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Abstract: With the widespread application of circulating fluidized bed (CFB) combustion technology,
the popularity of CFB ash (CFBA) has increased dramatically and its production and large-scale
utilization have become increasingly important. In the context of carbon neutrality peaking, using
CFBA as a cement admixture as an effective method of resource utilization not only reduces the
pressures caused by carbon emissions in the cement industry but also solves the environmental
problems caused by CFBA depositing. However, the formation conditions of CFBA are worse
than those of traditional pulverized coal boilers. CFB ash is the combustion product of coal at
850 ◦C–950 ◦C, and the characteristics of CFBA usually include a loose and porous structure with
many amorphous substances. Furthermore, it has the disadvantages of large particle size, high
water-demand ratio, and low activity index when it is directly used as a cement admixture. In this
study, CFBA (including fly ash (CFBFA) and bottom ash (CFBBA)) produced by a CFB boiler without
furnace desulfurization with limestone was used as a cement admixture material, and the effect
of grinding on the fineness, water-demand ratio, and activity index of CFBA were studied. The
experimental results showed that the grinding effect could significantly reduce the fineness and
water-demand ratio of CFBA as a cement mixture and improve the activity index. With the increase
in the grinding time, the water-demand ratio of CFBA first decreased and then increased. CFBBA
ground for 10 min and CFBFA ground for 4 min can reduce the water-demand ratio of CFBA by up
to 105% and increase the compressive strength of 28-day-old CFBA cement by 7.05%. The grinding
process can ensure that CFBA meets the Chinese standards for a cement admixture and realize the
resource utilization of CFBA.

Keywords: circulating fluidized bed ash; cement admixture; grinding; water-demand ratio;
activity index

1. Introduction

Circulating fluidized bed (CFB) combustion technology is widely used because of
its good fuel flexibility, low pollution emissions, and large turndown ratio [1–3]. A large
amount of ash is discharged during the boiler operation because low-rank fuels are used
commonly in CFB boilers. In 2021, 300 million tons of CFB ash (CFBA) were discharged in
China, which caused problems such as low utilization rates [4], changes in the occupancy
of farmland [5,6], and environmental pollution [7–9]. In the face of such problems, the
Chinese government has issued relevant policies requiring CFB power plants to determine
their power generation according to their ash treatment capacity. Therefore, it is urgent to
develop CFBA resource utilization technology.

CFB combustion technology was developed after pulverized coal (PC) boilers so
the research on ash utilization is lagging. CFB ash utilization has been studied in the
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literature in recent years including its use as a fine aggregate in compacted concrete [10], as
a geopolymer [11,12], as a cement admixture [13–17], in road construction materials [18],
and in metal recycling [19,20]. Among them, the best large-scale utilization of CFB ash is in
the production of cement admixture materials [21]. Cement production in China amounted
to 2.38 billion tons in 2021 [22], and the pressure to reduce carbon in the cement industry is
huge in the context of carbon neutrality peaking. The use of CFBA as a cement admixture
not only solves the environmental pollution problem caused by CFBA depositing but
also reduces the output of cement clinker, thereby reducing carbon emissions, which has
received widespread attention from scholars in recent years.

However, CFB ash is the combustion product of coal at 850 ◦C–950 ◦C [23], and the
characteristics of CFBA include its loose and porous structure with many amorphous
substances [24]. Normally, limestone is fed into the furnace during the CFB boiler operation
in order to control the SO2 emission. The CaO decomposed by the limestone in the boiler
reacts with SO2, thus reducing the SO2 content in the gas emission and ensuring that the
SO2 concentration in the exhaust gas meets the national requirements, which is of great
significance to the control of pollutants [25,26]. This results in a relatively high content of
sulfur and free CaO in the ash. The free CaO restricts its application as a cement admixture
and creates new challenges for the utilization of CFBA [27–29].

Wu et al. stated that CFBC fly ash has the potential to replace cementitious materials
and is a substitute for pozzolan [13]. Li et al. compared desulfurized ash and fly ash
and found that by adding a 1% modifier (a kind of alkali-activated activator) and a 0.8%
modifier (the mixture of naphthalene-based water reducer and an adjustable solidification
agent), the strength activity index of desulfurized ash increased by 23–37% and 15–28.8%,
respectively [14].

Tkaczewska, E. used different admixtures of sulfonated melamine-formaldehyde
condensate, sulfonated naphthalene-formaldehyde condensate, polycarboxylate, and poly-
carboxylate ether, resulting in a 15%, 31%, 42%, and 47% reduction in the water-demand
ratio of fly ash [30].

Zheng et al. conducted a study under the condition of a water/cement (W/C) ratio of
0.35 and an amount of polycarboxylate superplasticizer of 0.2% by weight of cementitious
materials was added to the mixture. The water-demand ratio was effectively reduced but
the mortar intensity also decreased [31].

Sun et al. considered the strength, expansion, and void ratio for optimizing the ratio
of the CFB ash–anhydrite–clinker so that CFB ash could be used as the source of the
aluminosilicate material for supersulfated cement, thereby reducing carbon emissions [32].

