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Abstract: This study investigated the effects of lithium slag and iron tailings on the hydration
mechanism of Basic Oxygen Furnace (BOF) slag cement paste with the addition of 0.06% diethanol-
isopropanolamine (DEIPA). This study examined the fluidity, compressive strength, pore solution
pH, and hydration products of BOF slag-based composite cementitious materials. The results showed
that DEIPA facilitated the conversion from ettringite (AFt) to monosulphate (AFm) and improved the
early compressive strength of the BOF slag—cement mortar. Incorporating lithium slag into the DEIPA-
containing BOF slag—cement system promoted AFt formation, increased calcium-silicate-hydrate
production, and enhanced the microstructure. BOF slag, lithium slag, and iron tailings exhibit
synergistic effects in cement pastes. BOF slag and lithium slag provided the reactive components
Si0; and AlyOs3. In the early hydration stages, the iron tailings primarily served as fillers, accelerating
the system’s reactions.

Keywords: supplementary cementitious materials; diethanol-isopropanolamine; pozzolanic reaction;
BOF slag; compressive strength

1. Introduction

In China, the rapid development of the iron and steel industry caused a significant
increase in the production of steel slag. However, the comprehensive utilization rate is only
about 30%, signifying a substantial disparity with developed countries [1,2]. More than
70% of the steel slag produced in China belongs to Basic Oxygen Furnace (BOF) slag. BOF
slag contains C,S and C3S and has a large storage capacity, which ensures that it can be used
as a basic condition for concrete admixtures [3,4]. Nevertheless, multiple factors impede
the large-scale substitution of BOF slag for cement [5-9]. The main reasons are as follows:
the silicate mineral content in BOF slag is relatively low, and it contains impurities such
as FeO and MgO, resulting in lower early strength [7,10]. Previous studies have indicated
that the dosing with BOF slag generally does not exceed 20 wt% under standard curing
conditions [5]. This is because BOF slag can reduce the pH of the pore solution and impede
the reaction between C3S and Ca(OH), [11]. Therefore, improving the early activity of BOF
slag is the essential to increase its utilization.

BOF slag contains significant quantities of f-CaO and f-MgO, which participate in hy-
dration reactions, leading to reduced stability [10,12]. Researchers have employed diverse
activation methods to enhance the reactivity of BOF slag [13-18]. Sun et al. [19] studied
the effects of dry and wet grinding on the activity of steel slag, finding that wet grinding
surpasses dry grinding in effectiveness and energy efficiency. Zhang et al. [20] researched
performance optimization in a steel slag—cement mortar with different alkaline activators and

Buildings 2024, 14, 1268. https://doi.org/10.3390/buildings14051268

https://www.mdpi.com/journal /buildings


https://doi.org/10.3390/buildings14051268
https://doi.org/10.3390/buildings14051268
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://doi.org/10.3390/buildings14051268
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings14051268?type=check_update&version=1

Buildings 2024, 14, 1268

2 of 15

found that alkaline activators can promote the decomposition of the vitreous structure in steel
slag and improve its reactivity. The production of strong alkalis such as sodium hydroxide
will produce a large amount of carbon dioxide emissions, increasing the cost of BOF slag
utilization [21]. Huo et al. [22,23] employed phosphoric acid and formic acid to pretreat
steel slag, enhancing its surface roughness and initial reactivity. Zepper et al. [3] analyzed
the hydration effects of BOF slag under autoclave conditions and its application in dense
autoclaved bricks. Wang et al. [24] proposed that organic alcohol amines enhance the dissolu-
tion of steel slag and the hydration of C3S and C;S, noting that diethanol-isopropanolamine
(DEIPA) remains the longest in the liquid phase. The addition of organic alcohol amines,
such as triisopropanolamine (TIPA) [25,26] and triethanolamine (TEA) [27], can accelerate
dissolution and promote the hydration process. There are many studies on TEA and TIPA in
the existing literature, but there are few studies on DEIPA [28,29].

