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ABSTRACT: Carbon structures are important for converting coal into
chemical products and carbon materials. Solid-state 13C nuclear magnetic
resonance (NMR) spectroscopy is a powerful approach for determining the
structural characteristics of carbon in coal. However, there is much controversy
regarding the quantitative reliability of typical cross-polarization magic angle
spinning (CP/MAS) 13C NMR experiments of coal. This study systematically
investigated the effect of one of the important factors, CP contact time, using
six different coal types with Vdaf values ranging from 6% to 44%. A series of
experimental results at variable contact times from 0.01 to 10 ms indicated that
aromatic and aliphatic carbons undergo polarization transfer at different rates,
and the nonprotonated carbon of aromatic groups polarized 2−3 times more
slowly than that of aliphatic groups. It is challenging for a single CP/MAS 13C
NMR experiment with coal to ensure that each type of carbon is sufficiently
polarized before the signal decay of the proton spin−lattice relaxation. As a potential quantitative indicator, the initial magnetization
intensity independent of contact time was obtained using a classical five-parameter model for CP dynamics, and the initial
aromaticity was further calculated. A linear correlation between the apparent and initial aromaticity was introduced into a calibration
method of model compounds to refine the effect of contact time. The modified carbon structural parameters of the coal samples
showed better agreement in terms of the H/C atomic ratio, Fourier transform infrared spectroscopy, and empirical aromaticity
formulas. These results will help to provide a convenient reference for the quantitative analysis of the carbon structure in coal.

1. INTRODUCTION
Coal is an essential fossil fuel and a chemical resource with a
high carbon content and heterogeneous structures. With
increasing requirements for carbon neutrality, coal utilization
is gradually changing from traditional combustion for power
generation to clean and efficient multilevel development.1−5

The chemical structure of coal determines its reactivity during
the conversion process; in particular, the carbon skeletal
structure dominates the evolution of the main organic
products.6−9 Solid-state 13C nuclear magnetic resonance
(NMR) spectroscopy is a powerful nondestructive approach
for determining the structural characteristics of various
carbonaceous materials. The development of cross-polarization
(CP) and magic angle spinning (MAS) technologies in the
1970s10,11 enabled the convenient and effective application of
13C NMR spectroscopy in solid fuels with complex
components, such as coal. In the CP experiments, the
magnetization signal of the 13C nucleus was enhanced by the
polarization transfer from protons to carbon, and the MAS
conditions eliminated the effect of chemical shift anisotropy for
solid substances. The rapid rotating sideband of the aromatic
structures in coal samples could be reduced by the total
suppression of spinning sidebands (TOSS) sequence.12

Consequently, solid-state 13C NMR spectra of coal with high

sensitivity and resolution were obtained by combining the CP,
MAS, and TOSS technologies.
It is generally believed that the organic macromolecules of

coal consist of many condensed aromatic rings interconnected
by various nonaromatic bridge bonds and may be attached to
several alkyl side chains and functional groups.13−15 The 13C
NMR spectra reflected the carbon distribution in terms of the
aromatic and aliphatic structures, and some parameters could
be deduced to describe the carbon skeleton in the coal. The
most representative structural parameters were first proposed
by Solum et al.,16 and most studies in subsequent decades have
continued or extended their methods. One of the most
important parameters, aromaticity ( fa), is a good measurement
for evaluating the carbon maturity among different coal
ranks.17,18 Carbon structures derived from 13C NMR facilitate
the development of modeling methods for coal molecules and
their conversion behaviors, such as chemical percolation
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devolatilization (CPD)19,20 and FLASHCHAIN21−23 pyrolysis
models. Moreover, the solid-state CP/MAS 13C NMR
spectroscopy has also been widely applied to analyze the
carbon structure of coal-based products during liquefaction
and hydrothermal processes,24−28 which can not only indicate
the reaction mechanism but also develop models and
correlations to predict conversion results.
The magnetization intensity in a 13C NMR spectrum is

related to the quantity of different types of carbon atoms, and
therefore peak-fitting or interval integration from a single CP/
MAS 13C NMR spectrum has been utilized to determine the
carbon distribution in many studies.29−31 However, there has
been much debate on the quantitative reliability of the CP/
MAS experiments when using coals with complex and
heterogeneous structures as samples.12,32−34 Some stud-
ies32,35,36 have reported that the apparent intensity of 13C
NMR spectra is merely qualitative, and the derived structural
parameters deviate from other analytical approaches to some
extent. Values for the carbon aromaticity of coals obtained
from the CP experiments are generally lower than those from
the Bloch-decay experiments.33,34 In the CP/MAS 13C NMR
experiments, aromatic and aliphatic carbons have different
cross-polarization efficiencies; thus, a single spectrum at
insufficient contact time may not entirely represent the
magnetization of all carbon types.33,36 Furthermore, even for
aliphatic carbon alone, the rate of polarization is affected by the
number of attached protons and the distance from the
surrounding protons.34 In order to make the CP/MAS 13C
NMR spectra of coal as quantitative as possible, several
methods have been developed to reduce the deviations
through the design of novel experiments or standard
calibration curves. Yang et al.36 investigated variable contact
time CP/MAS 13C NMR spectra to correct the under-
estimation of the aromatic carbon parameters. Li et al.35

directly adopted the H/C atomic ratio from the ultimate
analyses to redistribute the percentages of aromatic and
aliphatic carbons. Guo et al.37 corrected the carbon parameters
using the Solomon equation and validated the equation using
the Boltzmann−Monte Carlo-percolation (BMCP) model,
which predicts the pyrolysis behavior of coals. Chen et al.32

conducted the CP/MAS 13C NMR experiments using model
coal compounds and fitted a nonlinear regression equation to
calibrate the apparent carbon fraction, which was initially
validated by Bian et al.38 when constructing a molecular model
of medium-rank coal. Nevertheless, to date, there are still

numerous studies on coal molecular modeling without any
modifications when using the results from the peak fitting of
the CP/MAS 13C NMR spectra.39−41 Few studies have
systematically reported the influencing mechanism and a
comparison between these corrections. In conclusion, more
efforts are required to optimize or verify the analytical methods
for the CP/MAS 13C NMR spectroscopy of coal.
To investigate the difference in polarization rates of aliphatic

and aromatic carbons and analyze the possible reasons for the
controversy of the apparent parameters from the 13C NMR
spectra of coal, this study conducted a series of variable contact
time CP experiments using six different coal types with Vdaf
ranging from 6% to 44%, and the CP dynamics were analyzed
using representative exponential models. The initial magnet-
ization was estimated by extrapolating the integrals to zero
contact time, and a linear regression expression was applied to
correlate the apparent aromaticity with that independent of
time. Furthermore, a modification considering contact time
was proposed for improving an existing calibration method on
the CP/MAS 13C NMR spectra of coal, which showed good
agreement in terms of the H/C atomic ratio, Fourier transform
infrared (FTIR) spectroscopy, and typical empirical aroma-
ticity correlations of coal. These results have the potential to
provide a reference for the quantitative application of 13C
NMR spectroscopy in a more convenient way and may
contribute to research on the mechanism of coal conversion to
chemical products and carbon materials.

