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Abstract: A Kentucky coal sample treated by microwave irradiation (MI) combined with sodium
hydroxide solution was performed using a thermo-gravimetric analyzer (TGA) coupled to a Fourier
transform infrared spectrometer (FTIR). The combustion properties and structural changes of coal
under different conditions were investigated and compared. The results show that the desulfurization
efficiency of coal samples increases with the increase of sodium hydroxide solution concentration.
Microwave irradiation can significantly improve the desulfurization efficiency. The whole com-
bustion process of the treated coal sample becomes longer; the combustion performance becomes
worse. The total mass loss of coal treated samples is significantly reduced, and the temperature
corresponding to the maximum weight loss rate decreases with the increase of sodium hydroxide
concentration. The infrared spectra of the coal samples treated with microwave and 5% sodium
hydroxide solution were basically unchanged, while the O containing groups and aromatic C-H
groups increased in the coal samples treated with 20% sodium hydroxide solution.

Keywords: combustion properties; microwave irradiation; sodium hydroxide solution; TGA; FTIR

1. Introduction

Today, coal is still the main source of power generation in the world [1]. According to
BP’s “2020World Energy Statistical Yearbook”, the global coal-fired power generation in
2019 was accounting for 27% of the total global power generation [2]. Sulfur is one of the
harmful elements that will combine with oxygen and release sulfur oxides during combus-
tion [3]. These sulfur oxides contribute to particulate matter (PM) and acid rain can affect
human health and the environment [4,5]. In order to use coal cleanly and environmentally
friendly, coal desulfurization has been attracted the attention of many researchers.

Various methods have been used for coal desulfurization before combustion by physi-
cal, chemical, and biological ways. Each of these processes can remove sulfur from coal
to a certain extent, but they all have limitations. Physical and biological methods are
ineffective and time-consuming. The efficiency of chemical desulfurization is relatively
high, but it usually takes place under high temperature, high pressure, and strong acid and
alkaline conditions. Therefore, the cost is high, the process is complex, and has an effect
on the quality of coal [6,7]. Microwave desulfurization has the advantages of excellent
environmental performance, and minimal core structure damage, but due to the weak
absorption capacity of coal to microwave energy, the desulfurization efficiency is low when
only microwave irradiation is used [8]. In addition, chemical reagents generally have good
dielectric properties, which can improve the microwave energy absorption efficiency [9].
Research confirmed that microwaves combined with chemical reagents efficiently and
safely remove sulfur from coal under lower temperature conditions [10–12].
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It should be pointed out that, while pursuing desulfurization efficiency, the change
of coal properties before and after desulfurization also needs to be paid attention to,
which determines the quality of coal further utilization. The present research focuses on
the changes of (1) sulfur forms and (2) organic functional groups in coal samples before
and after microwave combined reagent desulfurization. Study on microwave irradiation
combined with bromine water desulfurization indicate that after treatead the content of
thiol, thioether and thiophene on the coal surface decreased, and the sulfones increased [13].
Organic sulfur in coal is mainly transformed into SO3

2− and SO4
2− under solvent-assisted

microwave irradiation treatment with NaOH-H2O2 [14]. The desulfurization efficiency
of 62.66% can be achieved by microwave co-treatment with sodium hydroxide, and the
fat structure content in the treated coal is reduced [15]. Li evaluated the microstructural
variation of bituminous coals before and after microwave-assisted pyrolysis and found
that the hydroxyl self-associating hydrogen bonds and methylene bridge bonds in the coal
samples are broken by microwave irradiation, microwave irradiation could weaken the
hydrophilicity of coal [16]. Mesroghli demonstrated that microwave treatment resulted in
coal matrix degradation and physical characteristics changes and causing a simultaneous
degradation of the organic matrix [17]. Yang indicated that after microwave desulfurization,
the basic macromolecular structure of coal remained unchanged, the concentration of
oxygen-containing functional groups, mainly the carboxyl group increased. The more
oxygen coal contains, the easier it is to burn or achieve its ignition [18].

