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    Chapter 7   
 Resolution of Complex Sesquiterpene 
Hydrocarbons in  Aquilaria malaccensis  
Volatile Oils Using Gas Chromatography 
Technique                     

       Saiful     Nizam     Tajuddin     ,     Che     Mohd     Aizal    , and     Mashitah     Mohd     Yusoff   

    Abstract     Agarwood or  gaharu  is resin-impregnated wood of the tree genus 
 Aquilaria  (Thymelaeaceae). In Malaysia, the main agarwood producer is  Aquilaria 
malaccensis  and oil extracted from this species is highly priced. One of the chal-
lenges in commercializing agarwood is the lack of universal standard to classify the 
aromatic oils. Our present knowledge places the main aromatic compounds of agar-
wood oil in the sesquiterpene hydrocarbon region. In this work, we extracted agar-
wood oil using hydrodistillation method in the laboratory and compared with a 
commercial-scale extraction in the factory. We analyzed the sesquiterpene hydro-
carbon region using several highly sophisticated detection systems. Using GC-FID, 
12 sesquiterpene hydrocarbons were identifi ed, while another eight were deter-
mined using GC-MS. Five compounds were identifi ed in both analytical techniques: 
aromadendrene, α-bulnesene, α-guaiene, γ-gurjunene, and β-maaliene. Advanced 
analysis using GC × GC/TOFMS detected 24 sesquiterpene hydrocarbons in both 
laboratory and pilot scale agarwood oils. Many of the sesquiterpene hydrocarbons 
identifi ed provide the woody aroma to the agarwood oil. Specifi cally, α-gurjunene 
and α-guaiene contribute to the woody balsamic aroma, while α-copaene contrib-
utes to the spicy-wood aroma. In total, 33 sesquiterpene hydrocarbons were identi-
fi ed from  A. malaccensis  in the present study, with high certainty. Results from this 
study can be used toward establishing a universal standard for agarwood oil from 
the genus  Aquilaria  in the global market, which is presently lacking.  

        S.  N.   Tajuddin      (*) •    C.M.       Aizal    
  Bio Aromatic Research Center of Excellence ,  Universiti Malaysia Pahang , 
  Gambang ,  Pahang   26300 ,  Malaysia   
 e-mail: saifulnizam@ump.edu.my  

    M.  M.   Yusoff    
  Faculty of Industrial Sciences and Technology ,  Universiti Malaysia Pahang , 
  Gambang ,  Pahang   26300 ,  Malaysia    

mailto:saifulnizam@ump.edu.my


104

7.1       Introduction 

 Natural agarwood is the pathological product from diseased  Aquilaria  tree primar-
ily because of wounds on the trunk. Consequently, the tree produces a type of resin 
(known as agar, agarwood, or  gaharu ) that is both high in volatile organic constitu-
ents and fragrant as a response to the attack. It is believed that the fragrant resin 
assists the tree in suppressing or retarding the microbial growth. The affected wood 
became dark brown or black due to the increased mass and wood density from resin 
development, leaving the unaffected wood in its original pale beige color. The high- 
quality agarwood is normally recognized from its dark color and strong aroma. The 
term black agar refers to the agarwood that resembles black stone as indicated in 
Fig.  7.1 . Agarwood is primarily used as incense, while its essential oil is in heavy 
demand in the perfume industry as evidenced from the recent expansion of new 
consumer products such as agarwood essence, soap, and shampoo.

   Several methods have been used to classify the physical properties of agarwood 
for trade purposes. For instance, brown agarwood without any black tone is often 
used as incense. Meanwhile, yellow wood with interspersed bands of brown or 
black resin is graded as the lowest quality and is commonly distilled for the oil 
(Chang et al.  2002 ). Therefore, low-cost agarwood oil can be obtained to be utilized 
in toiletries or perfumeries or blended as carrier oils. At present, there is very little 
information on the quality of different agarwood essential oils produced. 

 Essential oils, otherwise known as essences or volatile oils, are the volatile of 
secondary metabolites produced by plants either for their nutrition or other purposes 
(e.g. as protectant or attractant). The “essential oil” term is often used to illustrate 
the complex mixtures of chemical components in plants generally extracted using 
steam distillation, solvent extraction, or physically pressed plant material tech-
niques (Ernest  1948 ; Yeung  1980 ). Their chemical constituents are widely utilized 
for their fragrance, fl avor, pharmacological, antimicrobial, insect repellency, and 
other medicinal properties (Bakkali et al.  2008 ; Burfi eld and Reekie  2005 ; 
Burt  2004 ; Edris  2007 ). 

  Fig. 7.1    A high-quality 
natural agarwood often has 
a dark and dense resinous 
appearance       
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 Minor differences in these oil compositions can signifi cantly alter their odor or 
fl avor. Therefore, to ensure consistency of the products manufactured over time, the 
extraction process and composition analysis must be done precisely. Often time, the 
identifi cation of numerous components in essential oils has been very challenging 
due to their complex mixture (Adams  2001 ). Nowadays, several analytical tech-
niques have been developed to solve separation and identifi cation of complex mix-
ture compounds in essential oils for instant enantioseparation. Therefore, this 
chapter intends to explore the resolution mixture of sesquiterpene hydrocarbons in 
high-quality agarwood oil using gas chromatography (GC) and advanced two- 
dimensional GC system.  

7.2     Hydrodistillation for Agarwood Essential Oil Extraction 

 There are several methods of essential oil extraction that have been applied in 
research laboratories and industries such as the hydrodistillation, microwave- 
assisted, and supercritical fl uid extraction methods. Each method has its own advan-
tages and disadvantages in relation to the quality of the extracted oil such as the 
yield, duration, cost, and ability to extract targeted compounds (Augusto et al.  2003 ; 
Boris  2005 ; Luque de Castro et al.  1999 ). 

 However, hydrodistillation is the most popular method for extracting agarwood 
essential oil in commercial scale due to easy operation, lower cost, and green water- 
based process. The copper distillation pot has been traditionally used and it is still 
in use by some traders. Nowadays, the copper has been replaced by stainless steel. 
In this method, the pot is fi lled with fermented agarwood chips or powder and then 
heated on a brick furnace (Fig.  7.2a ). The heating process takes a long time,  possibly 
2–3 continuous days to ensure all the oil has been extracted. The hot vapor then goes 
through a steel condenser, where external running water jacket cools the vapors, 

a b

  Fig. 7.2    A commercial hydrodistillation system for agarwood oil extraction in Gua Musang, 
Kelantan (Malaysia). ( a ) Extraction contraption and ( b ) extracted oil in the collecting cone       
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which then drop into a collecting separating funnel where oil separates from water 
gravitationally (Fig.  7.2b ) (Burfi eld and Kirkham  2005 ).

