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Abstract: Pulverized coal injected into a blast furnace (BF) burns incompletely in a very limited
amount of time. A considerable amount of unburned pulverized coal (UPC) escapes from the raceway
to the coke layer. The unburned pulverized coal reacts with CO2 in the coke layer, and this has a very
significant impact on the operation of the BF. The gasification reaction characteristics of the UPC with
CO2 were assessed by thermogravimetric analysis. The microstructure and specific surface area of the
pulverized coal and UPC were characterized by scanning electron microscopy (SEM), and a specific
surface area testing apparatus together with the Brunauer-Emmett-Teller (BET) method, respectively.
The results showed that Qingding UPC requires a higher temperature to complete the gasification
reaction. At the same heating rate, the Tm (maximum reaction rate temperature) of the Shenhua UPC
is much lower and the reaction rate is larger than those of the Qingding UPC. An increased heating
rate is beneficial for the gasification reaction of the two UPCs. The kinetics analysis results showed
that the optimal mechanism function models for the Shenhua and Qingding UPCs are chemical
reaction models. The apparent activation energies of gasification of the Shenhua UPC and Qingding
UPC under different conditions were 269.89–223.41 KJ/mol and 266.70–251.54 KJ/mol, respectively.

Keywords: unburned pulverized coal; gasification; kinetic characteristics

1. Introduction

Presently, global warming and air pollution are becoming extremely serious concerns and are
attracting increasing attention. Notably, the iron and steel industry need to prioritize reducing CO2

emissions. The amount of CO2 emissions from iron and steel plants accounts for 5–7% of the total
global CO2 emissions [1,2]. To reduce the cost of ironmaking and the emissions of CO2 and other
polluting gases, iron and steel enterprises worldwide have carried out studies on reducing the coke
ratio. Many new technologies to reduce the use of coke in blast furnaces (BFs), such as pulverized
coal injection (PCI), ferro-coke technology and natural gas injection have been adopted [3–7]. PCI is
a useful method that can reduce coke consumption and ironmaking costs. Coal injection with high
oxygen enrichment has become a mainstream BF approach [8,9].

Mathieson et al. [10] noted that the combustion of pulverized coal is always incomplete in a limited
time. A large amount of unburned pulverized coal (UPC) escapes from the raceway and enters the coke
bed. A schematic of UPC production and the movement track is shown in Figure 1. Xiang et al. [11]
also stated that a large amount of UPC is present in the blast furnace because the pulverized coal
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cannot be completely burned in a space with a narrow tuyere. Generally, a large amount of coal is
injected to minimize the coke ratio in the BF. Once the amount of coal injection has increased to a certain
extent, a large amount of UPC appears in the BF [12]. The UPC behaves in several ways: it participates
in the gasification reaction of carbon; it participates in the carburization reaction of the hot metal; it
participates in the direct reduction reaction of iron; it deposits in the slag; and it escapes with the
gas [13]. When the amount of UPC reaches a certain threshold, it adversely affects the BF operation, for
example, by creating poor permeability and unstable pressure [14]. Yu et al. [15] studied the behavior
of UPC using a thermal model of a coke-packed bed under similar operational conditions as those at
Baosteel. The results showed that UPC participates in the gasification reaction of coke at 1100 ◦C, and
the strength of the coke increases from 55.9% to 63.2%. The existence of an appropriate amount of
UPC can protect coke from degradation. Takashi [16] used a mathematical model to quantitatively
analyze the movement and accumulation of UPC in the lower part of the BF. The results indicated that
the movement of UPC was affected by the gas flow rate, particle size and amount of pulverized coal.
Diao et al. [17] analyzed the effect of UPC on the slag viscosity by adding UPC to the slag. The results
indicated that the slag viscosity increased with the addition of UPC. Iwanaga [18] studied the effects of
different proportion of CO2, CO, N2 and different temperature on the gasification reaction of unburned
coal and coke. The results showed that the gasification reaction rate of unburned coal was seven times
that of coke, and unburned coal inhibited the degradation of coke.

