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ABSTRACT: To optimize resource utilization of bulk industrial solid waste and promote low-carbon production in the cement
industry, the belite-ye’elimite cement (BSAC) clinker was prepared entirely from solid waste materials (carbide ash, coal gangue,
steel slag, desulfurization gypsum). The mineral formation process of the clinker was systematically analyzed. Findings reveal that
within the temperature range of 700-1100 °C, the clinker primarily comprises transition minerals such as aluminosilicate, aluminate,
calcium sulphosilicate. At 1100-1200 °C, these phases gradually convert to dicalcium silicate (C,S) and ye’elimite (C 4A3S). Above
1200 °C, changes in the minerals correlate to the structural and morphological evolution of C,S and C 4A3§ crystals. However,
beyond 1320 °C, C,S exhibit an irregular morphology, and C4A3§ decomposes. BSAC prepared at 1260 °C met the mechanical
requirements for 52.5 grade sulphoaluminate cement. Environmentally, BSAC clinker reduces energy consumption by 18% and
carbon emissions by 65% compared to traditional Portland cement.
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RESUMEN: Proceso de formacion mineral y beneficios ambientales del clinker de cemento belita-ye elimita a partir de residuos
solidos industriales. Para optimizar el aprovechamiento de residuos solidos industriales masivos y promover la produccion baja
en carbono en la industria cementera, se prepar6 un clinquer de cemento belita-ye’elimita (BSAC) exclusivamente con materiales
residuales (ceniza de carburo, ganga carbonosa, escoria siderurgica, yeso de desulfuracion). Se analiz6 sistematicamente el proceso
de formacion mineral del clinquer. Los resultados demuestran que dentro del rango de 700-1100 °C predominan minerales transitorios
como aluminosilicatos, aluminatos y sulfoaluminatos calcicos. Entre 1100-1200 °C, estas fases se transforman gradualmente en
silicato dicalcico (C,S) y ye’elimita (C4A3§). Por encima de 1200 °C, los cambios minerales se correlacionan con la evolucion
estructural y morfologica de los cristales de C,S y C,A S. Sin embargo, al superar 1320 °C, el C,S presenta morfologia irregular y
elC 4A3§ se descompone. El BSAC sintetizado a 1260 °C cumple los requisitos mecanicos del cemento sulfoaluminoso grado 52.5,
reduciendo un 18% el consumo energético y un 65% las emisiones de carbono comparado con el cemento Portland tradicional.

PALABRAS CLAVE: Residuos solidos; Clinker de cemento; Formacion mineral; Evaluacion ambiental.
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1. INTRODUCTION

Silicate cement, a primary building material, is consumed extensively in China (1). According to statistics,
China’s cement production reached 2.02 billion tons in 2023, the highest globally (2). However, cement manu-
facturing is classified as a high-consumption, high-pollution industry (3, 4). The production of one ton of silicate
cement clinker requires 1324 kg of limestone, 238 kg of clay, 113 kg of coal, and 128 kWh of electrical energy,
while emitting approximately 920 kg of CO, (5). This high-pollution and high-energy consumption production
model runs counter to the goals of sustainable development.

Within this context, belite-ye’elimite cement, a novel type of sulfoaluminate cement, demonstrates significant
potential (6). The mineral composition of this material predominantly consists of dicalcium silicate (C,S), sup-
plemented by tetracalcium aluminate sulfate (C,A,S), and includes a small amount of tetracalcium iron alumi-
nate (C,AF) (7). Belite-ye’elimite cement exhibits substantial environmental and performance advantages over
traditional silicate cements (8). Specifically, its manufacturing process can reduce CO, emissions by approxi-
mately 35% and limestone usage by 30%, showcasing significant environmental benefits (9). In terms of perfor-
mance, this cement excels in early strength, permeability resistance, and corrosion resistance (10). Importantly,
the production of this cement requires lower quality raw materials, facilitating the use of industrial solid waste as
feedstock (11). The use of industrial solid waste not only reduces the consumption of natural resources but also
enhances the environmental sustainability of the cement industry while effectively minimizing industrial waste
emissions and aiding ecological protection. This aligns with the principles of sustainable development.

