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ABSTRACT

A pyrolysis experiment was carried out on a Dongying Depression kerogen sample to separate the resin
from the oil. Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) with a positive-
ion detector was used to detect the relative proportional changes in the compounds of the resin. During
the whole pyrolysis experiment, the relative ratio of resin exceed 10% of the soluble component at each
temperature point. Five compounds were detected from the resin: Ny, N;O4, N1O3, Oy, and O,. To research
the changes in the proportions of the compounds during pyrolysis clearly, these five compounds were
divided into three classes: Nj, N{Oy, and Oy. The N;j class has the largest proportion in resin at the
beginning of the pyrolysis, while Oy class has the least proportion. And the relationship between the
number and the molecular mass of three classes compound was researched. With increasing maturity,
the proportion of N7 and the N10y class decreased rapidly, while the Oy class increased slowly. Through
researching these resin compounds, it was found that an inversion in the proportions of above three
compounds appeared at the end of the oil window. At the same time, we found that the DBE and carbon
number of resin compounds have changed obviously during the pyrolysis: the DBE increased, while the
carbon number decreased significantly. And the details of the change of each compound have been
researched. This research extends our knowledge of judging the maturity of crude oil during the py-
rolysis through the characteristics of compounds in resin and provides the new index based on resin for
the evaluation of thermal evolution stage and hydrocarbon generation capacity of source rocks.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

the heteroatomic functional groups, and these heteroatoms replace
the carbon atoms in the aromatic rings. According to previous

Since researchers began to separate petroleum components,
numerous studies have focused on petroleum composition [satu-
rates, aromatics, resins, and asphaltenes (SARA)] (Jewell et al.,
1972). Resin is a macromolecular non-hydrocarbon compound
with an aromatic heterocyclic structure that can dissolve in organic
reagents, and forms a substantial proportion of petroleum (Jewell
et al., 1974). Compared with the hydrocarbons in oil, resin has a
yellow to dark brown oily appearance at room temperature.
Furthermore, there are fewer aromatic and naphthenic aromatic
hydrocarbon molecules in resin. Many components in resin contain
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study, there are three main types of heteroatom compounds in
resin: oxygen, nitrogen, and sulfur compounds (Strachan et al,
1989). Although these three elements (oxygen (0O), nitrogen (N),
and sulfur (S)) account for only 2% of petroleum elements, the
related compounds account for more than 20% in petroleum,
therefore, the composition and distribution characteristics of these
compounds have a considerable influence on the nature of petro-
leum. The relationship between the petroleum components and oil
maturity has been studied, and the content of oil compounds
during pyrolysis was an important indicator of the maturity
changes (Cui et al., 2021). But further research has discovered the
evolution mechanisms of biomarkers in saturates and aromatics
(Mackenzie et al., 1980; Chen et al., 2011). Asphaltenes also have
been researched as the indicators of maturity. However, since the
complexity of the compounds in resin components and the
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compounds of resin was difficult to be ionized by traditional sass
spectrometry (MS), there have been few studies regarding the
relationship between resin and petroleum maturity (Nali et al.,
2000; Klein et al., 2006; Pereira et al., 2014; Tian et al., 2022).
Therefore, a detailed analysis of resin could not only reveal the
relationship between resin and petroleum maturity but also pro-
vide the essential understanding of resin chemical structures.

Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR MS) analysis has high mass accuracy (< 400 ppb RMS error)
and high resolution and is a powerful tool to detect detailed in-
formation of petroleum or other complex mixtures (Zhan and Fenn,
2000; Stenson et al., 2002; Li et al., 2012). Utilizing the ICR tech-
nology, this test can be used to separate complex compounds and
provide an unequivocal molecular formula as C.HyN,0,Ss (Hughey
et al.,, 2001; Ray et al., 2014). DBE, which can represent the amount
of double-band in compound, also been calculated by this analysis
(compound: CHpN;0,Ss, DBE = c—h/2+n/2+1) (Oldenburg et al.,
2014). Based on the advantages of FT-ICR MS, it is widely used in
petroleum testing, in recent years (Li et al., 2010; Mapolelo et al.,
2011). Different types of compounds (alkane, aromatic, and polar
ONS compounds) have been identified and evaluated using this
testing (Kim et al., 2005). Additionally, petroleum maturity can be
estimated, and the technique can also be used to analyze the
compounds to derive their molecular structure (Kim et al., 2003,
2005; Wan et al,, 2017; Wang et al., 2018; Ziegs et al., 2018; Jameel
et al,, 2019; Vanini et al., 2020). Researchers have also found that
the thermal maturity played an important role on the shift of DBE
(Hughey et al., 2004; Djokic et al., 2018; Cui et al., 2021). However,
there are few studies on this phenomenon in compounds of resin,
and most of research focuses on the crude oil, especially the satu-
rated and aromatic compounds in petroleum (Hughey et al., 2004;
Wang et al., 2021; Aguiar et al., 2022). In this study, we separated
the resin from oils with different maturity to research the changes
of its compound DBE and carbon number by FT ICR MS (Hughey
et al., 2004; Djokic et al., 2018; Cui et al., 2021).

