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Preface to ”Eco-Friendly Materials for Civil
Construction: Utilization and Advantages”

It is unsustainable for Planet Earth to possess societies with a lifestyle that is increasingly

consumerist and predatory to the environment. The linear economy has failed as a viable form of

human development, as it entails a huge generation of waste and the consequential negative impact

on the environment. We currently consume poorly designed and energy-inefficient products that do

not have adequate reusability, and therefore the development of sustainable materials is mandatory

as one of the pillars for the transition from a linear to a circular economy.

This Special Issue is dedicated to papers from academic researchers working on

multidisciplinary experiments, as well as modeling related to environmental sustainability. Papers on

construction materials used worldwide are encouraged aiming at improving efficiency, productivity,

and competitiveness in world markets.

For this Special Issue, both scientific and technical papers advanced in understanding on

eco-friendly building materials, which might promote a saving in energy, as well as pollutants

reduction in the extraction of raw materials, manufacturing process, or in the final application. These

building materials can be more durable and also incorporated with urban, agricultural, or industrial

wastes.

The editors of this book express their thanks and gratitude to Sustainability staff for giving the

Special Issue editors the opportunity to publish this book. The editors also thank the publisher, MDPI,

who produced the book, and the authors.

Carlos Maurı́cio Fontes Vieira, Gustavo de Castro Xavier, Henry Alonso Colorado Lopera, and

Sergio Neves Monteiro

Editors
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Application of Glass Waste on Red Ceramic to Improve Sintering
Geovana Delaqua 1,*, Juan Magalhães 1, Markssuel Marvila 1 , Fernando Vernilli, Jr. 2 , Sérgio Monteiro 3 ,
Henry Colorado 4 and Carlos Vieira 1

1 LAMAV—Advanced Materials Laboratory, UENF—State University of the Northern Rio de Janeiro,
Av. Alberto Lamego, 2000, Campos dos Goytacazes 28013-602, RJ, Brazil

2 DEMAR—Materials Engineering Department, Lorena Engineering School—EEL, Area I—Campinho
Municipal Road, s/n◦, Lorena 12602-810, SP, Brazil

3 Department of Materials Science, Instituto Militar de Engenharia—IME, Praça General Tibúrcio 80, Praia
Vermelha, Urca, Rio de Janeiro 22290-270, RJ, Brazil

4 CCComposites Laboratory, Universidad de Antioquia (UdeA), Medellín 050010, Colombia
* Correspondence: geovanagirondi@pq.uenf.br

Abstract: Given the current huge generation of solid waste worldwide, alternative and innovative
methodologies for incorporating these materials should be encouraged elsewhere. In this context,
the objective of this research is to evaluate the use of glass waste as a substitute for sand as raw
material in ceramics. Formulations containing from 0% to 20% of glass waste were produced, thus
replacing natural sand. Extruded and calcined specimens were produced at temperatures of 800,
900 and 1000 ◦C. The characterization results demonstrated the compatibility and their potential
for the glass waste for improving the properties of ceramics. Results of density, water absorption
and flexural strength improved when 20% of glass waste was added due to the porosity reduction,
provided by the formation of a liquid phase and then by a sintering, promoted by the glass waste.
This resulted in coherent properties with ceramic applications in the form of tiles and blocks, at a
calcining temperature of 800 ◦C. On the contrary, results without glass did not reach the necessary
parameters even at 1000 ◦C. In conclusion, the feasibility of using glass waste has been proven,
which, in addition to improving the material’s properties, provides economy benefits for the ceramic
industry, with the calcination process at milder temperatures.

Keywords: glass waste; sand; liquid phase; reuse

1. Introduction

In recent years, the generation of industrial solid waste has increased exponentially
around the world. This increase has as main reasons the population increase and the
consequent increase in waste production [1]; urbanization processes, generating an increase
in the number of inhabitants in large cities and the generation of waste [2]; the industrial-
ization process [3]; and the increase in inappropriate places for the final disposal of waste,
through dumps [1,2], which further aggravates this environmental problem.

Given this, the need to find ways to reuse waste is increasingly urgent. An alternative,
which will be studied in this work, is the reuse of these wastes in the red ceramic industry,
due to the diversity of functions that wastes can play in these types of materials [4]. It is
known that the clays used for the production of ceramic artifacts are essentially plastic in
nature, which enables, for example, use of waste that introduces non-plastic elements into
the clayey mass to control this property [5,6]. As an example, the work of Moreira et al.
(2008) [7] evaluated the use of ornamental rock waste in ceramics, proving the technological
feasibility and economic advantages obtained with the use of this waste. Similar results
were obtained by Amaral et al. (2019) [8]. In this research, the authors evaluated the use of
ornamental rock residue in ceramic materials produced by uniaxial pressing. The authors’
objective was to evaluate the possibility of applying this waste in paving blocks. The results
obtained highlight the feasibility of using waste in the proposed application.
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Another possibility is the use of waste that helps to reduce the energy expenditure
of the material in the calcination stage. This action can be direct through the supply of
energy through exothermic reactions, or indirect through the reduction of the melting
temperature of the ceramic material. The work by Delaqua et al. (2020) [9] evaluated the
use of powdered cigarette waste in red ceramics with satisfactory results in the evaluated
properties and proving the energy gain of the ceramic material during burning. Another
relevant work with similar characteristics was developed by Delaqua et al. (2020) [10],
where the authors evaluated the use of macrophyte biomass in ceramic materials, with
positive conclusions.

A waste of great importance from an industrial point of view is glass waste. Only
in Brazil, all products made with glass correspond on average to 3% of urban waste, and
about 47% of glass packaging is recycled annually in the country, totaling 470 thousand
tons per year [11]. Moreover, in general, this waste is 100% recyclable, that is, it can be
indefinitely recycled [12]. However, when this waste is wrongly disposed of, it can be
harmful, for reasons such that it is not biodegradable, and in most cases, it has a high
cutting power [13]. In this article, the use of wastes from the manufacturing process of
tempered glass as a melting element in red ceramics was studied, with the waste being
removed from the initial manufacturing stage, that is, from the cutting of flat glass.

Other relevant information on glass waste, especially its application in ceramics, is
highlighted by Silva et al. (2017) [14]. In this research, the authors developed a literature
review on the use of glass waste in ceramic materials, highlighting several advantages
obtained with the use of waste. An advantage is that the use of glass waste can reduce the
environmental impact of the ceramic industry. Another issue addressed is the diversity of
glass waste, which can be obtained from different sources. This information highlights the
importance of conducting research with this material.

Another point that deserves to be highlighted is the need to use a typical ternary
composition containing clay (30–60% by weight%), feldspar (15–40% by weight%) and
quartz (5–30% by weight%) to produce ceramic materials [15,16]. This composition was
studied such as in Luo et al. (2021) [17], where the authors evaluated the effect of replacing
quartz and clay with fly ash to produce ceramics. In this study, the authors proved the
need to use the typical ternary composition to obtain ceramic materials with adequate
properties [18]. Thus, it is expected that the use of glass waste will contribute to the ternary
composition, adding feldspar to the mix and providing adequate technological properties.

The main innovations of this work are to propose the use of glass waste to replace the
sand used as a substitute for clayey masses. Although there are other published works with
glass wastes [14,19], the analysis of new methodologies that enable the real application of
the waste in ceramic materials is necessary.

2. Materials and Methods

The materials used in the research were commercial clayey mass, composed of two
clays typical of the region used by the industries of Campos dos Goytacazes, RJ, Brazil.
The mass is predominantly kaolinitic and has been used in other studies [5,8,9]. Moreover,
natural quartz sand and glass waste were used in the formulation’s soda–calcium plan.
The waste was obtained from a company located in Rio das Ostras, RJ, Brazil.

The raw materials used in the research were characterized by X-ray fluorescence (XRF),
using an S2 POLAR equipment, from BRUKER supplier. In addition, they were character-
ized through physical particle size tests, using the procedure of NBR 7181 [20], and through
scanning electron microscopy (SEM) using a Shimadzu SSX-550 Superscan equipment. The
samples used in SEM were prepared in advance using sanding and polishing. The samples
were tested immediately after the metallization process, not requiring a conditioning step.

The formulations were produced using 60% clay 1, 20% clay 2 and 20% natural sand, as
shown in Table 1. In addition, it was proposed to replace 0–20% glass waste, as a substitute
for natural sand.

2
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Table 1. Formulations used for production of red ceramics.

Formulation Clay 1 (%) Clay 2 (%) Natural Sand (%) Glass Waste (%)

0% 60 20 20 0
5% 60 20 15 5
10% 60 20 10 10
20% 60 20 0 20

The formulations defined in Table 1 were initially evaluated for linear and optical
dilatometry using a Netzsch brand DIL 402 pc equipment with a heating rate of 5 ◦C/min
and a maximum temperature of 1050 ◦C. The rate used in this assay can vary in the range
of 3–5 ◦C/min (slow burning), as the dilatometry results are close and do not affect the
discussion of the results [21,22]. The masses of approximately 2 g were previously sieved in
a sieve with 42 µm opening and prepared with 8% moisture, for subsequent compaction in
a cylindrical shape with a force of 2 tons, with an application time of 5 s. In the formulations
before firing, plasticity tests were also carried out, through the Atterberg limits defined
by NBR 6459 [23] and NBR 7180 [24]. In this way, it was possible to obtain the prognosis
of extrusion.

Afterward, the specimens were produced by extrusion, using a prismatic geometry of
15 × 25 × 115 mm. These specimens were evaluated for linear shrinkage by drying and
dry density before the calcination process. The firing was carried out in a laboratory Muffle
furnace by Maitec model FL 1300, at 800, 900 and 1000 ◦C. In the burning, a heating rate
of 3 ◦C/min was used until reaching the burning temperature, with a plateau of 240 min.
Cooling was by natural convection. After firing, density after firing, linear retraction after
firing, water absorption, and flexural strength, were all tested. The procedure was adapted
from NBR 15310 [25] and NBR 15270 [26]. Finally, microstructural analysis was performed
using SEM.

3. Results and Discussion
3.1. Characterization of Raw Materials

Table 2 presents the XRF results of the raw materials. It is observed that the chemical
composition of clays is predominantly based on SiO2 and Al2O3, which is typical of clay
minerals. The presence of Fe2O3 is important, as it offers the reddish after-firing color
typical of ceramic artifacts [27]. The presence of TiO2 helps in the surface hardness of the
material, which can improve its mechanical properties, but it makes the material more
fragile [28,29]. It can also act as a coloring oxide, clearing the ceramic piece after firing.
The presence of K2O, MgO, Na2O and CaO is important because these alkaline and earthy
alkaline elements act in the formation of the liquid phase, which is the main sintering
mechanism of ceramic materials [6,30]. The loss of ignition, above 10%, is problematic
because it is an indication of the presence of organic matter that can increase the material’s
shrinkage and porosity, hence the importance of using corrective materials such as sand
and glass waste. The use of two types of clay is justified to minimize dependence on a
single deposit and to make the material less heterogeneous.

The chemical composition of natural sand is predominantly based on SiO2, which is
compatible with its mineralogical composition based on quartz. The glass waste, however,
has predominantly SiO2 in its composition, which is typical of glass. This material is
probably in an amorphous form, contributing to the reduction of the material’s porosity.
There is also a high content of Na2O (6.86%) and CaO (15.54%). These components aid in
the formation of a liquid phase and improve strength, as they reduce the porosity of the
material. The high content of CaO can cause bleaching in ceramic pieces, producing other
static patterns for the pieces [31,32].

Figure 1 presents the results of the granulometry of the raw materials, while Figure 2
presents the SEM of the glass waste. It is easy to observe that the particle size of glass
waste is close to the particle size of natural sand, which is another result that indicates the
feasibility of using glass waste as a substitute for sand in ceramic materials. Regarding the

3
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morphology of the waste, an irregular pattern can be seen in Figure 2, due to the amorphism
of the material, and particles with a high specific surface area, which is important to increase
the resistance of the ceramic materials after firing.

Table 2. Chemical composition by XRF of raw materials.

Composition Clay 1 (wt%) Clay 2 (wt%) Natural Sand (wt%) Glass Waste (wt%)

SiO2 47.04 49.34 81.10 72.58
Al2O3 32.56 30.71 11.90 1.82
Fe2O3 3.48 3.66 1.20 0.55
TiO2 1.29 1.21 0.47 0.01
K2O 1.01 0.99 1.50 0.36
MgO 0.55 0.61 0.62 2.53
Na2O 0.34 0.24 0.84 6.86
CaO 0.24 0.22 0.51 15.54

Others 0.10 0.11 0.16 0.02
L.O.I. 13.39 12.91 1.70 0.00

L.O.I., loss of ignition.
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3.2. Characterization of Ceramic Masses before Firing

Figure 3 presents the results of the dilatometry of the ceramic masses, revealing that
the use of glass waste promotes the formation of larger amounts of liquid phase than
natural sand, due to the presence of amorphous silica. Around 600 ◦C, the first relevant
event occurs, which is when the glass enters to a softening point, showing a high reduction
in its viscosity [33,34]. This is also evident by the optical dilatometry shown in Figure 3.
The ceramic mass with 0% glass waste, and which has only natural sand, suffers an adverse
event at this same temperature due to the allotropic transformation of the quartz, which
can cause defects in ceramic materials [35]. The use of an amorphous material that can
fulfill the same roles as natural sand is an advantage in this regard.
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Another important event takes place between 800 and 1000 ◦C, where the glass fusion
occurs. These temperatures promote greater formation of the liquid phase, which can help
the ceramic properties due to the reduction of porosity [33]. The excess of this phase can be
harmful, due to the high shrinkage that can cause excessive defects in the manufacturing
stage [36]. Thus, it is necessary to evaluate the results obtained after firing, especially for
the mass containing 20% of glass waste, to verify that the retraction obtained was not too
excessive. This will be discussed further later in this text.

Figure 4 presents the extrusion prognostic results. It is observed that all the studied
ceramic masses are within the acceptable extrusion region. This point is important for using
the glass waste in place of the natural sand because problems during the extrusion step will
impact the properties of the ceramic material before and after firing [8]. This indicates that
the behavior of the waste is non-plastic, compatible with natural sand, which also behaves
this way.

Figure 5 shows the results of apparent density during the drying and linear drying.
Note that the apparent density of the specimens increased with the use of the glass protector.
This characteristic is because the greater the density, the greater the mass of the material
occupying the same volume. This information can help to reduce the porosity of ceramic
pieces after firing [37]. Regarding linear drying, note that glass reduces shrinkage. This
is also positive due to the formation of particles, which will probably increase after the
retraction of ceramic pieces and the firing due to the liquid phase. The reduction in drying
shrinkage can compensate the high shrinkage after firing [38].
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3.3. Characterization of Ceramic Masses after Firing

Figure 6 shows the post-fire density and post-fire linear shrinkage results. It is observed
that as the calcination temperature increases, the apparent density of the ceramic material
increases, as does the linear shrinkage. This behavior is the pattern of this type of material
and has already been reported by other authors [7,39]. However, the glass waste promoted
an increase in the densification of the ceramic material, which is directly related to the
formation of a liquid phase and greater sintering of resistant phases in the material. A
negative characteristic is that the use of the waste promoted an increase in the firing
shrinkage, which was already expected based on the other results. Compositions 10% and
20% show shrinkage above 4% at a firing temperature of 1000 ◦C. This can be a problem
during the manufacture of ceramic parts due to defects in the developed products. The
other retraction values, however, are within the standards established by other authors,
such as Girondi et al. (2020) [9], Delaqua et al. (2020b) [10], and Delaqua, et al. (2022) [22].

Sustainability 2022, 14, x FOR PEER REVIEW 7 of 15 
 

M0 M5 M10 M20
3.0

3.2

3.4

3.6

3.8

4.0

4.2

4.4

4.6

4.8

5.0

Li
ne

ar
 D

ry
in

g 
 (%

)

Formulations (%)  
(b) 

Figure 5. Results of (a) apparent drying density; (b) linear drying. 

3.3. Characterization of Ceramic Masses after Firing 
Figure 6 shows the post-fire density and post-fire linear shrinkage results. It is ob-

served that as the calcination temperature increases, the apparent density of the ceramic 
material increases, as does the linear shrinkage. This behavior is the pattern of this type of 
material and has already been reported by other authors [7,39]. However, the glass waste 
promoted an increase in the densification of the ceramic material, which is directly related 
to the formation of a liquid phase and greater sintering of resistant phases in the material. 
A negative characteristic is that the use of the waste promoted an increase in the firing 
shrinkage, which was already expected based on the other results. Compositions 10% and 
20% show shrinkage above 4% at a firing temperature of 1000 °C. This can be a problem 
during the manufacture of ceramic parts due to defects in the developed products. The 
other retraction values, however, are within the standards established by other authors, 
such as Girondi et al. (2020) [9], Delaqua et al. (2020b) [10], and Delaqua, et al. (2022) [22]. 

800 900 1000

1.5

1.6

1.7

1.8

1.9

2.0

2.1

Ap
pa

re
nt

 B
ur

ni
ng

 D
en

si
ty

 (g
/c

m
3 )

Temperature (ºC)

 M0
 M5
 M10
 M20

 
(a) 

Sustainability 2022, 14, x FOR PEER REVIEW 8 of 15 
 

800 900 1000
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5

(2-4%) High shrinkage

(1-2%) Moderate shrinkageLi
ne

ar
 S

hr
in

ka
ge

 - 
LS

 (%
)

Temperature (ºC)

 M0
 M5
 M10
 M20

(0-1%) Low shrinkage

 
(b) 

Figure 6. Results of (a) apparent burning density; (b) linear shrinkage. 

Figure 7 presents the water absorption results, in which the mass containing only 
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600 °C onward, the glass already reaches its softening point, and therefore, it already has 
a functional liquid phase mechanism. At 1100 °C, glass still meets its operating point, up-
dated, even more with the interconnection mechanisms of the materials [13,33]. These re-
sults do not prove the feasibility of using the glass waste, as they are used to use this 
material. 
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Figure 7 presents the water absorption results, in which the mass containing only
natural sand (0%) does not meet the limits for tiles, since at all temperatures, it presents
water absorption greater than 20%. The masses containing glass waste, especially the
one with 20% of the material, meet the water absorption requirements for both tiles and
blocks, already in the calcination at 800 ◦C [7]. This is a great advantage because it provides
savings in the manufacture of ceramics. The reduction of water absorption is related to
the reduction of porosity and to the formation of liquid phase. As observed in Figure 3,
from 600 ◦C onward, the glass already reaches its softening point, and therefore, it already
has a functional liquid phase mechanism. At 1100 ◦C, glass still meets its operating
point, updated, even more with the interconnection mechanisms of the materials [13,33].
These results do not prove the feasibility of using the glass waste, as they are used to use
this material.
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Figure 8 presents the flexural strength results. It is observed that the 20% composition
meets the requirements of blocks and tiles already at a temperature of 800 ◦C, proving
the savings highlighted in Figure 7. That is, it does not make much sense to propose
calcination at higher temperatures if in this calcination range the composition of 20%
already meets the requirements for water absorption and flexural strength, promoting
savings in the firing stage. The same results are not possible without the use of glass
waste, since the 0% composition does not meet the 6.5 MPa limit for tiles nor at the highest
calcination temperature [8,10]. The results obtained are consistent with those highlighted
by other authors and can be attributed to the formation of a liquid phase, as previously
discussed [32].

Based on the discussion of the results, the effect of glass waste on ceramic materials
is clear. It is observed that the role of natural sand is to act as a source of quartz for
ceramic materials. In ceramic materials, quartz has the function of controlling shrinkage
and reducing defects in the material. Quartz replacement, therefore, should be limited
so as not to exacerbate these problems. However, the use of glass waste contributes
feldspar to the ceramic material. This component, as highlighted in the introduction,
contributes to the typical ternary composition of ceramic materials, containing clay, feldspar,
and quartz [15,16]. The presence of glass waste contributes to a decrease in the firing
temperature and an increase in the apparent density, resulting in a reduction in porosity
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and an increase in flexural rupture strength. Conversely, glass waste causes defects in
ceramic materials, which is why its content should be limited to 20%, as proven in this
research. At 1000 ◦C, the introduction of 20% of the glass waste caused an increase in
flexural rupture strength from approximately 5 to almost 20 MPa. Conversely, it caused an
increase in linear shrinkage from 2.5% to approximately 7.0%, which leads to an increase in
material defects, as will be discussed below. Figure 9 shows a picture of the 20% specimens
calcined at 1000 ◦C, where the formation of defects in the material, which, although they
did not affect the strength gain, make the material of low aesthetic value. Therefore, the
use of lower temperatures is more advantageous, since at 800 ◦C, it is possible to obtain
values compatible with the main applications of ceramic materials.
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Figure 9a shows a typical defect of ceramics produced with clays containing high
levels of Fe2O3 called black heart. This defect is essentially due to the high iron content
present in the clay, which occurred in all compositions calcined at 1000 ◦C in this research.
It is observed that the thermal effect is a catalyst for the black heart. Thus, an essential
action to reduce these defects is to use lower calcination temperatures [40]. It can be seen
from the results presented above that the use of glass waste makes it possible to reduce the
calcination temperature without affecting the properties evaluated. Thus, an efficient action
to reduce these defects is the use of glass waste to improve sintering in ceramic materials.

The formation of surface defects, highlighted in Figure 9b, is related to the high linear
shrinkage values of this composition, shown in Figure 6b, and to the sintering mechanism
promoted by glass waste. This sintering mechanism is potentiated at a temperature of
1000 ◦C, because as illustrated in Figure 3, at this temperature range, the glass waste melts,
causing the surface defects observed in the material [4].
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Figure 10 presents the SEM results of the ceramic masses. Figure 10a,b shows the
difference between the 0% and 20% compositions calcined at 800 ◦C, where in Figure 10b,
the presence of a more compact and dense structure is visible. This can be attributed to
the sintering promoted by the glass waste. Figure 10c,d shows the effects of calcination
at 1000 ◦C in the 0% and 20% formulations, where the formation of a glassy phase in
the 20% composition is clear. This is directly related to the use of glass, which promotes
the formation of a liquid phase and reduces the porosity of the material. This happens
due to the melting process of the glass waste, observed in Figure 3. In this temperature
range, the glass becomes liquid, densifying the matrix and filling the pores not accessible
by the sand that the glass waste replaces. Thus, the mechanism involved is liquid phase
diffusion, which fills the accessible pores of the ceramic material and contributes to the
flexural rupture strength [33]. The images are compatible with the results obtained by
Figures 7 and 8.
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• The characterization of the glass waste shows the material’s compatibility with natural
sand, enabling its use, in addition to indicating a potential for improving flexural
rupture strength, due to the alkali levels, which increases the sintering of the ceramic.

• The masses containing glass waste did not present problems in the extrusion prognosis,
in addition to improving the densification of the ceramic material after drying and
after firing.

• After firing, the use of 20% glass waste promoted the sintering of the ceramic mass,
due to the formation of a liquid phase, reducing porosity and improving the properties
of water absorption and flexural strength. There were problems with burn retraction,
but within tolerated limits.

• The masses containing 20% of glass waste obtained parameters compatible with
industrial applications at a calcination temperature of 800 ◦C, while the composition
containing only natural sand did not present the same behavior even at temperatures
of 1000 ◦C. This indicates the feasibility of using glass waste.

As perspectives for future work, the following stand out: (i) evaluate the influence
of the granulometry of the glass waste on the properties of red ceramics; (ii) evaluate the
effect of using 15% and 25% of glass waste as a substitute for sand; (iii) carry out durability
and degradation tests on the red ceramic containing glass waste.
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Abstract: This paper presents the results of research into construction and demolition (C&D) waste
in Colombia. The data and analyses are shown in a local and Latin American context. As the
situation in Colombia is quite similar to that in many developing countries worldwide, this research
and its findings are potentially applicable to similar economies. Several factors were calculated
and compared in order to evaluate which best fit the data from Colombia. We also included an
experimental characterization and analysis of several key types of C&D waste from important
infrastructure projects in Colombia, specifically by using the X-ray diffraction and scanning electron
microscopy techniques. For the quantification of CDW, a calculation was performed based on the
area and four factors of volume and density, followed by an econometric analysis of the detailed
information using the Hodrick–Prescott filter, which revealed the CDW trends. Our results revealed
that there are limitations regarding the availability of information and effective treatments for this
waste, as well as shortcomings in education and other issues, not only for Colombia but also for other
countries in Latin America.

Keywords: solid waste; construction and demolition; circular economy

1. Introduction

Global warming is a very serious threat that could cause a devastating worldwide
disaster if actions are not taken by all countries to reduce the excessive consumption of
materials [1], develop sustainable agriculture [2], and, most importantly, apply politics
to find real solutions [3]. Due to the urgency of this situation, it is necessary to increase
corrective measures in all areas of solid waste management and recycle as much as possible,
particularly in sectors that produce large amounts of waste that consists of metallurgi-
cal slags [4,5], rubber tires [6–8], organics [9], and construction and demolition waste
(CDW) [10]. Moreover, preventive strategies such as improved economic models must be
developed. The popular circular economy model [11,12] has been implemented in many
sectors, e.g., by modifying manufacturing and design processes so that products last longer
and can be used in other applications after their lifecycles (upcycling). For this reason, many
sectors that involve materials and electronic devices are now experiencing a revolution,
with processes being redesigned to fit the circular economy model [13], for example, in
additive manufacturing [14], construction and building materials [15], smart materials [16],
thermoelectric modules [17], and the transportation industry [18]. Furthermore, models
have been developed for the sustainable design of solid-waste management on a city [19]
and country scale [20].

Construction, demolition, and renovation activities generate a large amount of waste
which harms the environment and can have a significant impact on global warming if it is
not managed properly [21]. It is estimated that around 35% of construction and demolition
waste (CDW) ends up in landfills without any type of treatment [22]. Therefore, new
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solutions, technology, and approaches are required for the management of CDW. The
European Commission proposed that by 2020, a minimum of 70% of construction and
demolition waste should be recycled. However, there were some member states of the
European Union in which recycling rates already exceeded 70% [23]. This has been achieved
through good waste management practices that essentially implement circular economy
principles in the construction and demolition sector and beyond. The most effective
practices are aimed at maximizing the reuse of items by facilitating recycling, material
recovery, and the secondary use of materials through quality assurance schemes for waste-
derived materials. This involves considering the entire value chain of the construction
sector and implementing these principles throughout [24].

To establish a construction and demolition waste management system, an appropriate
CDW quantification must be determined that can help the government make realistic
decisions and policies and determine the places wherein disposal can be granted (e.g., end
of waste disposal [25]). The globally adopted methodologies for quantifying CDW can be
summarized into six categories: the method of visiting the site, the method of calculating
the generation rate, the method of life analysis, the method of classifying the accumulation
system, the method of modeling variables, and other assorted methods [26]. The site visit
method (SV) requires that investigators go to the construction or demolition site. The
generation rate calculation method (GRC) seeks to obtain the waste generation rate and
estimate certain alternative parameters such as the financial value based on the area. The
life analysis method is mainly used to quantify demolition waste based on mass balance,
assuming that every building will at some point be demolished and therefore the amount
of demolition residue must be equal to the mass of the built structure. The accumulation
system classification method (CSA) is based on the generation rate calculation method
but involves a quantification system for different special materials. The variable modeling
method uses the modeling of variables to simulate the generation of waste, taking into
account five factors (specific activity, type of work and equipment, type of material and
storage, site and weather conditions, and company policy). The other methods include
estimating waste production as a percentage of the purchase of materials and calculating
the amount of residue for some materials based on their chemical characteristics.

In this article, the amount of construction and demolition waste generated in Colom-
bia was quantified using innovative methods involving the area of construction and the
volume and density factors of the materials. Additionally, a case study from Colombia
was considered and the composition of the waste was characterized. Subsequently, an
econometric study was carried out to better understand the behavior and factors that
influence the generation of CDW in Colombia. Finally, the CDW situation in Colombia and
other countries was evaluated and compared.

2. Materials and Methods

In this work, a review was carried out to quantify construction and demolition waste
in Colombia. The aim was to obtain the first quantified values of this kind in the country
and generate relationships and useful data for future applications and regulations, all with
an eye on implementing a circular-economy strategy.

First, an information search was conducted within the National Administrative Depart-
ment of Statistics (DANE, according to its Spanish acronym), which is the entity responsible
for the planning, collection, processing, analysis, and dissemination of official statistics in
Colombia [27]. DANE produces a census of buildings in urban and metropolitan areas,
reporting the licensed sites, completed projects, projects in progress, and discontinued
projects. In this article, all of these areas were considered since it is certain that they all
generate waste.

Due to the information available in Colombia, the best strategy for quantifying CDW
is to calculate the rate of waste generation based on the area. After obtaining the area
of completed construction projects, a volume factor is obtained for transforming units
from m2 to m3. A density factor is then obtained to transform m3 into tons. In this work,
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several factors from different sources were used in order to obtain the one that best adapts
to the available information. The factors that were used to obtain the amount of waste
generated were:

• Factor 1: based on the quantitative data of the rubble generated by the private sector
which has been obtained from the building censuses available in DANE and in the
Colombian Chamber of Construction (CAMACOL) [28].

• Factor 2: obtained from an article published by the University of Eafit [29].
• Factor 3: based on the Fatta model, in which the amount of CDW is calculated from

the density and the factor presented by the author [30].
• Factor 4: based on the law of mixtures according to the composition of waste in Bogotá.
• The value of the factors used in the quantification of CDW in Colombia used in this

research is summarized in Table 1.

Table 1. Volume and density factors.

Name Volume (m3/m2) Density (ton/m3)

Factor 1 1.42 1.48
Factor 2 1.35 1.40
Factor 3 0.6 1.6
Factor 4 1.12 1.48

For the experimental phase, sampling was carried out at the construction and demoli-
tion landfill facility “La Escombrera” in Medellín, Colombia. The X-ray diffraction (XRD)
experiments were conducted using a PANanalytical X’Pert PRO diffractometer (Cu Kα

radiation of 1.5406 Å) run at 45 kV, with scanning between 8◦ and 55◦. Thirty subsamples
from different parts of the demolition landfill facility were collected in order to obtain a
composite sample of 10 Kg, which was representative of all building debris.

Econometric Analysis

The area below the curve gave the amount of CDW produced over time. The CDW
flow per year was obtained as well. The gross domestic product from construction gave the
cash flow per year. The statgraphics software was used to find the correlation between the
flow of CDW and the flow of GDP from construction.

The Hodrick–Prescott and Baxter–King filters were used to compare the statistical
cyclical component properties of the time series for both GDP and CDW generated from
construction, showing how the properties of the cyclical component vary depending on
the filter used in a cycle-trend decomposition. After quantifying CDW in Colombia, the
data were compared with respect to information available in Latin America and the rest of
the world.

3. Results and Analysis
3.1. Construction Waste Management in Colombia

The management of waste generated by construction activity in Colombia is shown in
Figure 1 (solid lines). Note that this type of waste does not undergo any type of treatment
and is typically sent to a final disposal site. This has created environmental and logistical
problems due to the large volume of waste, which reduces the lifespan of landfills.

Some of the main problems in the management of CDW in Colombia [31] are: con-
struction starting without having prepared the integral management of the CDW, no waste
separation at the source, few real waste treatment technologies available, low demand for
CDW processed materials, poor logistics in CDW management, and a lack of education and
awareness around the proper management of CDW. Because of this, in 2017, the standards
for the management of CDW and public clearance services in Colombia were updated
(resolution 472) to regulate CDW use and recovery. Since CDW is classified as special,
waste disposal companies do not collect it, which means that it is often disposed of in a
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non-proper way [32]. The law also establishes that the public administration is responsible
for generating the required mechanisms and having spaces for their execution. Each city
must therefore carry out studies and plans to educate the community and manage CDW
(PGIRS). Such plans are expected to control and monitor CDW, generate strategies, and
implement actions that lead to good waste management. Unfortunately, so far, the reality
is quite far from the plans of PGIRS. The evolution of CDW management is shown in
Figure 1 (dashed line). In Colombia, the comprehensive management of construction and
demolition waste is governed by several standards [31]: Resolution 541 of 1994 “By means
of which the loading, unloading, transport, storage and final disposal of rubble, materials,
elements, concrete and loose aggregates of construction, demolition, organic layer, soil
and excavation subsoil is regulated” [33]; Decree 948 of 1995 “Regulations in relation to
the prevention and control of atmospheric pollution and protection of air quality” [34];
National Decree 1713 of 2002 Article 44 “Collection of rubble. It is the responsibility of the
producers of rubble to arrange its collection, transport, and disposal in authorized dumps.
The Municipality or District and the company that provides the cleaning service are respon-
sible for coordinating these activities within the framework of the programs established in
the PGIRS plans [35], which is also regulated by Law 1259 of 2008 by means of which the
application of the environmental directive is established in the national territory against
the violators of the rules of cleanliness, cleaning and collection of rubble” [36]; Decree
2981 of 2013 “By which the provision of the public cleaning service is regulated” [37]; and
Resolution 472 of 2017 “By which the comprehensive management of waste generated
in construction and demolition (CDW) activities is regulated and other provisions are
issued” [38].
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3.2. CDW Quantification

The process to select the appropriate methodology is shown in Figure 2. Figure 3
shows results from the quantification method used to calculate the waste generation rate
based on the construction area and the aforementioned factors. The amount of construction
and demolition waste generated was recorded from 2008 to 2017 for the cities of Bogotá
and Medellín in Colombia, as well as Colombia as a whole.

Considering the information available from the Ministry of Environment and Sustain-
able Development and the Institute of Environmental Studies, it was found that by 2011,
the main cities in the country (12 of Colombia’s 32 cities) had generated 22 million tons
of CDW. In the year 2015, the city of Bogota generated approximately 8 million tons and
the city of Medellin generated approximately 2.2 million tons [31]. These data serve as a
reference value to compare against the new data obtained in this investigation.

Figure 3a shows the amount of CDW generated in the city of Medellín. It can be seen
that when using Factors 1, 2, and 4, it is above the reference value, which is 2.2 million
tons for the year 2015. In contrast, when using Factor 3, the CDW generated is close to the
reference value.
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The CDW generated in the city of Bogota is shown in Figure 3b. It can be observed
that when using Factor 4, the value of CDW generated is the closest to the reference value,
which is 8 million tons for the year 2015. When using Factors 1 and 2, the CDW generated
is above the reference value, and when using Factor 3, it is below the reference value.

This behavior also happens for the CDW generated in Colombia, which can be ev-
idenced in Figure 3c. It is clear that when using Factor 4, the CDW is the closest to the
reference value, which is 22 million tons for the year 2015. When using Factors 1 and 2, the
CDW generated is above the reference value, and when using Factor 3, it is below the
reference value.

In general, it should be noted that the reference values were only obtained from
legally reported CDW, which is certainly below the real data as illegal CDW disposal is not
registered. In addition, the reference value does not include all 32 Colombian cities due
to the lack of information in some parts of the country. Furthermore, Factor 3, which is
based on the Fatta model, assumes that for every 1000 m2 of construction, 50 m3 of CDW is
generated; in reality, more m3 of CDW is generated, meaning that the results obtained are
below the reference values. As a result of the aforementioned issues, this research focuses
on Factor 1.

3.3. CDW Characterization in Colombia
3.3.1. X-ray Diffraction (XRD)

Figure 4 shows the morphologies of some CDW samples obtained from La Pradera
landfill without any type of treatment. Figure 4a shows CDW with combined powders
of concrete and red clay products, Figure 4b shows mostly bricks, Figure 4c shows CDW
mainly composed of concrete but with some red clay products, and Figure 4d shows mostly
clean concrete waste.
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Figure 4. Samples obtained from the La Pradera waste dump.

The results of the XRD analysis obtained from the construction and demolition waste
samples are shown in Figure 5. The main phases found are calcium oxide, iron oxide,
magnesium oxide, feldspar (AlKSi3O8), Albite, anorthite, ettringite, portlandite, silicate
and hydrated calcium calcite and gypsum. These phases are consistent with those found in
bricks, tiles, ceramics, and concrete. It can also be seen that the same phases are found in
the four diffractograms. Only the intensity of the peaks changes.
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3.3.2. Comparison of CDW Composition

Considering the results of X-ray diffraction data and the information available in the
literature, the composition of the CDW generated in Colombia was compared with that
generated in other countries. Figure 6 shows the composition of the CDW generated in
Colombia. Waste classified as others contributes 38%, concrete contributes 28%, brick 22%,
ceramic 8%, and mortar 4% [39]. In addition, it can be seen that China has the highest
percentage of metallic materials, which are insignificant in the United States, Norway, and
Colombia. In all countries, inert waste, which includes concrete, mortar, brick, and ceramics,
makes the following contributions: 85% in Kuwait, 84% in Norway, 77% in the United States,
91% in Spain, 96% in Portugal, 87% in China [40], and 60% in Colombia. The difference in
these values is due to the variety of construction structures and materials used in the different
countries, mainly due to the difference in climates, cultures, and types of construction.
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3.4. Econometric Analysis
3.4.1. Correlation Analysis

In order to carry out this study, it had to be discovered which factors were related
and which were the most appropriate to estimate the generation of CDW in Colombia.
Figure 7 compares the construction and demolition waste with the population, gray cement
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production, and gross domestic product (GDP) from construction in Colombia. In Figure 7a,
it can be seen that the population has an increasing linear growth through the years, while
the amount of CDW increases or decreases. This shows that, in general, the population
growth does not significantly affect the amount of CDW generated annually. Figure 7b
shows that cement production varies over the years, but this variation does not have the
same trend as the CDW generation. Figure 7c reveals the GDP from construction, which
shows that GDP decreases or increases with a similar trend to the generation of CDW. The
flow of CDW and GDP from construction was determined through time and is presented
in Figure 8a. The flow of GDP from construction can be seen to increase with time, while
the flow of CDW (waste generated) decreases in the periods 2008–2009, 2009–2010, and
2013–2014, which is due to a decrease in areas being built on during this time. Figure 8b
shows the correlation between the flow of CDW and the flow of GDP from construction,
giving a value of 0.7104, indicating that the model estimates fit quite well.
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3.4.2. Filters for Cyclic Components

The Hodrick–Prescott filter was originally designed to decompose the series of GDP
values into long-term growth and a cyclical component. In the context of CDWs, the soft
part can be interpreted as the long-term seasonal component or trend and the volatile
part as the stochastic component [41]. The Baxter–King filter consists of a linear filter that
eliminates very slow or low frequency movements (trend) and high frequency components
(irregular), while retaining the intermediate components (cycle) [42].

The linear component of the Hodrick–Prescott filter for the CDWs generated in Colom-
bia and the GDP from construction are shown in Figure 9a,b, respectively, while the
cyclical component obtained by the Hodrick–Prescott and Baxter–King filter is shown in
Figure 10a,b, respectively, for both the CDW generated and the GDP from construction.
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In both Figure 10a,b, it can be observed that the CDW cycle has three changes over
time. The first corresponds to the period from 2008 to 2012. The reason this period is below
the CWD trend is due to a decrease in planning permission granted for construction, in
addition to the implementation of laws 1295 and 1333 that refer to environmental penalty
fees (comparendos) and environmental sanctioning, respectively. The second change
corresponds to the 2012–2016 period. This is above the trend due to the increase in the
number of areas granted planning permission for housing construction. The decrease in
2013 was mainly due to the number of areas granted permission for buildings and housing
of social interest. The third change corresponds to the 2016–2017 period. The CDW is below
the trend line due to the implementation of Decree 1077, which regulates the housing, city,
and land sectors with respect to special waste, and due to resolution 472, that requires the
comprehensive management of waste generated by construction and demolition activities.

The cycle of GDP from construction shows three changes over time. The first corre-
sponds to the period from 2008 to 2009, which is below the trend. Here, the decrease is due
to the financial crisis that caused a collapse in the United States economy. The resulting
increase in inflation and rise in interest rates reduced the purchasing power and decelerated
loans in the construction sector. Planning approval for construction therefore decreased. It
can also be seen that in 2009, there is growth, which is due to the increase in public works
and a reduced inflation rate. The second change corresponds to the period from 2009 to
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2015. Although the CDW is above the trendline, a decrease is observed due to the delay
in the approval times of environmental licenses, which were required before any building
work could begin. In 2014, another decrease is seen due to the fall in housing construction.
The third change comprises the period from 2016 to 2017, which is below the trendline.
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3.5. Information Available in other Countries
3.5.1. CDW in the Latin American framework

The information available on the management and generation of CDW in some Latin
American countries is summarized below:

• Argentina

In general, there are problems with waste management. The Secretariat of Environ-
ment and Sustainable Development (SA and DS), dependent on the Ministry of Health
and Environment, has designed the National Strategy for Urban Solid Waste (ENGIRSU).
The mission of this strategy is to comprehensively manage waste, reduce the disposal of
waste in open dumps, and increase its disposal in landfills designed, built, and operated in
an appropriate way in a program that transfers, recovers, recycles, and finally disposes of
urban solid waste and CDW [43]. To promote better management of CDW in Argentina,
incentives are granted to companies who recover or reuse materials in order to mitigate the
impact on the environment [44].
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• Bolivia

The 2011 Solid Waste Management Diagnosis established that at a national level, there
is no adequate management of this type of waste. CDW is deposited in public areas,
rivers, streams, vacant lots or along the entrance roads to dumps. Despite the existence of
local ordinances and regulations, the corresponding actions are not carried out correctly.
Recently, in the main cities of the country, service companies, through municipal ordinances,
have been regulating the collection and final disposal of construction waste [45].

• Brazil

The Brazilian model establishes in its Resolution CONAMA No. 307/2002 [46] all
actions that must be carried out to minimize the generation of waste, and the technical
aspects of its treatment, transport, and final disposal. Waste material is classified to
obtain the maximum possible separation, in order to minimize transportation costs and to
contribute to recycling and reuse of materials, thus reducing the burden on the environment.

Due to this resolution, Brazil became the first country in Latin America to have a
recycling plant for CDW, through Resolution 307 created by CONAMA in 2002, which
specifically establishes the guidelines for the management of construction waste; from
there, municipalities such as Sao Pablo, Salvador, and others have taken better actions to
maximize the recycling of CDW.

• Chile

The Environment Committee of the Chilean Chamber of Construction, the company
signatories of the APL (Clean Production Agreement), together with the support of a
Development Project (PROFO) of the Production Development Corporation (CORFO) [47],
created the company Regeneradora de Materiales de la Construcción S.A (REGEMAC) [48]
in the year 2000, which developed a monitoring system for 100% of waste collected. This
describes the life cycle of the waste, from its origin to its final disposal. In the metropolitan
region, there are places designated by SEREMI for the disposal of rubble and inert materials
to ensure this waste is properly disposed of.

• Costa Rica

Costa Rica is developing a comprehensive solution for the management of CDWs,
guiding the government and private sectors to promote the reduction of waste, the re-
covery of materials, the use of energy, and the treatment of waste, as well as promoting
competitiveness and environmentally friendly behavior in the private sector [49].

• Ecuador

In Ecuador, it has been established that the Municipal Decentralized Autonomous
Governments are directly responsible for the management of their solid waste. However,
very little management actually takes place since most municipalities have created units to
provide the service under the hierarchical dependency of the hygiene directorates, while
other municipalities manage waste through the municipal police stations, which have a
weak institutional image and do not have administrative or financial autonomy [50].

• Mexico

CDW management presents serious deficiencies because few entities have adequate
infrastructure for waste management. Only in the Federal District were recycling plants
identified as being in operation. Although most of the CDW generated in small construction
projects is removed by private cargo vehicles, just over 5% is transported by municipal solid
waste (MSW) collection vehicles, and it is estimated that about 10% of waste is disposed
of on conservation land and public roads. In the case of public and private works, it is
estimated that 67% of their waste is transported by private cargo vehicles. Only 20% is
disposed of in authorized sites, and only 3% is recycled. The rest is used for land releveling
and taken to landfills [51]. Most of the CDW is deposited in abandoned properties and
public roads; another part is deposited in landfills, where, due to its characteristics and
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volume, its useful life is short. Only a small part of the waste is deposited in sites specifically
designed for this purpose. Just four states in the republic have authorized final disposal
sites, including Mexico City, the State of Mexico, Guanajuato, and Baja California [52].

• Panama

There is no specific regulation for the management of CDW; therefore, its management
is at the discretion of the project owner or contractor. The final disposal of CDW is carried
out in public roads, public drainage systems (sewerage), vacant lots, and riverbanks and
streams, and close to the limits of protected areas, natural parks, and mangroves. It is also
disposed of in clandestine dumps and landfills for neighborhoods and road infrastructure
projects. The National Council of Private Companies and the National Cleaner Production
Center in Panama proposes regulations for the proper management and use of CDWs,
promoting a culture wherein waste is separated from the source and classified as well as
other important initiatives for the proper management of CDW [53].

• Peru

It is the obligation and responsibility of the related institutions to coordinate ways to
reduce CDW, and its reuse, storage, collection, commercialization, transport, treatment,
transfer, and final disposal. The projects included in the National System for Environmental
Impact Assessment (SEIA) must formulate a waste management plan including technical
and administrative procedures [54]. Because in Peru there are few waste dumps for the
final disposal of CDW, a large amount of construction waste is dumped into the sea and
onto riverbanks without prior treatment [55].

• Dominican Republic

The Dominican Republic does not have specific regulations for the treatment of CDW.
This waste is generally managed irregularly and deposited in makeshift places, including
sidewalks, wetlands, parks, and riverbanks, without permits. Since there is no coherent
national policy for the management of CDW, companies who generate it are responsible for
its disposal. The legislation issued by the Ministry of Environment and Natural Resources
regulates the operation of landfills [56].

3.5.2. CDW in the World
Construction and Demolition Waste Management

Around the world, CDW policies and legislation adopt the 3R or 4R waste minimiza-
tion system, i.e., reduce, reuse, recycle, and recover [57,58]. This system focuses on four
categories: strategies for the management of construction and demolition waste, prevention
techniques, and collection, reuse, and recovery practices [59]. The first category includes
planning for the management of CDW, taking into account all the areas involved in the
construction process. The CDW is identified and quantified in order to decide what treat-
ments are necessary for its separation and recycling. Economic tools that encourage waste
management systems and maximize the environmental performance of waste are also
taken into account. For prevention and collection, a construction life-cycle study is carried
out in the design phase, which demonstrates opportunities for the use of prefabricated and
recycled materials and modern construction methods. In addition, success in managing
CDW is achieved via adequate logistics and innovation in the practices of handling and
storage of the materials. Recovery practices are used in both stationary and mobile plants
to maximize the production of high-quality recycled material.

Legislative Framework for the Management of Construction and Demolition Waste

The European Union’s waste framework directive (2008/98/EC) proposed that by
2020 the recycling of non-hazardous CDW should be at least 70% of its weight [23,60]. In
Taiwan, CDW must be transported to waste processing facilities [61], while in China and
Hong Kong, regulations have been created to encourage the use of recycled construction
materials in foundation works and roads, among other areas. In Australia, some policies
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promote the reuse of CDW at the construction site and the implementation of sustainable
construction practices. In the United States, there are laws that specify the use of recycled
materials in several infrastructure applications [62].

3.5.3. Comparison of CDW in Colombia and Other Countries

Figure 11 shows the amount of waste generated in 2012 in millions of tons for several
countries, among which is Colombia. In this graph, the main generator of construction
and demolition waste is China, with 1.02 billion tons, followed by India with 530 mil-
lion, the United States with 519 million, France with 246.7 million, and Germany with
201.3 million [63]. Colombia ranks 12th with 24.45 million tons of CDW.
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Figure 12 summarizes the CDW generated and the gross domestic product (GDP)
from construction for several countries. On average, 400 tons of CDW are generated per
1 million USD of GDP from construction [22]. Taking this into account, countries such as
Colombia, Hong Kong, the United States, and China generate more waste than the average,
although Colombia is above these countries with 1,697,141 per 1 million USD of GDP from
construction. This is because in Colombia, CDW management is inefficient. In contrast,
countries like Slovenia, Slovakia, Spain, Poland, and Portugal are well below the average,
generating less than 100 tons per million USD GDP.
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4. Conclusions

• The information available on the management of construction and demolition waste
in Colombia is very scarce. There is no reliable data on the amount of CDW generated
annually. However, taking into account the data that are available, it was concluded
that the method used for the quantification of CDW was correct. In addition, when
comparing the results of the different factors used for quantification, it was found that
Factor 1 best fits with the government data.

• From the case study, the X-ray diffraction results agree with the information found
on the composition of CDW in Colombia, where 62% of the residue is made up of
brick, concrete, and ceramic. Subsequently, comparing the composition of CDW in
Colombia with that of other countries, little similarity was found in composition. This
is because the structures and construction materials used in different countries vary
from country to country due to the different construction materials, motivated by
variations in climates, cultures, and types of construction.

• The cycles obtained by the Hodrick–Prescott and Baxter–King filters show similar
patterns when describing the movement of the GDP from construction and the CDW
generated. However, the Hodrick–Prescott filter gives a smoother graph than the
Baxter–King filter. In addition, this research showed several factors that affect both the
GDP from construction and the CDW generated.

• When searching for information on CDW in Latin America, it should be noted that
most countries do not have solid data on its generation and quantification. However,
with the little information found, it can be concluded that the situation in the region is
similar to Colombia in terms of CDW management, which is very limited. It should
also be noted that Brazil is the Latin American country that has the best management
of this type of waste.

• Education is one of the most important aspects for the implementation of a sustainable
economy, but education is poorly funded in developing countries. Perhaps active
learning methods [64] and technologies such as additive manufacturing [65] could
contribute to the rapid implementation of circular economy models.

• It was found that both the management and the legislation of CDW is much more
advanced in countries such as the United States, Germany, Portugal, and Spain because
they use the 4R system, which minimizes the generation of CDW and reuses the
greatest amount of waste possible. In Latin America, CDW management is just
starting; thus, there is a lack of any real plans in this area.

• The differences among the different countries shown in this research revealed that
many aspects have to be considered to effectively manage CDW. It is not only the
economic aspects of different regions that have a profound impact on waste, but
also climate and culture. Thus, the problem should not be left solely to experts and
politicians; the real solution will require a multidisciplinary team.

