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a b s t r a c t

Ionic liquid stationary phases were tested for one dimensional gas chromatography–mass spectrometry
(GC–MS) and comprehensive two dimensional gas chromatography (GC × GC) of fatty acid methyl esters
from algae. In comparison with polyethylene glycol and cyanopropyl substituted polar stationary phases,
ionic liquid stationary phases SLB-IL 82 and SLB-IL 100 showed comparable resolution, but lower column
bleeding with MS detection, resulting in better sensitivity. The selectivity and polarity of the ionic liq-
uid phases are similar to a highly polar biscyanopropyl-silicone phase (e.g. HP-88). In GC × GC, using an
eywords:
as chromatography–mass spectrometry

onic liquid stationary phases
atty acid methyl esters
lgae
omprehensive two-dimensional gas

apolar polydimethyl siloxane × polar ionic liquid column combination, an excellent group-type separa-
tion of fatty acids with different carbon numbers and number of unsaturations was obtained, providing
information that is complementary to GC–MS identification.

© 2011 Elsevier B.V. All rights reserved.
hromatography
low modulation

. Introduction

Recently, lipids from marine biota, such as algae, are consid-
red as a source for the third generation bio-fuels and for new
ood oils [1,2]. The characterization of lipids is often based on
he analysis of fatty acids (FAs), which are their principal build-
ng blocks. The fatty acid profile provides interesting information
or the taxonomic classification of marine species [3–6], and is

ostly obtained by gas chromatography (GC) coupled with flame
onization detection (FID) or mass spectrometry (MS) [7–14]. For
he separation of fatty acids, as methyl esters, polar capillary

olumns coated with polyethylene glycol (e.g. DB-WAX) or with
is(cyanopropyl)siloxane (e.g. BPX-70, HP-88, and SP-2380) are
sed. These polar stationary phases are selected since they allow
ifferentiation between fatty acids with different carbon numbers,

∗ Corresponding author at: Pfizer Analytical Research Centre, Ghent University,
rijgslaan 281, S4-bis, B-9000 Ghent, Belgium. Tel.: +32 56204031;

ax: +32 56204859.
E-mail address: pat.sandra@richrom.com (P. Sandra).

021-9673/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2011.03.011
number of unsaturations, location and/or geometry (cis–trans) of
the double bond(s). However, these stationary phases give sub-
stantially higher column bleeding than apolar (dimethyl siloxane)
stationary phases, resulting in relatively high background, espe-
cially in mass spectrometric detection.

Moreover, the fatty acid composition of algae can be more com-
plex than that of classical lipid sources (such as vegetable oils).
Several “uncommon” fatty acids are present, with unusual number
of double bonds or double bond location. The identity of these fatty
acids and, especially, number, position and geometry of the double
bonds are difficult to elucidate by electron ionization MS (EI-MS).
Polyunsaturated fatty acids give a similar fragmentation profile
with no molecular ion information. Derivatization and soft ioniza-
tion are therefore used to detect the molecular ion and specific
fragments. For instance, acetonitrile chemical ionization tandem
mass spectrometry was used to determine double bond positions

in fatty acid methyl esters (FAMEs) derived from different natural
sources such as golden algae [15].

In this respect, comprehensive two dimensional gas chromatog-
raphy (GC × GC) can be an interesting complementary technique
to analyze fatty acids from different sources. GC × GC has already

dx.doi.org/10.1016/j.chroma.2011.03.011
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:pat.sandra@richrom.com
dx.doi.org/10.1016/j.chroma.2011.03.011
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een applied for the analysis of FAMEs in microorganism [16–18],
sh and vegetable oil [19–28], human plasma [29] and milk fat
30]. Comprehensive two dimensional gas chromatography is espe-
ially useful for group type separation, combining the carbon
umber separation and the separation according to the number
f double bonds. Akoto et al. [16] described the analysis of fatty
cids in common fresh water green algae, by methylation/direct
hermal desorption combined with GC × GC–time-of-flight mass
pectrometry. In most GC × GC work on fatty acid methyl esters,
combination of an apolar and a polar column is used. Often, the

pplication is limited by the low thermal stability of the polar col-
mn. If this column is used in first dimension, column bleeding is
ven more problematic due to the modulation.

Recently, ionic liquid (IL) columns were introduced and their
igh thermal-stability was illustrated [31]. Polar ionic liquid phases
ere used for the analysis of fatty acid methyl esters [32–34], and

heir potential for the separation of eicosenoic acid (C20:1) iso-
ers [35] and octadecenoic acid (C18:1) and octadecadienoic acid

C18:2) isomers [36] was demonstrated. For these applications,
ame ionization detection (FID) was used.

