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Abstract Filling mining with solid waste resources as aggregates is an important development direc-

tion for cleaner production inmines. The hydration products have an important effect on themechan-

ical properties of superfine tailings cemented paste backfill (SCPB). This paper investigates the

mechanism of hydration product formation and thermal decomposition properties of SCPB by a ser-

ies of experiments combined with thermal decomposition kinetics. Also, to optimize the mechanical

properties of SCPB, the effect of Nano SiO2 (NS) on the related properties of SCPB is investigated.

The results show that there are twomain stages of the thermal decomposition of SCPB, and the kinetic

models of these two stages are both reaction order models. After adding NS, the kinetic model of the

second stage of thermal decomposition of SCPB is changed to random nucleation and growth model.

The substances that undergo thermal decomposition reactions in the first stage are mainly hydration

products such as ettringite andC-S-H, while the substances that undergo thermal decomposition reac-

tions in the second stage are carbonates. The activation energy E and pre-exponential factor A of the

first stage of thermal decomposition of SCPB with NS added are significantly improved, which indi-

cates a more stable structure of its hydration products. The microscopic test results show that NS can

promote the hydrolysis of C3S and gypsum and increase the production of hydration products, which

in turn improves the strength of SCPB. In addition, the addition of NS to SCPB decreases the Ca/Si

and increases the average silica chain length of C-S-H gels, while the H2O/Si decreases and the silica

group increases, resulting in the enhancement of the structure of C-S-H gels.
� 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Tailings are solid mineral wastes discharged from mineral processing

plants, and it is one of the most productive and least utilized solid

wastes in China (Qiu et al., 2020; Qi et al., 2020). Most of the tailings

are stockpiled on the surface, which causes serious damage to the eco-

logical environment and is against the current strategy of green mine

construction and sustainable development (Yu et al., 2021; Zhang

et al., 2022). To reduce the stock of tailings, scientists have developed

tailings cemented paste backfill (CPB) technology (Hu et al., 2022;

Zhang et al., 2022). With the gradual maturity and popularization of

related technologies, the utilization rate of the tailings has gradually

increased. However, with the development of mineral processing tech-

nology, the particle size of tailings is getting finer and finer, which also

brings a series of negative effects to superfine tailings cemented paste

backfill (SCPB), especially the mechanical properties of SCPB can be

greatly affected (Liu et al., 2020).

Previous research shows that the hydration product is a key factor

in determining the mechanical properties of SCPB (Zhou et al., 2020;

Guo et al., 2021; Sun et al., 2022). At present, most scholars use X-ray

diffraction analysis (XRD), fourier infrared spectroscopy (FTIR),

thermal gravimetric analysis (TG), and scanning electron microscopy

(SEM) to investigate the hydration products of SCPB (Yellareddy

et al., 2021; Saroha et al., 2022; Lv et al., 2017; Mo et al., 2021;

Martı́nez-Ortiz-de-Montellano et al., 2021). With the assistance of

XRD, the composition of hydration products of SCPB can be investi-

gated under different admixture types and dosages, cementitious mate-

rial types and dosages, curing temperatures, and proportion, etc., and

then the types of hydration products of SCPB can be initially deter-

mined, and the amount of different hydration products can also be

qualitatively analyzed (Chen et al., 2021; Liu et al., 2020). The molec-

ular structure of different hydration products in SCPB can be deter-

mined by the FTIR technique, which can help to further determine

the type of hydration products (Ren et al., 2021; Li et al., 2018). In

addition, the intensity of the different hydration products can be com-

pared according to the intensity of the absorption bands. The TG tech-

nique enables to verification of the type and amount of partial

hydration products produced according to the mass loss of SCPB cor-

responding to different temperatures of heating (Shalu et al., 2022;

Asogekar and Verenkar, 2019). The microscopic morphology of the

hydration products can be observed visually with the support of SEM.