Based on the synergistic effect of multi-source solid waste and BOF slag in chemical com-
position and mineral phase composition, the preparation of BOF slag-based composite SCMs
is of great value for promoting the large-scale utilization of steel slag. Zhang et al. [8] added
nano-5i0; into a cement mortar containing steel slag to improve its compressive strength.
Liu et al. [30] prepared composite SCMs by grinding steel slag and silica fume, which
promoted the consumption of Ca(OH); and improved the microstructure of the system.
Zhang et al. [31] studied the replacement of cement with steel slag and waste glass powder,
and accelerated the hydration reaction using an autoclave. Hao et al. [32] prepared cementi-
tious materials using steel slag, red mud, and desulfurization gypsum, and found that the
alkali in red mud accelerated the reaction rate of the silicates in steel slag. SCMs mainly
appear in the form of CaO-Al,O3-5i0, matrix material, and the ratio of Ca, Al, and Si has a
significant effect on the performance of calcium-silicate-hydrate (C-S-H) [33,34]. The filler and
pozzolanic properties of SCMs in cement-based materials add to the research complexity [35].
BOF slag belongs to calcium-phase material, while nano-SiOy, silica fume, and waste glass
powder belong to silicon-phase material, and red mud, metakaolin, and lithium slag belong to
aluminum-phase material [36-38]. Therefore, the co-blending of typical aluminum and silicon
solid waste with steel slag is of great value for the scale-up of solid waste utilization.

Iron tailings, an industrial by-product of mineral processing, constitute a major cate-
gory of bulky industrial solid waste [39—-41]. Advancements in mineral processing tech-
nology have reduced the particle size of iron tailings [42]. Fine-grained iron tailings can
contribute to air pollution and pose health risks [43]. In addition, iron tailings take up
a large amount of land and tailings dams are expensive to maintain [44,45]. Milled iron
tailings exhibit cementitious properties and serve as effective fillers, making them suitable
for use as SCMs [46]. Lithium slag is a waste residue produced during the production of
lithium carbonate [47]. With the wide application of lithium batteries, the production of
lithium slag is also increasing [48]. Most of Al,O3 and SiO; in lithium slag mainly exist in
an amorphous form and can be used as SCMs [48]. However, the high sulfate content in
lithium slag can significantly affect the performance of cement-based materials [49,50].

The synergistic effect of multiple SCMs together replacing cement can take advantage
of the benefits of solid waste materials. DEIPA can promote the hydration of BOF slag
particles in cementitious materials. However, the promotion of BOF slag cement systems by
DEIPA and typical SCMs has not been studied. This study selected high-silicon iron tailings
(silicon phase) and lithium slag (aluminum phase) to prepare three BOF slag-based composite
cementitious materials, analyzing the effects of DEIPA and typical SCMs on their hydration
properties. The fluidity and compressive strength of composite mortar were studied. The
samples were analyzed for hydration products by their pH value, XRD, FTIR, TG-DTG, and
SEM. The hydration mechanism of the BOF slag-based composite system was discussed.

2. Materials and Methods
2.1. Materials

In this study, ordinary Portland cement (P-O 42.5), BOF slag, lithium slag, and iron
tailings were utilized as binders. BOF slag was provided by Shanghai Baowu Group
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(Shanghai, China). Lithium slag was sourced from Jiangxi lithium salt plant (Jiangxi, China)
in China. Iron tailings were acquired from Benxi Iron Mine (Benxi, China) in Liaoning
Province, China. Table 1 shows the chemical composition of the raw materials. The iron
tailings contain 62.26% SiO,, indicating high silicon variety. The Al,O3 content in lithium
slag is 22.32%. The cementitious activity of lithium slag increases with the content of
AlyOg, its primary active component. The mineral composition of the raw materials is
shown in Figure 1. The diffraction peaks of the iron tailings are mainly sharp quartz peaks,
indicating a high degree of crystallization in the iron tailings. Figure 2 shows the particle
size distribution of cement, BOF slag, lithium slag, and iron tailings. The median particle
size of SCMs is smaller than that of cement. Fine-grained iron tailings were obtained
through mechanical grinding. The molecular structure of DEIPA is shown in Figure 3. The
purity of DEIPA used is 85%. Deionized water is used as the experimental water. The sand