In this research, commercially available polar ionic liquid
tationary phases were tested in one dimensional gas chromatog-
aphy combined with mass spectrometry. Polarity, selectivity and
olumn bleeding were compared with polyethylene glycol and
is(cyanopropyl)silicone stationary phases. Two IL phases were
lso used as the second dimensional column for GC × GC analy-
is of fatty acids in the diatom algae Cylindrotheca closterium and
eminavis robusta. GC × GC analysis was done using flow modula-
ion and a narrow bore (100 �m ID) apolar column was used in first
imension, resulting in faster analysis time and higher sensitivity,
hile maintaining resolution.

. Experimental

.1. Chemicals

Methanol (HPLC grade), sulphuric acid (ACS grade) and nonade-
anoic acid (C19:0) were purchased from Sigma–Aldrich (Bornem,
elgium) and n-hexane was obtained from Fisher Scientific (Leices-
ershire, UK). Water was from a Milli-Q water purification system
Millipore, Bedford, MA, USA). A 37 component fatty acid methyl
ster (FAME) mixture (10 mg/mL) in methylene chloride, a bacte-
ial acid methyl ester (BAME) reference solution (10 mg/mL total
oncentration) in methyl caproate and polyunsaturated fatty acid
ix no. 1 (PUFA No. 1, marine source) were purchased from Supelco

Bellefonte, USA). PUFA No. 1 was dissolved in isooctane, and the
tock solutions of PUFA, FAMEs and BAMEs were further diluted
ith hexane.

FAMEs are abbreviated using the shorthand annotation accord-
ng to the formula, “Ca:bnxz” whereby a is the number of carbon
toms in the fatty acid chain (not including the methyl alcohol part),
is the number of double bonds, nx is the location of double bond
n the xth carbon–carbon bond, counting from the terminal methyl
arbon towards the carbonyl carbon and z is the geometrical config-
ration expressed as c for cis and t for trans (e.g. C18:1n9c: methyl
ster of cis-9-octadecenoic acid).

.2. Culture growth and harvest of algae samples

Samples for fatty acid analysis were obtained from silica-limited

onoclonal cultures of the marine benthic diatoms C. closterium

strain F6A) and S. robusta (strain (BPS)F1-6). Both strains are
ept cryopreserved in the culture collection of the laboratory of
rotistology & Aquatic Ecology (Ghent University, Belgium). Cul-
ure conditions were 18 ◦C, a 12 h:12 h light:dark period, and an
218 (2011) 3056–3063 3057

illumination of approximately 30 �mol photons m−2 s−1 from cool-
white fluorescent tubes. Cultures were grown in 250 mL culture
flasks with 100 mL of marine enrichment medium ‘f/2’ [37]. Both
cultures were first grown exponentially for six days, with a re-
inoculation to low density after the first three days, after which the
medium was replaced with medium without silica source. After
three (Cylindrotheca) or four (Seminavis) days under silica limita-
tion, the cultures were harvested by gently pouring off most of
the medium and suspending the cells in the remaining medium
using a cell scraper. Next, the cells were concentrated in two steps
into a cell pellet in a pre-weighed eppendorf tube using gentle cen-
trifugation at 2500 rpm for 10 resp. 5 min. The supernatants were
removed, and the cell pellets immediately frozen in liquid nitrogen,
after which they were stored at −70 ◦C.

2.3. Fatty acid extraction and derivatization

Before fatty acid extraction, the cell pellets were freeze-dried
for 18 h at −50 ◦C, and their dry weight was determined (5.6 mg for
the Seminavis pellet, and 4.8 mg for Cylindrotheca). Dried cell pellets
were stored again at −70 ◦C until fatty acid extraction. Methylation
and hydrolysis of the lipids in the samples were achieved in a single
step by adding 700 �L of methanol with 2.5% sulphuric acid, and
homogenization of the cell suspension by shaking with a vortex for
1 min. Next, the samples were incubated in a water bath at 80 ◦C for
90 min, after which they were left to cool down. Fatty acids were
extracted using hexane, with C19:0 as internal standard. 350 �L
of hexane was added, as well as 350 �L of 0.98% NaCl to obtain a
clearer separation of the 2 phases [38]. After shaking for 1 min, the
samples were centrifuged at 12,000 rpm for 1 min, and 100 �L of
the supernatant hexane phase was removed, concentrated to 10 �L
and stored at −20 ◦C until analysis.

