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Abstract: Glass wastes that come from recycling plants do not often find a proper use, thus, they
are discarded. In order to find future uses for these wastes, this paper explores the characterization
of waste glasses (WGs) as a raw material through the assessment of their light reflectance if they
were used for external coatings in building materials. To this aim, in this research, several clay-
tile specimens were fabricated and coated with three different compositions of waste glass. For
these specimens, three variables were analyzed to serve for this WG-based coating characterization:
thickness of WG coating, temperature, and holding time of burning. The resulting WG-coated tiles
were assessed in terms of the light spectral reflectance and whiteness index, with the help of a fiber
optic spectrometer. Results show that the composition of WG had a very significant influence on the
light spectral reflectance and the degree of whiteness, with holding time and WG thickness being
the most influential depending on the WG type. The temperature of burning was also shown to
be critical for the densification process. Finally, an interpretation of these results based on the WG
chemical composition coatings obtained by XRF is discussed in this paper.

Keywords: waste glass; light reflectance; building material coatings; soda-lime-silica glass;
lead-silica glass

1. Introduction

The remarkable increase of waste glass (WG) generation suggests the study and
proposal of more sustainable techniques for waste management and recycling possibil-
ities, which ultimately would benefit the ceramic industry. The adaptation of efficient
WG management through the industrial production chain implies environmental gains
related to landfilling avoidance, recovery of co-products, and an eco-friendly use of energy
through the production process [1]. In accordance with the circular economy principles, an
equilibrium should be settled between citizens, municipalities, and solid-waste recycling
companies to create a closed-loop supply chain for the co-benefit of all stakeholders [2].

The non-biodegradable nature of glass makes it non-environmental friendly waste [3];
hence, creating new options for recycling WG will alleviate the pressure from both disposal
procedures and raw-material extraction. According to the academic literature, promising
results have been obtained from recycling WG in the production of eco-friendly ceramic
materials regarding the physical, mechanical, and thermal properties [4-9]. However, the
light-reflectance evaluation of coating materials containing WG was poorly discussed,
especially in the visible and near-infrared radiation (NIR) spectrum [10,11], and this knowl-
edge is relevant for indoor and outdoor environments in terms of human welfare and
environmental comfort.

In general, WG was either integrated in substrate materials, such as bricks and tiles, or
coating materials, such as glazes, engobes, and binders. For the production of new designs
of glazes, the substitution procedure was totally applied in a combined kaolin and bottle
WG for based materials of a new glaze [12], and partially, in the frits composition with a
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feasible amount of 8% mass as in the case of laminated WG used as a raw material [13].
Moreover, important gains were achieved regarding the cost of the new glazes with WG in
their composition [14].

Among WG origins, soda-lime glass, also called soda-lime-silica glass (denoted as
SLS), is the most abundant source of glass [15], which explains the growing interest in the
research field for their potential use for radiation-shielding applications. The addition of
several oxides, such as antimony (III) oxide (Sb,O3), improves the radiation-shielding ability
of soda-lime-silicate (SLS) WG network [16], and it decreases the X-ray transmission [17].
Moreover, the addition of both lanthanum oxide (LapO3) and gadolinium oxide (Gd,O3) has
the ability to increase the linear attenuation coefficient (LAC) values and, hence, improve its
gamma-rays-shielding characteristics [18]. Similar results were obtained with the addition
of MoOjs [19]. Moreover, it is frequently found in WGs for their shielding applications and
their optical properties the flint glass or lead silicate glass (denoted as LS), which contains a
minimum of 24% (by weight) lead (II) oxide (PbO). A broad range of scientific studies used
chelating treatments to recycle LS WG resulting from cathode ray tubes (CRT) [20,21], since
the amounts of CRT wastes have increased around the world after gradually replacing it
with liquid crystal displays (LCD) [22]. CRT glass could be considered as a substitute for
non-plastic materials, in particular, ceramic frits obtained from mixtures of silicates and
carbonates to produce ceramic glazes [23]. On the other hand, and in contrast to SLS WG,
the lead silicate (LS) WG requires much more caution both in recycling and in the disposal
measures, since it contains lead metal.

The objective of this work is to establish a first proof of concept related to the iden-
tification of the influence in both the specular light spectral reflectance and the degree of
whiteness of the WG coated tile specimens, taking into account the type of WG materials
and the manufacturing process characterized by the parameters of temperature of burning,
thickness of WG coating, and time of burning.

In this regard, it is interesting to assess the light-reflectance properties of the WG
coated tiles if they are planned to be used as coatings on tiles located in roofs, walls,
or other applications in the construction sector. The characterization of solar-reflectance
performance of WG coatings, especially in the near-infrared, was poorly discussed in the
literature, and even less evidence on the use of waste glass as coatings on tiles. Therefore, a
first proof of concept of this influence was performed by testing the relevance of variables,
such as the WG-coated tile’s composition, and other manufacturing features, such as the
holding time or temperature of burning in the whiteness index or light spectral reflectance.

