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K. Grob / J. Chromatogr. 626 (1992) 25-32

“Hyphenation of techniques may occur at the front or at the rear end of the main 
chromatographic separation step. 
At the rear end (outlet of the main chromatograph), it involves sophisticated detectors, 
whereas the purpose of hyphenation at the front end is usually sample preparation or 
preseparation -two totally different methods.”

DEFINITION

SEPARATION DETECTOR

(PRE-)SEPARATION SEPARATION
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1800s Wet chemistry era
main components 

1900s Instrumental era
minor and trace components 

1934

1906

1941 LC

GC1951 

Introduction of the “Acidimeter” (automatic pHmeter)

1959 GC-MS

1958 Capillary 
column 

1991 GC×GC

1980 LC-GC

2000 LC×GC

2005 LC-GC×GC
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Chromatography:

➢ Maximize separation resolution

Multidimensional 
Chromatography

Evolution of CHROMATOGRAPHY



GC-based hyphenated techniques
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1991 GC×GC
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Comprehensive mode

GC-based hyphenated techniques

GC×GC



Ally of Sample Prep
Unveil and explored sample 

multidimensionality

7

GC-based hyphenated techniques



Ally of Sample Prep
Unveil and explored sample 

multidimensionality
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GC-based hyphenated techniques



Profiling: 

detailed analysis (either targeted or untargeted) to 

obtain quali and quantitative information on the 

compounds present in a sample

Fingerprinting: 

High throughput method capable of capturing relevant 

information but not necessarily achieving quantitative 

information

GC×GC

GC×GC: Sample multidimensionality

Chromatographic 
fingerprints

provide a unique situation where the data generated can be processed either following fingerprinting or profiling 

methodologies, providing multi-level information
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➢ Measurement of 
peaks areas

➢ Determination of 
individual 

compounds

Component
PROFILE

Peak
PROFILE

➢ Intensity data from the 
whole (or selected zone) 

chromatogram

FINGERPRINT
Unspecific information

GC×GC: Sample multidimensionality
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GC×GC plasma FAMEs result. This is not a well-known sample: 65 FAMEs, some 

of which totally unexpected.
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GC×GC  structured chromatogram
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Selectivity of different fibers

GC×GC: Guide sample prep
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Selectivity of different fibers

PDMS PA

CW DVB/CAR/PDMS

CAR/PDMS DVB/PDMS

Carbopack Z/PDMS

Qualitative

GC×GC: Support sample prep



GC×GC: Guide sample prep

Area
10 min 25 min 35 min 50 min

Qualitative &
Quantitative

TIME PROFILE

Cozzolino R. , Eggermont D., Malorni L., Purcaro G., ACA 2026 1385 345015 16
4 178589

Chocolate aroma profile



GC×GC: Guide sample prep

Area
10 min 25 min 35 min 50 min

4 178589

Qualitative & 
Quantitative

Ratio over 10 min

5 10

TIME PROFILE

“improvement plots”
17Cozzolino R. , Eggermont D., Malorni L., Purcaro G., ACA 2026 1385 345015

Chocolate aroma profile
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GC×GC: Guide sample prep

Selectivity of different techniques

Vac-HS-SPME HiSorb® HS-SPME

1cm fiber 100µm : 

0.6 µL

~10.5mm x 0.8 mm: 

~ 63 µL



19

GC×GC: Guide sample prep

Selectivity of different techniques

Vac-HS-SPME HiSorb® HS-SPME

1cm fiber 100µm : 

0.6 µL

~10.5mm x 0.8 mm: 

~ 63 µL



20

GC×GC: Guide sample prep

Selectivity of different techniques

Vac-HS-SPME HiSorb® HS-SPME
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0.6 µL

~10.5mm x 0.8 mm: 

~ 63 µL



GC×GC: Guide sample prep

Selectivity of different techniques

HiSorb® HS-SPME

Vac-HS-SPME/HS-SPME HiSorb/HS-SPME

Vac-HS-SPME

21
I. Digiglio, D. Eggermont, N. D. Spadafora, T. Ugolini, L. Cecchi, N. Mulinacci, G. Purcaro, Michroc J. (submitted)

“improvement plots”
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GC×GC: Sample multidimensionality

Selectivity of different techniques

Lipoxygenase (LOX) 

Pathway

Series of biochemical 

reactions that lead to the 

formation of C5–C6 

aldehydes, alcohols, and 

their corresponding esters, 

which are responsible for 

green and fruity aroma 

notes.

