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Abstract

The main chemical component of high-silicon iron tailings (HSITs) is SiO,; HSITs also include some oxides such as Al,O4
and CaO. Mechanical activation can reduce the particle size of HSITs and enhance their pozzolanic activity such that they
can be used as a type of mineral admixture for cement-based materials (CBMs). This study aims to investigate the mechanical
activation (ultrafine grinding) effects of HSITs, including physical and crystallization structure effects. The particle distribu-
tion, specific surface area, density, and solubility of HSITs were tested using laser particle size analysis and other routine
physical testing methods. Their crystal structures were analyzed using X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), and differential scanning calorimetry-thermogravimetry (DSC-TG). Grinding reduced the particle size
of HSIT particles and increased their specific surface area, wherein the minimum D50 was 5.75 pm, the maximum specific
surface area was 7608 m?/kg, and the corresponding grinding time was 3.5 h. With an increase in grinding time, the solubil-
ity showed an increasing trend; however, the density showed a decreasing trend. The change was fast before 3.5 h or 4 h and
then slowed down, but the final solubility was still higher than its initial level, while the final density was still lower than its
initial level. Grinding reduced the degree of crystallization of the minerals in HSITs and increased the microscopic strain
and disorder of its crystal structure. These changes were significant for a grinding time of 0-3.5 h, after which the changes
tended to be slow. The symmetry and integrity of the SiO, structure decreased with grinding. The activity index of the HSIT
powder was higher than 0.6. Ultrafine grinding improves the particle size distribution of HSITs and reduces the crystallinity
of their main minerals, which in turn increases their chemical reactivity. It can be said that ultra-finely ground HSIT powder
is pozzolanic and can be used as a mineral admixture for CBMs, and its grinding limit can be inferred to be 3.5 h.
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Abbreviations Introduction

HSITs high-silicon iron tailings

CBMs cement-based materials China is rich in iron ore resources, and the exploitation of

DPI diffraction peak intensity iron ore has greatly contributed to the development of the

FWHM  full width at half maximum national economy and the improvement of living standards.

XRD X-ray diffraction However, the large amounts of iron tailings produced in the

FTIR Fourier transform infrared spectroscopy beneficiation process have caused significant environmental

DSC-TG differential scanning problems. The inventory of iron tailings has reached 5000
calorimetry-thermogravimetry million tons in the country and is steadily growing at more

than 300 million tons per year (Lv et al. 2021). Its recycling
rate, however, is less than 10% (Zhang et al. 2020a; Wu and
Liu 2018; Zhang et al. 2020b).

High-silicon iron tailings (HSITs) are a major type of iron
tailings. HSITs are mainly composed of SiO,; it can also
include oxides such as Al,0; and CaO. The chemical con-
Responsible Editor: George Z. Kyzas stituents of HSITs are similar to those of pozzolanic materials;
therefore, HSITs have great potential as mineral admixtures for
cement-based materials (CBMs). However, HSITs are inert
and do not exhibit pozzolanic activity at room temperature
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(Yao et al. 2020; Wu et al. 2020); therefore, a certain activa-
tion treatment is required before they can be used as mineral
admixtures for CBMs.

The main activation methods for tailings include mechani-
cal, chemical, thermal, and compound activation (Saedi et al.
2020; Li and Hitch 2017). Mechanical activation (Wang et al.
2022; Zhang et al. 2022a; Li and Hitch 2017; Allahverdi and
Mabhinroosta 2013; Sajedi 2012) involves applying mechanical
energy to the tailings, such as through grinding; this changes
its physical and chemical properties, such as particle size,
specific surface area, density, and crystalline state. Chemical
activation (Akinyemi et al. 2022; Yu et al. 2022; Zhang et al.
2022b; Perumal et al. 2021; Kiventera et al. 2018) is the use of
an organic or inorganic reagent to stimulate the activity of the
tailings. After adding a certain amount of chemical activator,
the silicon oxygen tetrahedron or aluminum oxygen tetrahe-
dron in the tailings is decomposed and can then be repolymer-
ized in a suitable solution environment to form a new struc-
ture. Thermal activation (de Magalhaes et al. 2020; Souri et al.
2015; Ferreiro et al. 2013) involves using a high-temperature
calcining method to change the structure of minerals or allow
minerals to undergo phase transformation, thereby changing
their physical and chemical properties. Compound activation
(Chen et al. 2022a, 2022b; Jiang et al. 2022; Vargas and Lopez
2018) is usually a combination of two activation methods, such
as thermochemical activation. Among these methods, the
mechanical activation method is relatively simple and easy
to use because it does not require a high temperature or any
chemical activator during the operation process; therefore, this
method is widely used in the activation treatment of HSITs.

