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Abstract

Seven samples of sapropelite coals from the deposits differing from each other in the catagenetic maturity of 
the organic matter were studied by means of solid-state 13C NMR spectroscopy. Analysis of the obtained ana-
lytical data showed that carbon in the organic mass of the samples is largely concentrated in aliphatic structures 
since the most intense signals in the 13C NMR spectrum fall on the region of 0–50 ppm, corresponding to the 
absorption of carbon of methyl and methylene groups, as well as tertiary and quaternary carbon atoms. The larg-
est amount of aliphatic carbon was found in the sample, which is characterized by the highest values of the yield 
of volatiles and the H/C atomic ratio. It was found that with a decrease in the H/C atomic ratio in the samples, 
their degree of aromaticity increases against the background of a decrease in the proportion of aliphatic struc-
tures and carbon bonded to oxygen by a single bond.
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Introduction

In view of the limited fuel and energy re-
sources, a search for various sources of raw hy-
drocarbons is carried out in many countries. 
Among these raw hydrocarbons, a special posi-
tion is allocated to sapropelite coal, which is char-
acterized by high concentrations of hydrogen (up 
to 12 %), volatile substances (75–90 %), and a sub-
stantial yield of primary tar (up to 50 %) [1–3]. 
Poorly suited for energy purposes, sapropelite 
coal, due to its chemical composition, may serve 
as a raw material for obtaining various hydrocar-
bon products [1–8].

The choice of the technologies for processing 
solid fossil fuel, in particular sapropelite coal, into 
the products for various purposes requires a de-
tailed physicochemical investigation of its proper-
ties. An essential issue from the fundamental and 
practical points of view is the determination of 

the structure of organic matter in solid fuels, its 
major structural fragments and the methods of 
their bonding. To solve the problems of this kind, 
it is necessary to use an integrated approach in-
volving a set of physicochemical methods of in-
vestigation in the high-resolution instrumental 
arrangement, one of which is 13C NMR spectros-
copy. Unlike destructive methods of investigation, 
13С NMR spectroscopy allows direct determination 
of the content of carbon atoms in different chemi-
cal surroundings. The degree of aromaticity (fa) of 
the structure of the organic mass, expressed in the 
fraction of carbon in aromatic fragments, is one of 
the basic structural characteristics defining the 
reactivity of coal in different technological pro-
cesses and determining the yield and composition 
of processing products [2, 9, 10].

In the present work, we describe the results of 
the studies of sapropelite coal from different de-
posits by means of 13C NMR spectroscopy.



	 INVESTIGATION OF SAPROPELITE COALS BY MEANS OF NMR SPECTROSCOPY� 605

ExperimentaL

Materials

The objects of the investigation were seven 
samples of sapropelite coal taken from the collec-
tion of Coal Bank formed at the Institute of Coal 
Chemistry and Chemical Materials Science, 
FRC CCC SB RAS. The studied samples included 
(sample codes): sapropelite from the Ala-Kul Bay 
of Lake Balkhash (1), the Charchik (2) and Tay-
mylyr (7) bogheads of the Lena basin; sapropelite 
of the Kushmurun deposit of the Turgay basin (3); 
sapropelite from the Podmoskovniy coal basin, 
sampled at the Seredeyskaya mine (4); sapropelite 
from the Sobolevskoye deposit of the Kansk-
Achinsk basin (5); sapropelite from the Budagovo 
deposit of the Irkutsk basin (6). 

The preparation of sapropelite samples for 
analysis (to obtain kerogen) included their crush-
ing to particle size less than 0.2 mm and extraction 
with an ethanol-benzene mixture (1 : 1) according 
to Graefe procedure for 6 h. Extraction was car-
ried out to remove soluble organic substances 
from the samples. After extraction, the samples 
were dried at a temperature of 105 °C in a drying 
box to a constant mass. The samples from the 
Sobolevskoye and Budagovo deposits, with ash 
content in the native state 25.3 and 44.5 %, respec-
tively, were additionally subjected to sequential 
demineralization with concentrated hydrochloric 
and hydrofluoric acids.

Methods of investigation

Proximate analysis was carried out using stan-
dard methods. Fixed carbon (Cfixed) was calculated 
using the equation: Cfixed = 100 – Wa – Ad – Vd, 
where Wa is analytical moisture, Ad is ash con-
tent, Vd is the yield of volatiles per the dry state 
of the sample [11–13]. The elemental composition 
was determined using a Thermo Flash 2000 ele-
ment analyzer (Thermo Fisher Scientific, United 
Kingdom). Oxygen content was estimated as a dif-
ference between 100 % and the sum of С, Н, N, S 
elements. Results of determinations were recalcu-
lated for the dry ash-free (daf) state of the fuel. 

