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1. Introduction

The ionic liquid SLB-IL111 column, available from Supelco Inc., is a novel fused capillary gas chromatogra-
phy (GC) column capable of providing enhanced separations of fatty acid methyl esters (FAMEs) compared
to the highly polar cyanopropyl siloxane columns currently recommended for the separation of cis- and
trans isomers of fatty acids (FAs), and marketed as SP-2560 and CP-Sil 88. The SLB-IL111 column was
operated isothermal at 168 °C, with hydrogen as carrier gas at 1.0 mL/min, and the elution profile was
characterized using authentic GC standards and synthetic mono-unsaturated fatty acids (MUFAs) and
conjugated linoleic acid (CLA) isomers as test mixtures. The SLB-IL111 column provided an improved
separation of cis- and trans-18:1 and cis/trans CLA isomers. This is the first direct GC separation of ¢9,t11-
from t7,c9-CLA, and t15-18:1 from ¢9-18:1, both of which previously required complimentary techniques
for their analysis using cyanopropyl siloxane columns. The SLB-IL111 column also provided partial resolu-
tion of t13/t14-18:1, c8- from c6/c7-18:1, and for several t,t-CLA isomer pairs. This column also provided
elution profiles of the geometric and positional isomers of the 16:1, 20:1 and 18:3 FAMEs that were
complementary to those obtained using the cyanopropyl siloxane columns. However, on the SLB-IL111
column the saturated FAs eluted between the cis- and trans MUFAs unlike cyanopropyl siloxane columns
that gave a clear separation of most saturated FAs. These differences in elution pattern can be exploited
to obtain a more complete analysis of complex lipid mixtures present in ruminant fats.

Published by Elsevier B.V.

acid (t-FA) content in foods and dietary supplements as mandated
by the new t-FA regulations in many countries [6-8]. An official

The fatty acid (FA) analysis of fats and oils as their fatty acid
methyl esters (FAMEs) has progressed throughout the years largely
in response to the development of more efficient gas chromato-
graphic columns [1]. Currently, highly polar cyanopropyl siloxane
coated stationary phases are the most effective columns for the sep-
aration of geometric and positional isomers of unsaturated FAMEs
commonly encountered in partially hydrogenated vegetable oils
(PHVOs) and ruminant fats [2-5]. It is for this reason that these
columns were recommended to determine the total trans fatty
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method was approved in 2005 by the American Oil Chemists’ Soci-
ety (AOCS) for the determination of t-FA isomers in vegetable or
non-ruminant animal oils and fats that required the use of either
the 100 m SP-2560 (from Supelco Inc.) or the CP-Sil 88 capillary
column (from Varian Inc.) operating isothermally at 180°C [9].
These conditions maximized the resolution of the 18:1, 18:2 and
18:3 isomers generally encountered in PHVOs and permitted the
use of 21:0 as internal standard (IS) for quantitative purposes
[1,10].

A number of alternative approaches have been reported to eval-
uate the 100 m cyanopropyl siloxane columns for the analysis of
ruminant fats. In ruminant fats, the presence of short-chain FAs
has necessitated the use of temperature programs starting from
as low as 45 or 70°C, and using 23:0 rather than 21:0 as IS, since
the latter elutes within the conjugated linoleic acid (CLA) region
[3,5,11]. A direct comparison showed an improved separation of
the short-chain FAMEs using a temperature program, while use of
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an isothermal condition at 180°C improved the resolution of the
longer chain FAME isomers [12].

Prior silver-ion thin-layer chromatographic (Ag*-TLC) separa-
tion of the geometric FAME isomers followed by GC separation at
selected lower temperatures was an option [2,5]. However, that
procedure was lengthy and only adequately addressed the separa-
tion of trans- and cis-monounsaturated fatty acid (MUFA) isomers
and not the trans containing polyunsaturated fatty acids (PUFA).
A method was recently proposed by which each test sample was
consecutively analyzed twice using the same GC instrument and
column but carried out using two different temperature programs
[13]. This approach permitted the identification of most FAME iso-
mers because temperature altered the polarity of the cyanopropyl
siloxane phase [14] which in turn changed the relative elution of
different types of FAMEs. This made possible the resolution of most
isomers under either one of the two separation conditions [1,15].
Others evaluated two different types of GC columns, such asa30m
‘Carbowax-type’ column in combination with a 100 m cyanopropyl
siloxane column. The former provided a separation of all FAMEs
based on chain length and number of double bonds, while the latter
yielded a more detailed composition of the 18:1 and 18:2 isomers
[2,16,17].

However, despite the success of the 100m highly polar
cyanopropyl siloxane phase columns for the separation of t-FAs,
there are common limitations pertaining specifically to the 16:1,
18:1, 18:2, 20:1/18:3, and CLA isomers regions. Some of these
limitations were overcome by using a prior Ag*-TLC technique to
resolve t9-16:1 and iso-17:0 [18], or two temperature programs
to resolve many of the trans- and cis-16:1, 18:1 and 20:1 iso-
mers [13]. There were also several FA isomers that could only be
resolved using much lower isothermal GC conditions at 120°C,
such as the two pairs t13- and t14-18:1 and t11- and t12-16:1
[13,18]. However, there are some overlapping FAMEs that cannot
be resolved under any condition using the cyanopropyl siloxane
phase columns, and are considered characteristic of this stationary
phases’ separation of FAs, such as t6-/t7-/t8-18:1, ¢6-/c7-/c8-18:1,
and t7,c9- and c9,t11-18:2, just to name a few FAs. In addition, there
are a few coeluting positional and geometric 18:2, 18:3 and 20:1
isomers present in PHVO and ruminant fats that have received little
attention and for which only a few reliable standards are available
[13,16,19].

In recent years several gas chromatographic capillary columns
containing ionic liquid stationary phases of various polarities have
been introduced on the market. Of those, the SLB-IL100 column
has been successfully used for the separation of selected FAMEs
of 18:1, 18:2 and 18:3 geometric and positional isomers [20]. Few
details are available regarding the chemical structure of this sta-
tionary phase [21,22], and little is known about how the functional
groups of this stationary phase interact with double bonds in FAMEs
to provide improved/different selectivities, or if steric hindrances
affect the elution properties. The ionic phases exhibit a dual nature
retention selectivity that enables them to separate both polar and
non-polar compounds [23]. Compared to cyanopropyl stationary
phase capillary columns of equal length, ionic liquid coatings SLB-
IL100 and SLB-IL111 have been reported to have higher polarity
based on their McReynolds constants [22,23].

