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RESUMO

Este artigo tem como objetivo estudar a resisténcia fisico-mecéanica e ao fogo de compositos
de poliuretano/cimento (PuCem) contendo nanoparticulas de lodos de vidro (GLA) e da
anodizacdo de aluminio (AAS). Os resultados de MEV mostram que a substituicdo de 24,5%
do cimento por areia (SAN), AAS ou GLA, manteve a estrutura de alvéolos nos compadsitos,
incluida as analises de EDS e FTIR observa-se que a reacdo de hidratacdo do cimento forma
aluminatos e silicatos hidratados. Através dos testes ANOVA-Tukey para as areas e
circularidades dos alvéolos tem-se que as areas dos compdsitos PuCemAas sdo
significativamente diferentes aos PuCemGla e PuCemSan, sendo os dois Gltimos semelhantes
entre si. Quanto a circularidade os compdsitos PuCemGla e PuCemSan sdo significativamente
diferentes aos PuCem e PuCemAas, novamente semelhantes entre si. A resisténcia a
compressdo diminuiu com a substituicdo do cimento pelos agregados. Os termogramas
DTA/TGA foram semelhantes para os quatro compdsitos e a matriz de PU. Os espécimes foram
classificados como inflamaveis na posicéo horizontal, mas desclassificados na posicéo vertical
(UL94). Os compositos ofereceram uma barreira sonora entre 125 Hz e 8 kHz examinados. O
ensaio do fio quente exibiu maior isolamento térmico para PuCemGla e PuCemAas. Conclui-
se com grafico radar que PuCemAas apresentou melhor resultado entre os compdsitos

preparados.

Palavras-chave:

Compositos termo acusticas; Inflamabilidade; Lodo de anodizacdo de aluminio; Lodo da

lapidacdo de vidro.



ABSTRACT

This article aims to study the physico-mechanical strength and fire resistance of
polyurethane/cement (PuCem) composites containing glass sludge nanoparticles (GLA) and
nanoparticles from aluminium anodization (AAS). Scanning electron microscopy (SEM)
results show that the replacement of 24.5% of the cement with sand (SAN), AAS or GLA
maintained the alveolar structure in the composites; in addition, energy-dispersive X-ray
spectroscopy (EDS) and Fourier transform infrared spectroscopy (FTIR) analyses show that
the cement hydration reaction forms hydrated aluminates and silicates. Through the ANOVA-
Tukey tests for the areas and circularity of the alveoli, the areas of the PuCemAas composites
are significantly different from those of PuCemGla and PuCemSan, which are similar to each
other. In their circularity, the PuCemGla and PuCemSan composites are significantly different
from PuCem and PuCemAas, which are similar to each other. The compressive strength
decreased upon replacing cement with the aggregates. The DTA/TGA thermograms were
similar for the four composites and the polyurethane (PU) matrix. The specimens were
classified as flammable in the horizontal position but declassified in the vertical position
(UL94). The composites offered a sound barrier between 125 Hz and 8 kHz. The hot wire test
showed higher thermal insulation for PuCemGla and PuCemAas. It is concluded from a radar

chart that PuCemAas presented the best result among the prepared composites.

Keywords:

Thermoacoustic composites; Flammability; Aluminium-anodising sludge; Sludge from glass
cutting and polishing.
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INTRODUCAO

A busca por desenvolvimento de produtos sustentaveis, que otimizem processos
produtivos e reducdo de impactos socioambientais sdo de grande importancia para a sociedade.
A construcdo civil e todos processos e produtos sdo considerados um dos maiores geradores de
residuos no mundo. Desse modo, a utilizacdo desses residuos como matéria prima em outros
processos produtivos sdo as tendéncias para que novos produtos sejam confeccionados,
contemplando parte do proposito do plano de desenvolvimento sustentavel da Organizacdo das
Nacdes Unidas. Placas termo acusticas a partir de poliuretano sdo amplamente utilizadas em
diversas areas da construcdo civil, porém sdo altamente inflamaveis e com altos indices de
toxidade da fumaca. A pesquisa realizada consistiu em produzir placas utilizando residuos
provenientes da construcdo civil obtendo resisténcia a inflamabilidade e barreira termo
acustica, assim os compositos para a obtencdo de tais placas consistiram na reacdo de
policondensacdo entre tolueno-2,6-diisocianato e polipropilenoglicol com adigdo de cimento,

areias, lodo de anodizacdo aluminio ou lodo de lapidacéo do vidro.

O trabalho teve como objetivo estudar a resisténcia fisico-mecénica e ao fogo de
compositos de poliuretano/cimento (PuCem) contendo nanoparticulas de lodos de vidro (GLA)
e da anodizacdo de aluminio (AAS). Os resultados de MEV mostram que a substituicdo de
24,5% do cimento por areia, AAS ou GLA, manteve a estrutura de alvéolos nos compésitos,
incluida as analises de EDS e FTIR observa-se que a reacdo de hidratacdo do cimento forma
aluminatos e silicatos hidratados. Através dos testes ANOVA-Tukey para as areas e
circularidades dos alvéolos tem-se que as dareas dos compdsitos PuCemAas sdo
significativamente diferentes aos PuCemGla e PuCemSan, sendo os dois Gltimos semelhantes
entre si. Quanto a circularidade os compdsitos PuCemGla e PuCemSan séo significativamente
diferentes aos PuCem e PuCemAas, novamente semelhantes entre si. A resisténcia a
compressdo diminui com a substituicdo do cimento, PuCem 0,7963 Mpa para 0,2663 MPa,
0,2658 MPa e 0,1865 MPa, com areia, GLA e AAS, respectivamente. Os termogramas
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DTA/TGA dos compdsitos foram semelhantes com dois patamares endotérmica de perda de
massa atribuidas a decomposicdo da matriz de PU, foram classificados como inflamaveis na
posicdo horizontal, mas desclassificados para posi¢do vertical (UL94). Os compositos
ofereceram uma barreira sonora para 0s o0ito comprimentos de ondas sonoras entre 125 Hz e 8
kHz. Os resultados do ensaio do fio quente demostraram que os compoésitos a partir dos
residuos proporcionaram maior isolamento térmico quando comparados com PuCem e
PuCemSan. Pode-se concluir por analise de grafico radar, onde as varidveis foram
inflamabilidade vertical, inflamabilidade horizontal, compressdo mecénica, teste acustico e
térmico que PuCemAas apresenta melhor resultado, pois atingiu pontuacdo maxima em 3 dos
5 itens analisados, sendo estes inflamabilidade vertical e horizontal, e teste de resisténcia

mecanica.
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CAPITULO

Rigid polyurethane foam modified with cement, aluminium-anodising sludge and glass
sludge