All of the above research methods are used to qualitatively or

quantitatively investigate the hydration products of SCPB by deter-

mining the structure or quantity of the substances. In this research,

the hydration products are investigated from an energy perspective

in combination with thermal analysis kinetics. Take the C-S-H gel in

SCPB as an example, it has various molecular structures due to the dif-

ferent Ca/Si ratios and the content of crystal water in its molecules

(Hou et al., 2021; Hou et al., 2022). The molecular structure affects

the stability of C-S-H, leading to its variable effects on the mechanical

properties of SCPB (Hou et al., 2021). The thermal analysis kinetics

allows us to determine the stability of different structures from an

aspect of energy. Information related to kinetics is usually obtained

by thermal weight loss analysis at an isothermal or constant rate of

temperature rise (Sikora et al., 2022; Panda et al., 2022; Gupta et al.,

2020). However, thermal analysis kinetics is mostly used in research

related to biomass materials and less studied in cement-based

materials.

In this research, the formation mechanism and thermal decomposi-

tion properties of the hydration products of SCPB are investigated

with the assistance of a series of microscopic analytical tools and com-

bined with thermal analysis kinetics, and the kinetic equations of the

thermal decomposition of SCPB are constructed. Based on the excel-

lent performance of NS in optimizing the mechanical properties of

cementitious materials, the mechanism of the effect of NS on the rele-
vant properties of SCPB is investigated. The results of the research are

a guide to optimizing the mechanical properties of SCPB and improv-

ing the recycling rate of superfine tailings.

2. Materials and methods

2.1. Materials

2.1.1. Tailings

The tailings in this research are solid mineral wastes taken
from a gold mine in Guizhou Province, China. The physical

properties of the tailings are shown in Fig. 1(a) and Table 1
and the chemical composition is shown in Fig. 1(b) and
Table 2. The medium particle size (d50) of the tailings is

24.44 lm and the proportion of particle sizes less than
20 lm and less than 75 lm are 43.74% and 93.26%, respec-
tively, which indicates that the tailings are superfine. The coef-
ficient of uniformity (Cu, Cu = d60/d10) of the tailings is

10.22 greater than 10, which indicates a good gradation. The
basicity coefficient ((CaO%+MgO%)/(SiO2%+Al2O3%)) of
the tailings is 0.04 less than 1, which indicates that it is an

acidic material. The activity coefficient (CaO%/SiO2%) of tail-
ings is 0.03, which indicates that it is an inert material.

2.1.2. Nano SiO2

The physical properties of NS, are a white powder solid with a
purity of 99. 8%, a particle size of 20–30 nm, and a specific sur-
face area of 385.8 m2/g are shown in Table 1.

2.1.3. Binder and water

PO42.5 silicate cement is selected as the binder, and tap water
is used as the mixing water for the experiment. The initial and

final setting times of the cement are 150 min and 220 min,
respectively, and the 28d compressive strength and 28d flexural
strength are 54.3 MPa and 8.7 MPa, respectively. The physical

properties of the cement are shown in Fig. 1(a) and Table 1
and the chemical composition is shown in Fig. 1 (b) and
Table 2.

2.2. Experiments

2.2.1. Experimental design

The experiments are aimed at investigating the hydration
products and thermal decomposition properties of SCPB.
Also, to optimize the mechanical properties of SCPB, the effect

of NS on the relevant properties of SCPB is studied. The slurry
concentration is set at 65%, cement dosage is 15%, NS
dosages are 0% and 1.0% respectively, and the curing time

is 28d, and the specific scheme is shown in Table 3.

2.2.2. Testing methods

A series of test techniques are used to analyze the hydration

products and thermal decomposition properties of SCPB,
and the test process is shown in Fig. 2. The tests are as follows.

(1) UCS test. The specimen curing temperature is 20 �C and
the curing humidity is 95%. When the specimen is cured
to 28d, the UCS test is carried out by WDW-2000 auto-



Fig. 1 Properties of raw materials: (a) Particle size, (b) XRD test results.

Table 1 Physical properties of raw materials.

Parameters Tailings Cement Nano-SiO2

Appearance

Specific surface

area, m2/kg

353.1 676.7 385.8 � 103

Particle size range,

lm
0.2 � 220.8 1.1 � 98.1 20.0 � 30.0 � 10-3

d10, lm 2.8 3.8 –

d50, lm 24.8 14.9 –

d60, lm 32.5 18.6 –

D75, lm 49.3 25.8

Cu 11.5 4.9 –
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matic pressure testing machine with a loading rate of
0.5 mm/min, and the UCS value is taken as the average
of the test results of 3 specimens.

