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Novel civil construction materials based on waste can be an optimal alternative for waste management,
reducing its improper disposal while engaging an otherwise discarded material as a raw material
in other production processes. This research’s main objective was to develop and characterize two
novel artificial stones based on waste glass from bottles and aggregated with epoxy resin (ASG-EP)
and polyurethane resin (ASG-PU) from castor oil, respectively, as well as the comparison of the two
developed materials. Plates were manufactured with 15% of epoxy or 15% polyurethane resins and 85%
of waste glass from bottles. The mixture was molded with a process of 6Hz vibration, 600mmHg of
vacuum, and hot compaction at 90°C for EP and 80°C for PU. Results evidenced that the development
of ASGs based on waste glass from bottles is technically and economically viable.
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1. Introduction

The fast development of the worldwide economy,
urbanization, populace and standard of living has expanded
waste generation, which increased the utilization of natural
resources as well as the management of economic additional
costs. Deficient waste management can lead to natural
defilement and health dangers. Waste represents poor handling
of resources, being an image of an inefficient modern society'.

Research efforts worldwide are focusing on improving
solid waste management, driven by the need to recover waste
and prevent improper disposal®>. One promising alternative
is to use waste as a sub-product in the development of novel
civil construction materials, as this industry is rapidly growing
and constantly demands raw materials that account for 75%
of natural resource waste®. By adopting waste reuse, the
civil construction sector can meet sustainable development
parameters and save on raw material costs.

Especially, the stone sector is enlarging its business
and production, with stone operations refining themselves,
which enhances the production rate thus jeopardizing the
environment with its amount of non-biodegradable waste
swells. Stone wastes have the potential to impair water,
soil, and population health, and, if dumped into landfills.
This material is put into better use if it is employed in the
manufacturing of other products, such as ceramic*¢, cement
composites’” and other materials'® leading to economic and
sustainable advantages'.

*e-mail: gabibarreto93@gmail.com

Artificial stones, also known as engineered, composite,
or polymer concrete, are made by crushing and aggregating
90-96% natural materials with polymer matrices. This
creates a mixed paste that is hot compacted under vacuum
and vibration with resins and additives. The result is a
dense, mechanically strong, and aesthetically appealing
stone plate that is available in different sizes. This material
is used in various applications such as floors, walls, and
countertops, offering environmental and commercial value
by reusing stone waste and reducing wrongly disposed waste.
The controlled production process originates a material with
superior mechanical properties and therefore, the market
for artificial stones has been growing significantly in the
past 20 years'>13,

Numerous studies have explored the use of waste as
a substitute for aggregates in artificial stones, which are
agglomerated by resins like epoxy'*!® or polyester!®!”.
These studies have demonstrated the potential for producing
materials with excellent properties suitable for manufacturing
by industries. However, the use of petroleum-based polymers
contradicts the concept of sustainability due to their slow
degradation and by-product production. In this study,
a vegetable-based resin, polyurethane from castor oil, was
used to address this issue. Although polyurethane resin has
lower mechanical strength and limited ductility compared
to synthetic polymers, using vegetable-based polymers has
the potential to create a more sustainable material'®.

The goal of this project is to develop and analyze an
artificial stone composed of waste glass from beverage
bottles and polyurethane resin derived from castor oil.
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The performance of this material will be compared to stones
made with the same composition of glass waste but with
epoxy resin, to assess its technical feasibility. This work aims
to create a sustainable and commercially viable material for
use in civil construction that aligns with the principles of
sustainable development.

2. Materials and Methods
2.1. Materials

The authors collected waste glass from colorless beverage
packaging in local bars and supermarkets in Campos dos
Goytacazes, Rio de Janeiro, Brazil. Two types of resins were
utilized as polymeric matrices in this study: vegetable-based
polyurethane (PU) derived from castor oil and epoxy resin
(MC130) of diglycidyl ether bisphenol A (DGEBA) type.
The polyurethane resin, with a density of 1.08 g/cm’,
was obtained from Imperverg, a Brazilian company, and
consists of a prepolymer (component A) and a polyol
(component B) that were hot mixed in a 1:1.18 proportion.
The epoxy resin (density: 1.15 g/cm?) and its hardener,
TETA (Triethylenetetramine - FD 129), were supplied by
Epoxyfiber, a Brazilian company.