Abstract

This article aims to study the physico-mechanical strength and fire resistance of
polyurethane/cement (PuCem) composites containing glass sludge nanoparticles (GLA) and
nanoparticles from aluminium anodization (AAS). Scanning electron microscopy (SEM)
results show that the replacement of 24.5% of the cement with sand (SAN), AAS or GLA
maintained the alveolar structure in the composites; in addition, energy-dispersive X-ray
spectroscopy (EDS) and Fourier transform infrared spectroscopy (FTIR) analyses show that
the cement hydration reaction forms hydrated aluminates and silicates. Through the ANOVA-
Tukey tests for the areas and circularity of the alveoli, the areas of the PuCemAas composites
are significantly different from those of PuCemGla and PuCemSan, which are similar to each
other. In their circularity, the PuCemGla and PuCemSan composites are significantly different
from PuCem and PuCemAas, which are similar to each other. The compressive strength
decreased upon replacing cement with the aggregates. The DTA/TGA thermograms were
similar for the four composites and the polyurethane (PU) matrix. The specimens were
classified as flammable in the horizontal position but declassified in the vertical position
(UL94). The composites offered a sound barrier between 125 Hz and 8 kHz. The hot wire test
showed higher thermal insulation for PuCemGla and PuCemAas. It is concluded from a radar
chart that PuCemAas presented the best result among the prepared composites.

Keywords:

Thermoacoustic composites; Flammability; Aluminium-anodising sludge; Sludge from glass
cutting and polishing.
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1. Introduction

Environmental preservation is a globally discussed theme, and the urgent need to limit
the use of natural resources has been highlighted. The interest of society in new ways of using
waste by adding value and providing it with a longer life cycle contributes to sustainable
development, in addition to generating opportunities for new businesses, employment and

social inclusion [1, 2, 3].

The construction industry is a productive segment of the economy that can incorporate
significant amounts of waste from other segments into product life cycles within its
formulations; in this way, it becomes more sustainable and contributes to resolving

environmental issues [4, 5].

Our research group performed studies on new materials for civil construction reusing
waste from other production sectors, including polyethylene terephthalate [6, 7], ethylene vinyl
acetate [8, 9], polyvinyl chloride [10] and polyurethane [11] residues. Furthermore, light
aggregates (expanded clay, perlite and vermiculite) and fibres (cellulose and polypropylene)
[12] and limestone-lime and clay-hemp aggregates [13] can be used to improve the thermal
and acoustic properties of lime-cement mortars. A review of PU and its use in structural and
infrastructural applications [14], as well as a study of the physico-mechanical characterization,
microstructure and fire resistance of cement pastes containing Al.O3 nanoparticles, shows that

even small amounts of nanoparticles (1%) can influence the properties of the material [15].

Despite these findings, no study has evaluated the replacement of cement with sand, glass
sludge and aluminium-anodising sludge in polyurethane (PU) composites with respect to the

14



chemical stability and mechanical and thermoacoustic performance; the studied materials are

used to make boards for wall revetments and masonry ceilings.

Noise pollution causes direct problems such as hearing loss and indirect problems such
as irritability, stress, a lack of attention and low productivity. It can also cause psychological

damage to homeowners whose residences have poor acoustic performance [16, 17, 18, 19].

Due to the high sound emission intensity generated by large cities, the demand for
products with insulating characteristics and that can minimize sound in addition to providing
thermal comfort has become greater. These products, for the most part, are manufactured using
flammable and highly toxic chemical compounds [20]. The need to study materials that are
safe to society and to the environment and that do not lose their acoustic isolation
characteristics is of the utmost importance to fit the premise of sustainable development within

the production processes [21, 22].

Studies on thermal insulation are based mainly on the increase in the cost of energy in
both the production and conservation of thermally comfortable environments. The energy
consumption in buildings for heating and cooling is responsible for approximately 40% of the
global energy demand and approximately 60% of the total energy consumed in buildings [1,
16, 23]. This energy consumption highlights the importance of acoustic isolation because the
noise levels should be compatible with the acoustic comfort of the surroundings. The materials
for these applications must have characteristics of resistance to stress and deformability,

dimensional stability, exclusion of water and vapor, fire resistance and durability [24, 25].

Despite PU’s efficiency for thermal and acoustic insulation, its combustibility problem
has become an urgent issue, and research has been widely performed on the development of

safe materials [26, 27].
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The recycling and use of waste to compete in the market is a welcome alternative. Large
amounts of waste can be successfully applied in the fabrication of construction materials, thus
improving their properties and durability [1, 6, 7, 21, 28]. The objective of this study was to
investigate the properties of composites of PU/cement, sand, and aluminium-anodising or
glass-cutting and polishing sludge as thermal and acoustic insulation; the current materials used

in the civil construction industry are flammable.

2. Materials and methods

The aluminium-anodising sludge (AAS; HYDRA, Tubardo/SC-Brazil) and glass-cutting
and polishing sludge (GLA; PERSONAL GLASS, Palhoga/SC-Brazil) were washed and
filtered using a Buchner funnel, dried at 70 °C in an oven for 24 h and sieved through stainless

steel sieves with a mesh size of 45 Om.

The compositions of AAS and GLA were characterized by X-ray fluorescence and
atomic absorption spectrometry assays. Table 1 shows the results of the atomic absorption

spectrometry of AAS and GLA.