(2) XRD test. The CPB specimens are ground into powder

and their mineral phases are analyzed by X-ray diffrac-
tometer to determine the components of hydration
products under different effect factors. XRD tests are

performed in the 2h range of 5 � 70�, and data are col-
lected using 7 s/step with a step size of 0.03�.

(3) FTIR test. Infrared spectroscopic is to irradiate a beam

of infrared rays of different wavelengths onto the mole-
cules of a substance, different substances can absorb
infrared rays of specific wavelengths, forming infrared
Table 2 Chemical composition of raw materials.

Materials SiO2 CaO MgO F

Tailings 67.85 2.66 0.63 2.

Cement 11.89 44.13 0.63 2.

Nano-SiO2 100% – – –
absorption spectra, and the structural composition of
the substance to be measured is deduced from the spec-
tral bring, and the content of the substance to be mea-

sured is obtained according to the intensity of the
absorption spectral band.

(4) TG-DTG test. the TG curve mainly reflects the relation-

ship between the mass of the substance and the temper-
ature, and the DTG curve indicates the rate of change of
mass as a function of time and temperature. In this test,

the initial temperature is 20 �C, and the heating rate is
10 �C/min, 20 �C/min, and 30 �C/min respectively, and
the test is stopped when the temperature rises to 900 �C.

(5) SEM test. The specimens are taken from the fragments

of each dose in this experiment, soaked in anhydrous
ethanol for more than 48 h to terminate their hydration,
then dried and ground. With the aid of a high magnifi-

cation scanning electron microscope, the microscopic
morphology of the samples to be tested are scanned
and the results are used to analyze the microstructure

and hydration products of the specimens.

2.3. Kinetic analysis

2.3.1. Kinetic equations of thermal decomposition

The thermal decomposition of cement-based materials is a

heterogeneous reaction system and takes place under non-
isothermal conditions (Hussain et al., 2018; Chen et al.,
2020). The kinetic process of thermal decomposition can be

described as follows (Sikora et al., 2022; Panda et al., 2022;
Gupta et al., 2020).
e2O3 Al2O3 MnO SO3 TiO2

58 18.47 0.19 0.94 0.33

64 2.96 – 2.50 0.27

– – – –



Table 3 Experimental design.

Sample Slurry concentration = 65%, Cement dosage = 15% Curing time (d)

Tailings (kg) Cement (kg) Water (kg) Nano-SiO2 (kg)

NS0 5.180 0.915 3.280 0.000 28

NS1 0.009

Fig. 2 Main experimental process.
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da
dT

¼ A

b
exp � E

RT

� �
fðaÞ ð1Þ

In equation (1), a is the conversion rate of reactants to
products during thermal decomposition; f (a) is the reaction
mechanism function; A(min�1) is the pre-exponential factor;

b(K/min) is the heating rate; E(kJ/mol) is the apparent activa-
tion energy; R is the universal gas constant, 8.314 J/(mol_sK);
and T(K) is the kelvin temperature.

In the thermal decomposition process, the conversion rate a
is calculated by the following equation (Urciuolo et al., 2020).

a ¼ m0 �mt

m0 �m1
ð2Þ
In equation (2), m0 is the initial weight of the specimen; mt

is the weight of the specimen at moment t; and m1 is the final

weight of the specimen.
The integral form of the kinetic equation for the thermal

decomposition reaction is obtained by integrating equation

(1) as follows (Li et al., 2022).

GðaÞ ¼
Z a

0

da
fðaÞ ¼

Z T

T0

A

b
exp � E

RT

� �
dT ð3Þ

In equation (3), G(a) is the integral form of the reaction
mechanism function; f (a) is the initial temperature of the ther-
mal decomposition reaction.
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2.3.2. Calculating the apparent activation energy E

The investigated thermal decomposition experiments are con-

ducted at 3 heating rates of 10 �C/min, 20 �C/min, and
30 �C/min. To avoid errors due to the assumed reaction mech-
anism function, the TG data at different heating rates are cal-

culated and the apparent activation energy E is obtained using
the Flynn-Wall-Ozawa (FWO) method and the Kissinger-
Akahira-Sunose (KAS) method (Urciuolo et al., 2020; Gao

et al., 2020; Gupta and Kashani, 2021). The expressions of
the FWO method and the KAS method are as follows.

lg b ¼ lg
AE

RGðaÞ
� �

� 0:2315� 0:4567
E

RT
ðFWOÞ ð4Þ

ln
b

T2

� �
¼ ln

AR

EGðaÞ
� �

� E

RT
ðKASÞ ð5Þ
2.3.3. Determine the most probable reaction mechanism function

In this research, the Integral master-plot method is used to
determine the G(a) at different stages of thermal decomposi-
tion (Chen et al., 2017; Wang et al., 2019). The method deter-

mines the most probable G(a) and thus f(a) by comparing the
morphology of theoretical master-plots with that of experi-
mental master-plots. At room temperature T0, the thermal

decomposition of cement-based materials is extremely slow,
so equation (3) can be expressed approximately as follows.

