthalides, have 
different pharmacological effects [75].

Concluding Remarks and Future Work

The development of MDGC has had a significant impact on 
the way modern laboratories characterise and identify EOs. 
With the increase in separation power and resolution, the 
number of compounds identified has significantly increased, 
solving numerous co-elution issues, which caused problems 
for the qualitative and quantitative characterisation of many 
EO volatiles. It is now possible to obtain more accurate 
chemical profiles and to detect subtle differences among 
samples, which may come from the geographical origin, 
time of harvest, distillation and fractionation procedures. 
Increased separation power is also of significant importance 
in the detection of trace levels of harmful compounds such 
as sensitisers, or other degradation products that may arise 
due to poor storage conditions. In the future, MDGC will 
continue to play a crucial role in the authentication and qual-
ity assurance of EOs and EO based products. In addition, the 
application of multivariate statistical analysis on chemical 
profiles obtained by MDGC can be a powerful tool in the 
authentication process, where even small differences in cer-
tain parameters can be detected. Thus, the development of 
authentication procedures depends not only on the develop-
ment of instrumental techniques, but also on the application 
of appropriate mathematical and statistical techniques.
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