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Abstract: The construction sector is increasingly seeking sustainable alternatives in its processes
worldwide, with a particular focus on the production of eco-friendly materials. Additionally, the
improper disposal of solid waste is rapidly increasing, particularly in the agro-industry, including
the waste generated from beer processing such as malt bagasse. Therefore, the objective of this study
was to incorporate malt bagasse residue into ceramic materials at varying proportions (0, 2.5, 5, 10,
and 15%) as a partial substitute for clay, submitted to different sintering temperatures (750, 850, 950,
and 1050 °C). The raw materials, namely ceramic mass and malt bagasse, were characterized based
on their chemical properties (XRE, loss of fire, and elemental analysis), physical properties (grain size,
Atterberg limits), and mineralogical properties (XRD) characteristics. The properties of the ceramics,
both with and without the incorporation of waste, were evaluated using dilatometry, apparent den-
sity, apparent porosity, water absorption, linear shrinkage, and tensile strength. The compositions
that exhibited the best sintering temperatures were subjected to microstructural characterization
using optical microscopy and X-ray diffraction (XRD). Significant differences were observed in the
properties of the ceramic material, particularly in terms of linear shrinkage and apparent porosity. It
was concluded that as the amount of malt bagasse residue incorporated increased, the mechanical
properties of the pieces decreased. The incorporation of 15% residue resulted in the lowest perfor-
mance, primarily due to a greater loss of mass. However, it should be noted that the incorporation of
up to 5% malt bagasse for all the studied temperatures can still be considered acceptable, as it meets
the minimum recommended value of 1.5 MPa for masonry ceramic components. This incorporation

of malt bagasse contributes to both the technological and environmental aspects of civil construction.

Keywords: malt bagasse; ceramic; alternative materials; sustainability

1. Introduction

Currently, the utilization of residues from the agro-industry and food industry has
gained prominence in the implementation of more sustainable techniques across various
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sectors, including the civil construction sector [1]. These industries contribute significantly
to the generation and disposal of solid waste, as well as to the emission of greenhouse gases,
particularly carbon dioxide CO, [2]. Among the solid waste produced, the by-products of
brewing production, such as grains and malt bagasse, account for approximately 85% of
the brewery waste [3]. Malt bagasse specifically represents approximately 20 kg of bagasse
for every 100 L of beer produced [4]. Countries such as China, the United States, Brazil,
Mexico, and Germany are leaders in annual beer production, with Brazil ranking among
the top 20 countries with an average consumption of 64 L per person per year [5,0].

Despite the significant amounts of by-products generated by brewing production and
the potential for their reuse, their disposal, particularly in landfills, has resulted in various
negative impacts [6]. This has necessitated a transition towards new sustainable guidelines,
particularly in terms of the economy and circular production [7]. These challenges are
further amplified by limited resources, logistics issues, and solid waste management,
as well as the need to optimize the valorization of biomass generated by breweries [6].
Consequently, numerous studies have been conducted within the brewing industry to
enhance the efficiency and sustainability of its technologies, production processes, and
utilization of by-products [8-11]. Notably, studies utilizing malt bagasse have garnered
attention [12-14] due to its low cost and attractive technological properties [14].

In a study conducted by Quaranta et al. [15], the viability of using malt bagasse as a
pore-forming material in the production of ceramic bricks was evaluated. The researchers
found that clay mixtures containing 10% malt bagasse residue exhibited favorable physical
and mechanical properties. The values for porosity, modulus of rupture, volumetric varia-
tion, and weight loss were deemed suitable for application. Stefani et al. [16] investigated
the properties of thermoplastic composites produced using post-consumer polypropylene
fibers and malt bagasse (MB) from the brewing industry. They varied the malt bagasse
fiber contents between 0, 10, 20, and 30%, as well as the concentrations of a coupling
agent (CA), namely 0, 1, 3, 5, and 7%. The authors observed that the sample with 30% MB
fibers exhibited 44% less deformation compared to the other samples, indicating superior
mechanical resistance. However, it also had the highest water absorption. The composite
with a fiber content of 30% MB and 3% CA was selected due to its modulus of elasticity,
which was 10.3% higher than the same composite without CA. This finding demonstrated
the feasibility of using malt bagasse as reinforcement in this type of composite.

In a study conducted Cordeiro et al. [12], the thermal behavior of malt bagasse and its
heat capacity were examined through calorimetry. The researchers analyzed samples with
varying moisture contents (50, 40, 30, 20, and 15%). They assessed the content of volatiles,
fixed carbon, and ash present in the residue, considering that the thermal degradation of
malt bagasse occurs in two stages: moisture release and organic matter decomposition. The
calorific value of malt bagasse was found to vary with decreasing moisture and density,
exhibiting a high percentage of volatile materials and low percentages of ash and carbon.
Ferreira et al. [13] studied biodegradable composites composed of cassava starch blended
with different agro-industrial residues, including sugarcane bagasse and corn straw, malt
bagasse, or orange bagasse. The authors used a cassava starch solution as a binder and
observed that all composites exhibited high water sorption capacity when stored under
high or medium humidity. Mechanical analyses indicated that the addition of different
amounts of agro-industrial residues made the composites stiffer, although they were more
susceptible to degradation. Nevertheless, the authors concluded that the utilized waste
materials held potential for producing biodegradable composites.

