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ABSTRACT: Hydrodesulfurization (HDS) is a widely used
technology to reduce the sulfur content of heavy oils, and the
HDS reactivities of sulfur compounds are closely related to their
structures. In this work, the tandem mass spectra of sulfur-
containing model compounds were measured by Fourier transform
ion cyclotron resonance mass spectrometry (FT-ICR MS) coupled
with collision-induced dissociation. The influences of naphthenic
rings, size of aromatic rings, number of heteroatoms, and number
of alkyl side chains to the fragmentation behaviors of sulfur-
containing model compounds were studied. Finally, the structure
differences of sulfur compounds in heavy oils before and after
hydrogenation were compared by tandem mass spectra of FT-ICR
MS. The most refractory sulfur compounds in the heavy oil were those with fully conjugated aromatic rings attached with fewer and
longer side chains. These results would be helpful for the development of a HDS catalyst/process for heavy oils. For example,
developing a new HDS catalyst with high alkyl side-chain cracking activity may be conducive to HDS of heavy oils.

1. INTRODUCTION

Generally, sulfur is the most abundant heteroatom in crude
oils, especially in heavy fractions of crude oils.1 The economic
value of crude oils also depends upon the sulfur content. Crude
oils with sulfur contents higher than 0.5% are defined as sour
crude oils, which are considered as inferior crude oils. On the
other side, a series of sulfur regulations have been widely
implemented in the world, and the sulfur contents of the clean
transportation fuels have been reduced to below 10 ppm.2,3

Hydrodesulfurization (HDS) is one of the most important
methods to reduce the sulfur content of heavy oils. The HDS
efficiency of heavy oils is closely related to the types and
structures of sulfur compounds.4−6 A better understanding
about the structure−reactivity relationships of sulfur com-
pounds would be beneficial for the development of a heavy oil
desulfurization catalyst/process.7−9 The refractory sulfur
compounds in light oils during HDS have been widely
studied,2,3,10−12 and most of the sulfur exists in the form of
thiophene rings. It has been proven that the positions and
numbers of the alkyl side chains3,10,12,13 and the ring
structures14 of sulfur compounds are main factors to the
HDS reactivities of sulfur compounds in light gas oils and
diesels. However, the complexity of heavy oils increases
dramatically with the boiling point, and the low-volatile

property of heavy oils also brings difficulties to the detailed
analysis of sulfur compounds in heavy oils by conventional gas
chromatography methods.
The implementation of high-temperature comprehensive

two-dimensional gas chromatography (HT GC × GC) allowed
for the detailed characterization of sulfur compounds in
vacuum gas oils (VGOs).15−18 Mass spectrometry (MS) and a
sulfur chemiluminescence detector (SCD) were hyphenated
with HT GC × GC, providing qualitative and quantitative
information on sulfur compounds in VGOs. The combination
of GC × GC and high-resolution time-of-flight mass
spectrometry was also applied to distinguish the C3 versus
SH4 mass split in the GC-amenable fraction of crude oil.19 The
mass split of C3 versus SH4 is 0.0034 Da, which was typically
resolved by ultrahigh-resolution mass spectrometry. Com-
pounds with different elemental compositions as a result of C3
versus SH4 were distributed in different regions in GC × GC,
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reducing the mass resolution required to distinguish the C3
versus SH4 mass split. However, as a result of the limitation of
the suitable temperature range of GC columns, GC × GC was
inadequate to detect the sulfur compounds with a high
molecular weight in residues.20−23

Fourier transform ion cyclotron resonance mass spectrom-
etry (FT-ICR MS) was also applied for the characterization of
sulfur compounds in heavy oils, and atmospheric pressure
photoionization (APPI) and electrospray ionization (ESI)
were currently more suitable ionization methods for the
analysis of sulfur compounds or derived sulfur compounds.1