The above studies confirmed that microwave combined auxiliary desulfurization has
different effects on the organic structure and sulfur type of coal samples. However, little
attention has been paid to the change of coal combustion characteristics after irradiation
with auxiliary agents such as sodium hydroxide. Combustion characteristic is an important
index of coal burning in powerplants. Thermal methods have been widely used in the
characterization of coal for combustion. The effect of various parameters such as ignition
temperature and reactivity in combustion can be determined by TGA. In this study, coal for
powerplants from Kentucky was selected as the samples. TGA and FTIR were applied to
explore the effects of coal combustion characteristics by microwave irradiation combined
with sodium hydroxide solution.

2. Materials and Methods
2.1. Preparation of Coal Sample and Sodium Hydroxide Solution

The coal studied was taken from the D.B. Wilson powerplant in Kentucky in the
United States. The sampling location was selected at middle height and 0.2 depth on the
coal pile. The collected coal samples were carried back to the laboratory in sample bags.
This sample was first broken with a jaw crusher and then milled to a particle size < 0.5 mm
in a laboratory ball mill.

Coal samples were analyzed according to ASTM methods. The proximate and ultimate
analyses of the coal sample were listed in Table 1. Sodium hydroxide were purchased from
Sigma–Aldrich. Deionized water is prepared in a laboratory.

Table 1. Raw coal property.

Coal

Proximate analysis, as received basis (%)

Moisture 13.12
Ash 8.44

Volatile matter 36.31
Fixed carbon 42.13

Ultimate analysis, as received basis (%)

C 62.81
H 4.42
N 1.29
S 2.57
O 7.35
Cl 0.03
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2.2. Coal Sample Treatment

Figure 1 shows a schematic diagram of the Experiment Process in the current study.
Weigh 10 g of coal powder and mix it with 20 mL sodium hydroxide of different concentra-
tions (5%, 10%, and 20%). Divide into two parts, one part is put into microwave reactor
(ETHOS A.) for microwave irradiation, and the other part is used as a control sample.
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Figure 1. Schematic diagram of the Experiment Process.

The microwave frequency was fixed at 2.4 GHz. The coal samples are all heated up to
150 ◦C, with a heating rate of 5 ◦C/min, and hold for 30 min. After treatment, the reaction
mixture is filtered, washed with deionized water until the pH is neutral, and dried as the
sample to be tested.

Desulfurization effect is evaluated by the degree of desulfurization rate. Desulfuriza-
tion rate (RS) is obtained through calculation. The data were presented as the average of
two replicates (data error < 5%) in each treatment. Desulfurization rate was calculated by
the following formula.

RS =
St1 − St2

St2
× 100% (1)

where St1 is sulfur content in the original coal sample (% dry coal basis), and St2 is sulfur
content in the treated sample (% dry coal basis).

2.3. TGA and FTIR Analyses

TGA experiments were carried out on a Thermogravimetric analyzer TGA2950.
The temperature rises from ambient temperature to 726 ◦C with a heating rate of 20 ◦C/min.
Each testing was repeated 3 times.

The functional groups of coal samples were measured using the FTIR method with
a Perkin Elmer model equipped with Attenuated Total Reflectance (ATR) diamond acces-
sory, which allows the spectra’s direct collection from the solid matrix any interference from
the additional reagents. The spectrum range was set to be from 4000 cm−1 to 400 cm−1,
resolution 4 cm−1, scanning time 1 min.

3. Results
3.1. Desulfurization Effect

The desulfurization rate of different treatments was calculated according to formula (2)
and the results were listed in Table 2.
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Table 2. Desulfurization rate of different treated.

Sample RS (%)

Coal + 5%NaOH 6.52
Coal + 10%NaOH 11.32
Coal + 20%NaOH 29.44

Coal + 5%NaOH+Microwave 12.91
Coal + 10%NaOH+Microwave 18.54

Coal + 20%NaOH + Microwave 35.23

According to the desulfurization effect, it can be seen that the desulfurization rate
of coal samples increases with the increase of strong sodium oxide concentration; The in-
troduction of microwave irradiation can double the desulfurization rate because of the
thermal effect of microwave irradiation, which can accelerate the breaking of chemical
bonds containing sulfur.