Moreover, the construction sector has been actively seeking alternatives to enhance
its environmental performance, as it is recognized as one of the sectors with a significant
impact on the environment [7]. In this regard, recent studies focused on the incorporation of
solid waste into construction materials [17,18], including the utilization of biomass residues
in ceramic materials [15,19]. However, the objective of this study was to assess the impact
of incorporating varying percentages of malt bagasse in ceramic material. It is worth noting
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that malt bagasse has received limited attention in the research of alternative construction
materials due to its unique biomass characteristics.

2. Materials and Methods

This experimental work was conducted at the Universidade Estadual do Norte Flu-
minense Darcy Ribeiro—UENF, situated in Campos dos Goytacazes, R]. The research was
carried out on the premises of the Laboratory of Advanced Materials (LAMAV) and the
Laboratory of Civil Engineering (LECIV).

2.1. Materials

For this research, the following raw materials were utilized (Figure 1a): ceramic mass
(ball clay + sand) sourced from the region of Campos dos Goytacazes, RJ, and malt bagasse
residue (Figure 1b) obtained from a brewery located in Niteroi, R].

i
A

Figure 1. Raw materials used in the study: (a) clay (ball clay); (b) malt residue (source: author’s
personal collection).

Clay and sand were obtained from Arte Ceramica Sardinha, located in Campos dos
Goytacazes, R]. They were collected using a shovel and stored in plastic bags until they
were transported to LAMAV /LECIV for sample preparation. The malt residue, obtained
fresh, was directly collected from a brewery in Niteroi, R], after the brewing process. The
residue was stored in plastic containers with lids and refrigerated at approximately 3 °C to
preserve its organic nature during transported to UENF.

After collection, the ceramic mass samples were subjected to several processing steps.
First, they were homogenized and dried in an oven at a temperature of approximately
110 °C for approximately 24 h. Following the drying process, the samples were disaggre-
gated using a jaw crusher and further crushed using a porcelain mortar and pestle. Sieving
was then performed using a 20-mesh sieve to obtain powdered material for the granulom-
etry test, following the guidelines of NBR (Brazilian Standard) 7181 [20]. Additionally, a
40-mesh sieve was used to determine the consistency limits according to NBR 7181 and
NBR 7180 [21]. A portion of the sample was also passed through a 200-mesh sieve for
chemical and mineralogical characterization of the material.

The malt bagasse was initially subjected to a drying process to eliminate excess mois-
ture. It was dried in an oven at 70 °C for 96 h. Subsequently, the residue underwent an
additional drying step for 24 h at 60 °C to remove any remaining moisture. Given the high
humidity and organic nature of malt bagasse, specific drying conditions were necessary.
After the drying process, the malt bagasse was ground using a mortar and pestle until it
passed through a 40-mesh sieve.

Once the raw materials were prepared and processed, they were allocated to the
respective stages of the experimental schedule, as depicted in Figure 2.
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Figure 2. Experimental schedule flowchart.

2.1.1. Characterization of Raw Materials

The raw materials, including gray clay, carolinho clay, sand, and malt bagasse, un-
derwent characterization based on their mineralogical, chemical, and physical properties.
The mineralogical analysis involved the qualitative identification of crystalline phases
using an X-ray diffraction (XRD) technique. The chemical composition of the materials was
determined by X-ray fluorescence (XRF) analysis. Additionally, the particle size distribution
was assessed through both sieving and sedimentation methods.

2.1.2. Mineralogical Analysis
e  X-ray Diffraction (XRD):

The SHIMADZU brand equipment available in the Laboratory of Advanced Materials
(LAMAV—UENF), was used to identify the crystalline phases in both the raw material
samples and the fired ceramic pieces. The X-ray diffraction (XRD) test was conducted,
wherein a beam of X-rays was directed towards a crystal, resulting in an interaction with
the atoms of the sample, leading to a diffraction phenomenon. The test parameters included
a 20 range of 8° to 90°, with a step of 0.02° and a 5-s exposure time per step.

2.1.3. Chemical Analysis
e  X-ray Fluorescence (XRF):

The SHIMADZU EDX700 equipment was employed to conduct a qualitative analysis
of the chemical composition of the red clay and malt bagasse samples.

2.1.4. Loss to Fire

The loss on fire (LF) is typically expressed as a percentage and was obtained from the
mass of the test specimens after drying and burning, according to the study by Dutra and
Pontes [22]. This mass difference is attributed to the volatilization of compounds, including
carbonates and organic matter, during the burning process. Thus, the loss on fire of the
material can be calculated according to Equation (1):

Ms — Mc
— X

LF = e

100 1)

where LF = loss on fire (%); Ms = mass of sample dried at 110 °C (g); Mc = mass of the
sample calcined at 1000 °C for 1 h (g).
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2.1.5. Elementary Analysis

e  Determination of the percentage of ash:

The ash content of the samples was determined following the methodology recom-
mended by the D1762-84 standard [23]. In crucibles previously calcined at 750 4= 25 °C
for 2 h, approximately 1 g of the sample was measured and placed in a muffle at 750 °C.
To prevent ignition and mass loss, the muffle was gradually heated until it reached the
analysis temperature. After a period of 6 h, the samples were removed from the muffle and
transferred to a desiccator until they reached room temperature. The final mass of the ash
was measured, and the ash content was determined using Equation (2).