2. EXPERIMENTAL SECTION
2.1. Coal Samples. Six Chinese raw coals with different

Vdaf values were selected as samples in this study. The
bituminous coals Hecaogou (HCG), Xiegou (XG), Jinliao
(JL), Liulin (LL), and Mahuangliang (MHL) were obtained
from Shanxi Province, and the anthracite Pingdingshan (PDS)
was obtained from Henan Province. These coal samples were
crushed and ground to a particle size less than 0.15 mm and
dried at 50 °C for 24 h. To avoid damage to the NMR
spectrometer caused by magnetic minerals in coal, the
pulverized coal samples were acid washed with HCl−HF
prior to the experiments.29,42 Detailed procedures of acid
treatment are described in our previous work.43 The proximate
and ultimate analyses of raw and acid-washed coals are
presented in Table 1, where the ash contents of all acid-washed
coal samples are <1%. According to previous studies44,45 and
our pre-experimental results (as shown in Figure S1 and Table

Table 1. Proximate and Ultimate Analyses of Raw and Acid-Washed Coal Samples

proximate analysis (wt %)a ultimate analysis (wt %)daf

sample Mad Ad Vdaf FCdaf C H N S Ob

HCG 1.84 9.63 40.27 59.73 82.83 5.64 2.04 0.91 8.58
HCG-AWc 2.40 0.94 44.50 55.50 84.51 5.68 1.88 0.87 7.06

XG 1.89 10.14 34.52 65.48 82.83 5.26 1.55 0.99 9.37
XG-AW 3.39 0.86 32.05 67.95 85.92 5.11 1.49 1.02 6.46

JL 1.92 9.90 28.95 71.05 88.28 4.96 1.60 2.24 2.93
JL-AW 1.83 0.50 26.70 73.30 89.72 4.99 1.41 1.61 2.26

LL 0.89 6.98 19.64 80.36 87.58 4.53 1.37 3.08 3.44
LL-AW 1.25 0.42 18.13 81.87 90.79 4.78 1.24 2.62 0.57
MHL 1.10 12.19 14.34 85.66 88.16 4.15 1.24 2.41 4.04

MHL-AW 1.75 0.58 12.65 87.35 91.94 4.21 1.11 2.05 0.69
PDS 2.42 13.22 7.88 92.12 93.05 3.44 1.32 0.69 1.51

PDS-AW 3.84 0.40 6.61 93.39 94.16 3.69 1.16 0.62 0.36
aad, air-dry basis; d, dry basis; daf, dry ash-free basis. bBy difference. cAW, acid washed.
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S1), the deashing process by HCl−HF acid treatment has
virtually no effect on the carbon skeleton structures of coal.
The following sections in this study will address only acid-
washed coals unless otherwise specifically stated.
2.2.. 13C NMR Spectroscopy. Solid-state CP/MAS 13C

NMR spectra of the coal samples were obtained using a Bruker
AVANCE 400 NMR spectrometer at a frequency of 100.62
MHz for carbon and 400.13 MHz for proton. The magic angle
rotation speed was 10 kHz using a 4 mm ZrO2 double
resonance rotor, and all experiments were performed with the
TOSS sequence. The standard CP contact time was 2 ms, with
a recycle delay of 4 s and a scan number of 6000. The variable
contact time spectra were measured at 16 different contact
times ranging from 0.01 to 10 ms with all other conditions
constant. Tetramethyl silane was used as an internal standard
to calibrate chemical shifts (δTMS = 0 ppm). The integral areas
of the main regions in the CP/MAS 13C NMR spectra were
analyzed using MestReNova 12.0 software, and the denoising
and baseline corrections of spectra were performed in its
default mode. The curve fitting of each spectrum was
conducted in the deconvolution mode of PeakFit 4.12
software.
2.3. FTIR Spectroscopy. FTIR experiments on the coal

samples were conducted by using a Thermo Scientific Nicolet
iS20 infrared spectrometer. Approximately 1 mg of the coal
sample and 100 mg of dried KBr were added to a mortar and
ground thoroughly. The mixture was placed in a sample presser
at 20 MPa for 1 min to obtain a sample slice. The slices were
secured with a sample holder and placed in an IR spectrometer
sample chamber for testing. The spectral range is 4000−400
cm−1 with a resolution of 4.0 cm−1, and the cumulative number
of scans was 32 times for each sample. The baseline correction
of the FTIR spectra was performed by using the OMINC 8.2
software, and curve fitting in each region was also conducted
by using the PeakFit 4.12 software.

3. RESULTS AND DISCUSSION
3.1. Carbon Classification in 13C NMR Spectra. The

solid-state CP/MAS 13C NMR spectra of the six coal samples
at the standard CP contact time are shown in Figure 1, where
the signal amplitudes are normalized to present the difference
in coal ranks more clearly. Two major peaks in the spectra
were located at 0−90 and 90−165 ppm, which represent the
aliphatic and aromatic carbons in coal, respectively. The region

greater than 165 ppm corresponds to carbon in the structures
containing carbonyl groups, although its intensity was very low
for each coal in this study. Figure 2 summarizes the intensity

integral area ratios of the three main regions in the 13C NMR
spectra of the coal samples. As the coal rank increases (from
44.5% to 6.6% for Vdaf), the area of aromatic carbons increases
from 55% to 88%, which is consistent with the fact that the
higher the coalification, the more stable the coal structure.
Most recognized studies16,46,47 have defined aromaticity ( fa) as
the carbon fraction with a chemical shift >90 ppm and strict or
true aromaticity ( fa′) as the fraction excluding the carbonyl
group. The former is mainly adopted in the following
discussion, and the relationship between them is shown in
eq 1. Typically, apparent aromaticity is equal to the integral
area ratio of 90−220 ppm in the 13C NMR spectrum of coal.