3.2. Combustion Properties of Coal Sample

The essential characteristic temperatures of a burning profile are ignition temperature
(Ti) and burnout temperature (Tb). The ignition temperature corresponds to the point at
which the burning profile underwent a sudden rise. Values Ti and Tb were determined
from their burning profiles [19]. The burnout temperature is usually taken as a measure
of the sample’s reactivity [20]. This information above is of great importance to enhance
the knowledge of this process and estimate combustion efficiency, which can subsequently
establish the optimum operational conditions for combustion.

Figure 2 illustrates the TG and DTG curves of Raw coal sample and treated coal
samples by NaOH solution and microwave combined NaOH solution. The Ti of coal
samples can be obtained by using the intersection method through the TG-DTG curves [21].
For the simplicity of description, two points on a TGA curve are first identified. Point A
in Figure 2a is the point at which a vertical line from the first DTG peak crosses the TGA
curve. Point B is the point at which devolatilization begins. A tangent at A on the TGA
curve and the horizontal line through B are drawn. The corresponding temperature at the
intersection of the two lines is identified as the ignition temperature (Ti).

Also, point C shown in Figure 2a is the TGA curve position at which a vertical line
from the DTG peak crosses the TGA curve. Point D is the location at which the TGA curve
becomes steady. A temperature corresponding to the intersection of the tangent on the
TGA curve at C and the horizontal line through D is defined as the burnout temperature
(Tb). Data from TGA were used to determine kinetic and thermodynamic parameters.

Compared with the raw coal, the ignition temperature values of the coal sample
treated with sodium hydroxide solution was shifted to lower temperatures, and the burnout
temperature was shifted to higher temperatures, so the whole combustion range became
longer (See Figure 2d). When treated by sodium hydroxide solution combined microwave,
the ignition temperature of the coal sample was higher than that of the coal sample treated
with sodium hydroxide solution alone, and the burnout temperature also increased. After
microwave irradiation, the whole combustion temperature ranges also became longer.
According to the above results, it can be seen that the ignition temperature increases due to
the removal of inflammable substances in the coal samples treated by alkali solution and
microwave irradiation.

When the Ignition (Ti), burnout (Tb), peak (Tmax) temperatures were derived from
the above thermos-gravimetric and differential (TG-DTG) curves. The index S, which is a
comprehensive combustion parameter defined in Equation (2), was used to compare the
combustion characteristics of different coal samples. It reflects the ignition, combustion,
and burnout properties of coals. Coals with higher S values exhibit better combustion
performance [22].

S =
kmax × kmean

T2
i × Tb

(2)
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The comprehensive combustion characteristic indexes of coal samples under different
conditions are given in Table 3.
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Figure 2. Thermos-gravimetric and differential (TG-DTG) curves of coal sample: (a) raw coal; (b) Coal
treated with a 5% sodium hydroxide solution; (c) Coal treated with a 5% sodium hydroxide solution
combined with microwave irradiation; (d) Ignition and burnout temperatures of samples.

Table 3. S value of coal samples treated under different conditions.

Ti (K) Tb (K) kmax (% min−1) kmean (% min−1) S (×10−8)

Raw coal 190.83 295.04 0.84 0.13 1.02
Coal + 5%NaOH 155.31 307.79 0.65 0.14 1.20
Coal + 5%NaOH

+ Microwave 180.49 349.28 0.50 0.11 0.52

It can be seen that compared with raw coal, the combustion characteristic index of
coal samples treated by microwave combined with sodium hydroxide solution decreases
greatly, which means that microwave irradiation can affect the combustion properties of
coal. At the same time, it should be noted that the S value of the coal sample treated only
with sodium hydroxide in the comparative test is higher than that of the raw coal, which
may be due to the removal of ash content during the treatment process.

3.3. Effects of Different Chemical Solution Concentration Treatments

The TG and DTG curves of coal samples treated with different sodium hydroxide
solution concentrations are plotted in Figure 3. Coal samples which treated with a 5%
concentration of sodium hydroxide solution and microwave irradiation were denoted as
“Coal+NaOH 5% + MI”.
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Figure 3. TG (a) and DTG (b) curves of coal sample treated by microwave combined with different
concentrations of sodium hydroxide solution.

