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Abstract

This article investigates the evolution of morphology and pore structure during

sintering at 1200�C for a high sodium coal ash, with and without using a

calcium oxide additive. The effect of different proportions of calcium oxide

additive was studied. The ratios of height and area of samples were calculated,

and representative sintering time points of morphological changes were

captured. Meanwhile, frequencies of diameter, pore numbers, and porosities

were obtained by processing images. The maximum ratio of height and area

reached at 15 min, 4 min, and 10 min for the sintering process of coal ash

sample without additive, with 5% and 10% CaO, proving that CaO accelerates

the sintering process. In comparison, the maximum porosities were 52.4%,

39.5%, and 47.0% for sintering samples after 10 min, 6 min, and 40 min.

Besides, X-ray diffraction analysis of the minerals of the condensed white

matter was conducted.

KEYWORD S
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1 | INTRODUCTION

According to the BP Statistical Review of World Energy
2020, the total energy consumption of the world has been
increasing while the total primary energy reached
5.839 � 1017 kJ in 2019.1 Due to its abundant reserves
and low cost, coal-fired power plants will still be one of
the essential sources of power production in the foresee-
able future. Unfortunately, the coal-fired boiler is often
accompanied by scaling, slagging, erosion, heat transfer
surface wear, and other problems. Among them, ash
slagging is one of the most important problems, leading
to the corrosion of water wall tubes and the reduction of
heat transfer efficiency.2–4 It has been reported that
slagging behavior contains three stages, while sintering

behavior is the major stage of slagging.5 Consequently,
sintering process optimization is an important research
point that needs to be solved. Many scholars investigated
the sintering behavior of high sodium coal ash for
abundant reserves and wide distribution.6–8 And some
researchers9–12 mentioned that additive technology was
an effective as well as an economical method to alleviate
these problems. With the additives, the coal ash proper-
ties vary with variations of minerals, and then the
sintering and melting mechanism will also change.6

Many kinds of literature focused on the influence of
calcium on the fusion characteristics of coal ash with the
high-temperature melting point. Russell et al.13 consid-
ered that CaO played an effective role in reducing slag
melting point. Zhou et al.14 researched the influence of
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CaO additive on the sintering of ash, reporting that CaO
can inhibit the sintering and melting behavior of fly ash.
The content of the additive is a significant influence
factor on the sintering of coal ash. Dai et al.15 reported
that low-temperature eutectic reacting from the high con-
tent of CaO with Fe2O3 in the ash resulted in the liquid
state of ash. Song16 and Liu17 investigated the coal ash
melting variations first decreased and then increased
with CaO addition, which was related to the content of
silicon and its mineral formation. When the content of
CaO increased to a certain extent, the silicon transformed
from minerals with a lower melting point to those with a
higher melting point. It means that a high proportion of
CaO additive has a positive effect on reducing the
possibility of slagging in the furnace, mixed with the coal
before combustion.

Some literature18–21 stated that pore structure in
sintering ash shortened the service life of devices and
affected the heat conduction, which has attracted
extensive attention of many researchers. At the same
time, image processing technology is gradually rising as
an analysis method to reveal the internal pore structure.
In the previous investigation, 2D image analysis and
processing methods were utilized to study the pore
structure of ash sintering.22,23 X-ray computed
microtomography (XCT), a 3D reconstruction technology
based on actual geometrical structure, was widely applied
to analyze the structure lately.24–34 Hajizadeh et al.24

applied the method to analyze the pore structure based
on the data from XCT. Ranut et al.25 and Bodla et al.26

analyzed the pore microstructure and evaluated the ther-
mal conductivity for aluminum foam by high-resolution
X-ray microtomography. Zhou et al.35 applied XCT tech-
nology to reconstruct the volume and carried out the
porosity of foundation materials in the molten salt tank
for the thermal engineering storage system. However,
few researchers explored the pore structure evolution
process over time during high sodium coal ash sintering
through XCT, a high precision method based on the real
structure.

This article aims to research the pore structure evolu-
tion during high sodium coal ash sintering over sintering
time by digital image processing and XCT-based
methods. And the effect of adding different ratios of
calcium oxide additives was investigated. Additionally,
established on XCT technology, pore structure was
reconstructed, and pore parameters, including frequen-
cies of pore size, numbers, and porosities, were calculated
over sintering time. For the explanation of pore forma-
tion, condensed matters in pores were characterized by
X-ray diffraction analysis (XRD). The investigations
provide the basis for the combustion and utilization of

high sodium coal and the safety of power stations, which
has important significance.