High resolution 13С NMR spectra in solids 
were recorded with the help of an Avance III 
300 WB spectrometer (Bruker, Germany) using 
the standard procedure of cross-polarization with 
magic angle spinning (CPMAS) with proton un-
coupling at a frequency of 75 MHz. Contact time 
was 1000 µs, with the accumulation of 4096 scans, 

the delay between scans was 2 s, the frequency 
of sample rotation was 7 kHz. To obtain quantita-
tive data, the spectra were simulated with the 
help of Dmfit software [14]. 

Deconvolution of the spectra allows distinguish-
ing the ranges corresponding to the resonant ab-
sorption by the following groups of carbon atoms, 
ppm: 235–180 – carbon atoms of carbonyl groups 
(С=О); 180–170 – carbon atoms of carboxylic 
groups and their derivatives (СОО–); 170–150 – 
carbon atoms of aromatic systems bound with an 
oxygen atom (СarО); 150–90 – carbon atoms of 
aromatic systems with a substituted and non-sub-
stituted hydrogen atom (Сar + СНar); 90–60 – car-
bon atoms of ether groups (С–О); 51–0 – carbon 
atoms of alkyl fragments (Сalk). Aromaticity degree 
was calculated from the results of simulation using 
equation fa = (Сar + СarО + СНar)/100. To compare 
the contribution from aliphatic carbon (∑Сal) into 
kerogen structure with respect to the aromatic 
carbon (∑Сar), we compared the integral intensities 
of the signals in the regions of 0–50 and 90–
150 ppm related to ∑Сal and ∑Сar, respectively [15].

Results and discussion

The results of proximate analysis and the el-
emental composition of sapropelites are listed in 
Tables 1 and 2, respectively. One can see that all 
the samples are characterized by increased yields 
of volatile substances per the dry ash-free state 
(Vdaf), which vary from 56.4 (sample 7) to 91.8 % 
(sample 1). The ash content Ad of the samples is 
less than 6.9 %. The majority of the samples are 
low-sulphur, because sulphur content in their or-
ganic mass is less than 2 %. However, sample 4 
(Seredeyskaya mine) may be related to sulphur-
containing ones because sulphur content in its or-
ganic mass is 3.2 %.

The elemental composition of kerogen, first of 
all, hydrogen content with respect to carbon, is 
the most important criterion to evaluate the type 
of organic matter and the stage of its catagenic 
maturity [16, 17]. The elemental composition of 
the studied samples provides evidence that their 
organic mass is enriched with hydrogen (see 
Table 2). The atomic ratio Н/С in samples 1–6 
varies from 1.70 (sample 1) to 1.51 (sample 6). The 
lowest Н/С value equal to 1.19 was detected in 
sample 7, which may point to a higher degree of 
the maturity of its organic mass. It should be 
stressed that Vdaf values of the studied samples 
correlate with the atomic ratio Н/С (Fig. 1).
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The 13С NMR spectra of sapropelite coal sam-
ples are shown in Fig. 2, where they are arranged 
according to a decrease in the atomic ratio Н/С in 
the studied samples. The appearance of the spec-
tra corresponds to numerous 13С NMR spectra of 
various fossil fuels and contains two characteris-
tic regions corresponding to the resonance ab-
sorption by carbon in aromatic systems and in 
aliphatic fragments, as well as in functional 
groups (carboxylic, phenol, alcohol, and meth-
oxy) [15, 18–20]. The major differences are ob-
served in the integral intensities of the signals in 
these separate spectra regions.

The most intensive signal in the 13С NMR 
spectra of all the studied samples appears in the 

region 10–50 ppm. This signal is due to the pres-
ence of aliphatic carbon atoms of different con-
figurations. Among the signals in the aliphatic 
region, the most intensive signal is that observed 
at 30 ppm, which corresponds to the absorption 
by carbon in methylene links (see Fig. 2). Rather 
clearly identified signals are those at 14 ppm – 
carbon in the terminal methyl groups of alkyl 
structures, at 24 ppm – carbon of methyl groups 
connected with the ternary carbon atom of ali-
phatic chains and with aromatic cores. In the re-
gion 35–50 ppm, there are signals related mainly 
to the presence of aliphatic cycles, in particular 
those bound with aromatic structures [15, 19, 21].