CBMs, such as concrete, are globally used as a construc-
tion material. However, the large-scale use of such materials
causes environmental problems. For example, the production
of cement consumes natural resources and emits CO, (Chen
et al. 2022a, 2022b). A large number of researchers have
made great efforts toward reducing carbon emissions among
which replacing part of the cement with mineral admixtures
to prepare CBMs is an effective method (Tushar et al. 2022).
Traditional mineral admixtures primarily include fly ash and
granulated blast furnace slag powder (Lv et al. 2022); the use
of these materials decreases the amount of cement in CBMs
and reduces the environmental impact of cement production
(Vargas and Lopez 2018). Owing to the increasing use of
mineral admixtures, the development of new types of min-
eral admixtures is crucial for the sustainable development of
CBMs (Yao et al. 2020). Studies (Cheng et al. 2022; Cheng
et al. 2020; Cheng et al. 2016; Han et al. 2022; Han et al. 2020)
have shown that when HSITs are mechanically ground, their

particle size reduces and their pozzolanic activity increases,
making it possible for them to be used as a mineral admixture
in CBMs.

However, based on the existing literature, research on
HSITs as a new mineral admixture, is limited, particularly
regarding its ultrafine grinding effect. To further develop
and utilize this mineral admixture, it is important to study its
grinding effect and related mechanisms. This study aims to
systematically investigate the mechanical activation (grind-
ing) of HSITSs to evaluate the effect on its physical and crys-
tallization structure. The results are of great significance
for revealing the mechanism of mechanical activation and
providing a theoretical basis for further research on mineral
admixtures made using HSITs.

Properties and grinding methods of HSITs

HSITs were obtained from a tailing pond in Hebei Province,
China. The main chemical constituents are SiO,, followed
by Fe,05, MgO, CaO, and Al,O; (Table 1); the main min-
eral constituent is quartz (Fig. 1); the shape of the particles
is irregular, and the surface of the particles is uneven and
angular (Fig. 2); the particle size is mainly distributed in
the range of 50-150 pm (Fig. 3), and the D50 and specific
surface area are 132 pm and 122 m?/kg, respectively.

In this study, grinding was used as the mechanical acti-
vation method of the HSITs. The grinding equipment was a
planetary ball mill (product model XQM-4), manufactured
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Fig.1 XRD patterns of the HSITs

Table 1 Main chemical Sio,

Fe,O
constituents of the HSITs/wt% 23

MgO

Ca0 ALO, AIPO, SO, TiO, LOI

78.690 5.527 4.310

2.873 2.156 1.850 0.093 0.079 2.283
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Fig.2 Particle morphology of
the HSITs. a x100. b x500
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Table 2 Main technical parameters of the planetary ball mill

Model Power supply Rated power/ Rotation Total running
kW speed of the  time range/
mill tank/ min
rpm
XQM-4 220 V/50Hz 0.75 70-670 1-9999

by Changsha Tianchuang Grinding Technology Co., LTD.,
China. The main technical parameters are listed in Table 2,
and the internal structure is shown in Fig. 4.

The working principle of the mill is that the four ball
milling tanks mounted on a turntable revolve with the
turntable and simultaneously make planetary rotation in
reverse direction on its own axis. The grinding balls and
the materials in the tanks collide, shear, and rub each other
to reduce the size of the material. After grinding, the mini-
mum particle size of the materials could reach 0.1 pm.

@ Springer
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Repeated pre-tests were performed to obtain a higher
grinding efficiency. The grinding parameters are listed in
Table 3.

Physical effects of grinding of HSITs
Test design
Determination of particle size and specific surface area

The particle size and specific surface area of the HSITs
were measured using a laser particle size analyzer. A laser
particle size analyzer used laser diffraction technology
to measure the particle size of the sample. The working
principle is that when a laser beam passes through the
dispersed particle sample, the particle size is accurately
determined by measuring the scattered light intensity of
the sample, which is used to obtain the particle size dis-
tribution diagram and specific surface area.