In recent years, numerous researchers have conducted extensive investigations into the production of be-
lite-ye’elimite cement using industrial waste. For instance, Yao and colleagues successfully synthesized cement
clinker from fly ash, limestone, and gypsum, demonstrating excellent early strength, durability, and frost resist-
ance (12). Hou et al utilized electrolytic manganese slag, kaolin, and fly ash as raw materials, achieving a com-
pressive strength of 65 MPa after 56 days (13). Gallardo et al produced cement clinker with a 28-day compressive
strength of 47 MPa using aluminum slag, fluorogypsum, and limestone (14). Yanze et al employed marble waste
as a calcium source to synthesize clinker, achieving a compressive strength of 21 MPa within a day (15). Zhang et
al used phosphogypsum as a sulfur source to also produce high-performance cement clinker (16). Other research-
ers have prepared belite-ye’elimite cement clinker using industrial wastes such ash and slag waste, desulfuriza-
tion petroleum coke slag, aluminum-rich sludge, recycled alumina scrap, aluminum ash, and limestone tailings
(17-21). Test results have shown that these clinkers demonstrate good performance. Although significant progress
has been made in the preparation of belite-ye’elimite cement using industrial waste, several challenges persist.
Firstly, while most existing research focuses on partially substituting natural materials with solid waste, there is a
lack of comprehensive studies on clinker preparation entirely from solid waste. This limitation could impede the
efficient resource utilization of industrial waste and the low-carbon transition of the cement industry. Secondly,
current studies predominantly focus on the mechanical properties and hydration characteristics of clinkers, with
insufficient exploration into the mineral formation process during cement clinker production. Revealing the pat-
terns of mineral changes and elucidating the mechanisms of mineral formation are critical for controlling clinker
quality, optimizing clinker performance, and enhancing clinker calcination processes to reduce energy consump-
tion (22, 23). Therefore, in-depth research into the mineral formation process of clinkers is essential for further
advancing the sustainable development of the cement industry.

Addressing the outlined issues, this study utilized bulk industrial waste materials, including coal gangue (CG),
carbide ash (CA), desulfurization gypsum (DG), and steel slag (SS), to prepare all-solid-waste belite-ye’elimite
cement (BSAC) clinker. A diverse array of analytical techniques, including free calcium oxide (f., ), Fouri-
er-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning electron microscopy (SEM), and
thermogravimetric-differential scanning calorimetry (TG-DSC), were employed to thoroughly investigate the
mineral formation process in the clinker. Furthermore, the mechanical properties and environmental benefits
of the synthesized clinkers were evaluated to ascertain their practical application feasibility. The objective is to
provide valuable reference data for preparing BSAC clinker using CA, CG, SS, and DG, thereby facilitating the
efficient resource utilization of industrial waste and the sustainable development of the cement industry.

2. MATERIALS AND EXPERIMENTAL METHODS
2.1. Materials

The used raw materials for preparing BSAC clinker include carbide ash (CA), coal gangue (CG), steel slag
(SS), and desulfurization gypsum (DG), among which CG, DG and CA were obtained from Jungar area, SS was
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provided by Baotou Steel Group. The composition and content of the oxides in materials were analysed by con-
ducting X-ray fluorescence spectrum measurements (Table 1). The phase composition of the raw materials was
analyzed by X-ray diffraction, as shown in Figure 1.

TasLE 1. Oxide composition of materials (wt. %).

Materials Fe,0O, CaO SiO, ALO, MnO Cr,0, MgO TiO, SO, loss >
CA 005 7496  0.63 0.22 / / / / / 2397 99.83
CG 0.11 009 4275 3884 / / 0.03 0.70 027 1701  99.80
SS 2630 3376 1693 7.1l 2.55 2.18 3.74 0.55 0.83 437 9832
DG / 32.49 / / / / / / 4642 2089  99.80
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Ficure 1. XRD spectra of raw materials (a) coal gangue, (b) steel slag, (c) carbide slag, (d) desulfurization gypsum.

2.2. Raw material ratio and preparation of the BSAC clinker
2.2.1.  Raw material ratio

In the test, the design idea of the mineral composition of the BSAC clinker was to calcine silica in CG and
SS to generate QZS by carrying out a series of chemical reactions, whereas alumina was used in CG to generate
C,AF and C A,S through a series of chemical reactions. The calculation of the raw material ratio follows the
improved Bogue method (24). The calculation formula is shown in Equations [1-5], and the raw material ratio is
presented in Table 2.

W(Ca0) = 0.6512W(C,S) +0.3762 W(C,A ) + 0.4616 W(C,AF) [1]
W(SiO,) = 0.3488W(C.,S) 2]

W(ALO,) =0.5106W(C,A,8) + 0.2098W(C,AF) [3]
W(Fe,0,) = 0.33W(C,AF) [4]
W(SO,)=0.1311W(C,A ) [5]
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TaBLE 2. Oxide components and ration of materials (wt.%).

Oxide composition Raw materials
Group
CaO  Si0, ALO, FeO, SO, CA CG SS DG
BSAC 5399 1941 1675 2.86 6.69 47.9 32.38 8.42 11.31

2.2.2.  Preparation of BSAC clinker

The materials were mixed in proportion, ground with a test mill, and passed through 200 mesh screen. Then,
pressed the ground raw materials into round cakes with a diameter of 60 mm and a thickness of 5 mm. Finally, the
round cakes were placed into a high-temperature furnace for calcination (air atmosphere), and the furnace tem-
perature increased at a rate of 10 °C/min. After the furnace temperature reached the set temperature, the test cake
was calcined for 40 minutes. It was then removed and cooled in ambient air. Once cooled to room temperature, the
BSAC clinker was obtained, sealed, and stored to prevent moisture absorption or contamination. The temperature
values set were 700 °C, 800 °C, 900 °C, 1000 °C, 1100 °C, 1200 °C, 1260 °C, 1320 °C, and 1350 °C, respectively.