Energies 2019, 12, x FOR PEER REVIEW 2 of 14 

 

pulverized coal cannot be completely burned in a space with a narrow tuyere. Generally, a large 

amount of coal is injected to minimize the coke ratio in the BF. Once the amount of coal injection has 

increased to a certain extent, a large amount of UPC appears in the BF [12]. The UPC behaves in 

several ways: it participates in the gasification reaction of carbon; it participates in the carburization 

reaction of the hot metal; it participates in the direct reduction reaction of iron; it deposits in the slag; 

and it escapes with the gas [13]. When the amount of UPC reaches a certain threshold, it adversely 

affects the BF operation, for example, by creating poor permeability and unstable pressure [14]. Yu 

et al. [15] studied the behavior of UPC using a thermal model of a coke-packed bed under similar 

operational conditions as those at Baosteel. The results showed that UPC participates in the 

gasification reaction of coke at 1100 °C, and the strength of the coke increases from 55.9% to 63.2%. 

The existence of an appropriate amount of UPC can protect coke from degradation. Takashi [16] used 

a mathematical model to quantitatively analyze the movement and accumulation of UPC in the lower 

part of the BF. The results indicated that the movement of UPC was affected by the gas flow rate, 

particle size and amount of pulverized coal. Diao et al. [17] analyzed the effect of UPC on the slag 

viscosity by adding UPC to the slag. The results indicated that the slag viscosity increased with the 

addition of UPC. Iwanaga [18] studied the effects of different proportion of CO2, CO, N2 and different 

temperature on the gasification reaction of unburned coal and coke. The results showed that the 

gasification reaction rate of unburned coal was seven times that of coke, and unburned coal inhibited 

the degradation of coke. 

 

Figure 1. Production of unburned pulverized coal (UPC) and movement behavior in a blast furnace 

(BF). 

Xiang et al. [11] investigated the combustion characteristics of two kinds of UPC by using the 

thermogravimetric analysis method and the reaction kinetics mechanism of UPC gasification with 

CO2 at 1000–1100 °C. An excellent kinetic analysis was conducted and it has greatly enhanced the 

understanding of the reaction kinetics of coal in a blast furnace. However, the UPC was prepared in 

a high-temperature furnace in Xiang’s study; this equipment was not able to simulate the injection 

status of coal with high speed in the raceway. 

In order to simulate the conditions of a blast furnace raceway more realistically, self-developed 

equipment was used in this study. The UPC was prepared with a high temperature and a high speed 

in the simulated blast furnace atmosphere. Furthermore, the gasification characteristics of two typical 

kinds of UPCs at different heating rates were studied in this paper. The kinetic parameters of the 

gasification reaction were calculated by the gas-solid reaction mechanism function. The 

microstructure and specific surface area of the pulverized coal and UPC were characterized by 

Figure 1. Production of unburned pulverized coal (UPC) and movement behavior in a blast furnace (BF).

Xiang et al. [11] investigated the combustion characteristics of two kinds of UPC by using the
thermogravimetric analysis method and the reaction kinetics mechanism of UPC gasification with
CO2 at 1000–1100 ◦C. An excellent kinetic analysis was conducted and it has greatly enhanced the
understanding of the reaction kinetics of coal in a blast furnace. However, the UPC was prepared in
a high-temperature furnace in Xiang’s study; this equipment was not able to simulate the injection
status of coal with high speed in the raceway.

In order to simulate the conditions of a blast furnace raceway more realistically, self-developed
equipment was used in this study. The UPC was prepared with a high temperature and a high speed
in the simulated blast furnace atmosphere. Furthermore, the gasification characteristics of two typical
kinds of UPCs at different heating rates were studied in this paper. The kinetic parameters of the
gasification reaction were calculated by the gas-solid reaction mechanism function. The microstructure
and specific surface area of the pulverized coal and UPC were characterized by scanning electron
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microscopy (SEM) and a specific surface area testing apparatus along with the Brunauer-Emmett-Teller
(BET) method to reveal the gasification behavior of UPC powder in a BF. This study helps in the selection
of pulverized coal and provides a theoretical basis for the improvement of coal injection operations.

2. Experimental Materials and Methods

2.1. Raw Materials

The two kinds of pulverized coal (Shenhua and Qingding) used in this study were from a
BF in China. After screening, pulverized coal with a particle size of 160–200 mesh was selected
as the experimental material. The proximate and ultimate analyses of the Shenhua and Qingding
pulverized coal was carried out according to the Chinese standard (GB/T212-2008 and GB/T214-2007,
GB/T476-2008). The results are shown in Table 1. From the proximate analysis, the fixed carbon and
ash content of the Qingding pulverized coal is much higher than that of Shenhua pulverized coal, but
the moisture and volatile matter content are much lower.