In this study, we present the separation of numerous FAME
mixtures and authentic cis and trans MUFA isomer mixtures from
14:1 to 20:1 to evaluate the chromatographic properties of these
FAMEs on the 100 m SLB-IL111 capillary column from Supelco Inc.
(Bellefonte, PA). The elution profiles obtained analyzing the same
isomeric mixtures with a 100 m SP-2560 capillary column operated
isothermally at 180°C or with a temperature program from 45 °C to
215°Cwerereported by Delmonte et al.[12]. Based on the observa-
tion that polar stationary phases are temperature sensitive, the new
ionic column was also evaluated for changes in the relative elution

of FAMEs with variations in operating temperature of the column.
Assuming that differences in the chemical composition of the sta-
tionary phases will affect the relative elution pattern of FAMEs
differently, this study was also meant to investigate the possibil-
ity of whether the observed relative retention time data obtained
with these two columns (SP-2560 and SLB-IL111) are complemen-
tary and would lead to a more complete and accurate identification
of FA composition of ruminant fats than either column alone.

2. Materials and methods

Mixtures containing positional and geometric isomers of 14:1,
15:1, 16:1, 17:1, 18:1, 18:2 and 18:3 FAMEs were prepared and
characterized as previously reported [12,24]. The CLA isomers from
6,8- to 13,15-18:2 were synthesized as previously reported [25].
Saturated FAMEs (containing branched chain FAMEs) were iso-
lated from a milk fat sample as previously described [12]. GLC
463 reference mixture (for individual FAs in the mixture see p. 65
in the catalog, http://www.nu-chekprep.com/10.11_catalog.pdf),
FAME 21:0 and 14-15:1 (U-38-MX), and a mixture containing con-
jugated linoleic acid isomers (CLA, UC-59-M) were purchased from
Nu-Chek Prep, Inc. (Elysian, MN, USA). The cis (A6, A7, A9, A11,
A12, A13 and A15) and trans (A6, A7, A9, A11, A13 and A15)
isomers of 18:1 were available from Sigma (St. Louis, MO, USA).
The custom made SLB-IL111 gas chromatographic capillary column
(100 m x 0.25 mm, 0.2 wm thickness, Supelco, Bellefonte, PA) was
kindly provided by Len Sidisky of Supelco Inc.

Separations were achieved using an Agilent 6890N gas chro-
matograph (Agilent Tech., Wilmington, DE, USA) equipped with
a flame ionization detector. Hydrogen was used as carrier gas at
1 mL/min constant flow with the linear velocity of 26 cm/s. The
oven was maintained at 168 °C isothermal temperature, the injec-
tion port at 250°C, and the detector at 250°C. The split ratio was
set to 1:100 and the typical injection volume was 1 ul.

3. Results

The chromatographic separations presented in this manuscript
were all obtained using the same 100 m Supelco SLB-IL111 capillary
column and were verified to be reproducible over several days. The
isothermal temperature condition at 168 °C was selected because
it provided the best compromise for the separation of 14:1 to 18:1,
CLA, 20:1 and 18:3 FAME isomers commonly found in fats and oils.
Evidences supporting this choice will be provided when the 18:1,
18:3 vs 20:1 and CLA regions are presented below. The CLA region
was also investigated at the lower isothermal temperature of 130°C
to compare the separation of these FAME isomers. In this study,
extensive use was made of authentic cis and trans MUFAs prepared
by repeated bromination and debromination reactions of selected
MUFAs, isomerized PUFA and CLA obtained by using either para-
toluene sulfinic acid (PTSA) or iodine, and Ag*-HPLC separation of
the unsaturated FAME geometric isomers [12,24].

Fig. 1 shows the separation of the cis and trans FAMEs of 14:1
and 15:1 produced by the isomerization of ¢9-14:1 and c10-15:1,
respectively, along with the separation of the saturated FAMEs
isolated from milk fat that eluted in the same portion of the gas
chromatogram. The separation of the GLC 463 mixture from Nu-
Chek Prep, Inc. was added as a reference. For each FA chain length
the saturated FA eluted first, followed by MUFAs with trans double
bonds and then those with cis double bonds. The increased polarity
of the ionic column generally resulted in the elution of saturated
FAs in the transition area between the major trans and cis clus-
ters of FAs with one carbon less. Regardless of chain length and
geometric configuration, the positional isomers of MUFAs eluted in
the order of increasing A values. The identification of the cis and
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Fig.1. Partial GCchromatogram of the 14:1 and 15:1 region. From top: trans and cis fractions obtained from cis 9-14:1 and cis 10-15:1 FAMEs after five successive brominations
and debrominations, saturated FAMEs fractionated from milk fat (as FAMEs), and reference FAME mixture GLC 463. Conditions: Supelco 100 m SLB-IL111 capillary column
(100 m x 0.25 mm, 0.2 wm thickness), hydrogen carrier gas at 1 mL/min and 26 cm/s linear velocity, 168 °C isothermal condition. Abbreviations: i - iso; ai — anteiso.

trans isomers of 14:1 and 15:1 was previously achieved by GC/MS
[12], based on comparison to the elution order established using
the commercially available cis- and trans-18:1 isomers from Sigma,
and by comparison with published separations [10-13,15,18]. The
terminal positional isomer was an exception and showed a rever-
sal in the elution order, i.e., the FA with the terminal double bond
(n—1) eluted close to the n — 3 cis FA isomer. The terminal double
bond position was synthesized after successive bromination and
debromination reactions of selected MUFAs, and was found concen-
trated in the cis fraction that had been isolated by prior Ag*-HPLC.
Most of the individual cis isomers were baseline resolved, while
most of the trans isomers were only partially separated. There was
minimal overlap of the cis and trans isomers of 14:1 and 15:1, except
for the last trans isomer and the minor low A-cis isomers from c4 to
c7.The saturated FAME fraction from milk fat provided information
as to the elution of the iso and anteiso branched-chain FA of 15:0
and 17:0 and iso-16:0 (Fig. 1).

