2 ™ processes

Article

Study on the Extraction Mechanism of Metal Ions on Small
Molecular Phase of Tar-Rich Coal under Ultrasonic Loading

Zetang Wang 1’2, Yuan Bao %*, Chaoyong Wang !'? and Yiliang Hu 3

check for
updates

Citation: Wang, Z.; Bao, Y.; Wang, C.;
Hu, Y. Study on the Extraction
Mechanism of Metal Ions on Small
Molecular Phase of Tar-Rich Coal
under Ultrasonic Loading. Processes
2024,12,104. https://doi.org/
10.3390/pr12010104

Academic Editors: Junjian Zhang and
Zhenzhi Wang

Received: 28 November 2023
Revised: 25 December 2023
Accepted: 27 December 2023
Published: 1 January 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Key Laboratory of Coalbed Methane Resources and Reservoir Formation Process, Ministry of Education,
China University of Mining and Technology, Xuzhou 221008, China; wangzetang@cumt.edu.cn (Z.W.);
wangcy@cumt.edu.cn (C.W.)

School of Resources and Geosciences, China University of Mining and Technology, Xuzhou 221008, China
College of Geology and Environment, Xi’an University of Science and Technology, Xi’an 710054, China;
huyl1130@foxmail.com

*  Correspondence: y.bao@foxmail.com

Abstract: This study aims to elucidate the mechanism by which the ultrasonic loading of metal
affects the extraction of small molecular phase substances (low molecular compounds) in tar-rich coal.
Tar-rich coal samples were collected from the Huangling mining area in the southeastern Ordos Basin,
China. The coal, the leaching solution of the coal, the extraction products, and the extraction residual
coal samples with different metal ions loaded by ultrasound were analyzed using field emission
scanning electron microscopy, pH detection, gas chromatography—mass spectrometry, a Fourier
transform infrared spectrometer, and an X-ray diffractometer. The obtained results indicated that
the ultrasonic loading of coal samples with different metal ions (Mn%*, Co?*, Cu?t, Fe?*, and Ni%*)
promoted the extraction of small molecular phase substances in coal and increased the proportion of
extracted aliphatic hydrocarbons, alkylbenzene, naphthalene, phenanthrene, and other compounds.
The extraction rate of Mn?* was the highest. Compared with the control group, the extraction rate
was increased by 212%. After the ultrasonic loading of metal ions, the physical structure of the coal
was loose and the contact area of the solvent increased; the degree of branching and the hydrogen
enrichment of the residual coal decreased, the aromaticity increased, the interlayer spacing and
stacking layers decreased, and the stacking degree and ductility increased. Metal ions exchanged
with hydrogen ions in the coal molecules. At the same time, the metal ions were adsorbed in the coal
molecules and effectively combined with free electrons in the coal molecules to catalyze; thus, the
extraction effect of the small molecular phase of tar-rich coal was improved. This provides a new
method for the clean and efficient utilization of tar-rich coal.

Keywords: tar-rich coal; metal ions; organic small molecule phase; solvent extraction; action mechanism

1. Introduction

Tar-rich coal refers to the use of low-temperature pyrolysis technology to extract coal
tar; the tar yield is greater than 7% in the Gray-King assay of coal [1]. The tar-rich coal is
a vast reserve of coal-based oil and gas resources, with the oil resources contained in the
tar-rich coal in Shaanxi Province alone ranking ninth in the world and equaling 3.58 times
that of China’s confirmed petroleum resources and 1.57 times that of the United States [2].
As a coal resource that combines oil and gas, tar-rich coal has already attracted preliminary
attention from scholars in various regions, and extensive research has been conducted
specifically on its most important coal tar resources [3,4]. The use of low-temperature
pyrolysis technology to extract coal tar from it is associated with relatively high energy
consumption and significant environmental pollution [5]. According to the two-phase
structure model, coal consists of a covalently bonded large molecular network (host) and a
mobile phase (guest). The mobile phase refers to the small molecular compounds that are
trapped within the network [6-8]. Under mild extraction conditions, the small molecular
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phase embedded within the large molecular network can be effectively separated using
organic solvents, and the small molecular phase often consists of the “low-molecular-
weight compounds” found in coal [9-11]. Many of these small molecular phase compounds
can serve as high-quality chemical raw materials, which can be used in the production
of various high-value basic materials or new chemical materials [12,13]. The tar-rich coal
generally belongs to low- to medium-rank coal and is characterized by a low degree of
coalification, which contains a significant amount of “low-molecular-weight compounds”.
Therefore, it provides a new method for the efficient and clean utilization of tar-rich
coal [14,15].