2.4. GC–MS

An Agilent 6890 GC-5973 MSD (Agilent Technologies,
Wilmington, DE, USA) was used for GC–MS analysis. Separations
were performed on HP-5MS, DB-WAX (30 m × 0.25 mm × 0.25 �m,
Agilent Technologies, Folsom, CA, USA), SLB-IL 82, SLB-IL 100
(25 m × 0.25 mm × 0.2 �m, Supelco, Bellefonte, USA) and HP-
88 (100 m × 0.25 mm × 0.2 �m, Agilent Technologies) capillary
columns. The injection volume was 1 �L with a split ratio of 10:1.
The inlet temperature was 230 ◦C. Electron ionization (EI) was
used. Analyses were performed in scan mode at the range of m/z
50–430, with the MS source at 230 ◦C and the MS quadrupole at
150 ◦C. The oven temperature program was 60–175 ◦C at 15 ◦C/min,
and at 2 ◦C/min to 240 ◦C (10 min) for HP-5MS, DB-WAX and SLB-IL
82. For SLB-IL 100, the oven temperature was programmed from
60 ◦C to 175 ◦C at 15 ◦C/min, and at 2 ◦C/min to 230 ◦C. For HP-88,
the oven temperature was 50 ◦C (1 min) to 175 ◦C at 15 ◦C/min, and
at 1 ◦C/min to 240 ◦C (5 min). Helium was used as carrier gas with
the flow of 1 mL/min (constant flow mode) for HP-5MS, DB-WAX,
SLB-IL 82 and SLB-IL 100. Constant pressure at 300 kPa was used for
HP-88 column (2 mL/min at 50 ◦C, 1 mL/min at 240 ◦C). Data were
processed by the MSD ChemStation version G1701EA (Agilent
Technologies).

2.5. GC × GC with flow modulation

A DB-1MS column (10 m × 0.10 mm × 0.10 �m, Agilent Tech-
nologies, Folsom, CA, USA) was used as a first dimension

column. SLB-IL 82, SLB-IL 100 and HP-88 capillary columns
(4 m × 0.25 mm × 0.2 �m) were used as the second dimension
columns.

An Agilent 7890A (Agilent Technologies, Wilmington, DE, USA)
equipped with a flow modulator (Agilent G3486A CFT Modulator,
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Fig. 1. Comparison of blank runs with temperature programming on different
columns (HP-5MS, HP-88, DB-WAX, SLB-IL 82 and SLB-IL 100) with MS detection
058 Q. Gu et al. / J. Chromato

ilmington, DE, USA) was used. Injections were performed in split
ode with split ratio at 10:1. The injection volume was 1 �L with

he inlet temperature of 230 ◦C. Hydrogen was used as carrier gas
nd performed in constant flow mode. The hydrogen-gas was from
ydrogen generator (H2PD-300-220, Parker Balston, Haverhill, MA,
SA) using Milli-Q water. The flow of carrier gas was 0.3 mL/min
nd 24 mL/min in the first and second columns, respectively. A
odulation cycle of every 2 s, consisting of 1.9 s collection and 0.1 s

njection time was used. Flame ionization detection (FID) was used
ith a sampling rate of 200 Hz. The other parameters of FID were as

ollows: temperature 230 ◦C, air 300 mL/min, hydrogen 6 mL/min
nd nitrogen (make-up) 40 mL/min. The oven temperature pro-
ram was 100 ◦C (1 min), at 10 ◦C/min to 175 ◦C, and at 3 ◦C/min
o 240 ◦C (5 min) when SLB-IL 82 or HP-88 was used as the second
imension. The oven temperature was programmed from 100 ◦C
1 min), at 10 ◦C/min to 175 ◦C, and at 3 ◦C/min to 230 ◦C (8 min)
hen SLB-IL 100 was used as the second dimension. GC Image soft-
are (version V 1.9b2, Zoex) was used for the construction of the
C × GC contour plots.

. Results and discussion

.1. GC–MS analysis using ionic liquid stationary phases

The different columns (HP-5MS, HP-88, DB-WAX, SLB-IL 82 and
LB-IL 100) were first tested for column bleeding with MS detection.
fter conditioning the columns according to the procedure pro-
osed by the manufacturer (e.g. conditioning for 2 h at maximum
llowable operation temperature), a blank run with temperature
rogramming was performed. The profiles for each column (with
espective end temperature) are shown in Fig. 1a. The apolar HP-
MS column obviously had the lowest column bleeding. The SLB-IL
2 column bleed was lower compared to the other polar columns.
lso the SLB-IL 100 column showed significantly lower bleeding

han the DB-WAX and HP-88 columns, although its maximum oper-
ting temperature is only 230 ◦C.

