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Addition of dimension stone waste to clayey mass is an alternative to make the dimension stone
sector more environmentally sustainable and to reduce the consumption of clayey raw material.
Our aim is to study the technical feasibility of dimension stone waste addition to the clayey mass used
in roof tile production. Samples of waste and clay were tested for physical, chemical, mineralogical
and microstructural characterization. Samples containing dimension stone waste contents, varying
from 10% to 90% (wt.), were produced and burned in industrial furnace of a structural ceramic
factory at a 900°C maximum temperature for 24 hours. The technological characteristics evaluated
were water absorption, apparent porosity, apparent density, loss on ignition, linear shrinkage and
flexural strength. The results show that the samples with up to 60% waste content can be used in the
production of ceramic bodies, since the waste promoted the physical packing of the grains, which
increased the densification of ceramic bodies. With that, the waste-improved ceramic characteristics
were analyzed. From 60% content onwards, the waste was not be able to fill the remaining interstices
between the clay grains to densify the ceramic body because both raw materials have similar particle
size distribution. Furthermore, the excess silica, in the form of quartz contained in the waste, presents
an inert behavior in the factory firing temperature used in this research, causing fracture points and
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decreasing the flexural strength.
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1. Introduction

The dimension stones factory has greatly developed
over the years and presents a great increase in production.
According to the Associag@o Brasileira da Industria de
Rochas Ornamentais — ABIROCHAS!, around 2.7 million
tons of dimension stones were exported in 2013, and the
participation of the processed stones in the physical export
volume was 47.0%.

The state of Espirito Santo, in the southeast region of
Brazil, stands out as the main producer and the greatest
processor and exporter of dimension stones in Brazil,
accounting for 64.5% of the Brazilian stones production'
with the other states in the region.

Dimension stone processing generates waste that can cause
undesirable environmental impacts, especially if improperly
disposed. Sawing dimension stone blocks into plates in the
looms of metallic blades generates waste in the form of
mud containing stone powder, steel grit, lime and water.
After drying, the mud produces a large volume of very fine
powder due the great industrial production, which represents
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about 30% of the block volume?. In 2013, 3.7 million tons
of waste were generated from stone processing' in Brazil.

Waste reuse is a way to make the dimension stone industry
more environmentally sustainable, minimizing disposal in
landfills, or avoiding improper disposal, which can cause
soil, air and water contamination.

Furthermore, clayey materials used in the structural
ceramic industry show an extensive range of compositions,
allowing the incorporation of a variety of industrial waste
materials, such as dimension stone waste.

The literature presents studies on the use of dimension stone
waste in structural ceramic clayey masses*!'® with contents
varying from 10% to 60% (wt.). The technical feasibility
of using waste in the researches was based on results from
water absorption, apparent porosity and mechanical strength
in specimens fired at temperatures ranging from 800°C to
1150°C in laboratory furnaces in which the temperature varies
linearly. The improvements in characteristics occurred in
contents varying from 10% to 40% of waste*'°. Besides the
research into the use of dimension stone waste in structural
ceramic products, several applications can be cited, such
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as cement mortar, porcelain, lime-silica brick, soil-cement
brick, concrete, asphalt, cement industry, plastic and rubber
industry, tactile floor hydraulic tile' and agriculture. The author
emphasizes that most researches with dimension stone waste
failed to become technological innovations'!. This problem
needs to be solved by approaching academic research to the
productive sector.

We therefore aim to study the technical feasibility of
dimension stone waste addition to the clayey mass used
in roof tile production. The research was conducted at
the factory to reduce the research time from laboratory to
large-scale production test. With that, the research took into
consideration the firing temperature and the same conditions
used in the industry for manufacturing roof tiles. Based
on the results, roof tiles will be thereafter produced at the
factory with the tested mixture.

2. Material and Methods

The clay is extracted from a quarry located in
Itapina-ES-Brazil. The waste is generated in a cutting and
polishing dimension stones industry located in Colatina-ES-Brazil.

The clay and waste do not undergo any type of treatment
before entering the structural ceramic production. The iron
particles from saws were not removed from the dimension
stones waste. Samples of clay and dimension stone waste
were collected directly from storage piles of the structural
ceramic factory located in Colatina-ES, using waste
sampling procedures specified by the Brazilian Standard
NBR 10007/2004"> (Sampling of Solid Waste) After that,
the samples were air-dried, broken with the aid of a pounder,
homogenized and quartered. Part of the material was used for
characterization tests, and part for preparing the specimens.