CFBA contains more SO3 and free CaO, which limits its application. Even if power
plants adopt flue gas desulfurization technology outside the boiler to reduce the content
of sulfur and free CaO in CFBA, there are still problems such as a large particle size,
large water-demand ratio, and low activity index when CFBA is directly used as a cement
admixture. Grinding can reduce the problems of the particle size and water-demand ratio
of CFBA [7,33–35] and improve the strength of the mortar to meet Chinese standards as a
cement admixture. However, the key influencing factors in the quality of ground ash as a
cement admixture still need to be investigated.

In this study, the focus is on the problems of the large particle size, large water-
demand ratio, and low activity index of the CFBA produced by a 300 MW CFB boiler with
external flue gas desulfurization technology in order to ensure that CFBA meets the Chinese
standards for its use as a cement admixture. Furthermore, the effects of grinding on the
fineness, water-demand ratio, and activity index of CFBA were studied, and the results
provide new ideas for carbon reduction and CFB ash utilization in the cement industry.

2. Materials and Methods
2.1. Materials

The CFBA used in the test was from the 300 MW CFB boiler of Guotou Panjiang Power
Co., Ltd. (Liupanshui, China) and included CFB fly ash (CFBFA) and CFB bottom ash
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(CFBBA). The cement was PI42.5 Portland cement and was sourced from China Fushun
Cement Co., Ltd. (Fushun, China) Standard sand was standard sand produced by Xiamen
ISO Standard Sand Co., Ltd. (Xiamen, China). The water was deionized.

2.2. Methods

In order to ensure that CFBA meets the requirements of cement admixtures found
in Chinese standard GB-T 1596-2017, the required tests of CFBA in this study included
fineness, loss of ignition, water content, total SO3 mass fraction, free CaO mass fraction,
SiO2, Al2O3 and Fe2O3 total mass fraction, density, water-demand ratio, and strength
activity index. Each experiment was measured at least twice and for some important
research data (water-demand ratio and mild activity index), each experiment was measured
at least three times.

The experimental process is shown in Figure 1. First, the CFBBA was screened through
a 2.2 mm sieve and the large particles on the sieve were crushed to less than 2.2 mm
with a KERP-180 × 150B sealing hammer crusher produced by Zhenjiang Kerui Sample
Preparation Equipment Co., Ltd. (Zhenjing, China).
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Figure 1. Experimental process.

An XQM-4 vertical planetary mill produced by Changsha Tianchuang Powder Tech-
nology Co., Ltd. (Changsha, China) was used for grinding. The CFBFA and CFBBA were
ground separately. The mass of the ash sample was 100 g per grinding, the speed of the ball
mill was 300 r/min, and the variable condition was the grinding time. After the grinding,
the ash sample was sieved through a sieve with a pore diameter of 0.9 mm, and the ash
sample under the sieve was tested and used as a cement mixing material.

The SEM detection of CFBA was carried out with a Merlin Compact type Scanning
Electron Microscope produced by Carl Zeiss AG (Oberkochen, Germany) under the condi-
tions of an accelerating voltage of 0.05–30 kV and a resolution of 1.0 nm/15 kV.

The particle size and specific surface area of CFBA were measured under SOP using
a Mastersizer 2000 laser particle sizer produced by Malvern Instruments Ltd. (Malvern,
UK). The compound composition of CFBA was detected using an ARL PERFORM X-ray
fluorescence spectrometer produced by Thermo Fisher (Shanghai, China). The operating
technical indicators were target material: Rh; light tube power: 4 KW; excitation voltage:
60 kV (max); and excitation current: 140 mA (max). Equipped with 9 dichroic crystals, the
element test range was B-U. The density of CFBA was measured according to Archimedes’
principle using Lee’s bottles and kerosene. Its value is the ratio of the weight of the
ash residue to the increased volume of kerosene. The fineness of CFBA refers to the
percentage of total mass on the screen after the CFBA was screened using an FYS-150B
cement fineness negative pressure sieve analyzer (sieve hole is 45 µm) produced by Hebei
Xinglan Construction Instrument Co., Ltd. (Cangzhou, China).
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The loss of ignition (LOI) of CFBA was detected using an AS-1700 muffle furnace
produced by Zhengzhou Ansheng Scientific Instrument Co., Ltd. (Zhengzhou, China).
The method involved placing the CFBA into the muffle furnace, gradually increasing the
temperature starting at room temperature, burning at 950 ± 25 ◦C for 1 h, and then placing
the CFBA into the desiccator to cool it down to room temperature; the percentage of the
mass CFBA lost to the total mass is the LOI.

The method for determining the water-demand ratio of CFBA was as follows. After the
contrasting mortar and test mortar were stirred evenly under certain conditions according
to the material ratio shown in Table 1, a JJ-5 type cement sand mixer produced by Hebei
Xinglan Construction Instrument Co., Ltd. (Cangzhou, China) was used for stirring at
low speed for 30 s. Sand was then added evenly at the beginning of the second 30 s while
mixing at high speed, then the sample was left standing for 90 s, and finally, another 60 s of
high-speed mixing was carried out. The cement mortar sample was vibrated 25 times using
an NLD-3 testing instrument produced by Hebei Xinglan Construction Instrument Co., Ltd.
(Cangzhou, China). The average diameter of the mortar in both vertical directions was
measured. When the average value of both tests reached 180 mm, the water-demand ratio
of the test mortar(W2) and contrast mortar(W1) were the water-demand ratio of the CFBA.

