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This study evaluates the technological properties of alkali-activated cements (AACs) produced from

spent diatomaceous earth (SDE), a by-product of beer filtration, combined with 20 wt.% of industrial
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sludge ashes. The ashes used include brewery sludge ash (BSA), oil industry sludge ash (OSA),
pulp—paper sludge ash (PSA), and aluminum anodizing sludge ash (AASA). Activation was carried
out using a 1:1 mixture of sodium silicate and sodium hydroxide, with curing at room temperature for
7 and 28 days. Microstructural analysis was performed using X-ray diffractometer (XRD), Fourier
transform infrared (FTIR) spectroscopy, scanning electron microscopy (SEM), and scanning
electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDS). The results show that
the chemical composition of the sludge ashes significantly influences the mechanical performance of

AACs. Calcium-rich wastes improved compressive strength, while the presence of SO3 and P,O5

reduced it due to the formation of expansive phases or secondary reactions. The best results were
achieved with BSA-SDE cements, which reached compressive and flexural strengths of 30.0 and

6.5 MPa, respectively.
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1. Introduction

Concrete, the second-most consumed substance on Earth, is an essential part of any building or
structure and the most popular construction material, which contains cement as a fundamental

component. Cement production is the third-largest CO»-emitting industry globally, accounting for 5%
of all CO, emissions [1]. Almost all types of cement are made with Portland cement manufactured by

heating significant amounts of natural resources, clay (or shale), and limestone (or chalk) in cement

processing plants. A substantial share of CO, emissions, ranging from 50% to 60%, originates from
the decomposition of limestone (CaCO3), while 30—40% is produced by the combustion of fossil

fuels during the heating processes. The remaining emissions result from electricity use in air coolers
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and miills [2]. Considering current technology, producing 1 ton of Portland cement releases 1 kg of

SOy, 2 kg of NOy, 10 kg of dust, and nearly 640 kg of CO5, into the atmosphere [3].

The continuous increase of CO5 in the atmosphere and the devastating impacts of global warming

have driven a surge in research on alternative, more environmentally sustainable materials aimed at

reducing CO5 emissions in the cement industry. Alkali-activated cements (AACs), also called

geopolymers (mainly for systems with low calcium content), a class of inorganic materials, are
examples of promising cementitious products that can partially substitute Portland cement. AAC are

synthesized from raw materials containing amorphous silica (SiO5), alumina (Al,O3) and high or low

calcium content (CaO) together with an alkaline activator [4]. Manufacturing AACs enables the use
of different industrial wastes as raw materials, reducing the usage of natural resources, avoiding

landfill disposal, and reducing CO, emissions by 80% [5].

Alkaline activation or geopolymerization is a chemical reaction that can be produced in the
temperature range of 20—100 °C. On the one hand, AACs obtained from materials rich in silica,
aluminum, and calcium produce a cementitious material, a C—(A)-S—H gel, similar to Portland
cement, although with a certain aluminum content in its structure. Linear chains of silica tetrahedra
form this gel. On the other hand, AACs obtained from raw materials rich in silicon and aluminum, the
main reaction product is an N—A—S—H geopolymeric gel. This gel has a 3D structure resulting from

the dissolution of aluminosilicate-type materials in the alkaline medium and the formation of

oligomers, Si(OH)4' and AI(OH)4' together with hydroxylated compounds that, during the

polycondensation reaction, give rise to tetrahedral units which form an amorphous 3D network [4,6].

Among the advantages of AACs include the following: they are low-priced; they can harden in very
little time at ambient temperatures similar to fast cement but with improved physical properties [7];
their structure does not oxidize or decompose under high temperatures (1000-1200 °C); and they
have excellent heat insulation properties, good mechanical characteristics, exhibit excellent acid
resistance and lower shrinkage compared with cement [3,7—14]. It has even been shown to have
better resistance properties in certain applications, such as in marine environments [15]. In this

regard, it is also worth noting that alkali-activated binders have been widely explored for the
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stabilization of soil-like materials, particularly expansive clays such as black cotton soil. The
incorporation of fly ash, rice husk ash (RHA), red mud, and other industrial by-products in
combination with alkaline activators has been shown to significantly improve mechanical strength,
durability, and reduce leaching of contaminants, making these systems promising alternatives in
geotechnical and pavement applications [16—20]. These findings further support the feasibility of

valorizing industrial sludges with soil-like characteristics as precursors in alkali-activated systems.

However, the composition of the precursors determines the properties of AACs. Due to
environmental concerns, studying the use of industrial waste as an adequate and sustainable
alternative to conventional raw materials (metakaolin) is especially relevant, as it additionally helps to

avoid the overexploitation of natural resources.

Spent diatomite earth (SDE) is an industrial by-product composed of diatom, yeast, and other
organic matter restrained in the filtration phase of the beer manufacturing process [20]. Diatomite is a
biogenic sedimentary rock formed by the accumulation of siliceous shells of unicellular organisms,
particularly diatoms, and it presents a high content of natural amorphous silica [21]. Due to its unique
porous structures, high adsorption capacity, and low density [22], diatomite is widely used as a
filtration material. One liter of clarified beer consumes approximately 1-2 g of diatomite, generating
17.14 g of spent diatomite [23]. This waste is reused in different fields, highlighting its use as a
building material, as shown in the following studies: concrete made with brewery-spent diatomite
[24]; concrete with variable loadings of diatomite [25,26]; clay-based materials with spent diatomite
[27]. Other applications of SDE have been studied, such as those in the chemical industry and water
treatment: preparing high-performance photocatalysts [28]; removing fluoride from drinking water
using brewery waste diatomite [29]. Regeneration methods of spent diatomite have also been
studied [23,30]. It might be pointed out that applying this residue in agriculture as organic fertilizer is
controversial, as it can lead to soil contamination [31]. At present, only small amounts of spent
diatomite are reused, and large quantities are disposed of in landfills, occupying vast land, and

releasing CO and COy into the atmosphere. SDE, however, is rich in amorphous silica and has a

high surface area, which makes it a promising precursor for the manufacture of AACs, although it

has been little explored in this context [32,33].
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Another type of waste generated in large quantities is wastewater treatment sludge. In Spain, around
1.2 million tons (in dry matter) of sludge from wastewater treatment plants are produced annually [34]
and the trend is to increase. In 2022, approximately 81.7% of the sludge produced in Spain was
reused in agriculture, forestry and gardening if its heavy metal content is adequate. A 7.9% of its final
use was energy use or incineration, generating ash as waste. It must be considered that 10.3% of
the total was deposited in landfills [35]. It is evident that the composition and characteristics of the
sludge generated by the treatment of industrial wastewater vary considerably depending on the type
of industry that produces it. However, sludge ashes resulting from the incineration of industrial
wastewater treatment sludge often contain significant amounts of alumina, calcium, and silica and
other oxides depending on their origin. These chemical characteristics make them suitable for use as
complementary precursors in alkali-activated matrices contributing to gel formation and improving

mechanical performance.