Table 1. Proximate and ultimate analysis of Shenhua and Qingding pulverized coal (mass %), air
dry basis.

Sample
Proximate Analysis Ultimate Analysis

Moisture Volatiles Ash Fixed Carbon C H O N St

Shenhua 5.27 23.94 4.98 65.81 68.31 4.89 10.23 0.86 0.26
Qingding 1.20 7.99 12.25 78.56 83.57 0.17 1.99 0.97 0.71

2.2. Experimental Equipment and Methods

2.2.1. Combustion Conversion Degree

The Shenhua UPC and Qingding UPC were prepared using a self-developed coal injection
simulation device. This device consisted of a hot blast stove, coal combustion furnace, coal injection
lance, and a data acquisition and control system. The hot blast furnace and coal combustion furnace
were heated using a MoSi2 heating element. The height and inner diameter of the alumina tube in
the hot blast stove are 560 mm and 60 mm, respectively, and the height and inner diameter of the
alumina tube in the combustion furnace are 1050 mm and 55 mm, respectively. Because the actual
blast temperature of the BF was 1100–1250 ◦C [17], the air flow needed to be heated from ambient
temperature to 1200 ◦C through the hot blast stove. In order to achieve this target, the temperature of
the hot blast stove was set as 1400 ◦C, and the temperature of the pulverized coal combustion furnace
was set as 1200 ◦C. The coal injection lance is shown as 14 in Figure 2, and it is composed of an upper
pulverized coal bunker (capacity: 10 g), a pulverized coal conveying winch, rotating motor and coal
injection pipe. The pulverized coal in the coal bunker was transported into the coal injection pipe for
injection through the winch driven by the motor. When the certain amount of pulverized coal was
transported, the N2 injection valve was opened, and the pulverized coal was fed into the combustion
furnace by a N2 gas jet for the combustion reaction. The heating temperature was controlled by the
PID(proportional-integral-derivative control)-controllers, and the gas flow was controlled by the mass
flowmeter. The device control software was developed by the Xingyuanda Company and installed in a
computer to obtain the experimental data and adjust the operation parameters.

The UPC was prepared as follows. First, we prepared 50 g pulverized coal samples of less than
200 meshes, weighed 10 g of the pulverized coal samples and put them into the coal bunker. Secondly,
we heated the hot blast stove and combustion furnace. The pulverized coal combustion furnace was
heated to 950 ◦C in 100 min, then increased from 950 ◦C to 1200 ◦C in 60 min, and then kept at 1200 ◦C.
The hot blast stove was heated to 200 ◦C in 30 min, increased from 200 ◦C to 800 ◦C in 60 min, then
increased from 800 ◦C to 1400 ◦C in 100 min, and then held at 1400 ◦C. Thirdly, the air was blown into
the hot blast stove at a flow rate of 20 L/min. The air passed through the hot blast stove and then
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arrived at the pulverized coal combustion stove to participate in the coal combustion. Fourthly, after
the hot blast stove and the pulverized coal combustion furnace were raised to the specified temperature
and stabilized for 5 min, and then the coal injection operation started. N2 was used as the carrier gas,
and the rotating frequency of the stepping rotating motor was 50 R/min. After 1 min rotating, the N2

valve was opened, and the coal in the injection pipe was blown into the combustion furnace. In this
experiment, the coal injection rate was about 0.371 g/min, and the interval between two injections was
5 s. Finally, after the experiment was completed, the ash collecting tank was removed and the UPC
was collected. The experimental simulation device for BF coal injection is shown in Figure 2. After
screening the UPC, particles of 160–200 mesh were selected for the subsequent experiments.
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Figure 2. Experimental simulation device for BF coal injection. 1. Hot blast stove, 2. Pulverized coal
combustion furnace, 3. Thermocouple, 4. Current and voltage display meter, 5. Hot blast stove console,
6. Pulverized coal combustion furnace console, 7. Computer, 8. Air flow meter, 9. Air compressor,
10. Drawing fan, 11. N2 gas, 12. Data acquisition and control system, 13. UPC collecting tank, 14. Coal
injection lance, 15. Computer monitor, 16. Coal bunker, 17. Sealed casing ring, 18. Copper injection
pipe, 19. Gas nozzle and 20. Pulverized coal agitator.