Previous researchers conducted extensive studies on solvent extraction [9,16,17], and
some of these solvents exhibited excellent dissolving effects, particularly with bituminous
coal [18-24]. The main methods of extraction have also evolved into three categories: direct,
indirect, and auxiliary [25-27]. Auxiliary extraction refers to the artificial interventions
made during the original direct extraction process to increase product yield, such as
heating, ultrasonics, microwaves, and so on [28-31]. In the past decade, thermal dissolution
processes have also been developed to enhance the extraction of organic matter and produce
hyper-coals [32]. Metal chloride is commonly employed as a catalyst due to its evident
catalytic activity, which effectively enhances the thermal dissolution efficiency of coal
and alters the composition of the resulting product when introduced [3,33]. For tar-rich
coal with abundant small molecular compounds, low-temperature solvent extraction is
a practical and efficient way to provide clean utilization. It also avoids the breaking of
covalent bonds, making it an effective method for studying the macro-molecular structure
of coal [26,34]. However, the low efficiency of conventional coal extraction methods is a
major obstacle to the further advancement of this approach. Therefore, the research focus
lies in effectively enhancing the extraction efficiency of small molecular phases in coal and
optimizing the types and proportions of available organic matter compounds. In order to
achieve this, our study specifically investigates tar-rich coal from the Huangling mining
area in the southeastern part of the Ordos Basin. Under ultrasonic conditions, metal ions
are loaded onto coal samples treated with ash removal by impregnation. Different coal
samples loaded with metal ions through ultrasonication are subjected to Soxhlet extraction.
The impact of the ultrasonic loading of different metal ions on the extraction efficiency
of small molecular phases and the compound composition in coal samples is analyzed
using weighing methods and gas chromatography—mass spectrometry (GC-MS) testing.
Simultaneously, a comparison is made between the changes in the surface functional groups
and the lattice structure of residual coal after ultrasonic loading with different metal ions,
and the differential characteristics in the coal chemical structure are analyzed. Finally, by
combining the morphological features of coal after ultrasonic loading with different metal
ions and the changes in the acidity and alkalinity of the leachate, the mechanism of the
impact of the ultrasonic loading of metal ions on the extraction of small molecular phases
in tar-rich coal is further explored.

2. Experiment and Methods
2.1. Ultrasonic Loading Experiment of Metal Ions

The Ordos Basin is rich in abundant tar-rich coal resources, with the Jurassic coal seams
comprising the majority; these seams are primarily dominated by long-flame coal [35]. The
tar yield generally ranges from 7% to 12%. The samples were collected from the Yan’an
Formation No. 2 coal seam in the Huangling mining area of the Jurassic coalfield in the
Ordos Basin. Based on the Gray-King assay of coal (GB/T 1314-2007) [36], the tar yield was
determined to be 9.8%, indicating that it is a typical tar-rich coal. The industrial analysis
and elemental analysis data for the coal samples are shown in Table 1.
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Table 1. Industrial analysis and elemental analysis of coal samples (HL coal).

Proximate Analysis (w;%) Ultimate Analysis (w%, daf) Gray-King Assay (%)
Mag A Vdat FCyuq Caf Hagat Odaf Naf St daf Moisture content Tar yield Semi-coke yield
1.18 5.85 35.90 59.60 73.15 5.10 20.05 1.359 0.34 4.50 9.80 76.40

M,q, moisture on air-dried basis (ad); A,q, ash on air-dried basis (d); Vg4, volatile matter on dry ash-free
basis (daf); FC,q, fixed carbon on air-dried basis; w%, daf, the weight percentage of various elements on a
dry ash-free basis.

By investigating the commonly employed catalytic ions in previous studies, we se-
lected the following five metal ions (Ni%*, Fe?*, Co?*, Cu?*, and Mn?*) in order to conduct
experiments for a comparative analysis of their catalytic efficacy. The first step involves pul-
verizing and sieving the coal sample (HL-Coal) to a particle size of 120-200 mesh, followed
by drying at 80 °C for 8 h. Subsequently, the coal sample is subjected to demineralization
treatment using hydrofluoric acid (HF) and hydrochloric acid (HCI). The demineralization
process is as follows: 20 g of pulverized coal sample is placed in a beaker. First, 120 mL
of room temperature HCI (6 mol/L) is added, and the mixture is stirred for 24 h. After
filtration, the coal sample is then subjected to another 24 h stirring at room temperature
with HF (40 wt.%). After filtration, the coal sample is washed with deionized water until
the solution becomes neutral. Following demineralization, the coal is dried at 80 °C for 8 h
to obtain ash-free coal. Subsequently, 5 g of the ash-free coal sample is immersed in 100 mL
of a NiCl, solution (1% concentration) with a coal-to-NiCl, ratio of 100:1. The mixture is
subjected to ultrasonic agitation in a water bath for 6 h. The ultrasonic treatment device
model used in this experiment is the KQ-500DE, with a power setting of 40% at a frequency
of 40 kHz. After filtration and separation, the mixture is dried at 80 °C for 8 h, and the
loaded coal sample containing Ni?** and the corresponding leaching aqueous solution
are obtained.