Brewery sludge (BS) is a residue resulting from wastewater treatment plants at different stages of
the brewing process. Around 14—20 kg of BS is obtained per hectoliter of beer produced [36]. It is
mainly composed of organic matter and essential nutrients with great potential as fertilizer in
agriculture [37-39], considering the limitations on the use due to the heavy metals concentrations
and presence of pathogens [40,41], alternative uses of this type of waste have been studied. One
example is its use as a source of energy and the subsequent utilization of its ashes in the
construction sector: BS as an energy source and its ashes as an additive for the cement industry
[40]; geopolymer concrete materials made with brewery sludge ash (BSA) [41]; lightweight
aggregates manufactured with clay and wastes from the brewing industry [42]. Other studies have
researched the potential recovery of components of the BS and sub-products: recovery of water,
nitrogen, and carbon from brewery effluent [43] and of methane between algal and activated BS as a

result of anaerobic digestion [44].

Oil industry sludge (OS) is an aqueous waste from vegetable oil extraction and refining. It is mainly
composed of organic matter and mineral compounds. In the case of the oil industry, traditional
methods of oil sludge disposal consisted of ocean discharge and incineration. However, nowadays,

these sludges are mainly used to amend agricultural soil. It must be taken into account that this
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practice may constitute a risk due to the residue’s possible antimicrobial and phytotoxic effects that
might increase salinity and nitrogen immobilization [45]. Composting this sludge is proposed as the
environmentally most beneficial way of extracting agricultural value from it [46]. Currently, other
applications for this sludge are under study, as shown in the following research publications: sludge
from the olive oil industry as an adsorbent for the removal of water contaminants [47,48]; biomethane
recovery from olive mill residues through anaerobic digestion [49]; residues from olive oil production

for manufacturing ceramic materials or alkaline activated cements materials [50-53].

Pulp—paper industry sludge (PS) is a by-product resulting from wastewater treatment in the paper
and cellulose industry, and it is characterized by its high humidity, approximately, 50% of water
content, and its composition, mainly basic kaolin and cellulose along with other materials in small
amounts, including heavy metals. The paper and cellulose industry is growing at annual rates of up
to 30% worldwide. It should be considered that for every ton of paper produced, around 400 kg of
residue is generated [54]. Although paper—pulp industry sludge is classified as a non-hazardous
material due to the fraction of metal being not significant, typically, this waste is disposed of in
landfills with the consequent economic cost and environmental impact on soil and groundwater [55].
Different solutions have been proposed to reuse this sludge, considering the high concentration of
cellulose fibers as an advantage to be used as reinforcement components in building materials,
improving their technological properties [56]. At the same time, incorporating the sludge into ceramic
materials has contributed to substantially reducing dumping [57]. The following recent research
shows the advantages of incorporating this by-product in different construction materials: calcium
silicate board materials [58]; green geopolymer mortars [59]; soil-cement blocks [60]; and cement-
based mortars [55]. Likewise, other uses of this sludge were studied, such as the case of soil

stabilization and correction [57].

Aluminum anodizing industry sludge (AAS) is a by-product of chemical treatment that provides
anticorrosion protection to aluminum. Due to its high alkalinity, the sludge is classified as hazardous.
According to the International Aluminium Institute, demand for aluminum products has doubled since
2000. Worldwide aluminum production was 88,383 thousand metric tons in 2023 [61], and an

estimated 1 ton of sludge is generated for each ton of anodized material. The large quantity of
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hazardous waste produced globally creates a significant environmental impact and requires the
search for new possibilities for recycling [62]. In this regard, the possible uses of AAS as building
material have been studied as stated in the following research articles: composites of construction
materials, mortar-cement, and lime waste [62,63]; environmentally clean composites produced with
iron ore processing tailings, ASA, concrete waste, and lime production waste [64]; boards with flame
resistance made with recycled PET and AAS [65]; bricks fired with AAS and clay bricks [66]; and
RHA and ASA as precursors for the synthesis of geopolymers [67].

In view of the above, the management of industrial wastewater sludge represents an important
challenge for companies due to the growing environmental concerns and demands, making clear the

need to seek new innovative waste recovery processes that comply with the current legislation.

The combined use of BDS and sludge ash from different industries in AAC formulations can offer
synergistic effects by complementing each other in terms of chemical composition, supporting
circular economy strategies and providing a sustainable outlet for waste that is often landfilled, thus

mitigating its environmental impact.

In this research, the manufacture of AACs is proposed by using spent diatomaceous earth (SDE)
from the brewing industry in combination with each of the ashes resulting from the combustion of
wastewater treatment sludge generated in the following sectors: brewing, vegetable oil refining,
pulp—paper manufacturing, and aluminum anodizing. The materials obtained were cured at ambient
temperature, and afterwards, the physical, mechanical, and microstructural properties of the new

conglomerates produced were studied.

This work is the first comparative study that explores the combined use of BDS and different
industrial sludge ashes as precursors in the synthesis of CAAs. The novelty of the research lies not
only in the joint valorization of two little exploited industrial wastes, but also in the systematic analysis
of the effect of the chemical composition of each ash on the type of gels formed during activation, as

well as on the microstructure and mechanical performance of the final binder.

2. Materials and methods
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2.1. Raw materials and characterization

The SDE, together with BS, was supplied by the company Heineken S.L., from a brewery situated
in Jaén (Spain). The OS was provided by the oil and fat refining company Aceites del Sur Coosur,
S.A. (Vilches, Jaén, Spain). The aluminum anodizing sludge (AAS) was supplied from Alusistemas
S.A. (Mancha Real, Jaén, Spain), an anodizing plant. With respect to the PS, it was provided by the
Cotton South S.L. Celsur Company (Fonelas, Spain).

