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Abstract: The production of building materials is unavoidable if the well-being and development of
society are to be maintained. However, in manufacturing these materials, significant greenhouse gas
emissions and environmental effects are produced. For this reason, and with the aim of reducing the
impact of the manufacture of these materials, this work developed a geopolymeric material made up
solely of wastes, brick dust and biomass bottom ashes which replaced the traditional ceramic materials.
To evaluate the quality of this sustainable geopolymeric material, different groups of specimens were
formed with different percentages of both residues, subsequently determining the physical properties
of the new-formed geopolymers and guaranteeing they accomplish the prescriptions of the ceramic
regulations for construction. In addition, the results of the geopolymer characterisation tests were
statistically analysed using factor analysis, with the sole purpose of establishing connections and
interdependence between the variables that influence the geopolymerisation process. Thus, it was
possible to demonstrate that the combination of brick dust and biomass bottom ashes produced
geopolymers with adequate qualities to replace traditional ceramics, as well as that the different
combinations of both residues produced feasible materials to be used as ceramics with various
characteristics, with two main factors determined by factorial analysis that governed the physical
properties of the geopolymer obtained: the percentage of brick dust and the theoretical porosity.

Keywords: circular mining; wastes; ceramic; geopolymer; construction materials; factorial analysis;
data mining; structures

1. Introduction

The construction sector is an essential sector for the maintenance and development
of the population’s well-being [1]. However, this sector produces significant greenhouse
gas pollution [2]. This fact is mainly due to large construction materials production, the
high extraction of raw materials and also the development [3], in most cases, of poorly
optimised industrial processes [4]. More specifically, a high percentage of ceramic materials
are consumed in construction, causing a scarcity of clay as the essential raw material for
the shaping of these products [5]. In addition, in the sintering process developed for
the manufacturing of traditional ceramic materials, high temperatures are reached, thus
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conditioning the use of large percentages of energy [6]. Various authors have confirmed
that energy consumption for construction and the manufacturing of new materials accounts
for 40% of the total energy consumed in Europe.

Consequently, in order to develop more sustainable materials with a lower carbon
footprint within the framework of a new Circular Economy [7], numerous research studies
have been carried out based on the use of mining and industrial waste as raw materials
for building materials [8]. In this way, the extraction of new raw materials is reduced, and
landfilling these wastes is avoided [9]. This means that with the use of waste in building
materials, the economic and ecological material flows are much more closed, framed in an
increasingly globalised Circular Economy perspective oriented, in this case, to the mining
and construction sectors [10].

More specifically, in the field of ceramic materials for construction, high CO2 emissions
are produced [11]. As mentioned before, this fact is mainly due to the high amounts of
energy consumed in the raw material extraction process and in the sintering process, once
it is necessary to reach average temperatures of 950 ◦C for shaping [12]. Consequently,
it is not only necessary to reduce the extraction of virgin materials, but also to use new
materials with similar characteristics to the traditional ones but with much more optimised
production processes, such as geopolymers [13].

Geopolymer is a material that is currently being studied in various scientific investi-
gations. However, it is not a new material, as it was Joseph Davidovits in 1978 [14] who
discovered the potential of this material [15]. Nevertheless, and due to its manufacturing
process, in which a source of aluminosilicates reacts with an alkaline solution [16] to obtain
a product of adequate strength [17] without the need to use cement or sintering processes,
this material is a sustainable, environmentally friendly and promising solution that will
replace traditional construction materials [18].

For this reason, and as mentioned above, the use of geopolymer has been evaluated in
various research projects, mainly as a cement substitute for the development of concrete or
mortar [19], as well as to replace traditional ceramic materials [20]. In addition, geopoly-
meric material has a very important environmental advantage, which is the possible use of
waste from other industries for its development [21]. This is feasible as long as the waste is
a potential source of aluminosilicates, such as coal fly ash [22], slag from metallurgical pro-
cesses [23], metakaolin [24], glass waste [25], bagasse [26] and even hazardous [27]. In turn,
these aluminosilicates must be alkaline activated, using, in most investigations, sodium
hydroxide [28] or potassium hydroxide [29] solutions in the appropriate proportions.

In addition, the properties of geopolymers are diverse, including high-temperature
stability [30], fire resistance [31], piezoelectric properties [32], good behaviour in contact
with steel [33], interesting porosity characteristics [34], etc. Therefore, they make this
material a sustainable solution for construction and highly functional [15].

Therefore, the manufacture of geopolymers as substitutes for traditional ceramics
made from waste deletes from input all the economical, energetic and environmental
costs related to the previous tasks to the extraction of clay, cleaning and cutting of trees,
movement of land, classification, storage and different treatments of waste management,
etc., [35]. On the other hand, in addition to the savings derived from these costs, an
industrial or mining liability is transformed into economic activity, thereby contributing
to the recycling of raw materials from a circular economy perspective [36]. Finally, a
much more optimised production process is developed that is perfectly adaptable to
any traditional ceramic industry, since the sintering phase is not necessary because the
geopolymer is formed at low temperatures [37].