2 | EXPERIMENT AND METHODS

2.1 | Materials

The ZD coal from Xinjiang province, a kind of lignite
coal with high sodium, was researched as the experimen-
tal object in this article, the properties of which,
including ash composition, ultimate and proximate
analysis, and ash fusion temperature, were listed in
Table 1. According to ASTM D2795-95 and ASTM
D1857-87, ash composition and ash fusion temperature
were measured, respectively.36 Following the ASTM
D3176, we applied the elemental analyzer to determine
the ultimate analysis and used a muffle furnace to

TABLE 1 Fuel properties

Fuel ZD coal

Proximate analysis (wt%)

Mad 15.6

Aad 12.3

Vad 32.79

FCad 52.91

Ultimate analysis (wt%)

Cad 64.07

Had 3.58

Nad 0.65

Sad 0.18

Oad 19.22

Ash fusion temperature (�C)

IT 1101

ST 1163

HT 1172

FT 1178

Ash composition (wt%)

SiO2 27.43

Al2O3 14.50

Fe2O3 4.26

CaO 27.46

MgO 2.90

K2O 0.33

Na2O 7.6

TiO2 0.87

Cl 10.72
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characterize the proximate analysis on the basis of
ASTM D 3174.37

In order to prepare ash, pulverized coal was first
heated for dry oxidation at 823 K,38 following the rule of
ASTM E1755. It could be seen from Table 1 that coal ash
has a higher content of CaO (27.46%) and Na2O (7.60%),
compared with other coals.39,40 Some researchers13,14

argued that the coal ash melting variations first decreased
and then increased with the increment of CaO additive.
It is of great significance to study the effect of CaO
content on the sintering of ZD coal ash. The ZD coal ash
without additive and with 5% and 10% CaO was tested in
this paper, so as to explore the influence of different
proportions of CaO. As for the conditions with additive,
coal and calcium oxide were ground and mixed in a
mortar. Before the sintering experiment, 4 g of sample
was put in a square mold with 15 mm � 15 mm, and
then maintained the pressure at 5 MPa for 3 min to

depress the mold every time. Three samples were
prepared to repeat the experiment for each condition.

2.2 | Sintering experimental section

2.2.1 | Experimental setup

A 12-kW controllable and programmable electric furnace
was applied for sintering experiments in this paper.
Figure 1a demonstrated the experimental system includ-
ing temperature control system, programmable electric
heater system, charge-coupled device (CCD) monitoring
system, sample position control system, insulating
system, and digital display meter connected with a
thermocouple. The details and components of the CCD
monitoring system were displayed in Figure 1b, which
was applied to monitor the appearance change during

FIGURE 1 Schematic diagram of whole experimental setup (a) and details of CCD monitoring system (b)

FANG ET AL. 3 of 13
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the sintering. The CCD monitoring system consisted of a
cooling system and camera protection system, recording
24-bit images of sample shapes. Before the experiment,
we preheated the tube furnace to 1200�C where ZD ash
began to melt, and then the CCD monitoring system
started recording. After that, the sample was placed at
the center of the device with the sample position control
system. The sintering process of the sample was observed
by the CCD monitoring system while representative time
points of morphological change were recorded. Moreover,
we obtained the sintered samples after sintering for

different representative times and cooled them with
liquid nitrogen to maintain pore structures.

2.2.2 | Digital image theory by CCD

We monitored the appearance changes of the sample in
the sintering process through the CCD monitoring
system. A digital image processing method was adopted,
seen in Figure 2, to analyze the image through CCD
recording and calculate the ratio of height and area.