Table 1
Atomic absorption spectrometry results of aluminium-anodising sludge (AAS) and glass-

cutting and polishing sludge (GLA).

Substance AAS content (%) GLA content (%)
Al203 66.16 3.38
CaO 0.29 8.10
Fe203 0.24 0.31
Na20 1.32 12.28
SiO2 0.48 64.75

16
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Table 1 shows 66% aluminium oxide in the AAS; thus, the element Al was predominant
in the composition. X-ray diffractometry showed that the phases present in the AAS were
aluminium hydroxide oxide [AIO(OH)], aluminium phosphate [AIPO4] and aluminium

hydroxide [Al (OH)3].

In the GLA, atomic absorption spectroscopy showed 64% silicon oxide (predominance
of the element silicon), and X-ray fluorescence showed that the phases were calcium silicate
[CaSi20s], sodium metasilicate [NazSiOs], silicon oxide/coesite [SiOz], silicon

oxide/cristobalite [SiO2] (Table 1).

The sand (GUAREZI, Sdo Jose/SC-Brazil) was sieved through a stainless steel sieve with

a mesh opening of 150 pm.

2.1 Composites

The composites were prepared by incorporating the cement (CPV-ARI Itambé, Balsa
Nova/PR-Brazil), sand, and AAS or GLA in the polycondensation reaction between
polypropylene glycol and toluene-2,6-diisocyanate (Arinos, S&o Paulo/SP, Brazil) [6]. The
reagents were used as received and following safety standards; the polyol and isocyanate in
their formulations are mainly provided by polypropylene glycol and toluene-2,6-diisocyanate.

The raw materials (Table 2) were mixed and poured into a solid silicone mould (Fig. 1,
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29.5x29.5x2.1 cm and a volume of 1053.4 cm?). The specimens were demoulded after 1 h;

silicone was sprayed to facilitate the demoulding. The boards were cured for 21 days, the first

7 days submerged in water [21, 22].

Table 2

Amounts of reagents used to prepare composites of PuCem, PuCemSan, PuCemAas and

PuCemGla.

Toluene-2,6-

.. ' Cement Sand
Specimen Polypropylene giisocyanate AAS (g) GLA (g)

glycol (9) @ (9

()
PuCem 54.1 81.3 81.3 - - -
PuCemAas 54.1 81.3 51.2 - 30.1 -
PuCemSan 54.1 81.3 51.2 30.1 -
PuCemGla 54.1 81.3 51.2 - - 30.1

The composite boards were made with a square base (top view) with pyramidal shapes

from their four side views (Table 2 and Fig. 1).
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Figure 1. Mechanical design of the thermo-acoustic board mould.

The composites were produced in the different moulds according to the test requirements,

maintaining the proportions shown in Table 2.

2.2 Scanning electron microscopy, morphological image analysis and chemical composition

The morphologies of the composites PuCem, PuCemSan, PuCemAas and PuCemGla
were characterized by SEM (JEOL JSM-6390LV) with a voltage of 10 kV. The samples were

fractured in liquid nitrogen and coated with gold.

F1JI/Imageld software (https://imagej.net/ImageJ and https://imagej.nih.gov/) was used to
process the SEM images, and the statistical analysis was performed with the XLStatistics -
Excel Workbooks for Statistical Analysis (http: //www.deakin.edu.au/~rodneyc/XLStatistics)
application for MS Excel (2016). The protocol was systematized into five steps: dimensioning
and cutting, look improvement, supervised classification, morphological analysis, and
statistical analysis of morphometric data [29].

19


https://imagej.net/ImageJ
https://imagej.nih.gov/

The scaling, i.e., pixel to real-size relationship, was performed with the help of the
graphical scale bar stamped on the SEM image, and the data stamp was cut for the radiometric
analysis. Radiometric improvements were made in the contrast, brightness and noise, as well
as the elimination of outliers and equalization of the image frequency histogram. Filters were
used in the frequency and spatial domains [30] to eliminate image noise; the filters used were

the non-depigmented mask, despeckle, outlier (bright and dark), and median filters [31].

The classification sought patterns and homogeneous areas in the image, and the unknown
pixels were compared and then statistically classified [32]. The ImageJ/FIJI Segmentation
Trainable Weka plugin was used in this step, and the Gaussian Blur, Gaussian Difference and
Entropy filters were used in this process. Thus, the polygons of the three classes analysed, i.e.,
the classes of shallow alveoli, deep/perforated alveoli and edges, were defined. Then, the
resulting classes were used to generate probability maps and perform classification and

segmentation based on the joint probability of each class.

The classified image was filtered to eliminate small areas of noise where one class
overlapped the other. Then, the image was transformed into an 8-bit spectral image, in which
a threshold process was applied to create 2-bit images (red, green and lilac) of each of the
classes used in the study. Superficial cutting edges (class 1), shallow alveoli (class 2) and deep

and perforated alveoli (class 3) were classified [20].

Finally, the morphometric parameters were calculated with these images to statistically
evaluate the visualized forms of the material surface. This step was performed through the FIJI
routine "Analyse" to demonstrate the morphometry of each of the classes (1, 2 and 3) of the
images. The variables that were analysed and calculated by the computational model were the
area (um?) and circularity (4P1 * area/perimeter?). For the circularity, the value of 1.0 indicates

a perfect circle, and a value that approaches 0.0 indicates an elliptical shape.
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The results of this process generated plots of confidence intervals (CI) of 0.95 of the
population mean of the variables for classes 1, 2 and 3 [33, 34]. ANOVA and Tukey’s tests
were also performed to determine the numerical and graphical relationships between the

different composites.

In all ANOVA tests, the null hypothesis was that "all means are equal”, and the
alternative hypothesis was "not all means are equal”; the level of significance adopted was
0.05, and the test, according to the alternative hypothesis used, was a two-tailed test in which
the equality of variances was assumed. These were performed for the alveoli (classes 2 and 3),

and the means of the areas and the circularities for the composites were determined.