Based on the above, and with the aim of developing more sustainable geopolymeric
materials as substitutes for traditional ceramic building bricks, brick dust from the ceramic
industry was used as a source of aluminosilicates in this stowage [38]. In turn, as an alkali
activator, and with the aim of developing a 100% waste-based material, biomass bottom
ash was used instead of sodium hydroxide or potassium hydroxide. These ashes, currently
unused, have a high potassium percentage as they are derived from the combustion of
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almond shells and “alperujo”. Alperujo is a residue from the agri-food oil industry that is
produced in considerable quantities [39].

The brick dust used in this research, belonging to one of the most important wastes
from the ceramics industry, has significant percentages of silicon and Aluminium, making it
an excellent source of aluminosilicates. So much so, that several researchers have used it for
the formation of geopolymers, activating this waste with sodium hydroxide solutions [40].
In contrast, in this research, geopolymer materials composed of 100% waste are developed
using biomass bottom ash as an alkaline activator.

Biomass bottom ash is a waste produced in large quantities by the electric power
generation industry [41]. This residue, like biomass fly ash, has a very different chemical
composition depending on the biomass used for incineration. However, it can be stated
that due to the production process of this residue, it usually has a very low content of
organic matter [42] and a high percentage of oxides, calcium, potassium, iron, etc. For this
reason, this material can be used as an alkaline activator, due to the high pH it provides in
contact with water. The waste can be classified as non-hazardous according to European
legislation [43] and has been used in some research with some success [44].

Consequently, the aim of this research is the statistical analysis of the results of the
physical and mechanical properties of geopolymeric material made of 100% waste, biomass
bottom ash and brick dust. Obtaining an adequate statistical model that allows for the
correlation of physical and mechanical properties and the main variables from which the
formation of the optimum geopolymer is derived.

With this objective, different families of specimens were formed with the combination
of both residues (brick dust and biomass bottom ash) and, finally, the results of the charac-
terisation tests of the samples were analysed by means of statistical methods using factorial
analysis [45] with the sole purpose of establishing connections and interdependence reasons
between the variables that influence the geopolymeratisation process. In this way, a new
material is defined that is more sustainable than traditional ceramics composed of 100%
waste, and the possible combinations of waste that can provide interesting properties for
commercial purposes are statistically detailed.

2. Materials and Methods

The materials and methodology used in this research are detailed in the following parts:

2.1. Materials

The materials used are entirely industrial by-products. On the one hand, as an alumi-
nosilicate source, brick dust was used. In turn, biomass bottom ashes from the combustion
of almond shells and “alperujo” for energy production were used as alkaline activators,
hereinafter named BBA.

2.1.1. Brick Dust

Brick dust is an inherent industrial by-product of ceramic production. In this spe-
cific case, samples of brick dust belonging to ceramic companies located in the south of
Spain were used. These samples showed a similarity over time in terms of their chemical
composition and physical properties, as detailed below.

It should be noted that the waste known as brick dust comes from the crushing of
ceramic materials intended for construction that, for various reasons, are not marketable,
either because they have fractured or have inadequate shapes. This material, usually
produced in the ceramics industry, is usually crushed to reduce its size and deposited in a
landfill, as its uses are very limited, and it has no economic value.

However, it should be noted that this waste comes from a ceramic material, i.e.,
it is already sintered, and therefore has very attractive properties for the formation of
geopolymers, unlike the clay from which it comes. In addition, and due to the milling
process that the residue undergoes, its particle size is very small, so its use in geopolymeric
materials is direct, without the need for previous processes.
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The essential physical properties of the brick powder were a density of 2.54 t/m3

and a grain size between 40 and 200 µm. On the other hand, its chemical composition
lacked elements of lower atomic weight, such as Carbon, Hydrogen, Nitrogen and Sulphur,
reflecting the inexistence of carbonated compounds and organic matter. The chemical
composition of the residue under study showed a reduced loss due to calcination of around
1.74%, as well as a chemical composition mainly of Silicon, Aluminium, Calcium, Iron,
Potassium and Magnesium. Consequently, this chemical composition makes this material
ideal for use as an aluminosilicate source in geopolymers once the percentage of silicon is
27.32% and Aluminium is 8.16%, according to the X-ray fluorescence test.

2.1.2. Biomass Bottom Ashes Comming from Almond Shells Combustion and “Alperujo”

The ashes used in the present study, hereinafter BBA, are a by-product generated
in the combustion of almond shells and “alperujo” used for electrical energy generation.
These ashes were obtained from the energy industry located in the south of Spain, like brick
dust, and were analysed in different production batches. However, it should be mentioned
that when using biomass for such specific combustion, it creates a by-product with similar
physical and chemical properties over time, so the analysis of samples at different time
periods indicates that the ashes’ properties were very similar.

