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a b s t r a c t 

Information on the detailed composition of the feedstock and product from the hydrotreating is essential for a 
better understanding of the reactions, possible optimization of the process conditions, development of new cata- 
lysts, and achieving a better overall performance of the diesel fuel, especially in terms of environmental impact. 
This work aims to determine the detailed composition of the gas and kerosene oils before and after hydrotreating 
to validate the performance of the hydrotreating. Comprehensive two-dimensional gas chromatography (GC ×GC) 
was chosen as an effective analytical characterization tool for supporting such initiatives. The quantitative group 
hydrocarbon and sulfur compounds compositions were determined using GC ×GC with flame ionization detector 
(FID) and selective chemiluminescence detector (SCD), respectively. 
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. Introduction 

Despite the COVID-19 pandemic, diesel demand is still immense. Si-
ultaneously, a great emphasis is placed on diesel chemical composi-

ion, mainly regarding environmental impacts. Diesel is a mixture of
any middle distillate streams from refinery processes. Primarily, it is
roduced by fractional distillation of crude oil between 150 and 350 °C
t atmospheric pressure [1] . Yet, due to the high diesel consumption, it is
lso necessary to produce middle distillates by secondary processes, such
s thermal and catalytic cracking of heavier oil fractions and residues.
owever, these secondary products have far worse properties making

hem less suitable as diesel blends [2] . In particular, they contain higher
mounts of heteroatoms, mainly sulfur, which act as catalytic poisons,
ause equipment corrosion, and their combustion generates sulfur ox-
de emissions [3] . They also consist of more polyaromatic hydrocarbons,
hose combustion causes particulate matter emissions. 

All middle distillate streams must undergo hydrogenation refining
hydrotreating) prior to mixing, so the resulting diesel meets the re-
uirements set by the standards [ 4 , 5 ]. Hydrotreating is carried out under
ydrogen pressure and catalysts, mostly Co-Mo/Al 2 O 3 or Ni-Mo/Al 2 O 3 ,
ith a primary goal of removing sulfur compounds and hydrogenat-

ng polyaromatic hydrocarbons [6] . It is necessary to know the detailed
omposition of middle distillates to optimize the hydrotreating, develop
etter catalytic systems tailored according to the detailed composition
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f the sulfur species, understand the reaction kinetics, maximize engine
ower, and minimize emissions from diesel combustion. 

Middle distillates (150–430 °C) are complex chemical mixtures con-
aining over a thousand compounds [2] . One-dimensional gas chro-
atography (1D GC) is an insufficient analytical tool for separation. In
991, comprehensive two-dimensional gas chromatography (GC ×GC)
egan to develop. In GC ×GC, the middle distillate sample is separated
nto individual components (if optimized properly) using two capillary
olumns with different phases [2–7] . The separation occurs by continu-
us re-injection of the eluent from the first column to the second column
sing a modulator, allowing far better separation and a more detailed
etermination of the compounds [8] . Currently, GC ×GC hyphenated to
 time-of-flight mass spectrometry (TOFMS) detector and a flame ion-
zation detector (FID) is a state-of-the-art technique for quantitative and
ualitative analysis of middle distillates, respectively. Many researchers
ave already addressed this topic [ 2 , 9 , 10 ]. TOFMS detector with unit
ass resolution can acquire 100 + mass spectra per second, which is
articularly suitable in conjunction with the GC ×GC as its high data
cquisition rate corresponds to the high separation rate in the second
imension [ 10 , 11 ]. Additionally, FID is a universal detector with a lin-
ar response to the hydrocarbon content [12] . 

