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Abstract

:

Blast furnace ferronickel slag (BFFS) is a kind of industrial solid waste that has not been effectively utilized in construction industry. The effects of different NaOH concentrations on the mechanical properties and microstructure of alkali-activated blast furnace ferronickel slag were investigated in this study. The results show that an optimal concentration for compressive strength is found, both higher and lower concentrations cause strength degradation. The pore structure, phase composition and hydration heat revealed that less C-A-S-H gel is produced at low concentration and result in the low compressive strength The phase composition and hydration heat revealed that more hydrotalcite is produced than C-A-S-H at high concentration due to more violent reaction at the early age hinders the growth of C-A-S-H in the later stage. FT-IR also shows that high concentration decreased the Al/Si ratio and polymerization of C-A-S-H which also leads to the low strength at high concentration.
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1. Introduction


Ferronickel slag is a byproduct of ferronickel alloy production. Approximately 0.64 million tons of nickel–iron alloys are produced globally each year [1]. China accounts for 48% of all ferronickel alloy production. According to different ferronickel alloy production methods, ferronickel slag can be classified as electric furnace ferronickel slag (EEFS) or blast furnace ferronickel slag (BFFS). The electric furnace method is the main method for producing ferronickel alloys and is used worldwide [2]. With the lack of nickel-rich minerals and the demand for ferronickel alloys in China, the blast furnace method is still the main production method [3]. The chemical and mineral composition of BFFS and EFFS are different with different production methods. EFFS is mainly composed of SiO2, Fe2O3 and MgO; BFFS is mainly composed of CaO, Al2O3 and SiO2. The main minerals in EFFS are crystalline substances such as forsterite and diopside; BFFS is mainly composed of an amorphous phase [4]. The resource utilization of EFFS has been extensively studied by many researchers. EFFS can be used as a supplementary cementitious material [5,6,7,8], as an aggregate [9,10,11] in concrete, and as a precursor in geopolymer synthesis [12,13]. Compared with EFFS, there are relatively few studies on BFFS.



Alkali-activated materials have recently become popular as green building materials in cement. Alkali-activated materials use solid waste as a precursor in the preparation of cementitious paste, effectively transforming solid waste into a construction resource. Researchers have studied different industrial solid wastes including blast furnace slag [14,15,16], red mud [17,18,19], ground coal bottom ash [20], silico-manganese (Si–Mn) slag [21], electrolytic manganese residue [22], Cu–Ni slag [23] and lead slag [24]. Alkali-activated materials have greater strength and durability than Portland cement [25]. However, alkali-activated materials also have workability problems such as large shrinkage and a fast setting time [26].



Using BFFS as a precursor to produce alkali-activated materials is a potential way to utilize BBFS. The amorphous aluminosilicate phase in solid waste is the active source of the precursor to produce alkali-activated material [27]. The calcium content in the amorphous phase has a great impact on the solid waste activity; the presence of calcium lowers the polymerization degree of the aluminosilicate framework in the amorphous phase and increase the activity for alkali-activated reaction. The most commonly used precursors are blast furnace slag (BFS), which has a high calcium content. BFFS is mainly composed of CaO, SiO2, Al2O3 and MgO, which has a chemical composition similar to BFS. However, BFFS has a higher CaO content and a lower Al2O3 content than BFS. Thus, BFFS can be classified as a medium-calcium slag for alkali-activated materials and has potential activity for alkali-activation. Few investigations were conducted on BFFS due to most BFFS is adopted only in some parts of China [28]. Wang [28] compared the reaction mechanism and mechanical properties of the alkali-activated BFFS and alkali-activated BFS. The early compressive strength of alkali-activated BFFS is lower than that of alkali-activated BFS, while the strength development of alkali-activated BFFS is better.



This study investigates the effect of NaOH concentration on the mechanical properties and microstructure of alkali-activated BFFS. The mechanical property is measured by the compressive strength. The pore structure is tested to understand the trend of strength on the microstructure scale. The phase composition and hydration heat are used to analyze the effect of reaction product on the pore structure. The polymerization degree and chemical bonding of C-A-S-H is tested by FT-IR.




