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ABSTRACT

Clarifying the structure, category, and content of nitrogen-containing compounds in coal tar is not only the
key to directional regulation of pyrolysis processes, but also one of the needs for refined utilization of coal
resources. developing simple, direct, and efficient structural analysis methods for nitrogen-containing
compounds is very important for further investigation of nitrogen-rich tar. In this study, nitrogen-rich tar was
obtained by co-pyrolysis through low rank coal and NH4Cl; meanwhile, 15NH4Cl were selected as the NMR signal
enhancement for the structural characteristics research. The results indicated that the nitrogen-rich tar primarily
consisted of substituted aromatic amines, aliphatic amines, piperidine, pyrrole, pyridine, quinoline, and other
nitrogen-containing compounds. Various nitrogen-containing compounds exhibit distinct functional properties.
Compared with GCMS analysis method, 1H-15N HMBC NMR provides more structural information about nitrogen-
containing compounds, especiaily the substitution characteristics of aromatic amines; at the same time, 1H-15N
HMBC provides very “clean” 2D spectrum compared to 1H-13C HSQC simultaneously.

Introduction

Nitrogen-containing compounds represent an important class of organic compounds that are
widely found in animals, plants, and natural products!2. Due to their high biological activity,
efficient systemic absorption, and low toxicity, these compounds are frequently employed as
structural motifs in pharmaceuticals and agrochemicals, and are therefore extensively utilized
across various fields, including medicine3-, fuel®7, dyes®, materials®, and food additives!?. In the
field of chemical engineering, coal tar serves as a significant natural source of nitrogen-containing
heterocycles!!, particularly pyridine, quinoline, carbazole, and acridine. With the continuous
advancement of modern industry, simple nitrogen-containing compounds such as aniline and
pyridine!? can now be efficiently synthesized through petrochemical processes. However,
structurally complex nitrogen-containing heterocyclic compounds, such as carbazole and acridine
and their derivatives, remain challenging to produce at large scale in an economically viable and
technically feasible manner due to the high cost and low efficiency associated with conventional
synthetic methods. Therefore, as a natural resource abundant in complex nitrogen-containing
heterocyclic compounds, coal tar continues to face significant challenges in its high-value utilization
and efficient analysis.

Coal tar contains a diverse range of nitrogen-containing compounds with a high total quantity,
but individual components are present in relatively low concentrations. The occurrence forms and
removal mechanisms of these compounds require further investigation, and current qualitative and
quantitative analytical methods remain insufficiently developed. The separation and enrichment of
nitrogen-containing compounds, along with the accurate identification of their composition and
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structure, have become key challenges in the field of coal tar processing and utilization!3- Currently,
the primary methods for identifying the composition of nitrogen-containing compounds in tar
include gas chromatography (GC), gas chromatography-mass spectrometry (GC/MS), Fourier
transform infrared spectroscopy (FT-IR), and nuclear magnetic resonance (NMR) techniques!415,
The GC/MS analyzer combines the separation capability of chromatography with the qualitative
advantages of mass spectrometry, enabling rapid and accurate analysis of multi-component
mixtures within a relatively short time frame. Although it offers advantages such as high specificity,
minimal sample requirements, fast analysis speed, and high sensitivity. However, the compounds
present in coal tar possess complex structures, and multiple isomers are often present, which exhibit
highly similar structural features and their mass spectra are also extremely similar, which means
that it poses a great challenge for GC/MS analysis of isomers. For instance, He et al.16 reported
nearly identical mass spectral data for quinoline and cinnamoyl nitrile when analyzing the pyrolysis
products of cinnamic acid and ammonium chloride using GC/MS. For known nitrogen-containing
compounds, identification can be accomplished by comparing their retention times with those of
reference standards. However, for structurally complex and unknown nitrogen-containing
compounds, additional analytical techniques must be employed in combination to achieve accurate
identification.

