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Abstract: The preparation of cement-based supplementary cementitious materials is an important
method for the efficient use of iron tailings and the reduction in CO2 emissions. The aim of this
study is to improve the reactivity of iron tailings by mixing them with steel slag, slag, and fly ash
through orthogonal tests to solve the problem that iron tailings cannot be utilised on a large scale.
The compressive strength, hydration products, and microstructure of the iron tailings–cement-based
supplementary cementitious materials were investigated using ICP-OES, XRD, TG, FTIR, and SEM.
The results revealed that each solid waste raw material played a distinct role in the hydration
reaction. In the iron tailings–cement-based supplementary cementitious materials system, steel
slag provided Ca2+, OH−, and Si4+ ions, slag provided Ca2+ and Al3+ ions, fly ash contributed
a significant amount of Ca2+ and Al3+ ions, and iron tailings offered more nucleation sites and
some Si4+ ions for the hydration products. Moreover, there was a synergistic effect among these
four materials, promoting the formation of hydration products such as ettringite, C-(A)-S-H gels,
and others. When the proportion of IOTs:SS:FA:SL was 9:8:8:2, the highest 7 d compressive strength
of cementitious material was 24.8 MPa. When the proportion of IOTs:SS:FA:SL was 9:6:8:4, the
highest 28 d compressive strength of cementitious material was 35.0 MPa. This study provides a
comprehensive solution for the utilisation of iron tailings and contributes to the high-value green
utilisation of solid waste.

Keywords: iron tailings; supplementary cementitious material; mechanical properties; microstructure;
synergistic effect

1. Introduction

Iron tailings (IOTs) are waste residue with the dual characteristics of secondary re-
sources and environmental pollution produced after ore dressing, which is the main
component of industrial solid waste [1–4]. Data show that China’s existing IOT stockpile
has exceeded 5 billion tonnes, and the annual emissions of new IOTs are nearly 300 million
tonnes, but the comprehensive utilisation rate of IOTs is only 27.69% [5]. Therefore, in
recent years, the recycling of IOTs has gradually received attention, and more and more
treatment methods have been proposed [6,7]. As some of the physicochemical properties
of IOTs themselves are very comparable to those of current cement-based building materi-
als, the utilisation of IOTs for construction materials is already one of the common ways of
utilizing IOT resources, which mainly includes the production of cement and concrete, road
construction materials, and building bricks, as well as high-value construction products such
as microcrystalline glass, foam ceramics. and aerated concrete [8–10]. However, the current
research mainly focuses on IOT waste rock as concrete aggregate, which largely reduces the
admixture of IOTs in concrete, limiting the application value of ultrafine IOTs, while powdered
IOTs are more likely to cause dust and other environmental problems [11–14]. Therefore, in
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order to make full use of ultrafine IOTs and produce high value-added products, IOTs
can be developed as supplementary cementitious materials (SCMs) for concrete, which
further reduces the cost of producing both cement and concrete products, and achieves
the purpose of multi-functionality between the utilisation of solid waste resources and the
green production of concrete products [15–17]. While it is feasible to add small amounts of
IOTs to cementitious supplementary cementitious materials, this may not fulfil the origi-
nal purpose of researching SCMs, which were actually developed and applied to reduce
clinker usage and hence carbon emissions from cementitious materials [18,19]. However,
about 10 per cent of current IOTs have such little impact on mechanical properties that the
environmental benefits of doing so are negligible [20]. In order to solve the above problems,
Zhang et al. proposed the idea of using IOTs to prepare composite SCMs, which consist of
IOTs and other solid waste materials. It is worth mentioning that the composite SCM also
provides a recycling channel for other solid wastes [21,22].

Steel slag (SS) is a by-product of the steel industry and accounts for approximately
10–15% of crude steel production [23,24]. Unlike blast furnace slag and fly ash, steel slag is
not commonly used in the manufacturing of cement supplementary cementitious materials.
One of the main factors contributing to this is its elevated concentration of free radicals,
such as calcium oxide and magnesium oxide, which can cause the expansion of cement
paste [25]. Consequently, the utilisation rate of steel slag in China is relatively low, resulting
in significant stockpiling and subsequent land occupation and environmental pollution [26].
To address the environmental issues associated with the stockpiling of SS, a solution has
been proposed involving the use of flue gas desulphurisation gypsum and fly ash as the
foundation for the development of green cementitious materials. By incorporating steel
slag or slag into this system, the results have shown that different mineral additives have a
beneficial impact on the system when used in appropriate dosages [27]. In a study by Zhou
regarding fly ash–steel slag binary composite cementitious materials, it was discovered
that the addition of fly ash can mitigate the detrimental effects caused by the expansion of
steel slag, enhance the material’s macrostructure, and improve system stability [28].