The laser particle size analyzer used in this study was a
Mastersizer 3000, manufactured by Malvern Instruments
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Fig.4 Internal structure of the planetary ball mill

Table 3 Grinding parameters

Ball-to-material ratio  Ratio (by mass) of Rotating speed/r/min

(by mass) balls with diameters
of 15, 12, 10, 8, and
5 mm
3.75:1 10:10:25:25:30 (aver- 360

age ball diameter
8.70 mm)

Ltd., UK, and the test particle size range of the equipment
is 0.01-3500 pm.

Determination of density
The density was calculated using the pycnometer test

method, which is a highly accurate method for determining
the densities of powders and particles.

The sample was placed into a pycnometer, the air bubbles
in the pycnometer were removed at a constant temperature,
the volume of water discharged from the pycnometer was
measured by the sample, and the density of the sample was
calculated based on the volume and mass of the sample.
There were four samples in each group and the average val-
ues were calculated.

Determination of solubility

Under constant temperature conditions, the sample and
water were put into a beaker, and the beaker was placed in
a blender for 30 min and then allowed to stand for a while.
The composition of the upper solution was analyzed to test
the solubility at this temperature.

We averaged the value of 9 samples in each group.

Results and discussion
Particle size and specific surface area

The particle size varied with grinding time, as shown in
Table 4. Table 4 indicates that after grinding for 0-3.5
h, the D50 exhibits a rapid downward trend from 132
to 5.75 pm at a decreasing rate of 95.64%. This is the
result of rapid particle breakage caused by initial grind-
ing (Wang et al. 2022). After grinding for 3.5-5 h, the
D50 increases from 5.75 to 6.55 pm at a growth rate
of 13.91%. This is due to particle aggregation (Perumal
et al. 2020; Alex et al. 2014; Sajedi 2012) caused by
extra surface energy (Sajedi 2012; Sajedi and Razak
2011). After grinding for 5-7 h, the D50 changes from
6.55 to 6.75 pm at a change rate of 3.1%. The fluctuation
range is small, during which the HSIT particles enter
the dynamic equilibrium stage of crushing, refining, and
agglomeration, that is, reaching the grinding limit (Peru-
mal et al. 2020).

Table 4 records that the particle size is smallest after
grinding for 3.5 h. Figure 5 shows that the curve of
particle size distribution shifts significantly to the left
and widens (Fig. 5a), indicating that the particle size
decreases and the particle distribution becomes more
uniform after grinding.

The changes in the specific surface area with grinding
time are listed in Table 5. As listed in Table 5, the specific
surface area increased rapidly from 122 to 7608 m?/kg dur-
ing grinding for 0-3.5 h. An increase of 61.36 times that

Table 4 D50 of HSIT particles
under different grinding times

Grinding time/h 0 2

2.5 3 35 4 4.5 5 7

D50/p m 132 8.29

6.90 6.06 5.75 5.86 6.44 6.55 6.75
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Fig.6 Relationship between particle size and specific surface area of
HSITs

may be attributed to the combined effect of grinding-induced
particle breakage, internal microcracks, and pores (Wang
et al. 2022). During grinding 3.5-5 h, the specific surface
area decreased from 7608 to 6487 m*/kg at a decreasing rate
of 14.73%. The specific surface area changes from 6487 to
6604 m*/kg with a small change rate of 1.8% during grinding
for 5-7 h. The reduction of specific surface area is because
the particle aggregation rate is higher than the breakage
rate. The decrease tends to be stable after grinding reaches
a certain level (Li et al. 2022). Studies have shown that the
variation in specific surface area with grinding time is nega-
tively correlated with the variation in particle size (Fig. 6),
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Grinding time/h

Fig. 7 Variation in density of HSITs with grinding time (error bars
indicate mean values with standard error of the mean, which were
calculated using GraphPad Prism 8.3.0.)

which is similar to the relevant law obtained by Kitamura
and Senna (2001).

Furthermore, based on the particle size and specific sur-
face area, the grinding limit of the HSITSs in this study can
be inferred to be 3.5 h.