Using the same method, the ash-free coal samples are separately immersed in solutions
of FeCl,, CoCl,, CuCl,, and MnCl,, each with a concentration of 1%. This results in
the obtaining of ash-free coal samples loaded with FeZ*, Co%*, Cu?*, and Mn?* metal
ions, along with their respective leaching aqueous solutions. Subsequently, the ash-free
coal samples loaded with different metal ions are used in the subsequent organic matter
extraction experiments (Soxhlet extraction method). For this experiment, there are three
control groups: one consists of 5 g of ash-free coal and ultrapure water; the second involves
ultrapure water with the addition of different metal ions; the third comprises only ultrapure
water. All three groups undergo equivalent treatment involving water bath ultrasonic
agitation. The metal ions used in the metal ion loading experiment are all in the form of
metal chlorides, thus eliminating the influence of chloride ions and focusing solely on the
effects of metal ion loading. The overall experimental approach is illustrated in Figure 1.

2.2. Acidity and Alkalinity (pH) Test

The pH levels of the leaching aqueous solutions, including those from all the blank
groups, after the ultrasonic treatment of coal loaded with different metal ions, were deter-
mined using a pH meter. The pH meter used was a LeiCi PHS-3C, with a testing range
of —2 to 18 pH units and a minimum resolution of 0.01 pH units. It is equipped with the
combination electrode (E-201F), allowing for the precise and rapid measurement of the pH
levels of solutions.

2.3. Scanning Electron Microscopy

The microstructures of the coal samples loaded with different metal ions under ul-
trasonic treatment were observed using a field emission scanning electron microscope
(FE-SEM) with the model number JSM-7610F from Japan. The magnification range used
was 25 to 1,000,000 times (120 x 90 mm). Additionally, a semi-immersion objective and
a high-performance electron optical system were employed to provide stable and high
spatial resolution for observation and analysis in an in situ position, following the method
described by literature [37].
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Figure 1. Experimental flow chart.

2.4. Organic Matter Extraction Experiment

The prepared coal samples loaded with different metal ions under ultrasonic treatment,
including the coal samples from the control group, were placed in filter paper sleeves. The
upper end was sealed with a plug of defatted cotton and then placed into a Soxhlet
extraction apparatus containing the extraction solvent. Each coal sample weighed 5 g,
and the extraction solvent volume was 250 milliliters. The selected extraction solvents
were acetone and tetrahydrofuran (THF) in a 1:1 volume ratio. Acetone was chosen for
its effectiveness in extracting lightweight components from coal, while THF was selected
for its effectiveness in extracting heavier components. The extraction process was carried
out for 24 h at a temperature of 76 °C. Prior to the experiment, all the solvents used were
distilled and purified, and the equipment was rinsed with the solvents 2-3 times to ensure
cleanliness and purity.

After 24 h of Soxhlet extraction, the extraction solvent containing the extracted com-
pounds was concentrated to a volume of 3-4 mL using a rotary evaporator. Subsequently,
it was further concentrated to 1 mL under a stream of nitrogen gas. This concentrated
extract was then used for the GC-MS analysis. The calculation of organic matter extraction
efficiency was performed using a weighing method. Specifically, the coal samples before
and after extraction were dried at 80 °C for 12 h, and their weights were recorded. The
organic compound extraction efficiency was calculated using Equation (1), which compares
the mass change of the coal sample before and after extraction:

Extraction Yield (%) — =2 (Ig{)C; (SB (8) 100 1)
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2.5. GC/MS Test Analysis

Organic compound detection was performed at Shaanxi Provincial Key Laboratory
of Geological Support for Coal Green Exploitation using an Agilent GC-MS instrument
with the model number 7890B-5977B. The chromatographic column used was a DB-1MS
column (60 m x 0.25 mm x 0.25 um). The experimental conditions and methods followed
were those of the literature [17]. The data were acquired in full-scan mode and processed
using MassHunter Workstation version 10.0.368. Identification of the compound types was
accomplished by comparing the peak retention times with the standard compounds and by
using mass spectrometric analysis and the reference literature [17,35].