Fig. 2 shows the separation of the cis and trans FAMEs pro-
duced by the isomerization of ¢9-16:1 and c10-17:1, along with
the separation of the saturated FAMEs isolated from milk fat and
GLC 463. Most of the observations noted above for the separation
of 14:1 and 15:1 MUFAs equally apply to the separation of 16:1
and 17:1 MUFAs, with minor exceptions. Increased chain length
improved the resolution of the individual trans isomers, but the
overlap of the cis and trans isomers became more extensive. All
the trans-16:1 positional isomers up to t11/t12-16:1 eluted before
the c6/c7-16:1 FAs. In addition, 17:0 was only partially resolved
from the c6/c7-16:1, c8-16-1 and t13-16:1, while anteiso-17:0 co-
eluted with trans-16:1 FAs, but iso-17:0 eluted just before the
major trans-16:1 isomers; the identification of the iso- and anteiso-
branched-chain FAs was provided by the saturated FA fraction from
milk fat. The MUFA isomers with the terminal double bond are ten-
tatively identified in the cis fraction, since their relative abundance
is very low.

Fig. 3 shows the separation of the cis and trans FAMEs produced
by the isomerization of an equal mixture of c6-/c9-/c13-18:1, and of
c10-19:1, along with the separation of isomerized ¢9,c12-18:2, the
saturated FAMEs isolated from milk fat, and GLC 463. As previously
noted, FAs with the same chain length and geometric configuration

eluted in order of increasing A position, except for the FA with
the double bond in terminal position that eluted just after c15
in the case of the 18:1 FAs. All the trans-18:1 FAs with double
bond positions up to t15-18:1 eluted before ¢9-18:1, and t16-18:1
eluted between c13-18:1 and c14-18:1. Several common FAs in this
region co-eluted under these conditions, among them 19:0 which
co-eluted with ¢9-18:1, t9,t12-18:2 that co-eluted with t8/t9-19:1,
and 20:0 which co-eluted with ¢9,t12-18:2. Linoleic acid (¢9,c12-
18:2) was well resolved from all known FAs occurring in fats
and oils. The MUFA isomers with the terminal double bond were
identified in the cis fractions, but their relative abundance was very
low.

Differences in column temperature were investigated to max-
imize the resolution of as many FAMEs as possible. Fig. 4A and
B shows the differences in separation achieved when the operat-
ing column temperature was lowered to 140°C or raised to 180°C,
respectively. Even though the resolution of both the cis and trans
18:1 positional isomers was improved at 140°C, there was more
extensive overlap of the cis and trans clusters, and 19:0 co-eluted
with c12-18:1 (Fig. 4A). On the other hand, operation at 180°C
resulted in a near separation of the entire trans from the cis-18:1
clusters, but this result was accompanied by a loss, particular of the
individual trans 18:1 isomers, and a co-elution of 19:0 with ¢8-18:1
(Fig. 4B). The column temperature of 168 °C provided a reasonable
resolution of all the trans 18:1 isomers, resulted in minimal overlap
of the geometric isomers, and resulted in a clear identification of
t15-18:1 before c9-18:1.

Fig. 5 shows the separation of the cis and trans FAMEs pro-
duced by a single step bromination and debromination of three
selected 20:1 FAMEs, ¢5-, 8-, and c11-20:1, along with isomer-
ized ¢9,c12,c15-18:3 (a-linolenic acid; a-LnA) and ¢6,c9,c12-18:3
(+v-linolenic acid; y-LnA), and GLC 463; the latter was spiked with
21:0 FAME. The 20:1 and 21:0 FAME peak shapes were asymmet-
ric due to their low solubility in the highly polar stationary phase.
a-LnA and y-LnA were separated from the most common 20:1 iso-
mers and 21:0. Most of the geometric isomers of a-LnA and y-LnA
extensively overlapped with the cis- and trans-20:1 isomers, but
at the isothermal condition of 168 °C reasonable separation was
possible.
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Fig. 2. Partial GC chromatogram of the 16:1 and 17:1 region. From top: trans and cis fractions obtained from cis 9-16:1 and cis 10-17:1 FAMEs after five successive brominations
and debrominations, saturated FAMEs fractionated from milk fat (as FAMEs), and reference FAME mixture GLC 463. Conditions as in Fig. 1. Abbreviations: i - iso; ai — anteiso.

Fig. 6 shows the separation of the all synthetic geometric iso-
mers of CLA from double bond positions 6,8- to 13,15-18:2, along
with the isomerized mixture UC-59-M from Nu-Chek Prep, Inc.,and
GLC463.The elution order of the geometric isomers of CLA with the
same double bond position was c,t<t,c<c,c<tt; no attempt was
made to identify the minor c,c-CLA isomers. The retention times of
the c/t-CLA isomers increased with increasing A values, sufficiently
so as to resolve several of the major CLA isomers commonly found
inruminant fats. Of special interest was the separation of t7,c9-18:2
from ¢9,t11-18:2. The elution order among the t,t-CLA isomers was

opposite to that observed with c/t-CLA, except for the t,t-CLA iso-
mers of 6,8-, 7,9- and 12,14-CLA which did not fit the trend (Fig. 6).
There was also a partial resolution of several t,t-CLA isomers when
a lower isothermal temperature of 130°C was selected; see below.
At the elution temperature of 168 °C, several common FAs in this
region co-eluted under these conditions, among them 22:0 with
c6,t8- and c7,t9-CLA, c11,c13-20:2 with t8,c10- and ¢10,t12-CLA,
and c13-22:1 with t9,t11- and ¢8,t10-CLA.

Fig. 7 shows a typical separation of the 18:1 region of an
extensively hydrogenated PHVO product, together with its cis-
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Fig. 3. Partial GC chromatogram of the 18:1, 19:1 and 18:2 region. From top: trans and cis fractions of 18:1 obtained from a mixture of cis 6-, cis 9- and cis 13-18:1 FAMEs
after two successive brominations and debrominations, linoleic acid FAME isomerized by PTSA, trans and cis fractions of 19:1 obtained by fractionating cis 10-19:1 FAME

after six reactions, and reference FAME mixture GLC 463. Conditions as in Fig. 1.