Density

The variation in density with the grinding time is shown in
Fig. 7. Figure 7 shows that the density exhibits a downward
trend after grinding for 0—4 h, at a decrease rate of 5.05%,
during which the particles are quickly broken and refined.
Under a strong mechanical force, cracks or voids inside the
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particles increases, or ultrafine grinding may cause an amor-
phous layer (Perumal et al. 2020; Kitamura and Senna 2001)
on the surface of the particles, resulting in a decrease in
the density. After grinding for 4-7 h, the density increased
slightly at a rate of 0.80%. This is because after the grinding
limit, the particles are in a dynamic balance of refinement
and aggregation, during which the particles suffer from vio-
lent mechanical collision and grinding; the internal cracks or
voids are continuously squeezed and welded (Sahraoui et al.
2016) resulting in an increase in the density; however, the
compaction inside the particles is a physical phenomenon
and will not form the tightest internal structure, so the final
density is still less than the initial density-

Solubility

Figure 8 presents the variation in solubility with grind-
ing time. As shown in Fig. 8, the solubility showed an
upward trend after grinding for 0-3.5 h, at a growth rate
of 31.06%. On the one hand, with the progress of grind-
ing, the particle size decreases, while the specific surface
area increases, which expands the contact area between
HSIT particles and water, leading to the rise of solubil-
ity (Tonsuaadu et al. 2011); on the other hand, ultrafine
grinding may cause the amorphization (Perumal et al.
2020; Kitamura and Senna 2001) of minerals in HSITs
and the formation of an amorphous layer on the surface
of the particles, thereby increasing the solubility (Chen
et al. 2019). After grinding for 3.5-7 h, the solubility
decreased slightly at a reduction rate of 6.74%. This was
due to particle aggregation after the grinding limit that
reduced the contact area between the particles and water.
However, despite the occurrence of particle aggregation,
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Fig. 8 Variation in solubility of HSITs with grinding time (error bars
indicate mean values with standard error of the mean, which were
calculated using GraphPad Prism 8.3.0.)

the specific surface area was still larger than the initial
one, and thus, the minimum solubility was higher than
the initial solubility.

Crystallization structure effects of grinding
of HSITs

Test design
X-ray diffraction (XRD)

XRD is a technique for analyzing the structure of mate-
rials using the diffraction effect of X-rays by crystals.
When a beam of monochromatic X-rays is incident on
a crystal, the X-rays scattered by different atoms inter-
fere with each other, resulting in strong X-ray diffraction
in specific directions. The orientation and intensity of
the diffraction lines in space are closely related to their
crystal structure.

The crystal structure changes of the main minerals in
the HSITs with grinding time were analyzed using XRD.
The instrument used was an X Pert Pro polycrystalline
X-ray diffractometer developed by PANalyticalin in the
Netherlands. The 20 test range was 0—167°, the test accu-
racy was 20 + 0.01°, and the test data were analyzed using
MDI Jade 6.0.

Fourier transform infrared spectroscopy (FTIR)

Infrared spectroscopy can be used to study the structure
and chemical bonds of molecules as well as to characterize
and identify the chemical species. A beam of infrared light
having different wavelengths irradiates the molecules of
the substance. Some infrared rays of specific wavelengths
are absorbed to form the infrared absorption spectrum
of this molecule. Each molecule has a unique infrared
absorption spectrum determined by its composition and
structure, which can be used for structural analysis and
identification.

A Fourier infrared spectrometer (IR Affinity-1) was
used to obtain more information about the crystal struc-
tures of the HSIT samples. We used an infrared spectrom-
eter with a wavenumber range of 7800-350 cm™! and a
resolution of 0.5-16 cm™!, developed by Shimadzu Cor-
poration, Japan. Changes in the infrared spectral charac-
teristic bands with grinding time were observed to reveal
the law of chemical bonds in the grinding process.

@ Springer



73332

Environmental Science and Pollution Research (2022) 29:73326-73340

Differential scanning calorimetry-thermogravimetry
(DSC-TG)

The DSC-TG method can accurately measure and record a
series of physical and chemical phenomena such as water
loss, decomposition, phase transformation, redox, and lat-
tice destruction and reconstruction of a substance during the
heating process.

DSC-TG experiments were carried out to evaluate the
relationship between thermal energy and mass change of
HSIT samples, in order to reveal the influence of mechani-
cal grinding on the crystal structure and physicochemical
properties of HSITs based on its thermal properties.

In the tests, the heating rate was controlled at 10 °C/min
in a nitrogen environment, and a synchronous thermal ana-
lyzer (STA449F3) manufactured by NETZSCH, Germany
was used.

XRD results and analysis

Diffraction peak intensity (DPI), full width at half maximum
(FWHM), and crystallinity

The diffraction peaks of the quartz crystal faces for different
grinding times are shown in Fig. 9.