2.2. Methods

Colorless glass beverage bottles were collected and
cleaned with soap and water, air-dried, and then broken into
smaller pieces using a hammer. These pieces were further
crushed into finer particles using a jaw crusher. For waste
glass chemical composition identification, XRF analysis
was conducted using a Bruker S8 Tiger X-Ray fluorescence
spectrometer, which uses a rhodium (Rh) anode composition,
with a maximum power of 1 kW, a voltage range of 20-50 kV,
and a current range of 5-50 mA.

The waste particles were sieved to sort them into three
sizes: coarse (2.000 - 1.190 mm), medium (1.190 - 0.149 mm),
and fine (< 0.149 mm). The most densely packed mixture
of these three sizes was determined by testing ten (10)
different mixtures according to the ternary diagram of the
Simplex-Lattice Design represented in Figure 1, according
to Brazilian standard NBR MB-3388 . This is the same
procedure that the artificial stone industry uses to decide
the particle size composition of its raw materials when
manufacturing artificial stones for the market.

Mixtures were putina 1,013.24 cm’ steel vessel coupled
to a 10 kg weight under 60 Hz. After 10 minutes of vibration,
the mixtures were weighted. For each of the 10 mixtures,
the procedure was repeated three times, to guarantee the
statistical reliability of the results.

It’s imperative to determine the highest packing mixture
to select, amongst the 10 possibilities, the composition
that would provide the stone with better properties, as the
highest packing mixture would produce a final product with
a lower void index.

Using Microsoft Excel software, the results of the best
package test underwent statistical treatment through analysis
of variance (ANOVA) using a completely randomized design
(CRD) with a significance level set at p < 0.05, to verify
the statistical significance of the data. Upon validating the
statistical difference, a Tukey test (p < 0.05) was applied to
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confirm the mixture that yielded the best results, which was
chosen for producing the engineered stone plates since, as
explained above, would provide an artificial stone with as
optimal mechanical properties as possible.

The real density of the mixture was determined by the
pycnometer method, and together with the vibrated density
information of the best package mixture, the minimum
amount of resin (MAR)? required for producing the ASG
(Artificial Stone based on Glass) plates was calculated
through the volume void index (VI) through Equation 1:

particles vibrate density

Vl%:l—[ ]*100 (1)

waste glass mixture real density

The minimum amount of resin (MAR), represented by
the amount of resin enough to fill these volume void index,
were then, calculated through Equation 2:

VI%* Presin

MARY =
VI%* presin +(100-VI%)

2

%
I (highest packed mixture of waste glass)

The density of the highest packed mixture of glass waste
was calculated by the pycnometer method.

2.3. Artificial stone plates manufacturing

Through vacuum, vibration, and compression method,
ASG plates sized 100x100x10mm were manufactured.

The coarse, medium, and fine waste glass particles
were weighed and mixed in the proportions indicated
by the best-packed mixture test, as will be presented in
the Results and Discussion section, and were oven-dried
at 100°C for 24 hours. Each stone was mixed with one
of the two different types of resins, namely vegetable
polyurethane and epoxy + TETA, in the appropriate
proportions determined by the MAR, which will be also
described in the Results and Discussion section.

M=1

(0,1/2,1/2) Fe=l

Figure 1. Ternary diagram with the Simplex complete cubic model
10 mixtures composition. Proportions of coarse (G), medium (M)
and fine (F) particles'.
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The resulting mixture was placed into a mold connected
to a vacuum system with a pressure of 600mmHg and then
vibrated for 2 minutes on a table. The mold was then subjected
to a hydraulic press at 90°C for epoxy resin and 80°C for
polyurethane resin. Once cooled to room temperature, the
plate was removed from the mold, sanded, and cut to the
desired size for testing.

2.4. Characterization tests

The physical properties of the ASG plates were evaluated
based on standard protocols outlined in the ABNT NBR
15845-2 ' guidelines. Therefore, to determine the apparent
density, water absorption, and apparent porosity, ten (10)
specimens of size 50x50x10mm were tested.

For three-point bend strength, six (6) specimens sized
10x25x100mm were tested on an Instron 5582 Universal
testing machine at a load rate of 0.25mm/min, using a
100KN load cell and two-point distance of 80mm as per
ABNT NBR 15845-6%.