Nuclear magnetic resonance has a very strong ability to identify isomers, capable of distinguishing
structural isomers, cis-trans isomers and enantiomers. Since most isomers (except enantiomers)
have structural and spatial differences, the atomic nuclei and the local environment of the magnetic
field are different, often presenting different chemical shifts, coupling constants and peak splitting
patterns. As coal tar is a complex mixture, direct 'H NMR and 13C NMR detection often result in
severe signal overlap, leading to the loss of critical structural information!?. The application of 1N
NMR can circumvent the complex chemical environments of hydrogen and carbon atoms, enabling
direct detection of nitrogen atoms and thus providing more direct insights into molecular
structurel®. However, several challenges may arise in 1N NMR analysis. Firstly, coal tar contains
a diverse range of nitrogen compounds, many of which are present at relatively low concentrations.
Additionally, the natural abundance of 1N is very low (approximately 0.37%), and the quadrupole
coupling effect of *N further complicates the measurement. These factors can collectively
contribute to the loss of spectral signals in '>N NMR1!9. The application of 1°N labeling can
significantly enhance signal intensity, thereby enabling clearer characterization of molecular
structures. For example, Ramirez et al. successfully enhanced the nitrogen signal in amino acids
using !>N-labeled amino acids?0. However, in coal tar, many nitrogen atoms often exhibit similar
chemical environments, resulting in severe signal overlap. Two-dimensional (2D) NMR techniques,
such as 'H-15N HSQC and 'H-1°IN HMBC can enable clearer signal assignments within a shorter
time frame, reduce both experimental time and sample consumption, and elucidate the direct
connectivity between hydrogen and nitrogen atoms?2!. For the identification of isomers, the 1H-15N
HMBC technique is superior to the GC/MS technique. For instance, as mentioned earlier, the mass
spectra of quinoline and cinnamic anhydride are exactly the same, but due to the different chemical
environments of the N atom, the 'H-1N HMBC spectra of the two are significantly different.

Based on the aforementioned experimental research, Hongliulin rich oil coal was selected as the
raw material and co-pyrolyzed with NH4Cl and >NH,4CI, respectively, to produce nitrogen-rich tar.
Due to the diversity and complexity of nitrogen-containing compounds present in the tar, a method
for rapidly screening nitrogen-containing functional groups using 'H-1°N HMBC NMR spectra was
developed. The use of rich oil coal as a carbon source offers advantages such as low cost and wide
availability, thereby increasing the added value of coal. The complex structure of coal provides a
variety of precursors, which is beneficial for the formation of C-N bonds. Through nitrogen doping
and pyrolysis reactions, the utilization efficiency of coal tar has been improved, breaking away from
traditional synthesis methods for nitrogen-containing compounds and offering valuable insights for
the deep processing and comprehensive utilization of coal tar?2. This approach holds considerable
scientific and practical significance. Therefore, the establishment of a rapid and effective analytical
method for nitrogen-containing compounds is of substantial importance.

Results and Discussion

NMR Analysis
1H-15N HMBC Results of Diverse Nitrogen-Containing Compounds



It is well established that the nitrogen-rich tar obtained from the co-pyrolysis of oil-rich coal and
NHA4Cl possesses an exceptionally complex composition. For nitrogen (N), the chemical
environment is less complex compared to hydrogen (H) and carbon (C), yet the signals from various
nitrogen-containing compounds still exhibit overlap and interference. Initially, one-dimensional !°N
NMR analysis was performed on the coal tar, revealing no detectable peaks. This discrepancy may
be attributed to the inherently low sensitivity of one-dimensional !N NMR, which requires high
concentrations of nitrogen-containing compounds for effective signal detection. However, even
though nitrogen-rich tar contains a relatively high overall abundance of such compounds, the
relative concentration of each individual species remains low, which critically hinders signal
detection. The 1H-15N HMBC (Heteronuclear Multiple Bond Correlation) spectrum correlates 'H
nuclei with remotely coupled 15N nuclei, typically showing coupling information between protons
separated by two to three bonds and their associated nitrogen atoms. This two-dimensional NMR
technique facilitates more detailed identification of nitrogen-containing compound types. Given the
structural diversity and uncertain configurations of nitrogenous compounds in nitrogen-rich tar,
reference compounds containing various nitrogen functional groups were analyzed prior to the
examination of the tar sample. Their corresponding 'H-1°N coupling signal chemical shift data are
summarized in Table 1.

Table 1. Chemical Shifts of 'H-15N Coupling Signals for Ten Distinct Nitrogen-Containing

Compounds.