These biomass bottom ashes particles had a density of 2.65 t/m3. These particles’
size was between 10 and 200 µm. Consequently, it can be stated that both density and
particle size favour the mixing of both materials without segregations production. On the
other hand, it should be noted that the biomass bottom ash produced by the combustion of
“alperujo” and almond shells reflected a chemical composition, as expected, formed mainly
by oxides of Potassium, Silicon, Calcium, Phosphorus, Magnesium, Aluminium and Iron,
with 8.16% of loss by calcination and a higher percentage of Carbon than brick dust, due to
the biomass not burnt during the energy production process. Consequently, it can be stated
that the chemical composition of this waste is suitable for use as an alkaline activator for
the formation of geopolymers.

2.2. Methodology

The methodology followed in this study is based on the development of geopolymers
with brick dust and biomass bottom ashes, as well as the study of the physical properties
of the different families of geopolymers formed by statistical methods of factor analysis. In
this way, it is possible to choose among the different combinations of residues that provide
the most appropriate physical characteristics to the specific case in which they will be used.

Therefore, firstly, the methodology for the shaping of the different families of geopolymer
specimens is presented and, later, the methodology used for the statistical factorial analysis.

2.2.1. Conformation of Specimens and Determination of Physical-Chemical Properties

The geopolymer specimens were made with the use of wastes only; on the one hand,
brick dust as a source of aluminosilicates, and on the other hand, biomass bottom ash as an
alkaline activator.

Since the chemical composition of the waste is complex and the aim of this research is
to study the dependence of the combination of both wastes in order to obtain a geopolymer
with optimal mechanical and physical characteristics, both wastes (ashes and brick dust)
were combined in varying proportions. For this purpose, different families of specimens
were formed, each consisting of six specimens in order to obtain statistically reliable results,
and with varying percentages of ash and brick dust.

The first family was composed solely of brick dust, even though it was known that this
family would never be able to develop a geopolymeric structure. However, it served the
main purpose of comparing strength results and indirectly proving that the combination of
ash and brick dust was capable of executing a geopolymeric structure with higher strength.
The second family, named B, was composed of 90% brick dust and 10% biomass bottom
ash, while family C was composed of 80% brick dust and 20% ash. The percentage of ash
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was then increased in 10% increments up to family J, which consisted of 10% brick dust
and 90% ash. In this way, it was possible to cover the whole possible field of combinations
of both wastes and to study the physical–mechanical properties of the different families,
with the main purpose of evaluating the dependence between the physical and mechanical
variables of the geopolymers with the proportion of incorporation of both wastes.

Therefore, the families that were manufactured are summarised in Table 1 below.

Table 1. Combination percentages of brick dust and biomass bottom ash for the different families of
shaped specimens.

Samples Families % Brick Dust % BBA

Family A 100 0
Family B 90 10
Family C 80 20
Family D 70 30
Family E 60 40
Family F 50 50
Family G 40 60
Family H 30 70
Family I 20 80
Family J 10 90

The specimens of the different families were formed in the same way, making a total
of 6 specimens for each family detailed. For this, the manufacturing process consisted
of mixing the brick dust and the biomass bottom ash in the corresponding proportion
according to the family to which it corresponded. Once both residues were mixed, 20%
water was added to the total mass of the sample. The percentage of water added is similar to
that used in industry, thus ensuring that the subsequent compaction process is maximised
and that geopolymerisation reactions take place. For compaction, the mixture of brick dust,
ashes and water mixed in the appropriate proportions was poured into a metal matrix
measuring 60 mm long by 30 mm wide and then pressurised to 30 MPa with the aid of a
metal rammer of identical dimensions. The use of this forming pressure is used in order to
replicate the general conditions that occur in the ceramic industry. Finally, the specimen
was removed after the compaction process.

The fabricated specimens were left at an ambient temperature of 20 ± 2 ◦C for 24 h
in order to achieve the geopolymerisation process. Subsequently, all the specimens were
dried at a temperature of 90 ± 2 ◦C for 24 h, thus eliminating the water that had not reacted
in the geopolymerisation process. At the end of this process, the geometric dimensions of
the specimens and their mass were measured. At the same time, and in order to eliminate
possible inert compounds that are not part of the geopolymer and do not contribute special
characteristics to the material, the specimens were subjected to a water bath at a temperature
of 20 ± 2 ◦C for 24 h with continuous recirculation of water. Finally, the specimens were
dried again at a temperature of 90 ± 2 ◦C, and their mass and geometry were measured.
In this way, the possible linear shrinkage experienced by the material after the water bath
with continuous water recirculation and the variation of the mass could be observed.

The specimens formed according to the detailed procedure of the different families
were subjected to various tests to determine their physical and mechanical properties, to
obtain a relationship between properties with the subsequent statistical analysis and, in
turn, to demonstrate the feasibility of using geopolymers made from biomass bottom ash
and brick dust as substitutes for traditional ceramic material. For this purpose, the tests
carried out were those of linear shrinkage and weight loss according to UNE-EN 772-16,
capillary water absorption according to UNE-EN 772-11, cold water absorption according to
UNE-EN 772-21, boiling water absorption according to UNE-EN 772-7 and determination
of open porosity and apparent density according to UNE-EN 772-4. In addition, since this
geopolymeric material is intended to replace the traditional ceramic materials used for
brick manufacture, it is essential to study the mechanical properties of the material. More
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specifically, this research evaluates the compressive strength of all the specimens of the
different families according to the UNE-EN 772-1 standard.