used is standard sand.
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Figure 3. The structural formula of DEIPA.
Table 1. Chemical composition of raw materials (wt%).
CaO A1203 Si02 F6203 K20 NaZO MgO P205 SO3
Cement 54.01 9.01 25.53 3.36 0.94 0.03 3.28 0.15 2.859
BOF slag 42.65 2.53 15.20 27.54 0.06 0.02 6.05 1.97 0.12
Lithium slag 9.51 22.32 58.36 1.42 0.67 0.02 0.39 0.11 6.91
Iron tailings 7.76 4.78 62.26 14.37 1.40 1.34 6.33 0.44 0.48
2.2. Procedure
2.2.1. Preparation of Cement Mortar
Cement mortar preparation followed the Chinese standard GB/T 17671-2021 [41]. As
shown in Table 2, SCMs account for 30% of the binder material. The C-S and C-S-D samples
were analyzed to evaluate the effect of DEIPA on the BOF slag—cement system. C-SL-D,
C-SI-D, and C-SLI-D are multi-component cementitious materials comprising BOF slag,
lithium slag, and iron tailings, with DEIPA as an additive. In the C-SL-D system, the mass
ratio of BOF slag to lithium slag is 1:2 [51]. In the C-SI-D system, the mass ratio of BOF
slag to iron tailings is 2:1 [52]. In the C-SLI-D system, the mass ratio of BOF slag, lithium
slag, and iron tailings is 5:10:3. The cement and SCMs were slowly stirred in a mixer for
3 min to homogenize the material. Then, 0.06% DEIPA of the cementitious material was
pre-dissolved in water. The DEIPA dosage was selected with reference to the literature [53].
The mixed cement mortar was molded in a 40 x 40 x 160 mm mold. The test blocks were
placed in a standard curing room (98% RH, 20 °C). The samples were demolded and water
cured after 24 h of curing.
Table 2. Mixture proportions of samples.
Binder/g
NO. DEIPA/g Water/g Sand/g
orc SS LS 10T
C-S 315 135 / / / 225 1350
C-S5-D 315 135 / / 0.27 225 1350
C-SL-D 315 45 90 / 0.27 225 1350
C-SI-D 315 90 / 45 0.27 225 1350
C-SLI-D 315 35 70 21 0.27 225 1350

Note: “C” represents Cement, “D” represents DEIPA, “S” represents BOF slag, “L” represents lithium slag,
and “I” represents iron tailings.

2.2.2. Preparation of Cement Paste

The cement and SCMs were prepared according to the ratio of Table 2 to prepare a
cement paste. The water-binder ratio of the samples was 0.5. After mixing DEIPA in water,
the cementitious material was stirred and cast into a 20 x 20 x 20 mm mold. The cement
paste was demolded after 24 h of standard and water curing. After reaching the set curing
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age, the cement paste was broken into small pieces, and then the hydration was terminated
with anhydrous ethanol. The sample was manually ground to a powder. After sieving
through a 45 pm mesh, the prepared powder samples underwent analysis for pore solution
pH, XRD, FTIR, and TG-DTG.

2.3. Testing Methods
2.3.1. Flowability

The fluidity of fresh mortar was measured in accordance with GB/T 2419-2016 [54].
A truncated cone mold with a height of 60 mm and diameters of 70 mm at the top and
100 mm at the base was used. The fresh mortar was filled into the mold in two layers,
after which the mold was swiftly removed to let the mortar spread freely. The diameter of
mortar after dispersion was measured after 25 rounds of vibration. The diameters were
measured in two perpendicular directions and their average was recorded as the result.