Mc — Mcad
TC(%) = ————— 2
clomy = "0 @
where TC = ash content (%); Mc = mass of the crucible containing the ashes (g); Mcad = mass

of the empty crucible (g); and Ma = sample mass (g).
e  Determination of the Percentage of Sulfur:

The sulfur (S) content in the samples was determined using the energy dispersive
spectroscopy (EDX) technique. The analysis was carried out using SHIMADZU equipment,
specifically the model EDX-720/800HS. The equipment was equipped with a rhodium
X-ray generator tube, a silicon detector, a 10 mm collimator, and a liquid nitrogen cooling
system. The scanning range for the analysis varied between Na-Sc (15 kV) and Ti-U (50 kV)
atoms, covering elements with atomic numbers 11-92, with a total analysis time of 100 s.

e  Determination of Carbon, Hydrogen, Nitrogen, and Oxygen Content:

The carbon (C), hydrogen (H), and nitrogen (N) contents in the samples were de-
termined using LECO CHN628 equipment. The results were processed using CHN628
software, version 1.30. The equipment was operated with helium (99.95%) and oxygen
(99.99%) as carrier gases. The oven temperature was set to 950 °C, with an afterburner
temperature of 850 °C. The equipment was calibrated with a standard of ethylenediaminete-
traacetic acid (EDTA) with known percentages of C, H, and N (41.0% C, 5.5% H, and 9.5% N),
using a mass interval between 10 and 200 mg. For analysis of the samples, 50 mg of the
sample was used, supported on tin foil.

The oxygen (O) content was subsequently calculated using Equation (3), considering
the sulfur and ash content.

O(%) = 100(%) — (C% — H% — N% — S% — TC%) ®)

where O = oxygen (%); C = carbon (%); H = hydrogen (%); N = nitrogen (%); S = sulfur (%);
and TC = ash content (%).

2.1.6. Physical Analysis

e  Granulometric Analysis:

The particle size distribution of the raw materials was determined using both the
sieving and sedimentation methods, following the guidelines specified in NBR 7181 [20].
Through this analysis, the granulometric curve of the raw materials was used.

e  Consistency Limits (Atterberg):

The plasticity of the formulations was evaluated following the procedures outlined
in NBR 6459 [24] and NBR 7180 [21]. The consistency limits, also known as the Atterberg
limits, include the liquidity limit (LL), the limit of plasticity (LP), and the plasticity index
(PI). Thus, with the difference between the liquidity and plasticity limits, the plasticity
index was determined using Equation (4).

PI=LL—LP ()
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where PI is the plasticity index; LL is the liquidity limit; and LP is the plasticity limit.
e Linear Dilatometry:

The dilatometry test was carried out on ceramic pieces with and without malt residue
using NETZSCH equipment, model DIL 402 PC, to verify the variations in dimensions and
properties of the phases present in ceramic pieces with and without the addition of malt
residue, subjected to a controlled temperature program, and measured as a function of time.

2.2. Mixture Preparation

Five mixtures were formulated (Table 1), incorporating different percentages of malt
bagasse residue to replace the clay mass, namely 0 (reference), 2.5, 5, 10, and 15%, by mass.

Table 1. Composition of mixtures (% by mass).

Treatment (%) Ceramic Mass (%) Malt Bagasse (%)
0.0 100.0 0.0
2.5 97.5 2.5
5.0 95.0 5.0
10.0 90.0 10.0
15.0 85.0 15.0

Sixty grams of material (clays + sand + malt bagasse) were separated for each formu-
lation and then homogenized in a ball mixer for 30 min. After homogenizing the mixtures,
8% of water was added in relation to the weight of each one (249.6 g) for the hydration
process called “dry medium”, with the aid of a sprayer. Subsequently, they were packed in
closed plastic bags to be sent to the mold to be pressed.

2.3. Conformation of the Test Specimens

From the preparation of the 5 mixtures, specimens (CPs) were molded in a rectangular
shape (Figure 3) using a press with a pressure of 35 MPa and dimensions of approximately
115 x 25 x 12 mm via the pressing process. Thus, 275 CPs were made, 13 for each
composition. The CPs were subjected to 4 different sintering (burning) temperatures,
namely 750, 850, 950, and 1050 °C.

Figure 3. Mold used to form the CPs (source: author’s personal collection).

2.4. Evaluation of the L Properties of Ceramics
2.4.1. Apparent Density

The apparent density of the dry pieces was determined according to NBR ISO 10545-3 [25].
The length, width, and thickness were measured using a MITUTOYO digital caliper with a
resolution of 0.01 mm, and the dry mass of the pieces was weighed using a SHIMADZU scale,
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model 53000, with a precision of 0.01 g, according to NBR ISO 10545-3 [25]. Thus, the dry bulk
density was calculated using Equation (5).

m
Pap = > ®)

where p,p, = apparent density of dry specimens (g/cm?); m = dry mass before firing (g); and
v = volume of dry parts (cm?).