2. Raw Materials and Test Methods


2.1. Raw Materials


BFFS was used as the precursor of the alkali-activated material. The specific surface area of the FFS was 439 m2/kg. The chemical composition of the FFS was determined by X-ray fluorescence (XRF), as shown in Table 1. FFS consists mainly of CaO, SiO2, Al2O3 and MgO.



The X-ray diffraction (XRD) patterns of the FFS are shown in Figure 1. The slag consists mainly of amorphous phases, indicated by the broad peaks from 17° to 37° in the XRD patterns. The main crystalline phases in BFFS are calcite (CaCO3), spinel (MgO·Al2O3) and gypsum (CaSO4·2H2O). It is widely accepted that the reactive CaO, SiO2 and Al2O3 contents in amorphous phases determine the precursor reactivity. The CaO content in BFFS is lower, and the Al2O3 content is higher than that of BFS. The MgO content in BFFS is mainly in the form of spinel, which is stable and does not easily react.



The alkali hydroxide solutions of five NaOH concentrations (2 M, 5 M, 8 M, 10 M, 12 M) were prepared by dissolving sodium hydroxide pellets (99.9% purity) in water. The water-to-slag ratio was 0.5 for the mortar used in this study. Hydroxide was added to the water to obtain the required concentration. The slag-to-sand ratio for the mortar was 1:3. The paste and mortar specimens were cured in standard curing conditions of 20 ± 2 °C and 95% RH.




2.2. Test Method


2.2.1. Compressive Strength


Mortar samples were prepared to test the compressive strength by mixing the raw materials with a planet mixer. The pastes were mixed for 30 s at low speed after the solution was added. The sands were added for another 4 min. The fresh mortar was cast in 40 mm × 40 mm × 160 mm molds and cured in standard curing conditions of 20 ± 2 °C and 95% RH until testing. The specimens were tested at 1 d, 3 d, 7 d and 28 d.




2.2.2. Isothermal Calorimetry


The hydration heat of alkali-activated BBFS with a water/binder ratio of 0.5 was measured by isothermal conduction calorimetry (TA instrument, TAM Air) at 25 °C. Two slags were weighed and placed in plastic bowls. The bowls were set in the calorimeter until thermal balance was reached. After 10 h of thermal equilibration, the activator was mixed with the precursors for 3 min. The heat evolution was recorded. Compared with the reaction heat, the heat disturbance caused by mixing can be neglected.




2.2.3. X-ray Diffraction (XRD)


The alkali-activated pastes were mixed with a planet mixer for 2 min. The water-to-slag ratio for all paste in this study is 0.5 after mixing, the suspensions were cast into 50-mL sealed centrifuge tubes and cured at 25 °C. After a specified duration, hydration of the sample was terminated using the isopropanol replacement method. The detailed method is described in previous studies [29,30]. The sample powder was ground to <100 μm for XRD. XRD analysis was performed with a Bruker D8 advance using CuKα radiation (scanning range from 5° to 65° for 40 min).




2.2.4. Mercury Intrusion Porosimeter


A mercury intrusion porosimeter (MIP) was used to characterize the pore structure of the paste specimens. The paste was obtained from the same sample analyzed by XRD. The surface tension and contact angle were 135° and 0.485 N/m, respectively. The paste samples for the MIP were cut into small cubes with a maximum size of 0.5 mm.




2.2.5. ATR–FTIR Spectroscopy


Attenuated total internal reflectance Fourier transform infrared spectroscopy (ATR–FTIR) was used to determine the chemical microstructure of the paste. The measurements were performed in the mid-infrared spectral region of 550–4000 cm−1 with a spectral resolution of 2 cm−1 using a BRUKER Tensor 27 spectrometer equipped with a diamond crystal as the ATR element (PIKE Miracle™). The paste was obtained from the sample analyzed by XRD. Same powder sample analyzed by XRD was used for ATR-FTIR.






3. Results and Discussion


3.1. Compressive Strength Development


The compressive strength results are presented in Figure 2. NaOH-activated BFFS demonstrated a good activating effect. The lowest 28-d compressive strength was observed for 12 M activated BFFS. The highest compressive strength was observed for 8 M activated BFFS. As the concentration increased, the strength of the mortar first increased and then decreased, indicating that when the concentration of the activator is too high, the mechanical properties of the alkali-activated BFFS are decreased. This is consistent with the results of previous research [31,32]. A high concentration of NaOH increases the alkalinity of the activator and the pore solution, which is critical for BFFS dissolution. However, a higher pH in the pore solution also promotes the formation of crystal products in the paste such as portlandite and hydrotalcite, which decrease the strength. According to Bondar [33] higher concentration of NaOH results in a higher viscosity of the solution. The pastes require more time for excess water to evaporate; this is the key step in the development of a network of aluminosilicates in which strength is developed.




