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Abstract. Quantitative C direct polarization/magic angle spinning (DP/MAS)
solid-state nuclear magnetic resonance (SSNMR) was used to characterize
type [ kerogen isolated from Huadian oil shale. The DP/MAS results showed
that this kerogen was highly aliphatic and its aromaticity (f) was as low as
20.23%. The average aliphatic carbon chain length (Cn), average aromatic
cluster size (C) and substitute degree of aromatic rings (o) were calculated. The
NMR-derived H/C and O/C atomic ratios (R, and R ) obtained by DP were
in agreement with the corresponding results of ultimate analysis, indicating
the accuracy of DP for quantification. Besides, using varying contact times
cross polarization (CP) spectra were obtained at the same MAS frequency as
the DP spectrum. Regardless of contact time, the aromaticities derived from
CP were much lower than that from DP. Consequently, the R, . value from
CP was significantly higher than that of ultimate analysis. The contribution
of spinning sidebands could be ignored with the MAS frequency up to 10 kHz.
It is concluded that DP with a high MAS frequency is necessary for gaining
quantitative structural information about kerogen, especially for its molecular
modeling.

Keywords: type I kerogen, molecular structure, solid-state nuclear magnetic
resonance, quantification, direct polarization.

1. Introduction
Oil shale is a sedimentary rock containing organic matter finely disseminated

in the mineral matrix of the shale, and the organic matter exists mainly in the
form of kerogen, from which shale oil, a substitute for conventional crude oil,
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can be produced upon pyrolysis [1]. The chemical structure of kerogen not
only has a fundamental influence on the yield, properties and composition of
shale oil, but also determines some subproblems such as semi-coke properties
[2] and pollutant emission [3]. Unfortunately, kerogen is an extremely complex
mixture of macromolecules [4] and is insoluble in common organic solvents
[1], making it very difficult to obtain information about its microstructure. In
view of this, many techniques, such as solid-state nuclear magnetic resonance
(SSNMR), X-ray photoelectron spectroscopy (XPS), Fourier transform
infrared (FTIR), etc., have been applied to the characterization of kerogen
[5-11].

13C SSNMR spectroscopy is one of the most powerful techniques that has
been used to study kerogen [12]. The most popular technique employed for
carrying out 3C SSNMR studies is cross polarization (CP), which enhances
the *C NMR sensitivity and reduces the measuring time via transferring
polarization from abundant 'H spins to dilute *C spins [13]. In combination
with the magic angle spinning (MAS) technique, which removes the line
broadening caused by chemical shift anisotropy (CSA) and inter-nuclear
dipolar coupling, the recorded CP/MAS spectra mostly demonstrate improved
resolution with enhanced sensitivity. With the advantages of wide chemical
shift range and according to the information on the '3C chemical shifts-based
fingerprints of functional groups, *C CP/MAS NMR is especially suitable for
the structural characterization of complex organic matter like kerogen [5, 8,
14-16].

Recently, based on the data of *C CP/MAS NMR, several works have
been conducted using molecular dynamic or quantum chemical calculations
[17-21] to build three-dimensional macromolecular models of kerogens and
to analyze the relevant reaction mechanism. In theory, such studies require
highly accurate experimental data because of the sensitivity of simulation
results to the structural parameters of the models [19, 20, 22]. However, the
quantification of CP/MAS for kerogen has been a controversial issue for a
long time [23-28]. The major problem is that all the acquired carbon signals in
CP/MAS spectra demonstrate unequal '"H—"*C CP enhancement factors. The
non-protonated carbons and mobile components commonly present reduced
CP efficiencies. As a consequence, the fraction of aromatic carbons can be
greatly underestimated by CP[24, 25, 29]. Besides, another essential factor that
makes CP/MAS spectra non-quantitative for kerogen is spinning sidebands.
When the MAS frequency is markedly lower than the CSA of a specific carbon
unit, the spinning sidebands show up in the spectra, reducing the intensity of
the centerband and overlapping with the other carbon resonances. Therefore,
CP/MAS spectra are not quantitative and are applicable only for qualitative
and semiquantitative analyses.

