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Abstract: Blast furnace slag (BFS) is usually regarded as a by-product of the steel industry, which
can be utilized as raw material for preparing BFS-based zeolite (BFSZ). In this study, BFSZ was
successfully prepared from BFS using alkaline fusion-hydrothermal synthesis. Via the analyses by
XRD, SEM, EDX, XRF, FT-IR, elemental mapping and BET/BJH methods, BFSZ crystallization was
almost complete at 6 h. With a further increase of crystallization time to 8 h, no significant effect on
the formation of crystalline phase was found. Meanwhile, the zeolite content Si/Al (Na/Al) molar
ratio was highly affected by crystallization time. The main component of BFSZ prepared at 6 h is
cubic crystal with developed surface, with particle size around 2 µm. Moreover, further increasing
the crystallization time will not significantly influence the size and morphology of BFSZ product.

Keywords: blast furnace slag; conversion; zeolite; characterization; crystallization time

1. Introduction

According to the data of the National Bureau of Statistics, in 2020, the cumulative
output of crude steel in China reached 105.30 million tons, with a cumulative growth of
5.2%. Blast furnace slag (BFS) is usually regarded as a by-product of the steel industry. It
is estimated that each ton of iron produced will produce 290 kg BFS [1,2]. There is still a
large amount of BFS landfilled in China, because we cannot fully utilize BFS at present [3].
Hence, the landfilled BFS has attracted great attention as regards the pollution of heavy
metals and particles in groundwater. Considering this, we urgently need a new way to
convert BFS into products of high value-added to meet the requirements of sustainable
development in the iron and steel industry.

Recently, the preparation of zeolite from minerals and wastes rich in silicon and alu-
minum has received great attention, such as ash (fly ash, putty and shell ash) [4–8], clay
and slag [9–12] and natural zeolite rock [13,14]. Meanwhile, BFS is rich in silicon and
aluminum, which is very suitable for the preparation of zeolite. The zeolite preparation
is a heterogeneous reactive crystallization process, and liquid and solid phases generally
both exist in the reaction system. The parameters that have the greatest influence on the
properties of blast furnace slag-based zeolite (BFSZ) are generally crystallization temper-
ature, crystallization time, initial Si/Al ratio and pressure, etc. In our previous studies,
we systematically studied the parameters including crystallization temperature and initial
Si/Al ratio in the reaction system on the structure and properties of the BFSZ products.
However, further work is needed to clarify all factors controlling the crystal phase and
formation of BFSZ. In addition, the crystallization time is known to have a significant
effect on the generated crystalline phase and the total crystallinity. Hence, the study of the
influence of crystallization time on the synthesis process is very important to clarify and
improve the synthesis of BFSZ.
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The purpose of this study is to analyze the most effective synthetic route of BFSZ
and then to obtain the highest product quality. In order to characterize the synthesized
BFSZ, X-ray (powder) diffraction (XRD), scanning electron microscopy (SEM), energy-
dispersive X-ray spectroscopy (EDX), X-ray fluorescence (XRF), Fourier transform infrared
spectroscopy (FT-IR), elemental mapping and the Brunauer–Emmett–Teller/Barrett–Joyner–
Halenda (BET/BJH) methods were utilized to test the BFSZ obtained at different crystal-
lization time.

2. Materials and Methods
2.1. Materials

The BFS samples are collected from multiple positions of a storage yard located in
Nanjing, Jiangsu province, China, and then mixed evenly before use. Meanwhile, the same
batch of BFS was used to conduct all experiments described in this research. The BFS
powder was obtained by passing a 50-mesh sieve after crushing, drying and screening.
Table 1 lists XRF analysis results of the BFS used in this study. From Table 1, the main
components in the slag were CaO, Al2O3, and SiO2.

Table 1. Determination of chemical composition of blast furnace slag (BFS) and activated BFS (ABFS).

Component BFS/wt % a ABFS/wt % a

CaO 47.08 0.24
SiO2 29.13 58.59

Al2O3 20.59 41.56
MgO 1.11 0.14
Fe2O3 1.58 0.58
Na2O 0.27 0.11
Total 99.76 b 99.25 b

a Measured by X-ray fluorescence (XRF).b Sulfur oxides may be present in the remaining components.

