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Achieving carbon neutrality necessitates the creation of innovative substitutes for fossil fuels,
which introduce more complexity in composition due to the presence of chemical structures
not found in traditional fuels. Synthetic Power-to-X (P2X) liquid fuels may have a highly
complex chemical makeup that traditional gas chromatography techniques cannot analyze
effectively. It is essential to conduct reliable analyses of the hydrocarbon composition of
these fuels, which may include hundreds of different molecules and chemical structures.

A comprehensive two-dimensional gas chromatography (GC�GC) method was developed
for the analysis of synthetic P2X fuels created by olefin oligomerization. The method was
successfully created, and samples from a series of oligomerization experiments were ana-
lyzed using the method. A slow temperature increase of 3 °C/min from 40 °C to 280 °C was
used as the temperature program. A modulation period of 3.5 s with an injection time of 0.35
s resulted in the best separation between different C atom and hydrocarbon groups. A small
injection volume of 0.1 µl and a high split ratio of 250:1, as well as fast injection speeds,
resulted in the best peak shapes. This method allowed for good separation of aromatic and
aliphatic compounds into groups according to the amount of C atoms.
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Siirtyminen kohti hiilineutraaliutta vaatii uusien vaihtoehtojen kehittämistä fossiilisille polt-
toaineille. Nämä uudet synteettiset polttoaineet voivat sisältää paljon sellaisia yhdisteitä,
jotka puuttuvat kokonaan tavallisista fossiilisista polttoaineista. Tällaisia satoja eri molekyy-
lejä sisältäviä synteettisiä polttoaineita, kuten Power-to-X-polttoaineita, voi olla mahdotonta
analysoida perinteisillä kaasukromatografiamenetelmillä, minkä vuoksi niiden hiilivetykoos-
tumuksen luotettavaan analyysiin vaaditaan uusien analyysimenetelmien kehittämistä.

Tässä työssä kehitettiin laaja kaksivaiheinen kaasukromatografiamenetelmä synteettisten Power-
to-X-polttoaineiden analysoimiseksi. Nämä polttoaineet valmistettiin oligomeroimalla ke-
veitä alkeeneja. Menetelmä kehitettiin onnistuneesti ja sitä käytettiin Power-to-X-näytteiden
analysointiin. Menetelmässä käytettiin hidasta 3 °C/min lämpötilan kohottamista, alkaen
lämpötilasta 40 °C ja päättyen lämpötilaan 280 °C. Menetelmän modulaatioaika oli 3,5 s
ja injektioaikaika oli 0,35 s. Menetelmässä hyödynnettiin pientä injektiotilavuutta 0,1 µl ja
korkeaa jakosuhdetta 250:1, sekä nopeita injektioaikoja. Tämä menetelmä mahdollisti aro-
maattisten ja alifaattisten yhdisteiden hyvän erottelun ryhmiin hiiliatomien määrän mukaan.
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Symbols and abbreviations

Latin characters

HETP height equivalent to one theoretical plate mm
N number of theoretical plates -
PM modulation period s
nt separation time of n-dimension column s
ū average linear carrier gas velocity cm/s
WHSV weight hourly space velocity golefins=(gcatalysth)

Greek characters

hc peak capacity -
rs sampling density -
nso standard deviation of a peak at the outlet of the n-dimension column s

Abbreviations

1D one-dimensional
2D two-dimensional
ALS automatic liquid sampler
DME dimethyl ether
FID flame ionization detector
GC gas chromatography
GC�GC comprehensive two-dimensional gas chromatography
MDGC multidimensional gas chromatography
MOGD mobil olefin to gasoline and distillate
MSD mass specific detector
MS mass spectrometry
MTG methanol to gasoline
MTO methanol-to-olefins
qMS quadrupole mass spectrometer
TCD thermal conductivity detector
ToF MS time-of-flight mass spectrometer
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1 Introduction

Power-to-X (P2X), and more speci�cally Power-to-Liquid (P2L), is a process chain that

creates synthetic liquid transport fuels from water, renewable electricity and carbon captured

CO2 (Koj, Wulf & Zapp, 2019; Dieterich et al., 2020). This technology is key in reducing

greenhouse gas emissions in sectors such as aviation, where renewable P2X hydrocarbon

jet fuel can be used to replace fossil fuels without modifying existing combustion systems

(Schmidt et al., 2018).

An alternative to the Fischer-Tropsch route is the P2L methanol route. This process chain

consists of hydrogenation of the captured carbon oxides into methanol, which is converted

to light ole�ns. These light ole�ns are oligomerized into higher ole�ns and hydrogenated to

create paraf�nic fuels. (Fuchs, Arnold & Sauer, 2023). These paraf�nic fuels can contain

hundreds or even thousands of compounds, and the composition of the compound can vary

greatly when any of the reaction conditions, such as temperature or pressure, are modi�ed

(Lopez et al., 2019; Díaz et al., 2020). It is important to determine the detailed composition

because the physical and chemical properties of the fuel such as density, viscosity, surface

tension, heat of combustion, freezing point, and �ash point can be determined when the

detailed composition is known (Melder et al., 2023; Colket et al., 2017; Hall et al., 2021;

Heyne, Rauch et al., 2021). It is also important to know the composition of a fuel, since

there are regulations limiting the amount of certain compounds, such as polycyclic aromatic

hydrocarbons (PAH) and fatty acid methyl esters (FAME) in diesel fuel by the EU standard

EN590.

Gas chromatography (GC) is an accurate and robust separation technique and is often the

preferred approach in the determination of (semi-)volatile compounds. Although modern

and state-of-the-art one-dimensional (1D) GC instruments provide excellent resolution in

most cases, they still fall short on more complex samples, such as in the analysis of synthetic

fuel fractions which do not have standardized 1D GC techniques (Melder et al., 2023). One

of the notable problems with such complex samples is coelution. Coelution occurs when the

compounds in the sample have overlapping retention times due to their similar volatilities

and vapor pressures, thus appearing as a singular peak in the chromatogram (Engewald &

Dettmer-Wilde, 2014b). Another separation dimension must be added in order to separate

coeluted components. In comprehensive two-dimensional gas chromatography (GC� GC),

the entire eluent from the �rst dimension column is reanalyzed in a second column with a

different polarity (Giddings, 1984; Liu & Phillips, 1991; J. V. Seeley & S. K. Seeley, 2013).

Another drawback of 1D GC is that even though there are standard methods exclusively

developed for conventional gasoline, diesel, and jet fuels, these methods are not suitable
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for analysis of complex novel synthetic fuels that can contain unusual compounds, since

these 1D GC standard methods often rely on comparing reference spectra or known retention

indices with those of the sample (Melder et al., 2023).

Although GC� GC has not yet had industry standards, it has been widely used to ana-

lyze complex hydrocarbon mixtures (Frysinger & Gaines, 1999; Frysinger, Gaines & Led-

ford Jr, 1999; Beens, Blomberg & P. J. Schoenmakers, 2000; Harynuk & Górecki, 2003a;

Adahchour, Beens, Vreuls, Batenburg & Udo, 2004; Vendeuvre et al., 2005; Mühlen et al.,

2006; Adahchour, Beens & Brinkman, 2008; Adam, Bertoncini et al., 2008; J. V. Seeley,

Libby et al., 2008; Cortes et al., 2009). Although there is a great deal of research focused on

the analysis of fuels, every system displays unique characteristics necessitating tailored op-

timization. The multitude of factors that signi�cantly affect the separation ef�ciency makes

the process of developing methods quite demanding. The setup used in this thesis is the Agi-

lent 8890 GC equipped with an Agilent 5977B single-quadrupole mass-selective detector

(MSD). The �rst dimension column is DB-5MS Ultra Inert (20 m, 0.18 mm, 0.36 µm) and

the second dimension column is DB-HeavyWAX (4 m, 0.18 mm, 0.18 µm). These two

columns are joined together by Agilent G3673A Reverse Fill/Flush CFT GC� GC Differen-

tial Flow Modulator. Currently, there is no previous literature on the development of methods

using the same setup in the analysis of synthetic P2X fuels.

The purpose of this thesis is to develop a GC� GC-MS method to analyze ole�ns and frac-

tions of C8-C16+ P2X fuels. This work is related to a larger P2X project in which green

methanol is synthesized from CO2/CO and renewable energy based hydrogen. The methanol

is then synthesized into C8-C16 / C12-C25 hydrocarbons by ole�n oligomerization.

The literature review is related to the P2X production of liquid fuels, the composition of P2X

fuels, GC� GC, and GC� GC analysis of P2X fuels. In the experimental part a GC� GC

method is developed by creating a sample mixture of 11 compounds from hydrocarbon

groups of interest (n-alkanes, cyclo-alkanes, iso-alkanes, monoaromatics, cyclo-aromatics,

and n-alkenes) and creating a method based on this sample. The method is then optimized for

samples from ole�n oligomerization experiments. The optimized method is used to analyze

synthetic fuel product fractions from a series of ole�n oligomerization experiments to exam-

ine the C-atom distribution of aliphatics and aromatics and to monitor the effect of reaction

parameters on the compound composition, such as the amount of aromatics.
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LITERATURE REVIEW

2 Power-to-X

Power-to-X (P2X) is a process chain which transforms electricity into “X”, which depends

on the �nal product or the product group. The “X” stands for a product such as hydrogen,

methane, syngas, and methanol, or a product group such as gas, liquids, chemicals, and heat.

(Koj, Wulf & Zapp, 2019). P2X technologies allow the conversion of renewable energy

sources into synthetic fuels, thus providing a substitute for fossil fuels and a potential option

to transform large-scale energy systems to be more sustainable.

This thesis analyses the synthetic fuels produced from green methanol, and as such focuses

on Power-to-Methanol and Power-to-Liquids. The concept of P2X is shown in Figure 1.

Figure 1: Power-to-X concept of converting electricity and captured CO2 into transport fuels,
such as jet fuels and diesel fuels

The P2X process presented in Figure 1 converts H2 and CO2 into liquid transport fuels. H2
is the result of electrolysis of water using a renewable energy source and CO2 is the result of

carbon capture and recycling. H2 and CO2 are converted into methanol by hydrogenation of

CO2. This methanol is then transformed into ole�ns through the methanol-to-ole�ns (MTO)

process. Subsequently, these ole�ns are processed into liquid fuels through oligomerization.

(Dieterich et al., 2020; Nicholas, 2017).

2.1 Green methanol production

The early industrial-scale synthesis of methanol was operated at high temperatures of 320-

250 °C and pressures of 250-350 bar (Wender, 1996; Ott et al., 2000; English et al., 2015).