2.3. Preparation of BSAC

BSAC clinker and desulfurization gypsum are mixed and ground in a mass ratio of 96:4 and passed through a
200-mesh square sieve to obtain BSAC. The particle size distribution of BSAC is shown in Figure 2, with a par-
ticle size range of 0.12um to 105um and an average particle size of 46pum. The chemical compositions of BSAC
are shown in Table 3.
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FIGURE 2. Particle size distribution of BSAC.

TasLE 3. Chemical composition of BSAC (wt. %).

Group CaO SiO, ALO, Fe,O SO, MnO MgO TiO Na,O loss >

3 2

BSAC 54.54 18.16 16.42 2.80 6.83 0.09 0.16 0.03 0.11 0.79 99.93

2.4. Experimental methods
2.4.1. Free calcium oxide

In this experiment, the content of f, ) in BSAC clinker was determined by the ethylene glycol method (25).
First, the clinker was mixed with the ethylene glycol extraction solution, and the mixture was extracted by using
a Ca-5-f_ , analyzer for 5 min. After the extraction process, the mixture was titrated with a benzoic acid titration
solution until the mixture became colorless. Repeated the above test steps until the mixture after extraction was
no longer red. The calculation of f_  is based on Equations [6 -7]:
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The T, represents the titer of benzoic acid titration solution to CaO (mg/ml), G, is the mass of calcium oxide
(g), V, denotes the volume (ml) consumed by the benzoic acid titration solution when titrating the calcium oxide
mixed solution, f,, , refers to the content of the free calcium oxide in clinker, ¥, is the volume (ml) of benzoic acid
titrant consumed when titrating the clinker mixed solution, and G, stands for the mass (g) of the clinker.

2.4.2.  Phase analysis

The phase analysis of the minerals in the clinker was carried out by using the x-ray diffraction (XRD) (X Pert
powder, Netherlands) test method. More specifically, when the clinker sample was measured, the sample was ground
by a planetary ball mill. Next, the XRD measurements were carried out. During XRD testing, Cu Ka radiation (40 kV,
40 mA) was used, along with a graphite monochromator and a flat sample holder. The scanning range was from 5°
to 85° (20), with a scanning speed of 0.02°/second. Sample rotation was enabled during the data collection process.

2.4.3.  Fourier transform infrared spectrum

The Fourier transform infrared spectrum (FTIR) (IRTracer-100, Japan) analysis can characterize the minerals
in clinker from the molecular structure level. Before the measurements, the clinker was ground by using a plan-
etary ball mill. During the measurements, potassium bromide and clinker were mixed, ground and tableted at a
ratio of 100:1, and then measured by FTIR. In FTIR testing, the scanning range was from 4000 cm™! to 400 cm™,
with a resolution of 2 cmand 45 accumulative scans.

2.4.4. Thermogravimetric comprehensive analysis

The thermogravimetric comprehensive analysis (STA 449 F5 Jupiter, Germany) can reflect the relationship
between the sample mass and temperature, as well as the endothermic and exothermic conditions of the sample at
different temperature values. Before the thermogravimetric measurements, the raw material was ground by using
a planetary ball mill. Then, about 35 mg of the raw material was taken for the thermogravimetric test. In thermo-
gravimetric testing, the heating rate was set to 10 °C/min, with a nitrogen flow rate maintained at S0ml/min. Data
were recorded at a frequency of one data point per degree Celsius.

2.4.5. Scanning electron microscope

The micromorphological of the BSAC clinker minerals was analyzed by scanning electron microscope (FEI
QUANTA 650, USA). Before the measurement, the powder or block clinker was fixed on the conductive adhesive,
gold was spayed, and then photographed by SEM and analyzed by X-ray energy dispersive spectrometer (EDS).

2.4.6. Compressive strength of BSAC

The mechanical properties of BSAC were tested in strict accordance with the “Sulphoaluminate Cement”
(GB/T 20472-2006) standard.

3. RESULT AND DISSCUSSION
3.1 Appearance characteristics

Figure 3 illustrates the appearance characteristics of BSAC clinker at varying calcining temperatures. At 700-
1100 °C, the clinker displays a light gray color, maintains its volume, and possesses a soft texture, making it easily
crushable. This is attributed to the lower calcining temperature, which prevents liquid phase formation, leading to
mineral generation via solid-phase reactions. In contrast, at 1200-1320 °C, notable changes occur in the clinker’s
color, volume, and texture. At 1200 °C, the clinker slightly shrinks and hardens, indicating liquid phase presence
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during calcination. This liquid phase aids in ion diffusion, facilitating mineral crystallization and growth (26).
As the temperature rises, the clinker darkens, and its volume decreases significantly. This is due to the increasing
liquid phase, enhancing the development of CS, C 4A3§, and C,AF crystals (27).

