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Abstract 

We report a preliminary study demonstrating that high temperature gas chromatography with the oven operated at up to 

430°C can be coupled with compound specific isotope ratio mass spectrometry (HTGC-CSIRMS) for the measurement of 

stable carbon isotopes. There was good agreement between data obtained using bulk and compound specific techniques 

for the C87 hydrocarbon apolane-87 and tripalmitolein. 13C values of three main triacylglycerides in different olive oils were 

measured for the first time and differed from bulk values of the olive oils. The use of HTGC-CSIRMS has wide-ranging 

application and warrants further study and validation. 

 

Keywords 

High temperature gas chromatography 13C compound specific isotope ratio mass spectrometry. 

 

Chemical compounds studied in this article 

Tripalmitolein (Pubchem CID: 9543989); 24,24-deithyl-19,29-dioctadecylheptatetracontane (Pubchem CID: 12546230). 

 

1. Introduction 

Esters of glycerol and three fatty acids (triacylglycerides or TAGs; 

Figure 1) are ubiquitous components of vegetable oils and animal 

fats and are incorporated in many foodstuffs. TAG distributions can 

be complex owing to differences in the structure of the fatty acids 

(FAs) and their site of attachment to the glycerol (sn-1, sn-2 or sn-

3). Methyl transesterification is the most usual procedure for 

liberating the individual free fatty acids (FFAs) from the TAG 

mixture as their fatty acid methyl esters (FAMEs) in order to 

undertake routine analysis for quality, source and authenticity 

assurance (European Commission 1991). Gas chromatography 

(GC) where the oven is cycled up to around 300°C enables 

efficient separation of individual FAMEs using a suitable 

chromatographic column. When coupled with flame ionisation 

detection (FID) this approach can be used for quantitative analysis 

where response factors for individual FAMEs are approximately 

equivalent. Coupling of GC with mass spectrometry (GC-MS) 

allows the molecular characterisation of the separated FAMEs 

using their ‘fingerprint’ mass spectra and relative retention times 

(Farkas et al., 2008). Liquid chromatographic (LC) techniques with 
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ultraviolet detection and MS have also been used to identify and 

quantify FAMEs (e.g. Wei and Zeng 2011). Similarly, LC coupled 

with refractive index detection or MS (electrospray ionisation, 

atmospheric pressure chemical ionisation, atmospheric pressure 

photoionisation or matrix assisted laser desorption ionisation; ESI, 

APCI, APPI or MALDI) have been used for intact TAGS, as 

recently reviewed by Tena et al 2019. In addition to quantitative 

analysis and molecular identification, measurement of the stable 

isotopes of constituent carbon, hydrogen and oxygen atoms can 

provide a profile of the biological, chemical and physical processes 

that each molecule has undergone (Lichtfouse 2000). Stable 

isotopic values of individual FAMEs (compound specific) are 

usually obtained when GC is coupled with a stable isotope ratio 

mass spectrometer (GC-IRMS; Camin et al., 2010; Paolini et al., 

2017). Methyl esterification has been reported to have a modest 

effect on the 13C and 2H values of FAMEs (Chivall et al., 2012; 

Paolini et al. (2017). Although LC has been coupled with IRMS it 

is less well established due to difficulties removing organic solvent 

necessary to effect some chromatographic separations. When GC 

is coupled to the IRMS via a catalytic combustion reactor operated 

at around 1000°C (GC-C-IRMS) the FAMEs are converted to CO2 

and the C of the CO2 measured relative to a reference gas. 

Similarly, H (including H3
+ correction) and O can be measured 

from H2 and CO, respectively, when the GC is interfaced with the 

IRMS via a pyrolysis reactor (GC-Py-IRMS; preconditioned with 

solvent) and operated at around 1420°C. Only recently has the 

GC-Py-IRMS H measurement of FAMEs been reported (Paolini 

et al., 2017). 

 

Figure 1 Schematic representation of triacylglyceride components (R, R’ and R’’ represent substituent saturated, unsaturated, phenolic 

or hydroxylated hydrocarbon chains, and as the corresponding fatty acids: FA1, FA2 and FA3 may have the same or different 

structures). 