C7-C12 VOCs

Compounds typically 

associated with oxidative 

and microbiological 

defects, often linked to 

poor quality or improper 

preservation of the raw 

material and inadequate 

storage conditions.

Vac-HS-SPME R-HS-SPME HiSorb
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*
*
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Higher

volatility

Lower 

volatility

Relative 

aboundance

*

*
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The case of olive oil



VO vs LO69 Samples: 

34 EVO, 22 VO, and 13 LO 

N. Spadafora, S. Mascrez, L. McGregor, G. Purcaro, Food Chem, 383 (2022) 132438

GC×GC: Sample multidimensionality
The case of olive oil



VO vs LO

EVO geographical origin

N. Spadafora, S. Mascrez, L. McGregor, G. Purcaro, Food Chem, 383 (2022) 132438

69 Samples: 

34 EVO, 22 VO, and 13 LO 

GC×GC: Sample multidimensionality
The case of olive oil



Ally of Sample Prep
Unveil and explored sample 

multidimensionality
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GC-based hyphenated techniques



MOSH
Mineral oil saturated hydrocarbons

MOAH
Mineral oil aromatic hydrocarbons

MINERAL OIL HYDROCARBONS (MOH): DEFINITION*

-n-alkane

- isoalkane

- cycloalkane

Aromatic hydrocarbons, mainly 

alkylated

a wide range of products deriving from petroleum distillation fractions
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1800s Wet chemistry era
main components 

1900s Instrumental era
minor and trace components 

1934

1906

1941 LC

GC1951 

Introduction of the “Acidimeter” (automatic pHmeter)

1959 GC-MS

1958 Capillary 
column 

1991 GC×GC

1980 LC-GC

2000 LC×GC
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Chromatography:

➢ Maximize separation resolution

Evolution of CHROMATOGRAPHY

Mineral oil

LC-GC

1984



Sample preparation step
✓ Purification form TAGs
✓ Pre-fractionation

LC

Biedermann et al, J Agric Food Chem, 2009, 57, 8711-8721

+ C11, C13 and CyCy (cyclohexylcyclohexane)

 C11/CyCy         loss of volatiles

 C13/CyCy         possible coelution

 CyCy            quantification

+ 5B (pentyl benzene), 1MN (1-Me Na) and 2MN (2-Me Na)

 5B     loss of volatiles

 1MN=2MN        possible coelution/ 

  quantification

TAGs and more polar 
compounds retained in 
the LC silica column

LC-GC
The case of Mineral Oil Hydrocarbons (MOSH/MOAH)



Sample preparation step
✓ Purification form TAGs
✓ Pre-fractionation

LC

Analytical Determination
✓ Analytical Separation
✓ Quantification

GC

MOSH fraction

MOAH fraction

Biedermann et al, J Agric Food Chem, 2009, 57, 8711-8721

LC-GC
The case of Mineral Oil Hydrocarbons (MOSH/MOAH)
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Ideal profile

GC×GC benefits for MOSH and MOAH analysis

N
° o

f rin
gs

Degree of alkylation



ROUTINE 
METHOD

LC-GC

MOH

MOSH fraction

MOAH fraction

CONFIRMATORY    
METHOD

GC×GC

GC-based hyphenated techniques

LC-GC×GC-FID/MS



Ally of Sample Prep
Unveil and explored sample 

multidimensionality
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GC-based hyphenated techniques