2.2.2. Specific Surface Area

The specific surface area of the pulverized coal was characterized by a JW-BK112 specific surface
area and pore size analyzer. The experiment followed the Chinese standard (GB/T19587-2004).

2.2.3. Microscopic Characterization

The micro-morphology of the two kinds of pulverized coal and UPC was characterized using a
high-resolution field-emission scanning electron microscope (Nova400-Nano) at 1000× and 2000×.

2.2.4. Gasification Reaction

Gasification experiments were conducted using an HCT-3 thermal analyzer. Approximately 10-mg
samples were placed in an alumina crucible (Φ6.5 mm × 1.5 mm) with 100 mL/min of carbon dioxide.
The UPC obtained by the pulverized coal combustion test was heated from ambient temperature to
1250 ◦C at heating rates of 5 ◦C/min, 10 ◦C/min, 15 ◦C/min, and 20 ◦C/min.

The computer automatically collects the mass loss of UPC during the heating process, and the TG
and DTG of the sample can be calculated by the following equations:

TG =

(
100−

mt −m1

me −m1

)
× 100% (1)
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DTG = −
1

m1
•

dm
dt
× 100% (2)

where m1 is the initial mass of the sample at time t1, mg; mt is the mass of the sample at time t, mg; and
me is the residual mass of the sample at the end of the reaction, mg.

3. Results and Discussion

3.1. Combustion Conversion Degree of Pulverized Coal

The combustion conversion degree was calculated according to the ash balance calculation
method [19,20]:

R =
A1 −A0

A1 ×
(
1− A0

100

) × 100% (3)

where R is the pulverized coal combustion conversion degree; A0 is the ash content before pulverized
coal combustion, %; and A1 is the ash content of UPC, %. The combustion conversion degree results
are shown in Table 2.

Table 2. Combustion conversion degree of Shenhua and Qingding pulverized coal (%).

Sample Ash Content of UPC Combustion Conversion Degree

Shenhua 13.17 65.43
Qingding 21.08 47.74

As shown in Table 2, the combustion conversion degree of the Shenhua pulverized coal is much
higher than that of the Qingding pulverized coal. This can be explained as follows. Firstly, the
volatile matter content of the Shenhua pulverized coal is higher than that of Qingding pulverized
coal. The higher the volatile content is, the higher the degree of combustion conversion. Also, it can
be observed in Figure 3 that most particles of Shenhua pulverized coal are rough and have obvious
protrusions, which increases the contact area between the pulverized coal and oxygen. Furthermore,
the specific surface area of the Shenhua pulverized coal is larger than that of Qingding pulverized coal,
as shown in Figure 4, which enhances the adsorption of oxygen. Therefore, the Shenhua pulverized
coal has a higher degree of combustion conversion.
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3.2. Gasification Characteristics of UPC

The thermogravimetry (TG) and differential thermogravimetry (DTG) curves of the Shenhua UPC
and Qingding UPC at heating rates of 5 ◦C/min, 10 ◦C/min, 15 ◦C/min and 20 ◦C/min are shown in
Figures 5 and 6. Comparing the TG and DTG curves at the same heating rate, it can be seen that the
Qingding UPC required a higher temperature to complete the gasification reaction. The maximum
reaction rate temperature of the Shenhua UPC is lower and the reaction rate is higher. The gasification
reaction of the Shenhua UPC is more intense. As the heating rate increases, the maximum reaction rate
of both UPCs increases gradually. A higher heating rate enhances the gasification reaction of the UPCs.

To quantitatively analyze the difference between the gasification characteristics of the Shenhua
UPC and Qingding UPC, the gasification result at the heating rate of 10 ◦C/min was selected, as shown
in Figure 7. It can be observed that the reaction rate curves of the two kinds of UPC have similar
characteristics with a single peak. The process of UPC gasification can be divided into three stages:
preheating, rapid gasification reaction, and a termination stage. The second stage is the most intense
during the gasification process, therefore, it will better reflect the gasification characteristics of the UPC.
To quantitatively compare and analyze the gasification characteristics of the two UPCs, the gasification
characteristic parameters were defined. The temperatures at conversion rates of 10% and 90% were
defined as the gasification initial reaction temperature T10 and termination reaction temperature T90,
respectively. The temperature at the reaction rate peak was defined as Tm.
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The gasification characteristic parameters of the two UPCs are shown in Table 3. It can be seen
from the table that T10, T90 and Tm of the Shenhua UPC are 839 ◦C, 964 ◦C and 919 ◦C, respectively,
whereas T10, T90 and Tm of the Qingding UPC are 934 ◦C, 1090 ◦C and 1047 ◦C, respectively. The
results show that T10, T90 and Tm of the Shenhua UPC are lower than those of the Qingding UPC,
indicating that the gasification reaction of the Shenhua UPC begins at a lower temperature and the
Qingding UPC needs higher temperatures to complete gasification.