Table 1. The composition of mortar used for testing the water-demand ratio of CFBA.

Type of Mortar PI42.5
Cement/g CFBBA/g CFBFA/g Sand/g Deionized

Water/g

Contrast mortar 250 - - 750 W1
Test mortar 175 52.5 22.5 750 W2

The CFBA intensity activity index was measured as follows. First, according to the
composition shown in Table 2, the material was stirred evenly and then the mixing method
was the same as in the measurement of the water-demand ratio mentioned above. The
mortar was put into the mold and vibrated 60 times, and then the mortar was placed into
an environment of 20 ± 1 ◦C with a humidity greater than 90% for 24 h. The test mold
was then removed and placed into a 20 ± 1 ◦C water cure to a fixed age. The compressive
strength was tested using a YAW-300 microcomputer-controlled electro-hydraulic servo
pressure testing machine produced by Jinan Time Shijin Testing Machine Co., Ltd. (Jinan,
China).The flexural strength was tested using a DKZ-5000 electric flexural tester produced
by Wuxi Jianyi Instrument and Machinery Co., Ltd. (Wuxi, China). The activity index is
the ratio of compressive strength of test mortar to contrast mortar.

Table 2. The composition of mortar used for testing strength of CFBA.

Type of Mortar PI42.5
Cement/g CFBBA/g CFBFA/g Sand/g Deionized

Water/g

Contrast mortar 450 - - 1350 225
Test mortar 315 94.5 40.5 1350 225

3. Results and Discussion
3.1. Physicochemical Analysis of CFBA
3.1.1. Chemical Composition of CFBA

Table 3 lists the results of the XRF analysis of CFBA’s components. The boiler co-fires
coal slurry and coal gangue, the coal slurry particle size is fine, and the combustion process
produces ash mainly in the form of CFBFA discharged from the boiler, whereas the gangue
particle size and density are relatively larger, the combustion produces ash mainly in the
form of CFBBA discharged from the boiler. The test results show that the compositions
of the fly ash and bottom ash are different because the mineral compositions of the coal
slurry and gangue are different. For example, there are high SiO2 and CaO contents in
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boiler CFBFA and high Fe2O3 content in CFBBA. There are a lot of active SiO2 and Al2O3
contents in CFBA [34], which have high pozzolanic activity and can react with the Ca(OH)2
generated in cement to generate gel products such as CaO–SiO2–H2O, CaO–Al2O3–H2O,
etc. These gel products provide strength for the mortar. Flue gas desulfurization technology
is used outside the boiler and the limestone is not placed into the furnace during the boiler
operation so the contents of CaO and SO3 in CFBA are lower than those in traditional CFBA
and free CaO is rarely almost negligible. This is more beneficial to the use of CFBA as a
cement admixture.

Table 3. Chemical composition of CFB ash.

Compound SiO2 Al2O3 Fe2O3 CaO TiO2 MgO K2O Na2O SO3 Other

CFBFA 45.42 24.07 12.17 6.14 5.63 2.37 1.69 0.542 0.505 1.463
CFBBA 41.84 24.29 17.17 4.71 6.32 1.51 1.65 0.569 0.450 1.651

3.1.2. Physicochemical Characteristics of CFBA

Studies have shown that CFBA needs to meet the requirements of second-class pulver-
ized coal ash for use in a cement admixture according to standard GB-T 1596-2017. The
fineness, water-demand ratio, LOI, moisture content, sulfur trioxide, density, and activity
index of CFBFA and CFBBA were measured, respectively, during the experiment. As listed
in Table 4, the density and size of the gangue are bigger than that of coal slurry and it takes a
longer residence time to burn in the boiler so the LOI of CFBBA is lower than that of CFBFA
and the density is larger than that of CFBFA. However, the CFB boiler combustion temper-
ature is relatively lower and since it cannot melt most minerals, most of the minerals in
CFBA remain in their original shape and do not melt into spherical particles. This results in
the loose and porous structure of CFBA(Figure 2) and the water-demand ratio is high. The
other parameters meeting the Chinese standard requirements of second-class pulverized
coal ash according to standard GB-T 1596-2017 include the LOI, moisture content, sulfur
trioxide, free CaO, and the density of CFBBA and CFBFA. Only the fineness, water-demand
ratio, and activity index of CFBBA do not meet the requirements. CFBFA only has two
parameters that do not meet the requirements. One is the water-demand ratio and the other
is the activity index. In this study, the grinding process was used to treat CFBA in order
to meet the fineness requirements. In addition, the influence of CFBA particle size on the
water-demand ratio and mortar strength was also studied.

Table 4. Comparison of physical and chemical characteristics of CFBA with Chinese standards.