The lower column bleeding results in lower background and bet-
er detectability, as illustrated in Fig. 1b and c, showing a part of the
hromatograms obtained for a reference solution of polyunsatu-
ated FAMEs (PUFA No. 1, marine source) analyzed on, respectively,
HP-88 (Fig. 1b) and SLB-IL 82 (Fig. 1c) column. These parts of the

hromatograms show the C18:4 elution window. On the (100 m)
P-88, the solutes were eluted at around 200 ◦C. On the (25 m) SLB-

L 82, the same solutes were eluted at around 186 ◦C. Separation
s quite similar, but the baseline is clearly lower and less noise is
bserved on the IL column. Consequently, the signal to noise ratio
S/N) for the trace constituents (labeled 1, 2, 3 and 4) is higher on
he IL column compared to the HP-88. Peak 3 is even not detected
n the TIC trace of the HP-88 chromatogram.

Next, the separation of a 37 component FAME mixture was per-
ormed on HP-5MS, SLB-IL 82, SLB-IL 100 and HP-88 columns. The
hromatograms are compared in Fig. 2. Since the DB-WAX column
oes not allow the separation of cis and trans fatty acid isomers, this
olumn was not further evaluated. Peaks in the chromatograms
ere identified using the mass spectra, relative retention time

nformation and literature data [39,40].
Different compound classes can be easily identified using the

ase peaks at m/z 74, 55, 67 and 79, characteristic for saturated fatty
cids (SFA), mono-unsaturated fatty acids (MUFA), di-unsaturated
atty acids (DUFA) and polyunsaturated fatty acids (PUFA), respec-
ively [39,40]. The characteristic ion ratios “m/z 150 > m/z 149′ ′ and

m/z 80 > m/z 93′ ′ were used to confirm C18:3n6 (n6 terminal moi-
ty) [40].

Compared to apolar columns (showing good carbon number
eparation but little separation between unsaturated fatty acids)
he highly polar stationary phases allow the separation of unsat-
(end temperature indicated) (a) and part of chromatograms obtained for reference
sample of polyunsaturated FAMEs (PUFA No. 1, marine source) on HP-88 (b) and on
SLB-IL 82 column (c).

urated fatty acids and separation of positional and geometrical
isomers. In general, the best separation of the 37 component test
mixture was obtained on SLB-IL 82 within 20 min, but also excel-
lent separation was obtained on the SLB-IL 100 column. Similar to
the biscyanopropyl stationary phase (HP-88), both SLB-IL 82 and
SLB-IL 100 ionic liquid phases allow the separation of cis and trans
isomers. On the three polar columns, the polyunsaturated n3 FAME
was eluted after its n6 counterpart (18:3n6 elutes before 18:3n3).

To compare polarity and selectivity of the ionic liquid phases
with HP-88, the equivalent chain length (ECL) values for a num-
ber of main fatty acids were calculated. For ECL determination, the
linear saturated fatty acid methyl esters are used as references
(similar to n-alkanes in Kovats retention indices, C16:0 = 16.00,

C17:0 = 17.00, C18:0 = 18.00, etc.). The calculated ECL values are
listed in Table 1 for all the columns (including DB-WAX).

These data clearly demonstrate that the polarity of the IL phases
is higher than a polyethylene glycol column (DB-WAX). The SLB-IL
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ig. 2. Separations of 37 component FAME test mixture on (a) HP-5MS; (b) SLB-IL
2; (c) SLB-IL 100; and (d) HP-88 (temperature programs: see text).
00 is the most similar to the highly polar HP-88, while the SLB-IL
2 is only slightly less polar. Polarity and selectivity towards double
onds are also illustrated in Fig. 2 by the relative elution of C18:3n6
nd C20:0. On the SLB-IL 82, C18:3n6 elutes before C20:0, on the HP-
8 C18:3n6 and C20:0 partly overlap and on the SLB-100 C18:3n6

able 1
quivalent chain length (ECL) of selected fatty acid methyl esters on five columns.

