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Abstract: The massive accumulation of industrial solid wastes such as circulating fluidized bed fly
ash (CFA), silicon-calcium slag (SCS), and desulfurization gypsum (FGD) occupy land resources
and bring varying degrees of pollution to soil, water, and atmosphere. Unburned brick is a new
construction material prepared from industrial waste residues such as fly ash and tailings without
high-temperature calcination. It has excellent potential in consuming large quantities of industrial
solid waste. In this paper, 70% of CFA and 30% of SCS are used as the primary raw materials,
and the FGD is used as the activator to prepare unburned bricks by static pressure forming. The
mechanical properties of the specimens at different curing ages were tested by compressive strength
test. The hydration mechanism and microstructure of unburned brick were investigated by X-
ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive spectrometer (EDS),
thermogravimetric (TG), Fourier transform infrared spectroscopy (FTIR), and inductively coupled
plasma-optical emission spectrometry (ICP-OES). The results show that the compressive strength of
the specimen increases first and then decreases with the increase of FGD content, and the compressive
strength reaches the maximum when the FGD content is 5%. The microscopic test results show that
the presence of FGD promoted a higher degree of CFA and SCS dissolution, increasing ettringite
formation, which is responsible for strength increase, but extreme doses of FGD resulted in strength
degradation. Meanwhile, the higher SiO2/Al2O3 ratio confirms the simultaneous formation of
hydrated calcium silicate (C-S-H) gel and hydrated calcium aluminosilicate (C-A-S-H) gel within the
hydrated product, while a low SiO2/Al2O3 ratio confirms the simultaneous formation of ettringite.

Keywords: circulating fluidized bed fly ash; silicon-calcium slag; desulfurization gypsum; un-
burned brick

1. Introduction

In the past few decades, due to the rapid industrialization and urbanization in
China, the increasing energy consumption is generating a large amount of industrial solid
wastes [1,2]. Approximately 60–70 billion tons of industrial solid waste were historically
stockpiled in China, and more than 3 billion tons of solid waste were generated annually.
These waste materials caused severe problems relating to land occupation, environmental
hazards, and social impact [3,4]. Among the industrial solid wastes, 60% consist of fly ash,
smelting slag, and desulfurization gypsum [5]. With the rising awareness of sustainable
development, China has enhanced the development of green, low-carbon, and circular
materials [6] to improve the overall utilization rate of industrial solid waste nationwide.

Unburned brick is an environmentally friendly construction material produced by
industrial solid wastes, which is composed of fly ash, tail slag, and smelting slag as primary
raw materials, and a small amount of binder or activator. It only requires static pressure
forming, curing at room temperature or high temperature without calcination [7]. Com-
pared with traditional sintered clay bricks, unburned bricks have apparent advantages in
consuming industrial solid waste, saving clay resources and production energy consump-
tion, reducing carbon and emission, and protecting the environment. At the same time,
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unburned bricks have high mechanical strength and excellent durability. They are widely
used as masonry bricks, pavement bricks, and dike protection bricks in housing, urban
road construction, and river paving, meeting the requirements of sustainable development
and broad prospects for growth [8].