Figure 1 shows the forming process of the geopolymeric specimens made of brick dust
and biomass bottom ash in schematic form, detailing with images the performance of the
tests described.
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Figure 1. Images of the forming process of the different families of geopolymers, as well as of the
tests carried out.

The sample with the highest compressive strength value in the compressive strength
test was analysed with Fourier transform infrared. In this way, it was possible to chemically
verify that the geopolymer had been formed. To carry out this test, the geopolymer sample
was initially crushed to a very small particle size of less than 0.063 mm. Subsequently,
the sample was analysed with the Bruker Tensor20 spectrophotometer (Tensor20, Bruker,
Billerica, MA, USA), obtaining the FTIR spectrum of the sample.

It should be noted that in this research, ceramic specimens were also made using
traditional processes from red clay, that is, conventional ceramic material for bricks. The
forming process of these ceramic specimens was similar to that detailed for the geopoly-
mers, with the main difference being that these ceramic specimens were subjected to a
sintering process at 950 ◦C. In this way, the differences between both materials, ceramics
and geopolymers, could be appreciated with objective results.

2.2.2. Factorial Analysis

The quantitative analysis of the possible cause–effect relationships between the vari-
ables under study related to the processes and the results oriented to the modelling of the
phenomenon was carried out by means of factorial analysis applied to all the physical prop-
erties and percentage fractions of the geopolymers previously formed with the combination
of brick dust and biomass bottom ash. In this way, it is possible to know the origin of each
element according to its level of association with the rest and to determine which factors
directly influence the formation of geopolymers with different percentages of the treated
waste. Consequently, it is possible to analyse the feasibility of the geopolymer formation
with both materials, the correlation between the different physical properties, as well as the
possible characteristics of the geopolymer formed with the combination of both residues.
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In essence, it is a matter of defining two new variables called “factors”, which were not
measured during the experiment, but which govern the total performance once they carry
all the information regarding the weight that each variable exerts on the system. In this
way, the stress–strain phenomenon can be modelled from the initial variables measured in
the study. This statistical tool has been widely used to model systems encompassing the
mining–water environment trinomial, but has not previously been applied to modelling
geopolymer stress–strain relationships.

Multivariate statistical calculations were used in the analysis to determine the rela-
tionship between the physical and mechanical properties of the formed geopolymers, as
well as to obtain the main factors that conditioned the results of these properties. To attain
this, initially, the correlation matrix of variables is obtained from all the data obtained from
the test of all the properties. Subsequently, this matrix is analysed in detail, developing the
matrix of factors from the r values of the previous matrix [46]. With the matrix of factors,
the two main factors that condition the rest of the variables can be obtained, which are
subsequently defined from the knowledge of the material and the methodology followed
for the geopolymer forming.

In turn, for a better representation of the data, as well as for the optimisation of
the statistical process, the factors can be rotated. This makes it easier to interpret the
relationships established between the different physical and mechanical properties with
the two main factors obtained. This is conducted thanks to the Varimax rotation, which
consists of simplifying the factor matrix by moving its values closer to 0 or 1, i.e., to more
dependent or less dependent.

Finally, all the variables are shown in graphs with two coordinate axes corresponding
to the two main factors, representing graphically the lesser or greater dependence of the
variables (in this case, physical and mechanical properties) on the main factors obtained
in this statistical process. Therefore, the main advantage of using this factorial statistical
method lies in the fact that it simplifies a considerable set of variables into two main factors,
these being the ones that condition all the variables.

3. Results and Discussion
3.1. Physical Properties of the Different Families of Geopolymers Formed with Brick Dust and
Biomass Bottom Ashes

The different families of geopolymer, ash and brick dust specimens, formed according
to the methodology detailed above, are shown in Figure 2.
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Figure 2. Image of the different families of prismatic specimens co-formed with brick dust and
biomass ash. From left to right: Family A, Family B, Family C, Family D, Family E, Family F, Family
G, Family H, Family I and Family J.

In turn, Table 2 shows the main physical properties of the different families of samples
formed with increasing percentages of biomass bottom ashes and decreasing percentages
of brick dust.

Table 2 shows how the weight loss is greater in the families of specimens with a higher
percentage of biomass bottom ash. This fact is due to the process to which the specimens
are subjected after finishing the geopolymerisation by submerging them with a continuous
recirculation of water, since it is in this stage where those inert elements that do not react in
the geopolymerisation process are eliminated. However, traditional ceramics made with
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red clay have a weight loss of 9.5%, so it can be stated that the values are in line between
geopolymers and ceramics [47].

Table 2. Physical properties of the different families of specimens formed with increasing percentages
of biomass bottom ashes and decreasing percentages of brick dust.