2.3.2. Compressive Strength

The compressive strength test process of cement mortar was carried out according to
the Chinese standard GB/T 17671-2021 [55]. The compressive strength of 40 x 40 x 160 mm
mortar specimens cured to 3 d, 7 d, and 28 d was tested by YAW-300 pressure testing ma-
chine at a loading speed of 2.4 kN/s. Compressive strength was averaged by removing
outliers from the six results.

2.3.3. Pore Solution pH

The pore solution pH of the hardened cement paste is closely related to the degree
of hydration reaction of the system and the stability of the hydration products [56]. This
study employed the solid-liquid extraction method to determine the pore solution pH of
the cement paste at different curing ages. The solid-liquid extraction method is favored
for its simplicity and cost-effectiveness. The method of determining the pH value of the
pore fluid was as follows: (a) The 3 d, 7 d, and 28 d hardened slurries were terminally
hydrated with anhydrous ethanol and dried at 40 °C. (b) The sample powder was diluted
with deionized water at a ratio of 1:10 and stirred with a magnetic stirrer at 1000 rpm for
5 min. (c) The solid-liquid mixture was filtered through filter paper. (d) Using a pH meter
(pH-100B), the pH value of the upper layer was measured.

2.3.4. Hydration Products

The hardened paste cured for 7 days was used for hydration product analysis. The
hardened paste was broken into small pieces, the hydration was terminated, and the
powder was ground into a powder for the characterization of the hydration product type
and microstructure. The mineral composition of early cement paste hydration products
was tested using Rigaku Ultima IV diffractometer at a test voltage of 40 kV and a current of
40 mA. The 26 range is 5° to 75° and the scanning speed is 10° /min.

The chemical bonds of the hydration products of the hardened paste were charac-
terized by infrared spectroscopy (Thermo Scientific Nicolet i520, Waltham, MA, USA).
The sample was thoroughly ground with KBr powder and pressed into thin sheets. The
wavenumber range of data acquisition is 400-4000 cm ™!, the resolution is 4 cm~!, and the
number of scans is 32 times.

The hydration products were qualitatively and quantitatively detected by thermo-
gravimetric analyzer (TG 209 F3Tarsus, Bayern, Germany). The sample underwent heat-
ing from 40 °C to 950 °C at a rate of 20 °C/min. After the balance was cleared, the
samples were loaded into a corundum crucible and experiments were performed in a
nitrogen atmosphere.

The microstructural morphology and elemental distribution of the hardened ce-
ment paste were characterized using scanning electron microscopy (ZEISS Gemini 300,
Oberkochen, Germany). The sheet sample was glued to the conductive adhesive and
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sprayed with gold for 45 s, and the gold spray was 10 mA. An acceleration voltage of 3 kV
was applied during topographic imaging.

3. Results and Discussion
3.1. Flowability

Figure 4 shows the flow results of fresh cement mortar with different ratios. The
flowability of the C-S and C-S-D samples were 193 mm and 213 mm, suggesting that DEIPA
incorporation into the BOF slag—cement system markedly enhances the fluidity of the
cement mortar. DEIPA effectively dispersed BOF slag and cement and improved cement
paste fluidity by reducing the interaction force between particles. The fluidity of the C-SL-D
and C-SI-D samples was 200 mm and 209 mm, respectively, both lower than that of the
C-5-D sample. Both lithium slag and iron tailings led to a decrease in mortar fluidity, but
the effect mechanisms were not the same. Lithium slag is a porous structure with some
water absorption [51]. Iron tailings with small particle sizes have a large specific area and
demand a large amount of water to reach a plastic state [52]. The fluidity of the C-SLI-D
sample was 6 mm higher than that of the C-S sample. The fluidity of the mixed mortar was
better than that of the BOF slag—cement system after the combined replacement of cement
by BOF slag, lithium slag, and iron tailings in the presence of DEIPA.
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Figure 4. Flowability of samples with different mixing ratios.