Researchers have done much work on preparing unburned bricks from industrial
solid waste in recent years. In Mongolia, the Erdenet enterprise uses the industrial waste
accumulated by mining enterprises as a new resource base and produces building materials
(including bricks made of metal-enriched waste) [9,10]. Poland has also conducted much
research on the technical field of developing and utilizing fly ash to produce autoclaved
aerated concrete (AAC) [11]. Morsy et al. [12] used straw, ash, soil, and alkaline activator
to prepare unburned bricks and tested their compressive strength. Under the dosage
of 10% sodium hydroxide and 20% rice straw ash, the maximum compressive strength
of the new composite is 2.1 MPa. Wang et al. [13] found that when the mass ratio of
tailings: fly ash: cement is 5:2:3, the compressive strength of unburned brick is the best,
and its compressive strength reaches 26 MPa after 28 days of curing. As the main reaction
product, C-S-H gel produced in the curing process is beneficial in improving the strength
of unburned bricks. Liu et al. [14] prepared unburned permeable bricks from metallurgical
solid wastes such as steel slag and slag. The prepared brick has the advantages of a high
utilization rate of solid waste (96%), excellent performance, and no secondary pollution to
the environment. The optimum mixing recipe consists of 20% steel slag, 41% blast furnace
slag, 10% fly ash, 15% cement, 12% desulfurized gypsum, and 2% lime. After 28 days of
curing, the compressive strength of the matrix is 27.4 MPa. When the blast furnace slag
is replaced by steel slag from 20% to 40%, the 28 day compressive strength increases by
5 MPa for every 10% increase of steel slag. However, when the blast furnace slag was
replaced by fly ash from 15% to 35%, the 28 day compressive strength decreased by around
4 MPa for every 5% increase in fly ash. The toxicity leaching test shows that the ecological
incombustible permeable brick is an environmentally friendly product. Sadique M [15]
developed a new composite cementitious material by grinding and blending high calcium
fly ash (FA1) and alkali sulfate-rich fly ash (FA2) with amorphous silica fume with FGD as
a grinding aid. In this research, FGD is limited as a grinding aid and contributes sulfate
ions during the hydration reaction; FA1 and FA2 provide a substantial Ca, Al, K, and Si
composition with high pH C-K-S-H gel as the main hydrates. When 60% FA1, 20% FA2, and
20% silica fume is used as a ternary blend, the 28 day compressive strength of the ternary
blend increases 27.8% from the strength of the FA with 5% desulfurization gypsum assisted
ground. Rust et al. [16] also used two kinds of fly ash and FGD to formulate low-energy
cement products. In this system, class F fly ash contains 54.34% SiO2, which can provide
a substantial composition of Si. Chen et al. [17] investigated that CFA of no-cement SFC
binder (mixture of GGBFS, class F fly ash, and CFA) had the same effect as FGD of a new
composite cementitious material and also contributed sulfate ion during the hydration
reaction. GGBFS provides sufficient alkalis and releases heat, which plays a crucial role in
the pozzolanic reaction to produce ettringite and C-A-S-H gel. When SFC binder content is
15–20%, CFBC fly ash has the highest compressive strengths for fixed FA.

In conclusion, alkali, salt, and other substances have been used to stimulate industrial
solid waste with specific activities to prepare unburned brick has become a research hotspot
in recent years. However, it should be pointed out that the previous research mainly
focused on the preparation of unburned brick products and the test of macro mechanical
properties, and the research depth on hydration characteristics and strength development
mechanism of the unburned brick was insufficient. Hence, a comprehensive understanding
of the hydration and hardening mechanism of raw materials under the specific cementitious
system will be beneficial towards a relatively perfect theoretical support for the preparation
of unburned brick.

In this paper, 70% of CFA and 30% of SCS are used as the primary raw materials, and
the FGD is used as the activator to prepare unburned bricks by static pressure forming.
Among them, SCS is a kind of by-product generated from the extracting aluminum from
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fly ash process consisting of lots of CaO, which provides high alkali for hydration. The
FGD provides sulfate ion during the hydration to depolymerize the density glass structure
of CFA and facilitates further penetration of Ca2+. The effects of different amounts of
FGD on the mechanical properties of unburned bricks were studied. At the same time,
the hydration and hardening characteristics of the composite cementitious system were
analyzed using XRD, SEM, TG, FTIR, and ICP-OES.

2. Materials and Methods
2.1. Raw Materials

The circulating fluidized bed fly ash (CFA) is grayish-black, as shown in Figure 1a. It is
generated from the combustion of coal gangue with a specific surface area of 14.857 m2/g.
Desulfurization gypsum (FGD) is light yellow, as shown in Figure 1b. It is a by-product of
flue gas desulfurization in the power plant. Silica-calcium slag (SCS) is a kind of industrial
solid waste produced by extracting aluminum from high alumina fly ash and is grayish-
white, as shown in Figure 1c. The unburned brick sample after pressure molding is shown
in Figure 2. The chemical compositions of raw materials are shown in Table 1, which
was determined by an x-ray fluorescence spectrometer (Axios, Panalytical, Netherlands).
Additionally, its mineral phases which were measured by XRD analysis using a D600
diffractometer (Cu Ka, 40 kV, 40 Ma), are given in Figure 3. The particle size distribution,
estimated by a laser particle size analyzer (MS2000, Malvern, England), is shown in Figure 4,
where the CFA particle is significantly smaller than others to improve the pozzolanic
reaction activity.
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Table 1. Chemical compositions of raw materials (wt.%).