All raw materials were dried at 100 °C until a constant mass was achieved. The by-products were
then subjected to the corresponding calcination. The calcination of those precursors is necessary in
order to avoid the presence of organic matter which causes a delayed formation of the main hydrated
products, with a consequential negative effect on the setting and mechanical properties. In addition,
the calcination of the organic matter improves the precursor’s reactivity, contributing to the
pozzolanic activity. The temperature and calcination time parameters were previously established by
thermogravimetric analysis and differential thermal analysis (TGA-DTA) tests (Figure 1). These
tests made it possible to determine the optimal conditions to guarantee the complete decomposition
of the organic matter contained in the raw materials. SDE was calcined at 600 °C, while BS, OS,
and PS were calcined at 800 °C, and AAS at 400 °C, for a duration of 2 h, with a heating rate of 10
°C/min. Following calcination, the materials underwent milling in a ball mill for 30 min at a rotational
speed of 350 rpm. Subsequently, they were sieved to achieve a particle size of less than 100 um.
The materials obtained were called: SDE, aluminum anodizing sludge ash (AASA), BSA, oil sludge

ash (OSA), and pulp—paper sludge ash (PSA).
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Figure 1. Thermogravimetric and differential thermal analysis (TGA-DTA). (a) SDE, (b) PS, (c) BS,
(d) AAS, and (e) OS.
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The particle size distribution of the calcined precursors was determined by laser diffraction analysis.
To this end, a Malvern Mastersizer 2000 laser diffractometer (Malvern, UK) was used. The particle
size distribution of the calcined precursors is shown in Figure 2 and it differs considerably between
raw materials. The Dv50 value is significantly higher in the case of OSA, with a value of 66.9 um.
PSA (Dv50 = 10.9 um) is followed by a difference close to SDE (Dv50 = 7.78 pm). With lower and
close values are AASA (Dv50 = 4.47 ym) and BSA (Dv50 = 3.11 pm).
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Figure 2. Particle size distribution of precursors.
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The mineralogical phase analysis of the raw materials was conducted in the 10-80° 26 range, with a
step size of 0.02°, using an Empyrean X-ray diffractometer (XRD) equipped with a PIXcel-3D
detector from PANalytical. The analysis was performed using Cu Ka radiation (A = 1.5406 A) at a
voltage of 40 kV and a current of 40 mA. The resulting XRD diffractograms were processed and
analyzed using HighScore software. The main inorganic crystalline phases identified in the XRD
patterns are the following (Figure 3): SDE, raw material calcined, presented o-cristobalite and o-
quartz as major constituents, with sanidine present in minor proportions [25]; PSA, calcite, periclase

(MgO), larnite (CapSiOy4), and portlandite (Ca(OH),) (and cellulose) [68,69]; BSA, calcite (CaCO3),
basanite (2CaS0O4-H50), and merwinite (CazMg(SiOg4)2) [25,70]; AASA, lime (Ca(OH)5), anhydrite

(CaS0y), and millosevichite (Alo(SO4)3; OSA, berlinite (AIPO4) mainly.
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Figure 3. XRD spectrum of precursors: (a) SDE, (b) PSA, (c) BSA, (d) AASA, and (e) OSA.
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The chemical composition of the raw materials was analyzed by X-ray fluorescence (XRF) using a
Philips Magix Pro model PW-2440 instrument (Amsterdam, Netherlands). The results of the analysis

are presented in Table 1. The SDE residue is predominantly composed of SiO5 (89.09%), with
smaller quantities of Al,O3 (3.22%), FeoO3 (2.72%), and CaO (1.21%). PSAincludes as primary
components, Al,O3 (32.33%) and CaO (29.52%), with significant amounts of P,05 (13.17%), MgO
(8.06%), and SO3 (7.94%). The main components of BSAare CaO (59.36%) and SiO5 (22.41%);

AASA, the mayor components are CaO (34.96%) and SO (32.94%) followed by AloO3 (21.51%).
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OSA contains mainly Al,O3 (62.04%) and to a lesser extent P,05 (18.13%) and NayO (6.29%).

Note: The table layout displayed in ‘Edit’ view is not how it will appear in the printed/pdf version.
This html display is to enable content corrections to the table. To preview the printed/pdf
presentation of the table, please view the ‘PDF’ tab.

Table 1. Chemical (wt.%) composition of the raw materials.

Raw material SiO, Al,O3  Fey03 ca0 Mgo Na,O K0 P,05 SO; LOI2
SDE 89.09 3.22 2.72 1.21 0.42 1.35 0.22 0.47 0.09 0.41
PSA 2.83 32.33 0.41 29.52 8.06 2.76 0.1 13.17 7.94 4.07
BSA 21.41 2.98 2.28 55.36 1.49 1.42 0.24 3.38 2.24 7.54
AASA 0.39 21.51 0.14 34.96 0.45 0.89 - - 32.94 5.12
OSA 2.16 62.04 1.02 3.22 0.52 227 0.36 18.13 1.20 8.03

aLOI: loss of ignition.

Scanning electron microscopy (SEM) using energy dispersive X-ray spectroscopy (EDS) was
employed to examine the morphology of the calcined raw materials (Figure 4). The samples were
mounted on an aluminum grid and then coated with a thin layer of carbon using a JEOL JFC 1100

sputter coater (Akishima, Japan).
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Figure 4. SEM micrographs of raw materials: (a) SDE, (b) PSA, (c) BSA, (d) AASA, and (e) OSA.
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As illustrated in Figure 4, the SDE particles exhibit irregular shapes and a broad range of sizes. The
morphology of these particles is characterized by a rough surface texture, with a porous
microstructure that is likely to enhance adsorption capacity and increase water demand [71]; BSA,
OSA, and PSA show spherical and some irregular shapes particles of a wide variety of sizes,
presenting OSA and to a lesser extent PSA larger particle. The particles are porous, allowing BSA,
OSA, and PSAto be used as hydraulic mineral additives. Due to the porosity and open areas,

coagulated particles are observed. AASA shows smaller angular particles.