According to previous research, electrospray ionization (ESI),
atmospheric pressure photoionization (APPI), and atmospheric
pressure chemical ionization (APCI) are the most commonly used
ionization sources (Bae et al., 2010). There are two detection modes
of FT-ICR MS. A positive-ion electrospray ionizer is suitable to
detect nitrogen compounds, while a negative-ion electrospray
ionizer is used to detect acidic compounds and neutral nitrogen
compounds in petroleum (Qian, 2001; Qian and Robbins, 2001;
Oldenburg et al., 2014). In order to detect more nitrogen-containing
compounds and enrich the types of compounds from resin,
positive-ion electrospray ionizer was used in this study.

In this study, 11 petroleum samples of different maturities (Easy
%R, = 0.80—1.98) were obtained through a thermal simulation
experiment, and the resin was then separated from the petroleum.
The resin samples were analyzed using FT-ICR MS with a positive-
ion electrospray to research the compound changes in the resin
with increasing maturity and to reveal the indicative significance of
these changes regarding petroleum maturity. And the main pur-
pose of this research is to focus on the feasibility of establishing the
connection between resin composition and maturity.

2. Sample and experiment
2.1. Sample

The rock sample was collected from Well W161, Dongying
Depression, Bohai Bay Basin, at the depth of 1911.9 m. The lithology
of the core was mud shale, and the stratum of the sample was
Eocene Shahejie Formation. The sample was ground into a powder
(approximately 0.075 mm), and the inorganic minerals were
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removed using hydrochloric acid (6 mol/L) and hydrofluoric acid
(40%). After demineralization, the rock powder was extracted using
a Soxhlet extractor (in a 50 °C water bath) with a dichloromethane
and methanol mixture (93:7 in volume) for 72 h to remove the
soluble organic matter, and the pure kerogen powder was collected.
Rock-Eval was used to evaluate the original kerogen, and the
basic geochemistry parameters were total organic carbon (TOC) of
40.22%, Tmax of 436 °C, and hydrogen index (HI) of 714 mg/g TOC.
Both the S, (287 mg/g TOC) and HI demonstrated that the kerogen
had good hydrocarbon-generation potential during the pyrolysis.
The maturity of original kerogen was calculated by Eq. (1) (Jarvie
et al.,, 2001):
Ro% = 0.018 x Tmax — 7.16 (1)
where the Tpax was detected by Rock-Eval. These parameters
indicated that the sample belonged to Type I organic matter, and
the basic geochemistry parameters were shown in Fig. 1.

2.2. Experiment and analysis

Artificial pyrolysis was used to prepare a series of resin samples
of differing maturities (Pan et al., 2006; Gao et al., 2017; Liang et al.,
2020). Easy%R, is a simple model to evaluate the maturity of
product of artificial pyrolysis (Sweeney and Burnham, 1990).
Approximately 100 mg kerogen was sealed in a gold tube (a total of
11 tubes), and the air in the tube was exchanged with argon. Each
tube was placed in a separate stainless-steel vessel. All the vessels
were placed in one furnace, with a pressure of 50 MPa. The tem-
perature was increased from the ambient temperature to 300 °C
over 8 h, maintained at 300 °C for 2 h, and then increased at 2 °C/h
to 450 °C. The vessels were removed from the furnace per ten de-
grees from 350 °C to 450 °C, and a total of 11 temperature point
samples were obtained.