The sulfur content before and after the hydrotreating is a critical
actor indicating the proper functioning of the process. The total sulfur
ontent can be determined in many ways, such as UV or XRF fluores-
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ence [ 13 , 14 ]. Gas chromatography with a selective sulfur detector is
he most suitable technique for a detailed analysis and identification of
ulfur compounds [15] . However, the amount of different sulfur com-
ounds in the non-desulfurized middle distillates is so large that there
s a vast coelution between the peaks in 1D GC. Therefore, in recent
ears, GC ×GC combined with a sulfur chemiluminescent detector (SCD)
as become more widely used [16] . SCD is suitable due to its linearity
nd equimolar response to all types of sulfur compounds, has excellent
ensitivity (0.5 pg S/s) and selectivity (S/C = 10 7 ), and its interaction
ith the hydrocarbon matrix is minimal [15] . An alternative to the SCD
etector is the flame photometric detector (FPD). FPD is cheaper and
as a higher sampling frequency, which is advantageous for GC ×GC.
owever, the response is nonlinear and additionally reduced due to

he coelution of sulfur compounds with hydrocarbons [8] . Sulfur com-
ounds can also be identified using GC ×GC/TOFMS; however, the sen-
itivity of the TOFMS detector to sulfur compounds is lower when com-
ared to selective detectors [3] . 

This work aimed to characterize and compare the composition of dif-
erent components of diesel fuel, gas and kerosene oils, as feedstock and
roducts from different hydrotreating units. Two-dimensional gas chro-
atography in combination with a flame ionization detector (GC ×GC-

ID) was chosen to determine the group composition of hydrocarbons
n the samples. Detailed determination of the group composition of sul-
ur compounds was performed by GC ×GC-SCD, which allowed for iden-
ifying individual poorly desulfurized compounds in the samples after
ydrotreating. Possible options for reducing the content of sulfur and
olyaromatic compounds in the produced diesel fuel are also discussed
n this work. These solutions will be necessary in the case of further re-
uction of the limit content of these substances in diesel fuel, mainly in
he context of environmental protection. 

. Experimental 

.1. Materials 

Two samples of gas oil and two samples of kerosene oil before and
fter hydrotreating from different refinery hydrotreating units were an-
lyzed. The gas oil (GO) was the feedstock for hydrotreating units 1 and
, and will be referred to as GO 1 and GO 2, respectively. GO 1 con-
ained 9 wt% of light cycle oil (product of fluid catalytic cracking), 9.5
t% of visbreaking gas oil, 75 wt% of straight gas oil, and 6.5 wt% of

traight kerosene. GO 2 comprised 6 wt% of cracked pyrolysis material,
7 wt% of straight gas oil, and 47 wt% of straight kerosene. The prod-
ct from the hydrotreating unit is called hydrotreated gas oil (HGO) and
as further used as a diesel fuel component. HGO from hydrotreating
nits 1 and 2 will be designated as HGO 1 and HGO 2, respectively. For
nstance, HGO 1 is a product from hydrotreating unit 1, where GO 1 was
sed as a feedstock. 

Kerosene was the feedstock for hydrotreating units 3 and 4 and will
e referred to as KO 3 and KO 4, in both cases, it was 100 wt% straight
erosene. The products of hydrotreating units 3 and 4 will be referred
o as HKO 3 and HKO 4, respectively. 

The following Table 1 describes the conditions for each commercial
ydrotreating units. 

.3. GC ×GC instrumentation 

Two GC ×GC systems were used for analyzing the samples. GC ×GC-
ID system (LECO’s QuadJet TM SD) was composed of an Agilent 8890
C, secondary oven, and liquid nitrogen-cooled QuadJet Thermal Mod-
lator. The classification was developed following the procedure in the
revious paper [17] . Each sample composition was reported as wt%
or each carbon number (C 5 to C 27 ) from each hydrocarbon class ( n -
araffins, isoparaffins, cycloparaffins (mono-, di-, tri-), and aromat-
cs (alkylbenzenes, cycloaromatics, alkylnaphthalenes, and biphenyls)).
C ×GC-SCD system consisted of an Agilent 7890B GC equipped with
2 
 secondary oven and QuadJet Thermal Modulator (LECO Corporation,
t. Joseph, MI), with cryogenic cooling. The SCD was an 8355 S (Ag-
lent Technologies) with a dual plasma burner, in which sulfur com-
ounds are burned to form sulfur oxide (SO). SO is further oxidized
y ozone to SO 2 