Materials Types (wt.%) CaO SiO2 Al2O3 Fe2O3 MgO SO3 K2O Na2O L.O.I

CFA 3.31 36.16 40.53 2.53 1.43 0.88 0.86 0.46 13.84
FGD 36.52 3.26 2.03 0.39 0.74 49.22 0.33 0.33 7.18
SCS 42.46 10.64 3.04 1.63 1.04 0.59 0.60 - 24.00

Metals 2022, 12, x FOR PEER REVIEW 5 of 20 
 

 

 

  

 

Figure 3. Phases identified by XRD method in examined samples: (a) CFA; (b) FGD; and (c) SCS. 

  

Figure 3. Phases identified by XRD method in examined samples: (a) CFA; (b) FGD; and (c) SCS.

Metals 2022, 12, x FOR PEER REVIEW 6 of 20 
 

 

 

  

Figure 4. (a) The cumulative grain size distribution and (b) differential grain size distribution of raw 

materials. 

2.2. Specimens Preparation 

The mixture proportions are shown in Table 2. This research was based on a new 

cementitious agent consisting of 70% of CFA and 30% of SCS. FGD was an activator chem-

ical in this study. The specimens were prepared as follows. CFA, SCS, and FGD were 

mixed and stirred. The water-to-binder ratio is 0.2. The pastes were prepared by the 

method of compression molding under 20 MPa. The unburned bricks began to be cured 

in a steamer at 60 °C for about 24 h. When the unburned bricks were cured at a tempera-

ture of about 20 ± 1 °C and >95% relative humidity to testing ages, the middle portions of 

specimens were obtained, broken, and soaked in absolute ethanol to stop hydration. 

Table 2. Mixture proportions of paste samples. 

Binder CFA/(wt.%) SCS/(wt.%) FGD/(wt.%) Molding Pressure/(MPa) Thermal/(°C) 

FCG-1 70 30 1 

20 60 

FCG-2 70 30 3 

FCG-3 70 30 5 

FCG-4 70 30 8 

FCG-5 70 30 10 

2.3. Compressive Strength Test 

Compressive strength is tested by a CS200 universal strength testing apparatus (50 

KN capacity, Weiheng, Ningbo, China). Three specimens were tested each time for each 

exposure. The average value of the three tested specimens was presented. The strength 

loading rate and fine strength are calculated according to the China standard GB/T 5486-

-2008. 

2.4. Microscopic Tests 

2.4.1. XRD 

X-ray diffractometer (XRD) uses Ultima-IVX-Ra (Rigaku, Tokyo, Japan) (Cu Kα radi-

ation, 40 kV, 40 Ma, 0.02° 2θ step-scan and 10 s per step) for crystalline phase. The samples 

are tested from 5 to 60 with a 5°/min speed. 

2.4.2. SEM 

Figure 4. (a) The cumulative grain size distribution and (b) differential grain size distribution of raw
materials.



Metals 2022, 12, 2130 5 of 14

2.2. Specimens Preparation

The mixture proportions are shown in Table 2. This research was based on a new
cementitious agent consisting of 70% of CFA and 30% of SCS. FGD was an activator
chemical in this study. The specimens were prepared as follows. CFA, SCS, and FGD
were mixed and stirred. The water-to-binder ratio is 0.2. The pastes were prepared by the
method of compression molding under 20 MPa. The unburned bricks began to be cured in
a steamer at 60 ◦C for about 24 h. When the unburned bricks were cured at a temperature
of about 20 ± 1 ◦C and >95% relative humidity to testing ages, the middle portions of
specimens were obtained, broken, and soaked in absolute ethanol to stop hydration.

Table 2. Mixture proportions of paste samples.