Attenuated total reflectance Fourier transform infrared (AT R-FTIR) spectroscopy was carried out in
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the range of 4000400 cm™ " using a Vertex 70 Bruker instrument (Billerica, MA) to identify the
characteristic functional groups present in the samples (Figure 5). SDE exhibited absorption bands
centered at 1069 cm~ ! and 457 cm‘1, which are attributed to the silica absorption bands
corresponding to the stretching vibrations of Si—-O-Si bonds [33]. The band centered at 794 cm™ ! is
also assigned to Si—-O-Si bonds, associated with the presence of amorphous SiO in the waste [72].
A centered band of high intensity between 1036 and 1092 cm ™1 is observed in all raw materials and
it is attributed to the asymmetric stretching vibration of the siloxane group Si—O-Si [73]. The bands
observed between 580 cm™! and 620 cm™’ correspond to the AI-O bond and AlI-OH bond,

respectively [67,74]. The absorption peaks at approximately 670 cm™ ! are attributed to the symmetric

stretching vibration of Si—-O—Al [75]. AASA, OSA, and PSA samples display absorption bands

centered around 3400 cm™" and 1630 cm™", which are attributed to the O—H stretching and bending

vibrations of the O—H—O bonds in water molecules absorbed on the surface of the material [76].
PSA sample shows a prominent peak centered at 1448 cm™", which is associated with the carbonate

ion (0032‘), and a band at 872 cm™!, which corresponds to the bending vibration of the carbonyl
groups in the SiO44' structure, as a result of the presence of larnite [77] and to the existence of

inorganic carbonate [78]. The appearance of bands in the range of 600—400 cm ! suggests the
presence of Si-O-Si and AI-O-Si bonds, indicating the transition from an amorphous to a semi-

crystalline state in the aluminosilicate [68,78].

BSA presents a high band at 1398 and 874 cm™1, corresponding to the carboxyl group stretching
absorption peak and the stretching vibrations of C—-O [79]. C—H bonds are also observed at 720

cm 1.

The OSAFTIR spectra show two main absorption bands: 1076 cm™1, previously commented, and

463 cm™! assigned to O-Si-O bending [53] (Figure 5)/AQ2
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Figure 5. FTIR spectra of precursors: (a) SDE, (b) PSA, (c) BSA, (d) AASA, and (e) OSA.
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2.2. Synthesis of alkali-activated cements

The first step involves preparing the alkaline activator, with a molar ratio of Ms (mol SiOy/mol

Nay0) = 1.00, value used in other studies for waste with high silica content [80,81]. This activator

consists of a 50 wt.% NaOH 8 M solution (98% purity, Panreac, Barcelona, Spain) and a 50 wt.%

NaySiO3 solution, which contains 29.2% SiO,, 8.9% NayO, and 61.9% H50. The required amount

of NaOH is dissolved in distilled water to achieve an 8 M concentration. This dissolution is

exothermic, so the solution must be allowed to cool. Once the 8 M NaOH solution has cooled

,itis
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weighed, and the appropriate amount of Na,SiO3 is added. After homogenizing the solution, the pH

is measured using a Crison Basic 20 pH meter. The procedure followed comprised the following

steps:

1. Mixing of precursors: In the first step, the precursors, each sludge and SDE, were mixed and
homogenized for 90 seconds at low speed.

2. Activating solution: Subsequently, the commercial activating solution was poured into the
homogeneous mixture and the material was homogenized for an additional 90 seconds at low
speed. The mixture that had adhered to the walls of the container was scraped off and
reintroduced into the bulk. It was then mixed for an additional 30 seconds at high speed.

3. Molding: The formed paste was then poured into the 60 x 10 x 10 mm steel molds to conform
suitable samples to determine physical and mechanical properties.

4. Vibration: The filled molds were subjected to 60 strokes on a Proeti vibrating table (Madrid,
Spain) to eliminate any air bubbles and enhance the compaction of the material, ensuring a
more uniform and dense final structure.

5. Curing: The specimens were covered with a protective film and cured at 22 + 2 °C, for 24 hours
prior to demolding. After demolding, they were kept under the same temperature and relative

humidity =50% until the specified testing ages of 7 and 28 days.

Table 2 provides information about all prepared samples, which are designated as AASA-SDE,
BSA-SDE, OSA-SDE, and PSA-SDE. The proportions of the mixtures utilized in this study
remained consistent across all specimens: SDE: 80 wt.% and different sludges ash AASA, BSA,
OSA, and PSA: 20 wt.%. The selected dosage of 20 wt.% sludge ash was based on preliminary
trials in which replacement levels of 10, 20, and 30 wt.% of SDE were evaluated. A 20 wt.% addition
was identified as the optimal compromise, ensuring acceptable workability and compressive strength
while maximizing waste valorization. This range is also supported by literature, which considers

substitution levels of 10-30 wt.% sludge ash effective in alkali-activated systems [82,83].

Note: The table layout displayed in ‘Edit’ view is not how it will appear in the printed/pdf version.
This html display is to enable content corrections to the table. To preview the printed/pdf
presentation of the table, please view the ‘PDF’ tab.
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Table 2. Mixture compositions of alkaline-activated cements.

SDE PSA BSA AASA OSA NaOH NaySiO3 Waterinsilicate Total water

Sample

= @ @ (@ (@ (@ (9 (@) (@) (9)
PSA-SDE | 320 80 - - - 66.46 270 167.13 203.54
BSA-SDE | 320 - 80 - - 66.46 270 167.13 203.54
AASA- 320 - - 80 - 76.31 310 191.89 233.69
SDE
OSA-SDE | 320 - - - 80 86.15 350 216.65 263.85

2.3. Experimental methods and characterization of alkali-activated cements

The specimens underwent flexural strength tests in compliance with the UNE-EN 1015-

11:2000/A1:2007 standard [84]. Testing was performed using an MTS Insight 5 machine with a 5 kN

capacity, operating at a displacement speed of 0.2 mm/min. A total of five samples from each

composition and curing time were tested. The flexural strength (0F) was calculated using the

following equation:

i
oF = 1.5—

where F is the applied load in N, / is the span, defined as the distance between the axes of the

support rollers (mm), b is the width of the specimen (mm), and d is the thickness of the specimen

(mm).
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Upon fracture of the specimens during the bending test, each specimen is divided into two parts.
One half is utilized for the subsequent compression test, while the other half is reserved for the

determination of bulk density.

