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ARTICLE INFO ABSTRACT

Keywords: The use of construction and demolition waste (CDW) as a raw material for the manufacture of
Construction and demolition wastes alkali-activated cements (AACs) is a promising and sustainable way to recover construction waste.
Chamotte CDW mainly consists of mineral residues such as concrete and ceramic waste. In this study, CDW
Alkaline activated cements with a high fraction of concrete waste is used, so the enrichment effect of the waste in the ceramic

Activator modulus

fraction is studied. For this purpose, different proportions of chamotte (CHM) have been incor-
Mechanical properties

porated (0-40 wt%). The CDW precursor or CDW-CHM precursors have been activated using 8 M
sodium hydroxide and sodium silicate solution, using an activator modulus (mol SiO2/mol Na,O
= Ms = 1.0) and the specimens were cured at room temperature. The liquid/binder ratio was 0.45
for all the pastes manufactured. The results indicate that the progressive enrichment of the
ceramic fraction or the incorporation of CHM results in alkaline activated cements (AACs) with
similar physical properties such as bulk density, water absorption and total porosity, but with
improved mechanical properties. The incorporation of 40 wt% CHM results in optimum
compressive strengths with values of 29.7 and 41.2 MPa after 28 and 56 days of curing respec-
tively, higher than those obtained for the control specimens containing only CDW 15.2 MPa and
30.65 MPa respectively. Subsequently, the impact of the silicate modulus of the alkaline activator
(Ms = 0.5; 1.0 and 2.0) on the performance of the AACs was evaluated in the control cement and
in the optimum cement incorporating 40 wt% CHM. The mechanical performance of the AACs
improves substantially with increasing activator modulus up to a certain threshold Ms = 1.0, but
finally decreases slightly with Ms = 2.0. Therefore, this study demonstrates the possibility of
valorising wastes from the construction sector through their use as precursors in the manufacture
of environmentally friendly alkaline activated cements with macroscopic performances that
improve with the content of the ceramic fraction (CHM).

1. Introduction

Construction as it is conceived is one of the least sustainable activities on the planet [1]. In fact, this sector is responsible for 25-35
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% of total waste generation, 5-12 % of total greenhouse gas emissions and 42 % of the European Union’s energy consumption [2-4].
Among these consequences, high volumes of construction and demolition waste (CDW) have become a major environmental problem,
representing up to 30 % of the solid waste generated worldwide [5,6]. The origin of CDW is diverse: waste generated during the
construction of new buildings, waste originating from the renovation and demolition of infrastructure, waste from natural disasters or
military conflicts [5]. This type of waste is very heterogeneous and may contain: concrete, mortar, bricks, plaster, tiles, sanitary ce-
ramics, wood, glass, aggregates, asphalt, bituminous mixtures, tar, metallic materials and plastics among others [4-10]. It is estimated
that approximately 87 % of this waste consists mainly of mineral debris such as concrete and ceramic debris [11]. Due to its alarming
generation, amounting to 850 million tonnes per year in Europe [8,12,13], and exceeding 3 billion tonnes per year worldwide [2], the
management of this type of waste has become both a social and environmental problem. Since, unfortunately, almost 43 % of the CDW
generated in Europe ends up in landfills, posing significant environmental, economic, social and public health problems due to its
characterisation as non-biodegradable [13]. Therefore, the recycling of CDW is of paramount importance since, being heavy and bulky
waste, it is not desirable for landfill disposal, and its recycling is environmentally significant as it would reduce the consumption of
energy and natural resources, as well as CO, emissions [8].

To date, the main use of CDW is as a partial replacement of natural aggregates to produce mortars and concretes, and it is also used
in geotechnical applications, such as slope stabilisation, foundations, granular bases and subgrade bases [2,6,14]. It is also used in civil
applications as a construction material for unpaved, low-traffic roads, embankments and trench backfill, and can also be used in
bituminous mixtures [4,15]. However, the above uses do not represent a solution to the global CDW problem. Therefore, the search for
recycling alternatives that ensure the real use of CDW is a priority worldwide [2]. One of the most interesting solutions for the uti-
lization of this type of waste is its use as a precursor in alkaline activation technology or “geopolymerisation" [2,16]. Such technology is
considered an ideal option to recycle RCD’s flows as new value-added products [13] due to the RCD’s mainly composed of silicon
materials [5], more or less enriched in calcium, which, in alkaline medium, suffer a series of chemical reactions that give place to alkali
gels from aluminosilicatos characterized by a partial or fully amorphous polymeric structure that consists of Si-O-Al links with
cementing properties [17,18]. For this reason, geopolymers or alkali-activated cements are alternative binders to Portland cement
[16]. This option has advantages from both an environmental and technological point of view, since its synthesis is carried out at a
relatively low temperature (below 100 °C), as it does not require sintering, which allows for a significant reduction in both greenhouse
gas emissions and energy consumption. In addition, it reduces the consumption of natural raw materials as it reuses solid waste to
obtain materials that can provide performance comparable to OPC or even with higher mechanical strength and lower porosity, which
is beneficial for many industrial applications [19,20]. Among the wide variety of properties and characteristics of these new binders
are high compressive strength, low shrinkage, fast or slow setting, acid resistance, fire resistance, resistance to freeze-thaw cycling and
low thermal conductivity [3], all of which depend mainly on the mineralogy of the raw materials as well as the alkaline activator used
[18]. The main difficulty of using CDW on a large scale is related to its high heterogeneity and, consequently, its low reproducibility.
Therefore, most studies have focused on using specific parts of this waste [1,6]. Moreover, as can be seen in the studies carried out by
other authors on this residue, in most cases, curing heat treatments between 50 and 90 °C are applied to achieve adequate mechanical
strengths [2]. Ahmari et al. [18] produced a geopolymer binder from mixtures of waste concrete and fly ash using 10 M NaOH solutions
as activator, the compressive strength of the final products reached almost 30 MPa. Komnitsas et al. [7] studied the synthesis of
geopolymers from three fractions of CDR: concrete, ceramic bricks and ceramic tiles. The curing time was 7 days at three temperatures
60, 80 or 90 °C. The tile-based mixtures reached a maximum of 58 MPa, while the brick-based and concrete-based mixtures showed
lower strength values of 35 MPa and 13 MPa, respectively. However, it should be noted that such compressive strength values were
only possible using high curing temperatures of 80 or 90 °C. Vasquez et al. [7] activated CDW used an activator composed of sodium
hydroxide and sodium silicate, cured at room temperature for 28 days. They obtained compressive strengths in the order of 25 MPa
with a 100 % CDW geopolymer, 33 MPa with a hybrid geopolymer (70 % CDW + 30 % Portland cement) and 46 MPa with a binary
geopolymer (90 % CDW + 10 % metakaolin).

On the other hand, waste bricks constitute an important fraction of CDW [21]. Conventional bricks are produced from a mixture of
clays with added sand and then fired in a kiln at a temperature between 850 and 950 °C [22]. Their annual worldwide production is
approximately 1400 billion units and demand are expected to increase steadily [3,5]. However, this industry is also related to
numerous environmental problems, because the production process of clay bricks consumes large amounts of energy, especially in the
sintering stage. Furthermore, it requires the extraction of natural raw materials such as clay, sand, silt, etc. and releases huge amounts
of greenhouse gases into the atmosphere [19,23]. Apart from the environmental problems, there is also the generation of a large
volume of solid waste, as the ceramic waste generated after the sintering step cannot be re-incorporated into the production process
and those that do not have the right characteristics are disposed of in inappropriate places causing damage to the environment [17].
These wastes are generated by failures in the sintering stage that form products with inappropriate visual appearance, presenting some
physical defect, technological problems, deviations of geometrical values that do not meet market requirements or breakages in
transport [19,24,25]. So far, a large part is used in landfills [26], however, this practice causes many environmental problems [27] due
to impacts related to soil and water contamination, air pollution as a result of possible fires, destruction of landscape and open spaces,
and reduction of land value [9]. In order to reduce their volume, a common practice is to crush the bricks and then deposit them in the
vicinity of industries with the consequent environmental impact, this crushed material is called chamotte [25]. This chamotte is often
recycled as a filler and stabilisation material for infrastructure, as a sub-base for roads in landscaping, as coarse aggregate for concrete
production, as sand for paving tennis courts, etc. [28,29]. However, its properties are not optimised in these processes [25]. As in the
case of CDW, the amount of chamotte that is reused is still negligible [26]. Therefore, its reuse in other industries is a necessary task.
Since, most of the composition of chamotte is silica and alumina with a large number of amorphous phases, presenting pozzolanic
activity [17,27,29,30] these wastes have the potential to be used as precursors for alkaline activated materials [17,25,27,29,30].
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Moreover, in contrast to CDW, since the production process of ceramic bricks is similar between different companies, as well as the raw
material used, there is a repeatability of the properties of the by-product over time [25]. Consequently, recycling and reusing both
CDW and chamotte as precursors for alkali-activated cements can offer a sustainable solution to reduce the ecological impact and
decrease the demand for OPCs [19].