The materials were characterized by X-ray fluorescence
(XRF) in a Philips PW2400 spectrometer; X-ray diffraction

Rl R Lo da B da |

Materials Research

(XRD) with copper source (K a radiation) in Philips X- Pert
MPD equipment; scanning electron microscopy (SEM) in
a Philips XL-30 electron microscope; particle size analysis
by laser diffraction in Malvern Mastersizer 2000 equipment.
And the plasticity was evaluated using Atterberg’s consistency
limits'>™,

The materials were sieved in ABNT (Brazilian Association
of Technical Standards) # 80; mixtures of clay with dimension
stone waste in contents varying from 10% to 90% (weight)
and solely of clay (0% waste) were prepared.

Prismatic specimens (bars) were made (Figure 1), measuring
20 mm x 60 mm x 5 mm by axial pressing at 250 kgfcm 2
according to Souza Santos’s methodology'>'¢. The bars were
oven dried for 24 hours at 110°C and the flexural strength
was measured. Part of the bars was burned for 24 hours in an
industrial tunnel-type furnace in a structural ceramic factory
at a maximum 900°C temperature in the burning zone for
about 6 hours. The burning of the bars was performed in the
ceramic factory to simulate the real variation in temperature
of a furnace, which will be used for producing the roof tiles
with the test mixture.

After firing, the following characteristics were evaluated:
water absorption, apparent porosity, apparent density,
flexural strength, linear shrinkage and loss on ignition in
bars according to Santos'>'®.

3. Results and Discussion

3.1. Chemical and mineralogical
characterization of raw materials
The chemical analysis in Table 1 shows that the clay
presents typical chemical composition of clayey raw material,
with a predominance of silica and alumina, with values of
43.39% and 30.16%, respectively. These contents are within
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Figure 1. Examples of burned bars of clayey mass with dimension stone waste (after rupture) with contents from 10% to 90% (wt) after

rupture.

Table 1. Chemical composition of clay and dimension stone waste by XRF.

Composition expressed in oxides (% wt)

Si0, ALO, FeO, TiO, KO Mg0 PO, NaO CaO BaO  LOI
Clay 4339 3016  9.29 139 125 0.62 0.12 0.17 0.24 - 13.17
Waste 6288 1411 572 0.67 436 1.02 0.38 2.54 4.42 0.22 2.97

LOLI: loss on ignition.
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the ranges from 43.20% to 77.60% for silica and from
6.80% to 38.00% for alumina'*!® and indicate the presence
of kaolinite'®">. The 9.29% iron oxide is responsible for
the reddish color after firing. The non-significant value of
K,O (1.25%) found in the XRF indicates the presence of
illite; a fact also reported by Taguchi et al.'. Furthermore,
the concentration of (Na,0 + K,O = 1.42%) is not high;
therefore, even being fluxing oxides, they contribute little to
the formation of the glassy phase during firing. The clay in
question is silica-aluminous, with high iron content and low
fluxing oxides content, requiring high sintering temperatures'”.
The value of 13.17% loss on ignition is in the range of 6.00%
to 15.70%, required by Santos'>'¢, specific for clayey raw
material of structural ceramic, indicating that there was
burning of organic matter and possible decomposition of
carbonate. Characteristics, such as high amount of kaolinite
clay mineral, high loss on ignition, presence of hydroxides,
small amount alkaline fluxes can lead to a refractory clay
behavior which can impair sintering during the firing process'.

The chemical analysis of the waste showed it is a
silica-aluminous material. The high amount of SiO, (62.88%)
is associated to the crystalline phase of quartz. The waste
added to the clay can help change the plasticity and improve
the clay drying step due to its high content of free silica'.
However, excess quartz may hinder extrusion and reduce the
dry mechanical strength; at the firing step, it may behave as
an inert phase and generate microcracks, due to the allotropic
transformation of quartz around 573°CU. Therefore, the
amount of silica present in the waste is to be taken into
consideration to prevent the problems mentioned. The presence
of alkaline oxides in the waste (Na,0 + K,0 = 6.93%) can
contribute to burning ceramic bodies because they are
fluxing oxides. The presence of Fe, O, is associated to steel
grit; and CaO, which can act as fluxing'?, associated to lime,
both used in the mud. The waste has low loss on ignition in
relation to the clay, which means dimensional stability of
waste for heat treatment. The low value of loss on ignition
and the high contents of silica and alumina suggest that the
stone is granitic*.

The X-ray diffraction of the raw materials is shown in
Figure 2. The XRD of clay indicates that the predominant
clay mineral is kaolinite, which corroborates the result of
XREF, because clay with a high content of Al,O, and a low
percentage of fluxing oxides generally presents kaolinite
as its main clay mineral'®. Peak characteristics were also
detected: illite, goethite (probably due to the high Fe O,
content); and quartz.

In the case of waste, XRD indicates the presence of
quartz, feldspar, mica and calcite: main mineral constituents of
dimension stones". The primary minerals, mica and feldspar
found in the waste have K,O € Na,O in the composition,
the oxides accounting for the formation of the liquid phase.