Table 3. Characteristic temperatures of the gasification reaction of the different UPCs at 10 ◦C/min
heating rate.

Sample T10, ◦C Tm, ◦C T90, ◦C

Shenhua 839 919 964
Qingding 934 1047 1090

3.3. Effect of the Heating Rate on the Gasification Behaviour of the UPC

Figures 5 and 6 show the TG and DTG curves for the Shenhua UPC and Qingding UPC at
different heating rates. The gasification characteristic temperatures are listed in Table 4. Figures 5
and 6 show that as the heating rate increases, the gasification reaction curve gradually moves into the
high temperature zone. From Table 4, it can be seen that as the heating rate increased, the characteristic
temperature T10 of the Shenhua UPC increased from 824 ◦C to 871 ◦C, Tm increased from 893 ◦C to
961 ◦C, and T90 increased from 941 ◦C to 1019 ◦C. The characteristic temperature T10 of the Qingding
UPC increased from 908 ◦C to 979 ◦C, Tm increased from 998 ◦C to 1099 ◦C, and T90 increased from
1047 ◦C to 1146 ◦C. Thus, T10, T90 and Tm increased with an increasing heating rate. On the one
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hand, this phenomenon occurs because as the heating rate increases, CO2 consumes less UPC at the
same temperature. On the other hand, the gasification reaction of UPC is composed of two steps:
heat transfer from the outside to the inside and mass transfer from the inside to the surface of UPC.
The greater the heating rate, the greater the temperature difference between the inside and outside,
resulting in the lag of heat and mass transfer.

Table 4. Characteristic temperature of gasification reaction of UPC under different heating rates.

Sample Heating Rate (◦C/min) T10, ◦C Tm, ◦C T90, ◦C

Shenhua UPC

5 824 893 941
10 839 919 964
15 863 945 1004
20 871 961 1019

Qingding UPC

5 908 998 1047
10 934 1047 1090
15 949 1072 1123
20 979 1099 1146

3.4. Relationship between Structural Characteristics and Gasification Reaction of UPC

To further study the reasons for the different gasification reaction performance of the two UPCs,
the microstructure of the UPC was characterized by SEM, as shown in Figure 8. Most of the Shenhua
UPC particles have irregular protrusions and large open pores, which indicates that the combustion
of Shenhua pulverized coal is very effective during the combustion experiment. Most of the surface
of the Qingding UPC is relatively flat with no obvious protrusions. The open pores are smaller than
those in the Shenhua UPC. Therefore, the Shenhua UPC has a larger contact area with CO2, and the
gasification reaction is easier to develop than that in the Qingding UPC.
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3.5. Kinetics of UPC Gasification

During the entire UPC gasification process, the mass loss rate is a function of the reaction time
and reaction temperature, and the functional relationship is expressed as:

dx
dt

= k(T) f (x) (4)

where dx
dt is the mass loss rate, s−1; k(T) is the rate constant, which is a function of temperature; f (x)

is the differential form of the reaction mechanism function; t is the reaction time, s; and x is the
reaction conversion.

The rate constant k(T) is calculated by the Arrhenius equation:

k = Aexp
(
−

E
RT

)
(5)

where A is the pre-exponential factor; E is the activation energy, kJ/mol; and R is the standard molar
gas constant, kJ mol−1 K−1.