3.2. Mechanical Properties

Figure 5 shows the compressive strength of mortars containing DEIPA and different
SCMs. The compressive strength of the C-S-D sample, which was cured for 7 d, was
11.7% higher compared to the C-S sample. This indicates that DEIPA has a positive
effect on the early response of BOF slag-cement, which is consistent with the findings in
the literature [57]. The addition of lithium slag and iron tailings further enhanced the
compressive strength of the cement mortar at various ages. The compressive strength of the
C-SL-D, C-SI-D, and C-SLI-D samples increased by 11.1%, 1.2%, and 12.2%, respectively,
when compared with that of the C-S-D sample at 3 d. The addition of iron tailings had a
minimal impact on the early-stage enhancement of the BOF slag-cement system, whereas
lithium slag had a significant effect. This was attributed to the high content of SO42~ in
the lithium slag, which could promote the formation of ettringite (AFt) [58]. The mortar
compressive strength of C-SLI-D was higher than that of C-SL-D, which was due to the
microaggregate effect and nucleation of iron tailings, promoting the reaction between BOF
slag and lithium slag.

In the presence of DEIPA, the compressive strength of samples containing binary and
ternary SCMs with a curing age of up to 7 d was higher than that of the BOF slag—cement
system. The compressive strength of the C-SI-D sample was lower compared to C-S5-D,
indicating higher early reactivity in BOF slag than in iron tailings. Among the samples
cured for 7 days, C-SL-D had the highest compressive strength of 34.71 MPa. The interaction
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of BOF slag with lithium slag promoted the early hydration of the mixed mortar. The 28-day
compressive strength results have a similar pattern to the early compressive strength. The
28-day compressive strength of the C-SLI-D sample reached 51.17 MPa, which was the
highest among all the samples.
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Figure 5. Compressive strength of mortar blends containing DEIPA and different SCMs.

3.3. pH Value

Figure 6 shows the pore solution pH of hardened cement pastes with different mixing
ratios. In Figure 6, the pH level of the pore solution in the hardened cement paste exhibits
a gradual reduction correlating with prolonged curing durations. This suggests that SCMs
play the role of filling mainly in the early stage of the hydration reaction. The higher level
of Ca(OH), consumed by the SCMs with a high level of cementitious activity led to a
subsequent decrease in the pH of the pore solution of the hardened paste occurring at a
later stage. The addition of DEIPA resulted in a decrease in the pore solution pH across
various ages of the C-S samples. DEIPA promoted the hydration of BOF slag and cement,
and BOF slag reacted with more Ca(OH); in a pozzolanic reaction, leading to a decrease
in pH, which is consistent with the compressive strength results. The C-SL-D sample
exhibited the lowest pH at both 7 and 28 days. This indicates that a strong pozzolanic
reaction occurred in the BOF slag-lithium slag-cement composite system. The pH of the
3-day and 7-day hardened pastes of the C-SI-D sample was higher than that of C-S-D. Iron
tailings cannot promote the early pozzolanic reaction of the BOF slag-cement system. Iron
tailings and DEIPA promoted the hydration reaction of the BOF slag-cement system at the
late stage of the hydration reaction. The pore solution pH of the 3-days hardened paste
of the C-SLI-D sample was 12.14, which was the lowest among all the samples. In the
presence of DEIPA, BOF slag, lithium slag, and iron tailings have a synergistic effect in the
cementitious system, thus accelerating the early hydration reaction.

