Organic Geochemistry 176 (2023) 104544

Contents lists available at ScienceDirect

Organic Geochemistry

journal homepage: www.elsevier.com/locate/orggeochem

ELSEVIER

Check for

Identification, distribution and geochemical significance of e
phenyldibenzofurans in coals

Jiayang Li ™", Zhihuan Zhang®"", Zhili Zhu®

2 State Key Laboratory of Petroleum Resources and Prospecting, China University of Petroleum (Beijing), Beijing 102249, China
b College of Geosciences, China University of Petroleum (Beijing), Beijing 102249, China
¢ Wuxi Research Institute of Petroleum Geology, RIPEP, SINOPEC, Wuxi, Jiangsu 214216, China

ARTICLE INFO ABSTRACT

Associate Editor—Kliti Grice Four phenyldibenzofuran (PhDBF) isomers were unambiguously identified for the first time in coals through co-
injection of commercially available standards. PhDBF isomers were detected in all coals from the East China Sea
Shelf and the Ordos basins. The stability order of PhDBFs was confirmed to be 4-PhDBF > 2-PhDBF > 3-PhDBF >
1-PhDBF. The degree of molecular structural deformation of PhDBFs was also determined. The influence of
thermal maturity on the distributions of PhDBFs in sedimentary organic matter containing Type II-III kerogen
was systematically investigated, and the concentration of 4-PhDBF relative to 2-PhDBF and 3-PhDBF was found
to be influenced by thermal maturation. The previously proposed maturity indices based on PhDBF ratios (PhFR-
1 and PhFR-2) were found to be useful in coal facies with high thermal maturity (> 1.0 %Ro) on the basis of
density functional theory (DFT) calculations and geochemical data. Two calibrations of PhFR-1 and PhFR-2
against the measured vitrinite reflectance (%Ro) were established, which are as follows: %Rc = 3.0 x PhFR-
1/100 + 1.0 (> 1.0 %Ro) (R? = 0.95) and %Rc = 7.0 x PhFR-2/100 + 1.0 (> 1.0 %Ro) (R? = 0.96). PhFR-1 and
PhFR-2 have good correlations with the other widely used thermal maturity indicators. The oxic sedimentary
environment is likely more beneficial to the generation of phenyldibenzofurans and methyldibenzofurans.
PhDBFs in coals may be formed during diagenesis or early catagenesis and intermediates in the producing of
more condensed aromatic compounds from high thermal maturity. The results of this study provide a deeper
insight into the occurrence, distribution and significance of PhDBFs in sedimentary deposits.
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1. Introduction Ogbesejana and Bello, 2020). The occurrence and identification of

PhDBFs in coals has not been extensively appraised.

Methyldibenzofurans (MDBFs) and their corresponding phenyl
substituted counterparts (phenyldibenzofurans) are important oxygen-
containing heterocycles found in crude oils and ancient sedimentary
rocks (e.g., Radke et al., 2000; Marynowski et al., 2002; Li and Ellis,
2015; Yang et al., 2017; Li et al., 2018). However, compared with
MDBFs, the distributions of PhDBFs and their application in petroleum
geochemistry have received less attention.

Three unidentified phenyldibenzofuran (PhDBF) isomers and 3-
PhDBF were first detected in furnace gases and coal tar pitches (Meyer
zu Reckendorf, 1997). Later, four PhDBF isomers were identified by
injection of commercially available standards (Meyer zu Reckendorf,
2000; Marynowski et al., 2002). Moreover, PhDBFs were reported in
charcoal-bearing sediments, shales, carbonates and crude oils (Mar-
ynowski and Simoneit, 2009; Grafka et al., 2015; Yang et al., 2017;

The origin and formation mechanism of PhDBFs are controversial.
Fields and Meyerson (1967) suggested that the formation of PhDBFs
involved a phenyl radical mechanism from pyrolysis of nitrobenzene.
Marynowski et al. (2002) also suggested phenyl free radical substitution
of DBF can lead to the formation of 1-PhDBF (Southwick et al., 1961).
Meyer zu Reckendorf (2000) proposed PhDBFs are intermediates in the
transformation of dibenzofuran (DBF) into benzobisbenzofuran and
triphenyleno[1,12-bcd]furan via a pyrolysis process. Marynowski et al.
(2001) reported PhDBFs may be derived from carbohydrates. Mar-
ynowski et al. (2002) proposed that PhDBFs are formed by diagenetic/
catagenetic oxidation of organic matter in sedimentary rocks. Mar-
ynowski and Simoneit (2009) proposed that PhDBFs in charcoal-bearing
sediments are formed during combustion processes.

