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Blast furnace ferronickel slag (BFNS), currently an underutilized metallurgical residue, was
investigated for use as a precursor for alkaline activation.Water glass solutions with various
moduli (0.5, 1.0, 1.5 and 2.0) were used at the same water glass concentration of 10% to
investigate the influence of the modulus on hydration and mechanical properties. The
results show that the modulus has a certain impact on the hydration and mechanical
strength development of alkali-activated BFNS. Increasing the modulus of water glass
does not change the type of hydration product and the activity of the Mg-containing
phases, but it decreases the amount of C2AS, the Ca/Si and Al/Si ratios of the (N,C)-A(M)-
S-H gel. In addition, a high silicate modulus deteriorates the pore structure, which has an
adverse effect on the development of compressive strength and splitting tensile strength.
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INTRODUCTION

Cement is the most widely used building material (Wang et al., 2011). However, during the
production of cement, much energy and resources are consumed, and toxic gases such as nitrogen
oxides are emitted, which obviously does not conform to the development concept of green
environmental protection (Sabir et al., 2001; Siddique and Klaus, 2009; Wang et al., 2020b). To
meet the environmental protection requirements for green building materials, alkali-activated
cementitious materials are produced (Sun and Chen, 2019; Wang et al., 2020a). Alkali-activated
cementitious material refers to a kind of cementitious material produced by alkaline activators used
to destroy the vitreous structure of silicate aluminate material. Silicate aluminates are generally
common industrial wastes, such as slag, fly ash, metakaolin, phosphorus slag and steel slag (Goñi
et al., 2013; Abdalqader et al., 2015; Kovtun et al., 2015, Abdalqader et al., 2016; Zhuang and Wang,
2021). Because these silicate aluminates are industrial byproducts, there is no need for high-
temperature calcination during the production of alkali-activated materials, and they do not produce
a large amount of CO2 and other toxic gases, so they meet the development requirements for green
building materials.

Generally, alkali-activated materials can be divided into three categories according to the chemical
compositions of the precursor (Rashad et al., 2013; Rashad et al., 2016; Gebregziabiher et al., 2016;
Mobasher et al., 2016). The first type is a high Ca system ((Na,K)2O-CaO-Al2O3-SiO2-H2O) (Wang
and Scrivener, 1995; Aydin and Baradan, 2014; Bernal et al., 2014; Ke et al., 2016). The most typical
alkali-activated material is ground blast furnace slag (GBFS), which contains more Si and Ca and less
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Al, especially a more amorphous phase and higher activity
(Krizan and Zivanovic, 2002; Pan et al., 2002; Puertas et al.,
2011; Myers et al., 2015). The second type of alkali-activated
material is low Ca (free Ca) system ((Na,K)2O-Al2O3-SiO2-H2O)
(De Vargas et al., 2014; Chi, 2015; Leong et al., 2016). The most
typical examples are fly ash and metakaolin with more Si and Al
and very less Ca content (Atiş et al., 2015; Williamson and
Juenger, 2016). Generally, high-temperature curing or high
alkalinity is needed for activation (Junaid et al., 2015; Ma and
Ye, 2015). In addition to the two typical alkali-activated
cementitious material systems mentioned above, the third
system is the hybrid cementitious material system, which is
also a hot research topic at present. Generally, there are two
combinations of hybrid cementitious materials: The first
combination contains a small amount of cement, which is the
most common composite method (Acevedo-Martinez et al., 2012;
Escalante-Garcia et al., 2014; Li and Li, 2014); the second type
does not contain cement and is made of industrial wastes, and the
most common example is the GBFS-fly ash composite material
system (Lee et al., 2014; Harbulakova et al., 2017).

Ferronickel slag is a byproduct from the smelting and
purification of nickel-iron alloys (Coman et al., 2013; Bartzas
and Komnitsas, 2015; Sagadin et al., 2016). At present, the main
way of treating ferronickel slag in China is to directly store or bury
it, which not only occupies land resources but alsomay pollute land
and underground water because of infiltration or leaching for a
long time (Xi et al., 2018). It may have adverse influence onmarine
resources. Therefore, the accumulation of ferronickel slag will
seriously damage the ecological environment if it is allowed to
continue. Ferronickel slag can be divided into electric furnace
ferronickel slag and blast furnace ferronickel slag (BFNS)
depending on the production process (Wang et al., 2018b; Sun
et al., 2018). The main chemical components of BFNS in China are
SiO2, MgO, FeO, CaO and Al2O3 (Choi and Choi, 2015; Tangahu
et al., 2015). Because BFNS is generated by water quenching and
quick cooling, it has potential for activation. The forming process
and chemical composition of BFNS are similar to those of GBFS
(Bartzas and Komnitsas, 2015). Alkali-activated GBFS has been
widely studied, andmany advantages of alkali-activated GBFS have
been recognized to some extent. Therefore, in theory, alkali-
activated BFNS should also have certain application promise.