At a calcining temperature of 1350 °C, the clinker undergoes significant shrinkage and becomes relatively
hard. This results from an excessive liquid phase caused by the high temperature. Such a surplus increases the lig-
uid’s viscosity and surface tension, impeding ion diffusion and hampering mineral crystal formation and growth
(28). Moreover, excessively high temperatures can cause the decomposition of active minerals in the clinker.

700°C - 1100°C

1200°C ——1350°C
FiGcure 3. Appearance characteristics of clinker at different calcining temperature values.
3.2. Analysis of clinker maturity based on fCaO

The content of the /. , in clinker can directly reflect the formation rate of minerals in clinker and the maturity
of the clinker in different calcining temperature ranges. The /., , content in the clinker is shown in Figure 4.
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Ficure 4. Content of the fCaO in clinker at different calcining temperature values.

It is evident that the /. content in clinker decreases as the calcining temperature increases, indicating a grad-
ual maturation of the clinker. The calcining temperature can be categorized into three stages: 700-1000 °C, 1000-
1200 °C, and 1200-1350 °C. At 700-1000 °C, the f_ , content changes minimally, with only an 8.8% decrease
at 1000 °C compared to 700 °C. This suggests a slow mineral formation rate in this range, predominantly com-
prising transitional minerals. In contrast, the 1000-1200 °C range shows a substantial reduction in f_  content,
from 31.1% at 1000 °C to 1.2% at 1200 °C, implying complete reaction of /. , and significant mineral formation.
Above 1200 °C, changes in fCaO are minimal, indicating that the final minerals (C,S, C,A,) have formed by the
time the temperature reaches 1200 °C. When the calcining temperature was 1350 °C, the content of the f_  in-
creased, which should be due to the decomposition of C,A,S to produce CaSO,, which continued to decompose
to produce calcium oxide (Equation [8]) (29).

Ca,AlSO,, — Ca, AL,O, +S0O, + CaO (8]
3.3. Phase analysis of minerals

X-ray diffraction measurements were used to analyze the mineral phases in clinker, as illustrated in Figure 5. The
analysis of Figure 5a indicates minimal changes in the mineral composition of clinker at calcining temperatures be-
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tween 700-900 °C. The composition primarily includes CaO, calcium sulfate (CS), and various transition minerals
like gehlenite (C,AS), anorthite (CAS,), dodecalcium heptaaluminate (C,,A.), and grossular (C,AS,). Transition
minerals often dlsplay weak XRD dlffractlon peaks due to their low content or underdeveloped crystal structures.

M M‘ S ! S 1350°C
“ .- | - o IOOOOC M
1320°C

K
ol 900°C e
_,\__Lﬂm.\t_d___ﬂt___t 800°C MW
N R Y, W W T
20 40 60 80 10 20 30 40 50 60 70 80
2-theta(degree) 2-thate (degree)

FiGURE 5. Left: XRD patterns of clinker calcined at 700-1100 °C, A- CAS?, B- CS, C- CS, D- C'?A7, H- C?AS, I- CaO,
K- C3AS?, M- 5828 Right: XRD patterns of clinker calcined at 1200-1350 °C, B- CS, C- CS, F- C*AF, S- C*AS.

Post-calcination, kaolinite in CG and calcium hydroxide in CA contribute to the formation of metakaolinite
(Equation [9]) and CaO (Equation [10]), which are highly reactive. These substances interact to produce C,AS
(Equation [11]) and CAS, (Equation [12]) through solid-phase reactions, as documented in references (30, 31).
Additionally, C A (Equation [13]) forms through the reaction of amorphous Al,O,, derived from CG, with CaO
(32). C,AS,, a metastable mineral, originates from the decomposition of CG and CA (30). 5

At a calcining temperature of 1000 °C, new minerals, C,S (Equation [14]) and calcium sulphosilicate (CSSZS)
(Equation [15]), were observed in the clinker (33). C,S formed from the reaction of amorphous SiO,, originating
from CG, with CaO (32). C,S, S resulted from the sohd phase reaction between C,S and CS. As the temperature
increased to 1100 °C, the XRD diffraction peaks for CaO and CS diminished, wh11e those for C,S, C,AS, CAS,,
C,A,, and other minerals intensified significantly. This suggests an increased mineral formatlon rate between
1000—1 100 °C, leading to an abundance of transition minerals, aligning with previous analyses.