Sulfur compounds were ionized directly by the APPI
source,24−28 while the derivatization with methyl iodide24,29,30

or silver cation21,31 was necessary for the ESI source. The
transformations of sulfur compounds during hydroprocessings
were studied for the coal tar,32 shale oils,33 VGO,34,35

atmospheric residues,36−40 and asphaltenes41−43 by FT-ICR
MS. Moreover, the combinations of gel permeation chroma-
tography (GPC),44 high-performance liquid chromatography
(HPLC),45,46 thermogravimetry (TG),47−49 and ion mobility
(IM)50−54 with high-resolution mass spectrometry were also
applied to obtain more information about the structures of
sulfur compounds in heavy oils.
Tandem mass spectrometry has been proven to be an

important method for structural characterization of heavy
oils.55−57 As a result of the complexity of petroleum molecules,
a clear understanding of the tandem mass spectra of model
compounds would be helpful to infer the possible structures of
sulfur compounds in heavy oils. Sulfur-containing model
compounds with different ring structures and alkyl chains
have been studied by mass spectrometers coupled with
chemical ionization (CI),58 atmospheric pressure chemical
ionization (APCI),59,60 ESI,61 and APPI.61−63 The loss of a S-
containing group (including S atom, CS group, or CHS group)
was observed for sulfur model compounds with short side
chains or without side chains, while the cleavage of the side
chain was the major fragmentation pathway of the model

compounds with long side chains. Other types of model
compounds with multiple alkyl chains would also be valuable
for interpreting the tandem mass spectra of sulfur compounds
in heavy oils. Jarrell et al. studied the tandem mass spectra of
pyrenes attached with two and four alkyl chains.64 The
cleavage of the side chains generally left a methylene group
(CH2) or methyl group (CH3) on the pyrene ring. For pyrene
substituted with two alkyl chains, the loss of methyl was not
observed. However, for pyrene substituted with four alkyl
chains, a significant loss of the methyl group was observed. Ha
et al. found that the fragmentation patterns of isomers with
different numbers of alkyl side chains were quite different.65

Nyadong et al. reported the tandem mass spectra of hexa-peri-
hexabenzocoronene with six dodecyl groups obtained by the
hybrid linear ion trap Orbitrap (LTQ Orbitrap).66 Both
collision-induced dissociation (CID) mode and high-energy
collision-induced dissociation (HCD) mode were applied, and
complete dealkylation was only observed at HCD mode. It
should be noted that there are two collision cells in LTQ
Orbitrap. When the collision energy is applied in the linear ion
trap, it is called CID mode. When the collision energy is
applied in the HCD collision cell, it is called HCD mode.
Wittrig et al. reported the tandem mass spectra of 1-phenyl-
9H-carbazole derivatives attached with two alkyl chains.67 It
was found that the aromatic core remained unchanged while a
series of alkyl losses was observed in the CID spectra.
In this work, CID spectra of 15 sulfur-containing model

compounds were studied at different collision energies by
APPI FT-ICR MS. With the increase of collision energies from
30 to 90 V, almost complete cleavage of alkyl side chains could
be achieved for model compounds substituted with multiple
side chains. Model compounds containing multiple S atoms
(Sx species, where x ≥ 2) may easily lose some of the S atoms
at high collision energies, while S1 model compounds were
more resistant at high collision energies. The losses of the C2
group were observed for most model compounds at collision
energies of 70 and 90 V. Finally, the CID spectra of an

Table 1. Information of the Sulfur-Containing Model Compounds
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atmospheric residue and its HDS product were compared at
different collision energies, and the structural features of
refractory heterocyclic sulfur compounds during the HDS
processes were suggested.

2. EXPERIMENTAL SECTION
2.1. Chemicals. The information on the sulfur-containing model

compounds (1−15) is shown in Table 1. Some related aromatic

hydrocarbon model compounds (A1−A5) are shown in Table S1 of
the Supporting Information. Compounds 1, 2, 4, 8, 9, 11, 12, and 13
were purchased from Prof. Jan T. Andersson (University of Münster,
Germany). Compounds 3 and 5−7 were synthesized by Prof. Qitao
Tan (Shanghai University, China).68 Compounds 10 and A1−A3
were purchased from Beijing Innochem Science & Technology
Corporation. Compounds 14 and 15 were synthesized by the
Friedel−Crafts reaction with methanesulfonic acid as the catalyst,69

and more details could be found in the Supporting Information.
Compounds A4 and A5 were synthesized by the co-author Dongyue
Peng.

An atmospheric residue from Saudi Arabia (SA-AR) served as the
feedstock. HDS of SA-AR was conducted in a microreactor. The
catalyst was NiO/MoO3 supported on alumina; the operating
temperature was 380 °C; the hydrogen pressure was 15.0 MPa; the
liquid hourly space velocity (LHSV) was 0.20 h−1; and the H2/feed
ratio was 700:1 (m3/m3). The product of SA-AR were named SA-AR-
HT. The bulk properties of SA-AR and SA-AR-HT are shown in
Table 2. Saturate, aromatic, resin, and asphaltene (SARA) fractions
were separated and measured on the basis of ASTM D2007 and NB/
SH/T 0509.