Project Second-Class Pulverized Coal Ash Standard CFBFA CFBBA

Fineness ≤30.0 15.8 100
Water-demand ratio/% ≤105 110 -

LOI/% ≤8.0 2.56 1.17
Moisture content/% ≤1.0 0.30 0.31

SO3 mass fractions/% ≤3.0 0.505 0.450
free CaO mass fractions/% ≤1.0 0.22 0.41

SiO2, Al2O3, and Fe2O3 total mass Fractions/% ≥70.0 81.66 83.30
Density/(g/cm3) ≤2.6 2.44 2.59
Activity index/% ≥70.0 - -
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3.2. Influence of Grinding Time on the Properties of CFBA
3.2.1. Influence of Grinding Time on CFBBA

The results of the fineness of CFBBA after different grinding times are shown in
Figure 3. With increased grinding time, the fineness of CFBBA became smaller and smaller
but the change gradually became slower. The particles larger than 45 µm were already
crushed by grinding for 6 min, which led to a sharp decrease in the 45 µm particle residue
above the sieve at the beginning of the grinding. After a grinding time of more than 6 min,
although the proportion of particles larger than 45 µm continued to decrease, the decrease
rate was smaller. This is because the CFBBA particles were larger in the early stage of
grinding and were broken into fine particles affected by the impact force of the steel balls.
With the decrease in the particle size of CFBBA, the particle size became much smaller than
the diameter of the steel balls in the ball mill. The force on the ash particles was mainly
from the grinding force between the steel balls and the tank or the steel balls in the ball
mill, which made the CFBBA particle size smaller. The impact force on the ash particles
was relieved because the larger particles were mixed with fine particles so the crushing of
the coarse particles became more difficult. In fact, when the grinding time reached 5 min,
the fineness of CFBBA had already met the condition of being less than 30%, which was in
line with standard GB/T 1596-2017.

The SEM images of CFBBA after different grinding times are shown in Figure 4 and
the particle size distribution is shown in Figure 5 (the numbers in the legend represent
the grinding time (min)). The particle sizes corresponding to 10%, 50%, and 90% of the
cumulative particle size distribution (d(0.1), d(0.5), and d(0.9)) are also listed in Table 5.
The specific surface area at different grinding times is shown in Figure 6. It can be seen that
with the increase in the grinding time, the CFBA particles gradually decreased. When the
grinding time was 20 min, the inter-particle attraction was larger and the fine particles were
wrapped around the large particles to form agglomeration. When the grinding time was less
than 18 min, with the increase in the grinding time, the particle size distribution of CFBBA
gradually shifted to the left, the specific surface area gradually increased, and the particle
sizes d(0.1), d(0.5), and d(0.9) gradually became smaller. The changing trends in the three
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parameters became slower and slower and this tendency was consistent with the fineness
results seen in Figure 3. When the grinding time reached 20 min, the d(0.5) and d(0.9) of
the CFBBA particles increased and the specific surface area decreased correspondingly.
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Table 5. Main data of particle size distribution of CFBBA with different grinding times.

Sample d(0.1)/µm d(0.5)/µm d(0.9)/µm Sample d(0.1)/µm d(0.5)/µm d(0.9)/µm

CFBBA1 14.992 226.655 615.847 CFBBA9 1.268 9.194 35.649
CFBBA2 6.612 140.303 615.358 CFBBA10 1.207 8.42 33.960
CFBBA3 3.865 62.734 513.686 CFBBA12 1.058 6.914 28.272
CFBBA4 2.534 30.974 254.954 CFBBA14 0.986 6.084 25.524
CFBBA5 2.205 24.383 240.411 CFBBA16 0.913 5.26 21.982
CFBBA6 1.710 14.972 58.471 CFBBA18 0.878 4.92 23.416
CFBBA7 1.498 11.967 45.674 CFBBA20 0.878 5.687 28.919
CFBBA8 1.368 10.413 40.727
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Figure 6. Effect of grinding time on the specific surface area of CFBBA.

The main reason for the above results is that there were fracture intersections of lattice
destruction in the fine particles, which made the surface of the fine particles have a large
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number of electric charges and the particles were attracted to each other by electrostatic
force and van der Waals force resulting in agglomeration. The particles’ agglomeration
caused the large particles to be wrapped in the fine particles. When the steel balls ground the
particles, the force between the particles had to be overcome to continue grinding, which not
only reduced the grinding efficiency but also increased the grinding energy consumption.

3.2.2. Effect of Grinding Time on the Water-Demand Ratio of CFBA

In the actual operation of the CFB boiler, the mass ratio of CFBFA and CFBBA is 7:3. In
order to realize the full utilization of CFBA, in the experiment on the water-demand ratio,
CFBFA and CFBBA were ground and mixed into cement according to this ratio to measure
the water-demand ratio. The water-demand ratio method was introduced in Section 2.2 in
line with standard GB/T 1596-2017 and the results are as follows.

Because the fineness of CFBFA can meet the requirements of standard GB/T 1596-2017
even without grinding, only CFBBA needed to be ground. The water-demand ratio of
CFBA with grinding time is shown in Figure 7. It can be seen that the water-demand ratio
of CFBA first decreased and then increased with the increase in the grinding time of CFBBA,
but it still did not reach the 105% requirement stated in standard GB/T 1596-2017.
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Figure 7. Effect of CFBBA grinding time on the water-demand ratio of CFBA.