HP-5MS HP-88 IL-82 IL-100 DB-WAX

C16:1 15.77 16.65 16.54 16.65 16.25
C17:1 16.78 17.64 17.56 17.67 17.25
C18:1n9c 17.70 18.53 18.44 18.55 18.18
C18:2n6c 17.66 19.38 19.23 19.48 18.65
C18:3n6 17.50 20.03 19.73 20.06 18.91
C18:3n3 17.72 20.40 20.23 20.59 19.26
C20:1n9 19.71 20.55 20.50 20.62 20.18
C20:2 19.65 21.42 21.33 21.58 20.66

alculated by interpolation using bracketing linear saturated fatty acid methyl
sters, with C15:0 = 15.00, C16:0 = 16.00, etc., using ECL = (tRi − tRn)/(tRn+1 − tRn) + n.
Fig. 3. FAMEs profile from Seminavis robusta on SLB-IL 82 (a) and a detailed chro-
matogram (b); FAMEs profile from Cylindrotheca closterium on SLB-IL 100 (c) and a
detailed chromatogram (d).

elutes after C20:0. This solute pair was previously used for the char-
acterization of highly polar cyanopropyl stationary phase [41]. The
value obtained for C20:1n9 (ECL = 20.62) (here, using a tempera-
ture gradient) corresponds well with the data reported by Ando and
Sasaki (ECL = 20.57–20.73, depending on isothermal temperature)
[35].
Recently, an even more polar IL phase (SLB-IL 111) was also
evaluated for FAME analysis [36]. On this column, the unsaturated
fatty acids are even more retained and saturated fatty acids (Cx:0)
interfere with mono-unsaturated fatty acids with one carbon less
(Cx−1:1).
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Fig. 4. GC × GC analysis of BAME test mixture using a 0.1 mm ID DB-1MS (a and c)
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nd a 0.25 mm ID DB-1MS (b and d) in first dimension and a 4 m × 0.25 mm ID BPX-
0 in the second dimension (raw modulated chromatograms). (b and d) A zoom on
he C17 elution window.

The fatty acid methyl ester profile obtained from S. robusta on
he SLB-IL 82 column is shown in Fig. 3a and b. The profile of
AMEs from C. closterium on SLB-IL 100 is shown in Fig. 3c and d.
oth a full scale TIC (Fig. 3a and c) and a detailed chromatogram
Fig. 3b and d), illustrating the complexity of the samples have
een shown. By one dimensional GC–MS analysis on the IL col-
mn, very interesting and detailed profiles are obtained that can
e used for the characterization of the algae samples. However,
uring identification based on MS data, some co-elutions were
etected and not all solutes could be identified with high proba-
ility.

.2. GC × GC analysis using IL phases in second dimension
As previously reported [17], flow modulated GC × GC was
sed for the separation of fatty acids from bacteria (BAMEs).
n apolar column (30 m × 0.25 mm × 0.25 �m HP-5MS) was com-
ined with a 4 m × 0.25 mm × 0.25 �m BPX-70 column (stationary
hase similar to HP-88). Special attention was paid to the sep-
Fig. 5. GC × GC plots of the FAMEs reference in three configurations with 0.10 mm
ID DB-1MS as the first dimensional column: (a) SLB-IL 100; (b) SLB-IL 82; and (c)
HP-88 as the second dimensional columns.

aration of hydroxy fatty acids. Best group type separation (in
the 2D space) was obtained using a relatively low (sub-optimal)
column flow in the first dimension. Since these hydroxy fatty
acids are not determined in the lipid fraction from algae, other
conditions were applied in this work to optimize the GC × GC sep-
aration.

An apolar narrow bore column (10 m × 0.10 mm × 0.10 �m DB-
1MS) was tested as first dimension column. Using a smaller
ID, the first dimension column could be used closer to opti-
mum flow rate, while the low flow is compatible with the
flow modulator. A comparison of the modulated chromatograms
obtained on, respectively, a 10 m × 0.25 mm × 0.25 �m and a
10 m × 0.10 mm × 0.10 �m column (both DB-1MS) is given in Fig. 4.
For the 0.25 mm ID column, the 1D flow was 0.6 mL/min (24 cm/s
linear velocity), which is suboptimal (hydrogen is used as car-
rier gas). For the 0.10 mm ID column, the 1D flow was 0.3 mL/min
hydrogen (42 cm/s), much closer to optimum carrier gas velocity.
Temperature program rate was increased from 6 ◦C/min on the

◦
0.25 mm ID column to 10 C/min on the 0.10 mm ID column. The
second column flow rate was 24 mL/min. From Fig. 4, it is clear
that the analysis time is reduced and the response is increased,
while the resolution is maintained. This is clearly illustrated in the
enlarged elution window of C17:1–C17:0 (Fig. 4c and d). Using a 2 s
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Table 2
Relative composition of main FAMEs in S. robusta and C. closterium.

tR 1D
(min)

tR 2Da

(s)
˛b Seminavis

robusta (%)
Cylindrotheca
closterium (%)