The relative content of different substances in the extracted organic matter was calcu-
lated using the peak area normalization method. The proportions of different components
representing the substance’s content were calculated using Equation (2):

n .
_ i=1 Si

=75

@)
In the equation provided, P represents the proportions of a specific component, S

represents the total peak area of the compounds, Si represents the peak area of a specific

type of compound, and n represents the number of compounds within each component.

2.6. Fourier Transform Infrared Spectroscopy

The remaining coal samples, obtained after the extraction of different metal ion-loaded
coal samples using ultrasound, were subjected to WQF-530 Fourier transform infrared
spectroscopy (FTIR) analysis. The procedure was as follows:

1.  Approximately 100 mg of potassium bromide, dried in a vacuum oven at 100 °C for
10 h, was weighed and placed into an agate mortar. A small amount of coal sample,
which had undergone drying treatment, was thoroughly mixed with the potassium
bromide. The mixture was then ground finely.

2. The mixture was placed into a mold and subjected to vacuum pressure on a tablet
press at 20-25 MPa for 1 min.

3. The mold containing a transparent circular thin sheet with a thickness of 0.1-1.0 mm
was fixed onto a sample holder.

4.  Infrared spectroscopy was conducted on the samples using the FTIR spectrometer.
The experimental parameters were set as follows: a wavenumber range from 4400 to

400 cm~! and a resolution of 2 cm~!.

2.7. X-ray Diffraction

The remaining coal samples, obtained after the extraction of different metal ion-loaded
coal samples using ultrasound, were subjected to X-ray diffraction (XRD) testing using
a German Bruker D8 X-ray diffractometer. The sample preparation method used an
aluminum frame. The experimental parameters were set as follows: copper (Cu) target
radiation was used. The voltage was set at 40 kV, and the current at 40 mA. The scanning
range was from 10 to 80°. The scanning speed was 5°/min. The X-ray wavelength was
0.154178 nm. The divergence and anti-scattering slits were set at 1.0 mm, and the receiving
slit was set at 0.2 mm.

3. Results and Discussion
3.1. Extraction Analysis

Through the weighing method, it can be determined that there are variations in the
efficiency of the extraction of organic matter from coal samples loaded with different metal
ions under ultrasonic treatment (Figure 2). As shown in Figure 2, in the absence of metal
ions (blank control group), the extraction rate of small organic molecules from the tar-rich
coal is 2.5%. However, when the coal samples are loaded with the metal ions Mn?*, Co?*,
Cu?*, Fe?*, and Ni?* under ultrasonic conditions, the extraction rates of the small organic
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molecules are 7.8%, 3.4%, 2.6%, 3.1%, and 4.6%, respectively. The comparison reveals
that the ultrasonic loading of different metal ions has an impact on the extraction rate
of small organic molecules from tar-rich coal. Compared to the blank control group, the
ultrasonic loading of various metal ions results in a noticeable increase in the extraction
rate of small organic molecules from tar-rich coal. Among them, the extraction rate from
the coal sample exhibits the most significant increase under the ultrasonic loading of Mn?*,
with an increment of up to 212%. Ni?* follows with a lesser increase, and Cu?* exhibits the
smallest enhancement with only a 2% increase.

8 7.8
o
Seof
3
)
= 4.6
=
212%
24t
5 3.4
£ 3.1
o
m 2.5 2.6
s
O n
Control Mn?* Co*" Cu** Fe? Ni%*
Samples ID

Figure 2. Extraction rates of small organic molecules from tar-rich coal loaded with various metal
ions under ultrasound treatment.

The organic composition differences in small organic molecules extracted after ultra-
sonic loading with various metal ions were analyzed using GC-MS. The mass spectra of
the small organic molecules extracted after ultrasonic loading with different metal ions are
shown in Figure 3. The quantification of the content proportion of different compound
classes in the extracted small organic molecules from tar-rich coal loaded with various
metal ions is presented in Figure 4, following Equation (2). From the results shown in
Figure 3, it is evident that the carbon number range of small organic molecules extracted
after ultrasonic loading with different metal ions spans from Cy to Cs3. In comparison,
in the absence of metal ions (blank control group), the extracted small organic molecules
have a carbon number range from Cy to Cy4. Other metal ions also lead to an expansion
in the carbon number range of the extracted small organic molecules, with differences
primarily in the extent of the expansion. In Figure 3, the NIST compound library was
used for nomenclature analysis, and recognizable peaks of the normal alkanes in the mass
spectra of the small organic molecules extracted after ultrasonic loading with different
metal ions were annotated. The envelope curves indicate overall differences in peak shapes.
Comparatively, in the absence of metal ions (blank control group), after ultrasonic loading
with different metal ions, the envelope curves of the normal alkane peaks in the extracted
small organic molecules exhibit phenomena such as peak shifting (left shift of peak-I within
Mn2* and peak-II within Ni?*), and new peaks appear within Mn2*, Cu?*, Fe?*, and Ni?*.
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Figure 3. Total ion current (TIC) mass spectra of extracted small organic molecules from tar-rich coal
loaded with various metal ions under ultrasound treatment.
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Figure 4. Composition of content proportions of typical compound classes in extracted small organic
molecules from tar-rich coal loaded with different metal ions under ultrasound treatment.