Fly ash (FA), as an industrial solid waste from power plants, is widely used to improve
the volume stability, durability, workability, and other basic properties of cementitious
materials because of its smooth surface [29,30]. However, current research has shown that
the compressive strength of the cement–fly ash (P-FA) system is low, especially when the
FA admixture is above 50% of the total mass of concrete [31]. In general, the use of FA
in supplementary cementitious materials is not recommended to exceed 30%, and once it
exceeds 30%, the macroscopic properties of the material will be negatively affected [32].
Therefore, the problem of the low incorporation of FA cementitious materials should be
addressed first. From existing studies [33–35], it can be seen that the synergistic effect
between different industrial waste constituents results in composite cementitious materials
with good mechanical properties. In general, this synergy is caused by two main aspects:
firstly, by the complementary nature of the chemical elements (e.g., Al-Ca and Si-Ca) in the
different feedstocks, and secondly, the particle morphology of different raw materials and
the roughness of the particle surface affect the pore structure of the system, which in turn
affects the macroscopic properties. Therefore, most of the current studies have selected
solid waste raw materials with synergistic effects for use in auxiliary cementitious material
compound preparation.

Multiple solid waste composite supplementary cementitious materials involve the use
of two or more types of industrial solid waste together as raw materials for the preparation
of cementitious materials [36–38]. As a result of the growing construction industry, the
requirements for concrete performance have gradually become higher, and single-mineral
cementitious materials are gradually failing to meet the requirements for the mechanical
and working properties of concrete [39,40]. Therefore, it is imperative to research and
develop new cement-based supplementary cementitious materials to meet the needs of
the concrete industry, increase the amount of cementitious materials, and reduce CO2
emissions from the concrete industry [41–43]. Industrial solid wastes of different natures



Buildings 2024, 14, 1044 3 of 19

can produce optimal complementary advantages during hydration reactions and structure
formation in different systems [44,45]. Therefore, it is important to study the synergistic
effect and hydration between solid wastes, which can provide a theoretical basis for their
effective utilisation [46,47]. The low volcanic ash activity of materials such as SS and IOTs
is one of the main constraints to their resource utilisation. Although there is a synergistic
effect among SS, IOTs, SL, and FA during the hydration reaction, the reaction mechanisms
and product structures among them have not been reported in previous studies [48]. In
this research, multi-faceted solid waste-assisted cementitious materials with IOTs as the
siliceous raw material, SS and SL as the calcareous raw material, and FA as the aluminium
raw material were prepared and characterised by inductively coupled plasma emission
spectroscopy (ICP-OES) for ion leaching behaviour. The mechanical properties of the
mortar were analysed based on its compressive strength. The hydration products were
characterised by XRD, SEM, FTIR, and TG. The synergistic effect between solid waste
materials in the cement-based supplementary cementitious material system was studied. A
flow chart describing the research methodology is shown in Figure 1.
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2. Materials and Methods
2.1. Materials

Ordinary Portland cement (P·O 42.5) was employed in this test. IOTs, SS, FA, and GBFS
were used as SCMs. It should be noted that the GBFS used is a low-quality slag, which is
S95 grade GBFS, as specified in GB/T 18046-2008 [49]. As can be seen from Table 1, the IOTs
used in this study have a high silica content and are high-silica-type iron tailings. Figure 2
displays the X-ray diffraction patterns of the raw materials. The SiO2 in the IOTs exists
as an α-quartz phase, which is a very stable crystal and has a hardness of up to 7 [50,51].
This corresponds to two typical characteristics of IOTs: low reactivity and difficult to grind.
The C3S and C2S in SS makes it exhibit latent hydration properties [52]. Therefore, SS, FA,
and GBFS all have higher activity in cementitious systems, especially in the later stages of
hydration [53]. The granularity profiles of the raw materials are shown in Figure 3. Particle
morphology of the raw materials by SEM are shown in Figure 4. Moreover, the specific
surface area of the binders is listed in Table 1.
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Table 1. Physicochemical properties of raw materials.

Chemical Composition
(wt. %)

Materials

PC IOTs SS FA GBFS

SiO2 28.16 70.46 15.20 60.20 34.50
Al2O3 7.44 0.91 2.53 29.39 17.70
CaO 54.86 2.68 42.65 2.49 34.00

Fe2O3 2.76 14.54 27.54 3.78 1.03
MgO 2.37 11.29 6.05 0.51 6.01
SO3 2.32 0.12 0.12 0.26 1.64

Specific surface area
(m2/g) 1.01 0.83 0.97 1.02 1.23
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2.2. Preparation of Specimens
2.2.1. Preparation of Blend Mortar