2.2. FT-ICR MS Analysis. The model compounds and petroleum
samples were dissolved in toluene (HPLC grade). The model
compounds were diluted to 0.001−0.005 mg/mL, and the petroleum
samples were diluted to 0.5 mg/mL by toluene. The prepared samples
flowed through a fused-silica capillary at a rate of 360 μL/h by a
syringe pump (Hamilton Corporation). Analyses were conducted on
15 T Bruker SolariX XR FT-ICR MS. The ionization source was
positive-mode APPI. Nitrogen (99.999%) served as the drying gas and
nebulizing gas. The collision gas was argon (99.999%). The drying gas
flow rate was 2.0 L/min at the temperature of 200 °C. The nebulizing
gas flow rate was 1.0 L/min. The temperature of the APPI source was
set to 400 °C. The skimmer voltage was 15 V. The m/z range was
from 100 to 1000 Da for the broadband mass spectra. The radio
frequency (RF) amplitudes of the collision hexapole were 500 Vpp.
The time of flight was 1.0 ms. The data size was 8 M, and time-
domain data sets were 128 scans.

For tandem mass spectra, the RF amplitude of the collision
hexapole was turned to 1400 Vpp. The ions were isolated in the
quadrupole, and the isolation width is 1 Da, which was realized by the
quadrupole. The CID was performed in the collision cell of the
instrument. The collision gas was argon (99.999%), and the pressure
was about 3−6 × 10−6 mbar. The ions were accumulated for 1.0 s
(model compounds) or 2.0 s (heavy oil samples) in the collision cell
and then introduced to the ICR cell. The time of flight was 0.8 ms.
The collision energies varied from 30 to 90 V. The m/z range was
from 50 to 1000 Da.

2.3. Data Analysis. The peaks with a relative abundance higher
than six standard deviations of the baseline root-mean-square noise
(6σ) were used for the data analysis. Chemical formulas
(CcHhNnOoSs, where c ≤ 100, h ≤ 200, n ≤ 4, o ≤ 4, and s ≤ 4)
were obtained according to the m/z values, and the relative deviation
between the measured m/z and theoretical m/z was lower than 1
ppm. Double bond equivalent (DBE) was calculated as DBE = c − h/

Table 2. Bulk Properties of the Feedstock and
Hydrotreating Product

property SA-AR SA-AR-HT

density (20 °C) (g cm−3) 0.9747 0.9151
Conradson carbon residue (wt %) 10.34 3.64
elemental composition (wt %)

C 84.30 86.95
H 11.06 12.34
S 4.18 0.39
N 0.24 0.13

metal content (μg g−1)
Ni 21.1 3.1
V 60.5 3.5

SARA fraction (wt %)
saturates 31.0 54.7
aromatics 46.8 33.2
resins 18.8 11.9
asphaltenes 3.4 0.2

Figure 1. Tandem mass spectra of 1,2,3,4-tetrahydrobenzo[b]naphtho[1,2-d]thiophene (1).
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2 + n/2 + 1 for the parent ions, where c, h, and n indicate the numbers
of C, H, and N atoms in the formulas. The chemical formulas of the
fragment ions were transferred to the corresponding neutral form
before calculating the DBE of the fragment ions. The fragment ions
with the form of [M − H]+ were dominant at low collision energies,
and the m/z values were mainly odd for sulfur compounds and
hydrocarbons. However, both odd and even fragment ions were
observed at higher collision energies.

3. RESULTS AND DISCUSSION

3.1. Aromatic Model Compounds Containing One S
Atom. The CID spectra of 1,2,3,4-tetrahydrobenzo[b]-
naphtho[1,2-d]thiophene (1) are shown in Figure 1. The
opening of the naphthenic ring occurred at the collision energy
of 30 V, resulting in fragment ions of [C13H9S1]

+ and
[C12H8S1]

+. The tandem mass spectra of phenanthro[4,5-
bcd]thiophene (2), perylo[1,12-bcd]thiophene (3), and

diacenaphthothiophene (4) are shown in Figures 2−4. It was
found that the loss of S atoms and CHS groups was restrained
at the same collision energy when the model compounds
changed from four aromatic rings (compound 2) to seven
aromatic rings (compound 4). At relatively high collision
energies of 70 and 90 V for compounds 1−4, the losses of the
C2 group were widely observed and the m/z differences of
these fragment ions were very close to 24.0000, as shown in
Figures 1−4. The C2 losses were also found in the tandem
mass spectra of polycyclic aromatic hydrocarbons (PAHs)
before.70