To achieve this goal, laboratory measurements were used to determine the light
spectral reflectance and degree of whiteness of the specimens in the wavelength range of
350-1100 nm. The overall process was divided into four main steps: characterization of
raw materials, production of the specimens, firing stage, and, finally, several tests for the
measurement of the degree of whiteness and the specular light reflectance were conducted.
Therefore, this work aimed at the use of three different types of WG in the preparation of
coating for clay tiles specimens: two types of SLS WGs with different compositions and an
LS WG derived from CRT.

2. Materials and Methods

This research aimed to study the behavior of glazed clay surfaces made of WG in terms
of their light-spectral-reflectance performance. In the experimental setup, several WG-coated
tile specimens were manufactured by using three values of WG thickness (0.5, 0.75, and
1 mm), with different burning temperatures (700, 850, and 1000 °C), using the laboratory
kiln with different holding times (20, 40, and 60 min). In this section, the materials and their
manufacturing based on the temperature of burning, thickness of WG coating, and time
of burning are described. It is also described the experimental setup used to measure the
specular light spectral reflectance and the degree of whiteness of the tile samples.
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2.1. Origin of Materials

In this work, three types of WG were used for coatings. The WGs were provided by
the company “Camacho Recycling”, and they were taken from the glass-collection plant
located in Albacete, Spain. This company has developed glass-collection systems for all
the different types of glass, regardless of the origin, composition, and quantities that can
be generated on factories or homes. The preparation of the substrate (ceramic body) was
carried out by using a clay powder provided by the local company “Ladrillos Suspiro del
Moro S.L” in Granada, Spain, under the instructions and supervision of the research team.
Both companies have a long history in the collection and recycling of waste glass, and the
manufacturing of bricks or other construction materials.

2.2. Preparation of the Flat-Tile Specimens

According to the dosage provided by the company, 81 clay substrates of 3.2 mm X
3.2mm x 1.5 mm were fabricated by mixing clay powder with 15 wt.% of water (“wt.”
stands for percentage of weight per unit volume). The production process is shown in
Figure 1, and it can be summarized as follows:

[ Characterization of raw materials ]

{ ‘ )
v ( v )
Manufacturing and molding of clay .
uantifying of WG types
body Q ying yP
\_ J
|
. 0, v . . ( ¢ \
Drying at 100 °C followed by firing Mixing with 5wt.% of water
treatment at 850 °C L )
[ 81 ceramic clay substrates ]
: \ 4

[ Application of WG mixture ]

v

[ Firing treatment tile specimens at 700, 850, and 1000 °C ]

y

[ Light spectral reflectance and whiteness tests ]

[ Statistical analysis ]

Figure 1. Flowchart of the research procedure.

Firstly, clay powder was processed and treated by a drying process until its weight
was stabilized. Then the process was performed on a homogenous mixture of the resulted
clay powder and water with the help of an electrical mixer. The molding of the substrates
was achieved with the help of a mold (Figure 2) fabricated according to the dimensions
required for the further tests’ measurements. With the help of a compressive test machine,
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uniaxial pressing was applied on the mold to shape the clay body at 1000 MPa. This process
was followed by a drying for 48 h under the temperature of 100 °C at the laboratory furnace,
and then a firing treatment during 1 h under the temperature of 850 °C at the laboratory
kiln. In this work, we opted for a double firing process; the biscuit state was obtained by
drying the 81 clay substrates for 48 h at 100 °C, using the laboratory furnace, followed by a
firing treatment during 1 h at 850 °C, using the laboratory kiln.

Figure 2. Mold used in the laboratory for the specimen shaping.

In a second step, the coating was added to the clay substrate. According to the varying
parameters of the study, for the preparation of WG coatings, three quantities of each WG
type representing the three values of thickness were mixed with 5 wt.% of water (Table 1)
in order to obtain a mixture that could be spread evenly enough to achieve the desired
thicknesses. The next step was the manual addition of the mixture on the fired-clay body.
Finally, the heat treatment was processed according to two variables: holding time and
temperature, i.e., 20, 40, and 60 min for each of the temperatures of 700, 850, and 1000 °C.

Table 1. Identification of WG specimens.

Waste Glass (WG) Type Particle Size (mm) Identification No. of Specimens
1st SLS WG 0,1) WG1_Qx ! y? 27
2nd SLS WG (0-3) WG2_Qx_y 27
LSWG (0-4) WG3_Qx_y 27

1 Thickness of WG coating (Q1 = 0.5, Q2 = 0.75 and Q3 = 1 mm). 2 Time of burning: 20, 40, and 60 min.

In summary, several samples of every coated tile were manufactured, and three
samples for each one of the cases with different temperatures, holding time, and thickness
were selected to be studied and used for the light spectral reflectance and whiteness
measurements. In total, 27 samples of each WG type were chosen (Table 1).