During the non-isothermal heating process, the heating rate β is constant:

β =
dT
dt

(6)

The following formula can be obtained from Equations (5) and (6):

dx
dT

=
A
β

exp
(
−

E
RT

)
f (x) (7)

Equation (7) can be integrated to give:

G(x) =
∫ x

0

dx
f (x)

=
A
β

∫ T

0
exp

(
−

E
RT

)
dT (8)

Equations (9) and (10) can be obtained by the approximate calculation:

A
β

∫ T

0
exp

(
−

E
RT

)
dT �

ART2

βE

(
1−

2RT
E

)
exp

(
−

E
RT

)
(9)

1−
2RT

E
� 1 (10)

The following formula can be obtained from Equations (9) and (10):

ln
[

G(x)
T2

]
= ln

(
AR
βE

)
−

E
RT

(11)

During an actual reaction, E, A and β are constants; therefore, ln(AR/βE) in Equation (11) is also a
constant. A straight line can be obtained if the left-hand side of Equation (11) is plotted versus 1/T.
The slope of this line is −E/R, and the intercept is ln(AR/βE). The apparent activation energy E can be
obtained by the slope, and the value of the pre-exponential factor A can be obtained by substituting E
into the intercept. Through the coefficient of determination (R2), the most appropriate mechanism
function of the UPC gasification reaction can be determined. Since the gasification reaction of the UPC
is a typical gas-solid reaction, the general gas-solid reaction mechanism functions are used in this study,
as shown in Table 5 [21–24].

Based on the gas-solid reaction mechanism functions, the gasification kinetics parameters of the
two UPCs can be obtained. The gasification reaction is most intense during the second stage (rapid
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gasification reaction stage) compared to the other two reaction stages as mentioned before, so the
experimental data from this stage were used for model fitting and kinetic parameters calculation.
When the heating rate is 5 ◦C/min, the kinetic parameters and the fitting results of the Shenhua UPC
are shown in Table 6 and Figure 9, respectively. Table 6 shows that in the second reaction, the Shenhua
UPC gasification belongs to the chemical reaction rate control model (F1), which has the highest R2
value. The results show that the gasification reaction of the Shenhua UPC at 5 ◦C/min is controlled by
an interfacial chemical reaction.

Table 5. Mechanism functions of common gas-solid reaction models.

Mechanism Code Differential Form Integral Form

Chemical reaction
N = 1 F1 (1 − x) −In(1 − x)
N = 2 F2 (1 − x)2 (1 − x)−1

− 1
N = 3 F3 (1 − x)3 [(1 − x)−2

− 1]/2

Diffusion

The two-dimensional
diffusion control D2 [−In(1 − x)]−1 x + (1 − x)In(1 − x)

The two-dimensional diffusion
control (Jander function) D3 1.5(1 − x)2/3[1 − (1 − x)1/3] [1 − (1 −x)1/3]2

The three-dimensional
diffusion control

(Ginstling-Brounshten
function)

D4 1.5[1 − (1 − x)1/3
− 1]−1 (1 − 2x/3) − (1 − x)2/3

Shrinking core
Shrinking core R1 2(1 − x)1/2 1 − (1 − x)1/2

Shrinking core R2 3(1 − x)2/3 1 − (1 − x)1/3

Shrinking core (n = 2) R3 1
2 (1 − x)−1 1 − (1 − x)2

Random nucleation
and nuclei growth

Two-dimensional A2 2(1 − x)[−In(1 − x)]1/2 [−In(1 − x)]1/2

Three-dimensional A3 3(1 − x)[−In(1 − x)]2/3 [−In(1 − x)]1/3

Table 6. Kinetic parameters of different mechanism functions of the Shenhua UPC in the second stage
at 5 ◦C/min.

Code
Stage 2

E/(kJ/mol) A/s−1 R2

F1 269.89 1.12 × 1011 0.9972
F2 380.22 2.40 × 1016 0.9933
F3 3.95 × 10−4 2.83 × 10−1 0.9873
D2 442.50 2.03 × 1018 0.9805
D3 498.68 2.26 × 1020 0.9915
D4 461.01 3.50 × 1018 0.9849
A2 125.35 1.99 × 104 0.9966
A3 77.17 8.92 × 10 0.9959
R1 2.07 × 10−4 1.24 × 10−1 0.9791
R2 2.22 × 10−4 1.34 × 10−1 0.9844
R3 1.25 × 10−4 7.52 × 10−2 0.9074
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Figure 9. Linear fitting of the mechanism function for the second stage of the Shenhua UPC gasification
reaction at 5 ◦C/min.