P. Delmonte et al. / J. Chromatogr. A 1218 (2011) 545-554 549
. o)y + 1 ! ' PHVO, tranps-18:1
a ! i b e
D 1 o | | -
[} 1 1 1 1 1 [}
[} 1 1 1 1 [}
[ 18 3 1 1 1 [
[ [ 1 1 1 1 [
- w7 | Ha, . | | -
[ 1 1 1 1 1 [
[ 5 | I t15: t16 | | [
: 1 t4 : : ! 1 1 A 1 1 ! :
[} 1 1 1
Vo 11 c9
[ 1 1
[ 1 1
[} 1 1
[} 1 1
[} 1 1
[} 1 1
[ 1 1 { c
- A 31
D ko C8 i
cb/cT
| et cs PRI
[} 1 1 1 1
\ 118:0 o co-18:1
c10- ) ti1jce-ys:)| !
17:1 ! to
1 1 1
1 1 |
. q [ ]
] 19-18:1 il c11-18!1
i | 19:0
U 1
1 [ 1
N | | 1
Ayl 1 1 1 1
33 37 M 45 49 53 min 57
b ; : wg 0. N m ;
! : A [ttt PHVO, trans-18:1
i i Mok oo
i i VN taina | oo
0w s iNes e e
+ : I N\ — :
L Pl i Lo
o RN PHVQ, cis{18:1
i i RN oo
i i i VERAVE ST,
S SN SRR
e et ; |
e it o | e
| Aeti gl || et e

13.2 14.2

14.7

min

15.2 15.7 16.2

Fig. 4. (A) Partial GC chromatogram of the 18:0 to 20:0 region. From top: trans and cis fractions of partially hydrogenated vegetable oil (PHVO) and reference FAME mixture
GLC 463. Conditions: Supelco 100 m SLB-IL111 capillary column (100 m x 0.25 mm, 0.2 wm thickness), hydrogen carrier gas at 1 mL/min and 26 cm/s linear velocity, 140°C
isothermal condition. (B) Partial GC chromatogram of the 18:0 to 20:0 region. From top: trans and cis fractions of partially hydrogenated vegetable oil (PHVO) and reference
FAME mixture GLC 463. The same as in (A), except for the isothermal condition at 180°C.

and trans-MUFA fractions obtained using Ag*-HPLC. The relative
abundance of all the 18:1 isomers in this unfractionated product
was similar, which permitted a better resolution of closely elut-
ing 18:1 isomers. Several isomers remained unresolved including
t8/t9-18:1, t13/t14-18:1 and c6/c7-18:1. The overlap of cis-18:1
with trans-18:1 isomers was limited to c4- to c8-18:1, while t16:1-
18:1 was well resolved, eluting between c13-18:1 and c14-18:1.

Fig. 8 shows the separation of FAMEs in the CLA region with
the column operated isothermally at 130°C. The chromatogram
included a milk fat investigated in a previous study [26], our
synthetic 7,9-CLA isomerized with iodine, and the CLA mixture
(UC-59-M) obtained from Nu-Chek Prep,. Inc. isomerized with
iodine. With the exception of a partial co-elution of t8,c10-18:2
and c10,t12-18:2, all the other c,t- and t,c-CLA isomers from double
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Fig. 5. Partial GC chromatogram of the 20:1 and 18:3 region. From top: trans and cis fractions of cis 5-, cis 8- and cis 11-20:1 FAMEs after one successive bromination and
debromination, a-LnA and y-LnA isomerized by PTSA, and reference FAME mixture GLC 463. Conditions as in Fig. 1.

bond position 8,10- to 11,13-18:2 were baseline resolved (Fig. 8,
bottom chromatogram, and also evident in Fig. 6). The four t,t-CLA
present in the isomerized UC-59-M mixture and t7,t9-18:2 present
in the iodinized synthetic 7,9-18:2 mixture were partially sepa-
rated on this column. There were three CLA isomers present in the
experimental milk fat next in relative abundance after ¢9,t11-18:2
(upper graph) identified as t7,c9-18:2, t9,c11-18:2, and t10,c12-
18:2. Dairy fats are known to contain 22:0 and c11,c13-20:2 and
both were well separated from the CLA isomers present in this milk
fat (Fig. 8).

3
3
S

4. Discussion

The availability of alternative 100 m highly polar ionic liquid
capillary GC columns has provided an opportunity to complement
the results obtained with the 100 m cyanopropyl siloxane phase
coated columns (SP-2560 and CP-Sil 88) currently recommended
for the separation of complex mixtures of geometric and positional
isomers present in partially hydrogenated fats and ruminant prod-
ucts [15]. To conduct this evaluation, a series of synthetic cis and
trans MUFAs and CLA isomers, a silver-ion separated fraction from

o
N
-
R
)
®

66 M) | 681822
1

,18
/‘\i 1 7,9-18:2
1
1
1

[ S ey ST .

R

AN

c13,t15

T
’ \ﬂ2,t14 12,14-18:2
1

8,110 | 8.c1d 8,00 [\18,10-18:2
1 1
1 c9,f11 1 19,c11 19,611 19,11-18:2
1 1 1
__'———./:L/k/\ 1
Ry 110,12 {o.12-18:2
1 10,412 t10jc12 » ) :
! M !
| I I 1.1 13-18:2
1 1 ,13-18:
| | "11,":{ H1,c13 11,13 .
1 1 1 Va2 1
T T [
1 1 c1a114 t12,c14
1 1
1
1
1
1

-

e i S

e

N

1

. 1 1 1
2:0 , €11,613-20:2 .
( 1 | 1

TR ot K>

Qo o CVA0L N

SRR et AMjo (\,\,c‘\
1 1

t13,c15 Js,ns 13,15-18:2
1

1
o \I CLA-MIX

13021 ) ¢

| 463

26.3 27.3 28.3

29.3 30.3 min. 31.3

Fig. 6. Partial GC chromatogram of the CLA region. From top: iodine isomerized CLA isomers with double bond position 6,8- to 13,15-18:2, iodine isomerized CLA mixture

UC-59-M and reference FAME mixture GLC 463. Conditions as in Fig. 1.