The data on the relative distribution of carbon 
atoms over structural fragments in the aliphatic 
regions of spectra are shown in Table 3. Analysis 
of the presented data shows that the amount of 
aliphatic carbon (∑Сal) in all the studied samples 
is rather high and varies from 77.41 % (sample 1) 
to 46.85 % (sample 7). The presence of intense 
signals in the regions 25–35 ppm (polymethyl-
ene fragments (–СН2–)n) and 0–18 ppm (terminal 
СН3 groups) is the evidence that long-chain ali-
phatic fragments are present in the structure of 
the organic matter of the studied samples. In sap-
ropelite samples 1–3, the fraction of carbon in 
long aliphatic chains (С25–35/∑Сal) is more than 
0.50. It should be stressed that with an increase in 
the genetic maturity of samples (with a decrease 
in the atomic ratio H/C) the amount of these 
fragments decreases against the background of a 
slight increase in the fraction of carbon in ali-
phatic cycles (С35–50/∑Сal). The largest amount of 
carbon of aliphatic cycles was detected in sam-
ple 4 (Seredeyskaya mine) and in sample 5 (the 
Sobolevskoye deposit) – 0.48 and 0.50, respective-
ly (see Table 3). 

In NMR 13С spectra, a broad carbon signal re-
lated to the aromatic fragments is essentially less 

TABLE 1

Data of the proximate analysis  
of the studied sapropelite coal samples

Sample 
code

Proximate analysis, %

Wa Ad Vd Vdaf Cfixed

1 1.8 6.9 85.5 91.8 5.8

2 1.7 3.1 81.2 83.8 14.0

3 1.6 3.5 79.1 82.0 15.8

4 5.3 3.9 73.5 76.5 17.3

5 1.5 1.5 72.8 73.9 24.2

6 5.1 4.1 69.5 72.5 21.3

7 6.7 6.4 52.8 56.4 34.1

Note. 1. Wa is analytical moisture, Ad is ash content, Vd 
is the yield of volatile substances per the dry state of the 
sample, Vdaf is the yield of volatile substances per the dry ash-
free state of the sample, Cfixed is fixed carbon. 2. Samples: 
1 – balkhashite, 2 – Charchik, 3 – Kushmurun, 4 – Seredey-
skaya mine, 5 – Sobolevskoye deposit, 6 – Budagovo, 7 – 
Taymylyr.

TABLE 2

Elemental composition of the studied sapropelite coal samples

Sample 
code

Elemental composition, % per daf Atomic ratio

С H S N O Н/С О/С

1 75.5 10.7 0.6 0.7 12.5 1.70 0.12

2 74.3 10.1 0.7 0.7 14.2 1.63 0.14

3 74.0 9.9 0.8 1.1 14.3 1.62 0.14

4 74.9 9.6 3.2 0.8 11.5 1.54 0.12

5 77.8 9.9 0.3 0.9 11.1 1.53 0.11

6 77.2 9.7 0.7 1.5 10.9 1.51 0.11

7 88.7 8.8 0.4 0.4 1.7 1.19 0.01

Note. For sample designations, see Table 1.

Fig. 1. Correlation between the yield of volatile substances 
(Vdaf) and the atomic ratio Н/С in the studied sapropelite coal 
samples. 
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intense than the signal of carbon atoms from 
aliphatic groups (see Fig. 2). The aromatic region 
of the spectrum contains a set of merging sig-
nals within the range of 90–150 ppm, which 
correspond to different aromatic fragments. The 
13С NMR spectrum of sample 7 contains the most 
intense peak at 126 ppm and a small shoulder at 
137 ppm (Fig. 3, spectrum 7). The authors of [10, 
15, 19, 20] attribute the signals at 126 ppm to 
protonated aromatic carbon, and the signals at 
137 ppm to quaternary (non-protonated) carbon 
atoms (carbon in aromatic ring substituted with 
an alkyl radical). 

Results of deconvolution of NMR 13С spectra of 
the studied samples in the aromatic region are 
presented in Table 4. One can see that sapropelite 
samples 1–6 are characterized by the lowest aro-
maticity fa, varying from 0.10 to 0.26. The largest 
value (fa = 0.42) was determined for sample 7 (the 
Taymylyr deposit), but the ratio ∑Сal/∑Сar in this 
sample remains larger than unity (see Table 4). 