Direct polarization/magic angle spinning (DP/MAS) at a sufficiently high
spinning frequency is a quantitatively reliable technique, in which direct
polarization (DP), also known as single pulse excitation (SPE) or Bloch
decay (BD), is used to excite carbon nuclei directly with a 90° radiofrequency
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pulse rather than magnetization transfer from 'H spins and to show signals
of all carbon types in true proportions. In addition, fast MAS can remove
the influence of spinning sidebands. Despite the advantage of quantification,
only a few 3C DP/MAS NMR studies on kerogen have been published
[27, 30-32] because DP/MAS experiments are much more time-consuming
than CP/MAS experiments. Fortunately, the '*C spin-lattice relaxation time
(T, ) for most natural organic matter samples is not very long [33, 34].
Generally, a quantitative DP/MAS spectrum with a reasonable signal to noise
ratio can usually be obtained within 15 h [28], which is acceptable when
accurate structural parameters of kerogen are needed.

In this study, *C DP/MAS NMR at a sufficiently high spinning frequency
is used for gaining accurate structural information on type I kerogen isolated
from Huadian oil shale. In addition, CP spectra using three different contact
times are also recorded. The structural parameters derived from CP are
compared with those from DP in parallel. The results show that DP is reliable
and necessary for a quantitative characterization and molecular modeling of
kerogen.

2. Experimental section

2.1. Kerogen sample description

The kerogen analyzed in this study originates from the oil shale sample taken
from Dachengzi mine located in Huadian city, China. In order to isolate
kerogen, the shale sample was crushed and sieved to a size range of 0—0.25 mm,
and then demineralized with HCI/HF by the standard procedure described
by Durand and Nicaise [35]. The results of ultimate analysis of kerogen are
given in Table 1. The kerogen purity was determined to be 96.8% by summing
up the contents of the fractions of carbon, hydrogen, oxygen, nitrogen and
sulfur (CHONS). According to the H/C vs O/C atomic ratio, Huadian oil
shale kerogen belongs to type I, which suggests its high aliphaticity and low
aromatic structures content [1].

Table 1. Ultimate analysis of Huadian oil shale kerogen, wt%, dry ash free basis

C 72.17
H 9.48
O? 11.77
N 1.38
i 1.98
H/C* 1.576
o/Ce 0.122

@ organic oxygen, ° total sulfur, © atomic ratio
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2.2. SSNMR experimental conditions

Solid-state nuclear magnetic resonance experiments were performed on a
Bruker AVANCE III HD 400 spectrometer operating at a Larmor frequency
of 100.64 MHz for "*C. The instrument was equipped with an H/X double-
resonance magic-angle spinning probe, supporting the MAS rotor having a
4 mm outer diameter. The MAS frequency for all the experiments was 10 kHz.
The quantitative 3C DP/MAS NMR experiment was performed using a
4.6-ps (90°) BC pulse corresponding to 54.3 kHz rf frequency. The spectra
were accumulated with 4096 scans. The recycle delay was 50 s, which was
determined to ensure that all the *C nuclei were fully relaxed. *C CP/MAS
NMR spectra were acquired using three different contact times: 0.5, 1 and
2 ms. The rf frequency for the 'H 90° pulse was 62.5 kHz, corresponding
to the pulse length of 4 ps. 3072 scans were collected for each CP/MAS
spectrum, with a 3-s recycle delay between the scans. The sweep width for
both CP and DP spectra was 40 kHz and each free induction decay (FID)
contained 1218 data points, corresponding to the acquisition time of 15 ms.
After data acquisition, all the FIDs were zero-filled to 32768 data points and
processed using a Lorentz-to-Gaussian window function with a Lorentzian
line broadening of 1 Hz and a Gaussian maximum position of 0.01. The *C
chemical shifts were referenced with respect to tetramethyl silane (TMS)
using solid adamantane (*C, 29.46 ppm) as a secondary reference.

The decomposition and fitting of *C NMR spectra were performed using
the DMFIT program [36] to determine the relative proportion of different
carbon types. Gaussian/Lorentzian lines were used for fitting. The intensities,
widths at half-maximum and Gaussian/Lorentzian ratios were optimized
to give the best fit to the experimental spectra. The relative content of each
carbon unit was calculated by the peak areas, which were given automatically
by the program.