• The uniformity of materials found in CDW is certainly one of the biggest concerns for
its use on a large scale, as the variability from building to building can be high. Using
CDW directly from the construction site can optimize transportation but limits its
application due to the high variability. Therefore, it is more strategic to process CDW
in a large facility in which thousands of tons of materials are mixed and the uniformity
can be improved. The experimental case study shown in this research confirms the
particularly of the phases found, which may vary significantly not only from region to
region but also from country to country.
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Abstract: Reusing construction brick waste to fabricate new concrete is an economical and sustainable
solution for the ever-increasing quantity of construction waste. However, the substandard mechanical
properties of the concrete made using recycled crushed brick aggregates (RBAC) have limited its
use mainly to non-structural applications. Several studies have shown that the axial compressive
performance of the concrete is a function of the lateral confining pressure. Therefore, this study
proposes to use low-cost glass fiber-reinforced polymer (LC-GFRP) wraps to improve the substandard
compressive strength and ductility of RBAC. Thirty-two rectilinear RBAC specimens were constructed
in this study and tested in two groups. The specimens in Group 1 were tested without the provision
of a corner radius, whereas a corner radius of 26 mm was provided in the Group 2 specimens.
Specimens in both groups demonstrated improved compressive behavior. However, the premature
failure of LC-GFRP wraps near the sharp corners in Group 1 specimens undermined its efficacy.
On the contrary, the stress concentrations were neutralized in almost all Group 2 specimens with a
26 mm corner radius, except low-strength specimen with six layers of LC-GFRP. As a result, Group 2
specimens demonstrated a more significant improvement in peak compressive strength and ultimate
strain than Group 1 specimens. An analytical investigation was carried out to assess the efficiency of
existing compressive stress–strain models to predict the peak compressive stress and ultimate of LC-
GFRP-confined RBAC. Existing FRP models were found unreliable in predicting the key parameters
in the stress–strain curves of LC-GFRP-confined RBAC. Equations were proposed by using nonlinear
regression analysis, and the predicted values of the key parameters were found in good agreement
with the corresponding experimental values.

Keywords: low-cost GFRP; square; recycled brick aggregate; regression

1. Introduction

The rapid growth of the construction industry has put a great demand on the natural
resources that are used for construction practices. It has been suggested that the global
demand for concrete will increase to approximately 18 billion tons per year by 2050 [1]
and an estimated yearly consumption approaching approximately 30 billion tones [2]. This
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suggests that there exists an enormous usage of natural resources, mainly coarse and fine
aggregates resulting in their rapid depletion [3]. From the view of sustainability, this rapid
depletion of natural resources must be tackled in an effective way.

The demolition of existing buildings produces a considerable quantity of waste that
demands proper disposal. Roughly 700 and 800 million tons of construction waste are
generated per year in the United States and European Union [4,5]. The quantity of construc-
tion waste that is produced in China each year has been estimated at 1.8 billion tons [6].
The proper treatment of construction waste before disposal is vital. Besides occupying
extensive land, untreated construction waste may produce harmful substances that pollute
groundwater and air [7–10].

So far, two problems need to be addressed mainly relating to the rapid depletion of
natural resources and extensive accumulation of construction waste each year. A common
solution to these problems may be realized in the recycling of construction waste to produce
new concrete. The present study focuses on the recycling of bricks to be used as a partial
replacement for natural coarse aggregates. This is because a considerable ratio of the
construction waste generated each year comprises bricks. It has been reported that the
quantity of clay brick waste generated each year is increasing in a geometric manner [11].
Recycled brick aggregates are usually prepared by crushing bricks in jaw crushers having
different sizes of openings. Further, the crushed bricks are then sieved into different sizes
using mechanical sieves. A rough estimate indicates that 400 million tons of brick waste are
generated each year in China, accounting for up to 45% of the total construction waste [12].

Early experimental investigations on the recycling of bricks as coarse aggregates date
back to the late 1990s and early 20th century [13–15]. Several studies have highlighted
the substandard properties of recycled brick aggregate concrete (RBAC). Desmyter [16]
concluded that recycled aggregates absorb more water than natural aggregates. Therefore,
the resulting concrete offers lower mechanical properties as compared to natural aggre-
gate concrete (NAC). Further, the mortar adhering to the surface of recycled aggregates
results in an increased porosity leading to a 5–10% higher water absorption. Debieb and
Kenai [17] reported up to a 30% reduction of the compressive strength when 100% of the
natural aggregates were replaced by recycled aggregates. Medina et al. [18] reported a
39% reduction of the compressive strength for a 40% replacement of natural aggregates.
Yang et al. [19] found an 11% and 20% reduction of the compressive strength for 20% and
50% replacement of natural aggregates. Due to the low density of adhered mortar, recycled
aggregate concrete exhibits 5% to 15% lower particle density [20]. Jiang et al. [21] concluded
that the reduction in the mechanical properties of RBAC is minimal if the replacement ratio
of natural aggregates is below 30%. The substandard mechanical properties of RBAC have
so far limited its use to non-structural applications [22,23]. A prevalent solution to improve
the substandard properties of concrete is external wrapping. Fiber-reinforced polymer
(FRP) sheets are used for this purpose. Several studies have highlighted the improvement
in the mechanical properties of concrete using external FRP wraps [24–31]. Gao et al. [32]
investigated the role of carbon FRP and glass FRP (GFRP) sheets in improving the proper-
ties of RBAC. It was found that the compressive strength decreased as the replacement ratio
of natural aggregates increased, whereas no effect on axial deformation was reported. The
failure modes of carbon and glass FRP-confined RBAC specimens were similar to those of
RAC. Tang et al. [33] confined geopolymer recycled aggregate concrete using CFRP jackets
and tested it under static and cyclic compressive loads. Both the peak compressive strength
and ductility were improved by the application of CFRP jackets. Han et al. [34] tested
recycled aggregate concrete confined with recycled polyethylene naphthalate/terephthalate
composites. The test results in terms of compressive strength and ultimate strain indicated
that the confinement stiffness had a more substantial effect as compared to the replacement
ratio of natural aggregates. Zeng et al. [35] strengthened recycled glass aggregate concrete
using CFRP jackets. A similar behavior to CFRP-confined NAC for CFRP-confined recycled
glass aggregate concrete was observed.
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From the above discussion, it is recognized that synthetic FRPs are efficient in improv-
ing the substandard properties of RAC. However, the cost of synthetic FRPs has been rec-
ognized as a major hindrance in their applicability to small-scale projects [36–38]. Yoddum-
rong et al. [39] introduced locally available bi-directional low-cost glass-fiber-reinforced
polymers (LC-GFRP) to strengthen low-strength reinforced concrete (RC) columns. A
significant improvement in the hysteretic behavior of the strengthened RC column was
observed. Rodsin et al. [40] strengthened extremely low-strength concrete cylinders (i.e.,
5 MPa to 15 MPa) using LC-GFRP. A substantial improvement in the peak compressive
stress and ductility was observed in the strengthened specimens. Rodsin [41] utilized
LC-GFRP sheets to enhance the mechanical properties of circular specimens constructed
with RBAC. The results revealed up to a 437% increase in the ultimate compressive stress
and up to 1058% improvement in the ultimate strain of LC-GFRP-strengthened RBAC
specimens. In a recent study, Rodsin et al. [42] strengthened square RBAC specimens by
using LC-GFRP. A corner radius of 13 mm was provided to prevent stress concentrations
near sharp corners. A considerable improvement in the compressive stress–strain curves of
strengthened specimens was reported.

From the above discussion, it is clear that RBAC offers lower mechanical properties
than NAC, which can be improved by providing lateral confining pressures. The present
study investigates the role of low-cost glass fiber reinforced polymer (LC-GFRP) sheets in
improving the substandard properties of square RBAC specimens. It has been suggested
that the stress concentrations near sharp corners in rectilinear specimens can result in
premature failure of external sheets [43,44]. The shape of the recycled brick aggregates
used in this study is approximately round, which may cause an additional reduction in
the properties of RBAC. Therefore, this study investigates the efficiency of GFRP sheets on
specimens with and without the provision of a corner radius and incorporating the round
shape of recycled brick aggregates.

2. Experimental Program
2.1. Test Matrix

The experimental program involved thirty-two square specimens tested mainly in two
groups, as shown in Table 1. The two groups were separated depending upon the provision
of the corner radius. The specimens in the first group were tested without any corner radius
and identified with R0 in their notation, whereas a 26 mm corner radius was provided
in the second group. Each group comprised eight different specimen types with two
representative specimens for each type. The specimens in each group were differentiated
by the concrete strength, i.e., low- or high-strength concrete specimens. Furthermore, in
each group two specimens were considered as the control and tested without LC-GFRP
wraps. Meanwhile, the remaining specimens were wrapped with two, four, and six layers
of GFRP. The notation used to identify specimens involved four parts. The first part “SQ”
was constant for all of the specimens identifying the cross-sectional shape as square, the
second part was either “LS” or “HS” for low- or high-strength concrete strength, the third
part identified the presence of the corner radius with R0 and R26 for no corner radius and a
corner radius of 26 mm, respectively, and the last part identified the number of GFRP layers.
For instance, the notation SQ-LS-R26-6GFRP referred to a square specimen constructed
with low-strength concrete with its corner rounded to a 26 mm radius and strengthened
with six layers of GFRP. Further details are provided in Table 1.

2.2. Material Properties

The solid clay bricks were crushed using a brick-crushing machine. The crushed brick
aggregates were sieved to obtain coarse brick aggregates with sizes ranging from 5 mm to
20 mm (Figure 1a). The mechanical properties of the bricks were estimated by following the
recommendations of ASTM C1314-21 and ASTM C140/C140M-22a [45,46]. The estimated
mechanical properties of the bricks are reported in Table 2. However, the standard density
of natural aggregates was approximately 2000–2900 kg/m3. Actual density tests were not
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considered in this study for natural aggregates. The replacement ratio of natural coarse
aggregates with brick aggregates was 50% (Figure 1b). The target concrete strengths were
15 MPa and 25 MPa for the low-strength and high-strength concrete, respectively. The mix
proportions adopted for the two concrete strengths are shown in Table 3. The ultimate
tensile strain and strength of LC-GFRP wraps were 2.04% and 377.64 MPa, respectively,
which were determined by following ASTM D3039/D3039M-17 [45]. The thickness of the
LC-GFRP sheet was 0.50 mm.
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Table 1. Summary of tested specimens.

Group Name Strength Corner Radius GFRP Number

SQ-LS-R0-CON Low strength R0 - 2
SQ-LS-R0-2GFRP Low strength R0 2 2
SQ-LS-R0-4GFRP Low strength R0 4 2
SQ-LS-R0-6GFRP Low strength R0 6 2

1 SQ-HS-R0-CON High strength R0 - 2
SQ-HS-R0-2GFRP High strength R0 2 2
SQ-HS-R0-4GFRP High strength R0 4 2
SQ-HS-R0-6GFRP High strength R0 6 2

SQ-LS-R26-CON Low strength R26 - 2
SQ-LS-R26-2GFRP Low strength R26 2 2
SQ-LS-R26-4GFRP Low strength R26 4 2

2 SQ-LS-R26-6GFRP Low strength R26 6 2
SQ-HS-R26-CON High strength R26 - 2

SQ-HS-R26-2GFRP High strength R26 2 2
SQ-HS-R26-4GFRP High strength R26 4 2
SQ-HS-R26-6GFRP High strength R26 6 2

Table 2. Mechanical properties of solid clay bricks.

Property Density (kg/m3) Compressive Strength (MPa) Water Absorption (%)

Value 120 3.14 23.27

Table 3. Mix proportions for concrete.

Strength
Constituent (kg/m3) Cement Sand Natural Aggregates Brick Aggregates Water

Low 261 783 522 522 313
High 627 806 358 358 251
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2.3. Details and Construction of Test Specimens

Each specimen measured 150 mm× 150 mm in cross-section and 300 mm in height to
achieve the height-to-width ratio of 2.0. All of the specimens were cast in steel molds of
the same dimensions. However, the steel molds were round to a corner radius of 26 mm
for the Group 2 specimens, as shown in Figure 2a, whereas the rectilinear-shaped molds
were used for the Group 1 specimens. The concrete was poured in three equal layers in
each mold, whereas proper compaction (using vibrating poker) was applied to each layer.
The specimens were taken out of the molds after one day of casting and cured for 28 days
in laboratory environments (i.e., temperature was approximately 30–33 degree centigrade
and humidity was 65–75%). The strengthening of specimens was performed after their
curing by using a hand layout.
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Figure 2. Steel molds for (a) zero corner radius and (b) 26 mm corner radius.

The surface of each specimen was properly cleaned and smoothed before applying
GFRP. Epoxy resin was applied to the concrete surface by using a hand brush to impregnate
the surface. This was followed by wrapping GFRP around the specimens. The first layer
of GFRP was epoxy impregnated using a brush (see Figure 3a), before the application
of the second layer. This process was repeated for the subsequent GFRP layers. Finally,
the extended GFRP sheets above and below the top and bottom surfaces were ground, as
shown in Figure 3b.
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2.4. Test Setup and Instrumentation

A monotonic compressive load was applied to each specimen by using a hydraulic
Universal Testing Machine. The ultimate capacity of universal testing machine was 200 tons.
A calibrated load cell was deployed to measure the intensity of the applied compressive
load, whereas a logger recorded the measured load. A uniform application of the load was
achieved by placing steel plates above and below the specimen, as shown in Figure 4. The
axial shortening of the specimens under the applied compressive load was simultaneously
measured by using two linear variable differential transducers (LVDTs). The recorded de-
flection was subsequently converted to the strain, whereas the recorded load was converted
to compressive stress by utilizing the geometrical dimensions of specimens.
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3. Experimental Results
3.1. Ultimate Failure Modes

The ultimate failure modes of Group 1 specimens are shown in Figure 5. The failure of
the two control specimens was due to the sudden concrete crushing and splitting within
the top half of their heights. The stress concentrations near the sharp corners of rectilinear
concrete specimens are known to exist [43,44]. To avoid premature failure due to these
stress concentrations, ACI 440.2R-02 [47] recommends a minimum corner radius of 13 mm.
Since no corner radius was provided in the Group 1 specimens, the failure accompanied
the rupture of GFRP sheets at the corners, as shown in Figure 5. The resulting failure was
brittle, irrespective of the concrete strength and the number of GFRP layers. This suggests
that premature failure due to stress concentrations could not be prevented even with the
application of six GFRP layers. This could be associated with the relatively lower ultimate
strain of GFRP, i.e., 2.04%. Future studies are required to further explore this phenomenon
by using FRP composites with higher rupture strains, such as polyester fiber ropes [42].

The failure modes of the Group 2 specimens are shown in Figure 6. In the same way
as the control specimens in Group 1, the failure of the Group 2 control specimens was
brittle. However, the crushing and splitting propagated all along the full height. The
low-strength-strengthened specimens in Group 2 failed due to the rupture of the GFRP
sheets in the hoop direction. For the two and four GFRP layers, the tensile rupture of GFRP
sheets was found to occur between the corners suggesting that the stress concentrations
were mitigated successfully. Specimen SQ-LS-R26-6GFRP failed by the rupture of GFRP
sheets at the corners. This can be attributed to the resulting high compressive strength of
Specimen SQ-LS-R26-6GFRP due to six GFRP layers that may have eventually resulted in
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higher stress concentrations near the corners as compared to those in Specimens SQ-LS-R26-
2GFRP and SQ-LS-R26-4GFRP. The failure of high-strength concrete specimens in Group 2
also exhibited rupture of GFRP sheets mainly near the corners, and a similar analogy of
high-stress concentrations near the corners can be made due to the high concrete strength.
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3.2. Peak Stress and Ultimate Strain

A summary of the peak compressive stress sustained and the ultimate strain for all
of the specimens is presented in Table 4. The average peak stress for control specimen
SQ-LS-R0-CON was slightly higher than the control specimen SQ-LS-R26-CON. This could
be associated with the larger bearing area of the SQ-LS-R0-CON specimen as compared to
the control specimen SQ-LS-R26-CON. The low-strength concrete specimens demonstrated
an 83%, 103%, and 137% increase in the peak compressive stress due to two, four, and six
GFRP wraps, respectively. The corresponding improvement in the ultimate strain was
observed at 82%, 194%, and 658%, respectively. Similarly, a considerable improvement in
the peak compressive stress of high-strength specimens in Group 1 was also observed as
two, four, and six GFRP wraps enhanced the peak compressive stress by 50%, 71%, and
84%, respectively, whereas the enhancement in ultimate strain was 70%, 159%, and 134%,
respectively. Group 2 specimens also demonstrated a substantial improvement in the peak
compressive stress and strain. The peak compressive stress of the low-strength specimens
was improved by 116%, 210%, and 278%, respectively. At the same time, the ultimate
strain was enhanced by 222%, 495%, and 752%, respectively. The high-strength specimens
exhibited an increase of 84%, 364%, and 563% for the peak compressive stress due to two,
four, and six GFRP layers, respectively, whereas the ultimate strain was increased by 84%,
364%, and 563%, respectively. The above discussion concerning Table 4 suggests that
the LC-GFRP resulted in a substantial improvement in the peak compressive stress and
ultimate strain, which is crucial given the brittle nature of the concrete. Overall, the %
increase in peak stresses of the GFRP-confined specimens with 0 mm corner radius was
lower than the GFRP-confined specimens with a 26 mm corner radius due to the premature
rupture of LC-GFRP at sharp corners.

Table 4. Summary of the peak stress and the corresponding strain.

Specimen ID Peak Stress (MPa) Standard Deviation Increase in Peak
Stress (%) Ultimate Strain εcc Increase in εcc (%)

SQ-LS-R0-CON 8.66 0.707 - 0.0053 -
SQ-LS-R0-2GFRP 15.87 4.243 83 0.0096 82
SQ-LS-R0-4GFRP 17.59 0.000 103 0.0155 194
SQ-LS-R0-6GFRP 20.51 1.414 137 0.0400 658
SQ-HS-R0-CON 14.41 4.950 - 0.0051 -

SQ-HS-R0-2GFRP 21.62 4.243 50 0.0086 70
SQ-HS-R0-4GFRP 24.67 0.707 71 0.0131 159
SQ-HS-R0-6GFRP 26.48 2.121 84 0.0119 134

SQ-LS-R26-CON 7.74 0.707 - 0.0084 -
SQ-LS-R26-2GFRP 16.71 1.414 116 0.0270 222
SQ-LS-R26-4GFRP 23.99 1.414 210 0.0500 495
SQ-LS-R26-6GFRP 29.29 8.485 278 0.0717 752
SQ-HS-R26-CON 13.39 2.121 - 0.0062 -

SQ-HS-R26-2GFRP 23.16 1.414 73 0.0115 84
SQ-HS-R26-4GFRP 32.07 1.414 140 0.0290 364
SQ-HS-R26-6GFRP 40.73 6.364 204 0.0414 563

3.3. Compressive Stress-Strain Curves

The recorded stress–strain behavior of Group 1 specimens is shown in Figure 7.
Figure 7a shows the stress–strain curves for the low concrete strength specimens in Group
1. It is evident that a substantial improvement in the peak compressive stress was observed.
The important parameter to be observed is the range of strain for which the peak sustained
stress was maintained. This suggests that LC-GFRP imparted a considerable ductility to the
concrete, which is crucial for strengthening against dynamic loads. The post-peak behavior
of Specimens SQ-LS-R0-2GFRP and SQ-LS-R0-4GFRP was descending, whereas a stable
second branch was observed for Specimen SQ-LS-R0-6GFRP. On the contrary, the second
branch of the compressive stress–strain curves of the high-strength specimens in Group 1
was descending irrespective of the number of LC-GFRP layers. The second difference in
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Figure 7a,b is the value of the ultimate strain. The high-strength specimens were able to
sustain compressive stress to lower strain values as compared to low-strength specimens.
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Figure 7. Compressive stress vs. strain response for Group 1 specimens with (a) low concrete strength
and (b) high concrete strength.

Figure 8a,b shows stress–strain curves for Group 2 specimens with low and high
concrete strength, respectively. A significant difference between Figures 7 and 8 is observed
in the second branch. It is recalled that the sharp corners in the Group 2 specimens were
rounded to a 26 mm corner radius. The corresponding result is depicted in Figure 8a, as the
stiff initial branch was followed by an ascending branch highlighting the importance of the
corner radius. The peak compressive stress and the ultimate strain were found to increase
with the number of LC-GFRP sheets. However, the improvement in the axial ductility was
limited by the concrete strength. It is evident in Figure 8 that the failure of the high concrete
strength specimens for the same number of LC-GFRP layers occurred at lower strains than
those of the low concrete strength specimens. This could be related with the lower lateral
dilation of the high-strength concrete as compared to the low-strength concrete.
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3.4. Effect of Concrete Strength and Corner Radius

The effect of the concrete strength on the gain in peak compressive stress due to
LC-GFRP confinement is shown in Figure 9. It is evident that the gain in peak compressive
stress is dependent on the concrete strength. For both of the groups and for the same
number of LC-GFRP layers, the specimens with low concrete strength demonstrated
greater improvement in the peak compressive stress than high strength specimens. Another
observation that can be made from Figure 9 is the effect of corner radius on the improvement
in peak compressive stress. For the case of no corner radius (see Figure 9a), the maximum
increase in the peak compressive stress observed for Specimen SQ-LS-R0-6GFRP was
137%, whereas the corresponding value for a 26 mm corner radius was 278%, observed for
Specimen SQ-LS-R26-6GFRP.
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Figure 9. Increase in peak compressive stress in (a) Group 1 and (b) Group 2.

The effect of concrete strength on the improvement in ultimate strain is exhibited
in Figure 10. A similar trend as that for the peak compressive stress is observed. This
is evident as the low-strength specimens demonstrated a greater improvement in their
ultimate strains than the high-strength specimens. The second branch of stress–strain
curves of the Group 1 specimens was either descending or stable, whereas an ascending
second branch was observed for the Group 2 specimens. As a result, the Group 2 specimens
demonstrated a higher increase in the peak compressive stress.
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4. Analytical Investigations
4.1. Existing Analytical Models

The accurate prediction of the peak compressive strength and the ultimate strain
of strengthened concrete is important from both the design and analysis considerations.
In existing studies, the confined concrete peak strength is often related to the lateral
confinement pressure that is generated by the external confinement as:

fcc

fco
= 1 + k1

(
fl
f ′co

)
(1)

where f ′co is the compressive strength of unconfined concrete; fl is the lateral pressure
generated by external confinement; and k1 is the regression constant and varies for different
existing models. The confining pressure fl is computed by taking an equilibrium between
the outward core pressure and the resulting forces generated within the confinement, as
shown in Figure 11. The resulting equilibrium equation is defined as [44]:

fl =
2 f f rpt

D
× ρ (2)

where f f rp is the tensile strength of external wrap; t is the thickness of external wrap; and
D is the diagonal length of the rectilinear section, which is defined as [48]:

D =
2bd

b + d
(3)

where b and d are the cross-sectional dimensions of the section. The parameter ρ in Equation (2)
is defined as [48]:

ρ = 1− (b− 2r)2 + (d− 2r)2

3A
(4)

where r is the corner radius and A is the cross-sectional area defined as:

A = bd− (4− π)r2 (5)
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The ultimate strain of the confined concrete εcc can be expressed in a similar way as:

εcc

εco
= 1 + k2

(
fl
f ′co

)
(6)
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where εco is the ultimate strain of unconfined concrete and k2 is the regression constant.
Several numerical models are available in the literature to relate the peak compressive
stress fcc and the ultimate strain εcc to the confining pressure exerted by external FRPs.
Several existing peak compressive stress and ultimate strain models are presented in
Table 5. In a recent study by Rodsin et al. [42], it was found that the accuracy of the models
in Table 5 varied with the concrete strength. Further, the model of Hussain et al. [44]
closely approximated the peak compressive stress of LC-GFRP-confined concrete. It was
further found that none of the models in Table 5 were able to provide good agreement
with experimental ultimate strain results. Therefore, further studies were recommended to
increase the database of LC-GFRP-confined concrete specimens to propose equations for
the peak compressive stress and ultimate strain.

Table 5. Existing compressive stress–strain models.

ID Model Ultimate Stress Ultimate Strain

1 Hussain et al. [44] fcc
f ′co

= 1 + 2.70ρ0.90
(

fl
f ′co

)
εcc
εco

= 2 + 10ρ1.10
(

fl
f ′co

)

2 ACI 2002 [48] fcc
f ′co

= −1.254 + 2.254
√

1 + 7.94 fl
f ′co
− 2 fl

f ′co

εcc
εco

= 1.5 + 13
(

fl
f ′co

)(
ε f e
εco

)0.45

3 Shehata et al. [49] fcc
f ′co

= 1 + 0.85
(

fl
f ′co

)
εcc
εco

= 1 + 13.5
(

fl
f ′co

)

4 Touhari and Mitiche [50] fcc
f ′co

= 1 +
(

1− (( π
2 )−1)(b−2r)2

b2

)
fl
f ′co

εcc
εco

= 2.3 + 7
(

1− (( π
2 )−1)(b−2r)2

b2

)
fl
f ′co

5 Mirmiran et al. [51] fcc
f ′co

= 1 + 6.0
(

2r
D

)(
f 0.7
l
f ′co

)
-

6 Lam and Teng [52] fcc
f ′co

= 1 + 3.30
(

fl
f ′co

)
εcc
εco

= 1.75 + 12
(

fl
f ′co

)(
ε f e
εco

)0.45

The accuracy of the models in Table 5 is shown in Figure 12 to predict the peak
compressive stress of LC-GFRP-confined concrete. Unlike the findings of Rodsin et al. [42],
the model of Hussain et al. [44] underestimated the peak compressive stress of LC-GFRP-
confined specimens with zero corner radius (see Figure 12a,b), whereas the models of
ACI 2002 [48] and Lam and Teng [52] seem to provide good agreement with experimental
results. For specimens in Group 2, the model of Hussain et al. [44] seems to correlate well
with the experimental results along with the model of ACI 2002 [48]. From the study by
Rodsin et al. [42] and the present study, it can be seen that none of the considered models
were able to provide good agreement with the experimental peak compressive stresses on
a consistent basis.

The accuracy of the considered models to predict the ultimate strain of LC-GFRP-
confined RBAC specimens is shown in Figure 13. In general, none of the models was able
to predict the ultimate strains on a consistent basis. Therefore, it was desired to propose
peak compressive stress and ultimate strain models for LC-GFRP-confined RBAC.
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Figure 13. Comparison of predicted vs. experimental ultimate strains of subgroups (a) SQ-LS-R0,
(b) SQ-HS-R0, (c) SQ-LS-R26, and (d) SQ-HS-R26 [42,46–48,50].

4.2. Proposed Model

Regression analysis was performed to propose equations for the peak compressive
stress, and the ultimate strain of LC-GFRPP-confined RBAC. Six specimens tested by Rodsin
et al. [42] were also included to increase the sample size. It should be mentioned that the
samples tested by Rodsin et al. [42] incorporated a corner radius of 13 mm as opposed to the
26 mm corner radius in the present study. Figure 14 presents the effect of the corner radius
on the increase in the peak compressive stress of RBAC due to LC-GFRP confinement.
In general, it is observed that the increase in the peak compressive stress for the same
layers of LC-GFRP and concrete strength is improved as the corner radius is increased.
Therefore, the effect of the corner radius must be included in the proposed equation of peak
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compressive stress. Secondly, it is observed that the increase in the peak compressive stress
is more in Figure 14a (low-strength concrete) than in Figure 14b (high-strength concrete).
Therefore, the effect of unconfined concrete must also be included. Finally, the effect of the
lateral confining pressure due to LC-GFRP confinement is also evident in Figure 14 as the
compressive stress increases with the increase in the layers of LC-GFRP.
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Figure 14. Effect of corner radius on the increase in compressive stress (a) low strength concrete and
(b) high strength concrete.

The regression analysis was performed to predict equations for four quantities, mainly
peak compressive stress f1 and corresponding strain ε1, ultimate stress f2 and the corre-
sponding strain ε2 as shown in Figure 15. The nonlinear regression analysis was conducted
using the classical Gauss–Newton method, and the analysis was performed using SPSS
Statistics. It was discussed in Section 3 that both ascending and descending behavior was
observed in the second branch of the stress–strain curves depending upon the concrete
strength and corner radius. Equations (7) and (8) were found to correlate well with the
experimental results of f1 and f2 by considering unconfined concrete strength fco, the
confining pressure fl , and corner radius r:

f1

fco
= 1 + 1.841

(
b− r

b

)−0.51( fl
fco

)0.55
(7)

f2

fco
= 1 + 0.101

(
b− r

b

)−7.63( fl
fco

)0.73( f1

fco

)2.95
(8)
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The accuracy of Equations (7) and (8) is shown in Figure 16a,b, respectively. A good
correlation between the experimental and predicted values of f1 and f2.
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Equations (9) and (10) were found to correlate with experimental ε1 and ε2 values and
their accuracy is shown in Figure 17a,b, respectively. It can be seen that a good agreement
between experimental and predicted ε1 and ε2 values is obtained.

ε1 = εco

(
1 + 0.295

(
fl
fco

)−0.464( b− r
b

)−3.304
)

(9)

ε2 = εco

(
1 + 7.853

(
fl
fco

)1.30( b− r
b

)−2.579
)

(10)
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5. Conclusions

This study investigated the role of low-cost glass-fiber-reinforced polymer (LC-GFRP)
sheets as external passive confinement to enhance the mechanical properties of recycled
brick aggregate concrete (RBAC). Thirty-two square RBAC specimens were constructed
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and tested in two groups depending upon the corner radius. The following important
conclusions are drawn:

1. The peak compressive stress and ultimate strain were found to increase with the
number of LC-GFRP wraps. The maximum increase in the peak compressive stress
and the ultimate strain was observed for six LC-GFRP wraps;

2. It was found that the provision of a 26 mm corner radius significantly improved
the efficiency of LC-GFRP wraps. Premature failure due to stress concentrations
near sharp corners in specimens with zero corner radius undermined the efficacy of
LC-GFRP wraps. Therefore, it is suggested to provide a corner radius to prevent this
premature failure;

3. The shape of the compressive stress–strain curves of LC-GFRP-confined RBAC was
bilinear. The initial stiff branch was identical in all of the strengthened specimens.
The second branch was ascending and descending for the zero- and 26-mm corner
radius, respectively. As a result, the ultimate stress of 26 mm corner radius specimens
was higher;

4. A comparison between the strengthened specimens based on the concrete strength
revealed that low-strength specimens demonstrated a higher increase in the peak
compressive stress and strain as compared to high-strength specimens;

5. Existing FRP stress–strain models were found inconsistent in reproducing experimen-
tal results. Nonlinear regression analysis was conducted to propose equations for the
key parameters in the stress–strain curves of LC-GFRP-confined RBAC.

6. Future Research Directions

This study employed the use of fired clay solid bricks to prepare the crushed brick
aggregates. The density of these bricks is very low, i.e., 120 kg/m3. In actual practices,
there are different types of bricks with varying densities. Future studies are recommended
to consider crushed brick aggregates with higher densities to further investigate the role of
LC-GFRP composites to enhance the strength of confined concrete.
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Abstract: Engineered stone (ENS) is a type of artificial stone composed of stone wastes bonded
together by a polymeric matrix. ENS presents a profitable alternative for solid waste management,
since its production adds value to the waste by reusing it as raw material and reduces environmental
waste disposal. The present work’s main goal is to produce an ENS based on quartz powder waste,
glass packaging waste, and epoxy resin. The wastes were size-distributed by the fine sieving method.
Then, the closest-packed granulometric mixture, as well as the minimum amount of resin that would
fill the voids of these mixtures, was calculated. ENS plates were prepared with 15%wt (ENS-15) and
20%wt (ENS-20) epoxy resin by vibration, compression (10 tons for 20 min at 90 ◦C), and vacuum of
600 mmHg. The plates were sanded and cut for physical, chemical, and mechanical tests. Scanning
electron microscopy analysis of fractured specimens was performed. ENS-15 presented 2.26 g/cm3

density, 0.1% water absorption, 0.21% apparent porosity, and 33.5 MPa bend strength and was
resistant to several chemical and staining agents. The results classified ENS as a high-quality coating
material, technically and economically viable, with properties similar to commercial artificial stones.
Therefore, the development of ENS based on waste glass and quartz powder meets the concept of
sustainable development, as this proposed novel material could be marketed as a building material
and simultaneously minimize the amount of these wastes that are currently disposed of in landfills.

Keywords: engineered stone; wastes; waste glass; quartz; epoxy resin

1. Introduction

An enormous issue with glass is its one-time use, such as in beverage packaging,
squandering a non-biodegradable material that occupies significant space in landfills,
reinforcing the reliance on natural resources, and causing damage to the environment [1].
Moreover, dumping glass waste in landfills adds to the disposal issue that is disturbing the
biological equilibrium all over the planet [2].

Waste glass, in theory, after sorting and cleaning, could be remelted to manufacture
new glass products. However, its variety of colors and contaminations makes recycling
laborious, reducing the glass recycling rate. Thereby, waste glass is frequently sent to
landfills, contaminating nature, harming the environment, and wasting resources. Around
the globe, it is estimated that a whopping amount of glass waste is landfilled each year,
approximately 200 million tons, drawing international attention and efforts to develop
novel products based on waste glass [3].
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Compared to other wastes, such as wood and plastic, waste glass presents chemical
stability, which makes its reuse in the manufacture of construction materials of great interest
due to some advantages over recycling, such as low energy consumption (as it does not
need melting) and simplicity in the treatment of waste [4].

Another material that takes a million years to decompose, generating environmental
harm when wrongly disposed of, is quartz powder, composed of 99.0% SiO2, 0.8% Al2O3,
0.1% Fe2O3, and 0.1% TiO2 [5].

Wastes, in general, are nowadays a huge challenge for the industrialized world, since
they are usually discarded as useless due to poor technological handling [6]. Improperly
disposed of wastes generate a series of disorders, such as destruction of landscape, fauna
and flora, air and soil contamination, and populational health risks [7]. For that reason, it is
important to propose new sustainable approaches for waste management, representing
consistent and effective ways of minimizing these impacts [8].

In that scenario, reusing waste materials in building materials has been attracting
research interests, aiming to diminish natural resources wastage, manufacturing costs, and
landfilling [9]. With regard to civil construction, waste recycling at any stage would provide
sustainable development in this sector, which is considered to be a major waste generator
among the macro sectors of the economy, since its consumption of natural resources is
approximately 75% [10].

In this sense, the combination of the construction industry with the reuse of waste has
become one of the main directions of research [5], with the replacement of raw materials
from civil construction with waste products encouraged by the industry, aiming to promote
sustainability [11].

Among the civil construction materials, a possible solution to reuse glass and quartz
wastes is the development of a novel composite material, called engineered stone (ENS),
artificial stones manufactured with a high amount of fine mineral agglomerated polymeric
resins [6].

In this way, particulate natural materials of ENS can be substituted by wastes. The
wastes are crushed in different granulometries and mixed with resins and additives. This
mixture forms a mass that goes through a molding process by means of vibration, compres-
sion, and vacuum. The thermosetting resin contained in the paste undergoes a hardening
process resulting in the ENS, with dimensions defined by the mold size [12].

Lee and Shin [13] reported on the influence of vacuum, mold temperature, and cooling
rate on the production of fiberglass/PET composites. It was observed that specimens
preheated without vacuum registered 1.9% porosity, while those made with vacuum
registered only 0.3–0.4% porosity. Vacuum-processed samples also achieved better tensile
strength values, increasing from 141 Mpa (without vacuum) to 258 Mpa (with vacuum).
The authors concluded that the vacuum decreases the porosity, consequently improving
the composite’s mechanical properties.

Lee et al. [14] studied the effects of compaction pressure, vacuum level, and vibration
frequency on the properties of artificial stones produced by vacuum vibrocompression.
The authors observed that by increasing the compaction pressure (up to a certain limit),
vacuum and vibration diminish porosity and water absorption, enhancing the mechanical
properties.

Several studies have proposed the reuse of natural wastes such as marbles, granites,
quartzites, and brick waste [14–19] agglomerated by polymeric matrixes, such as epoxy and
polyester, to develop engineered stones, producing stones with better mechanical, physical,
and chemical properties compared to artificial and natural stones on the market.

This research is focused on producing ENS with quartz powder combined with color-
less glass waste from beverage packaging. The decision to use only colorless glass came
from the concern with the aesthetic appeal of the final product, since artificial stones with
the highest market value are white. The use of glass from beverage packaging had the
purpose of finding a sustainable destination for this single-use glass product.
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This research’s main goal is to confirm the technical feasibility of a novel ENS produced
with beverage packaging waste, quartz powder waste, and epoxy resin. The investment
in the ENS development could reinsert waste into a manufacturing process along with
moving the economy by entering an unexplored and growing industrial area in Brazil [19].

2. Materials and Methods
2.1. Materials

The colorless beverage glass packaging was collected by the authors in bars and
supermarkets located in Campos dos Goytacazes, RJ, Brazil. The quartz dust was supplied
by EcologicStone, an artificial stone company located in Cachoeiro de Itapemirim, ES, Brazil.
The epoxy resin (MC130) of type diglycidyl ether bisphenol A (DGEBA) with 1.15 g/cm3

density and the hardener (FD 139), composed of triethylenetetramine (TETA) were both
supplied by Epoxyfiber.

The size reduction of wastes was achieved by the fine sieving method according to
ABNT NBR 7181 [20], in order to obtain three granulometric ranges: coarse (2.000–0.420 mm),
medium (0.420–0.075 mm), and fine particles (<0.075 mm). The glass bottles were crushed
in a ball mill in order to obtain coarse and medium granulations, and the quartz dust was
already fitting the fine granulometry.

2.2. Parameters of Plates Development

To determine the closest-packed mixture, a ternary diagram based on the experi-
mental numeric-modeling grid simplex (simplex-lattice design) (Figure 1), based on the
ABNT/MB-3388 Brazilian standard [21], was proposed. Ten (10) different mixtures of the
three granulometric ranges were proposed. The proportions are indicated in Figure 1. Each
mixture was placed in a 1013.24 cm3 steel vessel coupled to a 10 kg weight, under 60 Hz of
vibration for 10 min.

Figure 1. Ternary diagram with the simplex complete cubic model 10 mixtures composition. Propor-
tions of coarse (G), medium (M), and fine (F) particles [7].

The mixture with the greatest vibrated density through packaging was calculated,
representing the closest packing of particles, and was chosen for the development of the
ENS plates.

The minimum amount of resin (MAR) needed to produce the ENS plates was calcu-
lated through the volume void (VV), which is found by Equation (1) [22]:

VV% =

(
1 − particles apparent dry density

glass density + quartz density

)
× 100 (1)
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The minimum amount of resin (MAR), represented by the amount of resin enough to
fill these volume void, were then calculated through Equation (2) [22]:

MAR% =
VV% × ρresin

VV% × ρresin + (100 − VV%)× ρ(glass+quartz)
(2)

2.3. Engineered Stone Plate Development

The ENS plates, with 100 × 100 × 10 mm size dimensions, were produced by the
vacuum, vibration, and compression method. The raw materials were dried in an oven for
24 h at 100 ◦C, weighed in the appropriate proportions, and mixed with both the epoxy
resin and hardener. The mixture was placed in a mold connected to a vacuum system
(600 mmHg), which was on a vibrating table for 2 min. The mold, still under vacuum, was
positioned in a hydraulic press, where it was compressed for 20 min under 90 ◦C heating.
The ENS plates were cooled to room temperature and removed from the mold. The plates
were sanded and then cut with a diamond disc in dimensions required by the standards to
perform the physical, chemical, and mechanical tests. The epoxy contents in the ENS were
15%wt (ENS-15) and 20%wt (ENS-20).

2.4. Characterization of Engineered Stone Plates

To perform the physical indices test, 18 specimens of 30 × 30 × 30 mm were cut
from the ENS plates. The apparent density, water absorption, and apparent porosity were
determined in accordance with Annex B of the ABNT/NBR 155845-2 [23], responsible for
classifying stone materials for applications such as coatings in civil construction.

The dilatometry test aims to identify dimensional variations of the specimen under
heating conditions. The test was performed on the Netzsch DIL402PC equipment under a
heating rate of 10 ◦C/min and a temperature range of 30–1000 ◦C.

The 3-point bend test was performed according to the Annex F of ABNT/NBR 155845-
6 [24] Brazilian standard and UNE-EN 14617-2 Spanish standard [25]. Six (6) specimens of
10 × 25 × 100 mm were tested on the Instron branded universal mechanical testing machine,
model 5582, under a 0.25 mm/min loading rate, 100 KN load cell, and 80 mm two-point
distance, to evaluate the maximum bending stress, as well as the standard deviation.

Abrasive wear tests were performed according to the ABNT/NBR 12042 Brazilian
standard [26], using 2 samples of 70 × 70 × 30 mm, which had their thicknesses measured
before and after abrasive wearing suffered in 500 and 1000 m track in a MAQTEST Amsler
equipment.

The chemical attack resistance was determined according to an adaptation of Annex H
of the standard ABNT/NBR ISO 10545-13 [27]. The attack was performed on 16 specimens
with dimensions of 50 × 50 × 10 mm, representing 4 specimens for each one of the 4 attack
agents. The specimens were under chemical attack by ammonium chloride and citric acid
for 24 h and by hydrochloric acid and potassium hydroxide for 96 h.

The stain resistance was performed on ENS-15 according to an adaptation of the
guidelines described in Annex G of ABNT/NBR ISO 10545-14 [28], in addition to the
staining agents already listed in the standard, namely penetrating agents (Cr2O3 green and
Fe2O3 red), the oxidizing agent (iodine), and the film-forming agent (olive oil). Common
household products were also used: grape juice, ketchup, mustard, and coffee. For each
staining agent, 5 polished ENS specimens of approximately 40 × 20 × 10 mm had half of
their face covered with the staining agents for 24 h, and the material was then classified
according to ease of stain removal.

The salt crystallization test was performed on ENS-15 according to an adaptation
of the guidelines described in ABNT/NBR 8.094 [29]. Five 50 × 50 mm specimens were
prepared, washed, and dried in an oven at 70 ◦C for 24 h. The specimens were identified,
weighed, measured, and subsequently submerged in a sodium chloride solution for 6 h
and oven-dried for 18 h, totaling a 24 h cycle. The process was repeated until 50 cycles
were completed.
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In the 10th, 30th, and 50th cycles, the samples were analyzed using the Olympus LEXT
OLS400 confocal microscope to observe possible surface changes due to exposure to the
sodium chloride solution.

The ENS pore characteristics before and after the salt crystallization test were obtained
in an automatic mercury injection porosimeter, model Autopore IV 9500, from Micromeritics
Instrument Company of America, in 6 × 6 × 6 mm samples. Mercury intrusion and
extrusion were investigated under pressures between 0 and 33,000 Psi, which equates to
approximately 228 MPa, with pore diameters reading between 0.005 µm and 360 µm.

The ENS fractured surface regions subjected to bending tests were observed through
SHIMADZU’s Super Scan SSX-550 scanning electron microscope (SEM) for microstructural
analysis, at 20 kV of secondary electrons. The samples were prepared using an adhesive
carbon tape enveloped by a gold surf. The microstructural analysis is important to deter-
mine the quality of the adhesion between the particles and the epoxy resin, as well as the
presence of voids.

3. Results and Discussion
3.1. Development Parameters

The vibration densities of the 10 mixtures proposed in Figure 1 are displayed in Table 1.

Table 1. Compositions and vacuum and vibration density of the 10 mixtures proposed for ENS
development.

Mixture Density (g/cm3)

1 1.253 ± 0.03
2 1.250 ± 0.02
3 1.232 ± 0.03
4 1.510 ± 0.01
5 1.418 ± 0.02
6 1.563 ± 0.01
7 1.676 ± 0.03
8 1.586 ± 0.03
9 1.439 ± 0.02
10 1.625 ± 0.04

As shown in Table 1, the mixture that presented the greatest vibration density was
Mixture 7 (1/3 coarse, 1/3 medium, and 1/3 fine particles), representing the closest-packed
mixture. Therefore, Mixture 7 was chosen as a proportion of particle sizes for the ENS
development.

The MAR was calculated through Equation (2) as 15%wt for the epoxy resin. This
amount of resin is considered to be the minimum amount of matrix necessary to fill both
interstitial and surface voids of the closest-packed mixture.

The ENS plates were produced with 1/3 of coarse particles of glass waste, 1/3 of
medium particles of glass waste, and 1/3 of fine particles of quartz waste. Plates were
produced with an amount of 15%wt epoxy resin (ENS-15), corresponding to the MAR, and
also with 20%wt (ENS-20) of epoxy resin, aiming to verify whether the addition of resin
would result in a more effective void filling that would be determined by its mechanical
properties.

3.2. Physical Indices

Table 2 presents the physical indices (apparent density, water absorption, and apparent
porosity) results found after testing 18 specimens of both ENS-15 and ENS-20.
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Table 2. Physical properties of apparent density, water absorption, and apparent porosity of ENS-15
and ENS-20.

Engineered Stone Density (g/cm3) Water Absorption (%) Apparent Porosity (%)

ENS-15 2.26 ± 0.01 0.10 ± 0.01 0.21 ± 0.03
ENS-20 2.14 ± 0.01 0.12 ± 0.01 0.25 ± 0.03

As can be seen in Table 2, by modifying the amount of resin, a difference in the physical
indices was observed. ENS-20 had density values lower than ENS-15, which is due to the
fact that the resin content increased, hence a decrease in the amount of waste. The rise in
water absorption and porosity values observed in ENS-20 is explained by the resin binding
action that brings the particles together. More resin means fewer waste particles in the
mixture, forming more empty spaces, called voids, increasing both apparent porosity and
water absorption.

Lee et al. [14] developed engineered stone based on glass and granite wastes under
different conditions of pressure, temperature, and vacuum. In their work, the results ranged
between 2.03 and 2.45 g/cm3 for density and from 0.01 to 0.20% for water absorption. By
observing Table 2, one can notice that the density and water absorption values found for
both ENS-15 and ENS-20RAVQ 20% are within the range found by Lee et al.

A commercial stone named Stellar™, also produced by EcologicStone, the same com-
pany that supplied the quartz dust for this work, was characterized in the work of Carvalho
et al. [15], presenting 2.38 g/m3 density, 0.18% water absorption, and 0.44% apparent poros-
ity. Both ENS-15 and ENS-20 are relatively lower than the commercial stone, with similar
porosity and water absorption, indicating that the produced rock can be an alternative to
replace the commercial Stellar™ stone, not only reusing the wastes but also with structure
and logistic savings because of the lower density.

According to Chiodi and Rodrigues [30], lining or facing civil construction materials
classified as high quality must have porosity below 0.5%. As can be seen in Table 2, the
porosity values found for both ENS-15 and ENS-20 are below this value, evidencing the
high quality of both engineered stones produced for coating applications.

As ENS-15 showed better physical indices, it was chosen to be tested for its mechanical
and thermal properties.

3.3. Dilatometry Test

Numerous materials present dimensional variations after being exposed to a heating
period, presenting dimensional variations under the effect of the contraction and expansion
phenomena in their structures. These variations take place due to physical and chemical
events that occur in the structures and chemical composition of their materials. In the
development of engineered stone, thermal transformations occur in the curing stage because
of the matrix/waste polymerization reaction [31].

The ENS, composed of glass and quartz in the epoxy matrix, had excellent test stability
and resistance, probably due to the aggregate’s properties and characteristics at high
temperatures. Figure 2 presents the ENS-15 dilatometry analysis.

In Figure 2, one can observe the structural behavior of ENS-15 in a heated environ-
ment in a range of temperature from 0◦ to 1000 ◦C, identifying the structural phenomena
presented such as the body temperature at the exact moment.

In the range of 0–300 ◦C, it is possible to see the adaptation of materials to the heated
environment, favoring pore expansion and the structure’s moisture loss, in addition to a
molecular chemical activation, which causes movement expanding the entire structure.
Owing to the adaptation, at 338 ◦C, the structure contracts, which is followed by an
expansion at 362.6 ◦C and a significant decline at 382.4 ◦C, a temperature where the resin
begins to decompose, with a weight loss demonstrated in previous works [17].

According to Silva et al. [17], the epoxy resin thermogravimetry curve registers the first
70% weight loss at about 380 ◦C due to the resin’s decomposition. Subsequently, at 382.4 ◦C,

60



Sustainability 2022, 14, 7227

there is a weight loss that continues until the end of the process, at 550 ◦C [17]. After 600 ◦C,
the structure undergoes another contraction, and there is a total weight loss because of the
resin and the melting temperature of the waste glass, which is around 600–1117 ◦C, and
of the quartz dust, which, at around 870 ◦C, becomes tridymite, a high-temperature silica
polymorph [17,31].

Figure 2. Dilatometry curve of ENS-15.

3.4. Three-Point Bend Strength

Table 3 presents the three-point bend strength values of ENS-15 and pure epoxy resin.

Table 3. Three-point bend strength of ENS-15 and epoxy resin.

Materials 3-Point Bend Strength (MPa)

ENS-15 33.54 ± 4.05
Epoxy 93.6 ± 4.70

Figure 3 shows the stress vs. strain curves obtained by the three-point bending test of
ENS-15 developed and of the pure epoxy resin. Mechanical strength, or the stress at which
the material breaks, is the most important property for structural materials.

The mechanical bending resistance of ENS-15 was 33.5 ± 4.0 MPa, with a strain
ranging from 0.0 to 0.3.

When comparing the ENS bending strength results of those found by Carvalho
et al. [15] for Stellar™ (36.61 ± 2.48 MPa) with those also found by Carvalho et al. [6],
artificial stone developed with quarry waste and 15% epoxy resin (32 ± 2 MPa), and by
Gomes et al. [16], AOS artificial stone developed with brick waste and quarry dust with
20% epoxy resin (30 ± 3 MPa), it is noticeable that the values for ENS-15 are in accordance
with those found by other authors for similar materials.

According to Chiodi Filho and Rodriguez [30], ornamental stones used as coatings in
civil construction, with bending strength above 20 MPa, are classified as highly resistant
materials. As ENS-15 presented flexural strength above this value, it can be classified as a
high-strength engineered stone, enabling it to be used on tops and countertops without
restriction, as well as in internal and external walls.
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The GSO ASTM C503/2015 [32] standard specifies that calcitic marble bend strength
must be greater than 7 MPa. The bend strength values found by the ENS developed in
this work represent about five times this value. Therefore, it is possible to affirm that the
material developed represents a formidable alternative to replace calcitic marble, which
could result in material savings, since the greater resistance would make it possible to
produce the same materials with smaller dimensions.

Figure 3. Mechanical behavior of ENS-15 and the pure epoxy resin in 3-point bend strength tests.

3.5. Abrasive Wear Test

Table 4 presents the thickness reduction of ENS-15 after two specimens were subjected
to abrasive wear tests at two running distances, 500 and 1000 m.

Table 4. Amsler abrasive wear through with thickness reduction of ENS-15.

Material
Thickness Reduction (mm)

500 m 1000 m

ENS-15 1.41 ± 0.22 2.86 ± 0.25

For artificial stones to be applied for civil construction, there are no requirements,
standards, or limits to thickness reduction in abrasive wear tests. Chiodi Filho and Ro-
drigues [30] proposed technological parameters for the use of artificial stones in pavements.
The authors recommended that pavements with low traffic should display wear thickness
reduction lower than 6 mm, medium traffic should be lower than 3 mm, and heavy traffic
lower than 1.5 mm. Based on the described parameters, the novel ENS-15 (Table 4) can be
used for medium traffic pavement, since it presented a thickness reduction below 3 mm on
the 1000 m track.