GðaÞ ¼
Z T

T0

A

b
exp � E

RT

� �
dT �

Z T

0

A

b
exp � E

RT

� �
dT

¼ AE

bR
PðuaÞ ð6Þ

In equation (6), ua = E/RTa; E is the average value of

apparent activation energy calculated by the FWO and KAS
methods; Ta is the temperature at which the conversion rate
of the thermal decomposition reaction is a; and P(ua) is the

temperature integral.
Since the temperature integral is a non-convergent integral,

this research uses the Tang-Liu-Zhang-Wang-Wang approxi-
mation expression to approximate the expression P(ua) as fol-

lows (Wang et al., 2019).

PðuaÞ ¼ expð�uaÞ
uað1:00198882ua þ 1:87391198Þ ð7Þ

Based on the E values obtained by the method in section
2.2.1, the variation of TG data can be simulated using an

appropriate reaction mechanism function. The specific method
is as follows.

Firstly, substituting a = 0.5 as a reference into equation (6)
yields the following equation.

Gð0:5Þ ¼ AE

bR
Pðu0:5Þ ð8Þ

Secondly, dividing equation (6) by equation (8) yields the
integral master-plot equation as follows.

GðaÞ
Gð0:5Þ ¼

PðuaÞ
Pðu0:5Þ ð9Þ

The 15 common reaction mechanism functions f(a) and

their integral forms G(a) are shown in Table S1 in the supple-
mentary file (Alenezi and Al-Fadhli, 2018; Fu and Yao, 2022).
The theoretical master-plots are obtained by plotting G(a)/G
(0.5) and a, and the experimental master-plots are obtained
by plotting f(a)/f(0.5) and a. By comparing the shapes and
deviations of these 2 curves, the most probable G(a) can be

determined, and thus the most probable f(a).

3. Results and discussions

3.1. Properties of thermal decomposition

The TG and DTG curves of SCPB at heating rates of 10 �C/
min, 20 �C/min, and 30 �C/min are shown in Fig. 3. The ther-
mal decomposition of SCPB mainly appears in the range of

33 �C � 260 �C and 420 �C � 820 �C. These two temperature
intervals correspond to 2 heat absorption peaks, indicating
that there are mainly 2 stages of thermal decomposition of

SCPB. In the first stage, the mass loss mainly comes from
the removal of ettringite crystals from the hydration products
and water of crystallization from the C-S-H gels. The mass loss
of 1.9% for the NS0 specimen and 2.7% for the NS1 specimen

indicates that more hydration products are generated in the
NS-doped SCPB. In the second stage, the mass loss is mainly
from the dissipation of CO2 in the carbonate product. 11.2%

mass loss for NS0 specimens and 11.1% mass loss for NS1
specimens indicate that the mass loss is essentially the same
for both specimens at this stage. In addition, there is a weak

heat absorption peak at around 400 �C from the dehydroxyla-
tion of Ca(OH)2. The Ca(OH)2 content within the specimen at
the late stage of hydration is low, and thus the peak here is

weak.
The DTG parameters of SCPB at different heating rates are

shown in Table 3. In the first stage, Ti of the NS0 specimen
increases from 33.00 �C to 60.47 �C, TP increases from

50.41 �C to 72.08 �C, and Tf increases from 192.89 �C to
221.66 �C with the increase of b. In the second stage, Ti of
the NS0 specimen increases from 561.01 to 578.75 �C, TP from

678.54 �C to 723.58 �C, and Tf from 755.49 �C to 807.44 �C
with the increase of b. The same pattern is shown in the NS1
specimen, i.e., Ti, TP, and Tf are shifted to higher temperatures

as b increases. This is mainly because the faster the rate of tem-
perature increase, the more significant the hysteresis of the
specimen to the temperature phenomenon.