3. Results and discussion

3.1. Band assignments in a quantitative *C DP/MAS NMR spectrum

A quantitative *C DP/MAS NMR spectrum is shown in Figure 1a. The spectrum
displays the features of type I kerogen, with a strong narrow band at ca 30 ppm
and a weak broad band at ca 130 ppm, corresponding to sp*- and sp*-hybrid-
ized carbons, respectively, which is consistent with previous studies [16, 37].
With reference to relevant literature [5, 15, 16], seven aliphatic carbon types
and six aromatic units were identified. The assignments of carbon resonances
are summarized in Table 2. Remarkably, two weak bands at 25.5 ppm
and 33.2 ppm covered by the main methylene band (30.6 ppm) were also
assigned to methylene carbon, considering that part of the methylene carbon
was affected by substituent electronegativity or y-gauche effect. Likewise, the
bands at 39.3 ppm and 43.9 ppm were assigned to methine carbon.
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Aromatic Aliphatic

200 150 100 50 0 —50 ppm

Fig. 1. Solid-state '*C NMR spectra of Huadian oil shale kerogen obtained by DP (a)
and CP using contact times (Z.,) of 2 ms (b), 1 ms (c) and 0.5 ms (d). The spectra are
scaled to an identical intensity of the main aromatic peak for a quantitative comparison
between CP and DP spectra.

Quaternary aliphatic carbon and C = C groups have been introduced
into several previously proposed kerogen models [19, 38, 39]. However,
the fast pyrolysis study of Huadian oil shale by Huang et al. [40] shows that
no adamantane-like structures exist in the pyrolysis products and almost all
alkenes generated are a-alkenes, indicating that the content of quaternary
aliphatic carbon and C = C groups in the kerogen is negligible. Thus, no
carbon resonance was assigned to them.

Besides, carbon units of O—C-0, such as anomeric, methylenedioxy, etc.,
were excluded from band assignments since O—C—O groups are generally
not present in kerogen, except for the extremely immature kerogen with an
exceptionally high O/C atomic ratio, ca 0.30 [14, 31]. Considering this, it
is reasonable to assume that at most one oxygen atom is bound to the same
carbon atom by a single bond, e.g., methoxy, alcohol, phenolic, in this kerogen.
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- — —Fitting spectrum

Experimental spectrum

- — —Fitting spectrum

Experimental spectrum
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————
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Fig. 2. The fitting spectrum and simulated peaks of *C DP/MAS NMR spectrum (a)
and *C CP/MAS NMR spectra using contact times of 2 ms (b), 1 ms (c) and 0.5 ms

().

3.2. Fractions of carbon units

Since the DP spectrum exhibits all carbon signals in the correct proportions, the
relative areas of carbon bands, i.e. the ratios of the integrated band intensities
to the integrated intensity of the entire spectrum, are equal to those of the
fractions of carbon units. Spectral decomposition and fitting were performed
to determine the area of each carbon type because of the band overlapping.
The simulated peaks were arranged according to the carbon resonance
assignments (Fig. 2a). As the three resonances in the regions of 0—90 ppm
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(aliphatic carbons), 90-200 ppm (aromatic and carboxyl carbons) and
200-220 ppm (carbonyl carbon) did not overlap with each other, an accurate
area of each band group was obtained by integration. The fitting of the
DP spectrum was performed separately in the first two regions for a rapid
convergence of iterations. The fitting spectrum reproduces the features of the
experimental spectrum satisfactorily, as shown in Figure 2a. The widths of all
the simulated peaks are within a reasonable range. The normalized areas of the
simulated peaks are given in Table 2.

3.3. Structural parameters of kerogen

Compared with the fractions of carbon types, structural parameters can better
describe the features of kerogen structure [8, 41]. The structural parameters
used in this work are listed in Table 3 along with their definitions. The
parameters were calculated using the carbon type fractions derived from the
DP spectrum. The values of the structural parameters are presented in Table 4.
As expected, the kerogen structure is dominated by aliphatic carbon units, and
its aromaticity (f)) is only 20.23%.

Table 3. Definitions of structural parameters of kerogen

Structural parameter ~ Character Definition

Aromaticity iA So= O[O+ S SR 2410

Aliphaticity Ja Sa=Lat i+ L+ L+ fa+ f A

Average aliphatic SO £S5, £0) < SO, S

carbon chain length Cn Ja /(fa ot )_Cn_f"‘ /(f"‘ 1, )

Substitute degree of SO, £S, 40

. o =

aromatic rings 7 (f‘"‘ ot )/f“

Average carbons _ _~ 4B

per aromatic cluster ¢ C=6/, /(f"’ 2/ )

H/C atomie ratio 2 Ruc =3( 313 )+ 2( S+ L4 S VL2 S+ 102+ oo
from NMR e

O/C atomic ratio R, (fa?2+ AR )/ 242 feootSeoSRoc S+ 2 co0H eo
from NMR c

The substitute degree of aromatic rings (c) not only reflects the structural
characteristics of kerogen, but also has a clear relationship with the thermal
maturity as the o value decreases with increasing aromaticity [8]. Similarly
to other kerogens at low thermal maturity level, Huadian oil shale kerogen
has a high substitute degree of aromatic rings. The ¢ value of 0.51 indicates
that about half the aromatic carbon atoms are substituted, suggesting that the
three-dimensional network of kerogen is highly crosslinked.