According to the data presented in Fig. 3, an 
increase in aromaticity index fa is proportional to 
a decrease in the amount of aliphatic carbon in 

Fig. 2. The 13С NMR spectra of the samples of sapropelite coal: 
balkhashite (1), Charchik (2), Kushmurun (3), Seredeyskaya 
mine (4), Sobolevskoye deposit (5), Budagovo (6), Taymylyr (7). 

TABLE 3

Parameters of the fragment composition of sapropelite coal samples  
according to the data of 13С NMR spectra in the aliphatic region (0–90 ppm)

Sample 
code

Distribution of carbon atoms over structural groups, rel. % С25–35/∑Саl С35–50/∑Саl

The range of resonance absorption, ppm

0–18 18–25 25–35 35–50 ∑Саl 50–90

1 0.64 3.70 52.55 20.53 77.41 9.30 0.68 0.27

2 0.30 2.80 44.86 26.43 74.44 5.42 0.60 0.36

3 0.13 4.51 39.25 28.02 71.91 4.52 0.55 0.39

4 0.10 3.79 32.85 34.58 71.31 2.97 0.46 0.48

5 0.22 4.12 30.97 35.64 70.95 1.80 0.44 0.50

6 0.44 5.74 27.21 29.96 63.35 5.02 0.43 0.47

7 0.41 8.33 19.36 18.75 46.85 6.19 0.41 0.40

Note. 1. ∑Саl = С0–18 + С18–25 + С25–35 + С35–50. 2. For sample designations, see Table 1.

TABLE 4

Parameters of the fragment composition of sapropelite coal samples according to the data  
of 13С NMR spectra in the aromatic region (90–235 ppm)

Sample 
code

Distribution of carbon atoms over structural groups, rel. % fa ∑Саl/∑Саr С90–130/
С130–150The range of resonance absorption, ppm

90–130 130–150 ∑Саr 150–170 170–180 180–235

1 1.82 6.76 8.58 1.38 2.15 1.18 0.10 7.77 0.27

2 9.41 5.61 15.02 1.08 2.38 1.66 0.16 4.62 1.68

3 10.88 8.32 19.20 0.89 2.22 1.26 0.20 3.58 1.31

4 12.42 5.96 18.38 1.33 4.07 0.94 0.21 3.44 2.08

5 13.92 7.79 21.71 1.88 2.73 0.93 0.24 3.01 1.79

6 16.62 6.94 23.56 2.31 3.97 0.79 0.26 2.45 2.39

7 26.52 9.10 35.63 6.32 3.47 1.54 0.42 1.12 2.92

Note. 1. ∑Саr = С90–130 + С130–150. 2. fa = (С90–130 + С130–150 + С150–170)/100. 3. ∑Саl see Table 3. 4. For 
sample designations, see Table 1.
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structural fragments within the range of 0–50 ppm. 
An increase in this parameter occurs due to an 
increase in the amount of inter-cycle and proto-
nated carbon (the region 90–130 ppm) with the 
relative stability of the concentration of substi-
tuted aromatic carbon (the region 130–150 ppm.) 
(see Table 4). It may be stated that the growth of 
the genetic maturity of the studied sapropelite 
samples (a decrease in the atomic ratio Н/С) is 
accompanied by the transformation of the chem-
ical structure of kerogen due to an increase in the 
concentration of aromatic cores in the organic 
matter of the samples and due to the loss of me-
thyl groups. 

Aromaticity index fa calculated according to 
the data of NMR spectroscopy is inversely pro-
portional to the yield of volatile substances Vd, 
atomic ratio Н/С, and is directly proportional to 
the amount of bound carbon Cfixed in the organic 
mass (Fig. 4).

It is known that oxygen plays an essential part 
in the chemical structure of kerogen. In some 
cases, it acts as a bridge linking local carbona-
ceous structures; in addition, it may participate in 
the formation of kerogen by entering the periph-
eral groups [16, 17]. The NMR 13С spectra of all 
the studied sapropelite samples are characterized 
by the presence of a peak in the region 50–90 ppm, 
which corresponds to carbon bound with oxygen 
through a single bond (typical for ethers, esters 
and alcohols). The highest intensity of this signal 
(9.3 %) was detected in sample 1, and the lowest 
one in sample 5 (1.8 %) (see Table 3).