After Imperial Chemical Industries (ICI) commercialized the low-pressure process method

in the 1960s, it has superseded the now obsolete high-pressure process. The ICI method is

operated at temperatures of 200-300 °C and pressures of 50-100 bar. (Supp, 2013; Dieterich

et al., 2020; Guczi, Molnár & Teschner, 2013; English et al., 2015).



11

Green methanol is produced by hydrogenation of captured carbon oxides according to Equa-

tions 1, 2, and 3 (Hansen & Nielsen, 2008; English et al., 2015; Lee, Speight & Loyalka,

2014). The hydrogenation of CO2 is described by Equation 1, CO hydrogenation by Equa-

tion 2, and the water-gas shift reaction by Equation 3.

CO2 + 3 H2 CH3OH + H2O DHr = � 40:9
kJ

mol
(1)

CO + 2 H2 CH3OH DHr = � 90:7
kJ

mol
(2)

CO2 + H2 CO + H2O DHr = 49:8
kJ

mol
(3)

As shown by Equations 1 and 2, the hydrogenation of CO2 and CO is exothermic. As

methanol synthesis also decreases the number of moles, the maximum carbon conversion

to methanol is achieved at high pressure and low temperature according to Le Chatelier's

principle (Hansen & Nielsen, 2008; Guczi, Molnár & Teschner, 2013). The maximum con-

version achievable is determined by the composition of the synthesis gas (syngas). The

stoichiometric number S, which de�nes the composition of syngas, is calculated as the ra-

tio of the difference in moles between H2 and CO2 to the total moles of CO2 and CO. The

stoichiometric ratio of an inert-free syngas under ideal conditions is shown in Equation 4

(Hansen & Nielsen, 2008; Bozzano & Manenti, 2016).

S=
H2 � CO2

CO2+ CO
= 2 (4)

An increase in CO2 will decrease the maximum conversion. The conversion is also reduced

if inert compounds such as Ar, N2 and CH4 are present in the feed gas. For most commer-

cial catalysts, the optimal stoichiometric value for S appears to be slightly greater than 2,

indicating an excess of H2 (Bozzano & Manenti, 2016).

2.2 Methanol-to-gasoline

C. D. Chang & Silvestri (1977) were the �rst to introduce the methanol-to-gasoline (MTG)

reaction on behalf of Mobil Corporation (later ExxonMobil). MTG enables the production

of high octane gasoline from non-oil resources by forming hydrocarbons from methanol

over the synthetic zeolite molecular sieve catalyst ZSM-5 (C. D. Chang, 1983; C. D. Chang,

1984). The main reaction steps of the MTG process are shown in Equation 5 (C. D. Chang

& Silvestri, 1977; Keil, 1999; Gogate, 2019).
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2 CH3OH
-H2O

+H2O
CH3OCH3

-H2O
C2 � C5 ole�ns

Higher ole�ns
Naphthenes
Aromatics
Paraf�ns

(5)

Initially, methanol undergoes dehydration and conversion over the acidic HZSM-5 catalyst,

resulting in an equilibrium mixture comprising methanol, dimethyl ether (DME) and water.

This mixture is then transformed into a combination of ole�ns, aliphatics, and aromatics,

with carbon chain lengths up to C10, under atmospheric pressure and reaction temperatures

of 350-400 °C.

2.3 Methanol-to-ole�ns

Methanol-to-ole�ns (MTO) process is an interruption of the MTG process, resulting in the

production of light ole�ns instead of gasoline (Keil, 1999). The conversion of methanol to

light ole�ns is presented in Equations 6 and 7 (Dahl & Kolboe, 1996).

Methanol/DME equilibrium is �rst established by dehydration of methanol over acidic ZSM-

5 catalyst:

2 nCH3OH
ZSM-5

nCH3OCH3 + nH2O (6)

DME yields light ole�ns, (CH2)n, where 2� n � 4, and additional water:

nCH3OCH3

ZSM-5
2 (CH2)n + nH2O (7)

MTO is an important reaction in one-carbon chemistry and signi�cant effort has been put into

further research and great progress has been made in MTO process research and development

(Vora et al., 1997; J. Q. Chen et al., 2005; Coute et al., 2004; Koempel & Liebner, 2007),

catalyst synthesis (Cao & Shah, 2005; Y.-F. Chang et al., 2007; Mertens & Strohmaier, 2004;

Wilson & Barger, 1999), and reaction principles (Stöcker, 1999; Wang & Hunger, 2008; Haw

et al., 2003; Arstad & Kolboe, 2001; D. Chen, Moljord & Holmen, 2012; Svelle, Joensen &

Nerlov, 2006; Bjørgen et al., 2010; Bjørgen et al., 2004; Dai et al., 2011).

2.4 Mobil ole�ns to gasoline and distillate

Tabak, Holland & Ireland (1984), representing Mobil, unveiled a catalytic method to trans-

form light ole�n compounds into premium gasoline and distillate, termed Mobil Ole�ns to

Gasoline and Distillate (MOGD). This technique utilizes a synthetic zeolite catalyst to con-

vert oligomerized light ole�ns into higher molecular weight iso-ole�ns. Further, Avidan

(1988) showed that it is possible to produce gasoline and distillate fuels from methanol by
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integrating MTO and MOGD processes, employing the same medium pore zeolite ZSM-5

catalyst. The combined MTO/MOGD process is illustrated in Figure 2.

Figure 2: Methanol-to-ole�ns and Mobil Ole�ns to Gasoline and Distillate process. Modi�ed
from Olsbye et al. (2012)

There are currently no industrial-scale MOGD processes in operation due to economic reas-

ons. However, there is another route to upgrade methanol-derived ole�ns to gasoline and jet

fuel range hydrocarbons, that is ole�n oligomerization. (Fuchs, Arnold & Sauer, 2023).

2.5 Ole�n oligomerization

Oligomerization is the chemical process that transforms ole�ns with lower molecular weights

into ole�nic products with higher molecular weights. This process is similar to polymeriza-

tion both chemically and mechanistically. The primary distinction between oligomerization

and polymerization lies in the quantity of monomer units present in the end product, with

oligomerization producing fewer units and polymerization producing more. (Onsager & Jo-

hansen, 1985).

Light ole�ns are stable at lower temperatures, which means that oligomerization without a

suitable catalyst is a slow process (Onsager & Johansen, 1985). The oligomerization re-

action can be acid, base, or metal-catalyzed. The most common catalyst mechanisms cur-

rently utilized in commercial processes are metal-catalyzed 1,2-insertion and acid-catalyzed

carbenium chemistry. (Nicholas, 2017). In some cases where oligomerization is dif�cult

with only acidic sites, such as with ethylene, a combination of metal and acid sites can be

used (Heveling, Nicolaides & Scurrell, 1998).

Figure 3 shows the sequence of conversion of methanol into light ole�ns, light ole�ns into

higher ole�ns, and �nally higher ole�ns into paraf�nic fuels as part of the paraf�nic fuel

production process.
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Figure 3: Production of paraf�nic fuels from methanol via methanol-to-ole�n and ole�n
oligomerization. Modi�ed from Fuchs, Arnold & Sauer (2023)

As can be seen in Figure 3, oligomerization is only one step in the conversion of methanol to

paraf�nic fuels. These paraf�nic fuels do not contain any aromatics, which can be considered

both an advantage and a slight hindrance. The lack of aromatics can reduce the emissions

from combustion engines, since they are precursors to particle formation. (Fuchs, Arnold

& Sauer, 2023). Higher aromatic fuels result in higher emissions of CO, CO2, BTEX and

nonmethane hydrocarbons (Karavalakis et al., 2015). Aromatics are also undesirable in jet

fuel and diesel distillates.

However, aromatics do have a great in�uence on the high performance of gasoline, since

they increase the number of octane and offer the best knock resistance when compared

to other gasoline blend hydrocarbon compounds (paraf�ns, ole�ns and naphthenes) (Fer-

guson & Kirkpatrick, 2015). The lack of aromatics can be compensated with high molecular

branching hydrocarbon compounds, such as iso-octane which has an octane number of 100

(International et al., 1958).

2.5.1 Base catalyzed oligomerization

The �rst anionic ole�n oligomerization using sodium as catalyst and anthracene as chain

precursor promoter was reported by Mark & Pines (1956). The reactions were carried out

at high temperatures of 280 °C and 300 °C, which indicates that base catalysis is a slow

process.

Studies of alkali metal-initiated dimerization of propene have shown that the utilization of

potassium, rubidium, or cesium results in the product having a different carbon structure

compared to when potassium is used (Schramm, 1961; Shaw et al., 1965). The dimerization

of propene follows the reactions given in equations 8, 9, and 10 (Pines, 1974; Onsager &

Johansen, 1985).

Vinylic or allylic intermediates can be formed in the initiation process, depending on which

proton is removed from the monomer, but allylic anions are preferred due to the acidity of
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the allylic hydrogen:

MeCH CH2
-H+

� CH2CH CH2 (8)

Allylic anion reacts with a propene molecule via nucleophilic addition:

MeCH

CH2

H2C� CH CH2 MeCHCH2CH

CH2
�

CH2 (9)

The anion can form a trimer by adding another propene molecule, but due to the acidity

of the allylic hydrogen the preferred reaction is the removal of a proton from the propene

molecule, which yields a dimer and a new allylic ion:

MeCHCH2CH

CH2
�

CH2 + MeCH CH2 MeCHCH2CH

CH3

CH2 + � CH2CH CH2

(10)

Propene is dimerized through allylic anion intermediates with a high selectivity to the product
dimer given in Equation 10. This can isomerize to

MeCHCH

CH3

CHCH3

which is the main secondary product of alkali-metal catalyzed ole�n oligomerization pro-

cess. (Onsager & Johansen, 1985).

2.5.2 Acid catalyzed oligomerization

Acidic oligomerization catalysts include acidic solids such as zeolites, acidic ion-exchange

resins, silica-supported phosphoric acid and amorphous silica aluminas (Busca, 2007). The

oligomerization reactions that use these acidic solids as a catalyst utilize the carbenium route

(Pines, 1981). The main steps of the acid-catalyzed carbenium oligomerization route are

given in Equations 11, 12, and 13 (Pines, 1981; Nicholas, 2017).