Many factors affect the water-demand ratio of CFBA including the chemical composi-
tion, carbon content, particle size, and particle shape of CFBA. The chemical composition
of CFBA in this experiment was fixed so its mechanism can be explained by three other
aspects. In Figures 8 and 9, orange represents the CFBA particles and blue represents water.
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Figure 9. Effect of the specific surface area of CFBA on water-demand ratio.

(a) As shown in Figure 8, with the decrease in the particle size, some of the particles
played a micro-filling role, and the fine particles filled in the gaps in the coarse
particles, reducing the porosity and the use of water [36]. Furthermore, with the
addition of CFBA to the cement, the particle size distribution of the CFBA cement
system changed, which affected the bulk density of the slurry by reducing the amount
of retained water [37,38]. In addition, the grinding effect made the particles of CFBA
more and more spherical, and the fine spherical particles also played a role in the
lubrication of the balls. Therefore, less water was needed for the mortar to flow better,
thereby reducing the water-demand ratio of CFBA.

(b) As shown in Figure 9, when all particles were reduced, pores were generated between
the particles and the porosity increased, which worsened the fluidity of the mortar [39].
Therefore, more water was needed for the mortar to achieve a better flow, resulting
in an increase in the water-demand ratio of CFBA. This explains the mechanism by
which the water-demand ratio increased when the grinding time further increased.

(c) The effect of the carbon content of CFBA on the water-demand ratio was also tested.
Wu Bin et al. showed that the water-demand ratio of pulverized coal ash increased
with the increase in the carbon content [40]. Similarly, the greater the burn losses
of CFBA, the greater the carbon content. The particles with high carbon content
were coarse, porous, non-gelling, and easily absorb water, which increased the water-
demand ratio of CFBA.

For the first test, with the increase in the CFBBA grinding time, the water-demand
ratio of CFBA first decreased and then increased because (a) and (b) played a major role.
The reason that the minimum value could reach 105% was that only CFBBA was ground,
whereas CFBFA was not, and the carbon content of CFBA is high. So, a second experiment
was needed.

In the second experiment, the grinding time of CFBBA was fixed at 10 min, and then
CFBFA was ground at different times. The results of the water-demand ratio of CFBA are
shown in Figure 10. It can be seen that when the grinding time of CFBFA reached 4 min,
the water-demand ratio of CFBA reached 105% as required in standard GB/T 1596-2017. In
addition, when the grinding time of CFBFA reached 7 min and 8 min, the water-demand
ratio of CFBA decreased to 104%. The smaller the water-demand ratio of CFBA, the higher
the proportion of CFBA used in the cement admixture and the higher the engineering
utilization value. When the grinding time of CFBFA increased, the water-demand ratio of
CFBA increased again.

In this experiment based on a mixing ratio of CFBFA to CFBBA of 7:3, considering
the cost of grinding, “the grinding time of CFBFA is 4 min, and the grinding time of
CFBBA is 10 min” were the best grinding times for meeting the water-demand ratio of the
CFBA conditions.
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to CFBBA of 7:3.

3.2.3. Effect of Grinding Time on Compressive Strength and Flexural Strength of
CFBA Mortar

The compressive and flexural strengths of the CFBA mortar were tested according
to the GB/T 1596-2017 standard. Similar to the test for the water-demand ratio, CFBFA:
CFBBA was mixed into the cement at a ratio of 7:3 to test the compressive and flexural
strengths of the mortar. The experimental method was described in Section 2.2. In the
test, CFBFA was ground for 4 min, CFBBA was ground at different times, and then CFBFA
and CFBBA were mixed with cement to make mortar. The compressive and flexural
strengths of the test mortar and the compared mortar after 3 d, 7 d, and 28 d are shown
in Figures 11 and 12. With the increase in the grinding time, the compressive and flexural
strengths of CFBA initially increased rapidly. After the grinding time reached 10 min, the
compressive and flexural strengths of the mortar hardly changed even when the grinding
time increased further. Unground CFBBA was too large to be used. In this experiment,
the CFBBA at a grinding time of 2 min was used as a reference and it was found that
when the CFBBA was ground for 10 min, the compressive strength of the 28-day-old
mortar of CFBA increased by 7.05%. The specific surface area of CFBBA increased due
to grinding, allowing the active substances such as SiO2 and Al2O3 in CFBA to have a
larger contact area to react with the cement, which sped up the reaction rate and improved
the compressive and flexural strengths of the mortar. When the grinding time of CFBBA
reached a certain condition, the reaction rate did not increase after reaching the maximum.
Therefore, grinding for a certain period of time can promote the strength of CFBA cement
admixture mortar, which is consistent with the conclusions of previous experiments [41].
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The relationship between the strength activity indexes of CFBA at 3 d, 7 d, and 28 d
with the grinding times of CFBBA is shown in Figure 13. The strength activity coefficient of
the mortar mixed with CFBA was lower at 3 d, whereas the strength activity coefficient
at 7 d was relatively good and the strength activity coefficient at 28 d was as high as 90%.
When the grinding time of CFBBA was 12 min, the intensity activity coefficient of CFBA at
28 d was the highest, reaching 95.9%, which far exceeded the 70% required by the GB/T
1596-2017 standard. When the grinding time of CFBBA was not less than 10 min, the water-
demand ratio met the requirements. At this time, the strength activity coefficient of the
mortar mixed with CFBA also met the 70% requirement of the GB/T 1596-2017 standard.
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4. Conclusions