   Meanwhile, laboratory scale hydrodistillation technique utilizes a Clevenger- 
type apparatus in which the raw material is heated to refl ux as illustrated in 
Fig.  7.3 . The essential oil components tend to form an azeotropic mixture with 
water during this process, and vapors containing volatile constituents are carried 
along with evaporated steam to a condenser. Prior to the extraction, distilled water 
is introduced into Clevenger apparatus with 5 ml of analytical grade hexane or 
other nonpolar solvents via the inlet. At the end, the mixture of essential oil and 
hexane is collected and mixed with anhydrous sodium sulfate to remove water 
content. Essential oil then is purifi ed by passing through inert gas usually 
nitrogen.

   The laboratory hydrodistillation period can take from 3 to 24 h depending on the 
sample. Distillation temperatures should be 100  ο C; however, the biomass move-
ment in the pot and heat distribution can vary and produce temporary high tempera-
ture, which in turn can lead to formation of artifacts. A well-regulated operation 
system can help in reducing compound rearrangement and terpene decomposition. 
Oil of poor quality can also be produced as the result of prolonged heating in contact 
with water (Stewart  2005 ). The polymerization of aldehydes, hydrolysis of esters, 
or  decomposition (e.g., dehydration) of volatile components commonly occurs dur-
ing this stage.  

  Fig. 7.3    Hydrodistillation 
using Clevenger-type 
apparatus       
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7.3     Components of Volatile Agarwood Oil 

 Agarwood contains several types of sesquiterpenes, and it has become the subject 
of active research in the past 40 years or more. It is believed that Agarol was the 
fi rst sesquiterpene isolated from agarwood (Bhattacharyya et al.  1952 ; 
Maheshwari et al.  1963 ; Bucchi and Wuest  1979 ). Nowadays, more than 70 ses-
quiterpene compounds have been identifi ed from agarwood (Naef  2011 ). The 
basic molecule of terpenes is the isoprene unit C 5 H 8 . Chemically, the terpenes 
can be divided into several classes including mono-, sesqui-, and diterpenes. 
Monoterpenes are comprised of two isoprene units, C 10 H 16 , whereas sesquiter-
penes, C 15 H 24 , contained three isoprene units. Sesquiterpenes that are important 
in agarwood oils are sesquiterpene hydrocarbons (C 15 H 24 ) and oxygenated ses-
quiterpenes (C 15 H 26 O). They are derived from the sesquiterpene skeletons and 
grouped as agarofuran, agarospirane/vetispirane, cadinane, eremophilane/valen-
cane, eudesmane/selinane, guaiene, and prezizane types (Fig.  7.4 ). Important 
oxygenated sesquiterpenes including agarospirol, jinkohol, jinkohol-eromol, and 
kusenol that may contribute to the characteristic woody aroma of agarwood are 
shown in Fig.  7.5 .

    Generally, agarwood oils are mixtures of sesquiterpenes, oxygenated sesquiter-
penes, oxygenated phenyls, carboxylic, and carbonyl hydrocarbons. Table  7.1  
shows the main sesquiterpene hydrocarbons and oxygenated sesquiterpenes, which 
have been identifi ed by previous agarwood research.

Agarofuran Agarospirane/
vetispirane

Cadinane

Prezizane

Eremophilane/
valencane

Eudesmane/
Selinane

Guaianes

O

  Fig. 7.4    Skeleton of hydrocarbons found in volatile agarwood oil (Source: Naef ( 2011 ), Chen 
et al. ( 2012 ))       
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7.4        Compound Detection via Gas Chromatography (GC) 

 GC is a well-known analytical technique utilized for separation of volatile com-
pounds. It provides qualitative and quantitative information for each compound 
present in the sample. Initially, the solid or liquid sample is vaporized into a gaseous 
state by heating process. As the vaporized sample moves through a GC column, 
these compounds are fractioned between a mobile phase (gas) and a stationary 
phase (solid or liquid). The compounds are separated in time and space due to the 
differential fractionation of the solute into the stationary phase. 

 GC fi nds its main application in the analyses of essential oils, fatty acids, 
mono- and sesqui-terpenes, and sulfur compounds (Arian  2002 ; Bartle and Myers 
 2002 ). An inert carrier gas under pressure (helium, argon, nitrogen, or hydrogen) 
is used to convey the vaporized sample through a narrow column. Normally, GC 
columns are made from fused silica tubes with internal diameters between 0.1 and 
1 mm. To enhance thermal stability, 0.1–5 μm stationary phase fi lms are bound 
and cross- linked to the column’s inner surface. The column then is stationed 
inside an oven with temperature control. This allows the column to be heated 
slowly from an ambient temperature up to 350–450 °C for separating the chemical 
compounds. 

 Flame ionization detector (FID) and mass spectrometer detector (MSD) are 
the most commonly used instruments for detection of eluting compounds in 
GC. The applicability of GC with “universal” detectors makes this analytical 
instrument one of the most suitable option for essential oil study. GC has three 
main advantages over other analytical methods; it is very rapid, it has a very high 
separation capacity, and it is highly sensitive (König et al.  1999 ). 

Agarol Agarospirol Oxo-agarospirol

Kusunol

Jinkohol Jinkohol II

Jinkoh-eremola-Agarofuran b-Agarofuran 10-epi-g-Eudesmol

H

O

O

H H

H

H

OH OH

OH

OH

OHOHOH

OO

CHO

HO

H

  Fig. 7.5    Skeleton of oxygenated sesquiterpenes found in volatile agarwood oil (Source: 
Maheshwari et al. ( 1963 ), Varma et al. ( 1965 ), Nakanishi et al. ( 1981 ,  1984 ), Ishihara and 
Tsuneya ( 1993a ,  b ))       
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7.4.1     Gas Chromatography-Flame Ionization Detector 
(GC-FID) 

 GC-FID is a common technique to identify compounds by comparison of reten-
tion time ( t  r ). Those retention times are converted into Kovats retention index ( I ), 
which is a system-independent constant. The  I  values are actually the normalized 
of  t  r  value for adjacently eluting n-alkanes with those  t  r  values obtained from chro-
matogram. Parameters such as fi lm thickness and diameter, column length, void 
time, carrier gas velocity, and pressure infl uenced the  t  r  values. However, deriva-
tion of  I  values is relatively independent, thus allowing the comparison of values 
calculated under various conditions and different analytical laboratories. Joulain 
and König ( 1998 ) suggested that by comparing experimental  I  values with those 
known values, Kovats indices can be used to identify chemical compounds in the 
samples. 