 

Carbon fractional isotopic abundance (13F; Eq 1), carbon isotope 

ratio (13R; Eq 2) and the representation of isotope values using the 

delta notation (13C) can be calculated from isotope measurements 

(Eq 3). An adjustment is made for the isotopic contribution of the 

chemical derivatisation (usually methyl-) group (Eq 4; Morrison et 

al., 2010). 

13𝐹 =  
13𝑅

1+13𝑅
   Eq 1.   

13𝑅 =  
13𝐶

12𝐶
  Eq 2. 

𝛿 𝐶 
13 = [(

𝑅 
13

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

𝑅 
13  𝑠𝑎𝑚𝑝𝑙𝑒

) − 1] × 1000  Eq 3. 

𝐹𝐹𝐴𝛿13𝐶 =  
(𝐹𝐴𝑀𝐸𝐶 ×𝐹𝐴𝑀𝐸𝛿13𝐶)−𝑚𝑒𝑡ℎ𝑦𝑙𝛿13𝐶

𝐹𝐹𝐴𝐶
 Eq 4. 

Where FAMEC is the number of carbon atoms in the FAME, 

FAME13C is the measured 13C, methyl13C is methyl 13C derived 

from comparative isotopic analysis of FFAs and FAMEs, and FFAC 

is the number of carbon atoms in the free fatty acid (Morrison et 

al., 2010). 

 

Following from the above, the mass balance equation between a 

TAG and its constituents can be written as Equation 5: 

 

 

 

𝑛𝐶𝑇𝐴𝐺𝐹𝑇𝐴𝐺 =  𝑛𝐶𝐺𝑙𝑦𝐹𝐺𝑙𝑦 +  𝑛𝐶𝐹𝐴1𝐹𝐹𝐴1 +  𝑛𝐶𝐹𝐴2𝐹𝐹𝐴2 +  𝑛𝐶𝐹𝐴3𝐹𝐹𝐴3 Eq 5. 
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Where nC represents the molar quantity of carbon in the parent 

TAG and constituent glycerol backbone and fatty acid moieties and 

F is the fractional isotopic abundance (Eq 1). Bulk isotope analysis 

of an individual TAG can be used to represent the left hand side of 

Eq 5 (where FTAG = 1) and CSIRMS used to determine the 

(derivative adjusted) value for FA1, FA2 and FA3. In this way the 

isotopic contribution due to the glycerol moiety can be estimated 

by solving the equation. Alternatively the isotopic value of glycerol 

can be measured directly when recovered from the saponification 

liquor (Fronza et al., 1998). However, where more than one TAG 

is present the isotopic value measured for the bulk TAGs then 

represents an average value. Cleavage of glycerol during 

saponification or transesterification of FAMEs from TAGs means 

that the intact structure and isotopic value of the TAG is lost, and 

the distribution and isotopic composition of cleaved FAs and 

glycerol are averaged. In complex TAG mixtures the parent TAG 

isotopic data cannot be calculated using this approach and 

potentially useful isotopic information of individual TAGs is lost. For 

natural samples such as olive oil, bulk isotope measurements are 

dominated by the contribution from TAGs but also reflect the 

presence of other organic compounds e.g. FFAs, sterols, glycerol, 

pigments and flavour compounds (Fronza et al., 1998; Eq 6). 

 

𝑛𝐶𝑂𝑂𝐹𝑂𝑂 =  𝑛𝐶𝑇𝐴𝐺𝑠𝐹𝑇𝐴𝐺𝑠 + 𝑛𝐶𝐹𝐹𝐴𝑠𝐹𝐹𝐹𝐴𝑠 +  𝑛𝐶𝑆𝑡𝑒𝑟𝑜𝑙𝑠𝐹𝑆𝑡𝑒𝑟𝑜𝑙𝑠 +  𝑛𝐶𝐺𝑙𝑦𝐹𝐺𝑙𝑦  +  𝑛𝐶𝑃𝑖𝑔𝐹𝑃𝑖𝑔  +  𝑛𝐶𝐹𝑙𝑎𝑣𝐹𝐹𝑙𝑎𝑣 Eq 6. 