The chemical composition of the composites was analysed by infrared spectroscopy with
a Fourier transform (FTIR) and energy-dispersive X-ray spectroscopy (EDS). The FTIR
spectra were collected in the range of 4000 to 650 cm using a Perkin-Elmer apparatus (model

781).

2.3 Mechanical compressive strength

Tests of the compressive strength were performed on an EMIC model DL 30000 with a
load cell of 5 kN at 25 °C. Eight specimens (5x5x4 cm) were subjected to pressure increments
at a rate of 2 mm/s until a plastic deformation of 10% was attained; the force was applied

perpendicularly to the direction of the foam growth [35].

2.4 Thermal stability and flammability
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The thermogravimetric testing of the specimens was performed in a nitrogen atmosphere
at a heating rate of 10 °C /min and temperature between 20 °C and 900 °C using a TGA Q5000

instrument (TA Instruments).

The flammability tests followed the standard practice for plastics conditioning for tests
[36, 37]. According to the horizontal combustion flammability test [37, 38], a classification
was only given when the combustion rate was lower than 38 mm/min; in the other cases, the
specimens were declassified. Following the vertical combustion test, the classification criteria

applied were V-0, V-1 and V-2 [7, 37, 39].

2.5 Acoustic Testing

With the use of a reverberating chamber (Fig. 2), tests were performed using a sound
source positioned 90 cm from the wall in the emitting room and a decibel metre positioned 90
cm from the wall in the receiving room, measuring the sound intensity level in octave bands

delimited between 0 Hz and 16000 Hz.

Sound emitter Sound receiver

_ _ M

150 cm

\
| || |

! 180 cm !40 c,{, 180 cm
Figure 2. Schematics of the reverberating chamber.
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The reverberating chamber has an internal wall that separates the receiving room
(containing the detector of the sound intensity level) and the emitting room (Fig. 2 and Fig. 3).

The sample holder is used as a room separator.

Figure 3. Sample holder of the reverberating chamber.

Fig. 3 shows an opening in the centre with dimensions of 80 cm x 80 cm. The sound

intensity level was measured in the receiving room without and with a sample in the opening.

2.6 Heat capacity by hot wire method

This method consists of the use of two rectangular specimens (36.5 cm x 16.5 cm x 2
cm). Three parallel grooves are made in one of the specimens. The hot wire passes through the
first groove, and two ECIL brand K/Chromel-Alumel thermocouples pass through the other
two grooves, which are positioned 5 mm and 20 mm from the hot wire [40, 41, 42]. The second
board was superimposed over the board on which the thermocouples were positioned. Then, a
constant electric current passes through the wire, and the variation of the temperature difference
between the points at a distance as a function of time is recorded. To heat the sample evenly, it
was decided to use a high electrical resistance wire in which the heating takes place by the
Joule effect, and it was necessary to lower the voltage level so that the resistance would not
cause a short circuit.
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Thus, a VARIAC variable autotransformer was used, and a 220 V to 110 V transformer

was attached at the output of the VARIAC. The high-resistance wire was coupled to the output

of this second transformer in which the Joule effect occurred [41]. After the sample reached a

stationary temperature, any temperature variation was detected by both thermocouples. From

the data collected, curves of the temperature variation measured by the thermocouples (K) were

plotted as a function of time (s).

2.7 Radar chart

Five variables were defined in Table 3, including the vertical flammability, horizontal

flammability, mechanical compression, acoustic characteristics, and thermal characteristics. In

addition three levels, which ranged from 0 (non-efficient) to 2 (efficient), were defined for each

variable according to the data collected in the tests performed [43].

Table 3

Parameters for radar chart

) Level
Variable 0 1 9
Vertical Greater than 160 s From 159 s to 140 s for Less than 139 s for
flammability for total total combustion. total combustion.
combustion.
Horizontal Total Combustion 70 mm/min to 100 69.9 mm/min to 40
flammability mm/min mm/min
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Acoustic Same as reference  Acoustically absorbs at Acoustically absorbs

least one frequency the highest number of
frequencies.
Mechanical Material without 0.1 MPa minimum Results above the
compression any resistance, required by the minimum required by
close to zero ABNTNBR 8082, 2016 the standard
standard
Thermal Less than 14.9 °C 15t024.9 °C Greater than 25 °C

3 Results and Discussion

3.1 Composites

PU was used as the composite matrix due to its established use for thermal and acoustic
insulation in buildings. The composites were obtained by the reaction between toluene-2,6-
diisocyanate and polypropylene glycol, with the addition of cement, sand, and AAS or GLA

[6, 44, 45]. Thus, the composite boards were prepared. Fig. 4 shows the PuCemGla specimen.

Figure 4. Boards made of PuCemGla composite with length and width of 29.5 cm?.

3.2 Scanning electron microscopy, chemical composition and morphological analysis of the

image

Fig. 5 shows SEM images of the PuCemAas, PuCemGla, PuCemSan and PuCem
composites with 50 x magnification (Fig. 5A, B, C and D), 100 x magnification (Fig. 5A’, B’,
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C’ and D’), 200 x magnification (Fig. 5SA’’, B’’, C’* and D’’) and another magnification (Fig.
5A”, B, C”” and D*”’) [6, 44, 45].

PuCemGla

L <
. N

.— — 3 . \-

X200  100pm 10kV LCME L

X8,000 2pm 10kV LCME UFSC

Figure 5. SEM images of the rigid foams: PuCemAas, PuCemGla, PuCemSan and PuCem
composites with 50 x magnification (A, B, C and D), 100 x magnification (A’, B’, C’ and D’),
200 x magnification A’’, B>, C** and D’’) and another magnification (A’’’, B’”’, C’*” and
D)”).