The average aliphatic carbon chain length (Cn) was calculated using the
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Table 4. Structural parameters of Huadian oil shale kerogen derived from DP
and CP *C NMR

Method
contact
(time) S % S %o Cn o c Riyc Roc
DP 20.23 77.37 7.5-12.1 0.51 8.50 1.572 0.086-0.131

CP (2 ms) 14.81 83.51 12.1-31.2 047 8.74 1.707 0.058-0.085
CP (1 ms) 12.32 85.54 13.1-39.2 053 9.23 1.724 0.065-0.095
CP(0.5ms) 9.95 88.32 14.2-248 0.63  9.19 1.737 0.069-0.108

Model 20.13 77.15 7.36 0.54 8.0 1.572 0.101

total amount of aliphatic carbons. Accordingly, its definition is not limited
to the length of the straight carbon chain. It is not feasible to determine the
value of Cn due to the uncertainty of the type of the oxygen attached to the
oxy-aromatic carbon. Nevertheless, assuming that all or none of these oxygen
atoms are bonded to aliphatic carbon chains on the other side, the lower and
upper limits of Cn can be obtained. As seen from Table 3, Cn indicates the
length of side chains of about 10 carbon atoms on average and that of bridges
between two different aromatic clusters of about 20 carbon atoms. The length
of bridges should be much greater than that of side chains because kerogen
has a highly crosslinked molecular structure. Therefore, the aliphatic chains
contain slightly less than 20 carbon atoms on average. This is consistent with
the results of fast pyrolysis experiments, which show that at 600-700 °C,
most alkanes and alkenes in the shale oil products contain around 20 carbon
atoms [40]. The Cn values reported in previous studies on Huadian oil shale
kerogen [16, 19, 37, 38] were higher than the Cn value obtained in the current
research because CP underestimated the aromaticity and the average chain
length was defined differently.

The average number of carbons per aromatic cluster (C) was defined on
the assumption that the aromatic cluster size does not exceed two rings. Since
Huadian oil shale kerogen mainly possesses aromatic clusters of 1-2 rings
referring to the fast pyrolysis studies [40, 42], the C value calculated by the
equation given in Table 3 is accurate enough. The C value of 8.5 indicates that
there are slightly more naphthalene units in this kerogen than benzene units.

The definition of H/C atomic ratio (R, .) derived from "C NMR is presented
in Table 3. For this definition, we assumed that all -COO groups were present
in the form of carboxyl (-COOH) and that other hydrogen-containing groups
such as hydroxyl and amino could be ignored. As the content of all these
groups in Huadian oil shale kerogen is low [16] and these two assumptions
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have competing effects on the H/C atomic ratio, R, . can effectively provide
a semiquantitative result of the H/C atomic ratio. The R, . value given by DP
(see Table 4) is in excellent agreement with the ultimate analysis result.

Oxygen-containing functional groups play an important role in the
chemical stability of kerogen structure and the connection between kerogen
and other components of oil shale [38, 43]. The organic oxygen content can be
roughly estimated by the fractions of oxy-carbons, although the exact amount
of organic oxygen cannot be obtained due to the unknown content of etheric
carbon and hydroxyl [5 8]. Given that the carbon atoms bound to oxygen
by single bonds (f$%, £, f9?) are all present in ethers or are all attached to
hydroxyls (as discussed in Section 3.1, no O—C—O exists in Huadian kerogen),
the range of R . is defined (see Table 3). The DP-derived R . value (see Table
4) is consistent with the ultimate analysis result.

3.4. Quantitative reliability of DP/MAS spectrum

Experimental parameters, such as recycle delay and spinning frequency, have
an important effect on the quantification of DP/MAS experiments. These
parameters need to be set carefully to ensure the quantitative reliability of the
DP spectrum.

3.4.1. Recycle delay

To gain the quantification for the DP spectrum, the recycle delay must be
ca five times as long as the longest *C spin-lattice relaxation time (T,0)
of the sample. In solid samples, the longest T . can be as long as tens of
seconds or even longer [44]. This implies that DP measurements require
extremely long experimental time to achieve favorable signal to noise ratios.
However, Huadian oil shale kerogen is a low maturity kerogen with high
H/C and O/C atomic ratios, which indicates that there are more protons and
paramagnetic oxygen near the '*C nuclei of each carbon type in this kerogen
[44]. Consequently, the "*C relaxation rates are accelerated by the strong
dipole-dipole interaction. In this case, the longest T, . is generally within 10 s
[31, 45]. Correspondingly, the recycle delay of 50 s for the DP spectrum is
sufficiently long for quantitative purposes.