The wear resistance test was carried out using two (2)
specimens of size 70x70x30mm, in accordance with the
ABNT NBR 12.042% standards, using the MAQTEST
Amsler machine to measure the thickness loss after a 500
and 1000m wear track.

To evaluate the Izod impact resistance, ten (10) 45° notched
specimens of size 62x12x10mm were analyzed following
the ASTM D256 standard®, using a Pendulum machine
branded PANTEC, model XC-50.

Scanning electron microscopy (SEM) equipped with
energy dispersive spectroscopy (SEM-EDS) was conducted
on the polished and fractured surfaces to evaluate the
chemical composition, microstructure, particle interface,
and the presence of voids in the samples. The samples were
gold-sputtered using a Hummer 6.2 system and analyzed
using a JEOL JSM 6700R in a high vacuum mode.

3. Results and Discussions

3.1. Determination of the highest packing composition

Table 1 shows the chemical composition of the colorless
waste glass from discarded bottles.

In Table 1 it can be observed that the chemical composition
of the waste glass from bottles presents a predominance of
silica (Si0,), sodium oxide (Na,0), and calcium oxide aka
lime (CaO). It can also be noticed the presence of other
compounds, such as alumina (Al,0,) and alkali metal oxides
in smaller quantities.

These results are in accordance with other works that
performed XRF analysis in waste glass, such as Xin et al.»
and Arias-Erazo et al.?, which also detected the predominance
of silica, sodium oxide, and calcium oxide on their waste
glass reused into the production of bricks and concretes,
respectively.

It can be noticed that the chemical composition of glass
waste is a promising alternative to replace stone aggregates
in the development of artificial stone because it shares similar
chemical composition with natural dimensioned stones, such
as marble and granite. Marble is predominantly composed
of calcium oxide (CaO), while granite is predominantly

composed of silicon dioxide (SiO,)””. Currently, marble
and granite wastes are the most common material used in
industry to manufacture artificial stones. Therefore, waste
glass, which is made of similar raw materials, could be an
excellent alternative of waste material that would produce
artificial stones with similar mechanical properties to the
current ones in the market.

Table 2 shows the vibrate density of the 10 mixtures
proposed in Figure 1 for the best-packed test.

As can be seen in Table 2, mixture 7 (1/3 coarse,
1/3 medium, and 1/3 fine particles of waste glass) showed the
highest vibrate density, thus being the best-packed mixture
and selected for the manufacturing of the ASG plates.
The determination of the best-packed mixture is important
to evaluate which one of the granulometric compositions
would make the stone have the densest structure, with fewer
empty spaces that could form voids that could jeopardize
its properties.

As the results above represent an average of three
vibrate densities found, the data were treated with analysis
of variance (ANOVA) considering a completely randomized
design (CRD) carried out with a confidence level of 95%
(p=0.05), followed by a Tukey test for average contrast, as
it can be seen in Table 3.

Table 1. Chemical composition of colorless waste glass from
beverage bottles by XRF analysis.

Constituent oxides % wt
SiO, 72.16
Na,O 13.12
CaO 11.96
ALO, 1.49
K,0 0.45
MgO 0.24
SO, 0.22
ZnO 0.15
Fe,O, 0.13
TiO, 0.09
SrO 0.02
ZrO0, <0.01

Table 2. Vibrate density of the 10 mixtures proposed for ASGs
development.

Mixtures Vibrate density (g/cm?)
1 1.23+0.03
2 1.25+0.02
3 0.95+0.02
4 1.42+0.02
5 1.54 £ 0.07
6 1.45+0.02
7 1.80 +0.01
8 1.19+0.04
9 0.98+ 0.04
10 1.36+0.03




Analyzing the results obtained in Tables 2 and 3, it
is possible to verify that the studied treatments present
no statistical differences, which means that among the 10
mixtures, only one is differentiated. It is worth mentioning
the 1,91% coefficient of variation for this test, outlining
the reliability of the results. Tukey test was performed to
statistically prove the contrast in the vibrate density averages
(p=0.05), as shown in Table 4.

After performing the Tukey test, it is clear that mixture
7 has the greater vibrate density. Therefore, mixture 7 was
chosen as a proportion for the ASGs development and had
its real density determined by the pycnometer method as
2.478 g/em?.