2.3. Chemical Characterization of Raw Materials and Clay Specimens Using XRF

The characterization of the three WG types and the clay powder was conducted
through the chemical composition obtained by X-ray fluorescence (XRF) analysis. This
non-destructive test method is used to analyze the structure of the clay samples and
reveal their chemical composition. In the XRF-based analysis, a primary X-ray beam was
directed at a sample, and we measured the secondary X-ray emitted from a sample (called
fluorescence) when it is excited by the primary X-ray source. Every element in a sample
produces a set of unique characteristic fluorescent X-rays that allows us to determine the
chemical composition of materials. The equipment used was a Philips MagiX 2400. The
equipment was calibrated with the corresponding standard sample. The analysis of the
majority elements was carried out by preparing a bead by mixing 0.3 g of sample and 5.5 g
of Lithium Tetraborate. Quantification was carried out by using the quantitative analysis
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curve for silico-aluminous materials. When the concentration of the elements was low, i.e.,
they were present in trace form, the pressed tablet or pellet method was used.

2.4. Surface Spectral Reflectance Measurement of WG Coated Tile Samples

In this research, a spectrometer was used to perform the measurement of the spec-
ular light spectral reflectance of surfaces. For this type of reflectance measurements, the
StellarNet miniature spectrometers family members are suitable, since they are a portable
and compact fiber optic instruments for ultraviolet, visible (VIS), and near infrared (NIR)
measurements offering CCD 2048 and PDA 512/1024 detectors with the required accuracy
for the objectives of this research.

Specifically, the experimental setup was as follows (see Figure 3). For the measure-
ments, a StellarNet BLUE-Wave Spectrometer of STN-BW-VIS type was used. This spec-
trometer is a fiber-optic-coupled instrument for measurements in the range of 350-1150 nm
wavelength. It uses a 16-bit digitizer via high speed USB-2, and each unit contains a
USB-2 interface with a snap shot memory to provide instantaneous spectral image from
the highly sensitive CCD or Photo Diode Array detectors. The reflectance probe used was
a STN-R600-8-VisNIR type for VIS and NIR (400-2200 nm wavelength) measurements.
This probe was assembled in a reflectance probe holder for 90° angle measurements and
this strand fiber optic cable or probe assembly delivers input via standard SMA 905 fiber
optic connector. The experimental setup also contains a light source STN-SL1 type, which
is a 10,000 h Tungsten and Halogen lamp, 2800 Kelvin color temperature, 350-2500 nm
(Figure 3). This spectrometer equipment was calibrated with NIST (National Institute of
Standards and Technology) traceability.

BLACK-Comet, GREEN-Wave, or
BLUE-Wave spectrometer

Interface
cable

. SLI1-Filter
lamp

ST T
400-YB-SR-
RS-50 Whie NR O
Reflectance Fiber optic

standard bundle R400-7-UV-VIS

Figure 3. StellarNet BLUE-Wave Spectrometer STN-BW-VIS with the reflectance probe and probe
holder for the light spectral reflectance measurements.

The equipment also contains the STN-RS50 reflectance standard, which is a 50 mm
diameter white reflectance standard made of Halon. It is used to take reference measure-
ments by using the R600-8 Reflectance Probe. The white standard will reflect >97% of
the light from 300 to 1700 nm. Data were recorded by using the SpectraWiz software to
accurately measure the light reflected intensity and perform other spectral calculations.
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Once the WG-coated tile specimen was placed in the sample holder in a dark lab room,
the experimental reflectance data-collection procedure became as follows:

- Dark spectrum measurement: it records the background noise with the source turned
off. Dark spectrum is subtracted from measurements.

- Reference spectrum measurement: it records the reference spectrum with the STN-
RS50 white reflectance standard.

- Sample spectrum measurement: it records the quotient between the sample reflectance
spectrum and the reference spectrum of the RS50 standard.

For each reflectance measurement of the WG coated samples, the number of spectra to
signal averaging was set. This option provides a smoothing effect, thus increasing the system
signal-to-noise ratio by the square root of the number of scans being averaged. The rule
is to set the averaging to the highest number tolerable when there is sufficient light signal,
keeping the detector integration time short but out of saturation. In our measurements, the
integration time was kept above 30 ms and at least 10 scans were averaged.

Since we manufactured three WG-coated tile samples with the same characteristics of
holding time, temperature, and thickness, as stated in Section 2.2, the experimental data
collection was performed for the 27 samples, and each measurement was repeated three
times with each sample to ensure the quality of acquired data.

For all the samples, we measured the specular light spectral reflectance in the vis-
ible spectral range that extends from 400 to 700 nm and the NIR spectral range from
700 to 1100 nm. We also computed the degree of whiteness or whiteness index denoted
as L* according the CIELAB D65 reference of the French-based international Commission
on Illumination (CIE). This CIE whiteness index is a single number, which references the
relative degree of near white materials under specific lighting conditions, and it correlates
the visual ratings of whiteness for certain surfaces compared to the white-surface standard
in the visible spectrum range. L* increases with whiteness, reaching for our applications
the maximum value of 100 for the perfect white sample [24].