∗ . Once these high-energy species return to the ground
tate (chemiluminiscence), the emitted light is detected by a photomul-
iplier tube. The data were analyzed and integrally quantified by the
ECO’s ChromaTOF software (version 4.72.0.0 optimized for GC ×GC-
ID). GC ×GC-SCD classification was built and validated using 42 stan-
ard compounds (see Supplementary Table S1), roof tile effect [18] ,
nd other findings from the literature, such as the elution order of sul-
ur compounds and their retention indices [ 15 , 19 , 20 ]. For hydrocarbon
nalysis of petroleum products via GC ×GC-FID, the reverse column con-
guration was used as a better separation of the alkane and cycloalkane
roups is achieved. On the other hand, for the analysis of sulfur com-
ounds by GC ×GC-SCD, the normal column configuration was used be-
ause the sulfur-containing compounds are mostly aromatics. Thus, bet-
er separation is achieved when this column configuration is used. Other
C ×GC parameters can be seen in Table 2 . 

.4. Other instrumentation 

The total sulfur content was determined using the X-ray fluorescence
ethod using the Sindie + CI sulfur analyzer (XOS, East Greenbush, NY).
his test method covers the determination of total sulfur by monochro-
atic, wavelength-dispersive X-ray fluorescence spectrometry in diesel

uels [21] . 

. Results and discussion 

.1. GC ×GC-FID 

The total contents of the main hydrocarbon classes obtained from
C ×GC-FID for all samples are shown in Fig. 1 . Each sample comprised
ll main hydrocarbon classes (alkanes, mono-, di- and tri-cycloalkanes,
ono-, di-, tri- and tetra-aromatics hydrocarbons). This GC ×GC-FID
ethod cannot distinguish between olefins and cycloparaffins; thus,

hey were grouped and referred to as "cycloparaffins." During hy-
rotreating, the double bonds of alkenes and aromatic hydrocarbons
re saturated. Alkenes are not present in crude oil; they are formed dur-
ng secondary processes of oil residue processing. In our case, they were
resent in the feedstock GO 1 from light cycle oil and visbreaking gas oil
nd GO 2 from cacked pyrolysis material. For these two gas oils, it was
vident that hydrogenation of alkenes to alkanes occurred; therefore, the
lkane content increased in the products. Although the main objective
f hydrotreating is to remove heteroatoms, the reduction of aromatic
ydrocarbons is also desired. The content of polyaromatics (i.e., hydro-
arbons with three and more aromatic rings) in diesel fuel is limited
y the standard [4] , these substances are carcinogenic and mutagenic,
nd their increase has a negative impact on emissions [22] . The high-
st content of aromatics was in sample GO1, namely 32.08 wt.%, this
ample showed the highest loss of these aromatics by 11.51 wt.% due to
he use of higher pressure and mainly NiMo catalyst, which has higher
ydrogenation activity than CoMo catalyst [23] . For GO2, the initial
romatic content was 22.97 wt% and decreased by only 3.57 wt%. The
esults clearly show that the hydrogenation of alkylbenzenes to mono-
ycloalkanes and cycloaromatics to dicycloalkanes occurs. In the case of
iaromatic and polyaromatic compounds, a saturation of the aromatic
ings occurred; for example, all the products had a higher content of cy-
loaromatics when compared to their feedstocks, which is the result of
aturation of relevant compounds (i.e., diaromatics). The saturation is
ot random but primarily affects one of the aromatic rings of diaromat-
cs. For kerosene, the compositional changes after hydrotreating are not
s noticeable as for gas oils. Still, the saturation of diaromatics can be
een, and thus, their loss in the products and increased cycloaromatics
ontent. Fig. 2 shows the GC ×GC-FID chromatograms of GO 1 and HGO



L. Š indelář ová, E.N. Luu and P. Vozka Journal of Chromatography Open 2 (2022) 100068 

Table 1 
Conditions used for each commercial hydrogenation unit. 