= ×f f
I
Ia a

90 165

90 220 (1)

The subdivisions of the aliphatic and aromatic regions are
summarized in Table 2 with reference to previous stud-
ies.25,37,38,48,49 The superscripts for the carbon type symbols in
this paper also mainly followed previous studies16,26 with some
modifications. For aliphatic carbons, they represent the
number of hydrogen atoms attached ( fal

3, fal
2, fal

1 , and *fal) or

the connection to oxygen atoms ( fal
O); for aromatic carbons,

they denote the type of connecting groups: proton ( fa
H),

bridgehead carbon ( fa
B), alkyl substituent ( fa

S), and oxygen (

fa
O). Representative peak separation of the CP/MAS 13C NMR
spectrum is shown in Figure 3, taking HCG coal as an example.
Detailed results for all coal samples are presented in Figure S2,
and their peak information is listed in Table S2, according to
the assignments of different chemical shifts. All fitting curves
are in excellent agreement with the original spectra (R2 >
0.995). The apparent carbon structural parameters derived
from the fitted curves are listed in Table 3. Notably, although
the quantitative reliability of the CP/MAS NMR needs further
discussion, the qualitative variations are also valuable for the
analysis of carbon structural evolution along with coalification.
Aliphatic groups generally play the roles of bridge bonds or

side chains in the macromolecular network of coal. As shown
in Figure 2, the magnetization intensity of aliphatic carbons at

Figure 1. Solid-state CP/MAS 13C NMR spectra of coal samples (at
τcp = 2 ms).

Figure 2. Area ratios of coal samples in solid state 13C NMR spectra.
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the same CP contact time decreases with the coal rank, which
indicates the growing carbon skeleton maturity of coal owing
to the deoxidation and aromatization reactions during
coalification.50 The peak height of aliphatic carbons depends
on methylene for relatively low-rank coals, such as HCG,
whereas the methyl groups with chemical shifts of <25 ppm
gradually dominate the aliphatic region of the spectra with

decreasing volatile matter in coal. Almost no aliphatic carbon
bonded to oxygen was found in the 13C NMR spectra of PDS
anthracite.
Aromatic clusters form the core of the organic structure of

coal, and the condensation of aromatic rings usually increases
with the deepening of coal metamorphism.42 The aromatic
carbon peaks in Figure 2 gradually sharpen from HCG to PDS,
indicating an increasing degree of order for the aromatic
structures.45,51 As can be seen from the apparent parameters in
Table 4, the intensity of the protonated aromatic carbon is
always the largest regardless of the coal type, and the ratio
ofbridgehead carbon (a carbon type that occurs only in the
fused rings) to total aromatic carbon is positively correlated
with the degree of coalification. Similarly, the intensity of the
aromatic carbon bonded to oxygen was quite low for high-rank
coals. These results also confirmed that the aliphatic and
oxygen-containing side chains were removed when the
aromatic core underwent polycondensation during coal
formation.
3.2. Variable Contact Time Experiments. 3.2.1. Effect

of CP Contact Time. The magnetization intensity in solid-state
13C NMR spectra is a function of the CP contact time, which is
an important factor that influences quantitative reliability.
Extensive testing experience has demonstrated that there exists
an “optimal” contact time (∼1−3 ms) to obtain the CP/MAS
13C spectra with the highest signal-to-noise ratio.16,33,52

However, contradictory results under seemingly optimal
conditions remain regarding whether carbon magnetization
can accurately reflect different carbon concentrations in a
single CP/MAS 13C NMR spectrum of coal. Representative
examples from this study are shown in Figure 4. Figure 4a
shows that the intensities of aliphatic and aromatic carbons
vary differently for HCG coal when contact time ranges from
0.5 to 3 ms. The peak height of aliphatic carbons is higher than
that of aromatic carbons at 0.5−1 ms, but a reversal appears at
3 ms. More precisely, the magnetization intensity of aromatic
carbons continuously increases, whereas that of aliphatic
carbons first increases and then decreases. By contrast, the
effect of the contact time on the 13C NMR spectra is relatively
weak for a higher rank of coal (LL), as shown in Figure 4b. It
can be even inferred that the apparent intensity distribution is
approximately constant under any CP condition if highly
mature coal contains almost no aliphatic groups.
Detailed changes in the magnetization intensity of these

coals at a series of contact times are shown in Figure 5. As
contact time varies from 0.01 to 10 ms, there is always a
tendency for the total signal intensity to increase and then
decrease for all samples, with the maximum values occurring at
∼2 ms. This explains why the single CP/MAS 13C NMR
experiments in many studies18,35,40,53 were usually performed
at a contact time of 2 ms, including the selection of spectra for
peak fitting in Section 3.1. However, the contact time

Table 2. Assignments of Chemical Shift in the Solid-State
13C NMR Spectra of Coal Samples

Figure 3. Fitting curves of the 13C NMR spectra of HCG coal.

Table 3. Apparent Carbon Distribution (%) of Coal Samples from the Fitting Curve of the 13C NMR Spectra

coal fa fa′ fa
H fa

B fa
S fa

O fa
C fal fal

3 fal
2 + *f fal

1
al fal

O

HCG 55.57 54.51 23.07 14.26 11.22 6.04 1.06 44.43 13.33 12.74 10.44 7.93
XG 62.06 61.20 26.62 18.53 10.95 5.22 0.86 37.94 10.61 9.80 7.64 9.89
JL 70.07 69.26 29.67 20.95 12.97 5.79 0.81 29.93 8.42 8.35 6.94 6.21
LL 73.21 72.44 31.10 21.30 14.83 5.42 0.77 26.79 8.41 5.71 4.88 7.79

MHL 78.51 77.87 32.42 26.96 15.15 3.51 0.64 21.49 7.59 5.95 3.20 4.75
PDS 88.24 87.71 36.83 29.90 17.74 3.45 0.53 11.76 6.35 4.65 0.46 0.30
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associated with the maximum intensity varies for different
carbons (∼1 ms for aliphatic carbons and typically >2 ms for
aromatic carbons). Moreover, the signal of the aliphatic carbon
declined more rapidly than that of the aromatic carbon after
the respective peaks were reached.

