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1. Introduction

The SLB-IL111, a new ionic liquid capillary column for gas chromatography available from Supelco Inc.,
was recently shown to provide enhanced separation of unsaturated geometric and positional isomers of
fatty acid (FAs) when it was compared to cyanopropylsiloxane (CPS) columns currently recommended
for the analysis of fatty acid methyl esters (FAMEs). A 200 m SLB-IL111 capillary column, operated under
a combined temperature and eluent flow gradient, was successfully used to resolve most of the FAs
contained in milk fat in a single 80 min chromatographic separation. The selected chromatographic condi-
tions provided a balanced, simultaneous separation of short-chain (from 4:0), long-chain polyunsaturated
fatty acids (PUFAs), and most of the unsaturated FA positional/geometric isomers contained in milk fat.
Among the monounsaturated fatty acids (MUFAs), these conditions separated t11-18:1 and t10-18:1 FAs,
the two most abundant trans fatty acids (t-FA) contained in most dairy products. These t-FAs reportedly
have different biological activities. The conjugated linoleic acid (CLA) isomers commonly found in dairy
products were separated from each other, including t7,c9-18:2 from ¢9,t11-18:2, which eliminated the
need for their complementary silver ion HPLC analysis. The application of the SLB-IL111 column pro-
vided a complementary elution profile of FAMEs to those obtained by CPS columns, allowing for a more
comprehensive FA analysis of total milk fat. The FAMEs were identified by the use of available reference
materials, previously synthesized and characterized reference mixtures, and prior separations of the milk
fat FAMEs by silver ion chromatography based on the number/geometry of double bonds.

Published by Elsevier B.V.

double bonds of FAMEs [4,5], and to the unique chemical struc-
tures of these novel dicationic and tricationic stationary phases

The FAs contained in a food, oil, or fat test sample are most com-
monly measured by gas chromatography (GC) after their extraction
and conversion into their FAME derivatives by utilizing the most
polar and long capillary columns available. Based on this assump-
tion, the CPS coated SP-2560 (Supelco Inc., Bellefonte, PA) and CP-Sil
88 (Varian Inc., Walnut Creek, CA) GC capillary columns have been
used for several years as the preferred choice for FA analysis. The
commercial introduction of capillary columns coated with highly
polar ionic liquids (SLB-IL100, SLB-IL111, Supelco Inc.) [1] provides
analysts with GC capillary columns with markedly different sep-
aration characteristics for FAMEs [2,3]. These differences are due
to their higher polarity [1-3], their selective interaction with the
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[6-10]. The capability of separating selected FAMEs using capillary
columns coated with a highly polar ionic liquid was first demon-
strated by Ragonese et al. [2] using an SLB-IL100 column. Delmonte
et al. [3] recently showed the enhanced separation of FAMEs pro-
vided by a 100m SLB-IL111 column, particularly for the cis and
trans isomers of MUFAs and conjugated linoleic acid (CLA) iso-
mers, compared to the separation provided by an SP-2560 column
[3,11,12]. Of particular interest was the ability to separate pairs of
coeluting FA isomers including selected trans-18:1 FAs (t15- from
¢9-18:1, and t11- from t10-18:1) and CLA isomers (t7,c9- from
¢9,t11-CLA) that could not be resolved by the 100 m SP-2560 (or
CP-Sil 88) capillary column under chromatographic conditions suit-
able for routine analysis. The analysis of these FAMEs previously
required either (i) prior fractionation of FAs by silver ion thin-
layer chromatography (Ag*-TLC) or silver ion HPLC (Ag*-HPLC)
[13-15], (ii) complementing GC quantification with Ag*-HPLC data
[14,16,17], or (iii) combining results from separate GC analyses
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on the same column obtained by using different temperature pro-
grams [18].

The FAs contained in milk fat are characterized by a wide
range of chain lengths from 4:0 to 26:0, up to 6 unsaturations,
many geometric and positional combinations of double bond
configurations, as well as alkyl branch-chains and other func-
tional groups (hydroxyl, keto, and cyclic). In total, milk fat had
been estimated to contain over 400 different FAs [19]. Several
chromatographic conditions, primarily consisting of different tem-
perature programs, were proposed to maximize the comprehensive
separation of the FAs (or selected groups of them) contained
in milk fat by using 100 m CPS columns [20,21]. The American
Oil Chemists’ Society (AOCS) introduced an Official Method for
dairy fats analysis (Ce 1j-07) based on the separation of FAMEs
provided by a 100m SP-2560 (or CP Sil 88) column operated
isothermally at 180°C for 32 min, followed by a temperature
ramp to 215°C to elute the long-chain saturated and unsaturated
FAMEs [22]. All the proposed separations, however, showed numer-
ous overlaps of FAMEs [11,21,23], even when complementary
results were obtained by applying different temperature programs
[18].