Number of Units 1 2 3 4 

Location Litvinov Litvinov Litvinov Kralupy 
Crude Oil 80% REB, 

20% CPC ∗ 
80% REB, 
20% CPC ∗ 

80% REB, 
20% CPC ∗ 

80% Azeri light, 
20% CPC ∗ 

Feedstock GO 1 GO 2 KO 3 KO 4 
Products HGO 1 HGO 2 HKO 3 HKO 4 
Catalysts NiMo/Al 2 O 3 CoMo/Al 2 O 3 CoMo/Al 2 O 3 CoMo/Al 2 O 3 

Injection rate 
(Nm 

3 /m 

3 ) 
320 275 – –

Pressure (MPa) 6.0 3.5 2.9 3.0 
Purity of hydrogen 
(vol.%) 

99 99 88 97.4 

WHSV ( h − 1 ) 1.0 1.4 – –

∗ REB – Russian Export Blend, CPC – Caspian Pipeline Consortium. 

Table 2 
Experimental conditions of GC ×GC analysis. 

Instrument GC ×GC-FID GC ×GC-SCD 

Columns Rxi-17SilMS (30 m × 0.25 mm × 0.25 μm) Rxi-5SilMS (30 m × 0.25 mm × 0.25 μm) 
Rxi-1MS (0.85 m × 0.18 mm × 0.18 μm) Rxi-17SilMS (1.7 m × 0.15 mm × 0.15 μm) 
Deactivated (0.3 m × 0.25 mm) Deactivated (1.6 m × 0.10 mm) 

Injection Split/Splitless, 0.3 μl, 100:1, 280 °C Split/Splitless, 1 μl, 100:1, 250 °C 
Carrier gas He, 1.5 mL/min 
Oven program 40 °C (1.5 min) 

40–300 °C, ramp rate 4 °C/min 
300 °C (5 min) 300 °C (10 min) 

Offsets Secondary oven: 5 °C 
Modulator: 15 °C 

Modulation 10 s, hot pulse 2.5 s 12 s, hot pulse 3.6 s 
Detector FID, 320 °C SCD, 300 °C 
Acquisition rate 200 Hz 

Fig. 1. Total contents (wt%) of each hydrocarbon class in 
the samples. 
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 samples. More detailed chemical compositional results can be found
n Supplementary Table S2. 

.2. GC ×GC-SCD 

Samples from hydrotreating 1 contained the most sulfur compounds
efore and after hydrotreating. The resulting chromatograms of sam-
les GO 1 and HGO 1 analyzed by GC ×GC-SCD, including the classifica-
ion distribution, are presented in Fig. 3 . The GO 1 sample (before hy-
rotreatment) contained many sulfur compounds, such as thiophenes,
enzothiophenes, dibenzothiophenes, as well as polyaromatics sulfur
ompounds - benzonaphthothiophene. The reactivity during desulfur-
zation decreases in the following order: thiophenes > benzothiophenes
3 
 benzonaphthothiophene > dibenzothiophenes [24] . The least reactive
nd, therefore, hard to desulfurize substances are dibenzothiophenes,
hich remained in the HGO 1 sample after hydrotreatment ( Fig. 4 ).
he individual reactivity of dibenzothiophenes varies greatly according
o the position of the attached alkyl group. When the alkyl group is
onded in the beta position relative to the sulfur atom ( Fig. 5 ), this sul-
ur atom is overshadowed by the alkyl, and the ability to desulfurize is
ow. The alkyl groups in both beta positions sterically hinder the desul-
urization process. In contrast, dibenzothiophene with a substituent in a
osition other than beta (relative to the sulfur atom) is slightly reactive
nd, thus, more easily desulfurized [25] . 

