CHAPTER III

RESULTS AND DISCUSSION

3.1 Highly volatile constituents of Vetiveria zizanioides roots grown under different

cultivation conditions

3.1.1 Extraction by Likens-Nickerson simultaneous distillation and extraction

(SDE) apparatus

Essential oils of the dry vetiver roots were extracted by SDE apparatus for only 5
h to prevent loss of volatiles and obtain high recoveries without thermal degradation of
oil samples. All obtained essential oils appeared as a brown-yellow viscous liquid with
percentage yields of 0.18, 0.27, and 0.06 w/w from dried vetiver which were cultivated in
normal soil, normal soil with added microbes, and semi-hydroponic condition,
respectively. This result revealed the activity of the intracellular bacteria that was
involved with the essential oil cells in the glands of vetiver roots, which has been
reported in the study of Adams and co-workers.® Their results showed that an
unidentified biotic factor, apparently bacteria or fungi, appeared to enhance the oil
production in normal soil by increasing yield. This result of endogenous microbial
transformation of plant chemicals may have broader physiological implications,
especially among monocotyledons including cereals. In contrast, vetiver oil from semi-
hydroponic cultivation, which contained no fertilizer and no effective microbes, gave the

lowest yield. The loss of volatile oil from the dried vetiver roots obtained from this
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cultivation system was quite high and was possibly due to the continual evaporation of
volatiles as the roots were exposed to the atmosphere during the growing stage. By
performing sensory evaluation of all the oils, the results indicated similar aroma
description which was burned and woody. This meant that the methods of cultivation

have no effect on overall aroma character of the oils.

3.1.2 GC3GC and SPME-GC3GC analysis

The technique of GC3GC was used for analysis of the overall volatile constituents
in the vetiver root essential oils whereas the SPME-GC3GC was utilized to investigate
the highly volatile fractions of the oils. The vetiver oil obtained from normal soil
cultivation system was a representative of all samples employed in this experiment
because its raw material being planted and studied extensively. The two systems
employed a column set of DB-5xBP-20. DB-5, a non polar column, was chosen as the
first column separating the monoterpene hydrocarbon region and a similar region at
higher first dimensional retention time comprising the sesquiterpene hydrocarbons which
played an important role in the aroma of the vetiver essential oils. All components were
separated and demonstrated in first dimensional plane. Unfortunately, the oxygenated
derivatives of both of these groups were generally found to elute closely after the main
group in the first dimension. However, owing to their wide range of component polarity,
they were found to spread throughout a wider region of the second dimensional plane by

using a BP-20 polar column. The comprehensive GC3GC contour plots shown in Figure
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3.1A and 3.1B exhibit volatile constituents in the crude essential oil and in its highly
volatile fraction obtained by GC3GC and SPME-GC3GC, respectively. The peaks
appeared in these GC3GC and SPME-GC3GC profiles revealed at least 156 and 48
volatile constituents, respectively. The profiles of GC3GC obtained by direct injection of
the vetiver essential oil revealed the overall of components comprising light and high
molecular weight sesquiterpenes while the profile of SPME-GC3GC was richer in light
sesquiterpenes of which some components obtained in SPME-GC3GC profiles were
tentatively recognized as the key odor volatiles of vetiver oil. The results in this
experiment indicated that SPME is a selective and highly efficient extraction device for

low molecular weight sesquiterpenes, which included the key odors of the vetiver

essential oils.
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Figure 3.1 The contour plots of volatile component profiles of vetiver essential oils

obtained from normal soil cultivation using A. SPME-GC3GC and B. GC3GC
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3.1.3 SPME-GC-MS analysis

All SPME-GC-MS chromatograms and the identified volatile components, as well
as their relative peak area percents, are shown in Figure 3.2 and Table 3.1, respectively.
Apart from the mass spectral comparison with the mass spectral library software, the
volatile components were identified by comparing their Kovat indices with those reported
data 22:25:2930