On the other hand, the alkaline activator plays a crucial role in the geopolymerisation process. The most commonly used alkaline
activators are MOH-type caustic alkalis (M = Na or K) and R20(n)SiO»-type silicates, mainly sodium silicate (NaSiOs), which are used
individually or in combination [31,32]. NaOH provides the hydroxide anion (OH), which is very important for the dissolution of
aluminosilicates in the first stage and the subsequent geopolymerisation process, as it acts as a catalyst for the reaction during the
activation process. It also provides the sodium alkali metal cation (Na™), which is important for the charge balance of the alumino-
silicate network formed in the last stage [20,33-35]. The sodium aluminosilicate (N-A-S-H) gel structure contains Si and Al tetrahedra
randomly distributed along the polymer chains that are cross-linked to provide cavities of sufficient size to accommodate the
charge-balancing hydrated sodium ions [36]. Although the NaOH solution is important for dissolving the Si** and Al>* ions from the
precursors and thus for the geopolymerisation process. The process at room temperature is very slow, which results in a low strength
[35]. Therefore, NaOH is often combined with sodium silicate (NaySiO3) [37]. NaySiOs is the chemical component that has a decisive
influence on the development and improvement of the strength of alkali-activated cements [31]. It is known that the addition of
soluble silica species increases the reactivity rate and promotes the formation of longer silicate oligomer chains which is used to
promote the condensation process of alkaline activated cements, thus improving their mechanical properties [32,35]. Therefore, a
higher percentage of Na,SiO3 increases the presence of soluble Si in the activator, favours gel formation, increases the Si/Al ratio,
increases the degree of condensation and also increases the mechanical strength [20,32,36,38]. For these reasons, several researchers
have reported that the best mechanical performance of the active cemeteries are obtained with combinations of NaOH and Na3SiO3
solutions [35]. The use of NaOH can be useful to disrupt the Al and Si ions in the precursors, while the inclusion of Na;SiO3 promotes
the process of condensation. However, both solutions have parameters that need to be properly adjusted to be beneficial and improve
the properties of the alkaline activated binders. Although Na,SiOs increases the content of additional silicate species in the system and
thus enhances the geopolymerisation reaction, very high concentrations of soluble silica tend to retard the reactions due to lower pH
and increased viscosity of the mixture [32]. Therefore, one of the most important factors affecting the properties of alkaline activated
cements is the ratio of NaOH to Na,SiOs, or activator modulus (mol SiOs/mol NayO = Ms).

In view of this background, the novelty of this work lies in the use of CDW with a high fraction of concrete produced in a treatment
plant without any previous separation into its fractions, studying the effect of the incorporation of chamotte on the technological
properties of AACs cured at room temperature. The synergistic effect of chamotte incorporation to CDW residue not separated in
fractions has not been previously studied. Therefore, the main objective of this study is to investigate the feasibility of using CDW with
a high fraction of concrete as a precursor in the manufacture of alkaline activated cements. The effect on the macroscopic and
microstructural properties of the enrichment of CDW by ceramic fractions through the incorporation of 10-40 wt% of chamotte (CHM)
has been studied. In addition, the activator modulus (mol SiO3/mol Nay0) of the control and optimum mix cements has been used as a
key parameter to explore the effects on the aforementioned properties. The research results can provide valuable information for the
preparation of sustainable alkali activated materials from CDW in the future.

2. Materials and methods
2.1. Raw materials and characterization

The materials used as precursors are entirely industrial waste from the construction sector.On the one hand, the construction and
demolition waste (CDW) has been provided by “Association of Management Companies Construction and Demolition Waste
(AGRECA)" of Andalusia located in Cordoba (Spain), on the other hand, the chamotte (CHM) has been obtained from pieces of fired
ceramic bricks commercially unsuitable for the market because they are defective pieces supplied by the company Ladrillos Bailén S.A.,
located in Bailén (Jaén, Spain).

For their use, both materials had to be crushed, first in a hammer mill to reduce the size of the material fragments arriving at the
laboratory, and then in a ball mill for 1 h at 350 rpm. Finally, the ground material is sieved below 100 pm. As can be seen in Fig. 1, the
CDW particles have a more heterogeneous distribution and a slightly higher average particle size Dsg = 10.3 pm than the CHM particles
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Fig. 1. Particle size distribution of raw materials: Construction and demolition waste (CDW) and Chamotte (CHM).



A. Garcia-Diaz et al. Journal of Building Engineering 84 (2024) 108568

with a particle size D5y = 8.00 pm and a more homogeneous particle size distribution. On the other hand, both the specific surface area
and the real density, obtained through a helium pycnometer, are higher for chamotte than for CDW, being 3068 m?/kg and 2721 kg/
m® for CDW and 3406 m?/kg and 2841 kg/m> for CHM.

The crystalline mineralogical phases of the raw materials were identified by X-ray diffraction (XRD) with the Empyrean equipment
with a PIXcel-3D detector from PANalytical using Cu K-o radiation (A = 1.5406 A) at a voltage of 40 kV and an amperage of 40 mA, a 2-
theta range of 10 to 60° and a step size of 0.02. For phase identification, the HighScore software was used.

The CDW diffraction pattern (Fig. 2a) shows a semi-crystalline nature with the main crystalline phase being SiO5 (Ref cod. 96-500-
0036). Other phases were also identified, such as soda-calcium feldspars belonging to the plagioclase group (albite and anorthite) (Ref
cod. 96-155-7000 and 96-100-0035), phyllosilicates such as illite (Ref cod. 96-901-3719), calcite (CaCO3) (Ref cod: 96-901-6707) and
dolomite (Ref cod: 96-900-4931). Whereas, for the CHM residues (Fig. 2b), SiO,, quartz (Ref. cod. 96-901-2601), hematite, FexO3
(Ref. cod. 96-900-0140), illite (Ref. cod. 96-900-9666), plagioclase as albite (Ref. cod. 96-155-6999) and alkali feldspars (Ref. cod. 96-
591-0069) are identified as crystalline phases. The information of phases are shown in Table 1.

The identification of functional groups was carried out by attenuated total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR) using the Vertex 70 Bruker in the range 4000-400 cm'..

In the CDW (Fig. 3a) and CHM, the bands centered at 1400, 860 and 700 cm! suggesting the presence of O-C-O bonds of CO3~
groups associated with carbonate phases originated by the presence of calcite in the original precursor, indicating a higher amount of
calcium oxide in the residue CDW [7]. The main band centered at 994 cm-' en CDW and a 969 cm™ en el precursor CHM, corre-
sponding to the assimetric stretching vibrations of the Si-O-Si and Si-O-Al bonds of typical of aluminosilicate species [1,7]. The peak
centered at the 453 cm™ frequency en CDW y 441 cm™ en CHM is assigned to Si-O and Al-O bending vibrations in the tetrahedral
structure of precursors [7,27]. The doublet at 782-763 cm™! as well as the peak at around 542 cm ™! are attributed to Si-O-Si inter
tetrahedral bridging bonds in SiO, which indicates the presence of quartz mineral [22]. The bands of about 450-780 cm™ detected in
all specimens would be associated with the bending of Si—O in the plane and Al-O bonds, as well as bending vibrations Si-O-Si and
0-Si-0 [1].