As shown in Fig. 9a, the DPI of each crystal face of
quartz decreased to different degrees under the action of
mechanical force. Although the DPI of some crystal faces
increases for 3.5-7 h, the increase was small and still lower
than the initial value; on average, the DPI of each crystal
face decreased by 36.06%. Figure 9 b—g show that with the
grinding time, the diffraction peaks shift and exhibit a broad-
ening trend. Similarly, the FWHM of the diffraction peak
decreases for 3.5-7 h, but the reduction was small, and the
diffraction peaks of each crystal face broadened by 39.35%
on average.
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During the grinding process, the mechanical energy
generated by cutting, compression, tension, bending,
and impact is converted into unstable energy on the lat-
tice surface, which destroys the crystal structure of the
solid surface, resulting in a decrease in the DPI (Wang
et al. 2022). In addition, the DPI decreases owing to
the mechanical force that causes the amorphization of
quartz (Kitamura and Senna 2001). With an increase in
the grinding time, the degree of amorphization increases,
but the diffraction peaks do not completely disappear,
indicating that the amorphization is limited to the local
region. This is because of the greater grinding resistance
of minerals (Li et al. 2022). This can be further studied
in order to adjust the grinding efficiency. The diffraction
peaks shift and broaden because of the decrease in the
crystal grain dimensions and the increase in the micro-
scopic strain of quartz caused by the mechanical force
(Yang et al. 2022; Alex et al. 2014). The small fluctua-
tions in DPI and FWHM after the grinding limit may be
because the particles are in an unstable high-energy state
during the dynamic equilibrium process of crushing and
agglomeration, causing some changes in their microstruc-
ture. This can be a topic of further research.

Crystallinity reflects the degree of crystallization. It can
be inferred from the variation in the DPI and FWHM with
the grinding time that the crystallinity changes correspond-
ingly. Therefore, the crystallinity was determined based on
the XRD patterns (Li et al. 2022) using MDI Jade 6.0. The
results are listed in Table 6.

Table 6 records that mechanical force reduces the crys-
tallinity, which is consistent with the results in Wang et al.
(2022) and Ermolovich and Ermolovich (2016). For the
period 0-3.5 h, the crystallinity dropped quickly, down by
59.33%. After 3.5-7 h, the crystallinity dropped slowly,
down by 31.94%. Although the crystallinity fluctuates
slightly after the grinding limit, the general trend was
decreasing. This is consistent with the change law of DPI
and FWHM. The reason for the decrease in crystallinity
is that grinding destroys the crystal structure and forms
defects (Boldyrev 2006; Wang et al. 2022); the continuous
high-energy effect of grinding can cause the minerals such
as quartz to transform from crystalline state to amorphous
state (Zielinski et al. 1995; Chen et al. 2019).
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Fig. 10 Variation of crystal grain dimension and microscopic strain
with grinding time

Crystal grain dimension, microscopic strain, and Debye-
Waller factor

Furthermore, the crystal grain dimension, microscopic
strain, and Debye—Waller factor were analyzed using MDI
Jade 6.0.

The changes in crystal grain dimensions and microscopic
strain are plotted in Fig. 10. Figure 10 shows that the crystal
grain dimension decreased, whereas the microscopic strain
increased with grinding time. The two have an inverted
relationship, and both have a larger range of change for the
period 0-3.5 h and a smaller range of change for the period
3.5-7h.

The decrease in crystal grain dimensions and increase in
microscopic strain have confirmed the existence of micro-
crystalline boundaries and defects (Alex et al. 2014). Under
the action of mechanical force, when the internal stress in the
HSIT particles is greater than the ultimate shear stress of lat-
tice sliding, the lattice slips and fragments. The mechanical
grinding energy is primarily converted into microstructural
strain and deformation of the particles (Wang et al. 2022),
resulting in a decrease in the crystal grain dimension and
corresponding increase in the microscopic strain. A decrease
in the crystal grain dimension causes the grain boundary to
increase, leading to an increase in the microscopic strain
because part of the energy is stored in the grain boundaries
(Sasikumar et al. 2009). Furthermore, the variation law of
the crystal grain dimension and microscopic strain strongly
supports the broadening of the diffraction peaks of each
crystal face (Ermolovich and Ermolovich 2016; Yang et al.
2022) of quartz, as shown in Fig. 9.