With this data, it was possible to calculate the V1%
using Equation 1 and the MAR% using Equation 2. The
MAR was calculated as 14,09 and 14,87% for PU and EP
resins, respectively. This amount of resin is reasoned to be
the minimum amount of matrix needed to fill all the void
volume, that is, empty spaces, both interstitial and surficial,
from the best-packed mixture.

For that reason, ASG-PU and ASG-EP plates were
manufactured with 15%wt of resin and 85% of particles with
the composition of mixture 7, representing 1/3 of coarse, 1/3
of medium, and 1/3 of fine waste glass particles.

3.2. Physical properties

Table 5 displays the apparent density, water absorption
and apparent porosity of ASG-PU and ASG-EP.

Barreto et al.

Table 3. ANOVA test results on the CRD of vibrate density (p<0.05).

Materials Research

As shown in Table 5, the densities of ASG-PU and
ASG-EP both are 2.14 (+ 0.01) g/cm?, which are within the
range of density of similar materials, such as Lee et al.?,
that manufactured artificial stones based on glass and granite
wastes varying the parameters of pressure, temperature and
vacuum with densities varying between 2.03 to 2.45 g/cm’.

Likewise, authors like Agrizzi et al.”” and Gomes et al.'®,
developed artificial stones with polyurethane resin but
different wastes (quartzite and granite) being 2.22 and
2.24 g/cm?® dense, respectively. It confirms that both
ASG-EP and ASG-PU densities are in accordance with
similar materials.

Water absorption of ASG-PU and ASG-EP are 0.88
and 0.74%, respectively. As indicated by Chiodi and
Rodrigues®, which indicates parameters of reference for
stones to be applied as a coating, materials ranging from
0.4.-1.0% of water absorption are considered to be of
medium quality. Thus, both ASG-EP and ASG-PU can
be classified as medium-quality stones to be applied as
coatings and it’s better to apply them in places with not-
so-frequent wetting.

Still, according to Chiodi and Rodrigues®, building
materials to be used as lining and facing must have porosity
from 1 to 3% to be classified as medium-quality materials.
As can be seen in Table 5, both ASG-PU and ASG-EP have
their porosity value meeting this requirement, also classifying
them, according to porosity, as medium-quality building
materials for lining and facing.

FV GL SQ QM F
Treatment 9 1,7644 0,1960 153,2445
Waste 20 0,0256 0,0013
Total 29 1,7900
Conclusion: calculated F < tabulated F, there is no statistical difference. F tabulated = 2,39
Table 4. Tukey test for contrasting density averages (p<0.05).
Treatment Average Tukey test*
7 1.68 A
10 1.63 B
8 1.59 B
6 1.56 BC
5 1.51 CD
9 1.44 DE
4 1.42 E
3 1.25 F
2 1.25 F
1 1.23 F
*The averages followed by the same letter, in the column, do not differ from each other at 5% probability using the Tukey Test.
Table 5. Physical properties of apparent density, water absorption and apparent porosity of the ASG-PU and ASG-EP.
Artificial Stone Density (g/cm?) Water absorption (%) Apparent porosity (%)
ASG-PU 2.14+0.01 0.88+0.12 1.89 £ 0.24
ASG-EP 2.14+0.01 0.74 £ 0.01 1.59+0.01
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When comparing with other authors that also produced
artificial stones with similar materials, the average water
absorption ranges from 0.01-0.67%'+'820282 Regarding
porosity, artificial stones that were also developed with
vacuum, vibration, and compaction, and similar waste and
polymeric materials ranged from 0.3-0.8%'+!20282 Therefore,
both the porosity and the water absorption of the ASGs are
slightly above the average for artificial stones.

3.3. Three-point bend strength

Figure 2 shows stress x strain curves of ASG-PU,
ASG-EP, epoxy, and polyurethane resins after 3-point bend
strength tests.

By observing Figure 2, one can notice that comparing
PU and EP resins with ASG-PU and ASG-EP, the material
becomes harder with the addition of particles once the
material’s flexural modulus increases as the rigid particle
content enhances®. The mechanical behavior of a material
agglomerated by resins is dictated by the interface between
the particles and the matrix, better adhesion means better
mechanical properties®'.