3.2. Kinetic analysis

3.2.1. Calculation of apparent activation energy E

The kinetic equations of 1/T and lgb and ln(b/T2) calculated
from the TG data according to the FWO and the KAS meth-
ods are shown in Table S2 in supplementary files. A linear fit to

the above data using the least squares method is shown in
Fig. 4. The slope of the linear curve obtained by the FWO
method is �0.4567E/R, and the slope of the linear curve

obtained by the KAS method is -E/R. Since R is a constant
value, the apparent activation energy E at different conversion
rates can be calculated from the slope. As can be seen from
Fig. 3, the R2 of all linear curves is greater than 0.9, which

indicates the goodness of fitting of the curves and the suitabil-
ity of the FWO and KAS methods for calculating the apparent
activation energy of thermal decomposition of SCPB.

The E of NS0 specimens calculated by the FWO and KAS
methods are 35.34 kJ/mol and 30.91 kJ/mol for the first stage
and 188.65 kJ/mol and 182.43 kJ/mol for the second stage. E



Fig. 3 TG-DTG results: (a) and (b) are the TG and DTG curves of NS0, (c) and (d) are the TG and DTG curves of NS1.
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of NS1 specimens are 37.46 kJ/mol and 32.99 kJ/mol for the

first stage and 266.25 kJ/mol and 264.04 kJ/mol for the second
stage. Overall, the E value calculated by the FWO method is
slightly higher than that of the KAS method, but the results

of both methods are identical, indicating that the calculation
results are reliable. The arithmetic average of the apparent
activation energies calculated by the 2 methods is used as the
E values of different thermal decomposition stages, then the

E of the first and second stages of thermal decomposition of
NS0 specimens is 33.13 kJ/mol and 185.54 kJ/mol, and the E
of the first and second stages of thermal decomposition of

NS1 specimens is 35.23 kJ/mol and 265.15 kJ/mol. The E of
the first stage of the thermal decomposition of SCPB is signif-
icantly lower than that of the second stage because the percent-

age of activated molecules and the bonding energy of the
substance undergoing thermal decomposition in the second
stage are higher than those in the first stage. The E of the first
stage of thermal decomposition of the NS1 sample is higher

than that of the NS0 sample, which indicates that the hydra-
tion products (ettringite and C-S-H) generated in the NS-
doped SCPB are more stabilized and require higher energy

to decompose, as demonstrated in this research in section 3.3.

3.2.2. Determine the most probable reaction mechanism function

f(a)

The P(ua) corresponding to different a can be obtained by
combining E calculated in section 3.1.1 for different thermal
decomposition stages by equation (7). The experimental

master-plots can be obtained by plotting P(ua)/ P(u0.5) vs. a.
The experimental master-plots of P(ua)/ P(u0.5) vs.a. for differ-
ent thermal decomposition stages of SCPB are shown in Fig. 5.

It can be observed that the trends of experimental master-plots
at different heating rates of the same thermal decomposition
stage are the same and overlap, indicating that the experimen-

tal master-plots are not affected by the heating rate, and also
indicating that only a unique kinetic model exists for each ther-
mal decomposition stage.

From Eq. (9), P(ua)/ P(u0.5) = G(a)/ G(0.5), so the experi-

mental master-plots of P(ua)/ P(u0.5) with a are the experimen-
tal master-plots of G(a)/ G(0.5) with a. Based on the
uniqueness of the kinetic model, the most probable reaction

mechanism functions for different thermal decomposition
stages are determined by comparing the experimental master-
plots and theoretical master-plots with a heating rate of

20 �C/min, and the results are shown in Fig. 6. The experimen-
tal master-plots of the first stage of thermal decomposition of
SCPB show the highest similarity to the theoretical master-
plots O2 with an R2 of 0.978. O2 is a reaction order model with

the function of the form G(a) = (1-a)-1-1. The experimental
master-plots of the second stage of SCPB thermal decomposi-
tion show the highest similarity to the theoretical master-plots