As shown in Figure 6, the percentage of the aromatic region
in the CP/MAS 13C NMR spectra increased continuously with
the contact time for all coals. The aromaticity ranking among
these coals was consistent, but in some cases, the contact time
had an even more remarkable effect than the coal type. For
example, HCG coal, which has the highest volatile matter

Table 4. Initial Magnetization and Time Constants Calculated by eq 3 for Coal Samples

aliphatic region aromatic region

coal MG0 ML0 TGCH (μs) TLCH (μs) T1
H (ms) MG0 ML0 TGCH (μs) TLCH (μs) T1

H (ms)

HCG 414.7 1814.7 6.4 456.1 8.9 308.2 2688.9 8.4 1032.1 30.3
XG 372.3 1261.2 7.2 379.6 10.2 365.1 2598.7 8.5 914.1 20.6
JL 420.9 1351.0 8.3 422.8 6.0 534.2 3995.9 8.6 1178.4 10.5
LL 325.4 903.4 6.2 267.4 6.1 555.8 2706.7 8.0 658.7 12.4
MHL 247.3 647.2 7.6 293.7 6.1 539.1 2518.7 7.6 585.3 12.6
PDS 221.5 742.5 10.9 941.6 7.1 801.3 4597.4 8.5 936.1 37.3

Figure 4. Representative 13C NMR spectra of coal samples at various contact times: (a) HCG coal and (b) LL coal.

Figure 5. Magnetization intensity of 13C NMR spectra at various contact times: (a) HCG, (b) XG, (c) JL, (d) LL, (e) MHL, and (f) PDS coal.
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content in this work, has an apparent aromaticity of 35% at a
contact time of 0.05 ms, while it increases to 71% at 10 ms.
These results suggest that quantitative tolerances may be fatal
for low-rank coals if the contact time is not properly selected.
The effect of the contact time can be attributed to the

different strengths of 1H−13C dipolar couplings for aliphatic
and aromatic groups during CP experiments. Polarization rate
from proton (abundant nucleus) to carbon (dilute nucleus)
strongly depends on their nuclear spatial distance.34 For most
coal, aliphatic carbons have more directly attached hydrogen
atoms compared with aromatic carbons. The distinctive
aromatic skeleton structure results in a longer average distance
between the aromatic carbon and the hydrogen nucleus
compared to that of the aliphatic carbon in coal. At short to
moderate CP contact times, the polarization for aliphatic
groups is built more quickly than aromatic groups due to their
stronger 1H−13C interaction, which may cause the under-
estimation of aromaticity in the 13C NMR spectrum. The
longer contact time means more effective dipolar couplings in
the aromatic skeleton. However, the CP contact time cannot
be increased indefinitely due to instrument limitations and
total signal attenuation. This is one of the important reasons
why the CP/MAS 13C NMR spectrum of coal at a single
contact time (with the highest signal-to-noise ratio) is typically
more suitable for qualitative rather than quantitative
application.
3.2.2. CP Dynamics. It is necessary to establish a

mathematical expression for describing the CP dynamic
process and the differences in polarization rates, which even
makes it possible to obtain a quantitative measurement of the
carbon structure in coal from variable contact time experi-
ments. The classical method uses relaxation parameters to
reflect the gross dynamics and determines carbon aromaticity
by extrapolating the integrals to zero contact time.16,54,55 An
idealized carbon magnetization behavior is shown in Figure
7:33 an exponential increase at short contact times follows a
characteristic time constant TCH until a state of pseudoequili-
brium with the proton reservoir is achieved, and the carbon
magnetization decreases at long contact times owing to the
polarization of the proton reservoir during the process of spin−
lattice relaxation in the rotating frame (T1

H). As a result of

these two competing pathways, a successful CP/MAS 13C
NMR spectrum must require a contact time longer than any
TCH to ensure that each carbon type is sufficiently polarized.
Furthermore, the contact time should be shorter than any
relaxation time T1

H as the carbon nuclei are in intimate contact
with a polarized proton that also decays at some finite rate.33

A representative simplified exponential model containing
three parameters was proposed in the 1990s to express the
varying carbon magnetization with contact time, as shown in
eq 2, which should be used separately for aromatic or aliphatic
regions and has proven to be applicable in most cases:16

=M M( ) (e e )T T
cp 0

/ /cp 1
H

cp CH (2)

where M0 is the initial magnetization intensity; τcp is the CP
contact time; TCH is the polarization transfer time constant;
and T1

H is the proton rotating frame spin−lattice relaxation
time.
This model focuses on the overall dynamics and does not

consider the different numbers of protons attached to the
carbon atoms. As the polarization rate has a substantial
distinction for carbon nuclei with or without bonded protons,
an advanced model based on the above has been proposed to
classify the magnetization into two categories, as shown in eq
3:36,56
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where MG and ML represent the magnetization of the
polarization transfer from the bonded protons to carbon and
from the unbonded protons spin diffusion, respectively; MG0
and ML0 are the initial intensities of MG and ML, respectively;
the time constants TGCH and TLCH were used to describe the
dynamics of the two polarization stages. This model should
also be used separately for the aromatic and aliphatic regions in
the CP/MAS 13C NMR spectra. The sum of the magnet-
izations for both protonated and nonprotonated carbons is
indicated in eq 4, where (MG0 + ML0) represents the total
magnetization in the sample with no contact time, that is,
another form of M0.

Figure 6. Apparent aromaticity of coal samples at various contact
time.