3.4. XRD Analysis

The XRD diffraction pattern of the hardened cement paste cured for 7 d is shown in
Figure 7. In Figure 7a, the hydration products of the composite system were mainly
ettringite (AFt), monosulfate (AFm), quartz, calcite, and C-S-H. AFm phases (hemicarboa-
luminate and monocarboaluminate) were also observed, which were associated with the
presence of calcium carbonate [59]. The AFm phase served to stabilize AFt, which is con-
sistent with the formulation in the literature [60]. RO phase, spodumene (LiAlSi;Og), and
quartz were unreacted components of BOF slag, lithium slag, and iron tailings, respectively.
The C-SL-D sample exhibited the highest C-5-H, suggesting that BOF slag and lithium slag
were involved in the pozzolanic reaction, producing additional C-S-H, consistent with the
results for compressive strength. The XRD diffraction pattern was locally enlarged to obtain
the enlarged images of the characteristic peaks of AFt and Ca(OH);, as shown in Figure 7b,c.
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In Figure 7b, the AFt diffraction peaks of C-S-D were slightly lower than those of C-S. The
AFt diffraction peaks of the remaining samples were, in descending order, C-SLI-D, C-SL-D,
and C-SI-D. The C-SLI-D sample displayed the highest AFt content, attributable to the
SO,? in lithium slag, which favors AFt formation. And a small amount of iron tailings
had an accelerated effect on the reaction of the BOF slag-lithium slag-cement system. In
Figure 7c, the Ca(OH), content of the composite paste decreased after DEIPA was added to
the C-S system. This also demonstrated that DEIPA accelerated the pozzolanic reaction of
BOF slag. The C-SLI-D sample exhibited the lowest Ca(OH), diffraction peaks, suggesting
a synergistic effect of BOF slag, lithium slag, and iron tailings in the presence of DEIPA,
which consumed more Ca(OH),.
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Figure 6. The pH value of pore fluid for samples with different mixing ratios.

3.5. FTIR Analysis

Figure 8 shows the FTIR spectra of hardened pastes containing different SCMs cured
for 7 d in the presence of DEIPA. In Figure 8a, the distribution of the absorption peaks
of chemical bonds in the hardened pastes was almost the same. The absorption bands
near 3422 cm~! and 1648 cm ™! were associated with the vibrations of O-H groups in
water [56,61]. The peaks near 1419 cm ! and 875 cm ! were caused by the vibration of
C-O groups in calcite [52]. This was related to the carbonization reaction of the sample
curing process and the calcite contained in the raw material. The O-H bond in Ca(OH),
exhibited an absorption peak at approximately 3643 cm ! [62], as shown in Figure 8b. The
highest transmittance of the C-SLI-D sample indicated the lower Ca(OH); content in the
sample. This suggested that the presence of DEIPA in the cementitious system resulted in
an increased consumption of Ca(OH), by BOF slag, lithium slag, and iron tailings, which
was consistent with the findings from the XRD analysis. The Si-O-5i bond in C-S-H was
around 979 cm~!, as shown in Figure 8c. The transmittance of Si-O-Si groups was the
highest and lowest value for the C-S and C-SL-D samples, respectively. This indicated that
the addition of EDIPA and different SCMs increased the C-S5-H content within the BOF
slag-cement matrix.