No. Compound 6y (ppm) On (ppm)
1 Ethylamine 0.9802.57 29.2
2 Dicyclohexylcarboimide 1.2601.83 102.4
3 N, N-dimethylformamide 2.66[]7.67 105.6
4 Aniline 7.25[]7.46 88.1
5 o -naphthylamine 6.86 53.8
6 Pyrrole 6.99[]6.58 146.4
7 Pyridine 7.22[18.60 312.9
8 Quinoline 7.26[18.09[]8.83 317.5
9 Acetonitrile 2.00 2449
10 > OSdimethyl-l-pyrroliroin-N-y ygm 9012.3506.57 311

oxide

To enhance the differentiation of various nitrogen-containing functional groups, a classification
strategy was applied for their identification. As shown in Figure 1, the vertical axis represents the
chemical shift of nitrogen atoms, and the horizontal axis denotes the chemical shift of hydrogen
atoms. The two-dimensional spectrum was divided into four quadrants using 6y = 4 ppm and 6y =
200 ppm as boundary thresholds. The 1H-1°N coupling signals of nitrogen-containing compounds
listed in Table 1 are distributed across various quadrants in first quadrant in Figure 1. The first
quadrant represents coupling signals between nitrogen atoms in the high-field region and hydrogen
atoms in the high-field region, including certain amines, imines, azo compounds, and N-alkyl-
substituted amides, as illustrated in first quadrant in Figure 1. Hydrogen atoms in this region are
characterized by the absence of direct attachment to highly electronegative groups or aromatic
rings, whereas nitrogen atoms may be bonded to strongly electronegative groups such as carbonyl
moieties. Due to the relatively small electronegativity difference between the coupled nuclei, the
nitrogen chemical shifts remain below 65 = 200 ppm (corresponding to the second quadrant in
Figure 1), even when deshielded. However, attachment to multiple electronegative groups may
potentially result in chemical shifts exceeding this threshold. The second quadrant represents the
coupling between nitrogen atoms in the high-field region and hydrogen atoms in the low-field
region, as exemplified by compounds such as anilines, diphenylamines, naphthylamines, pyrroles,
and formamides, as shown in second quadrant in Figure 1. This region is primarily characterized by
aromatic amines, where the hydrogen atoms are bonded to highly electronegative groups or directly
to aromatic systems, including carbonyl groups, benzene rings, and pyrrole rings. The third
quadrant exhibits a chemically opposite atomic environment compared to the first quadrant, with



both hydrogen and nitrogen atoms located in the low-field region. This region is predominantly
composed of six-membered aromatic nitrogen heterocycles such as pyridine and pyrimidine rings,
as shown in third quadrant in Figure 1. The chemical environment of hydrogen atoms in this area
is similar to that observed in the second quadrant; however, due to inductive effects, conjugation,
and anisotropic influences arising from the six-membered aromatic nitrogen heterocycles, the
chemical shifts of nitrogen atoms are significantly higher than those observed in pyrrole structures.
A subset of compounds includes non-azacyclic structures, such as nitro groups, oximes, and nitrogen
oxides, in which the nitrogen atoms are directly bonded to highly electronegative groups or atoms,
resulting in upfield shifts of their chemical shifts. Furthermore, cyano groups exhibit elevated
nitrogen chemical shifts due to the sp hybridization of the nitrogen atom, leading to coupling signals
observed in the low-field region of the nitrogen spectrum. The chemical environment of nitrogen
atoms in the fourth quadrant is similar to that of the third quadrant, while the hydrogen environment
corresponds to that of the first quadrant specifically, nitrogen atoms in third-quadrant compounds
have nearby alkyl substituents. Coupling signals in the fourth quadrant appear exclusively when
substituents containing high-field hydrogen atoms replace low-field hydrogen atoms adjacent to
nitrogen, as shown in forth quadrant in Figure 1.
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Figure 1. The 'H-15SN HMBC NMR signal distribution map of various nitrogen-containing
compounds (divided into four quadrants with 6y = 4 ppm and 65 = 200 ppm as boundaries).

Characterization of Nitrogen-Containing Compounds in Tar by 1H-15N HMBC Analysis

Based on the peak emergence patterns of atoms in different chemical environments across various
field regions, a methodology has been developed for the rapid identification of nitrogen-containing
functional groups in 'H-15N HMBC NMR spectra. This approach offers both a theoretical foundation
and practical guidance for the efficient structural characterization of nitrogenous compounds in tar
and other complex mixtures. Figure 2 presents the 1H-15N HMBC NMR spectrum of co-pyrolysis
products obtained from oil-rich coal and >NH4Cl. Spectral analysis reveals that the majority of
nitrogen-containing compounds derived from the co-pyrolysis process are distributed in the first
and fourth quadrants. Figure 3 is an enlarged view of the first quadrant in Figure 2, the 'H-!5N
coupling signals are predominantly concentrated within the 50-190 ppm range, with most signals
appearing between 50 and 85 ppm. Based on the signal characteristics in the first quadrant of
Figure 1 and the speculation of the signal, it can be preliminarily inferred that the nitrogen-rich tar
contains aliphatic amines and piperidine derivatives?3. Because there are a lot of aliphatic
hydrocarbon compounds in coal, they originate from the lipid organic matter in the remains of coal-
forming plants. For example, algae, roots, stems and leaves of higher plants contain a large amount
of aliphatic compounds. When coal undergoes pyrolysis, the large molecular structure of coal breaks
down to generate long-chain alkyl groups, and the side chains also break down to form short-chain
alkyl groups such as methyl and ethyl. Subsequently, these alkyl groups combine with amino groups