Figure 7. Idealized behavior of the carbon magnetization with contact
time in the CP experiments (reproduced with permission from ref 33.
Copyright 1987 American Chemical Society).
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Figure 8 briefly compares the fitting curves using these two
equations for the magnetization signal of XG coal, where
models 1 and 2 represent the equations with one single time
constant (TCH) and two time constants (TGCH and TLCH),
respectively. The simplified three-parameter model already
correlates with the variable contact time experiments within
fairly acceptable deviations. However, model 2 with more
complete dynamics could perform better, particularly for the
aliphatic carbon (R2 > 0.996). Figure 8c,d also shows the
contributions of protonated and nonprotonated carbon to the
total magnetization in each region, respectively, according to
eq 3. The polarization transfer from unbonded proton spin
diffusion accounts for the majority (>80%) and almost
exclusively determines the growth in both regions. Never-
theless, the increasing rate of polarization from the protons
directly connected to carbon is much faster than that from
unconnected protons, and the maximum rate is achieved for a
contact time of <0.1 ms. This is comparatively important for
aliphatic groups containing more hydrogen and also accounts
for the overestimation of aliphatic carbons by 13C NMR
spectroscopy at short contact times.
It is not difficult to conclude from Figure 8 that the five-

parameter dynamic model not only fits the total intensity more
suitably but also provides more details regarding the two CP

stages. Figure S3 illustrates exhaustively all the fitting curves
adopting this model for six coal samples, and the acquired
dynamic parameters are listed in Table 4. A clear difference in
the polarization rates between the carbons directly connected
to protons or not can be observed in Table 4, as the time
constant TGCH (6.2−10.9 μs) is 2 orders of magnitude smaller
than TLCH and is almost independent of both carbon type and
coal sample. Except for PDS anthracite with a low hydrogen
content, the polarization time of the unbonded proton spin
diffusion for aromatic carbons is two to three times longer than
that of aliphatic carbons. Likewise, the rotating-frame spin−
lattice relaxation for aromatic protons is also slower for T1

H

values of 10.5−37.3 ms, compared to 6.0−10.2 ms for aliphatic
protons. These time parameters reasonably describe the fact
that the magnetization signal of aromatic carbons both
accumulates and decays more slowly than that of aliphatic
carbons. Also, this phenomenon results in a subtle counter-
balance because the requirements of TCH ≪ τcp ≪ T1

H can
hardly be fulfilled simultaneously in a single CP/MAS 13C
NMR experiment of coal: satisfying the former is quite
challenging for aromatic carbons with nearly 1 ms of TLCH,
while satisfying the latter requires a short contact time
considering the relatively fast relaxation of aliphatic protons.
3.3. A Potential Quantitative Modification. 3.3.1. Initial

Aromaticity. In the CP dynamic models, on the one hand, the
time constants can characterize the increasing rate of
magnetization signal, and on the other hand, the extrapolated

Figure 8. Fitting performance of CP dynamics for the magnetization intensity of XG coal: aromatic (a) and aliphatic (b) regions fitted by model 1,
and aromatic (c) and aliphatic (d) regions fitted by model 2.
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initial intensity M0 has the potential to quantify different
carbon nuclei since it is ultimately a time-independent
parameter derived from a series of variable contact time
experiments. The more the contact times, the more accurate is
the estimate of M0. A scheme has been proposed to determine
the fractions of aromatic and aliphatic carbons using initial
magnetization intensity in previous studies,16,33,36,56 as shown
in eq 5, whereas in this work, we prefer to name them as initial
aromaticity ( fa0) and aliphaticity ( fal0):

=
+

=
+

f
M

M M
f

M
M M

,a0
0a

0a 0al
al0

0al

0a 0al (5)

where M0a and M0al are the initial magnetization intensities for
aromatic and aliphatic carbons, respectively. For example, M0a
means the MG0 + ML0 value for the aromatic region of a
specific coal sample in Table 4. This approach can effectively
reduce the influence of the CP contact time and avoid the bias
associated with the use of a single CP/MAS NMR spectrum. It
is worth noting that this calculation cannot fully eliminate
other factors affecting quantitative reliability, such as TOSS12

and carbon invisibility due to paramagnetic centers.16,33

Therefore, it can be said that eq 5 describes a hypothetical
aromaticity just independent of contact time, which is why we
define it as an initial aromaticity rather than a directly
quantitative one.
The initial aromaticities of six coal samples are presented in

Figure 9, which show a good positive correlation with the

apparent aromaticities at a standard contact time of 2 ms. A
strong linear relationship can be established between them, as
shown in eq 6:

= +f f0.824 0.1269a0 a (6)

which may provide a convenient approach for estimating the
initial aromaticity when the conditions do not permit a
sufficient period for variable contact time experiments. The
correlation between the initial and apparent parameters may
enable a single CP/MAS 13C NMR spectrum of coal
potentially meaningful for quantitative applications.
3.3.2. A Modified Calibration Method. Standard curves

are widely used for quantitative calibration in instrumental
analysis. The carbon parameters of coal-like small molecules
with known structures can be easily analyzed theoretically,
which allows a correspondence to be developed with the
apparent parameters from CP/MAS 13C NMR spectroscopy. A
constructive method for calibration is to form the corre-

spondence of many molecules into a fitted curve, which may be
helpful for determining the complex structures in coal. Chen et
al.32 made the first attempt using five small molecules with
aromatic rings, and their fitted equation was initially validated
using the molecular model of Tunlan No. 2 coal.38

Subsequently, they investigated the solid-state CP/MAS 13C
NMR spectra of 12 different coal-like model compounds and
updated the regression expressions in the latest study,26 as
shown in eqs 7 and 8, which aimed to extend the valid range
and characterize the carbon structures in coal as accurately as
possible. The theoretical aromaticity showed a linear
correlation with the experimental values, whereas a quadratic
functional relationship was established for aliphatic carbons:

= +F f32.79332 0.68474a a (7)

= + +F f f4.10191 0.16464 0.0075al al al
2

(8)

where Fa, Fal, and fa, fal are the theoretical and apparent
experimental values (%) of the aromatic or aliphatic carbon in
the coal-like compounds, respectively. The above correlations
were obtained separately for the aromatic and aliphatic regions
and are valid for 7.6% < Vdaf < 55.6%. The apparent carbon
parameters of 10 coal samples were corrected by eqs 7 and 8 in
their studies, and it was validated that the overestimation of
aliphatic carbons by the CP/MAS 13C NMR spectra was
effectively reduced after correction. However, in their
explanations, they attributed the discrepancy between the
apparent parameters and the true carbon structures to the
nuclear Overhauser effect (NOE), which seemed to be
misguided in some way. In fact, NOE is due to cross relaxation
that occurs in direct-polarization experiments during spin−
lattice relaxation in the laboratory frame.57 The building up of
NOE is on the scale of ∼1 s, while typical CP experiments with
spin-lock applied to rigid solids are on the ∼1 ms scale.37
NOE, essentially a relaxation, requires randomly fluctuating
magnetic fields generated by fast large-amplitude segmental
motions, which are virtually impossible to occur in coals with
rigid aromatic cores at this temporal scale. Therefore, the solid-
state CP/MAS 13C NMR spectra of coal can scarcely
influenced by NOE.
Admittedly, although the explanation does not seem