The compressive strength of five half specimens was measured in accordance with the UNE-EN
1015-11:2000/A1:2007 standard [84]. The test was performed using the MTS 8101 universal testing
machine with a capacity of 100 kN. The compressive strength was determined using the following

equation:

w |

oo =

where @ is the compressive strength (MPa), F is the maximum ultimate load (N), and S is the area

of the specimen face under load (mm?).

The bulk density and water absorption of the samples were determined based on Archimedes’
principle, in accordance with the UNE-EN 1015-10 standard [85]. The results are presented as the

average values obtained from five determinations of half specimens from each sample.

The real density of the alkaline-activated cements was measured using the pycnometer method, with
ethanol as the solvent. The total porosity was then calculated using the real density and bulk density

values, based on the following equation:
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bulk density
true density

Total porosity (%) = (1 ) = 1000

2.4. Statistical analysis

In the present study, a two-way analysis of variance (ANOVA) and an F-test were performed using R
and R Commander to evaluate the statistical significance of the factors affecting the dependent
variables, namely compressive and flexural strength. A full factorial design was implemented, and the

analysis was carried out at a 95% confidence level.

3. Results and discussion

3.1. XRD analysis

The XRD spectra of the alkaline-activated cements after 28 days of curing are shown in Figure 6.
The primary peaks observed in the precursor materials (Figure 3) are also present in the pastes;
however, the intensity of the diffraction peaks is lower compared to the raw materials. The presence
of geopolymeric gel (N—(A)-S—H) in all alkaline activation cements was confirmed with the hump
between 20° and 40° [86]. In cements that incorporate AASA, BSA, and PSA with high calcium
content, diffraction peaks characteristic of the formation of calcium silicate hydrate (C—S—H) are also
detected, identified by the 26 angles at 29.355°, 32.053°, and 50.077° [87]. The presence of a higher
concentration of calcium (Ca) in the waste materials, coupled with the elevated pH of alkaline
activator (>12) promotes the conversion of N—(A)-S—H gel into C—(A)-S—H gel [88] or hybrid gel
[89].
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Figure 6. Mechanical properties of alkaline-activated cements: (a) compressive strength and (b)
flexural strength.
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In the case of samples with PSA waste, the appearance of calcium silicate as a crystalline phase in
XRD diffractogram could be overlapped with calcite, as a result of carbonation of samples in the
curing process [86]. However, peaks associative to quartz have not been removed, but they were
found with low intensity. In addition, in PSA-SDE diffractogram, peaks associative to larnite
disappeared. The reason was that larnite can dissociate and participate in the formation of C—(A)—

S—H gel, N—(A)-S—H gel or hybrid gel [90].

The anhydrite phase (CaSOy,) is not detected in the alkaline activation cements PSA-BSA and

IST: 2025-07-25: 10:44:49 AV | This track pdf was produced fromthe online proofing tool and is intended to be used as a reference. | Page 21 of 51



AASA-BSA, due to its partial dissolution in the presence of sodium hydroxide. T his condition
facilitates the release of Ca2* ions to the alkaline medium, which can react with silicates (Si04*)

derived from sodium silicate, promoting the formation of hydrated calcium silicate phases (C—-S—H).
As the reaction progresses, by-products may be generated by the interaction of the sulfate with the

alkaline solution.

The sulfate ion (SO42') could combine with calcium to give rise to the formation of ettringite
(3Ca0-AlI,03-:3CaS04-32H50), a new phase detected by XRD [91]. In the diffractograms of the
OSA cements, the appearance of the NaH,PO4 phase is also observed due to the reaction of P05
and NaOH from the solution to form monosodium phosphate (P205 + 2 NaOH + H,O < 2
NaH,POy). Furthermore, in the BSA-SDE samples, the peaks associated with calcite disappear,

crystallizing in the form of monohydrocalcite, which, according to some authors, this phase will

evolve into aragonite in longer curing periods [92].
3.2. FTIR

FTIR spectra of alkaline-activated cements after 28 days of curing are presented in Figure 7. In the

FTIR spectrum of the OSA-SDE cements, a shift of the main band of the OSA residue is observed,

initially centered at 1076 cm™ !, toward shorter wavelengths (1006 cm’1), which indicates the
formation of N-A—S—H geopolymeric gel. This band is attributed to the asymmetric stretching

vibrations of T-O—T bonds, where T represents Si or Al atoms [93]. Other characteristic bands of
N-A-S—H gels are also identified, such as the band at 545 cm‘1, attributed to the tetrahedral

stretching of aluminum, and bands in the range of 690—420 cm™ !, associated with the bending

vibrations of the Si bonds. —O-Si and Si—O-Al [94].
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Figure 7. XRD spectrums of alkaline-activated cements at 28 days of curing: (a) PSA-SDE, (b)
BSA-SDE, (c) AASA-SDE, and (d) OSA-SDE.
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In cements that incorporate BSA, a residue with considerable amounts of calcium, the main band

corresponding to the stretching vibration of the Si-O bond moves toward lower wave numbers,
centered at 970 cm™ !, which is characteristic of the formation of C—=S—H gel [95,96]. This band is

wide, observing a shoulder centered at 1057 cm‘1, also indicating the formation of an N-A-S—H gel,

suggesting the coexistence of both gels or a C, N—(A)-S—H hybrid gel. Meanwhile, the Si-O-Si

bending band of the CSH gel is located at 670 cm™ [97].
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Concerning cements that incorporate PSA and AASA and contain considerable amounts of calcium

and aluminum, the main band is observed centered at higher wave numbers 992 and 1016 cm‘1,
respectively. These bands could be related to the characteristic Si—-O-Si vibration frequency of the
C—A-S—H gel [93]. Higher aluminum content in the synthesized gels suffers a shift of the main band
of the spectrum toward higher wavenumbers, indicating a gel richer in aluminum [97]. T he formation

of the N—-A—S—H geopolymeric gel is corroborated by the presence of a shoulder in the SDE-PSA

cements centered at 1057 cm™! and a band centered at 1055 cm™ ! in the SDE-AASA binders.

Centered bands between 3000 and 3400 and around 1600 cm™ ! that appear in all cements are
associated with O—H bonds, corresponding with hydrated products corroborating the gel formation.