3.6. TG-DTG Analysis

Figure 9 shows the TG and DTG curves of 7 d hardened cement pastes containing
different SCMs. The mass loss of the sample responds to the total amount of hydration
products in the hardened paste. In Figure 9a, the C-S-D sample exhibited a greater mass
loss compared to the C-S sample. The hydration of the BOF slag-cement system increased
in the presence of DEIPA and more hydration products were generated. The C-SL-D sample
showed the maximum mass loss. This indicated a high degree of reaction between the BOF
slag and lithium slag interaction in the presence of DEIPA, which was consistent with the
XRD results. In Figure 9b, there are three distinct weight loss peaks in the DTG curves,
representing the decomposition of hydration products (C-S-H, AFt, and AFm, 50-150 °C),
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Ca(OH), (400-500 °C), and calcite (650-750 °C), respectively. The peaks representing
weight loss for the C-5-D samples exceeded those of the C-S samples around the 100 °C
mark. This indicates that the BOF slag-cement system produced less of an AFt content
and more of an AFm content after the addition of DEIPA. DEIPA accelerated the reaction
of gypsum in the system, thus promoting the generation of AFm, which was consistent
with the results of the literature [28]. The DEIPA content was constant and the Ca(OH),
mass loss peak in the composite system was reduced by the addition of lithium slag and
iron tailings to the BOF slag-cement system. Among all the samples, the weight loss peak
corresponding to Ca(OH); in the C-SLI-D sample was the least pronounced. This indicates
that BOF slag, lithium slag, and iron tailings consume more Ca(OH); in the cementitious
system, which is consistent with the XRD results.
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Figure 7. XRD patterns of the pastes at 7 d: (a) XRD patterns; (b) and (c) enlarged view.
(Hc—Hemicarboaluminate (PDF#241-0221), Mc—Monocarboaluminate (PDF#41-02219), P—Ca(OH),
(PDF#04-0733), Cc—Calcite (PDF#47-1743), L—LiAlSi;Og (PDF#39-0049), Q—Quartz (PDF#46-1045),
AFt—Ettringite (PDF#41-1451)).

3.7. SEM Analysis

Figure 10 shows the SEM images and EDS face-scan results of 7-day hardened BOF
slag—cement pastes with and without DEIPA. The C-5-D sample contains more types of
hydration products than the C-S sample. In the C-S sample, the generated clustered C-S-H
is dispersed and there is a large amount of flaky AFm in the cleavage. Acicular AFt, flaky
Ca(OH),, and fibrous and reticulated C-S-H surround the surface of unreacted BOF slag
and cement particles in the C-S-D sample. EDS surface scanning revealed that the addition
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TG (%)

75

Transmittance (%)

of DEIPA resulted in a more homogeneous distribution of elemental calcium within the
BOF slag-cement system. The elements silicon, aluminum, and oxygen show different
abundances in the C-S-D samples, which is indicative of the presence of C-5-H gels and
other hydration products [63—66].
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Figure 8. FTIR spectra of pastes at 7 d with different mixing ratios: (a) FTIR spectra (b) O-H group;
(c) Si-O group.
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Figure 9. TG-DTG curves of hardened slurries containing different SCMs: (a) TG curves (b) DTG curves.

The microscopic morphology of 7 d hardened cement paste containing different SCMs
in the presence of DEIPA is shown in Figure 11. The morphology of C-S-H generated in
the composite system changed from fibrous to flocculent after the addition of lithium slag
to C-5-D, as shown in Figure 11a,b. The complexity of the microscopic morphology of the
BOF slag-cement system increased after the incorporation of lithium slag, which favored
the filling of small pores. As shown in Figure 11c, the main hydration products of the
BOF slag-iron tailings-cement system were needle-like AFt and fibrous C-S5-H. Hexagonal
sheet-like Ca(OH), was observed in the BOF slag-iron tailings cement system in samples
containing DEIPA. This suggests that, at this specific mixing ratio, the SCMs consumed the
least Ca(OH),, aligning with the XRD findings. The ternary SCM cement paste (C-SLI-D)
exhibited tighter packing between hydration products and unhydrated particles compared
to binary SCM samples (C-SL-D and C-SI-D), as depicted in Figure 11d.
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Figure 10. SEM images and elemental distribution of BOF slag—cement paste with and without DEIPA.
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Figure 11. Microscopic morphology of cement pastes containing different SCMs.