convincing, this external standard calibration method is worthy
of reference and is still a good attempt at quantitative
characterization at the application level. There are two
interesting points that deserve further discussion. First, the
sum of eqs 7 and 8 may exceed 100% in some cases as the
fractions of aromatic and aliphatic carbons are not normalized.
Second, all experimental values were obtained at the same
single contact time; in other words, the effect of contact time
was not considered when the equations for the model
compounds were applied to real coal. These may not cause
fatal errors when the samples and test conditions are similar to
those in their study. However, appropriate modifications are
required to further refine this approach. The corresponding
changes are as follows.
For small molecules of pure substances, it can be assumed

that the characterization from the 13C NMR spectrum at a
selected suitable contact time is sufficiently close to that from
CP dynamics, whereas for the heterogeneous structures in coal,
the influence of contact time is not negligible as described in
the previous sections. Fortunately, the initial magnetization is
independent of the contact time, and the relationship between
the initial and the apparent aromaticity can be given in a

Figure 9. Correlation of initial and apparent aromaticities (at τcp = 2
ms).
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simple expression, as exemplified in Figure 9 and eq 6. The
introduction of initial aromaticity may deal with the short-
coming of this calibration method. A modified equation
considering contact time can be obtained by replacing fa with
fa0 in eq 7, and expanding it yields eq 9:

= + × = +#f f f0.3279332 0.68474 0.4148 0.5643aa 0 a
(9)

where fa# is the modified aromaticity, and the constant in eq 7
is divided by 100 to facilitate the use of a uniform unit of 1
instead of percentage. Meanwhile, we can continue to adopt
the classification proposed by Solum et al.16 that the carbon in
the >165 ppm region is regarded as one type of aromatic
carbons, such that the fraction of aliphatic carbons ( fal#) can be
determined by the difference, no longer requiring a separate
calibration:

=# #f f1al a (10)

The fraction of each subdivided carbon type (including
carbonyl carbon) can also be treated as the total amount of
aliphatic or aromatic carbon multiplied by each integral area
ratio:
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This is based on the assumption that the entire aromatic or
aliphatic region has almost the same effective spin−lattice
relaxation time.16,36,37 Thus, by means of eq 9−eq 11, the
modified carbon structural parameters of coal can be calculated
with a valid range of Vdaf between 6% and 45%. Table 5 lists
the carbon distributions of the six coal samples modified using
the new calibration method. Compared with the apparent
parameters in Table 3, the carbon aromaticity changes from
55%−88% to 72%−93%, and each subtype of aromatic carbon
increases proportionally according to eq 11. Interestingly, the
values of the modified aromaticity in Table 5 are relatively
close to those obtained at 10 ms in Figure 6, which also
verified that the increase in the contact time can reduce the
overestimation of aliphatic carbons. However, considering the
overall signal attenuation and the limitations of NMR
spectrometers, it is not recommended to just extend the
contact time for improving the accuracy of 13C NMR spectra
of coal. It should be noted that the redistribution of aromatic

and aliphatic carbons does not affect their overall variation
with the coal rank, as the aromatic cores always play an
essential role in the stability of the carbon skeleton in coal.
3.4. Validation and Application of the Modification

Method. 3.4.1. H/C Atomic Ratio. This new modification
method offers the opportunity for quantitative or semi-
quantitative applications of a single CP/MAS 13C NMR
spectrum of coal, given that only an additional adjustment ratio
with respect to aromaticity needs to be practically calculated
on the basis of the conventional peak fitting operation. The
following examples mainly describe the comparisons between
before and after modification and will not further focus on the
carbon subtypes in the interval division and the deconvolution
for the 13C NMR spectra of coal, which is difficult to
standardize and somewhat subjective. The parameters of peak
fitting (peak center, FMHW, and area) in this work are
provided in Table S2 for reference. The purpose of these
validations we made is to make it more convenient for other
researchers to obtain 13C NMR spectra of coals with
potentially quantitative significance instead of having to
perform time-consuming experiments.
The H/C atomic ratio is a practical indicator for evaluating

the accuracy of 13C NMR analysis. Its actual value can be
considered from the ultimate analysis of coal, and it can also be
deduced from the carbon structural parameters based on the
13C NMR spectra. Assuming that36,58 approximately half of the
carbon atoms bound to oxygen is attached to hydrogen and
that the CH group accounts for half of + *f fal

1
al , the H/C

atomic ratio derived from the 13C NMR spectra can be
estimated by eq 12:26
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Table 6 lists the calculation results for the six coal samples
and their relative deviations before and after modification. The
H/C atomic ratios of these coals ranged from 0.47 to 0.81,
whereas those obtained only from spectral peak fitting ranged
from 0.67 to 1.01, with an average deviation of 29%. The
overestimation of the aliphatic carbon by the apparent CP/
MAS 13C NMR spectrum leads to a higher H/C atomic ratio,
as aromatic structures usually contain fewer hydrogen atoms.

Table 5. Modified Carbon Distribution (%) of the Coal Samples Based on Solid-State 13C NMR Spectra

coal fa# fa′ fa
H fa

B fa
S fa

O fa
C fal# fal

3 fal
2 + *f fal

1
al fal

O

HCG 72.84 71.45 30.19 18.67 14.68 7.91 1.39 27.16 8.15 7.79 6.38 4.85
XG 76.50 75.44 32.74 22.80 13.48 6.42 1.05 23.50 6.57 6.07 4.73 6.12
JL 81.02 80.09 34.24 24.19 14.97 6.69 0.93 18.98 5.34 5.30 4.40 3.94
LL 82.79 81.92 35.07 24.02 16.72 6.11 0.87 17.21 5.40 3.67 3.14 5.01
MHL 85.79 85.09 35.34 29.40 16.52 3.84 0.70 14.21 5.02 3.94 2.12 3.14
PDS 92.27 91.72 38.42 31.19 18.51 3.60 0.55 7.73 4.17 3.05 0.30 0.20