Research on alkali-activated ferronickel slag cementitious
material starts recently. Maragkos et al. (2009) used water
glass to prepare alkali-activated electric furnace ferronickel slag
and found that the compressive strength could reach 120 MPa
with optimal experimental parameters, including a solid-liquid
ratio of 5.4 g/ml, NaOH concentration of 7 M and SiO2

concentration of 4 M. Meanwhile, water absorption of 0.7%
and apparent density of 2,480 kg/m3 could be obtained
(Maragkos et al., 2009). It was also proven that the interface
between unreacted particles and gel products is the weak area
when the material is damaged by compression (Maragkos et al.,
2009). Komnitsas et al. (2007) also studied a water glass-activated
electric furnace and found that the main crystalline products were
sodalite, magnetic hematite, thermonatrite, trona and calcite.
They also found that the curing age was the main factor that
influenced the compressive strength (Komnitsas et al., 2007).

Zhang et al. (2017b) used high-magnesium ferronickel slag to
improve water glass-activated fly ash materials and found that
adding 20 and 40% ferronickel slag could significantly improve
the compressive strength of alkali-activated fly ash. Moreover,
compared with cement-based materials, the production of this
geopolymer could significantly reduce CO2 emissions (Zhang
et al., 2017b). Yang et al. (2014) also found that the main reaction
product was N-M-A-S gel in alkali-activated fly ash and high-
magnesium ferronickel slag paste. The optimal concentration of
ferronickel slag is 20% in alkali-activated composite material,
which had the highest compressive strength, the densest pore
structure and the least drying shrinkage (Yang et al., 2014). Zhang
et al. (2017a) also found the same gel products. Yang et al. (2017)
studied the thermal stability of alkali-activated fly ash and
ferronickel slag composite materials and found that the
thermal stability of alkali-activated composite systems was
better than that of ordinary Portland cement systems in a
certain temperature range, and the volume shrinkage was also
less than that of ordinary Portland cement systems resulting from
the generation of dense N-A(M)-S-H gels.

The existing literature mainly focuses on the properties of electric
furnace ferronickel slag, and there are few studies on alkali-activated
BFNS cementitious material systems. Compared with the chemical
composition of GBFS and fly ash, BFNS can be defined as a
“medium Ca” system, which is a new raw material system. The
alkaline environment plays an important role in the hydration and
subsequent properties of alkali-activated cementitious materials. In
this paper, water glass was used as an alkaline activator, and the
influence of different alkaline environments on the hydration and
mechanical properties of alkali-activated BFNS was studied by
changing the modulus of water glass.

MATERIALS AND METHODS

Raw Materials
The BFNS used in this paper came from Luoyuan County, Fujian
Province. The chemical composition of the BFNS was determined
by X-ray fluorescence spectroscopy, as shown in Table 1.
Compared to common GBFS, the CaO content is lower in
BFNS. A laser particle size analyzer (MasterSizer 2000) was
used to measure the particle size distribution of the BFNS, as
shown in Figure 1. The average particle size was D50 � 24.740 μm
for BFNS particles. The mineral composition of the BFNS
obtained is shown in Figure 2. A hump appears in the range
of 25°–35° (2θ) in the XRD spectrum, which indicates that there is
an activated vitreous phase in the BFNS. It is worth noting that
the Mg in the BFNS mainly exists as a spinel (MgAl2O4) and
magnesium olivine (MgSiO3).

Sodium hydroxide (NaOH) of 99% purity was obtained from
Beijing Tongguang Fine Chemicals Company, China.
Commercial liquid sodium silicate (Na2O·nSiO2) with a silicate
modulus (SiO2/Na2O molar ratio) of 3.36 was also used. Water
glass was prepared with NaOH and Na2O·nSiO2 as an alkaline
activator. Natural river sand with a particle size less than 5 mm
and limestone with a particle size between 5 and 25 mm were
selected as coarse and fine aggregates, respectively.
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Mix Proportions and Curing Method
The mix proportions of concrete are shown in Table 2. The total
amount of cementitious material was 400 kg/m³, and the water-
binder ratio was 0.5 which involves the water in water glass