The crystalline phases identified in the raw materials
are in agreement with the results from the XRF (Table 1).

3.2. Physical and microstructural
characterization of raw materials
Atterberg limits on the raw materials are presented
in Table 2. The clay plasticity index (PI) is 21.2%, above

15.0%, indicating high plasticity, which makes it suitable
for molding by extrusion. However, this amount of clay PI
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can lead to a larger amount of water necessary for extruding
pieces, thus requiring longer drying. Regarding the plasticity
limit (PL), the 38.4% value is within the range from 9.0% to
56.0% specified by Santos'>!¢ for kaolinitic clay, confirming
the predominance of the kaolinite mineral identified in XRD.

Attempts were made to determine the plasticity limit
of dimension stone waste, but the experiments were not
successful, as in the work by Moreira et al.*. Therefore,
the waste is not a plastic material, which can contribute
to achieving ideal plasticity of the mixture in the extruder.

The particle size distribution of the clay and the waste
are shown in Figure 3. The effective diameter of the clay is
2.9 um and the waste is 2.2 um. These are very close values,
indicating that both raw materials have similar particle size
distribution. The clay and the dimension stone waste have
about 40% grains larger than 20 pm; 50% grains between
2 um and 20 pm, and less than 10% grains smaller than
2 um. The clay has low “clay fraction” (grains smaller
than 2 um), presenting plasticity due to the organic matter
contained in the clay.

Figure 4 presents images showing the material morphology
and particle size obtained by electron microscopy. The images
show that the grains are irregular in shape tending to form
slender and lamellar particles, some scattered and others
in clumps forming larger particles. The formation of these
clumps between very thin particles may increase the porosity
of the ceramic bodies®. The grain size ranged from 2 um to
46 pm in the clay; and from 2 pm to 42 pm in dimension
stone waste.

3.3. Ceramic characterization

The ceramic characteristics obtained from the specimens
of clayey mass with dimension stone waste in contents 0%,
10%, 20%, 30%, 40%, 50%, 60%, 70%, 80% and 90% (wt)

Intensity (u.a.)

26 (degree)

Figure 2. XRD of clay and dimension stone waste.

Table 2. Atterberg limits of clay and dimension stone waste.

Plasticity Liquid Limit- Plasticity
Limit-PL (%) LL (%) index-PI (%)
Clay 38.4 59.6 21.2
Waste n.d. 28.1 n.d.

n.d.: not determined.
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Figure 3. Particle size distribution curve of of clay and dimension stone waste.
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Figure 4. SEM of (a) clay — 1000x; (b) clay — 15000x; (c) dimension stone waste — 1000x; (d) dimension stone waste — 15000x.

are shown in Figures 5-8 and are summarized in Table 3,
which presents the average and standard deviation of the
values obtained.

Figure 5 shows the behavior of the loss on ignition (LOI)
and the linear shrinkage (LS) of the clayey specimens with the
addition of waste. The loss on ignition and linear shrinkage
values decreased with the increasing content of waste. Thus,

the waste promoted greater dimensional stability to ceramic
bodies, because it contains high silica content, which may
result in crack reduction due to shrinkage, corroborating the
work by Rodrigues et al.’ and Taguchi et al.'.

Figure 6 shows the behavior of water absorption (WA)
and apparent porosity (AP) of the clayey specimens with
waste addition. As expected, the results for water absorption
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Figure 5. Loss on ignition (%) and linear shrinkage (%) as a function
of dimension stone waste content (%).
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Figure 6. Water absorption (%) and apparent porosity (%) as a
function of dimension stone waste content (%).
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Figure 8. Flexural strength after drying (MPa) and flexural strength
after burning (MPa) as a function of dimension stone waste content (%).
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present the same behavior observed for apparent porosity once
those characteristics were dependent. The water absorption
and apparent porosity values decreased with the increase in
waste content, showing the main effect of the waste on the
densification of the ceramic body. This happened up to 60%
waste, in which minimum percentage of water absorption
and apparent porosity was obtained.

As from 60%, the waste was not be able to fill the remaining
interstices between the clay grains to densify the ceramic
body seeing that both raw materials have similar particle
size distribution. Thus, there was no physical packing of the
grains or the expected densification. Water absorption met
the maximum limit of 25% specified for Brazilian standard
clays'>!6, while apparent porosity did not meet the maximum
limit of 35%!('51¢1,

Figure 7 allows observing that the apparent density (AD)
presented maximum value of 1.70 gecm™ for 60% waste,
confirming the samples maximum densification. This had
been observed before with the minimum values found for
absorption and porosity at 60% waste.