A critical limitation of CPS coated capillary columns is the inabil-
ity to separate several cis and trans positional isomers of 16:1 and
18:1 from each other and from other saturated FAs eluting in the
same chromatographic region when utilizing conditions that are
suitable for routine analysis [22,24-26]. Of particular interest is
the separation of t11-18:1 FAME (vaccenic acid) from t10-18:1,
the other often predominant t-18:1 isomer present in ruminant-
derived food products [21,23,27]. Of these only vaccenic acid has
been associated with potential human health benefits [28]. The CPS
coated capillary columns can separate t11-18:1 FAME from other
occurring t-18:1 FAMEs only when the elution temperature is sig-
nificantly reduced, causing the loss of separation of other FAMEs
and a longer time of analysis [13,18,29,30].

Delmonte et al. [3] utilized authentic reference materials and
previously characterized FAME mixtures to show that, relative to
CPS capillary columns, a 100 m SLB-IL111 can provide an enhanced
separation of most geometric and positional isomers of the methyl
esters of MUFAs often present in partially hydrogenated oils and
ruminant products. The elution temperature of 168 °C provided
the most balanced separation of c-/t-MUFAs (from 14:1 to 20:1),
of 18:2 and 18:3 FAs, and of CLAs. The chromatographic condi-
tions described [3] were optimized for the analysis of processed
(refined, deodorized and bleached) or partially hydrogenated veg-
etable oils not containing short-chain FAs or long-chain PUFAs,
and would need to be modified for the analysis of milk fat which
contains these FAs. Also, the 100m SLB-IL111 capillary column
operated at the elution temperature of 168°C appeared to be
capable of separating certain closely eluting FAMEs such as t10-
[t11-/t12-18:1 only when these are present in similar and low
amounts.

The current study reports the separation of milk fat FAs after
their conversion to FAMEs by using a 200 m SLB-IL111 capillary
column and a combined gradient of elution temperature and elu-
ent gas flow rate. The 200 m length of the column was selected
to further maximize the separation of the cis/trans 16:1 and 18:1
FA isomers, to ensure the resolution of short-chain FAs and PUFAs,
and to evaluate conditions that can be applied to routine analysis.
The aim of this study was to evaluate whether an enhanced sep-
aration of the FAMEs found in milk fat could be obtained using a
200 m SLB-IL111 column to serve as a single analysis for milk fat. In
addition, milk fat was selected as the test matrix to further extend
our knowledge of the separation characteristics of this ionic lig-
uid column because of its complexity and its content of all FAs
that would be encountered in most fats and oils of non-marine
origin.

2. Materials and methods

Mixtures containing positional and geometric isomers of 16:1,
17:1,18:1,19:1, 20:1, 23:1, 24:1, 18:2 and 18:3 FAMEs where pre-
pared and characterized as previously reported [11,31]. The GLC
463 reference mixture, the FAME 21:0, 12-13:1, 14-15:1, and a
mixture containing conjugated linoleic acid isomers (CLA, UC-59-
M), were purchased from Nu-Chek Prep, Inc. (Elysian, MN, USA).
The 25:0 and 26:0 FAs where purchased from Cayman Chemical
Company (Ann Arbor, MI, USA). Methyl phytanate and pristanate
were purchased from Larodan (Malmo, Sweden). Butter (milk fat)
was purchased locally and FAMEs were prepared as previously
described [14]. The 200m SLB-IL111 gas chromatographic capil-
lary column was made by coupling two 100 m SLB-IL111 columns
(100 m x 0.25mm, 0.2 wm thickness, Supelco Inc., Bellefonte, PA,
USA) with an Agilent Ultimate Union (Agilent Tech., Wilmington,
DE).

Separations were achieved using an Agilent 7890 N gas chro-
matograph (Agilent Tech., Wilmington, DE, USA) equipped with a
flame ionization detector. The temperature gradient was as follows:
170°C for 50 min, then 6 °C/min to 185 °C and then maintained for
35 min. Hydrogen was used as carrier gas with the following flow
program: 1.6 ml/min for 35 min, then increased 0.3 ml/min/min to
3.0ml/min which was then maintained until the end of the sep-
aration. Total run time was 87.5min, with 5min post injection
re-equilibration. The detector was maintained at 250°C and the
injection port at 300°C. Detector constant make up gas plus col-
umn flow was set to 30 ml/min, hydrogen to 30 ml/min, and air to
400 ml/min. Injector split ratio was set to 1:100, which was changed
to 1:50 (gas saver) 2 min after injection. A typical injection volume
was 1l

Silver ion HPLC fractionation of milk fat FAMEs was carried out
with an Alliance 2695 separation module (Waters, Milford, USA)
equipped with a Waters 2996 PDA detector and a Waters Frac-
tion Collector II. A semi-preparative Chromspher 5 Lipids column
(10 x 250 mm, 5 um particle size, Varian Inc. Walnut Creek, CA) was
operated at 5 ml/min with a gradient of acetonitrile (MeCN) satu-
rated isooctane solution (A) and isooctane (B) as follows: 10% A
from O to about 15 min, then immediately switched to 100% A that
was maintained until the elution of all PUFAs. The re-equilibration
time was 20 min. The switching from 10 to 100% A mobile phase
composition at about 15 min and the timing of the collection win-
dows shown in Fig. 1 were adjusted as needed to compensate for
small changes occurring during separation. The sample was dis-
solved in the mobile phase at the concentration of approximatively
50mg/ml, and a typical injection volume was 100 wl. The MeCN
saturated solution in isooctane was prepared by adding an excess
of MeCN (about 100 ml) to one gallon of isooctane, stirring the solu-
tion overnight, and leaving the two-phase system to equilibrate for
one day.