 The sensitive detection of fl ame ionization detector (FID) toward molecules 
with carbon-hydrogen bonds makes it the most utilized detector in GC. The low 
limit of detection ranging from 0.1 ppm to almost 100 % is highly preferable for 
hydrocarbon analysis. FID responds poorly to compounds such as CCl 4 , H 2 S, and 
NH 3  and in some cases not at all. Nonetheless, changing the carrier gas fl ow rate 
only has small impact on detector response. As a matter of fact, FID is not concen-
tration sensitive, but it is sensitive to mass of hydrocarbons. The stable response 
rate also resulted in FID being more resistant to contamination either by column 
bleed or sample itself. Although it is a user-friendly and robust instrument, the 
sample is destroyed during analysis as compound ionization process uses hydrogen 
diffusion fl ame.  

7.4.2     Gas Chromatography-Mass Spectrometry (GC-MS) 

 GC-MS is literally known as a hyphenated analytical technique as it combines two 
techniques, namely, GC and mass spectrometry (MS) to form a powerful single 
method for chemical compound analysis including essential oils. This combination 
is very useful for qualitative and quantitative evaluation of known and unknown 
sample as GC works to separate the component of a solution and MS characterizes 
each compound individually. 

 Mass spectrometry detection is based on analysis of generated charged particles 
(ions) from molecules of the analytes. This technique provides details regarding 
their molecular weight and chemical structures. Generally, various MS detector 
types and sample introduction techniques enable a broad application for sample 
analysis. According to Gross ( 2004 ), there are three specifi c regions for MS instru-
mentation; ionizer, ion analyzer, and detector.  
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7.4.3     Comprehensive Two-Dimensional Gas Chromatography 
(GC × GC) 

 GC × GC technique nowadays is utilized for its capability to analyze very complex 
samples (Marriott et al.  2001 ; Beens and Brinkman  2005 ; Adahchour et al.  2006 ; 
Mondello et al.  2007 ). This analytical tool is so powerful that it is extensively used 
to deal with separation and resolution issues in conventional GC. Giddings ( 1984 ) 
was the fi rst person known to discuss and elucidate many basic requirements of 
“separation dimension” in his revolutionary paper on chromatography techniques. 
A single column for separation based on particular parameters (stationary phase, 
length, size, etc.) represents a separation dimension. Therefore, the term “GC × GC” 
indicates that two different columns are employed to create a two-dimensional sepa-
ration for the sample. In fact, separation process in these columns is orthogonal and 
independent of each other. Despite the fact that the concept of GC × GC separation 
was fi rst suggested by Giddings as a possibility, the initial practical implementation 
was demonstrated in 1991 (Marriott and Shellie  2002 ). 

 The extensive implementation and rapid improvement of GC × GC primarily 
contributed by its signifi cant enhancement in peak capacity, sensitivity, resolution, 
as well as selectivity of the separation, aside for well-ordered and highly structured 
chromatograms. Originally, GC × GC was mainly utilized for petroleum products 
analysis. However, forensic science and food and fragrance industry have also 
reported to successfully use of GC × GC for respective studies (Dimandja et al. 
 2000 ; Micyus et al.  2005 ; Mondello et al.  2005 ,  2007 ; Khummueng et al.  2006 ; Min 
et al.  2006 ; Ma et al.  2007 ; Rocha et al.  2007 ; Cardeal and Marriott  2009 ; Pripdeevech 
et al.  2010 ). According to Schoenmakers et al. ( 2000 ), the formerly unachievable 
results using one dimension (1DGC), regardless if it was combined with the most 
powerful MS detectors, can be obtained through GC × GC analysis.   

7.5     A Case Study of Essential Oil Analysis of Agarwood 
from Peninsular Malaysia 

 We conducted this study using the same source of agarwood samples, namely,  A. 
malaccensis . Both infected woods used in the laboratory and commercial-scale 
hydrodistillation originated from the Kelantan Forest. 

7.5.1     Essential Oil Extraction 

 Parameters used in the extraction procedures and characteristics of the oil produced 
are listed in Table  7.2 . Prior to the extraction, wood samples were grinded into saw-
dust to maximize surface area and thus enhancing oil yield.
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7.5.2        Compound Analysis Using GC-FID and GC-MS 

 GC-FID analysis was performed using an Agilent 7890A Network System gas 
chromatography, while GC-MS with the same system was attached to a mass spec-
trometer (Agilent 5975C) with detector in full-scan mode under electron impact 
ionization (EI, 70 eV). A capillary column (DB-1 ms 30 m × 0.25 mm I.D.; 0.25 μm 
fi lm thickness) purchased from J&W Scientifi c (Folsom, California) was chosen for 
the compound analysis by GC-FID and GC-MS. The oven temperature was pro-
grammed for 60 °C for 1 min and then ramped at 3 °C/min to 250 °C and held for 
10 min. Injector inlet and detector temperatures were set at 250 °C, while sample 
injection (1 μL) was set at split ratio 1:5. 

 Over 36 components have been identifi ed from the oil samples (Table  7.3 ). The 
laboratory oil had 36.7 % carboxylic acid derivatives, 18 % sesquiterpene hydrocar-
bons, and 31.9 % oxygenated sesquiterpenes, while the commercial oil had 3.4 %, 
9.4 %, and 34.6 %, respectively. We identifi ed eight sesquiterpene hydrocarbons in 
both oil samples (Table  7.3 ). Major sesquiterpene hydrocarbons in the laboratory oil 
were α-guaiene (5.8 %), β-selinene (4.9 %), and α-muurolene (3.4 %) and in the 
commercial oil α-guaiene (2.8 %) and α-bulnesene (2.8 %) (Figs.  7.6  and  7.7 ).