3.2. Pore Structure of Hardened Pastes


Pore structure is analyzed by MIP in order to understand the trend of compressive strength on the microstructure scale. Figure 3 shows the cumulative pore volumes of the alkali-activated BFFS at 3 d and 7 d. The pore structure results are consistent with the compressive strength. The 2 M activated paste had the weakest pore structure of all concentration groups. Figure 3a shows that the 2 M activated sample has many pores from 100 to 1000 nm in size, which are considered to be harmful in porous materials [34], and are mainly due to the relatively low concentration of 2 M NaOH, which slows down the early dissolution of the BFFS and reduces the production of C-A-S-H gel. The pore structure is fragile, and the compressive strength is low. The 12 M activated paste has a pore structure similar to that of the 8 M activated paste but does not match the compressive strength. Figure 3a shows that the pore structure curves are similar for 8 M and 12 M; the total pore volume for 8 M (0.249 mg/L) is slightly smaller than that for 12 M (0.265 mg/L). However, the compressive strength of the 8 M paste (24.9 MPa) is more than twice that of the 12 M paste (11.9 MPa) at 3 d. According to the section below, more crystal phases are formed at high pore concentrations. The possible reason for the optimal concentration is that although the 12 M NaOH has a pH that can dissolve the BFFS and form sufficient C-A-S-H, formation of a large amount of crystal phase diminishes the strength of AA-BFFS.



Figure 3b shows the pore structure of AA-BFFS at 7 d, which is the same as at 3 d. Compared to the result at 3 d, the 2 M paste contains fewer pores from 100 to 1000 nm in size. The compressive strength of the 2 M paste at 7 d (17 MPa) is much greater than at 3 d (2.6 MPa), indicating that the pores between 100 and 1000 nm have a great influence on the strength of alkali-activated BFFS. The pore structures of 8 M and 12 M activated BFFS at 7 d are also improved. There are pores from 10 to 100 nm in size in the 7-d pore structure. The compressive strength of the 8 M (32.6 MPa) and 12 M (15.55 MPa) pastes at 7 d is greater than at 3 d (24.9 MPa and 11.8 MPa, respectively). The strength development of the 2 M paste is much greater than that of the 8 M and 12 M pastes, which indicates that the pores from 100 to 1000 nm have a greater impact on the compressive strength than the pores from 10 to 100 nm in AA-BFFS.




3.3. Phase Compositions of Hardened Pastes


XRD was used to analyzed the phase composition in order to understand the effect of reaction production on the pore structure. Figure 4 shows the XRD spectra of the hardened pastes hydrated for 1 d, 3 d, 7 d and 28 d. The main crystal product of AA-BFFS is hydrotalcite (PDF#89-0460), which is the same as that of alkali-activated BFS [35,36]. The XRD patterns show that as the reaction progresses, calcite (CaCO3) and gypsum (CaSO4·2H2O) are gradually dissolved and consumed; spinel (MgO·Al2O3) did not participate in the reaction because it has a stable crystal structure, as reported in a previous study [36]. The main amorphous phase is C-A-S-H gel, which corresponds to the C-S-H(I) peaks in Figure 4 [36].



Comparing the XRD patterns of slag activated by different concentrations of sodium hydroxide, it was found that as the concentration increases, more crystals are formed in the product [37]. As spinel is stable in the pore solution of alkali-activated material, it can be used as an internal standard material for semiquantitative analysis. For 2 M activated BFFS, the rate of product generation was slow. Hydrotalcite was not observed in the XRD spectrum until 3 d (Figure 3a). The calcite in the 2 M XRD patterns was not consumed at 28 d, indicating that the low concentration of 2 M NaOH does not have sufficient alkalinity to dissolve BFFS and provide sufficient ions for crystal growth. Compared with paste activated by higher concentrations of NaOH, few C-S-H(I) peaks were observed in the XRD patterns. This can also be explained by the low concentration of NaOH. With an increase in age, the peak of hydrotalcite in the 2 M pattern did not change significantly, indicating that further reaction in the 2 M paste is minimal. The phase composition development of the 2 M paste explains the poor pore structure, and the low strength development of the 2 M mortar.