3. Results

The chromatographic separations presented in this manuscript
were verified to be reproducible by using two different 200
SLB-IL111 columns and by conducting replicate analyses over sev-
eral days. The capillary columns were conditioned according to
the manufacturer’s recommendations and equilibrated for several
hours prior to acquiring the separations shown in Figs. 2-7. The
initial elution temperature plateau of 170 °C was selected based on
the observation that increasing the temperature by 2 °C compared
to the previous condition of 168 °C with the 100 m SLB-IL111 col-
umn [3] optimized the separation of 16:1, 18:1 and 18:2 FAMEs.
The second temperature plateau of 185 °C was selected as the best
compromise between the elution of all PUFAs and the total time of
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Fig. 1. Milk fat FAME Ag*-HPLC separation used to collect the fractions subsequently analyzed by gas chromatography. One semipreparative Chromshper 5 lipid column
(10mm x 250 mm, 5 wm particle size, Varian Inc.), flow rate 5 ml/min., 10:90 saturated MeCN in isooctane solution/isooctane until about 15 min, then 100% MeCN saturated

solution in isooctane. X:2 represents any FAME having 2 double bonds.

analysis. The flow rate was increased from 1.6 to 3.0 ml/min after
the elution of the 18:2 FAMEs to reduce the total separation time
and improve the peak shape of the late eluting FAMEs. The flow
rate of 1.6 ml/min at 170°C provided an average linear velocity of
26.1 cm/min, about the same value obtained using 1.0 ml/min of
hydrogen carrier with a 100 m column of the same internal diame-
ter. The initial elution required 50.03 psi of pressure on the injection

—11:0

port, increasing to 74.24 psi after the combined flow and tempera-
ture gradient. The sum of the column carrier and detector makeup
gases was set constant at 30 ml/min.

Identifications were made by comparison with separations
obtained using available pure reference materials, commercial ref-
erence mixtures, previously synthesized and characterized FAME
mixtures, and published separations [3,11,18].
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Fig. 2. Partial GC chromatogram of the 4:0 to 16:0 elution profile region. From the bottom: non fractionated milk fat FAMEs, milk fat fractions containing SFAs, t-MUFAs,
c-MUFAs, PUFAs, and reference FAME mixture GLC 463, conditions: Supelco 200 m SLB-IL111 capillary column (200 m x 0.25 mm, 0.2 wm thickness), temperature/flow
gradients as described in Section 2. Colored insets are shown for the synthetic cis (blue) and trans (red) 14:1 and 15:1 positional isomer mixtures. FAMEs of the n-1 series

are labeled in green.
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Fig. 3. Partial GC chromatogram of the 16:0 to 18:0 elution profile region. From the bottom: non fractionated milk fat FAMEs, milk fat fractions containing SFAs, t-MUFAs,
c-MUFAs, PUFAs, and reference FAME mixture GLC 463, conditions: Supelco 200m SLB-IL111 capillary column (200 m x 0.25 mm, 0.2 wm thickness), temperature/flow
gradients as described in Section 2. Abbreviations: i- =iso; ai- = anteiso; Phy-1=methyl 3S,7R,11R phytanate; Phy-2 = methyl 3R,7R,11R phytanate. Colored insets are shown
for the synthetic cis (blue) and trans (red) 15:1; 16:1 and 17:1 positional isomers mixtures. FAMEs of the n-1 series are labeled in green.

Fig. 1 shows the Ag*-HPLC semi-preparative separation of the
milk fat FAMEs. Consecutive separations showed reproducible
retention times and the saturated MeCN in isooctane solution was
able to elute all the PUFAs including DHA with minimum carry-
over of most unsaturated FAs to the following separation. If the
carryover of PUFA is a problem, it can be reduced or eliminated by
increasing the elution time of the MeCN saturated solution. Reten-
tion times were observed to be significantly shortened when the
column was overloaded, which also led to a lack of resolution of
geometric isomers of MUFAs. The fractionation of milk fat FAMEs
by Ag*-HPLC separated them into groups with a specific number of
double bonds and geometric configuration, simplyfing their iden-
tification by GC. The first three fractions contained, respectively,
saturated FAs (SFAs), t-MUFAs, and c-MUFAs plus c,t-/t,c-CLA and
non-conjugated t,t dienoic FAMEs such as t9,t12-18:2. The fourth
fraction consisted of the non-conjugated c,t/t,c/c,c dienoic FAMEs
and all the FAMEs with more than 2 double bonds. The t,t-CLA
eluted between the t-MUFA and the c-MUFA fractions, and could be
monitored by UV at 233 nm. These FAMEs could then be collected
partially or completely in fraction 2 or 3.