2.2. Synthesis of Blast Furnace Slag-Based Zeolite (BFSZ)

Before preparing zeolite, BFS was first activated with nitric acid to obtain activated
BFS (ABFS). Namely, 10.0 g of BFS was dissolved in 2.0 mol·L−1 HNO3 solution (100 mL)
in a Teflon beaker. After dissolving at 80 ◦C for 2.0 h, the slurry was filtered to obtain the
ABFS (see Table 1 for the chemical components of ABFS). An alkaline fusion-hydrothermal
synthesis method was adopted to prepare BFSZ. In a typical program, 1:1.3 (wt %/wt %)
ABFS and NaOH was first evenly mixed, after that baked in a muffle furnace at 600 ◦C
for 90 min. Then, 5.0 g of baked products was stirred into 25 mL 1.0 mol/L NaOH (aq)
until they were mixed evenly, and 50 mL of aqueous solution containing a certain amount
of sodium aluminate or sodium silicate was added to adjust the Si/Al molar ratio to 1:1.
The resulting mixture was then transferred to a thermostatic water-bath, stirred at 100 ◦C
for 2 h, and crystallized at the same temperature for a certain crystallization time. Finally,
the mixture was filtered, washed with distilled water until neutral and dried for further
characterization. To further analyse the impact of crystallization time on the BFSZ synthesis,
multiple BFSZ products were produced at different crystallization times.

2.3. Characterization

The XRD pattern of the sample was obtained by D8 discover X-ray diffractometer
using Cu Kα radiation in a 5~90◦ 2θ scan range at 0.02/min scanning rate and operated at
40 mA and 40 kV (D8 discover, Bruker, Berlin, Germany). The samples were chemically
analyzed by XRF spectroscopy (Axios, Panalytical, Eindhoven, Holland). The morphologi-
cal structure of the samples were studied by field-emission scanning electron microscopy
(FE-SEM) (SU 8220, Hitachi, Tokyo, Japan) under the following analytical conditions:
HV = 20.00 kV, WD = 11.9 mm, HFW = 14.9 µm, mode: SE. ASAP2020 (Micromeritics,
Norcross, GA, USA) using N2 adsorption method was used at 77 K to obtain specific
surface area (SSA) through the BET equation. Thermo Scientific Nicolet 6700 FT-IR spec-
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trophotometer (Thermo Fisher Scientific, Waltham, MA, USA) was used to perform Fourier
transform infrared spectroscopy (using a KBr method) in the 4000–400 cm−1 region.

3. Results and Discussion
3.1. Crystalline Characteristics

In this paper, we have systematically investigated the effect of crystallization time
on the crystalline characteristics of obtained samples. The XRD patterns of BFSZ samples
obtained at various crystallization time are listed in Figure 1. From Figure 1, after 4 h
crystallization, NaA zeolite (JCPDS cards number: 71-0784) and ZK-14 zeolite (JCPDS
cards number: 84-0698) is present in the products (see Figure 1a), although the diffraction
peak intensity is a little weak, indicating incomplete crystallization. As the crystallization
time increased to 6 h, the diffraction intensity and crystallinity increased gradually (see
Figure 1b). However, as the crystallization time was further increased to 8 h, the diffraction
peak was not further strengthened, indicating that the zeolite crystallization was almost
completed within 6 h (see Figure 1c). Moreover, the crystallization products obtained at
6 h of crystallization clearly showed some diffraction peaks at 7.19◦, 10.18◦, 12.47◦, 14.41◦,
16.13◦, 20.43◦, 21.69◦, 24.01◦, 27.14◦, 29.97◦, 30.86◦, 32.58◦, 34.22◦, 52.66◦, 57.60◦ and 69.22◦,
which matched well with the characteristic peaks of NaA zeolite (JCPDS cards number:
71-0784) [15–17]. That is to say, the BFSZ obtained at 6 h is mainly composed of NaA
zeolite (see Figure 1b). The results showed that NaA zeolite with good crystallinity was
successfully formed.
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Figure 1. X-ray diffraction (XRD) patterns of the product samples obtained at crystallization time of
(a) 4 h (b) 6 h and (c) 8 h.