The gold tubes were cut open, and the resulting material was
extracted using a Soxhlet extractor with a dichloromethane and
methanol mixture (93:7) for 72 h. Using a chromatography column,

800 A

600 +

400 -

HI, mgHC/gTOC

200 A
7 R=1.35%

400 440 480 520
Tmaxl i C

Fig. 1. Diagram of basic geochemical parameters of kerogen.
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the soluble organic group was separated into the four SARA com-
ponents, and the resin was then analyzed.

A SolariX XR FT-ICR MS (Bruker Daltonik GmbH, Bremen, Ger-
many) with a 9.4 T refrigerated actively shielded superconducting
magnet (Bruker Biospin, Wissembourg, France) was used for the
resin analysis. The resin samples were ionized in the positive-ion
mode using an ESI ion source (Bruker Daltonik GmbH, Bremen,
Germany). The detection mass range was m/z 150—1,200, and 0.7 s
was set as the ion accumulation time. A typical mass-resolving
power (m/Am 50%, where Am 50% is the magnitude of the mass
spectral peak full width at half-maximum peak height) was more
than 450,000 at m/z 319, and the absolute mass error was less than
0.3 ppm (Jiang et al., 2014).

3. Results and discussion
3.1. SARA faction of soluble organic group

The yields of SARA are shown in Table 1. From the table, the peak
of hydrocarbon generation was the maturity of 1.15 Easy%R,. After
this sample point, the yields of saturate and aromatic hydrocarbon
decreased with the maturity increased. The yields of resin and
asphaltenes reached the peak at the beginning during the pyrolysis
(Easy%R, = 0.86), and after this maturity, the ratio of conversion
continued to decrease. This shows that the resin is less supple-
mented by new substances in the process of hydrocarbon genera-
tion, which is more suitable as an indicator for evaluating maturity.
Considering the yield of four components of oil (SARA), continued
to decrease after this maturity, this maturity also indicated the end
of the oil window: after this, all of four components yields
decreased with the increasing of maturity. And in Fig. 2, the four
proportions were normalized to 100%. The relative ratio of hydro-
carbon compounds (saturated and aromatic hydrocarbon)
increased from 33.65% to 56.45% over a heating range of
350—410 °C and then gradually decreased to 44.44% (450 °C). In
contrast, the maximum proportion of non-hydrocarbon compo-
nents (resin and asphaltene) was reached at 43.55% (410 °C).

As the object of this research, resin was a significant compound
in the soluble organic matter during experimental process, its
proportion was always above 15% during the pyrolysis, with the
maximum close to 50%. These results indicate that resin is a com-
pound with high yield and stable relative proportions during py-
rolysis, and it may be a good indicator of petroleum maturity.

3.2. Molecular mess of the compound
Using FT-ICR MS (positive-ion ESI), the masses of the main

compounds were distributed in the interval of 200—800 Da (Dalton,
unit of molecular weight) during low maturity, and the range

Table 1
Soluble organic matters from pyrolysis.

Petroleum Science 20 (2023) 769—775

B sat M Res B Asp

Aro

1.00 o

0.90 A

0.80

0.70 A

0.60 -

0.50 A

0.40 o

0.30 A

Weight faction of SARA

0.20 A

0.10 A

0.80

086 094 104 1.15

Easy%R,

126 138 152 166 182 198

Fig. 2. Diagram illustrating the changes in the yield of soluble organic matter.

changed to 200—400 Da with increasing of Easy%R,, which was
similar to previously researched (Shinn and Robinson, 2001).
Furthermore, over the temperature range of 410—450 °C (Easy%
R, > 1.52), the relative proportion of the compound with the mo-
lecular weight of 680.47 Da increased. This phenomenon suggested
that macro-molecular compounds cracked during pyrolysis, and
the compound with 680.47 Da might be more stable than the other
compounds under high maturity.

The averaged molecular mass and amount of each compound
are shown in Fig. 3, both with a downward trend throughout the
experiment. The macro-molecular compounds were broken during
pyrolysis, some of them formed smaller molecules, while others
combined with asphaltenes and kerogen via condensation (Liao
et al,, 2015).

There were five nitrogen and oxygen compounds detected by
positive-ion ESI FT-ICR MS, i.e., N;, N;O7, N1O, 07, and O,. To
research the changes in the proportions of the compounds during
pyrolysis clearly, these five compounds were divided into three
classes: Ny, N1Oy, and O,. As Fig. 3 demonstrates, the nitrogen
compounds were heavier than Oy, and there was more nitrogen
than Oy at the beginning of pyrolysis. With increasing maturity,
both the proportions show a decreasing trend until they reached
the level of the Oy compounds.