2.4.2. Apparent Porosity

The apparent porosity of the specimens was determined according to NBR ISO 10545-3 [25],
using a SHIMADZU scale, model S3000, with a precision of 0.01 g, and calculated using Equation (6).

_ Msat — Ms
~ Msat — Mi

where PA = apparent porosity (%); Msat = saturated mass (g); Ms = dry mass after firing (g);
and Mi = mass of the specimen immersed in water (g).

PA x 100 (6)

2.4.3. Water Absorption

Water absorption was evaluated according to the ASTM C373-18 standard [26] and
calculated according to Equation (7).

Mu — Ms
— X

AA(%) = -

100 @)
where AA = water absorption (%); Mu = mass (g) of the burned and wet specimen; and
Ms = mass (g) of the burnt and dry specimen.

2.4.4. Linear Shrinkage

Linear shrinkage was determined to verify the dimensional variation of the samples
that underwent the burning process based on NBR ISO 10545-2 [27]. Thus, the pieces were
measured using a MITUTOYO digital caliper with a resolution of 0.01 mm, and linear
shrinkage was calculated using Equation (8).

Ls—Lg

Rig(%) = =7 x 100 8)

where Ry, = linear shrinkage; Ls = length of the pieces after drying (mm); and Lq = length
of the parts after firing (mm).

2.4.5. Bending Tensile Tension

The three-point bending stress (0) was determined using the ASTM C674-77 stan-
dard [28] and calculated using Equation (9).

3PL

(o) = b2 )

where (0) = bending failure stress (MPa); P = load applied to the part at the moment of
failure (N); L = distance between the supporting cleavers (mm); b = width of the ceramic
piece (mm); and d = thickness of the specimen (mm).

2.5. Microstructural Characterization of the Specimens

The specimens from the optimal sintering temperature were subjected to morpho-
logical characterization using optical microscopy (OM) with a MOTIC Agar-Scientific
microscope. The temperature of 950 °C was selected because at this temperature there is a
better balance of properties, in addition to it being a commonly used sintering temperature.
The samples were carefully cut and sanded to ensure a flat surface for analysis.
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XRD analysis was performed using a benchtop Proto AXRD diffractometer equipped
with a Cu-Ka radiation source (A = 0.1541). The instrument operated at 30 kV and 20 mA,
with a platinum and nickel rotating sample filter. The goniometer radius was set to 143 mm.
XRD experiments were recorded with a divergence slit of 5 mm, 26 angle from 5° to 70°, step
size of 0.02°, step multiplier of 1, and time/step of 2.5 s. In these analyses, the compositions
of 10 and 15% of incorporation were not considered, because in these percentages the
matrix did not present adequate behavior.

3. Statistical Analysis

For the statistical analysis, analysis of variance (ANOVA) was used to verify the
existence of significant differences among the obtained results. The statistical differences
were confirmed by means of the mean comparison test, using Tukey’s method (p < 0.05).

To process the statistical data, the software Sisvar v. 5.8 [29] was used. A completely
randomized design (DIC) was used since there was no separation into blocks. As for the
repetitions, 13 were used for each treatment (0, 2.5, 5.0, 10, and 15%). As for interactions,
temperatures, mixtures, and the breakdown between temperatures and mixtures were
evaluated. Google Colab was utilized, employing the Python programming language.

4. Results and Discussion
4.1. Mineralogical Analysis

Figure 4 shows the results of the mineralogical analysis conducted on the ceramic mass
used in the study. The predominant peaks observed in the ceramic mass were kaolinite (K)
and quartz (Q), along with minor traces of muscovite (Mm) and gibbsite (G). Kaolinite has
a tendency to form resistant phases since the transformations undergone by this mineral at
high temperatures characterize a more resistant ceramic. However, the presence of quartz
is essential for controlling shrinkage after firing since the material remains inert after firing
when it is exposed to high temperatures; however, it also tends to decrease mechanical
resistance, as demonstrated in a study by Delaqua et al. [30].

100 - )
V- Vermiculita
Se - Seplolita
— 804 I-lli‘m .
= k K - Kaulinita
= | G - Gibbsita
vl . M - ." C L.
'5. *0 Qi Q- Quarto
5 Q 1 | 0 - Ortaclase
:5- 40 Mm | l A ANdLAA0
so i ol |
4 i | G | O
Wi I i"S ‘ O K Q k Q
204 !l | uSe| Wi 2
W/ Mm 'WI' ‘” T Q |7k k
i iy ) liu)i K Jl AL \. b Gk
1"',,./ w\\l LUV
| [N — —— —— S—— ke Shiali—— W—
0 10 20 30 40 50 60 70

20 (graus)
Figure 4. X-ray diffractograms of the ceramic mixture used.

4.2. Chemical Analysis

XRF and PF analyses were performed on the raw materials used (clays and sand), as
shown in Table 2.
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Table 2. Chemical composition of raw materials used in XRF.