3.2. Chemical Analysis

The changes of chemical composition and Si/Al (Na/Al) molar ratio are shown
in Table 2. Comparing the 0.11% of Na2O content in ABFS, the Na2O content in the
BFSZ obtained at various crystallization times were significantly increased. Due to the
mechanisms of zeolite growth, the SiO4 tetrahedron can be replaced by Al atoms to form
AlO4 tetrahedron. However, the Al atom is trivalent, and the electricity price of one oxygen
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atom is not neutralized in the AlO4 tetrahedron, resulting in charge imbalance, which
makes the whole AlO4 tetrahedron negatively charged. In order to remain neutral, there
must be positively charged ions to offset, which are generally compensated for by alkali
metal and alkaline earth metal ions, such as Na. Hence, the Na2O content in BFSZ is
changed dramatically. In addition, the great change of Na2O content is also regarded
as other evidence of the successful transformation of BFSZ material [18,19]. The zeolite
contents in BFSZ were determined to be 90.90%, 95.53% and 97.41% at crystallization time
of 4 h, 6 h and 8 h, respectively. The significant increase on zeolite content of BFSZ samples
generally clarify that longer crystallization time is favorable for zeolite formation in the
reaction system. On the other hand, Si/Al and Na/Al molar ratio both increases with the
increase of crystallization time. Namely, under longer crystallization time, more Si and Na
ions are involved in the synthesis of BFSZ. Meanwhile, according to the BFSZ preparation
process, Si and Al ions content in the filter liquor recovered after BFSZ preparation at 6 h
was determined by ICP (Optima 5300DV, Perkin-Elmer, Waltham, MA, USA). The results
show that Al ions concentration in the filter liquor was negligible and Si ions concentration
in the filter liquor was 248.68 mg/L. Namely, abundant water-soluble silicates ions are
not involved in BFSZ synthesis, while almost all Al ions are involved and consumed in
BFSZ synthesis. This phenomenon can be attributed to the fact that during the process of
zeolite synthesis, Al acts as the controlling substance and the consumption rate of Al is
much higher than that of Si in the reaction. Moreover, there was little change in the relevant
data such as chemical component, zeolite content and Si/Al (Na/Al) molar ratio of the
BFSZ products prepared at 6 or 8 h. Taking the above results into account, an appropriate
crystallization time should be controlled at about 6 h.

Table 2. Chemical components and Si/Al (Na/Al) molar ratio of the obtained BFSZ.

Crystallization Time (h)
Chemical Component a/wt % Molar Ratio Zeolite Content b

/wt %CaO SiO2 Al2O3 Na2O Fe2O3 MgO Si/Al Na/Al

4 0.34 35.42 35.66 19.82 0.65 0.17 0.84 0.90 90.90
6 0.43 38.16 36.76 20.61 0.32 0.09 0.88 0.92 95.53
8 0.36 38.72 36.42 22.27 0.38 0.13 0.90 1.01 97.41

a Measured by XRF.b Defined by (SiO2 + Al2O3 + Na2O)/ (total weight).

3.3. Fourier Transform Infrared (FT-IR) Analysis

The FT-IR spectroscopy of the BFSZ products obtained are displayed in Figure 2.
The band at approximately 544 cm−1 was attributed to the external vibration of double
four-rings (D4R), which is a feature of NaA zeolite [20–22]. The bands at 440 cm−1 and
1030 cm−1 are attributed to the vibrations of T–O bending and the TO4 asymmetric stretch
(T = Si or Al), respectively. The bands at 3336 cm−1 and 1646 cm−1 were respectively due
to intermolecular hydrogen bond and bonding water [23]. The bands at 711 and 764 cm−1

were due to the symmetrical stretching of T–O–T, and a band at 958 cm−1 was attributed to
the asymmetrical stretching of T–O–T. The results of FT-IR for the BFSZ products obtained
were consistent with the interpretation of XRD results.
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Figure 2. Fourier transform infrared (FT-IR) spectroscopy of the BFSZ prepared at various crystalliza-
tion time.