In this study, the ash from a CFB boiler without in-furnace desulfurization used as
a cement admixture was studied. Most of the physical and chemical properties of CFBA
met the applicable Chinese standards of second-class pulverized coal ash, the contents
of SiO2 and Al2O3 in CFBA were even higher, and the sulfur and free CaO were lower.
Because three parameters did not meet the standards, the grinding process was used to
study the effect of the grinding time on the fineness and water-demand ratio of CFBA and
the compressive and flexural strengths of the mortar. The results showed that the grinding
process could ensure that CFBA meets the standards for second-class pulverized coal ash
as a cement admixture. The main conclusions are as follows.

Grinding can effectively reduce the particle size of CFBA and ensure it meets the
standard requirements. However, with the increase in grinding time, the particles are
attracted by electrostatic force and van der Waals force, and the particle size of CFBA
caused by agglomeration increases.
Grinding can reduce the water-demand ratio of CFBA. Because the fineness of CFBFA
is still relatively coarse and the carbon content of CFBFA is higher, grinding only
CFBBA cannot ensure that CFBA meets the water-demand ratio requirement. When
the grinding time of CFBBA is 10 min and the grinding time of CFBFA is 4 min, the
water-demand ratio of CFB meets the requirements.
Grinding can improve the compressive and flexural strengths of the mortar when
CFBA is used as a cement admixture. Under the condition that the grinding time of
CFBFA is 4 min, when the grinding time of CFBBA is 10 min rather than 2 min, the
compressive strength of the 28-day-old mortar test block of CFBA increases by 7.05%
and the flexural strength changes slightly. The strength activity coefficient of CFBA at
28 d meets the requirements of cement admixtures.
CFBA can be used as a cement admixture to meet the requirements of the GB/T
1596-2017 standard by grinding. The optimal grinding time of CFBBA is 10 min and
the optimal grinding time of CFBFA is 4 min.



Materials 2022, 15, 5610 14 of 15

Author Contributions: Conceptualization, X.D. and M.Z.; methodology, X.D. and M.Z.; software,
X.D.; validation, X.D.; formal analysis, X.D., Z.H., M.Z. and H.Y.; investigation, X.D., Y.D., W.X.
and L.W.; resources, M.Z.; data curation, X.D.; writing—original draft preparation, X.D.; writing—
review and editing, M.Z., L.W. and H.Y.; visualization, X.D.; supervision, M.Z. and H.Y.; project
administration, M.Z. and H.Y.; funding acquisition, M.Z. and H.Y. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the National Key Research Plan, grant number 2019YFE0102100.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Anthony, E.J.; Granatstein, D.L. Sulfation phenomena in fluidized bed combustion systems. Progr. Energy. Combust. Sci. 2001, 27,

215–236. [CrossRef]
2. Koornneef, J.; Junginger, M.; Faaij, A. Development of fluidized bed combustion—An overview of trends, performance and cost.

Progr. Energy. Combust. Sci. 2007, 33, 19–25. [CrossRef]
3. Sheng, G.; Zhai, J.; Li, Q.; Li, F. Utilization of fly ash coming from a CFBC boiler cofiring coal and petroleum coke in Portland

cement. Fuel 2007, 86, 2625–2631. [CrossRef]
4. Liu, F.; Gu, G.; Han, Z. Type of Boilers and Characteristic of Crystalline Phases of Fly Ash. J. Tongji Univ. 2003, 31, 990–994.
5. John, S.K.; Nadir, Y.; Girija, K. Effect of source materials, additives on the mechanical properties and durability of fly ash and fly

ash-slag geopolymer mortar: A review. Constr. Build. Mater. 2021, 28, 122443. [CrossRef]
6. Shen, Y.; Qian, J.; Zhang, Z. Investigations of anhydrite in CFBC fly ash as cement retarders. Constr. Build. Mater. 2013, 40, 672–678.

[CrossRef]
7. Nowoswiat, A.; Golaszewski, J. Influence of the Variability of Calcareous Fly Ash Properties on Rheological Properties of Fresh

Mortar with Its Addition. Materials 2019, 12, 1942. [CrossRef]
8. Wan, S.; Zhou, X.; Zhou, M.; Han, Y.; Chen, Y.; Geng, J.; Wang, T.; Xu, S.; Qiu, Z.; Hou, H. Hydration characteristics and modeling

of ternary system of municipal solid wastes incineration fly ash-blast furnace slag-cement. Constr. Build. Mater. 2018, 180, 154–166.
[CrossRef]

9. Kalaw, M.E.; Culaba, A.; Hinode, H.; Kurniawan, W.; Gallardo, S.; Promentilla, M.A. Optimizing and Characterizing Geopolymers
from Ternary Blend of Philippine Coal Fly Ash, Coal Bottom Ash and Rice Hull Ash. Materials 2016, 9, 580. [CrossRef]