7.5.3          Compound Analysis Using Comprehensive GC × GC 
System 

 An Agilent 6890 GC, a Pegasus IV time-of-fl ight mass spectrometer (LECO Corp., 
St. Joseph, MI, USA), and a cold-jet modular KT-2001 Retrofi t prototype (Zoex 
Corp., Lincoln, NE, USA) were used for GC × GC analysis. The fi rst column was a 
nonpolar DB-1 ms (30 m × 0.25 mm I.D.; 0.25 μm fi lm thickness) and the second 
column was a DB-Wax (1.0 m × 0.10 mm I.D.; 0.10 μm fi lm thickness). Both col-
umns were purchased from J&W Scientifi c (Folsom, California). Helium was used 
as carrier gas with head pressure at 37 atm. The initial temperature of the fi rst 
dimension was maintained at 60 °C for 1 min, and the subsequent temperature pro-
gram was ramped at a rate of 3 °C min −1  until 220 °C where it was held isothermally 
for 10 min. Meanwhile, the initial temperature of the second dimension was 75 °C, 

   Table 7.2    Comparisons between oils extracted using laboratory and commercial-scale methods   

 Laboratory  Commercial 

 Raw material, kg  0.1  25 
 Duration of extraction, h  12  36 
 Yield, %  0.2  0.2 
 Optical rotation, [α] 25   −0.1065  −0.1084 
 Odor characteristic  Sweet, woody, aromatic  Sweet, woody, aromatic 
 Color  Greenish  Dark green 
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    Table 7.3    Chemical composition of volatile agarwood oils based on gas chromatography analysis   

 Compounds 
 DB1 
column 

 Laboratory- 
extracted oil a  

 Commercial 
hydrodistilled oil a   Identifi cation b, c  

  Carboxylic acid derivatives  
 Benzaldehyde  935  3.3  –  RI, MS 
 2-Hydroxy-benzaldehyde  1003  0.6  –  RI, MS 
 Acetophenone  1066  0.7  –  RI, MS 
 4-Phenyl-2-butanone  1210  32.1  3.4  RI, MS 
  Total, %    36.7    3.4  
  Sesquiterpene hydrocarbons  
 β-Maaliene  1414  0.4  0.7  RI, MS 
 α-Guaiene  1440  5.8  2.8  RI, MS 
 Aromadendrene  1443  –  0.6  RI, MS 
 γ-Gurjunene  1472  0.7  1  RI, MS 
 β-Selinene  1486  4.9  –  RI, MS 
 α-Muurolene  1496  3.4  0.7  RI, MS 
 γ-Guaiene  1499  1.5  0.8  RI, MS 
 α-Bulnesene  1503  1.3  2.8  RI, MS 
  Total, %    18    9.4  
  Oxygenated sesquiterpenes  
 α-Elemol  1530  –  3.3  RI, MS 
 Caryophyllene oxide  1600  0.9  8.6  RI 
 Guaiol  1603  0.6  1.2  RI 
 Humulene epoxide II  1606  1.7  2.3  RI 
 1,5-Epoxy- nor - 
ketoguaiene 

 1614  1.1  0.6  RI, MS 

 10- epi -γ-Eudesmol  1619  1.6  0.8  RI, MS 
 Agarospirol  1631  0.9  1.4  RI, MS 
  epi -α-Cadinol  1640  –  2.9  RI 
 Jinkoh-eremol  1643  6.5  0.5  RI 
 Kusunol  1650  1  0.6  RI 
 α-Eudesmol  1652  0.7  0.9  RI, MS 
 Bulnesol  1664  1.5  0.6  RI, MS 
 Dehydrojinkoh-eremol  1673  1.4  1.2  RI, MS 
  epi -α-Bisabolol  1678  1.5  1  RI 
 α-Bisabolol  1683  1.8  0.5  RI 
 Selina-3,11-dien-9-one  1687  1.3  0.5  RI, MS 
 Rotundone  1703  0.5  –  RI, MS 
 Guaia-1(10),11-dien- 
15-al 

 1806  1.7  –  RI, MS 

 Guaia-1(10),11-dien-15- 
oic acid 

 1811  0.6  –  RI, MS 

 Karanone  1812  –  1.1  RI, MS 
 Oxo-agarospirol  1822  0.3  0.8  RI, MS 
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held for 30s, and then heated at 5 °C min −1  until 230 °C and again held isothermally 
for 10 min. Peak identifi cation was made using TOFMS with electron impact 
ionization. 

 Eighteen sesquiterpene hydrocarbons were identifi ed in the laboratory oil 
(Table  7.4 , Fig.  7.8a ) and 12 in the commercial oil (Table  7.5 , Fig.  7.8b ), bringing 
to a total of 24 in both oil samples (Table  7.6 ). Major sesquiterpene hydrocarbons in 
the laboratory sample were α-bulnesene (15.7 %), α-caryophyllene (13.61 %), and 
α-guaiene (11.31 %), whereas the commercial sample was dominated by aromaden-
drene (27.7 %), β-cubebene (9.5 %), and α-guaiene (8.7 %).

Table 7.3 (continued)

 Compounds 
 DB1 
column 

 Laboratory- 
extracted oil a  

 Commercial 
hydrodistilled oil a   Identifi cation b, c  

 Eudesmol  1880  2.1  3.2  RI, MS 
  n -Hexadecanoic acid  1948  4.2  2.1  RI 
 Guaia-1(10),11-dien- 
15,2-olide 

 2019  –  0.5  RI, MS 

  Total, %    31.9    34.6  

  Source: Tajuddin ( 2010 ) 
  a Components are listed in order of their relative content >0.1 % 
  b RI, linear retention indices were determined relative to the retention times on a DB-1 column of a 
homologous series of C 8 -C 20   n -alkanes 
  c MS, identifi cation by comparison of the MS with those of the NIST library (>90 % match from the 
library)  

a

b

  Fig. 7.6    Sesquiterpene hydrocarbon positions in ( a ) GC-FID and ( b ) GC-MS chromatograms, for 
laboratory oil       
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7.5.4           General Discussion 

 Sesquiterpene hydrocarbons in agarwood oil are poorly studied although they are 
main contributors to the aroma arising from plant materials. For example, β-elemol 
is a fragrant sesquiterpene, which contributes to peppery and lemony odors. Other 
sesquiterpene like β-caryophyllene contributes to sweet, spicy, and fruity odors 
(Breitmaier  2006 ). A total of 27 sesquiterpene hydrocarbons were identifi ed using 
GC-FID, GC-MS, and advance analysis via GC × GC/TOFMS (Table  7.7 ). GC-MS 
and GC-FID analyses found only seven to eight sesquiterpene hydrocarbons in the 
agarwood oil samples, whereas GC × GC/TOFMS was detected between 12 and 18. 
Most of these compounds also exhibit a specifi c odor unique to agarwood oil 
(Table  7.8 ).