Family Weight
Loss, %

Linear
Shrinkage, %

Capillary Water
Absorption,

g/m2 min

Cold Water
Absorption, %

Boiling Water
Absorption, %

Open
Porosity, %

Bulk
Density,

g/cm3

Compression
Strength,

MPa

A 4.14 −0.06 4520 25 26.54 41.81 1.58 7.51
B 2.82 0.07 4768 24.36 25.83 40.53 1.57 10.51
C 3.21 0.12 4026 23.68 24.71 38.59 1.56 16.53
D 4.07 0.12 3475 21.37 22 35.12 1.6 23.98
E 4.66 0.11 3154 19.51 19.97 32.21 1.61 36.95
F 6.41 0.12 2130 17.16 16.17 27.22 1.68 46.1
G 7.66 0.14 1719 15.94 14.29 24.35 1.7 59.2
H 8.65 0.2 1774 15.25 12.4 21.32 1.72 57.19
I 10.45 0.3 1998 14.64 11.02 19.15 1.74 47.36
J 12.08 0.45 2103 14.61 10.43 17.98 1.72 29.68

On the other hand, it can be observed how the linear shrinkage of the specimens
increases in line with the increase in the percentage of biomass bottom ash used, high-
lighting family A, which has a linear shrinkage percentage totally different from the other
families as it does not contain ash. The results obtained are adequate, since the variation in
dimensions is very small when compared to the linear shrinkage experienced by the family
made with red clay, this linear shrinkage being 2.7% [48].

In turn, the capillary water absorption of the different families of geopolymers made
with brick dust and biomass bottom ash decreases as the percentage of ash in the geopoly-
mer increases. So much so, that a traditional ceramic obtains a capillary water absorption
of 1700 g/m2 min, very similar to that reflected in the family composed of 60% biomass
bottom ash [49].

Consequently, this reduction in capillary water absorption reflects a much more closed
geopolymer structure, i.e., with a lower percentage of interconnected voids. Therefore, the
cold water absorption and boiling water absorption also decrease in line with the capillary
water absorption due to the increased percentage of biomass bottom ash in the geopolymer
and, therefore, obtaining a higher quality material [50].

The open porosity, as expected, decreases as the percentage of biomass bottom ash
in the geopolymer increases, due to the formation of a much more closed structure with
a lower number of pores. This decrease in porosity as the percentage of ash increases
translates directly into an increase in the bulk density of the material, as is obvious [51].

Finally, it can be seen from Table 2 that the compressive strength increases as the
percentage of biomass bottom ash increases. Therefore, it can be stated that a geopoly-
merisation process takes place and that the geopolymer is formed, as demonstrated by the
subsequent chemical test. This fact is contrasted by observing the low strength of family
A, composed only of brick dust and, therefore, not being a geopolymeric material. On the
other hand, it should be noted that the strength increases up to family G, composed of 60%
biomass bottom ash and 40% brick dust, after which the strength decreases. These results
reflect that the combination of brick dust and ashes should be optimal, as a high percentage
of ashes not only does not create a higher quality material but also impairs its strength [52].

In view of the above results, it can be stated that geopolymeric materials can be made
with brick dust and biomass bottom ash that meet the requirements for brick ceramics, the
optimum combination of both wastes being 60% biomass bottom ash and 40 % brick dust.
However, it should be noted that there are different combinations of both materials that
meet the requirements of the standard of 10 MPa (UNE-EN 772-1) minimum compressive
strength and that provide very interesting characteristics of colour, water absorption,
porosity, etc. Therefore, the subsequent statistical analysis will be indicated to relate such
variables [53].
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Therefore, the factorial analysis shown in the following section will be in charge of
relating the different physical properties of the geopolymers based on the combination
of both wastes, ash and brick dust, establishing the different possibilities of materials
adaptable to different causes.

However, in order to clearly reflect that the geopolymer structure is produced by the
combination of brick dust and biomass bottom ash, the sample detailed above that obtained
the highest resistivity was analysed by infrared Fourier transform, showing the spectrum
in Figure 3.
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The analysis of the spectrum obtained with the Fourier transform infrared shows that
the bands in the 950–1150 cm−1 and 875 cm−1 zones have a significant intensity. This in-
crease in intensity indicates an increase in the length of the chain and of the aluminosilicate
gel formed, i.e., a complete geopolymerisation process. This corroborates the formation of
the geopolymer.

3.2. Factorial Analysis

The physical properties of the formed geopolymers were carried out through factor
analysis. The first of the elements obtained was the correlation matrix of all the physical
properties measured for the various detailed families.

The Pearson proximity ratios (correlation coefficient “r”) between the analysed vari-
ables are shown in the correlation matrix of Table 3. This matrix is the statistical base from
which the factorial analysis was derived.

Table 3 shows high and very high levels of positive or negative correlation between
the different physical properties of the geopolymers. As can be seen, all physical properties
directly related to porosity and, therefore, to water absorption, whether boiling water,
cold water or suction, have a high level of correlation. In turn, linear shrinkage, strength,
apparent density and weight loss show significantly lower correlation values with the
properties detailed above. This is to be expected considering the geopolymerisation process
that has been developed by combining brick dust and ash, as well as the basis for each of the
physical properties. It should be noted that the absorption of boiling water is proportional
to the absorption of water by capillarity, the absorption of cold water and the open porosity,
and inversely proportional to the other properties; on the other hand, the compressive
strength is proportional to the linear shrinkage, the apparent density and the weight loss,
being inversely proportional to the variables not mentioned. This is to be expected if one
takes into account that the lower the porosity of the formed geopolymer, the less water it
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can absorb and, consequently, the higher its density. Therefore, all other things being equal,
a higher density will lead to a higher compressive strength.