O1 with R2 of 0.996. O1 is a reaction order model with the
function of the form G(a) = -ln(1-a). After adding NS, the
experimental master-plots of the first stage of thermal decom-

position of SCPB show the highest similarity to the theoretical
master-plots O3 with an R2 of 0.966. O3 is a reaction order
model with a function of the form G(a) = [(1-a)-2-1]/2. The
experimental master-plots of the second stage of thermal
decomposition of SCPB show the highest similarity to theoret-
ical master-plots A1.5 with an R2 of 0.999. A1.5 is a random



Fig. 4 Kinetic fitting results: (a) and (b) for the first stage of NS0 specimen (FWO and KAS), (c) and (d) for the second stage of NS0

specimen (FWO and KAS), (e) and (f) for the first stage of NS1 specimen (FWO and KAS), (g) and (h) for the second stage of NS1

specimen (FWO and KAS).
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Fig. 5 The experimental master-plots of P(ua)/ P(u0.5) vs.a. for different thermal decomposition stages of SCPB: (a) and (b) for the first

stage of NS0, (c) and (d) for the first stage of NS1.
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nucleation and growth model with a function of the form
G(a) = [(1-a)-2-1]/2.

3.2.3. Determine the pre-exponential factor A

The value of the pre-exponential factor represents the chance

of effective collision of activated molecules during thermal
decomposition (Campbell et al., 1991; Zhdanov, 1981; Bruce
and Saidi, 1990). The larger the pre-exponential factor is, the
more frequent the effective collision of activated molecules

during thermal decomposition, i.e., the more intense the ther-
mal decomposition reaction is.

The reaction mechanism functions f(a) (O1, O2, O3, and

A1.5) for different thermal decomposition stages can be calcu-
lated by substituting into equation (6) to obtain the pre-
exponential factor A for different thermal decomposition stages,

as shown in Table 4. As can be seen from Table 4, the average A
value of the first stage of thermal decomposition of SCPB is
2.65 � 107 min�1, and after adding NS, the average A value is

6.5 � 107 min�1, and the average A value is increased by
153.32%. The average A value of the second stage of thermal
decomposition of SCPB is 6.2 � 1012 min�1, and after adding
NS, the average A value is 1.96 � 1017 min�1, and the average

A-value increased exponentially. On the one hand, whether it
is the NS0 specimen or NS1 specimen, as the temperature contin-
ues to increase, the activated molecules increase, their effective

collisions are more and more frequent, the thermal decomposi-
tion reaction rate is faster and faster, and the pre-exponential fac-
tor increases correspondingly. On the other hand, the addition of

NS increases the hydration products of SCPB (detailed analysis
in section 3.3), which provides more active sites for the thermal
decomposition reaction to proceed, resulting in a significant

increase in the number of activated molecules, which in turn sub-
stantially increases their frequency of collisions, resulting in a sig-
nificant increase in A. This indicates that NS acts as an activator

during the thermal decomposition reaction of SCPB. It also
shows from the side that NS doping effectively increases the pro-
duction of hydration products during the curing process of

SCPB, which plays a positive role in the enhancement of the
macroscopic strength of SCPB. Substituting the 3 kinetic ele-
ments (A, E, and f(a)) in Table 4 into Eq. (1), the kinetic equa-

tions of SCPB at different stages of thermal decomposition are
obtained as follows.(See Table 5).

NS0 - Stage 1 : da
dT

¼ 2:65�107

b exp � 3:98�104

RT

� �
� ð1� aÞ2

NS0 - Stage 2 : da
dT

¼ 6:20�1012

b exp � 2:27�105

RT

� �
� ð1� aÞ

8><
>: ð10Þ

NS1 - Stage 1 : da
dT
¼ 6:50�107

b exp � 4:24�104

RT

� �
�ð1� aÞ3

NS1 - Stage 2 : da
dT
¼ 1:96�1017

b exp � 3:19�105

RT

� �
� 1:5ð1� aÞ

½�lnð1� aÞ�1=3

8>>><
>>>:

ð11Þ
3.3. Mechanism of formation of hydration products

The XRD test results of SCPB are shown in Fig. 7(a). There

are significant dispersion peaks and characteristic crystalline
phase peaks in the range of 10��40� of the XRD pattern,



Fig. 6 The comparison of experimental master-plots and theoretical master-plots: (a) and (b) for the first stage of NS0, (c) and (d) for the

first stage of NS1.

Table 4 DTG parameters of SCPB at different heating rates.