MDBFs are useful markers in petroleum geochemistry. The
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distribution characteristics of MDBFs are mainly controlled by the
organic matter type of source rock and paleoenvironment (Fan et al.,
1991; Radke et al., 2000; Li et al., 2013; Li and Ellis, 2015). MDBFs tend
to more abundant in terrestrial source rocks and coals (Fan et al., 1991;
Li et al., 2013). The abundance of alkyldibenzofurans relative to alkyl-
dibenzothiophenes was widely used to establish paleoenvironments of
deposition (Sephton et al., 1999; Kruge et al., 2000; Radke et al., 2000).
Recently, Li et al. (2018) proposed 1-MDBF/4-MDBF as an indicator of
oil migration pathways. Whether the MDBF ratio (4-MDBF/1-MDBF)
can be used as a thermal maturity indicator is still controversial. For
example, Radke et al. (2000) proposed a maturity indicator, i.e., 1-
MDBF/4-MDBF, which significantly increases with increasing vitrinite
reflectance (> 1.0 %Ro). In contrast, Li et al. (2011, 2018) observed that
there was no obvious relationship trend of 1-MDBF/4-MDBF with
increasing thermal maturity. The origin and formation mechanism of
MDBFs in sedimentary organic matter still remain controversial. Previ-
ous studies reported that MDBFs are likely to originate from lignin-
containing plants, phenols, and polysaccharides (Born and Mulder,
1989; Sephton et al., 1999; Fenton et al., 2007). Radke et al. (2000)
proposed that MDBFs in sedimentary organic matter are likely sourced
from lichens. In addition, Asif et al. (2010) demonstrated that MDBFs in
sediments may originate from biphenyl based on geochemical data and
controlled laboratory experiments with standard components.

The geochemical applications of PhDBFs have been preliminarily
investigated. For example, Marynowski et al. (2002) showed that the
maturation trend observed for PhDBFs distributions is equivocal. Lower
maturity (< 0.8 %Ro) samples contain either 2-PhDBF or 4-PhDBF as the
dominant isomer and the samples (only two) of higher maturity (> 1.0 %
Ro) show an abundant 4-PhDBF isomer. Marynowski et al. (2002) also
inferred that fluctuations in distributions of PhDBFs are similar to MDBF
distribution, for which maturity dependent trends are observed > 1.0 %
Ro (Radke et al., 2000). Grafka et al. (2015) found the PhDBFs from
relative high maturity samples with calculated values of %Ro > 1.3 are
dominated by 4-PhDBF. Other PhDBF isomers are only observed in trace
abundances or are absent, confirming that the relationship between the
distributions of PhDBFs and thermal maturity is unclear. However, Yang
et al. (2017) observed that the relative abundances of 2-PhDBF and 3-
PhDBF to 4-PhDBF generally decrease with increase in thermal matu-
rity (0.32-1.43 %Ro). They assigned PhDBF ratios (PhFR-1 = 4-PhDBEF/
2-PhDBF and PhFR-2 = 4-PhDBF/(2-PhDBF + 3-PhDBF)) as thermal
maturity indicators. Ogbesejana and Bello (2020) confirmed that PhFR-
1 and PhFR-2 can be used as thermal maturity indicators, which grad-
ually increase with rising burial depth and show very good correlations
with calculated vitrinite reflectance. These recent studies contradict
earlier reports (Marynowski et al., 2002; Grafka et al., 2015) probably
because maturation ranges of the investigated samples are not wide
enough to show the behavior of PhDBFs at comparatively low maturity
to relative high maturity. Based on the distribution characteristics of
PhDBFs in the samples with different thermal histories reported by
previous studies, the abundances of 2-PhDBF and 3-PhDBF relative to 4-
PhDBF decrease with increasing thermal maturity, suggesting that
PhDBF ratios are potential thermal maturity indicators. However, PhFR-
1 and PhFR-2 have not been established as quantitative formulae for
practical application in thermal maturity evaluation.

In this paper, PhDBFs were firmly identified in coals for the first time
through injection of authentic standards. We conducted density func-
tional theory (DFT) calculations to obtain the thermodynamic properties
of PhDBFs. Then, we describe the distribution characteristics of PhDBFs
in coals from the Xihu Depression (East China Sea Basin) and the Ordos
Basin. The application of PhDBFs for thermal maturity evaluation is
discussed. The formation mechanism and origin of PhDBFs in coals were
also preliminarily investigated.

2. Geologic setting and samples

The 240 x 10° km? East China Sea Basin (ECSB) is an important
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offshore petroliferous basin in China (Fig. 1a) (Li and Li, 2003; Li et al.,
2004). The Xihu Depression, covering an area of 4.6 x 10% km? located
northeastern ECSB (Fig. 1c¢), is rich in oil resources and believed to be
highly prospective for hydrocarbon exploration (Ye et al., 2007). Pre-
vious studies reached the consensus that the coal-bearing Eocene Pinghu
Formation (Egp) is the major source rock unit, and both coals and
carbonaceous mudstones contribute to the hydrocarbon accumulations
(Li et al., 2004; Zhu et al., 2012; Cheng et al., 2020). The Pinghu For-
mation was extensively distributed and developed in a lacus-
trine-swamp depositional environment within a semi-enclosed bay
(Chen, 1998; Zhu et al., 2012).

The Egp unit is mainly composed of siltstone, mudstone, carbona-
ceous mudstone and coal (Tao and Zou, 2005; Cheng et al., 2019).
Fourteen coals from the Xihu Depression were sampled in the Pinghu
Formation. The coals have high total organic carbon (TOC) content,
which range from 37.1% to 74.5%. The hydrocarbon generation po-
tential (S; + S3) and the hydrogen index (HI) of the coals are in the
ranges of 50-235 mg/g and 120-370 mg HC/g TOC, respectively.

The EOM (extractable organic matter) of coal samples range from
11.5 mg/g Corg to 160 mg/g Corg. The Tmax values and vitrinite re-
flectances of the coals are in the ranges of 421-461 °C and 0.60-1.00 %
Ro, respectively, suggesting that they are of relatively low maturity to
high maturity (Table 1). Based on Tmax versus HI plot, the coals mainly
consist of Type II-III kerogen. The pristane/phytane (Pr/Ph) values of
the coal samples are high with values ranging from 4.95 to 8.82
(Table 2).