The deformation and bending vibrations of the O—C—O bond characteristic of carbonates were

identified in the centered bands at 1440 cm™! and 860 cm™, respectively [98]. These bands result

from the reaction with atmospheric CO,, leading to the carbonation.

Furthermore, in the SDE-BSA and BSE-PSA cements, this phenomenon is also due to the
presence of carbonates in the BSA and PSA precursors. The intensity of these bands decreases in

the following order SDE-BSA= SDE-PSA > SDE-OSA > SDE-AASA. A splitting of the band
centered at 1400 cm™ ! can be observed in the alkaline activation cements with peaks centered at
1148-1436 cm~ ! and 1410 cm™ ", which could indicate the interaction between the cations Ca2* and
Na* and the carbonate ion (CO32‘). The presence of the divalent cation Ca2* induces a band with a

higher wave number compared to the monovalent cation Na*. This splitting suggests the

coexistence of CaCO3 and Na,CO3 [99].

3.3. Scanning electron microscopy with energy dispersive X-ray spectroscopy
(SEM-EDS) analysis

The SEM images of AACs after 28 days of curing are shown in Figure 8. The microstructure varies
depending on the type of sludge ash incorporated. All binders exhibit pores within the matrix, along
with microcracks likely associated with the transformation of amorphous gels into more ordered

structures, which induce internal stresses [100]. In cements that use BSA as a precursor, which
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contains 59.36% CaO, 22.41% SiO,, and the Al,O3 content being very low (2.98%), a globular gel

is formed as the main reaction product, hybrid (N, C—(A)-S—H (spectrum 1). These binders
presented the highest compression resistance. The use of PSA and AASA precursors with high

amounts of CaO (29.5% and 35.0%) and Al,O3 (32.3 and 21.5%), respectively, gives rise to a Ca-

poor hybrid globular gel in PAS-SDE AACs (spectrum 2). In these cements, regions are also

observed in which needle-shaped sodium carbonates appear (spectrum 3) intermixed with C, N—A—
S—H [101].

Figure 8. FTIR spectrums of alkaline-activated cements at 28 days of curing: (a) PSA-SDE, (b)
BSA-SDE, (c) AASA-SDE, and (d) OSA-SDE.
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Calcium or sodium hydroxide is highly unstable and reacts easily with carbon dioxide present in the
air, forming calcium and/or sodium carbonate in a carbonation process [102]. It is widely recognized
that the presence of excess calcium hydroxide or sodium hydroxide in the concrete structure,
combined with the subsequent carbonation process, is one of the primary factors contributing to its
deterioration [102]. Furthermore, the appearance of microcracks due to its MgO content (8.1%),

which can give rise to expansive phenomena due to the formation of brucite (Mg(OH)»), can
generate internal stresses [103]. The Ca depletion observed in the hybrid gel of PSA-BSE cements
can be attributed to the reaction of Ca with P,O5 (13.2%) to form calcium phosphates, as well as
with SO3 (7.9%) to generate calcium sulfates, both compounds can precipitate in an alkaline

medium, affecting the microstructure and properties of the alkaline-activated cement.

Two phases are observed in AASA binders: a more compact C,N-A—S—H hybrid gel containing a
reduced amount of Na (spectrum 4) and a globular N,(C)A-S—H gel containing a small amount of
Ca (spectrum 5). In addition, some cracking has been evident, mainly due to the formation of
ettringite needles, as seen in the micrograph (Figure 9). This phase is expansive, attributable to the

high SO3 content of the AASA precursor [104].
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Figure 9. SEM images of alkaline-activated cements at 28 days of curing: (a) OS-SDE, (b) AS-
SDE, (c) BS-SDE, and (d) PS-SDE.
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While in the cements that use OSA as a precursor containing 62.04% Al,03, the main reaction

product is the N—-A—S—H geopolymer gel (spectrum 6). However, unreacted SDE particles (spectrum

7) and carbonates of sodium in the form of needles are also observed (spectrum 8).
3.4. Physical properties of alkaline-activated cements

The bulk density, water absorption, and total porosity of AACs measured after 7 and 28 days of

curing are shown in Table 3.
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Table 3. Bulk density, water absorption, and total porosity as function of curing time for
alkaline-activated cements after 7 and 28 days of curing.

Physical property Curing time PSA-SDE BSASDE  AASA-SDE OSA-SDE
Bulk density (kg/m3) 7 1357 + 28 1381 + 21 1463 + 23 1373+ 23
28 1560 + 16 1729 + 12 1547 + 42 1500 + 33
Water absorption (%) 7 15.31+0.64 4.09 +0.95 5.86 + 0.30 3.76 + 0.62
28 6.01+0.46 0.81+0.02 462 +0.17 3.66 +0.47
Total porosity (%) 7 35.8 + 0.57 34.7+1.23 28.6 +0.50 29.1+0.78
28 25.9 +0.59 19.6 £0.03 27.4+0.29 24.3+0.77

The bulk density values after 28 days of curing vary from 1500 kg/cm3 to 1729 kg/cm?, following the
order: OSA-SDE < AASA-SDE > PSA-SDE > BSA-SDE. The actual densities of the precursors

are: 2350 kg/m? for SDE, 2983 kg/m® for PSA, 2805 kg/m? for AASA, 2691 kg/m? for BSA, and

2566 kg/md for OSA. Therefore, there is no relationship between the real density of the precursors
and the AACs, indicating that denser reaction products are formed when BSAis used as a
precursor. In this research, the //s ratio changes depending on the sludge ash incorporated to

achieve the same workability.

The greater amount of water used for OSA-SDE and AASA-SDE cements may not be consumed
during the hydration process, resulting in greater internal porosity within the structure. The water
absorption and total porosity values, as expected, present an inverse trend to the apparent density
data; AACs with lower apparent density present greater water absorption and total porosity and vice

versa. PSA and AASA present the highest water absorption values, possibly due to their high SO3
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content. This gives rise to the formation of expansive products such as ettringite according to the

XRD and SEM image data.