The chemical composition of the raw materials was determined by X-ray fluorescence (XRF) using a Philips Magix Pro model PW-
2440 instrument and the results are given in Table 2. In the case of CDW, SiO; (51.7 wt%) and CaO (18.9 wt%) predominate, whereas,
Aly03 is limited to 5.9 wt %. Furthermore, the loss on ignition (LOI) of the CDW precursor is 15.5 wt%. The CHM residue has mainly a
high SiO, content (63.1 wt%), with significant additional contents of Al;03 (12.1 wt %), CaO (8.7 wt%) as well as FesO3 (4.7 wt%).
These data confirm the XRD patterns of both materials, where quartz-phase silica predominates.
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Fig. 2. XRD patterns of raw materials: (a) Construction and demolition waste (CDW) and b) Chamotte (CHM).
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Table 1
Crystalline phases information.
Symbol Phase PDF card No. 20 (°)
quartz 96-901-2601 20.857, 26.637, 50.146, 68.063
* calcite 96-901-6707 29.437, 47.467, 48.568
+ illite 96-901-3719 20.431, 24.364, 35.191, 45.213
< dolomite 96-900-4931 30.917, 41.092, 50.725
[ ) albite 96-155-7000 27.785
v anorthite 96-100-0035 22.002, 27.347, 27.938, 35.915
A hematite 96-900-0140 33.118, 54.004,
nephelite 96-591-0069 29.263, 30.670
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Fig. 3. FTIR patterns of raw materials: (a) Construction and demolition waste (CDW) and b) Chamotte (CHM).
Table 2
Chemical composition of raw materials (wt %): Construction and demolition waste (CDW) and Chamotte (CHM).
Si0, Al,O3 Fe,03 CaO MgO Na,O K,0 LOI
Construction and demolition waste (CDW) 51.69 5.93 2.46 18.93 2.05 0.63 1.43 15.54
Chamotte (CHM) 63.08 12.11 4.67 8.67 1.88 0.47 3.25 3.60

The morphology of the raw materials (Fig. 4) were obtained using Scanning Electron Microscopy (SEM) using a JEAL model SM 840
assisted by Energy Dispersive X-ray Spectroscopy (EDS). The samples were placed on an aluminium grid and carbon coated using the
JEOL JFC 1100 sputter coater.

In the CDW residue (Fig. 4a), spherical, slightly rounded and irregular particles can be observed, while in the CHM residue, there
are no spherical particles. Although, in both precursors, particles of different sizes can be observed, smaller particle sizes are observed
in the CHM residues according to the particle size distribution data obtained (Fig. 1). Furthermore, the microanalysis performed on the
selected samples shown in Fig. 4 reveals the presence of irregular particles rich in silicon, calcium and, to a lesser extent, aluminium
(Spectrum 1) in the CDW and richer in silica and alumina and lower in calcium in the chamotte residue (Spectrum 4). The slightly
rounded particles are richer in calcium and are observed in both residues (Spectrum 2). While the spherical particles present only in the
CDW residue are rich in silica (Spectrum 3).

2.2. Alkali-activated cement preparation and characterization

To make up the various test samples, the activating solution is first prepared and then the precursors are mixed. In a first series, the
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Fig. 4. SEM micrographs and EDS analysis of raw materials: a) Construction and demolition waste (CDW) and b) Chamotte (CHM).

CDW (standard mixture) is taken as a base, and increasing percentages of CHM are added from 10 wt% to 40 wt%, with increments of
10 wt%, always using the same alkaline activator with an activator modulus = Ms = mol SiO3/mol Na;O = 1.0). The influence of the
incorporation of different amounts of CHM on the physical and mechanical properties of alkaline activated cements has been studied.
Once the CDW-CHM precursor mixture was optimised, a second series of mixtures was carried out, in which the influence of the
activator modulus (Ms = 0.5; 1.0 and 2.0) was studied in both the control sample and the optimum 60CDW-40CHM.

2.2.1. Alkaline solution

A commercial alkaline solution with sodium hydroxide (NaOH) (98 % purity, Panreac) and sodium silicate (NaSiO3) (29.2 % SiOo;
8.9 % Nay0; and 61.9 % H30, Panreac) was used as alkaline activator. For its preparation, the required NaOH granules are first
weighed and, with the help of a magnetic stirrer, dissolved in distilled water to obtain an 8 M concentration (Table 3). Once the
aqueous solution has cooled, the required amount of sodium silicate (Na3SiOs) is added in liquid form to obtain the desired activator
modulus and homogenised again using a magnetic stirrer (Table 3). For example, to obtain an activator modulus Ms = 0.5, 33.23 g of
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NaOH are dissolved in 101.77 g of distilled H,0, to obtain an 8 M solution, once it is cold, 45.00 g NaySiO3 are added.

Taking into account the heat generated during preparation, the alkaline solutions are allowed to cool at room temperature for 24 h
before use. Finally, the pH is measured with a Crison Basic 20 pH meter. The alkaline activator is one of the most important factors
affecting the development of the matrix strength of alkaline activated cements. The NaOH solution is important for dissolving the Si**
and AI** ions of the precursors, while the NaySiO3 solution is used to promote the condensation process of the geopolymerisation
process, acting as a binder [10,19].

2.2.2. Preparation of alkaline activation cements

The mixtures of alkali-activated cements were prepared in a Proeti planetary mixer using the same sequence for all compositions.
First, the dry raw materials, CDW and CHM, were mixed and homogenised for 90 s at low speed (140 + 5 rpm). After this time, the
activator solution was added to the homogeneous mixture and mixed at low speed for another 90 s. Subsequently, the walls of the
container were stirred and the mixture was mixed again for another 30 s at high speed (285 + 10 rpm). The workable pastes obtained
were poured into stainless steel molds to obtain prismatic samples (1 x 1 x 6 cm®) and subjected to 60 strokes on a Proeti shaking table
to eliminate bubbles and achieve better compaction of the material. Then, the samples were covered with film to prevent the evap-
oration of water and thus allow the initiation of geopolymeric reactions and cured at room temperature. After 24 h, they were
demoulded and kept at room temperature in a laboratory environment until the day of testing, 7, 28 and 56 days. Details of all prepared
samples are given in Table 3 and Fig. 5. For all the mixtures, the liquid/binder ratio selected was 0.45 in order to obtain adequate
workability. This value was determined after previous analyzes and ensured good mixing and molding conditions. The samples are
designated as xCDW-yCHM-z where x is the CDW precursor content, y the CHM precursor content and z indicates the activator module
of the activating solution (Ms = SiO2/Nay0). The molar ratio of alkali activated cements can be observed in Table 4.

2.3. Characterization of the alkaline activation cements

The ATR-FTIR, XRD was applied to powder pastes (<100 pm) and SEM-EDS analysis to small pieces of binder using the same
equipment and operating conditions as for the raw materials.

Flexural and compressive strength was tested according to UNE-EN 1015-11:2000/A1:2007 [39]. An MTS Insight 5 machine (5 kN
capacity) with a displacement speed of 1.0 mm/min was used to determine the flexural strength. Five samples of 60x10x10 mm were
tested to determine the average value of the flexural strength. A universal testing machine MTS 8101 (100 kN) with a displacement
speed of 2 mm/min was used to determine the compressive strength. Five halves from the flexural test are used to obtain the average
value of the compressive strength. A holder is used to apply force to a sample surface of 10 mm x 10 mm.The resulting five halves are
used for the bulk density test, through which it is obtained the water absorption and apparent porosity. These tests were determined
according to the Archimedes principle following the UNE-EN 1015 10:2000 standard [40].

The specimens were oven dried at a temperature of 100 °C to constant mass. The dry weight (md) is noted. They are then immersed
in water until saturation. Subsequently, the specimens are thought in a hydrostatic balance, under water, obtaining the weight (mh)
and, finally, the specimen is superficially dried with a wet cloth and the mass of the specimen saturated with water (ms) is determined.

The bulk density (BD), apparent porosity (AP) and water absorption (WA) are obtained according to equations (1)-(3).

Bp——" ., Eq. (1)

ms —my,
wa=—""_,100 Eq. (2)

mg —my

s —md
AP="271 400 Eq.(3)

nyg — my

Where:

- mgq: is the mass of the dry specimen, in grams.
- my: is the mass of the specimen immersed in water, in grams.
- mg: is the mass of the saturated specimen, in grams.