3.6. Chemical Attack Resistance

Table 5 presents the relative weight loss (%) suffered by the specimens ENS-15 and
ENS-20 after 24 h or 96 h under chemical attack. The reagents simulate the composition
of some substances, such as cleaning products and food or atmospheric acids, that would
possibly be in contact with the engineered stone if applied as a coating.
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Table 5. Relative weight loss after 24 h/96 h of chemical attack of ENS-15 specimens.

Reagents Relative Weight Loss (%) Time Span

NH4Cl 0.07 ± 0.01 24 h
C6H8O7 (citric acid) 0.18 ± 0.04 24 h

HCl 0.41 ± 0.02 96 h
KOH 0.08 ± 0.01 96 h

After observing the results presented in Table 5, it can be seen that the ENS produced
had a smaller weight loss when attacked by basic reagents than when attacked by acidic
ones, probably due to the matrix, since epoxy resin has a high resistance to chemical agents,
especially alkali [33].

ENS-15 had a small relative weight loss in the face of chemical attacks, which can be
attributed to the fact that the glass, quartz, and epoxy resin are materials that present certain
chemical stability. Possibly, the glass, as its original application was beverage packaging,
had a more chemically inert composition. Quartz at room temperature presents a stable
phase of silica and is also, by nature, a chemically stable material [30].

Gomes et al. [16] evaluated the behavior of their AOS artificial stone also agglomerated
by epoxy resin under chemical attack with the same agents used in the present work.
However, the authors evaluated chemical attack resistance for all reagents for only 24 h,
while in this present work, some chemical attack reagents acted for 96 h according to the
standard [32]. Still, the reagent that caused the greatest weight loss was HCl, corroborating
the conclusions of Gomes et al. [16].

3.7. Stain Resistance

Figure 4 presents a graph illustrating the stain resistance behavior of ENS-15 according
to a scale of the difficulty degree in removing the stains after the cleaning procedures
described in the standard [28]. In this scale, Number 5 represents the easiest stain removal,
and Number 1 represents the harder stain removal. In fact, a stain at Number 1 is one that
remains even after all the cleaning procedures.

Figure 4. Stain resistance behavior of ENS-15 after 24 h covered with the staining agents.

ENS-15 showed high stain resistance for agents such as wine and coffee, which were
cleaned only with hot water. Olive oil and ketchup stains were easily removed by detergent,
and, after cleaning with an abrasive paste, the green agent (Cr2O3) stain was also removed.
For cleaning the other stains left by red (Fe2O3), mustard, and iodine, the specimens were
submerged in acidic solution for 24 h. ENS-15 did not show iodine stain resistance because
this stain remained at Number 1, as shown in Figure 4.
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Peixoto et al. [15,22] also developed an artificial stone with the incorporation of glass
waste, but with another type of glass from the industrial lamination stage. They evaluated
its stain resistance with the same method and same staining agents, but no stain remained
after the test.

Borsellino et al. [34] also evaluated the stain resistance of their artificial marbles
developed with marble and epoxy resin and also with polyester resin. However, they used
different staining agents and another method. It was pointed out by the authors that plates
with more epoxy resin content suffered fewer surface alterations after the stain resistance
test, which was attributed to the higher epoxy resin stain resistance.

Stain resistance is kindred to surface pores because, after polishing the stone surface,
the internal pores become surface pores, also known as open pores, which hinder the
removal of stains [22].

The stain resistance test is important to evaluate the quality of engineered stones
because of its application, which takes aesthetics into account, and because of its use in
kitchens, bathrooms, and laboratory countertops, which constantly expose ENS to staining
substances.

3.8. Salt Crystallization Test

Table 6 shows the ENS weight before the test and its weight after the salt crystallization
cycles. In each cycle, the samples were submerged in saline water and taken to an oven for
drying, respecting their respective times. It can be observed that there was a small weight
variation during the cycles, which indicates little absorption of salinized water, evidencing
the low porosity shown in the physical index.

Table 6. Weight variation after 10, 30, and 50 cycles of ENS salt crystallization test.

Test Conditions Weight Variation (g) Weight Variation (%)

10 cycles 0.02 ± 0.01 +0.04 ± 0.02
30 cycles 0.06 ± 0.03 +0.09 ± 0.05
50 cycles 0.50 ± 0.30 +0.87 ± 0.54

Figure 5 shows the engineered stone’s pore distribution before and after the salt
crystallization test.

Figure 5. Pore diameter distribution of ENS before and after the salt crystallization test.

The ENS had four pore diameter ranges after the test, large, medium, small, and
micropores, whereas the intact ENS had no range of small pores. Mercury intrusion and
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volume increased for ENS in the micropore range, probably due to sample failures. The
intact ENS obtained a 0.005 mL/g mercury intrusion volume and 0.89% porosity, and the
ENS after the test had 0.0064 mL/g mercury intrusion and 1.29% porosity, indicating the
appearance of new pores.

The diameter of pores and the mercury intrusion volume increased in all diameter
ranges. The elevation in mercury intrusion and pore diameter can be attributed to tempera-
ture variations and the crystallization of salts in the pores that expand, producing tensions
that enlarge their diameter.

The studies by Benavente et al. [35] and Yu and Oguchi [36] reported that saline solu-
tions could come from external sources, such as natural salts or anthropogenic discharges,
such as marine spray, pesticides, and wastes from fossil fuel combustion. The exposure of
artificial stones to these external saline solutions could induce a capillarity and porosity
increase, consequently impairing the material’s mechanical properties.

The literature also reports an enormous discrepancy between the limited damage
observed in the laboratory and the severe deterioration that happens when artificial stones
are contaminated with NaCl from external sources. When considering the pore damage
due to salt crystallization, the lower destructive potential of NaCl in the laboratory could be
attributed to its tendency to supersaturate [37], which can be observed in Table 6, as, despite
repetitive cycles, there was no considerable weight variation in the tested specimens.

Flat and three-dimensional micrographs of the ENS before and after the test were
obtained with confocal microscopy during cycles of 10, 30, and 50, as shown in Figures 6
and 7.

Figure 6. Photomicrograph of ENS under the salt crystallization test: ENS before test (a), after
10 cycles (b), after 30 cycles (c), and after 50 cycles (d), with 430× magnification.
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Figure 7. Three-dimensional photomicrograph of ENS under the salt crystallization test: ENS before
test (a), after 10 cycles (b), after 30 cycles (c), and after 50 cycles (d), with 430× magnification.

As displayed in Figure 6, ENS after 50 cycles (Figure 6d) underwent a greater change
on the surface, evidenced by the more whitish and yellowish color. The accelerated
degradation in the laboratory brings the brightness loss, yellowing, porosity, microcracks,
and the mineral alteration state caused by the joint action of factors such as temperature
and sodium presence (saline water). This leads to salt crystallization in the exposed pores,
generating tensions responsible for increasing the diameter of pores and physical origin
surface changes [38]. At 10 and 30 cycles, there was no significant surface change.

The three-dimensional photomicrographs (Figure 7) show that the ENS after 30 cycles
(Figure 7c) had a greater pore or cavity number, being more pronounced in the ENS after
50 cycles (Figure 7d), indicating the loss of surface cohesion as the number of cycles rise,
leading to the detachment of the material in the form of dust and/or small particles [38].

3.9. SEM Observations

Figure 8a,b displays the ENS micrographs of surface fracture obtained by SEM.
In Figure 8, it is possible to notice that the presence of pores or cavities in the material

(white arrows) is quite reduced, which was already expected due to the low porosity and
water absorption and to the manufacturing process that uses vibration, compaction, and
vacuum.

The occurrence of displaced particles (Figure 8a) of the matrix can also be observed, as
indicated by the arrow. The voids in the interface region point to this displacement. There
was little displacement of waste grains (Figure 8a,b), confirming the efficient wetting [17].

The compaction enhances the settlement and adhesion of particles, and the vacuum
assists the resin to better penetrate the interstices of the waste particles, filling the void
volume [3], which is clearly seen in the micrograph, by a good interfacial adhesion between
the waste particles and the resin. The good interfacial interaction is evidence of effective

66



Sustainability 2022, 14, 7227

interfacial wetting of the resin, which is directly related to the improvement of the material’s
mechanical properties, as reported by Miller et al. [39] and Debnath et al. [40]. Figure 8a,b
both show intergranular fracture surfaces with evidence of mechanical stress failure, since
the fracture cracks pass through the grains indicated by the arrow.

Figure 8. ENS-15 scanning electron fractured surface micrographs with different magnifications:
(a) 200× and (b) 500×.

4. Conclusions

This work aimed to develop an ENS based on glass packaging waste, quartz dust, and
epoxy resin (ENS-15 and ENS-20) through vacuum vibration and compression, as well as
to determine its physical and mechanical properties.

From the experimental results obtained in this study, the following conclusions can be
drawn:

• ENS-15 and ENS-20 are materials of low density, with 2.26 and 2.24 g/cm3, respectively.
The water absorption was 0.10 and 0.12%, considering both as low absorption ENS
materials;

• Both ENS-15 and 20 are high-quality coating materials for lining civil construction due
to their porosity below 0.5%;

• ENS-15 is a highly resistant material, owing to its 33.5 MPa bend strength, which
exceeds the recommended value of at least 20 MPa for construction coating materials;

• ENS with a 2.86 mm thickness reduction on the 1000 m track can be used for pave-
ment on floors with medium traffic, since it presented thickness reduction below the
recommended value for this type of material;

• The ENS displayed good chemical stability, proved by its low relative weight loss after
the chemical attack test.

• The ENS is likely to be used as a coating in kitchens and bathrooms, since it is highly
resistant to some staining agents except iodine;

• SEM micrographs showed the low presence of pores and an optimal waste/resin
interfacial adhesion, corroborating the physical indices and bend strength results.

• Therefore, the development of ENS based on glass, quartz dust, and epoxy resin
has the potential to be used as an alternative material, competing with both natural
and commercial artificial stones, which are currently marketed in civil construction,
leading to environmental and economical improvements.

67



Sustainability 2022, 14, 7227

Author Contributions: Conceptualization, C.M.F.V. and E.A.S.C.; methodology, G.N.S.B., C.M.F.V.,
and E.A.S.C.; Validation, G.N.S.B., V.d.S.d.S., M.L.P.M.G., and E.A.S.C.; investigation, G.N.S.B. and
V.d.S.d.S.; data curation, G.N.S.B.; writing—original draft preparation, G.N.S.B.; writing—review and
editing, G.N.S.B., V.d.S.d.S., and E.A.S.C.; supervision, E.A.S.C. and A.R.G.d.A.; project administra-
tion, S.N.M. and C.M.F.V. funding acquisition, S.N.M., A.R.G.d.A., and C.M.F.V. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by FAPERJ (Grant Number: E-26/200.847/2021) and CNPQ
(Grant Number: 301634/2018-1). The participation of A.R.G.A. was sponsored by FAPERJ through
the research fellowships Proc. Nos.: E-26/210.150/2019, E-26/211.194/2021, E-26/211.293/2021, and
an-dE-26/201.310/2021, and by CNPq through the research fellowship PQ2 307592/2021-9.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Harrison, E.; Berenjian, A.; Seifan, M. Recycling of waste glass as aggregate in cement-based materials. Environ. Sci. Ecotechnol.

2020, 4, 100064. [CrossRef]
2. Bisht, K.; Syed Ahmed Kabeer, K.I.; Ramana, P.V. Gainful utilization of waste glass for production of sulphuric acid resistance

concrete. Constr. Build. Mater. 2020, 235, 117486. [CrossRef]
3. Dong, W.; Li, W.; Tao, Z. A comprehensive review on performance of cementitious and geopolymeric concretes with recycled

waste glass as powder, sand or cullet. Resour. Conserv. Recycl. 2021, 172, 105664. [CrossRef]
4. Guo, P.; Meng, W.; Nassif, H.; Gou, H.; Bao, Y. New Perspectives on Recycling Waste Glass in Manufacturing Concrete for

Sustainable Civil Infrastructure. Constr. Build. Mater. 2020, 257, 119579. [CrossRef]
5. Sadowski, L.; Piechówka-Mielnik, M.; Widziszowski, T.; Gardynik, A.; Mackiewicz, S. Hybrid ultrasonic-neural prediction of the

compressive strength of environmentally friendly concrete screeds with high volume of waste quartz mineral dust. J. Clean. Prod.
2019, 212, 727–740. [CrossRef]

6. Santos Carvalho, E.A.; de Figueiredo Vilela, N.; Monteiro, S.N.; Fontes Vieira, C.M.; da Silva, L.C. Novel Artificial Ornamental
Stone Developed with Quarry Waste in Epoxy Composite. Mater. Res. 2018, 21 (Suppl. S1), e20171104. [CrossRef]

7. Barreto, G.N.S.; Babisk, M.P.; Delaqua, G.C.G.; Gadioli, M.C.B.; Vieira, C.M.F. Evaluation on the Effect of the Incorporation of
Blends of Fuel and Fluxing Wastes. Mater. Res. 2019, 22 (Suppl. S1), e20190199. [CrossRef]

8. Adediran, A.; Lemougna, P.N.; Yliniemi, J.; Tanskanen, P.; Kinnunen, P.; Roning, J.; Illikainen, M. Recycling glass wool as a fluxing
agent in the production of clay- and waste-based ceramics. J. Clean. Prod. 2021, 289, 125673. [CrossRef]

9. Gao, X.; Yu, Q.; Li, X.S.; Yuan, Y. Assessing the modification efficiency of waste glass powder in hydraulic construction materials.
Constr. Build. Mater. 2020, 263, 120111. [CrossRef]

10. Cordon, H.C.F.; Cagnoni, F.C.; Ferreira, F.F. Comparison of physical and mechanical properties of civil construction plaster and
recycled waste gypsum from São Paulo, Brazil. J. Build. Eng. 2019, 22, 504–512. [CrossRef]

11. Kumar, S.; Gupta, R.C.; Shrivastava, S. Long term studies on the utilization of quartz sandstone wastes in cement concrete. J.
Clean. Prod. 2017, 143, 634–642. [CrossRef]

12. Lameiras, F.S.; da Silva, G.D.L. Methodology to control the influence of processing factors during composite stone fabrication.
Rem Rev. Esc. Minas 2015, 68, 69–75. [CrossRef]

13. Lee, D.J.; Shin, I.J. Effects of vacuum, mold temperature and cooling rate on mechanical properties of press consolidated glass
fiber/PET composite. Compos. Part A Appl. Sci. Manuf. 2002, 33, 1107–1114. [CrossRef]

14. Lee, M.-Y.; Ko, C.-H.; Chang, F.-C.; Lo, S.-L.; Lin, J.-D.; Shan, M.-Y.; Lee, J.-C. Artificial stone slab production using waste glass,
stone fragments and vacuum vibratory compaction. Cem. Concr. Compos. 2008, 30, 583–587. [CrossRef]

15. Carvalho, E.A.S.; Marques, V.R.; Rodrigues, R.J.S.; Ribeiro, C.E.G.; Monteiro, S.N.; Vieira, C.M.F. Development of Epoxy Matrix
Artificial Stone Incorporated with Sintering Residue from Steelmaking Industry. Mater. Res. 2015, 18 (Suppl. S2), 235–239.
[CrossRef]

16. Gomes, M.L.P.M.; Carvalho, E.A.S.; Sobrinho, L.N.; Monteiro, S.N.; Rodriguez, R.J.S.; Vieira, C.M.F. Production and character-
ization of a novel artificial stone using brick residue and quarry dust in epoxy matrix. J. Mater. Res. Technol. 2018, 7, 492–498.
[CrossRef]

17. Silva, F.S.; Ribeiro, C.E.G.; Rodriguez, R.J.S. Physical and Mechanical Characterization of Artificial Stone with Marble Calcite
Waste and Epoxy Resin. Mater. Res. 2017, 21, e20160377. [CrossRef]

18. Da Cunha Demartini, T.J.; Rodríguez, R.J.S.; Silva, F.S. Physical and mechanical evaluation of artificial marble produced with
dolomitic marble residue processed by diamond-plated bladed gang-saws. J. Mater. Res. Technol. 2018, 7, 308–313. [CrossRef]

68



Sustainability 2022, 14, 7227

19. Gomes, M.L.P.; Carvalho, E.A.; Demartini, T.J.; de Carvalho, E.A.; Colorado, H.A.; Vieira, C.M.F. Mechanical and physical
investigation of an artificial stone produced with granite residue and epoxy resin. J. Compos. Mater. 2021, 55, 1247–1254.
[CrossRef]

20. Brazilian Association of Technical Norms—ABNT. Soil—Grain Size Analysis ABNT NBR 7181. September 2016. Available online:
https://www.abntcatalogo.com.br/ (accessed on 20 March 2022).

21. Brazilian Association of Technical Norms—ABNT. NBR MB 3388: Soil—Determination of Minimum Index Void Ratio of
Cohesionless Soils—Method of Test. Rio de Janeiro. 1991. Available online: https://www.abntcatalogo.com.br/ (accessed on 20
March 2022).

22. Peixoto, J.; Santos Carvalho, E.A.; Menezes Gomes, M.L.P.; da Silva Guimarães, R.; Monteiro, S.N.; de Azevedo, A.R.G.; Fontes
Vieira, C.M. Incorporation of Industrial Glass Waste into Polymeric Resin to Develop Artificial Stones for Civil Construction.
Arab. J. Sci. Eng. 2022, 47, 4313–4322. [CrossRef]

23. Brazilian Association of Technical Norms—ABNT. ABNT NBR15845-2: Rocks for Cladding. Part 2: Determination of Bulk Density,
Apparent Porosity and Water Absorption. August 2015. Available online: https://www.abntcatalogo.com.br/ (accessed on 20
March 2022).

24. Brazilian Association of Technical Norms—ABNT. ABNT NBR15845-6: Rocks for Cladding. Part 6: Determination of Modulus of
Rupture (Three Point Bending). July 2015. Available online: https://www.abntcatalogo.com.br/ (accessed on 20 March 2022).

25. Spanish Association of Standards and Certification. UNE-EN14617-2-08; Test Methods. Part 2: Determination of the Flexural
Strength; Spanish Association of Standards and Certification: Madrid, Spain, 2008.

26. Brazilian Association of Technical Norms—ABNT. ABNT NBR12042: Inorganic Materials—Determination of the Resistance to
Abrasion. December 2012. Available online: https://www.abntcatalogo.com.br/ (accessed on 20 March 2022).

27. Brazilian Association of Technical Norms—ABNT. ABNT NBRISO10545-13: Ceramic Tiles—Part 13: Determination of Chemical
Resistance. July 2020. Available online: https://www.abntcatalogo.com.br/ (accessed on 20 March 2022).

28. Brazilian Association of Technical Norms—ABNT. ABNT NBRISO10545-14: Ceramic Tiles—Part 14: Determination of Resistance
to Stains. November 2017. Available online: https://www.abntcatalogo.com.br/ (accessed on 20 March 2022).

29. Brazilian Association of Technical Norms—ABNT. ABNT NBR 8.094: Coated and Uncoated Metallic Material—Corrosion from
Salt Fog Exposure—Test Method. 1983. Available online: https://www.abntcatalogo.com.br/ (accessed on 20 March 2022).

30. Chiodi Filho, C.; de Paula Rodrigues, E. Guide Application of Stone Coverings; ABIROCHAS: São Paulo, Brazil, 2009.
31. Carvalho, E.A.S.; da Silva de Souza, V.; Barreto, G.N.S.; Monteiro, S.N.; Rodriguez, R.J.S.; Vieira, C.M.F. Incorporation of Porcelain

Powder and Mineral Wastes in Epoxy Matrix for Artificial Stone Purchase. In Characterization of Minerals, Metals, and Materials;
Springer: Cham, Switzerland, 2021; pp. 435–443. [CrossRef]

32. American Society for Testing and Materials—ASTM. ASTM C503-03; Standard Specification for Marble Dimension Stone (Exterior);
ASTM: West Conshohocken, PA, USA, 2003.

33. Tesser, E.; Lazzarini, L.; Bracci, S. Investigation on the chemical structure and ageing transformations of the cycloaliphatic epoxy
resin EP2101 used as stone consolidant. J. Cult. Herit. 2018, 31, 72–82. [CrossRef]

34. Borsellino, C.; Calabrese, L.; di Bella, G. Effects of powder concentration and type of resin on the performance of marble composite
structures. Constr. Build. Mater. 2009, 23, 1915–1921. [CrossRef]

35. Benavente, D.; García del Cura, M.A.; Fort, R.; Ordóñez, S. Durability estimation of porous building stones from pore structure
and strength. Eng. Geol. 2004, 74, 113–127. [CrossRef]

36. Yu, S.; Oguchi, C.T. Role of pore size distribution in salt uptake, damage, and predicting salt susceptibility of eight types of
Japanese building stones. Eng. Geol. 2010, 115, 226–236. [CrossRef]

37. Lubelli, B.; Cnudde, V.; Diaz-Goncalves, T.; Franzoni, E.; van Hees, R.P.J.; Ioannou, I.; Menendez, B.; Nunes, C.; Siedel, H.;
Stefanidou, M.; et al. Towards a more effective and reliable salt crystallization test for porous building materials: State of the art.
Mater. Struct. 2018, 51, 55. [CrossRef]

38. Costa, K.O.B. Microstructural, Physical and Mechanical Characterization and Durability of Fluminense Ornamental Stones; Campos dos
Goytacazes: Lisbon, Portugal, 2021. (In Portuguese)

39. Miller, J.D.; Ishida, H.; Maurer, F.H.J. Dynamic-mechanical properties of interfacially modified glass sphere filled polyethylene.
Rheol. Acta 1988, 27, 397–404. [CrossRef]

40. Debnath, S.; Ranade, R.; Wunder, S.; McCool, J.; Boberick, K.; Baran, G. Interface effects on mechanical properties of particle-
reinforced composites. Dent. Mater. 2004, 20, 677–686. [CrossRef]

69





Citation: Gomes, M.L.P.M.; Carvalho,

E.A.S.; Barreto, G.N.S.; Rodriguez,

R.J.S.; Monteiro, S.N.; Vieira, C.M.F.

Development of Sustainable Artificial

Stone Using Granite Waste and

Biodegradable Polyurethane from

Castor Oil. Sustainability 2022, 14,

6380. https://doi.org/10.3390/

su14116380

Academic Editor: Miguel Bravo

Received: 1 April 2022

Accepted: 9 May 2022

Published: 24 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Development of Sustainable Artificial Stone Using Granite
Waste and Biodegradable Polyurethane from Castor Oil
Maria Luiza Pessanha Menezes Gomes 1,* , Elaine Aparecida Santos Carvalho 1, Gabriela Nunes Sales Barreto 1 ,
Rubén Jesus Sánchez Rodriguez 1 , Sérgio Neves Monteiro 2 and Carlos Maurício Fontes Vieira 1

1 Advanced Materials Laboratory—LAMAV, State University of the Northern Rio de Janeiro—UENF,
Av. Alberto Lamego 2000, Campos dos Goytacazes 28013-602, Brazil; elainesanttos@yahoo.com.br (E.A.S.C.);
gabibarreto93@gmail.com (G.N.S.B.); sanchez@uenf.br (R.J.S.R.); vieira@uenf.br (C.M.F.V.)

2 Department of Materials Science, Military Engineering Intitute—IME, Praça General Tibúrcio 80,
Praia Vermelha, Urca, Rio de Janeiro 22290-270, Brazil; snevesmonteiro@gmail.com

* Correspondence: malu_pmg@hotmail.com

Abstract: Brazil is one of the world’s major ornamental stone producers. As a consequence, ornamen-
tal stone wastes are generated on a large scale and are usually open air disposed. Thus, it is important
to develop novel material reusing these accumulated wastes, aiming to minimize environmental
impact. The development of artificial stones made with ornamental stone wastes agglomerated
by a synthetic polymer represents an excellent alternative and, therefore, is currently the subject
of several works. This work seeks to develop an innovative artificial stone containing 85%wt of
granite waste and 15%wt of vegetable polyurethane from castor oil, a biodegradable resin, from a
renewable source. The purpose is creating a sustainable material, technically viable to be applied
as a civil construction coating. To manufacture the artificial stone plates, granite and polyurethane
were mixed and transferred to a metallic mold subjected to vibration, vacuum and, later, hot com-
pression. The artificial stone presented low water absorption (0.13%) and apparent porosity (0.31%)
as well as a favorable 17.31 MPa bend strength. These results were confirmed through the excellent
particles/matrix adhesion displayed in the micrographs, in addition to great chemical resistance.

Keywords: artificial stone; vegetable polyurethane; granite waste

1. Introduction

The building materials demand is rapidly increasing, especially in developing coun-
tries, on account of the rapid urbanization and the improving life standart. Consequently,
decorative stone mining has grown to be an remarkably prosperous activity [1]. Brazil
is one of the world’s largest ornamental stone producers, having produced nine million
tons of stone for coating and decoration in 2020, despite the pandemic that devastated the
world, only 2.2% lower than the previous year [2]. The large amount of waste generated
by the ornamental stone industry produces several environmental impacts such as water,
landscape and flora pollution, since most of this waste is improperly disposed of [3,4].
Furthermore, according to Cordon et al. about 75% of natural resources are consumed for
the development of this activity [5].

In the current scenario, environmental preservation is crucial, bringing prominence
to the development of sustainable building materials that contribute to its preservation
while simultaneously fulfilling their functions. Several researches around the world have
been carried out in order to reuse granite wastes, thus reducing their environmental
impacts [1,3]. It is worth mentioning that, under regular working conditions, granite waste
is not environmentally deleterious, being classified as a non-inert and non-hazardous waste,
i.e., it does not react and does not dissolve in water [6].

Some specific granite waste characteristics favor its industrial use as raw material
for novel products, such as: fine granulometry, predefined chemical composition and

71



Sustainability 2022, 14, 6380

the absence of mixed grains between the basic components [1]. For instance, in mortar
manufacturing, it is possible to use granite wastes to replace natural aggregates, saving
natural resources and providing a good mechanical performance without harming the
mortar’s appearance, once granite contains in its composition [1]. For concrete, it is possible
to reuse granite waste to partially replace the fine aggregates, which even increases its
compressive and flexural strength [7]. For ceramic products manufacturing, fine granite
waste can be mixed in the clay mass, producing ceramic bodies with promising properties,
depending on the firing temperature, and without altering its color, due to oxides content
in granite’s chemical composition [8]. Thereby, granite wastes are able to partially replace
the fine aggregates in concrete, increasing its bending and compression strength [1,7,8].

Another alternative for recycling granite waste is its reuse as a raw material in the
development of other construction materials, such as artificial stone. Indeed, artificial
stones are made of a high content of particulate aggregates bonded by polymeric resins.
The aesthetics and properties of artificial stones are distinct since their manufacturing
occurs under different conditions, from a wide range of compositions, different types of
aggregates and resins binders as well as different types of processing [9,10].

Artificial stones are, in general, technically superior compared to natural ornamental
stones. As the particles are bonded together by a polymeric resin, which results in a lighter
material. In fact, the artificial stones’ density is lower. To improve even more, the resin
fulfills most of the voids and pores, shaping a material to be further resistant to liquid
infiltration, granting its use in humid environments for a long term without its performance
being impaired. Likewise, the mechanical strength is superior, once voids can work as
stress concentrators and facilitate crack expansion [11].

Several researches have been carried out in order to develop the most differentiated
artificial stones, varying the types of aggregates and polymeric resins [12–15]. Shishegaran
et al. [12] evaluated the mechanical properties of three artificial stones containing: traveline
powder and sludge, traveline powder and sand and traveline powder, sand and sludge,
using two distinct epoxy resins. Sarami and Mahdavian [13] evaluated the properties
of artificial stones using travertine, marmarit stone with cement, water and unsaturated
polyester resin. Borsellino et al. [14] produced artificial marbles using polyester or epoxy
resin varying the power concentration of marble particles. Carvalho et al. [15] developed
an artificial stone with an epoxy matrix incorporated with sintering steel industry waste.
Notwithstanding, the researches carried out until then have used synthetic resins, derived
from petroleum, in their polymer matrices, mainly epoxy and polyester resins.

Petroleum-derived polymers consumption has been growing over time, also giving
rise to a large amount of waste that is often discarded inappropriately and, in aggravation,
takes years to degrade. To minimize this problem, it is possible to use biodegradable
polymers as their technical and economic feasibility has great potential for expansion [16].
Polyurethane (PU) castor oil is a widely found low-cost renewable oil that is attracting
attention from researchers due to its utilization in coatings, adhesives, paints, sealants and
encapsulating compounds. Castor oil-based PUs ordinarily have low mechanical strength
and limited ductility due to their flexible, highly crosslinked and permanent network
structure. In a sustainability concepts, it is interesting to replace polymers by this type of
PU from a renewable source [17,18].

This work’s main goal is to develop and characterize a novel sustainable artificial stone
that, together with the granite waste recycling, also proposes application of a biodegradable
PU from castor oil, a renewable and non-toxic source, as matrix. The scope of this work
is also the evaluation of whether it can be used as a coating in civil construction. The
artificial stone waste/polyurethane resin (ASPU) developed composite allows the creation
of sustainable material with suitable properties to be used as coating and reducing the
harmful environmental impacts that would occur with the disposal of granite waste and
the synthetic polymers utilization.
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2. Materials and Methods
2.1. Materials

White granite waste from the slab finishing step that would be discarded was supplied
by the Brumagran company located in Cachoeiro de Itapemirim, Brazil. The waste was
hammered and subjected to a jaw crusher in order to be sieved according to the technical
standard ABNT NBR 7181 [19] and thus classified into three granulometric ranges: coarse
(2 to 0.42 mm), medium (between 0.42 to 0.075 mm), and fine (grains with particle sizes
less than 0.075 mm).

Based on the three granulometric ranges, ten mixtures with different percentages of
coarse, medium and fine particles were considered. A ternary diagram according to the
Simplex Centroid Model was used in order to determine the mixture with the highest dry
bulk density and consequently the one with the greatest packing. Therefore, the mixture
selected for the development of ASPU was the one containing 4/6 of a coarse particle,
1/6 of a medium particle and 1/6 of a fine particle.

The resin used was vegetable polyurethane (PU) from castor oil. This resin is formu-
lated by a prepolymer (component A) and a polyol (component B) cold mixing and a polyol
(component B). The resin was supplied by company IMPERVEG, Brazil.

2.2. Methods
2.2.1. Development of Artificial Stone Plates

Initially, the waste was dried in an oven at 100 ◦C for 24 h to remove moisture. Ac-
cording to the resin manufacturer’s guidelines, 1wt.% of component A for each 1.2 wt.% of
component B, for 15 wt.% production. The ASPU plates were manufactured in dimensions
1000 × 1000 × 12 mm3.

The mixture was made in an automatic cylindrical mixer and then the mass was placed
into a mold that was previously connected to a vacuum system and over a vibrating table,
Produtest, Brazil, to better spread the mass in the cavity and facilitate the removal of air
bubbles.

After 2 min of vibration time in the mold, still under vacuum, the mass was compressed
in a hydraulic press at a 10 tons compaction pressure, at 80 ◦C for 20 min. After pressing,
the mold was disconnected from the vacuum system and cooled to room temperature [11]
to remove the artificial stone plate.

The artificial stone plates were then subjected to post curing as shown in Table 1 to
promote better cross-linking of polymer chains.

Table 1. ASPU post cure steps.

Temperature (◦C) Time (h)

1◦ Stage 60 72
2◦ Stage 80 24

The 60 ◦C was adopted as the minimum temperature based on the resin glass transition
temperature (Tg). The maximum temperature was 80 ◦C because allophanate and biuret
cross-links occur secondarily at high temperatures and are important in the polyurethane
post-cure, increasing hardness, tensile strength and elastic modulus. The biuret cross-links
are even more important because they occur at 80 ◦C range with the remaining isocyanate
groups [20,21].

2.2.2. Thermogravimetric Analysis (TGA)

TGA was performed for natural granite, vegetable polyurethane and ASPU in a
TGA-Q5000 TA Instruments, New Castle, DE, USA. The analysis was done with approx-
imately 10 mg of each over a 30 to 935 ◦C temperature range with a heating rate of
10 ◦C/min, using an air flow of 60 mL/min during the test.
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2.2.3. Physical Properties

Granite and ASPU density, apparent porosity and water absorption were determined
by the method described in annex B of the NBR 15845 [22] standard. For the test, 12 speci-
mens of each material with dimensions 30 × 30 × 10 mm3 were cut and sanded.

2.2.4. Mechanical Properties

Granite, polyurethane and ASPU 3-point bend rupture stress were determined. The
test was performed in a Instron model 5582 universal machine, following the EN 14617-2 [22]
and annex F of the NBR 15845 [23] standards guidelines. For each material, six speci-
mens were used in the dimensions 10 × 25 × 100 mm3. The test was performed under
0.25 mm/min loading rate, 100 kN load cell and 80 mm distance between the two points.

The bend stress was calculated using Equation (1):

σF =
(3F × L)
2b × e2 (1)

where: σF = bend rupture stress (MPa); F = load (N); L = distance between support bars
(mm); b = width of specimen after test (mm); e = minimum thickness of specimen (mm).

2.2.5. Microstructural Analysis

The granite and ASPU fractured surface regions of specimens previously subjected to
bending tests were observed through SHIMADZU’s Super Scan SSX-550 scanning electron
microscope (SEM) for microstructural analysis, at 20 kV of secondary electrons. The
microstructural analysis is important to determine the quality of the adhesion between the
particles and the resin and the presence of voids.

2.2.6. Abrasive Wear

Abrasive wear was determined for granite and for ASPU, according to the NBR 12042 [24]
standard, using MAQTEST Amsler equipment. Two specimens with 70 × 70 × 40 mm had
their thicknesses measured before and after undergoing 500 and 1000 m track.

2.2.7. Chemical Attack Resistance

The granite and ASPU resistance to chemical attacks determination was performed
according to a Brazilian standard NBR 13818 Annex H adaptation [25]. Sixteen specimens
of each stone were used, four specimens for each reagent, namely: ammonium chloride,
hydrochloric acid, citric acid and potassium hydroxide. Table 2 shows the reagents con-
centration and exposure time used according to the standard [25]. The specimens were
weighed before and after the chemical attack in order to measure the weight loss.

Table 2. Concentration and time of exposure of chemical attack agents.

Reagents Concentration Time (h)

Ammonium choride 100 g/L 24
Ciric acid 100 g/L 24

Hydrochloric acid 3% v 96
Potassium hudroxide 30 g/L 96

3. Results and Analisys
3.1. Final Dimensions and Overall Aspects of ASPU

The 100 × 100 × 12 mm3 artificial stone plates were produced within the standards.
Later, they were cut to the dimensions specified for carrying out the tests. Figure 1 shows
an ASPU plate.
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3.2. Thermogravimetric Analysis

Figure 2 shows the TG and DTG curves for granite, polyurethane and ASPU.
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Figure 2. Thermogravimetric Analysis for granite, PU and ASPU.

In Figure 2, it was possible to verify that the PU has a three the decomposition stages,
which is justified by releasing several gaseous products.

The first stage was around 230 ◦C, with a 23% mass loss. As urethane bonds break
and degrade around 200 ◦C, this stage is likely associated with this event. The second stage
takes place around 330 ◦C, with a 20% weight loss, probably due to CO degradation. The
third and last stage, around 380 ◦C with a 57% mass loss, was attributed to the compounds
produced after the second stage degradation [26,27].

The granite remained stable, with negligible mass loss, approximately 0.78%. Fur-
thermore, it was possible to confirm the composition of ASPU, considering that after the
analysis, 86.58% of waste remained, as the resin was the only material that suffered a
degradation process.
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3.3. Physical Properties

Table 3 presents the density, water absorption and apparent porosity values of granite
and ASPU.

Table 3. Physical Properties of granite and ASPU.

Physical Properties Granite ASPU

Density (g/cm3) 2.62 ± 0.01 2.24 ± 0.01
Water absorption (%) 0.38 ± 0.02 0.13 ± 0.02

Apparent Porosity (%) 0.99 ± 0.06 0.31 ± 0.05

The granite and ASPU density were 2.62 ± 0.01 g/cm3 and 2.24 ± 0.01 g/cm3, respec-
tively. ASPU presented a density 15% lower than granite, probably due to the polymer in
its composition, which is, in general, a low density material among the others, including
minerals.

The lower density results in a material with lower weight per square meter, i.e., lighter.
The importance of density relies on the fact that the higher its value, the better the adhesion
between the particles and the polymeric matrix, which reduces the occurrence of voids [28].
In their work, Lee et al. [29] used glass and PET (polyethylene terephthalate) crystals for the
development of artificial stone varying the levels of compression, vacuum and vibration
and the density values varied between 2.03 and 2.45 g/cm3. Granite and ASPU density,
when compared to Lee et al., are within the expected range.

Regarding granite and ASPU water absorption, the values found were respectively
0.38 ± 0.02% and 0.13 ± 0.02%. The artificial stone developed had a result approximately
three times lower than the ornamental stone. Lower water absorption levels and an
impermeable surface are crucial for artificial stone once this material will be constantly in
contact with water. Coating with low water absorption, following the guidelines of Chiodi
Filho and Rodriguez [30], must be between 0.1–0.4% of water absorption. Ribeiro et al. [11]
in its artificial marble developed with polyester resin obtained 0.19%, while Borsellino
et al. [14] developed a 0.25% water absorption artificial marble, but with epoxy resin. With
these comparisons, it is verified the good performance of ASPU, confirming the possibility
of its use in humid environments.

The apparent porosity value was 0.99 ± 0.06% for granite and 0.31 ± 0.02% for ASPU.
The ASPU water absorption was three times lower than that of granite. Chiodi Filho and
Rodriguez [30] classify that high quality coating materials must have porosity below 0.5%,
denoting the ASPU good performance. ASPU’s low porosity can be attributed to the
homogeneity of the material, with granite particles well adhered to the polyurethane
matrix, ensuring the filling of the voids.

3.4. Three-Points Bend Stress

Figure 3 shows the bending stress vs. strain curves for ASPU, white granite and
vegetable polyurethane.

The tensile stress of granite, ASPU and vegetable polyurethane were respectively
13.50 ± 1.10, 17.31 ± 0.82 and 23.01 ± 5.30 MPa.

According to the ABNT NBR 15844 standard [31], which determines the necessary
requirements for the use of granite as a coating, the 3-point bend strength must not be less
than 10 MPa. Even though granite presented an elevated strength (13.5 MPa), its resistance
was inferior to ASPU due to its high porosity shown by physical tests results.

Comparing the polyurethane behavior with its derived artificial stone, it is possible
to observe that the granite inclusion as a resin filler contributed to increase the material
stiffness stiffness. This is an expected behavior, considering that the rigid particles incorpo-
ration in a polymer matrix commonly enhances the material’s elasticity modulus [32].

According to Chiodi Filho and Rodriguez [30], artificial stones applied as coating
are classified as high-strength materials when their ultimate bending strength is between
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16–20 MPa, and are considered very high strength materials when this value exceeds
20 MPa. Therefore, ASPU was considered to be a high-strength material for coating, since
its bending strength was 17.31 MPa, associated with its little porosity and proving the
artificial stones quality performance as a coating.
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3.5. Microstructural Analysis

Figure 4 presents SEM micrographs of ASPU (a,b) and granite (c,d) fracture surfaces
after thr three-point bending test.
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Figure 4a,b shows the ASPU’s optimal load/matrix interaction. According to Debnath
et al. [33], the quality of interfacial interaction is directly related to the improvement of a
composite’s mechanical strength. This is due to the fact that good interfacial wettability
means higher adhesive strength.

Figure 4c,d shows the natural granite micrographs. Comparing granite to ASPU, one
can notice that granite stone presented a higher incidence of voids and a greater particle
detachment after the bending stress. The SEM micrographs confirmed the results found in
porosity tests, with the ASPU presenting three times less porosity than the granite.

3.6. Abrasive Wear

Table 4 presents the results for ASPU and granite abrasive wear tests.

Table 4. Abrasive wear test results.

Wear Thickness Reduction (mm)

Running distance 500 m 1000 m
Granite 0.53 1.13
ASPU 0.97 1.75

According to a study carried out by Chiodi Filho and Rodriguez [30] that classified
materials to be applied as floors according to the volume of traffic and the wear thickness
reduction: high traffic floors must be less than 1.5 mm, medium traffic floors must be less
than 3mm and low traffic floors must be less than 6mm.

Therefore, according to this study, granite can be used for high-traffic flooring since
it presented a 0.53 mm thickness reduction after a 500 m run and 1.13 mm after 1000 m.
However, ASPU can be used for medium traffic flooring considering a 0.97 mm and
1.75 mm wear after a 500 and 1000 m run, respectively.

Abrasive wear tests evaluate the material pullout when it undergoes wear friction. The
inferior performance of ASPU can be explained by the greater ease of removal of granite
particles from the polyurethane matrix [34].

However, according to the NBR 15844 standard [31], which classifies granites by to
their wear properties, to guarante the granite’s quality, the thickness reduction must not
exceed 1.0 mm after 1000 m run. Thereby, considering this specific standart, the both
granite and ASPU presented wear higher than recommended, limiting its application as a
pavement.

3.7. Chemical Attack Resistance

Table 5 displays the percentage weight loss suffered by the granite and ASPU under
chemical attack.

Table 5. Weight loss after chemical attack of granite and ASPU samples.

Weight Loss (%)

Reagents Granite ASPU
NH4Cl 0.007 0.010

C6H8O7
(citric acid) 0.019 0.011

HCl 0.043 0.039
KOH 0.025 0.022

The norm NBR 13818 [25] proposed reagents are ammonia chloride and potassium
hydroxide, used to make cleaning products, hydrochloric acid, which is found in floor,
stone and tiles heavy cleaner products and citric acid, contained in several fruits, must be
in constant contact with the specimens.
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Through the obtained results it is possible to verify that the exposure to all the reagents
provoked a weight loss in the stones. Although these losses could be considered insignifi-
cant, in the long term the constant use of these substances can compromise their perfor-
mance and aesthetics.

Hydrochloric acid (HCl) was the most aggressive reagent for both granite and ASPU,
with a 0.043 g weight loss, followed by potassium hydroxide (KOH), citric acid (C6H8O7)
and ammonium chloride (NH4Cl). Hydrochloric acid is a strong and high degree of ioniza-
tion acid manifesting the greatest weight loss. Therefore, cleaning materials containing this
substance and potassium hydroxide should be especially avoided and it is recommended
to clean with care using only a damp cloth with diluted neutral soap.

4. Conclusions

Through this study, it was possible to develop a sustainable polyurethane resin ar-
tificial stone (ASPU), using as matrix, for the first time, a polymer resin from renewable
and biodegradable source, and as raw material, granite waste. The ASPU represents an
innovative novel material, considering that so far, the artificial stones developed used only
petroleum-derived resins as matrix.

Furthermore, the manufacturing process was an important factor to produce a techni-
cally viable material, with properties enabling its use as a coating in civil construction.

The values of density (2.24 g/cm3), water absorption (0.13%) and apparent porosity
(0.31%) presented the possibility of using ASPU in humid environments and denoted the
material homogeneity and good load/matrix adhesion.

The bending strength value of 17.31 MPa ranked ASPU as a higher-strength coating
material. The SEM micrographs displayed an adequate interaction between granite particles
and PU and the little presence of voids, confirming the physical indices and mechanical
strength results.

Through the test results, it can be concluded that, owing to ASPU’s mechanical and
physical properties, the novel artificial stone can be used as a wall covering, on bathroom’s
and kitchen’s countertops and its use in floors must be avoided, specially for high traffic
places such as airports and supermarkets.

For ASPU’s maintenance, the most aggressive reagents were HCl and KOH, causing
the greatest weight loss, therefore, it should be avoided cleaning the stone with cleaning
materials that contain these reagents in the components.

From this study, further research can be carried out aiming to evaluate the behavior of
ASPU in cold weather countries through a bending test after freezing and thawing cycles.
Besides, the changeability of the material can be studied by performing other tests like
dilatometry, salt spray and UV rays exposure.

In addition, the PU from castor oil feasibility to be used as matrix resin in artificial
stone allows further studies aimed at the development of other types of artificial stones
varying the aggregates, wastes, matriz/load proportions and processing parameters.
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Abstract: The development of artificial stone from the agglutination of polymeric resin using indus-
trial wastes can be a viable alternative from a technical, economic, and sustainable point of view.
The main objective of the present work was to evaluate the physical, mechanical, and structural
properties of artificial stones based on quartzite waste added into a synthetic, epoxy, or biodegradable
polyurethane polymer matrix. Artificial stone plates were produced through the vacuum vibration
and compression method, using 85 wt% of quartzite waste. The material was manufactured under the
following conditions: 3 MPa compaction pressure and 90 and 80 ◦C curing temperature. The samples
were characterized to evaluate physical and mechanical parameters and microstructure properties.
As a result, the artificial stone plates developed obtained ≤0.16% water absorption, ≤0.38% porosity,
and 26.96 and 10.7 MPa flexural strength (epoxy and polyurethane resin, respectively). A wear
test established both artificial quartzite stone with epoxy resin (AS-EP) and vegetable polyurethane
resin (AS-PU) high traffic materials. Hard body impact resistance classified AS-EP as a low height
material and AS-PU as a very high height material. The petrographic slides analysis revealed that
AS-EP has the best load distribution. We concluded the feasibility of manufacturing artificial stone,
which would minimize the environmental impacts that would be caused by this waste disposal.
We concluded that the production of artificial rock shows the potential and that it also helps to reduce
environmental impacts.

Keywords: artificial stone; quartzite; resin; coating

1. Introduction

Developing countries that have accelerated industrialization and urbanization pro-
cesses are producing billions of tons of waste per year. As a major global ornamental stone
producer, Brazil is also a major waste generator, due to the daily extraction of thousands
of tons of blocks in quarries. However, much of this type of waste is discarded in an
uncontrolled manner, causing environmental problems [1,2].

The waste generated from the extraction and processing of ornamental stones rep-
resents around 83% of raw material losses. To produce 330 m2 of slabs (average from

83



Sustainability 2022, 14, 6388

a 10 m3 block), approximately 30 m3 of stone is extracted from the massif, of which 20 m3

remains in the quarry as waste. Most of them are thick blocks, normally non-standard,
irregular, and faulty. In addition, stone chips and hulls from the remaining stocks block
rigging, as they can have direct use in the smaller plates, less value tile production, or other
structural or decorative pieces [3].

Some of these losses are inevitable, as they are linked to the natural stone quality,
the deposit characteristics, or the cutting process. However, they can be reduced by
improving deposit knowledge, by mine planning, and, mainly, by transforming the waste
generated into by-products [3]. Even though the artificial stone’s unit price (m2) and the
volume used are relatively high compared to the natural materials, this waste destination,
as a by-product, is still the application with the best cost benefit [4].

Artificial stones have aroused the interest of consumers due to certain advantages
compared to natural stones. According to data from the Brazilian Association of Dimen-
sion Stones Industry—ABIROCHAS, in 2019, Brazilian exports of artificial stones totaled
12.75 thousand tons. Regarding imports, 70,000 tons present average prices of US$ 530/t
and US$ 1470/t, respectively, while natural stones presented an average price of US$ 523/t
in the same year. Even with a slightly higher price than natural stones, the artificial stone
import is much greater than the export [5]. Amongst the advantages of this material are
the mechanical and aesthetic properties as well as the use of wastes that reduces irregular
disposal, valorizing a traditionally unwanted product, creating jobs, and contributing to
economic development [6].

1.1. Artificial Stone

Artificial stones are produced by a high percentage of particles agglomerated by a
small percentage of polymeric material. Marble, granite, glass crystals, and quartz sand
are examples of stones that, when particulate, are considered natural aggregates. Artificial
stone’s mechanical properties are considered to be higher than those of natural stone
because of the artificial stone’s lower water absorption and porosity. As such, artificial stone
is a more suitable option for demanding work conditions, such as floors and walls [7–10].

These materials are molded by an aggregate mixture, compacted and agglomerated,
which is placed into a mold through mechanical pressure and/or vibration, using vacuum-
assisted or open molding methods. The process currently used by industries for the
compact artificial stone production is called “vacuum vibro-compression”. In this process,
the mineral fillers are mixed with a polymeric resin and, afterwards, the mass is compacted
under vibration and vacuum. The materials are generally subjected to a heat treatment at
temperatures in the range of 70 to 110 ◦C, in order to promote the final curing of the resin,
that is, the interlocking between the polymeric chains [11,12].

Suta et al. [13] used the method of vibration and compaction in a vacuum environment
to produce a compact projected stone slab whose main solid components were glass
waste and fine granite aggregate. The final product showed <0.02% water absorption
and 51 MPa flexural strength, which were higher than those of natural construction slabs.
The research results revealed that vibration was the most important processing step to
adjust the aggregate orientation to become more compacted.

Lee and Shin [14] reported fiberglass/PET composites produced under the influence
of vacuum, mold temperature, and cooling rate. The authors observed that specimens
produced without vacuum during the preheating stage registered values of approximately
1.9% porosity, whereas specimens produced with the aid of vacuum recorded much lower
values of 0.3–0.4% porosity.

The use of vacuum in manufacturing artificial stone plates is extremely important,
since it facilitates the removal of air that, in the process of molding the composite, could be
attached to the load and the mass, lowering the plate porosity degree. Once porosity harms
the performance of artificial materials, the use of vacuum helps to produce better quality
artificial materials [15].
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1.2. Development of New Materials Based on Artificial Stones

The creation of novel materials using waste from the ornamental stone industry is
economically interesting, in addition to meeting a sustainable ideology in the industrial
environment. Today, many researchers use petroleum-based resins, wastes from natural
stones cutting process, fine gravel particles, steel, rubber, PET, and iron ore mixed up with
epoxy or polyester resin in artificial stone development, obtaining stones with superior
properties when compared to natural stones [4,8–10,16].

Erfan [17] developed artificial stone with the incorporation of calcite marble residue and
epoxy resin. The results showed 0.01% water absorption and a good filler/resin adhesion.

The use of a polymer matrix from a renewable source, which does not emanate toxic
substances, is also another attractive alternative in view of the environmental impact
attenuation. Gomes et al. [18] developed artificial stone with waste from natural granite
cutting and polyurethane resin, and obtained an artificial stone with properties superior to
natural granite.

1.3. Objective and Originality of the Research

The ornamental stone sector, which through its production and extraction generates
about 40 to 60% of waste, was investigated [19]. It is estimated that there is a loss of 84%
from the beginning to the final production of commercial dimension stone slabs. As Brazil
is one of the largest ornamental stones producers, there is still a lack of concern to avoid
waste and a neglect with the waste destination, even though companies in the sector are
responsible for developing projects for their recovery and reuse [15].

Quartzite waste was obtained as raw stone, with a massive structure and coarse
grain, usually cracked and milk white in color. The material is petrographically called
“Quartzolite or quartzites” due to the presence of more than 90% silicon, and they are
classified as “Class II B—Inert” wastes.