Table 6 Crystallinity under

Grinding time/h 0 2
different grinding times rinding tme

2.5 3 35 4 4.5 5 7

Crystallinity/% 100

56.13

50.87 43.15 40.67 40.74 34.12 31.47 27.68
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Fig. 11 Variation in Debye—Waller factor with grinding time

The Debye—Waller factor exhibits an upward trend with
grinding time, as shown in Fig. 11.

The Debye—Waller factor characterizes the dynamic char-
acteristics of the crystal lattice (Purushotham and Krishna
2015), reflects the vibration amplitude of the atom, and cor-
responds to the disorder of the structure. As the grinding
progresses, mechanical energy is continuously stored inside
the crystal grains such that the internal energy increases,

FTIR results and analysis

The infrared spectra of the HSIT samples with different
grinding times are shown in Fig. 12.

Absorption bands in the FTIR spectra of microcrystalline
solids are often assigned to vibrations of ions in the crystal
lattice (Li and Hitch 2017), and changes in the microstruc-
ture can be analyzed according to the number and location
of absorption bands (Xu et al. 2017). The basic spectra were
characterized by the absorption bands of Si-O stretching
vibration, Si-O-Si stretching vibration, and Si-O-Si bending
vibration at 1000-1200 cm™", 600-800 cm™', and 400-600
cm™!, respectively (Chen et al. 2022a, 2022b).

As shown in Fig. 12, after grinding, the Si-O stretch-
ing vibration absorption bands quickly degenerated and
widened, indicating that grinding destroyed the Si-O bond
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Fig. 12 (continued)

(Chen et al. 2022a, 2022b) and the order, integrity, and sym-
metry of the crystal structure were destroyed, as well. The
transformation from crystalline to amorphous occurred (Li
and Hitch 2017; Wei et al. 2017).

During the milling process, the Si-O bond was cut-off
first, and the unsaturated valence bond on the crushed sec-
tion may have caused recombination and polymerization to
form O-Si-O or Si-O-Si, which would restore the symme-
try to a certain extent, resulting in a slight increase in the
intensity of the symmetric stretching vibration absorption
bands. The bending vibration absorption bands were split
and sharp, demonstrating that the vibrational activity of the

(@)

refined grains was enhanced (Fig. 11), and the enhanced
vibration led to the splitting of the peak (Hao 2001).

The analysis results of the infrared spectra further indi-
cated that grinding changed the crystal structure of the main
minerals of HSITs, and this was confirmed by the XRD
analysis results.

DSC-TG results and analysis
The DSC-TG curves are shown in Fig. 13.
As shown in Fig. 13, a more obvious exothermic peak

appears on the DSC curve after grinding, which is due to
the appearance of amorphous state caused by grinding, and
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the amorphous crystallization releases heat (Wen and Lu
2006). At the same time, it is observed that the exothermic
peak gradually shifts to a low temperature, which can be
attributed to the reduction in heat required for structures
destroyed by mechanical grinding (Sahraoui et al. 2016).
In the TG curve of the ground sample, an obvious weight
loss process appears at a lower temperature (200-400 °C).
The mass changes with different grinding times when the
temperature rises to 900 °C are listed in Table 7.

@ Springer

Table 7 indicates that with the extension of grind-
ing time, the mass change increases, demonstrating that
the chemical reaction of ground HSITs is easier to carry
out (Vargas and Lopez 2018), and the reaction degree
increases with the grinding intensity. This is attributed to
the lattice distortion, structural disorder, and the forma-
tion of an amorphous layer at the surface of the minerals
caused by the mechanical force, which has been confirmed
by the aforementioned XRD and FT-IR test results. Thus,
the DSC-TG analysis and the thermal behavior verified
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Fig. 13 (continued)
Table 7 Mass loss under A
Grinding time/h 0 2 2.5 3 35 4 4.5 5 7

different grinding times

Table 8 Main constituents of
cement

Table 9 Main technical
indicators of cement

Mass loss/%

1.92602 2.94308 2.97691 3.07640

3.13531 3.16333 3.37129 3.41171 3.59866

Main chemical constituents/%

Main mineral constituents/%

CaO Sio, Al O4 Fe,04 MgO SO, LOI (O C,S C;A C,AF

64.12 20.97 5.10 3.65 3.02 091 1.69 51 21.4 9 11

Setting time/min Soundness Compressive strength/MPa Flexural strength/
MPa

Initial Final 3d 28d 3d 28d

135 190 Qualified 27.4 50.5 5.6 8.7
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Table 10 Mortar mix ratio

Cement/g Sand/g  HSIT powder/g Water/ml

M 4502 13505 O 225+1
M-2,M-2.5,M-3, 315+2 1350+5 135+2 225+ 1
M-3.5, M-4,
M-4.5, M-5,
M-7
60

Compressive strength/MPa

M M-2 M-25 M-3 M-3.5 M-4 M-45 M-5 M-7

Fig. 14 Compressive strength of the mortar (error bars indicate mean
values with standard error of the mean, which were calculated using
GraphPad Prism 8.3.0.)

that the mechanical force caused a change in the crystal
structure of the main minerals of the HSITs.