C14:0 8.93 0.76 3.36 14.90
C15:0 10.17 0.82 0.24 0.32
C16:0 11.80 0.80 34.84 9.95
C16:1 11.40 0.91 1.15 31.43 14.81
C16:1 11.43 0.96 1.19 – 0.24
C16:1 11.53 0.91 1.12 – 0.75
C16:2 11.03 1.04 1.28 0.28 0.82
C16:2 11.40 1.07 1.36 2.88 2.83
C16:3 11.03 1.21 1.52 5.28 6.62
C16:4 10.87 1.45 1.78 – 4.11
C18:0 15.33 0.83 2.40 3.45
C18:1n9c 14.73 0.90 1.13 0.33 0.44
C18:1 14.83 0.91 1.16 0.31 1.20
C18:2n6c 14.57 1.07 1.33 0.19 1.09
C18:3n6 14.20 1.19 1.46 0.19 0.32
C18:3n3 14.60 1.27 1.53 1.45 –
C18:4 14.23 1.42 1.72 2.41 3.62
C20:0 19.88 0.76 – –
C20:4n6 17.83 1.24 1.63 0.96 3.84
C20:4 18.33 1.32 1.72 0.21 –
C20:5n3 17.97 1.43 1.88 12.11 27.83
C22:0 24.46 0.70 – –
C22:5 21.80 1.19 1.71 – 0.95
C22:6n3 21.87 1.40 2.00 1.13 1.92
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a The retention times of the compounds are from DB-1 × SLB-IL 100 set.
b Selectivity (˛) in the second dimension for unsaturated fatty acid versus satu-

ated of same carbon number (e.g. tR (C16:1)/tR (C16:0)).

odulation time (1.9 s collection–0.1 s injection), about 4–5 mod-
lations are observed on each peak using a 0.25 mm ID column
ith a 0.6 mL/min flow (Fig. 4d). On the narrow bore column using
0.3 mL/min flow, the number of modulations per peak was still
–4 (Fig. 4c). Moreover, on the 0.25 mm ID column, a slight break-
hrough was observed (fronting on peaks). This is not observed
n the modulated chromatogram for the narrow bore column. In
ddition, all solutes eluted in the 2 s second dimension space (no
wrap-around” in different cycles). From these tests, it is clear that
he 10 m × 0.10 mm ID column can successfully be applied in the
rst dimension for flow modulated GC × GC and therefore it was
sed for further work.

Next, the GC × GC separation of the 37 component
AME reference sample was performed on three col-
mn combinations: configuration 1: DB-1MS 0.10 mm

D + 4 m × 0.25 mm × 0.2 �m SLB-IL 100; configuration 2: DB-1MS
.10 mm ID + 4 m × 0.25 mm × 0.2 �m SLB-IL 82; and configura-
ion 3: DB-1MS 0.10 mm ID + 4 m × 0.25 mm 0.2 �m HP-88. The
C × GC plots are compared in Fig. 5. The profiles are very similar.
xcellent group separation is obtained with the separation on
arbon number in the first dimension, and separation according
o the number of double bonds in the second dimension. Also
ositional isomers n6 and n3 are separated, since the n6 elutes
efore n3 on the first dimension. Cis–trans isomers are separated

n both dimensions.
The linear saturated fatty acids do not elute on a straight line.

heir absolute retention in the second dimension first decreases
until 8.5 min), then increases, and finally decreases again. This
ehavior can be explained by a combination of different oven tem-
erature slopes and flow regimes (temperature gradient fast to
75 ◦C and, at about 8.5 min, slower to 230 ◦C or 240 ◦C).

In Table 2, the retention times in both dimensions (for config-
ration 1: DB-1 + SLB-IL 100) for several fatty acid methyl esters

re given. These two retention times can be considered as two
coordinates” that are very useful for identification, providing com-
lementary information to MS. Compared to the retention times
btained on the second dimension IL-100 column, the retention
Fig. 6. GC × GC plots of the FAMEs from Seminavis robusta in three configurations
with 0.10 mm ID DB-1MS as the first dimensional column: (a) SLB-IL 100; (b) SLB-IL
82; and (c) HP-88 as the second dimensional columns.

times obtained on the IL-82 column were slightly lower (data not
shown).

For the unsaturated fatty acids also the selectivity in the sec-
ond dimension was calculated (using retention times measured
on the IL-100 column). The selectivity data (˛ = retention time
of UFA/retention time of SFA of same carbon number) are also
included in Table 2. These ˛-values are very useful to predict the
number of double bonds since the values are 1.12 < ˛ < 1.19 for
MUFAs, 1.28 < ˛ < 1.36 for DUFAs, 1.46 < ˛ < 1.53 for FA with three
double bonds and 1.63 < ˛ < 1.78 for four double bonds. The ˛-value
for C20:5n3 was 1.88 and for C22:6n3 ˛ = 2.00. Only for C22:5 a
lower than expected value (˛ = 1.71) was obtained.