Vegetable oil-derived polyurethanes have been extensively studied in recent years,
as a non-polluting alternative to replace petroleum-derived polyurethanes [20]. The de-
velopment of new polyester polyols and prepolymers derived from fatty acids cause this
polyurethanes class to present themselves with different chemical, physical, and mechan-
ical properties, in addition to being from a renewable source [20]. It is important for the
development of a new material such as artificial stone to use biodegradable natural resin
and quartzite residue.

Epoxy resins are thermo-rigid materials widely used in adhesives, matrices for com-
posites, electrical materials, and materials for coatings, among other applications, as well
as in the production of artificial stones, because of their excellent adhesive, mechanical,
thermal, and electrical properties [21]. For these reasons, it is important to investigate
the influence of both types of synthetic and biodegradable resins on the development of
artificial stone.

This new alternative, in addition to possibly reducing raw materials costs since the
waste is costless (excluding its transportation costs), would also transform the waste back
into raw material. The polyurethane resin used as a binder originates from castor oil,
a renewable vegetable source, and together with the inert waste of natural quartzite stone,
it allows the manufacture of a totally ecological and sustainable artificial stone [20].

Epoxy resin is an excellent thermoset polymer to be used as a binder in artificial
stone development. The mechanical properties can be accentuated, providing an optimal
adhesion to the quartz waste particles. As the epoxy resin is characterized by good chemical
resistance, it will generate an environmentally harmless artificial stone with adding value
to wastes that would be discarded while reducing the production costs [9].

This work’s main goal is to compare the development of artificial stones from quartzite
waste, using epoxy and plant polyurethane resins as binders, with good physical and me-
chanical properties. This waste is also compared with the performance of our artificial stone
and with other artificial stones in order to confirm the technical feasibility of producing
these novel sustainable materials with economic potential.
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2. Materials and Methods
2.1. Materials

The “quartzite” natural stone (NS) waste, commercially called “Cristallo”, was sup-
plied by Pettrys company, located in Cachoeiro de Itapemirim, ES, Brazil. The raw stone
material was collected directly from the company.

As a comparison material, a commercial stone (CS) called “Branco Aldan” was used.
It was supplied by Empresa Guidoni, located in São Domingos do Norte, ES, Brazil.
The commercial artificial stone is composed of quartz powder, additives, and polyester
resin, information provided by the company.

The quartzite waste was classified by the sieves 8 to 200 mesh and divided into three
different particle sizes. The larger particles (coarse) were classified in the range of 2.38 to
2.00 mm, the medium particles were between 2.00 and 0.630 mm, and fine particles were
less than 0.630 mm [7–9,21].

The waste particles were agglutinated by two types of resins. The natural resin,
vegetable polyurethane derived from castor oil, is bicomponent, that is, it results from
the mixture between a component A, prepolymer (methylene diphenyl diisocyanate),
with 1.22 g/cm3 relative density, and a component B, a polyol (castor oil-base) with a
0.96 g/cm3 typical density. The resin in 1:1.2 ratio of component B was supplied by the
company IMPERVEG (Aguaí, Brazil). The other resin, epoxy, was a bisphenol A diglycidyl
ether-MC130 and the hardener, FD129, triethylenetetramine (TETA), used in proportion of
13 wt% of resin, were both supplied by the company EPOXYFIBER (Rio de Janeiro, Brazi).

2.2. Determination of the Highest Packaging Granulometric Composition

Based on three ranges of grains obtained, 10 different mixtures with different percent-
ages of rough, medium, and fine particles were proposed (Table 1).

Table 1. Experiment matrix to determine apparent dry best-packed.

Composition Large (Coarse) Medium Fine

1 0 0 1
2 0 1 0
3 1 0 0
4 0 1/2 1/2
5 1/2 1/2 0
6 1/2 0 1/2
7 1/3 1/3 1/3
8 2/3 1/6 1/6
9 1/6 1/6 2/3
10 1/6 2/3 1/6

Figure 1 shows a complete ternary diagram developed in the experimental numeric-
modeling grid Simplex (Simplex-Lattice Design) [22] to obtain greater packaging in ternary
mixtures. To determine the proportion of the greatest packaging of the 10 mixtures, all were
tested based on the standard ABNT/MB-3388 Brazilian standard (1991)—Determination of
the minimum index void ratio of non-cohesive [23].
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Figure 1. Ternary diagram of the Simplex complete cubic model [9].

The mixtures were placed in a device with a container of 1013.24 cm3 and a 10 kg
piston was used on the material, which was subjected to vibration through a vibrating table.
This procedure was repeated three times for each of the 10 compositions. As it can be seen
in Table 1, mixture 8 (4/6 rough, 1/6 medium, and 1/6 fine particles), was the one with
the greatest apparent dry density representing the most close-packed one. Consequently,
it was chosen for the production of artificial stone plates.

As described by Ribeiro [11], it was necessary to calculate the minimum amount of
resin (MAR) necessary for the artificial stone production, using Equations (1) and (2):

VV% =

(
1 − ρPA

ρQ

)
∗ 100 (1)

where:
VV% = Void volume present in the mixture of particles;
ρPA = Apparent density of particles, calculated by the packaging method;
ρQ = Quartzite density, calculated by pycnometry.

From obtaining the void volume (VV%) value, it was possible to calculate the mini-
mum amount of resin (MAR), through Equation (2) below:

MAR% =
VV% ∗ ρresin

VV% ∗ ρresin + (100 − VV%) ∗ ρQ
(2)

where:
MAR% = Minimum amount of resin to fill the void volume;
VV% = Void volume present in the mixture of particles;
ρresin = Epoxy resin and polyurethane resin density;
ρQ = Quartzite density, calculated by pycnometry.

2.3. Production of Artificial Stone Plates

Artificial stone plates with a dimension of 100 × 100 × 10 mm were developed,
with epoxy and natural vegetable polyurethane polymer resins, using the vacuum, vi-
bration, and compression method. Initially, the quartzite particles were dried in an oven
for 24 h at 100 ◦C to release moisture, then weighed and mixed with the resin in a vi-
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bration system under vacuum. Two plates were made of each resin in the dimensions
200 × 200 × 10 mm, for the hard body impact test required by the standard.

The mixture was taken to a Marcone MA 098-A hydraulic press for the plates produc-
tion, with 3 MPa compression pressure and temperature of 90 ◦C for plates produced with
epoxy resin and 80 ◦C for plates produced with polyurethane resin [7,24]. After pressing,
the mold was disconnected from the vacuum system and cooled to room temperature
to remove the plate. The plates with 85 wt% of artificial quartzite stone were developed
with epoxy resin (AS-EP) and vegetable polyurethane resin (AS-PU), were subjected to a
finishing step by polishing with sandpaper, and then cut with diamond disc to prepare
samples for the tests according to the standards.

2.4. Characterization of Artificial Stone Plates

The apparent density and porosity as well as the water absorption were evaluated
based on Annex B of the ABNT/NBR 15845 Brazilian standard, which establishes the
applications of stone materials for the coating of building constructions [25].

The three-point flexural strength test was performed on our INSTRON universal test-
ing machine, model 5582, based on F Annex of ABNT/NBR 15845 Brazilian standard [25].
The specimen’s dimensions were 100 × 25 × 10 mm and the test was performed under
0.25 mm/min loading rate, 100 kN load cell, and 80 mm distance between the two points
(Figure 2).
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Figure 2. Specimen during the three-point bending test.

A stone bend strength is directly related to the stone’s material porosity, structure,
and texture. The test was carried out in dry conditions. The first stage consists of putting
the specimens in a ventilated oven for 48 h at 70 ◦C and waiting 1 h for them to cool down
to room temperature. Figure 3 shows the specimen before and after the bend test.
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The second stage is performed by applying a slow and steady load with increment
speed defined by the standards. The bend strength is calculated by Equation (3), and then
the arithmetic average is calculated.

R =
3PL
2bd2 (3)

where:
R = bend rupture stress (MPa);
P = rupture load (N);
L = distance between the action cleavers (mm);
b = width of the specimen after test (mm);
d = minimum thickness of the specimen (mm).

Abrasive wear tests were performed using a MAQTEST Amsler equipment on three
samples with 70 × 70 × 40 mm, according to ABNT/NBR 12042 Brazilian standard [26].
The samples’ thicknesses were measured before the wear test and then measured again
after abrasive wearing suffered in 500 and 1000 m track.

The hard body impact test was performed using three 10 × 200 × 200 mm samples,
according to Annex H of ABNT/NBR 15845 Brazilian standard [25]. It consists of releasing a
1 kg steel ball, at increasing heights, from 20 cm on, over the sample. The stone plate, seated
on a sand mattress, receives the impacts until it cracks and rupture occurs. The height at
which the material breaks occur is used to calculate the breaking energy using Equation (4).

W = m ∗ g ∗ h (4)

W = breaking energy (J);
m = steel ball weight (Kg);
g = gravity acceleration (9.806 m/s2);
h = breaking height (m).

The microstructure of the fracture surface of bend-ruptured specimens was analyzed
by a scanning electron microscope (SEM) in a model Super Scan SSX-550 from Shimadzu.
The samples were prepared using an adhesive carbon tape enveloped by a gold surface.

Petrography, the main diagnostic technique for pathologies of stone materials, is the anal-
ysis of thin sections of stone by transmitted light microscopy, in order to identify, among other
things, changes of minerals and microcracks. Using Buehler Petrothin Section System sec-
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tioning equipment, the petrographic slides of AS-EP and AS-PU were prepared. The analysis
was performed by a geologist in a ZEISS polarized light petrographic microscope.

3. Results
3.1. Determination of the Highest Packaging Mixture and the Minimum Amounf of Resin

To determine the materials’ vibration density, 10 different mixtures from the three
granulometric ranges were proposed, as shown in Table 2.

Table 2. Results of vibration density.

Mixture Large (Coarse) Medium Fine Vibration Density (g/cm3)

1 0 0 1 1.37 ± 0.01
2 0 1 0 1.53 ± 0.01
3 1 0 0 1.13 ± 0.01
4 0 1/2 1/2 1.82 ± 0.02
5 1/2 1/2 0 1.57 ± 0.04
6 1/2 0 1/2 1.64 ± 0.06
7 1/3 1/3 1/3 1.68 ± 0.01
8 2/3 1/6 1/6 1.93 ± 0.01
9 1/6 1/6 2/3 1.87 ± 0.01
10 1/6 2/3 1/6 1.41 ± 0.01

The mixture with the highest vibration density determined the proportion of the
waste’s granulometric ranges used to manufacture the artificial stone plates. Higher vi-
bration density means better packing and, therefore, fewer voids, which contributes to
improving the mechanical properties of the final product. Therefore, mixture number 8,
with 1.93 g/cm3, which, according to the mathematical model presented in Figure 1, corre-
sponds to 67% coarse, 17% medium, and 16% of fine particles, was chosen to manufacture
the AS plates. With the optimized apparent dry density (composition number 8), the vol-
ume of voids for the load studied was calculated, and with this data, the minimum resin
content for the resins was used, according to Table 3.

Table 3. Resin contents of prepared stones.

Artificial Quartzite Stone Quartzite Charge

volume of voids (%) 25.95%
Density (g/cm3) 2.609

Epoxy Resin Vegetable Polyurethane Resin

Density (g/cm3) 1.134 1.078
Minimum amount of resin to fill the

void volume (%) 13.22 12.65

Resin content used (safety) (%) 15 15

3.2. Water Absorption, Density, and Apparent Porosity

Table 4 shows the apparent density, water absorption, and apparent porosity values of
the artificial stones developed with 85 wt% of quartzite waste and both epoxy resin (EP),
85 wt% of quartzite waste and polyurethane resin (AS-PU), natural stone “Cristallo” (NS),
and the commercial stone “Branco Aldan” (CS).
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Table 4. Physical properties of apparent density, water absorption, and apparent porosity of the
artificial stones developed (AS-EP and AS-PU), the commercial stone and the natural stone.

Physical Properties

AS-EP AS-PU
“Branco Aldan”

Commercial
Stone (CS)

Cristallo
“Natural Stone”

(NS)

Water absorption (%) 0.16 ± 0.06 0.14 ± 0.06 0.05 ± 0.01 0.26 ± 0.53

Apparent porosity (%) 0.38 ± 0.15 0.31 ± 0.13 0.13 ± 0.03 0.68 ± 1.38

Density (g/cm3) 2.35 ± 0.03 2.22 ± 0.04 2.41 ± 0.01 2.63 ± 0.01

According to the results in Table 4, it can be observed that, as expected, both the
artificial stones and the commercial stone had lower density than the natural stone. This is
attributed to the artificial stone’s composition, consisting of low-density polymers, pro-
ducing a lighter material and consequently reducing logistical costs [21]. Manufacturers
of artificial stones report density varying in the range of 2.4 to 2.5 g/cm3 [9]. AS-EP and
AS-PU densities were below this range probably because of the low densities of the polymer
resins, epoxy 1.20 g/cm3 and polyurethane 1.08 g/cm3.

The commercial stone “Branco Alda” has 2.41 g/cm3 density that is within the range
of the artificial stone’s manufacturers and superior to that of developed stones. The com-
mercial stone uses a polyester resin with 1.18 g/cm3 density as a binder, which can be
explained by changes in the values in the production process variables [21]. It is worth
mentioning that these results were within the range found by Lee et al. [4], in which by
varying compression pressure, vacuum, and vibration frequency, obtained an artificial
stone with density values ranging from 2.03 to 2.45 g/cm3.

The porosity values of the natural stone were above the Chiodi Filho and Rodriguez [27]
recommendation, which can be explained by the natural occurrence of flaws and cracks
in the material. Consequently, these defects generate a mechanical strength decrease.
The commercial stone obtained better values, which is directly related not only to the waste
particle variables in the size distribution process but also to the manufacturing processing
and to the additive added to the mixture, which promoted better adhesion and modified
the resin properties [28,29].

Gomes et al. [20] developed an artificial stone with granite waste and polyurethane
resin, using the same technique as the present work, and produced a stone with 0.42%
apparent porosity and 0.19% water absorption, relatively higher than those of AS-PU and
AS-EP. The artificial stones’ low porosity content may have contributed to an excellent
adhesion of the granite particles/polymer matrix, with the voids being filled by the resin,
forming a material as homogeneous as possible.

Water absorption includes liquids percolation through these voids. Therefore, once the
pores are not 100% interconnected through the cracks, water absorption values will always
be lower than the apparent porosity ones [30]. For the artificial stones developed, the water
absorption values of 0.16% in AS-EP and 0.14% in AS-PU indicate superior properties when
compared to natural stone, which justifies the use of the proposed method.

Chiodi Filho and Rodrigues [27] include the water absorption index as one of the
three most important technological parameters (flexion, wear, and absorption). All stones
obtained water absorption ≤0.4%, a requirement suggested for stone selection, which are
considered as stone class A1, for indoor and outdoor environments, with frequent wetting
and low to high pedestrian traffic for floors [31]. For applications as coating, the ASTM
C615 [32] standard indicates that, for granites and marble, the value must be ≤0.4% while
the NBR 15845 [25] standard indicates it must be ≤0.2%.

Borsellino et al. [31], also used epoxy resin in their research and obtained 0.16% water ab-
sorption values. Among some works reported, water absorption between 0.04–0.67% is con-
sidered an ideal range for building materials for wall and floor coverings [4,10,16,29,33–35].
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3.3. Three-Point Flexural Strength

Table 5 presents the three-point flexural strength values of the artificial stones (AS-EP
and AS-PU), commercial artificial stone, and the pure resins, epoxy, and natural vegetable
polyurethane resin.

Table 5. Results of three-point flexural strength of the artificial stones developed (AS-EP and AS-PU),
the commercial stone, the natural stone, and the pure resins.

Three-Point Flexural Strength (MPa)

AS-EP 27.96 ± 1.86

AS-PU 10.77 ± 0.64

“Branco Aldan” Commercial Stone (CS) 56.25 ± 2.62

Epoxy Resin 93.6 ± 4.7

Vegetable Polyurethane Resin 23 ± 5.3

“Cristallo” Natural Stone (NS) 14.32 ± 1.79

The natural PU resin has lower flexural strength (23 MPa) compared to epoxy resin
(93 MPa), which may be related to the polyurethane resin degree of polymerization. How-
ever, the study of the stoichiometric quantity between the NCO/OH ratio, responsible
for the degree of polymerization, which involves the main reaction sites present in the
prepolymer and polyol, was not carried out. Reactions with an excess isocyanate may occur
along with parallel reactions that harden the material. On the other hand, reactions with
an excess of hydroxyls cause the polymer to soften through the reduction in intercrossed
bonds [36], which explains why AS-PU obtained a low flexural strength compared to the
other tested stones.

In their study, Mileo et al. [37] classified polyurethane as a ductile material on account
of the low flexural strength and large deformation without breakage at the maximum
applied load. It may presuppose an inadequate cure or the bubbles excess caused by both
the presence of moisture and a plasticizing effect. This validates the natural polyurethane
non-rupture, the AS-PU at the maximum applied load, and the appearance of bubbles.

Figure 4 shows typical flexural stress x strain curves, obtained from three-point flex-
ural tests. Comparing the behavior of the two polymeric resins and of the developed
artificial stones, it is possible to observe that the addition of load contributed to the mate-
rial hardening. This is an expected behavior, considering that the incorporation of rigid
particles in a polymeric matrix generally increases the material’s flexural modulus [4].
Maximum performance can be achieved if the polymer adhesion to the reinforcement is
perfect. The stronger the matrix/particle interface, the better the mechanical properties of
the developed artificial stone [38].
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Figure 4. Mechanical behavior with 85% by weight of quartz residue, epoxy resin and natural
polyurethane resin (AS-EP and AS-PU), natural stone commercially called “Cristallo” (NS), “Branco
Aldan” commercial stone (CS), epoxy resin (EP), and polyurethane resin (PU), in three-point flexural
strength tests.

Figure 5 shows the confidence interval (average ± standard error) for the artificial
stone flexural strength test of artificial, natural, and commercial stones.
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Figure 5. Confidence interval (average ± standard error) of the three-point stone flexural strength test.

The ABNT/NBR-15844 Brazilian standard [28] stipulates that granite stones for coat-
ing applications must have at least 10 MPa from the three-point flexural strength test.
For coating applications, the ASTM C880 [39] standard indicates that, for granites and
marble, the flexural strength must be ≥8.7 MPa, and the NBR 15845 standard [25] de-
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mands ≥10 MPa. Chiodi and Rodriguez [27] reported that ornamental stones with flexural
strength above 20 MPa are classified as high quality for coating applications.

The AS-PU, despite the 10.7 MPa flexural strength, according to the referred standards
and its specifications, can be used for civil construction. The “Branco Aldan” artificial
commercial stone obtained better flexural strength, which can be attributed to the industrial
and continuous manufacturing process as well as the type of additive, the granulometry,
and the material used as aggregate, quartz powder, which is one of the hardest minerals
(Mohs = 7).

Carvalho et al. [8] and Gomes et al. [9] developed artificial stone based in (quarry
and red ceramic) wastes and epoxy resin with flexural strength values of 30 and 32 MPa,
very close to those obtained in the AS-EP, of the same matrix, evidencing the influence of
the polymeric binder in the final composite strength.

Gomes et al. [20] manufactured artificial stones using 85% granite particles and 15%
polyurethane resin derived from castor oil, using the same methodology. The result was an
18 MPa maximum flexural strength, which was higher than AS-PU, possibly because this
artificial stone may not have achieved a satisfactory cure.

3.4. Abrasive Wear

In terms of abrasive wear, for the application of ornamental stones on floor coverings,
Chiodi Filho and Rodrigues [27] classify the material quality as: high traffic floor (<1.5 mm),
medium traffic floor (<3 mm), and low traffic floor (<6 mm). Following technological
parameters described above, AS-EP and AS-PU low wear values shown in Table 6 classify
them for use in high traffic floors because of an efficient rearrangement in the minerals
structure and texture during their agglutination by resins. A determining factor for this
excellent result, which influenced the characteristics mentioned above, was the use of the
highest close-package mixture to prepare the plates.

Table 6. Amsler wear associated with the thickness reduction of the artificial stones developed
(AS-EP and AS-PU), CS, and NS.

Material
Wear Thickness Reduction (mm)

500 m 1000 m

AS-EP 0.58 1.20

AS-PU 0.60 1.21

“Branco Aldan” Commercial Stone (CS) 0.50 1.13

“Cristallo” Natural Stone (NS) 0.15 0.35

However, the natural quartzite stone value of 0.35 mm wear was the smallest found
on the same route, possibly due to the presence of large mineral quartz crystals in the stone.
Among the ornamental stones, quartz is one of the hardest minerals found (Mohs = 7) [38].

We compared the results of this work with some other works that cited that they
developed artificial stones using the same method of vacuum, compression, and vibration.
Silva et al. [10] produced an artificial stone based on calcite marble waste and 20% w epoxy
resin. The artificial stone showed less than 1.5 mm wear on the 1000 m runway, suitable
for high traffic floors. Carvalho et al. [29], when evaluating an artificial stone based
on 20% w epoxy resin and 80% steel residue from the electrostatic precipitator from the
sintering step, found 1.04 and 2.16 mm thickness reduction and 2.16 mm for 500 and 1000 m.
The artificial stone was considered suitable for medium traffic floors.

Ribeiro et al. [40] developed an artificial stone using polyester resin and dolomitic
marble waste. The developed artificial stone underwent a 5.23 and 8.83 mm thickness
reduction for 500 and 1000 m. The wear presented by this material was related to its great
porosity because the interfacial adhesion between the particles and the matrix were proven
not to be good. It is observed that wear results differ according to types of wastes and
resins as well as variables of the manufacturing method.
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3.5. Hard Body Impact Resistance

Hard body impact resistance was performed in order to assess the AS-EP and AS-PU
level of cohesion and toughness as well as how much energy is needed to dissipate until
the material breaks, depending on the maximum drop height of objects supported in its
surface. With this result, it is possible to scale the plates in the appropriate size to the
usage requirements.

The average rupture height and dissipated energy of the artificial stone AS-PU is
4.4 times greater than that presented by AS-PE, with a 0.39 m height and 3.86 J energy
(Table 7). Compared to the epoxy resin, the polyurethane resin has a less rigid behavior
that can affect some properties such as flexural strength. On the other hand, it increases
AS-PU toughness, precisely because it dissipates more energy. The porosity of AS-EP may
also facilitate crack formation, since the pores are naturally stress concentrators [41].

Table 7. Resistance to hard body impact values.

Materials Rupture Height (m) Rupture Energy (J)

AS-EP 0.39 3.86

AS-PU 1.72 16.95

“Branco Aldan” Commercial Stone (CS) >2.0 >19.62

“Cristallo” Natural Stone (NS) 0.2 1.96

Chiodi Filho and Rodrigues [27] proposed a stones classification according to their im-
pact resistance in rupture height, ranging as: very low (<0.30 m), low (0.30–0.50 m), medium
(0.50–0.70 m), high (0.70–0.95 m), and very high (>0.95 m) rupture height, and ABNT NBR
15844 [28] establishes that the stones must support a minimum height of 0.3 m. The AS-PU
supported height greater than that specified by the standard and by Costa et al. [41] (0.95 m),
proving its excellent quality and its feasibility to be applied in areas where there is a higher
falling load incidence, such as supermarkets, airports, and industries in general.

The natural quartzite resisted a rupture height of 0.20 m, resulting in 1.96 J of en-
ergy, so the artificial stone impact resistance was higher than that of the natural stone.
Silva et al. [10] and Gomes et al. [15] developed artificial marble and granite with epoxy
resin, which presented cracks at heights of 0.43 m and 0.4 m with 4 J of activation rupture
energy, similar to that of AS-EP.

3.6. Microstructure

Figures 6 and 7 present SEM micrographs of the fracture surface sections of AS-EP
and AS-PU, respectively, after the three-point flexural test.
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Figure 7. SEM micrographs of the fracture surface sections of AS-PU (a) 50×; (b)100×.

Figure 6a,b show AS-EP’s smoother surface, evidencing a more defined fracture
plane that is characteristic of a highly cohesive material. The arrow indicates few evident
pores, proving the low water absorption both for the artificial stone with polyurethane
and epoxy. According to Debnath et al. [38], the maximum performance of the system
occurs through an optimal mineral load wetting by epoxy resin. Therefore, the greater the
interface between the matrix and the load, the better the material mechanical properties,
this interaction being directly linked to the adhesive bond strength provided by effective
wetting in the interfacial regions.

Figure 7a,b show AS-PU’s fracture surface SEM micrograph, illustrating the material
filling all interstices between the larger grains. Bubbles not eliminated by the vacuum
process appear within the matrix, which were already confirmed by the porosity test.
It is possible that the bubbles were also generated during the polymerization process
between the isocyanate (NCO) and hydroxyl (OH) groups, in which occur parallel reactions
mainly involving NCO + H2O forming high molecular weight compounds such as poly
(urethanes/ureas) with excellent mechanical properties. The NCO + H2O expansion
reaction results in urea formation releasing CO2 and forming bubbles. The release of curing
process CO2, added to the water vapor release at the time of pressing, are evidence of
defects formation [42]. Figure 6b points out a quartz grain that fractured after the artificial
stone was produced.

3.7. Petrography

Petrographic slides were analyzed for possible physical features that could decrease
the mechanical properties of the material, such as microcracks and pores. Quartz crystals,
when observed in natural light (polarized plane), are low relief, colorless, and have no
pleochroism or cleavage. In polarized light, quartz grains are anhydrous with a prismatic
habit, exhibiting wavy extinction and low interference colors. Therefore, as recognizable in
Figures 8 and 9, all minerals present in the artificial stone of quartzite are quartz.
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Figure 9. Petrographic slide showing failure in load allocation failure of artificial stone with quartz
and polyurethane (AS-PU).

Figure 8a shows the AS-EP slide image, evidencing the optimal load distribution in
the matrix, with coarse grains forming a network filled by the matrix and the medium
grains and mixed with fine grains. Moreover, in the matrix dispersed region, the presence
of small voids (pores) is noticeable. Figure 8b shows the AS-PU slide image, with arrows
indicating the presence of small voids. The horizontal arrow indicates a space between the
grains, pointing out that the load distribution could have been more efficient.

Figure 9 shows the image of the AS-PU petrographic slide, with the occurrence of
microcracks. The microcracks can be attributed to a high compression pressure that, instead
of packing the material, as it should, compressed it until it broke [4].

4. Conclusions

The artificial stone is made up of 85% w of quartzite, epoxy resin (AS-EP), and
polyurethane resin (AS-PE), using the “vacuum, vibration and compression” method.
From the experimental results, the following conclusions can be drawn:

• AS-EP and AS-PU developed with 85 wt% of quartzite waste are a lightweight coating
with 2.35 and 2.22 g/cm3 density, respectively;

• The porosity was lower than 0.5%, classifying both AS-EP and AS-PU as high-quality
lining materials for civil construction. The 0.16% and 0.14% water absorption of AS-EP
and AS-PU were also lower than ≤0.4%, a suggested requirement for indoor and
outdoor environments, with frequent wetting and low to high traffic on floors;

• AS-EP artificial stone achieved a bend strength of 27.96 ± 1.86 MPa, classifying AS-
EP as a high-quality material, due to its bend strength being higher than >20 MPa;
compared to the other studied stones, AS-EP had a bend strength twice higher than NS
and 50% lower than CS. AS-PU obtained a low bend strength, evidencing a probable
inadequate cure or the excess of bubbles, as shown by the SEM; through the abrasive
wear test, the low thickness (<1.5 mm) reductions observed in the artificial stone
(1.20 mm for AS-EP and 1.21 mm for AS-PU) indicate that both stones can be used
for intense traffic floor areas. The NS thickness reduction of 0.35 mm was the lowest,
possibly owing to the presence of large mineral quartz crystals in the NS. The hard
body impact resistance classified AS-EP as a material for low heights and AS-PU as a
material for very high heights enabling its use in areas with a high risk of falling loads,
such as supermarkets, airports, and industries in general;

• The petrographic slides analysis revealed that AS-EP has the best load distribution,
ensuring greater compaction and presence of microcracked grains during the process of
vibration and compression. As demonstrated, the development of artificial stones from
wastes of ornamental stones productive chain associated with mining and processing,
in terms of its technical feasibility, is proven.

The method adopted for the production of artificial rock demonstrates that it has the
potential to be manufactured, which could reduce the negative environmental impacts

97



Sustainability 2022, 14, 6388

caused by the natural rock industry. This method is currently the most adopted by re-
searchers and the industry, and has shown better results, using vacuum, compression,
and vibration (CVC). Higher mechanical properties and a more cohesive microstructure
were exhibited by materials produced by VCV, with residues of marble, crushed stone,
quartz, and glass.

The definition of the mixture with the highest packing factor, based on the variation
of the particle size percentages, using the Simplex-lattice design (SLD) mathematical
model, provided greater cohesion between the particles in studies aimed at artificial rocks.
They calculated the minimum resin content, TMR (%), which allowed to reduce the resin
content used, and they realized through their results that compacting the particles prevents
the formation of pores in the samples, thus reducing the absorption of water and reinforcing
the structure, compressed.

The development of artificial rock using materials from renewable sources has already
been studied, obtaining satisfactory properties with the use of waste from the ornamen-
tal rock industry, with zero toxicity and without releasing gases during its production
process—that is, a product totally ecological; it has been made possible through the substi-
tution of resins derived from petroleum for resins of natural source.
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Abstract: The growing demand for energy and the environmental problems derived from this prob-
lem are arousing interest throughout the world in the development of clean and efficient alternative
energy sources, which involve ecological processes and materials. The materials used in the processes
associated with thermoelectric generation technology will provide solutions to this situation. Materi-
als related to energy make it possible to generate energy from waste heat residues, which are derived
from various industrial processes in which significant fractions of residual energy are deposited into
the environment. However, despite the fact that thermoelectric technology represents some relative
advantages in relation to other energy generation processes, it in turn faces some technical limitations
such as its low efficiency with respect to the high costs that its implementation demands today, and
this has been the subject of intense research in recent years. On the other hand, the sustainability of
the processes when analyzed from a circular economy perspective must be taken into account for the
implementation of this technology, particularly when considering its large-scale implementation. In
this article, a systematic search focused on the sustainability of thermoelectric modules is carried out
as a step towards a circular economy model. The review aims to examine recent developments and
trends in the development of thermoelectric systems in order to promote initiatives in favor of the
environment. The aim of this study is to present a current overview, including trends and limitations,
in research related to thermoelectric materials. As a result of this analysis, it was found that aspects
related to costs and initiatives related to circular economy models have been little explored, which
represents not only an opportunity for the development of new approaches in the conception of
thermoelectric systems, but also for the conception of optimized designs that address the current
limitations of this technology.

Keywords: thermoelectric modules; cost-efficiency ratio; sustainability; life cycle; circular economy

1. Introduction

The progressive deterioration of the global ecosystem, as well as the decline of fossil
fuel reserves, are some of the consequences of the current global energy problem. This is
primarily due to the excessive use of conventional energy sources. In recent years, this
has led to a great developments in the use of alternative energy sources that are more
environmentally friendly and that in turn have renewable characteristics, which would
guarantee that are exhausted in the short or medium term. Among these alternative sources
of energy, the sources based on direct solar radiation stand out [1], as well as the sources
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of use of indirect solar energy, such as hydraulic [2], wind [3], and tidal sources [4]. Other
sources are based on biomass [5] and on the use of energy from waves [6]. Likewise, there
is potential for geothermal energy [7] and nuclear energy [8]. However, a significant energy
source is based on the use of energy residues from industrial processes, and recently there
has been a notable boom in the use of thermoelectric systems, which are based on the use of
energy waste in the form of heat that is regularly discarded into the atmosphere. In recent
years there have been various advances in technologies that have made it possible to make
better use of this energy waste [9], since it is not enough to achieve high efficiency, but it is
also important to consider the useful life of thermoelectric systems, especially for systems
that operate in low temperature ranges. This enables both long-term reliability and the
recyclability of the system’s components, in order to certify as sustainable development
and conserve natural resources for the benefit of present and future generations. However,
based on a recent literature review, it has been found that recent developments in these areas
are not paying enough attention to the use of sustainable processes and materials, which
are fundamental aspects in the development of current technology. This is why the present
study focuses on reviewing the main thermoelectric materials used today, and also analyzes
the types of modules used and the main applications of these thermoelectric systems.
Therefore, the main objective of this analysis is to establish which of the current technologies
are designed in a way that favors recycling processes, and therefore, to determine the degree
of sustainability of these technologies. In this sense, the present review seeks to characterize,
using recent publications from the last decade, which technologies are being implemented,
and to what degree they are contributing to a more sustainable production system.

These developments result from a growing demand from the community to produce
cleaner manufacturing processes and materials in sectors such as manufacturing, construc-
tion and transport that represent around 75% of the energy consumed throughout the
world [10].

Recently, considerable attention has been given to the use of thermoelectric (TE)
materials as a complement to enhance the efficiency of renewable energy systems based on
solar and biomass energy sources [1]. In addition, other applications in industrial sectors are
making progress with these systems to become more efficient and reduce the impact on the
environment, which translates to a significant recovery of wasted heat normally disposed
into the environment. According to various reports, the energy consumption levels of 2019
will significantly increase by 2040 in sectors such as transport and construction, and the use
of renewable energy and natural gas use will grow faster than the use of coal and oil [11].

These increases in the energy consumption of the different sectors and in renewable
energies result in a promising outlook for TE materials. Studies have reported that about
60% of the energy consumed worldwide is dissipated as waste heat in the transport sector,
with the manufacturing and construction sectors also making large contributions of residual
heat [12–14]. The recovery of this residual heat, even partially, would represent a significant
saving in world energy consumption, as well as significant reductions in greenhouse gas
emissions [15], and would be a major contribution to a better environment and to a better
circular economy model [16].

Residual heat can be classified into three categories according to the temperatures
of the heat sources [11]. In this classification, low temperature ranges are temperatures
below 100 ◦C; average temperatures when the temperatures are between 100 ◦C and 300 ◦C;
and high temperatures when they are above 300 ◦C, such as in calcining, forming, heat
treating, thermal oxidation and metal reheating processes [11]. Considering these ranges,
the operating temperatures of commercial thermoelectric generation modules (TEG) show
a great potential for the implementation of heat recovery systems using TEG systems in
many different processes [17–20]. It is known that TE materials do not allow 100% heat loss
recovery due to their current low efficiency. Furthermore, the high cost of the elements
used to construct commercial TEG modules is another factor preventing their widespread
implementation in many systems and economies [21–23]. Currently, one of the main goals
is to improve the performance of TE materials so that they are competitive and efficient,
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which is can be obtained with a high Seebeck coefficient and electrical conductivity, while
the thermal conductivity has to be low. Factors such as profitability and complexity of
processing have limited this efficiency increase [24].

In the recent literature, there is a wide variety of studies that examine the development
of sustainable alternatives and promote the development of alternative generation systems
to reduce dependence on traditional fossil fuels and to reduce the current rates of emissions.
Furthermore, numerous works aim to improve environmental conditions based on the
development of clean generation systems. Clearly, the generation alternatives based on
thermoelectric systems are viable and reliable; however, the present study goes beyond
ensuring the implementation of cleaner generation alternatives to demonstrate that those
same proposed solutions are in themselves sustainable. Therefore, in this analysis we
intend to present some of the work that is being carried out today to contribute to the
construction of a better future for future generations.

This work presents a systematic search on TE materials focused on the sustainability
and profitability of TEG modules, and is divided in the following topics: materials, TEG
modules, costs, efficiency, comparisons with other types of energy collection or cooling
systems, and modeling of properties and construction. Finally, the recycling and end
disposal of this type of TE material is reviewed (see Figure 1), with a particular focus on
the circular economy for thermoelectric modules.

Figure 1. Themes of the article related to the circular economy of thermoelectric modules.

2. Methodology

The methodology proposed for this study was based on a comprehensive systematic
review in which the most relevant publications related to the development of thermoelectric
generation systems were taken into consideration. Based on this preliminary investigation,
a relationship was established between the most relevant sources in order to establish com-
parisons between them in order to critically analyze the information collected in relation to
the sustainability of these systems and to subsequently classify the documentation collected.

In this review, the most relevant publications were selected by the authors and summa-
rized to identify their most notable aspects, and tables and graphs were developed, seeking
to synthesize the collected evidence in the best way.

Based on the proposed methodology, a systematic search was initially made in the
Scopus database using the keywords “thermoelectric AND modules” with the AND logical
connector. In this initial search, a total of 4676 results were obtained. Then, two filters
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were used to refine the search. In the first filter, only selected review type documents
were selected, and in the second filter, the publication date was restricted to the range
from 2015 to 2020, resulting in a final total of 61 reviews, as shown in Table 1. These
filters were based on reviews by Alam and Ramakrishna [25] and Zheng et al. [26], who
provided an overview of research in the area of thermoelectric materials incorporating
semiconductor-doped materials and highlighted efforts to date to increase thermoelectric
efficiency from different perspectives and the potential for economic and environmental
benefits through the improvement of thermoelectric systems.

Table 1. Summary of the initial systematic search for the subject of the review.

Database
Number of Articles Found

Unfiltered Filter 1 Filter 2

Scopus 4676 81 61

Figure 2 presents the classification according to content of the works selected in the
initial bibliographic review using four categories: TE materials, TEG modules, applications
and sustainability. The classification was applied by grouping the articles into different
themes and subtopics after reading the titles, abstract and keywords. From this selection,
it was found that 10 articles were not relevant to the topic of TE materials and, out of the
51 relevant articles, some were classified in two of the categories.

Figure 2. Topics identified in the articles of the initial systematic search.

In this initial systematic search, a knowledge gap was found in the sustainability
category in which themes of profitability, cost/efficiency ratio and recycling, among others,
were developed. For this reason, it was decided to focus on this area in the present analysis.

Regarding the development of this review, six basic themes related to the sustainability
of these types of materials were considered: efficiency, cost, recycling, sustainability, life
cycle and profitability. For this, after the removal of duplication in articles, four filters were
applied. The first filter was the year of publication in which only the articles published
from 2010 to 2020 were considered. The second filter was the type of document; in this
case only the research articles were considered. The third filter was based on reading
the title and abstract, and finally, a thorough reading of the selected articles was carried
out, which resulted in a total of 36 relevant articles, from which the analysis presented
below was developed. Table 2 shows the search strings used and the results of their
systematic debugging. Likewise, Figure 3 shows the results of the search carried out, where
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Figure 3a shows the data obtained by percentage for each search string. Figure 3b shows a
classification of the publications analyzed by year, revealing the growing interest in TEG. In
Table 3, the publications and topics covered by each of these strings are presented according
to the topics to be addressed in this study.

Table 2. Search strings and filters used in the systematic search.

Search Strings Number of Articles Found

Unfiltered Filter 1 Filter 2 Filter 3 Filter 4

“Thermoelectric” AND “Modules” AND “Recycling” 37 23 22 6 5

“Thermoelectric” AND “ Modules” AND “Cost”
AND “Efficiency” 211 115 105 25 12

“Thermoelectric generators” AND “Cost” AND “Efficiency” 298 249 143 9 5

“Thermoelectric generators” AND “Sustainability” 25 24 13 5 4

“Thermoelectric” AND “Modules” AND “Life cycle” 25 19 11 3 2

“Thermoelectric modules” AND “demand” 43 38 24 5 1

“Thermoelectric” AND “Materials” AND “Modules” AND
“Cost” AND “efficiency” 92 77 45 22 7

Filter 1: year of publication of the article from 2010 to 2020, Filter 2: type of document “article type”,
Filter 3: reading of title and summary, Filter 4: reading the article.

Figure 3. Systematic search results for (a) number of articles found per search string, and (b) number
of articles per year.

Table 3. Articles found in the systematic search with their classification by subject matter.

Ref. Year MAT MOD TEG COST EFF MDL RE

[27] 2020 X X X

[28] 2020 X X X

[22] 2020 X X X

[21] 2020 X X X X X

[16] 2020 X X X X
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Table 3. Cont.

Ref. Year MAT MOD TEG COST EFF MDL RE

[29] 2020 X X X

[18] 2020 X X

[30] 2019 X X X

[31] 2019 X X X X

[32] 2019 X X X

[23] 2019 X

[33] 2018 X X X

[34] 2018 X X X

[35] 2018 X X X

[36] 2018 X X X X X

[37] 2017 X X

[38] 2017 X X

[39] 2017 X X X

[40] 2016 X X X X X

[41] 2016 X X X

[42] 2016 X X X

[43] 2016 X X X X

[44] 2015 X X X

[45] 2015 X X X X

[46] 2015 X X X X

[47] 2014 X X X X

[48] 2014 X X

[49] 2014 X X

[50] 2014 X X

[51] 2013 X X X

[52] 2013 X X X X

[53] 2013 X X

[54] 2013 X X X X

[55] 2012 X X X

[56] 2011 X X X

[57] 2011 X
MAT: TE materials, MOD: thermoelectric modules, TEG: thermoelectric generators, EFF: efficiency,
MDL: modeling, and RE: recycling.

3. Results and Discussion
3.1. Thermoelectric Materials

It is estimated that between 50% and 80% of the studies related to thermoelectric gen-
eration systems (TEG) focus on the TE materials themselves. Therefore, the development of
materials that have a low cost and high efficiency is fundamental to achieving commercial
profitability in these systems [17,18].

In the systematic search carried out, 10 articles were found in which the TE material
was studied in depth in order to increase its efficiency, decrease costs or develop viable
materials in both environmental and sustainability aspects by analyzing factors such as
the material’s abundance and its degree of toxicity among others. Table 4 presents a
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classification of these items according to the cost, efficiency and sustainability of the TEG
modules. In this table, the cost column expresses the materials cost reduction with a minus
sign (−), and the materials cost increase with a plus sign (+). In this aspect, the elements
that compose in some cases the type of processing are taken into account. Note that in most
of the articles reviewed, the cost of the material was not stated explicitly. For efficiency,
the minus sign refers to materials with low efficiencies (ZT < 1) and the plus sign (+) for
materials with significant efficiencies (ZT > 1). Finally, the sustainability of the materials is
assessed using measures such as the availability, toxicity and useful life; therefore, a minus
sign indicates that the material is unsustainable and a plus sign that it is sustainable.

Table 4. Classification of the articles found according to the results obtained in the development of
thermoelectric materials.

Ref. Cost Efficiency Sustainability Year

[27] − + − 2020

[30] − − + 2019

[33] − + − 2018

[36] + + + 2018

[39] − − + 2017

[40] − + + 2016

[44] − + − 2015

[46] − − + 2015

[52] − + + 2013

[56] − + + 2011
Cost: −, Low cost; +, high cost. Efficiency: +, high efficiency; −, low efficiency. Environmental aspects and
sustainability: −, unsustainable; +, more sustainable.

Among the articles shown in Table 3, three case studies were found [19,58,59] that ex-
amined cost of TE materials, including their cost effectiveness and the processing technique
used to develop them.

Among the cost-effective materials, the use of oxides as raw materials stands out. Hung
et al. [43] studied different oxides (Na2CoO4, Ca3Co4O9, ZnO, SrTiO3 and CaMnO3) in
order to decrease costs in the manufacture of TEG modules since the cost of manufacturing
the oxides is approximately 1.1 $/kg, which is equivalent to only a quarter of composite
materials composed of metals and rare earths. On the other hand, Lee et al. [39] studied the
potential of TiO2-x for TE materials manufactured by plasma deposition. Ozturk et al. [30]
studied two types of oxides: Ca2.5Ag0.3X0.2Co4O9 type n and Zn0.96Al0.02Y0.02O type n,
where X and Y are different dopants manufactured using the sol-gel method. In these works,
the benefits of using oxides as raw materials are highlighted. Among these benefits are
low cost, abundance, resistance to high temperatures, as well as simplified manufacturing
processes not requiring controlled atmospheres. However, it can be seen that the purpose
of these studies is to improve the efficiency of materials. In Table 5 it can be seen that the
oxides present the least merit (efficiency). According to the review, the modules’ oxide-
based TEGs can increase their efficiency through the use of special processing [37] or doping
techniques [28], which makes their use more viable.
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Table 5. Thermoelectric materials type, merit rating, and temperature.

Material Type ZT T (◦C) Ref. Material Type ZT T (◦C) Ref.

SnSe p 2.5 627 [36] Pb0.93Sb0.05S0.5Se0.5 n 1.7 627 [5]

FeNbSb p 1.5 927 [44] Si80Ge20 n 1.5 727 [36]

Bi2Te3 p 0.9 100 [35] AgPbmSbTe2+m n 2 527 [36]

Na2CoO4 p 0.75 527 [46] CuxBi2Te2.7Se0.3 n 1 127 [36]

Ca2.5Ag0.3Eu0.2Co4O9 p 0.57 800 [30] Mg2(Si0.4Sn0.6)0.99Sb0.01 n 0.8 327 [29]

Ca2.5Ag0.3Er0.2Co4O9 p 0.54 800 [30] Mg2(Si0.53Sn0.4Ge0.05Bi0.02) n 1.4 527 [29]

Ca2.5Ag0.3Nb0.2Co4O9 p 0.52 800 [30] ZnO n 0.6 902 [46]

Ca2.5Ag0.3Sm0.2Co4O9 p 0.51 800 [30] SrTiO3 n 0.4 827 [46]

Ca2.5Ag0.3Lu0.2Co4O9 p 0.50 800 [30] CaMnO3 n 0.3 902 [46]

Ca3Co4O9 p 0.5 827 [46] Zn0.96Al0.02Ge0.02O n 0.04 800 [30]

Mm0.28Fe1.52Co2.48Sb1.2 p 0.5 477 [41] Zn0.96Al0.02Ga0.02O n 0.17 800 [30]

Ca2.5Ag0.3Yb0.2Co4O9 p 0.47 800 [30] Zn0.96Al0.02In0.02O n 0.12 800 [30]

MnSi1.75Ge0.01 p 0.4 527 [29] Mg2Si0.4Sn0.6 n 1.2 450 [35]

MnSi1.81 p 0.3 400 [35] Bi2Te3 n 0.8 100 [35]

Ca3Co2O6 p 0.25 877 [35] TiO2-x n 0.132 477 [28]

H-SnSe p 2 427 [36] Ni n 0.020 477 [28]

BiBaCuSeO p 1 527 [35] Yb0.09Ba0.09La0.05Co4Sb12 n 1.2 477 [41]

PbTe-SrTe+Te 2% p 1 350 [33] Pb0.93Sb0.05S0.5Se0.5 n 1.7 627 [27]

On the other hand, the use of cheap and abundant materials such as lead-based
materials or silicides has also been the subject of recent studies. Han et al. [33] studied the
feasibility of PbTe-SrTe base materials doped with 2% Te. They concluded there was a cost
reduction through a low-cost processing method such as stable screen printing, although
one of the base materials and the tellurium are high cost and low abundance elements.
Jiang et al. [27] proposed PbS as an alternative to the base material PbTe, arguing that by
doping with Sb and Se, efficiency can be considerably improved, in addition to them being
abundant and low-cost materials.

Fu et al. [44] and Salvador et al. [52] developed materials such as FeNbSb (Half-
Heuslers) and Yb0.09Ba0.09La0.05Co4Sb12 (skutterudite), respectively, which are composed
of low-cost and abundant elements, and by doping techniques are able to increase their
efficiency. However, Ouyang et al. [36] evaluated some of the latest generation materials
and recommended that materials such as skutterudites and half-heuslers could only be
used in applications where cost is not of concern, due to the high manufacturing costs of
these materials. On the other hand, Skomedal et al. [40] suggested the use of magnesium
silicides as a favorable TE material, due to their low cost, abundance and low toxicity,
despite their low efficiency when doping with elements such as Sn and Sb. They concluded
that materials based on magnesium silicides are recommended for applications where low
cost or low weight are more important than efficiency.

In addition, Homm et al. [56] analyzed some TE materials such as SiGe, PbTe, Bi2Te3,
FeSi2 and ZnO. The authors classified them according to selection criteria for different
applications that required certain specifications for temperature, efficiency and cost, but
taking into account the environmental aspects that each one presented.

According to the present review, it is observed that there is a conflict between the
aspects of cost, efficiency and sustainability. Figure 4 presents a classification based on these
aspects of recent studies addressed in this analysis. Three articles were found involving
costs and efficiency in zone A, [27,29,44]; three articles between costs and sustainability
in zone B [30,39,46]; one article involving efficiency and sustainability in zone C [36]; and
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tree articles involving all aspects, costs, efficiency and sustainability in zone U [40,52,56].
From this classification it is concluded that the oxides are inexpensive TE materials with
important advantages. In particular, they are abundant, do not require high-cost processing,
and resist high temperatures, which prevents premature degradation of the TE material.
Moreover, they enable the formation of robust materials with a longer useful life, and have
a good cost-sustainability ratio. However, their efficiency is reduced with respect to the
commercially used TE materials, which prompts us to think about the different research
approaches to improve them, such as nano-structuring, electronic band engineering, quan-
tum confinement, as well as strategies such as crystal electron glass phonon, doping, and
introduction of defects, among others. However, the use of any of these techniques requires
specialized and complex processes, which would be reflected in the final cost of the product
and would probably mean that the cost-efficiency ratio is not viable for developments
in a commercial environment. Therefore, the development of this research is of utmost
importance for providing not only a better future perspective of TE materials, but also
because there are few investigations that specifically address the economic component of
these materials.

Figure 4. Classification of the articles found according to the results obtained for TE materials.

Furthermore, from a sustainability perspective, little information is available on com-
monly used TE materials. An example of this is the use of toxic materials such as lead,
tellurium and bismuth in their fabrication. Therefore, an important aim of research is to
explore is the environmental risks that these materials can present at different stages of the
useful life of TEG modules and to search for abundant and low-cost elements.

Interest in certain thermoelectric materials is based on a combination of their character-
istics and performance. Figure 5 shows the trends in the number of publications in recent
years in relation to some representative thermoelectric materials, according to a survey
carried out in the Scopus database. The figure shows the growing research interest in these
thermoelectric materials.

Recent Development of New Materials for Thermoelectric Applications

The increases in the ZT values are produced especially by the decrease in the thermal
conductivity of crystal lattices, and the recent advances in the development of new TE
materials are based on the search for mechanisms that make it possible to minimize the
thermal conductivity in the crystal structures of TE materials. Advances in TE materials
provide measurable improvements in ZT values through the use of nanotechnology-based
techniques. Nanophonon metamaterials provide special local resonance states in semicon-
ductor materials for suppression of thermal conductivity. According to Ouyang et al. [60],
nascent theories are being forged in the field of TE materials. Among the most promising are
the coherent phonon theories (https://www.nature.com/articles/nmat3826, aacessed on
23 August 2021), the nanophonon metamaterial [61], the rattling effect [62], the topological
phonon [63,64] and the topological electron [65]. Likewise, the synthesis of low-dimensional
materials would allow the separation of related thermoelectric parameters to optimize

109



Sustainability 2022, 14, 5987

thermoelectric performance. Among the advances in this field, the 1D Nanowires stand
out [66,67], as well as the 2D Materials [68,69] and the Nanomesh Structures [70,71]. Finally,
it should be noted that given the recent advances in computing, artificial intelligence and
machine learning in combination with atomic simulation techniques, the development of
new tools to predict new structures and characteristics of novel materials is envisioned,
and these will provide accurate forecasts of the inherent properties of TE materials.