Figure 4 reveals that in the absence of metal ions (blank control group), the predom-
inant compound class in the extracted small organic molecule phase from the tar-rich
coal is aliphatic hydrocarbons, accounting for 43.99% of the total. Following the aliphatic
hydrocarbons, the combined percentages of phenols, alcohols, ethers, esters, and ketones
amount to 11.86%. The content proportions of the alkylbenzenes, naphthalene, phenan-
threne, heterocyclic compounds, and other aromatic hydrocarbons are 2.04%, 0.74%, 0.17%,
2.14%, and 1.10%, respectively. In comparison, when different metal ions are present and
subjected to ultrasonic loading, there are slight variations in the content proportions of the
different compound classes in the corresponding extracted small organic molecule phases.
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This suggests that the ultrasonic loading process with different metal ions may result in
differences in the binding sites and strengths of the interaction with coal.

Overall, it can be observed that after ultrasonic loading with different metal ions, the
content proportions of the aliphatic hydrocarbons, alkylbenzenes, naphthalene, phenan-
threne, and other aromatic hydrocarbons in the extracted small organic molecule phase
from the coal samples increase. Among these, the ultrasonic loading of Mn?* induces the
most significant changes in the content proportions of the various compound classes. In
comparison to the blank control group, the content proportions of the aliphatic hydro-
carbons and alkylbenzenes in the extracted small organic molecule phase increase to a
lesser extent, with values of 45.99% and 3.84%, respectively. Conversely, the proportions
of phenols, alcohols, ethers, esters, and ketones decrease to 5.02%. Notably, the content
proportions of naphthalene, phenanthrene, heterocyclic compounds, and other aromatic
hydrocarbons increase significantly, reaching proportions of 7.36%, 10.55%, 15.83%, and
7.71%, respectively. Overall, the content proportions of the different compound classes
become more balanced.

However, when the metal ions are Co?*, Cu?*, Fe?*, or Ni?*, the content proportions
of the aliphatic hydrocarbons range from 49.23% to 58.67%, the alkylbenzenes range from
3.12% to 3.28%, the naphthalene range from 0.86% to 1.17%, the phenanthrene range from
0.24% to 0.29%, the heterocyclic compounds range from 2.19% to 5.29%, and the proportions
of the phenols, alcohols, ethers, esters, ketone, and the like range from 14.90% to 18.31%.
The content proportions of the other aromatic hydrocarbons range from 1.61% to 3.19%.
After ultrasonic loading with metal ions, there is an increase in the content proportions
of the aliphatic hydrocarbons, heterocyclic compounds, naphthalene, phenanthrene, and
other aromatic hydrocarbons. In summary, the loading of metal ions has a promoting effect
on the extraction of aromatic compounds and heterocyclic compounds. This results in a
more comprehensive composition of organic small molecules that can be extracted from
tar-rich coal, with more balanced content proportions for each compound class.

3.2. Structural Analysis of Raffinate Coal
3.2.1. Fourier Transform Infrared Spectroscopy Analysis

In this study, the infrared spectra of all the extracted residual coals were divided into
four main regions to compare and analyze the functional group characteristics:

1. 3600-3000 cm~!: Characteristic absorption peaks of hydroxyl groups.

2. 3000-2800 cm~!: Characteristic absorption peaks of aliphatic hydrocarbons.

3. 1800-1000 cm~!: Characteristic absorption peaks of oxygen-containing functional groups.
4. 900-700 cm~!: Characteristic absorption peaks of aromatic hydrocarbons (see Figure 5)

[38,39].