Composition SiO, Al,O3 Fe, O3 TiO, K,O MgO Na,O CaO Others PF
Gray clay 47.04 32.56 3.48 1.29 1.01 0.55 0.34 0.24 0.10 13.39
Carolinho 49.34 30.71 3.66 1.21 0.99 0.61 0.24 0.22 0.11 12.91

Sand 81.10 11.90 1.20 047 1.50 0.62 0.84 0.51 0.16 1.70

Through XRF analysis, higher levels of silica (SiO;) and alumina (Al,O3) were iden-
tified. The elevated SiO, content is associated with the silicates present (clay minerals,
mica, feldspars) and free silica (quartz) [31], primarily found in the sand component. The
high content of alumina (Al,O3) and the low content of flux oxides present (K, Na) in
the clays (ball clay) can be associated with the low formation of eutectics in the material,
which attributes refractory characteristics to the clay [32]. Due to the presence of both
compounds, the clays used were predominantly kaolinitic, as confirmed by Klitzke [33]
and Vieira and Pinheiro [34].

As for the sand component, which was predominantly made up of SiO;, the presence of
alkaline and alkaline earth oxides can be observed, which are characterized as fluxes when
subjected to high temperatures [35]. In addition, for clays, a high fire loss can be verified,
which contributes to an increase in the porosity and shrinkage of ceramics, thus interfering
with the mechanical properties of the pieces [34]. The low content of iron III oxide (Fe;O3),
an element responsible for the coloration of clays, justifies the gray color, considering that
the lower this content, the clearer and less reddish the clay is after firing [36].

4.3. Elementary Analysis

The results of the elemental analysis of the malt residue are shown in Table 3. The
malt bagasse residue was characterized by organic matter due to the presence of a high
carbon content (45.52%), as well as high oxygen (O) and hydrogen (H) contents, as stated
in the study by Agsha et al. [37] and Machado et al. [38]. Small variations usually occur
according to the period of harvest, malting, and other additions [39]. The C and H content
contribute to the energy density characteristics of the material, which are directly linked to
the calorific value of the substance. As for the presence of nitrogen (N) and sulfur (S), the
low compositions can be highlighted, which is beneficial due to the low emissions to the
environment. In addition, the volatile matter content associated with the low ash content is
favorable for thermochemical conversion [38].

Table 3. Elemental composition of malt residue (%).

Composition (%) C H N S (0] Ashes
Malt 45.52 7.30 4.52 0.23 39.76 2.67

4.4. Granulometry of Raw Materials

Figure 5 illustrates the granulometry of the raw materials (carolinho and gray clays—ball
clay and sand) used in the ceramic mass preparation.

The different size ranges are associated with the clay; silt, and fine sand and coarse
sand fractions, according to the granulometric classification according to NBR 7181 [20].
The clay fraction (ball clay—gray clay particles and carolinho) was associated with particles
with spherical diameters smaller than 2 um, which gives the raw materials plasticity when
mixed with water, and was associated with clay minerals [40]. This fraction is also related
to the granulometry of kaolinite, which is a clay mineral found in kaolin and is responsible
for plasticity in clays, which is a typical characteristic of clays from Campos dos Goytacazes,
RJ [34]. However, the sand presented particles with dimensions from 2 to 0.06 mm, mainly
composed of quartz grains, which was confirmed by the XRF analysis performed (Table 2).
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Figure 5. Granulometry of the raw materials used in the ceramic mass.

Thus, the presence of sand (quartz) is important to adjust the plasticity /workability
of the clay and to reduce the drying and firing shrinkage of ceramics, as confirmed by
Vieira and Pinheiro [34]. However, the granulometric fractions meet their use in ceramics
(30% < clay fraction < 70%), as stated by Pedroti et al. [41].

4.5. Consistency Limits (Atterberg)

Although this study did not involve the conventional extrusion process by pressing,
it is important to discuss the Atterberg limits, considering the potential industrial scale
applications after the study. Figure 6 presents the results consistency limits of the clayey
mass used. According to the prognosis of extrusion by the pressing of the ceramic pieces in
relation to the malt bagasse content using the Atterberg limits (Figure 6), it can be observed
that the samples containing 0 (reference), 2.5, and 5% malt bagasse fall within the acceptable
extrusion demarcated area. However, the samples manufactured with 10 and 15% malt
bagasse lie outside this range. This observation can be attributed to the fact that the limit
of plasticity (LP) represents the minimum amount of water required for the clay to reach
the necessary consistency for plastic formation [18]. Consequently, the water added to the
ceramic mass acts to fill the pores between the particles and facilitate the shaping of the
pieces, as described in Silva [42].
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Figure 6. Prediction of press extrusion through Atterberg limits.
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The pieces manufactured with 0, 2.5, and 5% malt bagasse exhibited a plasticity index
(IP) between 25% and 30% and a limit of plasticity (LP) between 20% and 30%, which falls
within the acceptable range for conformation according to Vieira et al. [43]. The authors
suggested that LP values between 22% and 24% can be considered acceptable, with a
minimum IP of 10%. However, the pieces containing 10 and 15% residue displayed a high
LP, exceeding 30%, making them unviable for conformation. The higher percentage of malt
residue in ceramics can be associated with this lack of feasibility. Malt residue possesses a
hydrophilic characteristic, meaning it has a greater tendency to absorb water [12]. When
combined with the mineralogical characteristics and high plasticity of the clay used, it
necessitates the addition of a larger amount of water during the conformation stage. This
increased water content increases the likelihood of cracks and deformations due to greater
retraction of the pieces [43].