Thirty-seven volatiles in the oil obtained by vetiver cultivated in normal soil were
identified. Among these components, (Z)-9,10-dehydro-2-norzizaene (20.78%),
khusimone (20.57%) and khusimol (11.11%) were the majority. For the oil obtained
from vetiver cultivated in normal soil with added microbes, 39 volatile components were
observed, with only (Z)-9,10-dehydro-2-norzizaene (46.03%) predominant. In addition,
sesquicineole and delta-cadinene were detected only in the oil derived from vetiver
cultivated in normal soil with added microbes, which probably resulted from an
unidentified biotic factor.*® However, Weyerstahl and co-workers reported the presence
of sesquicineole and d-cadinene in vetiver oil derived from vetiver cultivated in normal
soil.” But in our study, these components were not present in the oil derived from
vetiver cultivated in normal soil or they were present at concentration below the detection
limits of our techniques. It is remarkable that three volatile components, (+)(6S,10R)-
6,10-dimethylbicyclo[4.4.0]dec-1-en-3-one, cadina-1(10),6,8-triene, and 9,10-dehydro-
isolongifolene were identified in essential oil of vetiver root for the first time in this
report. The compound (+)(6S,10R)-6,10-dimethylbicyclo[4.4.0]dec-1-en-3-one is a

1somer of 2(3H)-naphthalenone constituents and it has been found to contribute to the
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distinctive flavor of grapefruit and citrus paradise.'”? Cadina-1(10),6,8-triene and 9,10-
dehydro-isolongifolene occur in varieties of pummelos and citrus species' ~ as well as in

the essential oil of Sequoiadendron giganteum (Lindl.) Buchh. cultivated in Croatia.'™
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Figure 3.2 SPME-GC-MS chromatograms of vetiver essential oils obtained from root

cultivated in three different systems. A. normal soil B. normal soil with added microbes

C. semi-hydroponic system.
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Thirty-six volatiles were detected in the oil obtained from semi-hydroponically
cultivated vetiver root.  Khusimone (20.91%), (Z)-9,10-dehydro-2-norzizaene
(14.71%), khusimol (12.21%), and (E)-opposita-4(15),7(11)-dien-12-al (10.55%)
were present as the major odors. In comparison with those obtained from various soil
cultivations, the odor volatile profile was similar to that cultivated in normal soil but
strikingly different from that cultivated in normal soil with added microbes.
Additionally, two low molecular weight aldehydes, 1-nonanal and decanal, and one
fatty acid, nonanoic acid, were observed and present in trace amounts. These
aldehydes have never been observed in the vetiver oil compositions reported in early
studies. It was also suggested that these components have a limited effect on aroma
character of the vetiver oil. On the other hand, six volatile components, alpha-
cedrene, 11,12,13-tri-nor-eremophil-1(10)-en-7-one, prezizaene, sesquicineole, delta-
cadinene, and 9,10-dehydro-isolongifolene, were absent from the oil of vetiver root
samples obtained using semi-hydroponic cultivation. Although the semi-hydroponic
cultivation has several advantages, such as being simple to plant and requiring a small
space and budget, this system yielded vetiver root with a much lower percentage yield

of essential oil than those obtained by the other cultivation systems.
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3.2 Comparative study on volatile constituents of Thai vetiver root essential oils
subjected to different extraction methods and analyzed by comprehensive

two-dimensional gas chromatography-mass spectrometry

3.2.1 Comparison of extraction techniques

The percentage yields (w/w) of vetiver root oil obtained by different extraction
methods are summarized in Table 3.2. In SFE, MAE and SE, three solvents with
different polarity, toluene, dichloromethane, and methanol, were utilized in order to
extend the extraction efficiency of each technique. The general aim was to obtain the
highest yield of the essential oil. SE was found to provide the highest yields of
vetiver root oil, followed by MAE, SFE and SDE, respectively, although some of lists
may not be pure essential oil. Colors of the oils varied from yellow to dark brown.
All vetiver root extracts obtained are shown in Figure 3.3. The dark brown color was
observed mostly in the oils obtained from SE and MAE technique. The higher yield
was achieved with the oils having dark color. This can be explained by the presence
of increasing amounts of nonvolatile compounds in the extract. In contrast, the color
of the oils obtained by SFE using toluene or dichloromethane as modifier was rather
similar to those extracted by SDE, being light yellow-orange in color. The absence of
nonvolatile or high molecular weight components such as fatty acids and waxes in
these oils was probably due to the lower extraction temperature used. The result from
aroma evaluation test of vetiver oil samples revealed the same aroma description
between the oils extracted by SFE with toluene or dichloromethane, and those

obtained by SDE. However, the SFE technique was much faster and provided
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approximately three times the amount of oil yield than those obtained by SDE.