Undoubtedly, adjusting the ratio of SS, FA, and GBFS can modify the properties of
composite SCMs. However, the mixture design for three materials is difficult to achieve.
Therefore, a three-factor, four-level orthogonal test design method was used in this study
for composite SCMs, with a total of 96 blend mortar specimens. Table 2 demonstrates the
actual amount of each material and the corresponding orthogonal test levels. IOTs and
composite SCMs account for 10% and 20% of the total mass of the cementitious material,
respectively. The steps for preparing the mortar using a planetary mortar mixer were as
follows. The slurry was first added to the mixing pot. The machine was then controlled
to mix at a slow speed of 140 rpm for 120 s and standard sand was added during the
slow mixing process, followed by a fast continuation of mixing at 285 rpm for 90 s. The
mixing ratio of glue material to sand during the preparation of the specimen samples in
this study was 1:3, based on the Chinese standard (GB/T 12957-2005) [54]. After mixing
was completed, vibration compaction was carried out, and subsequently, the slurry was
placed in moulds of size 40 × 40 × 160 mm. After demoulding, the specimens were kept at
a temperature of 20 ◦C and a humidity of 98%. The unconfined compressive strength tests
were carried out when the specimens were cured for 7 and 28 d.
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Table 2. Mixture design based on orthogonal methods.

Mixture
Mix Proportion Levels

PC IOTs SS FA GBFS Sand Water SS FA GBFS

D1

315

45 30 30 30

1350 225

1 1 1
D2 45 18 36 36 1 2 2
D3 45 13 39 39 1 3 3
D4 45 10 40 40 1 4 4
D5 45 36 18 36 2 1 2
D6 45 36 36 18 2 2 1
D7 45 20 30 40 2 3 4
D8 45 20 40 30 2 4 3
D9 45 39 13 39 3 1 3

D10 45 30 20 40 3 2 4
D11 45 39 39 13 3 3 1
D12 45 30 40 20 3 4 2
D13 45 40 10 40 4 1 4
D14 45 40 20 30 4 2 3
D15 45 40 30 20 4 3 2
D16 45 40 40 10 4 4 1

2.2.2. Preparation of Blend Paste

In order to study the hydration reaction mechanism of SCMs, XRD, TG, and FTIR
tests were carried out. The specimens prepared in this part of the test should be the net
mortar specimens without mixing with the standard sand, and the specimen preparation
process is the same as in the previous test, the only difference being that the specimen
size is 4 × 4 × 4 cm3. After specimen preparation, the specimens were maintained for
a specified time period. The specimens should be processed before the test; firstly, the
specimens were crushed, and then the crushed pieces were placed in isopropyl alcohol to
terminate hydration, and finally, the specimens were dried and ground for further use in
the test.

2.3. Test Procedure
2.3.1. Compressive Strength

The model of the machine used for the compressive strength test was TSY-2000A, and
the loading speed set by the machine was 2.4 kN/s. After completion of the compressive
test, the obtained data were processed, the data values with large errors were deleted, and
the average of the three sets of data was taken as the final test result [54].

2.3.2. X-ray Diffraction

A test X-ray diffractometer was used to analyse the hydration products; the specimen
samples used for the analytical tests had been soaked in isopropanol to terminate hydration
for 6 h and dried and powdered. During the test, 2θ was set from 5◦ to 70◦ and the scanning
speed was set at 10◦/min increments of 0.02◦.

2.3.3. Thermogravimetric Analysis

The sample preparation for thermogravimetry (TG) was the same as for XRD,
i.e., termination of hydration followed by grinding into powder. A test interval of 30–1000 ◦C
was selected for TG, with a heating rate of 20 ◦C/min. The test was performed at a constant
ambient temperature and under a nitrogen atmosphere [55].
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2.3.4. Fourier Transform Infrared

The tests were performed using a Nicolet iS20 Fourier Transform Infrared (FTIR)
spectrometer manufactured by Thermo Scientific (Waltham, MA, USA), with selected
wavelengths ranging from 400 cm−1 to 4000 cm−1. The samples used for the test were
cooled to room temperature and ground before the start of the test. The specimens were
cooled to room temperature before the start of the test and then milled. Upon completion
of the detection test, the characteristic frequency and intensity of the infrared absorption
peaks were used to determine the molecular structure and chemical composition of the
test sample.

2.3.5. Scanning Electron Microscopy

The microstructure of the hydration products of the specimens was analysed and
characterised by SEM, using a TESCAN MIRA LMS (Czech). The test samples were
conditioned for 28 d and hydration was terminated. The samples were cleaned with an
ultrasonic cleaner and dried at 40 ◦C prior to testing.