The Ordos Basin is a large Mesozoic depression and located in north-
central China (Fig. 1a) (Li, 1995). Previous studies suggested that the
source rocks of the Upper Paleozoic gas reservoir are Carbon-
iferous—Permian (C—P) coals and mudstones (Dai et al., 2005; Hu et al.,
2010). These Carboniferous—Permian source rocks cover an area of 180
% 10° km? and are widely distributed in the basin (Dai et al., 2005; Shuai
etal., 2013; Zou et al., 2013). The Carboniferous—Permian stratum were
mainly deposited in marine-terrestrial transitional environment, and
mainly contain sandstones, shales and coals (Ding et al., 2013; Zhao
et al., 2014). The Carboniferous-Permian stratum was altered by hy-
drothermal fluid from Early Cretaceous volcanic activity (Yang et al.,
2005). In this basin, we collected 16 coal samples from Carbon-
iferous-Permian formations (Fig. 1b). These samples have TOC, HI,
EOM and Tmax values of 68.6-91.5%, 48.8-277 mg HC/g TOC,
2.69-137 mg/g Corg and 435-505 °C, respectively. Judging from HI and
Tmax values, these coal samples are mainly comprised of Type II-III
kerogen. The coal samples are characterized by higher maturity
(0.62-1.88 %Ro; Table 1) and low Pr/Ph values of 0.49-2.00 (Table 2).

3. Methods and reference compounds
3.1. Experimental methods

The coal samples were crushed to < 80 mesh (0.2 mm) in diameter.
Rock-Eval pyrolysis were carried out on the OGE Pyrolysis Apparatus
yielding results similar to the traditional Rock-Eval pyrolysis analyzer
(Zhu et al., 2019, 2022). Before analysis, contaminants and carbonates
were removed from the coals with deionized water and HCI, respec-
tively. Then, the LECO CS-230 carbon/sulfur apparatus was used to
obtain the TOC content. The vitrinite reflectances of coals were
measured on a Leica Model MPV-SP microscopic photometer on the
basis of the method of Kilby (1988).

The powdered coals were extracted for 48 h in a Soxhlet apparatus
using 400 mL of dichloromethane/methanol (93:7, v/v). Asphaltenes
were removed from the extracts by precipitation using n-heptane and
then fractionated into saturated, aromatic, and resin fractions by liquid
chromatography using alumina/silica gel columns. The elution solvents
used were petroleum ether, dichloromethane:petroleum ether (2:1, v/
v), and dichloromethane:methanol (93:7, v/v). The analyses of
authentic standards and aromatic fractions were carried on an Agilent
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Fig. 1. Sampling sites and well locations for samples analyzed in this study.

6890 gas chromatograph coupled to a 5975i MS equipped with a HP-
5MS column (60 m x 0.25 mm i.d., 0.25 pm film thickness). The gas
chromatography-mass spectrometry (GC-MS) operating conditions
were as follows: initial temperature was kept at 80 °C for 1 min, then
raised to 310 °C at 3 °C/min, and finally held isothermal for 16 min.
Helium was the carrier gas and the temperature of injector was set at
300 °C. The mass spectrometer was used in electron impact (EI) mode
with ionization energy of 70 eV and a scan range of 50-600 Da.

3.2. Authentic standards and quantification of aromatic compounds

We purchased four commercially available PhDBF isomers (1-
PhDBF, 2-PhDBF, 3-PhDBF, 4-PhDBF) from Chiron AS, Norway. We also
added phenanthrene and chrysene to the mixtures of PhDBF standards
as markers to calculate the retention indices of PhDBFs in the GC-MS
analysis. Furthermore, we added a known amount of phenanthrene-d;
to samples as an internal standard. The m/z 188 mass chromatogram
was used to detect and qualify the phenanthrene-d;p. MDBFs and
PhDBFs were quantitated by integration of mass chromatograms of m/z
182 and m/z 244, respectively. By comparison with amount of

phenanthrene-d;, the contents of MDBFs and PhDBFs are determined.