3.4.2. MAS frequency

If the magic angle spinning frequency is small compared with the chemical
shift anisotropy, spinning sidebands can be observed in the spectra, which
reduce the centerband intensities and overlap with other signals. Previous
BC NMR experiments performed in a 400 MHz spectrometer often used a
MAS frequency of 5 kHz [16, 19, 37]. Since the MAS frequency is not high
enough compared with the CSAs of the two types of '*C nuclei, the intensities
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of both the aromatic and aliphatic centerbands are weakened. Moreover, the
band intensities of the oxy-carbon at 80 ppm and 180 ppm will be increased
because of the overlap of the sidebands. Since the oxy-carbon intensities are
usually low, the bands at these two chemical shifts will show a certain degree
of symmetry if the aromatic sidebands are of relatively high intensity [16].
The aliphatic oxy-carbon band at 80 ppm is likely to be more severely affected
as long as both the aliphatic and aromatic sidebands have a considerable
intensity [37]. As a result, the intensities of oxy-carbon bands relative to the
aromatic band are overestimated.

In the present study, a spinning frequency of 10 kHz is applied to remove
the influence of sidebands. Since the spinning frequency is much greater
than the CSAs of aliphatic *C nuclei, which are within 50 ppm [46] in our
case, the intensity of aliphatic sidebands is negligible. For the aromatic
centerband at 130 ppm, the most aromatic '*C nuclei have a CSA value of
about 100 ppm [46], which is comparable to the spinning frequency value.
Hence, the aromatic sidebands can be reduced to an acceptable intensity [23].
Additionally, corresponding to the spinning frequency of 10 kHz and the *C
Larmor frequency of 100 MHz, an aromatic sideband should be at 30 ppm
(the others at multiples of 100 ppm from the centerband can be ignored
because of their low intensities or no overlap with the regular signals) where
the methylene band is extremely strong and largely unaffected. There is no
observable sideband at —70 ppm and 230 ppm, which also suggests that the
sidebands are substantially removed. The MAS frequency of 10 kHz should
be considered as the minimum value for obtaining a quantitative DP/MAS
spectrum of low aromaticity kerogens. For kerogen of higher aromaticity, a
MAS frequency of 14 kHz or higher is more suitable [31].

3.5. Comparison of CP and DP spectra

As shown in Figure 1, the aliphatic signals in the CP spectra are much stronger
compared with the DP spectrum. For the quantification process of the CP
spectra the same methods were used as for the DP spectrum. The deduced
structural parameters are listed in Table 4. The distribution and widths of the
simulated peaks for the CP spectra are similar to those of the DP spectrum
(Fig. 2), which ensures that the structural parameters derived from these two
techniques are comparable.

Consistent with the intensities of the main peaks in each spectrum, the
CP spectra provide evidently higher values of aliphaticity (f ), Cn and R, .
than the DP spectrum, depicting kerogen structures with more and longer
aliphatic carbon chains. On the other hand, all the f, values obtained from
the CP spectra are much lower than the f, value from the DP spectrum. These
findings indicate that the CP/MAS experiments underestimate the amount
of aromatic carbons because of the insufficient polarization transfer from 'H
spins to aromatic *C spins.

Although the CP-derived aromaticity increases from 9.95% to 14.81% as
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the contact time increases from 0.5 ms to 2 ms, an accurate aromaticity cannot
be obtained by further increasing the contact time. With contact times shorter
than 2 ms, the polarization transfer from 'H spins to aromatic '*C spins is
quite insignificant, which arises from the long polarization-transfer time (T )
of aromatic *C nuclei. Consequently, the aromatic carbon intensity benefits
more from the increasing contact time. However, experiments using variable
contact times show that both the aliphatic and aromatic signals decrease due
to the proton rotating-frame spin-lattice relaxation effect [23, 29]. Especially
with a contact time exceeding 2 ms, the relative intensities of these signals
tend to remain constant [47]. In fact, the long T, of aromatic "*C nuclei is not
the main reason for the loss of the aromatic signal in CP [23]. This is especially
true for the present sample, in which the aromatic T, is relatively short
due to the small aromatic cluster size. On the other hand, the paramagnetic
centers such as organic radicals, paramagnetic oxygen and Fe [16] in the low-
maturity kerogen under study are of high content and are mainly located in
the aromatic regions, which greatly shortens the aromatic proton rotating-
frame spin-lattice relaxation time (T, ) and reduces the polarization transfer
to the aromatic carbon [23, 44]. As a consequence, a portion of the aromatic
carbon content is undetectable in CP, which means that CP underestimates the
aromaticity regardless of the contact time. The paramagnetic centers have a
minor influence on the DP experiment because usually more than 80% of the
potential *C signals can be detected in these experiments with low-maturity
samples, indicating the quantitative reliability of this technique [27].