Carbenium ion is produced when a Brønsted acid site reacts with the ole�n, resulting in

an ion pair shown in Equation 11. The dashed line represents the electrostatic Coulomb

attraction between oppositely charged ions without the formation of a covalent bond.
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O

H

+ R R R

C+

O�

R

H

(11)

A longer carbon chain is achieved when the carbenium ion reacts with another ole�n:

R

C+

O�

R

H

+ R0 R0 C+

R0

O�
R0

R R

(12)

The carbon chain can continue to grow in length with the mechanism of Equation 12, or

terminate. The termination yields the starting acid site and an ole�n, which has as many

hydrocarbon branches as was added in previous steps:

C+

R0

O�
R0

R R

R0

R0

R

R

+ O

H

(13)

More thermodynamically stable carbenium ions are often produced as a side product via

hydride shift and alkyl shift isomerization. The hydride shift reaction is given by Equation 14

(Pines, 1981; Nicholas, 2017). The hydride shift occurs when the hydrogen on the adjacent

carbon switches places with the positively charged carbon (carbocation), creating a more

stable carbenium ion. The driving force behind the hydride shift is the difference in the

stability of the carbenium ions. The order of carbenium ion stability is alkyl > allyl > tertiary
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> secondary > primary (Pines, 1981).

C+

R0

O�
R0

R R

R0 C+

R0

O�

R

R

R0

R0

C+

R

O�

R

(14)

The alkyl shift is given by Equation 15 (Pines, 1981; Nicholas, 2017). The alkyl shift occurs

in the case where a hydride shift would create a less stable carbenium ion, that is, if the

hydrogen changing places would change a tertiary carbocation into a secondary carbocation,

or a secondary carbocation into a primary carbocation. In such cases, an alkyl group migrates

instead of hydrogen.

R0 C+

R0

O�

R

R

R0

R0

C+

O�

R

R

(15)

The carbenium ion can also be added to another ole�n (equation 16), which can then be

reversed byb-scission (Equation 17) (Pines, 1981).

(CH3)3C
+ + CH2 C(CH3)2 (CH3)3CCH2C

+(CH3)2 (16)

C

CH3

CH3

CH3

C

CH3

C+

CH3

CH3 (CH3)3C
+ + CH3CH C(CH3)2 (17)

The relative rates of the reactions of the carbenium route are affected by the acidic solid

utilized (Sarazen, Doskocil & Iglesia, 2016).

One of the most investigated acidic catalysts are the microporous zeolites, such as the ZSM-5
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type zeolite catalyst which was used in the MOGD process (Avidan, 1988; Perego & Carati,

2008). Currently, there are over 250 framework types in the database of the International

Zeolite Association, with each framework type having an assigned three letter code (Associ-

ation, 2024). For example, all ZSM-5 and H-ZSM-5 type materials have the structure code

MFI. The popularity can be explained in part by the notion that these zeolitic materials al-

lowed researchers to control the shape selectivity by modifying the pore size and connectivity

(Martínez & Corma, 2011; Moliner, Martínez & Corma, 2015).

2.5.3 Metal catalyzed oligomerization

According to Onsager & Johansen (1985), the reaction steps of the dimerization cycle are

similar in most metal catalytic systems, even if they have their own activity and selectiv-

ity characteristics. These elementary reaction steps are presented in Equations 18, 19, and

20. These equations follow the Cossee-Arlman 1,2-insertion mechanism (Arlman & Cossee,

1964).

Ole�n activation via complex formation:

M

R

+ C C M

R

C

C

(18)

Migratory insertion:

M

R

C

C

M C C R (19)

b-H elimination:

Cb

H R

HH2CM

M

H

+ CH2 CHR (20)

The most common metal that contains ole�n oligomerization catalysts contains nickel or

zirconium (Nicholas, 2017). In addition to ethylene, nickel can also oligomerize propyl-

ene and butenes, which are known to be dif�cult alkenes when it comes to metal-catalyzed

oligomerization (Olivier-Bourbigou et al., 2020).
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2.6 Power-to-Liquid fuel compound composition

Paraf�nic Power-to-Liquid fuels and the intermediary products produced via the MTO, ol-

e�n oligomerization, and hydrogenation process, as illustrated in Figure 3, have different

hydrocarbon ranges and compound compositions depending on multiple factors. Examples

of compositions at different steps of the process are given from the literature in Tables 1, 2,

3, and 4.

Understanding the detailed composition of synthetic fuels is crucial for two primary reasons.

Knowing the detailed composition allows the determination of various physical and chem-

ical properties of the fuel, including density, viscosity, surface tension, heat of combustion,

freezing point, and �ash point. (Melder et al., 2023). The prediction of these key fuel prop-

erties can be made using tools developed by the National Jet Fuels Combustion Program

(NJFCP) and the JET Fuel SCREENing and Optimization program (JETSCREEN), which

are used to pre-screen candidates for sustainable air fuels before entering the proper ASTM

D4054 evaluation process (Colket et al., 2017; Hall et al., 2021; Heyne, Rauch et al., 2021;

ASTM International, 2022).

It is also important to know the composition of a fuel, since there are regulations limiting the

amount of certain compounds in fuels, such as polycyclic aromatic hydrocarbons (PAH) and

fatty acid methyl esters (FAME) in diesel fuel by the EU standard EN590.

2.6.1 Composition at MTO step

Dutta et al. (2004) experimented with different catalysts and temperatures in the MTO pro-

cess, and the resulting light ole�n composition (C1 to C4) is shown in Table 1. The products

were identi�ed and quanti�ed using gas chromatography with an alumina column at room

temperature.

As the research results of Dutta et al. (2004) indicate, the distribution of light ole�ns that are

converted from methanol is highly dependent on the catalyst and the temperature used in the

process.

2.6.2 Composition at oligomerization step

The process of converting light ole�ns to higher ole�ns depends on the catalyst and temper-

ature, as well as the ole�n feed. In the same article as the MTO catalyst and temperature

experiments, Dutta et al. (2004) tested different oligomerization catalysts. The hydrocarbon

composition C4 to C20 of the products produced from liquid phase ethylene with different

catalysts is shown in Table 2.
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Table 1: Light ole�n weight-percentage composition from conversion of methanol to hydro-
carbons over different catalysts at different temperatures (Dutta et al., 2004)

Catalyst Temperature. °C CH4 C2H6 C2H4 C3H8 C3H6 C4H10

HPMo 300 96.8 % 0.6 % 2.6 % - - -
HPMo 350 97.5 % 0.7 % 1.6 % - - -
HSiW 300 72.0 % 2.0 % 11.0 % 7.0 % 4.0 % 4.0 %
HPW 250 26.5 % 2.2 % 23.8 % 26.1 % 8.0 % 12.5 %
HPW 300 54.0 % 1.6 % 16.0 % 13.0 % 4.0 % 11.4 %
HPW/SiO2 300 33.9 % - 44.1 % - 22.0 % -
HPWV/SiO2 300 84.9 % - 15.1 % - - -
HPWV2/SiO2 300 95.3 % 0.2 % 3.6 % - - -
KPW 300 69.3 % 0.2 % 16.3 % - 6.4 % -
RbPW 300 80.4 % 0.2 % 16.3 % - 2.6 % -
CsPW 300 52.2 % 1.6 % 26.2 % - 20.0 % -
CsPW 330 28.9 % 0.9 % 34.1 % 2.1 % 26.6 % 7.4 %

HPMo: molybdophosphoric acid; HSiW: tungstosilicic acid; HPW: tungstophosphoric acid;
HPWV: 11-tungsto-1-vanadophosphoric acid; HPWV2: 10-tungsto-2-vanado phosphoric
acid; KPW: potassium salt of tungstophosphoric acid; RbPW: rubidium salt of
tungstophosphoric acid; CsPW: cesium salt of tungstophosphoric acid

Table 2: Oligomerization hydrocarbon product weight-percentage composition over different
catalysts (Dutta et al., 2004).

Catalyst C4 C6 C8 C10 C12 C14 C16 C18 C20+

TiCl4/Et3Al2Cl3 29.2 % 24.3 % 12.6 % 3.0 % 8.5 % 7.3 % - - -
TiCl4/Et2AlCl 20.3 % 12.2 % 4.5 % 1.6 % 3.8 % 4.7 % 4.7 % - -
TiCl4/Et3Al 6.2 % 3.7 % 52.2 % - - - - - -
Ti(OBu)4/Et3Al2Cl3 37.8 % 9.0 % 2.2 % 0.6 % 1.6 % 1.2 % 0.7 % 0.6 % 1.1 %
Et: ethyl, C2H5

A demonstration of the effects of temperature on the composition of the oligomerization

product is from the article by Lopez et al. (2019), where they oligomerized a mix of isobutene

and propene (4:1 mol) over zeolite H-beta catalyst at different temperatures. GC-MS results

are shown in Table 3. Note that only ten compounds with the highest weight percentage are

displayed, and the true number of compounds is hundreds.

As in Tables 2 and 3 clearly indicates that the oligomerized product is a varying mix of com-

pounds in different proportions when the catalyst, the ole�n feed, and the reaction temper-

ature change. Aside from these parameters, also pressure has an effect on ole�n conversion

(Fuchs, Arnold & Sauer, 2023).
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2.6.3 Composition at hydrogenation step

Branching levels can be assessed following the hydrogenation of oligomeric fuels, which

leads to the removal of stereoisomers. (Fuchs, Arnold & Sauer, 2023). For example, Hev-

eling, Nicolaides & Scurrell (1998) analyzed the linearity of compounds within the carbon

range of C6 to C10 after ethylene oligomerization by evaluating the proportions of linear

versus branched paraf�ns after hydrogenation. They observed that the hydrogenation pro-

cess simpli�ed the gas chromatography pro�le, enabling straightforward identi�cation ofn-

paraf�ns, distinguished by their boiling point differences from their branched counterparts.

The results of product linearity are shown in Table 4.
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Table 3: Isobutene/propene oligomerization product composition at different temperatures
over zeolite H-beta catalyst (Lopez et al., 2019). Only ten most abundant compounds from
each experiment are displayed.