solution. The BFNS was activated by water glass at a constant
activator to slag ratio of 10% (water glass: BFNS in mass). And the
modulus (molar ratio between SiO2 and Na2O) of the water glass
was adjusted to 0.5, 1.0, 1.5 and 2.0 by adding NaOH. The alkaline
activator was first mixed with water before 2 h and cooled to
room temperature to avoid temperature interference, and
subsequently mixed with solid materials. Concrete samples
(100 × 100 × 100 mm) were prepared according to GB/T
50082-2009. The hardened paste and fresh mortar of sample
BFNS-M1.0 are shown in Figure 3. According to the pre-
preparation test, the initial setting time of sample BFNS-M1.0
was very short, and the moisture on the surface disappeared
rapidly after stirring for 5 min. Meanwhile, cracks began to
appear after 3 h, which indicated that sample BFNS-M1.0
underwent quick and large shrinkage. In terms of fresh
mortar, sample BFNS-M1.0 could not be molded due to rapid
setting. Therefore, only samples BFNS-M0.5, BFNS-M1.5 and
BFNS-M2.0 were studied in this paper. The water-binder ratio of
paste was the same as that of the concrete, and the fresh paste was
put into the plastic tube. All samples were cured under the same
conditions (20 ± 2°C, >90% RH) until testing.

Test Method
After 28 days and 90 days, the middle part of the hardened paste
was taken, crushed and immersed in anhydrous ethanol to stop
hydration and then dried at 60°C. The dried pastes were treated in
two ways. First, the block pastes were directly tested as follows: an
FEI Quanta-200 scanning electronmicroscope (SEM) was used to
observe the morphology of alkali-activated BFNS under different
conditions. The composition of the hydration products was also
analyzed using an EDAX Genesis 2000 X-ray energy
spectrometer (EDX). The pore structure of the hardened paste
was tested by an Autopore IV 9500 mercury injection apparatus
(MIP). Then, the other pastes were ground. A Bruker Vertex 70
Fourier transform infrared (FTIR) spectrometer was used to
analyze the structure of the gel product. The types of
hydration products were measured by XRD analysis with a
scanning range from 5° to 70° and a measuring speed of
8°/min. At 1, 3, 7, 28 and 90 days, the compressive strength and
splitting tensile strength of concrete were obtained by using three
specimens for each test according to the Chinese National
Standard GB/T 50081-2002.

RESULTS AND DISCUSSION

XRD Analysis
Under different hydration conditions, the XRD spectra of the
alkali-activated BFNS pastes at 28 days are shown in Figure 4.
Compared to the XRD spectrum of BFNS in Figure 2, diffraction
peaks of MgAl2O4 and MgSiO3 of alkali-activated BFNS pastes in

TABLE 1 | Main chemical composition of BFNS (%).

SiO2 Al2O3 CaO MgO Cr2O3 MnO Fe2O3 TiO2 SO3 NiO

BFNS 29.95 26.31 25.19 8.93 2.30 2.25 1.55 1.18 0.90 0.01

FIGURE 1 | The particle size distribution of BFNS.

FIGURE 2 | The XRD spectrum of BFNS.
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Figure 4 are very clearly detected. There is almost no change in
the peaks, which means that MgAl2O4 and MgSiO3 do not
participate in the reaction. This result is similar to the use of
ferronickel slag as a mineral admixture in cement.

In addition, the only newly generated crystalline phase
detected is 2CaO·Al2O3·SiO2 (C2AS, peak 4). This crystalline
phase can also be found in alkali-activated GBFS paste. However,
there are differences in the specific composition and content,
which should be attributed to the similar chemical composition of
GBFS and BFNS. It is worth noting that the diffraction peak of

C2AS is obvious and high, indicating that the crystallinity is high.
When the modulus of water glass increases from 0.5 to 1.5, the
XRD spectra of alkali-activated BFNS pastes change significantly.
The number and intensity of C2AS diffraction peaks are
significantly reduced with increasing modulus. This indicates
that increasing the modulus significantly reduces the amount
of C2AS. Moreover, with the increase in the modulus of water
glass, the “hump” in the XRD spectra becomes more obvious,
which indicates that increasing the modulus is beneficial to the
formation of amorphous products. However, it is worth noting
that there is no significant difference between the XRD patterns of
samples BFNS-M1.5 and BFNS-M2.0. This indicates that when
the modulus of water glass is more than 1.5, increasing the
content of silicate will not have a significant impact on the
hydration products of alkali-activated BFNS pastes.