 

Where OO represents the bulk olive oil 13C value (FOO = 1; ~99% 

of which is due to TAGs Boskou et al. 2006) and other terms 

represent the contributions (molar carbon nC and fractional 

isotopic abundance F) from free fatty acids (FFAs), sterols, 

glycerol (Gly), pigments (Pig) and flavour compounds (Flav). 

 

The catalytic thermal conversion of organic compounds occurs at 

a higher temperature than that used to separate compounds on 

the gas chromatographic (GC) column (typically ~330-350°C, 

above which is generally described as high temperature gas 

chromatography; Blum and Aicholz 1991). Therefore, the 

temperature limit employed in the GC oven is not the limiting factor 

to achieve CSIRMS. GC oven temperatures up 420°C have been 

used for analysis of intact TAGs with FID (Mayer and Lorbeer 

1997; Buchgraber et al., 2004 and references therein) and MS 

(Ruiz-Samblás et al., 2010; Sutton and Rowland 2012) and TAG 

analysis using HTGC has been recently reviewed for a wide range 

of foodstuffs (Ruiz-Samblás et al., 2015). Flow splitting to allow 

dual detection (FID and MS) for qualitative and quantitative 

analysis of FAs, mono-, di- and triacylglycerols in biodiesel has 

been reported with HTGC up to 380°C (Flanagan et al., 2019). 

HTGC has also been used for other high boiling components of 

food e.g. oligosaccharides (Carlsson et al., 1992), glycosides 

(Isidorov and Nazaruk 2017), wax esters (Pereira et al., 2002), 

triterpenes (Pereira et al., 2003), and in authentication studies e.g. 

beeswax (Maia and Nunes 2013). In this sense it is surprising that 

there is a paucity of literature detailing the coupling of HTGC with 

combustion and/or pyrolysis IRMS for compound specific analysis. 

We could find only one reference detailing the coupling of HTGC 

operated up to 420°C with IRMS. Carlson et al. (1997) presented 

data suggesting little difference in the carbon isotope values of 

lower molecular weight n-alkanes (C20-40) compared to higher 

molecular weight n-alkanes and iso- and/or monocyclic analogues 

(C57-65) in samples of solid bitumen. It is unclear why the 

methodology was not pursued further. Some twenty years later, 

particular technological advances such as GC electronic flow 

control, robust air-tight connectors (micro fluidic devices and steel 

or silver ferrules) and capillary reactors suggest that this approach 

may regain some momentum. We hypothesised that these 

developments would enable us to undertake carbon CSIRMS 

analysis with compounds eluting from a GC column at up to 430°C. 

Here we present preliminary data comparing 13C isotope data 

obtained using bulk and compound specific isotope ratio mass 

spectrometry with the latter utilising HTGC operated up to 430°C. 

 

2. Materials and methods 

2.1 Chemicals and samples 

Tripalmitolein (I; ≥98%) was purchased from Sigma-Aldrich, UK. 

24,24-diethyl-19,29-dioctadecylheptatetracontane (II; apolane-87) 

was a legacy sample previously gifted to our laboratory. 

Commercially available olive oils used in this work were: OIL1, 

extra virgin olive oil (purchased in Cyprus) and OIL2, olive oil – 

composed of virgin and refined (Spanish) olive oils (Colic 2019, 

Pers. Commun.). 

 
 

Structure I tripalmitolein 

 
Structure II 24,24-diethyl-19,29-dioctadecylheptatetracontane (apolane-87) 
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2.2 Methyl trans-esterification of tripalmitolein 

An aliquot of tripalmitolein was partially methyl trans-esterified by 

heating in a closed vial with 10% HCl/MeOH (v/v; 2 mL; 70°C; 2 

h). The extract was recovered, following the addition of water (2 

mL), in cyclohexane (3 x 2 mL) after mixing and centrifugation. 

Solvent was removed (N2/65°C) and the extract re-dissolved in 

cyclohexane. The incomplete methyl trans-esterification of 

tripalmitolein allowed the CSIRMS carbon isotope values of the 

intact TAG and FAME derivative to be measured in the same 

analysis. 