Using the data obtained from the spectra of 
the studied sample, we also determined the value 

of the signal from carbon in the aromatic core 
(see Table 4), bound directly with oxygen – 

Fig. 3. Dependence of carbon content in aliphatic structural 
fragments on the degree of aromaticity (fa) of the studied 
sapropelite coal samples.

Fig. 4. Correlation between the degree of aromaticity (fa) and 
the yield of volatile substances (Vd) (а), fixed carbon (Cfixed) (b) 
and the atomic ratio Н/С (c) in the studied sapropelite coal 
samples. 
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phenol carbon (the region 150–170 ppm). The 
fraction of phenol carbon in samples 1–6 does not 
exceed 2.33 %. The highest value of this parame-
ter (6.32 %) was detected in the spectrum of 
sample 7 (the Taymylyr deposit).

The NMR 13С spectra contain the signals re-
lated to carboxylic and carbonyl oxygen-con-
taining groups. Carboxyl carbon gives a peak at 
175 ppm, the content of carboxylic fragments in 
the samples does not exceed 4.6 % (see Table 4). 
The content of the carbonyl group (the region 
180–235 ppm) is comparable in all the samples 
and varies between 0.79 % (sample 6) and 1.66 % 
(sample 2).

To compare the contribution from different 
forms of oxygen into the kerogen structure in the 
studied samples, we used the ratio of integral in-
tensities of the signals from oxygenated groups in 
the regions 50–90 and 150–235 ppm; the values 
of С50–90/С150–235 ratio are presented in Table 5. 
One can see that in sample 1, the amount of ali-
phatic carbon atoms connected through a single 
bond with oxygen is two times higher than in 
other oxygenated structures different from 
ethers or esters. In samples 2 and 3, the ratio 
С50–90/С150–235 = 1, while in samples 4–7 it is ap-
proximately equal to 0.5. Therefore, it may be 
stated that the oxygen of kerogen in sample 1 is 
mainly concentrated in ether and ester bonds, in 
samples 4–7 – mainly in phenol, oxo and carboxy 
groups, while in kerogen of samples 2 and 3 – 
also in ether bonds. 

So, the obtained data do not contradict the 
existing notions that the kerogen of sedimentary 
rocks is a high-molecular substance containing 
both cyclic elements and the elements with an 
open chain. Aliphatic and cyclic fragments of ker-
ogen are bound to each other through oxygen, 
ether and thioether bridges, and also partially 
through carbon-carbon bonds [16, 17]. 

Conclusion

Solid-state 13С NMR spectroscopic investigation 
was carried out over seven samples of sapropelite 
coal from different deposits, differing from each 
other in the catagenic maturity of their organic 
matter, which is confirmed by the changes of the 
yield of volatile substances Vdaf (from 91.8 to 56.4 %) 
and the atomic ratio Н/С (from 1.70 to 1.19).

The method of 13С NMR spectroscopy allowed 
us to reveal the features of carbon atom distribu-
tion in the studied samples. It was determined 

that carbon of the organic mass is greatly concen-
trated in aliphatic structures because the most 
intense signals in 13С NMR spectra appear in the 
region 10–50 ppm, corresponding to the absorp-
tion by carbon atoms of methyl and methylene 
groups, as well as ternary and quaternary carbon 
atoms. The largest amount of aliphatic carbon 
(∑Сal) was revealed in the sample which is char-
acterized by the highest yield of volatile sub-
stances and the atomic ratio Н/С. With a decrease 
in the atomic ratio Н/С, an increase in the degree 
of aromaticity of the organic matter is observed 
in all the studied samples, against the background 
of a decrease in the fraction of aliphatic struc-
tures and carbon bound with oxygen through a 
single bond.

Results of the studies of sapropelite coal sam-
ples by means of solid-state 13С NMR spectros-
copy may be used to model the fragments of their 
chemical structure for the purpose of vivid rep-
resentation of the contributions from separate 
groups of organic compounds into the composi-
tion of coal matrix.
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TABLE 5

Relations between oxygen-containing structural groups  
according to the data of 13С NMR spectra

Sample 
code

Distribution of carbon atoms  
over structural groups, rel. %

С50–90/
С150–235

С–О–С СаrО + СООН + С=О

The range of resonance  
absorption, ppm

50–90 150–235

1 9.30 4.71 2.0

2 5.42 5.12 1.1

3 4.52 4.37 1.0

4 2.97 7.31 0.4

5 1.80 5.54 0.3

6 5.02 8.07 0.6

7 6.19 11.33 0.5

Note. For sample designations, see Table 1.
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