to produce various amine compounds. The piperidine compounds may be related to the presence of
cellulose, hemicellulose and lignin in coal, which are all six-membered oxygen-containing rings
found in biomass. Under high temperatures, they will undergo complex radical exchange reactions
with amino free radicals, thereby generating various six-membered nitrogen-containing rings.24. In
addition, signals are also observed within the 110-190 ppm range, where the chemical shift of
nitrogen atoms is elevated, indicating a decrease in electron cloud density around the nitrogen atom
and a reduced shielding effect. These characteristics are consistent with those of pyrrole. However,
as shown in Figure 1, the signal of pyrrole is usually in the second quadrant, the observed signals
likely correspond to a-alkyl-substituted pyrrole derivatives (bearing one or multiple alkyl groups).
According to previous studies, coal tar contains furan compounds, and their main source is also
related to the biomass in coal. When cellulose undergoes pyrolysis, it generates intermediates such
as left-handed glucans through transglycosylation reactions?>. The furan compounds are mainly
obtained through further decomposition caused by competitive reactions and secondary
decomposition of left-handed glucans during the formation process of left-handed glucans26. These
furan compounds react with amino radicals to form various five-membered nitrogen heterocycles.
Signals are detected in the second quadrant, although not abundantly, and are primarily
concentrated within the 50-80 ppm range. Based on the signal comparison in the second quadrant
of Figure 1, it can be concluded that the compounds in this area are likely to be aniline or
naphthylamine compounds. As is well known, coal tar contains significant amounts of benzene and
naphthalene derivatives. Under the experimental conditions used, hydrogen atoms on these
compounds, particularly those located on aromatic rings, are converted into hydrogen radicals,
which subsequently participate in exchange reactions with amino radicals to form aromatic amine
compounds.
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Figure 2. The !H-15N HMBC NMR Spectra of Co-Pyrolysis Products Derived from Oil-Rich Coal
and NH4ClI (The Spectral Data Are Partitioned into Four Quadrants Using 6y = 4 ppm and 6y =
200 ppm as Demarcation Thresholds).
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Figure 3. Enlarged View of the First Quadrant in Figure 2.

For the third and fourth quadrants, the majority of coupling signals are located in the fourth
quadrant. Comparing the signals in the third quadrant of Figure 1, the coupling signals of pyridine
and quinoline derivatives were identified in the third quadrant, as indicated by the red box in Figure
2. The signals in the fourth quadrant display greater complexity. As illustrated in Figure 4, upon
magnification of this region, the signals are predominantly clustered within the 300-400 ppm range.
This suggests a further reduction in the electron cloud density surrounding the nitrogen atoms, a
characteristic commonly associated with all six-membered nitrogen heterocyclic derivatives. Similar
to pyrrole, these coupling signals would typically be observed in the third quadrant. Therefore, this
region mainly contains signals originating from o«-alkyl-substituted pyridine, pyrazine, and
pyridazine derivatives. For pyrrole, although its electron cloud density is higher than that of
pyridine, if the nitrogen atom is bonded to an oxygen atom to form an oxidized nitrogen species, the
electron density may be drawn toward the oxygen atom, potentially leading to chemical shifts in
this region. Consequently, this region may also include N-oxidized pyrroline derivatives. The
primary sources of these nitrogen-containing compounds are the oxygen-containing heterocycles
originally present in coal tar. These compounds undergo complex chemical reactions with amino
radicals at elevated temperatures. Given the bond energy of the C-O bond and the conjugation
effects of electrons on oxygen atoms, only a portion of the oxygen atoms react with amino radicals.
Nevertheless, this fraction of nitrogen-containing compounds is sufficient to be detected by nuclear
magnetic resonance spectroscopy. Additionally, a limited number of signals were observed within
the 200-300 ppm range. As shown in the signal in the fourth quadrant of Figure 1, these signals may
originate from cyano groups. He et al.16 demonstrated through the co-pyrolysis of cinnamic acid and
ammonium chloride that carboxyl groups react with amino radicals to form amides, which
subsequently undergo dehydration under specific conditions to yield cyano groups. Therefore, the
cyano signals could arise either from the reaction between carboxyl compounds and amino radicals
present in coal tar, or alternatively from intrinsic nitrile compounds within the coal tar itself.
Moreover, a minor signal persists within the 350-400 ppm range, likely attributable to the presence
of strong electron-withdrawing groups adjacent to the nitrogen atoms in the aforementioned
structures, resulting in an upfield chemical shift of the nitrogen nuclei. Additionally, coupled signals
are observed in the 200-250 ppm region, where the electron density displays intermediate
characteristics between pyrrole and pyridine. Based on established spectroscopic principles, this
region indicates the potential presence of cyanide-substituted compounds.
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Figure 4. Enlarged View of the Fourth Quadrant in Figure 2.
Results of 1H-13C NMR