There is a great difference between water absorption and total porosity in all binders, indicating that

most of the porosity formed is closed. The formation of more compact and dense structures occurs

due to the pozzolanic activity of the active silica in the SDE in the presence of Ca?* cations. This
activity promotes the formation of calcium aluminosilicate hydrate phases within the geopolymeric
binder, acting as a microaggregate filling the spaces and pores of the conglomerate. In AASA

cements, where two separate phases are formed, the porosity obtained is slightly greater.
3.5. Mechanical properties of alkali-activated cements

Compressive and flexural strength represent the most critical mechanical properties for structural
building materials, as they determine the material’s ability to withstand applied loads and resist
deformation under stress. Mechanical results as a function of curing time for the AACs after 7 and
28 days of curing are shown in Figure 9. The compressive strength follows the order: BSA-

SDE > OSA-SDE > PSA-SDE = AASA-SDE, and the flexural strength BSA-SDE = OSA-

SDE > PSA-SDE = AASA-SDE. The mechanical strength of alkali-activated materials is influenced
by the chemical reaction between the precursor and the alkaline activator, as well as the curing

process [105].

In all cements, an increase in compressive strength is observed over time, indicating an advance in
alkali-activation reactions. BSA-SDE cement presents the highest compressive and flexural strength
with 30.0 and 6.5 MPa after 28 days of curing, respectively. In this system, where SDE (rich in silica)
and BSA (rich in CaO and SiO») are combined, analysis by SEM reveals that the gel formed is

globular mixed, N,C—(A)-S—H (Figure 9). OSA-SDE have lower compression and flexural strength
than BSA-SDE cements, with values of 19.5 and 6.5 MPa, respectively, after 28 days of curing.

In binders where OSA (rich in Al,03) is used, the main reaction product is the N-A-S—-H

geopolymeric gel. PSA-SDE and AASA-SDE binders have slightly lower values of both
compressive and flexural strength, 16.6 and 15.1 MPa and 4.7 and 5.2 MPa, respectively. PAS and
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AASA are rich in Al,O3 and CaO, the main reaction product in PAS cements being a mixed N,C—A—

S—H gel, while in AASA cements, a more compact C,N-A—-S—H gel is formed together with a

globular N,C—A-S—H gel.

According to other authors [11,12,106], the presence of calcium in the precursors positively
influences the compressive strength of geopolymeric matrices. The primary function of the BSA
precursor is to supply dissolved calcium species, whereas PSA and AASA, in addition to calcium,
contribute aluminum species that react with the silicate to form various types of calcium silicate
hydrates, as well as calcium and aluminum hydrates. In BSA-SDE and PSA-SDA cements, the
simultaneous formation of both geopolymer gel and C—S—H gel enhances the bonding between the
various hydrated phases and unreacted particles, leading to a denser and more homogeneous
matrix. The development of C—S—H gel within a geopolymeric binder may function as a
microaggregate, thereby contributing to the improvement of the compressive strength of the binders

[104].

In contrast, in AASA-SDE cements, the formation of geopolymer gel and C—S—H gel competes with
one another. As a result, rather than one phase serving as a microaggregate to fill the gaps and
voids within the binder, both reactions vie for available soluble silicates and the space necessary for
their growth. Consequently, the resulting binder exhibits a disordered structure with two phases of
similar size, as observed in the SEM images (Figure 9), and more residual voids will be produced,
resulting in a reduction in strength [104]. Furthermore, the lower resistance achieved in the PSA-

SDE, AASA-SDE, and OSA-SDE cements may be due to their high SO3 and P,O5 content (Table
1).

The presence of corrosion-inhibiting phosphate ions [107] hinders the total dissolution of SiO, from
the SDE [108], leading to lower reactivity. Furthermore, P05 can react with NaOH, forming
monosodium phosphate, NaH;PO4 identified by XRD (P205 + 2 NaOH + HyO < 2 NaHoPOy),

which reduces the soluble Si atoms of the sodium silicate, producing less dissolution of the SDE

precursor. Thus, the OSA-SDE and PSA-SDE binders with P,O5 contents of 18.1% and 13.2%

present lower values of mechanical resistance to compression.
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The presence of SOz can also affect the geopolymerization process by interacting with the alkaline
activators and calcium of the precursor [109]. SO3 can contribute to the formation of expansive

phases such as ettringite when combined with calcium-rich precursors. This can negatively affect the
mechanical properties by causing volumetric instability and the appearance of cracks in the matrix

[110]. The AASA-BSE and PAS-BSE cements have a SOz content of 32.9% and 7.9%,

respectively, and the formation of ettringite according to the XRD analysis (Figure 7) justifies their

lower compression resistance.

On the other hand, the lower compressive strength of OSA-SDE pastes can also be explained by
the fact that they present a higher //b ratio to improve workability due to their higher LOI (Table 1).
The use of a greater amount of liquid results in lower compressive strength [111]. The compressive
strength of AACs can present variable results since they depend on the processing conditions and

the raw material used.

In a study carried out, geopolymers were synthesized using bottom ash and paper sludge ash

activated with a solution of NaOH (5, 10, and 15 M) and sodium silicate (NaySiO3). The optimal

compressive strength results of 15 MPa were obtained when 33.33% of paper sludge ash was
incorporated, and a concentration of NaOH = 15 M was used after 28 days of curing [112]. Another
study investigated the use of RHA and AAS as aluminosilicate sources for the synthesis of
geopolymers, using a mixture of sodium silicate and sodium hydroxide as the alkaline solution. The
materials were cured at 40 °C for 28 days. The compressive strength estimated from the tensile
strength indicates values of 17-39.8 MPa, obtaining the maximum when the alumina content
increases with respect to silica, this is likely attributed to the influence of alumina on the degree of
polymerization, rather than a mere filling effect [113]. Aluminum waste (10-60 wt.%) and fly ash were

activated with a solution of (Na»SiO3) and sodium hydroxide (NaOH) (5.10 and 15 M) at a fixed ratio

of 2.5 for geopolymerization. The geopolymers cured at room temperature reach optimal flexural and
compressive strengths of 3.7 and 28.0 MPa when 40% of aluminum residue and a concentration of
10 M NaOH are incorporated, increasing the mechanical strength when curing is carried out at a

temperature of 60 and 80 °C [67].
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Other researchers explored the use of ashes derived from the calcination of industrial sludge from
the oil refining industry (ORSA) (5-20 wt.%) in AACs based on RHA or chamotte (CHM). These
cements were activated with a sustainable alternative activator solution composed of NaOH (10 M)
and diatomaceous earth. Optimal flexural and compressive strength values were achieved with the
incorporation of 20% ORSA, resulting in flexural strength values of 8.9 and 12.9 MPa, and
compressive strength values of 15.7 and 30.6 MPa for cements based on CHM and RHA,
respectively, after 28 days of curing [53]. When both RHA and CHM precursors were used with the
commercial solution of sodium silicate and sodium hydroxide to mixtures incorporating 20% of ORSA
very low values of flexural strength (>2 MPa) and compression (>6 MPa) were obtained due to the
rapid hardening of the mixture, which prevents proper compaction. The suitability of using BSA
residue as an alternative base material in geopolymeric concrete activated with an alkaline solution

of NaOH and Na,SiO, was also studied, obtaining compressive strengths of less than 1 MPa after

28 days of curing, indicating a weak polymerization reactivity under the processing parameters used

[41].