Binder CFA/(wt.%) SCS/(wt.%) FGD/(wt.%) Molding
Pressure/(MPa) Thermal/(◦C)

FCG-1 70 30 1

20 60
FCG-2 70 30 3
FCG-3 70 30 5
FCG-4 70 30 8
FCG-5 70 30 10

2.3. Compressive Strength Test

Compressive strength is tested by a CS200 universal strength testing apparatus (50 KN
capacity, Weiheng, Ningbo, China). Three specimens were tested each time for each
exposure. The average value of the three tested specimens was presented. The strength
loading rate and fine strength are calculated according to the China standard GB/T 5486–
2008.

2.4. Microscopic Tests
2.4.1. XRD

X-ray diffractometer (XRD) uses Ultima-IVX-Ra (Rigaku, Tokyo, Japan) (Cu Kα radia-
tion, 40 kV, 40 Ma, 0.02◦ 2θ step-scan and 10 s per step) for crystalline phase. The samples
are tested from 5 to 60 with a 5◦/min speed.

2.4.2. SEM

Scanning electron microscope (SEM) is tested by JSM-6700F (JEOL, Tokyo, Japan),
which is used to observe the micromorphology of products. It is combined with an energy
dispersive spectrometer (EDAX, Mahwah, NJ, USA) to analyze the hydration products.

2.4.3. TG

Thermogravimetry (TG) measurement is tested by Q600 SDT (TA, Milford, CT, USA),
which is used to test the number of hydration products. The samples are tested from room
temperature to 800 ◦C with a heating rate of 20 ◦C/min in a nitrogen atmosphere.

2.4.4. FTIR

Fourier transform infrared spectroscopy (FTIR) is tested by a PE1750 (PerkinElmer,
Waltham, MA, USA). The samples are tested from 400 to 4000 cm−1. It is used to estimate
the amorphous product of hydration.

2.4.5. ICP-OES

ICP-OES is tested by Agilent 5110 (Agilent, Palo Alto, CA, USA). The concentration of
Ca, Si, and Al were measured. The elements were chosen because they are the three most
frequent elements in the tested binders.



Metals 2022, 12, 2130 6 of 14

3. Results and Discussion
3.1. Compressive Strength

Compressive strength is one of the major indexes used to evaluate the mechanical
performance of unburned brick. Figure 5 shows the effect of FGD on the compressive
strength of the unburned brick made by the FCG binder. The results prove that the
compressive strength of specimens increased with FGD content from 1% to 5%. Specifically,
after 28 days of curing, the compressive strength of specimens FCG-1, FCG-2, and FCG-3 are
4.82 MPa, 5.01 MPa, and 6.06 MPa, respectively. Compared with FCG-1, the compressive
strength of specimens FCG-2 and FCG-3 increased by 3.94% and 25.73%, respectively.
The improved compressive strength of unburned brick was mainly due to the pozzolanic
reaction of CFA and SCS particles activated by the penetrating sulfate ions from FGD. More
hydration products will be formed, leading to the denser microstructures of specimens and
higher strength. However, when the FGD content exceeds 5%, the compressive strength
of specimens FCG-4 and FCG-5 after curing for 28 days is 5.66 MPa and 5.41 MPa, and
decreases by 6.61% and 10.73%, respectively, compared with FCG-3, but it is still higher
than that of specimen FCG-1 by 4.83 MPa. It shows that the optimum content of FGD is 5%,
and when the addition of FGD is more than 5%, due to 5% FGD was enough to activate
CFA and LAFA, but excess FGD was harmful to strength because of its nonhydraulic, the
compressive strength started to decline.
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The compressive strength of specimen FCG-3 cured for 3 days, 7 days, 14 days, and
28 days is 4.11 MPa, 4.25 MPa, 5.27 MPa, and 6.06 MPa, respectively. Given that the FGD
addition produced a significant strength improvement after 7 days, the use of FGD would
significantly affect the later reaction after 7 days. At the same time, it can be seen that
the compressive strength of the specimen is generally low, and the highest compressive
strength is 6.06 MPa when the content of FGD is 5% at 28 days. Early studies [18,19]
show that Ca(OH)2 produced by cement hydration destroys the dense crystal structure
in the mineral additions, resulting in the pozzolanic activity of the mineral additions
material being excited and secondary hydration. However, in the no-cement FFG binder,
the system’s alkalinity is generally low. The mineral additions need more time to destroy
the dense crystal structure, resulting in a prolonged early hydration rate, so the effect of
FGD on the compressive strength is minimal.