At 1200 °C, the mineral composition in the clinker underwent significant changes, as depicted in Figure 5b.
The XRD peaks of CaO, CS, and transition minerals were replaced by those of CS, CA, S, and C,AF. This in-
dicates that between 1100-1200 °C, transition minerals either decomposed or reacted wrth CaO and CS forming
substantial amounts of C,S and C,A, S.

Through the analysis, it was found that the minerals in the clinker may have the following reactions (Equations
[16-20]) (33-35). When the temperature exceeds 1200 °C, the XRD patterns show minimal changes, with the
diffraction peaks primarily dominated by dicalcium silicate C,S and C 4A3S.

AlSi,0.-2H,0—ALSi, 0 +2H,0 9]
Ca(OH),—CaO+H,0 [10]

ALSi,0+2 CaO—Ca,Al, SrO +Si 2 [11]
Ca,ALSiO_+ ALSi,O + SlO —>2 CaAl Si,0, [12]

7 Al (0] +12CaO—>Ca LALO,, [13]

SrO ,+2 CaO —>Ca SiO, [14]
2CazSiO4+CaSO4—>CaSSi08(SO4) [15]

Ca Si0,(SO,) —2Ca,Si0,+CaS0O, [16]
3Ca,ALSiO, + CaSO,+3Ca0—Ca,Al SO +6Ca,SiO, [17]
3CaAlSi O + CaSO,+8Ca0—Ca,Al SO, +6Ca SiO, [18]
3Ca,Al Sl3Olz+ CaSO +l2CaO—>Ca Al SO +9Ca SIO [19]
Ca Al O, + 5A1 0,+4CaS0O, —>4Ca Al SO,, [20]
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3.4. Molecular structure analysis of minerals

The acquired infrared spectra of clinker at different calcining temperature values are shown in Figure 6a.
Since many minerals exist in the clinker, the infrared spectra of all minerals will overlap, which is not condu-
cive to their analysis. Thus, the second derivative curve of the infrared spectrum was drawn (Figure 6b).
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FIGURE 6. Left: infrared spectra of clinker calcined at various temperatures. Right: second-derivative curves of the infrared spectra.

In the data analysis from Figure 6a, an absorption band at 3640 cm™ in the clinker’s infrared spectrum was ob-
served between 700-1100 °C, attributed to the hydroxy(O-H) asymmetric stretching vibration (36). This indicates the
presence of Ca(OH), in the clinker, formed by CaO reacting with atmospheric water. Notably, the Ca(OH), content
decreases as the calcining temperature increases, aligning with previous analyses. Additionally, a broad absorption
band at 1350-1500 cm™, related to C-O bonds in CaCO, (37), suggests its formation from Ca(OH), and atmospheric
CO,. The characteristic absorptlon bands of CS at 595, 613 679, 1120, and 1154 cm’, caused by the (S0,) tetrahe-
dral group’s bending and asymmetric stretching vibrations, were stable between 700- 1000 °C (38, 39). However, at
1100 °C and 1200 °C, significant changes in these bands indicate CS’s involvement in forming other minerals.

In the 700-1100 °C range, the clinker’s spectrum revealed two broad infrared absorption regions at 420-550cm!
and 900-1250 cm™, as shown in Figure 6a. These regions correspond to the bending vibrations of Si-O and Al-O
in silica aluminate and the asymmetric stretching vibrations of Si-O-Si and Si-O-Al. Notably, these regions in-
clude the spectral bands of C/AS, (435" cm, 514cm, and 950cm™) (39-40), C,AS (472°cm™, 558"cm!, 746" cm’”,
and 920cm™) (39-41), and CAS, (908cm™, 997"cm!, and 1059°cm") (42), which vary with calcining temperature.
This variation suggests the ongoing development of silica-aluminate minerals within this temperature range.
Additionally, the presence of the C ,A_band (573* cm™', 783* cm™, and 848 cm™) (43) in this range, increasing in
intensity with temperature, 1nd1cates the continuous development of C,A.. At 1100 °C, the spectrum shows the
CSsS, S band (630 cm!, 661* cm, and 836* cm™), related to the bendlng of (SO,) and stretching of (SiO,) groups
(44) The formation of CS, S, consuming CS, explains the decrease in CS»>s absorptlon band intensity.

At a calcining temperature of 1200 °C, the clinker’s infrared spectrum underwent significant changes. The absorp-
tion bands of CS and transition minerals nearly vanished, replaced by bands of C,S and C A, S. Specifically, C,S bands
appeared at 460-570 cm™ and 960-1070 cm!, with notable bands at 520 and 543 cm’! due to the (Si0,) group s out-of-
plane bending vibrations (45, 46), and at 995 cm™ from its asymmetric stretching vibration. The C, A, S band, character-
ized by the (AlO,) group’s asymmetric contraction (413 cm™), bending (884 cm'), and couphng stretchlng vibrations
with (SO,) (644, 692 cm™), and (SO,) group’s asymmetric stretching (1103 cm™), also emerged (45). Notably, at higher
temperatures of 1320 °C and 1350 °C, these bands became broad and weak, as shown in Figure 6a. This broadening
and weakening, often associated with crystal damage or symmetry deterioration, suggest that the dicalcium silicate’s
crystals might undergo melting at these temperatures, leading to structural damage or symmetry loss (47).