 

2.3 High temperature gas chromatography with flame ionisation 

detection (HTGC-FID) 

Sample was injected (0.5 µL) via a cool-on-column inlet (track 

oven mode; +3°C) onto a MXT-biodiesel TG column (15 m x 0.32 

mm x 0.10 µm; Thames Restek Ltd., UK) operated with helium 

carrier gas (constant flow mode; 1 mL min-1) and the GC oven 

(HP6890) programmed from 40 - 370°C at 10°C min-1 with 10 

minute hold. The FID was operated at 375°C (FID gas flows 

optimised at H2 40 mL min-1, air 450 mL min-1 and N2 make-up 45 

mL min-1). 

 

2.4 High temperature gas chromatography with time-of-flight mass 

spectrometry (HTGC-ToF-MS) 

Sample was injected (0.5 µL) via a cool-on-column inlet (track 

oven mode; +3°C) onto a Vf-5ht Ultimetal column (15 m x 0.25 mm 

x 0.10 µm; Agilent Technologies Ltd., UK) operated with helium 

carrier gas (constant flow mode; 2 mL min-1) and the GC (HP6890; 

Agilent Technologies, UK) oven programmed from 40 - 430°C at 

20°C min-1 with a 2 minute isothermal hold. The column was 

connected with a Siltite™ mini union via a high temperature silica 

transfer capillary (nom. 2 m x 0.18 mm) through a vendor modified 

heated (380°C) transfer line into a BenchToF Select eV (Markes 

International Ltd, UK) with the ion source at 230°C. ToF-DS 

software (Markes International Ltd, UK) was used to operate the 

mass spectrometer (tuned at 12 eV) and record (m/z 50-950) and 

process data. 

 

2.5 13C High temperature gas chromatography compound specific 

combustion isotope ratio mass spectrometry (HTGC-C-

CSIRMS) 

Compound specific carbon isotope ratio mass spectrometry 

analysis was undertaken using a Thermo Scientific™ IRMS 

instrument: a TRACE™ 1310 GC (schematic Figure 2) connected 

to a GC IsoLink II™ conversion unit, interfaced to a DELTA V™ 

isotope ratio mass spectrometer via a ConFlo IV™ Universal 

Interface. A 1 µL aliquot was manually injected on-column through 

a Merlin Microseal™ high pressure valve onto a Vf-5ht Ultimetal 

column (30 m x 0.25 mm x 0.10 µm; Agilent Technologies UK Ltd., 

UK) with a retention gap (2 m x 0.53 mm; Agilent Technologies UK 

Ltd., UK) and the GC oven programmed at 20°C min-1 from 50°C 

to final temperatures of 390-430°C and final isothermal time from 

5-15 minutes, with helium carrier gas (1.4 or 1.5 mL min-1). The 

chromatographic column was coupled to dual capillary ceramic 

reactors (combustion reactor comprised NiO tube with CuO, NiO 

and Pt wires at 1000°C; high temperature pyrolysis reactor at 

1420°C but not used in the current work) via a micro channel 

device (MCD). Deactivated steel coated silica capillary tubing was 

soldered to the capillary reactor inlet ends and MCD connections 

(including helium flow connection) were made using silver ferrules. 

Isodat™ software suite (Thermo Scientific™) was used for data 

acquisition and evaluation. 
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Figure 2 Schematic of Thermo Scientific™ TRACE™ 1310 GC set-up for high temperature gas chromatography-combustion-compound 

specific isotope ratio mass spectrometry. 

 

2.6 Bulk carbon isotope analysis 

 25 µL sample aliquots (10 mg mL-1; 0.25 mg sample) were 

dispensed into silver capsules and solvent removed by 

evaporation (heater plate, 50°C) prior to folding and loading into 

the autosampler of an Elementar Pyrocube elemental analyser, 

which converted the C in the samples to CO2 which was measured 

for 13C on a Thermo Fisher Scientific Delta XP Plus IRMS. In-

house reference materials: GEL (gelatin solution, 13C=-20.02‰), 

ALAGEL (alanine-gelatine solution spiked with 13C-alanine, -

9.23‰), and GLYGEL (glycine-gelatine solution, -38.58‰), each 

dried for 2 hours at 70°C; and four USGS 40 glutamic acid 

standards (Qi et al., 2003; Coplen et al., 2006) were used as 

independent checks of accuracy. 