The FAME extracts of the two species of algae samples were
analyzed on the three column combinations. The GC × GC plots for
S. robusta are shown in Fig. 6. In this sample, the “special” fatty

acids C16:2, C16:3 and C18:4 are detected. These fatty acids are
not typically detected in vegetable oils. The position in the GC × GC
plot (and their relative position versus the saturated fatty acids)
immediately enables the determination of the carbon number and
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Fig. 7. GC × GC plots of the FAMEs from Cylindrotheca closterium in three configura-
t
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ions with 0.10 mm ID DB-1MS as the first dimensional column: (a) SLB-IL 100; (b)
LB-IL 82; and (c) HP-88 as the second dimensional columns.

he number of double bonds.
The GC × GC plots for the fatty acids of C. closterium are given in

ig. 7. Again similar profiles are obtained on the different column
ets. In this sample, C16:3, C16:4, C18:4 and C22:5 are detected.

Also quantification was performed on the GC × GC data. The
eak volumes were measured (using the data from the DB-1 + SLB-

L 100 column combination) and, by normalization, a relative fatty
cid composition of the samples was calculated. The data are
ncluded in Table 2.

. Conclusions

Ionic liquid stationary phases offer interesting possibilities in
ne dimensional GC–MS and as the second dimension in compre-

ensive two dimensional gas chromatography for the analysis of

atty acids in algae samples. In GC–MS, the SLB-IL 82 and SLB-IL
00 columns resulted in excellent resolution and the low column
leed enabled to obtain a very detailed fatty acid profile. The high

[

[
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selectivity of comprehensive GC, using the IL phases in the second
dimension, combined with GC–MS identification, made it possi-
ble to detect and identify more compounds which were co-eluting
in one dimension GC. Fatty acids with different double bonds and
carbon numbers are group-type separated on the 2D space. Both
methods can be considered as complementary tools for fatty acids
analysis from different sources.

Acknowledgements

Len Sidisky (Supelco) is thanked for supplying the ionic liquid
columns. The study has been partly supported by the National Basic
Research Program (No. 2007CB707802) from the State Ministry of
Science & Technology of China and by the FWO project 1.5.169.06N.
PVO is postdoctoral researcher with the Flemish Fund for Scientific
Research.

References

[1] T.M. Mata, A.A. Martins, N.S. Caetano, Renew. Sustain. Energy Rev. 14 (2010)
217.

[2] L. Brennan, P. Owende, Renew. Sustain. Energy Rev. 14 (2010) 557.
[3] V.M. Dembitsky, O.A. Rozentsvet, E.E. Pechenkina, Phytochemistry 29 (1990)

3417.
[4] V.M. Dembitsky, E.E. Pechenkinashubina, O.A. Rozentsvet, Phytochemistry 30

(1991) 2279.
[5] S.V. Khotimchenko, Phytochemistry 49 (1998) 2363.
[6] X. Li, X. Fan, L. Han, Q. Lou, Phytochemistry 59 (2002) 157.
[7] P. Blokker, R. Pel, L. Akoto, U.A.Th. Brinkman, R.J.J. Vreuls, J. Chromatogr. A 959

(2002) 191.
[8] T. Rezanka, I. Dor, A. Prell, V.M. Dembitsky, Folia Microbiol. 48 (2003)

71.
[9] M.-J. Caramujo, H.T.S. Boschker, W. Admiraal, Freshw. Biol. 53 (2008)

77.
10] D.I. Sanchez-Machado, J. Lopez-Cervantes, J. Lopez-Hernandez, P. Paseiro-

Losada, Food Chem. 85 (2004) 439.
11] S.M. Budge, C.C. Parrish, Lipids 38 (2003) 781.
12] T. Rezanka, J. Vokoun, J. Slavicek, M. Podojil, J. Chromatogr. 268 (1983) 71.
13] V.M. Dembitsky, H. Rezankova, T. Rezanka, L.O. Hanus, Biochem. Syst. Ecol. 31

(2003) 1125.
14] C. Viron, A. Saunois, P. Andre, B. Perly, M. Lafosse, Anal. Chim. Acta 409 (2000)

257.
15] A.L. Michaud, G.-Y. Diau, R. Abril, J.T. Brenna, Anal. Biochem. 307 (2002) 348.
16] L. Akoto, F. Stellaard, H. Irth, R.J.J. Vreuls, R. Pel, J. Chromatogr. A 1186 (2008)

254.
17] Q. Gu, F. David, F. Lynen, K. Rumpel, G. Xu, P. De Vos, P. Sandra, J. Chromatogr.

