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Reuse of Spent Foundry Sand in Development of Glass-Ceramic Material with Wollastonite Phase
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Spent Foundry Sand is one of the largest industrial solid wastes generated by foundries in the
production of iron and steel components. Currently, millions of tons of molten sands are discarded
worldwide. Therefore, this work aims to reuse the Spent Foundry Sand for the production of glass-ceramic
materials, since this reuse minimizes the environmental impacts related to its discarding. The Spent
Foundry Sand, composed of >60% SiO,, was mixed with limestone and melted at 1500 °C to produce
the glass (melting and rapid cooling method). The materials were characterized by X-Ray Fluorescence,
X-Ray Diffraction and thermal analysis. The X-Ray Diffraction results of the glass tablets treated at 875,
941 and 1050 °C show that the formed phases are Wollastonite-1A, f-Wollastonite and Akermanite.
In summary, it is possible to produce glass-ceramic from Spent Foundry Sand with Wollastonite phase.
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1. Introduction

The foundry industry wastes, ferrous and non-ferrous
metals, can be composed of several materials, such as
Spent Foundry Sand (SFS), slag, ash, refractory, coagulant,
powder, etc. Only the United States discards annually about
6 to 10 million tons of this type of waste, of which only
15% are recycled'. The foundry sector in Brazil has great
participation in the world scenario, ranked ninth in the top
10 greatest powers, with a production of 2.28 million tons of
castings in 20182, According to Dyer et al.? a ton of molten
material generates approximately 600 kg of SFS, thus Brazil
provided around 1.37 million tons of SFS.

Consistent with ABNT NBR 10.004/20044, solid
foundry waste is non hazardous and non inert. According
to the standard the waste classified as hazardous (CLASS I)
present reactivity, toxicity, flammability, corrosivity, and
pathogenicity. On the other hand, the non-hazardous waste
(CLASS 1I) is subdivided into: Class IIA — non-inert and
Class IIB — inert. The present work makes use of the Class
IIA — non inert waste, which can present characteristics
such as biodegradability, combustibility or water solubility.
The SFS have this label due to the binder used in the
molding sands and the production process, whether ferrous
or non-ferrous metals. Unfortunately, many companies do
not use these suitable places and large amounts of SFS
are incorrectly discarded in the environment. On the other
hand, the proportion of waste that goes to licensed landfills
demands high transportation and storage costs™®.
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The United States is extremely strict with the use of
SFES on the ground, since environmental agencies in several
American states are concerned about the accumulation of
metals and organic contaminants that can harm soil, plants
and water’. Moreover, the US Environmental Protection
Agency (USEPA) considers that 2% of the 10 million tons of
SFS generated is classified as hazardous waste®. According
to Winkler et al.” the deposit of SFS in industrial ladfills in
the USA, for non-hazardous waste, has an approximate cost
of US$ 15-75 per ton. This amount includes transportation,
storage and labor, so it is estimated that the cost of depositing
in landfills is between 100 and 250 million dollars per year.

Moreover, Bastian and Alleman' shows the SFS is not entirely
an inert waste, which has contaminating potential according
to the casting process. The reuse of SFS for glass-ceramic
applications is an effective option for recycling the discarded
waste, since you must first develop a glass to produce the
glass-ceramic. The glass technology is advantageous for the
waste incorporation as it immobilizes heavy metals through
chemical bonds to a stable glass matrix, which considerably
reduces the volume of the waste'".

Most of the studies on waste from foundry industry focus
on SFS'2, since it represents the largest waste generated by the
foundry sector. Furthermore, a wide application is demonstrated
in different works, such as in the manufacture of Portland
cement and asphalt paving™'*4, Even though studies have been
carried out on the application of foundry waste with/without
fragmentation and adding other types of waste in the
composition'!3, there is still a low number of published papers
on the use of SFS in the development of glass-ceramic material.
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Silva et al.'® showed the feasibility of using the SFS
in place of pure silica in the manufacture process of
glass-ceramics, however, the research used only SFS with
phenolic resins. Zhang et al.'” studied the glass matrix of
a material manufactured through the sintering process by
using foundry sand waste and glass waste as raw materials.
The results indicate the material has the same performance as
glass and ceramics, and therefore can replace natural stones.