 

3 Results and Discussion 

A cross-plot (Figure 3) of replicate bulk and compound specific 

isotope ratio measurements (Table 1) shows good agreement 

between 13C values for two synthetic standards, tripalmitolein and 

apolane-87, even where apolane-87 was eluted at 430°C GC oven 

temperature. The mean compound specific 13C value of intact 

tripalmitolein (-27.11 ‰ ±0.08 ‰; n = 3; Table 1) was not 

significantly different (student’s t-test, p = 0.18) from the bulk 13C 

isotope value obtained for the neat TAG (-27.31 ‰ ±0.20 ‰; n = 

3; Table 1). Bulk tripalmitolein measurements were obtained using 

0.25 mg samples (191 µg C; C = 76.45% of TAG) whereas the 

CSIRMS measurements were obtained with either approximately 

10 or 20 ng of TAG (~ 7.6 or 15.3 ng C) injected on column and 

tripalmitolein eluting at 390°C (e.g. Figure S1). Similarly, the mean 

CSIRMS 13C isotope value (-32.39 ‰ ±0.42 ‰; n = 4; Table 1; 43 

ng C on column) of apolane-87, which eluted at 430°C (e.g. Figure 

S2), was not statistically different (student’s t-test, p = 0.43) from 

the bulk 13C isotope value obtained for apolane-87 (-32.61 ‰ 

±0.07 ‰; n = 3; 214 µg C; Table 1). 

On-column inlet

(Merlin microseal) Steel coated silica 

chromatographic 

column

GC oven housing

Combustion reactor

Pyrolysis reactor

Micro channel device Deactivated steel coated 

silica soldered to ceramic 

capillary reactor

Backflush He 

connection
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Figure 3 Crossplot of 13C obtained using EA-C-IRMS (x-abscissa) and 13C obtained using GC-C-IRMS (y-abscissa). Measurements are 

in ‰ notation relative to Pee Dee Belemnite (PDBE; n = 3 for apolane-87, tripalmitolein, methyl tripalmitoleate and OIL1; n = 2 for OIL2; 

error bars represent 1 SD). 

 

Table 1 Bulk and high temperature gas chromatography compound specific isotope ratio 13C values for samples analysed in this study. 

Sample Bulk 13C HTGC-C-IRMS 13C 

Apolane-87 -32.58, -32.69, -32.55 -31.88, -32.21, -32.75, -32.73 

Tripalmitolein -27.32, -27.51, -27.11 -27.04, -27.08, -27.20 

Methyl tripalmitoleate Not measured 

-29.20 

-29.13 

-29.14 

OIL1 

-28.83 -28.99 a, -30.08 a, -30.77a 

-28.83 -28.21b, -27.76b, -27.98b 

-28.63 -27.97c, -28.12c, -28.30c 

OIL2 

-28.34 -30.30a, -26.60a 

-28.43 -27.86b, -27.76b 

-28.10 -27.42c, -27.46c 

aPeak A, bpeak B and cpeak C in Figure S6 and S10 for OIL1 and OIL2, respectively. 

 

Partial methyl trans-esterification of tripalmitolein enabled us to 

obtain compound specific 13C values for the intact triacylglyceride 

(-27.11 ‰ ±0.08 ‰; n = 3) and methyl palmitoleate (-29.16 ‰ 

±0.03 ‰; n = 3) in the same chromatographic analysis (Figure S1; 

S3 and S4) in order to investigate the difference between 

measuring TAGs and the more routinely reported FAMEs. 13C 

values of tripalmitolein and methyl palmitoleate were significantly 

different (student’s t-test, p = 3e-6) with the mean value of the 

recovered FAME around 2 ‰ heavier than the parent TAG. This 

difference is either related to the 13C contribution of the cleaved 

glycerol (source unknown but values are typically lighter than -20 

‰; Fronza et al 1998) or the addition of the esterifying methyl 

group, or both. Either way the calculated 13C of glycerol would be 

5.70 ‰ (Supplementary Material) so it is difficult to reconcile a 2 

‰ shift with the loss and/or gain of three carbon atoms and 

additional studies are warranted.  
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High temperature gas chromatography can be used to 

characterise the distribution of TAGs in different vegetable oils 

(Figure S5). However, the heterogeneity of TAGs between 

different olive oil brands is less obvious (Figure S6) and isotope 

ratio techniques could be usefully applied. Using bulk analysis of 

olive oil samples OIL2 (-28.29‰ ±0.17‰, n = 3; Figure 3) and Oil 

8 (-28.76‰ ±0.12‰; n = 3; Figure 3) it was possible to statistically 

differentiate these samples based on their 13C isotope ratios. 