Figure 7 depicts the infrared absorption peaks of C .S and C A, S. As can be ascertained, with the increase in the
calcining temperature, the infrared absorption peaks of CS and C A S not only changed in intensity, but also shifted
in position. Hence, it can be argued that the crystal structures of both CSandCA, S maintain continuous develop-
ment with the increase of the calcining temperature, which is con51stent with the above analytical findings.
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FiGure 7. Infrared absorption of dicalcium silicate and tetracalcium sulfoaluminate.

3.5. Thermal reaction characterization analysis of minerals

Figure 8 presents the TG-DSC curve of the raw material, revealing distinct endothermic peaks at 156 °C,
500 °C, 540 °C, and 710 °C, all corresponding to mass losses.
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Ficure 8. TG-DSC curves.

These peaks result from the decomposition of gypsum dihydrate, calcium hydroxide, kaolinite, and calcium
carbonate, leading to the production of active CaO, Al,O,, and SiO, (48-50). Combined with the analysis results
of the XRD measurements and Fourier infrared spectroscopy, it can be seen that there should be a small number
of intermediate minerals in the temperature range of 540-710 °C. As the temperature increases to 8§47-1013 °C,
DSC shows broader absorption bands, suggesting ongoing development of transition minerals. The mass loss
around this range is likely due to CS decomposition (51). Notably, a small endothermic peak at 1004 °C, marking
the formation of C,S (47), implies its successful formation around 1000 °C.

The DSC curve records two broad absorption bands between 1013-1302 °C, without significant mass loss on the
TG curve, indicating the formation of numerous minerals. This is consistent with the earlier analysis, pointing to a sig-
nificant creation of transition minerals in the 1013-1156 °C range. In the temperature range of 1156-1302 °C, the tran-
sition minerals will decompose or participate in the reaction to generate the final minerals (C,S, C 4A3§, and C,AF),
the transition minerals will gradually disappear, and the final minerals will be generated and continue to develop. With
the further increase in the temperature, the DSC curve shows an endothermic peak at 1324 °C, which may be due to
the solid phase melting in the system. When the temperature is higher than the value of 1340 °C, the system exhibited
a continuous endothermic state accompanied by mass loss, which should be caused by the decomposition of C 4A3§.
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FiGure 9. Micromorphology and EDS analysis of the clinker at different calcining temperatures (a:
700°C, b: 900°C, ¢: 1000°C, d: 1100°C). A-CS; C-CaO; D, E and F-silica aluminate.

Materiales de Construccion 75 (360), October-December 2025, €390. ISSN-L: 0465-2746. https://doi.org/10.3989/mc.2025.395224


https://doi.org/10.3989/mc.2025.395224

Mineral formation process and environmental benefits of belite-ye’elimite cement clinker from industrial solid wastes * 11

o sac made
5 ETD | High vacuum 2

FiGure 108B. 1260 °C

5 | ETD | High vacuum

FiGure 104A. 1200 °C

FiGure 10c. 1320 °C Ficure 10p. 1350 °C

LT BT Y P L U o L P T
0.5 1 1.5 2 25 3 35 4 1 2 3 4 3

FiGure 10. Micromorphology and EDS analysis of the clinker at different calcining temperature values
(a: 1200°C, b: 1260°C, ¢: 1320°C, d: 1350°C). B1- C,S, Y1- C,A,S, B2- C,S, Y2- C A S.
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3.6. Mineral microstructure analysis

The micromorphology and EDS analysis of the clinker at different calcining temperature values are shown in
Figures 9 and 10.

In analyzing the data, it was noted that at 700 °C, the clinker’s minerals were predominantly spherical CaO,
with minor rod-shaped CS and transition minerals. (aluminosilicate). Due to the complex composition of the
raw meal, a small number of impurity elements will appear in the EDS analysis of the minerals. At 900 °C, the
CaO minerals, now larger, remained predominant. However, as the temperature rose, spherical CaO’s size and
proportion diminished, while those of transition minerals increased, particularly at 1100 °C, marking a signifi-
cant shift. This suggests that between 700-1100 °C, transition minerals evolve rapidly, especially in the 1000-
1100 °C range.

At 1200 °C, the transition minerals and CaO were almost entirely replaced by hexagonal plate-shaped C,A
and elliptical C,S. SEM-EDS analysis revealed these crystals contained more impurity ions and were smaller
indicating their 1mmature development. As the calcining temperature reached 1260 °C, the crystals of C A3S and
C,S grew in size, with more defined contours.