When a higher concentration of NaOH (>2 M) was used to activate the BFFS, the hydrotalcite peak was clearly observed at 1 d. At the same age, the peaks of crystalline products and C-S-H(I) were higher with an increase in concentration, indicating that high alkalinity can promote product formation. High alkalinity accelerates the dissolution of BFFS, increasing the ion concentration in the solution [38,39] and promoting crystallization and growth of the products. Unlike the 2 M paste, the reaction continued to 28 d, as the peaks of hydrotalcite and C-S-H(I) are sharper than the peak of spinel (Figure 4b–e). This explains the strength and pore structure development. Comparing Figure 4c and Figure 4e, it is observed that the peaks of C-S-H(I) are similar in intensity according to the spinel peaks. The hydrotalcite peak of the 12 M paste (Figure 4c) is more intense than that of the 8 M paste (Figure 4e), indicating that with an increase in the NaOH concentration, more hydrotalcite was formed than C-A-S-H gel. C-A-S-H is the main product providing strength to alkali-activated material. The formation of hydrotalcite consumes more calcium and aluminum in the solution, reducing the Ca and Al content in the C-A-S-H gel, resulting in a low-degree C-A-S-H gel. Hydrotalcite and portlandite are preferred to enrich the particles and fine aggregates, forming an interfacial transition zone (ITZ) and reducing the compressive strength. As a high concentration of NaOH promotes generation of hydrotalcite and other crystals, the compressive strength of high-concentration NaOH is lower.




3.4. Isothermal Calorimetry


Isothermal calorimetry was measured to analyze the reaction mechanism and production of the reaction products. Figure 5 shows the isothermal calorimetry results for the alkali-activated pastes within 96 h. Isothermal calorimetry was performed to evaluate the effect of concentration on the kinetics of alkali-activated BFFS. The heat evolution curves of the alkali-activated BFFS are shown in Figure 5a. The evolution peak occurred in the early stage of the reaction (within 4 h). With an increase in the concentration, the evolution peak became more intense. The first exothermic peak of alkali-activated materials can be interpreted as the heat of wetting and the heat of dissolution according to [40]. The results show that a higher pH of the solution increases the dissolution of BFFS. This is consistent with the XRD results. A fast and intense evolution indicates fast dissolution of the BFFS, which provides sufficient ions in the concentration for crystallization. The 2 M paste shows a low heat evolution in poor formation of product and pore structure. The 5 M curves in Figure 5a show a broad shoulder peak from 3–4 h. This curve is widely accepted as an acceleration peak. The shape of this curve is similar to that for Portland cement, although the temporal occurrences are different [41].



Figure 5b shows the cumulative heat of the AA-BFFS. The total heat of the 2 M paste is significantly less than that of the others, indicating that the low pH of the 2 M NaOH reduces the reaction rate and the product formation of the paste (mainly C-A-S-H gel). This is direct evidence to explain the low strength and poor pore structure of the 2 M paste. However, for high-concentration pastes, the total heat within 72 h is similar, which is consistent with the XRD results. The cumulative heat and heat evolution indicate that the violent reaction at the early age hinders the later C-A-S-H production.




3.5. FT-IR Spectra of Hardened Pastes


The chemical bonding and the polymerization degree of C-A-S-H was analyzed by FT-IR. Figure 6 shows the FT-IR spectra of hardened pastes hydrated for 1 d, 3 d, 7 d and 28 d. Three obvious peaks are observed. The most important peak is at approximately 950–1000 cm−1, corresponding to the Si–O asymmetric stretching vibrations (ν3) of Q2 units [41,42,43]. The peak at 870–875 cm−1 is related to the asymmetric stretching (ν3) and out-of-plane bending (ν2) modes of    C O  3  2 −    ions [41,44]. The weak peak at 650–700 cm−1 corresponds to the Al–O–Si bonds [43].