Although the compressive strength values obtained for the AACs (ranging from 15.1 to 30.0 MPa at
28 days) are lower than those of typical structural Portland cement mortars (often between 32.5 and
52.5 MPa) after 28 days of curing under standard conditions [114], they fall within the range of non-
structural or low-strength concretes used in various construction applications, such as masonry
blocks, pavements, or sub-base materials. Moreover, the BSA-SDE binder reached 30 MPa after
28 days, which is comparable to Portland cement mortars with a 28-day strength class of 32.5 N.
Therefore, the formulated AACs, especially those incorporating BSA, show promising performance
for applications where moderate mechanical requirements are acceptable, with the additional benefit

of using industrial waste as precursors.
3.6. Statistical analysis: multi-way ANOVA test

In order to assess their impact on compressive and flexural strength, two factors were carefully
examined: the type of sample and the duration of curing. Table 4 provides a comprehensive overview
of the experimental results, detailing the factors under investigation and the specific levels at which

each factor was evaluated.
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Table 4. Results of ANOVA for compressive and flexural strength.

Factor SumSq df F Value Pr(>F) Significance
ANO VA for compressive strength

Curing time 522.87 1 537.148 <2.2e-16 Significant
Sample 467.96 3 160.244 <2.2e-16 Significant
Curing time; sample 194.40 3 66.568 7.547e - 14 Significant
Residuals 31.15 32

ANO VA for flexural strength

Curing time 135.719 1 591.976 <2.2e-16 Significant
Sample 32.697 3 47.539 6.797e - 12 Significant
Curing time; sample 9.580 3 13.929 5.562e - 06 Significant
Residuals 7.336 32

Sum Sqg: measure of variation or deviation from the mean calculated as a summation of the squares of the differences from
the mean; df: degrees of freedom of the F statistic; F value: value on the F distribution calculated by dividing two mean
squares; Pr(>F): p Value associated with the F statistic for each individual factor and the interactions between them;
significance: measure of reliability in the results of the analysis; residuals: difference between the observed value of the
dependent variable and the predicted value.

Consistent with the aforementioned analysis, p values of significance were found to be <0.05,
leading to the rejection of the null hypothesis. It was concluded that both factors — sample type and
curing time — as well as their interaction, had a significant effect on the compressive and flexural
strength outcomes. The high F-value further indicated substantial variation in the parameters,

highlighting their strong influence on the results.

4. Conclusions

The study compares the physical, mechanical and microstructural properties of AACs based on SDE
from the brewing industry (SDE) in which 20 wt.% of sludge ashes from different industrial activities
has been incorporated individually: PSA, BSA, AASA, and OSA. The main conclusions drawn from

the study are:
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e The chemical composition of the ashes significantly influences the gel phases formed and,
therefore, the physical and mechanical properties of the AACs. The SDE residue, rich in silica,
together with the incorporation of OSA (rich in aluminum), gives rise to the formation of
geopolymeric gel (N-A—-S—H). In the case of BSA-SDE, PSA-SDE, and AASA-SDE cements,
the incorporation of BSA (rich in calcium) and the incorporation of PSA and AASA (both rich in
calcium and alumina), promote the formation of N,C—(A)-S—H hybrid gels. However, in AASA-
SDE cement, two separate hybrid gels are observed, one richer in calcium C,N-A-S-H and
another richer in sodium N-A-S—H, which partly justifies its lower mechanical resistance.

e An optimal compressive strength of 30 MPa is obtained for BSA-SDE cements. In contrast, the
lower resistance obtained for cements that incorporate OSA, PSA, and AASA could be due to

the high contents of P20z and/or SO3 present in their composition, which can induce the

formation of expansive products or secondary reaction products that inhibit dissolution of the
precursor, negatively affecting the mechanical properties.

¢ XRD and FTIR analysis confirmed the presence of geopolymeric gels in all AACs, and (C-S—
H) or (C—S—A-H) gel in the case of calcium-rich or calcium—aluminum-rich cements,
respectively.

e Two-way ANOVA and F-test carried out statistically confirm what was already assumed, the
significance of the curing time and the raw material used and their interaction on the resulting

technological properties of the materials obtained.

Although based on the above, the feasibility of using different ashes from industrial sewage sludge
as a by-product for the manufacture of BDS-based CSA is demonstrated, some limitations need to
be acknowledged. It is crucial to control the chemical composition of the precursors, minimizing the

content of SO3, PoO5, and Mn,0 since they promote the formation of expansive products or the

partial consumption of silica and calcium for the formation of secondary products that negatively
influence the mechanical properties of the AACs. Therefore, the variability in the composition of
these wastes from different sources may affect the reproducibility and generality of the results or
scalability. The availability of these wastes is geographically limited, as they are generated by

specific industrial sectors. On the other hand, the study focused mainly on short-term (7 and
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28 days) mechanical and microstructural characterization, without assessing long-term mechanical
and durability properties under various environmental conditions, including resistance to chemical
exposure or freeze—thaw cycles. In addition, potential environmental impacts related to heavy metal
leaching from AACs, which should be addressed to ensure the environmental safety of the
applications, were not examined. Depending on the mechanical properties obtained, they could be
used for various construction applications, in particular for prefabricated elements such as paving
units, blocks and load-bearing and non-structural components. Future work will address these

aspects to further validate the performance and applicability of the proposed materials.
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