Temperature Compound wt-%

140 °C 3,5-Dimethyl-3-heptene 5.3
Cyclohexane, propyl- 5
2,2,4-Trimethyl-3-hexene 4.4
2,3-Dimethyl-2-heptene 3.1
3,5-Dimethyl-3-heptene 3
2,3-Dimethyl-1-hexene 2.9
2-Hexene, 2,5,5-trimethyl- 2.6
2-Pentene, 2,4-dimethyl- 2.5
2-Butene- 2,3-dimethyl- 2.2
trans-2-Methyl-3-octene 2.2

200 °C 4-Undecene, 5-methyl- 2.3
Heptane, 2,2,4,6,6-pentamethyl- 1.7
Pentane, 2,3-dimethyl 1.7
5-Dodecene, (E)- 1.4
7-Tetradecene 1.4
7-Hexadecene, (Z)- 1.4
Cyclohexane, hexyl- 1.4
2-Pentene, 4,4-dimethyl-, (Z)- 1.4
Pentane, 2,2,4-trimethyl- 1.4
Octane, 2,2-dimethyl- 1.3

260 °C Heptane, 2-methyl- 2.5
Hexane, 2,5-dimethyl- 2.5
Hexane, 2-methyl- 2.2
Pentane, 2,4-dimethyl- 2
Pentane, 2,3-dimethyl- 2
Hexane, 2,4-dimethyl- 2
Heptane, 2,5-dimethyl- 1.9
1-Pentadecene 1.6
Hexane, 2,3-dimethyl- 1.6
Octane, 2-methyl- 1.6

Table 4: Linearity of ethylene oligomerization products (Heveling, Nicolaides & Scurrell,
1998).

Products Linear isomer percentage, %

n-hexane 64.4
n-octane 9.3
n-decane 1.8
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3 Gas Chromatography

The use of the method and the wordchromatographywas �rst reported by Tswett in his twin

papers in 1906 (Tswett, 1906a; Tswett, 1906b). The potential of this revolutionary method

was not fully realized by the scienti�c community until the 1930s, long after the death of

Tswett in 1919 (Ettre & Sakodynskii, 1993; Mondello, 2011).

The maximum capacity (hc) and the stationary phase selectivity are the two basic principles

that de�ne all chromatographic techniques. The peak capacity depends on the characteristics

of the column, such as the length of the column and its inner diameter, and the experimental

setup, such as the temperature, outlet pressure, and mobile phase �ow. Stationary phase

selectivity is in�uenced by speci�c interactions between the analyte and the stationary phase,

such as hydrogen bonding, dipole-dipole interactions, and dispersion forces, which are linked

to the chemical makeup of the stationary phase. Additionally, selectivity is affected by how

soluble the analyte is in the mobile phase. The primary objective of chromatography is to

perform the separation and analysis of chromatographic samples as quickly as possible, using

the best possible column separation phase and the least necessary peak capacity. (Mondello,

2011).

3.1 Two-dimensional Gas chromatography

Comprehensive two-dimensional gas chromatography (GC� GC) and multidimensional gas

chromatography (MDGC or GC-GC) are two-dimensional gas chromatography (2D GC)

separation techniques based on conventional one-dimensional gas chromatography (1D GC).

In 1D GC, the analytes are characterized by a single retention time only, which is determ-

ined by the different volatilities of the compounds. In 2D GC, each analyte goes through

two columns, resulting in two independent retention times. In the second dimension, the

separation is determined by the different polarities of the compounds, instead of volatilities.

Retention time scales from the two separations are presented as the two axes of a 2D plane,

where the location of the analyte is indicated. (Ramos, 2009)

MDGC is an older 2D GC separation technique. A two-dimensional heart cutting GC was

�rst mentioned in an article by Simmons & Snyder (1958) and the typical setup for 2D GC

separations was introduced by Deans (1968). In MDGC analysis, the procedure is to select

the few fractions of interest that contain the target compounds, eluting from the �rst column,

and run these fractions one by one through the second column. The chosen fractions, which

are reanalysed on the second column, are called heart cuts. Most of the �rst-column eluent is

wasted, since only a few selected fractions are subjected to a second separation. This means

that many fractions remain unexplored. MDGC technique is suitable when a small number
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of target compounds are analyzed in a complex sample but falls short when searching for

unknown compounds or when total pro�ling of an entire complex sample is needed. (Ramos,

2009).

3.2 Comprehensive two-dimensional gas chromatography

GC� GC is a comprehensive successor to MDGC, as it re-analyses the entire eluent from

the �rst-dimensional column on a second column that has a different polarity, not wasting

any of the sample. Liu & Phillips (1991) found a way to design a separation technique that

maintains resolution in the �rst dimension while not being extremely time-consuming, as

MDGC could be, by equipping the 2D GC with a critical component called the modulator,

which acts as an interface between the separation columns. A modulator is a piece of equip-

ment that cuts the sample eluting from the �rst-dimension column into smaller fractions,

or modulations. These modulations are fully re-analyzed in the second dimension column,

and the re-analysis is completed before the next modulation is fed into the second dimen-

sion column. This is why the second column is very short and small-bore, with a length

of 0.5 to 2 m. The modulator continuously injects increments of the �rst-dimension eluate

onto the second-dimension column with a modulation period that is de�ned by the user. The

resolution integrity of the 1D separation is maintained, while 2D separations are completed

throughout the 1D eluent. (Ramos, 2009; Giddings, 1984; J. V. Seeley & S. K. Seeley, 2013).

The basic setup of GC� GC is shown in Figure 4.
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Figure 4: Basic setup of comprehensive two-dimensional gas chromatography equipment.
Only one detector is required, because the whole sample elutes through both columns.
Second dimension column is shorter than �rst dimension column. Modi�ed from Ramos
(2009).

There are many different ways to con�gure a GC� GC system. It can be equipped with

different types of modulators and detectors. Novel modulator methods are still being re-

searched and recent developments are being published (Milani et al., 2023; Bahaghighat,

Freye & Synovec, 2019). A GC� GC system can also be combined online with multiple

detectors that offer a variety of detection capabilities that can be tailored to suit speci�c use

cases, such as mass spectrometry for quantitative analysis (GC� GC-MS), �ame ionization

detector (FID) for near-universal analysis, and a wide variety of element-speci�c detectors,

such as nitrogen-phosphorus detector (NPD) or sulfur-chemiluminescence detector (SCD)

(D �abrowski, 2018). The list of detectors available for gas chromatography systems is long

(Scott, 2003). The 1D and 2D columns can also be set in separate GC ovens to allow for

more precise control. GC� GC systems can be equipped with two 2D columns instead of

one for some particular cases. (Ramos, 2009; Semard, Adahchour & Focant, 2009).

An example of a 1D chromatogram is presented in Figure 5, a 2D chromatogram of the same

sample in Figure 6, and a 3D view of the 2D chromatogram in Figure 7.
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Figure 5: One-dimensional chromatogram of a sample from ole�n oligomerization experi-
ment.

As can be seen in Figure 5, the sample consists of many compounds having similar retention

times; therefore, they elute at the same time and appear as overlapping peaks (co-elution).

There is no way to determine what the coeluting compounds are from this chromatogram

alone.
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Figure 6: Two-dimensional chromatogram of a sample from ole�n oligomerization experi-
ment.

Figure 6 shows a chromatogram with two retention time axes. The x-axis is the same 1D

retention time as in Figure 5, where the separation is based on volatility, and the y-axis shows

the 2D retention time, which is based on polarity. The length on the x-axis is the length of the

oven temperature program and the length on the y-axis is the modulation period. Intensity

is displayed by color. More volatile compounds are on the left, less volatile compounds on

the right, more polar compounds on the top, and less polar compounds on the bottom. This

provides a more comprehensive look at the compound composition even at a quick glance,

since the compound classes are separated. It can be seen that the sample consists mostly of

paraf�ns and ole�ns on the lower half of the image, but there are also aromatic compounds on

top. These aromatic compounds could not be discerned from the 1D chromatogram because

they are “behind” the paraf�ns and ole�ns, but a top-down look reveals them.
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Figure 7: Two-dimensional chromatogram of a sample from ole�n oligomerization experi-
ment viewed in 3D.

The 2D chromatogram of Figure 6 can also be viewed in a 3D plane, as shown by Figure

7. This also illustrates the difference between 1D and 2D chromatograms, because the 1D

chromatogram is displayed on the back of the image.

3.2.1 Modulators

The objective of a modulator is to isolate and transfer the 1D eluate to the 2D column.

Modulators can be broadly categorized into �ow modulators (sometimes called valve-based

modulators) and thermal modulators (Milani et al., 2023; Bahaghighat, Freye & Synovec,

2019; Tranchida, 2018; Amaral, Nolvachai & Marriott, 2020; J. V. Seeley, Schimmel & S. K.

Seeley, 2023). Flow modulators combine an additional carrier gas �ow with 1D ef�uent

to create a series where sections of carrier gas are alternated by sections of 1D ef�uent

(M. Edwards, Mostafa & Górecki, 2011; J. V. Seeley, 2012). The carrier gas can replace

sections of 1D ef�uent (�ow diversion modulation), or be inserted between the 1D ef�uent

sections (differential �ow modulation) (Bruckner, Prazen & Synovec, 1998; Ghosh et al.,

2013; J. V. Seeley, Kramp & Hicks, 2000; J. V. Seeley, Micyus et al., 2006; Grif�th et

al., 2012; Trinklein et al., 2020; Cai & Stearns, 2022; Tranchida et al., 2016; J. V. Seeley,

Schimmel & S. K. Seeley, 2018). Thermal modulators trap and release sample components

repeatedly using oscillating temperature gradients (Liu & Phillips, 1991; de Geus, de Boer

& Brinkman, 1997; Burger et al., 2003; Marriott & Kinghorn, 1997; Harynuk & Górecki,

2003b; Liu & Phillips, 1991; Luong et al., 2016; Panić et al., 2011; Zoccali et al., 2019). An
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example of a hybrid modulator would be a solid-state modulator, which uses thermoelectric

cooling and micathermic heating, but can also accommodate an auxiliary gas �ow, which

means it can be classi�ed as a hybrid modulator (Zoccali et al., 2019). A classi�cation of

different modulation techniques is illustrated in Figure 8.

Figure 8: GC� GC modulation technique overview. Modi�ed from Milani et al. (2023).

According to Bahaghighat, Freye & Synovec (2019), the modulator performance can be

evaluated according to four criteria: modulation period, duty cycle, injection pulse width,

and the peak capacity of the 2D separation step. Milani et al. (2023) propose the inclusion

of an additional criterion: the enhancement factor.

The modulation periodPM is the time between modulations, which is usually set in the range

of 1 to 10 seconds (B. Xu et al., 2018; Mogollón et al., 2016; Hyötyläinen et al., 2002;

Krup�cík et al., 2015; Patrushev & Sidelnikov, 2015; Stefanuto et al., 2015). The correctPM

must be selected to obtain an acceptable sampling densityr s. The sampling densityr s is the

number of sampling periods per standard deviation of a peak at the �rst dimension column

outlet (L. Blumberg, 2008). This can be calculated with the following Equation:

r s =
1so

PM
(21)

wherer s is sampling density [-],1so is standard deviation, or width, of a peak at the outlet

of the �rst dimension column (also called the width of the base) [s], andPM is modulation

period [s].