Figs. 2-6 show six GC chromatograms each. Starting from the
bottom, every figure exhibits the GC separation of the unfrac-
tionated FAMEs prepared from the milk fat sample, the Ag*-HPLC
fractions in order of elution from the HPLC column (namely, SFA,
trans-MUFA, cis-MUFA, and PUFA, respectively), and finally the GLC
463 reference mixture from Nu-Chek Prep at the top. Fig. 2 shows
the separation of milk FAMEs with the shorter chain lengths from
4:0 up to 16:0. The 4:0 is clearly separated from the solvent peak
and elutes slightly before toluene if the latter is added during the
preparation of the sample. The branched-chain FAMEs coeluted

with the saturated FAMEs and were identified based on the prin-
ciple that even chain length FAs are present in milk only as the iso
isomer, while odd chain length FAs are present as the iso and anteiso
isomers. The predominant SFAs in milk fat were 12:0, 14:0 and 16:0
and they showed minor carryover into the subsequently eluting
silver ion fractions. Their presence was helpful in verifying the cor-
rect alignment of the GC chromatograms. The separations of the
synthetically isomerized 14:1 and 15:1 FAME standards (shown in
the cis and trans fractions) were included as inserts to help identify
the MUFAs and to provide a more complete FAME elution profile.

Fig. 3 shows the separation of the milk FAMEs from 16:0 and
18:0. The partial separations of the cis/trans 16:1 and 17:1 FAME
synthetic mixtures were inserted to facilitate the identification of
MUFAs contained in the milk sample. Methyl phytanate, present
as two isomers (Phy-1 and Phy-2), was identified by comparison
with the reference material. The three 17:0 FA isomers (n-, iso- and
anteiso-) were partially separated from the most abundant c- and t-
16:1FAs. Trans-16:1 FA isomers were well resolved from each other
with the exception of the t8/t9 and t11/t12 pairs, while the overlap
of the t-17:1 FAs was limited to the t8/t9 and the t12/t13 isomer
pairs. Of special interest was the 15-16:1 isomer in the cis-MUFA
fraction which happened to coelute with iso-18:1 at 170°C.

Fig. 4 shows the separation of the FAMEs from 18:0 to linoleic
acid (LA; ¢9,c12-18:2). The separations of the synthetic cis/trans
18:1 and 19:1 FAME mixtures, and of LA isomerized with p-toluene
sulfinic acid (PTSA) [11] are also included. Milk fat contained all
possible positional and geometric isomers of 18:1 FAME and there
was minimal overlap except for c5- with t6-, c6/c7- with t12-, and
c8-witht15-18:1.The t16-18:1 FAME was instead clearly separated
from the c13-and c14-18:1. Trans 11-18:1 is clearly separated from
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Fig. 4. Partial GC chromatogram of the 18:0 to ¢9,c12-18:2 elution profile region. From the bottom: non fractionated milk fat FAMEs, milk fat fractions containing SFAs, t-
MUFASs, c-MUFAs, PUFAs, and reference FAME mixture GLC 463, conditions: Supelco 200 m SLB-IL111 capillary column (200 m x 0.25 mm, 0.2 um thickness), temperature/flow
gradients as described in Section 2. 17:0 cyclo, methyl 11-cyclohexylundecanoate. NID, methylene interrupted dienes that were not identified. Colored insets are shown for
the synthetic cis (blue) and trans (red) 17:1, 18:1 and 19:1 positional isomer mixtures, and isomerized linoleic acid (¢9,c12-18:2, pink). FAMEs of the n-1 series are labeled

in green.

t10- and t12-18:1, which allows the independent quantification of
these t-18:1 isomers. The predominant ¢9-18:1 isomer (oleic acid)
completely masked the identification of the minor 19:0 FA peak
that was seen to elute slightly ahead of ¢9-18:1 in the reference
standard GLC-463, but t15-18:1 was well separated from c9-18:1.
On the other hand, 20:0, being a minor FAME in milk fat showed
little interference with other FAMEs eluting in the same region.
Several non-conjugated c,t- t,c-18:2 FAs were separated in fraction
4,but no attempt was made to identify them in this study. The cyclo-
17:0 FA was tentatively identified based on the fact that it eluted by
Ag*-HPLC with the saturated FAMEs, and on previous observations
[18,32].

Fig. 5 shows the separation of FAMEs from LA to 20:3n-6. The
separations of selected c-/t-20:1 FAMEs with double bonds in posi-
tions 4 to 12, a- and +y-linolenic acid (LnA) isomerized with PTSA
and of the mixture of CLA isomers obtained after iodine isomeriza-
tion of the reference mixture (Nu-Chek Prep, Inc.) are also included.
Of the SFAs in this region, 21:0 is only partially separated from c11-
20:1, and 23:0 will interfere with the t,t-CLA isomers, but 22:0 does
not interfere with any other FAME. Several t-20:1 and c-20:1 iso-
mers were observed to be present in milk fat at levels above the
limit of detection after fractionation and concentration, of which
¢9- and c11-20:1 were the predominant components. The two
most abundant CLA isomers, t7,c9-CLA and ¢9,t11-CLA were clearly
resolved, and no other FAME was observed to interfere with the
quantitation of t7,c9-CLA. However, there was only a partial sep-
aration of ¢9,t11-CLA and ¢11,c14-20:2, which could be improved