3.4. Microstructural Characteristics

The BET/BJH test was carried out to analyze specific surface area (SSA), pore volume
and average pore diameter of the BFSZ obtained under various crystallization times.
BET/BJH measurements of nitrogen adsorption isotherm and pore size distribution are,
respectively, displayed in Figures 3 and 4. Seen from Figure 3, the broad hysteresis loop
ranging in 0.2 < P/P0 < 0.8 and steep elevation in the range of P/P0 > 0.8 indicate the
existence of mesoporous and microporous structure [24,25]. Moreover, the pore size
distribution in Figure 4 again proves that BFSZ has mesoporous and macropore size pores.
Meanwhile, the SSA, pore volume and average pore diameter of the BFSZ are demonstrated
in Table 3. Results show that the SSA of the BFSZ became greater with the increase of
reaction time. The SSA value for the BFSZ obtained at 6 h or 8 h remain largely unchanged.
This again shows that the crystallization time of 6 h is sufficient to prepare BFSZ using
the alkaline fusion-hydrothermal method. In addition, the average pore size is usually
inversely proportional to the SSA value of BFSZ. This may be because relatively small
pores can establish a hierarchical connection system of pores in BFSZ, which may lead to
the obtained BFSZ samples having high SSA values.
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Table 3. Microstructural characteristics results of the BFSZ prepared at various crystallization times.

Crystallization Time (h) SSA (m2/g) a Pore Volume (cm3/g) b Average Pore Diameter
(nm) b

4 37.16 0.14 10.95
6 49.64 0.11 7.62
8 49.96 0.11 7.78

a Brunauer-Emmett-Teller (BET) surface area. b Determined by Barrett-Joyner-Halenda (BJH) desorption data.
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3.5. Morphology Analysis

SEM images show that crystallization time has a significant effect on the size and
morphology of BFSZ. After 4 h of crystallization, a large number of loosely packed crystals
with irregular shapes were discovered, indicating incomplete crystallization. In addition,
the morphology listed in Figure 5A again reflected weak peaks displayed in the XRD
patterns. As the crystallization time reached up to 6 h, the main component of the product
was a much larger cubic crystal with developed surface, and its particle size was about
2 µm (Figure 5B). Moreover, when the crystallization time was further increased to 8 h, all
the obtained BFSZ samples were well shaped. In addition, the crystallization time will not
significantly affect the crystal size and morphology of the BFSZ (Figure 5C). Moreover, as
seen from morphological analyses of BFSZ in Figure 5, the cubic particles with a chamfered
shape, along with a small fraction of round crystals can be observed. The cubic and round
crystals corresponded to zeolite A and zeolite ZK-14, respectively based on morphology.
Moreover, it is worth noting that no aggregates were observed in the SEM pictures which
indicate that this shape transformation can provide large surface area with tiny pores.
That is to say, 6 h is enough to complete the crystallization process. In addition, with the
increase of crystallization time, the surface of BFSZ particles obtained changes from crude
to smooth.
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3.6. Elemental Mapping Analysis

Elemental mapping analysis was conducted to compare and study the regional (or
phase) distribution characteristics of elements in the BFSZ sample obtained under vari-
ous crystallization times. As seen in Figure 6, the BFSZ sample obtained under various
crystallization time contains all BFS-derived metals. As shown in Figure 6A, Si, Al, O and
Na-rich phase was formed and the Si, Al and Na were distributed in the same distribution
area. From the morphological point of view, this is considered to be zeolite, which once
again proves the successful preparation of BFSZ. At the same time, some components such
as iron, calcium and magnesium also appear in the mapping image. However, no related
crystal structure on iron, calcium and magnesium was discovered in the XRD pattern (see
Figure 1). It is likely that those secondary metal ions either cannot form a crystalline phase
or may be incorporated into the BFSZ.
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4. Conclusions

The effects of crystallization time on the alkaline fusion-hydrothermal synthesis of
BFSZ were investigated. The BFSZ obtained under different crystallization times was
measured by XRD, FT-IR, BET/BJH, XRF, FE-SEM and elemental mapping analysis. It
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was found that BFSZ crystallization was almost complete for 6 h. A further increase of
crystallization time did not have a significant effect on the phase formation. Under 6 h
aging, the main phases in BFSZ were NaA zeolite with the average SSA of 49.64 m2 g−1.
Additionally, the cubic crystal with a developed surface in BFSZ crystals with particle size
of about 2 µm could be clearly observed. Elemental mapping analysis showed that a Si,
Al, O and Na-rich phase was formed and the Si, Al and Na were distributed in the same
distribution area. Hence, it can be concluded that the optimal crystallization time for the
synthesis of BFSZ using alkaline fusion-hydrothermal treatment is around 6 h. Research on
the properties of the obtained BFSZ needs to be conducted through further studies.
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