    Commercial oil contains lesser content of carboxylic acid derivatives in compari-
son to laboratory oil and is due to vaporization during the prolonged extraction time 
of 3 days (Tajuddin and Yusoff  2010 ). Previously, four compounds have been 
reported from agarwood, β-gurjunene (Ishihara and Tsuneya  1993a ; Wetwitayaklung 
et al.  2009 ), γ-selinene (Wetwitayaklung et al.  2009 ), α-guaiene (Ishihara et al. 
 1991b ), and α-bulnesene (Ishihara and Tsuneya  1993a ; Wetwitayaklung et al.  2009 ), 
similar to our fi ndings. 

 Due to extensive isomerization, sesquiterpene hydrocarbons tend to present 
themselves as a complex mixture in many types of essential oil analyses (Shellie 
et al.  2001 ). Conventional techniques such as GC-MS are not effi cient in resolving 
such a complex mixture of sesquiterpene hydrocarbons (Fig.  7.9a ). Improvements 
to the multidimensional gas chromatography (GC × GC) have enabled resolution to 

a

b

  Fig. 7.7    Sesquiterpene hydrocarbon positions in ( a ) GC-FID and ( b ) GC-MS chromatograms, for 
commercial oil       
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  Fig. 7.8    Partial 2D GC × GC/TOFMS chromatogram for the ( a ) laboratory and ( b ) commercial 
oils. Labeled compounds correspond to the respective peaks listed in Tables  7.4  and  7.5        

    Table 7.5    Sesquiterpene hydrocarbons identifi ed in the commercial oil via GC × GC/TOFMS   

 Peak  Compounds 
 R.T. 
(s)  Similarity  Reverse  Probability 

 Area 
%  CAS 

 1  α-Copaene  1085, 
1.592 

 919  921  5087  0.94  3856-25-5 

 2  β-Elemene  1110, 
1.632 

 900  900  6237  1.25  33880-83-0 

 3  α-Cedrene  1140, 
1.712 

 911  914  5092  4.45  469-61-4 

 4  β-Caryophyllene  1150, 
1.736 

 903  903  2881  0.87  87-44-5 

 5  α-Guaiene  1180, 
1.712 

 948  948  4351  8.73  3691-12-1 

 6  β-Patchoulene  1190, 
1.736 

 905  917  4462  1.88  514-51-2 

 7  α-Longipinene  1215, 
1.784 

 832  847  2210  0.82  5989-08-2 

 8   allo - 
Aromadendrene 

 1225, 
1.776 

 807  824  923  2.55  25246-27-9 

 9  α-Muurolene  1240, 
1.792 

 893  908  4652  4.13  31983-22-9 

 10  α-Curcumene  1240, 
1.848 

 914  927  9149  4.01  644-30-4 

 11  Aromadendrene  1270, 
1.920 

 836  836  3395  27.66  109119-91- 
7 

 12  β-Cubebene  1285, 
1.880 

 809  829  2904  9.45  13744-15-5 
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the complex mixture (Fig.  7.9b ). In such cases, structural identifi cation was attained 
at high certainty (Wu et al.  2004 ). The ability of GC × GC to enhance peak capacity 
when combined with deconvolution power from the TOFMS system greatly 
improves quantifi cation (Fig.  7.9c ).

   Our results demonstrate that a higher potential in compound detection and iden-
tifi cation can be achieved via GC × GC/TOFMS. Using this approach, the number of 
detected sesquiterpene hydrocarbons was doubled when compared to GC-FID and 
GC-MS. Better analyte separation via GC × GC and enhanced sensitivity (full mass 
range acquisition) of TOFMS detection contribute to superior identifi cation capac-
ity (Marriott et al.  2001 ; Mondello et al.  2007 ). GC × GC/TOFMS is also applicable 
for detection of co-eluted peaks due to its deconvolution algorithm and automated 
peak acquiring. In addition, duration and complexity of the analysis are reduced 
with the presence of two different polarity columns and established software library 
for GC × GC.   

   Table 7.6    Sesquiterpene hydrocarbons identifi ed via GC × GC/TOFMS   

 No.  Compounds  Laboratory oil  Commercial oil  CAS registration 

 1.   allo -Aromadendrene  √  √  25246-27-9 
 2.  Aromadendrene  √  √  109119-91-7 
 3.   trans -α-Bergamotene  √  –  13474-59-4 
 4.  α-Bulnesene  √  –  3691-11-0 
 5.  δ-Cadinene  √  –  483-76-1 
 6.  α-Caryophyllene  √  –  6753-98-6 
 7.  β- Caryophyllene  √  √  87-44-5 
 8.  γ-Caryophyllene  –  –  118-65-0 
 9.  di- epi -α-Cedrene  √  –  50894-66-1 
 10.  α-Cedrene  –  √  469-61-4 
 11.  α-Copaene  √  √  3856-25-5 
 12.  β-Cubebene  –  √  13744-15-5 
 13.  α-Curcumene  –  √  644-30-4 
 14.  β-Elemene  –  √  33880-83-0 
 15.  Germacrene D  √  –  23986-74-5 
 16.  α-Guaiene  √  √  3691-12-1 
 17.  α-Himachalene  √  –  3853-83-6 
 18.  Isoledene  √  –  95910-36-4 
 19.  α-Longipinene  –  √  5989-08-2 
 20.  α-Muurolene  √  √  31983-22-9 
 21..  β-Patchoulene  √  √  514-51-2 
 22.  Selina-3,7(11)-diene  √  –  6813-21-4 
 23.  α-Selinene  √  –  473-13-2 
 24.  β-Sesquiphellandrene  √  –  20307-83-9 
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   Table 7.7    Distribution of sesquiterpene hydrocarbons identifi ed in volatile agarwood oils   