Table 3

Mix compositions of alkali-activated cements.
Mixture CDW (g) CHM (g) Sodium silicate (g) NaOH (g) H,0 (g) Liquid/Binder ratio Ms
100CDW-1.0 400 - 90.00 22.15 67.85 0.45 1.0
90CDW-10CHM-1.0 360 40 90.00 22.15 67.85 0.45 1.0
80CDW-20CHM-1.0 320 80 90.00 22.15 67.85 0.45 1.0
70CDW-30CHM-1.0 280 120 90.00 22.15 67.85 0.45 1.0
60CDW-40CHM-1.0 240 160 90.00 22.15 67.85 0.45 1.0
100CDW-0.5 400 - 45.00 33.23 101.77 0.45 0.5
100CDW-2.0 400 - 135.00 11.08 33.92 0.45 2.0
60CDW-40CHM-0.5 240 160 45.00 33.23 101.77 0.45 0.5
60CDW-40CHM-2.0 240 160 135.00 11.08 33.92 0.45 2.0
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10000W  gocpw-gocHm  S0COW-20CHM

70COW-30cHM  60CDW-40CHM

Fig. 5. (a) mixing; (b) paste in 60x10x10 mm stainless steel molds and 55 mm diameter cylindrical plastic molds and (c) demolded AACs.

Table 4

Molar relation of alkali-activated cements.
Mixture Si/Al Ca/Si Na/Si
100CDW-1.0 8.34 0.34 0.22
90CDW-10CHM-1.0 7.70 0.30 0.26
80CDW-20CHM-1.0 7.17 0.27 0.29
70CDW-30CHM-1.0 6.73 0.23 0.32
60CDW-40CHM-1.0 6.35 0.19 0.35
100CDW-0.5 7.87 0.36 0.27
100CDW-2.0 8.81 0.32 0.18
60CDW-40CHM-0.5 6.02 0.20 0.40
60CDW-40CHM-2.0 6.68 0.18 0.30

- prh: density of distilled water, 1000 g/cm3.

The true density of the alkaline activated cements was determined by pycnometry using ethanol as solvent following the UNE-EN
1015 standard [40].
The total porosity of the geopolymers was obtained from the ratio between the bulk density and the true density with Eq. (1).
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bulk density
true density

Total porosity (%) = (1 - >x 1000 Eq. 4
Finally, the thermal conductivity of two samples of 55 mm diameter and 15 mm thick specimens after 28 days of curing was

determined according to ISO 8302 [41], using a FOX 50 TA instruments heat flow meter.

3. Results and discussion

3.1. Physical properties of alkaline-activated cements

As can be seen in Table 5, the addition of CHM ceramic residue does not produce changes in the physical properties, obtaining very
similar results for bulk density, water absorption, apparent porosity and total porosity. For example, the bulk density of the control
mix, 100CDW-1.0, is 1851 kg/m° after 28 days of curing, while the bulk density of the 60CDW-40CHM-1.0 mix is 1848 kg/m°, so the
substitution of CDW for CHM results in cements with the same physical properties. This may be due to the high similarity between the
real densities of the raw materials, being 2677 kg/m> and 2721 kg/m? for CDW and CHM residues respectively. However, the influence
of curing time is noticeable with an increase in bulk density and a decrease in water absorption, bulk porosity and total porosity. For
example, the bulk porosity of the 60CDW-40CHM-1.0 mix is 20.8 %-18.3 % and 15.0 % and the total porosity is 28.4, 24.0 and 21.6 %
after 7, 28 and 56 days of curing respectively. The difference in apparent and total porosity values indicates that both open and
interconnected pores and closed and inaccessible pores are formed in the alkaline activated cements. The porosity of the mixtures is
associated with gel formation and also with the presence of water in the capillaries that are not filled by the alkaline reaction products.
The more the material reacts, the more hydration products are formed which fill the pores and densify the binder. Therefore, with the
curing time there is a progress of the alkaline activation reaction resulting in a higher amount of cementitious products C-A-S-H gels,
and hybrid gel (N,C-A-S-H). Therefore, as the curing reactions take place, most of the CDW and CHM particles react to form denser
products, with a consequent decrease in water absorption and porosity [42].

Table 6 shows that the bulk density of control and 60CDW-40CHM AACs increases as the sodium silicate content in the alkaline
activator increases, i.e. as the activator modulus Ms increases. This increase is more pronounced when the activator modulus is
increased from 0.5 to 1.0, however, a further increase to 2.0 results in similar bulk densities. Thus, the bulk density increases from
1636 kg/m> (Ms = 0.5) to 1851 kg/m® (Ms = 1.0) for the 100CDW mix and from 1601 kg/m® (Ms = 0.5) to 1848 kg/m® (Ms = 1) for
the 60CDW-40CHM mix, for a curing time of 28 days. A low activator modulus (Ms = 0.5) indicates a low degree of reaction, resulting
in a low amount of hydration products. A further increase from Ms = 1.0 to Ms = 2.0 produces no improvement in the bulk density of
the AACs, giving a bulk density of 1841 kg/m® at Ms = 2.0 for the 100CDW mix, while the 60CDW-40CHM mix gives bulk densities of
1856 kg/m® at Ms = 2.0, both at 28 days of curing. By increasing the modulus of the activator from 1.0 to 2.0 even though the sodium
silicate content is being increased, the excess of activator may no longer produce improvements in the structures of the AACs, and may
even be unfavourable for the formation of the structure.

Water absorption is directly associated with the bulk porosity of the material, and both properties, as well as total porosity, follow a
trend opposite to bulk density, since a higher bulk density tends to produce a smaller number of pores, with a consequent decrease in
water absorption and vice versa. Therefore, a pronounced decrease in water absorption, apparent porosity and total porosity is
observed when Ms is increased from 0.5 to 1.0, indicating a higher amount of reaction products. However, increasing the activator
modulus up to 2.0 produces similar or even slightly higher values. Therefore, these data indicate that excessive activator modulus (Ms
= 2.0) is no longer beneficial.

The thermal conductivity data of the alkaline activated cements as a function of CHM content after 28 days of curing can be seen in
Table 5. The thermal conductivity of the control mix, 100CDW-1.0 is 0.49W/mK, decreasing progressively with the introduction of
increasing amounts of chamotte down to 0.38 W/mK for the alkaline activated cement resulting from the 60CDW-40CHM-1.0 mix. The
thermal conductivity has a direct relationship with the bulk density. The presence of pores in the specimens affects the rate of heat
transfer diffusion, due to the damping in the lattice vibration. Therefore, as porosity in mixtures increases, heat transfer is restricted,
which would result in lower thermal conductivity [42]. Since the bulk density is similar for all mixtures, although the water absorption

Table 5
Bulk density, water absorption, apparent porosity, total porosity and thermal conductivity as function of the addition of chamotte and curing time for the alkaline-
activated cements.