2.3.6. Inductively Coupled Plasma–Optical Emission Spectroscopy

In order to study the mechanism of the synergistic effect of the hydration reaction
of specimen samples, the change in ion concentration of the specimen samples was anal-
ysed and studied using inductively coupled plasma emission spectroscopy (ICP-OES) in
this study. The machine used for the tests was 5110 ICP-OES manufactured by Agllent
Technologies (Shanghai) Co. (Shanghai, China).

3. Results
3.1. Mechanical Properties

The orthogonal test results for compressive strength are displayed in Tables 3 and 4
and Figure 5. The orthogonal tests of mixtures presented complex results, but undoubtedly,
D16 and D12 exhibited the highest compressive strengths at 7 d and 28 d, respectively.
Due to the low quality of GBFS, changes in its incorporation did not significantly affect
the compressive strength of IOT mortar. Figure 6 shows the flowability of mortar with
different ratios, where the D8 flowability is 195 mm, which correlates with the amount
of FA incorporated. Although FA possessed excellent filler and nucleation effects and its
spherical morphology improved the workability of the mortar [56,57], FA was the weakest
parameter for the 28 d strength development of IOT mortar among the three materials.
The reason for this was that the degree of FA reaction at 28 d was still low, and numerous
reports concluded that the contribution of FA to strength occurred mainly at a much later
age. Conversely, the range analysis revealed that the effect of SS on the composite SCM
system remained dominant regardless of age. An increase in the strength of SS and the
IOT cement system was similarly observed. It was concluded that IOTs facilitated the
reaction of the silicate in SS, while the dissolved components from IOTs continued to react
with the calcium hydroxide derived from the hydration of SS to form more hydration
products [21,22,58]. The synergistic effect between IOTs and SS significantly improved the
28 d compressive strength of IOT mortars. Nevertheless, the inhibition of early hydration
by SS cannot be ignored, which resulted in a poor strength enhancement effect of composite
SCMs with IOT mortar at 7 d. From the compressive strength test results, it can be seen that
D12 and D16 are the optimal proportions of the composite SCMs, and thus, their hydration
process was investigated.
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Table 3. Orthogonal test results for compressive strength.

Mixture
Levels of the Composite SCMs Compressive Strength

SS FA GBFS 7 d 28 d

D1 1 1 1 21.0 32.2
D2 1 2 2 22.7 31.3
D3 1 3 3 22.9 34.5
D4 1 4 4 20.9 30.2
D5 2 1 2 22.1 31.0
D6 2 2 1 18.6 32.7
D7 2 3 4 23.1 34.3
D8 2 4 3 17.4 31.7
D9 3 1 3 21.1 33.6

D10 3 2 4 20.2 33.1
D11 3 3 1 19.0 28.3
D12 3 4 2 18.0 35.0
D13 4 1 4 20.7 23.1
D14 4 2 3 21.0 30.3
D15 4 3 2 24.7 32.0
D16 4 4 1 24.8 32.2
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Table 4. Range analysis of orthogonal tests.

Age Factor SS FA GBFS

7 d

K1 21.875 21.225 20.850
K2 20.300 20.625 21.925
K3 19.575 22.475 20.600
K4 22.850 20.275 21.225
R1 3.275 2.200 1.325

28 d

K1 32.050 29.975 31.350
K2 32.425 31.850 32.325
K3 32.500 32.275 32.525
K4 29.400 32.275 30.175
R2 3.100 2.300 2.350

3.2. Particle Characteristic

The cumulative particle size distribution of iron tailings–cement-based supplementary
cementitious materials is shown in Figure 7. The cumulative particle size distribution of
the SCMs is almost consistent with the cumulative particle size distribution of pure cement,
which to some extent eliminates the influence of changing the particle size distribution
of the original cement after mixing with SCMs. As shown in the particle size distribution
diagram of the SCMs in Figure 8, the particle size distribution of the SCMs is consistent
with the cumulative particle size distribution pattern and remains around the particle size
of pure cement. Unlike the particle size distribution of pure cement, the SCMs exhibit a
particle size greater than 1000 µm, which may be caused by the presence of particles larger
than 1000 µm in the steel slag [59].
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3.3. Hydration Product-Type Test Results
3.3.1. XRD Results

The XRD patterns of D12 and D16 are shown in Figure 9. The incorporation of the
composite SCMs resulted in a distinct diffraction peak, and the intensity was stronger for
D16. Studies have confirmed that the peak is the diffraction of hemicarboaluminate (Hc).
Carboaluminate belongs to the AFm phase with two types of Hc and monocarboaluminate
(Mc). The carboaluminate phase is one of the major hydration products in limestone cement
systems such as LC3. The presence of Hc and Mc also implies that the sulphate in the
monosulfoaluminate has been replaced by carbonate, while ettringite has been stabilised as
a result. Accordingly, as the Hc content increased, there was a gradual growth of ettringite
in IOT pastes, which contributed to the development of the strength and microstructure. It is
worth noting that the formation of Hc requires the simultaneous presence of both carbonate
and aluminate. In the composite SCMs, GBFS and FA provided aluminium, while calcium
carbonate in SS contributed the extremely critical carbonate for Hc. Consequently, the D16
containing the most SS also exhibited the highest amount of Hc. Another hydration product
with significant changes in content was calcium hydroxide. The calcium hydroxide content
was higher in IOT pastes compared to cement. On the one hand, this indicates that the
SCM including IOTs promoted the hydration of cement; on the other hand, the hydration
of the calcium–silica phases in SS and GBFS was also a source of calcium hydroxide [21].