Finally, with the aim of gaining some insight of data, some measurements were
processed through ANOVA analysis, using SPSS software. The statistical analysis focused
on analyzing the existence of differences between the probability distributions for the
different spectral reflectance measurements or whiteness index measurements of the WG
coated tile samples. The normality of the data was checked by goodness-of-fit tests (P-P
probability plots or the Kolmogorov—Smirnov test). In our cases, the data distributions
were not normal, so the non-parametric Mann-Whitney U test was used in all cases. The
results were interpreted following the specific statistical analysis.

3. Results

In this section, we provide the results obtained for the WG-coated tile samples based
on the effect of variables such as temperature of burning, thickness of WG coat, and time
of burning in the specular light spectral reflectance and whiteness index, following the
methodology described in the preceding section. We also give the experimental chemical
characterization of materials of the tile samples.

3.1. Chemical Characterization of Raw Materials

WG particles used in this study were classified into three types, based on their origins,
grain sizes, and chemical compositions (Table 2). The XRF chemical characterization of
the glass shows that it contains SiO,; fluxing elements, such as Na,O, K;O, and PbO;
and stabilizing elements, such as Al,O3, CaO, BaO, and MgO. The first type, denoted as
WG, is a hollow green glass that was collected from recycled bottles, and, according to its
composition, it is an SLS type of glass. The second type (denoted as WG2) contains some
flat glass, and it is an SLS-type glass, with the addition of a small quantity of stones and
ceramic materials. The third type (denoted as WG3) is an LS glass mainly coming from
CRT TV monitors. The clay powder was obtained by mixing two types of raw constituents,



Appl. Sci. 2022,12,1537 7 of 18

namely 40% grea and 60% lime. To eliminate the moisture, the samples were oven-dried at
100 °C for 24 h to constant mass.

Table 2. Average chemical composition in wt.% of WG and clay obtained from FRX analysis. Please
note that they are average values and do not necessarily add up to 100% for each element.

Si02 NaZO CaO MgO A1203 Fe203 Kzo Ti02 P205 BaO PbO
Clay 44.46 0.69 11.21 3.63 16.08 5.48 3.34 0.66 0.14 - -
WG1! 73.2 11.4 10.8 1.35 2.03 0.31 0.88 0.066 <0.04 - -
WG2 2 72 13 9 2 1.75 <0.1 0.55 - - -
WG33 52.5 6 3 1.75 225 0.15 7.5 0.075 - 2 20.5

1 SLS WG with a particle size between (0 and 1) mm. 2 SLS WG with a particle size between (0 and 3) mm. 3 LS
WG with a particle size between (0 and 4) mm.

3.2. Qualitative Visual Characterization of the WG Coated Specimens

As a result of the firing treatment, none of the WG types reached the melting point
up to the temperature of 700 °C. At 850 °C, WG1 and WG2 types created a dense coat that
did not adhere to the substrate, whereas WG3 showed more densification; however, it did
not cover the entire surface. At 1000 °C, all types of WG reached the melting point, and
a dense coat structure was formed. The tiles specimens fired at 1000 °C showed better
properties in terms of material adhesion when compared to the 700 and 850 °C temperature
cases. Hence, this temperature was set up, and according to the structure and aesthetical
perspective, 27 specimens fired at 1000 °C (Figure 4a—c) were selected for further tests. All
the samples had a homogeneous visual appearance to ensure the reproducibility of data.

(@) )

(c)

Figure 4. Tiles specimens fired at 1000 °C during (a) 20 min, (b) 40 min, and (c) 60 min. In each figure,
the first row shows WG1, the second row WG2, and the third row WG3 coated samples respectively.
In addition, in each figure, the first column shows Q1 samples, the second column shows Q2 samples,
and the third column shows Q3 samples according to Table 1.
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The coating structure of the three types of WG was different. According to Figure 4a,
WG presented a weak transition zone characterized by some cracking, and an unevenly
distribution of melted WG due to particle shrinkage for small quantity of WG that improved
with the increase of WG quantity. WG2 showed a porous surface and more roughness than the
other types, and these qualities were notably reduced at a holding time of 60 min (Figure 4c).

WG and WG2 coatings had the appearance of an opaque surface lying on the sub-
strate, but the WG3-coated samples had a glossy surface that is notably transparent; in fact,
some breaks or rifts can be observed at the transition zone between the substrate and the
coating. Moreover, WG3 coating contained air bubbles, and some pinholes occurred due to
reactions of the oxides (Figure 4a). These effects decreased with the increase of the holding
time (Figure 4c).

3.3. Light Characterization of the WG-Coated Specimens

Measurements of the whiteness index L* and light spectral reflectance measurements
were taken for the 27 specimens described above. Table 3 shows the value of L* for the three
WG-coated samples. In this table, WG1Q1 stands for the sample with a coating thickness of
Q1 (Table 1) and so on. As can be observed in this table, the whiteness index ranged from
50.45 to 52.93, with an average value of 51.78, for WG1,; it ranged from 49.24 to 55.23, with
an average value of 52.93, for WG2; and it ranged from 54.54 to 100, with an average value
of 84.49, for WGS3.