P. Delmonte et al. / J. Chromatogr. A 1218 (2011) 545-554

. H
819

551

PHVO, trans-18:1

c12

PHVO, cis-18:1

15.5 16.5

17.5

18.5 min. 19.5

Fig. 7. Partial GC chromatogram of the 18:1 region. From top: trans and cis fractions of partially hydrogenated vegetable oil (PHVO), and total PHVO. Conditions as in Fig. 1.

milk fat containing saturated FAs, and authentic GC standards were
used. The reason for preparing and evaluating the synthetic cis and
trans MUFAs was to aid in the identification of these FA isomers
present in ruminant fats. All of these samples had previously been
analyzed and reported [12] using a 100 m SP-2560 column oper-
ated at isothermal 180 °C condition as recommended in the official
AOCS method for trans FA analysis [9] or temperature programmed
from 45 to 215°C [5].

The new SLB-IL111 stationary phase is a proprietary polyionic
ionic liquid stationary phase that has the highest polarity of the
stationary phases that have been commercialized for use in cap-
illary GC - including traditional polysiloxane and polyethylene
glycol based stationary phases. The phase is comprised of func-
tionalized cation groups joined as geminal cations by a spacer
group. Typical cations based on substituted imidazolium, phos-
phonium, pyridinium, pyrollidium and ammonium moieties have

c9,t11 Milk fat
9,c11
f1,c9 \%go,mz 22:2
7,8 79.18:2
c7,19 f7,c9
?¢7,c9
CLA mixture
isomerized,
X,x-18:2
co02
9,11 | S #10,c12
Ve o103/ .13
wyy| WALV Wiy
1I25 130 135 1;10 14'15 150 155 160 Min. 165

Fig. 8. Partial GC chromatogram of the CLA region. From top: milk fat sample, 7,9-18:2 isomerized with iodine and iodine isomerized CLA mixture UC-59-M. Conditions:
SLB-IL111 capillary column (100 m x 0.25 mm, 0.2 wm thickness), hydrogen carrier gas at 1 mL/min, 130°C isothermal elution.



552 P. Delmonte et al. / J. Chromatogr. A 1218 (2011) 545-554

been the cations of choice. Spacer groups such as various alkyl,
polysiloxane or polyethylene glycol groups have been used to join
the cations. The anion chain typically used for GC has been a
bis(trifluoromethylsulfonyl)imide (NTf2) or the triflate anion since
they provide the highest thermal stability for the ionic stationary
phase [22,27]. Separations on the ionic liquid column are governed
mainly by dipolar interactions and hydrogen bond basicity arising
from the anions which produce a column more polar than the 100%
cyanopropyl siloxane phases [23]. Based on the McReynolds con-
stants, the SP-2560 column has a polarity number of 81 compared
to 111 for the SLB-IL111 column, with each of them normalized
to the SLB-IL100 column [22]. The higher polarity of the ionic col-
umn compared to that of the SP-2560 column was evident in the
elution of all unsaturated FAs relative to saturated FAs. For exam-
ple, on the SLB-IL111 column, 19:0 eluted before the c9-18:1 peak
(Fig. 4B), while on the SP-2560 column, 19:0 eluted between c13-
and c14-18:1 at isothermal 180°C [12]. In addition, 17:0 eluted
just after c7-16:1 on the SLB-IL111 column at 168 °C (Fig. 2), and
just after ¢12-16:1 on the SP-2560 column operated isothermal at
180°C[12].

The polarity of cyanopropyl siloxane phases is known to be tem-
perature dependent[14,28], which in the case of FAMEs affects their
relative elution times and order. Differences in column temperature
have been successfully used with cyanopropyl siloxane columns to
identify many of the FAME isomers based on changes in the relative
elution of FAisomers within and between different groups of FAMEs
[13,15]. The ionic liquid columns have also been reported to be tem-
perature sensitive [22,27], and it is also evident by the differences
in separations at different temperatures of operation; see Fig. 4A
and B. A separation of selected FAMEs was recently reported using
the SLB-IL100 column operated at 150 °Cisothermal condition [20].

In the present study the temperature of the SLB-IL111 column
was raised to 168 °C to maximize the resolution of most of the com-
mon FA isomers. We investigated the elution characteristics of the
SLB-IL111 column at different isothermal conditions and concluded
that isothermal operation at 168 °C provided the best overall res-
olution of most FAMEs and these separations were compared to
those obtained using the cyanopropyl siloxane columns. Just as a
note of interest, in this study it became evident that even a change
of a few degrees in the operating temperature caused a significant
change in the relative elution of FA with a different number of dou-
ble bonds. For this reason, 168 °C rather than 165°C or 170°C was
selected for the best overall separation.

A major finding in this study was that the 100 m SLB-IL111 col-
umn provided a much improved resolution of the c/t-CLA isomers
than that obtained using the 100 m cyanopropyl siloxane columns.
This is the first report of a GC method capable of resolving the two
most abundant CLA isomers in ruminant fats, namely ¢9,t11- from
t7,c9-CLA at both isothermal 168 °C (Fig. 6) and 130°C conditions
(Fig. 8). These separations were not possible using cyanopropyl
siloxane columns at any isothermal temperature [12] or temper-
ature program conditions [5,11,29,30]. Thus the use of this column
eliminated the need for a complimentary Ag*-HPLC technique to
resolve these two CLA isomers [5]. The ¢9,t11-CLA (or rumenic acid)
content in ruminant fats is overestimated unless an additional sep-
aration using Ag*-HPLC is included to resolve these two co-eluting
CLA isomers. The SLB-IL111 column will drastically reduce the time
and expertise required to obtain this information, since it is capable
of resolving these two CLA isomers directly in a single GC analysis.

Use of the SLB-IL111 column also resolved all of the four t,t-
CLA isomers contained in the isomerized CLA mixture (UC-59-M)
at 130°Cisothermal condition (Fig. 8). This compares to two peaks
obtained by using either the SP-2560 or CP-Sil 88 columns, i.e., sep-
aration of t11,t13- from the remaining 3 t,t-CLA isomers [5,11,12].
Further work will be necessary to determine whether the t,t-CLA
isomers commonly present in beef fats will require the complimen-

tary Ag*-HPLC technique or whether a simple GC separation using
the 100 m SLB-IL111 column would be sufficient.