Physical properties Curing time (days) 100CDW-1.0 90CDW-10CHM-1.0 80CDW-20CHM-1.0 70CDW-30CHM-1.0 60CDW-40CHM-1.0
Bulk density (kg/m®) 7d 1793 £ 17 1774 +7 1775 + 16 1761 + 19 1803 + 23
28d 1851 + 25 1841 +£ 10 1855 £ 17 1836 £ 7 1848 + 22
56d 1991 + 23 1897 + 13 1894 + 8 1889 + 17 1901 + 11
Water absorption (%) 7d 10.85+0.36  11.54 +0.16 11.91 £ 0.43 11.50 + 0.59 12.40 + 0.73
28d 9.01 £ 0.50 9.52+0.19 9.22 + 0.36 9.87 £ 0.55 10.04 &+ 0.08
56d 6.66 + 0.44 7.07 + 0.29 7.60 + 0.15 7.77 £ 0.14 7.89 + 0.32
Apparent porosity (%) 7d 19.5 £ 0.5 20.5+0.3 21.1+0.6 219+1.1 20.8 £ 0.8
28d 16.7 £ 0.8 17.6 £ 0.3 17.1 £ 0.5 18.5 £ 0.2 18.3 £ 0.8
56d 13.3 £ 0.6 13.4 £ 0.5 13.9£0.2 14.7 £ 0.1 15.0 £ 0.5
Total porosity (%) 7d 29.2+0.4 30.5+0.7 30.2+ 0.6 30.1+0.4 28.4+0.6
28d 25.6 £ 0.6 25.1 £ 0.4 259+0.3 25.0 £ 0.5 24.0 £ 0.3
56d 243+ 0.5 23.1 £0.5 229+ 0.5 22.3+0.5 21.6 £ 0.2
Conductivity (W/mK) 28d 0.49 + 0.0 0.46 + 0.0 0.41 +£ 0.0 0.39 + 0.0 0.38 + 0.0
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Table 6
Bulk density, water absorption, apparent porosity, total porosity and thermal conductivity as function of the activator module and curing time for 100CDW and 60CDW-
40CHM AACs.
Physical properties Curing time 100CDW-0.5 100CDW-1.0  100CDW- 60CDW-40CHM- 60CDW-40CHM- 60CDW-40CHM-
(days) 2.0 0.5 1.0 2.0
Bulk density (kg/ms) 7d 1554 + 11 1793 £ 17 1846 + 16 1514 + 26 1803 + 23 1809 + 10
28d 1638 + 35 1851 + 25 1841 + 66 1601 £ 11 1848 + 22 1856 + 18
56d 1658 =7 1991 + 23 1913 +£18 1626 + 28 1901 + 11 1881 + 31
Water absorption (%) 7d 18.72 + 10.85 + 9.70 +£ 0.37 20.94 +£1.28 12.40 £+ 0.73 10.75 £ 0.31
28d 0.50 0.36 9.73 + 0.68 18.03 + 0.25 10.04 + 0.08 10.68 + 0.19
56d 15.96 + 9.01 +0.50 7.28 = 0.62 15.71 + 0.26 7.89 £+ 0.32 8.17 £ 0.18
0.33 6.66 + 0.44
15.17 +
0.40
Apparent porosity 7d 29.1 £ 0.6 19.5 £ 0.5 179 £ 0.6 31.8+0.8 20.8 £ 0.8 19.5 £ 0.5
(%) 28d 26.2 £ 0.6 16.7 £ 0.8 18.5+ 0.8 28.9 +£0.2 18.3 £ 0.8 18.0 + 0.2
56d 25.2+ 0.6 13.3 £ 0.6 140+1.1 25.6 £ 0.2 15.0 £ 0.5 15.4 £ 0.2
Total porosity (%) 7d 36.9 £ 0.4 29.24+0.4 25.7£0.3 40.4 + 0.8 28.4+0.4 26.7 £ 0.6
28d 32.7 £ 0.6 26.6 + 0.6 21.6 £0.5 31.9+0.7 24.0+£ 0.5 23.7+0.3
56d 31.2+0.5 25.6 £ 0.5 18.6 +£ 0.4 30.9 +£ 0.5 21.6 +£ 0.5 20.2 £ 0.5
Conductivity (W/ 28d - 0.58 + 0.0 0.49 + 0.0 - 0.52 + 0.0 0.43 + 0.0
mK)
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Fig. 6. Mechanical properties of alkaline-activated cements with the addition of chamotte a) Compressive strength and b) Flexural strength.
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slightly increases with CHM content after 28 days of curing, the open pores would lead to an increase in thermal conductivity.
However, these data indicate that thermal conductivity is further influenced by other factors, such as phase composition [43].
Therefore, this different behaviour means that the hydration compounds formed are different, as indicated by SEM micrographs. AACs
with a lower amount of chamotte, where there is a higher number of unreacted particles, and a higher amount of unreacted silicon
which is a good conductor [44], exhibit higher thermal conductivities. Generally, Na-activated geopolymers show thermal conduc-
tivity in the range of 0.65-0.95 W/mK [45]. In general, the geopolymers obtained in this research have lower thermal conductivity
(<0.50 W/mK) because the alkaline activation reaction results in polyoxalates with amorphous structure and interconnected pores
that provide a tortuous path for thermal gradient flow, thus, the amorphous structure of alkaline activated cement restricts heat
transfer [21]. The addition of chamotte could lead to increased microstructural interconnectivity induced by the nucleation of hy-
dration products that could act as insulating barriers resulting in specimens with lower thermal conductivity [46]. Regarding the
influence of the activator modulus on the thermal conductivity (Table 6), in the specimens manufactured with an activator with low
modulus, Ms = 0.5, this measurement could not be carried out, as the specimens for this test showed a large amount of efflorescence as
well as a very slight cohesion, which produced a high fragility and their breakage when introduced into the test equipment, with the
consequent impossibility of obtaining a conductivity measurement. Higher conductivities were observed when using an activator
modulus Ms = 1.0 with thermal conductivities of 0.58 W/mK and 0.52 W/mK for 100CDW-1.0 and 60CDW-40CHM-1.0 cements after
28 days of curing. The thermal conductivity was reduced to 0.49 W/mK and 0.43 W/mK, respectively, when the activator modulus was
increased to 2.0. The introduction of quantities of sodium silicate results in a more interconnected microstructure and a proportional
decrease in the overall porosity of the samples. Consequently, as the sample becomes more interconnected, there are fewer pores
present to disturb the flow of thermal energy, which favours thermal conductivity. In addition, the presence of more drying shrinkage
cracks as the activator modulus increases can lead to a higher insulating capacity. Also, the higher insulating capacity of cements with
excess sodium silicate may be due to the weak reactions between the activator and precursors, which would generate thermally
resistant interface layers between the gels and unreacted particles, which could also help to reduce the thermal conductivity of AACs
[471.

3.2. Mechanical properties of alkaline-activated cements

The compressive strength of the 100CDW-1.0 control cement is 15.2 and 30.7 MPa at 28 and 56 days of curing, respectively
(Fig. 6a). The addition of increasing amounts of CHM resulted in a gradual increase in compressive strength obtaining values of 17.8
and 33.1 MPa, 19.5 and 35.0 MPa, 20.5 and 40.0 MPa and 29.7 and 41.3 MPa at 28 and 56 days of curing, respectively with the
addition of 10 wt%, 20 wt%, 30 wt% and 40 wt% CHM, respectively (Fig. 6a). The flexural strength (Fig. 6b) follows the same trend as
the compressive strength, increasing progressively as increasing amounts of CHA are incorporated with values from 8.1 to 15.7 MPa
with the control mix (100CDW-1.0) to 15.7 and 18.5 MPa with the maximum amount of CHM (60CDW-40CHM-1.0) after 28 and 56
days of curing respectively. In all alkaline activated cements, the same liquid/binder ratio, the same activator modulus and the same
curing temperature have been used, so that the mechanical strength will depend fundamentally on the amount and type of gel formed,
which in turn depends, to a large extent, on the chemical composition of the precursors, as well as on the molar ratios obtained in each
mixture.

An increase in mechanical strength is observed with decreasing Si/Al and Ca/Si molar ratios (Table 4). This may be due to the fact
that the Ca?*, Si** and AI** ion ratios are not adequate, being very high when high amounts of CDW are used, thus producing an
imbalance in the network. This implies that the high initial ion concentration may have slowed down or stopped the reaction of the
precursor by preventing its interaction with the alkaline solution or by creating separate composite gels [48]. Therefore, the use of
CDW results in AACs with lower mechanical strengths due to the lower reactivity of the precursor with respect to the CHM residue. In
addition, its high CaO content generally consumes alkalis from the activator, slowing down the dissolution and polymerization pro-
cesses and generating Ca(OH), [23,49,50]. The latter is prone to carbonation, which results in a decrease of the strong Si-O-Al bonding
in the geopolymeric system and therefore generates binders with higher brittleness. Also, the CDW residue possesses a lower amount of
alumina which plays an essential role in the development of metastable Al-O-Si bonds at early reaction times and their conversion to
stable forms at advanced stages of geopolymerisation [48]. Therefore, a very high Si/Al ratio results in a very slow alumina release
rate, which can be attributed to the lower availability of aluminium for gel formation [23]. The addition of CHM, richer in soluble
Aly0O3, provides the necessary amount of aluminosilicates of amorphous structure to favour the stages of dissolution, nucleation,
condensation, and reorganization of the geopolymerisation products [13,16]. In addition, the Na/Si ratio (Table 4) also influences the
mechanical properties. Increasing the Na/Si ratio with the incorporation of increasing amounts of CHM can provide more Na™ cations,
which are necessary for the solubility of aluminosilicates and the charge equilibrium of silica species, thus facilitating a more uniform
development of the more stable microstructure. Therefore, increasing Na™ ions can promote electrostatic attraction and charge
neutralisation, which can also accelerate the dissolution and polymerization processes [51]. The increased Na* concentration plays an
important role in stimulating the movement of silicate species (Si-O-), which may have boosted particle bonding and triggered an
enhanced mechanical response [48]. Therefore, the decrease in Si/Al molar ratio from 8.34 to 6.34 and the increase in Na/Si molar
ratio from 0.22 to 0.35 from the control specimen (100CDW-1.0) to the 60CDW-40CHM-1.0 resulted in an increase in compressive
strength possibly due to the fact that in these cements there is a more adequate supply of soluble silica, a more appropriate level of
alkalinity, and relevant charge-balanced Na® cations in the alkali-activated cement matrix, thus initiating greater silica-aluminate
separation and better formation of reaction products [48].