Table 3. Degree of whiteness (L*) of the 27 WG-coated tile samples.

Burning L
Time WG1Q1 WG1Q2 WG1Q3 WG20Q1 WG2Q2 WG2Q3 WG301 WG3Q2 WG3Q3
20 min 51.76 50.69 50.56 55.23 52.56 51.28 61.39 97.33 100
40 min 52.93 52.18 52.16 53.86 54.8 53.25 71.46 83.22 100
60 min 52.41 50.45 52.88 49.24 54.78 51.45 54.54 92.5 100

An ANOVA analysis according to the methodology section was also performed on the
data coming from Table 3, and all the results can be found in Appendix A. The statistical
results coming from the nonparametric Mann—-Whitney U test showed the following;:

7

e In general, the variables “holding time of burning” and “thickness of WG coating’
had no significant influence on the whiteness index.

e  For the type of WG, the results showed no significant difference between the WG1 and
WG?2 types, in contrast to the WG3, which had a significant influence. In other words,
the results show that there was no significant difference between the mean values
of the whiteness index for the WG1- and WG2-coated types, and only the degree of
whiteness of the WG3 type was significantly influenced at a p < 0.05 level.

e  The WGB3 samples registered the highest values of the whiteness index.

Regarding the relative light spectral reflectance measurements, Figures 5-7 show the
different light spectra reflectance obtained for the three WG-coated types of samples.

In this case, the influence of the holding time of burning and the WG-coated types on
the spectral reflectance measurements was checked, since, from the manufacturing point of
view, it is very interesting to know if there is an influence of the holding time on the spectral
reflectance properties. Each figure represents the relative specular spectral reflectance of
the WG1-, WG2-, and WG3-coated samples (according to Table 2) with different holding
burning times. For example, WG1T20 stands for the WG1-coated sample measurements
with a holding time of burning of 20 min, and WG2T40 stands for the WG2-coated sample
with a holding time of burning of 40 min, and so on. Figure 5 shows the spectral reflectance
data obtained for the 20 min burning time, Figure 6 for the 40 min burning time, and
Figure 7 for the 60 min burning time.
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Figure 5. Specular light reflectance of the first set of specimens fired at 1000 °C during 20 min.
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Figure 6. Specular light reflectance of the first set of specimens fired at 1000 °C during 40 min.
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Figure 7. Specular light reflectance of the first set of specimens fired at 1000 °C during 60 min.

As it can be observed from these figures, all types of WG-coated tiles reached a
minimum light reflectance in the range of 500-800 nm, which tends to increase through the
rest of the visual range and then increases gradually in the NIR range. The region in the
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range of 500-800 nm, which roughly corresponds to the visible range (yellow, orange, and
red colors), is the one showing almost constant and minimum values of the relative light
reflectance. Therefore, these values are the most interesting ones to look for differences
between the behavior of the samples on the global light reflectance, and they were chosen
to perform a series of ANOVA tests, whose results are shown in Appendix B. In this case,
the aim was to determine if the spectral data are really influenced by the WG type of glass
coating or the holding times of burning.

From the nonparametric Mann-Whitney U tests for the specular light spectral re-
flectance in terms of the WG type of glass coating and time of burning shown in Appendix B,
the following can be concluded:

e  There was a significant difference between all the types of WG coatings (WG1, WG2,
and WG3) regardless of the holding time (p < 0.001).

e  There was a significant difference between the holding burning times “20 and 60 min”
and “40 and 60 min” of WG1 with p < 0.001.

e  There was no significant difference between the holding times “20 and 40 min” of
WG1 with p > 0.01.

e  There was a significant difference between all the holding times of WG2 and WG3
with p < 0.001.

o The WGS3 type had the higher mean values, showing a greater reflection capacity
compared to the other types.

In summary, this proof of concept about the spectral reflectance values of the WG
coating showed that the light spectral reflectance behavior is highly influenced in the
spectrum range that extends from 400 to 800 nm for the composition of the three types of
glass used in the WG coatings. The holding time of burning also had some influence, but it
was much smaller in general, except in the WG1 type between the 20 and 40 min burning
times, wherein no difference was reported.

4. Discussion

The WG coatings tested in this research showed different behaviors during the sin-
tering process. In this regard, the chemical and qualitative visual characterizations of the
WG-coated specimens showed clear distinguishing features, and, consequently, it was
expected that they would exhibit different values for the whiteness index and the light
spectral reflectance. This consideration was checked by a set of experiments, and, thus, it
was studied if a relevant different behavior for the WG-coated tiles in terms of both man-
ufacturing feasibility and reflected radiant energy properties would be observed, taking
into account their different WG composition and thickness of the coating, as well as other
external manufacturing features, such as the holding times or temperatures of burning.

Focusing on the manufacturing process it was interesting to study two variables:
holding time and temperature of burning. In our research, we used the holding times of 20,
40, and 60 min for each of the burning temperatures of 700, 850, and 1000 °C. The three
different types of WG used in this study showed different visual and physical structures
after the firing treatment, with a better densification occurring at 1000 °C with respect to
the other tested temperatures. Hence, this temperature was finally selected to build the
WG-coated tiles for the next steps of the experiments.