At 168 °C, the SLB-IL111 column caused a minimal overlap of the
peaks for the trans and cis isomer of each chain length as judged by
analyzing model synthetic FAME mixtures that contained most of
the positional isomers of 14:1 to 20:1 (Figs. 1-3 and 5). In each case,
the trans isomer in the third to last A position in a chain eluted
before the major cis isomers with the same chain length, and the
trans isomer in second to last A position was resolved among the
cis isomers, which meant that for the 18:1 isomers, t15-18:1 eluted
before c9-18:1, and t16-18:1 could be readily identified among the
cis-18:1 isomers. The separation of the trans and cis isomer clus-
ters was even more complete when the isothermal temperature of
the SLB-IL111 column was increased to 180 °C, which in the case
for 18:1 only meant the overlaps of t16-18:1 and a few minor cis-
18:1 isomers (Fig. 4B). Such separations would be useful if only the
total trans-18:1 content is desired in fat mixtures, but that would
not provide a detailed analysis of the isomeric composition. The
separation of geometric clusters is not possible using cyanopropyl
siloxane columns. Occasionally the total trans-18:1 FA content is
estimated by summing all of the peaks eluting just before ¢9-18:1,
and assuming that the remaining trans-18:1 and overlapping cis-
18:1 isomers are negligible, or cancel each other out. Precht et al.
estimated that such determination could underestimate the total
trans FA content by as much as 35% [31].

Of interest was the identification of MUFAs with the double
bond in the terminal position. These MUFAs were expected in the
synthetic mixtures after extensive isomerization by bromination
and debromination based on theoretical considerations, and based
on the decreased relative abundance of the isomers as one moves
away from the original double bond position of the starting mate-
rial. However, their location on the chromatogram could not be
confirmed using the SP-2560 columns, since there appeared to be
no additional peak in either the trans or cis fractions after Ag*-
HPLC separation [12]. Using the SLB-IL111 column, an extra peak
was observed in each of the cis fractions from the synthetic MUFA
eluting near the third last double bond (n — 3); see Figs. 1-3. The
extra peak in the cis-15:1 fraction was confirmed as 14-15:1 by
comparison of the retention time and co-injection with authentic
14-15:1 (U-38-MX) available from Nu-Chek Prep. Inc.; standards
for the other FA with terminal double bonds were not available.
The reversal in the elution order of the FAMEs with a terminal
double bond compared to all the other isomers within the chain
was previously observed by Gunstone et al. [32] using a 50 m NPGS
(neopentylglycosuccinate) capillary column. This finding indicates
that these FAME isomers with terminal double bonds behaved
chromatographically on Ag*-HPLC as cis isomers, yet on the SLB-
IL111 GC column behaved more like trans FAs, eluting time-wise
shortly after the n— 2 trans isomer. On the other hand, Gunstone
etal.[32] argued that this reversal was due to the uniquely different
property of the A16 isomers, i.e., eluting later than predicted. The
question is why were these isomers not detected when the same
mixtures were analyzed using the SP-2560 column [12]. Based on
the peak shape and relative abundance of the isomers, it would
appear that the MUFAs with the terminal double bond co-eluted
with the third last cis isomer of each chain length. The ability to
detect MUFAs with terminal double bonds in complex mixtures if
present is an additional advantage of the SLB-IL111 columns.

The separation of t15-18:1 from c9-18:1 is a unique feature that
distinguishes the two types of columns. On the SLB-IL111 column
these two isomers separated both at isothermal 168 °C and 180°C
condition, while such a separation is generally not possible using
SP-2560 or CP-Sil 88 columns, unless the relative abundances of
the 18:1 isomers are similar. At isothermal 180°C, t15-18:1 co-
eluted with ¢9-18:1 [10,24]. A partial separation of t15-18:1 from
¢9-18:1 was reported at isothermal 175 °C condition [2,33]. How-
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ever, this result was not possible when a temperature program that
plateaued at 175°C was used [5,11,34], or when a continuously
increasing temperature program was used [35]. Only when the
temperature program was lowered to plateauat 163 °Cdid t15-18:1
elute between ¢9-18:1 and c11-18:1, but co-eluted with c11-18:1
at 150°C [13]. It should be noted that a separation of t15-18:1 and
¢9-18:1 could be achieved when the concentration of the c9-18:1
isomer was not dominant. For instance, when cows were fed fish
oil, the c9-18:1 content was only 4.84% compared to 18.11% for
the control, which resulted in a partial resolution of t15-18:1 and
¢9-18:1 [36]. For the same reason, a separation of t15-18:1 and c9-
18:1 was generally observed when highly hydrogenated fats were
analyzed at isothermal GC conditions of 180°C [10], because the
content of c9-18:1 was not much more than that of the other 18:1
isomers in these fats.

The resolution of the t13- and t14-18:1 isomers was also a dis-
tinguishing feature between these two columns. A near baseline
resolution was obtained for most geometric 18:1 isomers in less
than 50 min by lowering the elution temperature of the ionic col-
umn to 140°C isothermal condition (Fig. 4A). There was even a
partial resolution of the t13- and t14-18:1 isomers and a separation
of ¢8- from unresolved c6/c7-18:1 (Fig. 4A). Separation of the t13-
and t14-18:1 isomers was not possible using cyanopropyl silox-
ane columns unless the temperature of the column was lowered to
120°C isothermal condition, and the isomers required 220 min to
elute using either 100 m SP-2560 or CP-Sil 88 columns [3,5,37]. As
the 4,4-dimethyl oxazoline (DMOX) derivatives, c13- and c14-18:1
were resolved at isothermal GC condition at 140°C [38].

The 20:1/18:3 isomer region has always presented a challenge
for the analysis of both PHVO and ruminant fats using cyanopropyl
siloxane columns [39-41]. Many of these isomers were identified
only by changing the column temperature which also changed the
elution pattern of the 20:1 relative to that of the a-LnA isomers
[13,40]. By contrast, on the SLB-IL111 column operated at 168 °C,
most of the common cis and trans-20:1 isomers eluted before the
common mono-trans geometric isomers of a-LnA (Fig. 5). This was
not the case for the geometric isomers of y-LnA that extensively
overlapped with the 20:1 isomers (Fig. 5). This is less of a concern
since the content of y-LnA in most natural products is generally
low.