Therefore, SFE with toluene or dichloromethane should be an alternative way to

obtain vetiver root oils suitable for perfumery and fragrance uses.

Table 3.2 Percentage yield of vetiver root oil obtained by different extraction

methods
Method Solvent Extraction time Yield (%) ° SD

SDE dichloromethane 24 h 1.04 £0.05
dichloromethane 15 min 3.15+0.03

SFE toluene 10 min 3.23 £0.04
methanol 30 min 3.42+0.03

dichloromethane 20 min 3.45+.021

MAE toluene 25 min 5.53+£0.45
methanol 15 min 6.06 £0.05

dichloromethane 24 h 6.50 £0.08

SE toluene 24 h 7.09 £ 0.02
methanol 24 h 13.30 £0.04
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Figure 3.3 Vetiver root extracts obtained from three different extraction methods; vial
No. 1-3 obtained by SE with toluene, dichloromethane and methanol, respectively,
vial No. 4-6 obtained from MAE with toluene, methanol and dichloromethane,
respectively, vial 7-9 obtained by SFE with methanol, dichloromethane and toluene,

respectively, and vial No. 10 obtained by SDE.
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3.2.2 Selection of GC3GC-FID and GC3GC-qMS column set and

conditions

In general, GC3GC systems consist of non-polar and polar phase columns in
first and second dimensions, respectively. This arrangement is commonly applied for
separation of the components in most essential oils. In this study, apart from this
conventional combination (BPX5xBP20), an inverse phase combination (Solgel
waxxBP1) and a combination applying an enantioselective first dimension column
(EtTBS-bCDxBP20) were also investigated. The vetiver root essential oil obtained
by SDE was used for optimization of the GC3GC conditions for all column sets. The
resulting GC3GC-FID contour plots obtained by the three column sets are shown in

Figure 3.4.

The component separations in the first column of the column set 1 and 3 were
based primarily on boiling point with the latter offering additional enantioselective
selectivity. The enantioselective column has a cyclodextrin derivative dispersed in a
polymer phase of 14% cyanopropylphenyl-86% methylpolysiloxane, and so this is
slightly more polar than the BPX5 phase. The separation in 1¥-dimension (1D) space
of column set 3 was similar to that obtained from column set 1 although polarity of
column was increased. It can be noted that most components were separated under
the mechanism controlled by boiling point rather than polarity. However, polarity
separation mechanism will dominate in the second dimension of both column sets. It
may therefore be expected that the two GC3GC contour plots for column set 1 and 3
should have similar presentation of components in the 2"-dimension (2D) space

(Figure 3.4A and 3.4C, respectively) and this seems to be borne out. However, better
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resolution leading to an increased number of resolved components was observed by
the use of column set 1 compared to column set 3. Although an enantioselective
column is a good choice for separation of essential oil isomeric components, ready
observation of enantiomers will be partly obscured due to the high complexity of the
vetiver oil constituents (and the possible large ratio difference between the
enantiomers). The separation using the polar/non-polar column set, shown in Figure
3.4B, contains broadened peaks, probably due to longer 2D retention times in the
second dimension as a relatively thick stationary phase was chosen for the second
column. Component wrap-around also appears to be substantial, and the tailing of
some components is also observed which adversely affects quantitative and
qualitative results. Thus, column set 1, with non-polar and polar phase was selected

for further use in quantification studies
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Figure 3.4 GC3GC-FID contour plots obtained by the three column sets A. BPX-

5xBP-20 B. Solgel waxxBP-1 C. EtTBS-bCDxBP20
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3.2.3 Separation and identification of volatile components in vetiver root

oils by GC-MS and GCxGC-qMS

Identification of volatile constituents in the vetiver root oils was performed
using GC-MS and GC3GC-gMS. Apart from a minor difference in the column set,
the same chromatographic conditions were applied for both GC-MS and GC3GC-
gqMS operation. It is noted that peak identification of volatile constituents was mainly
based on mass spectral data comparison with database libraries including Adams
2001, NIST 98, and Wiley 275. The linear temperature program retention indices
(LTPRI) data which were calculated from retention times on the first column was also
utilized. Some sample spectra were compared with the literature reference data in the