The total sulfur content was also determined using the X-ray fluores-
ence (XRF) method in all samples. The results of the determination of
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Fig. 2. GC ×GC-FID chromatogram of GO 1 (top) and HGO 

1 (bottom). 
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otal sulfur by XRF and the results of the determination of the sulfur con-
ent (mg/kg) of the individual groups by GCxGC-SCD are presented in
able 3 (kerosene oils) and Table 4 (gas oils). These tables also indicate
he desulphurization efficiency of the individual sulfur groups. 

Due to its lower boiling point, kerosene does not contain as much sul-
ur as gas oils. In HKO 3, only 4,6-dimethyldibenzothiophene (2,1 mg/kg
) remains after desulphurization, and in HKO 4, the desulphurization
eached 100%; however, KO 4 contains only non-aromatic sulfur sub-
tances and C1-C3-alkylbenzothiophenes. 

As shown in Table 4 , HGO 2 has a lower total sulfur content than
GO 1. Specifically, there were fewer hard-to-desulfurized alkyldiben-
othiophenes in HGO 2, resulting in better desulfurization with an ef-
ciency of 99.96%. In the HGO 2 sample, only two sulfur species re-
ained after hydrotreating - 4,6-dimethyldibenzothiophene (1.5 mg/kg

) and unidentified C3-alkyl dibenzothiophene (1.0 mg/kg S). The hy-
rotreating of GO 1 reduced the sulfur content by 99.82%. Although
ost of the sulfur substances were removed, some dibenzothiophenes

emained in the sample, and the total sulfur content exceeded 10 mg/kg
ppm), which is the maximum allowed sulfur content in diesel in the EU
4] . In the USA, the limit for sulfur content in ultra-low-sulfur diesel is
5 ppm [5] , but this may also be reduced in light of tightening environ-
ental measures. 

Additionally, more stringent regulations worldwide may be expected
n the future. HGO 1, as the dominant component of diesel fuel, signif-
cantly influences the total sulfur content of the resulting diesel fuel
4 
ixture. The production processes in the refineries are set up to ensure
hat the final products meet the requirements set by the standard at
he lowest possible cost. The knowledge of the chemical composition of
he un-desulfurized compounds can help to improve hydrotreating and
chieve better desulfurization by developing and testing new catalysts
nd modifying the conditions of the hydrotreating where necessary. The
ollowing Table 5 presents the contents (mg/kg S) of alkyl dibenzoth-
ophenes before and after hydrotreating GO 1 and the identification of
ome of the compounds. 

The hydrodesulfurization of thiophenes, benzothiophenes, diben-
othiophenes, and other complex sulfur compounds occurs via two path-
ays. The first pathway is hydrogenation, and the second pathway is
irect desulfurization. The formation of intermediates and final prod-
cts depends on the catalyst used and the process conditions. For exam-
le, CoMo catalyst favors the direct desulfurization route, while NiMo
atalysts hydrodesulfurize predominantly via the hydrogenation route
27] . The final product of thiophene desulfurization is an alkane. Hy-
rodesulfurization of benzothiophene produces dihydrobenzothiophene
ia the hydrogenation pathway, followed by further hydrogenation to
roduce ethylbenzene as the final product, while the direct desulfur-
zation pathway produces styrene [27] . The hydrodesulfurization reac-
ion of alkyl-substituted dibenzothiophene is more complex, the direct
esulfurization pathway is sterically hindered, and thus, hydrogenation
ecomes the main reaction pathway [24] . The final product of the hy-
rodesulfurization of 4,6-dimethyldibenzothiophene by direct desulfu-
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Fig. 3. Distribution of sulfur-containing compounds in GO 1 (top) 
and HGO 1 (bottom) obtained from GC ×GC-SCD. (BT - benzoth- 
iophenes, HydroDBT – hydrodibenzothiophene, DBT - dibenzothio- 
phenes, NT – napthothiophenes, BNT – benzonapthothiophenes, FT 
– phenanthrothiophenes). 
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ization is dimethylbiphenyl, while hydrogenation proceeds with the
ngress of dimethylbicyclohexyl and dimethylcyclohexylbenzene [27] .
he increase in monoaromatics and dicycloalkanes can also be seen in
he GC ×GC-FID results. 