SEM and EDX Analyses
The microstructure of sample BFNS-M0.5 at 90 days is shown in
Figure 5. The microstructure of the water glass-activated BFNS
hardened paste is very dense, but even at 90 days, unreacted BFNS
particles can still be obviously detected (point B in Figure 5). In the
EDX spectrum at point A, a small amount of Mg was detected in
the gel products. According to the XRD results, the Mg-containing
phase in the BFNS almost did not participate in the reaction, which
suggests that the vitreous components of the BFNS may contain
Mg. According to the EDX analysis, the gel products of water glass-
activated BFNS can be written as (N,C)-A(M)-S-H. Na ions may
replace some of the Ca ions to form a gel, which is similar to the
reaction products of alkali-activated GBFS-based cementitious
materials. Mg in the vitreous of BFNS may enter the gel
structure or adsorb on the surface of the gel, which is similar to
the result from previous research on alkali-activated low Ca and
high Mg ferronickel slag (Yang et al., 2014; Yang et al., 2017).

TABLE 2 | Mix proportions of concrete (kg/m3).

Sample BFNS Coarse aggregate Fine aggregate Concentration (%) Modulus Water/binder

BFNS-M0.5 400 1,000 800 10 0.5 0.5
BFNS-M1.0 400 1,000 800 10 1.0 0.5
BFNS-M1.5 400 1,000 800 10 1.5 0.5
BFNS-M2.0 400 1,000 800 10 2.0 0.5

FIGURE 3 | Hardened paste and fresh mortar of sample BFNS-M1.0.

FIGURE 4 | XRD spectra of hardened paste at 90 days.
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To further determine the effect of the modulus on the
composition of the gel, a total of 50 micro-scale areas of the
(N,C)-A(M)-S-H gel were analyzed by EDX. The Ca/Si and Al/Si
ratios of each sample were calculated according to the EDX test
results, as shown in Figure 6 and Figure 7, respectively.

When themodulus of water glass is 0.5, the Ca/Si ratio of the gel
varies from 0.52 to 0.94, with an average value of 0.70. When the
modulus of water glass is 1.5, the Ca/Si ratio of the gel varies from

0.45 to 0.91, with an average value of 0.61. When the modulus of
water glass is 2.0, the Ca/Si ratio of the gel varies from 0.42 to 0.81,
with an average value of 0.57. The Ca/Si ratio of the gel decreases
with increasing modulus, but the amplitude reduction is not
significant. Since the increase in modulus means a significant
increase in silicate content, the change in Ca/Si ratios in the
gels is very small, which indicates that more silicate due to the
increase in modulus does not participate in the later reaction.

FIGURE 5 | The SEM image and EDX spectra of sample BFNS-M0.5 at 90 days.

FIGURE 6 | The Ca/Si ratio in (N,C)-A(M)-S-H gel at 90 days.

FIGURE 7 | The Al/Si ratio in (N,C)-A(M)-S-H gel at 90 days.
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Previous studies show that the Ca/Si ratio of gel in pure cement
systems generally varies in the range of 1.2–2.3 (Richardson, 1999).
Another study shows that the Ca/Si ratio in alkali-activatedGBFS is
1.29 ± 0.33 (Kovtun et al., 2015). Therefore, the Ca/Si ratio in the
gels generated by alkali-activated BFNS is significantly lower than
that generated by cement and alkali-activated GBFS.

When the modulus of water glass is 0.5, the Al/Si ratio of the
gels varies from 0.43 to 1.10, with an average value of 0.66. When
the modulus of water glass is 1.5, the Al/Si ratio varies from 0.32
to 0.84, with an average value of 0.53. When the modulus of water
glass is 2.0, the Al/Si ratio varies from 0.31 to 0.63, with an average
value of 0.46. With the increase in the modulus of water glass, the
Al/Si ratio gradually decreases. On the one hand, an increase in
the modulus leads to an increase in silicate. On the other hand,
the increase in silicate makes it easier for Al to form a gel,
resulting in a reduction in the Al/Si ratio (Pardal et al., 2009;
García-Lodeiro et al., 2013).