3.3. Calculation methods

The density functional theory (DFT) calculation is a good method for
investigating geochemical phenomena in petroleum geochemistry (Yang
et al., 2019; Zhu et al., 2019, 2022; Liu et al., 2020). In this paper, we
applied DFT calculations to determine thermodynamic properties, i.e.,
Gibbs free energy (AG), enthalpy (AH), electron energy (AE), and in-
ternal energy (AU), at the B3LYP/6-311++G (d,p.) level of gas phase at
25 °C. In order to show the difference of the thermal stability of PhDBF
isomers, all thermodynamic energies are defined as relative values
compared to the isomer with the lowest energy, which means that AG,
AH, AE and AU are expressed relative to the lowest energy isomer. The
relative energy (e.g., AG) of the lowest energy isomer is defined as 0.00
kcal/mol, and the relative energy of other isomers can be determined by
subtracting the absolute energy of the lowest energy isomer from its
absolute energy. The relative energy (e.g., AG) of the isomer is greater,
suggesting it is more unstable. The geometric optimizations were also
obtained by using the calculation method B3LYP/6-311++G (d,p.) (Zhu
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Table 1
Geochemical characteristics of coals in this study.
Basin Sampling Site Sample Name Formation Type TOC (%) Tmax (°C) % Ro HI (mg HC/g TOC) S1+ Ss EOM
(mg/g)  (mg/g Corg)
East China Sea Basin Xihu Depression CB2-1 Eop Core 56.5 421 0.60 370 217 108
AK1-1 Eop Core 39.0 428 0.64 288 118 104
BW1-1 Eop Cutting 62.6 427 0.63 232 150 50.1
CB1-1 Eop Core 38.1 433 0.67 366 143 95.0
DT4-1 Eop Core 74.5 437 0.74 212 168 160
BW1-2 Eop Cutting 39.2 430 0.69 244 101 92.8
CB1-2 Eop Core 61.0 433 0.70 356 236 133
AS1-1 Eop Cutting 37.1 461 1.00 120 50.1 52.8
CB2-2 Eop Cutting 57.3 429 0.62 194 130 121
AKS5-1 Eop Cutting 65.0 460 0.96 193 140 11.5
DT5-1 Eop Cutting 53.9 436 0.72 266 157 64.5
AK1-2 Eop Cutting 45.3 437 0.74 195 93.7 35.0
CB1-3 Eop Cutting 44.6 438 0.76 203 99.8 61.6
AK1-3 Eip Cutting 58.6 457 0.88 192 124 16.9
Ordos Basin Baode BDS24 C—P Outcrop 68.6 444 0.62 246 171 74.3
BDS14 Cc—p Outcrop 73.9 444 0.71 235 176 71.8
Linxian LXS11 C—P Outcrop 77.9 444 0.77 239 192 78.2
LXS15 Cc—P Outcrop 91.5 463 0.96 176 166 11.1
LXS8 Cc—P Outcrop 71.2 455 1.03 194 139 17.4
Xingxian XXS10 C—P Outcrop 74.3 440 0.73 278 209 69.1
XXS2 c—P Outcrop 85.4 492 1.35 120 106 8.36
Liulin LLS25 Cc—P Outcrop 84.3 493 1.40 97.4 82.7 7.84
LLS26 Cc—p Outcrop 84.3 493 1.24 116 105 11.0
LLS5 C—P Outcrop 75.1 489 1.27 96.9 75.6 15.1
Hancheng HCS1 Cc—P Outcrop 80.7 498 1.66 62.9 51.7 2.69
HCS13 Cc—P Outcrop 85.4 505 1.57 53.0 46.6 4.94
HCS4 C—P Outcrop 83.8 501 1.88 48.8 41.9 4.78
Puxian PXS22 c—pP Outcrop 83.1 435 0.62 276 243 138
PXS6 Cc—p Outcrop 84.3 444 0.63 230 204 88.7
Yaping YPS9 Cc—p Outcrop 82.4 484 1.36 107 90.0 12.7

TOC: total organic carbon; Tmax: temperature at maximum generation; %Ro: vitrinite reflectance value; HI: hydrogen index = S; x 100/TOC; EOM: extractable

organic matter.

et al., 2019, 2022). We used Gaussian 09 program for DFT calculations
(Yang et al., 2019; Zhu et al., 2019, 2022).

4. Results and discussion
4.1. Identification and thermodynamic stability of phenyldibenzofurans

All four PhDBF isomers were unequivocally identified in coals using
the injection of commercially available standards. The elution order of
PhDBFs is as follows: 1-PhDBF, 4-PhDBF, 2-PhDBF, 3-PhDBF (Fig. 2),
which is in agreement with previous studies (Meyer zu Reckendorf,
2000; Marynowski et al., 2002; Yang et al., 2017). We also used the
retention index system (Kovats, 1958; Van den Dool and Kratz, 1963)
and accurately calculated the retention indices of PhDBF isomers ac-
cording to the equation proposed by Lee et al. (1979). The calculated Iyyp.
sms retention indices of PhDBF isomers are identical to those reported by
Yang et al. (2017).

The calculated thermodynamic properties of PhDBFs show that their
thermodynamic stabilities increase following the sequence: 1-PhDBF <
3-PhDBF < 2-PhDBF < 4-PhDBF (Table 3), which is in agreement with
data reported by Yang et al. (2017) and Meyer zu Reckendorf (2000).
Previous studies suggested that steric hindrance may cause the differ-
ence in thermodynamic stability for phenyl polycyclic compounds (Yang
et al., 2019; Zhu et al., 2019, 2022). The thermodynamic instability,
caused by the phenyl ring at C-4 to C-1, results from steric hindrance
(Fig. 3). With regard to 1-PhDBF, these angles between the phenyl ring
and the dibenzofuran (DBF) group are obviously deformed from the
ideal 120° (Fig. 3a). This causes the increase of total energy and makes it
unstable. For 2-PhDBF and 3-PhDBF, these corresponding angles are less
deformed, resulting in the decrease of total energy and instability. The
angles of 4-PhDBF are severely deformed and the deformation degree is
higher than that of the other three PhDBF isomers (Fig. 3d). Signifi-
cantly, the lone pair of electrons of the oxygen atom are able to form a

hydrogen bond with the hydrogen atom of the phenyl ring at C-4 in the
dibenzofuran ring, which makes it the most stable isomer. The bond
length of H—O is 2.560 A, which is within the range of a hydrogen bond.
Li et al. (2018) suggested that hydrogen bond (2.970 A) between the
oxygen atom in 4-methyldibenzofuran and the hydrogen atom of methyl
can readily form.