FIGURE 2 The digital image processing of

the ash sample during sintering from CCD

monitoring system: (a) original image; (b) edge

image; (c) binarization image

FIGURE 3 Diagrammatic sketch of 4000

Nano-voxel X-ray three-dimensional microscope

4 of 13 FANG ET AL.
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Figure 2a displays the 24-bit image of samples captured
by CCD. For extracting the boundary of the sample, we
applied the edge extraction algorithm on the basis of
MATLAB software while the edge image was exhibited in
Figure 2b. In this way, the number of high pixels could
be gained. The rate of ash sample height can be
calculated by the formula:

ρ1 ¼H=H1 ð1Þ

where ρ1 represents the ratio of real-time sample height
to the initial height; H is the number of pixels of the
real-time height during the sintering process, while H1 is

the number of pixels of the original height. In addition,
the image in Figure 2a was also binarized, which can be
seen in Figure 2c. Therefore, the ratio of the real-time
area to the initial area could be calculated by the
formula:

ρ2 ¼ S=S1 ð2Þ

where S and S1 represent the number of pixels of the
real-time area and initial area, during the sample
sintering process.

2.3 | X-ray 3D computed
microtomography

2.3.1 | Testing equipment and conditions

A 4000 Nano-voxel series X-ray three-dimensional
microscope instrumentation was used to reconstruct the
pore structure and counted the pore parameters of
sintered samples with different sintering times, displayed
in Figure 3. As we can see, the XCT experimental device
consisted of a flat detector, sample platform, open 225 kV
X-ray source, optical coupling CCD and automatic switch

TABLE 2 Parameter information about the XCT test for the

samples

Item Value

Voltage (kV) 200

Current (μA) 350

Exposure time (s) 0.62

Source to sample distance (mm) 209

Source to detector distance (mm) 840

Pixel size (μm) 36

FIGURE 4 The image processing based on

XCT theory. (a) Original 16-bit gray-scale slice,

(b) image after binarization (blue: solid phase;

black: pores), (c) pore phase image, and

(d) image of pores in sample after segmenting

and removing the boundary air phase

FANG ET AL. 5 of 13
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device, which had the ability to choose the suitable filter.
Table 2 listed XCT equipment parameter information.
The sample platform was 290 mm and 804 mm away
from the detector and X-ray source. Besides, the tested

sample was rotated 360� at 0.25 angle intervals, and we
collected 1440 pieces of radiographs.41 Considering
the appropriate scanning accuracy and acceptable
computational amount, we set the resolution of CT

FIGURE 5 Rendering volume of the samples and pore

distributions for the coal working condition after different

sintering time

FIGURE 6 Rendering volume of the samples and pore

distributions for the 5% CaO working condition after different

sintering time

6 of 13 FANG ET AL.
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images at 36 μm. By processing these CT images, the pore
structure was reconstructed, and pore parameters were
calculated out.

2.3.2 | Statistical methods for the pore
parameters

The pore structure can be reconstructed and analyzed
through stacking CT images. It can be comprehended
from Beer–Lambert law42 that the X-ray absorptivity of
solid and air pores is largely different because of the
different atomic structures. An initial 16-bit density
grayscale CT image was shown in Figure 4a.43 The
threshold algorithm was applied44 to distinguish the
sample solid phase and pores in Figure 4b. The value of
each voxel outside the threshold is 0, which is the pore
phase shown in black in Figure 4b, and the others are 1.
To extract the pores, we carried out the Boolean
algorithm to obtain Figure 4c, during which we
transformed each voxel with value 0 (pore phase) to
1. Ultimately, the volume connected to the border was
removed, and pores in the sample were separated into
individuals. Thus, the separated pores were shown in
Figure 4d while the pore structure was gained. In regard
to the volume reconstruction, we accumulated 2D
CT images along the load direction,45,46 and the
reconstructing volumes of the sample and pores at
specific sintering time were shown in Figures 5–7.
Meanwhile, the pore numbers, frequencies of the pore
diameters, and porosities were obtained.

The porosity was computed by Equations (3) and (4).

φ¼V s=V ð3Þ

ρ¼ 1-V s=V ð4Þ

where φ is the proportion of sample solid in the total
domain while ρ is porosity; V is the volume of the whole
sample, while the subscripts “s” represent the solid
phase. The contiguous pores were segregated to acquire
equivalent diameters statistics of pores, and then the

FIGURE 7 Rendering volume of the samples and pores in the

samples for 10% CaO working condition after different

sintering time

FIGURE 8 Schematic diagram of cross section and internal

structure of sintered sample
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equivalent diameter, D, was calculated out by the
Equation (5):

D¼
ffiffiffiffiffiffiffiffi
6V1

π
3

r
ð5Þ

where V1 stands for the volume of a certain pore.