The range of the average molecular mass of the Oy class was
313.60—291.34 Da. In contrast, the averaged molecular masses of
the N; and N;Ox compounds were 517.16—271.93 Da and
468.06—309.20 Da, respectively, and the change in the area of the
nitrogen compounds was much larger than that of Oy. The amount

Sample ID Easy%R, Kerogen, mg Yields of each components, mg/g TOC Total, mg/g TOC
S A R A

w1 0.8 101.49 57.80 50.16 91.36 402.51 601.83
w2 0.86 116.09 113.98 39.19 101.58 437.48 692.23
w3 0.94 116.15 78.35 109.90 96.03 317.94 602.20
w4 1.04 114.71 98.41 118.78 93.37 212.47 523.04
w5 1.15 81.08 117.09 97.37 79.47 138.02 431.95
w6 1.26 115.28 103.04 80.32 66.78 73.60 323.75
w7 1.38 111.94 81.95 61.30 33.84 90.19 267.28
ws 1.52 97.58 72.34 63.51 33.02 78.64 247.50
w9 1.66 116.09 30.93 49.26 22.88 42.90 145.97
w10 1.82 119.31 11.13 36.80 21.54 24.74 94.20
W11 1.98 119.87 10.67 24.83 22.06 14.77 72.32
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Fig. 3. Variation in the average molecular mass and amount of each compound.

of N; decreased from 841 to 81, and the N1Ox compounds decreased
from 813 to 71. From Fig. 3, the five compounds in the resin showed
the same characteristics during pyrolysis, the macro-molecular
compounds degraded at a low energy, while the small molecules
cracked under high maturity. Any of these compounds could serve
as effective maturity indicators.

3.3. Relative ratio changes for each compound

The relative proportion of each compound during pyrolysis is
shown in Fig. 4. As the highest content in the resin, the N; class
peak yield was at the maturity of Easy%R, 1.15. Its proportion
increased from 64.91% to 80.72% and then decreased to 38.77% at
the end of the pyrolysis. This meant that compounds in the N class
had separated from the kerogen in the early stage of oil generation,
and after crossing the hydrocarbon generation peak, the Ny struc-
tures gradually broke under high maturity. N1Oy includes N1O1 and
N;0,, and their proportional changes were similar to each other
(Fig. 4). Their relative ratio decreased Easy%R, was in the range of
0.80—1.15 and increased when Easy%R, ranged from 1.15 to 1.98.
The relative ratio decreased from 28.64% to 12.08%, and finally
increased to 21.24%.

At the beginning of the heating process (Esay%R, = 0.80—0.94),
the Oy proportion showed a slight decline from 6.63% to 2.74%, and
the amount of the Nj class increased rapidly (Fig. 4). From then
until the experiment was completed, the proportion of the Oy

Relative abundance, %

080 08 094 104 115 126 138 152 166 182 1.98

Easy%R,

Fig. 4. Illustration of the relative abundance of five compounds in relation to maturity.
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increased from 2.74% to 39.99%. Even though the trend of change in
the N;0, ratio was synchronous with that of O,, the Oy content grew
more rapidly than the N;Oy in the later stage. This result indicated
that the Oy molecules were more stable than N1Oy and Ny at high
maturity.

Fig. 5 presents a triangular diagram of the relative proportion of
the three classes (N1, N1Oy, Oy). As is evident from the figure, the
curves of the compounds have a significant reversal at Easy%R, 1.15.
This phenomenon indicated that the composition of the resin
compounds experiences several clear changes during the process of
hydrocarbon generation. These changes constituted a significant
inflection point between the resin compositions, which appeared at
the end of oil window.

This outcome indicated that the components of the resin are
noticeably different around the end of the oil window, which could
be an effective indicator of the evolution stage of crude oil. At the
completion of the oil window, the amount of N; compounds
decreased while the Oy compounds increased.