Table 6 presents the results of 3-point bend strength for
ASG-PU, ASG-EP, epoxy (EP), and polyurethane (PU) resins.

There are more than one standard and parameter for
stones to be applied as coatings bending strength. The ABNT
NBR 15845-6? postulates they should have more than
10MPa bending strength, while ASTM 68803 establishes
that must be over 8.7MPa. Chiodi and Rodriguez*® classify
stones with bending strength above 20 MPa as high-quality
materials for coating applications. Therefore, both ASG-EP
and ASG-PU meet all the aforementioned requirements and
standards for stones to be applied as coatings in the civil
construction industry thus proving the technical feasibility
of the developed materials.

Furthermore, ASG-EP has 37.61 MPa of 3-point bend
strength, a value way higher than the 20MPa required,
denoting its high quality, even though the porosity and water
absorption results classified them as medium quality materials,
its value did not jeopardize the mechanical strength. When
comparing the results of ASG-PU (29.23MPa) with those
of ASG-EP, one can notice that ASG-PU’s bend strength is
lower, which can be attributed to the influence of the matrix
into bend strength, once epoxy resin has 93.6MPa flexural
strength while polyurethane resin not only has 23MPa but also
have a more flexible behavior, as it can be seen in Figure 2.

Gomes et al.'® also manufactured artificial stones with
PU resin based on castor oil and granite wastes by vacuum
vibration and compression and their material presented
18MPa of bend strength. The fact that the ASG-PU value of
29.23MPa was almost twice higher than the stone developed
by Gomes et al.'® can be attributed to the fact that this work
used a different preparation for the PU resin. The pre-polymer
and polyol of the present work were hot mixed, after a 2h
heat of both materials, aiming to eliminate bubbles to achieve
better properties, which was accomplished.

3.4. SEM micrographs of bend-ruptured
specimens

Figure 3 (ASG-PU) and Figure 4 (ASG-EP) both display
micrographs of surface fracture of the developed engineered
stones obtained by SEM.

By observing Figure 3a, it is possible to notice displaced
particles or regions of grains detached, which is evidenced
by a void where the particle would be placed. This is
characteristic of bend-ruptured materials, as the fracture
cracks of materials subjected to bending efforts travel across
the material grains.

In both Figures 3 and 4, it is possible to notice a low
occurrence of pores or cavities, probably due to the process
(vacuum, vibration, and compression) employed to develop
the artificial stone plates.

The use of vacuum aims to diminish the porosity of
the material, since the pressure gradient created by it sucks
the resin into the voids, filling them'*, with the aid of the
vibration. The compaction also makes a greater resin/particle
adhesion, which can be observed in the images, and has a
direct relation to better composite’s mechanical properties,
according to Debnath et al.’! and Miller et al.*.

Comparing both developed stones, one can see that the
stone developed with epoxy resin, ASG-EP, presented a
better interaction between the particles and the matrix than
the stone developed with polyurethane resin, ASG-PU,
which was confirmed by the results of the three-point bend
strength test, once ASG-EP had a bending strength higher
than ASG-PU.

3.5. Wear resistance

Table 7 presents the thickness reduction of ASG-EP and
ASG-PU after two specimens were submitted to abrasive
wear tests at two running distances, 500 and 1,000 m.
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Figure 2. Bend stress x strain curves of ASG-PU, ASG-EP, epoxy,
and polyurethane resins.

Table 6. Three-point bend strength resistance of ASG-PU, ASG-EP, epoxy, and polyurethane resins.

ASG-PU

ASG-EP EP PU

Three-point bend strength (MPa) 29.23 +1.29

37.61 +£2.82 93.6+4.7 23+5.3
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Even though there are no standards, requirements, or
established thickness reduction values for artificial stones,
the authors Chiodi and Rodrigues® settled technological
parameters for artificial stones to be applied on pavements.
For pavements to bear low traffic, the wear thickness must
be lower than 6mm. For medium traffic, lower than 3 mm.
For heavy traffic, lower than 1.5mm.