By using the abovementioned analysis method, the optimum mechanism function of the
gasification reaction of the two UPCs at different heating rates can be confirmed, as shown in
Figure 10. The kinetic parameters are shown in Table 7. According to the fitting results, it can be
concluded that the gasification reactions for the two UPCs at different heating rates show the same
reaction mechanism: a chemical reaction rate control of N = 1 (F1). In Table 7 it can be seen that with the
increase in heating rate, the apparent activation energy of Shenhua UPC decreased from 269.89 KJ/mol
to 223.41 KJ/mol, and that of Qingding UPC decreased from 266.70 KJ/mol to 251.54 KJ/mol. When
the heating rates are 5 ◦C/min, 10 ◦C/min and 15 ◦C/min, the apparent activation energies of the two
UPCs are similar. However, the pre-exponential factor A of the Shenhua UPC is larger than that of
the Qingding UPC. The results show that the molecular collision frequency of the Shenhua UPC is
faster, so its reaction rate is higher. When the heating rate is 20 ◦C/min, the apparent activation energy
of the Shenhua UPC is less than that of the Qingding UPC, indicating that the energy required for
the gasification reaction of the Shenhua UPC is smaller. In summary, the Shenhua UPC gasification
reaction occurs more easily than that of the Qingding UPC. In order to further verify consistency
between the hypothesis of Equation (10) and the fitting results, the following calculations are carried
out. As shown in Table 8. It can be seen that the assumption is appropriate in this study.

Table 7. Optimum mechanism function kinetic parameters for the second stage of the UPC gasification
reaction at different heating rates.

Sample Heating Rate Stage/◦C Reaction Mechanism E/(kJ/mol) A/s−1 R2

Shenhua
UPC

5 ◦C/min 2 F1 269.89 1.12 × 1011 0.9972
10 ◦C/min 2 F1 265.16 7.73 × 1010 0.9995
15 ◦C/min 2 F1 233.74 2.26 × 109 0.9941
20 ◦C/min 2 F1 223.41 8.16 × 108 0.9922

Qingding
UPC

5 ◦C/min 2 F1 266.70 7.63 × 109 0.9998
10 ◦C/min 2 F1 252.01 1.63 × 109 0.9993
15 ◦C/min 2 F1 235.43 3.10 × 108 0.9989
20 ◦C/min 2 F1 251.54 1.43 × 109 0.9998
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Table 8. Verification results of Equation (10).

Shenhua
UPC

5 ◦C/min 10 ◦C/min

T(K) R J/(mol*K) E(kJ/mol) T(K) R J/(mol*K) E(kJ/mol)

1155.5 8.314 269.89 1174.5 8.314 265.16
1− 2RT

E = 0.93 1− 2RT
E = 0.93

It can be seen that the assumption is appropriate in this study.
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10 ◦C/min, 15 ◦C/min and 20 ◦C/min: (a) Shenhua UPC at 5 ◦C/min, (b) Shenhua UPC at 10 ◦C/min,
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(f) Qingding UPC at 10 ◦C/min, (g) Qingding UPC at 15 ◦C/min, and (h) Qingding UPC at 20 ◦C/min.
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4. Conclusions

In this paper, by studying the CO2 gasification behavior and kinetics of two kinds of UPC at four
different heating rates we were able to draw the following conclusions.

(1) Under the same conditions, the combustion conversion degree of Shenhua pulverized coal
is larger than that of Qingding pulverized coal. A high volatile content, rough surface structure and
high specific surface area are the reasons for the higher degree of combustion conversion of Shenhua
pulverized coal than that of the Qingding pulverized coal.

(2) The gasification reaction occurs more easily for the Shenhua UPC than for the Qingding UPC,
and the gasification reaction rate is much higher. The Qingding UPC requires a higher temperature
to complete the gasification reaction. The Shenhua UPC has a lower Tm and a higher reaction rate
than that of the Qingding UPC and the gasification reaction of the Shenhua UPC is more intense. The
porous structure of the Shenhua UPC provides better kinetic conditions for its gasification reaction.

(3) The gasification reaction curves of the Shenhua and Qingding UPC gradually moved to a high
temperature zone with an increasing heating rate. The maximum reaction rate of the UPCs gradually
increased with an increasing heating rate.

(4) Under non-isothermal heating conditions, the optimum model for the two UPC gasification
reactions is the chemical reaction model. The apparent activation energies of the Shenhua UPC and
Qingding UPC are 269.89–223.41 KJ/mol and 266.70–251.54 KJ/mol, respectively.
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