10. Lin, W.T.; Lin, K.L.; Chen, K.; Korniejenko, K.; Hebda, M.; Lach, M. Circulation Fluidized Bed Combustion Fly Ash as Partial
Replacement of Fine Aggregates in Roller Compacted Concrete. Materials 2020, 12, 4204. [CrossRef]

11. Cui, Y.F.; Gao, K.K.; Zhang, P. Experimental and Statistical Study on Mechanical Characteristics of Geopolymer Concrete. Materials
2020, 13, 1651. [CrossRef] [PubMed]

12. Li, J.; Ma, Z.; Gao, J.; Guo, Y.; Cheng, F. Synthesis and characterization of geopolymer prepared from circulating fluidized
bed-derived fly ash. Ceram. Int. 2022, 48, 11820–11829. [CrossRef]

13. Wu, T.; Chi, M.; Huang, R. Characteristics of CFBC fly ash and properties of cement-based composites with CFBC fly ash and
coal-fired fly ash. Constr. Build. Mater. 2014, 66, 172–180. [CrossRef]

14. Li, X.; Chen, Q.; Huang, K.; Ma, B.; Wu, B. Cementitious properties and hydration mechanism of circulating fluidized bed
combustion (CFBC) desulfurization ashes. Constr. Build. Mater. 2012, 36, 182–187. [CrossRef]

15. Sheng, G.H.; Li, Q.; Zhai, J.P.; Li, F.H. Self-cementitious properties of fly ashes from CFBC boilers co-firing coal and high-sulphur
petroleum coke. Cem. Concr. Res. 2007, 37, 871–876. [CrossRef]

16. Song, Y.M.; Qian, J.S.; Wang, Z.; Wang, Z.J. Self-cementing mechanism of CFBC coal ashes at early ages. J. Wuhan Univ. Technol.
Mater. Sci. Ed. 2008, 23, 338–341. [CrossRef]

17. Shon, C.S.; Mukhopadhyay, A.K.; Saylak, D.; Zollinger, D.D.G.; Mejeoumov, G.G. Potential use of stockpiled circulating fluidized
bed combustion ashes in controlled low strength material (CLSM) mixture. Constr. Build. Mater. 2010, 24, 839–847. [CrossRef]

18. Hwang, S.; Yeon, J.H. Fly Ash-Added, Seawater-Mixed Pervious Concrete: Compressive Strength, Permeability, and Phosphorus
Removal. Materials 2022, 15, 1407. [CrossRef]

19. Shoppert, A.; Loginova, I.; Valeev, D. Kinetics Study of Al Extraction from Desilicated Coal Fly Ash by NaOH at Atmospheric
Pressure. Materials 2022, 14, 7700. [CrossRef]

20. Ma, Z.; Zhang, X.; Guo, Y.; Cheng, F. Research progress on characteristics and element dissolution behaviors of circulating
gluidized bed-derived fly ash. Chem. Ind. Eng. Prog. 2021, 40, 3058–3071.

21. Davidovits, J. 30 Years of Successes and Failures in Geopolymer Applications. Market Trends and Potential Breakthroughs. In
Proceedings of the Geopolymer 2002 Conference, Melbourne, Australia, 28–29 October 2002.

22. National Bureau of Statistics Home Page. Available online: http://www.stats.gov.cn/ (accessed on 6 June 2022).

http://doi.org/10.1016/S0360-1285(00)00021-6
http://doi.org/10.1016/j.pecs.2006.07.001
http://doi.org/10.1016/j.fuel.2007.02.018
http://doi.org/10.1016/j.conbuildmat.2021.122443
http://doi.org/10.1016/j.conbuildmat.2012.11.056
http://doi.org/10.3390/ma12121942
http://doi.org/10.1016/j.conbuildmat.2018.05.277
http://doi.org/10.3390/ma9070580
http://doi.org/10.3390/ma12244204
http://doi.org/10.3390/ma13071651
http://www.ncbi.nlm.nih.gov/pubmed/32252367
http://doi.org/10.1016/j.ceramint.2022.01.052
http://doi.org/10.1016/j.conbuildmat.2014.05.057
http://doi.org/10.1016/j.conbuildmat.2012.05.017
http://doi.org/10.1016/j.cemconres.2007.03.013
http://doi.org/10.1007/s11595-007-3338-9
http://doi.org/10.1016/j.conbuildmat.2009.10.022
http://doi.org/10.3390/ma15041407
http://doi.org/10.3390/ma14247700
http://www.stats.gov.cn/


Materials 2022, 15, 5610 15 of 15

23. Rajaram, S. Next generation CFBC. Chem. Eng. Sci. 1999, 54, 5565–5571. [CrossRef]
24. Burak, F.; Selçuk, T.; Hasan, K. Optimization of fineness to maximize the strength activity of high-calcium ground fly ash—