The use of waste from the foundry industry as a precursor
material for the development of glass-ceramics applied in
civil constructions has numerous advantages, such as: saving
raw materials, to improve the quality and reduce the cost of
the final glass-ceramic material, in addition to reducing the
environmental impacts caused by the sand extraction and
discard of waste in the environment. The vitrification and
crystallization process has been widely used to add value to
inorganic waste of mining-industrial origin'!8-19-20,

Many glass-ceramics with different compositions can
be produced from the controlled crystallization of glasses.
Wollastonite (CaSiO,), for example, is the main crystalline
phase of a glass-ceramic material commercially known as
Neoparies®, which is manufactured from pure raw materials.
This glass-ceramic is the first and most used due to its special
properties in the civil construction, e.g. as coating for floors
and walls'®. This work aims to investigate the SFS recycling
to obtain glass-ceramic materials with Wollastonite as a
crystalline phase, that can be potentially applied in the civil
construction sector i.e., coating commercial, industrial and
residential floors and walls.

2. Materials and Methods

SFS was obtained from a foundry industry located in
the region of Presidente Prudente, Sdo Paulo state, Brazil.
The foundry sand was characterized by X-Ray Fluorescence
(XRF — Shimadzu EDX 7000) to determine the mass
concentrations of oxides in the material. The analysis was
carried out by inserting the sample in a polyester support,
using a Rh anode as the excitation source, and an area
of 10 mm? was analyzed. The sample was scanned in
qualitative-quantitative mode, in the Na-U energy range
and under vacuum at room temperature. Furthermore,
the waste was submitted to X-Ray Diffraction analysis
(Shimadzu XRD 6000) to determine its main crystalline phases.

The glass composition was obtained using the chemical
formula of the Wollastonite phase (CaSiO,) with a Si:Ca
mole ratio of 1:1. The sample preparation was performed
by mixturing SFS and limestone (Ca-Mg carbonate)
(i.e., 35,8% of SFS and 64,2% of limestone from a total
of 140 g). The theoretical glass melting temperature was
calculated from the percentages of the compounds in the
mixture using the method proposed by Chengyu and Ying?!
for silicate glasses.

Table 1. SFS and limestone chemical analyses (XRF mass %).
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The mixture was placed into an alumina crucible,
which was 5 cm diameter and 10 cm height, and taken to
the oven (SERVIFOR-1700 °C, SF-M220605 model) for
melting during 1 h at 1500 °C. The liquid was poured into
a container with distilled water at room temperature for
the frit production.

The glass was grounded, passed through a 170 mesh
sieve (<88 um) and was characterized by thermal analysis
equipment (TA Instruments, SDT Q600 model). The
sample was analyzed under non-isothermal conditions,
with a heating rate of 15 °C/min up to a temperature of
1300 °C, using an alumina crucible and synthetic air
atmosphere with a flow rate of 100 mL/min. The thermal
analysis (TG/DSC) was performed to determine the glass
transition, crystallization and melting temperatures of
the glassy material.

Afterwards, 0.5 g of the powder sample was used to
make glass tablets, which were heat treated at temperatures
0f 875,941 and 1050 °C (remaining 1 h at each temperature
for crystallization to be evidenced). These temperatures
correspond to the periods before, during and after the
crystallization of the material.

The samples were analyzed using a Shimadzu XRD
with the following characteristics: CuKa, (A = 1.5406 A)
and CuKoa, (A = 1.5444 A), voltage of 40 kV and current
of 30 mA. They were scanned in the angular range 20
from 10° to 80°, using divergence and reception slots with
1° opening in continuous mode, with a step of 0,02° and
scanning speed of 2 °/min.

3. Results and Discussion

The XRF analysis shows the SFS chemical composition
(oxide concentrations in mass percentage) consists mainly
of silicon oxide and that limestone is mostly composed of
calcium oxide (Table 1). These compounds are essential in
the silicate glass manufacture, since SiO, forms the glass
basic structure through the bonds between the oxygens in
its tetrahedral. Moreover, CaO acts as a network modifier,
i.e., it breaks the O-O bonds in the SiO,* tetrahedrons,
generating branches in the vitreous network and producing
Ca?" ions. However, because they are bivalent they
chemically bond between the O- branches?>24, In addition,
the SFS — P has elements, such as Al,O,, Fe,O, and MgO,
whose concentrations are higher than in natural sand. This
is associated with the bentonite (binding agent) insertion
into the moulding sand?2+25:2¢,

Figure 1 shows the structural analysis of SFS — P by
X-ray diffraction. The result indicate the material has Quartz
(Si0,) as a crystalline phase, which is one of the structures
in highest concentration in the Earth’s crust?. The Quartz
has a hexagonal crystalline structure (PDF 5-490) that agrees
with the XRF data.