Regarding the influence of the chemical composition of the raw materials, on the one hand, the CDW precursor is mainly composed
of SiOy (51.69 wt%) with a high amount of CaO (18.93 wt%) and a low amount of Al,O3 (5.93 wt%) (Table 2). Whereas, the CHM
precursor y, which partially replaces CDW, contains higher amounts of Al,O3 (12.11 wt%) and much lower proportions of CaO (8.67
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wt%) also feel the majority compound SiO, content (63.08 wt%) [51]. In addition, the CDW contains a significant organic matter
content, as indicated by the LOI value (15.54 wt%), which may limit its reactive potential. The residual carbon could behave as an
alkali sink and adsorb alkaline cations [52] reducing the polycondensation reaction, increasing the setting time with a consequent loss
of mechanical strength [50]. In the control mixture (100CDW-1.0), a large amount of C-A-S-H gel is formed in the early stages of the
alkaline activation reactions, together with smaller amounts of N-A-S-H gel, as indicated by SEM micrographs and EDS analysis
(Fig. 12). With the progressive addition of CHM and the consequent decrease of CDW (90CDW-10CHM-1.0, 80CDW-20CHM-1.0 and
70CDW-30CHM-1.0), there is an increasing increase of available AI®*, while the amount of Ca®>" decreases. Therefore, a partial
substitution of Na* ions by the higher-valent Ca®" ion may take place in the predominant N-A-S-H gel, which would modify the
N-A-S-H gel without totally degrading it, favouring the formation of a gel with a hybrid microstructure of the (C,N)-A-S-H type [53,54].
The latter can improve the stiffness of alkali-activated cements, especially at room temperature [10,33] and has a positive effect on the
mechanical strength [55]. The gel will become richer in aluminates as the CHM content increases. Therefore, the addition of increasing
amounts of CHM will result in the Si/Al and Na/Si molar ratios becoming more and more balanced, providing sufficient OH and Na™*
contents that can lead to better cleavage of bonds such as Si-O-Si, Al-O-Si, Al-O- Al and Ca-O. Therefore, it would lead to the formation
of lesser amount of C-A-S-H gel, more amount of amorphous N-A-S-H gel, as well as, a combination of both (C,N)-A-S-H [33].
Therefore, the increase of mechanical strengths in alkaline activated cements containing up to 40 wt% CHM (60CDW-40CHM-1.0), can
be attributed to the coexistence of C-A-S-H gel whose presence is decreasing with increasing percentage of CHM replacing CDW,
together with mixed (C,N)-A-S-H gel.

The compressive and flexural strengths increase significantly when the activator modulus is increased from 0.5 to 1.0 with flexural
and compressive strengths after 56 days of curing of 1.4 and 5.7 MPa and 16.5 and 30.6 MPa for 100CDW-0.5 and 100CDW-1.0
cements, respectively (Fig. 7). These values increase to 3.5 and 6.6 MPa for the 60CDW-40CHM-0.5 specimens and to 18.5 and
41.2 MPa for the 60CDW-40CHM-1.0 cements. However, further increases in the activator modulus Ms = 2.0 result in a slight decrease
in flexural and compressive strength.

The lowest mechanical strengths are obtained for an activator modulus Ms = 0.5. This is mainly due to the inadequate soluble silica
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provided by the low silicate modulus for the polymerization reaction with Ca®* and Al** in the liquid phase [56] which leads to low
strengths of alkali-activated cements due to a not fully mature molecular structure caused by incomplete dissolution of aluminosili-
cates. This causes deterioration of the microstructure leading to increased porosity as well as increased pore size [48,57]. This increase
in porosity may also be due to the release of physically bound water not consumed due to the low level of geopolymerisation. In
addition, the excess Na* that remains unreacted in the matrix of alkaline activated cements after equilibration of Si and Al tetrahedra
can leach out or lead to efflorescence formation due to the accumulation of carbonated sodium oxide on the surface of the material [9,
51,58]. On the contrary, an excessive NaySiO3 content and a NaOH defect in the activator, as occurs when a high activator modulus
(Ms = 2.0) is used, causes the alkaline activator solution to become more viscous, this effect decreases the workability of the mixtures
and reduces the setting time [27] so that reaction products form rapidly in the highly alkaline medium inhibiting the geo-
polymerisation reaction. In addition, an excessive amount of NasSiOs can hinder the evaporation of water and the formation of
polymerization products during the polycondensation process which could lead to a structure with larger unreacted particles and
higher porosity [33,59]. In contrast, with adequate proportions of NaOH and Na,SiO3, (Ms = 1.0), there is a donation of sufficient
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Fig. 8. FTIR of alkaline-activated cements with increasing amounts of chamotte and raw materials.
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soluble silica species (Si-O) from the sodium silicate agent, therefore, more Si-O-Si bonds are formed which facilitate the right con-
ditions for the formation of a geopolymeric structure [9], creating a stronger material [1]. The Si** ions provided by the solution can
react with the reactive Si*", Ca®" and AI*" species of the precursors, dissolving more particles, leading to a higher formation of re-
action products and a higher degree of reaction [16], and a denser microstructure, thus, the porosity is reduced. Furthermore, sodium
silicate contributes to a better interface between the non-reactive particles and the gel matrix and, consequently, to a higher me-
chanical strength of the aluminosilicate gel [16,33,58]. On the other hand, as the sodium silicate solution content in the solution
increases, efflorescence is significantly reduced, probably due to the lower content of free sodium as a consequence of a higher degree
of geopolymerisation [29].

The flexural and compressive strength of alkaline activated cements increases with curing time. However, this increase is more
pronounced at longer curing times, from 28 to 56 days. This increase is attributed to a higher degree of geopolymerisation as the curing
time increases, as well as to the quality of the gel formed. These data could indicate that after 28 days of curing, the polycondensation
process is not yet virtually complete and there are still raw material particles to be dissolved [60]. That is, the improvement in me-
chanical strength with curing time occurs mainly because the stages of the alkaline activation process involving gelation and trans-
formation are still occurring [22].

3.3. FTIR of alkaline-activated cements

In the process of hardening alkali-activated cements manufactured with CDW and CHM, a series of chemical bonds are formed as a
result of the chemical reactions that take place once the activating solution is added to the mixture. Fig. 8 displays the FTIR spectra of
alkali-activated cements after 28 days of curing, as a function of the incorporated CHM content. For comparison, the FTIR spectra of the
raw materials CDW and CHM are also presented. Table 7 displays the assignment of vibrational frequencies of the AACs.