At 1320 °C, needle-like C,AF emerged in the clinker, accompanied by the melting of C,S. At this stage, C,S
crystals exhibited an irregular morphology, and the crystal size increased. EDS analysis indicated a reduction
in impurity ions in the crystals at this stage, suggesting continuous development of C,A, S and C,S between
1200-1320 °C. This aligns with the observed changes in the XRD main diffraction peaks of C,S and C A, S with
temperature increase. At 1350 °C, the rod-shaped C,AF crystals enlarged, likely due to an excess of llquld phase
in the clinker. Interestingly, the size of C A, S crystals decreased, possibly due to decomposition at this high tem-
perature, aligning with the earlier analysis

4. MECHANICAL PROPERTY

BSAC is produced by grinding clinker (1260 °C) with desulfurized gypsum in a 96:4 ratio. Its compressive
and flexural strengths are shown in Figures 11 and 12, alongside those of SAC-52.5 mortar as specified by GB
20472-2006 for comparison.

Analysis reveals that the compressive strength of BSAC mortar increases with curing age, without any strength
retrogression. The development of compressive strength in BSAC mortar is mainly concentrated in the early hy-
dration period. The compressive strength at a curing age of 1 day reaches 44 MPa, primarily attributed to the
presence of highly reactive C 4A3§ in BSAC. At 7 and 28 days, the compressive strength advances to 53 MPa and
55 MPa, respectively. Similarly, flexural strength shows a consistent trend, starting at a high of 8.3 MPa after
1 day and progressing to 8.9 MPa and 9.1 MPa at 7 and 28 days, respectively.

As per Figures 11 and 12, BSAC mortar’s performance meets the standards set for SAC-52.5 mortar by GB
20472-2006.
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FiGure 11. The compressive strength of BSAC. FiGure 12. The flexural strength of BSAC.
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The preparation of PC clinker is a high consumption and high pollution process, while BSAC clinker prepara-
tion is characterized by lower consumption and emissions. This section will analyze the advantages of using CA,
CG, DG, and SS in BSAC clinker production, focusing on resource utilization, energy consumption, and carbon
emissions. The relevant data are presented in Table 4.

TaBLE 4. Energy consumption and carbon emissions of producing 1t of BSAC and PC clinker.

Group Process
Mining * Transporting” Preparation© Calcination® Grinding ° Total

Materials Kg/t BSAC Km
Carbide ash 6.09 E+02 1E+02 / / / /
Coal gangue 4.12 E+02 1E+02 / / / /
Steel slag 1.07 E+02 1E+02 / / / /
Desulfurization gypsum 1.44 E+02 1E+02 / / / /
Raw coal 1.06 E+02 1E+02 / / / /

BSAC  Energy source / / / /
Raw coal (Kg) 6.27E-02 2.40E-01 1.64E+00 1.03E+02 5.51E-03 1.04E+02
Crude oil (Kg) 1.78E-01 6.63E+00 8.44E-03 / 1.15E-04 6.81E+00
Natural gas (m®) 5.04E-04 3.97E-04 1.36E-02 / 8.90E-02 1.06E-01
Electricity (Kw - h) / / 1.45E+01 2.81E+01 3.67E+01 7.93E+01
Energy consumption (MJ) 8.79E+00 3.62E+02 2.38E+02 2.56E+03 5.17E+02  3.69E+03
CO2(Kg) 6.81E-01 2.14E+01 2.28E+01 2.40E+02 4.91E+01 3.34E+02
Materials Kg/t PC Km / /
Limestone 1.32 E+03 1E+02 / / / /

PC Clay 238 E+02 1E+02 / / / /
Iron 3.8 E+01 1E+02 / / / /
Energy consumption (MJ) 3.10E+02 3.31E+02 4.80E+02 2.77E+03 5.60E+02  4.45E+03
CO2(Kg) 2.91E+01 2.46E+01 4.59E+01 7.94E+02 5.31E+01 9.47E+02

aData Calculation— (52-58)

®Data Calculation— (52, 54-57, 59)
¢ Data Calculation — (52-62)

4 Data Calculation — (52, 55-63)

¢ Data Calculation — (52, 54-59)

5.1. Analysis of natural resource benefit

CQG, rich in silicon and aluminum, and CA, rich in calcium, are high-quality materials for BSAC clinker. Their
use enhances solid waste utilization, reducing environmental impact and reliance on natural resources. In BSAC
clinker production, solid waste utilization reaches 100% (Figure 12). In contrast, producing 1 ton of PC clinker
consumes up to 1599 Kg of natural resources, including 1323 Kg of limestone (Figure 13).