Oxides (%) Si0, AL, Fe,O, SO, KO Na0O CaO  MgO  TiO, Lol
SFS-P 67.1 14.6 29 22 0.6 1.7 2.0 0.6 8.3
Limestone 12.5 1.6 0.6 0.6 0.2 43.0 3.9 0.1 375
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Figure 1. SFS — P structural analysis by X-ray diffraction.

The SFS — P temperature thermogram (Figure 2) shows
two unevennesses in the base line (green line), which are
related to different thermal events. The first occurs at 200 °C
and is associated with a small water loss (~0.7%), that is
evidenced by the derivative thermogravimetric curve (DTG)
in blue. The second reaction, between 200 and 700 °C with
a value of 6.7%, is related to the bentonite decomposition
and coal dust. It is worth saying both thermal events were
also evidenced in Santos et al.® and Ahmad et al.?.

The XRD characterization of limestone (Figure 3) shows
crystalline planes associated with different compounds. One
of the three observed crystalline phases is calcite (CaCO,) in
rhombohedral form (PDF 5-586), which is the main carbonate
and sometimes the most predominant in sedimentary rocks?.
Beyond this phase, dolomite (CaMg(CO,),) in thombohedral
form (PDF 11-78) and Quartz in hexagonal form (PDF 5-490)
are also present in the crystalline lattice. The XRD and XRF
results show that CaO is the substance in greater quantity
among the analyzed elements.

The thermogravimetric analysis of the limestone (Figure 4)
shows the baseline changes slope in different regions of
the thermogram. The first thermal event associated with
moisture loss occurs up to 200 °C followed by a second
loss between the temperatures of 200 and 650 °C, which is
related to the magnesium carbonate decomposition releasing
CO,. Similarly, the third thermal event is associated with
decomposition, however, the dissociated substance is
calcium carbonate and the baseline changes slope between
the temperatures of 650 and 900 °C. Both substances
undergo decomposition and release CO, in the formation
of magnesium and calcium oxides®.

Table 2 presents the oxide values in mass percentage
that form glassy materials. As previously mentioned,
silicate glass was obtained through the oxygen bonds in the
(SiO,)* tetrahedral forming a three-dimensional structure.

Table 2. Glass — P chemical analysis (XRF mass %).
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Figure 2. SFS — P thermogravimetric analysis.
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Figure 3. Limestone analysis by X-ray diffraction.
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Figure 4. Limestone thermogravimetric analysis.
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The divalent ions (Ca>* and Mg?"), called network modifiers,
bonded ionically to the (SiO,)* tetrahedral to compensate
for the negative charges”**!. The aluminum oxide (A1,0,)
is another substance in the glass and SFS compositions that
was analyzed by the XRF technique. This substance acts
as a network stabilizer, decreasing the devitrification and
increasing the composition’s viscosity?242%30,

The mass percentages of the two main oxides (SiO, and CaO)
in the glass were calculated to obtain a composition that after
heating a glass-ceramic material is produced with Wollastonite
crystalline phase.

The glass XRD analysis (Figure 5) shows a broad and
diffuse band around 20 = 30 °, which is a characteristic
of non-crystalline materials that have SiO, as a glassy
network. According to the literature, the glasses have a
topologically-disordered network and do not have long-range
order within the atomic structure. When cooling is applied
they present imperceptible crystalline volumetric fractions
and thus the glassy structure is non-crystalline when analyzed
via XRD?".

The differential scanning calorimetry (DSC) of
glass — P (Figure 6) shows thermal reactions occurring in
different regions. The baseline changes slope at 640 °C, which
is related to the glass transition (T ) followed by the initial
crystallization temperature (T ) at 880 °C, the peak temperature
(T) at 941 °C and the melting temperature (T, ) at 1199 °C.

The thermal transitions are theoretically associated
with: 1) the material structural relaxation at temperatures
around T, ii) T, to the rearrangement caused by the loss
of molecular stability, moving from a non-crystalline to a
more stable crystalline structure; and iii) T_represents the
maximum temperature in which crystals can coexist with the
melting mass obeying the thermodynamic equilibrium!'®-2.