The micrographs of PuCemAas, PuCemGla, PuCemSan and PuCem in Fig. 5 show a
cellular structure for all composites and that the open and closed pores were approximately

spherical (Fig. 5A, A’, A”’, B, B*, B>, C, C’, C”’, D, D’, D”’) [6, 44, 45,46].
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The collapse of the cell system occurred for all specimens, and it was possible to visualize
the formation of needle-shaped crystals (Fig. 5A°’°, B’”’, C**’, D’*’) on the walls of the PU
matrix. Ca(OH)2 hexagonal crystals were not observed in the micrographs. For all specimens,
the chemical composition of the crystals shown in Fig. 5 A’”’, B””’, C**’, D”*” was determined

by EDS and is presented in Table 4 as percentages.

Table 4

Energy-dispersive X-ray spectroscopy of PuCemAas, PuCemGla, PuCemSan and PuCem.

Chemical PuCemAas PuCemGla PuCemSan PuCem
element (%)

C 61.46+1.57 69.27+0.89 75.54+0.81 84.82+1.45
N 7.82+2.84 9.08+2.65 9.95+3.08 -

0] 18.92+0.72 6.55+0.57 10.6+0.65 11.46+0.89
Mg - - - 0.12+0.04
Na 0.93+0.06 - 0.11+0.2 -

Al 8.97+0.13 0.15+0.05 0.15+0.02 0.11+0.04
Si 1.21+0.11 1.44+0.11 0.99+0.05 1.98+0.10
K 0.19+0.05 - 0.19+0.03 -

Ca 0.46+0.05 13.50+0.36 2.47+0.09 1.50+0.16
Total 100.00 100.00 100.00 100.00

The samples characterized by EDS consisted mainly of the cementitious portion, but
these were dispersed in the PU matrix. In the samples, there were high percentages of the
chemical elements C, N and O. High Al and Si percentages were observed for PuCemAas
(Table 4), while low percentages of Al and Ca were found for PuCemSan. The percentage of
Ca for PuCemGla seems quite high, and the percentages of Si are comparable to those in
PuCemAas. Thus, it is suggested that the hydration reaction of the cement without/with
nanoparticles of AAS, SAN and GLA formed calcium silicate hydrate, calcium aluminate
hydrate and calcium silicate aluminate hydrate, and the calcium can be replaced by another

cation, e.g., potassium, sodium or magnesium, according to the EDS [46, 47, 48].
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The characterization of the specimens was supplemented by an analysis of the FTIR

spectra in Fig. 6.

Transmittance [%)]

1226

33 2909
3381 1411
1597 1099
1511
3900 3400 2900 2400 1900 1400 900 400
Wavenumber [cm!]
w=PuCemAas «===PyuCemGla ==-=PuCemSan ===PuCem

Figure 6. FTIR spectra of PuCem (PU and cement), PuCemAas (PU, cement and AAS),
PuCemSan (PU, cement and sand) and PuCemGla (PU, cement and glass sludge).

In the spectra of Fig. 6, the specimens had a wide displacement range of 3690-3120 cm-
1 which included the axial deformation vibrations of the N-H of the amides associated with O-
H (3380 cm™), hydroxides (calcium hydroxide at 3645 cm™), aluminium hydroxide (at 3620
cm® for nanocrystals and 3527 cm* for amorphous) and water [44, 49, 50]. They also have
two absorption bands at 2909 cm and 2868 cm™ (C-H ethylene elongation, CH>). In the region
close to 2270 cm™, there is a band associated with the axial deformation vibrations of the
accumulated double bonds (N=C=0), and in the region of 1720 cm, there is a deformation

vibration band of the urethane group (NHCOO).
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The presence of benzene rings in the composites was identified by the deformation
vibrations of the C=C group at 1600 cm™ and 1510 cm™. The angular deformation of the
aliphatic C-H was observed at approximately 1411 cm™ and 1307 cm for the methylene group
and methyl group, respectively, and it was observed at 1226 cm! for the asymmetrical axial
deformation (NHCOO) and at 1099 cm for the asymmetric axial deformation of ether. The
band characteristics of Si-O, Al-O and CO22 have wavelengths lower than 1000 cm, and the
absorption bands are attributed to the atomic frequencies of the bond (Si, Al)-O that binds the
oxygen atom of the tetrahedron [(Si, Al)O4]™ to the Si atom or to the central Al [41]. The peaks
at 815 cm™ are for Al-O (Al=0 slope) (Costa et al., 1999), the O-CaO bending vibrations are
at 875 cm?, and the peak near 510 cm (deformation angle 0) is for the bending vibrations of

Al-OH and Ca-OH (Tabelin et al., 2017; Ram, 2001).

The replacement of part of the cement (24.5%) of the initial composition (PuCem) with
sand (PuCemSan), aluminium-anodising sludge (PuCemAas) or sludge from glass cutting and
polishing (PuCemGla) caused changes in the morphology of the rigid foams. The SEM images
of the specimens with a magnification of 50 xOO Fig. 5 A, B, C, D) were treated using F1JI
ImageJ software and produced the corresponding images of Fig. 7 A, B, C, D, A’, B’, C’, D’,

A, B, C”’, D’ that were used to define the morphological parameters.
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Figure 7. F1JI ImageJ computerized treatment of the SEM surfaces with a magnification of 50
x of PuCemAas (A, A’ and A”’), PuCemGla (B, B’ and B’’), PuCemSan (C, C’ and C”) and
PuCem (D, D’ and D*’).

The images in Fig. 7A, B, C, D were generated by filters to obtain a higher contrast of
the edges and alveoli; in the images of Fig. 7A’, B’, C’, D’, one can find the surface cutting
edges (red, class 1), shallow alveoli (green, class 2) and deep and perforated alveoli (lilac, class
3) [20]. From this classification, it was possible to generate the topography of the images in
Fig. 3 A”’, B”’, C’’, D”’, where the top regions are shown in bright colour and the low regions

in dark colour.

The intervals of the area means and circularities for each class with the standard
deviations and 95% confidence intervals were calculated for Figs. 7A ', B', C' and D', and the

results are shown in Fig. 8 and Fig. 9, respectively.
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Figure 8. Ranges of area means (um?) for classes 1, 2, and 3 of PuCemAas (Fig. 7 A’),
PuCemGla (Fig. 7 B’), PuCemSan (Fig. 7 C’) and PuCem (Fig. 7 D’) with 95% confidence
intervals.