4.6. Technological Properties of Ceramics
4.6.1. Dilatometry
As depicted in Figure 7, the curves corresponding to the ceramics produced with

0% (reference) and 15% malt bagasse were examined to assess the transformation of phases
during the sintering stages, as previously demonstrated by Ribeiro et al. [44].
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Figure 7. Dilatometry of ceramic pieces: (a) 0%; (b) 15% malt bagasse.
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Both samples exhibited a decrease in the curve around 550 °C, as indicated by the
exothermic peaks. Close to 550 °C, the quartz transforms, accompanied by an expansion
of the crystalline structure and of gases remaining from the combustion of the organic
residue [30]. However, the peak observed for the reference sample (0% incorporation)
was lower than of the 15% sample, which can be attributed to the shrinkage that oc-
curred within the material [30]. Larger quantities of the liquid phase typically result
in greater shrinkage [44].

During the firing process, the ceramic pieces can experience various heating-related
defects. These defects occur at temperatures above 100 °C, when hygroscopic water begins.
Above 200 °C, colloidal water, which is water-bound to the clay particles and remains
even after drying, is eliminated [45,46]. At temperatures exceeding 400 °C, the organic
substances present in the pieces start to burn, and additional reactions take place, such as
the dehydroxylation of kaolinite, the transformation of quartz, and the release of water
(combined in kaolinite) from the clay’s constitution [45]. As the temperature reaches 700 °C,
the chemical reactions occur between silica and alumina and fluxing elements, resulting in
the formation of silica—aluminous complexes. These complexes contribute to the hardness,
strength, and stability of the ceramics [45,46]. At 900 °C, the combustion process of the
organic material takes place, which is confirmed by the high loss of ignition in the XRF
analysis shown in Table 2 and the elemental analysis in Table 3. The combustion occurs
in two stages: a homogeneous stage involving the combustion of volatile compounds
and a heterogeneous stage involving waste combustion [30,47] in which the carbonates
decompose, releasing CO,. Above 1000 °C, the silico-aluminous compounds, which are
in vitreous form, begin to soften, causing the ceramic body to undergo drainage and
deformation in the final phase of firing [45].

4.6.2. Apparent Density

Table 4 presents the dry bulk density of the ceramics. In terms of apparent dry
density, significant differences were observed among the values obtained for the waste
incorporation treatments. However, no significant difference was found for the sintering
temperature, except for the case involving 2.5% malt, as illustrated in Figure 8.

Table 4. Apparent dry density of ceramics.

Apparent Dry Density (g.cm—3) *

Sintering Temperature (°C)

Malt Bagasse (%)

750 850 950 1050
0.0 1.83 aD 1.83 aC 1.83 aD 1.85aD
25 1.83 abD 1.81 aC 1.84 bD 1.83 abD
5.0 1.80 aC 1.80 aC 1.79 aC 1.79 aC
10.0 1.74 aB 1.73 aB 1.72 aB 1.71 aB
15.0 1.59 aA 1.59 aA 1.60 aA 1.61 aA

* Means followed by the same letter, lowercase in the row and uppercase in the column, do not differ by Tukey’s
test at the 5% probability level (p < 0.05).

However, a decreasing trend in density was observed as the levels of biomass residue
incorporated into the ceramics increased, which is consistent with the findings by Cotes-
Palomino et al. [48]. This lower density characteristic is intrinsic to lignocellulosic biomass [38]
and is attributed to its organic composition and biodegradability, particularly when exposed
to high temperatures. This is evident from the significant differences in the treatments in
relation to temperature. Nevertheless, this mass reduction in mass does not adversely affect
the performance of the ceramic material and can even be considered advantageous, as ceramic
materials are commonly used as sealing blocks or tiles [17,30].
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Figure 8. Behavior of ceramic pieces in terms of dry density: (a) 750 °C; (b) 850 °C; (c) 950 °C;
(d) 1050 °C.

4.6.3. Apparent Porosity
Table 5 and Figure 9 display the apparent porosity results for the manufactured ceramics.

Table 5. Apparent porosity (%) of ceramics.

Apparent Porosity (%) *

Sintering Temperature (°C)

Malt Bagasse (%)

750 850 950 1050
0.0 27.57 dA 26.99 cA 26.56 bA 25.20 aA
25 27.87 dA 27.35 cB 26.75 bA 25.33 aA
5.0 28.27 dB 27.76 cC 27.20 bB 25.95 aB
10.0 29.67 dC 29.24 cD 28.65 bC 27.95 aC
15.0 31.18 cD 31.40 cE 30.68 bD 30.31 aD

* Means followed by the same letter, lowercase in the row and uppercase in the column, do not differ by Tukey’s
test at the 5% probability level (p < 0.05).

There was a significant difference observed between the treatments, both in terms
of residue incorporation and sintering temperature. With the increase in malt bagasse,
there was an increase in porosity in relation to the reference sample (0% incorporation).
During the sintering process, the samples with malt bagasse exhibited a higher propensity
for the formation pores in the ceramic, which is also associated with a loss of mass that
consequently causes more porosity, as confirmed by Russ et al. [49].