Carbon isotope ratios of olive oils are influenced by a complex of 

factors such as latitude, water availability, coastal proximity, 

temperature and relative humidity (Camin et al., 2010; Chiocchini 

et al., 2016). We were interested to see whether this difference 

was evident in dominant constituent TAGs. 

 

The present study used a Vf-5ht column to separate the main 

TAGs prior to combustion for isotope analysis which may have led 

to some overlap with minor components (e.g. Figure S4 where 

OIL2 and Oil 8 were separated on an MXT- biodiesel TG column). 

Nevertheless, peaks A-C for OIL2 and Oil 8 were identified using 

HTGC-ToF-MS (Supplementary Material) as TAGs principally 

containing one oleic and two palmitic acids (A), one palmitic and 

two oleic acids (B) and three oleic acids (C), consistent with 

previous work where HTGC was used to analyse olive oil TAGs 

(Ruiz-Samblás et al., 2012). HTGC carbon CSIRMS of the three 

major peaks (peaks A, B and C) in the chromatogram of Oil 8 

(Figure S5) produced 13C values that were not significantly 

different to the bulk 13C value (-28.76 ‰ ±0.12 ‰; n = 3) for peak 

A (-29.94 ‰ ±0.90 ‰; n = 3; Student’s t-test, p = 0.086) but heavier 

than the bulk value for peaks B (-27.98 ‰ ±0.23 ‰; n = 3; student’s 

t-test, p = 0.006) and C (-28.13 ‰ ±0.16 ‰; n = 3; student’s t-test, 

p = 0.005). The values for peaks B and C were around 0.78 and 

0.63 ‰ heavier than the bulk value, respectively, but not 

statistically different from each other (student’s t-test, p = 0.41). 

One of the replicate 50 ng on column injections produced peaks 

that were around four times higher than the other two replicates, 

gave lighter values for all three peaks and was most variable for 

peak A, which may relate to linearity. OIL2 was analysed twice with 

injections of 50 and 100 ng on column. Whilst there was an order 

of magnitude difference in peak amplitude the 13C values for 

peaks B and C were reasonably consistent whilst the smallest 

peak A varied by around 3.6 ‰ (Figure 3). 

 

4 Conclusions 

This preliminary work has confirmed our hypothesis and 

demonstrated for the first time that high temperature gas 

chromatography using GC oven temperatures up to 430°C can be 

coupled with compound specific isotope ratio mass spectrometry 

for the measurement of carbon isotopes. Measurement of 13C 

values of discrete compounds using bulk and CSIRMS analytical 

approaches indicated that results were consistent when employing 

high temperature GC separation. Online 13C values of intact 

triglycerides in olive oil have been obtained for the first time 

following HTGC separation. The direct measurement of parent 

compound stable isotopes reduces sample preparation time 

dispensing with the need for sample work-up and derivatisation 

procedures. This approach has potential uses in studies of food 

authenticity, adulteration and quality control, industrial feedstock 

chemicals and products, petroleum, and microbial lipid (e.g. 

glycerol dialkyl glycerol tetraethers) analysis. Future studies 

should include more extensive sample analysis to more rigorously 

optimise instrumental settings and method validation including the 

importance of injection volume and more extensive repeatability. 

The development of new column phases capable of withstanding 

high temperature operation (e.g. ionic liquids) may help overcome 

some of the separation limitations due to the current restricted 

choice of column phases. Whilst this preliminary study has 

investigated stable carbon isotope analysis, future studies may 

investigate its application to hydrogen and oxygen isotope 

measurements. 
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