Although the environment of H and C atoms in coal tar is complex, some special coupling signals
can still be found to identify some compounds in pyrolysis products?’. However, it is simply
impossible to distinguish the specific structures of nitrogen-cointaining compounds by 'H NMR
alone. As an initial approach, 'H-13C HSQC spectroscopy was utilized to detect directly bonded 'H-
13C pairs, thereby revealing direct carbon-hydrogen connectivity?8. The spectra were acquired
using a 400 MHz Bruker Avance III HD spectrometer with the HSQCEDETGPSISP pulse sequence,
employing 8 scans and 16 dummy scans. Figure 5 displays the 1H-13C HSQC spectrum of the
nitrogen-rich tar, in which coupling signals for both hydrogen and carbon nuclei are observed across
both the downfield and upfield regions. Empirical evidence indicates that the downfield coupling
signals primarily arise from benzene ring structures, suggesting the presence of unsubstituted
aromatic compounds within the nitregen-rich tar. For aromatic compounds, the 6¢ values typically
appear around 130 ppm. Notably, additional signals are observed near 6c=145 ppm, which spectral
analysis suggests may arise from heterocyclic compounds formed during the reaction, such as
nitrogen-containing heterocycles including pyridine and quinoline derivatives. This interpretation
is consistent with the 'H-15N HMBC data. However, these signals exhibit relatively low intensity,
likely due to substitution at the ortho-position relative to the heteroatom in these heterocyclic
structures2d. Such substitution would hinder the observation of heteronuclear coupling between the
nitrogen-adjacent carbon and hydrogen atoms, as illustrated in Figure 5. In high-field spectra, the
signal distribution is broader and more complex compared to that in low-field spectra. Empirical
evidence indicates that these signals arise from alkyl groups, implying the presence of a significant
number of alkyl substituents, including those attached to aromatic rings and various aliphatic
chains. Furthermore, nitrogen-rich tar was subjected to 'H-13C HMBC analysis, as shown in Figure
6[0which also revealed highly complex signal patterns. This complexity is not surprising, as nitrogen-
rich tar constitutes a highly heterogeneous mixture with highly diverse hydrogen and carbon
chemical environments. However, the coupling signals of pyridine and quinoline classes can still be
found in the figure. As can be seen from Figure 6, there are more coupling signals of H atoms in the
high field and C atoms in the low field. This also indicates that the ortho-position of N atoms is
mainly replaced by alkyl groups, which is consistent with the analysis results of 'H-1>N HMBC,
thereby further demonstrating the accuracy of the experiment.
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Figure 5. 1H-13C HSQC spectrum of nitrogen-rich tar (The compound structure shown here is the
coupling signals of H and N in pyridine and quinoline types.)
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Figure 6. 1H-13C HMBC spectrum of nitrogen-rich tar (The compound structure shown here is the
coupling signals of H and N in pyridine and quinoline types.)