Table 3. Correlation matrix of the different physical properties of the shaped geopolymers.

Boiling
Water
Absorption

1

Capillary
water
absorption

0.9474 1

Cold water
absorption 0.9851 0.9639 1

Linear
Shrinkage −0.8200 −0.6528 −0.7685 1

Bulk
density −0.9183 −0.8686 −0.8941 0.6797 1

Weight loss −0.9419 −0.8217 −0.8966 0.8609 0.8750 1
Open
porosity 0.9968 0.9380 0.9820 −0.8363 −0.9144 0.9473 1

Compression
strength −0.8158 −0.9263 −0.8595 0.4059 0.7673 0.6127 −0.8024 1.0000

Boiling
water
absorption

Capillary
water
absorption

Cold water
absorption

Linear
Shrinkage

Bulk
density Weight loss Open

porosity
Compression
strength

Table 4 shows the results obtained from the factorial analysis of the studied variables
and reflects how the first two factors explain up to 99.081% of the total variability.

Table 4. Factor analysis.

Factor Number EIGENVALOR Percentage of Variance Percentage Accumulated

1 6.91589 90.329 90.329
2 0.670119 8.752 99.081
3 0.0537087 0.701 99.783
4 0.0112696 0.147 99.930
5 0.00535657 0.070 100.000
6 0.0 0.000 100.000
7 0.0 0.000 100.000
8 0.0 0.000 100.000

Based on what was said, these first two factors were chosen for the present study. Its
factorial matrix is shown in Table 5.

Table 5. Variable loadings of the first two factors from a Principal Component Analysis.

Variable Factor 1 Factor 2

Boiling water absorption 1.00174 0.0484075
Capillary water absorption 0.955474 −0.223192

Cold water absorption 0.988144 −0.0505878
Linear Shrinkage −0.788506 −0.451345

Bulk density −0.9110662 0.0148954
Weight loss −0.93085 −0.290827

Open porosity 1.00063 0.077084
Compression strength −0.839198 0.56653

The values shown in Table 5 can be improved by rotating the axis through the Varimax
rotation method, as shown in Table 6.
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Table 6. Variable loadings on first two factors after Varimax rotation.

Variable Factor 1 Factor 2

Boiling water absorption 0.766922 0.646266
Capillary water absorption 0.548185 0.81378

Cold water absorption 0.689588 0.709546
Linear Shrinkage −0.884903 −0.0205916

Bulk density −0.657107 −0.630664
Weight loss −0.879958 −0.420399

Open porosity 0.785626 0.6245
Compression strength −0.229337 −0.986206

These rotated values are plotted on a graph in Figure 4.
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In Figure 4, the eight physical properties previously determined by measurement of
the different families of geopolymer specimens made from brick dust and biomass bottom
ash are grouped around two essential factors to be determined. In this graph, the different
straight lines represent the “weight” of each of the properties around the factor under study.
Therefore, and based on the factorial analysis carried out, as well as on the knowledge
of the different properties obtained from the evaluation of geopolymers, two essential
and conditioning factors in the formation of geopolymers can be clearly defined with
the detailed methodology and materials. Consequently, these factors will be considered
essential to be able to define different combinations of brick dust and biomass bottom ash
for the formation of geopolymers with specific properties.

The first factor, defined in Figure 4 on the horizontal axis, is the percentage of brick
dust. This factor is decisive for correctly manufacturing geopolymers, as it is the source of
aluminosilicates. At the same time, it must be taken into account that the increase in the
percentage of brick dust or “chamotte” implies a decrease in the biomass bottom ash used,
which is the basis of the alkaline activator for the formation of the geopolymer. This fact is
corroborated in Table 1, shown above, where it can be seen how the increase in biomass
bottom ash is produced by a reduction in the percentage of brick dust.

On the other hand, factor 2, derived from the factorial analysis, corresponds to the theo-
retical porosity of the material (vertical axis). This property, different from the open porosity
and evaluated by the tests, represents the quality of the formed geopolymeric structure.
That is, a higher theoretical porosity will condition a much more open geopolymer structure
in which its density will be lower and, consequently, the resistance of the geopolymer will
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also decrease. However, a reduced theoretical porosity implies the creation of a much more
compact material with a high apparent density and, therefore, greater resistance.

Once the two essential factors that condition the formation of geopolymers with brick
dust and biomass bottom ash have been determined by factorial analysis, it can be affirmed
from Figure 4 that a higher theoretical porosity and a higher percentage of brick dust
determine a greater absorption of water by capillarity, absorption of cold water, absorption
of boiling water and open porosity. This is demonstrated by the fact that geopolymers with
a higher percentage of “chamotte” or brick dust do not form a solid geopolymer structure.