In Fig. 8, for class 1, the surface cutting edges of the composites showed similar areas;
that is, they do not show differences when observed by the confidence intervals and have a
similar dispersion for each specimen. For class 2, shallow alveoli, the areas showed variations,
where the PuCem area was similar to the PuCemAas area. For class 3, deep and perforated
alveoli, the PuCem and PuCemAas areas were similar but distinct from those of PuCemGla
and PuCemSan, which were similar to each other. For classes 2 and 3, PuCemGla and

PuCemsSan have lower dispersions when compared with PuCem and PuCemAas.

The intervals of the circularity mean values (Fig. 9) were calculated from the images in
Fig. 7A°, B’, C’ and D’ for each class with the standard deviations and 95% confidence

intervals.
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Figure 9. Mean circularity intervals for classes 1, 2, and 3 of PuCemAas (Fig. 3 A’"),
PuCemGla (Fig. 7 B’), PuCemSan (Fig. 7 C’) and PuCem (Fig. 7 D’). with confidence intervals
of 95%.

The circularity can range from 0 to 1, where 0 is for an elongated area and 1 is for a
circular area. In Fig. 9, it was observed for class 1 that the mean circularity was, in general,
less than 0.5, which indicates more elongated areas. For class 2, the circularity was greater than
0.5, with a low dispersion (small Cls), and the composites PuCemGla and PuCemSan are
similar to each other and present greater circularities than PuCem and PuCemAas, which are
also similar to each other. For class 3, the circularities were greater than 0.6 with a low
dispersion (small Cls), and the PuCemGla composite showed greater circularity than the other

specimens.

The ANOVA-Tukey tests for the areas and circularities of the alveoli (class 2 and 3)
enabled the analysis of whether the areas and the circularities were equal or significantly
different. ANOVA was used to verify the existence of a difference between the means (Fig.
10), and the Tukey test was used to verify which of the composites presents a significant

difference of means (Fig. 11). Fig. 10 shows the means of the areas (um?) and the circularities
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for the alveoli (classes 2 and 3) of PuCemAas (Fig. 7 A’), PuCemGla (Fig. 7 B”), PuCemSan

(Fig. 7 C’) and PuCem (Fig. 7 D’), with confidence intervals of 0.95.
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Figure 10. Graphs of the means of the areas (um?) and circularities for the alveoli (classes 2
and 3) of PuCemSan, PuCemGla, PuCemAas and PuCem with confidence intervals of 0.95.

Fig. 10 shows graphs of the means of the areas and circularities with 95% confidence
intervals for the composites; the ANOVA tests (Fig. 10) provide an experimental value of F-
Snedecor greater than 16, which led to p-values very small and close to zero. Thus, in all cases,
at a significance level of 0.05/2 = 0.025 (two-tailed test), not all means are equal, i.e., at least
one of the means of the area or circularity is significantly different from the other values

(alternative hypothesis).

In Fig. 10, it can be observed that there are actually significant differences between some

of the areas and the circularities, both for the class 2 alveoli and for the class 3 alveoli of the
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composites. To define the significance of the differences between the areas and the circularities,
Tukey’s pairwise comparison test and Tukey’s simultaneous test were performed. Fig. 11
shows the results of the Tukey tests for the differences of the means for the areas and

circularities of classes 2 and 3 of the composites.
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Figure 11. Tukey tests for the differences of the means for the areas and circularities of classes
2 and 3 of PuCemSan, PuCemGla, PuCemAas and PuCem.

Thus, the ANOVA-Tukey tests of the composites showed that the class 2 alveoli in the
PuCemAas and PuCemGla areas are significantly different from each other and the other
composites and that the composites have significantly different circularities. For the Class 3
alveoli, the areas of the PuCemAas composites are significantly different from those of the
PuCemGla and PuCemSan composites, but the latter two are similar to each other. PuCem and

PuCemAas have similar areas to PuCem and PuCemGla and PuCem to PuCemGla. Regarding
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the circularity, the composites PuCemGla and PuCemSan are significantly different from

PuCem and PuCemAas (which are similar to each other).

3.3 Mechanical compressive strength

Fig. 12 shows the stress-strain behaviour of the PuCem, PuCemAas, PuCemSan and

PuCemGla composites.
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Figure 12. Compressive strengths of PuCem, PuCemAas, PuCemSan and PuCemGla.

In Fig. 12, the initial compressive strength stage was elastic, followed by a plastic
deformation, typical of rigid PU foams. The best result for the ultimate compressive stress was
obtained for the PuCem composite, 0.8 MPa, which was probably due to the covalent
coordinate bonds between the calcium-silicate-hydrate groups and PU [7]. For the other
composites, there was a reduction of 0.6 to 0.7 MPa in the ultimate stress. By replacing 24.5%
of the cement with sand, AAS or GLA the cement cure and formation of aluminates and

silicates were affected. The metal oxides in greater quantity SiO2 and AlOz, acted as fillers,
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breaking the existing bonds in the PU but not compensating for the formation of aluminates

and silicates with the cement [6, 41, 47, 48].

Furthermore, it can be observed that the compressive strength behaviours of PuCemSan
and PuCemGla were similar, even when containing different sizes of SiO2 nanoparticles, sand
particles smaller than 150 [Om and glass sludge particles smaller than 45 [Om; however,
according to the ANOVA-Tukey tests, these composites are significantly similar regarding the
circularity of the alveoli (class 2) and the alveolar area (class 3). It should also be mentioned
that a lower value was found for the compressive strength exhibited by PuCemAas, with the
AAS particles smaller than 45 um, which had a circularity significantly similar to that of the
PuCem circularity but an area that was not significantly different but greater than those of the

other composites (classes 2 and 3).

Thus, in addition to the intermolecular interactions in the materials, the influence of the
morphology of the material can also be observed to a lesser degree because the PuCem
exhibited intermediate alveolar areas (classes 2 and 3), greater than those of PuCemSan and
PuCemGla but smaller than those of PuCemAas. The maximum compressive strength was
greater than 0.1 MPa for all composites, and rigid polyurethane foam must withstand a
compressive strength of 0.1 MPa (100 kPa) to be used as an insulating material between walls

[49].