Table 3 shows that the apparent density values ranged
from 1.62 gem™ to 1.70 gcm™, according to the 1.50 gcm™
t0 2.00 gem™ range prescribed by Santos'>!¢ for clayey mass
used in structural ceramic.

Figure 8 presents the flexural strength behavior of the
specimens, both dried and burned. With the addition of the
dimension stone waste in ceramic bodies, the flexural strength
of dried and burned specimens decreased. This occurred since
the excess silica in the form of quartz contained in the waste
presents an inert behavior at the industrial firing temperature
used in this research. Thus, quartz causes fracture points
decreasing the flexural strength in the specimens with high
waste content. Low flexural strength in ceramic bodies is
also attributed to the presence of quartz from the dimension
stone waste according to some authors®!%21-22,

Table 3 shows that the flexural strength in the specimens
dried up to 70% waste content meet the Brazilian standard
clays!'>'® to be used in structural ceramics, from 0.50 MPa to
7.00 MPa. However, the flexural strength of burned specimens
did not meet the minimum value of 6.00 MPal'>!l. Despite
the unsatisfactory results of flexural strength after burning,
comparing the values obtained from specimens made solely
of clay with mixtures containing waste, there appears to
have been improvements, confirming the beneficial action
of waste in the ceramic bodies.

Another factor that may have influenced the low values
of flexural strength of the burned specimens is the low firing
temperature (maximum 900°C), which is not sufficient
to complete the glassy phase formation, not influencing
the decrease in porosity. The influence of temperatures
below 900°C in porosity was also observed by Pinheiro &
Holanda??, which recommend that this firing temperature is
more favorable for manufacturing blocks instead of roof tile.

With the maximum burning temperature of 900°C tested
for this work, sintering occurred by solid diffusion'®, due to
the greater number of contacts between the clay and waste
fine particles and to the physical packing between the grains,
which is confirmed by other studies®!#2324,
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Table 3. Ceramics characteristics of clayey mass with dimension stone waste in contents ranging from 10% to 90% and solely of clay

(0%) - averages and standard deviations.

Ref. - <25 <35 1.5t0 2.0 2to17* 0.5t0 7.0 >6.0
Waste (%) LOI WA AP AD LS FS) FS,
(%) (%) (%) (g/em’) (%) (MPa) (MPa)

0 12.16+0.17 24.17+1,24 39.33+1.90 1.63+0.02 1.74+0.11 1.36=0.14 3.42+0.31
10 11.19+0.08 23.15+1.33 38.85+0.01 1.68+0.04 1.33£0.14 1.44+0.01 3.33+0.27
20 10.02+0.02 23.11+0.81 38.40+0.01 1.66+0.04 1.32+0.05 1.34+0.11 3.25+0.65
30 9.27+0.02 23.09+1.52 38.28+0.01 1.66+0.08 0.99+0.12 1.29+0.07 2.49+0.31
40 8.57+0.12 22.63+0.04 38.13+0.01 1.68+0.03 0.78+0.12 1.26+0.00 2.07+0.38
50 7.63+0.12 22.44+0.34 37.76+0.00 1.68+0.03 0.38+0.18 1.25+0.18 1.98+0.46
60 6.62+0.21 21.90+0.01 37.23+£0.01 1.70+0.03 0.32+0.24 1.01+0.11 1.75+0.08
70 5.57+0.53 24.50+0.01 39.71+0.01 1.62+0.02 0.21£0.14 0.56+0.22 0.73£0.19
80 4.18+0.18 24.57+0.01 39.71+0.01 1.62+0.00 0.17+0.05 0.40+0.00 0.57+0.04
90 3.65+0.71 24.05+0.01 39.21+0.01 1.63+0.03 0.02+0.03 0.46+0.01 0.87+0.07

Ref.: reference values''®; LOI: loss on ignition; WA: water absorption; AP: apparent porosity; AD: apparent density; LS: linear shrinkage; FSD: flexural

strength dry; FSB: flexural strength burning. *values for kaolinite clays'>'°.

4. Conclusions

The chemical and mineralogical characterization of
clay, proved to be predominantly kaolinitic, containing
suitable quartz and iron contents and it may have refractory
behavior. The clay and the dimension stone waste may be
considered silica-aluminous materials; the waste still contains
fluxing oxides that can assist in the ceramic bodies firing
process. The clay has high plasticity, while the waste is not
a plastic material. Both raw materials have similar particle
size distribution, and grains are irregular in shape, some
scattered and others in clumps. The results show that the
samples with up to 60% waste content are proper for being
used in the production of ceramic bodies, since the waste
promoted the physical packing of the grains, which increased
the densification of ceramic bodies. With that, the waste
improved the ceramic characteristics analyzed. From the
60% content onwards, the waste was not be able to fill the
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