4.2. Effects of thermal maturity on the distributions of
phenyldibenzofurans

Fig. 4 illustrates the distribution characteristics of PhDBFs in the coal
samples with various thermal maturities. Most samples contain a very
low abundance of 1-PhDBF, which may be attributed to its lower ther-
modynamic stability. The coals with thermal maturity < 1.0 %Ro
contain 2-PhDBF or 4-PhDBF as the dominant isomer, while 3-PhDBF is
present in relatively low abundance (Fig. 4a—c). Similarly, in carbonates
and shales with thermal maturity < 0.6 %Ro, 2-PhDBF prevails over 3-
PhDBF and 4-PhDBF. When the thermal maturity exceeds 0.6 %Ro, the
abundance of 4-PhDBF is relatively high and significantly higher than
that of 2-PhDBF and 3-PhDBF (Marynowski et al., 2002; Yang et al.,
2017). The coals with thermal maturity > 1.0 %Ro contain 4-PhDBF as
the dominant isomer, while 2-PhDBF and 3-PhDBF are present in rela-
tively low abundances (Fig. 4d,e). Coincidentally, for the more mature
shales and carbonates (> 1.0 %Ro), 4-PhDBF dominates in the samples,
while 2-PhDBF and 3-PhDBF are in very low concentrations or are nearly
absent (Marynowski et al., 2002; Grafka et al., 2015; Yang et al., 2017).
The above phenomena suggests that the distribution characteristics of
PhDBFs in the coals of this study are consistent with previous research.
Therefore, the concentration of 4-PhDBF relative to 2-PhDBF and 3-
PhDBF generally increases with rising thermal maturity. Based on the
distributions of PhDBFs in the geological samples, the relative abun-
dances of 2-PhDBF, 3-PhDBF and 4-PhDBF are controlled by the thermal
maturity of organic matter. The thermodynamic stability of 4-PhDBF is



Table 2
Absolute concentrations of phenyldibenzofurans, methyldibenzofurans, and related parameters of coals.
Sample Name Cz; 22S/ Cao aoat 20S/ F Fy Pr/Ph PhFR-1 PhFR-2 4-PhDBF/ 4-MDBF/ PhDBFs (ug/g Corg) MDBFs (pg/g Corg)
(22S + 22R) hopane (20S + 20R) sterane 1-PhDBF 1-MDBF

CB2-1 0.61 0.27 0.23 0.14 7.34 0.59 0.41 0.99 1.70 0.06 3.51
AK1-1 0.60 0.39 0.33 0.21 7.41 1.21 0.67 2.56 1.59 0.67 11.7
BW1-1 0.61 0.28 0.22 0.15 7.91 1.00 0.53 6.92 0.97 0.38 11.3
CB1-1 0.61 0.36 0.21 0.14 7.87 0.65 0.43 2.85 2.16 0.07 10.9
DT4-1 0.60 0.43 0.29 0.17 7.85 0.97 0.48 0.86 1.91 0.80 14.4
BW1-2 0.59 0.37 0.24 0.16 8.82 0.65 0.47 5.05 1.28 0.54 28.3
CB1-2 0.60 0.43 0.21 0.13 7.80 0.89 0.53 1.67 2.15 0.47 12.4
AS1-1 0.51 0.47 0.52 0.35 4.95 1.83 1.25 17.3 1.16 1.47 26.8
CB2-2 0.59 0.45 0.28 0.19 7.80 0.47 0.38 5.20 1.62 0.63 27.7
AK5-1 0.57 0.49 0.47 0.30 5.69 2.18 1.54 14.9 1.70 0.35 31.8
DT5-1 0.60 0.45 0.21 0.14 8.46 0.73 0.54 3.18 0.77 0.14 2.35
AK1-2 0.59 0.44 0.24 0.17 7.91 0.57 0.41 6.32 1.29 1.44 32.3
CB1-3 0.59 0.44 0.36 0.26 6.76 0.64 0.47 2.93 1.26 1.67 22.3
AK1-3 0.58 0.46 0.43 0.33 6.53 1.44 0.96 11.5 2.14 0.06 1.41
BDS24 0.58 0.42 0.45 0.25 0.77 0.99 0.61 9.18 1.35 0.14 0.33
BDS14 0.59 0.41 0.48 0.26 0.99 0.93 0.58 8.43 1.92 0.16 0.82
LXS11 0.62 0.41 0.50 0.28 1.41 0.99 0.60 9.91 0.96 0.56 3.22
LXS15 0.59 0.40 0.54 0.31 1.47 0.87 0.53 13.9 1.76 0.31 4.02
LXS8 0.58 0.48 0.55 0.31 0.96 0.96 0.59 13.3 1.54 0.25 2.79
XXS10 0.60 0.44 0.50 0.27 2.00 1.01 0.65 12.1 1.71 0.67 4.47
XXS2 0.59 0.41 0.77 0.44 1.39 12.3 6.10 28.3 0.52 0.07 0.63
LLS25 0.56 0.46 0.78 0.44 1.20 14.2 6.62 29.9 0.27 0.14 0.40
LLS26 0.56 0.43 0.76 0.43 1.33 9.48 5.17 25.8 0.42 0.67 0.05
LLS5 0.56 0.43 0.77 0.44 1.14 10.8 6.12 15.2 0.39 0.01 0.15
HCS1 0.61 0.43 0.87 0.53 0.77 22.3 9.46 26.4 0.42 0.00 0.22
HCS13 0.59 0.47 0.86 0.51 0.49 16.8 8.52 29.3 0.60 0.32 2.31
HCS4 0.53 0.40 0.87 0.52 0.70 32.1 139 23.4 0.40 0.01 0.06
PXS22 0.59 0.47 0.47 0.26 1.40 1.06 0.66 9.29 1.62 0.21 2.08
PXS6 0.59 0.45 0.48 0.26 1.10 1.14 0.69 9.77 2.04 0.34 3.46
YPS9 0.53 0.46 0.78 0.43 0.73 8.16 4.57 18.5 0.58 0.01 0.37