Phenyl derivatives of polycyclic aromatic compounds were
found in shale oils.71 Sulfur compounds containing aryl−aryl
bonds may also exist in crude oils. The tandem mass spectra of
2-(2′-naphthyl)benzothiophene (5) are shown in Figure 5.
The aryl−aryl bond was stable at the collision energy of 30 V,
and only a slight loss of S atom or CHS group occurred. With

Figure 2. Tandem mass spectra of phenanthro[4,5-bcd]thiophene (2).

Figure 3. Tandem mass spectra of perylo[1,12-bcd]thiophene (3).

Energy & Fuels pubs.acs.org/EF Article

https://doi.org/10.1021/acs.energyfuels.1c03534
Energy Fuels 2022, 36, 1326−1337

1329

https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c03534?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c03534?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c03534?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c03534?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c03534?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c03534?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c03534?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c03534?fig=fig3&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.1c03534?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the increase of collision energy, the cleavage of the aryl−aryl
bond was not observed. However, the aryl−aryl bonds were
cleaved at a low collision energy of 30 V for model compounds
with larger aromatic rings (≥3 rings), such as 1,3,5-tri(1-
naphthyl)benzene (A1), 1,3,6,8-tetraphenylpyrene (A2), and
9,10-di(naphthalen-2-yl)anthracene (A3), illustrated in Figures
S2 and S3 of the Supporting Information. Similar result was
observed for the model compound rubrene as reported
before.72

3.2. Sulfur Model Compounds Containing Multiple
Heteroatoms. Model compounds benzo[1,2-b:4,5-b′]bis[1]-
benzoth iophene (6) , th ieno[3 ,2 -b :4 ,5 -b ′]b i s[1]-
benzothiophene (7), and triphenyleno[1,12-bcd:4,5-b′c′d′:8,9-
b″c″d″]trithiophene (8) stand for the model compounds
containing two S atoms and three S atoms, respectively. The
tandem mass spectra of compounds 6−8 are shown in Figures
6 and 7 and Figure S5 of the Supporting Information. Possible

structures of fragment ions from compound 7 are illustrated in
Figure S6 of the Supporting Information. There was only a
minor loss of S atoms at the collision energy of 30 V for these
sulfur compounds with larger aromatic rings, which is quite
different from the smaller S3 model compounds containing
only three thiophene rings.63 One possible reason may be that
the thiophene rings in model compounds 6−8 are shielded by
adjacent aromatic rings. The losses of S atoms and CHS
groups occurred at collision energies above 50 V for model
compounds 6−8. The C2 losses also turned to be notable at
collision energies of 70 and 90 V.
Model compounds benzo[4,5]thieno[3,2-b]quinoline (9),

5H-benzo[4,5]thieno[3,2-c]carbazole (10), and benzo[4,5]-
thieno[2,3-c]naphtho[1,2-f ]quinoline (11) stand for S1N1
species. The tandem mass spectra of these model compounds
are presented in Figures 8 and 9 and Figure S8 of the
Supporting Information. Possible structures of fragment ions

Figure 4. Tandem mass spectra of diacenaphthothiophene (4).

Figure 5. Tandem mass spectra of 2-(2′-naphthyl)benzothiophene (5).
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from compound 10 are illustrated in Figure S7 of the
Supporting Information. For compound 9, the loss of S atom
was detected at the collision energy of 30 V and the loss of N
atom occurred at collision energies above 50 V. This may be
due to the bond strength of C−S being weaker than that of C−
N. For compounds 10 and 11 with larger aromatic rings, the S
and N atoms were very stable at the collision energy of 30 V.
The loss of S atom started at the collision energy of 50 V, while
the loss of N atom began at the collision energy of 70 V in
compounds 10 and 11. The C2 losses were detected at
collision energies of 70 and 90 V for these S1N1 compounds.
3.3. Model Compounds Attached with Alkyl Side