As shown in Figure 5, compared to the blank control group, the changes in response
intensity in the spectral profiles of residual coals loaded with different metal ions primarily
manifest in the aliphatic C-H,, oxygen-containing functional groups and the hydroxyl
groups. The changes in aliphatic C-H,, are particularly noticeable, with significantly
reduced peak areas. This indicates that after ultrasonic loading with different metal ions,
the organic compounds in tar-rich coal undergo a transformation process. It is speculated
that there are intermediate processes, such as the chain breaking of aliphatic substances,
accompanied by the detachment of small-molecule aromatics from coal, the decomposition
and transformation of carboxyl groups and ether bonds, ion exchange, and potential
changes in hydrogen bonding through the self-association of the hydroxyl groups.
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Figure 5. Infrared spectra of extracted residual coals.

To further elucidate the characteristics of the functional group changes in the residual
coals loaded with different metal ions, according to references [40-44], we employed Origin
2021 software to perform peak fitting on the obtained FTIR spectra of the different coal
samples separately in the four major spectral regions. This was conducted to achieve a
semi-quantitative analysis of the functional group changes in the residual coal. The peak
fitting results for the blank control group are shown in Figure 6, while the peak fitting for
the residual coals extracted from the coal samples loaded with different metal ions was
also carried out following the same procedure as that shown in Figure 6. The detailed
fitting process is not presented here, and the final calculated structural parameters are
summarized in Table 2. Comparing the calculated structural parameter results for different
residual coals (Table 2), it becomes evident that after ultrasonic loading with metal ions, the
coal samples experience an increase in the length of aliphatic chains (F) and a reduction in
branching; a decrease in hydrogen richness (If1); a decrease in aromatic hydrogen content
(Far™); an increase in the degree of condensation (DOC); and an increase in aromaticity
(AR). The increase in the length of the aliphatic chains (F) extracted from the residual coal
indicates that after the ultrasonic loading of metal ions, the fat in coal is easily extracted due
to a loose structure and chain-breaking reaction processes. This finding is consistent with
the increased proportion of aliphatic hydrocarbons in the extract. Additionally, the decrease
in hydrogen richness (Ij) and the content of aromatic hydrogen (Far') in residual coal also
corresponds to an increase in the proportion of naphthalene and phenanthrene aromatics
in the extract. The changes observed in the molecular structure parameters within the
extracted residual coal align with the variations seen in the proportion of small molecular
components extracted, providing strong evidence for the impact of ultrasonically loaded
metal ions on the extraction of small molecular phases from tar-rich coal.



Processes 2024, 12, 104 10 of 16

- @)
Fitted FTIR spectrum - & =
i =
- - - Original FTIR spectrum| S8 s 2
1=l 2 =
—— FTIR sub curves EEc ¢ ‘é 5
BE S on S g =
I=Re) 2 =]
B Pwss5 S g &
9 HES =T = =
o SEFE” =z 2 S s g
ks %8 o &P S g z = é o]
z 82 85,8 € 88 +~g & =
= Rz SR 5 o= = S ~=2 i
z T gegis ~% g5 f5<°3 ¢% g
Q i) — Q _
S © g5Eg8@ zsw o> gEEE BER =)
] . .2 £ ob.2 S .8 TS o0 K2 S
O L1 = L2%E S = ITs e 8 aF °©
< < SES 5 e N = 2 =
c BN £ 55.2 S 2 \ 2P me =% 5
< ° 3 S BZEEE =2 [\ Sg75 28 2
g
o g@ & "‘NEOE e 2 | \ CE‘;& “ e o
= 3 5 S TT > 5 7 [ \ om 27 ;
Qo “ on QO & Il Il I - <0 &)
172} g'_g Z ‘\?I”%LS 20 \ ~ o
> =] DS =
a) 52 Z E's O . E
< @, ac| s R Al g
= = E-p®n l< > , )
= So"a ~E N\
= wa £4°85 ' [\ A\ 3
> ga\ Q'Ec | 0 £ exy
& Q2w S . s °
D -] ’ %)
£ RSN o g
o o = . S O
. . —0 [— =]
/ . S | S Q=
\ — f = B8
/ = S S
y \ @ N E >
. . | \ a'
N v
S / Y
J A o A ¥
T

T T T T T T - T T
360 3400 3200 3000 2800 1800 1600 1400 1200 1000 800
Wavenumber(cm™)

Figure 6. Peak fitting of infrared spectra of extracted residual coals (exemplified with blank control group).

Table 2. Semi-quantitative parameters of infrared spectra for extracted residual coals.