LC-GC×GC-FID/MS
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SAPONIFICATION PURIFICATION LC-GC-FID

LC

GC-FID

Microwave-assisted 
saponification and 
extraction (MASE) 

method

&

LC-GC×GC-FID

Sample 
Preparation 

Data 
Interpretation

Data  
Integration

LC-GC: Support to sample prep

The case of Mineral Oil Hydrocarbons (MOSH/MOAH)

✓ Sensitivity (2 mg/kg*)

✓ Accuracy
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SAPONIFICATION PURIFICATION LC-GC-FID

LC

GC-FID

Microwave-assisted saponification 
and extraction (MASE) method

LC-GC×GC-FID

Sample 
Preparation 

Data 
Interpretation

Data  
Integration

LC-GC: Support to sample prep

The case of Mineral Oil Hydrocarbons (MOSH/MOAH)

EPOXIDATION

Works rather well but also attacks
MOAH due to their double bonds 

ISO 20122:2024
Vegetable oils — Determination of mineral oil 
saturated hydrocarbons (MOSH) and mineral oil 
aromatic hydrocarbons (MOAH) with online-coupled 
high performance liquid chromatography-gas 
chromatography-flame ionization detection (HPLC-
GC-FID) analysis — Method for low limit of 
quantification
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SAPONIFICATION PURIFICATION LC-GCxGC-FID

LC

GC-FID

Microwave-assisted 
saponification and 
extraction (MASE) 

method

&

LC-GC×GC-FID

TBB/MN= 1.05±0.02

LC-GC: Support to sample prep
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ISO 20122:2024 Vegetable oils — Determination of mineral oil saturated hydrocarbons (MOSH) and aromatic

hydrocarbons (MOAH) with online coupled HPLC-GC-FID analysis — Method for low limit of quantification

Saponification + L/L 
extraction (C6)

SPE cleaning (only
if needed)

Epoxidation (only
if needed)

HPLC-GC-FID 
analysis

Saponification + L/L 
extraction (C6)

HPLC purification HPLC-GC×GC-FID 
analysis

LC-GC×GC: Simplify & support sample prep
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Saponification + L/L 
extraction (C6)

HPLC purification HPLC-GC×GC-FID 
analysis

GC×GC
HPLC

Non-purified oil extract
(after saponification)

C6/DCM gradient 1

MOSHMOAH

Allure Silica (250 mm × 2.1 mm i.d. × 
5 μm dp, 60 Å (Restek)

Gradient 1: 0 min 100% C6; 1.5–6 min 65% C6 35% DCM at 0.3 mL/min

LC-GC×GC: Simplify & support sample prep
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Saponification + L/L 
extraction (C6)

HPLC purification HPLC-GC×GC-FID 
analysis

HPLC

Non-purified oil extract
(after saponification)

C6/DCM gradient 1

MOSHMOAH

C6/DCM gradient 2

GC×GC

Gradient 1: 0 min 100% C6; 1.5–6 min 65% C6 35% DCM at 0.3 mL/min
Gradient 2: 0 min 100% C6; 1.5–14.5 min 98% C6 2% DCM; 14.5–23 min 95% 
C6 5% DCM at 0.3 mL/min

LC-GC×GC: Simplify & support sample prep
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Saponification + L/L 
extraction (C6)

HPLC purification HPLC-GC×GC-FID 
analysis

HPLC

Non-purified oil extract
(after saponification)

C6/DCM gradient 1

Purified MOAH

C6/DCM gradient 2

GC×GC

Gradient 1: 0 min 100% C6; 1.5–6 min 65% C6 35% DCM at 0.3 mL/min
Gradient 2: 0 min 100% C6; 1.5–14.5 min 98% C6 2% DCM; 14.5–23 min 95% 
C6 5% DCM at 0.3 mL/min

LC-GC×GC: Simplify & support sample prep
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Very good removal of carotenoids and squalene

Other terpenoids are less well removed

MOAH Recovery LC Purification:
94% ± 2% 

LC-GC×GC-FID/MS

2025

Epoxidation
    mCPBA                             performic acid 
  82%± 10%                                  71 ± 16%  