A 1217 (2010) 4448.
18] F. David, B. Tienpont, P. Sandra, J. Sep. Sci. 31 (2008) 3395.
19] L. Mondello, A. Casilli, P.Q. Tranchida, P. Dugo, G. Dugo, J. Chromatogr. A 1019

(2003) 187.
20] S. de Koning, H.-G. Janssen, U.A.Th. Brinkman, LC GC Eur. 19 (2006) 590.
21] M. Adahchour, E. Jover, J. Beens, R.J.J. Vreuls, U.A.Th. Brinkman, J. Chromatogr.

A 1086 (2005) 128.
22] H.-J. de Geus, I. Aidos, J. de Boer, J.B. Luten, U.A.Th. Brinkman, J. Chromatogr. A

910 (2001) 95.
23] R.J. Western, S.S.G. Lau, P.J. Mariott, P.D. Nichols, Lipids 37 (2002) 715.
24] P.Q. Tranchida, A. Casilli, P. Dugo, G. Dugo, L. Mondello, Anal. Chem. 79 (2007)

2266.
25] J. Harynuk, B. Vlaeminck, P. Zaher, P.J. Marriott, Anal. Bioanal. Chem. 386 (2006)

602.
26] J.V. Seeley, S.K. Seeley, E.K. Libby, J.D. McCurry, J. Chromatogr. Sci. 45 (2007)

650.
27] W. Tiyapongpattana, P. Wilairat, P.J. Marriott, J. Sep. Sci. 31 (2008) 2640.
28] F. Adam, F. Bertoncini, V. Coupard, N. Charon, D. Thiebaut, D. Espinat, M.-C.

Hennion, J. Chromatogr. A 1186 (2008) 236.
29] P.Q. Tranchida, R. Costa, P. Donato, D. Sciarrone, C. Ragonese, P. Dugo, G. Dugo,

L. Mondello, J. Sep. Sci. 31 (2008) 3347.
30] T. Hyotylainen, M. Kallio, M. Lehtonen, S. Lintonen, P. Perajoki, M. Jussila, M.-L.

Riekkola, J. Sep. Sci. 27 (2004) 459.
31] J.L. Anderson, D.W. Armstrong, Anal. Chem. 75 (2003) 4851.
32] C. Ragonese, P.Q. Tranchida, P. Dugo, G. Dugo, L.M. Sidisky, M.V. Robillard, L.

Mondello, Anal. Chem. 81 (2009) 5561.
33] C. Villegas, Y. Zhao, J.M. Curtis, J. Chromatogr. A 1217 (2010) 775.
34] J.G. Alvares, D.B. Gomis, P.A. Abrodo, D.D. Llorente, E. Busto, N.R. Lombardia, V.G.
Fernandez, M.D.G. Alvarez, Anal. Bioanal. Chem. (2010), doi:10.1007/s00216-
010r-r4587-6.

35] Y. Ando, T. Sasaki, J. Am. Oil Chem. Soc. (2010), doi:10.1007/s11746-010-1733-
4.

36] P. Delmonte, A.F. Kia, J.K.G. Kramer, M.M. Mossoba, L. Sidisky, J.I. Rader, J. Chro-
matogr. A 1218 (2011) 545.



[

[

Q. Gu et al. / J. Chromatogr. A 1

37] R.R.L. Guillard, W.L. Smith, M.H. Chanley (Eds.), Culture of Marine Invertebrate
Animals, Plenum Press, New York, 1975, p. 26.

38] W.W. Christie, Gas Chromatography and Lipids: A Practical Guide, The Oily
Press, Ayr, UK, 1989, p. 36.

[

[
[

218 (2011) 3056–3063 3063

39] B. Bicalho, F. David, K. Rumplel, E. Kindt, P. Sandra, J. Chromatogr. A 1211 (2008)
120.

40] C. Hartig, J. Chromatogr. A 1177 (2008) 159.
41] F. David, P. Sandra, G. Diricks, HRC CC 11 (1988) 256.


	Evaluation of ionic liquid stationary phases for one dimensional gas chromatography–mass spectrometry and comprehensive tw...
	Introduction
	Experimental
	Chemicals
	Culture growth and harvest of algae samples
	Fatty acid extraction and derivatization
	GC–MS
	GC×GC with flow modulation

	Results and discussion
	GC–MS analysis using ionic liquid stationary phases
	GC×GC analysis using IL phases in second dimension

	Conclusions
	Acknowledgements
	References