Portland cement composites. Constr. Build. Mater. 2009, 23, 2053–2061.
25. Havlica, J.; Brandstetr, J.; Odler, I. Possibilities of utilizing solid residues from pressured fluidized bed coal combustion (PSBC) for

the production of blended cements. Cem. Concr. Res. 1998, 28, 299–307. [CrossRef]
26. Lu, X.F.; Amano, R.S. Feasible experimental study on the utilization of a 300 MW CFB boiler desulfurizating bottom ash for

construction applications. J. Energy Resour. Technol. 2006, 128, 311–318. [CrossRef]
27. Zhang, W.; Liu, X.; Zhang, Z.; Wang, Y.; Xue, Y.; Hao, X.; Lu, Y. Circulating Fluidized Bed Fly Ash Mixed Functional Cementitious

Materials: Shrinkage Compensation of f-CaO, Autoclaved Hydration Characteristics and Environmental Performance. Materials
2021, 14, 6004. [CrossRef]

28. Sheng, G.; Li, Q.; Zhai, J. Investigation on the hydration of CFBC fly ash. Fuel 2012, 98, 61–66. [CrossRef]
29. Li, X.; Chen, Q.; Ma, B.; Huang, J.; Jian, S.; Wu, B. Utilization of modified CFBC desulfurization ash as an admixture in blended

cements: Physico-mechanical and hydration characteristics. Fule 2012, 102, 674–680. [CrossRef]
30. Tkaczewska, E. Effect of the superplasticizer type on the properties of the fly ash blended cement. Constr. Build. Mater. 2014, 70,

388–393. [CrossRef]
31. Zheng, D.; Wang, D.; Li, D.; Ren, C.; Tang, W. Study of high volume circulating fluidized bed fly ash on rheological properties of

the resulting cement paste. Constr. Build. Mater. 2017, 135, 86–93. [CrossRef]
32. Sun, H.; Qian, J.; Peng, S.; Xiong, M.; Fan, C.; Fan, Y. Utilization of circulating fluidized bed combustion ash to prepare

supersulfated cement. Constr. Build. Mater. 2022, 318, 125861. [CrossRef]
33. Giergiczny, Z. The hydraulic activity of high calcium fly ash. J. Therm. Anal. Calorim. 2006, 83, 227–232. [CrossRef]
34. Song, Y.; Qian, J.; Wang, Z. Pozzolanic activity of coal ash. J. Chin. Ceram. Soc. 2006, 34, 962–965.
35. Gołaszewski, J.; Giergiczny, Z.; Ponikiewski, T.; Kostrzanowska-Siedlarz, A.; Miera, P. Effect of calcareous fly-ash processing

methods on rheological properties of mortars. Period. Poly. Civil Eng. 2018, 62, 643–652. [CrossRef]
36. Li, Q.; Liao, C.; Hou, J.; Zhang, J. Research progress on coal water slurry particle size gradation model and practice. Clean Coal

Technol. 2021, 27, 41–49.
37. Lee, S.H.; Kim, H.J.; Sakai, E.; Daimon, M. Effect of particle size distribution of fly ash-cement system on the fluidity of cement

pastes. Cem. Concr. Res. 2003, 33, 763–768. [CrossRef]
38. Grzeszczyk, S.; Lipowski, G. Effect of content and particle size distribution of high-calcium fly ash on the rheological properties

of cement pastes. Cem. Concr. Res. 1997, 27, 907–916. [CrossRef]
39. Zhao, J.; Wang, D.; Hui, F.; Wang, X.; Liao, S.; Lin, H. Research and performance improvement of circulating fluidized bed ash as

cement mixture. Sci. Technol. Engrg. 2014, 18, 129–134.
40. Wu, B.; Luo, X.; Zhao, J. Effect of fly ash quality on its water demand and activity. Sichuan Build. Mater. 2015, 41, 23–24.
41. Zhao, J.; Wang, D.; Liao, S. Effect of mechanical grinding on physical and chemical characteristics of circulating fluidized bed fly

ash from coal gangue power plant. Constr. Build. Mater. 2015, 101, 851–860. [CrossRef]

http://doi.org/10.1016/S0009-2509(99)00288-2
http://doi.org/10.1016/S0008-8846(97)00258-5
http://doi.org/10.1115/1.2358146
http://doi.org/10.3390/ma14206004
http://doi.org/10.1016/j.fuel.2012.02.008
http://doi.org/10.1016/j.fuel.2012.07.010
http://doi.org/10.1016/j.conbuildmat.2014.07.096
http://doi.org/10.1016/j.conbuildmat.2016.12.127
http://doi.org/10.1016/j.conbuildmat.2021.125861
http://doi.org/10.1007/s10973-005-6970-7
http://doi.org/10.3311/PPci.11038
http://doi.org/10.1016/S0008-8846(02)01054-2
http://doi.org/10.1016/S0008-8846(97)00073-2
http://doi.org/10.1016/j.conbuildmat.2015.10.144

	Introduction 
	Materials and Methods 
	Materials 
	Methods 

	Results and Discussion 
	Physicochemical Analysis of CFBA 
	Chemical Composition of CFBA 
	Physicochemical Characteristics of CFBA 

	Influence of Grinding Time on the Properties of CFBA 
	Influence of Grinding Time on CFBBA 
	Effect of Grinding Time on the Water-Demand Ratio of CFBA 
	Effect of Grinding Time on Compressive Strength and Flexural Strength of CFBA Mortar 


	Conclusions 
	References