Figure 5. Research in thermoelectric materials in recent years.

3.2. TEG Modules

In the systematic search carried out, 29 articles related to TEG modules were found. We
observed that one of the most commonly addressed topics is the efficiency/cost relationship
presented by TE materials. This aspect is usually approached from several points of view,
such as cost reduction, varying the TE material, or through a design of the TEG module that
preserves its efficiency. However, another important factor that must be taken into account
is the sustainability of the modules, which ranges from the analysis of their useful service
life to the study of their final disposal. In Figure 6, the classification of the articles according
to their content can be observed. These were classified by costs, sustainability, efficiency
and modeling. In this graph, one article as found classified involving costs [42]; seven
involving efficiency [27,39,44,49,52,56,57]; one in modelling [48]; and six in sustainabil-
ity [18,23,37,38,50,53]. In the common areas D, E, F, G, H, it was not found papers between
costs and sustainability and costs and modelling in zones D and G respectively. Between
costs and efficiency, zone E, three articles were found [18,22,55]; while for zone F, between
efficiency and modelling, seven were found [28,34,35,41,45–47]. Finally, ten references were
found in thermoelectric modules, zone H [16,21,30–32,36,40,41,43,55].

Figure 6. Classification of the articles found according to the results obtained for thermoelectric modules.
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3.3. Cost/Efficiency

Currently, TEG modules are not in such high demand as could be expected as they
are a clean source of energy that does not require exhaustive maintenance. However, the
high cost/efficiency ratio that TEG modules present means that their introduction into the
industry is difficult and still limits their viability.

3.4. Module Manufacturing

With the aim of decreasing the production costs without affecting the efficiency of the
modules, some authors focus their research on the design of TE modules, the search for
new materials in order to decrease costs, or increasing their efficiency. The use of oxides,
half-heusler materials, skutterudites, and composite materials (organic/inorganic) can be a
solution to overcome the limitations of the TEG modules. It is important, however, that
these studies be developed in a holistic context oriented to applicability.

Studies such as those by Salvador et al. [52], on skutterudite encapsulated modules
with a ZT of 1, enable this type of module to compete directly with the efficiencies of
commercial PbTe modules. However, to date, commercial modules with this type of
materials are scarce and costly due to their current manufacturing methods. Fu et al. [44]
evaluated the potential of doped half-heusler materials with an efficiency of 6.2% and a
power density of 2.2 W/cm2. These modules can resist high temperatures (~927 ◦C) and
are an economical alternative to commercially used TE materials.

In order to reduce costs in TEG modules and to improve their coupling to any surface,
Lee et al. [39] studied the manufacture of TEG devices and basic electronics using titanium
oxides (which operate at temperatures ~500 ◦C), and deposited them by plasma sintering,
thus obtaining an assembly of thermocouples connected in series and in parallel with an ef-
ficiency of 0.85% and an electrical power of 2.43 mW at 450 ◦C. The authors did not conduct
an economic analysis on the assembly, only referring to its easy and low manufacturing cost
through the elimination of many of the parts that make up the commercial TEG modules.
On the other hand, Yazawa et al. [54] proposed the use of flexible modules that incorporate
organic/inorganic composite materials and reduce costs but with a reduced performance
(ZT between 0.01 and 0.25), a performance that is relatively low compared with commercial
TE materials.

Anderson et al. [23] carried out a techno-economic analysis on the total cost of TEG
devices, finding that the use of impure TE materials such as oxides or other types of
cheaper TE materials are not the most feasible option at a cost level, since TE material only
represents 15% of the total value of a TEG module.

Table 6 presents some characteristics of commercial modules such as base material,
dimensions, power output, open circuit voltage, operating temperature range and cost.
Currently, the most common TEG modules are those manufactured from bismuth telluride.
Among these, a great variety can be found in which characteristics such as their configura-
tion, output power and circuit voltage might vary. Most modules can work at maximum
temperatures between 320 ◦C and 350 ◦C, but their optimal operating conditions are around
250 ◦C. These types of modules can be found in the market with prices ranging between
$10 and $28 US.

Likewise, commercially it is possible to find modules that resist higher temperature
ranges, such as TEG PbTe-BiTe modules. These TEG modules can work at maximum
temperatures of around 360 ◦C, and commercially they can be found with better output
powers than the BiTe based ones. Naturally, the improvement of these characteristics is
reflected in their cost.

Table 850 ◦C reaching 6% efficiency, being attractive for the recovery of residual heat at
high temperatures. However, this type of component is up to seven times the cost of traditional
BiTe-based modules. This makes them less attractive due to their cost-efficiency ratio.
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Table 6. Technical characteristics and cost of commercial modules.

Commercial
Modules Materials Dimensions

(W × L × H) (mm3)

Output
Power

(W)

Open Circuit
Voltage (V)

Operating
Temperature

Range

Cost
($ US) Ref

Hz-1 BiTe based 29.21 × 29.21 × 5.08 2.3 6.1 50◦ to 250◦ $10.00 [72]
Hz-9 BiTe based 62.74 × 62.74 × 6.63 9 6.1 50◦ to 250◦ $15.00 [72]

Hz-14 BiTe based 62.74 × 62.74 × 6.63 14 3.1 50◦ to 250◦ $25.00 [36]
Hz-14HV BiTe based 61.05 × 71.05 × 7.87 14 8 50◦ to 250◦ $25.00 [17]

Hz-20 BiTe based 74.68 × 74.68 × 5.08 20 4.5 50◦ to 250◦ $50.00 [13]
Hz-20HV BiTe based 74.50 × 68.00 × 5.00 20 10.8 50◦ to 250◦ $50.00 [72]

TEP1-1264-3.4 BiTe based 40 × 40 × 5 5.4 10.8 30◦ to 300◦ $40.89 [11]
TEG1-126610-

5.1 BiTe based 40 × 40 × 4 5.1 7.8 30◦ to 300◦ $28.41 [73]

TEM 070-6006 SnTe based 40 × 40 × 4 16.8 - 70◦ to 600◦ - [12]
TEG1-PB-
12611-60 PbTe-BiTe 56 × 56 × 7.7 21.7 9.2 30◦ to 350◦ $69.00 [14]

CMO-32-62S BiTe cold site-Calcium
manganese oxide hot site

64.5 × 64.5 × 8.3 12.30 12.8 50◦ to 800◦ $375.00 [73]
CMO-25-42S 42 × 42 × 7 7.5 10.0 50◦ to 800◦ $330.00 [73]

3.5. Module Design

Commercial modules, such as those from Table 6, generally have a pre-designed
configuration from the supplier, which means that for some applications, they are not
suitable or do not show their optimal performance. On the other hand, the design is an
important factor since by means of the design parameters, the efficiency, the cost and the
useful life of the modules can be improved. Likewise, most of the studies related to TEG
components or systems are carried out using simulation tools [15], due to the complexity
of their manufacture, as well as the cost that these would generate for their development
if they were carried out exclusively by experimental means. Some of the most relevant
studies in this regard are listed below.

Segmented modules represent one of the most viable alternatives from the view point
of design. In these, various TE materials are used to manufacture the module legs, seeking to
increase the working temperature, minimize the thermal effects, and increase the efficiency
of the TEG modules. Recent work related to the manufacture of segmented modules
includes the work of Hung et al. [46], who implemented commercial TE materials in cold
areas of the cell and oxides in hot areas, in order to increase the working temperature of
the modules. The viability of these TEG modules was analyzed using numerical modeling,
which found that the oxide-segmented modules have an efficiency of around 10%. Ouyang
et al. [36] carried out a study in which high-ZT TE materials were evaluated by finite
element analysis. A systematic model was achieved for the segmented modules, finding a
cost-performance ratio of ~0.86 $/W with an efficiency of 17.8%. Similarly, Jiang et al. [27]
evaluated a TEG module composed of np Bi2Te3 and np PbS/PbTe, which exhibited an
efficiency of 11.2% with a ∆T = 317 ◦C. In addition, they optimized the ratio of the legs at
low and high temperatures, determining the optimal ratio to be 7:17. The maximum power
obtained in this TEG module was 0.53 W for a ∆T = 312 ◦C.

During the design of TEG modules, the optimization of parameters such as the length
of the legs or the number of thermocouples of the TE materials helps to reduce the amount
of material used, without compromising the efficiency of the modules. According to
Rezania et al. [49], the temperature differences at the n- and p-type junctions of TE elements
are not identical. Such temperature differences are lower in n-type TE elements, compared
with those in p-type TE elements, due to the higher thermal conductivity in the n-type
material. Consequently, the footprint size of the n-type element must be larger than the
footprint of the p-type TE element, due to the higher thermal conductivity in the n-type
material. Therefore, the optimal ratio of footprint areas to achieve the maximum generation
and the best cost-efficiency ratio in thermoelectric modules must satisfy that An/Ap < 1,
where An and Ap are the footprint areas of the the n-type and p-type junctions, respectively.
Brito et al. [41], found that when the thickness of the TE elements is smaller, the electrical
resistance is reduced, but this will impact the ∆T of the TE module, because a lower

112



Sustainability 2022, 14, 5987

thermal resistance will increase the thermal output and attenuate the temperature difference
between the hot and cold sources. However, this will only occur if the usable hot source is
low and the other thermal resistances are high enough to significantly affect the ∆T of the
TE module. In their study, Dongxu et al. [31] found that the thickness of the TE legs can
be reduced to 1.1 mm, which is 4 mm less than commercial modules, while still achieving
the same efficiency. In all these works, simulation tools were successfully used to find the
relationships between the different parts of the modules and their respective powers.

3.6. Useful Life

The evolution in the design of TEG modules has also contributed to increasing their
useful life. Moreover, the thermal stresses to which the TEG modules are subjected, affect
them adversely by the formation of microcracks and the expansion and contraction of TE
materials. To address this problem, Skomedal et al. [40] incorporated spring-supported
contacts in the legs of TEG modules to dampen thermal expansion and contraction in the
modules; these authors concluded that good diffusion barriers and possible coatings can
reduce oxidation of the hot side electrodes and interconnections. Likewise, they noted that
the TEG module could generate 1 to 3 W/cm2. Furthermore, Ming et al. [45] studied, via
numerical analysis, how the non-uniform flow causes the junctions of the TEG modules
to be damaged and also decreases their output power. In addition, Merienne et al. [32]
investigated the effect of thermal cycles on commercial TEG modules, finding that when
rapid temperature changes are applied, their output power can decrease by up to 61%,
compared with a module in which the heat flow is constant and the temperature changes are
minimal. Therefore, it is of utmost importance to analyze in detail the design of TEGs and
the operating conditions to which they will be subjected in order to establish applications
that allow them to extend their useful life.

The current commercial TEG modules have still not reached the economic feasibility,
nor the efficiency required for thermal energy recovery applications. Therefore, as men-
tioned above, the characterization of commercial TEG modules, in the specific conditions
to which they are going to be subjected, requires the use of expensive control equipment, or
manual processes, which leads to difficulty in making long-term measurements. Therefore,
Elzalik et al. [28] developed a characterization method that allows precise and inexpensive
estimation of the maximum power point and the dynamic parameters of the TEG module.
The proposed procedure can be used with different sources of residual thermal energy and
under different operating conditions.

In relation to the sustainability of TEG modules, authors such as Khanmohammadi
et al. [22] and Heber et al. [21] state that the amortization period and the power ratio of
commercial TEGs make them not viable to be used exclusively as a generation method.
Therefore, they recommend using them as a complement to other methods of recovering
residual thermal energy, thus generating an integrated system, or the development of
segmented TEG modules that allow greater efficiency and profitability.

3.7. Thermoelectric Generators

As previously mentioned, the main limitation for the use of TEG is its cost-efficiency
ratio; therefore, this type of generator still does not compete with conventional mechanical
thermodynamic systems or the electrochemical systems of Rankine, Stirling, Brayton,
expansion devices or fuel cells. These types of conventional generation systems have a
wide application ranging from heat utilization with a lower output power range to greater
than 10 kW. For their part, TE materials are usually utilized for applications with an output
power of less than 10 kW [51], which makes them suitable for specific power requirements.

Yazawa et al. [40], focused their research on the economic viability that TEGs can
achieve with respect to other types of electricity generation systems. The authors found
that TEG modules with a ZT of 0.8 can achieve a cost-performance ratio of 0.86 $/W. This
makes TEG systems competitive with other power generation systems. It was also found
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that TEG systems have commercial profitability if they have a cost-performance ratio of
less than $1/W [34].

In the manufacture of TEG systems, the main component is the TEG module, and the
other components such as heat sinks, and supports help the system to perform better. Mori
et al. [42] estimated that the TEG modules only represent 60% of the cost of whole systems
and focused the design of the system on heat concentration structures that would help to
double the efficiency of power generation and that could reduce the total cost in the system
by half. Likewise, Hendricks et al. [43] warned that the cost of the heat exchanger, which is
the element of the system that most frequently increases the total costs of TEG modules,
should be further investigated to achieve profitability of the system.

Lately, the automotive industry has initiated investigations into TEG systems due to
the considerable losses of caloric energy that arise from the combustion process, which
could be used to power other vehicle systems. Indeed, the incorporation of these energy
recovery systems, could significantly reduce CO2 emissions into the atmosphere.

Arsie et al. [47] proposed the incorporation of a TEG system in the exhaust of a car
using commercial 14 Hz TEG modules. In their research, the temperature gradient was
guaranteed using refrigerant on the cold side of the module; the system was connected
directly to the battery and alternator of a vehicle, and using a longitudinal model, it was
possible to determine that the system displaces the energy of the alternator by between 15
and 20%, having an average saving of ~1 g/km of CO2 in standard driving cycles.

Fernández et al. [34] used commercial Bi2Te3 TEG modules for heat recovery from
light duty diesel engines as they produce ~386 W of recoverable power under common
vehicle driving conditions. In their research they found that in commercial TEG modules, it
is only possible to recover about 37.6 W, if no additional improvements, such as advanced
heat exchangers, are applied. The authors also found that when a cooling system is able
to maintain the cold side of the TEG module at 50 ◦C (less than the engine system coolant
temperature), up to 75 W of power can be obtained.

Heber et al. [21] in 2020, manufactured a TEG system for natural gas heavy vehicles, in
which they used 168 commercial modules based on SnTe. The cost of the TEG was EUR 1811,
and a maximum power of 1507 W was achieved with a power density 50 W/kg, a reduction
in CO2 emissions of 4.9 (9.4) g (CO2)/km, and a cost-efficiency ratio of 1.2 EUR/W, which
suggests that the system is profitable.

Likewise, the use of TEGs as complementary systems has been investigated to compen-
sate the cost-efficiency ratio in different applications to reduce CO2 emissions. Thus, Bellos
et al. [74] investigated the efficiency of a solar energy-induced TEG using commercial Bi2Te3
TEG modules, and carrying out a financial analysis, found that the cost of the investment
would be 1 EUR/W, with a payback period of 4.55 years and a leveled cost of electricity of
0.0441 EUR/kWh, indicating that this system would be unprofitable.

3.8. Sustainability (Circular Economy)

As noted above, commercial TE materials are not yet sufficiently cheap, and high
efficiency materials are not yet mass produced. Until now, the most commonly used
commercial TE materials are Bi2Te3-based alloys because they have advantages such as
easy bulk processing. However, although they are precursors, high energy expenditure
and expensive techniques are used in their processing both for power generation and
for cooling at temperatures close to ambient levels. On the other hand, TE materials use
elements such as bismuth, tellurium, antimony, selenium, and lead, among others, which
are expensive, scarce, and sometimes toxic. As mentioned earlier, from the point of view of
the circular economy, the recycling of TEG modules could generate great economic benefits
since it would allow obtaining raw materials for the manufacture of new TEG modules
or other electronic devices, generating a reduction in the consumption of scarce elements.
Moreover, they also generate environmental advantages because the improper disposal of
these materials is avoided, which can benefit both the environment and human health.
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At the time of writing this paper, the scientific publications on recycling TEG modules
are still quite sparse. However, currently there are different ways to recycle TEG modules
based on tellurium bismuth, from which three approaches can be differentiated based
on the separation techniques: (i) chemical, (ii) thermal, and (iii) bacterial methods. On
the other hand, in some cases only some parts of the TEG modules are recycled or only
the elements of the semiconductors are recovered. According to the bibliographic review
carried out, approaches have been proposed for the recycling of commercial TEG modules
based on bismuth tellurium, by taking advantage of the differences in melting temperature
of the constituent materials. In this way, the separation of the different constituents of
commercial modules (plastics, Cu, Bi2Te3 and Al2O3) in an efficient way might be achieved
by mechanical processing which relies on the entropy changes of these materials [27].

The TE materials have been separated by thermal processes followed by chemical
separation processes, in which the characterization of the materials of the TE modules was
conducted by techniques such as differential scanning calorimetry (DSC), X-ray diffraction
(DRX) and field emission scanning electron microscopy (FESEM), which give information
on the material types, melting temperatures and the distribution of the materials. This
allows their separation based on the differences in thermal and chemical properties. This
type of separation is initially carried out by means of thermal treatments such as hot oil
baths at 250 ◦C for the removal of solder from the -n (Bi2Te3) and the p-type (Bi0.5Sb1.5Te3)
semiconductors. Later they are subjected to a mixed acid solution (HCl and HNO3 in a
3:1 ratio) at room temperature. At this point, the Sb of the semiconductors precipitates.
Then, the solution is then filtered, washed and sintered in order to obtain nano-powders of
Bi2Te3 -n type with a particle size of ~15 nm purity [25,36].

None of the previous works reports a characterization of the thermoelectric properties
of the recovered TE materials. The characterization would be of great importance in order
to know if the processes used for their separation in any way affect the properties of the
recovered products and their possible use in future applications. Table 7 lists some recent
works in relation to the final disposal of thermoelectric modules.

Table 7. Bibliographic review of the final disposal of thermoelectric modules in recent years.

Year Ref Number of Articles Country

2020 [9] 1 Finland

2017
[26]

2
France

[27] Korea

2014 [39] 1 Korea

2013 [42] 1 Korea

It is clear then that there is a global need for sustainable technologies [75–77], and
the circularity of materials and processes are areas where TE can have a significant impact
as the main, partner, or complementary technology since it is a particularly adaptable
technology [78].

4. Remarks and Conclusions

Between 2010 and 2020, there have been few studies concerning thermoelectric gen-
erator (TEG) modules that examine the larger holistic picture from mass manufacturing,
profitability (from the economic point of view), efficiency, life cycle, and competitiveness to
final disposal. Despite this, in the systematic search, an approach towards circular economy
and sustainability has been considered indirectly since the articles analyzed covered topics
ranging from raw thermoelectric TE materials, manufacturing of TEG modules, energy
efficiency, and also the applicability and recycling of materials and modules.
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The cost of manufacturing the modules is a little explored topic since in most works,
only the relationships concerning the cost of the constituent TE materials are analyzed, and
other factors that contribute to the high commercial cost of these modules are not examined.

In the present review it is highlighted that the efficiency of TEG modules depends, in
addition to the TE materials, on external agents such as refrigeration systems, connections
between the TEG modules, and the environment in which they will be operated. Therefore,
these are important research topics to improve the cost-efficiency ratio of TEG systems.

Modeling is a valuable tool in predicting the efficiency of TEG modules at different
stages of their development and implementation.

Additionally, the present research evidences the lack of work oriented towards the cir-
cular economy and sustainability of TEG modules, highlighting this aspect as an extremely
important area for the development of TEG systems.

Taking into account the limitations that current TEG modules present in relation to
the efficiency-cost relationship and the lack of research from circular economy and sustain-
ability perspectives, this review proposes an approach for new studies that would allow an
improved understanding of the processes used and their useful life. The research approach
would aim to balance the cost-efficiency ratio from a sustainability perspective, not only ad-
dressing the base material, but also provide a more general approach to understanding the
entire life-cycle of the modules from their manufacture to their final disposal. This would
provide more information on the economic viability and sustainability of TE materials
and modules.

5. Implications and Final Reflection

The circular economy represents a development opportunity that would lay the foun-
dations for a sustainable recovery. Responding to the problem of the large accumulation of
waste will in turn allow progress in solving the climate crisis and thus avoid the loss of
valuable habitats.

The present study was developed with the aim of promoting the development of
alternative generation systems to reduce dependence on the consumption of oil and other
minerals. This will lead to a reduction in the generation of high levels of emissions, which
will help the restoration of the battered ecosystems of our planet. Here is an opportunity
that the authors believe should be seized as soon as possible.

As shown in this study, there are few development initiatives, particularly in the field
of thermoelectric materials, that implement sustainable models. This is striking since what
has sparked interest in the development of this technology has been precisely the need to
counteract an existing problem. However, there is no awareness of the implications of not
adopting an environmental perspective and transforming our way of thinking in order to
build a better world for all.
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Abstract: The technological performance and environmental advantages of replacing sand by or-
namental stone processing waste (OSPW) in the production of mortars for civil construction were
studied. Technological properties associated with the standard consistency index, squeeze flow and
bulk densities as well as the determination of water retention and calorimetry analysis were evaluated
in the mortars’ fresh state, whereas capillarity tests as well as mechanical resistance by flexural and
compression tests were determined in the hardened state for mortars incorporated with 10, 30 and
60 wt.% of OSPW substituting sand. Three different types of Portland Cements were considered in
the incorporated mortars production. For these mortars environmental analysis, their corresponding
life cycle assessment results were compared to that of conventional waste-free (0% OSPW) control
mortar. It was found that the OPSW incorporation acts as nucleation sites favoring a hydration
process, which culminates after 28 days of curing in the formation of more stable phases identified as
hydrated calcium silicates by X-ray diffraction (XRD) amorphous halo. It was also revealed that both
flexural and compression improved resistance for the incorporated mortars after 28 curing days. In
particular, the calorimetry and XRD results explained the better mechanical resistance (12 MPa) of
the 30 wt.% OSPW incorporated mortar, hardened with Portland Cement V, compared not only to the
control, but also to the other incorporated mortars. As for the environmental analysis, the replacement
of sand by OSPW contributed to the reduction in associated impacts in the categories of land use
(−5%); freshwater eutrophication (−9%); marine eutrophication (−6%) and global warming (−5%).

Keywords: life cycle assessment; squeeze flow; cement

1. Introduction

Brazil stands out for having large mineral deposits, such as ornamental stones, which
are transformed into products that can replace ceramic coverings and floors. In the Brazilian
national territory, the state of Espírito Santo is known as a major producer of ornamental
stones, such as marble and granite [1].

The ornamental stone industry is responsible for moving significant volumes in the
national and international markets [2,3]. The Brazilian exports of natural stone materials to-
taled USD 1.34 billion and 2.40 Mt in 2021, an improvement of 35.5% and 11.4%, respectively,
compared to 2020. Revenue and annual variation surpassed the historical records recorded
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in 2013 (USD 1.30 billion and 22.8%). The processed stone export activities were responsible
for USD 1.077 billion, about 80% of total revenue in 2021 [4]

The observed growth consumption of the ornamental stone industry, in the national
and international marketS, is directly linked to the amount of waste from the processing
stages of this material. It is estimated that of the total natural stones available for processing,
about 41% becomes tailing. Thus, in 2021, internal processing activities in Brazil generated
3.276 million tons of tailing [4]. The tailings obtained in the beneficiation phase form
a sludge.

When drying, this sludge turns into non-biodegradable solid ornamental stone process-
ing waste (OSPW) classified as class IIA waste—non-inert and non-hazardous [5]—which
often receives inadequate final disposal, having its impacts reflected on human health
and depletion of the environment [6]. The OSPW can be classified as non-biodegradable,
from the particle’s point of view. Due to the strong presence of quartz in its crystalline
phase, it resembles the waste glass previously studied [7], which corroborates that this
class of waste, produced in increasing volumes, owing to the lack of adequate landfills
for packaging, contributes to the intensification of pollution and ecosystem degradation,
impacting factors such as water and soil. It is noteworthy that the glass residue, in its
X-ray diffraction analysis, presents a quartz peak, and the remainder in the form of an
amorphous halo [7].

The expressive volume of OSPW has a great potential for reuse in civil construction,
being compatible with cement matrices, and can be applied as a filler in mortars and
concrete, positively influencing the stability of the material [8–11].

The processing of ornamental stone has the objective of transforming the blocks,
extracted in the mining phase, into final or semi-finished products. In the mining phase,
the blocks are extracted in large dimensions, while in the primary processing, the blocks
are prepared and sawn into sheets of variable thickness, usually two or three centimeters.
Thus, they are subjected to a surface finish, with or without resin, which can be a simple
grinding, polishing, brushing and flaming [1,12].

For the production of concrete and mortars incorporated with ornamental stone waste
obtained in the processing phase, it is relevant to study the waste chemical characterization,
since elements such as magnesium can generate expandability in the hardened state,
reflecting in fissures when used in coatings and paving. In addition, the fineness of the
residue and the SiO2 content associated with the production process might dislodge high
reactivity, resulting in the occurrence of alkali-aggregate reactions [13,14]. Aiming at better
technological performance of the mortar, in addition to prolonging its durability, some
researchers evaluated the addition of OSPW, obtained in the processing phase, which is
characterized as a non-plastic and non-biodegradable by-product. The study considered
particles with a grain size between 2 µm and 60 µm, with chemical characteristics similar
to the sand from the same region [15].

The OSPW, derived from granite and marble whose predominant minerals are calcite
and dolomite, can be used as raw material in the production of mortar, presenting itself
as an alternative that guarantees satisfactory technological performance, in addition to
contributing to the reduction in the environmental impact associated with this industrial
activity. Thus, investing this waste is mainly justified by the possibility of mitigating the
environmental impact associated with the proper disposal of this waste [16,17].

Several studies of mortars incorporated with residues directed their objectives towards
characterization and technological evaluation. However, issues from an environmental
perspective and their impacts are still incipient [18]. According to Sánchez et al. [19], one of
the main inputs for the production of mortar is cement, which, according to its composition
and production process, contributes between 5 and 8% to CO2 emissions in a global context.

The life cycle assessment (LCA) can be understood as a systematic methodology of
analysis capable of contributing to the quantification and identification of environmental
impacts and protection areas associated with productive activities. This applies to the
construction industry, allowing characteristic and comparative analyses of conventional
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and alternative products. The principle of LCA is to evaluate the basic flows of processes
and products, being able to consider such steps as extraction, production, transport, useful
life and disposal [20,21].

Many studies direct their efforts to study the incorporation of waste in the elaboration
of new materials, mainly evaluating their results based on technological tests in accordance
with current standards. However, in addition to the technological feasibility provided
by the standards, it is necessary to evaluate the environmental impacts obtained in the
elaboration of these new materials.

Additionally, it should be noted that compliance with the standards represents the
minimum parameter for the use of construction materials in the industry, which stimulates
the development of new materials. In addition to mitigating the environmental impacts
associated with their production, it also results in technological performance that is superior
to that expected by the norm. Thus, the present research represents a starting point for
studies related to the incorporation of OSPW in the production of mortar, aiming at
reducing environmental impacts and improving the technological performance of these
new materials, considering the chemical composition of this residue and its positive effects
on the formation of mortar.

This study aims to analyze the technological and environmental effects of replac-
ing sand with OSPW in the production process of mortars used in civil construction.
Three types of cement were considered for the production of mortar, namely Portland
Cement II (CPII), Portland Cement III (CP III), and Portland Cement V (CPV) according to
ABNT NBR 16697 [22].

2. Materials and Methods

Figure 1 presents the methodological flow established for the execution of tests and
analyses in this research.
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Figure 1. Schematic diagram of the methodological flow.

2.1. Selection and Characterization of Materials

To produce the mortar and carry out the technological tests, the selection stage con-
sisted of obtaining the raw materials sand and OSPW (Figure 2). The sand extraction region
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was the city of Campos dos Goytacazes, Brazil, with the selection of 50 kg of sand. The
OSPW, on the other hand, was obtained in the same amount, in Cachoeiro de Itapemirim,
Brazil, the main ornamental stone producing city in the state of Espirito Santo.
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Figure 2. The ornamental stone processing waste sample.

The aforementioned materials were taken to an oven at a temperature of ±105 ◦C
for a period of 24 h. After drying, the OSPW passed through a 30 min milling process,
using a ball mill just to ensure the homogenization of the sample particle size. To finish
the preparation of the materials the sand and the residue went through the sieving process
in a 20 mesh sieve. The analysis of the particle size of the ornamental stone waste was
determined following ABNT 7181 [23] by the sieving and sedimentation method.

2.2. Preparation of Samples

Together with the preparation of the materials, the composition of the samples accord-
ing to the raw materials was adopted in the proportion 1:6 cement/sand. For its dosage,
Portland cement types CP II, CP III and CP V (ABNT 16697) [22] were used, and the sand
was replaced by 10%, 30% and 60% of OSPW. To compare the results, the reference trace
was prepared with 0% substitution, as shown in Table 1.

Table 1. Samples composition.

OSPW (%) Cement (Kg) Sand (Kg) OSPW (%)

0 0.214 1.280 0
10 0.214 1.152 0.128
30 0.214 0.896 0.384
60 0.214 0.512 0.768

Material Cement (Kg) Sand (Kg) OSPW (%)

Density (Kg/m3) 3.14 2.65 2.56
Unit Weight (Kg/m3) 1.01 1.43 1.4

Cement/OSPW Cement Consumption (Kg/m3) Sand Consumption (Kg/m3) OSPW Consumption (Kg/m3)

CP II 0% 247 1035 0
CP II 10% 260 983 112
CP II 30% 259 762 333
CP II 60% 222 373 571
CP III 0% 250 1051 0

CP III 10% 260 983 112
CP III 30% 260 764 334
CP III 60% 254 427 654
CP V 0% 249 1043 0

CP V 10% 265 999 113
CP V 30% 255 748 327
CP V 60% 218 366 560
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2.3. Technological Analysis—Fresh State
2.3.1. Consistency Index

According to the fresh state of the mortar, the consistency index was defined according
to the ABNT NM 13276 [24]. Each mortar was produced following the methodology
prescribed by the standard, being mechanically mixed for 90 s (speed 1) in the mortar
(power of 0.3 CV at 62 rpm with a capacity of 5 L) and then placed in rest for 15 min
covered by a damp cloth. After resting, the mixture was manually homogenized for 30 s
with a spatula and placed in the mold on the flow table (MC—119), where it was subjected
to 30 strokes with a socket. After the last fall from the table, the average value of the
diameter measured in three different directions was calculated to verify the consistency of
each mixture produced, being established by the aforementioned standard that the margin
is 260 ± 5 mm. Measurements were performed in relation to the table plane, considering
the vertical, horizontal and inclined readings.

2.3.2. Squeeze Flow

The technological analysis using the squeeze flow methodology was carried out
according to ABNT NM 15839 [25], using a universal testing machine EMIC 26–30 with
a capacity of 30 kN. However, for the execution of this study, a maximum load of 1 kN
was used, as recommended. After preparation, the mortars were spread and poured into a
cylindrical metal mold with a diameter of 100 mm and a height of 10 mm on an inflexible
base made of stainless steel.

The squeeze flow test basically consists of the dynamic analysis of a material com-
pressed by two horizontally parallel plates, thus obtaining a radial expansion of the
compressed material.

The data obtained from the squeeze flow method can be interpreted according to
the 3 phases of behavior that the material can present. The first phase corresponds to the
linear elastic behavior (I), the second describes the plastic behavior, also defined as viscous
flow (II) and the third phase is known as hardening (III) [26]. The three aforementioned
phases, when analyzed according to the force versus displacement relationship, present
their behaviors described by exponential curves, as illustrated in Figure 3.
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2.3.3. Mass Density

To define the density of the mass, the mortar was prepared according to the ABNT
NM 13276 [24] standard. Then, an empty rigid and cylindrical container was used, with
a mass of 0.891 kg and a volume of 400 cm3, continuing the test guided by the ABNT
NM 13278 [28] standard.
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2.3.4. Water Retention

First, considering the plate in the funnel, the filter paper positioned at the bottom of the
plate was moistened. With the aid of a vacuum pump, a suction of 51 mm of mercury was
applied to the set, which was weighed, and its mass (mv) recorded. After this procedure,
the set was filled with the mortar, thickened with 37 socket strokes, flattened, weighed, and
its mass (ma) was recorded.

Thus, with the set filled in the device, a suction of 51 mm of mercury was applied to
the set, which was weighed, and its mass (ms) recorded. The entire continuation of the test
was guided by the ABNT NM 13277 [29] standard. In addition to the three values (mv, ma,
ms) recorded, the total mass of water (mw) and the mass of the anhydrous components (m)
were also recorded.

2.3.5. Calorimetry

According to the squeeze flow test, the samples with cement type CPV were prioritized.
To evaluate the rate of hydration reactions of the mortars, the calorimetry technique (ASTM
C1679-17) [30] was used, being tested in two dosages, only in the CPV, with the substitutions
of 0% and 30%, subjected first to consistency and later to the calorimeter, in amounts of
111.9 g and 111.8 g, respectively. The cement type CPV was used because it does not contain
added blast furnace slag and/or pozzolana in the composition, and it contains calcium
sulfate and carbonate material in the limit of up to 10% ABNT 16697 [22]. This makes it
easier to identify the changes caused by the residue next to the folder. In addition, it was
easily acquired in the local market. This cement is used for prefabricated parts when high
initial strength is required.

2.3.6. X-ray Diffractometry Analysis—XRD

For the XRD analysis, the residue and paste samples were sieved through a 200 mesh
(0.074 mm) opening sieve and taken to an oven at 110 ◦C for 24 h. The pastes were composed
of CP V cement and water (CH2O), CP V cement with 30% of OSPW (COSPW) and water,
and CP V cement with 30% sand and water (CS). For the XRD analysis, the CPV was used
due to its composition, which does not register the presence of blast furnace slag, which is
not in the CPII and CPIII types. The absence of blast furnace slag granulate contributes to
the observation of phase formations and the presence of the main components when the
sample is incorporated with OSPW [31].

The samples were mixed with isopropyl alcohol for 3 m in a 1:10 volumetric ratio
(cement and alcohol), in a glass container with a glass rod. It was filtered and left to dry
in a desiccator at 20 ◦C until it reached the consistency of the masses [30], and it was
analyzed at the age of 28 days. Qualitative crystalline phases were obtained by XRD, in
Proto Manufacturing equipment, XRD Powder Diffraction System: the generator of 30 kV
and 2 mA, Cu-Kα1 radiation, angular step of 0.0149◦, time interval of 0.5 s, sweep of 47 min
and 2θ ranging from 5◦ to 60◦. The crystalline phases in the residue were identified with
reference to COD.

2.4. Technological Analysis—Hardened State
2.4.1. Capillary Absorption

To carry out this test, it was necessary to make 3 prismatic parts for each sample, using
Portland cement types CP II, CP III and CP V, with cures of 7, 14 and 28 days. For this, it
was based on the ABNT NM 13279 [32] standard, which describes the necessary procedures
for the preparation of prismatic parts.

After finishing the curing days, the capillary absorption test was carried out, guided
by the ABNT NM 15259 [33] standard. It was necessary to use a tray with water and an
individual platform made of rubber material to lift the prismatic parts, allowing minimal
contact with the water.
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2.4.2. Analysis of Tensile Strength in Flexion and Compression

For this test, guided by the ABNT NM 13279 [32] standard, it was necessary to prepare
3 prismatic parts for each mix, using Portland cement types CP II, CP III and CP V, with
cures of 7, 14 and 28 days, in the different substitutions of sand by OSPW (10%, 30%
and 60%).

After completing the curing days, the prismatic parts were subjected to flexural and
compressive strength tests, using an EMIC 26–30 universal testing equipment with a
maximum force of 30 kN. First, the flexural tensile strength test was performed, where the
prismatic parts were positioned in the machine in order to avoid contact between the flat
surface and the supporting and loading components.

Then, to run the compressive strength test, the halves of each part of the flexural test
were used and also positioned in the machine in order to avoid contact between the flat
surface and the supporting and loading components.

2.5. Life Cycle Assessment

The LCA methodology was conducted considering the production process of mortar,
incorporated with OSPW, according to the international standards ISO 14040 [34] and ISO
14044 [35]. Indeed, the development of this study aims to assess the environmental perfor-
mance of mortar incorporated with OSPW, compared to conventional mortar. Both were
evaluated according to the LCIA methods ReCiPe 2016 at midpoint, considering the impact
categories, global warming (GW), stratospheric ozone depletion (SOD), ionizing radiation
(IR), ozone formation, human health (OFHH), fine particulate matter formation (FPMF),
ozone formation, terrestrial ecosystems (OFTE), terrestrial acidification (TA), freshwater
eutrophication (FE), marine eutrophication (ME), terrestrial ecotoxicity (TE), freshwater
ecotoxicity (FEC), marine ecotoxicity (MEC), human carcinogenic toxicity (HCT), human
non-carcinogenic toxicity (HNCT), land use (LU), mineral resource scarcity (MRS), fossil
resource scarcity (FRS), and water consumption (WC).

The functional unit considered in this study corresponds to the production of 1 kg
of mortar. To define the phases of the process to be studied, the limits of the system were
delimited, considering the productive activities from the extraction of raw material to the
final process (Figure 4).
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The life cycle inventory (LCI) report (Table 2) was prepared considering the production
process from the extraction and obtaining of raw material to the finished product phase
(cradle to gate). In this case, the life cycle inventory consists of detailed compilations of all
inputs considered in the study (materials and natural resources). For the ornamental stone
sludge, this research considered the natural drying to obtain the OSPW.

Table 2. Life cycle inventory data.

Description

CPV Cement, Portland {RoW}|production|APOS, U
Conveyor belt {GLO}|market for|APOS, U
Electricity, medium voltage {BR}|market for|APOS, U
Industrial machine, heavy, unspecified {GLO}|market for|APOS, U
Tap Water
Packing, cement {GLO}|market for|APOS, U
Silica sand {GLO}|market for|APOS, U
Ornamental Stone Processing Waste 1

1 Embedded in the 30% of OSPW mortar sample.

The data used for the model were extracted from the Ecoinvent 3.3 database, according
to database allocations, as shown in Table 2. The OSPW data were obtained in studies by
Rebello et al. [6]. The modeling, assessment of life cycle impacts (LCI) and interpretation of
results were aided by the SimaPro 9.0 software. For the LCI assessment, the method used
was ReCiPe 2016, at midpoint.

3. Results and Discussion
3.1. Technological Analysis—Fresh State
3.1.1. Consistency Index

According to the ABNT NM 13276 [24,36] standard, it is recommended to adopt the
amount of water required for a consistency index of 260 ± 5 mm. Table 3 shows the results
obtained by the related test.

Table 3. Consistency index test results.

Sample HA 1 (mm) VA2 (mm) TA3 (mm) Average (mm) Water (g) W/C 4

0% OSPW—CP II 262 254 252 256 315 1.47
10% OSPW—CP II 253 270 272 265 268 1.25
30% OSPW—CP II 250 262 260 257 276 1.29
60% OSPW—CP II 257 264 250 257 400 1.87
0% OSPW—CP III 258 255 264 259 301 1.41

10% OSPW—CP III 250 259 269 259 265 1.24
30% OSPW—CP III 258 267 269 265 278 1.30
60% OSPW—CP III 256 254 255 255 415 1.94
0% OSPW—CP V 260 257 269 262 308 1.44

10% OSPW—CP V 248 259 257 255 255 1.19
30% OSPW—CP V 251 255 258 256 282 1.32
60% OSPW—CP V 259 264 265 263 420 1.96

1 HA—horizontal average; 2 VA—vertical average; 3 TA—tilted average; 4 W/C—water/cement.

Thus, following the margin established by the aforementioned standard, the averages
of all replacements (0%, 10%, 30% and 60%) of sand by OSPW in the three different types
of cement (CP II, CP III and CP V) presented results within the acceptable limit.

Analyzing the water/cement ratio of the mortars produced, it was found that all the
percentages of 10%, in the three different types of cement, had the lowest ratio, with the
percentage of 10% in Portland cement type CP V being the lowest, with 1.19.

Taking into account that the lower the water/cement ratio, the greater the resistance,
the lower the permeability and the greater the durability [37], the mortars produced with
10% substitution in cement type CP V have an advantage over the others.
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3.1.2. Squeeze Flow

In view of the data obtained by the squeeze flow method, it is possible to elaborate the
curves of the behavior of the material, guided by ABNT NM 15839 [25], which characterizes
the workability level of the studied mortar. It is possible to analyze three workability
phases: (i) the high workability being represented by the occurrence of the extension of
the plastic deformation stage when the material is subjected to very low loads, registering
transition to the hardening stage only in larger displacements; (ii) the low workability is
characterized by the absence of the plastic deformation stage; and (iii) the medium worka-
bility is characterized by presenting variation of the load level as the plastic deformation
occurs. It is noteworthy that, in mortars with medium workability characteristics, the
material tends to flow and then interrupt the flow, being subjected to greater loads, and
when they return flow, the load tends to decrease [26].

According to the dynamic squeeze flow test, the studied mortars were placed in
an equipment composed of two parallel plates, where according to the variation of the
time and speed parameters, the equipment recorded the data referring to force versus
deformation, as shown in Figure 3.

Figures 5–7 shows the results of the squeeze flow test for the mortars obtained from
the diversifications regarding the type of cement (CP II, CPIII and CP V) and OSPW/sand
replacement fractions (10%, 30% and 60% of OSPW), also considering the speed param-
eters (0.1 mm/s and 3.0 mm/s) of material compression. Observing the curve described
by the results of Portland cement mortar types CP II, CP III and CP V, considering the
mixtures with 10% of OSPW tested at speeds of 0.1 mm/s and 3.0 mm/s, they obtained
similar results.

Thus, the squeeze flow test was performed in three different groups. The first one
considered the CPII type cement, the second one considered the CPIII type cement and the
third one considered the CP V type cement. The three groups were evaluated according
to the incorporation of 0%, 10%, 30% and 60% of OSPW, under the variation of speed
parameters (0.1 mm/s and 3 mm/s) and maximum force of 1 kN.

The definition of the groups occurred based on the parameters foreseen by the stan-
dard, in addition to the composition presented by each type of cement and also the effects
observed in the variation of the incorporation of residue in the materials studied.
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The materials composed of cement type CPII, with a variation of 10, 30 and 60%
OSPW/sand, subjected to the test with a velocity of 0.1 mm/s, presented different behaviors
in the phase transitions. In particular, the CPII cement mortar, incorporated with 10% OSPW
and 90% sand, registered a phase transition of 0.5 mm in the displacement axis.

This behavior may be associated with the increase in the presence of OSPW in the
samples, which contributed to the material having its plastic characteristics accentuated
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according to the increase in the incorporation of the waste. According to the variation of
the incorporation rate, from 30% to 60% of OSPW, the phase transition doubled.

It is noteworthy that the curves responded to a maximum load of 1 kN; therefore, the
behavior of the materials tested, considering the different ranges of OSPW incorporation,
was directly influenced by the displacement speed (0.1 mm/s), emphasizing sensitivity
to segregation.

Considering the materials formed by cement type CP III, with variations of 10, 30 and
60% of OSPW incorporation, subjected to a test speed of 0.1 mm/s, it can be seen that the
mortar with the incorporation at 10% of OSPW presented its plastic phase up to the mark of
0.80 mm of displacement. The mortar incorporated with 30% of OSPW behaved plastically
until the record of 1.80 mm of displacement. The mortar with 60% OSPW incorporation
presented the highest displacement value, registering 2.60 mm.

According to the change in the speed parameter to 3.0 mm/s, the behavior of the
curves was significantly sensitive, as seen in Figure 6. Thus, in a comparative analysis
between the curves obtained at 0.1 mm/s and 3.0 mm/s, it was observed that the materials
subjected to the lowest velocity parameter reached the maximum displacement in the
system with a load of 1 kN, varying between 1.0 and 4.50 mm. On the other hand, the
materials tested under a speed of 3.0 mm/s showed punctual behavior, being the loads to
reach the maximum displacement, conditioned to the composition of each mortar. Taking
into account the average load of 1 kN, the variation of the maximum displacement of the
samples varied between 1.80 and 9.0 mm.

The curve obtained from the squeeze flow test with mortar incorporated with cement
of the CPV type generated a different result from the others, showing only the viscous flow
phase. Comparing the curves of the CP II type mortars, with the CP III type and CP V, in
both the percentage of 60% reached maximum displacement, reaching the mark of 9.0 mm.

The tested materials formed by cement of the CPV type, with the incorporation of
OSPW in 10, 30 and 60%, subjected to the parameter of speed of 0.1 mm/s, and of maximum
force of 1 kN, presented phase changes punctually in displacements 1.0 mm, 2.90 mm and
4.30 mm respectively. The largest displacement recorded was 6.30 mm, presented by
the product with 60% OSPW incorporation. When the speed parameter was changed to
3.0 mm/s, the product with 10% OSPW incorporation presented a similar curve to the
same product subjected at a speed of 0.1 mm/s. Additionally, the CPV-type cement mortar
incorporated with 10% OSPW, subjected to a speed parameter of 3 mm/s, registered a
variation in the phase transition range.

Considering the speed of 3.0 mm/s, it was noticed that the products with 30 and
60% of OSPW incorporation described similar curves in the squeeze flow test, behaving
plastically up to a maximum displacement of 9.0 mm.

In general, it appears that the curves mainly present the stages of plastic deformation
and hardening stage. The materials subjected to the squeeze flow test started their curves in
stage 2, known as plastic deformation or viscous flow, subjected to small loads. According
to the increase in the load, the displacement responded with its gradual growth. In the
transition from stage 2 to stage 3, some mortars presented the transition phase in a short
displacement space. On the other hand, other mortars showed the transition phase in
the long displacement space. As observed in Table 3, as the amount of waste increases,
the amount of water and the w/c ratio increase, converging the results of the curves
in Figures 5–7.

From the point of view of viscosity, regardless of the type of cement, the curves are
similar, despite the different values. It is noteworthy that the CPII curves with 30% of OSPW
at 3 mm/s and 60% of OSPW and CPV with 60% of OSPW, both at 1 mm/s and at 3 mm/s,
differ mathematically from the other curves, having similarities between them. Through
linear regression, the equations presented in Tables 4–6 were obtained, which suggest that
the fluid mortar behaves like a grade 2 Herschel Bulkley fluid, unlike the grade 1 Bingham
fluid, according to [38], showing that the fluid was influenced by the addition of waste.
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It is observed that the linear coefficient of all equations is different from zero, that is, the
initial yield stress occurred, differentiating these mortars from Newtonian fluids.

Table 4. Linear regression and coefficient of determination—mortar sample with CPII.

Equation R2 Trend Line

y = 742.61x2 − 487.13x + 86.24 0.99 10% OSWP—0.1 mm/s
y = 380.39x2 − 400.32x + 88.49 0.98 10% OSPW—3.0 mm/s
y = 106.02x2 − 164.94x + 59.18 0.97 30% OSPW—0.1 mm/s
y = 32.44x2 − 76.478x + 49.95 0.94 30% OSPW—3.0 mm/s
y = 12.95x2 − 20.44x + 61.47 0.91 60% OSPW—0.1 mm/s

y = 1.36x2 + 21.02x + 4.16 0.99 60% OSPW—3.0 mm/s

Table 5. Linear regression and coefficient of determination—mortar sample with CPIII.

Equation R2 Trend Line

y = 982.46x2 − 765.47x + 128.08 0.98 10% OSWP—0.1 mm/s
y = 550.26x2 − 569.95x + 122.42 0.96 10% OSPW—3.0 mm/s
y = 145.15x2 − 222.47x + 73.56 0.95 30% OSPW—0.1 mm/s

y = 60x2 − 81.77x + 46.55 0.97 30% OSPW—3.0 mm/s
y = 3.44x2 + 52.82x + 6.56 0.99 60% OSPW—0.1 mm/s

y = 12.42x2 − 29.94x + 77.30 0.86 60% OSPW—3.0 mm/s

Table 6. Linear regression and coefficient of determination—mortar sample with CPV.

Equation R2 Trend Line

y = 388.74x − 203.41 0.7996 10% OSWP—0.1 mm/s
y = 349.73x − 157 0.7795 10% OSPW—3.0 mm/s

y = 158.27x − 100.46 0.7941 30% OSPW—0.1 mm/s
y = 23.203x + 4.4478 0.9728 30% OSPW—3.0 mm/s
y = 105.6x − 84.594 0.7785 60% OSPW—0.1 mm/s

y = 24.778x − 4.0944 0.989 60% OSPW—3.0 mm/s

Another observed fact is that the yield stress decreases with the increase in the amount
of waste, regardless of the load speed and the type of cement, and the mortar tends to be
more fluid, that is, to have a greater workability. Ying et al., [39] studied the incorporation
of waste glass processing in the mortar, noting that its increased incorporation in the mortar
also contributed to a better workability.

Considering the value obtained in the linear regression analysis for R2, it is possible
to analyze the linear correlation of the variables force and displacement. For values
above 95%, it is possible to infer that the variables have a positive linear correlation, i.e.,
the data are accurate.

3.1.3. Mass Density

The density test was carried out in accordance with ABNT NM 13278 [28], and the
mass of the full container was recorded. Then, the mass density of each mixture was
calculated in the different substitutions (0%, 10%, 30% and 60%) in the three types of
Portland cement (CP II, CP III and CP V). Tables 7–9 show the values obtained, respectively,
by CP II, CP III and CP V cements.

Table 7. Mass density of Portland cement type CP II.

Incorporation of OSPW

0% 10% 30% 60%
Container mass (g) 1643.5 1654.2 1697.1 1654.4
Mass density (g/cm3) 1.88 1.91 2.02 1.91
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Table 8. Mass density of Portland cement type CP III.

Incorporation of OSPW

0% 10% 30% 60%
Container mass (g) 1666.4 1609.9 1540.6 1637.6
Mass density (g/cm3) 1.94 1.80 1.62 1.87

Table 9. Mass density of Portland cement type CP V.

Incorporation of OSPW (%)

0 10 30 60
Container mass (g) 1649.2 1673.4 1703.1 1654.5
Mass density (g/cm3) 1.90 1.96 2.03 1.91

Analyzing the mass density in Portland cement type CP II, it appears that the mortar
with the lowest density was the one with 0% replacement of sand by the residue with
1.88 g/cm3, while the mortar with the highest density was the one with 30% replacement
with 2.01 g/cm3. In the case of cement type CP III, the opposite occurs, where the mortar
produced with 30% replacement has the lowest density with 1.62 g/cm3 and the mortar
with 0% replacement has the highest density with 1.94 g/cm3.