Chains. The tandem mass spectra of 2-decylbenzothiophene
(12) and 4-decyldibenzothiophene (13) are shown in Figures
S9 and S10 of the Supporting Information, which stand for
sulfur compounds with a monoalkyl chain. The single alkyl

chain was easily cleaved at a collision energy of 30 V, leaving a
CH2 group on the aromatic ring. Significant loss of S was
observed when the collision energy was above 50 V.
This work pays more attention to sulfur compounds with

polyalkyl chains, and the tandem mass spectra of didodecyl
alkylated dibenzothiophene (14) and trioctyl alkylated
dibenzothiophene (15) are shown in Figures 10 and 11.
Possible structures of fragment ions from compounds 14 are
illustrated in Figure S11 of the Supporting Information. Partial
fragmentations of the alkyl chains were observed at 30 V,
resulting in two groups of fragment ions for compound 14 and
three groups for compound 15. Complete fragmentation was
achieved at 50 V for compound 14 and 70 V for compound 15.
The loss of a S atom at a high collision energy was dramatically
inhibited in compounds 14 and 15, which was quite different
from the S1 model compounds with only one alkyl chain or

Figure 6. Tandem mass spectra of benzo[1,2-b:4,5-b′]bis[1]benzothiophene (6).

Figure 7. Tandem mass spectra of thieno[3,2-b:4,5-b′]bis[1]benzothiophene (7).
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without any side chains. The fragment ion [C12H8S1]
+

indicated the removal of all alkyl chains at high collision
energies. However, the maximum carbon number of S1
fragment ions still revealed the information of the initial
structures, such as [C15H9S1]

+ for compound 14 and
[C16H10S1]

+ for compound 15, at 90 V. It was suspected
that compounds with more side chains may generate fragment
ions with a higher maximum carbon number at a high collision
energy, which was also proven by didodecyl alkylated
naphthalene (A4) and tridodecyl alkylated naphthalene (A5),
as shown in Figures S12 and S13 of the Supporting
Information. Besides, the C2 losses were also observed for
these model compounds with multiple alkyl side chains at high
collision energies of 70 and 90 V.
3.4. Sulfur Compounds in an Atmospheric Residue

and Its Hydrogenation Product. The broadband mass

spectra of SA-AR and SA-AR-HT are shown in Figure S14 of
the Supporting Information. The heteroatom class distribu-
tions of SA-AR and SA-AR-HT are shown in Figure S15a of
the Supporting Information. S1 species are the most dominant
sulfur compounds in the feedstock and hydrogenation product.
The DBE versus carbon number distributions of S1 species are
shown in Figure S15b of the Supporting Information. S1
species with DBE lower than 9 are more likely to be removed
after hydrotreatment, which is consistent with former
reports.36−39

This work focuses on the structure differences of the same
formula (such as C40H64S1, m/z 576.4723) in the feedstock
and product. The tandem mass spectra of SA-AR and SA-AR-
HT with an isolation window of 576.4 ± 0.5 Da are shown in
Figures S16 and S17 of the Supporting Information. The DBE
versus carbon number distribution of fragment ions and

Figure 8. Tandem mass spectra of benzo[4,5]thieno[3,2-b]quinoline (9).

Figure 9. Tandem mass spectra of 5H-benzo[4,5]thieno[3,2-c]carbazole (10).
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corresponding parent ions for S1 species in SA-AR and SA-AR-
HT are shown in Figure 12. The isolation window is 576.4 ±
0.5 Da, and the collision energies are 30, 50, 70, and 90 V,
respectively. The red bubbles present the parent ions
(C40H64S1, C41H52S1, and C42H40S1), and the blue bubbles
present the fragment ions with odd m/z values. The
distribution of fragment ions with even m/z values are
shown in Figure S18 of the Supporting Information.
The CID spectra of S1 species in SA-AR are shown in the left

column of Figure 12. The opening of the naphthenic ring
occurred at the collision energy of 30 V for model compound
1. The bond lengths and bond energies of compound 1 and 2-
butyldibenzothiophene were also compared and shown in
Table S2 of the Supporting Information. It was found that the
bond energies of Cα−Cβ in compound 1 and 2-butyldibenzo-
thiophene were at the same level, indicating that the opening

of the naphthenic rings would be as easy as the cleavage of
alkyl side chains. As a result, the opening of naphthenic rings
was expected at a low collision energy of 30 V. Then, fragment
ions with DBE of 6−8 at 30 V contributed to naphtheno-
benzothiophene, which was found in former reports.73,74 The
distributions of the fragment ions were continuous from the
lowest carbon number to the carbon number of parent ions as
a result of the partial cleavage of multiple side alkyl chains of
sulfur compounds.61 When the collision energy increased to 50
V, more side chains were cleaved. Significant C2 losses
occurred at a high collision energy of 70 V, indicating that
most of the long side chains were cleaved. The largest carbon
numbers of the fragment ions were labeled in the left column
of Figure 12 for DBE = 9, 10, 16, and 17, which may be related
to the number of side chains. When the collision energy
increased to 90 V, the loss of the methyl group may emerge,64

Figure 10. Tandem mass spectra of didodecyl alkylated dibenzothiophene (14).