Raw materials for one ton of clinker (Kg)

1750 4
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1250 +
1000 4 Iron
Clay
7501 I Limestone
Steel slag
5004 I Desulfurization gypsum
550 B Coal gangue
Il Carbide ash
0
< O
e o
%%

FiGure 13. Materials required to produce 1t BSAC, PC clinker.
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5.2. Analysis of energy consumption benefit

The energy consumption of PC clinker and BSAC clinker from the five stages of raw material mining, trans-
portation, preparation, clinker calcination and grinding will be analysed here. The energy consumption in the
whole preparation process is shown in Figure 14.

Figure 14 shows that BSAC clinker’s energy consumption is lower than PC clinker at all stages. The sub-
stantial use of solid waste in BSAC clinker production contributes to significantly lower energy consumption,
especially during the mining stage. For 1 ton of BSAC clinker, approximately 1272 Kg of raw material is
needed, compared to 1599 Kg for PC clinker, reflecting a 20% reduction (52). This results in lower energy
consumption for BSAC clinker during transportation. In the material preparation stage, energy consumption
mainly arises from grinding. Since CA is already in powder form, BSAC clinker production requires less
treatment, reducing energy usage compared to PC clinker. During calcination, BSAC clinker also consumes
less energy due to its lower firing temperature (1200-1320 °C) and the lower pyrolysis activation energy of
Ca(OH), in CA (130 KJ/mol) (64) compared to CaCO, in limestone (182 KJ/mol) (65). In the final grinding
stage, BSAC clinker, containing less iron phase than PC clinker, is softer and easier to grind, further lowering
energy consumption.

5.3. Analysis of carbon emission benefit analysis

The carbon emissions of the PC clinker and BSAC clinker at various stages are shown in Figure 15. As can
be observed, the carbon emissions of the BSAC clinker in the raw material mining stage, transportation stage,
preparation stage, and clinker grinding stage were reduced, and the carbon emission comes from the combustion
of energy minerals. Therefore, the reduction of the carbon emissions in these stages can be attributed to the same
arguments that were for the reduction of energy consumption, which was earlier discussed.
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FiGURE 14. Energy consumption for Figure 15. CO, emissions for producing 1t BSAC, and PC
producing 1t BSAC, PC clinker. clinker.

A detailed analysis of Figure 15 shows that PC clinker emissions at Calcination stage reach 794 Kg, about
three times higher than BSAC clinker. This difference is primarily due to the calcium materials used. In PC
clinker, limestone (CaCO,) is the main ingredient, decomposing into CO, during calcination, contributing
significantly to emissions. In this stage, CO, from CaCO, decomposition in PC clinker is as high as 531 Kg
(60), representing roughly 70% of its total emissions. Conversely, BSAC clinker uses CA (Ca(OH),), which
decomposes into H,O and CaO, resulting in a different emission profile. As far as CG and SS and DG are con-
cerned, only a very small amount of CaCO, contained in SS will produce CO, after the calcination process.
The carbon emission of the BSAC clinker in the calcination stage mostly originates from the combustion of
energy.
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6. CONCLUSIONS

In this study, the mineral formation in BSAC clinker systematically investigated, prepared using CA, CG,
DG and SS, and tested its mechanical property. The BSAC clinker’s advantages in terms of natural resource use,
energy consumption, and carbon emissions were also analyzed. The key conclusions are:

1. At calcining temperatures between 700-1100 °C, the clinker is mainly composed of transition minerals like
anorthite, dodecacalcium heptaaluminate, grossular, and a notable amount of CaO. Around 1000 °C, C,S
starts to form in small quantities. From 1100-1200 °C, these transition minerals increasingly convert to C S
and CA, S, with the latter minerals becoming more dominant. Above 1200 °C, the growth in size and stmc-
ture of CZS and C4A3S crystals is evident. Notably, at temperatures over 1320 °C, needle-shaped C4AF
crystals appear, and C2S crystals melt into irregular shapes. Beyond 1350 °C, the clinker shows excessive
liquid phase formation and decomposition of C4A3S. Therefore, the optimal firing temperature for BSAC
lies between 1200 °C and 1320 °C.

2. The all-solid waste BSAC was successfully prepared from CA, CG, DG, and SS at a calcination tempera-
ture of 1260 °C. It is characterized by its rapid strength development and high early strength, and it meets
the SAC-52.5 standard as specified in GB 20472-2006.

3. Compared with traditional PC clinker, all-solid waste BSAC clinker has significant environmental benefits: it
uses industrial solid waste 100 %, reduces energy consumption by about 18 % and carbon emissions by 65 %.

The feasibility of preparing green BSAC clinker using CA, CG DG and SS from the aspects of technology,
properties, and environment were demonstrated in this work. This will help to improve the resource utilization
rate of CA, CG and SS, and at the same time, reduce the consumption of natural resources and pollution to the
environment by the cement industry to achieve the purpose of low-carbon production.
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