Buildings 2024, 14, x FOR PEER REVIEW 11 of 19 
 

 

Figure 9. XRD patterns of the pastes at 28 d. 1—Ca(OH)2; 2—Aft; 3—Quartz; 4—C3S. 

3.3.2. FTIR Spectroscopy Results 

The FTIR spectroscopy of the iron tailings–cement-based supplementary 

cementitious materials is shown in Figure 10. It can be seen that the peak between 3445 

cm−1 and 1649 cm−1 is the hydroxyl characteristic absorption band, which is caused by the 

stretching oscillations of the O-H moiety of the binding solution, corresponding to the 

ettringite and C-(A)-S-H gels produced due to hydration of the SCMs. The vibration peak 

generated at 1416 cm−1 is caused by the asymmetric stretching of C-O in CO32−, which is a 

carbonate formed by the contact between Ca(OH)2 in the SCMs and CO2 in the air. The 

peak at 989 cm−1 is produced by typical Si-O-T (T:Al, Si) asymmetric tensile vibration, 

corresponding to the hydrated C-(A)-S-H gel in the hydration product. The peak at 875 

cm−1 corresponds to the asymmetric stretching of AlO4− groups in the Al-O-Si bond and to 

the characteristic band of the hydration product C-A-S-H gel. The absorption band at 461 

cm−1 is induced by flexural vibrations in the Si-O-Si plane, and the corresponding hydrogel 

is a C-(A)-S-H gel [60]. 

 

Figure 10. FTIR spectra of pastes. 

The characteristic peaks of the three samples around 989 cm−1 and 459 cm−1 are Si-O-

T (T: Al, Si) and Si-O-Si, respectively. The movement of the characteristic peaks of the C-

Figure 9. XRD patterns of the pastes at 28 d. 1—Ca(OH)2; 2—Aft; 3—Quartz; 4—C3S.

3.3.2. FTIR Spectroscopy Results

The FTIR spectroscopy of the iron tailings–cement-based supplementary cementitious
materials is shown in Figure 10. It can be seen that the peak between 3445 cm−1 and
1649 cm−1 is the hydroxyl characteristic absorption band, which is caused by the stretching
oscillations of the O-H moiety of the binding solution, corresponding to the ettringite and
C-(A)-S-H gels produced due to hydration of the SCMs. The vibration peak generated at
1416 cm−1 is caused by the asymmetric stretching of C-O in CO3

2−, which is a carbon-
ate formed by the contact between Ca(OH)2 in the SCMs and CO2 in the air. The peak
at 989 cm−1 is produced by typical Si-O-T (T:Al, Si) asymmetric tensile vibration, corre-
sponding to the hydrated C-(A)-S-H gel in the hydration product. The peak at 875 cm−1

corresponds to the asymmetric stretching of AlO4
− groups in the Al-O-Si bond and to the

characteristic band of the hydration product C-A-S-H gel. The absorption band at 461 cm−1

is induced by flexural vibrations in the Si-O-Si plane, and the corresponding hydrogel is a
C-(A)-S-H gel [60].
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The characteristic peaks of the three samples around 989 cm−1 and 459 cm−1 are
Si-O-T (T: Al, Si) and Si-O-Si, respectively. The movement of the characteristic peaks of
the C-(A)-S-H gel can reflect the degree of silica–oxygen tetrahedra polymerisation; the
addition of the SCMs reduced the degree of silica–oxygen tetrahedra polymerisation in the
hydration products, and the reduction in the degree of polymerisation was affected by the
difference between the different solid waste doping ratios, i.e., the reduction in the SS:SL
ratio increased the degree of polymerisation of silica–oxygen tetrahedra [22]. At 875 cm−1,
the characteristic peaks of CO3

2− are obvious in both D12 and D16 samples.