The only methyl-dibenzothiophene present in HGO 1 after desul-
hurization was 4-methyldibenzothiophene, the least reactive, among
ll methyl-dibenzothiophenes, due to the alkyl bound at position 4.
GO 1 also contained C2-, C3-, C4-, and one C5 + alkylated diben-
othiophene. The dibenzothiophenes remaining in the HGO 1 in the
5 
ost significant amounts are those alkylated at the 4th and 6th
ositions ( Fig. 5 ), such as 4,6-dimethyldibenzothiophene, 4-ethyl-6-
ethyldibenzothiophene, 2,4,6-trimethyldibenzothiophene, and 2,4-
imethyl-6-ethyldibenzothiophene. This confirms that dibenzothio-
henes alkylated at these two positions are the most difficult to desulfur-
ze. They can be eliminated, for example, by increasing the process tem-
erature. However, the increase in temperature results in higher coke
ormation and, thus, faster deactivation of the catalyst. These problems
an also be solved by increasing the hydrogen partial pressure, low-
Fig. 4. 3-D plot of sulfur-containing compounds in GO 

1 (left) and HGO 1 (right), showing successful desulfur- 
ization during hydrotreating. 
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Table 3 
Group composition of sulfur compounds presented as sulfur content (mg/kg S) of each group in kerosene oils and desulphurization efficiency in the group. 

Classification groups mg/kg S % mg/kg S % 

KO 3 HKO 3 Efficiency KO 4 HKO 4 Efficiency 

Thiols + Sulfides + Thiophenes 2686.9 0.0 100.0 890.8 0.0 100.0 
Benzothiophene 0.0 0.0 n/a 4.8 0.0 100.0 
C1-Alkyl benzothiophenes 44.8 0.0 100.0 29.7 0.0 100.0 
C2-Alkyl benzothiophenes 273.3 0.0 100.0 55.2 0.0 100.0 
C3-Alkyl benzothiophenes 479.9 0.0 100.0 16.3 0.0 100.0 
C4-Alkyl benzothiophenes 334.5 0.0 100.0 0.0 0.0 n/a 
C5-Alkyl benzothiophenes 183.1 0.0 100.0 0.0 0.0 n/a 
C6-Alkyl benzothiophenes 90.0 0.0 100.0 0.0 0.0 n/a 
C7-Alkyl benzothiophenes 19.4 0.0 100.0 0.0 0.0 n/a 
C8 + -Alkyl benzothiophenes 0.0 0.0 n/a 0.0 0.0 n/a 
Hydrodibenzothiophenes 5.6 0.0 100.0 0.0 0.0 n/a 
Dibenzothiophene 13.7 0.0 100.0 0.0 0.0 n/a 
C1-Alkyl dibenzothiophenes 18.3 0.0 100.0 0.0 0.0 n/a 
C2-Alkyl dibenzothiophenes 5.0 2.1 57.7 0.0 0.0 n/a 
Napthothiophenes 4.4 0.0 100.0 0.0 0.0 n/a 
TOTAL SCD 4158.7 2.1 99.95 996.9 0.0 100.00 
TOTAL XRF 4673.0 2.0 – 1055.0 0.0 –

Table 4 
Group composition of sulfur compounds presented as sulfur content (mg/kg S) of each group in gas oils and desulphurization efficiency. 