Figure 11. Tandem mass spectra of trioctyl alkylated dibenzothiophene (15).
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which indicates that 90 V was not suitable to study the number
of the side chains.
The CID spectra of S1 species in SA-AR-HT are shown in

the right column of Figure 12. At the collision energy of 30 V,
the main difference between SA-AR and SA-AR-HT was that
the relative abundance of fragment ions from naphthenoben-
zothiophene was reduced significantly in SA-AR-HT. When
the collision energy increased to 70 V, the largest carbon
numbers of the fragment ions of SA-AR-HT were all lower
than those of SA-AR, indicating fewer alkyl chains in the sulfur
compounds of the hydrogenation product. The differences

between the carbon number distribution of the fragment ions
have also been illustrated in Figure S19 of the Supporting
Information.
From the combination of the information of sulfur

compounds obtained from the CID spectra, the structural
characters of C40H64S1 before and after hydrogenation are
suggested in Figure 13. Type A is dibenzothiophene-
substituted with more alkyl chains; type B is dibenzothio-
phene-substituted with less alkyl chains; and types C and D are
naphthenobenzothiophene with different numbers of alkyl
chains. Types A and B have the same molecular formula, while
the number of side chains in B is smaller. As a result, the
average length of the side chains in B is much longer than that
of A. The longer alkyl chains may have stronger steric
hindrance during HDS of heavy oils. For types C and D, the
existence of naphthenic rings reduces the planar structures
dramatically, which facilitates the approach of sulfur com-
pounds and HDS catalyst. Then, both C and D can be easily
removed during the HDS process, regardless of the number of
side chains.
Generally, the HDS process increases the content of

naphthenic rings. It should be noted that most of the increased
naphthenic rings exist in hydrocarbons instead of sulfur
compounds. Sulfur compounds containing naphthenic rings
in heavy oils are less resistant to HDS and easily transformed
to aromatic hydrocarbons containing naphthenic rings, which
is consistent with former reports.14,75

4. CONCLUSION
In this work, the CID spectra of a series of sulfur-containing
model compounds were studied at different collision energies
by FT-ICR MS. The loss of S atoms in the model compounds
was suppressed at the collision energy of 30 V for S1 model
compounds, while significant removal of S atoms were
achieved at collision energies higher than 50 V. For S2 and
S3 model compounds, it was easy to lose one of the S atom at
the collision energy of 30 V. With the increasing number of the
aromatic rings in the sulfur-containing model compounds, the
loss of the S atoms was restrained. The opening of the
naphthenic ring in the sulfur model compound was observed at
the collision energy of 30 V. Sulfur-containing model
compounds attached with alkyl chains were also studied. It
was found that partial cleavages of the multiple side chains
were observed at the collision energy of 30 V, and complete
cleavages were achieved at higher collision energies. The loss
of S atoms was obviously inhibited at high collision energies

Figure 12. DBE versus carbon number distributions of S1 species of
SA-AR and SA-AR-HT. The isolation window is 576.4 ± 0.5 Da, and
the collision energies are 30, 50, 70, and 90 V. The fragment ions with
odd m/z are displayed in this figure.

Figure 13. Possible structures of C40H64S1 in the atmospheric residue (SA-AR) and its hydrogenation product (SA-AR-HT).
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for S1 compounds with polyalkyl chains. The losses of the C2
group were observed for most model compounds at high
collision energies of 70 and 90 V.
On the basis of the fragmentation behaviors of the model

compounds, the structure differences of the sulfur compounds
in an atmospheric residue and its hydrogenation product were
studied. The differences of naphthenic rings in sulfur
compounds were compared at 30 V, and the differences of
the numbers of side chains were compared at 70 V. The most
refractory sulfur compounds in heavy oils during HDS
contained fewer but longer alkyl side chains, and the ring
structures were almost fully conjugated.
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