by lowering the elution temperature to 168 °C. The other minor
c/t-CLA isomers identified in this milk sample included t9,c11-,
t10,c12- and t11,c13-CLA, all of which were well separated, and
did not interfere with other FAMEs. The t,t-CLA eluted in both the
t-MUFA and the c-MUFA HPLC fractions, but the individual isomers
could not be definitively identified. All the major PUFAs in the PUFA
fraction were separated from other FAMEs and could be identified.
Fig. 6 shows the separation of the long-chain FAMEs, from
20:3n-6 to 22:6n-3. The 22:6n-3, which was considered the last
eluting FAME of the milk sample, eluted in about 80 min. Identi-
fications were based on comparison with the available reference
materials. Two long-chain MUFAs eluting in the c-MUFA frac-
tion, 23:1 and 24:1, were identified in milk fat. Their identities
were confirmed by overlaying their chromatographic profile with
those of the reference mixtures prepared by repeated bromination
and debromination of ¢14-23:1 and c15-24:1 FAME according to
previously published procedures [11]. Two unknown peaks were
observed in this region of the chromatogram. The unknown GC peak
at 65.5 min in total milk fat also eluted in the t-MUFA fraction. The
GCpeakat 79.0 min that occurred in several Ag*-HPLC fractions was
considered an artifact, since it was not present in total milk fat.
Fig. 7 shows the separation of the FAMEs from 18:0 to LA pre-
pared from a beef fat, a partially hydrogenated canola oil, and a
shortening sample. In these test samples all the t-18:1 FAMEs were
resolved, with the exception of the two pairs t8/t9 and t13/t14.
In addition, there were overlaps of some minor 18:1 isomers, ¢5-
with t6-, ¢6/c7- with t12-, and ¢8- with t15-18:1. Trans 10-18:1
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Fig. 5. Partial GC chromatogram of the ¢9,c12-18:2 to 20:3 elution profile region. From the bottom: non fractionated milk fat FAMEs, milk fat fractions containing SFAs, t-
MUFAS, c-MUFAs, PUFAs, and reference FAME mixture GLC 463, conditions: Supelco 200 m SLB-IL111 capillary column (200 m x 0.25 mm, 0.2 pum thickness), temperature/flow
gradients as described in Section 2. CLA = conjugated linoleic acid. Colored insets are shown for the synthetic cis (blue) and trans (red) 20:1 positional isomer mixtures,
isomerized CLA (green), y-linolenic acid (18:3n-6, pink), and a-linolenic acid (18:3n-3, violet).

was the major t-18:1 isomer in the beef fat sample. Partially
hydrogenated canola oil contained small amounts of ¢9,t12- and
t9,c12-18:2, while beef fat contained other c/t-18:2 FAMEs that
were not identified. In these separations, 19:0 coeluted with c9-
18:1, while c10-18:1 was masked in the beef sample because of the
predominant ¢9-18:1 peak.

4. Discussion

We elected to use a 200 m instead of a 100 m SLB-IL111 cap-
illary column because the latter column provided only a partial
separation of the individual ¢t-18:1 isomers from t5- to t15-18:1,
with the partial overlap of a few c-18:1 isomers [3]. Relative to
the 100 m, the 200m SLB-IL111 would provide twice the num-
ber of theoretical plates, and the gain in resolution is proportional
to the square route of the gain in the total number of theoretical
plates. It is well recognized that the elution temperature affects the
selectivity of CPS columns, affecting the relative elution of FAMEs
with a different number of double bonds and geometric config-
uration [18,21,33-35]. The selectivity of the ionic liquid columns
was shown to be similarly affected by temperature [3,36]. There-
fore, to evaluate these separations, we analyzed total milk fat, the
milk fat fractions obtained by silver ion HPLC, and the reference
and synthetic standards at several elution temperatures in the
range from 150°C to 180°C. However, in the present study, we
report only the GC results observed at 170 °C. The current separa-
tions were compared with the ones we recently published using
a 100 m SLB-IL111. Changing the initial elution temperature from

168°C to 170°C improved the resolution of several closely elut-
ing FAME in the 18:1, 18:2/19:1, 20:1/18:3 and the CLA region, but
not in all cases, which will be discussed in the appropriate sec-
tions below. The age of the GC column is also known to reduce the
polarity of the stationary phase [23]. This was evident in a number
of closely eluting FAMEs with different numbers of double bonds,
such as 19:0 vs. ¢9-18:1, 22:0 vs. t7,c9-CLA, and 21:0 vs. c11-20:1.
In each case, the retention times of the more unsaturated FAMEs
progressively decreased with column age relative to those of the
more saturated FAMEs. This can be partially corrected by increasing
the elution temperature by 1-2 °C, which will provide an opposite
effect.