 No.  Compounds 

 Laboratory oil  Commercial oil 

 GCFID  GCMS 
 GC × GC/
TOFMS  GCFID  GCMS 

 GC × GC/
TOFMS 

 1.   allo -Aromadendrene  √  –  √  √  –  √ 
 2.  Aromadendrene  –  √  √  –  √  √ 
 3.   trans -α-Bergamotene  –  –  √  –  –  – 
 4.  α-Bulnesene  √  √  √  √  √  – 
 5.  δ-Cadinene  –  –  √  –  –  – 
 6.  α-Caryophyllene  –  –  √  √  –  – 
 7.  β- Caryophyllene  –  –  √  –  –  √ 
 8.  γ-Caryophyllene  –  –  –  –  –  – 
 9.  di- epi -α-Cedrene  –  –  √  –  –  – 
 10.  α-Cedrene  –  –  –  –  –  √ 
 11.  α-Copaene  –  –  √  –  –  √ 
 12.  β-Cubebene  –  –  –  –  –  √ 
 13.  α-Curcumene  –  –  –  –  –  √ 
 14.  β-Elemene  –  –  –  –  –  √ 
 15.  Germacrene D  –  –  √  –  –  – 
 16.  α-Guaiene  –  √  √  –  √  √ 
 17.  γ-Gurjunene  –  √  –  √  –  – 
 18.  α-Himachalene  –  –  √  –  –  – 
 19.  Isoledene  –  –  √  –  –  – 
 20.  α-Longipinene  –  –  –  –  –  √ 
 21.  β-Maaliene  √  √  –  –  √  – 
 22.  α-Muurolene  –  –  √  –  –  √ 
 23.  β-Patchoulene  –  –  √  –  –  √ 
 24.  Selina-3,7(11)-diene  –  –  √  –  –  – 
 25.  α-Selinene  –  –  √  –  –  – 
 26.  β-Selinene  –  √  –  –  –  – 
 27.  β-Sesquiphellandrene  –  –  √  –  –  – 

  Table 7.8    List of major 
compounds identifi ed in 
agarwood oil and their odor 
characteristics  

 Compounds  Odor characteristics a  

  allo -Aromadendrene  Wood 
 Aromadendrene  Wood 
  trans -α- Bergamotene  Wood 
 α-Bulnesene  Wood 
 α-Cedrene  Wood 
 α-Caryophyllene  Wood 
 α-Copaene  Wood, spice 
 α-Guaiene  Wood, balsamic 
 β-Gurjunene  Wood, balsamic 
 α-Muurolene  Wood 
 α-Selinene  Wood 

   a Odor characteristics are based on Terry and Heinrich ( 1984 )  
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7.6     Conclusions 

 We found GC × GC/TOFMS an effective tool for separating chemical components in 
very complex mixtures such as in the volatile oils of agarwood, far greater than when 
using conventional GC-FID or GC-MS. When coupled to TOFMS, the GC × GC sys-
tem shows a marked improvement in sensitivity and resolution. TOFMS has higher 
reverse values and similarity compared to MS detector, in addition to its superior 
mass spectral data in the reference library. This allows identifi cation of a higher num-
ber of peaks in the agarwood oils. GC × GC/TOFMS could be adopted as a useful tool 
to meet demands in agarwood oil grading for trade and forensic purposes.     

  Acknowledgments   The authors acknowledge the Ministry of Science, Technology and 
Innovation (MOSTI) of Malaysia for fi nancial support under the e-Science Fund (02-01-16- 
SF0092). GC-FID, GC-MS, and GC × GC/TOFMS facilities were provided by Universiti Malaysia 
Pahang and Universiti Kebangsaan Malaysia. Special thanks to Mazlan Mohamed for knowledge 
sharing of the agarwood industry.  

   References 

    Adahchour M, Beens J, Vreuls RJJ, Brinkman UAT. Recent developments in comprehensive two- 
dimensional gas chromatography, further applications, conclusion and perspectives. Trends 
Anal Chem. 2006;25(8):821–39.  

    Adams RP. Identifi cation of essential oil components by gas chromatography/quadrupole mass 
spectroscopy. Carol Stream: Allured Publishing Corp; 2001.  

a b

c

  Fig. 7.9    GC × GC/TOFMS has the ability to resolve complex mixtures of sesquiterpene hydrocar-
bons in volatile agarwood oil. ( a ) GC-MS chromatogram (unable to resolve), ( b ) 1D GC × GC/
TOFMS chromatogram (able to resolve), and ( c ) 2D chromatogram GC × GC/TOFMS       

 

7 Resolution of Complex Sesquiterpene Hydrocarbons in Aquilaria malaccensis



122

    Arian VA. The importance of GC and GC-MS in perfume analysis. TrAC Trends Anal Chem. 
2002;21:698–708.  

    Augusto F, Lopes AL, Zini CA. Sampling and sample preparation for analysis of aroma and fra-
grances. Trends Anal Chem. 2003;22(3):160–9.  

    Bakkali F, Averbeck S, Averbeck D, Idaomar M. Biological effects of essential oils – a review. 
Food Chem Toxicol. 2008;46(2):446–75.  

    Bartle KD, Myers P. History of gas chromatography. Trends Anal Chem. 2002;21:547–57.  
    Beens J, Brinkman UAT. Comprehensive two-dimensional gas chromatography – a powerful and 

versatile technique. Analyst. 2005;130(2):123–7.  
    Bhattacharyya B, Datta A, Baruah HK. On the formation and development of agar in  Aquilaria 

agallocha . Sci Cult. 1952;18:240–1.  
    Bhuiyan MZI, Begum J, Bhuiyan MNH. Analysis of essential oil of eaglewood tree ( Aquilaria 

agallocha  Roxb.) by gas chromatography mass spectrometry. Bangladesh J Pharm. 
2009;4:24–8.  