Fq: (3-MP + 2-MP)/(1-MP + 2-MP + 3-MP + 9-MP); F: 2-MP/(1-MP + 2-MP + 3-MP + 9-MP); Pr/Ph: pristane/phytane; PhFR-1: 4-phenyldibenzofuran/2-phenyldibenzofuran; PhFR-2: 4-phenyldibenzofuran/(2-
phenyldibenzofuran + 3-phenyldibenzofuran); PhDBF: phenyldibenzofuran; 4-MDBF/1-MDBF: 4-methyldibenzofuran/1-methyldibenzofuran; PhDBFs: the sum of the absolute concentrations of 1-, 2-, 3- and 4-phenyl-
dibenzofurans; MDBFs: the sum of the absolute concentrations of 1-, 2-, 3- and 4-methyldibenzofurans.
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Fig. 2. Identification of the phenyldibenzofuran isomers in the coal.
Table 3

Thermodynamic properties of phenyldibenzofurans isomers. AE, AU, AH and
AG are expressed relative to the most stable isomer.

Isomer AE AU (kcal/mol) AH (kcal/mol) AG
(kcal/mol) (kcal/mol)
4-PhDBF 0.00 0.00 0.00 0.00
2-PhDBF 0.30 0.30 0.30 0.29
3-PhDBF 0.70 0.72 0.72 0.66
1-PhDBF 1.36 1.36 1.36 1.41

estimated to be higher than that of 2-PhDBF and 3-PhDBF, which is
consistent with the calculated thermodynamic result.

In this study, based on geochemical data and theoretical calculations,
the previously proposed PhDBF ratios (PhFR-1 = 4-PhDBF/2-PhDBF and
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1-PhDBF

0 )
1971

Q

3-PhDBF 4-PhDBF
(¢) (d)

Fig. 3. The geometric optimizations of: (a) 1-PhDBF, (b) 2-PhDBF, (c) 3-PhDBF
and (d) 4-PhDBF.
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Fig. 5. Correlations of: (a) PhFR-1, (b) PhFR-2 and vitrinite reflectance (%Ro) showing relationship trends of PhDBF ratios with increasing thermal maturity.

PhFR-2 = 4-PhDBF/(2-PhDBF + 3-PhDBF)) are potential maturity in-
dicators. Fig. 5 shows that PhFR-1 and PhFR-2 values of shales, car-
bonates (Marynowski et al., 2002; Yang et al., 2017) and coals exhibit
overall increases with rising thermal maturity, which can be divided into
two parts. For the coals and carbonates with maturities < 1.0 %Ro,
PhFR-1 and PhFR-2 both remain at low values, which are nearly con-
stant. Interestingly, PhFR-1 and PhFR-2 values obviously increase with
rising thermal maturity at high thermal maturity (> 1.0 %Ro). However,
for the shales, PhFR-1 and PhFR-2 values are nearly constant < 0.70 %
Ro and then gradually increase with increasing thermal maturity. This
difference between coals, carbonates and shales may be attributed to the
lithology. Previous studies proposed the distribution characteristics of
polycyclic aromatic compounds are thermodynamically controlled at
high thermal maturity and kinetically controlled at low thermal matu-
rity (Rospondek et al., 2009; Zhu et al., 2019, 2022). The increase in
PhFR-1 and PhFR-2 values suggests an increase in the content of the
more stable isomer (4-PhDBF) and a decrease in the content of less stable
isomers (2-PhDBF and 3-PhDBF). This can be attributed to the formation
mechanism of PhDBFs. The less stable isomer (2-PhDBF and 3-PhDBF)
due to the lower initial formation enthalpy is able to be formed at low
maturity (Yang et al., 2017; Zhu et al., 2019, 2022). With increasing
thermal maturity, the less stable isomers (2-PhDBF and 3-PhDBF) may
be degraded or probably transform into the more stable isomer (4-
PhDBF). Thus, the abundance of 4-PhDBF relative to 2-PhDBF and 3-
PhDBF displays an overall increase with increasing thermal maturity.

Fig. 5 shows that PhFR-1 and PhFR-2 of the coals in this study have
good linear relationships with the measured vitrinite reflectance (> 1.0
%Ro0). We preliminarily established the calibrations of PhFR-1 and
PhFR-2 against %Ro and the specific relationships are: %Rc = 3.0 x
PhFR-1/100 + 1.0 (> 1.0 %Ro) and %Rc = 7.0 x PhFR-2/100 + 1.0 (>
1.0 %Ro) with correlation coefficients (R?) up to 0.95 and 0.96,
respectively. This indicates PhFR-1 and PhFR-2 are good maturity in-
dicators at high levels of thermal stress.