LC-GC×GC: Simplify & support sample prep
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EXTRACTION/SAPONIFIC
ATION

PURIFICATION LC-GC-FID

Ideal profile

MOSH & MOAH: Analytical Determination

MOSH

MOAH

MOSH vs MOAH – No purification

➢ Baseline

Data 
Interpretation

Data  
Integration
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EXTRACTION/SAPONIFIC
ATION

PURIFICATION

MOSH & MOAH: Analytical Determination

How to support the interpretation?Ideal profile

GC×GC

More accurate quantification

LC-GC×GC-FID/MS
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EXTRACTION/SAPONIFIC
ATION

PURIFICATION LC-GC-FID

MOSH & MOAH: Analytical Determination

MOSH
MOAH

➢ Baseline

➢ Riding peaks

Trimming or not the riding peaks? And how?

Data 
Interpretation

Data  
Integration

Ideal profile
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EXTRACTION/SAPONIFIC
ATION

PURIFICATION LC-GC-FID

MOSH & MOAH: Analytical Determination

Trimming or not the riding peaks? And How?

➢ Baseline

➢ Riding peaks

Data 
Interpretation

Data  
Integration

Ideal profile
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EXTRACTION/SAPONIFIC
ATION

PURIFICATION

MOSH & MOAH: Analytical Determination

GC×GC

How to support the interpretation?

Easier interpretation 

MOSH MOAH

Ideal profile

LC-GC×GC-FID/MS
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EXTRACTION/SAPONIFIC
ATION

PURIFICATION

MOSH & MOAH: Analytical Determination

GC×GC

How to support the interpretation?

MOSH & MOAH 

& sub-classes 

quantification in 2D

Bauwens, G., Panto, S., & Purcaro, G. (2021). Mineral oil saturated and aromatic hydrocarbons quantification: Mono- and two-dimensional 
approaches. Journal of Chromatography. A, 1643, 462044.doi:10.1016/j.chroma.2021.462044

Ideal profile

LC-GC×GC-FID/MS
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EXTRACTION/SAPONIFIC
ATION

PURIFICATION

MOSH & MOAH: Analytical Determination

GC×GC

How to support the interpretation?

G. Bauwens, L. Barp, G. Purcaro, Validation of the liquid chromatography-comprehensive multidimensional gas chromatography-time-of-flight mass spectrometer/flame 

ionization detector platform for mineral oil analysis exploiting interlaboratory comparison data, GreenAC (2023) 4 100047

Ideal profile

LC-GC×GC-FID/MS
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GC×GC: Simplify sample prep

Analysis of PAHs 

Purcaro et al. JCA 2007 1-2 284-291

➢ Do you really need GC×GC separation to analyze PAHs?

NOT for separation
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GC×GC: Simplify sample prep

Purcaro et al. JCA 2007 1-2 284-291

➢ Do you really need GC×GC separation to analyze PAHs?

mono- and diglycerides of fatty acids (E471)

Analysis of PAHs in food additives

Analysis of PAHs 

EXTRACTION LC-GC-MS
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GC×GC: Simplify sample prep

Purcaro et al. JCA 2007 1-2 284-291

➢ Do you really need GC×GC separation to analyze PAHs?

Can GC×GC-MS avoid the use of 
extensive sample preparation?

mono- and diglycerides of fatty acids (E471)

➢ Need of extensive sample preparation

➢ Risk of Recovery losses

Analysis of PAHs in food additives

Analysis of PAHs 

EXTRACTION LC-GC-MS
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CONCLUSION

Are hyphenated GC-based techniques worth the effort?

Webb Space Telescope's view today1998 Hubble Telescope

Southern Ring Nebula

1D GC GC×GC

Support Simplify
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https://www.extech2026.uliege.be/cms/c_20456371/en/extech-2026

JOIN

6-9 JULY 2026 
GEMBLOUX AGRO-BIO TECH

BECAUSE SCIENCE IS THE KEY

https://www.extech2026.uliege.be
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