3.8. Mechanical Analysis

This study analyzed the enhancement mechanism of a BOF slag-cement system by
DEIPA and poly SCMs. Incorporating DEIPA into the BOF slag-cement system amplified
the pozzolanic reactions, which in turn boosted the compressive strength of the cured
mortar. The solubilization-promoting effect of DEIPA on the iron phase induced the for-
mation of a large number of amine-iron complexes in the liquid phase of the composite
paste. The chelation reaction of CF in BOF slag occurred as shown in Equations (1) and (2).
The chelation reaction promoted the dissolution of C4AF and advanced the initial hy-
dration process of BOF slag and cement, as indicated by references [21,57]. The com-
plexation reaction of Ca?* is shown in Equations (3) and (4). The complexation of Ca?*
by DEIPA promoted the dispersion and dissolution of BOF slag and cement particles
(Equations (5) and (6)). And, it promoted cement hydration and accelerated the transition
from AFt to AFm (Figures 7 and 9).

2Ca0 - Fe; 03+ H,O + 20H ™ —5 2Ca>* + 2Fe(OH)?~ €

nEDIPA + Fe(OH)?~ — [nDEIPA — Fe(OH))*" )
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nDEIPA + Ca?* — [nDEIPA — Ca]*" 3)

[Ca - nDEIPA]*" +20H~ — [nDEIPA - Ca](OH), (4)

Ca35i05+H,0 = 3Ca?* +Si0;~ +20H (5)

xCa?" +ySiO} +zH,0 - C—S—H (6)

A BOF slag cement mortar containing DEIPA was prepared using lithium slag and iron
tailings with BOF slag. The BOF slag-cement system changed the morphology of C-S-H
from fibrous to flocculent and improved the pore structure after incorporating lithium
slag. The SOz contained in the lithium slag reacted with the aluminates to form AFt, thus
improving the early strength [51]. The active component in the BOF slag was CaO, which
provided Ca?* for the generation of hydration products in the composite system [24]. The
depletion of Ca?* in turn promoted the dissolution of the BOF slag. The enhancement
of the early compressive strength of the BOF slag-cement mortar by the incorporation of
iron tailings was not significant. Cement pastes with ternary SCMs comprising BOF slag,
lithium slag, and iron tailings exhibited a higher presence of C-5-H gels, resulting in a
more compact arrangement between the hydration products and the remaining unreacted
particles. Iron tailings were used as fillers and acted as nucleation agents to accelerate the
reaction of BOF slag and lithium slag in the cement paste. BOF slag, lithium slag, and iron
tailings in the presence of DEIPA produced a synergistic effect, consuming more Ca(OH),
and increasing the compressive strength. Future studies will focus on the effect of the
DEIPA dosage on the properties of BOF slag-based cementitious materials.

4. Conclusions

This study investigated the effect mechanism of DEIPA and typical SCM on the
hydration of BOF slag cement pastes. The fluidity, compressive strength, pore solution
pH, and hydration products of BOF slag-based composite cementitious materials were
discussed. The enhancement mechanism of BOF slag cement paste by organic alcohol
amines and typical SCMs was revealed. The following conclusions were drawn:

1. The incorporation of DEIPA increased the early compressive strength of the BOF
slag—cement mortar, but the later enhancement was small. DEIPA changed C-S-H
from fibrous to flocculent in the BOF slag-cement mortar and accelerated the transition
from AFt to AFm. DEIPA promoted the pozzolanic reaction of the composite system.

2. SCMs enhanced the hydration of BOF slag-cement paste when combined with DEIPA.
The presence of SOj in lithium slag facilitated AFt formation, accelerated BOF slag
reactions, and improved the BOF slag-cement system’s compressive strength. The iron
tailings showed little enhancement of the early strength of the BOF slag-cement mortar,
which was attributed to the lower activity of BOF slag, serving primarily as a filler.

3. The cement mortar containing BOF slag, lithium slag, and iron tailings achieved a
high compressive strength. The BOF slag, lithium slag, and iron tailings produced a
synergistic effect in the cement mortar in the presence of DEIPA. The SCMs underwent
a pozzolanic reaction, yielding additional hydration products.
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