The major disadvantage of the SLB-IL111 column appears to be
the location of the saturated FAMEs among the MUFA isomers. At
168 °C, the saturated FAs eluted between the trans and cis clusters of
MUFA isomers one carbon less in chain length. The elution charac-
teristics of saturated FAMEs were not previously investigated using
the SLB-IL100 column [20], since saturated FAs were not included in
the test mixtures analyzed, even though saturated FAs are ubiqui-
tous constituents in all natural products. With the choice of 168 °C
isothermal conditions, the coelution of the straight-chain saturated
FAs occurred with the minor trans MUFA isomer in every chain,
while the branched-chain saturated FA eluted among the MUFA
isomers. However, the coelution of saturated FAs with the cis MUFA
isomers depended on the chain length of the FAME. As the chain
length of the saturated FA increased, the overlap was with ever
increasing A-cis values of the FAME with one less carbon atom,
i.e., 15:0 co-eluted with the c6/c7-14:1; 16:0 with c6/c7-15:1; 17:0
between c7- and ¢8-16:1; 18:0 with ¢8-17:1; 19:0 with ¢9-18:1;
20:0 between c10- and c11-19:1, and 21:0 with the c12-20:1; see
Figs. 1-3 and 5 for the respective chain lengths. Changing the tem-
perature of the SLB-IL111 column affected the elution of saturated
FAs relative to the cis and trans MUFA isomers, and in fact one of
the reasons for the choice of isothermal 168 °C was to minimize the
interferences of saturated FAs relative to the MUFAs. On the other
hand, saturated FAs eluted later relative to MUFAs on cyanopropyl
siloxane columns than on the SLB-IL111 column, which was due to
the lower polarity of the former. This resulted in generally good

separations of most saturated FAs on the SP-2560 or CP-Sil 88
columns, except for 19:0 which eluted among t,t-18:2 isomers and
21:0 among the CLA isomers [13,34].

The separation of the 17:0 branched-chain FAs presented a
unique challenge for both types of GC columns, since they eluted
with the trans-16:1 isomers on the SLB-IL111 column (Fig. 2) and
among the trans- and cis-16:1 isomers on the cyanopropyl silox-
ane columns [13,18]. Their identification on cyanopropyl siloxane
columns was made possible by conducting a prior silver-ion chro-
matographic separation [13,18] or by analyzing the same sample
using two separate temperature programs [13]. In general, all
branched-chain FAs were difficult to resolve from the coeluting cis-
or trans-MUFAs (Figs. 1 and 2), similar to the straight-chain FAs. To
identify these branched-chain FAs in dairy products, one could ana-
lyze these FAs using two separate GC temperature settings, much
the same as was previously accomplished using the 100 m SP 2560
column [13].

The ‘dual nature’ of the SLB-IL111 column [21] may present an
opportunity of co-analyze components other than FAMEs in a mix-
ture, but may also require special attention if they are present. Such
constituents may be co-extracted after methylation and injected
onto the GC because of similar solubility characteristics to FAMEs.
For example, long-chain alcohols could be present in the total FAME
mixture after methylation, and if not removed by TLC or silica-SPE
columns (methods used to purify FAMEs), would elute on the SLB-
IL111 column, but not on a cyanopropyl siloxane column because
of their polarity. Therefore, one needs to be aware and cautious of
this possibility.

5. Conclusions

In this study, the 100 m ionic liquid capillary column SLB-IL111
proved to have several advantages compared to the cyanopropyl
siloxane columns currently recommended for the challenging anal-
ysis of mixtures containing geometric and positional isomers of
FAMEs. This ionic column gave an improved separation of the many
c/t-CLA isomers when operated isothermally at 168 °C, including
the separation of ¢9,t11- from t7,c9-CLA which is not possible using
cyanopropyl siloxane columns, but requires the mandatory com-
plementary Ag*-HPLC method. This new column provided for the
first time a GC technique capable of resolving this difficult iso-
meric pair, and eliminated the concern that in most reports rumenic
acid is being overestimated by the contribution of t7,c9-CLA. This
new column also provided a direct GC method to identify t15-18:1
which generally co-eluted with ¢9-18:1, and provided a partial
resolution of several isomer pairs such as t13/t14-18:1, c8- from
c6/c7-18:1, and several t,t-CLA isomers. Due to its higher polarity,
it caused a significant change in the elution pattern of the 20:1
and 18:3 isomers, of the 16:1 isomers and the branched-chain FAs,
and of isomers in the c/t-18:2 region to provide a valuable compli-
mentary column for the identification of these isomers in complex
lipid mixtures. Were it not for the unfortunate elution of saturated
FAs (straight and branched-chain FAs) among the geometric and
positional isomers of MUFAs, this GC capillary column could be
recommended as the most suitable for the analysis of total FAME
from ruminant fats. However, the results suggest that there may be
merit in combining the results of these two column types to provide
a more complete analysis of complex mixtures.

References

[1] M.M. Mossoba, ].K.G. Kramer, Official Methods for the Determination of Trans
Fat, 2nd ed., AOCS Press, Urbana, IL, 2009.

[2] D. Precht, J. Molkentin, Int. Dairy J. 6 (1996) 791.

[3] J.K.G. Kramer, C. Cruz-Hernandez, J. Zhou, Eur. J. Lipid Sci. Technol. 103 (2001)
600.

[4] W.M.N. Ratnayake, ]. AOAC Int. 87 (2004) 523.



554 P. Delmonte et al. / J. Chromatogr. A 1218 (2011) 545-554

[5] C.Cruz-Hernandez, Z. Deng, . Zhou, A.R. Hill, M.P. Yurawecz, P. Delmonte, M.M.
Mossoba, M.E.R. Dugan, J.K.G. Kramer, ]. AOAC Int. 87 (2004) 545.

[6] Department of Health and Human Services, FDA 21 CFR Part 101 [Docket No.
94P-0036]. Food labeling: trans fatty acids in nutrition labeling; nutrient con-
tent claims, and health claims; final rule, Federal Register 68, No. 133, July 11,
2003, p. 41434.