Figure 7 shows the X-ray diffraction data of the heat-treated
pellets at 875, 941 and 1050 °C, which correspond to the
pattern of the glass-ceramic material. The formation of the
Wollastonite phase was observed, which theoretically has
different properties, e.g. hardness between 4.5 and 5 on
the Mohs scale, glassy appearance, low moisture and oil
absorption, and low volatile content. Therefore, the industries
commercialize materials with this crystalline phase for
different sectors, e.g. the civil construction (floor and wall
covering) and friction products (brakes and/or clutches)®.

Owing to the impurity content in glass-ceramic
materials secondary phases can occur. The presence of the
impurities influenced the formation of the Akermanite phase
(Ca,Mg(Si,0,)), which is a calcium and magnesium silicate
that has hardness between 5 and 6 on the Mohs scale, gray,
green, yellowish colors or it can even be colorless depending
on the colored ion content in the material; moreover, it has
a glassy appearance®. When this silicate is produced with
pure raw materials, it is used as dental and bone implants®**.

The aluminum oxide (Al,O,) did not form noticeable
crystalline phases in the XRD analysis, although, it was
significantly present in the XRF analysis. This can be
attributed to the large amount of this oxide in the glassy
phase, which does not contribute to the formation of nuclei
and, consequently, crystals. Since, the AI** ions need to
replace the Si** to form secondary structures, alkaline and
alkaline-earth atoms migrate to the interstices to compensate
for the charges in the structure?>’.
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Figure 6. DSC analysis of glass — P with scanning at 15°C/min
up to 1300°C.
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Figure 7. X-ray diffraction of the heat-treated tablets (glass-ceramic — P)
at 875, 941 and 1050 °C.
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Teixeira et al.*® showed that the glass-ceramic with
Wollastonite as the main crystalline phase has hardness and
the characteristics that make it useful to replace decorative
stones, e.g. marble and granite, in civil construction.

The pellets with heat treatment at temperatures of 875,
941 and 1050 °C (using the DSC data) (Figure 8) have
different colors. The P-glass has an apparently light green
color, while the glass-ceramic inserts vary from green to
yellow. This is due to the presence of coloring ions such as
iron and titanium. The ions that color glasses do not always
display the same color as it is associated with the ion type,
its valence number and how this interaction occurs in the
glassy or crystalline structure. In addition, an ion can have
different colors depending on the electronic vibration intensity
as well as the presence of local crystal defects, which are
known as color centers®’.

Table 3 shows the results of Vickers microhardness
analysis of the P glass-ceramic. The hardness varies with
increasing temperature, which is associated with the
different phases present in the material as they have different
hardness values. The property (hardness) analyzed in the
P glass-ceramic exhibits values similar to commercial
glass-ceramics. Another fact is that it has a higher hardness
than marble and granite’’. The material visual (Figure 8) is
very attractive. Even, with a satisfactory improvement, it
can be used to coat industrial, commercial and residential
floors and walls.

Romero et al.*® used municipal incinerator waste to
obtain glass-ceramics and showed that the Arkemanite
phase exhibits a Vickers microhardness of 6.6 + 0.2 GPa.
Peng et al.* produced glass-ceramics with Wollastonite
phase using coal ash and obtained microhardness between
5.4 and 6.9 GPa. In 2005, they* used Wollastonite and
Anorthite phases and got microhardness from 5.2 to 7.1
GPa. Ferreira et al.' produced a glass-ceramic material with
metallurgical slag with Wollastonite and Augite phases and
obtained a microhardness of 7.8 + 0.2 GPa.

These data reveal that the glass-ceramics developed
in this work have values similar to those found in the
literature.

875°C 941 °C 1050°C

Figure 8. Glass tablets with heat treatment at temperatures of 875,
941 and 1050 °C.

Table 3. Microhardness analysis, HV and GPa, the Glass Ceramic P
Hardness - HV  Hardness - GPa

Glass Ceramic P — 875 °C (70 £ 7) x10 6.91+0.7
Glass Ceramic P—941 °C (68 £5)x10 6.69 + 0.5
Glass Ceramic P — 1050 °C (73 £3)x10 7.18+0.3

4. Conclusion

In this study, it was shown that SFS can be recycled to
produce glass-ceramic materials with Wollastonite (CaSiO,)
as the main crystalline phase. The X-ray diffraction results
of the glass tablets with heat treatment at 875, 941 and
1050 °C shows the formation phases are: Wollastonite-1A,
B-Wollastonite and Akermanite. It is worth mentioning
glass-ceramic material is produced at low cost, since
limestone is a cheap material. This glass-ceramic has
special properties which make it potentially applied in
the civil construction, e.g. as coating for floors and walls.
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