In Portland cement type CP V, the same occurs as for CP II, the mortar with the lowest
density is the one with 0% replacement with 1.90 g/cm3, and the one with the highest
density is the one with 30% replacement with 2.03 g/cm3. Analyzing the densities in the
three types of cement, the one that presents the highest density is the Portland cement
type CP V, while the type CP III presents the lowest density.

Although the mortars tested in the three types of cements in percentages of different
replacements show variations in densities, most are around 2 g/cm3, and densities lower
than those mentioned are also obtained, bringing advantage to the mixture, as in the case
of Portland cement type CP III with 30% replacement [40].

3.1.4. Water Retention

According to the registration of the five values (mv, ma, ms, mw, and m) of the mass
of the set, the water/fresh mortar factor (AF) and the water retention (Ra) were then
calculated, considering each mixture in the different substitutions (0%, 10%, 30% and 60%)
in the three types of Portland cement (CP II, CP III and CP V), as shown in Tables 10–12.

Table 10. Water retention in mortar with Portland cement type CP II.

OSPW (%) mv (g) ma (g) ms (g) mw (g) m (g) AF Ra (%)

10 605.80 1698.70 1688.70 268.0 1494 0.22 95.81
30 601.80 1735.60 1733.10 276.0 1494 0.23 99.03
60 602.40 1597.20 1593.80 400.0 1494 0.37 99.07
0 622.98 1746.19 1735.06 315.2 1494 0.27 96.29

Table 11. Water retention in mortar with Portland cement type CP III.

OSPW (10%) mv (g) ma (g) ms (g) mw (g) m (g) AF Ra (%)

10 622.8 1799.2 1793.4 265 1494 0.22 97.71
30 621.1 1924.8 1920.1 278 1494 0.23 98.42
60 623.5 1684.9 1681.9 415 1494 0.38 99.27
0 623.3 1715.8 1712.3 301 1494 0.25 98.73
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Table 12. Water retention in mortar with Portland cement type CP V.

OSPW (%) mv (g) ma (g) ms (g) mw (g) m (g) AF Ra (%)

10 604.3 1664.4 1662.0 255 1494 0.21 98.90
30 605.5 1631.9 1628.2 282 1494 0.23 98.45
60 603.7 1589.5 1585.4 420 1494 0.39 98.94
0 622.0 1715.9 1711.9 308 1494 0.26 98.59

Analyzing the water retention in Portland cement type CP II, it appears that the mor-
tar with the lowest retention was the one with 10% of sand replacement by OSPW with
95.81%, while the mortar with the highest retention was the one with 60% of replacement
with 99.07%. The same characteristics are found in cement type CP III; the mortar pro-
duced with 10% replacement has the lowest retention with 97.71% and the mortar with
60% replacement has the highest retention with 99.27%.

Considering the Portland cement type CP V, there is a difference from the others. The
mortar with the lowest retention is the one with 30% replacement with 98.45% instead
of 10%, as in the CP II and CP III cements. The one with the highest retention is the
60% replacement with 98.94%, as in the other cements.

Examining the control mortar (0% OSPW), it is noted that the lowest value is found in
CP II cement with 96.29%, while the highest is found in CP III with 98.73% retention. At
10% replacement, the lowest value is also found in CP II cement with 95.81%, while the
highest is for CP V with 98.90% retention.

As for the analysis of the mortars with 30% replacement, it is noted that the lowest
value is found in the CP III cement with 98.42%, while the highest is found in the CP II
with 99.03% of retention. At 60% replacement, the lowest value is found in CP V cement
with 98.94%, while the highest is found in CP III with 99.27% retention.

3.1.5. Calorimetry

Regarding the calorimetry analysis the registration of the hydration reactions of the
mortars, through the software connected to the calorimeter device, it was then possible to
plot the heat and thermal energy curves per unit weight of cement. Figures 8 and 9 present
the values obtained.
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By means of the thermal power curves, it was possible to observe in the sample with
30% substitution an increase in the curve in the acceleration period from 1.5 h to 5 h approx-
imately, due to the faster heat release. This is directly associated with a nucleation process
and growth of hydration products faster, a behavior also shown in previous studies [13,41].

On the other hand, in the heat of hydration curves, it was possible to observe that the
30% sample presented higher heat of hydration accumulated since the beginning of the
test, as a consequence of a greater formation of hydration products, a similar result to that
obtained by Topçu et al. [42].

3.1.6. X-ray Diffractometry Analysis—XRD

Figure 10 shows that the particle size distribution of the OSPW particles dimensions
is 88% between 2 µm and 60 µm. This class is considered as a filler. It was observed 10%
of particles smaller than 2 µm, represented by D10 referring to fine quartz particles found
by XRD. The particle size of the sand fraction is 2%, which is the coarser particle of the
raw material. The residue is classified as non-plastic. These results are similar to those of
Xavier et al. [5].
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Figure 10. Particle size distribution of the ornamental stone processing waste.
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Figure 11a presents the XRD pattern of the OSPW. Note that it is basically formed
by quartz, identified by well-defined peaks. Figure 11b shows the presence of ettringite,
portlandite, quartz and calcium carbonate. There is also an amorphous halo of C–S–H
between 20◦ and 28◦ in the COSPW and CH2O samples. An amorphous halo of C–S–H
is found between 22◦ and 26◦ (X-ray angle of incidence) in the CS sample, which shows a
smaller amount of this stable and resistant phase. This shows that the waste contributes
to the formation of this more resistant phase, as observed in Figure 8 with the increase
in the heat of hydration being faster with the paste containing 30% of OSPW with the
nucleation of the smaller particles, these being in amounts of 10% of OSPW fraction of 2 µm
(Figure 10—OSPW particle size distribution). There is no difference between the COSPW
and CH2O paste when compared to each other.
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The above-mentioned difference is observed in Figure 7, from the squeeze flow, in
the fresh state, as it requires less load and has a greater possibility of displacement, which
means that the mortar with OSPW has more workability than the control mortar with only
sand. In addition, there is a difference in intensity in most portlandite peaks between the
COSPW and CH2O samples, with smaller peaks being observed in most of the COSPW
samples. This may indicate a portlandite reduction and formation of stable phases, as
discussed earlier.

3.2. Technological Analysis—Hardened State
3.2.1. Capillary Absorption

The capillary absorption test was carried out as per the ABNT NM 15259 [33] standard,
from which two parameters can be taken to determine the phenomenon of capillarity
in mortars: (i) the capillarity coefficient, and (ii) the water absorption by capillarity at
90 m [40].

Three prismatic parts were made for each mix, using Portland cement types CP II,
CP III and CP V, with cures of 7, 14 and 28 days, in the different replacement of sand by
OSPW (10%, 30% and 60%). Table 13 shows the average of each percentage of the capillarity
coefficients of the mortars produced.
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Table 13. Capillarity coefficients (g/dm2·min1/2).

Capillarity Coefficients

Cure (Days) OSPW (%) CP II CP III CP V

7 Days
10 0.85 0.44 0.35
30 0.60 0.36 0.27
60 1.07 0.85 0.25

14 Days

10 1.07 0.98 0.51
30 0.78 0.6 0.46
60 1.17 0.77 0.76
10 0.92 0.78 0.48

28 Days 30 0.71 0.61 0.44
60 1.30 1.06 0.70

Thus, analyzing the capillarity coefficient in the prismatic specimens, made with
Portland cement type CP II, it appears that the 60% replacement mortars, from sand to
OSPW, showed a higher capillarity coefficient regardless of the curing time. On the other
hand, the mortars produced with 30% replacement showed the lowest capillarity coefficient
also regardless of the curing time.

In the specimens made with Portland cement type CP III, the 30% replacement mortars,
at all curing times, showed the lowest capillarity coefficient. In mortars with curing times
of 7 and 28 days, the highest capillarity coefficient is at 60% replacement, while at 14 days
of curing, it is at 10% replacement.

In Portland cement type CP V, mortars with curing times of 14 and 28 days pre-
sented the highest coefficient at 60%, while at 7 days of curing, the highest coefficient is
at 10% replacement. As with mortars made with cement type CP II and CP III, the lowest
coefficient is found at 30%, when analyzed at 14 and 28 days, while at 7 days of curing, the
lowest value is at 60% of replacement.

3.2.2. Determination of Tensile Strength in Flexion and Compression

Table 14 presents the compressive strengths found in the mortars made with Portland
cement types CP II, CP III and CP V, with curing of 7, 14 and 28 days, in the different
replacement of sand by OSPW (10%, 30% and 60%).

Table 14. Flexural and compression strength test results.

CPII CPIII CPV

OSPW
(%)

Cure
(Days)

FS 1 ± SD 2

(MPa)
CS 3 ± SD 2

(MPa)
FS 1 ± SD 2

(MPa)
CS 3 ± SD 2

(MPa)
FS 1 ± SD 2

(MPa)
CS 3 ± SD 2

(MPa)

0
7 1.10 ± 0.20 4.07 ± 0.90 1.07 ± 0.21 3.87 ± 0.65 2.00 ± 0.45 5.03 ± 0.60

14 0.90 ± 0.19 3.55 ± 0.90 0.96 ± 0.21 3.09 ± 0.65 1.93 ± 0.45 6.00 ± 0.60
28 1.11 ± 0.20 4.05 ± 0.90 1.32 ± 0.21 3.89 ± 0.65 2.05 ± 0.45 6.11 ± 0.60

10
7 1.19 ± 0.23 4.74 ± 0.45 1.14 ± 0.23 3.93 ± 0.76 2.01 ± 0.41 6.44 ± 0.51

14 1.43 ± 0.23 3.83 ± 0.45 0.83 ± 0.23 2.78 ± 0.76 1.67 ± 0.41 7.08 ± 0.51
28 0.97 ± 0.23 4.21 ± 0.45 1.29 ± 0.23 4.23 ± 0.76 2.49 ± 0.41 7.46 ± 0.51

30
7 2.17 ± 0.25 9.82 ± 1.33 1.19 ± 0.35 6.40 ± 1.41 2.38 ± 0.40 10.33 ± 1.15

14 2.23 ± 0.25 7.34 ± 1.33 1.26 ± 0.35 6.34 ± 1.41 3.04 ± 0.40 10.95 ± 1.15
28 2.63 ± 0.25 9.44 ± 1.33 1.83 ± 0.35 8.82 ± 1.41 3.12 ± 0.40 12.56 ± 1.15

60
7 1.61 ± 0.28 7.12 ± 0.46 0.79 ± 0.21 5.61 ± 1.08 1.36 ± 0.54 5.17 ± 1.69

14 1.77 ± 0.28 6.66 ± 0.46 0.61 ± 0.21 4.26 ± 1.08 2.39 ± 0.54 6.47 ± 1.69
28 1.21 ± 0.28 7.59 ± 0.46 1.04 ± 0.21 6.40 ± 1.08 2.16 ± 0.54 8.53 ± 1.69

1 FS—flexural strength; 2 SD—standard deviation; 3 CS—compression strength.

Analyzing the compressive strength of mortars, it was found that in all three types of
cement, the highest strengths were found in the replacement of 30% of OSPW, and these
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values were identified in CP III and CP V cements, at 28 days of curing, and in cement
CP II, at 7 days of curing.

In Portland cement type CP II, the highest strength found was 9.82 MPa tested at 7 days
of curing, in the percentage of 30% replacement, while the lowest strength was 3.83 MPa
tested at 14 days of curing, in the 10% replacement percentage. Note that the strengths of
the mortars tested at 7 and 28 days of curing present similar values in all replacements.

In mortars made with CP III type cement, the highest strengths, in all percentages,
were at 28 days of curing, with the highest value being 8.82 MPa in 30% replacement. On
the other hand, the lowest resistances found, regardless of residue replacements, were at
14 days of curing.

In Portland cement type CP V, the highest strengths, as well as in CP III, were at
28 days of curing, regardless of percentages, with the highest value of 12.56 MPa in
30% replacement. While the lowest resistances were at 7 days of curing in all percentages.

Table 14 also shows the flexural tensile strengths found in mortars made with Portland
cement types CP II, CP III and CP V, with cures of 7, 14 and 28 days of curing, in the
different replacements of sand by OSPW (10%, 30% and 60%).

Analyzing the flexural tensile strengths of mortars, it was found that in all three types
of cement, the highest strengths were found in the replacement of 30% of OSPW, at 28 days
of curing, with the highest value being 3, 12 MPa, found in CP V cement. In Portland
cement type CP II, the mortars tested at 7 and 14 days of curing showed similar strengths,
while those tested at 28 days showed greater discrepancies.

The mortars made with cement type CP III tested at 28 days showed higher strengths in
all replacement percentages, when compared to the other curing times of the same cement.
In contrast, the lowest resistance found was with 60% replacement tested at 14 days of
curing. In Portland cement type CP V, the mortars tested at 28 days showed the highest
strengths with 10% and 30% replacement, however, with 60% the mortars that showed
higher values were those tested at 14 days of curing.

3.3. Life Cycle Assessment (LCA)

According to the results of the technological tests, LCA studies were directed on the
environmental impacts associated with obtaining the mortar incorporated with 30% of
OSPW and cement CPV type. For the analysis of the environmental impacts associated
with the mortar production process, OSPW was considered as an alternative raw material
to substitute the use of sand, which allows obtaining an avoided impact with the reduction
of the extraction of this input.

The LCA study was compiled considering the geographic limitation of the states of
Rio de Janeiro and Espírito Santo, in the Brazilian context, in addition to the chemical
composition and morphological characteristics of the sand and OSPW found in the studied
region. The study was conducted in a comparative way between the two products: the
mortar produced in a conventional way (0% OSPW), and the mortar incorporated with
30% OSPW. For this study, the use of CPV-type cement was also considered.

The mortar production process considered at the system boundary consisted of tradi-
tional operations and equipment. Thus, studies that direct efforts to analyze the effects of
new technologies are recommended. In addition, the present LCA study is dedicated only
to analyzing the environmental impacts caused by the products of interest, recommending
future analyses on economic and social impacts.

Figure 12 presents the environmental impact of the conventional mortar production
process, without the incorporation of OSPW (the characterized analysis can be seen in
Table S1 of the Supplementary Materials). Eighteen impact categories were analyzed at
midpoint. In a global analysis, it is possible to realize that the cement and sand inputs
significantly contribute to the impact associated with obtaining the mortar, as presented
by Sánchez et al. [19]. Cement has an intensive impact on the global warming categories,
accounting for about 75% of the CO2 emissions considered in this production process,
and also on the mineral resource scarcity category, corresponding to 91% of the impacts
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recorded in this category. Jiménez et al. [43] state that cement is the material with the
greatest influence in all categories of impacts considered in their studies, in addition to
being the main contributor to emissions to air.
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Figure 12. Impact life cycle assessment—mortar with 0% OSPW—CPV.

The sand has its largest impact contribution associated with the water consumption
category, with over 77%. In addition, the cement used, identified as packing in the study,
has considerable impacts on point categories, such as the land use category, reaching 76%
of the relative impact. This can be attributed to the area needed to obtain wood that will
supply the pulp industry for the manufacture of cement packages.

To highlight the main impacts associated with alternative mortar composed of ce-
ment type CPV, 30% of OSPW and sand, the LCA was analyzed (Figure 13). It was
possible to identify that the replacement of sand by OSPW contributed to the reduc-
tion in the associated impacts in most categories, such as in the categories of land use
−5%, freshwater eutrophication −9%, marine eutrophication −6% and global warming
−5%. The most significant record of impacts associated with the use of OSPW is in the
water consumption category, totaling 2.3% (the characterized analysis can be seen in
Table S2 of the Supplementary Materials).
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Figure 13. Impact life cycle assessment—mortar with 30% OSPW—CPV.
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In a comparative way, the processes of obtaining the mortar with cement CPV, and the
mortar with cement CPV incorporated with 30% of OSPW were analyzed. The normalized
results show the reduction in global impacts when the mortar undergoes the replacement
of sand by OSPW. The normalized scale also allows the identification of the main categories
of impacts that are intensely affected by the industrial activity of obtaining the product
under study, namely marine ecotoxicity, freshwater ecotoxicity, human carcinogenic toxicity,
human non-carcinogenic toxicity and terrestrial ecotoxicity (Figure 14). These categories
are allocated into two main areas of protection, those being human health and ecosystem
quality, often assessed at the endpoint.
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Figure 14. Impact life cycle assessment—normalized result of the comparison between conventional
and 30% OSPW mortar.

The categories that estimate human health impacts aim to characterize human ex-
posure to toxic substances, especially through ingestion and inhalation. Values referring
to acute and chronic toxicological effects provide estimates of the toxicological risk and
impacts associated with the mass (kilograms) of a substance emitted to the environment,
such as dichlorobenzene, for example.

The categories related to ecosystem are related to the harmful, sometimes irreversible,
action of substances toxic to the environment. This category can be defined for both water
and soil, using chemical emissions to air, water and soil. Its indicator corresponds to the
ecotoxicity potential of each emission in relation to the reference substance (for example,
triethylene glycol).

Figure 15 presents the comparison in a characteristic mode between the conventional
mortar and the mortar incorporation with OSPW. It is possible to notice the decrease in
environmental impacts associated with all categories when the mortar is incorporated with
OSPW. According to Rebello et al. [6], the incorporation of OSPW in the elaboration of civil
construction materials presented better environmental performance compared to the use
of sand.

This can be mainly related to the reuse of an inert residue, which implies the reduction
in sand extraction for the composition of this mortar, being an avoided impact. The main re-
ductions occurred in the water consumption and terrestrial ecotoxicity categories, recording
reductions of 22% and 20%, respectively. According to Santos et al. [44], the incorporation of
alternative aggregates in conventional mortars (with high environmental impact) requires
less energy for production and transport. This mainly applies to the replacement of natural
sand in mortars, which can also benefit the technological performance of the material.
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Figure 15. Impact life cycle assessment—characterized result of the comparison between conventional
and 30% OSPW mortar.

In LCA studies oriented to the production of construction materials with incorporation
of waste, the geographical distance to obtain the inputs stands out. Indeed, distance and
transport have a direct relationship, that is, great distances can be associated with the
increase in the environmental impacts considered [45].

The carbon footprints for both evaluated processes were obtained and are shown in
Table 15. Thus, it was possible to identify the contribution to the environmental impacts
of raw materials in the system, mainly associated with the global warming category.
Predominantly, CPV cement presents itself as the main contribution to the carbon footprint
in both scenarios, being responsible for 75.1% of the CO2 equivalent generated in obtaining
the mortar without incorporation of OSPW, and 79.7% of the CO2 equivalent in the mortar
with the incorporation of 30% of OSPW.

Table 15. Carbon footprint.

Inputs CPV 0 W (CO2 eq. %) CPV 30 W (CO2 eq. %)

CPV Cement 75.1 79.7
Sand 19.5 14.5

Packing, cement 5.28 5.61
OSPW 0 0.0885

Conveyor belt 0.0238 0.0252
Industrial machine 0.0088 0.00934

Electricity 0.000325 0.000345

4. Conclusions

• Considering the results found in the squeeze flow test, it can be concluded that the
greater the displacement achieved by the material, the better its workability level,
which was recorded in different mortar compositions incorporated by the ornamental
stones processing waste (OSPW).

• According to the tests in the fresh state, it is possible to conclude that the mortar
composed of cement of the CPV type, incorporated with 30% of OSPW, stands out in
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comparison to the others analyzed, presenting higher density, which implies a material
with lower porosity and good water retention index. The workability of this material
also stands out, as well as the rapid release of heat that occurs in this material, which
positively influences the nucleation process and rapid hydration.

• Through the calorimetry technique, it is possible to infer that the incorporation of the
waste is acting as nucleation sites for the hydration products, favoring the cement
hydration process, culminating at 28 days of curing, in the formation of more sta-
ble phases, according to the amorphous halo of the formation of C–S–H (hydrated
calcium silicate).

• According to the tests in the hardened state, the mortar composed of cement of the CPV
type, incorporated with 30% OSPW, stands out, which presents low capillarity and
better performance in the resistance to flexural and compression strength, considering
7 days of curing when compared to other types of cement. There is still a better
performance in the flexural and compression strength tests when the curing time
increases to 28 days.

• In view of the life cycle assessment (LCA) for environmental analysis, it is concluded
that the use of OSPW contributes to the reduction in the environmental impact asso-
ciated with the process of obtaining the mortar. Indeed, this waste can replace the
use of sand in the production mortar, which consequently reduces the sand extraction
process and its impacts. Considering the LCA impacts generated by the production of
mortars, the main areas of protection affected are human health and ecosystem quality.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su14105904/s1, Table S1: Life Cycle Impact Assessment consid-
ering the mortar with 0% of OSPW and cement type CPV; Table S2: Life Cycle Impact Assessment
considering the mortar with 30% of OSPW and cement type CPV.
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Abstract: The search for new greener materials that contribute to a more sustainable world motivated
the present study in which novel biocomposites with 10, 20 and 30 vol% of piassava fiber powder
waste reinforcing castor oil-based polyurethane (COPU) intended for a high-performance coated
floor (HPCF) were developed. The novel biocomposites were characterized by flexural, Izod impact
and wear standard tests as well as Fourier transform infrared spectroscopy (FTIR) and fracture
analysis using scanning electron microscopy (SEM). Both flexural modulus and strength displayed
marked increases reaching more than 800 and 500%, respectively, compared to plain COPU for
30 vol% piassava powder incorporation. FTIR bands indicated the existence of interaction between
the piassava constituents and COPU. However, SEM fractographs disclosed the presence of bubbles
attributed to retained gases during the COPU curing. Consequently, the Izod impact resistance
showed a 50% decrease while the wear was more than three times accentuated for 30 vol% piassava
powder biocomposite. These results met the specified values of corresponding standards and revealed
a promising new greener material for HPCFs.

Keywords: castor oil polyurethane; natural fiber biocomposite; piassava fiber powder; high-performance
coating; high-performance coating floor

1. Introduction

In different kinds of activities, coatings are used to protect structures, goods and
packaging from the aggressiveness of the environment mostly by providing special char-
acteristics to the associated material. High-performance coatings is a generic term used
to define coatings that provide great mechanical resistance along with other interesting
features. These coatings must have particular properties in addition to mechanical resis-
tance to ensure good protection against corrosion or to avoid the occurrence of cracks and
fissures among other anomalies [1,2] without loss of performance throughout their life
cycle. In particular, polymer resins are widely used as coatings in many industries from
aerospace and automobile to pharmaceutical and food industries [3–5]. Resins normally
used as high-performance coatings are actually polymer matrix composites reinforced by
mineral aggregates, natural or synthetic fibers, as well as other fillers that provide great
mechanical resistance along with high durability and waterproof conditions, together with
any property of specific interest [6–8].

A particular case related to the civil construction common in Brazil is the high-
performance coated floor (HPCF). Traditional floors are made of concrete plates with
or without mortar and ceramic tiles. The joints in these floors pose problems such as biohaz-
ard contamination. This can be bothersome in places such as hospitals, and pharmaceutical
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and food processing buildings. In contrast, polymer-based HPCFs are easy to apply and
do not need a previously prepared surface when compared to traditional ceramic tiles.
Moreover, HPCFs do not have joints as the polymer is primarily applied in the form of
liquid resin over the entire floor. In fact, not only do HPCFs improve the floor’s durability,
provide oil or waterproof characteristics, and maintain its cleanliness, but they also enhance
sports performance because of their good adherence properties when applied on stadium
floors [9].

Although it is common to find marketing information for HPCFs, to our knowledge,
studies on this subject are scarce and no relevant work has been reported in the literature for
their use in civil construction. Therefore, the main objective of this work was to evaluate the
potential viability of using the piassava fiber waste in such an application. Although some
nanocomposites have shown promising results for HPCFs [9], the reinforcements used are
usually from synthetic, non-renewable origins. The use of biocomposites reinforced by
natural and renewable piassava fibers for this application would be directly beneficial for
the environment. The Brazilian standard NBR 14050 [10] regulates the use of HPCFs made
with epoxy resins and provides the requirements for their application, as shown in Table 1.
In this table, the “critical” requirements are properties that can be found in other kinds of
polymers and their composites.

Table 1. Summarized requirements of the NBR 14050 [10] standard for a material to be used
as HPCFs.

Requirements Value Recommendations

Thickness 3 to 10 mm
Maximum Water Absorption 1.0%

Minimum Compressive Strength 45 MPa
Minimum Flexural Strength 20 MPa

Maximum Abrasion 2.30 mm/km

Epoxy resins are the most common choice not only for HPCFs but also for paints,
car components and aerospace parts because of their well-known properties and reliable
characteristics [11–13]. However, the production of epoxy-based HPCFs generates the
evaporation of large amounts of volatile organic compounds [14]. Moreover, the use of
non-renewable source materials poses a long-term problem. Both the academic and the
industrial communities have been striving to develop new sustainable materials [15–18].

An alternative to the use of petroleum-derived resins such as epoxy is material from
natural sources. One example is polyurethane (PU) synthesized from oilseed plants. The
synthesis of PU occurs in stages of polyaddition and from hydroxyl compounds and
isocyanates. Hydroxyl monomers can be obtained from vegetable oils [19]. This is the case
for castor oil-based polyurethane (COPU). The oil is extracted from the fruit of the “castor
oil plant” (Ricinus communis L.) a relatively tall shrub from tropical regions that has been
successfully used to obtain the COPU polymer [19,20].

Studies have shown some interesting properties of COPU. Santan et al. [21] created
an adhesive based on COPU and evaluated both the microstructural relationships and
mechanical properties of the new material. Zeng et al. [22] modified the asphalt used for
paving roads with COPU and noticed improvements in performance and a reduction in
the deformations of these coatings. In fact, COPU is a bi-component polymer composed of
prepolymer and polyol, both of them easily found commercially, and characterized by not
emanating toxic substances [23,24].

In parallel, several researchers in past decades have suggested natural lignocellulosic
fibers (NLFs) [25–32] as composite reinforcement material, mostly owing to its attractive
features such as good mechanical properties, low density cost-effective production and
sustainable motivation. The environmental appeal of these materials can be further en-
hanced by adding industrial, residential or agricultural wastes as reinforcement of these
composites [32–36]. Usually, natural lignocellulosic fiber (NLF) waste is burned during its
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end-of-life cycle, and not only does the use of waste as a composite reinforcement or filler
in natural source-derived resins directly reduce the cost associated with its disposal, but it
also presents itself as a good alternative to materials with carbon neutral emissions.

One specific NLF commonly used in Brazil as a raw material in the manufacture of
brooms for households is the piassava fiber. In the manufacturing process, the fibers are
cut to a standard length, and those shorter are discarded and become disposable waste.
These piassava fiber wastes have limited commercial use and are normally burned [37].
As an alternative, this fibrous waste can be further processed and ground to powder to be
incorporated into polymer composites.

The use of piassava fiber powder, here referred as piassava powder for short, has
shown some promising results. Borges et al. [38] initially ground the piassava fibers
in a knife mill and sieved them at 50 mesh to incorporate as composite filler in a co-
polypropylene matrix. They achieved satisfactory results of 35.5 MPa for the flexural
strength, while those incorporated into a homopropylene matrix showed an even greater
resistance of 47.7 MPa. These results revealed the possibility of using piassava powder as a
reinforcement in polymer composites to be applied as an HPCF. Furthermore, a preliminary
study [39] disclosed the great potential of the piassava fibers to be used as HPCFs. Indeed,
the compressive strength obtained was around 50 MPa, and 0.8% of water absorption was
found in 20 vol% of piassava powder-reinforced COPU.

Therefore, the present work aimed to continue the investigation into the use of piassava
powder waste obtained as a processed material from a Brazilian broom factory, reinforcing a
COPU biocomposite to be applied as an HPCF. In this study a comprehensive investigation
was conducted not only to meet the NBR 14050 [10] standard recommendations, but also to
perform a more extensive characterization of this HPCF material since, so far, there are no
results to compare it to in the literature.

2. Materials and Methods
2.1. Materials

The piassava fibers used in this work were obtained as an industrial waste from a
broom factory in the city of Campos dos Goytacazes, Brazil. After they were received, the
fibers were washed in running water to eliminate any contaminant and put to dry in a
stove for 24 h at 60 ◦C. For use as reinforcement material in HPCFs the piassava fibers were
processed in a knife mill until the ground powder material passed through a 16-mesh sieve
in accordance with the NBR 14050 standard [10]. Prior to the ground processing, however,
a group of fibers was separated and went through preliminary characterization.

The polymeric matrix used in this study was the castor oil-based polyurethane (COPU)
produced and commercially supplied by Imperveg, Brazil (Commercial tag AGT 1315).
The COPU consisted of a bi-component. Both components—“A” (polyol) derived from
castor oil and “B” (isocyanate)—were obtained as liquid. When the initiator (B) was added
in A with 55% mass fraction, the polymerization process occurred and the resin hardened.

2.2. Methods
2.2.1. Characterization of the Piassava Fiber

The density, length and diameter distributions of the piassava fiber waste m reported
in a previous work [39]. The density value of 1.42 g/cm3 was used to calculate the volume
fraction of reinforcement used on each composite in this work.

Initially, 100 fibers were randomly selected from the received batch (after the cleaning
process) and had, one by one, their dimensions measured in a profile projector model
PJ3150 made by Pantec (São Paulo, Brazil). These fibers were subjected to tensile tests in
an Instron model 5582 universal machine with a 2.0 mm/min test speed at a controlled
temperature of 20 ◦C. The test was conducted according to ASTM D3822-7 [40]. Adhesive
tape was used on both ends of these fibers to avoid slipping as well as any damage that the
machine grips may cause during the tensile test.

147



Sustainability 2022, 14, 5082

Images of the fiber surface morphology were obtained by scanning electron microscopy
(SEM) on a microscope model SSX 550 made by Shimadzu (kyoto, Japan).

2.2.2. Biocomposites and Resin Processing

The biocomposites were made by adding the processed piassava powder in an already
mixed component A and B resin, then leaving it at room temperature for 24 h in specific
molds for the polymer cure to occur. Figure 1 illustrates the materials used in this study
by showing the plain COPU Figure 1a and 30 vol% piassava powder Figure 1b,c biocom-
posites used for the abrasive wear tests as well as the material applied over a concrete
surface. The piassava powder is black and the higher percentage of it added, the darker
the biocomposites become. When applied over larger surfaces the material tends to form a
smooth and even surface.
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Biocomposite specimens were produced inside an open silicone mold. The molds were
made according to the dimensions indicated by specific standards [40–42]. The piassava
powder used in the preparation of the composites was dried in a stove for 24 h at 60 ◦C
before the biocomposite preparation. To avoid excessive moisture absorption, the piassava
powder was mixed with polymer, still heated to the polymer and finally poured inside
silicone molds. After the 24 h period of curing, neat COPU, control with 0 vol% of piassava
powder, and biocomposites made with 10, 20 and 30 vol% were demolded and the tests
were carried out.

2.2.3. Tree Point Flexural Tests

The flexural tests were conducted according to ASTM C580 standard [40] on a universal
machine model 5582 made by Instron (Norwood, MA, USA). For these tests, 10 rectangular
cross-section samples with dimensions of 13 cm × 1.5 cm × 1.5 cm were used for each
volume fraction of the biocomposites and the neat COPU resin, with a distance between
the cleavers of 100 mm and a test speed of 1.3 mm/min.
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2.2.4. Izod Impact Tests

For Izod tests, specimens were machined with dimensions of 150 mm × 120 mm × 10 mm.
The specimens were then cut and polished to comply with the ASTM D256 standard [41]
recommendations of 62 mm × 12 mm × 10 mm. Later a notch of 45◦ was made using a
milling cutter and tests were conducted in a pendulum model XC-50 made by Pantec with
a 22 J hammer. For each biocomposite studied a total of 10 samples were used.

2.2.5. Abrasive Wear Tests

Wear tests were conducted to determine the abrasion resistance of the material. Fol-
lowing the recommendations of the NBR 12042 standard [42], 70 mm × 70 mm × 30 mm
samples were compressed with a constant and standard force against a circular-shaped
track covered with sand, which ran at a specific speed. After a 500 and a 1000 m run the
dimension difference was observed on the original 70 mm × 70 mm × 30 mm samples and
the resistance was determined by the amount of material lost per distance.

2.2.6. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analyses were performed using attenuated total reflectance (ATR) on the pi-
assava powder samples, COPU resin and its biocomposites. The equipment used was
a spectrophotometer model IR-Affinity-1 made by Shimadzu, with a range interval of
4000–400 cm−1 and a resolution of 4 cm−1, 32 scans. The preparation consisted of mixing
the materials with KBr in order to increase the absorption signal.

2.2.7. Statistical Analysis: ANOVA and Tukey’s Test

In some cases, the results obtained presented high statistical dispersion. In these cases,
analysis of variance (ANOVA) was conducted with a 0.05 (5%) significance followed by
Tukey’s test if the results showed a p-value lower than the significance. Tukey’s test is a
complementary statistical analysis; the ANOVA results infer if there is difference between
the analyzed groups (p-value < significance) while the Tukey’s test shows which ones are
different from each other.

2.2.8. Fracture Analysis

The fracture surfaces of the tested samples were analyzed by the scanning electron
microscope (SEM) Shimadzu model SSX 550 (Shimadzu).

3. Results
3.1. Fiber Characterization

Well-known in the literature, piassava fibers, as seen in Figure 2, have oval-shaped
cross-sections and a relatively high main diameter, as illustrated in Figure 2b. The surface
morphology of the piassava fiber shows a rough surface and characteristic structures of
spiny nodules made of pure silica (SiO2) that occur in some spherical holes on the fiber
surface [43,44]. These SiO2 nodules are bonded on the fiber surface by weak hydrogen
bridges. During the industrial processing steps, some of these nodules are lost, leaving a
hollow cavity that provides good anchoring points for the polymeric resin [45]. This is an
important feature since the hydrophilic characteristics of the piassava fiber, like those of
many other NLFs, tend to form a week interface with hydrophobic polymer resins [25–36],
thus creating defects that can accelerate the biocomposite degradation. All these structures
were observed on the as-received fiber and are shown in Figure 2a. These structural
morphologies were expected since there was no chemical treatment of the piassava fiber at
any step of the broom production processes.
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Regarding the mechanical behavior of the piassava fiber, the obtained tensile strength
results of 87.9 ± 28.1 MPa and elastic modulus of 3.5 ± 1.2 GPa were similar to those
reported in the literature [46], which corroborated the idea that, as expected, these fibers
did not undergo significant changes during the broom manufacture process. Figure 3,
obtained from SEM observations on the fracture surface, shows the characteristic rupture
behavior of the piassava fibers. In this figure, the fiber cellulose microfibrils are rup-
tured in different regions, characterizing a non-uniform failure. Furthermore, Figure 3
displays a detailed image of the piassava fiber presenting columnar hollow lumen struc-
tures that justify its relatively low apparent density [39] and tensile strength with a great
statistical dispersion.
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Regarding the FTIR analysis of the piassava powder in Figure 4, the typical cellulose
functional groups will appear around 3400 cm−1—in this case, at 3317 cm−1—and are
related to OH groups that are linked in the main cellulose chain by a hydrogen bridge [47].
According to the literature [47,48], for CH aliphatic stretches of the methyl and methylene
groups, the vibrations will be around 2936 and 2920 cm−1, respectively, almost what was
found for the piassava powder sample at the bands of 2930 and 2920 cm−1. Furthermore,
a band at 2116 cm−1 referred to a Si-H connection attributed to the spiny nodules on the
fiber surface, already shown in Figure 2. This provided evidence that these structures
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were present even after the broom manufacture processing. The bands at 1424, 1512 and
1608 cm−1 were attributed to the vibration and elongations in the O-C-O of the aromatic
ring present in the lignin. Finally, it was possible to identify the three distinct units that
formed lignin molecules: guaiacyl (1278 cm−1), syringyl (1332 cm−1) and p-hydroxyphenyl
(875 cm−1).
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3.2. FTIR Analysis of the COPU Resin and Its Biocomposites

Figure 5 shows the FTIR spectra of plain COPU along with its piassava powder-
incorporated biocomposites. As can be seen, the spectra obtained for the COPU biocom-
posites presented almost the same bands and were very similar to the COPU resin.
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It should be noticed in Figure 5 that the characteristic groups of the COPU resin
were found, as reported by [49,50]. The bands at 3320, 2929 and 2850 cm−1 corresponded,
respectively, to amine (NH), methyl (CH3) and methylene (CH2). The 1728 cm−1 band
corresponded to the stretching of the pre-polymer carbonyl and, finally, the 1226 and
1053 bands corresponded to ether groups. The 2273 cm−1 band was attributed to groups of
free isocyanates (NCO) in the COPU resin. Its presence indicated the excess of the NCO
group in the polymeric structure. Moreover, as the amount of piassava powder increased
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in volume, the 3317 cm−1 band (OH cellulose group) on the composites had its intensity
diminished along with the 2273 cm−1 band (free isocyanates in the COPU resin). Indeed, at
30% volume fraction of piassava powder, the 3317 cm−1 band almost disappeared and the
2273 cm−1 band had its intensity drastically lowered.

The interaction between the cellulose and the free isocyanates was expected [50,51].
The FTIR results in Figures 4 and 5 suggested that, not only was the interaction occurring,
but the level of interaction was also greater with higher amounts of piassava powder on
the biocomposites, compared to lower volume fractions.

3.3. Flexural Strength

Figure 6 shows the flexural strength and flexural elastic modulus obtained for the
COPU resin (0%), and the 10, 20 and 30 vol% piassava powder-reinforced biocomposites
along with a statistical analysis of the data. It was noticed that, in all cases, none of the
biocomposite materials was able to meet the standard requirements presented in Table 1.
However, it was evident that the use of piassava powder significantly enhanced both the
flexural strength and elastic modulus of the COPU matrix. Indeed, the 30 vol% reinforced
composite presented a resistance more than four times and stiffness more than seven
times greater than the plain COPU. Moreover, the results showed almost irrelevant data
dispersion, which is not a common behavior for composites reinforced by NLFs.
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In fact, the COPU resin tended to present elastomeric characteristics, and the addition
of reinforcement was enough, at least partially, to change this behavior [52]. Moreover, both
good approximated linear fit (r2 = 0.87871) and exponential fit (r2 = 0.99679) indicated that
the flexural strength and the stiffness, respectively, of the biocomposites could be further
increased with higher amounts of piassava powder, enough to meet the standard criteria.
In addition, the discussion of the FTIR results for the biocomposites indicated that not
all the free NCO groups were completely bonded with the piassava cellulose OH, which
indicated that more reinforcement could be added to the matrix without loss of strength
of the interface between reinforcement and matrix. In contrast to what was observed in
this work, piassava powder was reported to present a decrease of around 30% flexural
resistance when incorporated with up to 30 vol% in other polymer matrixes [38], reaching
around 30–35 MPa. This also suggested that the flexural strength of the composites can be
enhanced, since the curves presented in Figure 6 showed a tendency to growth.

Figure 7 shows the fracture surface of the biocomposites. In this figure, we noticed the
presence of bubbles on the matrix that were associated with existing retained gases during
the polymer curing. On one hand, the use of the open mold tended to mimic the application
of this composite as an HPCF. On the other hand, this also facilitated the appearance of
defects such as the bubbles in Figure 7, which further explained the lower flexural strength
than that required by the standard [10].
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Regarding the crack propagation, also evidenced in Figure 7, it occurred on the
matrix, as expected, by the change of direction when in contact with the reinforcement.
The fiber powder marks presented on the matrix indicated a relatively stronger interface
between reinforcement and matrix, which is not common on this kind of material, as
already discussed.

3.4. Impact Resistance

As seen in Table 2, the addition of piassava powder to the COPU matrix tended to
decrease the Izod impact resistance of the biocomposites. However, one may notice that,
owing to greater data dispersion, almost all the conditions studied were statistically equal.
Actually, with ANOVA tests, p-values of 0.0321 and 0.210 were obtained for notch resistance
and impact resistance, respectively, which indicated that there was a statistical difference
in at least one of the analyzed conditions for notch resistance and none for the impact
resistance. In fact, the honest significant difference (HSD) of 14.59 was obtained on the
Tukey’s test for the notch resistance. This meant that only the 30 vol% reinforced COPU
resin presented a significant HSD compared to the plain resin.

Table 2. COPU resin (0%) and its biocomposites’ notch resistance and impact resistance obtained by
Izod tests.

Volume Fraction of Piassava Powder Notch Resistance (J/m) Impact Resistance (kJ/m2)

0% 69.0 ± 19.5 7.5 ± 2.7
10% 56.9 ± 7.1 5.6 ± 0.6
20% 52.8 ± 8.9 5.4 ± 0.9
30% 43.8 ± 4.6 4.0 ± 0.5

3.5. Abrasive Wear Resistance

Perhaps more important than the floor’s ability to resist impact is its ability to with-
stand abrasion for long periods without wear loss. In this particular case, the biocomposites
made with piassava powder reinforcing the COPU resin presented satisfactory results,
since in all the cases studied the total material loss due to wear was lower than the standard
requirements. The results in Table 3 show the amounts of material loss in wear tests after
500 and 1000 m on the abrasive track.
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Table 3. Loss of material in the abrasive wear test for COPU resin (0%) and its piassava powder
biocomposites after 500 and 1000 m on the abrasive track.

Wear (mm) after Distance on the Track

Volume Fraction of Piassava Powder 500 m Distance (mm) 1000 m Distance (mm)

0% 0.10 ± 0.06 0.28 ± 0.13
10% 0.47 ± 0.23 0.82 ± 0.30
20% 0.52 ± 0.05 0.97 ± 0.05
30% 0.59 ± 0.02 1.06 ± 0.11

The results in Table 3 show that the addition of piassava powder up to 30 vol%
decreased by more than three times the wear resistance compared to the pure resin. This
was somewhat expected for this kind of material since the interface between the two
was relatively weak because of bubbles (Figure 7). Actually, by adding a material that
creates a weak bond with the resin, the reinforcement should easily be pulled out from the
matrix, leaving a hollow behind. In this scenario, the interface between the two phases
should provide a weaker material. The fact that the biocomposites presented a total wear
lower than half of the standard requirement from Table 1 revealed an interface that was
moderately strong.

4. Discussions

From the results shown in this work the great potential of using piassava powder
as a reinforcement in the COPU matrix for HPCF application was evident. Along with
the results of a previous work [39], almost all standard requirements were attained. By
comparing the results obtained for impact, abrasive wear and flexural strength with the
results from FTIR analysis, there was space to improve the flexural strength of the material
by further addition of piassava powder without greater loss of impact resistance and yet
maintain the wear resistance at acceptable levels.

Finally, the use of the polyurethane material with approximately 60% volume fraction
derived from castor oil (mass proportion use converted to the volume fractions) with a
30 vol% of piassava powder obtained as an industrial waste represented a biocomposite
made almost 80% in volume from a renewable source. This alone represented a much
greener solution compared to composites made with matrices or reinforcements from the
non-renewable sources commonly applied in high-performance floors. Furthermore, the
fact that the COPU resin used in this study was biodegradable, as well as the piassava
powder, meant an environmentally friendly end-of-cycle alternative for natural materials.

To be used as HPCFs, according to the standard [10], the biocomposites are required
to withstand a 10-year-long period. This can be a problem owing to the biodegradable
characteristics of this biocomposite. However, the castor oil-derived polyol is reported to
be antimicrobial, and the biocomposite itself can be designed to present a good resistance
to biodegradability until its end of cycle [19]. Further studies should determine the life
cycle times of these materials.

5. Conclusions

Novel sustainable castor oil-based polyurethane (COPU) biocomposites reinforced
with piassava fiber powder waste were characterized for possible application as a high-
performance coating floor (HPCF). The following conclusions were drawn:

FTIR results suggested interaction occurring between the piassava powder and
COPU matrix.

Both flexural strength and modulus were substantially improved for the 30 vol%
piassava powder biocomposite, with values reaching more than 500% the strength and
more than 800% the stiffness of the plain COPU.

Izod notch impact resistance and absorbed energy displayed a tendency to decrease
with the amount of piassava powder incorporated into the biocomposite. However, within
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the statistical precision, the values might be considered unchanged up to 20 vol% of
incorporated piassava powder.

The loss of material in wear tests was accentuated in biocomposites with the incorpo-
ration of piassava powder. However, the maximum attained value of 1.06 mm/km for the
30 vol% biocomposite was significantly lower than the maximum abrasion of 2.30 mm/km
specified by the standard.

Preliminary results from greener biocomposites made of a castor oil-based polyurethane
matrix added with a natural piassava industrial waste revealed a promising material for
high-performance coating floors. Ongoing research is being conducted aiming to improve
the mechanical resistance of the biocomposites by enhancing the adhesion between the
piassava and polyurethane matrix.
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Abstract: The industrial production of lime generates greenhouse gases, which contributes to increase
the global warming. Therefore, the present study evaluated the feasibility of replacing lime by
ornamental rock waste (ORW) as a by-product of the related stone industry, and developed a cost-
effective mortars. These new low-costing mortars are intended as fresh fluid paste coatings to be
applied on walls by the mechanized projection technique. The ornamental rock waste was collected
from a marble and granite industry as ground stone. It was finely crushed before mixing with
cement, sand, water and superplasticizer in amounts of 1.0% (R01), 1.2% (R02) and 1.3% (R03), to
prepare the mortars, which had the mixture, cement: ORW: sand, 1:1:4 in wt.%. These novel mortars
were characterized in both fresh, for well projection, and hardened state, to evaluate the properties
after curing performance. The results showed that mortar R03, achieved the best results and did not
present cracks in the hardened state. Its water retention was found above 30%. Both tensile strength of
0.312 MPa and compressive strength 7.88 MPa, which are above the corresponding minimum required
by the standard for external coating. Water absorption by immersion of 19.37% and void content
of 20.23% were close to the corresponding values for hydrated lime mortar. Dry shrinkage showed
that the new R03 mortar reached more than 90% of their total retraction at 7 days of cure without
sign of cracking. These findings revealed the R03/ornamental rock waste -based mortar applied by
mechanized projection as a promising sustainable substitute for common lime-based mortar.

Keywords: ornamental rock waste; projected mortar; construction

1. Introduction

The civil construction sector accounts for approximately 10% of Brazil’s gross domestic
product [1]. In order to boost this growth in times of economic uncertainly, development
of novel construction materials might be a solution to improve the process production
and reduce costs [2]. Coating mortar, largely applied in all reinforced concrete carried out
in Brazil, is a construction material with potential to be improved in a sustainable and
cost-effective way [3]. Worldwide coating mortars are used, mainly, to protect the masonry,
and represent a substantial cost to the total budget.

A conventional coating mortar is usually composed of cement, water, lime and fine
aggregate. To optimize the coating mortar process and to achieve high performance in the
building coating execution, a modern procedure is to use the mechanized projection method.
Indeed, through this system it is possible to cover a substrate at a rate of 60/m2/day per
worker, which is practically twice as much as would be achieved by conventional hand
application [4]. For this reason, the interest in the use of mortars designed as an application
system for these coatings has been increasing [5,6].The mechanized projection method,
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well established around the world, is an adequate solution to minimize the problems in the
execution of internal and external coating of the buildings, by reducing human interference
during the execution. So, it can be optimized by increasing productivity, and above all,
improving the quality and gives uniformity to the coating [5,6]. There are variations of this
method, for supplying the spraying equipment with fresh mortar. One system is known in
Brazil as canequinha or compressed air spray. In more complex processes, there is a mixer
coupled to the pump, so that the mortar is homogenized and sent directly to the pump from
where it is projected to the substrate [4,5]. This last method was used in the present work.

According to Ribeiro et al. [5], an industrial company using this method can achieve
a production up to 0.75 m2/h, while the average used to be 0.42 m2/h. With this in
mind, a construction company of Campos dos Goytacazes, Brazil, chose this method
and decided to replace the hydrating lime. However, it was observed the occurrence of
cracks in the coating after drying and, as a reference regional center of study, the company
came with this problem to be solved. The most common method of mortar application in
Brazil, and in several countries with less industrialization of civil construction, is manual,
which leads to higher costs and great waste. Thus, research involving the validation of
mechanized projection is important in order to provide subsidies to the civil construction
sector for the application of new technologies, which aim to provide greater rationality to
the application of mortars. Currently, numerous companies have been using mechanized
projection techniques in Brazil in order to increase their productivity. However there are
still gaps related to the post-application condition of these mortars [6].

In order to mitigate such shortcomings, the present work has as its main objective to
propose a new mortar mixture to be projected replacing the hydrated lime by ornamental
rock waste (ORW), from Cachoeiro do Itapemirim, Brazil. There is a large amount of
ornamental rock production worldwide, in the past six years, about 150 million tons were
produced yearly, mainly in China, India, Turkey, Iran and Brazil [7,8]. China alone has
produced in 2015 around 350,000,000 m2 of marble, while the estimated export from Egypt
is nearly 1,360,500 ton/year of stone, either processed or unprocessed [9,10]. In 2019 Brazil
exported 2.16 million/ton [10,11]. The rock beneficiation process is divided into two stages:
the blocks extraction and their beneficiation. According to Angelin et al. [12], in this last
stage, the waste generation can reach 20 to 30% of the block volume. Furthermore, during
the extraction of marble and granite, the loss can reach 60%, and this activity produces a
fine dust that can cause health problems and damage the soil [10,11,13]. So, not only to
reduce the consumption of hydrated lime, a material with high added value and a polluting
production process, but also to decrease the amount of rock waste disposal at the cities,
recent researches have incorporated this material into concrete, mortar, tile, pavement, and
even used it for soil stabilization [10].

Some authors, such as Arce et al. [14], replaced lime by ornamental rock waste and
concluded that, when finely ground, this type of waste gave mortars characteristics similar
to those obtained with the lime used in fresh state. For Oliveira et al. [15], its use was
interesting, since as a powdery material, there was an improvement in packaging. The
choice to incorporate the ornamental rock waste into mortars contribute to mitigate the
impact generated by its improper disposal. In this way, giving the ornamental rock waste
an appropriate final destination by incorporating into mortars, the civil construction sector
becomes more sustainable. In addition, its cost is about 90% cheaper than hydrated lime,
being related only to its transport from one city to another [16]. The ornamental rock waste
material had already been incorporated into self-compacting mortars and concretes by
Corinaldesi et al. [17], who concluded that, owing to the waste high fineness, this material
ensured cohesion and workability.

Other authors have studied the ornamental rock waste incorporation into mortar,
Singh et al. [18], carried out an economic and environmental study of advantages of
replacing cement by marble waste in concrete and produced three types of concrete. One
type for reference and the other two with waste, from which they obtained compressive
strength 20–25% higher than the reference mixture. The properties of porosity, resistance
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to abrasion and carbonation, as well as resistance to sulfates and water penetration, were
found superior for the modified mixtures, which can be justified by the filler effect due to
the use of marble waste. In addition, they also report that the marble waste can be used to
replace hydrated lime, since this rock is classified as limestone and the waste has a chemical
composition similar to lime. Amaral et al. [19] studied the partial replacement of sand by
rock waste. The authors defined the mixture in 1:1:6, and replacement percentages between
9 and 21% in sand weight. They analyzed their properties in the fresh state (density,
incorporated air content and consistency) and in the hardened state (density, flexural and
compressive strength), and concluded that these mortars showed satisfactory results, being
the incorporation of 21% of residue the most recommended one. Leite et al. [20] studied
mortars with the substitution of sand for residue generated in the cutting and polishing of
rocks, in proportions of 0%, 10%, 20% and 30%. The authors tested their properties in the
fresh and hardened state and concluded that based on physical and mechanical properties
that there was not significant modification with the different incorporation level of residue.
However, the sample composed of 20 wt.% of cutting residue showed the best performance
for being the only one with an appropriate consistency index. This amount of residue did
not significantly change the other properties, except capillarity.