2.4 | Analytical method for condensed
matter in pores

To investigate the mineral phase of white condensed
matter in the pores, we applied the X-ray diffraction

(XRD) analytical method. Samples were cured with resin
and then sliced to obtain the white condensed matter in
pores. Figure 8 is the sample cutting, from which we took
the condensed matters out and ground them for XRD.
The XPERT-3 diffractometer system was applied for
XRD, including Pixel 1d universal matrix detector,
Cu anode X-ray tube, and PW3050/60 goniometer. The
operational parameters during the scanning of XRD are
listed in Table 3.

3 | RESULTS AND DISCUSSION

3.1 | Appearance change process

Figure 9 displayed the sample appearance of ZD coal ash
without additive, with 5% CaO and 10% CaO after differ-
ent sintering times. For the samples without additive, the
color deepened while the shape changed with the
increase of sintering time which can be seen from
Figure 9a. It is evident that the sintered sample at 5 min
became round and blunt while the top bulged, indicating
that pore appeared. With the sintering time up to 10 min,
the sample expanded obviously and the volume
increased. The cross-sectional area increased while the
color deepened after 15 min sintering time. Finally, at

FIGURE 9 Appearance photos of

the ash samples sintered with different

times for coal, 5% CaO, and 10% CaO

TABLE 3 Operational parameters during scanning in XRD

analysis

Item Value

Scan type Continuous

Voltage (kV) 40

Current (mA) 40

Increment of each step (�) 0.026

Counting time per step (s) 30

Source to detector distance (mm) 840

Scanning range 10�–80�

8 of 13 FANG ET AL.
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25 min, the height of the sample dropped to a low level,
and the color reached the deepest, which indicated that
the liquid phase composition increased with the decrease
of porosity. What is more, a lot of holes were observed on
the surface at 25 min, illustrating that bubbles moved to
the surface and escaped. The morphology evolution
process of the condition with 5% calcium oxide additive
is similar to that of the coal condition. By contrast, the
time reached the final state with dark color and stable
low height was significantly shortened, which indicated
that 5% CaO additive promoted the sintering and melting
of high sodium coal ash. Interestingly, after adding 10%
CaO, as shown in Figure 9c, the morphology evolution of
high sodium coal ash during the sintering process
changed significantly. The evolution speed of the sample
morphology was so slow that the sample still had a
certain height after sintering for 60 min. And the color of
the sample was not deepened. After sintering for 20 min,
the height and morphology variations were no longer
apparent. In a word, adding 10% calcium oxide additive
had a strong inhibition effect on the sintering of high
sodium coal ash.

3.2 | Height and area changes
through CCD

Based on digital image processing technology, the
changes in height and area of ash samples during the
sintering process were monitored. The variation curve of
the ratio of height and area with sintering time was
displayed in Figure 10. As can be seen from Figure 10,
the sample shrunk with the decrease of height and area
obviously in the beginning. Afterward, the height and
area of the sample rapidly increased to the highest point
of curves. Then the curves declined at a fast rate. In the
end, the sample reached a stage where the height and
area changed very slowly. It could be found in Figure 10
that the time reaching the highest point of curves under
three conditions is 15 min, 4 min, and 10 min. That is to
say, adding calcium oxide additive is conducive to
shortening the time to reach the highest point, while the
addition of 10% CaO inhibited the sintering process of
high sodium coal ash. In consequence, the CaO additive
promoted the formation of internal pores, that is, bubbles
in the early sintering stage.

3.3 | Pore structure reconstruction and
parameters statistics by XCT

For the investigation of pore structure evolution, we
gained the sintering time point when obvious

morphological change, observed from the curves in
Figure 10. We reconstructed the pore structures of
samples in Figures 5–7, while the pore parameters,
including frequency of pore diameters, porosity, and pore
number, were displayed in Figures 11 and 12.