The optimalr s is generally between 2 and 4, soPM should be chosen accordingly (L. Blum-

berg, 2008; Sampat et al., 2016). Ifr s is too low, that is, below 2, there will be loss of
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analytical information due to undersampling of the �rst dimension separation. This can also

possibly result in a loss of quantitative accuracy and precision. (Murphy, Schure & Foley,

1998; Davis, Stoll & Carr, 2008). Ifr s is greater than 4, the �rst dimension separation is over

sampled, which reduces the maximum capacity of the second dimension separation (Mohler

et al., 2006; Bean, Dimandja & Hill, 2012).

J. V. Seeley (2012) de�ne the duty cycle as the fraction of 1D column ef�uent that is trans-

ferred and sampled in the 2D column. Thermal modulators have a duty cycle of 1, because

they transfer all of the 1D ef�uent to the 2D column, and valve-based modulators have a

duty cycle of� 1. As an example of a �ow modulator duty cycle, the original valve-based

modulator designed by Bruckner, Prazen & Synovec (1998) sampled the 1D ef�uent for

15 ms and had a modulation period of 500 ms, which means that the duty cycle was 0.03.

Flow modulators can be divided into low duty cycle modulators (� 0.5) and high duty cycle

modulators (� 0.5) (J. V. Seeley, 2012). Since all thermal modulators have a duty cycle of

1, they provide a better detection sensitivity and signal-to-noise ratio than �ow modulators

(Bahaghighat, Freye & Synovec, 2019).

Peak capacityhc is the total time of the separation step (1D or 2D) divided by the average

width-of-base,1so. According to research by Davis & Giddings (1983) and Davis & Gid-

dings (1985), the peak capacity should be maximized. Peak capacity for a 1D separation step

is given by:

hc =
1t

1so
(22)

wherehc is peak capacity for a column [-],1t is the total time of the 1D separation corrected

for the dead time [s].

For a 2D GC the ideal peak capacity is given by Equation:

hc;2D = 1hc � 2hc (23)

where1hc is the 1D peak capacity [-], and2hc is the 2D peak capacity [-]. According to

Bahaghighat, Freye & Synovec (2019), equation 23 can be rewritten to aid in optimization

of peak capacity and assessing of modulator performance:

hc;2D =
1t

1so
�

2t
2so

=
1t

1so
�

PM
2so

(24)

The peak widths1so and 2so should be minimized to maximize the peak capacityhc;2D.

This can be done by a narrow injection pulse onto 1D and 2D columns, and a high modulator
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performance is key in achieving the latter.

The enhancement factor, a �fth modulator performance criterion suggested by Milani et al.

(2023), is the ratio of the analyte concentration after and before modulation.

The modulator in the GC� GC system used in this thesis is the Agilent G3673A Reverse

Fill/Flush Capillary Flow Technology (CFT) Differential Flow Modulator, which is based on

the differential �ow reverse �ll/�ush modulator (RFM) by Grif�th et al. (2012). The RFM

operates by switching a three-way solenoid valve with high precision using a timing circuit to

direct the carrier gas �ow to the collection or injection state of the valve. Modulation period

is the sum of the collection and injection times. The carrier gas is supplied by a Pneumatic

Switching Device (PSD).

When the solenoid is off, the modulator collection cycle begins and the collection channel is

�lled with carrier gas from the previous injection cycle. Eluate enters from the 1D column

to the collection channel through the middle tee connection. When the analytes enter the

collection channel, they displace the carrier gas, which exits through the other end of the

collection channel via the modulator vent restrictor and into the vent manifold. Meanwhile,

the PSD/three-way valve sweeps the 2D column with carrier gas. (Agilent, 2019). The RFM

collection cycle is shown in Figure 9.

Figure 9: Schematic of a reverse �ll/�ush modulator. Red arrows show the �ow direction
during collection cycle. Modi�ed from Agilent (2019).

The injection cycle begins when the three-way valve is switched on. This directs the carrier

gas �ow to the end of the modulator channel further from the 1D column. The collection

channel is rapidly �ushed, which transfers the analytes to the 2D column. Meanwhile, the

PSD/three-way valve sweeps the vent restrictor with carrier gas. (Agilent, 2019). The injec-

tion cycle is shown in Figure 10.
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Figure 10: Schematic of a reverse �ll/�ush modulator. Red arrows show the �ow direction
during injection cycle. Modi�ed from Agilent (2019).

Modulation period has a major impact on the separation ef�ciency of the GC� GC system.

It must be short enough to preserve the separation achieved in 1D, because a modulation

period that is too long will allow the analyte peaks that were separated in 1D to mix together

(Mostafa, M. Edwards & Górecki, 2012).

Murphy, Schure & Foley (1998) suggest that every 1D peak eluting should be modulated

at least three times, which will preserve the 1D separation. This means that the maximum

modulation period depends on the width of the 1D peak. However, if the modulation period

is too short, some analytes may have a 2D retention time that is longer than the modulation

period, which leads the analyte to elute in the next modulation cycle (Mostafa, M. Edwards

& Górecki, 2012). This is called wraparound, which can be seen by a 2D chromatogram peak

appearing below the paraf�ns/ole�ns, when it should be above them. The minor wraparound

can be �xed by shifting the chromatogram so that the peaks appear in the correct places, but

the major wraparound requires increasing the modulation period.

3.2.2 Columns

The orthogonality principle, introduced by Venkatramani, J. Xu & Phillips (1996), means

that there is no correlation between the constituent dimensions and the syn-entropy among

these dimensions is zero. In orthogonal separation, the maximum achievable peak capacity

is calculated as the arithmetic product of the peak capacities of each of the two separate GC

separations. This means that when the retention behavior of the two columns is independent

of each other and is not correlated, they are orthogonal. Figure 11 gives an illustration of the

orthogonality principle, where the �rst dimension separates the analytes based on volatility

and the second dimension separates them by polarity.
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Figure 11: Orthogonality of �rst and second dimension separations in GC� GC. First dimen-
sion is separated by volatility and the second dimension by polarity. Modi�ed from Ramos
(2009).

Orthogonality depends on the parameters of the separation, such as the column combination,

as well as the solute characteristics and the separation mechanism. The separation column

is the most important component of any GC-based instrument, and its effective use will

ultimately determine the power and versatility of GC� GC applications. Common GC� GC

column combinations have a nonpolar column as the �rst dimension column and a polar or

medium-polar column as the second dimension column. (S. Zhu, 2009).

In a more orthogonal system, the retention behaviors of the two columns are expected to be

more independent, theoretically resulting in enhanced separation of compounds. However, it

has been discovered that while the orthogonal approach (nonpolar� polar) is a better option

for relatively nonpolar analytes, the reverse orthogonal approach (polar� nonpolar) is better

suited for more polar analytes. The reverse orthogonal approach retains the polar compounds

on the �rst �rst column, allowing for a good separation from nonpolar compounds, which

may display wraparound on orthogonal approach. (Semard, Adahchour & Focant, 2009;

Adahchour, Beens, Vreuls, Batenburg & Brinkman, 2004).

Wraparound decreases the amount of separation obtained in the second-dimension column.

Wraparound occurs when second-dimension retention times exceed the modulation period,

resulting in the retention of the compound occurring in the next modulation sequence. In-
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creasing the modulation period prevents the wraparound of compounds that are strongly

retained in the second dimension, but it will also increase the likelihood of overloading the

modulator because the number of cuts taken from the �rst-dimension peak is decreased. Re-

versely, if the modulation period were decreased, the number of cuts in the �rst dimension

would increase, thus increasing the chance of wraparound in the second dimension. The

second-dimension compound retention time should then be equal to or, ideally, less than the

modulation period. (Sanz, 2009; J. V. Seeley, 2002; Murphy, Schure & Foley, 1998)

The second dimension column is commonly shorter and narrower than the �rst dimension

column to avoid wraparound. The �rst dimension column is usually 15 to 60 m long, the

inner diameter is 0.25 - 0.53 mm, and the �lm thickness is 0.25 - 1 µm. The second dimension

column is about 0.5 - 1.5 m long with a �lm thickness of 0.1 - 0.25 µm (Semard, Adahchour

& Focant, 2009). Research conducted by Z. Zhu, Harynuk & Górecki (2006) found that it is

better to use a �rst column with a thin �lm thickness and a narrower second column in the

case where speed is prioritized over second dimension resolution, but in the opposite case

where second dimension resolution is the priority, a good compromise would be to use a �rst

dimension column with a �lm thickness of 0.25 - 0.5 µm and a second column with a large

inner diameter of 150 µm.

Although wraparound is usually to be avoided, it is not necessary to waste a lot of time

and effort to completely eliminate the possibility of it happening if no new coelutions are

created, because dedicated GC� GC software can create a clear image of separation despite

wraparound (Focant, Sjödin, Turner et al., 2004).

The columns are located inside a GC oven, which is gradually heated to allow the analytes

to move forward. This is the basis for separation in the �rst dimension, since different

compounds have different volatilities, which makes them elute at different times when the

oven temperature is increased slowly. This oven temperature increase rate is set by the user.

The user can also set the initial oven temperature, the �nal temperature, and add hold times

to the temperature ramp. If the temperature is increased too fast, compounds with similar

boiling points can have very close retention times or even co-elute. However, wraparound

may occur if the oven temperature ramp is too slow. (Mostafa, Górecki et al., 2011; Mostafa,

M. Edwards & Górecki, 2012).

3.2.3 Detectors

Peaks eluted from the 2D column are typically very narrow and fast in the range of 50

- 600 ms, so the GC� GC detector must have high enough sampling rates alongside any

normal GC detector requirements to adequately measure the fast peaks (Dallüge, Beens &
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Brinkman, 2003; Adahchour, Beens & Brinkman, 2008; Kinghorn & Marriott, 1999). This

means that the detectors commonly used in GC systems may not be fast enough to be used

in GC� GC systems. To correctly de�ne a chromatographic peak, the detector requires a

minimum of 6 - 10 acquisition points (Maštovská, Hajšlová & Lehotay, 2004; Adahchour,

Brandt et al., 2005). Research suggests that detector acquisition rates of 20 - 100 Hz is

the ideal range (Dallüge, Beens & Brinkman, 2003; Adahchour, Beens & Brinkman, 2008;

Phillips & Beens, 1999; Focant, Eppe et al., 2005; Dallüge, Vreuls et al., 2002).