On the other hand, a lower percentage of brick dust combined with a lower theoretical
porosity, which means a much more closed geopolymeric structure, determines a greater
linear shrinkage, weight loss, apparent density and resistance to simple compression. This
is to be expected if one takes into account that geopolymers with a lower percentage of
brick dust and, consequently, a higher percentage of biomass bottom ash, have a higher
linear shrinkage so that the material will have a higher bulk density. This higher bulk
density translates into higher mechanical strength, as the theoretical and open porosity is
lower. At the same time, it is obvious that the weight loss of the geopolymer increases as
the percentage of brick dust decreases, as the biomass bottom ash has different chemical
compounds that do not help in the geopolymerisation process, nor react with the alumi-
nosilicate source. Consequently, these compounds are eliminated in the manufacturing
process by continuous water recirculation and, in turn, are discarded in higher quantities
as the percentage of biomass bottom ashes increases.

4. Conclusions

The methodology followed in the present study on the possible formation of geopoly-
mers with brick dust and biomass bottom ashes allows us to obtain a series of essential
partial conclusions for the confirmation of the final hypothesis. This final hypothesis is
based on the feasibility of forming geopolymers with the aforementioned residues. Conse-
quently, the partial conclusions derived from the investigation are the following:

• As the percentage of biomass bottom ashes increased, the conformation of various
families of samples with varying proportions of brick dust and biomass bottom ashes
showed the development of a geopolymer with a lower open porosity, lower absorp-
tion of cold water and suction, as well as a higher apparent density;

• The higher percentage of biomass bottom ashes and, consequently, the lower percent-
age of brick dust or “chamotte” makes creating a geopolymer with greater mechanical
resistance possible. However, there is a limit on biomass bottom ashes incorporation
from which the resistance decreases;

• The factorial analysis of the results demonstrated the quality of the measured data,
with high percentages of correlation between them;

• The factorial analysis of the data obtained by measuring the different physical proper-
ties evaluated in the different families of geopolymers reflected a positive correlation
between the absorption of water by capillarity, the absorption of cold water, the ab-
sorption of boiling water and the open porosity, as well as a positive and negative
correlation with the previous properties, of mechanical strength, bulk density, weight
loss and linear shrinkage;

• The factorial analysis of the physical properties of geopolymers determined statistically
that there are two main factors that determine the formation of geopolymers: the
percentage of brick dust and the theoretical porosity. An increase in both factors would
cause greater absorption of water by capillarity, absorption of cold water, absorption
of boiling water and open porosity. On the contrary, a decrease in both factors will
determine a higher mechanical strength, bulk density, weight loss and linear shrinkage.

Consequently, and based on the partial hypotheses detailed above, it can be stated
that the geopolymers creation with brick dust and biomass bottom ashes is possible, as
shown by the tests. On the other hand, it should be noted that the shaped geopolymers
have different properties depending on two essential factors determined by factor analysis,
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these being the percentage of brick dust and the theoretical porosity. For this reason,
it can be affirmed that it is possible to create a sustainable geopolymeric material with
100% waste and with diverse properties for multiple uses, conditioning its creation by
statistical methods.
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13. Kovářík, T.; Hájek, J.; Pola, M.; Rieger, D.; Svoboda, M.; Beneš, J.; Šutta, P.; Deshmukh, K.; Jandová, V. Cellular ceramic foam
derived from potassium-based geopolymer composite: Thermal, mechanical and structural properties. Mater. Des. 2021,
198, 109355. [CrossRef]

14. Davidovits, J. Geopolymers and geopolymeric materials. J. Therm. Anal. 1989, 35, 429–441. [CrossRef]
15. Raza, M.H.; Zhong, R.Y. A sustainable roadmap for additive manufacturing using geopolymers in construction industry. Resour.

Conserv. Recycl. 2022, 186, 106592. [CrossRef]
16. San Nicolas, R.V.R.; Walkley, B.; van Deventer, J.S.J. Fly ash-based geopolymer chemistry and behavior. In Coal Combustion

Products (ccp’s); Woodhead Publishing: Cambridge, UK, 2017; pp. 185–214.
17. Farhan, K.Z.; Johari, M.A.M.; Demirboğa, R. Assessment of important parameters involved in the synthesis of geopolymer

composites: A review. Constr. Build. Mater. 2020, 264, 120276. [CrossRef]
18. Kaplan, G.; Öz, A.; Bayrak, B.; Görkem Alcan, H.; Çelebi, O.; Cüneyt Aydın, A. Effect of quartz powder on mid-strength fly ash

geopolymers at short curing time and low curing temperature. Constr. Build. Mater. 2022, 329, 127153. [CrossRef]