Based on these preliminary considerations, the objective of this research is to evaluate
the potential use of ornamental rock waste to replace hydrated lime, in order to develop a
mortar to be applied by mechanized projection. Although many researcher works have
already evaluated this incorporation, to our knowledge, no work exists specifically for
mortar to be used by this method and on how the mechanized projection modifies the
mortar properties. Indeed, modifying one component alters the entire mixture and its
properties, such as void index, water absorption by capillarity and immersion, as well as the
compressive, flexural and tensile bond strengths. Consequently, affects the durability and
applicability of mortars. The investigation on how mortars properties were modified due
to the replacing the lime by ornamental rock waste, and the creation of a superplasticizer to
be used in mortar with ornamental rock waste, generating a new material to be applied by
the mechanized projection method, is for the first time performed. It is also noteworthy
that there are limited studies regarding the application of mechanized mortar with the
addition of solid waste. Indeed, this collaborates in two ways for sustainability, either in
the reduction of waste at the time of application, or in the reuse of other solid waste that
would be discarded. This complementary approach will certainly fulfill a gap in the main
studies already carried out.

2. Materials and Methods

It is important to highlight that for projection application, some mortars characteristics
in the fresh state must be different from those used in the conventional application method.
The main one being the workability. This can be defined as the material fluidity, i.e., the
ability of the mass to flow or spread over the substrate surface [19]. The fluidity required
for the projection will depend on the corresponding equipment used. For this purpose,
a sample of mortar used by a construction firm in the region of Campos dos Goytacazes,
Brazil, was collected and its workability was defined by the consistency index. This test
consists of molding a conical trunk with fresh mortar and, after 30 drops on the consistency
table, measure its spread [20].

Once this index was determined, the workability was kept constant using the same
consistency index in all mixture. Then, the amount of water and proportion of additive,
which, each mortar should have as reference consistency index was defined [21].

In addition to develop a mortar suitable for projection without cracks, a mortar with
ornamental rock waste and an additive developed at our laboratory, were tested for the
creation of a novel and sustainable product. In order to analyze whether the materials
are economically viable substitutes for hydrated lime, a cost-effective study was carried
out. For that, Table 1 presents a comparison made in three commercial centers at Campos
dos Goytacazes to estimate the hydrated lime CH-III price. The only cost related to the
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ornamental rock waste is its transportation from the city of Cachoeiro do Itapemirim to
Campos dos Goytacazes, both in the southeast of Brazil.

Table 1. Price of hydrated lime and ornamental rock waste.

Material Building Material Quantity (ton) Price (U$) Average Price

Hydrated lime CH III
1 1 80.00

90.002 1 92.00
3 1 98.00

Ornamental rock
waste - 1

1.5 14.70 14.70

The cement used in this work was the same used as the reference mortar, CPIII-40
RS [22], purchased from the same batch so that there was no variation in the constituents
percentage (clinker + calcium sulfate, blast furnace slag and carbonate material).

The small aggregates selected for mortars manufacture came was quartz sand extracted
from the bed of the South Paraíba River, with a maximum diameter of 2.4 mm [23].

The ornamental rock waste used (Figure 1a) was collected from Decolores, an orna-
mental rock processing industry, located at Cachoeiro do Itapemirim. To be applied in
this study, the ornamental rock waste was first dried naturally in the sun to remove excess
moisture and then placed in a greenhouse (Sterilife brand, Brazil) at 60 ◦C during 72 h.
Completely dry, the waste was crushed and passed through the ASTM 50 sieve (Figure 1b).
Corinaldesi et al. [17] characterized Italian marble waste and observed that these were
mainly composed of calcite (60% calcium carbonate—CaCO3), while Vardhan et al. [24]
studied Indian rocks, and concluded that they were composed of 40.73% CaO and 15.21%
MgO. This indicates that the waste chemical composition will depend on the region of
origin of the rock from which it was extracted [25].
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Figure 1. Ornamental Rock Waste (a) in the ornamental rock industry with humidity, (b) dry and
passed at #50.

Figure 2 shows a flowchart that demonstrates the experimental steps of this research.
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Figure 2. Experimental flowchart of the steps developed.

To increase the mortars workability without adding large proportions of water, and
thereby decrease the likelihood of cracking, a superplasticizer additive was developed
at our Laboratory of Non-Conventional Materials of the State University of the North
Fluminense, in Campos dos Goytacazs), to be added in ornamental rock waste mortars, in
order to create an entirely new material. Due to the percentage of fine particle size, which
allows the waste to act as a filler and improve packing by reducing the voids left by the
other two components, the requirement of water increases as the amount of ornamental
rock waste in samples is enhanced [26]. Therefore, superplasticizers are used to achieve
the required workability [23], since it is a projected mortar, and workability needs to be
superior to the conventional ones.

First of all, the ornamental rock waste characterization was carried out using granulo-
metric analysis [27], dispersive energy X-ray fluorescence (EDX), X-ray diffraction (DRX)
and scanning electron microscopy (SEM). The EDX aims to determine the oxides percent-
ages present in the analyzed materials using a Shimadzu EDX-700 equipment. The DRX
determines the crystal atomic and molecular structure, in samples using a Rigaki MiniFlex
600. The SEM reveals the particle morphological analysis in a Shimadzu SSX-50 Superscan
equipment, Japan. These tests were made concurrently with the consistency test [28], to
determine the ideal amount of water for the desired workability.

Once the components have been characterized, their dosage was set for the reference
mortar, with design mix of 1:1:4, obtained at the aforementioned construction site, have
shrinkage cracks after drying. It contributes to find the consistency index determination
to be used to maintain a fixed workability of 310 ± 5 mm. As mentioned before, this is
one of the most important characteristics in a mechanized projected mortar, as it allows
the material to flow through the projection pump hose without clogging or disaggregation
between the paste and aggregates.

With this in mind, the reference mortar was subjected to the consistency test [28], where
it was molded in a conical trunk. After performing 30 drops the spreading was measured.
The more fluid the material, the greater this spread and consequently the consistency index.
The value found was 310 ± 5 mm, which is higher than the limit established by NBR
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13276 [28]. However, the standard value must be disregarded, considering that it applies
only to conventional mortars.

With the known spread, it was possible to determine the amount of water and the
percentage of additive that would be used in each mix, as shown in Table 2.

Table 2. Consistency index and water/dry materials ratio.

Sample Consistency Index Water/Dry Materials Additive (%)

Hydrated lime 310 0.189 1.0
R01 314 0.199 1.0
R02 310 0.197 1.2
R03 315 0.192 1.3

As the aim of this work was to develop a mortar with ornamental rock waste to be
applied in a mechanized projected way and within the parameters of the Brazilian standard,
it was tested in the fresh and hardened state. With the amount of water and superplasticizer
known, the mortars were molded following the NBR 13276 [28] procedures and tested by
the fresh state for squeeze flow [29], mass density in the fresh state and the incorporated
air content [30] as well as water retention [31]. Like the consistency index, the squeeze flow
test is used to determine workability. It was carried out in a universal EMIC press, and
consists of compressing the sample between an upper plate, which will apply load to the
material and has the same diameter as the initial sample, and a lower plate, which has at
least twice the sample initial diameter. The sample is placed and spread when the test is
started [32,33].

The mass density test in the fresh state is applied to determine the mortar weight at the
application moment. This test is important in situations where the mortar is mechanized
projected into the substrate and also to determine the incorporated air content. This
characteristic affects its workability, and corresponds to the amount of air existing inside
the mortar, expressed as a percentage [34]. The water retention property is related to the
mortar’s ability to retain water in the fresh state, maintaining its workability or consistency
when subjected to conditions that cause water loss [35]. Properties such as mechanical
strength, adhesion and durability are influenced by this characteristic [36].

For hardened state parameters, the mortars were molded according to NBR 13279 [37]
and their parameters analyzed. These were water absorption by immersion and voids
index [38] as well as water absorption by capillarity [39], tensile bond strength [40] and
determination of dimensional variation [41]. In addition the flexural and compressive
strength, were both obtained in the universal EMIC press. The speeds to perform each test,
flexural and compressive strength, was respectively, 50 ± 10 N/s and 500 ± 50 N/s. The
compressive strength is statistically associated with the ability to resist surface abrasion,
traction, impact and shear, being representative of the others. The water absorption
tests by immersion and capillarity are related to coating durability. The first simulates
exposure to rain, excessive humidity, and action from coating washing and cleaning.
While the capillarity absorption is related to the pores present on the coating surface.
The tensile bond strength is the mortar’s ability to remain fixed to the substrate when
normal and tangential stresses are imposed, without breaking. Its test consists of using
a continuous load application equipment to pull the mortar paste from the coating. The
shrinkage determination in the mechanized projected mortars is important due to the more
fluid consistency of this material and its greater propensity to cracks appearance. The
drying shrinkage begins on the coating surface and moves towards its interior, generating
tensions and, at the moment when the humidity begins to decrease, the drying rate is not
uniform [42].
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3. Results and Discussion
3.1. Physical Characterization

Granulometric curve, presented in Figure 3, shows that ornamental rock waste grain
size curve, in red, had 95% of its fraction smaller than 0.075 mm, similar to the characteristics
of hydrated lime, pink curve, (97% fines content), facilitating the substitution by this
material. The specific mass was also defined, using NBR NM 52 [43], resulting in a value of
2.48 g/cm3 for the ornamental rock waste, approximately equal to that found by Vardhan
et al. [24], 2.60 g/cm3, meanwhile the results found for hydrated lime were 2.27 g/cm3.
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3.2. Chemical and Microstructural Characterization

By the chemical characterization it was observed the presence of 76.34% of SiO2 and
12.49% of CaO in the ornamental rock waste, close to those found in the literature [16,44–46],
while lime is mostly composed of CaO, around 93.43%. In the mineralogical analysis of
ornamental rock waste, the predominant minerals were quartz and dolomite, showing good
correlation between the chemical analysis performed and studies previously carried out
on these materials [8,12,18,20,24,45]. Lime is predominantly composed of portlandite and
calcite [46]. Thus, based on chemical and mineralogical characterization, the ornamental
rock waste might be an effective substitute hydrated lime.

The microstructural characterization, Figure 4, also reveals similarity between hy-
drated lime and ornamental rock waste. Both ornamental rock waste and hydrated lime
have grains of similar texture in terms of particle size and pore size. Although the shape of
its grains is a little different, the lime presents rounder and more homogeneous particles
while the waste elongated and irregular grains due to the industrial processing [3,47].
Furthermore, the ornamental rock waste presented a rough surface in many of its particles,
as also observed by Lozano-Lunar et al. [48]. The fact that sizes and shapes of hydrated
lime and ornamental rock waste are similar, it is believed that the replacement of lime by
the ornamental rock waste will not impair at the mortars properties, as could be seen in the
following tests.
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3.3. Fresh State Tests

The results obtained in the squeeze flow test [30] are presented in graphs of load x
displacement. For this purpose, they are first compared with the reference graph presented
in Figure 5. This graph is divided into 3 regions or phases. In region I the material behaves
as a solid and has linear elastic deformation. In region II there are intermediate displace-
ments, and the material will flow with plastic or viscous deformation. In phase III there is a
significant increase in the load to continue with the material deformation, characterizing
the restricted flow of the material, because the frictional forces are predominant, being this
stage of great deformations.
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Figure 5. Typical profile load x deformation a squeeze flow test [19].

Each developed mortar in Figure 6 has a specific and unique curve, and comparing
them and Figure 5, it is possible to define the most workable ones. The lower the load
obtained to reach the same displacement, the less viscous the material is, i.e., the more
workable [49]. So, it can be said that these mortars have a predominant stage II. The test
was performed at a displacement 3 mm/s speed, with a stop criterion of either 1000 N
or 9 mm of displacement, whichever came first. Observing the graphs of Figure 6, for
the displacement of 4 mm, the mortar R01 needed a larger load than the others to reach
this mark. Therefore, it is considered the least workable among the studied mixtures. All
the mortars developed presented curves similar to hydrated lime, concluding that their
workability showed also be close. Therefore, it is possible to be replace lime by ornamental
rock waste. Of the three regions that are presented in the typical curve of Figure 5, these
mortars in Figure 6 have a significant stage II, which means that they will have a higher
deformation without a significant increase in strength [50,51].
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As discussed by Ashish [52] and required by the ASTM standard [53,54], when a
material is replaced by another with a larger specific surface, such as cement for ornamental
rock waste, the workability of the material decreased, due the specific surface of the waste
be higher than that of the cement, generating greater friction between the grains. On the
contrary, when a material with a low specific surface is replaced by one with a smaller
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surface, as sand being replaced by waste, the workability increased, due to fine filler effect of
ornamental rock powder. Therefore, the workability was not affected by the incorporation
of the ornamental rock waste replacing the hydrated lime, since their grains have similar
morphology, and also their specific surface.

Table 3 provides some results of properties of the different mortars in the fresh state.
Mortars composed of ornamental rock waste presented a higher mass density when com-
pared to those produced with lime. This result was already expected, considering that
the mass density of the residue found was around 2.49 g/cm3, which is higher than the
hydrated lime, 2.27 g/cm3, according to results mentioned in the literature [7,8,30,36].

Table 3. Fresh state parameters for the developed mortars and hydrated lime.

Parameters Samples

R01 R02 R03 Hydrated lime
Density mass (g/cm3) 1.954 1.971 1.963 1.366

Incorporated air
content (%) 9.35 8.67 8.93 9.50

Water retention (%) 92.259 91.154 91.935 97.000

The incorporated air content is a property with a direct influence on workability. The
higher this parameter, the greater the workability and the greater the time the material
remains workable, resulting in less effort to handle the mortar, and higher productivity.
Therefore, comparing Figure 6 with Table 4, it can be said that the more viscous the mortar
the less is the incorporated air content, although the values found are close to each other.
Thus it is difficult to say how much this property influenced the others. Knowing that the
Brazilian standard does not establish a range of incorporated air content, this result was
compared to the literature [53], which indicates that it should be between 2% and 7%, so all
the values found are slightly above the recommended by the bibliography. Nonetheless
only this result is not enough to validate or discard the mixtures.

Table 4. Results of water absorption by immersion, voids content and capillarity coefficient for the
developed mortars and hydrated lime.

Sample Water Absorption by
Immersion (%) Voids Content (%) Capillarity Coefficient

(g/dm2·√min)

R01 16.942 17.529 5.452
R02 17.054 17.857 5.846
R03 16.002 16.924 4.767

Hydrated Lime 15.350 16.599 6.800

Regarding water retention, a property that prevents excessive water loss, guaranteeing
the workability and complete cement hydration, the Brazilian standard does not stipulate
a minimum value. Thus, 90% was adopted according to ASTM C270 [54] and Azevedo
et al. [21], reaching the conclusion that the replacement of lime by ornamental rock waste
did not influence this characteristic [36].

3.4. Hardened State Tests

A hydrated lime mortar was produced at our laboratory as a reference index’s for
comparison, and obtained a water absorption by immersion of 15.35%, lower than the
three values found in the developed mixtures, although R03 has reached values simi-
lar to that of lime [55–57]. From the analysis of this parameter, there was no significant
change due to the replacement, a fact explained by the proximity between the granulome-
tries and fine particles found in the rock residue, leading to better packing by the filler
effect [17,18,24,58,59].
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It is known that the water absorption by immersion and the void index are inter-
connected. As the absorption tends to increase, the same happens for the void index,
evidenced in Table 4. The resulting void indices were compared with that reported by
Azevedo et al. [3], and the mixtures developed were below the limit established by these
authors. The slight increase in the void ratio was due to the introduction of an inert material
replacing one of the mortar’s binders. Thus, its contribution is only for the filler effect and
not for the development of hydration products [20].

Regarding the water absorption by capillarity, it concerns the capillary pores that
are on the coating surface, being its determination important since it is the most effective
means of pathological and aggressive agents to penetrate the mortar. Fine particles as
ornamental rock waste can be used to reduce void-filling, triggering the reduction of water
absorption by capillarity [20]. The capillarity coefficient of R03 mixture in Table 4 displays
the best result among the three ornamental rock waste mixtures analyzed. Finally, none of
the mortars studied were above the limit established by the literature [1,20,37].

In order to optimize the tests time, the mixtures developed were mechanized projected
on the substrate and the cracks appearance was observed, as shown in Figure 7. Despite the
appearance or not of cracks being one of the acceptance criteria for the mortars developed,
all of them were tested in the hardened state, even those that presented this pathology.
Thus, it was possible to analyze whether the mortars with cracks also had other properties
affected [55,56].
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The samples R01 and R02, Figure 7a,b presented a small incidence of cracks, however
their amplitude may cause problems. Mortars composed by hydrated lime showed small
cracks in greater quantity, while the R03 mixture did not show cracks at all. Although all
mortars have the same workability range, sample R03 has a higher percentage of super-
plasticizer in its composition, thus reducing the amount of water present. The appearance
of most cracks was observed when the coating was not fully hardened, configuring the
so-called plastic shrinkage, which occurs by the rapid evaporation of the kneading water
before the end of the setting and results in a superficial cracking [57,58].

The values found in flexural and compressive strength, Figure 8, were compared with
the results of Kamani et al. [36], since the Brazilian standard does not establish minimum
limits for these two parameters. Comparing the results obtained with [36], which indicates a
minimum of 1 MPa, all the mortars studied showed results above the minimum established,
although the R01 and R02 mortars reached the lowest values, the others compositions
presented acceptable results. Analyzing the compressive strength, mortars R02 and R01
showed close averages, followed by the hydrated lime and finally, mortar R03. The mixtures
containing 1.3% of additive, R03, are above the expected average [7,36,59].

According to NBR 13529 [41], to be used as an external coating, the minimum bond
strength that mortar must have is 0.30 MPa and as internal, 0.20 MPa. Therefore, observing
Figure 8, only the mixtures R03 and hydrated lime can be used as an internal and external
coating, since the other two are below the value of 0.30 MPa, thus they can be used only
as internal coating. In the mortars with ornamental rock waste, the flexural strength
remained practically constant, as well as the tensile bond strength, while the compressive
strength improved in the R03 mix and decreased in the R01 and R02 mortars. The only
variation between the developed mortars is the amount of water in the mixture, thus it was
responsible for the variation found in the strength.
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Due to the existence of cracks, the dimensional variation test [42] was performed,
and the curve with its results was plotted in Figure 9. Ornamental rock waste mortars
reached 90% of their total retraction at 14 days, while the curve stabilization of hydrated
lime occurred around 9 days. The shrinkage found in the dimensional variation test can be
correlated to the appearance of cracks in recent aging times observed in the coatings [60].
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4. Conclusions

The material characterization showed that ornamental rock waste () is an advantageous
substitute for hydrated lime, since its granulometry is closer to the lime as well as its
microstructural composition. Concerning the mechanized projected mortars, workability is
a fundamental characteristic for this process to occur correctly, being fixed in this specific
case, according to the consistency index, at 310 ± 5 mm. It is influenced by the amount of
water and additive in the mixture, incorporated air content and water retention.

The visual cracks analysis showed that among the three mortars developed; only
one did not present this pathology, the sample that had the lowest water/dry material
ratio. This shows that, although water increases the workability, in excess it affects others
properties, such as the coating durability. From the results of dimensional variation, it was
observed that all mortars showed a similar process of retraction, although R03 with 1.3%
ornamental rock waste had the smallest retraction.

There was an increase in the mass density in the fresh state, of approximately 16%, in
all developed mortars with ornamental rock waste in relation to hydrated lime mortars.
The incorporated air content was around 9% and the water retention above 90%, following
to the adopted values from literature [36].

In relation to the hardened state parameters, the R03 mortar presented a greater
performance than the other two mortars, R01 and R02, mainly in the mechanical strength,
being approximately 50% above the obtained values. Regarding the capillarity water
absorption test, the three mortars, presented good coefficients, close to the values found for
the hydrated lime mortar of 6.800 g/dm2·min1/2. For the void index and water absorption
by immersion, the ornamental rock waste incorporated mortar presented values that were
approximately the same as lime mortar.

Therefore, it can be said that among the developed mortars, the one that presented the
best performances, did not show any cracks, and its workability was in accordance with that
required by the projection equipment, was the R03. Thus, with all the arguments presented,
the ornamental rock waste studied at this work can replace hydrated lime by mechanized
projected mortars in a satisfactory way. These results corroborate other studies on the
feasibility of using this waste in mortars for coating. Moreover, they fills an important gap
regarding the validation of the condition of mechanized projected application, giving a
strong reduction of time, cost and waste in civil construction, contributing to make mortars
more sustainable. Thus, this research complements other studies in the literature and
advances clearly in this field, aiming at a real and practical application for the industries of
the sector.
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Abstract: This investigation presents a critical analysis of calcium aluminate cements (CAC), specifi-
cally associated with sustainability and environmental impact, and the potential of these cements to
help solve certain worldwide problems. Areas of research include cements as recycling holding mate-
rials, sustainability, circular economy, production costs, and energy. This investigation summarizes
the current trends, perspectives, and the main concerns regarding CAC. Detailed information about
the materials and processes involved in CAC is also presented. First, a general search was made
using the Carrot2 Workbench metasearch engine to identify possible thematic groups correlated with
CAC, then a more in-depth and specialized search was done using the Scopus database. The results
revealed that these materials have a lot of potential to help solve problems in the circular economy
and suggest several exciting areas for conducting future research.

Keywords: cements; materials; sustainability; construction; civil engineering; phases

1. Introduction

Calcium aluminate cements (CAC) are classified as hydraulic cements and are mostly
used in applications involving extreme environments, which include refractories [1], acid
resistant requirements, and fast setting cements. These materials are currently the subject of
research on topics like property improvement, durability and more friendly manufacturing
processes. CAC are manufactured industrially from mixtures of limestone and materials
with a high content of Al2O3 (bauxites, laterites and alumina obtained via the Bayer process,
among other materials) [2]. CAC are considered eco-cements due to the reduced carbon
emissions created during their production. They also have diverse applications due to their
impressive early age strength and enhanced durability in harsh environments [3].

The main mineral phases present in CACs are calcium mono aluminate (CA), calcium
dialuminate (CA2), dodecalcium heptaaluminate (C12A7) and alpha-alumina (α-Al2O3).
All CAC properties depend only on their mineralogical phase composition [2,4].

The specific gravity of CACs varies between 3000 and 3250 kg/m3 (3 and 3.3 g/cm3),
and is largely controlled by the iron content. The apparent density is typically between 1.12
and 1.74 g/cm3. The specific surface area measured by the British Standard method can
vary between 2.500 and 4.000 cm2/gr. The properties of the constituent minerals of CACs
as well as their typical chemical composition are shown in Table 1.
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Table 1. Properties of the constituent minerals of CAC.

Mineral
Chemical Composition (wt%)

Tm (◦C)
Density
(g/cm3) Crystal Structure Formation Enthalpy

(kJ/mol)CaO Al2O3 Fe2O3 SiO2

C 99.8 - - - 2570 3.32 Cubic -
C12A7 48.6 51.4 - - 1405–1495 2.69 Cubic -

CA 35.4 64.6 - - 1600 2.98 Monoclinic −2323
CA2 21.7 78.3 - - 1750–1765 2.91 Monoclinic −4023
C2S 65.1 - - 34.9 2066 3.27 Monoclinic -

C4AF 46.2 20.9 32.9 - 1415 3.77 Orthorhombic -
C2AS 40.9 37.2 - 21.9 1590 3.04 Tetragonal -
CA6 8.4 91.6 - - 1830 3.38 Hexagonal -

Al2O3 - 99.8 - - 2051 3.98 Rhombohedral

The main hydraulic phase in all CACs is the CA phase. Of all the influencing factors,
temperature is the most important since hydration products depend heavily on the curing
temperature [5–11]. According to several studies, the initial hydration product that emerges
within the temperature range of 0 to 15 ◦C is predominantly CAH10 (Monocalcium alu-
minate decahydrate), while between 15 ◦C and 35 ◦C the predominant phases are CAH10,
C2AH8 (Dicalcium aluminate octahydrate) of hexagonal morphology, and amorphous
AH3 (Gibbsite). Above 35 ◦C, the major phase formed is C3AH6 (Katoite) [4,12–15]. CA
hydration is primarily responsible for the early development of resistance, while CA2
hydration occurs after the main CAC hydration reaction has already been exceeded [16].
Refs. [17–19] shows some properties of the hydrated phases (Table 2).

Calcium aluminate cements (CAC) are mainly used in the refractory industry. They are
also mixed with other cements such as Portland cement to create products in the ceramic
industry, especially in construction [4,14,20–24]. Can recycled materials be used for the
manufacture of calcium aluminate cements? How do calcium aluminate cement products
fit into a circular economy? What relationship is established between the energy sector and
the production of calcium aluminate cements? How are calcium aluminate cements being
implemented within additive manufacturing? These are important questions in a world
where factors that affect the environment and energy contribute to global warming.

Table 2. Densities, molar masses of the hydrated phases, and enthalpy of formation.

Hydrated Phase Density (g/cm3) Molar Mass (g/mol) Formation Enthalpy (kJ/mol)

CAH10 1.72 338.1 -
C2AH8 1.96 358.2 −5433 [25,26]

AH3 2.44 156.0 −2578 [25]
C3AH6 2.52 378.3 -

Figure 1 shows the SEM images of the main hydrated phases of CAC at 20 ◦C,
(a) CAH10, and (b) C2AH8. The laminar structure is very clear, with all thicknesses
below 0.5 µm.

Concrete based on Portland cement is the most widely used material in the world
and its massive production is responsible for approximately 5 to 8% of global manmade
CO2 emissions [27]. CO2 emissions are mainly due to energy consumption during the
manufacturing process and decarbonization of limestone during clinker manufacturing.
These emissions could be reduced by replacing clinker methods with inorganic minerals
from industrial wastes such as slag, fly ash, and silica fume, or by using CAC despite its
much smaller scale production compared to Portland cement [28]. The study and use of
CAC is therefore very valuable to reduce global environmental problems.
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The generation of CO2 is an important consideration in the manufacture of cement.
Thus, it is pertinent to know which mechanisms are involved in the process in order to try
to reduce such emissions. 3D printing is a revolutionary new process that impacts many
sectors, including medicine and construction. Additive manufacturing (AM) is a process
whereby materials are joined to make objects from a 3D model, layer upon layer [29–32],
which minimizes the materials wasted. Due to the importance of these latter two areas,
they are included in this review to see how much they have been researched already. The
value of the other areas included in this review needs no further justification.

This research shows how investigations into CAC are helping to solve its most signifi-
cant environmental issues. In order to understand and classify all this research, a general
search was first carried out using the meta search engine Carrot2 Workbench. Carrot2
Workbench is an open-source search results clustering engine. After that, an exhaustive
search was performed using the Scopus database, and the information found there was
then analyzed.

2. Materials and Methods

A general search was initially carried out using the Carrot2 Workbench metasearch
engine and the keywords Calcium Aluminate Cement. The initial search employed the
following sources: etools web search and the K-mean algorithm (base line algorithm, bag-
of-words labels). A second search was done using the etools web search and the Lingo
algorithm (well-described flat clusters).

After that, a deeper and more specialized search was conducted in the Scopus database,
with keywords provided by Carrot2 Workbench and complemented by others that were
more specific to CACs and the environment, hydration, high temperature, refractory,
Portland cement. The Scopus database search was performed with the keywords shown in
Figure 2a.
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Subsequently, the documents found for specific areas, recycling, productions costs,
environmental science, additive manufacturing, CO2 generation, sustainability and life
cycle assessment, related to CACs and the environment were analyzed, as shown in
Figure 2b. Finally, the studies found in the last stage were described.

3. Results

The search was conducted using the Carrot2 Workbench with the keyword calcium
aluminate cement—Source: etools web search—algorithm: Lingo (well-described flat clus-
ters.). The search found 118 documents in general areas, and 33 documents in clusters (see
Figure 3). The few articles found are dispersed over 33 clusters, where 40% (48 documents)
focus on clusters such as Portland cement and CAC (see Figure 3). This high dispersion
of very few articles means that a common thread in the studies cannot be established and
practically every cluster is an area of research to explore.
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The search using Carrot2 Workbench with the keyword calcium aluminate cement-
Source [33,34]: etools web search—algorithm: K-mean (base line algorithm, bag-of-words
labels), showed 58 documents in related areas and 19 documents in clusters (see Figure 4).
This search found more specific clusters but also showed that there are fewer articles and an
increased dispersion. According to the metasearch engine, there are not enough studies to
establish a common thread of work in a specific area. No cluster is presented as a developed
area. On the contrary, each cluster is open to new research, as seen in Figure 4 [33,34].

A deeper and more specialized search was performed in the Scopus database, with
the keywords given in Figure 2a. The search in Scopus found that the most commonly
investigated factors associated with CAC are the hydration process, refractoriness, high
temperature behavior, and the mixture of CAC + Portland cement. A total of 2832 doc-
uments were found. It can be established from this review that the factors associated
with the most investigated CACs are the hydration process, high temperature behavior,
refractoriness, and mixing with Portland cements. A quantification of the type and number
of studies carried out in relation to these factors is presented in Figure 5 and in Table 3.
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Table 3. Types of documents organized by CAC study factor.

Article Conference
Paper Review Conference

Review Book Chapter Production Interval
(In Years)

Hydration 939 189 27 10 2 1957–2022
High Temperature 412 78 11 8 5 1946–2022

Refractory 298 69 16 5 3 1946–2022
Portland Cement + CAC 579 137 16 10 18 1975–2022

It is clear that the hydration process is the most widely investigated topic in CAC,
followed by topics related to refractories, behavior at high temperature, and the CAC +
Portland Cement mixtures (see Figure 5).
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The bibliographic search was performed using the Scopus database until November
2022, in which 112 documents were found for the environmental areas shown in Figure 6.
The search in the specialized Scopus database shows very few studies. It can be divided
into 7 clusters, which indicates a high dispersion, and a common thread or an area of
research cannot be defined. Therefore, each cluster shown in Figure 3 and Table 4 represent
an area of investigation to explore.
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Table 4. Types of documents organized by environmental cluster.

Article Conference
Paper Review Conference

Review Book Chapter Production Interval
(In Years)

Recycling 37 7 1 4 3 1995–2022
Production costs 13 3 1 0 0 1995–2021

Environmental Science 3 2 0 0 0 2001–2020
Additive manufacturing 3 1 1 1 2 2010–2021

CO2 generation 4 1 0 0 0 2011–2021
Sustainability 10 4 1 1 1 2007–2021

Circular economy 4 0 0 0 0 2017–2021
Life cycle assessment 1 2 0 1 0 2014–2021

Table 4 shows the type of document organized according to environmental clusters,
like the years the articles were published. As shown in Table 4, from 112 documents, only
70 articles were found in all areas. In Circular Economy, four articles were registered, and
in Life Cycle Assessment, only one was found. In Environmental Science and Additive
Manufacturing, three articles per area were found. In Sustainability, 10 articles were found,
and in CO2 Generation, four articles were found. The most widely investigated areas are
Production Costs and Recycling.

4. Discussion

The revision of the state of the art shows incipient development in the literature related
to calcium aluminate cements and the environment, such as CO2 Generation, Sustainability,
Additive Manufacturing, Environmental Science, Production Costs, Recycling, and Circular
Economy. There is therefore a well-defined research area that can be developed for each
topic. Furthermore, this review suggests five emerging research areas for CACs, as shown
in Figure 7.
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4.1. Analysis of Symmetry Spaces from Group Theory—Nanoscience

The fundamental chemical interactions that control the structure and performance
of cements have been investigated in detail. However, the complex and crystallographic
nature of the phases that form in hardened cements makes it difficult to obtain detailed
information on the local structure, reaction mechanisms, and kinetics [35–38]. Solid state
nuclear magnetic resonance spectroscopy could solve the key atomic structural issues
within these materials in combination with the proper use of X-ray diffraction. The X-ray
diffraction should focus on unveiling the crystalline symmetry spaces, in order to set out
promising lines of research. The research could generate models using highly advanced
designs of new materials using knowledge of their quantum behavior and their proper
combination with various suitable nano materials suggested by the theoretical analyzes.

4.2. Additive Manufacturing

Additive manufacturing technologies (also known as 3D printing) have expanded
rapidly in various industrial sectors, including aerospace, automotive, medical, architecture,
arts and design, food and construction. Transition from visualization and prototyping
stages to functional and real parts replacement opens up more design possibilities. Among
the various AM applications, building and construction is a very promising large-scale area
for development and will be included in the coming manufacturing revolution. However,
there are obvious challenges and risks to integrating AM into large-scale construction, such
as construction and reinforcement regulation. Progress in commercialization is advancing
at a slow pace since only a few large-scale 3DP trials for construction can be found in the
literature [39–41]. The use of CACs to generate AM-friendly mixtures is therefore a virgin
and unexplored research area with great prospects for success.

4.3. Circular Economy

Although CACs can potentially be used to benefit the environment, including the use
of waste as aggregates in concrete manufacturing, neutralization of reactive substances,
and the storage of hazardous substances, no studies were found that investigate the use of
CACs within the circular economy production chain.

Searching in the Scopus database using the keywords calcium aluminate cement +
circular economy did not produce any results. This reveals that little work has been carried
out on the management of solid waste generated from manufactured products based on
CAC. Therefore, new processes using CAC-based waste and the circular economy would be
of great interest to industry, and would potentially have a significant environmental impact.

4.4. Carbonatation Process

CAC paste is known to react with atmospheric carbon dioxide. Carbonation causes
numerous chemical-mechanical changes in the cement paste, but can also improve proper-
ties of the cement material [42–45]. For these reasons, the active use of carbonation as a tool
to manipulate the properties of CAC-based materials is a very promising research area that
could potentially improve fiber-reinforced cementitious compounds and promote concrete
recycling and immobilization of waste.
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The carbonation of CACs has been investigated in order to find adequate conditions
to improve the mechanical properties of CACs. However, the very specific manufacturing
conditions of CAC paste, such as water/cement ratios greater than 0.4, hydration in the
presence of alkalis and hydration in a high-humidity atmosphere [44,46], produce a paste
with very poor mechanical performance for construction and refractories. However, these
pastes do have a high CO2 absorption capacity. Therefore, hydrating CAC in conditions that
are unfavorable to its mechanical properties could drastically increase its CO2 absorption
capacity, which could be used to reduce CO2 contamination elsewhere. After these pastes
are saturated with CO2, they could be included in the circular economy as a construction
material. While no research has been found in this area, it would be an excellent topic
to review. The research presented here describes advances in sustainability and many
other specific and important topics related to the circular economy of CAC. However, the
lack of progress in these areas is quite evident considering the social demands on modern
construction materials. Moreover, the required approaches demand a rethinking of the
material and process in the circular economy. The process needs to be not only reused but
also optimized to reduce energy, water and material waste. From an academic, innovation
and production point of view, this technological lag opens up new opportunities to produce
a CAC that fits in with the advances of the 21st century. Such research is important because
it would pave the way for not only significant progress towards a more sustainable CAC,
but also reveal the limitations and opportunities in the area for a real modern CAC material.

5. Analysis by Specific Area
5.1. Analysis by Environmental Area

After refining the search and restricting only to CAC + environment, the Scopus
database shows 112 articles distributed by cluster as shown in Table 4. Below is a description
of each article found.

5.1.1. CAC + Recycling

A search with the keywords, calcium aluminate cement and recycling (CAC + re-
cycling) in the Scopus database yielded 52 documents only 37 articles were found. The
number of documents produced per year is presented in Figure 8a. It can be seen that the
highest production was in the last 3 years, with 28 works presented.

The use of CAC can effectively mitigate the expansion of the alkali-silica reaction
(ASR) of alkali activated cement mortars (AAC) incorporating glass cullet (GC) as fine
aggregates, but the mechanism is unclear [47]. P. He, et al. [47]. present a systematic study
on the exploration of the underlying mechanism and to determine the safe use of GC in
AAC to maximize the possibility of recycling glass waste in construction materials.

They found that the ASR expansion of the alkali activated glass mortars was more
than 1000 µε after 1 day of alkaline immersion, when using GC and the incorporation of
CAC decreases the expansion to less than 1000 µε, even after 14 days of immersion alkaline,
decreased by 20%. This result occurs because the aluminium in CAC was incorporated
into the AAC matrix with tetrahedral and octahedral units. Increasing the CAC content
increases the tetrahedral unit that required more Na ions to balance the excess charge,
which caused the alkalinity of the pore solution to decrease as did the expansion of ASR.

B. Zhang, et al. [48] feature a way to incorporate recycled glass materials into AAC-
based pastes/mortars. The GC waste was used to replace natural aggregates and the glass
waste powder (GP) was used to partially replace conventional precursors such as blast
furnace slag (GGBS). Using the developed technology, recycled AAC-based mortars can
be produced with a 28-day compressive strength of approximately 40 MPa. The AAC
mortar mixes showed good resistance to high temperatures, retaining more than 50% of the
original resistance after 2 h of exposure at 800 ◦C. The experimental results also showed
that the damaging expansion caused by the alkaline silica (ASR) reaction between alkali
and residual GC in AAC mortars could be successfully controlled by using additional
sources of aluminum such as CAC.
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Chang, et al. [48] also investigated the compressive strength, drying shrinkage and
ASR expansion of AAC mortars using GC as aggregates and GP to partially replace GGBS
as the precursor. They noted that mortars using GC as an aggregate, replacing GGBS with
GP decreased compressive strength, and mortars using sand as an aggregate, showed
severe drying shrinkage, while replacement of sand by GC could significantly decrease
drying shrinkage.

The alkali activated GGBS mortars using GC as an aggregate showed great expansion
after alkaline immersion. When GP is used to partially replace GGBS, the expansion was
significantly reduced. The replacement of 15% of GGBS by CAC could further decrease the
expansion. The optimal proportion of the AAC mix developed in this study was that the
mortars incorporated 15% CAC, 10% GGBS, and 75% GP, could meet stipulated mechanical
requirements and durability requirements for bulkhead applications.

W. Panpa, et al. [49] produced a visible light active compound, Ag2O-Ag/CAC/SiO2,
by loading an aqueous solution of silver salt onto the hydrated CAC coating layer in a
porous SiO2 sphere. The slight hydration condition of the cement induced the forma-
tion of Ag2O precipitates in situ on the cement surface which partially decomposed into
metallic Ag after drying and appropriate heat treatment at 200 ◦C to improve both Ag2O
decomposition and crystallinity.

The photo catalytic activity of the compound Ag2O-Ag/CAC/SiO2 (calcined at
200 ◦C), evaluated under irradiation with UV light and visible light through the photo
decomposition of CHP in water, quantified by HPLC, was two times greater than that
Ag2O-Ag/CAC/SiO2 compound (dried at 45 ◦C), and capable of completely decomposing
CHP in 5 h. Furthermore, the photo stability of the Ag2O-Ag/CAC/SiO2 photocatalyst
remained unchanged during five recycling tests.

S.K.S. Hossain and P.K. Roy [50] formulated a nano-lakargiite system (NL) [CaZrO3]
for formless refractories. The NL powder formulation is made from a solution mixture,
which is easily capable of recycling by-products. Scrap shells were used as a source of CaO
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for the preparation of NL. They reached at 1100 ◦C, the single-phase orthorhombic crystal
structure with the Pnma space group of nano CaZrO3 (average crystallite size ~19 nm).
The formulation involved replaced CAC with NL was heat treated at 1600 ◦C, resulting
in properties that matched by the different advanced bonding systems of high alumina
refractory molds, therefore, achieving good densification, heat resistance, and thermal
shock resistance for NL bonded refractory molds.

H. Al-musawi, et al. [51] studied the time-dependent transport properties and shrink-
age performance of smooth and fiber-reinforced rapid-setting mortars for repair appli-
cations, in two single mixes of Steel-Fiber-Reinforced Concrete (SFRC). They found that
CSA cement mixes have much lower shrinkage values (about 220 and 365 microspheres)
compared to CAC mixes (about 2690 and 2530 microspheres), but most of the shrinkage in
these formulations were autogenous. However, the fibers reduced the drying shrinkage of
the CAC mixes by approximately 12%.

H. Al-musawi, et al. [52] investigated the flexing performance of fast-setting mortar
mixes made with two types of commercial cement, calcium sulfonate cement and CAC, for
thin concrete repair applications. They performed three-point bending tests on samples of
smooth steel-fiber reinforced (FRC) concrete containing 45 kg/m3 of recycled clean steel
fibers to characterize the bending performance of notched and notched prisms at different
ages, ranging from one hour to one year. They found that recycled fibers improve both the
flexural strength and toughness of FRC prisms.

One of the best methods of recycling waste in the construction sector is to use it
in the preparation of concrete or mortar. S.T. Yildirim, et al. [53] used recycled concrete
aggregates and bottom ash as aggregates in the mortar. They used CAC as a binder to
improve fire resistance. They investigated flexural and compressive strength, dry unit
weight, water absorption, capillary action, thermal conductivity, thermal resistance, and
costs, following a Taguchi method for internal cure (IC), the amount of cement, and the
aggregate ratio as parameters. They found that IC does not have enough positive effect on
mortars. Choosing the appropriate type of cement is believed to be effective. The process
of obtaining resistance for CAC is quite fast and water had a negative rather than a positive
effect. It is believed that IC water should have increased the amount of water mix. The
increase in the amount of CAC has a positive effect because the dosage of cement in the
mortars is kept low and the durability with respect to temperature is maintained.

P. Kulu, et al. [54] recycled the niobium slag, separating the metallic Nb and the
mineral ballast—calcium aluminate. Preliminary tests of cement to use the main product
as a binder or substitute for cement confirmed its potential for use in the production of
construction materials. P. Ogrodnik, et al. [55] investigated sanitary ceramic waste as an
addition to concrete. Six concrete mixes on Portland cement and CAC were designed with
various aeration mix contents. They found that the compressive strength is adequate for
concrete containing ceramic aggregate and CAC at high temperatures.

M. Nematzadeh, et al. [56] investigated the compressive behaviour of concrete con-
taining fine recycled refractory brick aggregate, CAC fibers, and polyvinyl alcohol (PVA)
in an acidic environment, motivated because earthquake-induced structural debris and
other factors cause destruction and problems related to the damaging effects of acidic
environments. They found that samples containing CAC along with PVA fibers have an
adequate corrosion response against acid attacks, while samples containing fine refractory
brick aggregate showed quite unsatisfactory performance in this regard.

M. Nematzadeh and A. Baradaran-Nasiri [57] investigated the compression stress-
strain behaviour of recycled aggregate concrete. Different levels of replacement of con-
ventional fine aggregate by recycled particles from used refractory bricks were used (0,
25, 50, 75 and 100% volume replacement level) in two groups, one containing PC and the
other containing CAC. After exposure to elevated temperatures (110, 200, 400, 600, 800 and
1000 ◦C), significant degradation occurred for most of the mechanical properties for con-
crete containing ordinary cement at 400 ◦C and for concrete containing aluminate cement
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at 110 ◦C. Higher fine brick refractory aggregate contents improved concrete compression
behaviour at higher temperatures.

A. Baradaran-Nasiri and M. Nematzadeh [58] investigated the use of recycled aggre-
gate produced by crushing firebricks. Samples were separated based on CAC and OPC
with replacement ratios of 0, 25, 50, 75 and 100% of fine aggregate of refractory brick instead
of natural sand. After exposing the samples to temperatures of 110, 200, 400, 600, 800,
and 1000 ◦C, it was found that the addition of refractory brick and the CAC improve the
residual strength of the concrete up to twice, at the temperature of 800 ◦C.

R. Stonys, et al. [59] studied the waste from mineral wool (dome dust—CD) and its
possible reuse in the production of CAC-based refractory concrete, replacing the silica
addition with CD. It was found that CD can be used for the production of refractory
concrete. Í. Navarro-Blasco, et al. [60] studied waste foundry sand (WFS) in CAC mortars
with a replacement level of 50%. Compared to OPC mortars, the use of CAC showed
several advantages, improving compressive strength and retention of toxic metals.

L.J. Fernández, et al. [61] studied the recycling of crystalline solar cells incorporated
into cement matrices. The hydration process of a mixture of CAC and photovoltaic solar
cell waste was analyzed, founding that the presence of up to 5% solar cell residue in cement
matrices does not result in new hydration products that are different from those derived
from normal CAC hydration. Furthermore, the developed material can be considered an
expansive cement mix because it releases H2 in the early stages. The presence of residues
causes a decrease in mechanical resistance and an increase in the total porosity of this
material, although, it could be used for applications such as thermal insulation.

Chen et al. [62], showed that CAC had an excellent immobilization efficiency of
potentially toxic elements in fly ash from municipal solid waste incineration.

5.1.2. CAC + Production Costs

A search with the keywords, calcium aluminate cement, and production costs (CAC
+ production costs) in the Scopus database yielded 17 results. The number of documents
produced per year is presented in Figure 8b. The low production in this topic can be
observed in the last 25 years.

M. Erans, et al. [63] oriented their research to the production of improved sorbents,
motivated by the fact that the calcium loop (CaL) is a CO2 capture technology and a
fundamental problem for the commercialization of these technologies is to maintain a high
level of sorbent reactivity during the long-term cycle, to mitigate the decrease in carrying
capacity. A great strength of CaL compared to other carbon capture technologies is the
synergy with the cement industry, due to the use of spent sorbent as Clinker raw material.

M. Erans, et al. [63] investigated limestone doped with HBr through a particle surface
impregnation technique and granules prepared from limestone and CAC. These were
tested in a 25 kWth dual fluidized bed pilot scale reactor to understand their capture
performance and mechanical stability under realistic CaL conditions and the spent sorbent
was subsequently used as a raw material to make cement. It was found that HBr-doped
limestone showed better performance in terms of mechanical strength and stability of CO2
absorption compared to that of granules prepared from limestone and CAC, and that the
cement produced has characteristics and performance similar to that of commercial CEM
I cement. This demonstrates the advantages of using spent sorbent as a raw material for
cement manufacturing and shows the benefits of synthetic sorbents in CaL and the end-use
suitability of spent sorbents for the cement industry. It can be concluded from the work
of M. Erans, et al. [63], the feasibility of using various practical techniques to improve the
performance of CaL on a pilot scale, and more importantly, it shows that commercial grade
cement can be manufactured at from the lime product of this technology.

Abolhasani et al. [3] discusses the results of a comprehensive study incorporating rice
husk ash (RHA) in CAC concrete to limit the phase transition of CAC hydration product
and stabilize its long-term properties. The findings indicate that, at 90 days, the mechanical
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strengths of the mixes containing RHA were higher than those of the control mix, with the
maximum improvement occurring at the substitution percentage of 5%.

5.1.3. CAC + Environmental Science

A search with the keywords, calcium aluminate cement and Environmental science
(CAC + Environmental science) in the Scopus database yielded 5 results. The number of
documents produced per year is presented in Figure 8c. This reveals almost no production
in the last 20 years.

L. Xu, et al. [64] investigated setting times, mechanical strength and drying shrinkage
ratio of mixed OPC and CAC systems (less than 25%). They found that with CAC, the set
times of combined systems are shortened; the compressive strength first increases slightly
(peaks with 6% calcium aluminate cement) and then decreases significantly. T.T. Akiti Jr,
et al. [65,66] developed a calcium-based sorbent to desulfurize the hot carbon gas, this led
to the development of a spherical granule-like material, which has a limestone-based core
enclosed in a strong support layer. Strong granules are prepared by incorporating some
CAC into the core and a larger amount into the shell, along with the limestone.

The granules are prepared by a two-step granulation method, followed by steam
curing and heat treatment. It was found that the granules are capable of absorbing relatively
large amounts of hydrogen sulfidic at high temperature (e.g., 1150–1200 K) that can be
regenerated by a cyclical oxidation and reduction process.

Secondary aluminum dross (SAD) is a dangerous pollutant as well as a valuable
resource. About 95% SAD is disposed by stockpiling on the spot due to its complex
composition and technical limitations, causing severe ecological damage and public health
threat [67]. Mingzhuang et al. [67] developed a new green process for the preparation
of ultrafine and high-whiteness Al(OH)3 from SAD. This phase can then be used as a
high-strength cementitious material by mixing it with CAC.

5.1.4. CAC + Additive Manufacturing

A search with the keywords, calcium aluminate cement and Additive manufacturing
(CAC + Additive manufacturing) in the Scopus database returned 10 results. The number
of documents produced per year is presented in Figure 8d. This reveals almost zero
production in the last 10 years.

P. Shakor, et al. [68] They discuss a methodology for replacing the typical powders
currently used in 3D printing to make it possible to use printed samples in construction
applications. They found that the highest compressive strength (14.68 MPa) is obtained
for samples that were first cured in water and then oven dried for one hour at 40 ◦C,
compared to samples that were cured without drying at 40 ◦C (4.81 MPa). Therefore,
the post-processing technique has a significant and effective impact on the resistance of
printed samples. P. Shakor, et al. [69] developed a mixture of CAC through a 150 µm sieve
and OPC for the Z-Corporation 3D Printing Process (3DP). This cement mix was mixed,
and the resulting compound powders were printed with a water-based binder using a
Z-Corporation 3D printer. In addition, lithium carbonate was added to some samples to
reduce the setting time of the cement mix. The maximum compressive strength of the cubic
samples for cementitious 3DP was 8.26 MPa at the 170% saturation level for both the shell
and the core. The minimum porosity obtained was 49.28% at the saturation level of 170%
and 340% for the cover and the core, respectively.

V. Antonovich, et al. [70] carry out a review on the use of nano technologies in the
manufacture of refractory concretes and some other cementitious materials, examining the
influence of nanostructure formation on the bonding material on the properties of refrac-
tory concretes. In one case, investigations were carried out using two-component bonding
materials (sodium silicate solution mixed with dicalcium silicate) and three-components
(sodium silicate solution mixed with dicalcium silicate plus calcium aluminate cement).
Cement refractory concretes with mullite aggregates, micro silica, and hybrid and simple
deflocculant additives (Castament FS20 polycarboxylate ether and sodium tripolyphos-
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phate) was studied, finding that the three-component bond material hardens as opposed to
the two-component material, since one of the bonding components (combination of sodium
silicate and dicalcium silicate solution) hardens very quickly and affects the hydration
process of the other component, CAC. This has a powerful impact on the entire structure of
the material. The application of nanotechnology in the manufacture of refractory concretes
has increased the compressive strength three times, from 55 MPa to 165 MPa. CACs can be
effectively used as an accelerator for PC hydration for the purpose of layered extrusion.
Das, et al. [71] established that CAC mixed with a source of calcium sulfate could be a
better alternative than using CAC alone.