Sustainability 2023, 15, 9120 14 of 20

Temperaturs 750 Temperaturs B50

- e
, - —
i 20 —l -

“ 27

Apparent porosity

s
—

5

0.0 25 50 10.0 15.0 0.0 25 5.0 10.0 15.0
hlzlt bazzzsa (30) hlzlt bazazsa (Ya)
(=) [
Temperature 950 Temparaturs 1050

Apparant porosity

oo 2.5 50 10.0 150 oo 2.5 5.0 10.0 150
Malt bagasse (%) Malt bagasse (Y6
(s )

Figure 9. Behavior of ceramic pieces regarding apparent porosity: (a) 750 °C; (b) 850 °C; (c) 950 °C;
(d) 1050 °C.

4.6.4. Water Absorption

Regarding water absorption, the results are presented in Table 6.

Table 6. Water absorption (%) of ceramics.

Water Absorption (%) *

Sintering Temperature (°C)

Malt Bagasse (%)

750 850 950 1050
0.0 19.03 bA 19.15bA 19.01 bA 16.05 aA
25 19.00 bA 19.22 bA 18.67 bA 15.57 aA
5.0 18.72 bA 19.00 bA 18.67 bA 15.93 aA
10.0 22.52bB 23.07 bB 22.60 bB 20.99 aB
15.0 28.54 abC 29.07 beC 29.29 cC 28.29 aC

* Means followed by the same letter, lowercase in the row and uppercase in the column, do not differ by Tukey’s
test at the 5% probability level (p < 0.05).

The test specimens manufactured with varying proportions of malt bagasse residue
exhibited a significant difference between the percentages of malt bagasse incorporation
and the sintering temperatures, as depicted in Figure 10. With an increase in the amount of
residue incorporated, there was a corresponding increase in water absorption. This can be
attributed to the hydrophilic characteristics [49] and the combustion of organic compounds
present in biomass [30], which also contributes to the elevation of porosity. Consequently,
higher porosity results in greater water absorption [50]. However, at a sintering temperature
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of 1050 °C, there was a reduction in porosity, which may be associated with the enhanced
formation of the liquid phase, a primary mechanism in ceramic sintering [30].

30.0 |
215
iS50

Water absorption (%)

17.5

oo 5.0 10.0 15.0 0.0 25 50 0.0 150

Malt Bagasse Malt Bagasse
(a) (b)

215

17.5

15.0 0.0 25 50 0.0

Water absorption (%)

oo 15 5.0 10.0 150

Malt Bagasse Malt Bagasse
(c) (d)

Figure 10. Behavior of ceramic pieces in terms water absorption: (a) 750 °C; (b) 850 °C; (c) 950 °C;
(d) 1050 °C.

The maximum allowable water absorption value according to technical standards
is up to 25% for ceramic sealing blocks [51] and up to 20% for tiles [52]. Therefore, for
treatments of up to 5%, the incorporation of malt bagasse residue can be recommended
for ceramic blocks in terms of water absorption, regardless of the sintering at all tempera-
tures studied. In the case of tiles, only the ceramic mass containing 2.5% fired at 1050 °C

was found to be viable for application, taking into consideration the other evaluated
properties as well.

4.6.5. Linear Shrinkage

Table 7 displays the results of linear shrinkage for the manufactured ceramics.
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Table 7. Linear shrinkage of ceramics.
Linear Shrinkage *
Sintering Temperature (°C)
Malt Bagasse (%)
750 850 950 1050
0.0 0.88 aBC 124 bA 2.00 cB 3.31dC
2.5 0.71 aAB 1.26 bC 1.92 cB 3.32dC
5.0 0.62 aAB 0.95bAB 1.46 cA 2.73 dB
10.0 0.53 aA 0.88 bA 121 cA 1.94 dA
15.0 1.10 aC 1.20 aBC 1.74bB 2.64 cB

* Means followed by the same letter, lowercase in the row and uppercase in the column, do not differ by Tukey’s
test at the 5% probability level (p < 0.05).

There was a significant difference in the linear shrinkage of the ceramic pieces as they
increased with the rise in firing temperature for all treatments. This can be attributed to
the improved arrangement of particles through the formation of a liquid phase, which
facilitates their approximation and subsequently their shrinkage [30]. Notably, there was
a considerable increase in shrinkage for all ceramics fired at 1050 °C, indicating transfor-
mations in the sintering stage that result in the formation of more resistant compounds.
During this sintering phase, there is an increase in the amount of the liquid phase present
in the material due to the amount of alkaline and alkaline earth compounds, densifying the
specimens more and consequently causing greater linear shrinkage [53]. The maximum
recommended shrinkage for ceramic firing is 2% [30]; this was exceeded only at 1050 °C
for all treatments studied in this case.