3.4. Hydration Products’ Quantitative Analysis Test Results

Figures 11 and 12 show the 28 d thermogravimetric and differential scanning calori-
metric analyses of the cement (C) and iron tailings–cement-based supplementary cemen-
titious materials. There are two exothermic peaks, 404.25 ◦C and 476.25 ◦C, and three
heat absorption peaks, 89.25 ◦C, 438.75 ◦C, and 683.75 ◦C, in all materials. Ettringite
dehydration is the main reason for the generation of heat absorption peaks from room tem-
perature to 250 ◦C. The heat absorption peak at 476.25 ◦C is the dehydration temperature
of Ca(OH)2, and 683.75 ◦C is the decomposition temperature of ettringite with CO2 from
air to form carbonate.
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When the temperature of the D12 sample rises from room temperature to 250 ◦C, there
are two obvious heat absorption peaks at 79.75 ◦C and 118.75 ◦C, and the D12 sample’s
mass, during the process from room temperature to 250 ◦C, shows a substantial decrease,
which can show that the sample contains bundles of ettringite and C-(A)-S-H gel. The three
samples C, D12, and D16 have the same heat absorption peak around 476 ◦C; the range of
400–500 ◦C signifies Ca(OH)2 decomposition. It can be seen that the content of Ca(OH)2 in
C > D12 > D16, respectively, is 7.3%, 2.4%, and 2.2%. The range of 600–800 ◦C is the weight
loss peak of carbonate; unlike sample C, samples D12 and D16 do not show obvious heat
absorption peaks in the range of 600–800 ◦C.

The mass loss of sample C and iron tailings–cement-based supplementary cementitious
materials D12 and D16 was 27.5%, 21.2%, and 19.8%, respectively, when the tests were
conducted from room temperature up to 1000 ◦C. The test results showed the presence of
more hydration products in the D12 sample of the iron tailing-based composite admixture,
where the ratio of SL to SS was the main factor causing the change in the 28 d compressive
strength of the SCMs. Combined with X-ray diffraction patterns, it was shown that SL and
SS at the appropriate ratio can provide more active ingredients to the SCM system, which
in turn promotes strength enhancement. Also, based on the TG curves of the three samples
shown in Figure 12, it can be concluded that the contents of ettringite and C-(A)-S-H gels
of C > D12 > D16 were 12.3%, 10.9%, and 9.9%, respectively, and the Ca(OH)2 contents
of C > D16 > D12 were 2.7%, 1.2%, and 1.1%, respectively. The content of carbonate of
C > D12 > D16 was 7.3%, 2.4%, and 2.2%, respectively, which shows that the hydration
product ettringite, C-S-H gel, and the change in calcium hydroxide content are the main
factors causing the 28 d compressive strength of the SCMs [2].

In order to study more intuitively, accurately, and specifically the extent of the 28 d
reaction of the SCMs with cement, based on the mass fraction of heat loss in the thermo-
gravimetric analysis, the following reaction equations can be formed [61]:

Ca(OH)2= CaO + H2O (1)

Ca(OH)2+CO2= CaCO3+H2O (2)

The non-evaporated water content and Ca(OH)2 content at 28 d of age are calculated
as follows:

H2O = A + B + (C × 18)÷ 44 (3)

Ca(OH)2 = B × (74 ÷ 18) + (C × 18)÷ 44 (4)

where A, B, and C correspond to the percentage of weight loss caused by dehydration of
ettringite, Ca(OH)2 decomposition, and CaCO3 decomposition in the thermogravimetric
analysis curves, respectively. Moreover, 18, 44, and 74 are the relative molecular masses
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of H2O, CO2, and Ca(OH)2, respectively. The mass fractions of the weight loss peaks cor-
responding to the above three dehydration changes and decomposition changes are listed
below, and the contents of non-evaporated water and the hydration product Ca(OH)2 at the
age of 28 d derived from the TG-DSC curves and related calculations are shown in Table 5.

Table 5. Content of non-evaporated water and Ca(OH)2 in hydration products.

NO. Ettringite and C-S-H Gel
Dehydration Weight Loss

Ca(OH)2
Decomposition

Weight Loss

CaCO3
Decomposition

Weight Loss
Total Loss H2O Ca(OH)2

D16 9.9 1.2 2.2 19.8 12.00 5.83
D12 10.9 1.1 2.4 21.2 12.98 5.50

C 12.3 2.7 7.3 27.5 17.99 14.09

From Table 5, it can be seen that throughout the hydration process, the C sample has
the highest content of bound water and Ca(OH)2. According to the change in Ca(OH)2
content in the table, the SCMs participate in the hydration reaction to produce ettringite
and C-S-H gel by consuming the Ca(OH)2 in the system. The loss of Ca(OH)2 in sample
D16 is greater than that in sample D12, suggesting that more Ca(OH)2 was used in the
secondary hydration reaction in sample D12 [33]. Unlike the weight loss of Ca(OH)2, the
weight loss of ettringite and C-S-H gel was greater in D16 than in D12, which may be
due to the different ratios of IOTs, FA, SS, and GBFS leading to the dissolution of reactive
silica and alumina in the composite dope, which in turn limits the generation of ettringite
and C-S-H gel.