The band at 875 cm−1 corresponds to calcite in the precursor. The shifting of this band can be interpreted as the dissolution of calcite and the formation of other unknown carbonates. Figure 5a shows that the    C O  3  2 −    bond of the 2 M paste remains at 28 d, indicating that calcite did not react in the 2 M paste. This is consistent with the results in Figure 4a. For the 5 M and 8 M concentrations, the    C O  3  2 −    bond broadens and becomes weaker, indicating that calcite dissolved. For the last two concentrations, the    C O  3  2 −    bond is weaker, disappears or shifts to other wavenumbers, indicating that calcite dissolved and transformed into other carbonates. The results indicate that higher concentrations promote crystal dissolution and new crystal formation, which is consistent with the XRD results.



The bands at 950–1000 cm−1 are different for different concentrations. At 28 d, with an increase in the concentration, the band at 950–1000 cm−1 first shifted toward a lower wavenumber and then back to a higher wavenumber. The lowest wavenumber was observed in 8 M activated BFFS (948 cm−1, Figure 6c), and is consistent with the compressive strength. The shifting of the band from 950–1000 cm−1 is caused by different Si/Al ratios in the Si-O-T (Si, Al) [45]. A higher wavenumber corresponds to an “Si-rich” bond with a lower degree. A lower wavenumber corresponds to an “Al-rich” bond with a higher polymerization degree [35]. Thus, the wavenumber trend from low concentration to high concentration can be interpreted as the Al/Si ratio and polymerization degree of C-A-S-H gel first increasing and then decreasing when the concentration is greater than 8 M. This means the optimal concentration result in the higher polymerization degree of C-A-S-H gel. This explains the compressive strength and pore structure, which are consistent with the XRD patterns.





4. Conclusions


In this study, the properties of alkali-activated BBFS were investigated at different concentrations of NaOH (2 M, 5 M, 8 M, 10 M, 12 M). Based on the results, the following conclusions can be drawn.



	
Optimal concentration on the compressive strength of mortars is found; 8 M NaOH shows the best performance. Both lower concentrations and higher concentrations cause strength degradation.



	
The pore structure characterized by MIP indicates that at the low concentration (2M) more pore between 10 and 1000 nm is existed. This demonstrates the low compressive strength of 2M. The pore structure of 8M and 12M is similar which means the pore structure cannot explain the strength degradation at high concentration.



	
The phase composition characterized by XRD reveals that less C-A-S-H gel is generated at low concentration and result in the poor pore structure. The low alkalinity of the 2M NaOH leads to lower reaction rate at the early age according to isothermal calorimetry result. Eventually, the amount of less C-A-S-H gel is generated.



	
An increase in the concentration promotes the generation of C-A-S-H and hydrotalcite. According to XRD result, when the concentration is greater than 8 M, more hydrotalcite is formed compared to C-A-S-H. Isothermal calorimetry indicates that, the violent reaction at the early age hinders the later formation of the C-A-S-H. This causes the compressive strength degradation at high concentration.






FT-IR result indicates that the polymerization degree of C-A-S-H gel is consistent with the compressive strength, the optimal concentration of 8M shows the highest polymerization degree. The result indicates both low and high concentration reduce the polymerization degree of C-A-S-H which also do harm to the compressive strength.
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Figure 1. XRD pattern for BFFS. 
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Figure 2. Compressive strength of AA–BFFS mortar at different concentrations. 
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Figure 3. Cumulative pore volumes of alkali-activated BFFS paste at different ages: (a) 3 d; (b) 7 d. 
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Figure 4. XRD spectra of hardened pastes at different ages: (a) 2 M, (b) 5 M. (c) 8 M. (d) 10 M and (e) 12 M. 
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Figure 5. Isothermal calorimetry curves for paste: (a) heat flow and (b) cumulative heat. 
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Figure 6. FT-IR spectra of hardened pastes at different ages: (a) 2 M, (b) 5 M, (c) 8 M, (d) 10 M and (e) 12 M. 
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Table 1. Chemical composition of raw materials (wt.%).
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	Compound
	CaO
	SiO2
	Al2O3
	MgO
	MnO
	Cr2O3
	Fe2O3
	SO3
	LOI





	BFFS
	32.72
	27.31
	21.82
	8.64
	1.99
	1.95
	1.57
	1.58
	2.41
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