The bands centered around 3450 cm™ and 1650 cm™ are assigned to the stretching vibrations of the -OH bond and the bending
vibrations of H-O-H in the bound water molecules, respectively. These bands originate from water molecules adsorbed on the surface
or trapped in cavities within the structures of alkali-activated cements [50,54,55]. The higher intensity of both bands with larger
amounts of CDW can be attributed to the greater quantity of water molecules present in the alkali-activated cement as the Si/Al ratio
increases, as well as to a lower degree of geopolymerization reaction for higher CDW contents [60]. The band centered around 1425
em! is assigned to the asymmetric stretching vibrations of the C-O bonds. This band, along with another band centered at approxi-
mately 870 cm™! corresponding to the symmetric deformation vibration of the 0—C—0 bonds, indicates the presence of carbonates
(CO3)2. Both bands intensify in AACs with higher CDW content, indicating that the excess calcium in the precursor leads to the
formation of a greater amount of carbonates due to increased Ca(OH), formation, which reacts with environmental CO2 [21,50,60]
according to XRD data (Fig. 10). The last band assigned to the C-O bond vibrations in carbonate groups appears centered at
approximately 712 em™ [7,50]. The main band, which is the fingerprint of the geopolymerization process [42], appears centered at
approximately 1000 cm™’. This band is attributed to the asymmetric stretching vibration of the Si-O-Si and Si-O-A bonds [10,30]. A
shift of this band towards lower wavenumbers is observed with the incorporation of CHM, as this band in the precursor is centered at
lower wavenumbers, 969 cm™. This displacement can be associated with the dissolution of the aluminosilicate source and is indicative
of the enhanced formation of C-A-S-H and/or N-A-S-H gels during the alkali activation process of alkali-activated cements [10,53,54].
For the CDW precursor, the carbon content can absorb some of the alkalis needed for the reorganization and cross-linking of leached Si,
Al, and Ca species to form gel, resulting in reduced polymerization and lower strength properties [30]. In cements with high CDW
content, the presence of Ca?" in the solution favors the formation of C-A-S-H type gels as can be observed in SEM-EDS analysis
(Fig. 12). As the calcium content is dominant, there may be no additional Si and Al left after the calcium is completely consumed, or the
remaining concentrations of Si, Al, and alkalis may not be sufficient to promote the formation of a highly polymerized structure. The
use of increasing amounts of CHM promotes the formation of N-A-S-H and hybrid (N,C-A-S-H) type gels as shown in the SEM mi-
crographs (Fig. 13), due to the presence of soluble silica and alumina monomers in the solution at high concentrations, leading to the
production of oligomers and subsequent polymerization [61]. In AACs, the double band centered at 796-778 cm ™' and the bands
centered at approximately 680 cm™ and 447 cm™ are also observed, which also appear in both precursors. The double band can be
assigned to the bending of the Si-O-Si bonds in the network of unreacted silica [22,50,55]. While the other two bands are attributed to
the bending vibration of the Si-O-Si and Si-O bonds of quartz, respectively [21,42,50], indicating a weak dissolution of quartz phases in
an alkaline medium observed in the XRD patterns.

Table 7

FTIR spectra band assignments.
Wavenumber (cm™) Vibration mode References
3450 Stretching vibration of the -OH bond [50,54,55]
1650 H-O-H bending vibration [50,54,55]
1425 Asymmetric stretching vibration of the O-C-O bond [21,50,60]
1000 Asymmetric stretching of the Si-O-Si and Al-O-Si groups [10,30,42]
870 C-O bond vibrations in carbonate groups [21,50,60]
796 Si-0-Si bond bending vibration [22,50,55]
778 Si-O-Si bond bending vibration [22,50,55]
712 C-0O bond vibrations in carbonate groups [7,50]
680 Si-O-Si bond bending vibration in quartz [21,42,50]
447 Si-O bond bending vibration in quartz [21,42,50]
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Fig. 9. FTIR spectrum of a) 100CDW with Ms = 0.5, 1.0 and 2.0 and b) 60CDW-40CHM with Ms = 0.5, 1.0 and 2.0 at 28 days of curing.

In Fig. 9a, the Fourier-transform infrared spectra of the 100CDW mixture with different activator modules, as well as the spectrum
of the CDW raw material, can be observed. Similarly, in Fig. 9b, the Fourier-transform infrared spectra of the 60CDW-40CHM mixtures
with different activator modules, along with the spectra of the CDW and CHM raw materials, are shown.

The activator module or silica content of the activating solution influences the shift of the main band associated with Si-O-T (T = Si
or Al in tetraedrical position). The mixtures with Ms = 0.5 experienced the smallest shift, obtaining the lowest wavenumber values of
993 and 1001 cm'! for the 100CDW-0.5 and 60CDW-40CHM-0.5 specimens, respectively. The shift towards higher wavenumbers is
obtained when using an activator module Ms = 2.0 and primarily for Ms = 1.0. This shift could indicate changes in the degree of
polymerization. The increase in the wavenumber indicates a higher degree of polymerized Si-O network, resulting in more highly
polymerized gels, as supported by the data on flexural and compressive strength and SEM analysis [61].

The band centered at 1430 cm™! assigned to the stretching vibrations of O-C-O in carbonates undergoes a splitting in AACs with a
low activator module (Ms = 0.5). This splitting is indicative of the presence of excess Na, indicating the formation of NayCOs, in
addition to the formation of CaCO3 [32,37].

15



A. Garcia-Diaz et al. Journal of Building Engineering 84 (2024) 108568

| CHS

A quartz

* calcite

+ illite

4 dolomite
o albite

¥V anorthite
A hematite

{ v nephelite
60CDW-40CHM-1.0 4 o o £ N
o v o4 . .
A

A
70CDW-30CHM-1.0 4 v A
N I 8y . .

I Y
A o A A
100CDW-1.0 v a4 e
A 4 Iy
CHM 3 . a 41 + A
A
.
*
A e A
cow v N Y e x|y N
B 15 25 35 as 55 65 75
2 Theta (°)

Fig. 10. DRX of alkaline-activated cements with increasing amounts of chamotte and raw materials.

3.4. DRX of alkaline-activated cements

Fig. 10 displays the X-ray diffractograms of the alkali-activated cements synthesized after 28 days of curing, as a function of the
amount of incorporated CHM. The diffractograms of the raw materials, CDW and CHM, are also included for comparison. In all the
represented alkali-activated cements, intense diffraction peaks corresponding to the raw materials were observed, such as the peaks
related to quartz present in both precursors and calcite present in the CDW residue. This suggests that quartz does not react or only
partially reacts during the geopolymerization process as can be seen in the SEM-EDS analysis, indicating a low or negligible reactivity
of the crystalline phases. Additionally, less intense diffraction peaks such as anorthite, illite, and albite are observed, indicating that the
crystal surface is attacked by the alkaline medium [27,48]. The halo located in the range between 20° and 40° 26, which is usually
indicative of aluminosilicate gel formation, although weak in all AACs, is slightly more pronounced in samples with increased CHM
content, suggesting the presence of a higher relative proportion of geopolymeric gel when larger amounts of CHM were used as a
precursor [27]. On the other hand, an intense peak can be observed at approximately 29° 26. This diffraction peak may correspond, in
addition to calcite, to the formation of new phases developed in mixtures such as calcium silicate hydrate (C-H-S) (PDF 33-0306), 20 =
29,355°, 32,053°, and 50,077°.

In Fig. 11a, the X-ray diffractograms of the 100CDW mixture with different activator modules, as well as the spectrum of the CDOW
raw material, can be observed. Similarly, in Fig. 11b, the X-ray diffractograms of the 60CDW-40CHM mixture with different activator
modules, along with the diffractograms of the CDW and CHM raw materials, all at 28 days of curing, are shown.

Due to the similarity of the diffractograms of both mixtures with different alkali activator modules, only those diffraction peaks
showing some differences with the different alkali activator modules have been marked. In the 100CDW paste, it can be observed that
both the diffraction peaks centered at approximately 28° (20), corresponding to the feldspars, albite (NaAlSi3Og), and anorthite
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Fig. 11. XRD patterns of a) 100CDW with Ms = 0.5, 1.0 and 2.0 and b) 60CDW-40CHM with Ms = 0.5, 1.0 and 2.0 at 28 days of curing.

(CaAl,Siz0g), as well as the diffraction peak located around 31° (26), associated with dolomite (CaMg(COs),) from the limestone,
decrease in intensity as the alkali activator module increases. Regarding the 60CDW-40CHM mixture, similar to the previous mixture,
the diffraction peak associated with dolomite located around 31° (20) decreases in intensity as the alkali activator module (Ms) in-
creases. Meanwhile, the diffraction peaks corresponding to illite (a phyllosilicate) that can be observed near 34.8° (260) in the mixture
with Ms = 0.5 decreasesr in the mixtures with Ms = 1.0 and 2.0. Indeed, this could demonstrate that as the amount of sodium silicate in
the activator increases, there is a higher dissolution of these phases, more amorphousness, and a greater degree of geopolymers
formation. Furthermore, the consumption of illite indicates a more extensive formation of N-A-S-H gel, as well as a combination of C-A-
S-H and N-A-S-H gel to form a hybrid (C,N)-A-S-H gel [22] according con FTIR and SEM-EDS analysis. This suggests different degrees of
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Fig. 12. SEM micrographs and EDS analysis of control AACs, 100CDW-1.0 at 1Kx.

geopolymers formation with an increase in the Ms of the alkali solution.

3.5. SEM-EDS of alkaline-activated cements

The morphology of the selected alkali-activated cements, control 100CDW, and the optimal sample with higher CHM content,
60CDW-40CHM-1.0, was examined using SEM (Scanning Electron Microscopy). The chemical composition was analyzed using Energy
Dispersive X-ray Spectroscopy (EDS).