4.3. Relationships between PhDBF ratios and selected molecular maturity
indicators

The C3; 22S/(22S + 22R) hopane ratio is a commonly used thermal
maturity parameter for immature to the early oil generation stages,
which reaches equilibrium at 0.57-0.62 (Seifert and Moldowan, 1980;
Peters et al., 2005). The Ca9 aoax 20S/(20S + 20R) sterane ratio is an
effective maturity indicator, whilst a ratio in the range of 0.52-0.55
suggests that the main phase of oil generation has been reached or
surpassed (Seifert and Moldowan, 1986). As can be seen from Fig. 6a,b,
PhFR-1 and PhFR-2 values both show increases when C3; 22S/(22S +

22R) hopane ratio reaches the equilibrium values (0.57-0.62). The
PhFR-1 and PhFR-2 values of the coals retain low constant values when
the Cy9 aox 20S/(20S + 20R) sterane ratio = 0.27-0.39. PhFR-1 and
PhFR-2 values also show increases with Cyg acx 20S/(20S + 20R) ster-
ane ratio = 0.40-0.49 (Fig. 6¢,d). Significantly, for the coal samples with
high maturity (> 1.0 %Ro), Ca9 aoar 20S/(20S + 20R) sterane ratios
(0.40-0.49) are lower than the equilibrium values (0.52-0.55). The
reason may be that high thermal maturity results in a decrease of Ca9 atotax
20S/(20S + 20R) sterane ratio (Peters et al., 1990). These results are
consistent with the trend of PhFR-1 and PhFR-2 values with increasing
vitrinite reflectance, which suggests that PhFR-1 and PhFR-2 are
particularly useful maturity indicators at higher levels of thermal stress
where Cz; 22S/(22S + 22R) hopane and Cg9 aaax 20S/(20S + 20R)
sterane ratios are not available.

Kvalheim et al. (1987) proposed the methylphenanthrene (MP) dis-
tribution fractions (F; and F3) as effective maturity indicators for coals,
which can be expressed as F; = (3-MP + 2-MP)/(1-MP + 2-MP + 3-MP
+ 9-MP) and F3 = 2-MP/(1-MP + 2-MP + 3-MP + 9-MP). Fig. 6e-h show
that PhFR-1 and PhFR-2 values of the coals both display overall in-
creases with increasing F; and F; values, which contain two parts. The
PhFR-1 and PhFR-2 values of the coals remain at a low constant value at
F1 = 0.21-0.55 and F; = 0.13-0.35 (< 1.0 %Ro). Notably, PhFR-1 and
PhFR-2 values then gradually increase with increasing F; and F, values
(F1 > 0.55 and F3 > 0.35) after 1.0 %Ro. The observed phenomena are
identical to the trend of PhFR-1 and PhFR-2 values with increasing
vitrinite reflectance. Thus, PhFR-1 and PhFR-2 are correlated with the
widely used thermal maturity parameters, suggesting that they are in-
dicators for quantitatively assessing thermal maturity.

4.4. Comparison of phenyldibenzofurans and methyldibenzofurans

In order to investigate the generative mechanism of PhDBFs in the
geosphere, the distribution patterns of PhDBFs and MDBFs were
compared. Fig. 7 illustrates the comparison of the 4-PhDBF/1-PhDBF
and 4-MDBF/1-MDBF ratios to the vitrinite reflectance. The 4-MDBF/
1-MDBF ratios of mudstones, shales and coals from Radke et al.
(2000) and the present study exhibit overall decreases with increasing
thermal maturity, which can be divided into two parts (Fig. 7a). There is
no evident regular trend for 4-MDBF/1-MDBF with increasing thermal
maturity at 0.60-0.80 %Ro. Significantly, 4-MDBF/1-MDBF ratios
gradually decrease with the increase of vitrinite reflectance > 0.80 %Ro,
which is inconsistent with phenomenon observed by Li et al. (2011,
2018). 4-MDBEF is thermodynamically more stable than 1-MDBF (Radke
et al., 2000; Li et al., 2011), causing the increase of 4-MDBF/1-MDBF
with increasing thermal maturity, which contradicts the result of this
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Fig. 6. Correlations of C3; 225/(22S + 22R) hopane, Cy9 aaa 20S/(20S + 20R) sterane, Fq, Fo and PhDBF ratios of the coals showing the relationships between

PhDBF ratios and the other widely used thermal maturity indicators.

study. These observations illustrate that the main controlling factor for
the distributions of 4-MDBF and 1-MDBF may not be thermal maturity.
However, contrary to the behavior of 4-MDBF/1-MDBF, the 4-PhDBF/1-
PhDBF values of carbonates and shales from Marynowski et al. (2002)
and coals from this study exhibit general increases with the rising vit-
rinite reflectance values (Fig. 7b). This phenomenon suggests that the
relative abundances of 1-PhDBF and 4-PhDBF are controlled by the

thermal maturity and 4-PhDBF is more stable than 1-PhDBF, which is
consistent with the calculated thermodynamic data. However, 4-
PhDBF/1-PhDBF is difficult to use as a maturity parameter due to the
low abundance of 1-PhDBF. These results suggest that PhDBFs do not
behave to the same as MDBFs with increase in thermal maturity. This is
most likely attributed to their different formation mechanisms.