https://doi.org/10.1016/j.asej.2022.101903
https://doi.org/10.1016/j.jclepro.2020.122433
https://doi.org/10.1016/j.clay.2017.05.032
https://doi.org/10.1016/j.jhazmat.2006.07.037
https://doi.org/10.1016/j.conbuildmat.2022.127539
https://doi.org/10.1016/j.rser.2022.112081
https://doi.org/10.1016/j.jobe.2021.102704
https://doi.org/10.1016/j.conbuildmat.2014.07.006
https://doi.org/10.1016/j.fuproc.2011.10.017
https://doi.org/10.1016/j.ccs.2022.100446
https://doi.org/10.1016/j.jenvman.2016.05.039
https://doi.org/10.1016/j.jeurceramsoc.2021.10.017
https://doi.org/10.1016/j.matdes.2020.109355
https://doi.org/10.1007/BF01904446
https://doi.org/10.1016/j.resconrec.2022.106592
https://doi.org/10.1016/j.conbuildmat.2020.120276
https://doi.org/10.1016/j.conbuildmat.2022.127153


Processes 2023, 11, 2491 14 of 15

19. Gao, X.; Yao, X.; Xie, R.; Li, X.; Cheng, J.; Yang, T. Performance of fly ash-based geopolymer mortars with waste cathode ray tubes
glass fine aggregate: A comparative study with cement mortars. Constr. Build. Mater. 2022, 344, 128243. [CrossRef]

20. Tahwia, A.M.; Abd Ellatief, M.; Heneigel, A.M.; Abd Elrahman, M. Characteristics of eco-friendly ultra-high-performance
geopolymer concrete incorporating waste materials. Ceram. Int. 2022, 48, 19662–19674. [CrossRef]

21. Choeycharoen, P.; Sornlar, W.; Wannagon, A. A sustainable bottom ash-based alkali-activated materials and geopolymers
synthesized by using activator solutions from industrial wastes. J. Build. Eng. 2022, 54, 104659. [CrossRef]

22. Yavuz, E.; Kul Gul, N.I.; Kockal, N.U. Characterization of class C and F fly ashes based geopolymers incorporating silica fume.
Ceram. Int. 2022, 48, 32213–32225. [CrossRef]

23. Premkumar, R.; Chokkalingam, R.B.; Rajesh, S. Performance of fly ash based geopolymer concrete with partial replacement of
fine aggregate by steel mill slag. Mater. Today Proc. 2022, 59, 496–500. [CrossRef]

24. Allaoui, D.; Nadi, M.; Hattani, F.; Majdoubi, H.; Haddaji, Y.; Mansouri, S.; Oumam, M.; Hannache, H.; Manoun, B. Eco-friendly
geopolymer concrete based on metakaolin and ceramics sanitaryware wastes. Ceram. Int. 2022, 48, 34793–34802. [CrossRef]

25. Tahwia, A.M.; Heniegal, A.M.; Abdellatief, M.; Tayeh, B.A.; Elrahman, M.A. Properties of ultra-high performance geopolymer
concrete incorporating recycled waste glass. Case Stud. Constr. Mater. 2022, 17, e01393. [CrossRef]

26. Riofrio, A.; Cornejo, M.; Baykara, H. Environmental performance of bamboo fibers and sugarcane bagasse reinforced metakaolin-
based geopolymers. Case Stud. Constr. Mater. 2022, 17, e01150. [CrossRef]

27. Suresh Kumar, A.; Muthukannan, M.; Arunkumar, K.; Sriram, M.; Vigneshwar, R.; Gulshan Sikkandar, A. Development of
eco-friendly geopolymer concrete by utilizing hazardous industrial waste materials. Mater. Today Proc. 2022, 66, 2215–2225.
[CrossRef]

28. Oshani, F.; Allahverdi, A.; Kargari, A.; Norouzbeigi, R.; Mahmoodi, N.M. Effect of preparation parameters on properties of
metakaolin-based geopolymer activated by silica fume- sodium hydroxide alkaline blend. J. Build. Eng. 2022, 60, 104984.
[CrossRef]

29. González-García, D.M.; Téllez-Jurado, L.; Jiménez-Álvarez, F.J.; Zarazua-Villalobos, L.; Balmori-Ramírez, H. Evolution of a
natural pozzolan-based geopolymer alkalized in the presence of sodium or potassium silicate/hydroxide solution. Constr. Build.
Mater. 2022, 321, 126305. [CrossRef]

30. Scanferla, P.; Gharzouni, A.; Texier-Mandoki, N.; Bourbon, X.; Rossignol, S. Effects of potassium-silicate, sands and carbonates
concentrations on metakaolin-based geopolymers for high-temperature applications. Open Ceram. 2022, 10, 100257. [CrossRef]

31. Amran, M.; Huang, S.S.; Debbarma, S.; Rashid, R.S.M. Fire resistance of geopolymer concrete: A critical review. Constr. Build.
Mater. 2022, 324, 126722. [CrossRef]

32. Aziz, A.; Stocker, O.; El Amrani El Hassani, I.E.; Laborier, A.P.; Jacotot, E.; El Khadiri, A.; El Bouari, A. Effect of blast-furnace slag
on physicochemical properties of pozzolan-based geopolymers. Mater. Chem. Phys. 2021, 258, 123880. [CrossRef]
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