Following the above guidelines, it is possible to classify
both ASG-EP and ASG-PU as artificial stones for pavements
to bear medium traffic, owing to the thickness reduction to
be less than 3mm on the 1,000m track. ASG-EP has lower
thickness loss than ASG-PU, which can be attributed to
resin content influence on the material’s wear resistance.
ASG-PU is based on PU resin, a resin castor oil based, from
anatural source with a more flexible, highly crosslinked, and
permanent network structure®, which can be easily observed
in Figure 2 in its stress x strain curve behavior.

In previous work, Barreto et al.'* developed artificial
stones with waste glass mixed up with quartz sand and epoxy
resin, and their artificial stone after being subjected to wear
resistance tests had a similar thickness loss of 2.86mm in a
1,000m track. On that account, both ASG-EP and ASG-PU
thickness loss are in accordance with previous works.

20kV X160  100pm
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3.6. Izod impact resistance

To determine the impact resistance or impact strength
of the artificial stones developed, an Izod impact test was
performed on both ASG-EP and ASG-PU. Figure 5 displays
the results of the Izod impact test for ASG-PU and ASG-EP
and the impact resistance data can be seen in Table 8.

Table 7. Amsler abrasive wear through thickness reduction of
ASG-EP and ASG-EP.

Thickness reduction (mm)

Material

500m 1000m
ASG-PU 1.63+0.01 2.87+0.14
ASG-EP 1.20+0.16 2.15+0.21

Table 8. Impact resistance of ASG-PU and ASG-EP determined
by Izod impact test.

Material Impact Resistance (J/m)
ASG-PU 15.97+3.29
ASG-EP 12.70 = 3.38

200V X120

Figure 3. ASG-PU SEM micrographs of fractured surface micrographs with 120x.

X160  100pm

20KV

20kV X160  100pm

Figure 4. ASG-EP SEM micrographs of fractured surface micrographs with 120x.
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1zod impact resembles a bending test, where the specimen
is tested to determine the amount of energy the material
can bear until it ruptures as a function of the thickness.
The test is performed until the specimen breaks and the
impact resistance is measured in J/m, meaning the energy
lost per unit of the specimen’s thicknesses®.

[ JASGFU
ASG-EP

Lz tmapact ws istance (N

o

Zz 3 4 ]
Zamgles

Figure 5. Results of Izod impact test for the developed artificial
stones: ASG-PU and ASG-EP.

Table 8 shows the impact resistance of ASG-PU and
ASG-EP after the impact test.

As shown in Table 8, the impact resistance of ASG-PU
(14.53+4.20 J/m) was higher than the impact resistance of
ASG-EP (12.70 £+ 3.38 J/m), which can be attributed to the
more flexible structure of polyurethane resin, already discussed
above, and illustrated on Figure 2, enhancing the amount
of impact energy the ASG-PU could bear before it breaks.
All tested specimens were ruptured in the notch as per the
standard and were split into two parts after the impact test.

3.7. Energy Dispersive X-ray Spectroscopy (EDS)
and Elemental Mapping

To characterize ESG’s surface in terms of chemical
composition, polished specimens were analyzed with the
Energy Dispersive X-ray Spectroscopy (EDS) and Elemental
Mapping.

The SEM-EDS chemical analysis with elemental mapping
was performed on the polished surfaces of the specimens
in the places indicated by Figure 6a (ASG-PU) and 7a
(ASG-EP). Figures 6b and 7b both display EDS spectrum of
the analyzed specimens (ASG-PU and ASG-EP, respectively,
and Figures 6¢-h) and 7 c-h) illustrate the specimens’ elemental
mapping, with element quantification by weight % are
presented in Table 9 (ASG-EP) and 10 (ASG-PU) represents
the element quantification by % weight

Ca

Sum Spectrum)

(b)

300prm 1

300pm

Al Kl

300pm 1

5ikal Cakal

Figure 6. SEM-EDS micrographs of polished surface (a), EDS spectrum (b) and corresponding elements maps of C (c¢), O (d), Na (e),

Al (), Si (), Ca (h) of ASG-PU.
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Figure 7. SEM-EDS micrographs of polished surface (a), EDS spectrum (b) and corresponding elements maps of C (c), O (d), Na (e),

Al (), Si (g), Ca (h) of ASG-EP.

Table 9. EDS element quantification (% weight) of ASG-PU.