Once this temperature was chosen and the WG coated tiles were manufactured, the
degree of whiteness or whiteness index was measured using an experimental setup based
on light spectrometry. The composition of WG (that defines the type) in this study, had a
significant influence on the whiteness index (L*) of the specimens. WG3 specimens had
the highest mean value of L* (84.5) compared to the other types. This can be interpreted
as that the small percentages of iron oxide increase the whiteness of the specimens, in
accordance to other applications considered in [25] where the whiteness indicator of an
engobe containing WG was influenced by the ratio of kaolin, alumina and zirconium.
However, in contrast to the WG type or composition, in most cases, the holding time for the
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firing treatment and the thickness of the WG coating had a small influence on L*, especially
for SLS WG specimens.

The third set of experiments considered the two most relevant variables (WG type
and holding time) for checking for differences in the specular light spectral reflectance. In
terms of light-reflectance measurements, it was measured the relative reflectance in the
visible range from 350 to 700 nm and the NIR region from 700 to 1100 nm. In this case, a
set of WG1, WG2 and WGS tiles obtained using three burning times of 20, 40 and 60 min
respectively, were considered for testing if there are differences in the spectral reflectance.

From the obtained results, the composition of WG (that defines the type) in this
study had again a relevant and significant influence on the light spectral reflectance of the
specimens. Holding times had influence mainly in the reflectance properties for the WG2
and WG3 types, generally decreasing the values of reflectance but with a weak influence
compared to the strong dependence with the WG type. For all the WG-coated tiles, WG3
had greater values of reflectance with respect to WG1 and WG2. This can be explained from
its chemical composition, where the existence of substances with high refractive indexes
such as Al;O3; and TiO; enhances the light reflectance of specimens. In fact, this effect
was also reported in other applications where the use of WG in the production of engobes
and glazes compositions increased the refractive indexes [10,11]. According to the visual
characterization, the glossy transparent structure of WG3 enhanced the light reflectance
(Figure 4), based on the LS composition which has a high refractive index, and less internal
friction with respect to SL glass [26].

In summary, these results are interpreted based on the chemical composition and
the manufacturing process itself. With the increase of waste glass quantity, the degree of
whiteness of lead silicate waste glass (LS WG) registered the highest values with respect to
soda lime silicate glass (SLS WG). For the relative light reflectance, the lead silicate glass
showed better performance with respect to the soda lime silicate glass due to its chemical
composition. The difference of the light reflectance performance of the specimens could be
explained by the percentage of crystalline phase developed through the sintering process
of each type of WG, which makes the degree of whiteness results in agreement with the
light reflectance measurements.

5. Conclusions

This research paper presented a preliminary study on using waste glass as a coating
on tiles in terms of light reflectance. An optical characterization in terms of light-reflectance
properties of the WG-coated tiles is provided by testing the relevance of variables, such
as the WG-coated tile composition and other manufacturing features, such as the holding
time or temperature of burning in the whiteness index or light spectral reflectance.

From a set of experiments based on raw WG coming from recycling plants, it was shown
that the chemical composition and quantity of waste glass, as well as the temperature and
holding time, had a significant influence on the light spectral reflectance of the specimens.
The same results were found for the degree of whiteness, except from the holding burning
time variable that had a minor impact. In general, the LS glass mainly coming from CRT
TV monitors (WG3) had the highest mean value of the whiteness index and the higher light
reflectance compared to the ones built with an SLS type of glass (WG1 and WG2). The holding
time for the firing treatment and the thickness of WG coatings had a smaller influence on
the whiteness index, especially weaker for the SLS WG specimens. Holding times also had
an influence mainly in the reflectance properties for the LS-glass-coating type, generally
decreasing the values of reflectance as the burning time increases.

Some potential benefits can be derived from this study to be considered for the use of
SLS and LS waste glass in the production of coatings for clay tile specimens. The production
of glazes as glass-ceramics is a result of a controlled crystallization process to fulfill the
requirements of a prescribed design. Previous studies investigated the use of WG for the
replacement of raw materials used in the production of glazes, and this replacement yielded
promising results reducing energy consumption [12-14]. This is confirmed in this research,
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where a total replacement is carried out through the production of a WG coating material
adopting sustainable routes as far as possible, ensuring a consistent seal and compatibility
of the substrate and the coating if they were used in the construction sector. Moreover, it
was shown that this use of WGs as coating affects the whiteness and the light reflectance
performance of tiles, and so it becomes relevant the assessment of their potential impact in
the outdoor or indoor environment in buildings, as well as cities. Depending on the specific
outdoor environment, one or other coating types would be preferable. For example, if the
application was aimed for cool roofs to reflect more sunlight and absorb less solar energy,
it would be more suitable to use LS WG-coated tiles with one hour of holding times. Thus,
the results obtained could be applied for the cool roof strategy as a main application that
will provide, at the greatest extent, waste recovery and energy efficiency in buildings. More
potential applications, such as their use in walls and pavements, will be further evaluated
in future research.
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Appendix A. Statistical Analysis for the Whiteness Index

Table A1. ANOVA for the whiteness of the specimens.