Classification groups mg/kg S % mg/kg S % 

GO 1 HGO 1 Efficiency GO 2 HGO 2 Efficiency 

Thiophenes 2207.0 0.0 100.0 2358.6 0.0 100.0 
Benzothiophene 7.0 0.0 100.0 0.0 0.0 n/a 
C1-Alkyl benzothiophenes 68.2 0.0 100.0 30.6 0.0 100.0 
C2-Alkyl benzothiophenes 322.1 0.0 100.0 217.4 0.0 100.0 
C3-Alkyl benzothiophenes 639.3 0.0 100.0 463.4 0.0 100.0 
C4-Alkyl benzothiophenes 771.9 0.0 100.0 509.4 0.0 100.0 
C5-Alkyl benzothiophenes 958.5 0.0 100.0 515.8 0.0 100.0 
C6-Alkyl benzothiophenes 837.8 0.0 100.0 438.2 0.0 100.0 
C7-Alkyl benzothiophenes 538.7 0.0 100.0 269.0 0.0 100.0 
C8 + -Alkyl benzothiophenes 1045.0 0.0 100.0 590.8 0.0 100.0 
Hydrodibenzothiophenes 0.0 0.0 n/a 0.0 0.0 n/a 
Dibenzothiophene 101.7 0.0 100.0 47.6 0.0 100.0 
C1-Alkyl dibenzothiophenes 362.5 0.3 99.9 135.3 0.0 100.0 
C2-Alkyl dibenzothiophenes 457.3 3.9 99.2 172.9 1.5 99.1 
C3-Alkyl dibenzothiophenes 517.8 5.6 98.9 124.0 1.0 99.2 
C4-Alkyl dibenzothiophenes 272.1 6.3 97.7 76.5 0.0 100,0 
C5 + -Alkyl dibenzothiophenes 177.8 0.4 99.8 0.0 0.0 n/a 
Napthothiophenes 15.5 0.0 100.0 3.5 0.0 100.0 
Benzonapthothiophenes 7.6 0.0 100.0 0.0 0.0 n/a 
TOTAL SCD 9308.2 16.5 99.82 5953.0 2.5 99.96 
TOTAL XRF 9410.0 14.7 – 6813.0 2.0 –

Table 5 
The sulfur content (mg/kg S) of individual alkyl dibenzothiophenes present in HGO 1 and their comparison with GO 1. 

Classification Identification R.T. (s) GO 1 HGO 1 

C1-Alkyl dibenzothiophenes 4-MDBT 2316, 7.545 143.2 0.3 
C2-Alkyl dibenzothiophenes 4,6-diMDBT 2460, 7.355 112.2 2.5 
C2-Alkyl dibenzothiophenes 2,6-diMDBT 2484, 7.375 98.5 0.7 
C2-Alkyl dibenzothiophenes 1,4-diMDBT 2520, 7.845 138.7 0.6 
C3-Alkyl dibenzothiophenes 4-E-6-MDBT ∗ 2580, 7.275 42.7 1.4 
C3-Alkyl dibenzothiophenes 2,4,6-triMDBT 2616, 7.120 70.9 1.6 
C3-Alkyl dibenzothiophenes – 2652, 6.965 95.3 0.6 
C3-Alkyl dibenzothiophenes – 2664, 7.510 41.6 1.1 
C3-Alkyl dibenzothiophenes – 2676, 7.795 40.0 0.7 
C3-Alkyl dibenzothiophenes 1,4,7-triMDBT 2688, 7.510 83.6 0.4 
C4-Alkyl dibenzothiophenes 4,6-diEDBT 2700, 6.980 78.2 0.8 
C4-Alkyl dibenzothiophenes 2,4-diM-6-EDBT ∗ 2736, 6.915 77.8 1.7 
C4-Alkyl dibenzothiophenes – 2772, 7.440 39.4 0.7 
C4-Alkyl dibenzothiophenes 1,4,6,8-tetraMDBT 2784, 7.215 22.5 0.3 
C4-Alkyl dibenzothiophenes – 2796, 7.310 25.6 0.4 
C4-Alkyl dibenzothiophenes – 2808, 6.895 24.4 0.3 
C4-Alkyl dibenzothiophenes – 2832, 6.835 26.6 0.9 
C4-Alkyl dibenzothiophenes – 2856, 6.725 23.9 0.7 
C4-Alkyl dibenzothiophenes – 2880, 7.200 24.3 0.5 
C5 + -Alkyl dibenzothiophenes – 2892, 6.900 19.6 0.4 