We can observe from Figure 11 that the total pore
number in the samples decreased rapidly with sintering

FIGURE 10 Ratio of height and area for the sample during

the sintering. (a) ZD coal, (b) 5% CaO, and (c) 10% CaO

FANG ET AL. 9 of 13
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time. In the early sintering process, the pore number
achieved the maximum on account of the formation of
great plenty of fine bubbles. With the further enhance-
ment of the sintering degree, the pore number decreased
quickly on account of the coalescence and escape of
bubbles. The pore numbers in the samples without
additive were less than that with calcium oxide, which
indicated that the addition of CaO promoted the

generation of bubbles. Also, Figure 11 showed that poros-
ity firstly increased and then decreased with sintering
time. When sintering for 10 min, 6 min, and 40 min, the
porosities of ZD coal without and with 5% CaO and 10%
CaO additives were 52.4%, 39.5%, and 47.0% respectively.
For ZD coal without and with 5% CaO, the porosity
reached a lower value (less than 10%) at final while the

FIGURE 11 Pore numbers and porosity of different sintering

time during the sintering process for high sodium coal ash without

and with 5% and 10% CaO. (a) ZD coal, (b) 5% CaO, and

(c) 10% CaO FIGURE 12 Frequency of equivalent pore diameters of

samples with different sintering time for three experimental

conditions. (a) ZD coal, (b) 5% CaO, and (c) 10% CaO

10 of 13 FANG ET AL.
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porosity of 10% CaO condition changed not obviously,
ranging from 34.6% to 47.0%. To analyze the evolution of
pore structure in the sintering process, we split the pores
into groups according to the pore diameter while the
frequency of each group is shown in Figure 12a–c. It is
observed that the frequencies of diameter less than
0.4 mm were higher than 70% in all samples. The
frequencies of the small pores with a diameter less than
0.4 mm first decreased and then increased, which also
confirmed the coalescence of small bubbles in the early
stage and the rupture of large bubbles in the later stage.

3.4 | Porous structural evolution
mechanism

In light of the results in Sections 3.2 and 3.3, a great
many small pores were produced at the early stage while
the pore number rose to the maximum rapidly. With the
progress of sintering, the porosity increased with the
coalescence and expansion of pores in samples. Further-
more, the further melting and sintering of the sample,
that is, the appearance of the molten phase and the gas–
liquid two-phase state, promoted the escape of bubbles,
resulting in decreased pore number and porosity. Finally,
pore parameters and the height of the ash sample
decreased to a stable minimum due to the reduction of
gas production, which was in balance with the bubble
escape.47 By reason of the inhibition of high sodium coal
combustion by adding 10% CaO additive, the pore param-
eters of samples changed slowly with sintering time.

In order to explore the mechanism of pore structure
generation and change, we characterized the main min-
eral phases of white condensate in the sample pores in

Figure 13, which were halite and anhydrite. With the
addition of calcium oxide, a great number of anhydrite
peaks increased in the XRD pattern of the condensates in
the pores. The experimental results showed that because
of the high sodium and calcium content of ZD coal, the
pore structure is generated accompanied by the forma-
tion and gasification of anhydrite and the volatilization
of alkali chlorides. The addition of CaO promotes the
formation and gasification of CaSO4, thus promoting the
generation of pores.

4 | CONCLUSION

Pore structure evolution during sintering of high sodium
coal ash was studied in a programmable horizontal fur-
nace. The effect of adding calcium oxide with different
proportions on the pore structure evolution during the
coal ash sintering process was also investigated. Based on
the CCD monitoring system and digital image processing
technology, the appearance of the sintering process was
observed while shape parameters, including height and
area, were calculated. XCT technology is utilized to
rebuild the pore distribution and calculate the pore
parameters. Results are shown as follows:

1. The sample underwent a shrinkage process and then
expanded rapidly with area and height increasing to
the maximum. Afterward, the ratio of area and height
decreased and finally reached a stable state. The
addition of calcium oxide shortened the time to reach
the highest point of height and area. The results
suggested that 5% CaO promoted the coal ash
sintering while the addition of 10% CaO could inhibit
the sintering process.

2. With the addition of 5% CaO, the ash reached the
state with a stable low height and porosity more
quickly than without additive condition. However,
adding 10% CaO, the ash sample had a high porosity
of 39% after 60 min while the height and area curves
changed slowly from 20 min to 60 min sintering time.

3. The mineral composition of condensed matter in
pores was NaCl and CaSO4, showing that pore
structure generated for the formation and gasification
of anhydrite and the volatilization of alkali chlorides.
With the addition of CaO additive, the time reaching
the maximum height was obviously advanced while
pore numbers increased significantly due to the
promotion of anhydrite formation.
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