3.5. Micromorphological Analysis of Hydration Products’ Test Results

SEM is capable of analysing the morphological characteristics of the hydration prod-
ucts and thus clarifying the structure and type of hydration products. Figure 13 shows the
28 d SEM images of the SCMs scaled up to the micron scale (Figure 13a) and nanoscale
(Figure 13b). Ca(OH)2 sheets and needle-shaped ettringite crystals as well as fibre-type-I
C-S-H gels and other forms of C-S-H gels can be seen for all of the samples in Figure 13.
Some type-I C-S-H gels have bifurcation at the end, and the longer the end, the less bifurca-
tion; a few C-S-H gels form needles, and Ca(OH)2, ettringite crystals, and C-S-H gel are
connected to form a reticulated space structure [60].
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As can be seen in Figure 13, the proportion of different solid wastes in the SCMs affects
the composition and microscopic morphology of the hydration products. At a higher SS:SL
ratio of 4:1, the hydration products are mainly dominated by needle-shaped ettringite,
type-I C-(A)-S-H gel, and flaky Ca(OH)2 (Figure 13: D16 b), while a small amount of spiny
spherical hydrated C-S-H gel can be observed adhering to the surface of the more intact iron
tailing particles (Figure 13: D16 a), indicating that the iron tailing particles of the SCMs can
provide more nucleation sites for the hydration products but participate in the hydration
reaction to a lesser extent due to the limited active components they contain. At an SS:SL
ratio of 3:2, the hydration products are mainly type-I C-(A)-S-H gels and flaky Ca(OH)2 in
D12 b (Figure 13: D12 b), in contrast to D12 a (Figure 13: D12 a), where no visible fly ash
particles are seen. This shows that most of the FA in sample D12 ruptured and decomposed
in the system in which it was exposed, releasing internally reactive silica and alumina,
which then participated in the hydration reaction to produce C-(A)-S-H gels and Ca(OH)2.
Reducing the SS:SL ratio while keeping the IOTs unchanged can increase the alkalinity of
the hydration system, which in turn stimulates the participation of C2S and C3S in the steel
slag in the hydration process to produce C-S-H gel and Ca(OH)2 [21,22]. This is consistent
with the fact that the percentage weight loss of ettringite, C-(A)-S-H gels, and Ca(OH)2 is
greater than that of D16 in the TG analyses. In other words, D12 generates more hydration
products compared to D16, which also explains the high compressive strength of D12. The
difference between the three groups of samples is that ettringite tends to grow in the pores
of the hardened slurry, which is favourable to reduce the porosity of the hardened slurry
and thus improve the compactness and strength of the slurry, as observed in D16 and C,
but this phenomenon is not seen in D12.

4. Discussion

In this study, an orthogonal test method was used to prepare the iron tailings–cement-
based supplementary cementitious materials, and the hydration mechanism and their
microstructure were analysed. According to previous studies, the ionic concentration of
the elements enables an analysis of the extent to which the hydration reaction takes place
from an ionic point of view, which in turn explains the synergistic mechanisms between
the different admixtures. Figure 14 shows Ca2+, Si4+, and Al3+ in different systems. From
the figure, it can be seen that Ca2+, Si4+, and Al3+ were present in the SS system when the
system underwent the dissolution of C3S and C2S with the generation of C-(A)-S-H gel,
which is reflected in Equations (5) and (6). The concentration of Ca2+, Si4+, and Al3+ in
the FA system behaved differently from that of SS, in which the concentration of Ca2+ was
lower and the concentration of Si4+ and Al3+ was higher, mainly due to the higher content
of Al2O3 in the FA, in which the reactive Al2O3 was dissolved in the water and reacted with
the water to form C-(A)-S-H gel, which is specifically reflected in Equation (7). In the SL
system, the Ca2+, Si4+, and Al3+ concentrations behaved similarly to those in the SS, with
higher Ca2+ concentrations and lower Si4+ and Al3+ concentrations. In the SS, FA, and SL
systems, Ca2+ concentration ranged from highest to lowest in the order SS > SL > FA, Si4+

concentration in the order FA > SL > SS, and Al3+ concentration in the order FA > SL > SS.
After the introduction of SL into the SS system, the Ca2+ concentration in the composite

SS and SL system shows a significant decrease; the main reason for this is because the
addition of slag provides Ca2+ and Al3+ in the system, in which Ca2+ participates in the
hydration process to generate C-S-H gel and Al3+ participates in the hydration process
to produce A-S-H gel. The increase in Al3+ promotes the hydration process in the SS
and SL system, expressed by Equations (5) and (6), respectively, which in turn consumes
Ca2+ and reduces the Ca2+ concentration in the SS and SL system; this is also due to the
participation of Si4+ and Al3+ in the hydration process which generates C-(A)-S-H gels
and also consequently leads to a reduction in the concentration of Si4+ and Al3+ in the
composite system [22].