Mass spectrometric detectors such as the quadrupole mass spectrometer (qMS) and the time-

of-�ight mass spectrometer (ToF MS) provide analytical resolution in addition to chroma-

tographic resolution when coupled with a GC� GC system. MS detectors provide structural

information on the identi�cation of analytes for both broad screening and target compound

analysis (Ramos, 2009).

A mass spectrometer has three main parts: an ion source, a mass analyzer, and a detector.

The ion source creates gas-phase ions by transferring analyte atoms or molecules into the

gas phase and ionizing them concurrently or by separate processes. A mass analyzer separ-

ates atoms or molecules according to their mass (m=z). Modern mass analyzers are based

on electromagnetism, which makes the ion source mandatory. The quadrupole and the ToF,

as mentioned, are types of mass analyzers. The detector converts the energy of incoming

particles into a current signal, which is then transferred to the MS acquisition system's com-

puter for data analysis. (Ekman, 2009).

The �rst application of an MS detector on a GC� GC was reported by Frysinger & Gaines

(1999), who used a qMS to analyze petrochemicals. They had to slow down the separation

to overcome the limited scan rate of 2,43 scan/s, while the typical second-dimension peak

width is 200 ms. Modern qMS detectors have higher data acquisition rates but a limited

mass range, making qMS a good alternative to ToF MS in applications with a mass range of

100-300 Da. (Ramos, 2009)

The use of ToF MS as a detector for GC� GC was reported a year after the use of qMS by

Deursen et al. (2000). ToF MS has faster data acquisition rates than qMS, making it more

suitable for analysis of narrow GC� GC peaks. ToF MS can also help achieve separation

of coeluting, overlapping GC peaks because the detector collects all ions at the same time

point of the chromatogram, which results in the ion ratios across the GC peaks remaining

the same, producing non-skewed spectra. This is possible even when chromatographic co-

elution happens if the co-eluting compounds have mass spectra that are different enough.

The deconvoluted ion currents of the mass spectra allow the deconvolution of coeluting GC

compounds. (Cochran, 2002; Focant, Sjödin, Turner et al., 2004). The ef�cient separation
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of co-eluting peaks using GC� GC-ToF MS system is illustrated in Figure 12.

Figure 12: Complementary chromatographic and analytical resolution methods to achieve
separation of co-eluting peaks in a GC� GC-ToF MS system. Modi�ed from Focant, Sjödin
& Patterson Jr (2003).

The �ame ionization detector (FID), invented by McWilliam & Dewar (1958), is the most

popular detection method in gas chromatography and is often referred to as the “workhorse”

detector due to its reliability, versatility, small internal volume, and the high sampling rate

that is usually in the range of 50 - 300 Hz (Tran & Marriott, 2007; Beens, Boelens et al.,

1998; Beens & Brinkman, 2005; Cavagnino et al., 2003; Blomberg, P. Schoenmakers &

Brinkman, 2002; Holm, 1999; Amirav, 2001).

Liu & Phillips (1991) chose FID as the �rst detector to be used in a GC� GC system because

it is the only detector that has always been capable of the required data acquisition rates.

Although data acquisition rates in the range of 20 - 100 Hz is considered ideal, modern FIDs

can have data acquisition rates up to 1 000 Hz and can accommodate peak widths as narrow

as 5 ms at half-height (Agilent, 2024).

A simpli�ed FID response mechanism is given by Equation 25 (Marriott, 2011). A carbon-

containing compound produces ions in an H2-air �ame, which respond in the FID.

Carbon compound
hydrogen-air �ame

CHO+
+H2O

[H3O(H2O)n]
+ (25)

Compounds produce an FID response that is proportional to the number of carbon atoms,

and if the compound does not have a CH bond, the FID response will be extremely small

(Holm, 1999; Marriott, 2011).
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The thermal conductivity detector (TCD) is another popular detector. TCD is a universal

detector that detects anything with a thermal conductivity different from that of the carrier

gas. TCD itself does not require fuel gases and has no �ame, which makes it very safe. It is

also inexpensive and requires only little power to work, while having a wide linear dynamic

range, although it is one of the least sensitive GC detectors. TCD utilizes a Wheatstone

circuit bridge to measure the changes in resistance caused by the sample passing over a

heated �lament. (Poole, 2012).

A typical TCD Wheatstone bridge is illustrated in Figure 13. There are two heated �laments

connected by a constant voltage applied to the circuit. The column ef�uent containing the

analyte �ows over one heated �lament, and the clean carrier gas passes over the other. The

balanced voltage applied to the opposite side of the bridge is monitored for changes. (Poole,

2012).

Figure 13: Simple schematic of a typical TCD Wheatstone bridge. One heated �lament is
for the sample and the other is for reference gas. Modi�ed from Poole (2012).

Some examples of application of qMS, ToF MS, FID, and TCD coupled with GC� GC are

presented in Table 5 (Ramos, 2009).

The detection capabilities and accuracy of GC� GC can be further extended by equipping the

system with multiple detectors, such as a combination of qMS and FID (GC� GC-MS/FID).

An example illustration of a GC� GC setup with multiple detectors is given in Figure 14.
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Table 5: Example applications of qMS, ToF MS, FID, and TCD detectors in GC� GC

Detector Application Reference

qMS Petroleum (Frysinger & Gaines, 1999)
qMS PCAs, PBDEs, PCDDs (Focant, Pirard et al., 2005)
qMS Essential oils (Özel, Gö�güş & A. Lewis, 2006)
qMS Pesticides (Khummueng et al., 2006)
qMS Drugs screening (Semard, Bruchet et al., 2008)
qMS Allergens in fragrances (Ryan et al., 2004)
qMS Coffee beans (Hamilton et al., 2004)
ToF MS Petroleum (Adam, Vendeuvre et al., 2008)
ToF MS PCAs, PBDEs, PCDDs (Korytár et al., 2005)
ToF MS Essential oils (Ozel, Gogus & A. C. Lewis, 2003)
ToF MS Pesticides (Khummueng et al., 2006)
ToF MS Drugs screening (Zrostlíková, Hajšlová &�Cajka, 2003)
ToF MS VOCs in air (McGuigan et al., 2006)
ToF MS Cigarette smoke (Lu et al., 2003)
FID Petrochemical products (Mühlen et al., 2006)
FID Fat and oils (Mondello, Tranchida et al., 2006)
FID Allergens in fragrances (Debonneville & Chaintreau, 2004)
FID Essential oils (Shellie, Marriott & Morrison, 2004)
FID Soil, sediment and water (Adahchour, Brandt et al., 2005)
FID Air, Aerosols (X. Xu et al., 2003)
TCD Field applications (portable system) (Wahl et al., 2003)

Figure 14: GC� GC setup with multiple detectors. A four way splitter connects the second
dimension column to a quadrupole mass spectrometer and a �ame ionization detector. Mod-
i�ed from (Melder et al., 2023).
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Analysis using only a nonspeci�c quantitative detector such as FID or the thermal conduct-

ivity detector (TCD), does not provide structural information, so the compounds must be

identi�ed by comparing the analyte 2D retention indices to a standard reference. (Melder

et al., 2023). Common practice is to divide the chromatogram into different hydrocarbon

patterns because identifying speci�c components using this method would be too time con-

suming (Striebich et al., 2014; Johnson & Synovec, 2002). This method of classi�cation

by corresponding hydrocarbon patterns has proven suf�cient for conventional kerosene and

diesel samples, but is not accurate enough for the analysis of synthetic fuels which can con-

tain unusual or unexpected compounds not found in conventional fossil fuels. Some classes

of hydrocarbon compounds can be challenging to distinguish from each other if they have

very similar polarities, leading to eluting partially with other species and creating overlap in

the chromatogram. Ole�ns, diole�ns and naphthenes are an example of this phenomenon,

as they can partially elute with cycloalkenes or monoaromatics (Heyne, Bell et al., 2022;

Lelevic et al., 2021).

In a system where only MS is used as the detector (GC� GC-MS), it can be similarly chal-

lenging to differentiate between some species such as ole�ns and naphthenes, since they

have comparable fragmentation patterns and appear in the same region of the chromatogram.

Since GC� GC-MS analysis methods often involve the laborious determination of the MS re-

sponse factors for each compound and the response differences between compounds are not

accounted for, most GC� GC-MS systems can be described as semiquantitative. (Prebihalo

et al., 2018; J. V. Seeley & S. K. Seeley, 2013). The bene�t of having both a quantitative

detector, such as FID or a more universal detector such as TCD, and a qualitative multivari-

ate detector, such as any mass spectrometer, is that together they improve the precision of

the group analysis and also offer the possibility of distinguishing structural isomers (Melder

et al., 2023).

3.2.4 Carrier gas

The carrier gas is the mobile phase that transports the analytes in the columns. The carrier gas

is inert, so the interaction and chemical reactions between the carrier gas and the stationary

phase or sample are negligible. The gas should be as pure as possible, without oxygen, hy-

drocarbons, or moisture contamination. These contaminations can increase the background

signal of the detector or affect the stationary phase negatively. Helium, hydrogen, and nitro-

gen are commonly used carrier gases and detector gases. The gas compatibility depends on

the detector: MS usually utilizes helium, and TCD is helium or hydrogen, and FID can use

helium, hydrogen, or nitrogen. (Engewald & Dettmer-Wilde, 2014a). In contrast to liquid

chromatography, however, changing the carrier gas to another compatible carrier gas while

maintaining the same average linear velocity has an insigni�cant effect on the selectivity of
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the system, i.e. the degree of peak separation, and the peaks will not change relative to each

other (Hinshaw, 2002).

Each carrier gas has a different average linear velocity ū. Linear velocity is affected by the

carrier gas, column temperature, pressure drop across the column, and column dimensions

(Hinshaw, 2002). The van Deemter equation explains the relation of the height equivalent to

one theoretical plate (HETP), that is, the plate height, and the average linear velocity of the

carrier gas (Van Deemter, Zuiderweg & Klinkenberg, 1956). The plate theory as published

by James, Martin & Smith (1952), states that when comparing columns, the best column has

the highest number of theoretical plates (N), which means that it has the lowest HETP. To

achieve the lowest HETP (HETPmin), the van Deemter equation can be used to plot the HETP

against ū of the carrier gases and select the optimal average linear gas velocity ūopt. HETPmin,

and the maximum number of N is achieved at ūopt, resulting in the highest resolution and

separation ef�ciency. ūopt depends on the inner diameter of the capillary column, the type of

carrier gas, and the test solute. The curve is different for each carrier gas because of different

diffusion coef�cients. (Engewald & Dettmer-Wilde, 2014b). A characteristic example of a

van Deemter curve is shown in Figure 15.