∗ Identified using literature [20–26] . 
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Fig. 5. Structure of 4,6-dimethyldibenzothiophene. 

Fig. 6. Contributions of dibenzothiophenes (wt%) from individual feed middle 
distillates of feedstock GO1. 
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ring the LHSV, or increasing the reactor volume [24] . Another possi-
le solution is to start using more efficient catalysts to remove these
ess-reactive sulfur substances, but this might be a costly solution. Some
esearchers have already begun to address this issue, mainly using 4,6-
imethyldibenzothiophene as a model feedstock [28–33] . Another last
esort for refiners in the event of a significant reduction in the limiting
ulfur content of diesel is to reduce the distillation fraction of the most
roblematic diesel components to remove the unwanted dibenzothio-
henes. In this case, GO 1 was the most problematic feedstock. After
esulphurization, it contained the highest number of hard desulphur-
zed dibenzothiophenes. 

Moreover, HGO 1 is the main component of diesel fuel, so its diben-
othiophenes contribution was the highest in the final diesel fuel. GO
 comprises four feedstocks: 9 wt% of light cycle oil (LCO), 9.5 wt%
f visbreaking gas oil (VGO), 75 wt% of straight gas oil (SGO), and 6.5
t% of straight kerosene oil (SKO). GC ×GC-SCD analysis was performed
n these middle distillates to determine the dibenzothiophene content,
hich was then converted to the percentage of dibenzothiophenes from

ach middle distillate in the feedstock. The individual contributions of
ibenzothiophenes from these feedstocks are shown in Fig. 6 . Most of
he dibenzothiophenes come from straight gas oil and light cycle oil, so
he solution would be to reduce the distillation fraction for these two
eedstocks. However, this will reduce the amount of diesel produced,
hich is undesirable. At present, this would probably be the fastest and
ost effective solution in the case of reducing the sulfur limit to zero. 

. Conclusions 

The use of comprehensive two-dimensional gas chromatography
GC ×GC) combined with FID and SCD detectors is a very effective
ool for obtaining detailed information on the composition of gas and
erosene oil samples before and after hydrotreating. Using GC ×GC-FID,
he detailed chemical composition of individual hydrocarbons was ob-
ained. The results show hydrogenation of alkenes to alkanes, monoaro-
atics to monocycloalkanes, and saturation of higher aromatic com-
ounds to (mainly) compounds with one aromatic ring. This results in
7 
 desirable reduction of polyaromatics. Hydrogenation was carried out
o the greatest extent on hydrotreating unit 1, where a higher pressure
as used than on the other hydrotreating units. A NiMo catalyst was also
sed, which is more efficient in hydrogenation than a CoMo catalyst. 

Furthermore, the sulfur content in these samples was determined by
C ×GC-SCD. For kerosene oils, which contain less sulfur than gas oils,
esulphurization was carried out with an efficiency of approximately
00%. For gas oils, dibenzothiophenes were a significant problem as
hey have low reactivity and were not fully desulfurized. The most prob-
ematic sample was HGO 1, where only 99.82 wt% of the sample was
esulfurized. With the knowledge of this newly obtained information on
he composition of these samples, it should be much easier to optimize
he process and assess the performance of the newly developed cata-
ysts when it is necessary to achieve a better-quality diesel fuel. There
re several possible solutions; the question is which one will be the least
ostly for refineries. 
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