FTIR Analysis
FTIR patterns of hydration products of water glass-activated BFNS
at 28 and 90 days are shown in Figure 8A and Figure 8B,
respectively. In general, the peak at approximately 950 cm−1 is
the Q2 units of the stretching vibration peak of the Si-O bond,
and some peaks at approximately 600–700 cm−1 are the deformation
vibration peaks of Si-O-Si(Al) (Wang et al., 2018a). The narrow and
sharp peak indicates better crystallization of the corresponding
phase, and the wide and rounded peak indicates worse
crystallization (Wang et al., 2018a). It can be seen from Figure 8
that the crystallization of Si-O and Al-O connection structures in
BFNS is poor, and there is no obvious stretching vibration peak for
Si-O bonds and no deformation vibration peak of Si-O-Si(Al).
However, after activation, a series of deformation vibration peaks
of Si-O bonds of Q2 units and Si-O-Si(Al) appear in alkali-activated
BFNS.With the increase in themodulus of water glass, the stretching
vibration peak of the Si-O bond of Q2 units tends to shift toward a
higher frequency. This indicates a higher polymerization degree in
the alkali-activated BFNS pastes. The FTIR results clearly reveal the
polymerization process of alkali-activated BFNS. The variation after
90 days was basically the same as that after 28 days, which further
verified the possibility of the above speculation.

MIP Analysis
Pore structure has a very important effect on strength and
permeability resistance of concrete. According to previous
studies, the pores in cementitious materials are classified as
follows: harmless pores (<20 nm), little harmful pores
(20–50 nm), harmful pores (50–200 nm) and much harmful
pores (>200 nm) (Zhou et al., 2020). In this study, the pore
structure distributions of different kinds of hardened pastes at 28
and 90 days are shown in Figure 9.

Obviously, with increasing modulus, the total pore volume
increases. Compared to samples BFNS-M1.5 and BFNS-M2.0,
sample BFNS-M0.5 has an extremely low pore volume. This
indicates that increasing the modulus of water glass has an
adverse impact on the pore structure. Moreover, the pores in
alkali-activated BFNS hardened pastes are mainly composed of
small pores, and the proportion of large pores is very small. With
the prolongation of curing time, there is no obvious change in the
total pore volume. The main reason is that the pore structures of
alkali-activated BFNS hardened pastes at 28 days are very dense and
prolonging the curing time has little influence on improving the pore
structure. However, in terms of sample BFNS-M2.0, with prolonged
curing age, the pore distribution obviously changes. The harmless
pore volume increases, little harmful pores and harmful pores
volume decreases, and much harmful pore volume change slightly.

Mechanical Properties
The changes in the compressive strength and splitting tensile
strength of all concrete with age under different conditions are
shown in Figure 10A and Figure 10B, respectively. As illustrated
in Figure 10, the compressive strengths show a similar tendency
to the splitting tensile strength at all ages. Apparently, increasing
the modulus of water glass has an adverse impact on the
development of compressive strength and splitting tensile
strength, resulting from deteriorated pore structure. At 1 day,
samples BFNS-M1.5 and BFNS-M2.0 have no strengths.
Meanwhile, the late strength increases slowly. Thus, these two
materials e cannot be used in practical engineering applications
due to their low strengths. In terms of sample BFNS-M0.5, the
compressive strength and splitting tensile strength rapidly
increase before 7 days. However, after 7 days, the growth rates

FIGURE 8 | FTIR spectra of hydration products ranging from 1,200 to 600 cm−1: (A) 28 days; (B) 90 days.
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of the strength decrease. Sample BFNS-M0.5 can achieve 60 MPa
compressive strength and 5.5 MPa splitting tensile strength. In
this study, when the concentration of water glass is 10% in alkali-
activated BFNS cementitious material, the optimum modulus for
compressive strength and splitting tensile strength is 0.5.

CONCLUSION

Alkali-activated BFNS material is a low-cost product that may
possibly use industrial waste and provide a solution to a current
ecological problem. This study investigated the influence of the
modulus of water glass on the hydration product, pore structure
and strength of alkali-activated BFNS materials at the same water
glass content of 10%. The main conclusions obtained from this
research are as follows:

1. The crystalline product of water glass-activated BFNS is C2AS.
Increasing the modulus of water glass has no effect on the type of
crystalline product but decreases the amount of C2AS. Changing
the hydration condition has little influence on the MgAl2O4 and
MgSiO3 phases, which almost do not participate in the reaction.

2. The amorphous product of water glass-activated BFNS is
(N,C)-A(M)-S-H gel. Increasing the modulus of water glass

reduces the Ca/Si and Al/Si ratios of the gel. With the increase
in the modulus of water glass, the polymerization degree
increases in the alkali-activated BFNS.

3. Increasing the activator modulus can significantly increase pore
sizewhich has an adverse effect on the development of compressive
strength and splitting tensile strength. With a water glass
concentration of 10% and a water/binder ratio of 0.5, a silicate
modulus of 0.5 is the optimum modulus based on these results.
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FIGURE 9 | Pore structures of hardened pastes.

FIGURE 10 | Mechanical properties of the alkali-activated BFNS mortars at different ages: (A) Compressive strength; (B) Splitting tensile strength.
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