Figure 15: Characteristic van Deemter curve for a carrier gas, which is usually either helium,
hydrogen, or nitrogen. Optimal average linear velocity is marked where the plate height is
smallest. Modi�ed from (Ettre, 1979).

The linear velocity of the carrier gas in�uences the speed of the gas phase compounds in the
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columns, which has an in�uence on the 1D peak width. The pressure drop that is needed to

achieve a certain carrier gas linear velocity is determined by the viscosity of the carrier gas,

since a lower gas viscosity requires a smaller pressure drop than a higher gas viscosity. The

diffusion rates at which the solutes spread in the carrier gas also in�uence the peak width.

(Hinshaw, 2002).

3.3 Advantage of GC×GC over 1D GC

GC� GC has many advantages over 1D GC, such as potentially greater peak capacity and

the ability to separate chemical subclasses (Phillips & Beens, 1999). These, and other main

advantages as listed by Mostafa, Górecki et al. (2011) are:

1. Speed - improved number of peaks resolved per unit of time.

2. Selectivity - two different selectivity stationary phases

3. Separation - Greater resolving power

4. Sensitivity - band compression effect generated by thermal modulation

5. Spatial order - chemically similar compounds are formed close to each other

in the contour plot

It is now common to encounter samples that comprise hundreds or thousands of volatile or

semivolatile compounds. According to Davis & Giddings (1983), the 1D separation process

is statistically limited when a mixture contains more than 50-60 compounds. This means that

1D GC cannot be effectively used in the analysis of complex samples such as petrochemical

products, including gasoline, diesel, and kerosene. Furthermore, the location of volatiles

along the retention time axis in 1D GC is generally random and there is a high risk of coelu-

tion (Mondello, Tranchida et al., 2008). According to Davis & Giddings (1983), this effect

is reduced or even eliminated when the maximum capacity greatly exceeds the number of

sample compounds.

In order to increase peak capacity, if all other 1D GC analysis conditions are optimal, the

last option would be to use a longer column. The increase in resolution has a square root

dependence on the length of the column, which means that when the length of the column

is increased four times, the resolution power doubles (Merck, 2024; Mondello, Tranchida

et al., 2008). However, extending the column to unreasonable lengths would not help in

very complex samples, as proved by Berger (1996) who did a 1D GC analysis of a gasoline

sample with a 400 m column. The experiment took 11 hours and resulted in insuf�cient

separation.

A better way to increase peak capacity is to use a GC� GC. As in Equation 23, the maximum
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capacity in an ideal GC� GC system is the product of the maximum 1D and 2D capacities

(1hc � 2hc). This is the case in the ideal situation, and as such the equation probably gives

too high a value compared to real life situations. L. M. Blumberg et al. (2008) concluded

that GC� GC, as was typically used, did not have a much higher peak capacity than 1D GC.

They explained that as the potential for an order of magnitude larger peak capacity in an

optimal GC� GC is being hindered by the too wide injection pulses acting as a bottleneck,

the modulator speed should be developed and increased more than an order of magnitude.

Keeping this in mind, Gorecki & Mostafa (2013) have reported that GC� GC offered an

order of magnitude improvement in method detection limit using an 8 s modulation period

compared to the sensitivity of 1D GC.

3.4 GCxGC analysis of synthetic liquid fuels

Individualized, standardized GC analysis methods have been created for conventional gas-

oline, kerosene, and diesel fuels. For example, accurate GC methods for gasoline analysis

have been described in ASTM standards D5134, D6729, D6730, D6733, D7900 and D8071,

as well as in the EU standard EN228.

These standardized 1D GC methods often rely on reference spectra or retention indices,

which are compared to the analyzed sample. This is not a suitable method for synthetic

P2X fuels, as they can contain varying amounts of unusual compounds that are not found in

conventional fuels. Standardized methods for GC� GC analysis have not yet been published,

so they have to be developed according to other literature.

Striebich et al. (2014) created one GC� GC-MS/FID method for the analysis of hydrocar-

bon groups of petroleum-derived and synthetic jet fuels, and compared it with the GC-MS

method described in the ASTM D2425 standard. The methods did not identify each indi-

vidual component, but analyzed the hydrocarbon classes of paraf�ns, isoparaf�ns, mono-

cycloparaf�ns, dicycloparaf�ns, alkylbenzenes, indans and tetralins, naphthalene and alkyl-

naphthalenes. The GC� GC method was deemed to have excellent and accurate hydrogen

group type analysis capabilities for complex mixtures, comparable to the standard set by

ASTM D2425.

More recently, Melder et al. (2023) developed a GC� GC-MS/FID method that is capable of

determining the composition of conventional fuels, such as gasoline, Jet-A1, and diesel, as

well as synthetic fuels, such as MtG fuel, with precision of components. The method covers

the boiling range of 25 to 350 °C.
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EXPERIMENTAL PART

4 Gas Chromatography system setup

Agilent 8890 GC was equipped with an Agilent 5977B single-quadrupole mass selective

detector (MSD). The �rst dimension column was DB-5MS Ultra Inert, and the second di-

mension column was DB-HeavyWAX. These two columns were joined together by Agilent

G3673A Reverse Fill/Flush CFT GC� GC Differential Flow Modulator. The system had

a front and a back inlet. The back inlet handled the injection of liquid analytes into the

GC� GC with an MSD, and the front inlet handled the injection of gas samples into the GC

to be analyzed with MSD, FID and/or TCD. The focus of this work was on the GC� GC

liquid side of the system. A diagram of the full GC system is shown in Figure 16 and the GC

oven is shown in Figure 17.

Figure 16: Schematic diagram of the GC system setup. Front inlet is for GC analysis of gas
samples and back inlet is for GC� GC-MS analysis of liquid samples.



44

Figure 17: The oven of the gas chromatography system. Inside the oven there are four
columns and two vent restrictors. Column 1 comes from the back inlet, coils around and
leads to the modulator. The modulator connects columns 1 and 2, as well as a restrictor.
Column 2 carries the modulated analyte to the MSD.

Figure 17 shows four different columns inside the GC oven, but only two of them were

used in the GC� GC. The �rst dimension DB-5MS Ultra Inert column (column 1) came

from the back injector, and was coiled behind columns 3 and 4, which could be used in gas

sample analysis. The column 1 was then connected to the Agilent G3673A modulator. A

vent restrictor and the second-dimensional DB-HeavyWAX column (column 2) were also

connected to the modulator. Column 2 was connected to the MSD via a splitter.

5 GC� GC method development

Each comprehensive two-dimensional gas chromatography system requires individual method

development and optimization because of the highly diverse con�gurations. The multitude of

parameters that signi�cantly affect the separation ef�ciency means that developing methods

can be quite laborious. The aim was to achieve a good separation of the different hydrocar-
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bon groups present in the synthetic fuel samples from ole�n oligomerization experiments.

5.1 GC×GC parameter optimization

Parameters that were optimized include the modulation period (collection and injection

times), the oven heating program, automatic liquid sampler (ALS) speeds, injection volume,

and split ratio. The carrier gas �ow and pressures, as well as the column lengths, were already

set by Agilent and were not modi�ed further. A test sample mixture of 11 compounds was

mixed to check how the parameters affect separation. The list of compounds is presented in

Table 6.

Table 6: Test sample mixture used in the optimization of GC×GC parameters.

C-atoms Compound Boiling point. °C Mw. g/mol m-% mol-%

n-Alkanes
6 n-Hexane 68.7 86.18 9.86 % 12.32 %
7 n-Heptane 98.4 100.21 10.24 % 11.01 %
8 n-Octane 125.6 114.23 9.76 % 9.21 %
10 n-Decane 174.1 142.29 10.05 % 7.61 %

cyclo-Alkanes
5 Cyclopentane 49.2 70.10 5.31 % 8.17 %
6 Cyclohexane 80.8 84.16 5.31 % 6.80 %

iso-Alkanes
8 iso-Octane 99.0 114.23 9.76 % 9.21 %

mono-Aromatics
8 Ethylbenzene 136.0 106.17 9.86 % 10.00 %
10 Butylbenzene 183.3 134.22 9.86 % 7.91 %

cyclo-Aromatics
10 Tetralin 208.0 132.2 9.95 % 8.11 %

n-Alkenes
8 1-Octene 122.5 112.24 10.05 % 9.65 %

Modulation period had two different times to modify: the total modulation period, which

included both the collection cycle and the injection cycle, and the injection time. Thus, the

collection cycle was the total modulation period subtracted by the injection time. The oven

heating program consisted of setting the initial oven temperature, the temperature ramp, the

�nal temperature (maximum temperature 280 °C) and the hold times. ALS washing and

pumping speed settings could be modi�ed to avoid air bubbles, and the injection speed and

volume could be changed to optimize peak shapes. The split ratio between the carrier gas

and the sample also had an effect on the peak symmetry.



46

5.1.1 Oven program

The oven temperature program was �rst modi�ed to obtain a good 1D separation of the

sample compounds. Better separation was achieved with slower temperature ramp rate, but

the analysis took longer. Before optimization, the oven temperature program was:

20-minute program

Initial temperature: 40 °C

Hold: 1 min

Ramp: 15 °C/min

Final temperature: 280 °C

Hold: 1 min

This 20-minute temperature program was able to properly separate all compounds. The

chromatogram is shown in Figure 18a. To see the effect of a slower temperature ramp rate

on the 1D separation, the oven temperature program was changed to:

30-minute program

Initial temperature: 40 °C

Hold: 5 min

Ramp: 10 °C/min

Final temperature: 280 °C

Hold: 5 min

The chromatogram from this 30-minute temperature program is shown in Figure 18b.
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(a) 20-minute oven program.

(b) 30-minute oven program.

Figure 18: Effect of faster and slower oven temperature programs on 1D separation. Both
the 20- and 30-minute programs are able to separate all 11 compounds, but the 30-minute
programs shows better separation between n-Heptane and iso-Octane.

This 30-minute program resulted in a slightly better 1D separation without being excess-

ively time consuming. The compounds were separated on the basis of volatility in the �rst

dimension, which means that compounds that have very similar boiling points can co-elute

if the temperature ramp is too fast. The sample contained n-Heptane and iso-Octane, which

had boiling points of 98.42 °C and 99.0 °C, respectively. The compound peaks were clearly

separated from each other in both the 20-minute and 30-minute methods, but the 30-minute

method showed slightly better separation, especially between n-Heptane and iso-Octane,

which eluted just before the 7-minute mark in Figure 18a and just before the 10-minute

mark in Figure 18b. The longer oven program has an increased selectivity over the shorter

program.