The results of analyzing the FAMEs prepared from total milk fat
using a 200 m SLB-IL111 capillary column show that despite the
relatively high initial temperature of 170°C at the beginning of the
analysis, the 4:0 FAME was well resolved from the solvent peak
and eluted slightly before toluene when the latter is included in the
methylation procedure (Fig. 2). The separation of 4:0 from the sol-
vent front and other solvents often used during sample preparation
had been a concern, since similar high initial temperature condi-
tions proved to be a challenge for the quantiation of 4:0 FAME using
100 m CPS columns [21-23]. For this reason, temperature programs
were preferred to improve the resolution of the short-chain FAMEs
in milk fats [20,21].

The higher polarity of the SLB-IL111 column compared to the
SP-2560 (or CP-Sil 88) column provided an advantage in separating
the shorter-chain SFA from the n-1 MUFA present in milk fats, while
these FAME pairs in reference mixture GLC 463 coeluted using the
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gradients as described in Section 2.

100 m CP-Sil 88 columns, i.e.,, 10-11:1 and 12:0, 11-12:1 and 13:0,
12-13:1 and 14:0 [37,38]. It was of special interest to confirm the
presence of previously reported 9-10:1 and two 12:1 isomers in
milk fats [39,40] using the 200 m SLB-IL111 column. The two 12:1
isomers were identified as ¢9-12:1 and 11-12:1 (Fig. 2, c-MUFA
panel). This enabled us to demonstrate for the first time the pres-
ence of an entire series of even numbered n-1 MUFA from 9-10:1
to 17-18:1. In addition, milk fat was shown to contain the c7-, c9-
and t9-14:1 FAs (Fig. 2). Trace amounts of methyl pristanate were
also detected eluting just before c9-14:1, which was confirmed by
using an authentic standard. Only a small amount of 13:0 FAME
was present in milk fat, which would make this FA suitable for use
as an internal standard (IS) for quantifying milk fat FAs.

The 16:1 region of milk fats (Fig. 3) has not been extensively
investigated. The complexity of this region was only resolved by
prior Ag*-TLC separation of the total FAMEs of milk fat followed
by isothermal GC analysis of the fractions at 120°C [13,39]. How-
ever, no single GC separation condition including an isothermal
separation at 120°C [13,39], or by any temperature program, ade-
quately resolved these isomers [11,18]. Partial success in analyzing
the geometric and positional isomers of 16:1 in the presence of
the branched-chain 17:0 FAs and n-17:0 was obtained by compar-
ing the results from two different GC separations using the same
100 m CP Sil 88 column operated at two temperature settings [18].
The 100 m SLB-IL111 column operated at 168 °C provided a differ-
ent separation pattern compared to that of the 100 m CPS columns,
but several FAs still overlapped, i.e., anteiso-17:0 with t8/t9-16:1,
and c6/c7- with t11/t12/t13-16:1 [3]. The current method of anal-
ysis using a 200m SLB-IL111 column operated at 170°C showed
an improved separation of the 17:0 (iso-, anteiso-, and n-) from

the 16:1 isomers. Anteiso-17:0 coeluted only with two minor t-
16:1 isomers (t7- and t8-16:1), and 17:0 eluted with the isomers
c6/c7- and t13-16:1 (Fig. 3). The 16:1n-1 FAME, 15-16:1, was
also identified for the first time in milk fat. This was confirmed
using the synthetic c-16:1 mixture. Unfortunately, this FA par-
tially overlapped with iso-18:0 at 170°C (Fig. 3), but these two FAs
could be clearly resolved by lowering the elution temperature to
168 °C with 15-16:1 eluting before iso-18:0 (unpublished data).
In addition, two peaks associated with methyl phytanate (methyl
3,7,11,15-tetramethylhexadecanoate) were identified in the milk
lipids that were confirmed using an authentic synthetic standard
of methyl phytanate from Larodan. The two peaks were similar to
the 3S5,7R,11R and 3R,7R,11R isomers previously reported [40,41].
The separation of the FA isomers in the 18:1 region (Fig. 4)
has been the subject of many investigations since they are com-
mon to both partially hydrogenated fats or oils, and ruminant fats.
The 100 m CPS columns have failed to resolve all the 18:1 iso-
mers whether the column was operated isothermally [11,26,42]
or by using temperature programs [11,14,18,23,43]. The literature
reports show that the 18:1 FAME isomers from t6- to t8- and from
c6- to c8- could not be resolved under any set of chromatographic
conditions. The t13- and t14-18:1 could instead only be resolved
if the CPS GC column was operated at the temperature of about
120°C or lower [13,20,29], the t15- and ¢9-18:1 generally coelute
unless the eluton temperature plateau during the temperature pro-
gram was set at 163 °C[18,23], and in most cases t16- coeluted with
c14-18:1. Limited separations of some 18:1 isomers were reported
using a 200 m CP-Select for FAME column (Varian Inc., Walnut
Creek, CA), but not all the isomers were investigated [23,30,44].
On the other hand, the 100 m SLB-IL111 column operated at 168 °C
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provided for the first time the separation of t15-18:1 from ¢9-18:1,
t6-/t7- from t8-18:1, and c6-/c7- from c8-18:1, but 8- still coeluted
with t9-18:1, ¢6-/c7- with t12-18:1, and t13- still remained unre-
solved from t14-18:1, and 19:0 overlapped with ¢9-18:1.