3.2. Effect of FGD Content on Hydration Product
3.2.1. XRD

Figure 6 presents the effect of FGD on the phase changes of unburned bricks at 28 days.
It is worth noting that ettringite is one of the significant hydration products. The amount of
ettringite increased with the rise of FGD due to the charging of sulfate ion contributed by
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FGD. The formulating of ettringite contributed to the engineering properties. However,
when the FGD content exceeds 5%, the diffraction peak of gypsum appears in the hydration
product, and the diffraction peak increases significantly with the increase of FGD content.
The results show that only part of sulfate ions in FGD dissolve and react to form ettringite,
and the remaining unreacted parts still exist in the form of gypsum, which only plays the
role of filler in the system, increases the porosity of the system, and finally reduces the
compressive strength of the specimen.

Metals 2022, 12, x FOR PEER REVIEW 9 of 20 
 

 

 

  

Figure 6. XRD patterns of FCG pastes for different FGD in 28 days. 

Figure 7 shows the progressive formation of these hydration products and the unre-

acted reactants by XRD analysis. The peaks of ettringite are stable but slightly rising until 

7 days, which shows similar trends to the compressive strength. Similar conditions are to 

be found, showing that the reflections of gypsum had no apparent changes in the peak 

intensity, which reflects the low reaction rate of pozzolanic reaction. At the later ages of 

14 and 28 days, the peak of ettringite has a significant change, which means that further 

hydration produced more ettringite. The peaks of gypsum were the complete opposite of 

ettringite. The results of XRD are coincident with the compressive strength presented in 

Figure 3. According to the previous study [20,21], the broad hump around 15°–40° was 

the characteristic of amorphous SiO2 and gels. In Figure 5, the broad hump around 15–40° 

is significant, while the X-ray amorphous nature of the gels makes it unidentifiable by 

XRD. 

  

Figure 6. XRD patterns of FCG pastes for different FGD in 28 days.

Figure 7 shows the progressive formation of these hydration products and the unre-
acted reactants by XRD analysis. The peaks of ettringite are stable but slightly rising until
7 days, which shows similar trends to the compressive strength. Similar conditions are to
be found, showing that the reflections of gypsum had no apparent changes in the peak
intensity, which reflects the low reaction rate of pozzolanic reaction. At the later ages of
14 and 28 days, the peak of ettringite has a significant change, which means that further
hydration produced more ettringite. The peaks of gypsum were the complete opposite of
ettringite. The results of XRD are coincident with the compressive strength presented in
Figure 3. According to the previous study [20,21], the broad hump around 15◦–40◦ was the
characteristic of amorphous SiO2 and gels. In Figure 5, the broad hump around 15–40◦ is
significant, while the X-ray amorphous nature of the gels makes it unidentifiable by XRD.
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3.2.2. SEM-EDS

The internal morphology of FCG-1 and FCG-3 specimens cured for 28 days were
observed by SEM, and the chemical components of FCG-3 were analyzed by EDS, as shown
in Figure 8. As can be seen from the images, a considerable number of needle-rod reaction
products (as shown in Figure 8b) have occurred in the sample FCG-3, and EDS analysis
indicates that the main elements of the substance are Ca, S, O, Al, and Si (as shown in
Figure 8c). Based on the morphology and elemental composition of the reaction product, the
substance is ettringite, further confirming the analysis result of XRD in Figure 6. Figure 8a
shows that some fibrous C-S-H gels are formed in the specimen FCG-1 and that there are
relatively few internal needle rod reaction products, which is related to the low content
of FGD. At the same time, it further shows that the addition of FGD is conducive to the
formation of ettringite [22].
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3.2.3. TG

The TG and heat flow results at 28 days are present in Figure 9. Several distinct loss
stages, named I and II, are present at temperatures between 60 ◦C and 170 ◦C, likely due
to the decomposition of ettringite, gels, and gypsum [23,24]. The weight loss increased as
the addition of FGD increased from 1% to 5% at stage I primarily. When the addition of
FGD is more than 5%, the weight loss mainly increases at stage II, consistent with gypsum
decomposition. The weight loss at stage II is mainly associated with the decomposition
of ettringite and gels. TG analysis provides that the hydration product is increased as the
addition of FGD increases, and when the addition of FGD is more than 5%, the hydration
product emerges in unreacted gypsum, which is consistent with the X-ray diffraction
results.