    Boris LM. Identifi cation of chemical compounds. TrAC Trends Anal Chem. 2005;24:493–508.  
   Breitmaier E. Terpenes, fl avors, fragrances, pharmaca and pheromones. Weinheim: Wiley- VCH; 

2006.  
    Bucchi G, Wuest H. New synthesis of agarofuran and of dihydroagarofuran. J Org Chem. 

1979;44:44–5.  
    Burfi eld T, Reekie SL. Mosquitoes, malaria and essential oils. Int J Aromather. 2005;15(1):30–41.  
   Burfi eld T, Kirkham K. The agarwood fi les, the Cropwatch (online). 2005. Retrieved from   http://

www.cropwatch.org/agarwood.htm    .  
    Burt S. Essential oils: Their antibacterial properties and potential applications in foods – a review. 

Int J Food Microbiol. 2004;94(3):223–53.  
    Cardeal ZL, Marriott PJ. Comprehensive two-dimensional gas chromatography-mass spectrome-

try, analysis and comparison of volatile organic compounds in Brazilian  cachaca  and selected 
spirits. Food Chem. 2009;112:747–55.  

    Chang YS, Nor Azah MA, Abu Said A, Lok EH, Reader S, Spiers A. Gaharu. FRIM Tech Inf. 
2002;69:1–7.  

    Chen H, Yang Y, Xue J, Wei J, Zhang Z, Chen H. Comparison of compositions and antimicrobial 
activities of essential oils from chemically stimulated agarwood, wild agarwood and healthy 
 Aquilaria sinensis  (Lour.) Gilg trees. Molecules. 2011;16:4884–96.  

    Chen HQ, Wei JH, Yang JS, Zhang Z, Yang Y, Gao ZH, Sui C, Gong B. Chemical constituents of 
agarwood originating from the endemic genus  Aquilaria  plants. Chem Biodivers. 2012;9:236–49.  

    Dimandja JM, Stanfi ll S, Grainger J. Application of comprehensive two-dimensional gas chromatog-
raphy to the qualitative analysis of essential oils. J High Resolut Chromatogr. 2000;23:208–14.  

    Edris AE. Pharmaceutical and therapeutic potentials of essential oils and their individual volatile 
constituents: A review. Phytother Res. 2007;21(4):308–23.  

    Ernest G. The essential oils, History-origin in plants-production-analysis, vol. 1. London: Lancaster 
Press Inc; 1948. p. 1–426.  

    Giddings JC. Two-dimensional separations: concept and promise. Anal Chem. 1984;56(12):258–1270.  
    Gross JH. Mass spectrometry: a textbook. Berlin: Springer; 2004.  
      Ishihara M, Tsuneya T. Components of the volatile concentrate of agarwood. J Essen Oil Res. 

1993a;5:283–9.  
    Ishihara M, Tsuneya T. Components of the agarwood smoke on heating. J Essen Oil Res. 

1993b;5:419–23.  
     Ishihara M, Tsuneya T, Suga M, Uneyama K. Three sesquiterpenes from agarwood. Phytochemistry. 

1991a;30(10):563–6.  
     Ishihara M, Tsuneya T, Suga M, Uneyama K. Guaiane sesquiterpenes from agarwood. 

Phytochemistry. 1991b;30(10):3343–7.  
    Jayachandran K, Sekar I, Parthiban KT, Amirtham D, Suresh KK. Analysis of difference grades of 

agarwood ( Aquilaria malaccensis  Lamk.) oil through GC-MS. Indian J Nat Prod Resour. 
2014;5(1):44–7.  

S.N. Tajuddin et al.

http://www.cropwatch.org/agarwood.htm
http://www.cropwatch.org/agarwood.htm


123

    Joulain D, König WA. The atlas of spectral data of sesquiterpene hydrocarbons. Hamburg: E.B.-
Verlag; 1998.  

    Khummueng W, Trenerry C, Rose G, Marriot PJ. Application of comprehensive two-dimensional 
gas chromatography with nitrogen-selective detection for the analysis of fungicide residues in 
vegetable samples. J Chromatogr A. 2006;1131:203–14.  

    König WA, Bulow N, Saritas Y. Identifi cation of sesquiterpene hydrocarbons by gas phase analyti-
cal methods. Flavour Fragrance J. 1999;14:367–78.  

    Luque de Castro MD, Jiménez-Carmona MM, Fernández-Pérez V. Towards more rational tech-
niques for the isolation of valuable essential oils from plants. TrAC Trends Anal Chem. 
1999;18(11):708–16.  

    Ma C, Wang H, Lu X, Li H, Liu B, Xu G. Analysis of  Artemisia annua  L. volatile oil by compre-
hensive two-dimensional gas chromatography time-of-fl ight mass spectroscopy. J Chromatogr 
A. 2007;1150:50–3.  

      Maheshwari ML, Jain TC, Bates RB, Bhattacharyya SC. Terpenoids: structure and absolute con-
fi guration of α-agarofuran, β-agarofuran and dihydroagarofuran. Tetrahedron. 1963;19:
1079–90.  

    Marriott PJ, Shellie R. Principles and applications of comprehensive two-dimensional gas chroma-
tography. TrAC Trends Anal Chem. 2002;21(9-10):573–83.  

     Marriott PJ, Shellie R, Cornwell C. Gas chromatographic technologies for the analysis of essential 
oils. J Chromatogr A. 2001;936(1-2):1–22.  

    Micyus NJ, McCurry JD, Seeley JV. Analysis of aromatic compound in gasoline with fl ow- switching 
comprehensive two-dimensional gas Chromatography. J Chromatogr A. 2005;1086(1-2):115–21.  

    Min W, Marriott PJ, Chan WH, Lee AWM, Lee AW, Huei CW. Enantiomeric separation and quan-
tifi cation of ephedrine-type alkaloids in herbal materials by comprehensive two-dimensional 
gas chromatography. J Chromatogr A. 2006;1112:361–8.  

    Mondello L, Casilli A, Tranchida PQ, Dugo P, Dugo G. Comprehensive two-dimensional gas chro-
matography for the analysis of citrus essential oils. Flavour Fragrance J. 2005;20(2):136–40.  

      Mondello L, Tranchida PQ, Dugo P, Dugo G. Comprehensive two-dimensional gas chromatography- 
mass spectrometry: a review. Mass Spectrom Rev. 2007;27:101–24.  

      Naef R. The volatile and semi-volatile constituents of agarwood, the infected heartwood of 
 Aquilaria  species: a review. Flavour Fragrance J. 2011;26:73–89.  