The absolute concentrations of PhDBFs and MDBFs with Pr/Ph were
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combined in order to study their depositional environments of their
formations due to Pr/Ph been widely representative of the paleo-redox
property of ancient environments (Didyk et al., 1978; Hughes et al.,
1995). Fig. 8a illustrated that the coals from the Xihu Depression with

high Pr/Ph ratios (4.95-8.82) have high absolute concentrations of
MDBFs (1.41-32.3 pg/g Corg). In contrast, the coal samples collected
from the Ordos Basin, the absolute MDBFs concentrations are very low
(0.05-4.08 pg/g Corg), which are characterized by lower Pr/Ph values (<
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2.0). This suggests oxic conditions may contribute to the generation of
MDBFs, which is consistent with previous studies (Fan et al., 1991;
Radke et al.,, 2000; Li and Ellis, 2015). Interestingly, the observed
behavior of PhDBFs is similar to that of MDBFs. The absolute concen-
trations of PhDBFs display a general increase with increasing Pr/Ph
value (Fig. 8b). This indicates that an oxic sedimentary environment is
likely more beneficial to the generation of PhDBFs. Although we did not
make the formation mechanism of PhDBFs clear in this paper, the sim-
ilarities of MDBFs and PhDBFs under different formation environments
and their different behaviors with increasing thermal maturity are
presented.

4.5. Origin of phenyldibenzofurans

The formation mechanism and origins of PhDBFs are still contro-
versial. Marynowski et al. (2002) suggested that PhDBFs might be
formed during diagenetic/catagenetic oxidation since sedimentary
rocks affected by hydrothermal fluids have significant concentrations of
PhDBFs. However, Grafka et al. (2015) found that the shales affected by
hydrothermal oxidation contain very low concentrations of PhDBFs.
Interestingly, the absolute concentrations of PhDBFs in the coals from
the Xihu Depression are high, which were not altered by hydrothermal
fluids. However, PhDBFs occur in the coals from the Ordos Basin with
relatively low concentrations, which were affected by hydrothermal
oxidation. The results show that the generative mechanism of PhDBFs is
not mainly controlled by hydrothermal fluid alteration. Notably, most
rock samples in the study of Marynowski et al. (2002) are characterized
by low maturities (< 0.70 %Ro), while the samples reported by Grafka
et al. (2015) are highly mature with vitrinite reflectances > 1.13 %Ro.
This demonstrates that thermal maturity may be the main controlling
factor in the formation of PhDBFs.

The absolute concentrations of MDBFs and PhDBFs were compared
with increasing vitrinite reflectance in order to discuss the origin of
PhDBFs. The MDBFs concentrations in less mature coals (< 0.70 %Ro)
are very high, while MDBFs concentrations rapidly decrease with
increasing vitrinite reflectance (> 0.90 %Ro) (Fig. 9a). Interestingly, the
behavior of PhDBFs is similar to MDBFs. The coals with maturities <
0.70 %Ro contain high abundances of PhDBFs, and then follow a general
decrease with increasing thermal maturity (> 0.9 %Ro) (Fig. 9b). The
results indicate that MDBFs in coals are likely formed during the dia-
genesetic or early catagenesis stages and degrade or transform into other
compounds during the high maturity stage.

Marynowski et al. (2002) proposed that PhDBFs may be in-
termediates in the process of transformation of dibenzofuran (DBF) into
more complex heterocyclic aromatic compounds, for example triphe-
nyleno[1,12-bcd]furan and benzobisbenzofuran. Coincidentally, we
detected triphenyleno[1,12-bcd]furan and benzobisbenzofuran with
high abundances in the coals with high thermal maturity (> 1.0 %Ro).
However, these compounds are absent in the coals with low thermal
maturity (< 0.70 %Ro). These observations demonstrated that PhDBFs
may be formed during diagenetic and early catagenetic period, and are
intermediates in the generating processes of more condensed aromatic
compounds at high thermal maturity, e.g., triphenyleno[1,12-bcd]furan
and benzobisbenzofurans. More work should be conducted to have a
deeper insight into the geochemical fate of PhDBFs.

5. Conclusions

All four PhDBF isomers have been unequivocally identified in coals
for the first time by injection of commercially available standards.
PhDBF isomers occur in all coals from the Xihu Depression and the Ordos
Basin. For high maturity coals (> 1.0 %Ro), the abundances of 2-PhDBF
and 3-PhDBF relative to 4-PhDBF show general increases with
increasing thermal maturity. Judging from the thermodynamic stabil-
ities and distributions of PhDBFs in the coals, the previously proposed
PhDBF ratios (PhFR-1 and PhFR-2) are useful maturity indicators at
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higher levels of thermal stress. Two preliminary calibrations of PhDBF
ratios against the measured %Ro were established as follows: %Rc = 3.0
x PhFR-1/100 + 1.0 (> 1.0 %Ro) and %Rc = 7.0 x PhFR-2/100 + 1.0
(> 1.0 %Ro) and their correlation coefficients are up to 0.95 and 0.96,
respectively. PhFR-1 and PhFR-2 have good correlations with previously
widely used thermal maturity indicators, for example C3; 22S/(22S +
22R) hopane, Cgo9 o 20S/(20S + 20R) sterane, F; and Fy. 4-PhDBF/1-
PhDBF generally increases with rising thermal maturity, while 4-MDBE/
1-MDBF decreases. The oxic depositional conditions may have contrib-
uted to the generation of MDBFs and PhDBFs. PhDBFs in coals have a
diagenesis/catagenesis origin and may be the intermediates in the for-
mation of triphenyleno[1,12-bcd]furan and benzobisbenzofurans. This
paper attempts to provide a better understanding of occurrence and
origin of PhDBFs in sediments.
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