3.4 Thermal stability and flammability

In a fire, some of the material undergoes non-oxidizing thermal degradation, and some
of the material undergoes oxidizing degradation (combustion). For PU, non-oxidizing thermal

degradation reactions were reported at temperatures above 300°C, and the tested specimens
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showed similar behaviour [52]. Fig. 13 shows the DTA/TGA thermograms of PuCem,

PuCemGla, PuCemSan, PuCemAas and PuCemATH.
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Figure 13. DTA/TGA thermograms of PuCem, PuCemGla, PuCemSan, PuCemAas and
PuCemATH.

The DTA/TGA thermograms of the specimens show two levels of endothermic
decomposition, with PuCemATH at 292.15°C (28.60%) and 519.39°C (31.85%), PuCem at
298.41°C (26.16%) and 507.73°C (27.88%), PuCemAas at 290.09°C (23.85%) and 513.53°C
(29.84%), PuCemSan at 302.14°C (23.14%) and 518.57°C (31.76%), and PuCemGla at
291.84°C (17.73%) and 492.11°C (25.57%). In general, the first stage in the endothermic
decomposition corresponded to the rupture of the rigid urethane segment, and the second stage
corresponded to the thermal decomposition of the flexible segment, the polyol [52,53]. The
decomposition temperatures of the composites were similar, and the incorporation of cement,
sand, GLA or AAS contributed a maximum of 10°C of thermal stability, in the case of

PuCemSan.
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The specimens were investigated regarding their behaviour during combustion in the
horizontal and vertical directions. Table 5 shows encouraging results regarding the flame
retardant effect of the composites.

Table 5

Burning time in the horizontal flammability test.

Mean t Mean
. combustion Mean distance travelled by Mean  speed
Composite (s)upto .. .
time of the the flame (mm) (mm/min)
25 mm .
specimens (s)
PuCem 35.00 45.53 75.00 98.83
PuCemATH 18.67  39.93 28.17 42.33
PuCemAas 18.00 37.83 30.00 47.58
PuCemSan 11.33 4211 28.67 40.85
PuCemGla 12.00 68.00 91.67 80.88

In Table 5, PuCem showed combustion with a burning rate of 98.83 mm/min, while the
burning rates of PuCemAas, PuCemSan and PuCemGla were 47.58 mm/min, 40.85 mm/min
and 80.88 mm/min, respectively. PuCemSan showed better results, even when compared to the
PuCemATH specimen containing a commercial flame retardant. In this test, it should be noted
that the sample is positioned perpendicularly to the flame, which limits the diffusion of oxygen
in the solid phase. Furthermore, the combustion gases do not directly reach the solid surface,
which reduces the propagation of the flame [52, 54]. These results are mainly attributed to the
presence of oxides, silicates and aluminates (GLA, AAS, sand and cement), which, in addition
to not combusting, can also form a ceramic layer due to the temperature reached during
combustion preventing the flame from propagating. Video 1 shows the horizontal flammability

test for PuCemGla and PuCemAas.
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In the vertical flammability test, the sample remains in the direction of the flame
propagation. Table 5 shows the duration of the flaming combustion of the five specimens and

the classification according to the flammability of the vertical combustion [37].

Table 5
Combustion time and classification for the vertical flammability test for PuCem, PuCemATH,

PuCemAas, PuCemSan and PuCemGla.

Burning time for the specimens (s)

Composite Total Rating
1 2 3 4 5
PuCem Not
2700 2200 32.00 39.00 3000 150.00 applicable
PUCEMATH g5 877 1150 9.00  14.00 52.02 Vi
PUCEMAAS 5/ 48 2683 2445 2049 2231 137.56 Not
applicable
PuCemSan 4515 5307 2369 20.68 27.03  140.62 Not
applicable
PuCemGla 0.9 3200 3900 305 3557 16536 Not
applicable

The specimens had a total combustion time of less than 250 s for each series of 5 samples.
With the exception of PuCemATH, the specimens burned to the fastener and did not meet the
vertical flammability classification. Although no sample reached the vertical flammability
classification, the samples were able to decrease the propagation of the flame in the horizontal

position [6, 7, 52].

3.5 Acoustic Testing

Fig 14. shows the curves of the sound intensity level obtained for ten frequencies ranging
from 0 Hz to 16000 Hz for PuCem, PuCemGla, PuCemSan, PuCemAas and the composite

without PU.
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Figure 14. Curves of sound intensity levels as a function of the frequency from 0 Hz to 16000
Hz.

The air flow resistivity and porosity are fundamental properties of acoustic materials that
affect their noise absorption. The composites showed no differences at the frequencies of 0 Hz,
31 Hz, 250 Hz and 16000 Hz (Fig. 14). However, they did offer a sound barrier, reducing the
sound intensity by up to 10.1 dB, 18.2 dB, 12.9 dB, 20.6 dB, 25.9 dB, 15.3 dB at frequencies
of 63 Hz, 125 Hz, 1000 Hz, 2000 Hz, 4000 Hz and 8000 Hz, respectively, relative to the
measurements without the PU composite (REF curve) [55]. The composites had alveoli with a
high circularity greater than 0.5 (relative to 1 for circular areas); thus, the energy can be

dissipated by the reflection of the wave in the alveoli.

PuCemSan presented a higher sound absorption at frequencies of 1000 Hz and 4000 Hz,
while PuCemGla presented a higher sound absorption at frequencies of 2000 Hz and 8000 Hz.
These have small alveolar areas (classes 2 and 3) in relation to the other composites and good
circularity (between 0.6-0.8). In the ANOVA-Tukey tests, PuCemGla and PuCemSan were

significantly similar.
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3.6 Heat capacity by hot wire method

Fig. 15 shows the temperature variation curves as a function of time for PuCem,

PuCemGla, PuCemSan and PuCemAas.