The results of the 200 m SLB-IL111 column operated at 170°C
showed a marked improvement in the separation of all the t-18:1
isomers from t5- to t16-18:1, particularly the t10- and t11-18:1
isomers that often occur as the two major isomers in milk fats. How-
ever, two minor c-18:1 isomers (c6-/c7-18:1) still coeluted with
t12-18:1, 8- coeluted with t15-18:1, and t13- still remained unre-
solved from t14-18:1. There was a good separation of t16-18:1 and
c14-18:1, however, 19:0 remained a problem because it eluted just
ahead of the large ¢9-18:1 peak, while c10-18:1 eluted at the tail
end of the ¢9-18:1 peak. Attempts to further resolve all the 18:1
isomers by changing the elution temperature using the 200 m SLB-
IL111 column may not be successful, which is a reflection of the
complexity of FAs of milk fats. A reduction in the elution temper-
ature progressively improved the separation among the positional
isomers of t- or c-MUFAs, but it also progressively increased the
overlap between the t- and c-MUFA clusters, while an increase
in elution temperature yielded the opposite result. Typical sep-
arations of the 18:1 region of commonly analyzed test samples
containing trans fatty acids are shown in Fig. 7 and will be discussed
later.

The region between the 18:1 isomers and linoleic acid showed
several peaks consisting of methylene- and non-methylene inter-
rupted 18:2, and 19:1 isomers when analyzed using the 200 m
SLB-IL111 column (Fig. 4). The FAs 20:0 and cyclo-17:0 (methyl
11-cyclohexylundecanoate) were well resolved under these con-
ditions, largely because these and adjacent FAMEs eluting in the
same region were similar in relative concentration. The 100 m CPS

coated columns also showed a number of peaks in this region that
were tentatively identified [32]. However, it would appear that the
FAMEs of milk fats are more complex than first anticipated, since
analyses using different GC temperature conditions show different
FA profiles [18,32]. Studies are currently in progress to determine
the structure of these 18:2 isomers by GC/MS and to compare the
separations on both the SLB-IL111 and the SP-2560 columns.

The geometric isomers of a-LnA and vy-LnA eluted in the same
chromatographic region as the c- and t-20:1 isomers using the
100 m SLB-IL111 column [3], very similar to that observed using
the CPS columns [11,18]. However, there were differences that
provided valuable complementary comparisons. For example, the
major c-20:1 isomers in milk fat, ¢9- and c11-20:1, were better
resolved from the major geometric isomers of a-LnA on the 100 m
and 200m SLB-IL111 columns [3; this study], than on the CPS
columns, where these two 20:1 isomers generally coeluted with the
¢ t,c and t,c,c isomers of a-LnA [11,18]. Using the 200 m SLB-IL111
column, there was limited overlap of the t- and c-20:1 isomers, and
the t-20:1 were free of interfering FAs, except for ¢12,c15-18:2,
which coeluted with t11-20:1 (Fig. 5). The two major c-20:1 iso-
mers elute in the vicinity of the t/t/c-18:3 isomers, but the more
significant overlap was between c11-20:1 and 21:0 (Fig. 5). How-
ever, the analysis at 168 °C resulted in a clear separation of these
two FAs with 21:0 eluting after c11-20:1 (data not shown). The
use of 21:0 as internal standard (IS) was not recommended with
CPS columns since 21:0 was found to elute anywhere between
t9,c11- and t11,c13-CLA depending on the column used and its
age [14,18,23,45]. It would appear that 21:0 is equally undesir-
able as IS when SLB-IL111 columns are used, since a relatively large
addition of 21:0 would interfere with c11-20:1 and/or di t/t/c-18:3
isomers.
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Using CPS capillary columns, all possible CLA isomers elute
after a-LnA and before ¢11,c14-20:2 [14,17]. Only minor amounts
of some 20:2 isomers and 21:0 were observed to elute in the
CLA region [46]. Moreover, not all the CLA isomers were resolved
using the CPS GC columns, particularly the two most abundant
CLA isomers in ruminant fats, ¢9,t11- (rumenic acid) and t7,c9-CLA
coeluted [16]. A complementary analysis for the CLA isomers using
Ag*-HPLC columns was required to resolve these two main CLA
isomers as well as several other isomers [14,16]. It was therefore
a real breakthrough when we found that the new 100 m SLB-
IL111 column made it possible for the first time to baseline resolve
these two major CLA isomers [3]. The 200m SLB-IL111 column
also separated most of the other CLA isomers, with the excep-
tion of a few t,t-CLA isomers, and three other FAs eluting in the
CLA region should be closely monitored, i.e., 22:0 (close eluting
to t7,c9-CLA), c11,c14-20:2 (parlially overlapping with ¢9,t11-CLA),
and c13-22:1 (partially overlapping with t8,t10-, t9,t11-CLA). If the
main interest was to quantify the main CLA isomers, including
t7,c9- and ¢9,t11-CLA, it can be achieved by direct analysis using
this GC column. However, if minor CLA isomers are of interest,
Ag*-HPLC analysis may be preferred because of its lower limit of
quantification and good resolution between most of the t,t-CLA
isomers.