Factor Model Sum of Squares df Mean Square F Sig.
WG type Linear 6201.564 2 3100.782 28.708 0.000
holding Linear 15.205 2 7.603 0.021 0979
time
thickness Linear 729.768 2 364.884 1.086 0.354

Table A2. Ranks table of Mann—-Whitney U test for the whiteness, according to the holding time.

Ranks
Holding Time N Mean Rank Sum of Ranks
Holding time of 20 min 9 8.39 75.50
Holding time of 40 min 9 10.61 95.50
Total 18
Holding time of 20 min 9 9.83 88.50
Whiteness holding time of 60 min 9 9.17 82.50
Total 18
Holding time of 40 min 9 10.61 95.50
holding time of 60 min 9 8.39 75.50

Total 18
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Table A3. Test statistics table of Mann-Whitney U test for the whiteness, according to the holding time.

Test Statistics

Whiteness
20 min 40 min 60 min
Mann-Whitney U 30.500 37.500 30.500
Wilcoxon W 75.500 82.500 75.500
V4 —0.883 —0.265 —0.883
Asymp. Sig. (2-tailed) 0.377 0.791 0.377
Exact Sig. [2*(1-tailed Sig.)] 0.387 0.796 0.387

Table A4. Ranks table of Mann-Whitney U test for the whiteness according to the thickness.

Ranks
Thickness N Mean Rank Sum of Ranks
Q1 9 8.89 80.00
Q2 9 10.11 91.00
Total 18
Q1 9 9.67 87.00
Whiteness Q3 9 9.33 84.00
Total 18
Q2 9 9.33 84.00
Q3 9 9.67 87.00
Total 18

Table A5. Test statistics table of Mann—-Whitney U test for the whiteness, according to the thickness.

Test Statistics

Whiteness
Q1 Q2 Q3
Mann-Whitney U 35.000 39.000 39.000
Wilcoxon W 80.000 84.000 84.000
Z —0.486 —0.133 —0.133
Asymp. Sig. (2-tailed) 0.627 0.894 0.894
Exact Sig. [2*(1-tailed Sig.)] 0.666 0.931 0.931

Table A6. Ranks table of Mann—-Whitney U test for the whiteness, according to the WG type.

Ranks

WG N Mean Rank Sum of Ranks

WG1 9 7.56 68.00

WG2 9 11.44 103.00

Total 18

WG1 9 5.00 45.00
Whiteness WG3 9 14.00 126.00

Total 18

WG2 9 5.33 48.00

WG3 9 13.67 123.00

Total 18
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Table A7. Test statistics table of Mann-Whitney U test for the whiteness according to the WG type.

Test Statistics

Whiteness
WG1 WG2 WG3
Mann-Whitney U 23.000 0.000 3.000
Wilcoxon W 68.000 45.000 48.000
V4 —1.545 —3.584 —3.318
Asymp. Sig. (2-tailed) 0.122 0.000 0.001
Exact Sig. [2*(1-tailed Sig.)] 0.136 0.000 0.000

Appendix B. Statistical Analysis for the Specular Solar Reflectance

Table A8. ANOVA for the specular light reflectance of the specimens.

Factor Model Sum of Squares df Mean Square F Sig.
WG type Linear 4153.132 2 2076.566 22,159.150  0.000
h‘:ﬁg‘g Linear 177.840 2 88.920 69203 0.000

The specular solar reflectance of all types of WG does not follow a normal distribution;
hence, the Mann-Whitney U test was carried out. A significant difference was found
between all types of WG during each holding time, as shown in Appendix B Tables A9-A14
with a p < 0.001.

Table A9. Ranks table of the Mann-Whitney U test for specular solar reflectance, according to the
holding time of 20 min.

Ranks
WG N Mean Rank Sum of Ranks
WGI1T20 607 531.00 322.31450
WG2T20 607 684.00 415.19050
Total 1214
WGI1T20 607 304.00 184.52800
Reflectance WG3T20 607 911.00 552.97700
Total 1214
WG2T20 607 304.00 184.52800
WG3T20 607 911.00 552.97700
Total 1214

Table A10. Test statistics table of the Mann-Whitney U test for specular solar reflectance, according
to the holding time of 20 min.

Test Statistics

Reflectance
WGI1T20_WG2T20 WG1T20_WG3T20 WG2T20_WG3T20
Mann-Whitney U 137.786500 0.000 0.000
Wilcoxon W 322.314500 184.528000 184.528000
Z —7.605 —30.170 —30.168

Asymp. Sig. (2-tailed) 0.000 0.000 0.000
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Table A11. Ranks table of the Mann—Whitney test for specular solar reflectance, according to the
holding time of 40 min.