Si O Ca Na Al K Fe Mg
46.91 33.50 10.52 7.07 0.89 0.55 0.37 0.19
Table 10. EDS element quantification (% weight) of ASG-EP.
Si O Ca Na Al K Cl
49.21 32.81 10.10 6.34 0.76 0.52 0.25

It is demonstrated through both EDS spectrums that
there is an outstanding presence of silicon (Si), oxygen (O),
calcium (Ca), and sodium (Na), with was already expected,
as they are the primary chemical oxide compositions of
waste glass in general (SiOz, NaO, and Ca0), as shown in
XRF analysis performed on the waste glass from bottles.

For both ASG, silicon content (light blue) was the highest,
followed by oxygen (yellow), calcium (dark blue), and sodium
(light green), as shown in Figures 6 and 7.

Tables 9 and 10 present the quantification of elements in
weight % of ASG-PU and ASG-EP, respectively. It’s worth
noticing the differences between them: in the composition of
ASG-PU there is a presence of iron (Fe) and magnesium (Mg)

in smaller amounts, while ASG-EP does not present those
elements, but presents chlorine (Cl) in its composition. It can
be attributed to the resins since ASG-PU and ASG-EP are
developed with different matrices, polyurethane, and epoxy.

4. Conclusions

The results found for ASG were mostly in accordance
with similar materials proving its technical feasibility, with
adequate properties for application in civil construction projects.

Anovel engineered stone was developed based on waste
glass via vacuum, vibration, and compression method,
agglomerated by PU and EP resins.
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Best packing composition tests, as well as the definition
of the void volume and minimum amount of resin defined
the composition of the particles and matrix to develop the
artificial stones.

Plates were manufactured with 85% wt. of a waste glass
particle mixture, represented by 1/3 coarse, 1/3 medium,
and 1/3 fine particles, and with 15%wt of resins, epoxy for
ASG-EP and polyurethane for ASG-PU.

Characterization revealed that ASG-PU has
2.14 (+ 0.01) g/cm® density, 0.88 (£ 0.12)% water
absorption, and 1.89 (+ 0.24)% apparent porosity. ASG-EP
has 2.14 (+ 0.01) g/cm® density, 0.74 (+ 0.01) % water
absorption, and 1.59 (£ 0.01) % apparent porosity. The
density results were in accordance with those found by other
authors that developed artificial stones with wastes. On the
other hand, water absorption and apparent porosity were
slightly above those found by other authors, classifying
both artificial stones developed as medium-quality coating
materials, being suitable to be applied in places with
not-so-frequent wetting.

Regarding mechanical resistance, ASG-PU and ASG-EP
presented 29.23 and 37.61 MPa, respectively, classifying
both as high-quality materials for coating applications
according to the technological parameters for artificial and
dimensional stones, proving the material’s feasibility in the
civil construction industry.

ASG-PU’s bend strength is lower than ASG-EP which
was attributed to influence of the matrix into bending strength,
once epoxy resin possesses bend strength of 93.6MPa, higher
than polyurethane resin, with 23MPa.

The SEM micrographs of the fractured of bend-ruptured
specimens showed low incidence of pores, corroborating the
physical indexes results, as well as a great wetting, evidenced
by the waste/resin interfacial interaction, corroborating the
bend strength results.

Thickness reduction after wear resistance type Amsler
test was 2.87(+0.14) mm and 2.15(+0.21) mm for ESG-PU
and ESG-EP, respectively, classifying both developed stones,
according to Chiodi e Rodriguez, as engineered stones for
to be used in floor subjected to medium traffic.

The impact resistance of ASG-PU (14.53+4.20 J/m)
was slightly higher than the impact resistance of ASG-EP
(12.70 £ 3.38 J/m), which was attributed to the influence
of the matrix in impact resistance. The polyurethane resin
is more flexible than epoxy resin, meaning that the stone
developed with PU could bear more impact energy before
the rupture than the one developed with EP.

The development of artificial stones based on waste
glass from bottles and polyurethane and epoxy resins could
lead to environmental advantages, such as minimizing waste
disposal, and economic advantages, such as diminishing
the costs of artificial stones production once it demands
expensive aggregates, that in this work were replaced by
the waste glass from bottles.

Both ASG-EP and ASG-PU are technically feasible to
be applied as civil construction materials.
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