In cementitious systems, the total loss of mass between room temperature and 600 ◦C
can estimate the degree of hydration [25]. Figure 9b presents the total mass loss between
room temperature and 600 ◦C. The weight losses were quite similar among the samples
containing FGD, even though the weight loss slightly increased with increasing FGD
content, reflecting the improvement of the degree of hydration. However, the weight loss
slightly decreased because of the FGD containing more than 5%.

The TG and heat flow results of FCG-3 at different ages are present in Figure 10. At
stage I, the weight loss has no significant changes until 7 days, which mainly increased
between 7 days and 28 days. The weight loss at stage II has an opposite trend, which proved
the formation of ettringite and gels. It is consistent with the result of XRD. Figure 10b
presents the total mass loss between room temperature and 600 ◦C, consistent with the
weight loss at stage I.
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3.2.4. FTIR

Figure 11a shows the FTIR spectra for the different mixtures at 28 days. The broad
bands located between 3350 cm−1 and 3450 cm−1 in the spectra correspond to the tension
and bending vibrations of the fundamental O-H bond in the water [26]. The broad bands
located between 1050 and 1100 cm−1 in the spectra correspond to the Si-O-Si bond of
the produced gels [27,28]. With an increasing FGD content, the reflections of gels were
changed sharper, which indicates that the polymerization of the Si-O bond increases [29].
Figure 11b shows that as the reaction proceeds, the peak width gradually narrows and
becomes sharper, indicating that the polymerization of the Si-O bond increases with the
increase of age.

3.2.5. ICP-OES

In order to explore the controlling factors of the no-cement binders, the concentration of
the extraction solution, such as aluminum (Al), calcium (Ca), and silica (Si), is investigated,
as shown in Figure 12. The results show that the concentration of dissolved Ca and Si
are higher when the FGD dosage is higher. The increase in Ca and Si concentrations are
expected to be due to the enhanced dissolution of CFA and SCS. The results explain the
increased compressive strength with increasing FGD dosage, as shown in Figure 3.
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Figure 12. Ionic concentration of binders: (a) Al3+; (b) SiO4
4−; and (c) Ca2+.

When the FGD dosage is higher, more than 5%, the concentration of dissolved Ca
and Si was similar, even though the concentration increased slightly with increasing FGD
content. By contrast, the concentration of dissolved Al decreased significantly, which
decreased the formation of gels and ettringite, resulting in the loss of strength (see Figure 5).

Figure 13 illustrates the results of ICP-OES for the binder with 5% FGD at different
ages. After 24 h, the Ca, Si, and Al concentrations have a significant change. The evolution
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of Ca and Si have the same trend, but the evolution of Al goes by contrast. Many studies
show that portlandite is only simulated at low Al content as a function of increasing SiO2
concentration [30,31]. Figure 13 shows the same trend.
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3.3. Analysis of the Optimal Mixture

First, the characteristics of these binders are analyzed from the chemical composition
of raw materials, as shown in Figure 14. The most prominent feature of these binders is
their low calcium content. In these binders, the ratio of CaO/Al2O3 is about 1, and the
ratio of CaO/SiO2 is around 0.5. The composition of CaO is lower than in most studies.
CaO not only provides an alkaline environment but also participates in forming hydration
products. Therefore, from the analysis of the raw materials, low CaO content is the critical
factor limiting strength development and the formation of hydration products.
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In order to improve the compressive strength of unburned bricks made of FCG binder,
the formation of ettringite and gel should be maximized. The ettringite and gels formation
in the unburned brick are associated with the chemical composition of binders. Alumina
and silica have potential activation in CFA or SCS, where OH− activates them to form
AlO2

− and SiO4
4−. Then, AlO2

− reacts with SiO4
4−, Ca2+ in the environment to form

ettringite, and the SiO4
4− reacts with Ca2+ in the environment to form C-S-H gels. The

reaction equations may be as follows [38].