Moreover, the ¢ values from the CP spectra show a significant uncertainty
due to their high dependence on the contact times used in CP. All the C
values determined from the CP spectra are slightly higher than the C value
derived from the DP spectrum, which indicates that a much smaller number
of aromatic clusters in the kerogen model of a certain size will be obtained
from the CP spectra, given that the f, value is lower. The results of R, . show
that the amount of organic oxygen is underestimated by CP, probably because
part of the oxy-carbon is not sufficiently polarized in CP. The underestimated
organic oxygen content suggests fewer reaction sites in the kerogen structure
derived from CP spectra.

There is a close relationship between the H/C atomic ratio and aromaticity.
A higher aromaticity usually means a lower H/C atomic ratio and vice versa.
The R, derived from DP is very close to that from the ultimate analysis,
which suggests the accuracy of DP aromaticity. At the same time, all the CP
spectra give a much higher R, . value than ultimate analysis, which may be
explained by the underestimation of aromaticity by the former. A previous
modeling study of Huadian oil shale kerogen by Tong et al. [20] shows the
effect of the contradiction between the aromaticity from C NMR and the
H/C atomic ratio from ultimate analysis. The kerogen models are based on the
BC CP/MAS NMR spectrum with a 5-kHz spinning frequency, which gives
a much lower aromaticity (f, = 9.7%) than the DP/MAS spectrum [16], and
even lower than the CP/MAS spectra in the current study due to the low MAS
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frequency. In this case, the aromaticity and H/C atomic ratio of the models
cannot match the experimental data simultaneously. As a consequence, the
models are a compromise between these two parameters and cannot accurately
reflect the kerogen structure.

Furthermore, if the CP-derived kerogen models are used in its simulation
studies, the behavior of the models will be severely affected by the inaccurate
aromaticity and H/C atomic ratio because these parameters determine the
overall characteristics of the molecular models [22]. This will lead to the
misunderstanding of the reaction mechanism of the kerogen pyrolysis and
combustion. Therefore, DP/MAS at a high spinning frequency is necessary for
the characterization of kerogen, especially when the results are used as a data
source for its modeling.

3.6. Approximate molecular model

Based on the DP NMR results, an approximate molecular model of kerogen
(Fig. 3) was built to present its structural features and validate the consistency
of the respective data. The chemical formula of the model is C, .H,, O, and
the molecular mass is 7248. Most of the functional group fractions and the
structural parameters of the model (see Table 2 and Table 4) are well matched
with the experimental results, indicating the accuracy of the model and the

rationality of the spectral fitting.

Fig. 3. An approximate molecular model of Huadian oil shale kerogen. The

chemical formula is C g IO
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4. Conclusions

In this study, direct polarization and cross polarization '*C solid-state nuclear
magnetic resonance spectra were obtained and spinning sidebands were
avoided by applying a high magic angle spinning frequency of 10 kHz. The
quantitative DP results show that the Huadian oil shale kerogen is highly
aliphatic and its aromaticity is low, 20.23%. Consistent with this, the kerogen
has a great average aliphatic carbon chain length (Cr ~ 10) and a small average
aromatic cluster size (C = 8.5). The substitute degree of aromatic rings is as
high as 0.51, suggesting that the three-dimensional network of the kerogen
is highly crosslinked. The H/C and O/C atomic ratios derived from DP are
in agreement with ultimate analysis results, which suggests the quantitative
reliability of this technique.

All 3C CP/MAS NMR spectra greatly underestimate the aromaticity of
the kerogen. The other structural parameters given by CP are also evidently
different from the corresponding results from DP. The CP-derived H/C atomic
ratios are much higher than the respective ratio from ultimate analysis, which
gives evidence of the unsuitability of CP for a quantitative characterization
of kerogen. It is concluded that when quantitative structural information on
kerogen is needed, especially for molecular modeling, DP and a high MAS
frequency are necessary.
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