Table 6. Comparison of the H/C Atomic Ratios from Ultimate Analysis and 13C NMR Spectra

coal HCG XG JL LL MHL PDS

ultimate analysis 0.8064 0.7131 0.6680 0.6313 0.5493 0.4706
before modification 1.0122 0.8979 0.8146 0.7708 0.7306 0.6745

relative deviation (%) 25.52 25.92 21.93 22.11 33.00 43.34
aafter modification 0.8047 0.7377 0.6884 0.6617 0.6316 0.5937

relative deviation (%) −0.21 3.45 3.05 4.83 14.98 26.16
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The relative deviations were significantly reduced, with an
average of ∼20% when using modified carbon parameters. The
estimation yields errors of less than ±5% for the first four coals.
A similar trend can be identified for both before and after
modification: the deviation increases as Vdaf decreases from
44.5% to 6.6% because the approximation assumption in eq 12
may no longer be entirely applicable to high-rank coals with
low hydrogen and oxygen contents. However, this does not
affect the acceptability of the method in eqs 9−11, which has
minimized the possible factors affecting quantification,
including the CP contact time and others.
3.4.2. FTIR Spectroscopy. FTIR spectroscopy is another

effective method for characterizing the carbon structure of coal.
Generally, NMR spectroscopy focuses on the type of carbon
nuclei, whereas FTIR spectroscopy mainly provides informa-
tion regarding chemical bonds and functional groups. They
demonstrate good agreement for some feature structures in
coal,59,60 and results from the FTIR spectra can be used as a
contrast to reflect the objectivity of the solid-state 13C NMR
method. Figure 10 shows the FTIR spectra of the coal samples.

These coals exhibited characteristic absorption bands with
similar wavenumbers but different intensities. According to
previous studies,38,45,53,61 the FTIR spectra of coal can be
divided into four regions: aromatic CH region (700−900
cm−1), oxygen functional groups region (1000−1800 cm−1),
aliphatic CH region (2800−3000 cm−1), and hydroxyl region

(3000−3600 cm−1). The spectra of the three carbon-
containing regions were further analyzed by curve fitting to
obtain the carbon structural parameters. Figure 11 shows an
example of HCG coal, and the details for all coals are provided
in Figure S4 and Table S3.
As shown in Figure 11, the 700−900 cm−1 region contains

aromatic C−H out-of-plane bending vibrations involving one
to four adjacent H deformations.38 The 1000−1280 cm−1

spectral band is assigned to the C−O stretching vibration, and
the strong intensity around 1600 cm−1 is assigned to the
aromatic skeleton C�C stretching vibrations.53 The C�O
stretching vibrations at 1620−1700 cm−1 are extremely weak
for all samples, which is consistent with the very small carbonyl
carbon peaks in the 13C NMR spectra. The 2800−3000 cm−1

region is characterized by strong aliphatic C−H stretching
vibrations, mainly including the symmetric or asymmetric
vibrations of CH2 and CH3 groups. The absorbance in the
aromatic or aliphatic region is proportional to the concen-
tration of C−H bonds in the same sample; thus, the
proportion of aliphatic hydrogen (Hal/H) can be determined
using eq 13:

=
+

H
H

A
A A

al 3000 2800

3000 2800 900 700 (13)

Carbon aromaticity can be obtained as shown in eq 14, given
that only aromatic and aliphatic carbons are included in the
carbon atoms of coal:42,45,62
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where H/C is the atomic ratio of hydrogen to carbon
calculated from the ultimate analysis of coal, and Hal/Cal is
the atomic ratio of hydrogen to carbon in aliphatic groups,
estimated from eq 15 for different coals:60

= × +H C O/ 0.033 1.9al al daf (15)

The aromaticity of the coal samples calculated from the 13C
NMR and FTIR methods is shown in Figure 12. The values
obtained by either method increased with the coal rank, but
the calculation based on the apparent intensity of the 13C
NMR spectra differed remarkably from that of the FTIR
method. The modification method developed in this study
reduced the discrepancy to an acceptable range, with the
average relative deviation decreasing from 17% to 4%. The
deviations for the HCG and JL coal are less than 2%. Although
the determination of aromaticity by FTIR spectroscopy has
some fault tolerance as it does not involve carbonyl groups,

Figure 10. FTIR spectra of the coal samples.

Figure 11. Fitting curve for the FTIR spectra of HCG coal: (a) aromatic CH region, (b) oxygen functional groups region, and (c) aliphatic CH
region.
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and the H/C ratio of aliphatic groups is roughly estimated, the
consistency between the 13C NMR and FTIR spectroscopy is
enough to validate the practicality of the modification method.
Furthermore, mutual validation of 13C NMR and FTIR

spectroscopy was also observed in the carbon structures of the
aliphatic groups. The ratio of CH2 to CH3 is a valuable
parameter for describing the average length of aliphatic side
chains, which is related to the formation of liquid products
during pyrolysis and liquefaction.25,48,53,63 Figure 13 gives a

comparison of the calculation results obtained by using
different approaches. The carbon parameters from the 13C
NMR spectra directly reflect the number of carbon atoms,
whereas the vibrational intensity in the FTIR spectra provides
a measurement of the chemical bonds in the entire group. The
carbon atom number ratio fal

2/ fal
3 is in excellent agreement with

the absorbance ratio of CH2 to CH3 divided by two for all coal
samples, which may result from that the number of C−H bond
stretching vibration types for each CH2 group is half that of the
CH3 group. The difference is less than 0.05 for each sample.
Coals with low Vdaf values (such as LL, MHL, and PDS) had

smaller CH2/CH3 ratios, representing a lower branching
degree and relatively compact carbon structures, which
means it is more difficult to form liquid products with
moderate molecular weight during the thermal conversion
process.
3.4.3. Aromaticity Correlations. Additionally, the aroma-

ticity of coal can be predicted by empirical correlations
associated with the elemental compositions. They have
acceptable accuracy and have been widely applied to estimate
the carbon structures of coal, char, and tar.46,47 The earliest
aromaticity correlation was established by Van Krevelen et
al.64,65 with respect to the volatile matter and carbon content
of coal, as shown in eq 16:

= × ×f V C(100 ) 1200/(1240 )a daf daf (16)

A linear correlation based on the carbon content was
proposed by Niksa et al.,21−23 as shown in eq 17. It was
adopted in the coal pyrolysis FLASHCHAIN model that they
developed, which used 13C NMR parameters to identify the
coal structure and simplified the mechanism of bridge cleavage
devolatilization to predict the pyrolysis yields of tar, char, and
gas.