3.4. DBE and carbon number of compounds changes

3.4.1. Changes of total compound

The changes of DBE and carbon number of all of the compounds
have been shown in Fig. 6. In the figure, the color close to blue
indicates low signal intensity of this compound, while close to red
indicates the high content of this compound. In the oil window, the
DBE of the compounds in the resin is dominated by 4—5 (Easy%R,
less than 1.26), and while after the oil window, the DBE value of the
majority compound quickly rises to 10—15. The carbon number of
compounds shows the same changes with DBE. At the beginning of
pyrolysis, the carbon number of compounds is generally in the
range of 5 to 60, and a large number of compounds with the carbon
number more than 25. With the maturity increasing, the signal
intensity of macro-molecular compounds (carbon number more
than 25) decreases, and the carbon number of the main compound
drops below 25 after the oil window. In general, with the increase
of maturity, the DBE and carbon number of resin compounds have
obvious changes, and this change appears after the oil window

0 0.25 0.50 0.75 1.00

Ny

Fig. 5. Triangular plot illustrating the effect if maturity changes on the relative dis-
tribution of Ny, N1Oy, and O,. [numbers near the data points indicate the oil maturity,
curve indicates the increasing trend of oil maturity].
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Fig. 6. The abscissa and ordinate in the figure are the carbon number and DBE of total compounds in this research respectively, select the compound with the strongest signal
intensity as the representative compound, and its molecular model and formula are shown in the figure.

(Easy%R, more than 1.26), which is consistent with the reversal
phenomenon mentioned above.

In order to research the changes of resin compounds during the
evolution process of pyrolysis accurately, we inferred the com-
pound with the strongest signal intensity based on the molecular
formula and DBE obtained from the FT ICR MS, and illustrated its
molecular structure in the figure (Fig. 6) (PubChem). Near the oil
window, the aromatic compounds with long-chain dominate the
resin, and most of the compounds are nitrogen compounds. It's just
that as the maturity increases, the length of aliphatic chain changes.
However, beginning of the maturity of 1.52 (Easy%R,), compounds
with high DBE value in the resin occupy a dominant position, and
the signal intensity of oxygen compounds exceeds that of nitrogen
compounds. This phenomenon consisted with the changes of DBE
and carbon number.

3.4.2. DBE and carbon number changes of each compounds

Fig. 7 illustrated the changes of DBE and carbon number of the
compound with the strongest signal in the resin. And we have added
five figures of DBE-carbon number changes to the supporting ma-
terial. As the figure shown (Fig. 7), the carbon number of N; com-
pound decreased, while the Oy, compound (both O; and O;
compound) increased with the maturity increasing. And the carbon
number of N;Oy compound (N;0; and N;0, compound) reduced
slightly at the same time. These changes indicated that the pyrolysis
temperature of oxygenates (N1Ox and Oy) is significantly higher than
that of nitrogen-containing compounds (N; and N;0y): the carbon
number of the N7 compound decreased from the 34 to 16, while both
07 and O, compounds increased from 15 to 19 during the same
period. This phenomenon is consistent with the previous conclusion.

773

As for the changes in DBE, this parameter of four compounds
with the strongest signal all showed an increasing trend with
increasing maturity until the maturity of 1.82 (Easy%R,). This
phenomenon is due to the strong bonding energy of high DBE
compounds containing aromatic rings, so the signal becomes
stronger as the maturity increases. Based on these phenomenon, Oy
compound exist in various maturity resin (from 0.80 to 1.98), and
the structure of this compound is relatively stable than nitrogen
compounds. It is a better choice of marker compounds in crude oil
research.

4. Conclusions

In this research, FT-ICR MS (with positive-ion electrospray
ionizer) was used to analyze the change in the resin compounds
during the hydrocarbon generation process of kerogen. And the
several conclusions were drawn out:

(1) The hetero-atomic compounds were more stable than the
hydrocarbon compounds under high maturity. Compared
with hydrocarbons, resin is more suitable for evaluating the
maturity of source rocks in high evolution stage;

(2) The relative proportions of N1Oy, Ny, and Oy in the resin have
an obviously reversed at the end of oil window. And three
diagrams have been established to describe this phenome-
non. This found provides a new index based on resin for the
evaluation of thermal evolution stage and hydrocarbon
generation capacity of source rocks.

(3) Compared with nitrogen compounds, oxygen compounds
showed the higher stability. And it is more suitable for
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Fig. 7. The changes of DBE and carbon number of each kinds of compounds.
evaluating the stage of highly mature source rocks (espe-
cially after the oil window).
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