2(3CaO ·SiO2) + 6H2O = 3Ca(OH)2+3CaO·2SiO2·3H2O(C − S − H) (5)
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2(2CaO·SiO2) + 4H2O = 3CaO·2SiO2·3H2O(C − S − H) + Ca(OH)2 (6)

3CaO·A12O3+6H2O = 3CaO·A12O3·6H2O(A − S − H) (7)
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In the ternary system of SS-SL-FA, SS contains more Si4+ and divalent metal cation
elements, SL has a large amount of calcium and aluminium elements, and FA is rich in
silicon and aluminium elements. The three main raw materials play their respective roles
in the composite system: SS provides Ca2+, OH−, and Si4+, SL provides Ca2+ and Al3+, and
FA provides a large amount of Ca2+ and Si4+. Combined with the changes in the diffraction
peaks of the amphibole and the mineral composition of the IOTs, it can be seen that the IOTs
are able to provide part of the Si4+ for the composite system, and the other three kinds of
solid waste together promote the continuation of the hydration reaction, while SS and SL in
the silica–oxygen tetrahedra and aluminium–oxygen tetrahedra continue depolymerisation,
as expressed by Equations (5) and (6), so the composite system can continue to provide
silicate and aluminate polymers to promote the generation of C-(A)-S-H gels [24]. Based on
the analysis, IOTs, SS, FA, and SL have different degrees of influence on the mechanical
properties of iron tailings–cement-based supplementary cementitious materials, and there
are small differences in the role of each solid waste raw material in the reaction system of
the hydration reaction. Compounding each solid waste feedstock offers a collaborative
impact by increasing the compact strength of the composite slurry and the formation of
more hydration products. Volumetric and long-term endurance of multi-solid iron tailing
supplementary cementitious materials should be the focus of future research.

5. Conclusions

The aim of this study is to contribute to the resource utilisation of iron tailings, but
there are some limitations and the proportion of iron tailings in the mixture needs to be
further improved. In this paper, as a limited study, the compounding of IOTs, SS, SL, and FA
was carried out by using orthogonal tests. The mechanical properties, hydration products,
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and microstructure of the iron tailings–cement-based supplementary cementitious materials
were analysed. Based on the results, the following conclusions can be drawn.

1. When the ratio of IOTs:SS:FA:SL was 9:8:8:2, the 7 d compressive strength of iron
tailings–cement-based supplementary cementitious materials was the highest. When
the ratio of IOTs:SS:FA:SL was 9:6:8:4, the 28 d compressive strength of iron
tailings–cement-based supplementary cementitious materials was the highest. The
quantity of raw materials in the mixture affected the 28 d compressive strength of
cementitious materials, and the degree of influence was SS > SL > FA. In addition, the
raw materials in the composite system exhibited synergistic hydration.

2. Based on the results of the hydration product-type tests, it was found that the main
hydration products in the iron tailings–cement-based supplementary cementitious
materials were ettringite and C-(A)-S-H gel. In the reaction system, SL and FA pro-
vided aluminium, the calcium carbonate in SS provided carbonate, and the sulphate
in monosulphoaluminate was replaced by carbonate. As the SS:SL ratio decreased,
the degree of polymerisation of the silica–oxygen tetrahedra increased, producing a
more stable ettringite, which improved the strength and microstructural densification
of the cementitious material.

3. Based on the results of the quantitative analysis tests of the hydration products, it was
found that there are two exothermic peaks and three heat-absorbing peaks in the iron
tailings–cement-based supplementary cementitious materials (SCMs). When the test
was carried out from room temperature to 1000 ◦C, the mass loss of sample C and the
SCM samples D12 and D16 was 27.5%, 21.2%, and 19.8%, respectively; more hydration
products existed in sample D12, the content of ettringite and C-(A)-S-H gel accounted
for 10.9%, and the appropriate ratio of SL and SS provided the SCM system with more
active components, which in turn promoted the improvement in strength.

4. Based on the synergistic effect analysis results, it was found that the raw materials play
their respective roles in the hybrid system and jointly promote the hydration reaction
continuously. After the introduction of SL into the SS system, the hydration reaction
in the SS and SL system was actively promoted by the increase in Al3+. Combined
with the changes in the hornblende diffraction peaks, it can be seen that the IOTs
provided part of the Si4+ for the hybrid system, and together with the other three solid
wastes, they promoted the continuation of the hydration reaction and the production
of C-(A)-S-H gel.
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