The control mixture 100CDW-1.0 (Fig. 12) exhibits a non-homogeneous microstructure in which microcracks can be observed,
generated both due to material shrinkage and water evaporation, typical of alkali-activated cements with high Si/Al molar ratios.
Additionally, the presence of unreacted SiO, particles embedded in the formed gel can be observed according to XRD and FTIR data.
The presence of these particles is confirmed by EDS analysis (Spectrum 1), as well as unreacted Ca-rich CDW particles (Spectrum 2).
This indicates poor and/or partial dissolution of the CDW residue, leading to the formation of weak bonding agents between the
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Fig. 13. SEM micrographs and EDS analysis of 60CDW-40CHM-1.0 at (a) 500x and (b) 1Kx.

reaction products, consistent with lower mechanical strength.

The predominant formation of calcium aluminosilicate gel (C-A-S-H) can be observed (Spectrum 3), characterized by a region with
greater granularity, rich in silicon and calcium, and lower concentrations of aluminum and sodium. Additionally, to a lesser extent, the
formation of a more fibrous gel of sodium and calcium aluminosilicate hydrate (N,C-A-S-H) can also be observed (Spectrum 4). The
coexistence of both gels results in a weaker structure because these two gels compete to form, leading to a less homogeneous structure
due to the separation of both phases and unreacted particles, as indicated by the compressive strength data. Moreover, neither of the
phases acts as a microaggregate to fill pores and cracks [23].

The micrograph of the 60CDW-40CHM-1.0 AACs (Fig. 13) shows a more homogeneous microstructure compared to the control
mixture, with a lesser amount of unreacted particles, indicating that both precursors have been almost completely dissolved under the
alkaline network, which aligns with the better mechanical performance reported for this mixture. However, some microcracks can still
be observed.

A predominance of the hybrid gel (N,C-A-S-H) (Spectrum 5) can be observed, with an elemental composition rich in silicon and
sodium, and in lesser proportion in calcium and aluminum. This mixed amorphous gel is formed due to the combination of CA-S-H and
N-A-S-H gels, being the main product of geopolymerization. The presence of the N,C-A-S-H gel exhibits greater cohesion, providing the
60CDW-40CHM-1.0 cements with a stronger structure and higher compressive and flexural strength compared to the control mixture,
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100CDW-1.0, as supported by the flexural and compressive strength data [23].

The SEM-EDS analysis of the 100CDW and 60CDW-40CHM mixtures as a function of the activator module (Fig. 14) indicates that
when using a low activator module, Ms = 0.5, both in the 100CDW-0.5 and 60CDW-40CHM mixtures, there is a considerable amount of
unreacted or partially reacted particles embedded in the gel. In both cements, unreacted quartz particles (Spectrum 1) as well as
unreacted CHM precursor particles rich in calcium (Spectrum 2) can be observed according to XRD and FTIR data. Additionally, excess
sodium from the activator can be seen (Spectrum 6), which is not part of the reaction product, the hybrid C,N-A-S-H gel (Spectrum 7
and 8). The use of low activator modules results in AACs with a microstructure characterized by weak compaction, loose morphology,
and high porosity, indicating a low degree of reaction in the system with a low formation of the hybrid gel. Furthermore, it can be
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Fig. 14. SEM micrographs-EDS analysis of a) 100CDW with Ms = 0.5, and 2.0 and b) 60CDW-40CHM with Ms = 0.5, and 2.0 at 28 days of curing.
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observed that the 100CDW-0.5 mixture has a coarser pore size distribution compared to the 60CDW-40CHM-0.5 mixture, resulting in
lower mechanical strengths.

By increasing the activator module up to Ms = 1.0 and Ms = 2, a compact material with a denser and more homogeneous structure
is observed, exhibiting reduced porosity and pore size, as well as a decreased number of unreacted particles. This observation indicates
the formation of more hydration products. In the 60CDW-40CHM specimens, a more fibrous and irregular structure can be observed,
primarily corresponding to an amorphous network microstructure of the alkali-activated cement due to the formation of the hybrid N,
C-A-S-H gel. This could be because the C-A-S-H gel, with its higher filling capacity, can deposit and fill the porous spaces between
particles, forming a denser microstructure and improving the overall physical and mechanical properties. Additionally, this gel
combines with the N-A-S-H gel, which is much more significant in this mixture than in the control cements, where it forms only to a
lesser extent. This justifies the higher mechanical strength of AACs that incorporate CHM. In samples with a higher activator module,
Ms = 2.0, an increase in cracks caused by drying shrinkage during the curing process, lower gel formation, and a higher number of
unreacted particles can be observed. This is due to the decrease in the pH of the activator and the presence of an excess of soluble Si in
the system. As a result, the particles start to lose cohesion, becoming trapped in the reaction product matrix, leading to reduced
dissolution of CDW and CHM particles and a lower amount of available Al to form the corresponding gels. Therefore, increasing Ms
beyond a certain value adversely affects the mechanical properties.

4. Conclusions

This study investigates the influence of incorporating different amounts of ceramic fraction, chamotte residue (0-40 wt%), and
different silicate modules (Ms = 0.5, 1.0, and 2.0) on the microstructural and macroscopic properties of alkali-activated cements
(AACs) based on construction and demolition waste with a high fraction of concrete residues. The following conclusions are primarily
drawn from this research:

1) The addition of CHM enhances the mechanical properties of AACs based on CDW. The flexural and compressive mechanical
strength increases linearly with the incorporation of increasing amounts of chamotte. The most significant improvement is ach-
ieved for cements incorporating 40 wt% CHM (60CDW-40CHM-1.0), with flexural and compressive strengths after 56 days of
curing reaching 18.5 and 41.2 MPa, respectively, representing an increase of 18.0 % and 34.4 % compared to the control cements
(100CDW-1.0). The increase in mechanical strength can be attributed to the different nature of the gel formed according to the data
obtained from SEM-EDS analysis.
The activator modulus has a great influence on the mechanical properties due to a strong influence on the structure and
morphology of the reaction products formed. Thus, when the silicate module of alkali activators increases from 0.5 to 1.0, it leads to
a significant upward trend in mechanical properties. However, a further increase to 2.0 causes a slight decrease in the flexural and
compressive strength of the AACs.
The use of low Ms values results in low dissolution of the precursors, leading to a porous and poorly packed microstructure with a
large number of unreacted particles and limited gel formation as indicated XRD and SEM-EDS data. The increase of Ms up to 1.0 and
2.0 results in a dense and compact microstructure, observed in SEM micrographs, as the sodium silicate provides additional silicon
species that play a crucial role in the geopolymerization process. The slight decrease in mechanical properties when an excess of
sodium silicate is used (Ms = 2.0) is due to the rapid precipitation of hydration products on the precursor grains, inhibiting their
dissolution and alkaline activation reactions. As a result, there are smaller amounts of gel formed according to FTIR and SEM data,
reducing the bonding between particles, and leaving some of them unreacted, leading to a consequent decline in mechanical
properties.

4) XRD and FTIR analysis indicates the formation of N-A-S-H, C-(A)-S-H or N,C-A-S-H gels in all samples, as well as the presence of
non-reactive crystalline phases. The activator modulus influences the degree of polymerization of the gels, obtaining more poly-
merized gels when using a Ms = 1.0.

5) SEM-EDS analysis confirms that the alkaline activation of the calcium-rich CDW precursor gives as main reaction product, C-A-S-H
gel. The progressive addition of chamotte, which is richer in alumina and has lower calcium content, promotes the formation of
geopolymeric gel or N-A-S-H gel, leading to the formation of the hybrid (C,N)-A-S-H gel responsible for the increase in mechanical
properties. The use of Ms = 0.5 results in a porous structure, while the use of Ms = 2.0 results in a compact structure but with
shrinkage cracks, both AACs having a high amount of unreacted particles.

2

—

3

—

The utilization of CDW residues rich in concrete fraction and the enrichment of the ceramic fraction through the incorporation of
CHM as a raw material for the production of environmentally friendly alkali-activated cements, represents a highly effective pathway
for the valorization of construction waste, aligning with the principles of circular economy. The incorporation of CHM and an
appropriate activator module results in AACs with excellent mechanical performance. It is recommended to incorporate 40 wt% of
CHM and use an activator module of Ms = 1.0.
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