GC/MS Analysis

Gas chromatography-mass spectrometry (GC/MS) is one of the most sensitive analytical
techniques for the detection of nitrogen-containing compounds in tar3?. It enables the determination
of whether 15N labeling occurs in tar during the co-pyrolysis of oil-rich coal and >NH4Cl by
monitoring m/z shifts. In nitrogen-containing compounds, the presence of a single 1N atom leads
to an m/z increase of 1 compared to 4N, while the presence of two 5N atoms results in a 2-unit
increment, with this pattern scaling proportionally. However, compared with NMR, GC/MS poses
significant challenges in analyzing isomers. Nevertheless, GC/MS analysis can still be adopted to
further verify the accuracy of the experiment. Previous studies by our research group have shown
that, under the operating conditions of this pyrolysis apparatus, the reactant ratio and reaction
duration only affect the concentration of nitrogen-containing compounds in the tar, without altering
their chemical species. In contrast, temperature variations significantly influence the diversity of
nitrogen-containing compounds. Experimental results indicate that the optimal conditions for
maximizing both coal tar yield and the diversity of nitrogen compounds are achieved at a pyrolysis
temperature of 600 °C, with a reactant ratio of oil-rich coal to NH4Cl of 1:3, and a reaction time of
3-4 minutes. As shown in Figure 7, the total ion chromatogram (TIC) displays the co-pyrolysis results
of oil-rich coal with NH4Cl and 1>NH,4Cl. The two chromatograms exhibit identical profiles. Further



analysis of all detected peaks revealed corresponding m/z shifts at 27 distinct positions, indicating
the presence of 27 nitrogen-containing compounds. Table 2 lists 27 nitrogenous compounds
identified through the NIST database, including their respective retention times, relative
abundances and based on the nuclear magnetic resonance signals of the standard nitrogen-
containing compounds in Table 1, it can be inferred which quadrant the signal of this compound
falls into. The experimental results initially confirm the complete feasibility of utilizing >N labeling
during the co-pyrolysis process3!. Moreover, the full substitution of 14N by 1°N during the labeling
process indicates complete isotopic incorporation. This method provides assistance for the
subsequent verification of the reaction mechanism. As shown in Table 2, the 'H-15N HMBC signals
of the 27 compounds predicted mostly lie in the first and fourth quadrants, which is basically
consistent with the 'H-15N HMBC signals of the actual nitrogen-rich tar. The 27 nitrogen-containing
compounds were classified into four categories: aromatic amines, aliphatic amines, five-membered
nitrogen heterocycles (N-5), and six-membered nitrogen heterocycles (N-6). Their relative
proportions were determined using the area normalization method, and the distribution is presented
in Figure 8. Analytical data show that nitrogen heterocycles represent the dominant form of
nitrogenous compounds (88.3%), whereas amines account for only 11.7%. Among all compound
classes, five-membered nitrogen heterocycles exhibit the highest relative abundance. Comparative
analysis against the NIST 14 database revealed that the five-membered heterocyclic compounds are
mainly composed of pyrroles, imidazoles and other derivatives, such as No. 1, 3, 16, 26, and 27 in
Table 2. Their common feature is that they are not composed of a single nitrogen heterocyclic ring,
but are connected with many other groups. The most crucial point is that alkyl groups are attached
to the a and B positions of the N atom, causing the originally low-field signal to shift to a high-field
position. For example, the 2,2,5,5-tetramethyl-4-ethyl-3-imidazoline-1i-oxyl of No.3. However, for the
six-membered nitrogen heterocycles, the situation becomes more complicated. For the piperidine
ring, the signals are mainly concentrated in the first quadrant, such as No. 7, 14, and 25 in Table 2.
For the nitrogen heterocycles in the aromatic system, the signals are mostly located in the fourth
quadrant, which is consistent with the above reasons. There are many alkyl groups attached to the
aromatic ring, such as No. 8, 18, 21, and 27 in Table 2, etc. Among them, the most notable is that
the peak of compound 6-methylquinoline 6 was accurately found. Since the mass spectra of
methylquinoline are almost the same, by comparing the retention time of the standard sample of 6-
methylquinoline, both show signals at 10.747 min!6, and this is highly consistent with the results of
1H-13C HSQC, 'H-13C HMBC, and 'H-1>’N HMBC, thereby further proving the accuracy of the
experiment.

Table 2. Names, retention times, and relative abundances of 27 nitrogen-containing compounds.

. A% Retention Relative Signal
No. Most likely niirogenous compounds time content 2 quadrant
1 2-(tert-butyl)-1-methyl-1H-pyrrole 4.901 2.57 1,2
2 2,4,6-trimethylpyridine 5.343 0.59 3,4
3 2,2,5, 5—tetramethyl—(é)l}—g{hyl-3—1m1dazohne—1 - 5 564 11.70 1
4 3-methyl-1,4,6, 7—te;t;ahydro—pyrazolo[3,4- 6.810 0.97 4
c]pyridin-5-one
5 4-methylbenzonitrile 6.870 0.81 No
6 2-Methylindoline 7.091 0.33 1
7 2,2,6,6-tetramethylpiperidin-4-one 7.211 10.97 1
8 4-hydroxy-1,6-dimethylpyridin-2(1H)-one 7.563 3.00 4
9 5-B,8-B-epoxy-3,5,8,8a-tetrahydro-1H-2- 7 964 013 3
benzopyrrole
3,5-dimethylbenzaldehyde
10 thiocarbamoylhydrazone 8.497 0.19 L
11 3—methylcyclohex—2—en-1—one O-methyl 8.738 0.42 1
oxime
12 4-((isopropylimino)methyl)-N,N- 9.180 0.20 1.2