22,25,29,30 ¥ .
2272 The similar

references, in which their structural information were present.
GC-MS chromatograms were found in all vetiver root oils obtained from all
extraction methods as shown in Figure 3.5. The results obtained by GC-MS showed
the separation of at least 95 components in all vetiver oil samples but only 64
components were tentatively identified through reasonable LTPRI and spectral data.
Identification of the oil components by GC-MS was especially difficult due to the
complex nature of vetiver root oils that contain many isomeric compounds. These
compounds are often closely eluted and provide similar mass fragmentation patterns,
which compromise the mass spectral matching protocol. Thus, most of the
component identifications were achieved and confirmed by the GC3GC-MS
experiment where many co-eluted peaks from 1D-GC could be entirely resolved on

the “D column. As a result, 43 more constituents were additionally identified by using

GC3GC-MS. Among the three column sets, a 2D contour plot obtained by GC3GC
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analysis using the non-polar/polar column combination showed the best resolution in
the first dimension. Many components were well resolved throughout the 2D plane,
and some minor components, which were unapparent in the first column, were spread
out within the 2D separation plane. All identified components obtained by GC-MS
and GCxGC-gMS are shown in Table 3.3 and 3.4, respectively. An increase in
sensitivity and resolution in GC3GC-gMS resulted generally in higher and more
precise match qualities of mass spectra than those obtained with GC-MS. In addition,
the modulated peaks obtained from the individual components in GC3GC-qMS
provided a number of deconvolution by the separation of the peaks on the D column,
which facilitated more accurate identification results. The GCxGC-qMS analysis
revealed at least 245 components found in all vetiver oil samples. Among them, 107
components were tentatively identified. All GCxGC contour plots of all extracts are
demonstrated in Figure 3.6. In addition, peak assignment of components in the
vetiver root oil obtained from SDE method were labeled in GCxGC-gMS contour
plots shown in Figure 3.7. A typical analysis of vetiver oils obtained by different
extraction methods indicated that sesquiterpenes and its derivatives were found to be
the major components of vetiver oil. An existence of a group-type separation of some
major components is shown in Figure 3.4A. Components identified as sesquiterpenes
having a molecular weight of 204 were found in region 1. In addition, sesquiterpenols,
sesquiterpenones and sesquiterpenes having molecular weights of 220, 218, and 222
were found approximately aligned along the lines 2, 3, and 4, respectively. Most of
the identified components were also identified in the report of Weyerstahl et al.”> The
chemical profiles of all vetiver oils were almost the same, which showed the

predominant component of khusinic acid in a large amount, followed by khusimol,
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khusimone, and nootkatone, respectively. Vetiver oil obtained by SDE gave a more
distinct pattern of the compositional content as compared to that obtained by the other
extraction methods, namely, SFE, MAE, and SE, which yielded similar patterns.
Some components, such as 9,10-dehydro-2-norzizaene, -copaene, and trans-
calamenene, were found in the oil obtained by SDE with much higher contents than
those found in other techniques. However, some non-terpenoid components were also
identified in trace amounts such as 2,3-dihydrobenzofuran, 1,2,3,4,5,6-hexahydro-1-
methyl-2,2"-bipyridine, tris(1-methylethyl)-benzene, and 7,8-dihydro-8,8-dimethyl-

5(6H)-benzocyclooctenone.
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Figure 3.5 GC-MS chromatograms of vetiver root essential oils obtained from 1. SDE

24 hrs and 2. SFE with DCM
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Figure 3.5 (continued) GC-MS chromatograms of vetiver root essential oils obtained
from 3. SFE with methanol and 4. SFE with toluene
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Figure 3.5 (continued) GC-MS chromatograms of vetiver root essential oils obtained
from 5. soxhlet with methanol and 6. soxhlet with toluene
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Figure 3.5 (continued) GC-MS chromatograms of vetiver root essential oils obtained
from 7. soxhlet with DCM and 8. microwave with toluene
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Figure 3.5 (continued) GC-MS chromatograms of vetiver root essential oils obtained
from 9. microwave with DCM and 10. microwave with methanol
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3.2.4 Quantitative analysis using GC3GC-FID