Specimen b (℃/min) Stage 1 (℃) Stage 2 (℃)

Ti TP Tf Ti TP Tf

NS0 10 33.00 50.41 192.89 561.01 678.54 755.49

20 57.17 68.51 218.65 574.38 704.68 781.93

30 60.47 72.08 221.66 578.75 723.58 801.22

NS1 10 46.15 57.69 213.36 419.46 781.87 697.48

20 50.47 70.19 224.8 447.9 714.61 807.44

30 60.99 72.23 259.02 468.34 725.77 823.94

*Ti, TP, and Tf are the initiation temperature, peak temperature, and final temperature of the heat absorption peak, respectively.
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and these diffraction peaks represent the phases mainly ettrin-
gite, C3S, quartz, gypsum, and C2S. Among them, ettringite is

the hydration product, C3S, gypsum, and C2S are from
cement, and quartz is from tailings and NS. C3S is mainly
hydrolyzed in early hydration reactions and is an important

source of early strength of cement-based materials. Compared
with the NS0 specimen, the diffraction peak intensity of C3S is
significantly lower in the NS1 specimen, which indicates that

the addition of NS to SCPB can promote the hydrolysis of
C3S, which is extremely beneficial to improve the early strength
of SCPB. Compared with C3S, C2S reacts slowly, thus C2S is
detected in all specimens. This indicates that the addition of

NS can play a catalytic role, which to a certain extent pro-
motes the excitation of sulfate and thus the hydrolysis of gyp-
sum, thus increasing the production of hydration products.
The molecular structures of the hydration products are ana-
lyzed based on FT-IR and the results are shown in Fig. 7(b).

The characteristic peaks of O–H bonds indicate the presence
of water molecules as well as OH– in the hydration products.
The characteristic peaks of the stretching vibration of the O–

H bond in this study are from gypsum at 3620 cm�1 and crys-
talline water of the hydration product at 3370 cm�1. The char-
acteristic peak of the bending vibration is from the crystalline

water of the hydration product at 1640 cm�1. The transmit-
tance of the characteristic peaks of the O–H bonds located
at 3370 cm�1 and 1640 cm�1 in the SCPB samples is signifi-
cantly reduced after the addition of NS, which indicates that

more hydration products such as ettringite and C-S-H are gen-
erated in SCPB, and this result is consistent with the results of
XRD analysis. The characteristic peaks at 1420 cm�1 and



Table 5 Kinetic parameters of thermal decomposition of SCPB.

Sample Stage b(℃/min) E(kJ/mol) A(min�1) f (a)

NS0 1 10 33.1279 2.5410 � 107 (1-a)2

20 1.8741 � 107

30 3.4529 � 107

2 10 188.646 6.3413 � 1012 1-a
20 6.0529 � 1012

30 6.1985 � 1012

NS1 1 10 35.2239 4.1737 � 107 (1-a)3

20 9.1656 � 107

30 6.1643 � 107

2 10 265.1674 2.2767 � 1017 1.5(1-a)[-ln(1-a)]1/3

20 1.8221 � 1017

30 1.7831 � 1017
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868 cm�1 are the characteristic peaks of stretching vibration
and bending vibration from the C-O bond of the carbonated

products. The characteristic peak at 1163 cm�1 is the bending
vibration peak of the S-O bond of SO4

2- in gypsum and it is rel-
atively low, which indicates that the gypsum in cement partic-
ipates in the hydration reaction to a high degree. The

characteristic peaks near 989 cm�1 and 693 cm�1 are the vibra-
tional shrinkage peaks of the Si-O bond of silicon-oxygen
tetrahedra (SiO4) in C-S-H, and the characteristic peaks near

528 cm�1 are the vibrational shrinkage peaks of the Al-O bond
of aluminum-oxygen tetrahedra (AlO4) in ettringite. The addi-
tion of NS to SCPB reduced the transmittance of the above 2

characteristic peaks, which indicates that more hydration
products are generated.