     Nakanishi T, Yamagata E, Yoneda K, Miura I. Jinkohol, a prezizane sesquiterpene alcohol from 
agarwood. Phytochemistry. 1981;20:1597–9.  

     Nakanishi T, Yamagata E, Yoneda K, Miura I, Mori H. Jinkoh-eremol and jinkohol II, two sesqui-
terpene alcohols from agarwood. J Chem Soc Perkin Trans. 1983;1:601–4.  

      Nakanishi T, Yamagata E, Yoneda K, Nagashima T, Kawasaki I, Yoshida T, Mori H, Miura I. Three 
fragrant sesquiterpenes of agarwood. Phytochemistry. 1984;22:2066–7.  

    Nor Azah MA, Chang YS, Mailina J, Abu Said A, Abd Majid J, Saidatul Husni S, Nor Hasnida H, 
Nik Yasmin Y. Comparison of chemical profi les of selected gaharu oils from Peninsular 
Malaysia. Malays J Anal Sci. 2008;12(2):338–40.  

    Pornpunyapat J, Chetpattananondh P, Tongurai C. Mathematical modeling for extraction of essen-
tial oil from  Aquilaria crassna  by hydrodistillation and quality of agarwood oil. Bangladesh 
J Pharmacol. 2011;6:18–24.  

    Pripdeevech P, Wongpornchai S, Marriott PJ. Comprehensive two-dimensional gas chromatography- 
mass spectrometry analysis of volatile constituents in Thai vetiver root oils obtained by using 
different extraction methods. Phytochem Anal. 2010;21(2):163–73.  

    Rocha SM, Coelho E, Zrostlikova J, Delgadillo I, Coimbra MA. Comprehensive two-dimensional 
gas chromatography with time-of-fl ight mass spectrometry of monoterpenoids as a powerful 
tool for grape origin traceability. J Chromatogr A. 2007;1161:292–9.  

    Schoenmakers PJ, Oomen JL, Blomberg J, Genuit W, Velzen GV. Comparison of comprehen-
sive two-dimensional gas chromatography and gas chromatography-mass spectrometry for 
the characterization of complex hydrocarbon mixtures. J Chromatogr A. 2000;
892(1-2):29–46.  

7 Resolution of Complex Sesquiterpene Hydrocarbons in Aquilaria malaccensis



124

    Shellie R, Marriott PJ, Cornwell C. Application of comprehensive two-dimensional gas chroma-
tography (GC × GC) to the enantioselective analysis of essential oils. J Sep Sci. 2001;24:
823–30.  

   Stewart D. The chemistry of essential oils made simple: God’s love manifest in molecules. Marble 
Hill: Care Publication; 2005.  

    Tajuddin SN. Identifi cation of sesquiterpenes hydrocarbon compounds in volatile agarwood oils 
using gas phase methods. Doctoral dissertation, University of Malaysia Pahang, Gambang; 
2010.  

    Tajuddin SN, Yusoff MM. Chemical composition of volatile oils of  Aquilaria malaccensis  
(Thymelaeaceae) from Malaysia. Nat Prod Commun. 2010;5(12):1965–8.  

   Terry A, Heinrich A. Flavornet and human odor space, gas chromatography – olfactometry (GCO) 
of natural products. 1984. Retrieved from   http://www.fl avornet.org/    .  

    Varma KR, Maheshwari ML, Bhattacharyya SC. Terpenoids-LXII: the constitution of agarospirol, 
a sesquiterpenoid with a new skeleton. Tetrahedron. 1965;21:115–38.  

       Wetwitayaklung P, Thavanapong N, Charoenteeraboon J. Chemical constituents and antimicrobial 
activity of essential oil and extracts of heartwood of  Aquilaria crassna  obtained from water 
distillation and supercritical fl uid carbon dioxide extraction. Silpakorn University Sci Technol 
J. 2009;3:25–33.  

    Wu J, Lu X, Tang W, Kong H, Zhou S, Xu G. Application of comprehensive two-dimensional gas 
chromatography-time-of-fl ight mass spectrometry in the analysis of volatile oil of traditional 
Chinese medicines. J Chromatogr A. 2004;1034:199–205.  

    Xing LZ, Yang YL, Jian HW, Yun Y, Zheng Z, Jun QH, Huai QC, Yu JL. Production of high qual-
ity agarwood in  Aquilaria sinensis  trees via whole-tree agarwood-induction technology. Chin 
Chem Lett. 2012;23:727–30.  

    Yeung AY. Encyclopedia of common natural ingredients. New York: John Wiley & Sons; 1980.  
     Yoneda K, Yamagata E, Nakanishi T, Nagashima T, Kawasaki I, Yoshida T, Mori H, Miura 

I. Sesquiterpenoids in two different kinds of agarwood. Phytochemistry. 1984;23:2068–9.  
    Yoswathana N. Extraction of agarwood ( Aquilaria crassna ) oil by using supercritical carbon diox-

ide extraction and enzyme pretreatment on hydrodistillation. J Food Agric Environ. 
2013;11(2):1055–9.  

    Yoswathana N, Eshiaghi MN, Jaturapornpanich K. Enhancement of essential oil from agarwood 
by subcritical water extraction and pretreatments on hydrodistillation. World Acad Sci Eng 
Technol. 2012;65:869–75.    

S.N. Tajuddin et al.

http://www.flavornet.org/

	Chapter 7: Resolution of Complex Sesquiterpene Hydrocarbons in Aquilaria malaccensis Volatile Oils Using Gas Chromatography Technique
	7.1 Introduction
	7.2 Hydrodistillation for Agarwood Essential Oil Extraction
	7.3 Components of Volatile Agarwood Oil
	7.4 Compound Detection via Gas Chromatography (GC)
	7.4.1 Gas Chromatography-Flame Ionization Detector (GC-FID)
	7.4.2 Gas Chromatography-Mass Spectrometry (GC-MS)
	7.4.3 Comprehensive Two-Dimensional Gas Chromatography (GC × GC)

	7.5 A Case Study of Essential Oil Analysis of Agarwood from Peninsular Malaysia
	7.5.1 Essential Oil Extraction
	7.5.2 Compound Analysis Using GC-FID and GC-MS
	7.5.3 Compound Analysis Using Comprehensive GC × GC System
	7.5.4 General Discussion

	7.6 Conclusions
	References