Sample ID F Iy FarH DOC AR
Control 2.8007 0.1915 0.4273 0.1307 0.2164
Co?* 2.8528 0.0886 0.2583 0.2044 0.7462
Mn?2* 3.7552 0.1057 0.1779 0.1578 0.5192
Fe?+ 3.3470 0.1299 0.3418 0.1578 0.4276
Ni2+ 3.6536 0.1486 0.2308 0.1406 0.3001
Cu?t 2.9102 0.1534 0.2995 0.1590 0.3483
- Cm71 . - Cl’l’\71
Note: Length of aliphatic chains (F): F :g—gg = %M ; hydrogen richness (Iry): Iy = %M ;
 Ha _ A(900-700 cm~ 1)

aromatic hydrogen content (FagrH): F i = B ; degree of condensation (DOC):

"~ A(900-700 cm~1)+A(3000-2800 cm~1)
A(900-700 cm~1)

A(900-700 cm~1)
D = A
oc A(3000-2800 cm~1)
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3.2.2. X-ray Diffraction Analysis

The XRD test results for all extracted residual coals are presented in Figure 7. Based
on this, using Origin 8.5 software, we conducted peak fitting for three characteristic peaks:
the vy band, the 002 peak (20°-30°), and the 100 peak (40°-50°) [44,45]. Subsequently, we
calculated the interlayer spacing (dggz), expansivity (L,), stacking height (L), and the
number of stacked layers (Naye) using the respective formulas. The calculated structural
parameters are summarized in Table 3.

From Table 3, it can be observed that, in comparison with the blank control group,
after ultrasonic loading with different metal ions, several changes occur in the extracted
residual coals. The interlayer spacing (dgo2) between aromatic layers decreases, stacking
height (L.) increases, expansivity (L,) increases, and the number of stacked layers (Naye)
decreases. After ultrasonic loading with metal ions, the extraction rate of small-molecule
components from tar-rich coal significantly increases. Moreover, the proportions of aliphatic
hydrocarbons, heterocyclic compounds, naphthalene, phenanthrene, and other aromatic
hydrocarbons in the extracted materials increase. This indicates that the loading of metal
ions enhances the extraction of small-molecule compounds and increases the likelihood of
coal macromolecular restructuring. Consequently, the vertical distance between aromatic
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layers in the residual coal decreases, leading to an increase in vertical stacking height and,
thus, an increase in the number of stacked layers between aromatic layers. The decrease in
the branching of the aliphatic chains and the reduction in the oxygen-containing functional
groups in the residual coal result in an effective increase in the planar expansibility of the
aromatic structural system, leading to an increase in expansivity (Lj).

( i
| |
| |
= 1600 - i i Control
°:, 1 ! 1
3] : : ! Mn2*
= |
1200
2 L | -
= L | §
2 800 b : o &
: o +—(100) &
2400+ D l Ni**
1 | |
L | Cu*
0 T L T I T T T T L T T T T T T T
10 20 30 40 50 60 70 80
20/(°)
Figure 7. XRD spectra of extracted residual coals.
Table 3. XRD structural parameters of coal samples.
Sample ID dgg2/nm La/nm Lc/nm Nave (Layers)
Control 0.3593 1.7235 1.4893 4.1450
Co* 0.3538 1.8137 1.6498 4.6631
Fe?* 0.3560 2.1343 1.6348 4.5921
Ni?* 0.3532 2.8315 1.8459 5.2262
Cu?* 0.3573 2.7578 1.5709 4.3966
MnZ* 0.3532 2.8648 1.8990 5.3766

Note: dogz = A/(25in80g2); Le = 0.9N/(B002c0s6002); La = 1.84A/(B100c080100); Nave = Lc/doo2; A represents the
wavelength of incident light at 0.154056 nm; Bgo2 and B1gp are the fitted half-widths of the 002 and 100 diffraction
peaks, respectively; Oy, is the diffraction angle corresponding to the maximum diffraction peak of the 002-crystal
plane index, and 601 is the diffraction angle corresponding to the maximum diffraction peak of the 100-crystal
plane index.

3.3. Mechanism Analysis

After ultrasonic loading with metal ions, the increased proportion of naphthalene,
phenanthrene, and other aromatic hydrocarbons suggests that the presence of metal ions
has a certain catalytic promotion effect on the extraction of aromatic compounds. This
leads to a greater diversity of organic compounds that can be extracted from tar-rich
coal (Figure 4). The length of the aliphatic chains in the residual coal matrix increased,
while the degree of branching (F) decreased. The degree of hydrogen enrichment (If;)
decreased, and the aromatic hydrogen ratio (Far') also decreased, as confirmed by the
results (Table 2). Simultaneously, after ultrasonic loading with different metal ions, the
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interlayer spacing dgg, in the extracted residual coal decreased, while the expansivity
L, increased; the stacking degree L. increased, and the number of stacking layers Naye
decreased (Table 3). These observations provide indirect insights into the changes and
mechanisms involved in the extraction of small organic phases following the loading of
metal ions.