Milk fats contain minor amounts of n-6 and n-3 PUFA. All
the long-chain FAs up to 26:0 and PUFAs up to 22:6n-3 sepa-
rated within 80 min using the 200 m SLB-IL111 column and the
chromatographic conditions described in Section 2 (Fig. 6). The
separation could be shortened further by increasing the temper-
ature of the second elution plateau. Alternatively, the flow of the
hydrogen carrier gas could be further increased. Two 23:1 and
24:1 isomers were identified in the milk fat. The position of the
double bonds in 23:1 could not be confirmed since standards
are unavailable. The isomers of 24:1 were identified as c15-24:1
present in reference standard GLC-463 from Nu-Chek Prep Inc.
and c13-24:1 that is also found in fish oil. The first isomerization
product of a-LnA is ¢9,t11,c15-18:3 [47] and it eluted between
20:3n-6 and 20:3n-3 on this column (Fig. 6), which is much later
than on the CPS columns where it elutes between 20:2n-6 and
22:0 [48]. In addition, ¢9,t11,t15-18:3, an isomer of ¢9,t11,c15-
18:3 reported by Gémez-Cortés et al., was detected in milk fat
[49] and it eluted just after 23:0 on the 200 m SLB-IL111 column
(Fig. 5).

The question of whether a 200 m SLB-IL111 column could be
used to analyze in a single GC separation total milk fat or a par-
tially hydrogenated fat depends largely on how well the column is
able to resolve most of the 16:1, 18:1, 18:2, 20:1 and CLA FAME
isomers. To test this hypothesis, three typical test samples that
differed in the amount and proportions of 18:1 and 18:2 isomers
were selected. Fig. 7 (upper) shows the separation of a beef fat
test sample in which the predominant ¢t-18:1 isomer was t10-18:1
rather than t11-18:1. The other two test samples were two par-
tially hydrogenated vegetable oils that had been hydrogenated to
different extents. It is clearly evident that the resolution of most
isomers improved when their relative abundance was similar, as
in the sample of shortening (Fig. 7, lower). In this case, the rel-
ative concentration of ¢9-18:1 was not predominant and most
18:1 and 18:2 isomers were baseline resolved and could be iden-
tified by other techniques unless they coeluted. In fact, a small
change in the elution temperature could be used to achieve spe-
cific separations if desired, such as that of 19:0 from c9-18:1.
However, this was not the same with the other two test samples
that contained predominant peaks. In each case, the separation
of smaller adjacent FAMEs was either masked or resulted in a
shoulder, which has remained the challenge in the analysis of
ruminant fats.

5. Conclusions

Compared to the 100 m CPS columns recommendend for the
analysis of milk fat FAMEs, the 200 m SLB-IL111 column provided
an enhanced separation of many FAMEs and also provided alterna-
tive separation patterns that can be used to separate and quantify
most FAs in complex lipid mixtures. Milk fat was choosen because
it provided a matrix in which to evaluate the separation of most
of the FAMEs found in foods, except fish or marine components.
The selected experimental conditions provided a balanced separa-
tion within 80 min of all FAMEs found in ruminant fats from the
short-chain FAs to PUFAs, while maximizing the separation of the
16:1, 18:1, 18:2, 20:1 and CLA FAME isomers. These conditions
were shown to be applicable to the separation of the FAMEs con-
tained in other trans fat containing fats and oils, excluding marine
or fish oil products. Most t-18:1 were well separated from each
other and from the c-18:1 isomers, including the t10-, t11-and t12-
18:1 FA isomers. As shown in Fig. 7, this method can be applied to
the separation of the 18:1 and 18:2 FAs commonly found in many
fats and oils and it provides an enhanced separation of the t-18:1
FAMEs, thus allowing the independent quantification of both t10-
and t11-18:1. which is of particular interest because not all the
ruminant fats contain t11-18:1 as the main trans fat component
(Fig. 7, upper panel) [27]. The 200 m SLB-IL111 column also pro-
vided a separation of all CLA isomers present in dairy products,
including of the separation of t7,c9- from ¢9,t11-CLA. This elimi-
nated the need for a complementary Ag*-HPLC separation of the
CLA isomers unless lower limits of quantification are needed to
determine minor CLA components. The results of this study sug-
gest that the 200 m SLB-IL111 column might be a preferred choice
to analyze more completely all the FAs in ruminant products using
asingle GC analysis instead of the 100 m CPS column recommended
by the official method Ce 1j-07 [22] for dairy products by the AOCS.
Very few FAMEs remain unresolved, and several new FAs were sep-
arated and identified for the first time using this column. This is
encouraging since most other procedures involving CPS columns
require additional or prior separations to achieve similar results.
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