Both the 20- and 30-minute oven programs seemed to be suitable for simpler samples, such

as the test sample mixture, but lower temperature ramp rates may be required for more com-

plex samples from the actual ole�n oligomerization experiment. The oven program with a

temperature ramp between 10 and 15 °C/min was good for the test sample mixture, so the

modulation parameters are modi�ed next.
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5.1.2 Modulation period

Agilent (2019) suggests to start the modulation period optimization by running a sample

without modulation to estimate the 1D peak width. The modulation period should then be

set to 1/4 to 1/3 the width of the 1D peak width, which should result in 3 to 4 modulated

peaks per compound. If the modulation period is too long, the separation achieved in 1D

will be lost, since the compounds have enough time to mix together again. The collection

time should not be too long, also because the sample collection channel can over�ll. The

injection time should be long enough to �ush the sample collection channel, but an injection

time that is too long results in peak shouldering.

The test sample was �rst run without modulation. This should be achieved by setting the

modulation delay to the length of the run with the valve idle state off. This only resulted

in MSD chromatogram noise, so the modulation period and injection times were increased

to 1080 s and 1079 s, respectively. This resulted in a non-modulated chromatogram. The

average of all 1D peak widths in the sample is roughly 8.15 seconds. The modulation period

was then set to 2.50 s, and the injection time was set to 0.2 s. The 1D chromatograms

in Figure 19 are modulated ethylbenzene peaks from the test sample mixture. Figure 19a

shows that the injection time is too short. This can be seen from the series of modulation

peaks with diminishing intensity caused by carryover of the eluate in the modulator channel.

The injection time was then set to 0.3 seconds, which was too long, as indicated by the slight

peak shouldering in Figure 19b. An injection time of 0.25 seconds was found to be optimal,

shown in Figure 19c.
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(a) Modulator injection time 0.2 s.

(b) Modulator injection time 0.3 s.

(c) Modulator injection time 0.25 s.

Figure 19: Modulation injection time effect on 1D peaks. 19a has an injection time of 0.2 s,
which is too short, as indicated by the decreasing peaks. 19b has an injection time of 0.3 s,
which is too long, as shown by the slight shouldering in the �rst peak. 19c has an injection
time of 0.25, which is optimal, since there are no diminishing or shouldering peaks.
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Longer oven programs result in broader peaks, which means that if the same modulation

period is used for two oven programs with vastly different run times, the shorter program

will have fewer modulated peaks as compared to the longer program, which will have more

modulated peaks. If the modulation period for this particular system were to be changed in

the future, an injection time ofPM
10 could be used as a starting point in the optimization of the

modulation period.

5.1.3 Injection parameters

ALS speeds, injection volume, and split ratio were then optimized. ALS plunger speeds

were found to be best when set to the default Fast option, which is the recommended start-

ing point for almost all split/splitless applications according to Agilent seminars by Simon

(2018) and Sinnott (2020). A fast injection time ensures narrow peaks, better accuracy and

precision, and minimizes thermal degradation (Simon, 2018). A slow drawing speed pre-

vents air bubbles from forming in the sample. This option did not create air bubbles in the

samples that were analyzed in this work, but if a future sample were to have air bubbles, the

drawing speed of the sample wash can be set even slower in the Variable option. There is

also an option for the analysis of more viscose samples to add a viscosity delay that sets the

pause time of the plunger between pump and injection, allowing the viscous sample to move

into the syringe. Viscosity delay could also be used for highly volatile solvents to prevent

cavitation. The dwell time is the time the needle stays in the inlet and can be set for vis-

cous samples to warm the syringe needle before injection. The plunger speed parameters are

shown in Figure 20.

Figure 20: Injector parameters. The plunger speed is set to Fast, and the injection volume is
set to 0.1 µl.

Simon (2018) and Sinnott (2020) also suggest that the injection volume for a split injection

should be� 1 µl, since as little sample as possible should be injected to meet the detection
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limit. Higher injection volumes for concentrated samples may cause column overloading,

sample back�ash, and non-Gaussian peak shapes. A normal peak should be almost symmet-

rical, while some incorrect parameters can cause the peak to be more front- or back-heavy

(tailing and fronting). These asymmetries can be �xed by lowering the injection volume or

increasing the split ratio. If the split ratio is too low, the �ow rate may be too low to maintain

an ef�cient sample introduction. Low injection volumes and high split ratios have also been

used with good results in complex samples, for example, by Lopes (2015) and Peroni &

Abercrombie (2019). Figure 21 shows the difference between a peak run with 1 µl injection

volume and a split ratio of 3.75:1, and a peak run with 0.1 µl injection volume and a split

ratio of 250:1.

Figure 21: Effect of injection volume and split ratio on chromatogram peaks. The red peak
has a split ratio of 3.75:1 and an injection volume of 1 µl, and the black peak has a split ratio
of 250:1 and an injection volume of 0.01 µl. The red peak leans more to one side, while the
black peak is more symmetric in shape.

The red peak in Figure 21 leans more towards the front of the peak, while the black peak is

more symmetric. Due to the better peak shape, the injection volume was set to 0.1 µl and the

split ratio was set to 250:1 for future sample runs.

6 Ole�n and fuel fraction analysis

The created method was used to analyze samples from a series of ole�n oligomerization

experiments. The ole�ns were oligomerized by Balshakou (2024) on an acidic mesoporous
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zeolite HZSM-5 catalyst under different reaction conditions, shown in Table 7.

The resulting liquid samples are investigated with GC� GC-MS to examine if the reactions

have yielded fuel fractions in the range of gasoline, kerosene, or diesel fuel. Gasoline has

hydrocarbons in the range of C4 to C12, kerosene has hydrocarbons from C8 to C18, and

diesel has hydrocarbons from C8 to C40 (Haddad et al., 2012). In this case, it is most

important to see which C atom numbers the sample includes, and individual compounds are

less important.

Table 7: Ole�n oligomerization reaction parameters for samples 1-6.

Sample Temperature, °C Flow rate, mL/min WHSV, gole�ns=gcath Makeup gas, N2

1 220 46 2 no
2 260 46 2 no
3 300 46 2 no
4 260 23 1 50 mL/min
5 260 46 2 50 mL/min
6 260 92 4 50 mL/min

WHSV: Weight hourly space velocity

Sample 1 was initially run with two methods that had different oven programs to see the

difference in separation. The previous 20- and 30-minute programs would not result in good

chromatograms with this complex sample, so a 46-minute method and a 90-minute method

were tested, both with the same 2.5 s modulation period and 0.25s injection time. The 46-

minute method is shown in Table 8 and the 90-minute method is shown in Table 9.

Figure 22 shows the sample 1 chromatograms from the 46- and 90-minute methods.
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Table 8: 46-minute method with a 2.5 s modulation period.

GC conditions

Column set
First dimension: DB-5MS Ultra Inert (20 m, 0.18 mm, 0.36 µm)
Second dimension: DB-HeavyWAX (4 m, 0.18 mm, 0.18 µm)

Carrier
Helium, constant �ow
First column: 0.5 mL/min
Second column: 7.5 mL/min

Inlet 0.1 µL, 250 °C, split mode, split ratio 250:1

Oven 40 °C (3), 6 °C/min, 280 °C (3)

MS Transfer line 280 °C

Modulator conditions

Modulation period 2.50 s
Inject time 0.25 s

MSD conditions

Acquisition type Scan
Mass range 35-500 m/z
Scan speed 20 000 u/s

Table 9: 90-minute method with a 2.5 s modulation period.

GC conditions

Column set
First dimension: DB-5MS Ultra Inert (20 m, 0.18 mm, 0.36 µm)
Second dimension: DB-HeavyWAX (4 m, 0.18 mm, 0.18 µm)

Carrier
Helium, constant �ow
First column: 0.5 mL / min Second column: 7.5 mL/min

Inlet 0.1 µL, 250 °C, split mode, split ratio 250:1

Oven 40 °C (5), 3 °C/min, 280 °C (5)

MS Transfer line 280 °C

Modulator conditions

Modulation period 2.50 s
Inject time 0.25 s

MSD conditions

Acquisition type Scan
Mass range 35-500 m/z
Scan speed 20 000 u/s
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Figure 22: Faster and slower oven temperature program effect on sample 1. Upper image
shows a 46-minute oven program with a 6 °C/min increase and the lower image shows a 90-
minute oven program with a 3 °C/min increase. To further illustrate the effect on separation,
a zoomed in picture of two blobs with close 1D retention is included in both images.
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Figure 22 illustrates the effect that a change in temperature ramp has on the separation of

analyte blobs in the �rst dimension. In the faster method, the blobs are touching and almost

overlapping, but in the slower method they are clearly separated from each other. This in-

crease in separation does come with the cost of doubling the time it takes to run one sample.

The inferior separation shown by the 46-minute method also proves that a faster program,

such as the previous 20- and 30-minute programs, would have resulted in worse separation.

As the 90-minute method was better, it was used to run more samples. Sample 2 looked very

similar to sample 1, but sample 3 showed a signi�cant wraparound. Sample 3 also had the

highest aromatic content. The difference between samples 2, 3, and 4 is shown in Figure 23.
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(a) Chromatogram of sample 1.

(b) Chromatogram of sample 2.

(c) Chromatogram of sample 3.

Figure 23: Chromatograms of samples 1, 2, and 3. All samples were run with the same
90-minute method with a modulation period of 2.5 s. The x-axis is shortened to 55 minutes
to show the difference better. The chromatograms of samples 1 and 2 are of the same shape,
but sample 3 shows a signi�cant wraparound.
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This wraparound needs to be addressed before a template can be created for quick analysis

of future samples. There are two main ways to �x the wraparound: increasing the oven

temperature ramp rate and increasing the modulation period. The 90 minute method had a

superior separation as opposed to the 46 minute method when analyzing sample 1, but the

effects of shorter oven programs must be studied for the reduction of wraparound in sample

3, as it is one of the two main ways to �x the problem. Two faster oven programs were tested:

34-minute program

Initial temperature: 40 °C

Hold: 5 min

Ramp: 10 °C/min

Final temperature: 280 °C

Hold: 5 min

and

46-minute program

Initial temperature: 40 °C

Hold: 3 min

Ramp: 6 °C/min

Final temperature: 280 °C

Hold: 3 min

The chromatograms of sample 3 run with the 34- and 46-minute methods are shown in Figure

24.
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