= ×f C0.0159 0.564a daf (17)

Maroto-Valer et al.66,67 conducted single-pulse excitation
13C NMR experiments on more than 30 different coals and
correlated the derived aromaticity with the H/C atomic ratio
for bituminous coals, as shown in eq 18. Mazumdar68 further
discussed the applicable conditions and required adjustments
related to the coal rank.

= ×f H C1.22 0.58 ( / )a atom (18)

A general correlation with nine coefficients was developed
by Richards et al.46 based on a large collection of data from the
literature and a comparison of several existing models, as
shown in eq 19. This formula has the same form as the
chemical structure parameters of the CPD coal pyrolysis
model.69 They used the strict aromaticity ( fa′) excluding
carbonyl groups. The coefficients are listed in Table 7; and the
carbon, hydrogen, oxygen, and volatile matter contents were all
on a dry and ash-free basis.

= + + + + + + +

+

f c c C c C c H c H c O c O c V

c V
a 1 2 3

2
4 5

2
6 7

2
8

9
2

(19)

The aromaticity of the coal samples in this study has also
been calculated using these empirical formulas, according to
the proximate and ultimate analyses in Table 1. The calculation
values were compared with the aromaticity derived from the
apparent and modified CP/MAS 13C NMR experimental
results, as shown in Figure 14. It can be evidently seen from
Figure 14a that all the predicted values are much higher than
the apparent aromaticity obtained from 13C NMR spectra,
which is consistent with the previous discussion. After
modification using eq 9, the overestimation of the aromatic
carbon improved. The deviations between modified aroma-
ticity and the prediction of these empirical correlations were

Figure 12. Comparison of aromaticity calculated from 13C NMR and
FTIR spectra.

Figure 13. Comparison of CH2/CH3 in carbon structures of coal
from 13C NMR and FTIR spectra.

Table 7. Coefficients of Aromaticity Correlation

c1 c2 c3 c4 c5 c6 c7 c8 c9
4.384 −8.679 × 10−2 5.352 × 10−4 2.601 × 10−2 −6.879 × 10−3 3.525 × 10−3 −5.710 × 10−4 −2.666 × 10−3 5.659 × 10−6
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significantly reduced, almost always within ±10%, as shown in
Figure 14b. The smallest deviation was obtained using the
formula proposed by Richards et al.,46 with an average
deviation of only 2%. A probable reason for this is that their
correlation was built on a considerable amount of published
data and therefore had the widest applicability. This good
agreement also indicates the validity and necessity of our
proposed modification for the CP/MAS 13C NMR spectra of
coal.

4. CONCLUSIONS
The solid-sate 13C NMR spectroscopy can characterize the
carbon structure of coal. In this study, a series of CP/MAS
experiments were conducted using coals with six different Vdaf
values. The effect of contact time was analyzed using
representative dynamics models, and a modification method
based on initial magnetization was proposed to quantify the
carbon distribution in coal. The main conclusions are as
follows:
(1) Experimental results at variable contact times from 0.01

to 10 ms indicated that the aromatic and aliphatic carbons have
different efficiencies of cross-polarization. The nonprotonated
carbon of the aromatic groups was polarized two to three times
more slowly than that of the aliphatic groups. The apparent
aromaticity increased with the contact time for all coal samples.
It is not easy for a single CP/MAS 13C NMR experiment to
ensure that each type of carbon is sufficiently polarized before
the signal decay of the proton spin−lattice relaxation.
(2) The initial magnetization intensities independent of

contact time were obtained using a classical five-parameter
model for CP dynamics. A good linear correlation was
established between the apparent and initial aromaticity,
which was introduced into an existing calibration method to
refine the effect of contact time. Modified carbon structural
parameters of the coal samples were calculated through the
redistribution of aromatic and aliphatic carbons.
(3) It was validated that the modification method showed

better agreement in terms of the H/C atomic ratio of coal,
FTIR spectroscopy, and empirical aromaticity correlations.
These results will make the typical CP/MAS 13C NMR spectra
of coal have the potential to be quantitatively meaningful at the
application level.
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■ NOMENCLATURE
A area; ash content
fa aromaticity
fa0 initial aromaticity
fa# modified aromaticity
fa′ fraction of carbon in aromatic rings
fa

B fraction of bridgehead aromatic carbons

fa
C fraction of carbon in carboxyl or carbonyl

fa
H fraction of protonated aromatic carbons

fa
O fraction of aromatic carbons bonded to oxygen

fa
S fraction of alkylated aromatic carbons

fal aliphaticity
fal0 initial aliphaticity
fal# modified aliphaticity
fal

3 fraction of aliphatic carbons in methyl

fal
2 fraction of aliphatic carbons in methylene

fal
1 fraction of aliphatic carbons in methine

fal* fraction of aliphatic quaternary carbons
fal

O fraction of aliphatic carbons bonded to oxygen

Fa fraction of aromatic carbons in model compounds
Fal fraction of aliphatic carbons in model compounds
I intensity
M0 initial magnetization
MG magnetization of polarization transfer from bonded

protons to carbon
MG0 initial intensity of MG
ML magnetization of polarization transfer from unbonded

protons spin diffusion
ML0 initial intensity of ML
TCH polarization transfer time constant, μs
TGCH polarization transfer time constant from bonded

protons to carbon, μs
TLCH polarization transfer time constant from unbonded

protons spin diffusion, μs
T1

H proton rotating frame spin−lattice relaxation time, ms
v vibration
V volatile matter
τcp cross-polarization contact time, ms
δ chemical shift, ppm
Subscript
a aromatic
al aliphatic
Acronyms
AW acid washed
CP cross-polarization
CPD chemical percolation devolatilization

FC fixed carbon
FTIR Fourier transform infrared
MAS magic angle spinning
NMR nuclear magnetic resonance
NOE nuclear Overhauser effect
BMCP Boltzmann−Monte Carlo percolation
TOSS total suppression of spinning sidebands
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