It can be seen from Figure 3 that the concentration of sodium hydroxide solution has
a greater impact on the TG curve of coal samples. With the increase of sodium hydroxide
solution concentration, the total mass loss of the treated coal sample decreases rapidly,
the total weight loss of coal samples decreased from 89.82% to 34.02% after microwave
combined treatment with 20% sodium hydroxide solution. Previous studies found that
microwave irradiation without sodium hydroxide solution increased the total mass loss of
treated coal [23]. The reason for this difference is that the high concentration of alkaline
solution can wash away part of the combustible material in the coal, so the total mass loss
of combustion is reduced.

According to the DTG results, the highest mass loss rates values of raw coal samples
reached around 500 ◦C. As the concentration of sodium hydroxide solution used in the
experiment increases, the temperature corresponding to the maximum weight loss rate of
the treated coal sample decreases. Extra peaks appear in the DTG curve of coal samples
after treatment, which is caused by the precipitation of CO, CO2, CH4, and other gases
in the coal samples after treatment. The value of DTG curve of the treated coal sample
were smaller than that of the raw coal sample, which is consistent with the result of
TG curve. It suggested that lower molecular weight fragments were formed due to the
reaction of the coal structure and sodium hydroxide, which could decompose at a lower
temperature. The DTG curves of treated coal samples show some peaks in the in the
range of 500–700 ◦C. It was inferred that the high temperature decomposition substances
changed after treatment.

3.4. Structural Changes of Coal Samples Analyzed by FTIR

The FTIR analysis was carried out to describe the functional groups of coal samples.
Figure 4 shows the infrared spectrum of raw coal, coal sample only treated by 5% sodium
hydroxide solution and coal samples treated by microwave irradiated combined with 5%
sodium hydroxide solution.

The FTIR spectra of the coal samples can be divided into four regions: 3600–3000 cm−1

(meanly -OH groups), 3000–2800 cm−1 (meanly aliphatic C-H groups), 1800–1000 cm−1

(meanly O containing groups) and 900–700 cm−1 (meanly aromatic C-H groups) [24,25].
As shown in Figure 5. The spectrums of three samples were similar on the whole,

which meat that the basic macromolecular structure of coal sample were not changed
significantly after treated.
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Figure 5. FTIR curves of coal sample treated by microwave combined with different concentration of
sodium hydroxide solution.

With the increase of the concentration of sodium hydroxide solution used in the treat-
ment of coal samples, the infrared spectra of the treated coal samples showed differences,
especially the spectra of the coal samples treated with 20% sodium hydroxide solution
showed obvious absorption peaks at 1433 cm−1 and 877 cm−1, means that increase of O
containing groups and aromatic C-H groups after treated.

4. Conclusions

In order to justify the combustion properties and functional group changes of coal
treated by sodium hydroxide and microwave irradiation, experiments were performed
and analysis by TGA and FTIR. The following major conclusions were drawn:

1. The desulfurization efficiency of coal samples increases with the increase of sodium
hydroxide solution concentration. Microwave irradiation can significantly improve
the desulfurization efficiency

2. Compared with the raw coal, the ignition temperature of the coal sample treated by
microwave combined with sodium hydroxide solution is advanced, the burnout tem-
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perature is delayed, the whole combustion process becomes longer, the comprehensive
combustion index decreases, and the combustion performance becomes worse.

3. Compared with raw coal, the total weight loss of coal samples treated by microwave
combined with sodium hydroxide solution is significantly reduced, and the tempera-
ture corresponding to the maximum weight loss rate decreases with the increase of
sodium hydroxide concentration.

4. The infrared spectra of the coal samples treated with microwave and 5% sodium
hydroxide solution were basically unchanged, while the coal samples treated with 20%
sodium hydroxide solution showed two new absorption peaks, and the O containing
groups and aromatic C-H groups in the coal samples increased.
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