Ranks
WG N Mean Rank Sum of Ranks
WGI1T40 607 669.97 406.67300
WG2T40 607 545.03 330.83200
Total 1214
WGI1T40 607 304.00 184.52800
Reflectance WG3T40 607 911.00 552.97700
Total 1214
WG2T40 607 304.00 184.52800
WG3T40 607 911.00 552.97700
Total 1214

Table A12. Test statistics table of the Mann-Whitney U test for specular solar reflectance according to
the holding time of 40 min.

Test Statistics

Reflectance
WG1T40_WG2T40 WG1T40_WG3T40 WG2T40_WG3T40
Mann-Whitney U 146.304000 0.000 0.000
Wilcoxon W 330.832000 184.528000 184.528000
V4 —6.210 —30.169 —30.168
Asymp. Sig. (2-tailed) 0.000 0.000 0.000

Table A13. Ranks table of Mann—-Whitney U test for specular solar reflectance, according to the
holding time of 60 min.

Ranks
WG N Mean Rank Sum of Ranks
WGI1T60 607 663.64 402.83250
WG2T60 607 551.36 334.67250
Total 1214
WGI1T60 607 304.00 184.52800
Reflectance WG3T60 607 911.00 552.97700
Total 1214
WG2T60 607 304.00 184.52800
WG3T60 607 911.00 552.97700
Total 1214

Table A14. Test statistics table of Mann-Whitney test for specular solar reflectance, according to the
holding time of 60 min.

Test Statistics

Reflectance
WGI1T60_WG2T60 WG1T60_WG3T60 WG2T60_WG3T60
Mann-Whitney U 150.144500 0.000 0.000
Wilcoxon W 334.672500 184.528000 184.528000
Z —5.583 —32.253 —32.248

Asymp. Sig. (2-tailed) 0.000 0.000 0.000
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Appendix B Tables A15-A20 show a significant difference between the holding times
20 and 60 min” and “40 and 60 min” of WG1 with p < 0.001. While there was no significant
difference between the holding times “20 and 40 min” of WG1 with p = 0.046.

There was a significant difference between all the holding times of WG2 and WG3

with p < 0.001.
Table A15. Ranks table of Mann-Whitney U test for specular solar reflectance of WG1 during the
three holding times.
Ranks
WG N Mean Rank Sum of Ranks
WGIT20 607 587.45 356.58400
WG1T40 607 627.55 380.92100
Total 1214
WGIT20 607 895.54 543.59200
Reflectance WGI1T60 607 319.46 193.91300
Total 1214
WGI1T40 607 898.77 545.55300
WGI1T60 607 316.23 191.95200
Total 1214

Table A16. Test statistics table of Mann-Whitney U test for specular solar reflectance of WG1 during

the three holding times.
Test Statistics
Reflectance
WG1T20_WG1T40 WG1T20_WG1T60 WG1T40_WG1T60
Mann-Whitney U 172.056000 9385.000 7424.000
Wilcoxon W 356.584000 193.913000 191.952000
Z —1.993 —28.636 —28.955
Asymp. Sig. (2-tailed) 0.046 0.000 0.000

Table A17. Ranks table of Mann-Whitney U test for specular solar reflectance of WG2 during the

three holding times.
Ranks
WG N Mean Rank Sum of Ranks
WG2T20 607 719.24 436.57750
WG2T40 607 495.76 300.92750
Total 1214
WG2T20 607 902.96 548.09850
Reflectance WG2T60 607 312.04 189.40650
Total 1214
WG2T40 607 889.15 539.71450
WG2T60 607 325.85 197.79050

Total 1214
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Table A18. Tests statistics table of Mann—-Whitney U test for specular solar reflectance of WG2 during

the three holding times.
Test Statistics
Reflectance
WG2T20_WG2T40 WG2T20_WG2T60 WG2T40_WG2T60
Mann-Whitney U 116.399500 4878.500 13.262500
Wilcoxon W 300.927500 189.406500 197.790500
Z —11.107 —29.367 —27.995
Asymp. Sig. (2-tailed) 0.000 0.000 0.000

Table A19. Ranks table of Mann-Whitney U test for specular solar reflectance of WG3 during the

three holding time.
Ranks
WG N Mean Rank Sum of Ranks
WG3T20 607 308.28 187.12700
WG3T40 607 906.72 550.37800
Total 1214
WG3T20 607 335.00 203.34500
Reflectance WG3T60 607 880.00 534.16000
Total 1214
WG3T40 607 911.00 552.97700
WG3T60 607 304.00 184.52800
Total 1214

Table A20. Test statistics table of Mann-Whitney U test for specular solar reflectance of WG3 during

the three holding time.
Test Statistics
Reflectance
WG3T20_WG3T40 WG3T20_WG3T60 WG3T40_WG3T60
Mann-Whitney U 2599.000 18.817000 0.000
Wilcoxon W 187.127000 203.345000 184.528000
Z —29.747 —28.977 —32.251
Asymp. Sig. (2-tailed) 0.000 0.000 0.000
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