After subjecting the tar-rich coal to ultrasonic loading with various metal ions, a
comparison with the control group reveals that the surface of tar-rich coal becomes rougher
and exhibits an overall increase in porosity. This enhanced porosity facilitates optimal
contact and interaction between solvents during the extraction process of small organic
components (Figure 8). Additionally, the ion exchange interactions occurring between the
metal ions and the coal matrix result in the chemical adsorption of some metal ions onto the
hydroxyl and carboxyl groups within the coal molecules. Consequently, this significantly
increases the concentration of H* in the aqueous solution. When combined with the
abundant CI™ accompanying the addition of metal ions, it ultimately leads to a substantial
decrease in the pH of the leaching aqueous solution (Figure 9). Simultaneously, metal ions
concurrently act as a catalyst due to their positive charge, which strongly attracts negative
charges in coal. Consequently, this diminishes the charge transfer ability within coal and
weakens the -7t bond between condensed aromatics. As a result, internal small molecules
become more susceptible to dissolution in the solvent, thereby facilitating the extraction
of naphthalene, phenanthrene, and other small aromatic hydrocarbons. Consequently,
the combined effect of ion exchange and catalysis can enhance the extraction efficiency of
the low- to medium-molecular-weight fraction in tar-rich coal (Figure 10). Among these
observations, the impact of Mn?* loading on the extraction of small organic phases in
tar-rich coal is the most significant. This may be attributed to the smaller radius of Mn?*
compared to the other four ions, making it easier for Mn?* to form coordination compounds
with electron-donating ligands in the coal, thereby enhancing the ion catalysis effects. This
coordination results in the disruption of hydrogen bonds and 7-7 bonds, as substantiated
by the infrared spectroscopy test results (Figure 5).

lpm  JEOL 11/23/2021 - lpm  JEOL 11/23/2021 lpm  JEOL 11/23/2021

SEM

WD 18.2mm 16:58:23 X 3,700 10.0kV SEI SEM WD 18.5mm 16:38:14 X 3,700 10.0kV SET SEM WD 19.2mm 15:56:31
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WD 19.2mm 15:28:54 X 5,500 10.0kV SEI SEM WD 18.9mm 15:41:58 X 3,300 10.0kV SEL SEM WD 18.9mm 15:46:03

Figure 8. Scanning electron microscopy (SEM) of tar-rich coal after ultrasonic loading with different
metal ions.
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Figure 9. The leaching solution’s pH change of tar-rich coal after ultrasonic loading with different
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Figure 10. Reaction mechanism of tar-rich coal after ultrasonic loading with different metal ions.

4. Conclusions

Conclusions were drawn from the analysis of extractable low-molecular-weight frac-

tions and residual coal products in tar-rich coal samples from the Huangling mining area
of the Ordos Basin after ultrasonic treatment with various metal ions.

1.

Under ultrasonic treatment, Mn2*, Co?*, Cu?*, Fe?*, and Ni?* metal ions enhanced
the extraction efficiency of organic low-molecular-weight fractions. Among these
metal ions, Mn?* exhibited the most significant effect, resulting in a remarkable 212%
increase in the extraction rate compared to the blank control group. Following the
ultrasonic treatment with different metal ions, there were observable shifts in the
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peak positions and a number range for normal alkanes present within low-molecular-
weight fractions. Additionally, the proportions of aliphatic hydrocarbons, alkylben-
zenes, naphthalene, phenanthrene, and other aromatic hydrocarbons increased within
this extracted organic fraction obtained from coal samples.

2. After subjecting the residual coal samples to ultrasonic loading with various metal
ions, consistent trends in the chemical changes were observed. Specifically, there was
an increase in the length of aliphatic chains, a decrease in branching (F), a decrease in
hydrogen richness (Iy), a decrease in aromatic hydrogen content (F AR, an increase
in the degree of condensation (DOC), and an increase in aromaticity (AR). Further-
more, the interlayer spacing (dggp) within the aromatic structure decreased, while
the stacking degree (L) increased, and both the expansivity (L,) and the number of
stacked layers (Nave) decreased.

3. After subjecting the coal to ultrasonic loading with various metal ions, the surface
of tar-rich coal becomes rougher and exhibits an overall increase in porosity. The
metal ions undergo ion exchange with the hydrogen ions present in the coal, thereby
altering and influencing the chemical structure of certain functional groups within
the coal. Moreover, these metal ions adsorbed onto the coal molecules and effectively
formed complexes with unbound electrons within the small molecules of the coal;
thus, catalytic effects were facilitated.
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