Quantitative determination of the identified vetiver oil components obtained
from all extraction techniques was performed by using GC3GC-FID. All integration
profiles were exported as *.csv files, then analyzed using an in-house Matlab
program. Similar contour was achieved in all extracts. The quantitation results of all
vetiver oil components were listed in Table 3.5. In the absence of a suitable internal
standard that could be added to the sample and guarantee to produce a peak that was
well resolved from the matrix, peak area normalization was utilized to determine the
relative proportions of individual components. The advantage of GC3GC-FID in
terms of separation power has made quantitation of the components of the highly
complex sample more accurate than that obtained by GC-FID. In GC3GC-FID
analysis, many components co-eluted in the first dimension were distributed
throughout the second dimension plane, resulting in a much higher number of
components identified in pure form rather than as overlapped peaks. Consequently,
peaks could be reliably detected and matched with the library spectra at lower
amounts than that possible by GC-FID analyses where some overlaps existed.
Additionally, the greater sensitivity provided by GC3GC-FID facilitated the

quantitation of some minor volatile constituents.
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Different extraction techniques were found to play an important role in the
relative contents of the vetiver oil components. Summation of the percentage peak
areas of the identified components in all vetiver oil samples, compared with the total
response of all peaks in the chromatogram calculated for the GC3GC-FID analysis
varied from 56.4 to 61.4 %. Thus, the residual unidentified composition is of the
order of 40-45%. This fraction of the identified components can be increased through
the optimization of the modulation time. According to the work of Davis and co-

182
workers

on the statistic overlap theory (SOT), for the same standard deviations,
changing of modulation time had a little effect on maxima single component peak
(SCP) numbers. This is due to many wrapped around components lay in an otherwise
virtually empty region of GCxGC-FID contour plot. As can be seen in Figure 3.4A,
many polar components had a longer retention time in second column which were
being overlapped and wrapped around in 2D plane although the optimum condition of
6 s modulation period was employed. This may result in the decreasing of the
resolution and the maxima SCP. Table 3.6 demonstrates the average % relative
contents of the identified components in all samples with their variation and total
numbers of time detected of each component in GC-FID and GCxGC-FID
chromatogram. Wide range variation of % relative content of each component was
observed with the compounds such as (+)(6S,10R)-6,10-dimethylbicyclo[4.4.0]dec-1-
en-3-one (0.43-1.02), 15-nor-funebran-3-one (0.25-1.34), trans-dracunculifoliol (0.09-
0.41) and eudesm-4(15),7-dien- -ol (0.10-0.71). The relation between numbers of
times detected and % relative content of each component in GC-FID and GCxGC-

FID are shown in Figure 3.8 and Figure 3.9, respectively. Similar plots were

illustrated in both figures. Most of components were found in all different extracts by
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using GC-FID and GCxGC-FID. Many identified components with trace amounts
were also detected in both techniques. Frequency of components detected 3, 5, 6, 8
and 9 times in GC-FID was the same as those obtained by GCxGC-FID analysis.
However, frequency of components detected 2, 4, 7 and 10 times by GCxGC-FID
was higher than those obtained by GC-FID while number of components observed 1
time by GC-FID showed contrary result. In overall, twenty components were not
detected by GC-FID (0 times). Average relative content of some components
detected 1 and 9 times by GC-FID such as 1,2,3,4,4a,5,6,8a-octahydro-4a,8-dimethyl-
2-(2-propenyl)-1-naphthalenol and tris(1-methylethyl)-benzene were much greater in
content of 1.09 % and 1.11 % than those obtained by GCxXGC-FID. In addition, the
relation between numbers of times detected and average % relative content of all
identified components by GC-FID and GCxGC-FID are displayed in Figure 3.10 and
Figure 3.11, respectively. A similar plot was achieved in GC-FID and GCxGC-FID.
It is remarkable that these graphs are not simply a linear increase of number of times
versus amount. Amount of most components detected by GCxGC-FID was reduced
compared to GC-FID. However, some peaks detected by GC-FID for 0 or 1 time had
reasonable areas when analyzed by GCxGC-FID which provided greater sensitivity.
The obtained results seem to suggest that peak identification frequency across the
different extracts is not really related to component amount in GCxGC-FID.
However, GCxGC-FID technique gives successful detection across the total range of

solute amounts.
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Figure 3.8 The relation between number of times detected and % relative content of all

identified components in GC plot
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Figure 3.9 The relation between number of times detected and % relative content of all

identified components in GCxGC plot



141

0.3
0.6
0.4

> *

t I T T T |

0 2 4 6 8 10 12

Average Yorelative content

No. of times detected

Figure 3.10 The relation between number of times detected and average % relative

content of all identified components in GC plot
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Figure 3.11 The relation between number of times detected and average % relative

content of all identified components in GCxGC plot