[7] Regulations Amending the Food and Drug Regulations (Nutrition Labelling,
Nutrient Content Claims and Health Claims). Department of Health, Canada
Gazette, Part 11. January 1, 2003. http://canadagazette.gc.ca/partll/2003/
20030101 /html/sor11-e.html.

[8] K.Duhem, in: F. Destaillats, ].-L. Sébédio, F. Dionisi, ].-M. Chardigny (Eds.), Trans
Fatty Acids in Human Nutrition, 2nd ed., The Oily Press, Bridgewater, England,
2009, pp. 381-394.

[9] D. Firestone (Ed.), American Oil Chemists’ Society Official Methods and Rec-
ommended Practices, 6th ed., AOCS Press, Urbana, IL, 2009, official method Ce
1h-05.

[10] W.M.N. Ratnayake, S.L. Hansen, M.P. Kennedy, J. Am. Oil Chem. Soc. 83 (2006)
475.

[11] C.Cruz-Hernandez, J.K.G. Kramer, J. Kraft, V. Santercole, M. Or-Rashid, Z. Deng,
M.ER. Dugan, P. Delmonte, M.P. Yurawecz, in: M.P. Yurawecz, ].K.G. Kramer,
0. Gudmundsen, M.W. Pariza, S. Banni (Eds.), Advances in Conjugated Linoleic
Acid Research, vol. 3, AOCS Press, Champaign, IL, 2006, pp. 45-93.

[12] P. Delmonte, A.R. Fardin Kia, Q. Hu, ].I. Rader, J. AOAC Int. 92 (2009) 1310.

[13] J.K.G. Kramer, M. Hernandez, C. Cruz-Hernandez, J. Kraft, M.E.R. Dugan, Lipids
43 (2008) 259.

[14] G. Castello, S. Vezzani, G. D’Amato, ]. Chromatogr. A 779 (1997) 275.

[15] M.M. Mossoba, J. Moss, J.K.G. Kramer, J. AOAC Int. 92 (2009) 1284.

[16] D. Precht, J. Molkentin, Milchwissenschaft 58 (2003) 30.

[17] S.P. Alves, R].B. Bessa, J. Chromatogr. A 1216 (2009) 5130.

[18] D. Precht, J. Molkentin, Eur. J. Lipid Sci. Technol. 102 (2000) 102.

[19] S.P. Alves, R.J.B. Bessa, Eur. ]. Lipid Sci. Technol. 109 (2007) 879.

[20] C. Ragonese, P.Q. Tranchida, P. Dugo, G. Dugo, L.M. Sidisky, M.V. Robillard, L.
Mondello, Anal. Chem. 81 (2009) 5561.

[21] T. Payagala, Y. Zhang, E. Wanigasekara, K. Huang, Z.S. Breitbach, P.S. Sharma,
L.M. Sidisky, D.W. Armstrong, Anal. Chem. 81 (2009) 160.

[22] Supelco Ionic Liquid GC Columns, Introduction to the Technology, 2010. sigma-
aldrich.com/il-gc (accessed 09.08.10).

[23] J.L. Anderson, ]. Ding, T. Welton, D.W. Armstrong, J. Am. Chem. Soc. 124 (2002)
14247.

[24] P. Delmonte, Q. Hu, A.R. Fardin Kia, J.I. Rader, ]J. Chromatogr. A 1214 (2008)
30.

[25] P.Delmonte, A. Kataoka, B.A. Corl, D.E. Bauman, M.P. Yurawecz, Lipids 40 (2005)
509.

[26] KJ.Shingfield, C.K.Reynolds, B. Lupoli, V. Toivonen, M.P. Yurawecz, P. Delmonte,
J.M. Griinari, A.S. Grandison, D.E. Beever, Anim. Sci. 80 (2005) 225.

[27] K. Huang, X. Han, X. Zhang, D.W. Armstrong, Anal. Bioanal. Chem. 389 (2007)
2265.

[28] S.A. Mjes, J. Chromatogr. A 1015 (2003) 151.

[29] M.P. Yurawecz, ].A.G. Roach, N. Sehat, M.M. Mossoba, ].K.G. Kramer, J. Fritsche,
H. Steinhart, Y. Ku, Lipids 33 (1998) 803.

[30] L.S. Piperova, B.B. Teter, I. Bruckental, ]. Sampugna, S.E. Mills, M.P. Yurawecz, J.
Fritsche, K. Ku, R.A. Erdman, J. Nutr. 130 (2000) 2568.

[31] D. Precht, J. Molkentin, F. Destaillats, R.L. Wolff, Lipids 36 (2001) 827.

[32] FE.D. Gunstone, L.A. Ismail, M. Lie Ken Jie, Chem. Phys. Lipids 1 (1967) 376.

[33] J. Molkentin, D. Precht, Chromatographia 41 (1995) 267.

[34] J.K.G. Kramer, C.B. Blackadar, J. Zhou, Lipids 37 (2002) 823.

[35] F. Destaillats, P.A. Golay, F. Joffre, M. de Wispelaere, B. Hug, F. Giuffrida, L.
Fauconnot, F. Dionisi, J. Chromatogr. A 1145 (2007) 222.

[36] KJ.Shingfield, S. Ahvenjirvi, V. Toivonen, A. Arél4, K.V.V. Nurmela, P. Huhtanen,
J.M. Griinari, Anim. Sci. 77 (2003) 165.

[37] R.L. Wolff, D. Precht, J. Am. Oil Chem. Soc. 75 (1998) 421.

[38] M.M. Mossoba, R.E. McDonald, ].A.G. Roach, D.D. Fingerhut, M.P. Yurawecz, N.
Sehat, J. Am. Oil Chem. Soc. 74 (1997) 125.

[39] D. Precht, J. Molkentin, Nahrung 43 (1999) 233.

[40] R.L. Wolff, J. Am. Oil Chem. Soc. 71 (1994) 907.

[41] D. Precht, J. Molkentin, Nahrung 44 (2000) 222.


http://canadagazette.gc.ca/partII/2003/20030101/html/sor11-e.html
http://canadagazette.gc.ca/partII/2003/20030101/html/sor11-e.html

	Separation characteristics of fatty acid methyl esters using SLB-IL111, a new ionic liquid coated capillary gas chromatogr...
	Introduction
	Materials and methods
	Results
	Discussion
	Conclusions
	References