dimethylaniline




13 2,2,6,6-tetramethylpiperidin-4-one O-acetyl

: 9.451 1.24 1
oxime
14 5-(piperidin-1-yl)furan-2-carbaldehyde 9.692 1.26 1
15 3-ethyl-5,6,7,8-tetrahydroquinoline 9.973 0.24 4
16 7-[2,2-dimethoxy-1-propyl]- pyrrolizin-1-one 10.074 0.38 1
17 6-methylquinoline 10.747 2.10 3
18 4-(2,6,6-Trimethy1-cyclohex—1 -enyl)-but-3-en- 11.098 104 4
2-one oxime
19 2-acetyldecahydroisoquinoline-3-carbonitril 11.972 0.10 4
20 8-ethyl-2-methyl-4-quinolinol 12.534 0.14 4
21 12-azablcyclo[9.2:2]pentadeca-1(14),11(15)- 12.936 9 47 4
dien-13-one
29 6,7,8,9-tetr§1hydrp-5-_rnethylisothiazolo[5,4- 13.066 114 4
clisoquinolin-1(2H)-one
23 1-[3-(3,3-D1methy1-but—1-ynyl)-'2,2-d1methyl- 13.187 166 4
cyclopropyll-piperazine
o4 9-a_rn1no-1,8-d1methyl-3,6- 13.639 112 1
diazahomoadamantane
25 2-[2-(1-piperidy])etgile]- 2,4-benzoxazin-1- 16.672 .74 1
26 2-methyl-a-pyrrolidinopropiophenone 18.459 1.38 1
6,7-dichloro-5-[(1-ethylpyrrolidin-2-
27  yl)methylamino]-1,3-dimethyl- pyrido[2,3- 19.645 16.20 1,3,4

d]pyrimidine-2,4(1H,3H)-dione

a The result was obtained by calculating the ratio of the peak area of each component to the total
peak area in the TIC graph of GC/MS.

b Based on the nuclear magnetic resonance signals of the standard nitrogen-containing compounds
in Table 1, it can be roughly inferred that the signal of this compound falls in which quadrant.
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Figure 7. GC/MS chromatograms of tar obtained from the co-pyrolysis of Hongliulin oil-rich coal
with NH4Cl and SNH4CI (blue: NH4ClL; red: 15NH,Cl).
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Figure 8. Classification and Content Analysis of Nitrogen-Containing Compounds in Tar Derived
from the Co-Pyrolysis of Hongliulin Oil-Rich Coal with NH4Cl.

Conclusion

This study established a method for rapidly screening the structures of nitrogen-containing
compounds in complex products using 'H-1>N HMBC NMR. The entire signal region was divided
into four quadrants, and the types of nitrogen-containing compounds in each quadrant were
analyzed and classified. This method was applied to the analysis of nitrogen-rich tar produced by
the co-pyrolysis of Hongliulin oil-rich coal and ammonium chiloride. Isotopic labeling with 1°N was
employed to enhance NMR signal detection of nitrogenous compounds. The experimental results
demonstrate that under optimized conditions (600 °C, a 1:1 mass ratio of Hongliulin oil-rich coal to
ammonium chloride, and a pyrolysis duration of 3-4 minutes), the nitrogen-rich tar predominantly
contains aliphatic amines, aromatic amines, five-membered nitrogen heterocycles, and six-
membered nitrogen heterocycles. The five-membered nitrogen heterocycles predominantly consist
of pyrrole and pyrroline derivatives, while the six-membered nitrogen heterocycles include
piperidine, pyridine, and pyrazine compounds, among others. Furthermore, through the combined
application of isotope labelinig and GC/MS analysis, the identified nitrogen-containing compound
types were found to be consistent with the results obtained from 'H-15N HMBC NMR. Quantitative
assessment revealed that nitrogen heterocycles account for up to 88.3% of the four analyzed
nitrogenous compound categories, all of which are thermally derived from biomass components
present in coal. Finally, all data remain highly consistent, demonstrating the feasibility of employing
1H-15N HMBC NMR for the rapid screening of nitrogen-containing species in complex mixtures. This
methodology provides valuable insights for the refined and high-value utilization of coal tar.