Compressive strength of the cement-HSIT
powder composite mortar

Cement-HSIT powder composite mortars were prepared,
in which the HSIT powder content was 30%. The mortar
compressive strength test was conducted according to
the National Standard of the People’s Republic of China
Method of testing cements-Determination of Strength
(GB/T17617-1999).

Materials and mortar mix ratio

Raw materials

(1) Cement: ordinary Portland cement with a strength
grade of 42.5; its main components and technical indi-
cators are listed in Tables 8 and 9.

(2) Aggregate: standard sand that meets the national stand-
ard of the People’s Republic of China China ISO Stand-
ard Sand (GSB08-1337-2001).

(3) Iron tailings powder: made by grinding HSITs
(described in the second section) for 2, 2.5, 3, 3.5, 4,
4.5,5,and 7 h.

(4) Water: drinking water.

Mix ratios of mortar

The mortar mix ratios are listed in Table 10.

In Table 10, M represents cement mortar; M-2, M-2.5, M-3,
M-3.5, M-4, M-4.5, M-5, and M-7 represent mortars mixed
with 30% HSIT powder, where the corresponding grinding
times are 2, 2.5, 3,3.5,4, 4.5, 5, and 7 h, respectively.

Results and discussion

Figure 14 shows the compressive strength of the mortar.
According to the figure, the incorporation of HSIT powder
reduces the mortar strength, which changes with the grinding
time. The compressive strength shows an upward trend, rising
faster before 3.5 h and slower after 3.5 h, which is similar to
other performance changes discussed in this paper. In addition,
it reflects the existence of a grinding limit of 3.5 h.

Refer to National Standard of the People’s Republic of
China Technical Code for application of mineral Admixture
(GB/T51003-2014) to calculate the activity index of HSIT
powder, that is, the ratio of the compressive strength of the
mortar mixed with 30% HSIT powder to the compressive
strength of the control mortar; the activity indexes are shown
in Table 11.

The People’s Republic of China ferrous metallurgy industry
standard Iron Tailings Powder Used for Cement and Concrete
(YB/T4561-2016) stipulates that the activity index of the iron

Table 11 Activity index of the M-2
HSIT powder

M-2.5 M-3

M-3.5 M-4 M-4.5 M-5 M-7

0.7374 0.7457

0.7671

0.8108 0.8231 0.8505 0.8515 0.8630
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tailings powder used in cement and concrete should be greater
than or equal to 0.6. Table 11 shows that all activity indices
are greater than 0.6; therefore, the activity of the ground HSIT
powder in this study meets the specifying.

In this study, the SiO, content of the HSITs was 78.69%.
This meets the requirement of the SiO, content (not less than
60%) of the iron tailing powder used in cement and concrete
stipulated by YB/T4561-2016. As a mineral admixture for
CBMs, iron tailing powders should exhibit particle filling and
pozzolanic activity. The study has confirmed that the particle
size of HSITs after grinding is greatly reduced and smaller
than that of cement particles. Therefore, it has good filling
performance; at the same time, grinding weakens the crys-
tallization degree of quartz, the main mineral in the HSITs,
making it partly amorphous and thus improving the reactivity
of HSITs (Zhang et al. 2021).

Conclusions

The study shows that mechanical force changes the physi-
cal and chemical properties of HSITs and changes the crys-
tal structure of their main minerals to a certain extent, thus
improving the reactivity. The major conclusions are as follows:

(1) Grinding improves the particle size distribution of
HSITs and increases their specific surface area; grind-
ing decreases the density and increases the solubility
of HSITs.

(2) Grinding reduces the degree of crystallization of the
minerals in HSITs and increases the microscopic strain
and disorder of the crystal structure.

(3) The chemical reaction of the ground HSITs proceeds
more easily, and the activity index of the HSIT powder
is higher than 0.6.

(4) The grinding limits of the HSITs were determined as
35h.
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