6Ca2+ + 2AlO2
− + 4OH− + 3SO4

2− + 30H2O→ 3CaO·Al2O3·3CaSO4·32H2O (1)
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xCa(OH)2 + SiO2 + (y− x)H2O→ CxSHy(C-S-H) (2)

However, the silica could be substituted by the reactive aluminum to form C-A-S-
H gels [39,40], especially after 7 days [41]. The hydration product was determined by
CaO/SiO2 molar and SiO2/Al2O3 ratios. It is reported [42] that a higher SiO2/Al2O3 ratio
confirms the simultaneous formation of C-S-H gel and C-A-S-H gel within the hydrated
product, but a lower SiO2/Al2O3 ratio confirms the simultaneous formation of ettringite. In
Figure 12, owning to a low CaO/SiO2 molar ratio at early ages, the hydration rates of blends
were lower, which could not generate compressive strength higher [15]. It is consistent
with Figure 5. Moreover, a low SiO2/Al2O3 ratio confirms the simultaneous formation
of ettringite, as shown in Figure 10. Afterward, owing to a simulation at low Al content
as a function of increasing SiO2 concentration, the formation of ettringite consumes some
AlO2

−, leading to a high SiO2/Al2O3 ratio, which confirms the simultaneous formation of
C-S-H gels and C-A-S-H gels as Figure 10.

The increased FGD induced a high concentration of sulfate ion, which contributed to
ettringite formation. However, the dissolution of SCS and CFA did not provide enough
dissolved silica and calcium oxide ion to react with the alumina, so the C-S-H/C-A-S-H
gels were less, influencing the compressive strength of unburned brick.

4. Conclusions

This study uses industrial solid wastes such as circulating fluidized bed fly ash,
calcium silicate slag, and desulfurization gypsum as raw materials to prepare unburned
bricks through a pressure-forming process. The preparation process does not require high-
temperature calcination, which can significantly reduce energy consumption and carbon
emissions in the production process, the use of these unburned bricks could also promote
the resource utilization of industrial solid wastes hence mitigating the environmental issues
caused by industrial waste stockpiling. In addition, on the premise that all performance
indicators meet the use requirements, it can be used as pedestrian pavement bricks in
projects with low strength requirements. Through studying the influence of different
desulfurized gypsum content on the mechanical properties of unburned bricks and further
using XRD, SEM-EDS, TG, FTIR, and ICP-OES microscopic testing methods to analyze its
hydration and hardening mechanisms, the following conclusions are obtained:

(1) During the hydration process, the presence of FGD improved the degree of dis-
solution for CFA and SCS and the formation of ettringite, hence activating the CFA and
SCS. Overall, participation of FGD leads to a strength enhancement for the produced
construction material (unburned brick).

(2) With the increase of FGD content, the developed compressive strength of un-burned
brick showed a rise and fall trend. Moreover, the amount of hydration products in the
system changes obviously, and the crystallinity of the product increases. When the FGD
content is too large, the amount of unreacted gypsum increases, resulting in a specific
decrease in the compressive strength of the specimen. The optimum dosage of FGD was
5%, the strength of unburned brick reaches the maximum, and its 28 days compressive
strength is 6.06 MPa.

(3) The increased FGD induced a high concentration of sulfate ion, which contributed
to ettringite formation. However, the dissolution of SCS and CFA did not provide enough
dissolved silica and calcium oxide ions to react with the alumina, so the C-S-H/C-A-S-H
gels were less, influencing the compressive strength of unburned brick.

The above findings may inspire the composition design of the solid waste unburned
brick. However, in this paper, only the desulfurization gypsum is used as an activator to
prepare unburned bricks. In future research, other alkaline solid wastes or wastes with
other ionic activators could be used to achieve the collaborative application of multiple
solid wastes. At the same time, the water absorption, frost resistance, and hardness of
unburned bricks could be further studied for the durability of unburned brick.
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