Methods

Experimental Materials: The oil-rich coal used in this study was obtained from the Hongliulin
mining area. The coal samples were ground into fine powder and sieved to achieve a particle size
of less than 200 mesh. All chemical reagents, including NH4Cl, 1NH4CIl, and standard samples of
nitrogen-containing compounds, were purchased from Shanghai Macklin Biochemical Technology
Co., Ltd. and used as received without further purification.

Co-pyrolysis Experiment: Co-pyrolysis experiments involving coal and nitrogen-containing
compounds were conducted in a small-scale pyrolysis reactorl’. A schematic diagram of the
pyrolysis apparatus is presented in Figure 9. The quartz tube reactor used in the experiment had
an outer diameter of 10 mm and an effective height of 400 mm. Prior to the experiment, 0.2 g of
coal was accurately weighed and placed into a sealed stainless steel tube along with either 0.2 g of
NH4Cl1 or 1>NH,4CI. Quartz wool was then inserted at both ends of the stainless steel tube, which
was subsequently mounted inside a quartz tube and secured32. The heating program was then
initiated. The pyrolysis system was equipped with a thermocouple embedded within the electric
heating furnace, and the reaction temperature was monitored and precisely controlled in real time
using the temperature control system (TCS). Concurrently, a carrier gas (N,) was introduced into



the reactor at an ultra-low flow rate, which was accurately regulated by a flowmeter to ensure
maintenance of an inert atmosphere and continuous gas flow throughout the reactor. Based on
previous research conducted by the research group, a pyrolysis temperature of 600 °C yielded
relatively high product outputs. Therefore, all experiments were carried out at 600°C. As the
pyrolysis products gradually flowed to the lower section of the quartz tube, the nitrogen-rich tar
began to condense due to the lower temperature in that region. The uncondensed nitrogen-rich tar
was collected in cooled tetrahydrofuran at the bottom. After the solvent was removed through
drying, the residual products were analyzed and characterized.

Nitrogen gas strcams

— Heating rod
- Heating chamber
2 Quartz fiber — - Stainlcss steel tube

Insulation layer

3 Care )
s o L ]

Temperature controller

Quartz tubes

- Tetrahydroturan
- lee

Figure 9. Schematic Diagram of the Pyrolysis Apparatus.

NMR Experiment: The NMR data were acquired using a Bruker Avance III HD spectrometer
operating at 400 MHz, equipped with a PA BBO 400S! BBF-H-D-05 Z SP probe, with the
experimental temperature maintained at 298 K. A 50 mg sample of nitrogen-rich tar obtained after
co-pyrolysis was dissolved in 500 pL of CDCl3, thoroughly mixed, and then transferred into a 5 mm
NMR tube. 1H-13C HSQC employs the HSQCEDETGPSISP pulse sequence, with NS=4, DS=32, and
DR=22s; 'H-13C HMBC uses the HMBCETGPL3ND pulse sequence, with NS=4, DS=16, and DR
=23s; 'H-15N HMBC employs the HMBCGP 15N pulse sequence, with NS=8, DS=16, and DR=23s..
All spectral data were processed using Bruker Topspin 4.1.1 software. Figure 9 presents a schematic
diagram of the sample preparation and experimental procedure33.

‘ +NH,CI*NH,CI Centrifugation SO0uL.CDCly ) 4uid NMR 400 MHz
Pyrolysis, Smin Smin

~0.2g, oil-rich coal coal tar

Figure 10. The sketchy diagram of sample preparation and experimental of NMR procedure.

GC/MS Experiment: The pyrolyzed products were introduced into the GC/MS system for analysis,
with high-purity helium used as the carrier gas through an HP-5MS capillary column (30 m x 0.25
mm X 0.25 pm). The GC/MS split ratio was set at 50:1. The oven temperature program began at 80 °C
with a 1-minute hold, followed by a heating rate of 20 °C/min to 310 °C, with a final hold of 4 minutes.
Compound identification was carried out using gas chromatography-mass spectrometry by
comparing the obtained spectra with the NIST 14 library. All experiments were conducted in
triplicate, with reproducibility confirmed within the 95% confidence interval3¢. The schematic
diagram of the GC/MS is presented in Figure 11.
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Figure 11. Schematic Diagram of the GC/MS.
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