4.6.6. Fracture Strength on the Bending of the Test Specimens

The analysis of flexural strength in the specimens produced with different contents
of malt bagasse residue revealed a significant difference between the percentages of malt
bagasse incorporation as well as between the sintering temperatures (Table 8). Regard-
ing the sintering temperatures, all ceramic masses exhibited an increase in flexural rup-
ture stress as the firing temperature increased compared to the reference pieces (0% malt
bagasse). Furthermore, for all treatments, there was a significant increase in the tensile
strength of the sintered mixtures, from 750 to 850 °C. This can be attributed to the greater
loss of adsorbed water and the reduction of initial mass during the firing process. At 850 °C,
the tensile strengths of all treatments remained relatively stable in this regard.

Table 8. Mean fracture strength (MPa) of the samples in relation to the sintering temperature (°C)
and the incorporation of malt bagasse residue (%).

Fracture Strength to Bending (MPa) *

Sintering Temperature (°C)

Malt Bagasse (%)

750 850 950 1050
0.0 3.45aD 4.45bC 4.62bD 5.17 cD
25 3.15aC 4.16 bC 421bC 4.28 bC
5.0 2.00 aB 2.42 bB 249 bB 2.74 cB
10.0 0.85aA 0.98 abA 1.09 bcA 1.23 cA
15.0 0.85aA 0.98 abA 1.09 bcA 1.23 cA

* Means followed by the same letter, lowercase in the row and uppercase in the column, do not differ by Tukey’s
test at the 5% probability level (p < 0.05).

In relation to the incorporation of malt bagasse, there is a direct correlation between
the amount of residue incorporated and the decrease in bending stress of the ceramic pieces.
This effect is particularly noticeable at a 15% residue incorporation, where the lowest bend-
ing stress is observed. This behavior can be attributed to the lignocellulosic characteristics
of the malt residue, which undergoes significant degradation and becomes more fragile
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at high temperatures [12]. This results in significant loss in mass, leading to a reduction
in the area under applied stress and an increase in porosity compared to the reference
piece (0% incorporation). Additionally, the manufactured material exhibited a reduced
number of crystalline phases, which contributes to the mechanical strength of ceramic
materials [33]. However, it is important to note that the recommended minimum value for
ceramic masonry components is 2.0 MPa, as demonstrated by Ketov et al. [54]. Therefore,
the incorporation of up to 5% malt bagasse at all studied temperatures is recommended as
it allows for an acceptable level of bending stress while still benefiting from the potential
advantages of incorporating the residue.

4.7. Microstructure of the Test Specimens

Figure 11 shows the result of the optical micrograph of the different compositions
sintered at 950 °C.

Figure 11. Optical micrograph: (A) 0%; (B) 2.5%; (C) 5.0%; (D) 10.0%; (E) 15.0%.

Figure 11 clearly demonstrates that the red arrows highlight the porosity of the mate-
rial, which plays a fundamental role in properties associated with mechanical strength and
water absorption. As the sintering temperature increases, there is a consequent reduction
in porosity, as evidenced by previous results. The micrograph supports this finding by
illustrating that the increased addition of agro-industrial residue leads to an increase in
porosity, indicated by the white dots in the micrographs. The black arrows indicate quartz
grains, resulting from thermal transformations within the ceramic matrix. In Figure 11E,
a visible crack can be observed, possibly caused by the high concentration of the residue,
leading to defects in the ceramic matrix.

Figure 12 illustrates the results of X-ray diffraction (XRD) analysis, where the composi-
tions of 10% and 15% were excluded from the analysis due to insufficient values and the
presence of excessive cracks, as identified and verified previously.
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Figure 12. Results of X-ray diffraction (XRD).
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The diffractograms depicted in Figure 12 demonstrate a prevalence of Quartz and
Albite, minerals commonly found in ceramic materials, supporting existing literature and
aligning with the micrographs presented in Figure 11 [36,45].

5. Conclusions

The ceramic mass utilized was primarily characterized by the presence of kaolinite
and quartz, indicating a tendency to form a ceramic material that is more resistant and
controlled in terms of shrinkage after firing. The clays used were predominantly kaolinitic
and had refractory characteristics of ceramic material. The malt bagasse residue used was
characterized by its organic composition, primarily consisting of high levels of carbon,
oxygen, and hydrogen.

Regarding the ceramic pieces manufactured with the incorporation of malt bagasse
residue, there was a reduction in density as the residue content increased. However, this
reduction in mass did not negatively impact the performance of the ceramic material when
incorporated up to 5%. In fact, it could even be considered advantageous since ceramic
materials are commonly utilized as sealing blocks or tiles.

The samples with higher levels of malt bagasse incorporation exhibited a greater
tendency towards the formation of pores in the ceramics. There pores are associated with a
loss of mass, resulting in increased porosity and higher water absorption in these ceramics.
However, for treatments involving up to 5% malt bagasse incorporation, it is recommended
for ceramic blocks due to their water absorption characteristics, regardless of the sintering
temperatures employed.

The treatments demonstrated a significant increase in the tensile strength of the sin-
tered mixtures, from 750 to 850 °C. Above 850 °C, the tensions of all treatments remained rel-
atively stable. Consequently, the higher the quantity of malt bagasse residue incorporated,
the lower the bending stress exhibited by the components. Incorporating up to 5% malt
bagasse at all investigated temperatures is advisable for masonry ceramic components.
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