35,00
30,00
25,00

20,00

15,00

10,00

Temperature variation [K]

500

000

Time [s]

w—PuCemAas ===PuCemSan ===PuCem ===PuCemGla

Figure 15. Variation of the temperature (K) as a function of time (s) for PuCem, PuCemGla,
PuCemSan and PuCemAas.

Fig. 15 shows measurements of the temperature variation as a function of time using the
hot wire method, demonstrating the thermal behaviour of the materials when exposed to a heat
source. The results indicated that PuCemAas and PuCemGla were better thermal insulators
than PuCemSan and PuCem. Thus, the thermal acoustic boards produced from mixtures with

GLA and AAS offered higher thermal resistance than the boards without the waste [40, 42].

The thermal behaviour of the composites did not depend only on the composition, as the
thermal conductivity for Al2O3 (the main constituent of AAS) is higher (30 Wm™K™?) than the
thermal conductivities of SiO2 (1.3 Wm™K™1), mortar (0.70 Wm™tK™) and rigid polyurethane
foam (0.025-0.035 Wm™K™). The behaviour of the composites can be attributed to the

presence of the alveoli (Fig. 5). The statistical analyses performed using the ANOVA-Tukey
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tests showed that the medium depth alveoli of the composites containing waste are significantly
different from each other and the composites without the presence of waste. These

characteristics may have led to changes in the thermal behaviour of the materials.

3.7 Radar chart

Figure 16 shows a radar chart in which five variables — vertical flammability, horizontal
flammability, acoustic test, mechanical compression and thermal characteristics — were

analysed at three levels, ranging from 0 for non-efficient to 2 for efficient.

Vertical Flammability

Mechanical Compression g&="" === Horizontal Flammability

Thermal Test Acoustic Test

PuCem PuCemSan e===PuCemGla ===PuCemAas

Figure 16. Radar chart where variables - vertical flammability, horizontal flammability,
acoustic test, mechanical compression and thermal characteristics - were analysed at levels
ranging from 0 for non-efficient to 2 for efficient —.

A comparison between the composites was performed (Fig. 16), and PuCemAas showed
the best result, as it reached a maximum score in 3 of the 5 items analysed, namely, vertical
and horizontal flammability and the mechanical strength test, as well as a mean score for the
acoustic and thermal tests. PuCemSan obtained the maximum score in Horizontal Flammability

and Mechanical Compression and an average score in the Thermal Test, Acoustic Test and
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Vertical Flammability. PuCem had maximum scores in the Mechanical Compression and
Thermal Tests, an average score in Vertical Flammability, and a minimum score in the
Acoustic Test. PuCemGla obtained the maximum score in the Acoustic Test and Mechanical
Compression, an average score in Horizontal Flammability and minimum scores in the Thermal
Test and Vertical Flammability. Thus, the composite with the highest score was the one with

the best result.

4. Conclusions

PU composites were prepared with cement, sand, GLA and AAS. This study
demonstrates that these inputs can be used as raw materials for the production of boards for
civil construction. SEM showed that the replacement of cement with sand or wastes maintained
the alveolar structure, but there was a reduction in the mechanical strength of the rigid foams.
The composites developed in the study were resistant to horizontal propagation but not to
vertical flame propagation according to [37]. The composites showed no significant differences
in the sound barrier behaviour at less than 250 Hz or more than 16000 Hz but acted as a sound
barrier at frequencies of 1000 Hz, 2000 Hz, 4000 Hz and 8000 Hz. PuCemAas and PuCemGla

were better thermal insulators than PuCemSan and PuCem.

The PuCemSan composite presented three superior results: horizontal flammability,
acoustic characteristics and mechanical compression, followed by PuCemAas, highlighting the
good results in the flame propagation tests. Thus, the AAS is a technically feasible alternative
to reduce the use of raw materials from non-renewable sources. More studies are recommended
to meet these demands. The limitations of this study include the lack of cost estimates and an

economic feasibility analysis for the large-scale production of these boards.
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CONCLUSAO

Compdsitos de PU foram preparados com cimento, areia, GLA e AAS. Este estudo
demonstra que estes insumos podem ser usados como matéria-prima para a producéo de placas

para construcéo civil.

As placas obtidas apresentaram resisténcia acuUstica, térmica e inflamabilidade
utilizando 24,5% de residuos da lapidacdo de vidro ou da anodizacdo do aluminio que seriam
destinados a aterros. Deste modo, residuos ganharam novo ciclo de vida, evitando extracéo, foi

possivel o reaproveitamento de descartes.

Foi verificado através SEM que a substituicdo de cimento por areia ou pelos residuos
manteve a estrutura alveolar, mas houve uma reducéo na resisténcia mecanica das espumas
rigidas. Os compositos desenvolvidos no estudo foram resistentes a propagacao horizontal, mas
ndo resistentes a propagacéo vertical de chama. Os compositos ndo apresentaram diferencas
significantes de comportamento de barreira sonora até 250 Hz e em 16000 Hz, no entanto
agiram como barreira sonora nas frequéncias de 1000 Hz, 2000 Hz, 4000 Hz e 8000 Hz.

PuCemAas e PuCemGla foram mais isolamento térmico que PuCemSan e PuCem.

O compédsito com PuCemSan apresentou trés resultados superiores que foram
inflamabilidade horizontal, aclstico e compressdo mecanica, seguido do PuCemAas
destacando bons resultados nos testes de propagacdo a chama. Assim o uso de AAS como
alternativa tecnicamente vidvel para reduzir o uso de matérias-primas de fontes ndo renovaveis.

Mais pesquisas sdo recomendadas para atender a essas demandas. As limitacGes deste estudo
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incluem a falta de estimativas de custo e viabilidade econdmica para a produgéo em larga escala

de painéis.

Desse modo, o desenvolvimento de produtos buscando solugbes, conhecimento e
inovacdo para problemas atuais, poupando o meio ambiente e que tragam qualidade de vida

para geracao atual e ndo impactem na geracdo futura.
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