5.1.5. CAC + CO2 Generation

The search with the keywords, calcium aluminate cement and CO2 generation (CAC +
CO2 generation) in the Scopus database returned five results. The number of documents
produced per year is presented in Figure 8e. This reveals almost no production in the last
9 years.

S. Bharati, et al. [72] developed, with a sustainable approach, a low cost mouldable
for low temperature applications using steelmaking slag as raw materials. The ladle slag
generated after the secondary steelmaking process was used in the 50–70% range as a
complete source of CaO to develop a CAC. The slag was used as a 100% replacement for
the limestone and partial replacement of the Al2O3 source in the cement. In this way, it was
possible to eliminate the CO2 emission associated with the dissociation of the limestone
during the clinker manufacturing process. The castable was prepared using primary
steel slag as an aggregate and slag cement was developed as a binder. The CA and CA2
phases were detected as primary phases in the slag cement and gehlenite and mayenite as
secondary phases.

The slag was used as a 100% replacement for the limestone and a partial replacement
for the Al2O3 source in the cement. Therefore, it was possible to eliminate the CO2 emission
associated with the dissociation of limestone during the clinker manufacturing process.
The castable was prepared using primary steel slag as an aggregate, and slag cement was
developed as a binder. CA and CA2 were formed as the primary phases in the slag cement,
with the Gehlenite phases. Slag cement with a slag content of 60% exhibited superior
strength compared to commercial medium purity CAC. In addition, the crush strengths
of 110 ◦C and 1000 ◦C were found to be better for casting slag cement than commercial
cement. Therefore, it was possible to develop a green mold using by-products from the
steel manufacturing process that would not only help reduce the carbon footprint, but also
reduce manufacturing costs.

5.1.6. CAC + Sustainability

A search with the keywords, calcium aluminate cement and Sustainability (CAC +
Sustainability) in the Scopus database returned 17 results. The number of documents
produced per year is presented in Figure 8f. This reveals almost zero production in the last
8 years.

M. Giroudon, et al. [73] analyze the deterioration mechanisms of different binders
focusing on the impact of the binding nature on the medium (biochemical composition) dur-
ing digestion. Binders with a favorable composition for chemically aggressive media were
tested: slag cement (CEM III/B), CAC and alkaline metakaolin-based material (MKAA),
and a reference binder: OPC (CEM I). Under the explored conditions, biodeterioration
mainly led to carbonation of the cement pastes.

Alternative cementitious materials (MCAs) are receiving increasing attention world-
wide, but there is a lack of knowledge about the resistance of these materials against the
intrusion of harmful ions. Furthermore, current accelerated test methods that measure
ion diffusion under an electric field are not reliable when comparing binders with very
different pore solution chemistry. M.K. Moradllo and M.T. Law [74] solve these problems
by using laboratory transmission X-ray microscopy (TXM) and micro-X-ray fluorescence
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imaging (µXRF) to perform real-time measurements of ion diffusion in paste samples and
mortar for five commercially available ACMs and a OPC. They compared the apparent
rate of ion diffusion, quantified the change in the rate of ion diffusion over time, and gave
an idea of ionic binding. It was found after 42 days of ion exposure that samples made
with calcium aluminate cement had the lowest rate of ion penetration, while samples with
activated alkali cement and calcium sulfoaluminate had the highest rate of ion penetration.
Portland cement had an ion penetration level that was between these two. Furthermore,
both alkali activated and calcium sulfoaluminate samples showed a decrease in penetration
rate over time. These measurements are important to quantify the sustainability of MCAs,
better justifying their uses where durability is a concern, and guiding to future durability
tests for these promising materials.

It is well-known that cement production represents 1.65 billion metric tons of annual
global CO2 emissions [75], making it one of the largest contributors to global CO2 emis-
sions. One way to reduce CO2 emissions associated with concrete construction is using
alternative cementitious materials and binders (ACMs), such as calcium sulfoaluminate,
calcium aluminate, and alkali activated binders. These materials often require lower pro-
duction temperatures than OPCs and have lower calcium contents, reducing the emissions
associated with the CO2 released by calcium carbonate during calcination. Most ACMs are
not new materials, but the past uses have been primarily limited to small-scale applications,
such as pavement repairs, and there is little field experience regarding their long-term
durability in heavily travelled structures, such as pavements and bridge decks. L.E. Burris,
et al. [76] present promising results after the first year, of an effort by the U.S. Department
of Transportation.

5.1.7. CAC + Life Cycle Assessment

The search with the keywords, calcium aluminate cement and Life cycle assessment
(CAC + Life cycle assessment) in the Scopus database returned four results.

Henry-Lanier, et al. [77] evaluated the environmental footprint for the CAC, calculated
according to the guidelines defined in the ISO 14,040 and 14,044 standards for Life Cycle
Analysis (LCA). After focusing on the methodology and data used, summarizes the intrinsic
carbon footprint and energy consumption of CAC production from the cradle to the
factory gate. Other data drawn from the LCA literature and databases are provided in
this document to give a comparative view of the data for CAC. This document presents
results to compare different refractory systems (monolithic and shaped) used for a selected
application, showing the intrinsic opportunity to reduce the carbon footprint of specific
refractory applications by using monolithic refractories containing calcium aluminate. The
conclusions suggest that the use of LCA can be a powerful tool to optimize the types of
refractory products and reduce the overall environmental impact of refractories throughout
the life cycle of use.

6. Conclusions

• The products of CAC that are recycled as sanitary waste, among other wastes, serve
as an aggregate for Portland cement mortars, improving their mechanical properties
and behavior at high temperature.

• CAC maximizes the possibility of recycling glass waste in the manufacture of construc-
tion materials. Research on CAC waste in relation to its application within a circular
economic structure is incipient.

• The manufacture of CAC mortars using mineral wool waste has shown improved
resistance to compression and resulted in the stabilization and neutralization of toxic
metals.

• CAC proved to be a good additive to Portland cement for the manufacturing of 3D
printing mixes with very good mechanical properties.

• There is great potential in CAC research to help solve global issues, such as the use of
CAC in 3D printing, the immobilization of solid waste and the manufacture of new
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nanostructured materials, as well as the carbonation of CAC pastes at low and high
temperature.
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Abstract: The production of synthetic materials generally uses non-renewable forms of energy,
which are highly polluting. This is driving the search for natural materials that offer properties
similar to synthetic ones. In particular, the use of natural lignocellulosic fibers (NLFs) has been
investigated since the end of 20th century, and is emerging strongly as an alternative to replace
synthetic components and reinforce composite materials for engineering applications. NLFs stand
out in general as they are biodegradable, non-polluting, have comparatively less CO2 emission and
are more economically viable. Furthermore, they are lighter and cheaper than synthetic fibers, and
are a possible replacement as composite reinforcement with similar mechanical properties. In the
present work, a less known NLF from the Amazon region, the ubim fiber (Geonoma bacculifera), was
for the first time physically characterized by X-ray diffraction (XRD). Fiber density was statistically
analyzed by the Weibull method. Using both the geometric method and the Archimedes’ technique, it
was found that ubim fiber has one of the lowest densities, 0.70–0.73 g/cm3, for NLFs already reported
in the literature. Excluding the porosity, however, the absolute density measured by pycnometry was
relatively higher. In addition, the crystallinity index, of 83%, microfibril angle, of 7.42–7.49◦, and
ubim fiber microstructure of lumen and channel pores were also characterized by scanning electron
microscopy. These preliminary results indicate a promising application of ubim fiber as eco-friendly
reinforcement of civil construction composite material.

Keywords: ubim fiber; natural lignocellulosic fiber; X-ray diffraction; density; morphology characterization

1. Introduction

Composites made of synthetic materials have become a class widely applied in various
technological sectors [1]. However, their production is associated with a relatively high
consumption of energy and non-degradable wastes. Indeed, synthetic materials not only
demand greater manufacturing energy but also produce after service life wastes that are
highly polluting and cause serious environmental damage [2]. The search for new materials
that are environmentally friendly, sustainable and offer similar mechanical properties at a
lower cost, has been arousing the interest of industry and researchers since the end of 20th
century, to replace synthetic components by cellulose- based ones [3].

Natural fibers and related fabrics are known to be a renewable resource, and have
gained considerable interest in different sectors of the industry, from the production of
ropes, handcrafts and textiles, to automobile and construction industries [4–7]. In recent
decades, the search for new natural lignocellulosic fibers (NLFs) as reinforcement in com-
posite materials has increased, as reported in several review papers [8–12]. Consequently,
these NLFs are currently applied to reinforce polymeric composites, used in construction
materials, food packaging, and automotive parts [13–15]. Indeed NLFs such as jute, coir,
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bamboo, hemp and sisal have been reinforcing polymer composites as eco-friendly civil
construction materials for panels, doors, roofing tiles and even low cost buildings [15]. In
particular, NLFs are currently being considered as part of multilayered ballistic armor [16]
for personnel protection against being shot by a rifle with 7.62 mm ammunition.

NLFs stand out in general as they are biodegradable, non-polluting, have a low energy
consumption and are more economically viable. In addition to being lighter than synthetic
fibers, they present similar chemical and mechanical properties [7]. The properties of NLFs
vary according to their chemical composition, diameter, arrangement of constituents in the
fiber, degree of polymerization, crystalline fraction of cellulose, part of the plant organism
(stem, leaf, root, seed, among others) and cultivation aspects (age, climatic conditions,
degradation processes) [17].

The NLFs extracted from the stem have good quality, mainly due to the presence of
crystalline cellulose with a high degree of polymerization [18]. The structure of NLFs is basi-
cally composed of two different phases: one crystalline and the other amorphous [3,17,18].
Cellulose is the main chemical constituent of these fibers and is responsible for stiffness. A
higher cellulose content in the fiber represents better mechanical properties [19].

Most of the crystalline structure of an NLF is restricted to the cellulose. In fact, cellu-
lose is found not to be uniformly crystalline. However, as indicated by Eichhorn et al. [20],
the cellulose ordered regions are extensively distributed throughout the material. Ac-
cording to these authors, the amorphous part of an NLF is composed of hemicellulose,
as well as lignin, pectin and waxes. As for the crystalline part, the cellulose consists of a
threadlike structure called the microfibril. Although the individual densities of cellulose,
hemicellulose and lignin might be ~1.60 g/cm3 [21–23], the density of an NLF measured
by the geometric method (mass/volume) or the Archimedes’ scale is found to be lower
due to the fiber’s porosity. Notably, the cellulose films were reported as having densities of
1.49–1.51 g/cm3 [24].

Cellulose microfibril, as the most crystalline phase in an NLF, is known as the rein-
forcement phase incorporated into lignin, which is considered to be an amorphous matrix.
The cell wall of a fiber is not a homogeneous membrane: it presents an order of cells
composed of distinct walls, with different helicoid angles between the fiber axis and the
microfibrils. The strength and ductility of cellulosic fibers depend on the angle, at which
these microfibrils are curled in relation to the fiber axis, which is also referred to as the
microfibrillar angle (MFA) [25]. The primary wall is the first layer where cellulose fibrils
are deposited during cell development. Since fibril orientation is more oblique, MFAs are
randomly oriented exhibiting varying degrees of alignment. The primary layer involves
a secondary layer, which in turn is composed of three layers S1, S2 and S3. The S1 and
S3 layers exhibit microfibrils in a smooth helical orientation, whereas the S2 layer is the
thickest on the cell wall and has axial orientation. The orientation of these microfibrils is
the main responsible for the fiber’s tensile strength, it can be said that a low MFA implies
superior mechanical properties [26].

Among the most diverse NLFs with potential application as polymer composite
reinforcement, are those from the Amazon region [27]. A fiber extracted from the ubim
plant found in the Amazon, Brazil, is not well known, has been scientifically denominated
Geonoma bacculifera, and is a promising reinforcement for composites. In fact, ubim fiber is
not mentioned in a study on Brazilian natural fibers with potential for reinforcing polymer
composites used in engineering applications [28]. The ubim fiber is extracted from a plant
with multiple stems, which is smooth with elongated leaves and unbranched. The plant has
a height varying between one to four meters and diameter from one to three centimeters
as well as erect or partially crawling stipe, with seven to twelve leaves, little branched
inflorescences and globose or ovoid fruits [29]. Ubim fibers have been used in the north of
Brazil in hut covers, boat awnings, and rain protection lining. The ubim stem is used in
fishing corral walls [30].

Some basic characteristics show that ubim fiber appears as a promising NLF for
reinforcing polymeric matrix composites. Thus, the present study aims to investigate
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the ubim fiber through density, X-ray diffraction (XRD), microfibrillar angle, crystallinity
index and scanning electron microscopy. These characteristics may be relevant for com-
posites manufacturing, evaluating their potential for future applications as low cost civil
construction materials.

2. Materials and Methods

The ubim fiber (Figure 1a) was extracted from the stem of the plant, scientifically
called Geonoma baculifera, purchased in Belém do Pará, Brazil. The stem of the ubim plant
was divided into longitudinal splints, which are then manually separated into finer fibers.
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Figure 1. Ubim (a) plant, (b) mechanically divided splints form the stalk, and (c) bunch of final
separated and isolated fibers.

Figure 1 illustrates the ubim plant (a), as well as the split splints of the stalk (b) and
final split fibers (c).

The characterization of the ubim fiber, in terms of density, microfibrillar angle and de-
gree of crystallinity was preliminarily evaluated. The fiber was shredded and subsequently
measured for the dimensions and length of the fiber cross-section.

2.1. Characteristic Density
2.1.1. Geometric Method

To obtain the average diameter, each fiber was divided into five distinct points uni-
formly separated, and then rotated by 90◦. A new reading was carried out at the same
five previous points. A total of 3 measurements were taken at each point, thus obtaining a
statistical average. The equipment used was an Olympus microscope, model BX53M with
5x magnification.

The length of each fiber was measured using a 0.01 mm precision caliper, and its mass
was weighed on a Gehaka electronic scale, model AG-200, with 0.0001 g precision. The
fiber cross-section was considered to be ellipsoidal in shape, and its approximate area
calculated according to Equation (1), where a and b represent the major and minor axes of
the ellipsoid, respectively:

A =
πab

4
(1)
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Density results for the five intervals were statistically evaluated using Weibull Analysis
(WA) software. This statistical analysis is based on the cumulative Weibull frequency
distribution function (F(x)).

F(x) = exp
[
−
( x

θ

)β
]

(2)

where x is measured density, β is the Weibull modulus and θ is the scaling parameter.
Weibull modulus (β) is associated with data uniformity, θ has precision adjustment given
by R2. Equation (2) can be modified to fit a linear graph:

ln
[

ln
(

1
F(x)

)]
= β ln x − (β ln θ) (3)

2.1.2. Archimedes’ Principle Method

In addition to the density calculated by geometric method, a density evaluation was
also carried out using Archimedes’ principle (buoyancy). In the Archimedes’ test, fiber
samples were weighed in air and then subjected to an immersion liquid with a density
lower than that of the sample, according to ASTM D3800 [31]. Gasoline was used as the
immersion liquid. Density was calculated using the formula indicated in the Equation (4):

ρ =
(M3 − M1)

((M3 − M1)− (M4 − M2))
ρl (4)

where ρl is the density of liquid, as well as M1 being the weight of the suspension wires in
air, M2 is the weight of the suspension wire in liquid, M3 is the weight of the suspension
wire with fiber in air and M4 is the weight of the suspension wire with fiber in liquid.

2.1.3. Gas Pycnometry Density

The gas pycnometry was performed by Accupyc 1330 brand Micromeritics, following
the procedures established by the ASTM D4892 [32].

2.2. XRD Analysis

X-ray diffraction (XRD) analysis was performed using a PANaytical diffractometer
model XPert Pro MRD system, as well as a Pixcel detector and cobald anode with Co K
radiation (0.1789 nm). XRD is an effective method of quantifying the cellulose present in
the fiber in both its crystalline and amorphous form.

2.2.1. Microfibrillar Angle (MFA)

The microfibril angle (MFA) was determined in association with the cellulose peak
(0 0 2), according to the methodology described by Cave [33]. Cave’s methodology is
the most accurate method for calculating the MFA. Based on XRD, it suggests that the
estimation of MFA occurs from the relationship between three curves obtained from the
peak associated with the highest intensity, and namely it is Gaussian along with the first-
order and second-order derivatives. Through this analysis, a “T” parameter is obtained
and applied in the following polynomial Equation (5).

MFA = −12.19 ∗ T3 + 113.67 ∗ T2 − 348.40 ∗ T + 358.09 (5)

2.2.2. Crystallinity Index (CI)

The calculation of the crystallinity index (CI) by XRD was applied using the method
described by Segal et al. [34]. The maximum intensity of the peaks (1 0 1) and (0 0 2)
was used. These peaks are associated with the amorphous and crystalline phases of the
fibers. The CI value was determined using Equation (6) where, I1 is the intensity of the
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diffraction minimum (amorphous region) and I2 is the intensity of the diffraction maximum
(crystalline region).

CI = 1 − I1

I2
∗ 100 (6)

2.3. SEM Analysis

The ubim fiber surface morphology was analyzed by scanning electron microscopy
(SEM) in a model Quanta FEG 250 Fei microscope (Hillsboro, OR, USA) operating with
secondary electrons at 5 kV.

3. Results
3.1. Density Measurements
3.1.1. Geometric Method

The variation in the cross sections, given by the mean values of a and b, is shown in
the histogram of Figure 2, with percentage frequency related to five arbitrary intervals.
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Figure 2. Frequency distribution of the average cross-section dimensions of ubim fibers.

The mean frequency of the cross-sectional dimensions for the investigated ubim fibers
(Figure 2) reveals an almost normal distribution within the range of 510 to 620 µm. For each
interval, the mean density was measured by dividing the mass by the volume before being
statistically analyzed by the Weibull method. Table 1 presents the mean ubim fiber density
values for each interval of the mean dimensions of the cross-sections shown in Figure 2. In
this table, a trend of greater density for thinner fibers should be noted. Weibull statistical
analysis was performed for densities measured by the geometric method. Table 1 presents
the Weibull parameters provided by the WA software associated with the shape parameter,
scale parameter and precision fit (R2). The quality of these measurements can be evaluated
using the R2 parameter; the closer to 1, the more reliable the data obtained.

In Table 1 it is important to note that thinner ubim fibers, with lower diameters, display
significantly higher density, while the thicker ones are much less dense. As compared to the
cellulose, hemicellulose and lignin densities, ~1.6 g/cm3 [21,23], the ubim fibers revealed
an amount of porosity that increases markedly with the fiber diameter.
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Table 1. Density of ubim fibers calculated for different intervals of cross-section dimension.

Diameter Range (µm) ρ (g/cm3) Standard Deviation B θ R2

510–532 0.955 0.06 11.800 0.990 1.000

532–554 0.815 0.02 23.900 0.831 0.960

554–576 0.700 0.03 21.168 0.716 0.990

576–598 0.607 0.03 16.762 0.623 1.000

598–620 0.440 0.02 24.171 0.676 1.000

ρmean 0.703

3.1.2. Archimedes’ Technique

The density value was also evaluated by the Archimedes’ technique and found as
0.73 ± 0.02 g/cm3. In both cases, ubim fiber density values (0.70 g/cm3 for geometric and
0.73 g/cm3 for Archimedes’ technique) are among the lowest reported for NLFs and most
commonly applied in reinforcing polymer composites such as flax, jute, sisal and cotton [7].

Using the Archimedes’ technique it was not possible to precisely identify the differ-
ence in densities between thinner and thicker ubim fibers. This was due to the eventual
penetration of gasoline (immersion liquid) into the fiber’s open porosity. Nevertheless, the
obtained value of 0.73 g/cm3 is close to that found by the geometric method, 0.70 g/cm3,
which in practice attests the mean value of ubim fiber density of 0.72 g/cm3.

3.1.3. Gas Pycnometry Results

The absolute density obtained by gas pycnometry of the ubim fibers was 1.86 ± 0.26 g/cm3.
This relatively higher density found by the pycnometer is due to the ability of the helium
gas to fill all the open pores of the material. The gaseous pycnometry provides the value
of the absolute density, including all empty parts of the NLF, and as it is very porous,
this higher value is justified. This higher density result by pycnometry compared to other
methods was also found by Oliveira et al. [35], as 1.61 g/cm3.

Higher values for the absolute density, such as that of ubim fiber obtained by pycnom-
etry of the order of ~1.6 g/cm3, are justified by the density of plain cellulose [21–23]. Most
reported densities of NLFs [36,37], including cellulose films [24], are ~1.50 and used for
technological application such as polymer composite reinforcement.

The significant amount of porosity in the ubim fiber is responsible for a lower apparent
density, 0.72 g/cm3, which is good for a lighter composite reinforcement in spite of its
relatively higher absolute density of 1.86 ± 0.26 g/cm3.

3.2. XRD Results

Figure 3 shows XRD patterns of samples associated with different related ubim fiber
conditions: (a) vertical stalk (VS); (b) vertical fiber (VF); (c) horizontal stalk (HS); and
(d) horizontal fiber (HF). It should be noted that in both conditions (a) and (b), the peak
associated with (2 0 0) is the prominent one. This peak is related to the cellulose crystalline
part of the fiber and was the peak used to assess MFA [38]. As for condition (c) and (d), the
same pattern is not repeated and it was not possible to calculate the corresponding MFA.

A preliminary evaluation of the percentage of crystalline cellulose by Rietveld revealed
values of around 66% for conditions (a) and (b).

3.2.1. MFA Results

The calculated MFA for the VS and VF corresponded to 7.49◦ and 7.42◦, respectively.
An average value of 7.46◦ can be considered similar to some MFA values reported for other
NLFs such as ramie and hemp [3,28,39,40].
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Figure 3. XRD patterns of ubim fiber-related samples vertical stalk, vertical fiber, horizontal stalk
and horizontal fiber.

3.2.2. CI Results

The degree of crystallinity of cellulose is an important structural parameter of NLFs.
The stiffness of plant fibers is mainly due to the relatively large amount of crystalline
regions in the cellulose. Figure 4 shows the convoluted peaks obtained from background
free XRD patterns to calculate the crystallinity index (CI) according to Equation (6). In this
figure the crystallographic planes (2 0 0) and (1 1 0) are associated with the crystalline and
amorphous phases of the ubim stalk (VS) and fiber (VF), respectively. As for VS in Figure 4a,
the crystalline peak at 2θ = 26.3◦ has an intensity I2 = 402.1 a.u, while the amorphous peak
at 2θ = 11.8◦ with I1 = 149.7 a.u allowing to obtain a CI = 63% by Equation (6). Similarly for
VF, Figure 4b revealed a crystalline peak at 2θ = 25.6◦ with I2 = 694.5 a.u and an amorphous
peak at 2θ = 10.4◦ with I1 = 116.6 a.u, giving CI = 83%, which will be considered the proper
one for ubim fiber.
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These CIs are within the range of values reported for several common NLFs such as
sisal [41], hemp [40], jute [42,43], flax [44], and coir [28], used as reinforcement in polymer
composites, which are shown in Table 2. In addition, this table also presents the density,
cellulose content, crystallinity index and microfibrillar angle of less known NLFs such
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as curauá [43,45], banana [7,37,46], pineapple [7,37,38], bamboo [7,37,38] and sugarcane
bagasse [7,37,38]. Also included in Table 2 were cotton [7,36,46] and kenaf [37,46], with
relatively higher densities and CI.

Table 2. Density, cellulose content, crystallinity index and microfibrillar angle of ubim fibers as
compared to other NLFs applied as polymer composite reinforcement.

NLFs Density (g/cm3) Cellulose (%) Crystallinity Index (%) Microfibrillar Angle (◦) Reference

Ubim 0.70 66 83.0 7.46 PW

Ramie 1.50 85 75.0 7.50 [17,28,39]

Hemp 1.50 72 87.8 7.50 [7,40]

Sisal 1.50 75 72.2 20.0 [7,17,28,41]

Coir
(coconut) 1.40 53 44.0 51.0 [7,28]

Curaua 0.92 71 75.6 18.8 [43,45]

Jute 1.45 60 71.3 8.00 [7,40,42,43]

Flax 1.38 71 63.1 10.0 [7,44]

Banana 1.50 65 39 11.0 [7,37,46]

Pineapple 1.60 83 38 14.0 [7,37,38]

Bamboo 1.21 45 60 6.0 [7,37,38]

Sugarcane
Bagasse 0.49 69 45 14.5 [7,37,38]

Kenaf 1.50 72 72 4.1 [37,46]

Cotton 1.60 51 65 25 [7,36,46]

PW: Present Work.

A close look at the values of density, cellulose content, IC and MFA in Table 2 fails
to reveal any direct relationship between the density with either the cellulose content or
the CI for the presented NLFs. One possible reason is that the reported densities, like the
case of ubim fiber in Table 2, are the apparent ones measured by geometric or Archimedes’
methods. Indeed, the apparent density considers the amount of porosity, which is strongly
influenced by the internal fiber microstructure (lumen and channels), and the characteristics
of the fiber species. On the other hand, cellulose content, IC and MFA correspond to another
structural hierarchy, which is more associated with the fiber strength. As such, in several
cases a lower cellulose content might be related to higher MFA and weaker fiber like in
the coir, banana and sugarcane bagasse fibers. To the knowledge of the authors these
relationships have never been fully investigated and are the subject of future research.

3.2.3. SEM Results

The SEM analysis disclosed the morphologies of the cross-section and surface of the
ubim fiber as shown in Figure 5. The analyzed characteristics reveal the existence of an
irregular rough surface, which can contribute to the mechanical interlock between the fiber
and the matrix. In Figure 5a,b, one should notice this heterogeneous surface.

The measurement of the diameter of a random fiber is also shown in Figure 5a at a
magnification (300×). Figure 5c–e show, with higher magnification, details of the cross
section of the ubim fiber.

One should see in Figure 5f a polygonal lumen channel, which is associated with a
greater amount of porosity. These characteristics are similar to those observed by other
authors [47,48], such as rough surface, defects, flaws and irregularities along the length of
the fiber.
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4. Summary and Conclusions

A preliminary investigation on the physical properties of the ubim fibers extracted
from the stem of the Brazilian Amazon plant, scientifically known as Geonoma baculifera,
revealed characteristics supporting a possible reinforcement of novel epoxy composites;

• Densities measured by the geometric method from 0.955 to 0.440 g/cm3 and analyzed
by the Weibull statistical method revealed a tendency to decrease with increasing fiber
cross-section dimensions, from 510 to 620 µm. After using the Archimedes’ technique,
the density showed a mean value of 0.73 g/cm3, quite similar to the 0.70 g/cm3 that
was found after using the geometric method, which are among the lowest reported so
far for natural lignocellulosic fibers. By the gas pycnometry method the density was
found as 1.86 ± 0.26 g/cm3 due to the exclusion of the porosity by the helium gas, but
consistent with other NLF and pure cellulose with ~1.60 g/cm3.
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• Microfibril angles from 7.42 to 7.49◦ were found by X-ray diffraction for different
conditions of ubim stalk and fiber. A crystallinity index of 83% was evaluated by XRD
in ubim fiber powder. This CI is within the range of reported values for several NLFs.

• These preliminary physical and microstructural characterizations performed for the
ubim fiber, in association with a lower cost, indicate a promising application as
reinforcement of polymer composites to be used as eco-friendly civil construction materials.
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Abstract: The use of different chemical and biological admixtures to improve the ground conditions
has been a common practice in geotechnical engineering for decades. The use of waste material in
these mixtures has received increasing attention in the recent years. This investigation evaluates
the effects of using recycled tire polymer fibers (RTPF) and sugar molasses mixed with kaolin
clay on the engineering properties of the soil. RTPF were obtained from a tire recycling company,
while the molasses were extracted from a sugar cane manufacturer, both located in Colombia.
RTPF is a waste and therefore its utilization is the first positive impact of this research, a green
solution for this byproduct. Treated kaolin clay is widely used in many industrial processes, such as
concrete, paper, paint, and traditional ceramics. The characterization was conducted with scanning
electron microscopy, compression strength, particle-size distribution, x-ray diffraction, compressive
and density tests. The results showed that the unconfined compressive strength improved from
about 1.42 MPa for unstabilized samples, to 2.04 MPa for samples with 0.1 wt% of fibers, and
2.0 wt% molasses with respect to the dry weight of the soil. Furthermore, it was observed that soil
microorganisms developed in some of the samples due to the organic nature of the molasses.

Keywords: waste tires; molasses; soil improving

1. Introduction

The accumulation of end-of-life tires has become a worldwide problem with dramatic
consequences for sustainability and with a trend to worsen due to the increasing demand
of cars, with 1.4 billion tires produced annually across the world, which is equivalent to an
amount of 17,000,000 tons/year of tires used [1]. In 2017 in the United States, 287.3 million
tires were disposed of, corresponding to 4.7 million tons [2]. In Colombia, an estimated
61,000 tons of tires are annually disposed of [3], from which 18,861 tons are regenerated
yearly in the capital city, Bogota [4]. In this city, 15,880 tons of tires were processed and
reutilized between 2016 and 2018 [5].

Due to the high stresses in car tires under normal conditions, they are fabricated from
rubber matrix reinforced by textile fibers and steel wires. Combining textile fibers and steel
wires make tires resistant to biodegradation and give them high strength properties [6].
All these materials can be used after the tire’s life cycle. Sienkiewicz et al. [1] summarized
five procedures to handle discarded tires: pyrolysis, retreading, product recycling, energy
recovery, and material recycling. Retreading deals with the substitution of used parts with
new ones [7], although there are serious safety concerns for the vehicle when this is used [8].
Energy process is one of the most common applications for utilizing the used tires as energy
source [1]: with a calorific capacity value of 32 MJ/kg, used tires compete with fuel [9].
Pyrolysis is a chemical process that gives flammable gas as byproduct of the tire waste
transformation, in addition to carbon black (CBp), liquid fuel, pyrolytic oil, and pyrolysis
char [10]. Product recycling involves using the discarded tires in different components,
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where recycling aims to obtain the original raw materials via processing [1]. Most of these
strategies are not massively implemented in many countries representing a significant part
of the world, mostly because of the costs involved in the process and other factors including
absence of clear environmental laws [11].

In construction materials, perhaps the most known use for waste tires is its use in
asphalt pavements to improve the concrete performance [11], although, waste tires are used
in multiple applications. One of them is in low-scale retaining structures and architectural
furnishing elements [12,13]. Two byproducts of discarded tires have been evaluated in
concretes in order to know the mechanical properties: recycled tire polymer fibers (RTPF)
and recycled rubber [14–16]. Moreover, steel fibers were evaluated as a potential reinforce-
ment for concrete [17,18]. In another approach, the recycled tire rubber particles were
combined with soil containing clay and sand as a potential new material [19–21]. Other
composite materials used in construction have been studied and insulation properties were
identified [22].

On the other hand, molasses are an organic byproduct of the repeated crystallization
of sugar. It is a viscous syrup, with a dark brown color. The main elements in molasses
are carbon and oxygen, while others in minor contents are calcium, sulfur, magnesium,
chlorine, and potassium. Molasses are commonly used in the agricultural sector to control
parasites [23], improve pastures [24], and to create nutritional supplements for cattle [25].
Molasses have also been used in different areas such as an additive for cement and con-
crete [26], during the cement production [27], stabilizer for expansive clays [28], and as a
carbon source for bioremediation of contaminated soils [29].

Kaolin is a white fine-grained clay soil with kaolinite as its main constituent as hy-
drous aluminum silicate, composed of alumina and silica alternately stacked [30]. Kaolin
has commonly been used in specific applications in paper, ceramics, refractories, plastics,
rubber, adhesives, and paint industries [30]. Recently, kaolin has been used in additive
manufacturing as well [31,32]. Furthermore, it was extensively used as construction ma-
terial, and in its calcinated form, it has been used in concrete, for improving properties
such as strength and durability [33]. Kaolin is also a very important source of alternative
cements, geopolymers [34].

Several authors have addressed the use of waste materials from different origins to
improve the ground, obtaining considerable improvement in the engineering properties
of soils. Plastic wastes have been used to counteract traction stresses in the soil mass [35].
Ground plastic bottles have been used as reinforcement material when mixed with different
soil types [36], waste fique natural fibers [37], and ashes from different processes were
mixed with soils in order to develop cementing chemical reactions [38].

The present research studied an environmentally friendly alternative to the disposal
of RTPF with the addition of molasses. Molasses were used as cementing material and
as a matrix for the dispersion of the fibers. Characterization via X-ray diffraction (XRD),
scanning electron microscopy (SEM), and shear strength, was used to evaluate the ground
improvement. Finally, microorganisms that grew in the soil samples are shown.

2. Materials and Methods

The RTPF were obtained from a tire recycling company located at Rionegro, Colombia.
Steel, rubber, and nylon wastes were mechanically separated. The nylon fiber has an
average diameter of 22.4 µm. The residual rubber has an average size of 46 µm and
a concentration of 60 wt% with respect to the rubber weight content. Molasses were
obtained from a sugar cane company, located at Colombia. Table 1 summarizes the chemical
composition of molasses. Kaolin soil in natural condition was supplied by Sumicol S.A.

Figure 1a shows polymer fibers on macro-scale image, where fibers look like cotton
pads with fine residual rubber particles from the recycling process. Figure 1b shows a
higher magnification of these fibers, revealing they are connected to one another due to the
recycling process, which destroys the polymer textile and forms polymer fibers. Figure 1c
shows the consistency of molasses. Figure 1d shows the supplied raw soil.
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Table 1. SEM-EDS chemical composition for molasses.

Element O C K Cl Ca Mg S Total

Weight (%) 41.23 46.67 6.86 2.08 2.1 0.64 0.41 99.99
Atomic (%) 51.42 43.7 2.63 0.88 0.78 0.39 0.19 99.99

Figure 1. Materials used in this research, (a) polymer fibers, (b) magnification on polymer fibers,
(c) molasses, (d) soil used in this research.

Figure 2 shows the optimum moisture (water) content showing the optimum moisture
content, where soil contains 32% of water and compacted according to ASTM D1557-12e1
achieving 1.42 MPa as its highest dry density.

Figure 2. Optimum moisture content.

The dry kaolin clay was crushed using a hand roller in order to decrease agglomeration
and have better particle size distribution. Molasses, RTPF, and water were measured by dry
soil weight. Molasses and the fiber were hand mixed for three minutes until a homogenous
consistency was reached; then the mixture and the water were mechanically mixed using a
Hobart N50 apparatus at a speed of 126 rpm for five minutes. For the compaction of the
soil, the ASTM D1557-12e1 Method A was used [39]. Three samples were selected from
each compacted formulation, obtained by hammering a 2” diameter aluminum tube, and
a total of 21 soil samples. Using a hydraulic jack, soil samples were removed from the
tubes. These samples were remolded and cut to 4” height, and then, covered with plastic
membrane in order to maintain the room temperature of 20 ± 3 ◦C during an air-cured
process for 28 days.

The sample fabrication and all tests were conducted at 20 ◦C, typical room temperature
in Medellin. Viscosity of molasses decreases with temperature as shown below [40], from
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about 8 to 12 Pa.s (8000 to 12,000 cPs). Since molasses change with temperature, the current
solution is for areas where the temperature variation is low, such as areas where people do
not need AC or heater, like Caracas, Bogota, San Diego, Medellin, etc., [41]. In Medellin, for
instance, the temperature variation is between 18 and 28 ◦C, which in the soil could be just
30% variation (20 to 23 ◦C), a more acceptable temperature change. Future developments
may consider thermal conductivity tests in order to increase insulation via materials science
and thus decreasing even more the thermal changes.

For the characterization of the soil, specific gravity, liquid limit, optimum moisture
content, plastic limit, and particle-size analysis, tests, have been performed according to
respective ASTM test. The soil classification was done according to the ASTM D2487-17
by the Unified Soil Classification System (USCS) [42]. The density of soil samples was
estimated based on weight and cylinder volume. Weight was measured using a Mettler
Toledo balance, while the cylinder volume was measured using 0.05 mm precision caliper.
Soil improvement was tested following the ASTM D2166-16 for the unconfined compression
strength (UCS) [43]. For these tests, a universal testing apparatus Shimadzu AG250KN was
used at a head speed of 0.68 mm/s.

X-ray diffraction (XRD) characterization was performed in a diffractometer X′Pert
PRO, with λ = 1.5406 Å, Cu Kα radiation, voltage of 45 kV, and angles between 5◦ and 70◦.
Scanning electron microscopy with energy dispersive spectroscopy (SEM-EDS) was used to
understand the microstructure of the samples in a JEOL JSM 6700 R equipment (Medellín,
Colombia). For SEM, soil samples were dried at 30 ◦C for 24 h in a furnace, and coated
with gold in a sputtering system at 15 mA AC for 30 s. Using the SEM images, the fiber
diameter, rubber grain-size, and the mixed soil size distributions were estimated via image
analysis with the Image-J software (version Java 1.8.0_172).

3. Results
3.1. Materials Characterization

The SEM-EDS results of the molasses shows this is mainly an organic compound,
see Table 1, with oxygen and carbon with concentrations of 46.67% and 41.23% respec-
tively. It also has potassium, calcium, and chlorine in concentrations of 6.86%, 2.1%, and
2.08% respectively; and magnesium, and sulfur in lower concentrations of 0.64% and
0.41% respectively.

Table 2 summarizes the kaolin´s index properties. According the USCS, the soil is a
lean clay with sand (CL). Table 3 presents the experimental design for the formulations
prepared. The fibers and molasses contents were estimated in a high precision balance. The
soil was mixed with 35% of water, which is three percentage points up from the optimum
moisture content to facilitate soil extraction without fracturing the samples (Table 2).

Table 2. Soil index properties.

Parameters Values

Soil classification
USCS CL
Atterberg limits
Liquid limit (%) 44
Plastic limit (%) 23
Plasticity index (%) 21
Specific gravity
Specific gravity (20 ◦C) 2.75
Particle-size distribution
Gravel (%) 0.1
Sand (%) 20.2
Silt (%) 40.5
Clay (%) 39.2
Parameters of compaction
Maximum dry density (kg/m3) 1417
Optimum moisture content (%) 32
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Table 3. Soil mixtures.

Designation Molasses(%) Fibers
(%) Soil(%) Total %(By

Dry Soil)
% Water
Content

M0 0 0 100 100 35
M2 2 0.1 97.9 100 35
M4 4 0.1 95.9 100 35
M6 6 0.1 93.9 100 35
M8 8 0.1 91.9 100 35

M10 10 0.1 89.9 100 35
M12 12 0.1 87.9 100 35

Figure 3a shows the particle-size distribution of the kaolin soil, with grain sizes from
0.2 µm to 4.5 mm, and the thickest particles corresponding to parental rock with less
degree of weathering. Figure 3b represents the polymer fibers diameter fitted in a normal
probability distribution. Fibers showed a diameter from 10 to 40 µm, with an average of
22.4 µm. Figure 3c shows the rubber grain size in a normal probability distribution. These
residual grains showed a diameter from 15 to 105 µm, with an average of 46.03 µm. When
comparing these two size distributions for nylon diameters and rubber particles with the sieve
analysis for the clay, it is clear that almost all particles are very fine, with very sharp distributions
below 100 µm, suggesting a very particular mixture of materials in the microscale.

Figure 3. Grain/fiber diameter size distribution, (a) shows the particle-size distribution for the kaolin
soil used, (b) shows the polymer fibers diameter distributions, (c) shows the residual rubber grain
size distribution.

3.2. Soil Mixtures

Figure 4 shows the optical images representing the soil consistence and grain-sizes
of the different mixtures used. These mixtures contain 0.1% fibers and 35% water by dry
soil weight. As it can be seen, the molasses concentration has an important role in the
grain-size formation, since as its concentration increases the grain-size of the mix becomes
larger. Figure 4a–g presents the different mixtures of soil with fibers, water, and molasses
as summarized in Table 3.

Figure 5 shows the mixed soil grain-size probability distribution for each mixture
prepared. The normal probability distribution represents the random nature of the grain-
size forming process, and shows that as molasses content increases the statistical data
dispersion and grain-size increase. Samples M0, M2, and M4 showed a distribution in a
similar interval, see Figure 5a; while samples M6, M8, M10, and M12 were more diverse in
the distribution values, see Figure 5b.
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Figure 4. Optical images showing the soil consistence of mixtures.

Figure 5. (a) Mixed soil grain size probability distribution for samples M0, M2, M4; (b) probability
distribution for samples M6, M8, M10, M12.
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Figure 6 illustrates the XRD spectrum of soil. M0 red line corresponds to soil in its
natural condition and the M12 blue line is the chemical composition of the soil after mixing
the fibers, 35% of water and 12% of molasses by dry weight of soil. The MINCRYS database
was consulted for mineral identification. Halloysite, kaolinite, illite, quartz, dickite, and
goethite were identified as the crystalline phases constituting the clay. Kaolinite clay is
the main plastic component of this soil, which is important as Colombia has plenty of
kaolin-based soils. The particle size distribution via sieve method of the clay is presented
before, were more than 80% of the soil is less than 0.1 mm (100 µm) in particle size.

Figure 6. XRD spectrum for the soil. H: halloysite, K: kaolinite, I: illite, Q: quartz, D: dickite, G:
goethite peaks.

3.3. UCS Test

Unconfined compression strength test (UCS) was performed using 21 samples, 3 in
each batch. UCS and density results are given and compared in Figure 7. First, Figure 7a
shows UCS result after 28 days of air curing. Second, Figure 7b presents the UCS and duc-
tility results against the molasses content. Finally, the sample density and the UCS/density
ratio are also plotted against the molasses content in Figure 7c. UCS of soil in natural
conditions (M0) was 1.34 MPa, for the mixture with optimum molasses content (M2) was
2.14 Mpa, and for the mixture with the maximum molasses content was 1.27 MPa.

Figure 7. Cont.
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Figure 7. (a) UCS test, (b) UCS and ductility, (c) density and UCS/density.

Figure 8 presents the soil cylinders and failure characteristics of each mixture after
compression tests, revealing different failure types, from a brittle failure in soil samples
with low molasses content, to a more ductile failure in soils with higher molasses content.
Therefore, molasses increases the possibility of a more ductile fracture and behavior.

3.4. SEM Images Results

Figure 9 shows SEM images results for some selected samples. Figure 10a shows the
M2 soil sample taken at 500X, showing a fiber coming out from the soil matrix. Moreover,
Figure 9b,c correspond to samples M2 and M4, with a fiber still attached to the soil and
presenting a good impregnation of the soil to the fiber.

Figure 10 presents SEM-EDS images of kaolin soil. Figure 10a shows a 3 × 10 −3 mm2

spectrum SEM-EDS analysis of the structure and chemical composition of the soil used.
Oxygen is the main element present in the material with a concentration of about 48.78%;
aluminum and silicon are also significant components with concentrations of about 23.46%
and 24.66% respectively. Finally, the soil has low concentrations of thallium and iron,
being 1.98% and 1.12% of the respective concentrations. Concentrations are given as
percentage of weight. Figure 10b presents a 49 µm2 spectrum SEM-EDS analysis of the
soil showing bacterial growth in the soil under natural conditions. These are rod-like
microorganisms with an average 0.5 µm width and 15 µm length and a concentration about
104 microorganism/mm2.
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Figure 8. Soil samples after failure in compression tests: (a) samples before the test, (b) M0, (c) M2,
(d) M4), (e) M6, (f) M8, (g) M10, (h) M12.

Figure 9. SEM images for (a) the end of a fiber; (b) the M2 soil sample, and (c) the M4 sample.
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Figure 10. SEM-EDS for kaolin soil images, (a) soil used, (b) soil with bacterial growth.

Figure 11 shows the biological activity developed in sample M12. Figure 11a displays
a microorganism that grew in the soil pores and extended around the micro-channels on
the soil matrix with an average width of 2.6 µm, thickness of 0.4 µm, and thin film shape.
Microorganism appeared after 4 days in some samples. In Figure 11b, another view of the
microorganism described can be seen, as it rises from the bottom and has some particles
adhering to it. Figure 11c shows the macro-scale image of microorganism growth in sample
M12 at the external layer.

Figure 11. (a) Pseudo colored SEM images of M12 internal biological activity; (b) another area of the
same sample showing a different configuration; (c) M12 external biological activity.

4. Discussions

Molasses have several potential uses in engineering applications due to aspects that
give it advantages over conventional materials: it is soluble in water and without toxic
components, an organic waste material derived from the food industry. Moreover, it is
an inexpensive product, easy to acquire and with low dosages addition high maximum
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resistances can be achieved. For soil stabilization [44], If it is dosed at 2% by dry weight of
soil, approximately 20 kg of molasses would be enough to process 1 ton of wet soil.

Saeed et al. [45] studied a kaolin with similar characteristics and engineering properties,
treating it with different amounts of cement and curing times. The soil treated with 10%
cement and cured for 28 days reached 2.10 MPa in unconfined compressive strength test.
Approximately 100 kg of cement were necessary to process 1 ton of wet soil. Despite the
research undertaken by Saeed et al. [45] and this work are not strictly equal, they can be
compared on the bases of material costs for ground stabilization. In Colombia, molasses
costs an average $0.35 USD/kg and cement costs an average $0.17 USD/kg. If 1 ton of soil is
treated using cement, the costs would be approximately $17 USD; while if the same amount
of soil is treated using molasses the cost would be about $7 USD. Although molasses is
an inexpensive material when compared to cement, both as additives to soil, cement is a
very competitive material when durability and strength are evaluated. Saeed et al. [45]
concluded that 2% of molasses in dry soil matches the compression strength of soil with
10% cement, which is quite an impressive value. The durability on the other hand could be
a limitation, as explained before, molasses changes very rapidly with time when compared
with cement, although very little is known on this subject, therefore being a good area for
research. Durability performance was not studied in this research, and it is possible that
molasses does not provide the same durability as cement. However, soil improvement
using molasses can be a temporal engineering solution.

Molasses are an organic material that suffers environmental degradation and aging.
Therefore, the formulations properties of samples could be significantly affected. Research
regarding the molasses stability in the soil have not been conducted yet, although future
stability and chemical treatments for overcoming this issue are interesting as future research.
Although biological activity was detected, a future systematic study will be conducted
on the property’s evolution and potential treatments as a function of the microorganisms’
growth during the process. The samples were made under controlled fabrication procedure
in this research, and the mechanical stability of the samples suggests that samples did not
change significantly in a month, mainly because samples were made in a controlled envi-
ronment, with constant atmosphere conditions. Regarding other construction applications
under more severe conditions of temperature and load, the molasses have shown good
stability [46] with load and temperature, but poor performance with moisture. Thus, to
decrease the aging effect, for now, molasses has to be ideally at constant humidity. The
clay used in this research in fact is a perfect material to keep the molasses isolated from
water, to seal the soil as other clays [47], which is expected to decrease its natural and
working-derived aging effects.

The Ministry of Transport in Colombia classifies tertiary roads as the routes that con-
nect municipalities with rural municipalities [48]. Colombia has 142,284 km tertiary roads,
of which 34,148 km do not have any engineering treatment [49]. Some of the aforemen-
tioned roads become impassable during the rainy seasons and thus soil improvement is
required. Commonly, tertiary roads are stabilized using lime, cement, or a coarse aggregate
structure. The analysis of behavior of the soils stabilized using molasses and its environ-
mental impact is an environmentally friendly solution for ground improvement. This could
reduce or replace the amount of cement used in tertiary roads, thus, reducing polluting
gases generated by cement production. Clearly, this is not only a problem of Colombia, but
also an issue in many developing countries.

There is a correlation in agglomerates between the liquid saturation and the growth
rate of the agglomerates [50]. Interparticle forces are responsible for the formation of the
agglomerates by attaching individual particles to each other [50]. The crushed soil in natural
conditions mixed with water and 35% water content, has an average 3.12 mm diameter
grain-size. Grain-size and its statistic data dispersion increase as molasses content increases.
This occurs as the soil particles are agglomerated by the cohesion of molasses producing
coalescence. The bonding forces necessary to obtain coalescence among agglomerates need
to be significantly higher than the forces necessary for the primary particles’ process of
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nucleation [51]. In this case, the high viscosity of the molasses increases the bonding forces
between the soil particles facilitating coalescence between soil particles.

Addition of molasses has an important effect on the failure mode of the soil. As
the molasses content increases the failure mode becomes more ductile. The base-line soil
sample (M0) had a brittle failure in which shear cracks fell along a plane to the heading
of compression. On the other hand, the soil with the highest content of molasses (M12)
showed a plastic failure with multiple fractures extending from top to bottom. Soil samples
with the highest UCS (M2 and M8) had a brittle failure with longitudinal splitting. When
comparing the failure planes of the unstabilized sample (M0) and the samples with the
highest UCS, the change in inclination indirectly shows a cohesion and an angle of internal
friction rise.

Biological Activity

This research aims to investigate how molasses and fibers influence the unconfined
compressive strength of soils. However, substantial biological activity was evidenced.
SEM images showed the development of different microorganism in mixture M12 and
after 7 days, microorganism grew on the external layer of the samples. To the naked eye,
biological activity was not detected for the mixture with the optimum molasses content
(M2). Intensity of the biological activity increases as molasses content increases, which
can be used to improve the properties of soils, an area that falls in the bio-mediated soil
improvement. This branch of geotechnical engineering has evolved to many methods,
which includes bioclogging and biocementation. Bio-mediated methods for soil improving
involves the generation of chemical reactions on soil mass that generate byproducts which
change the engineering properties of the soil [52].

The use of microorganism to generate the reactions is an attractive and feasible alterna-
tive due to the number of microorganisms present in the soil and its resistance to extreme
conditions. There are approximately 10 9 to 10 12/Kg of organisms of a soil mass near the
ground surface [53]. For soil bioclogging or biocementation, the most recommended mi-
croorganisms are anaerobic and microaerophilic bacteria [54]. Biological activity is limited
by nutrients availability, water availability, and other environmental conditions; carbon
and mineral components as energy sources and pores larger than 0.4 µm as environmental
conditions are necessary to facilitate microorganism growth [55].

Biological activity was encouraged by conditions under which this research was
performed. The molasses used had a composition of 41.2% carbon and 10.01% minerals like
Mg, S, K, Ca. Due to its chemical composition, molasses is a considerable source of energy
for microorganisms. On the other hand, water and 10-µm pores in the soil stimulated
growth of microorganism that are naturally found in the soil.

5. Conclusions

• The RTPF mixed with molasses represent a feasible, environmentally positive, eco-
nomical, and technical alternative for ground improvement.

• Molasses are a byproduct of the repeated crystallization of sugar with no toxic elements
and are environment-friendly. Due to its viscosity, molasses allows the separation of
RTPF in soil, thereby producing a good composite solution.

• The improvement in the UCS achieved was of about 43%, this is, from 1.42 MPa for the
reference sample, to 2.04 MPa for the mixture sample, which contains 2% of molasses
and 0.1% of RTPF.
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