The SEM images, 3D grayscale images, C-S-H molecular
structure, and UCS test results of SCPB are shown in Fig. 7

(c)-(f). From the SEM images, the microstructure of SCPB is
mainly composed of solid particles, C-S-H gels, Ca(OH)2 crys-
tals, ettringite crystals, and pores. The NS0 specimen contains

a large number of pores with dendritic crystals of ettringite dis-
tributed in the pores, accompanied by a few C-S-H gels
(Sargam et al., 2021). The ettringite crystals in the NS1 speci-

men are encapsulated by the C-S-H gel to fill the pores, and
thus its pores are less (AlKhatib et al., 2020). The three-
dimensional grayscale image can quantitatively reflect the

integrity of the microstructure of SCPB, and the higher the
grayscale value the more complete its structure is, and at the
same time its UCS is larger. The average grayscale value of
99.04 for the NS0 specimen and 106.82 for the NS1 specimen

indicate that the integrity of the SCPB structure is improved by
the addition of NS, which is consistent with the observation of
SEM images (Hu et al., 2023). The UCS of the NS0 specimen

is 0.68 MPa and the UCS of the NS1 specimen is 0.80 MPa,
and the UCS is enhanced by 17.65% under the condition that
the average greyscale value is increased by 7.86%. In general,

the addition of NS to SCPB generates more hydration prod-
ucts such as C-S-H and ettringite. These hydration products fill
in the solid inter-particles, resulting in a reduction of pore
space, an increase in structural integrity, and an increase in

the macroscopic strength of SCPB (Guo et al., 2021).
The Ca/Si (C/S) ratios of the C-S-H gels of NS0 and NS1

specimens are 2.05 and 1.69, respectively, using an energy spec-
trum analyzer. The molecular structures of the two C-S-H gels
constructed using molecular dynamics indicate that the aver-

age silica chain length of C-S-H is 3.04 at a C/S of 1.69 and
decreases to 2.70 at a C/S of 2.05. The decrease in the length
of the silicon chain means that the strength of the molecular
structure of C-S-H is weakened. In addition, C/S has a more

significant effect on the water content of C-S-H. When C/S
is 1.69, H2O/Si (H/S) is 1.74; when C/S increases to 2.05, H/
S increases to 2.37. The increase of water molecules in C-S-

H means that its SiO2 group decreases and defects are created
in the silicon chains in the structure, which is the reason why
the apparent activation energy E of the first stage of thermal

decomposition (corresponding to the decomposition of hydra-
tion products) of the NS0 specimen is lower than that of the
NS1 specimen. Therefore, the larger the H/S, the more unstable
the C-S-H structure is, and the macroscopic performance of the

strength of SCPB is reduced. It can be seen that SCPB doped
with NS generates C-S-H gels with lower C/S and higher stabil-
ity, and these gels fill the pores and enhance the structure of

SCPB, which in turn enhances the strength of SCPB.

4. Conclusion

In this research, the formation mechanism and characteristics of the

hydration products of SCPB are investigated by a series of experiments

and combined with the kinetics of thermal decomposition. There are 2

main stages of the thermal decomposition of SCPB. The substances

that undergo thermal decomposition reactions in the first stage are

mainly hydration products such as ettringite and C-S-H, and the sub-

stances that undergo thermal decomposition reactions in the second

stage are carbonates. As the heating rate increases, the heat absorption

peaks of the different thermal decomposition stages are shifted toward

higher temperatures. The kinetic models for both thermal decomposi-

tion stages of SCPB are reaction order models. After adding NS, the

apparent activation energy and pre-exponential factor of its first stage

increased by 6.3% and 153.3%, respectively; the apparent activation

energy of the second stage increased by 40.6% and the pre-

exponential factor increased exponentially. This indicates that the

hydration products of SCPB with the addition of NS are more stable

in structure on the one hand, and on the other hand, it shows that NS

plays the role of activator in the thermal decomposition process of

SCPB. NS can promote the hydrolysis of C3S and gypsum, increase

the production of hydration products, and thus enhance the strength

of SCPB. In addition, NS will have a pozzolanic reaction in SCPB,



Fig. 7 The micro analysis results: (a) XRD, (b) FTIR, (c) and (d) are SEM, grayscale analysis, and C-S-H molecular structure of NS0

and NS1 respectively, (e) and (f) are SEM of NS0 and NS1 respectively.
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and the C/S and H/S of the resulting C-S-H gels decrease, and the aver-

age silicon chain length and SiO2 groups increase, which leads to the

structural enhancement of the C-S-H gels. This is one of the reasons

for the increased strength of SCPB. The results of the research have

important significance for the performance optimization and efficient

utilization of SCPB.
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