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Abstract

:

The increasing use of geopolymer materials in the construction and civil engineering sectors generates a large amount of non-biodegradable waste that will end up in landfills. It is therefore necessary to anticipate solutions for the proper management of this waste. In this work, new geopolymer materials were fabricated by partially replacing the reactive raw minerals (fly ash, FA, or metakaolin, MK) with used geopolymers (fully fly ash-based, FAref, or metakaolin-based, MKref), in order to develop a strategy to reuse geopolymer waste. Their workability and setting behavior were studied in the fresh state, and the geopolymerization process was investigated by calorimetry and by electrochemistry. Mechanical properties and the ability for coating mineral aggregates were assessed, and the resulting adhesion properties were analyzed using matrix/sand mortars. It appears that the new geopolymer materials as well as the mortars are endowed with good performances. The compressive strengths are above 50 MPa and therefore meet the requirements of different construction materials. This demonstrates the recyclability of geopolymer materials. Moreover, an analysis of the influence of the substitution of recycled geopolymers on the setting and on the mechanical performances of mortars makes it possible to propose a binder-recycled geopolymer interaction model for the formation of new binding matrices.
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1. Introduction


Under demographic pressure, the building materials sector is booming. Among these manufactured materials, concrete is the most consumed, with a production of 6 billion cubic meters per year and an annual growth rate of 6.9%. Concrete consists of a binding phase (cement) associated with aggregates and water. Cement is produced from a mixture of natural mineral raw materials (limestone and clay) brought to a very high temperature (1450 °C) [1,2]. Thus, this material has a heavy environmental and economic liability. Indeed, its production consumes huge tonnages of non-renewable fossil materials because its transformation requires heating to very high temperatures and, consequently, a big energy bill, and the decarbonation of limestone creating large emissions of CO2 gas and contributing to the greenhouse effect. The production of one ton of Portland cement requires 1.7 tons of raw materials and generates the emission of 0.85 tons of CO2 into the atmosphere [1,2,3,4]. This state of affairs has prompted the scientific community (researchers, civil engineers, etc.) to work for the creation of new binders for construction that are more respectful of nature. This is how geopolymer cements have emerged as very promising alternatives to Portland cement. These materials are generally produced by chemical reactions on some raw material rich in aluminosilicate compounds using an alkaline activating solution composed of sodium silicate and sodium or potassium hydroxide [5].



The synthesis process includes several stages: the dissolution of the raw material and formation of silicate and aluminate monomers, the formation of an oligomer gel, the polycondensation (formation of an amorphous three-dimensional network), and the hardening [6,7]. This process has many advantages: the materials harden at a very moderate temperature (below 100 °C) with a reduced release of greenhouse gases. They have good mechanical properties (compressive strength up to 100 MPa) acquired largely during setting and at the start of hardening. They tolerate exposure to high temperatures, the most aggressive acids, and sulfates and chlorides as well. These characteristics open up a wide variety of application prospects in the field of construction materials: concrete, bricks, cladding materials, thermal and sound insulation panels, fire protection structures, protective coatings, etc. [8,9,10,11,12]. Another interesting aspect of these materials is that harmful industrial waste produced in large quantities can be incorporated into their composition. Among these wastes, fly ash issued from power plants, rice husk ash, slag from blast furnaces, red mud resulting from the manufacture of aluminum, phosphate mineral washing sludge, glass waste, construction and demolition waste, etc., figure prominently [13,14,15,16,17,18,19]. These wastes have the common factor of being composed of aluminosilicates, and therefore, they can be transformed by alkaline attack into value-added products, endowed with interesting technical properties and a high capacity of confinement of harmful elements such as heavy metals [20,21,22].



These technical, technological, and environmental advantages make it possible to gradually impose geopolymer materials against conventional building materials in the coming years. However, the increase in the production volume of these materials will generate huge quantities of non-biodegradable waste in the coming decades, either materials at the end of the life cycle or manufacturing waste stored in landfills. It is therefore necessary to develop several appropriate anticipatory strategies for the reuse of this type of waste.



The few existing works on the recycling of geopolymer waste can be analysed as per two approaches. The first one uses coarse-grained shredded waste, with the aim of replacing natural aggregates for the production of concrete or geopolymer mortars [23,24]. The second one uses waste with a finer grain size, with a view to substituting them for the starting aluminosilicate materials [25]. Thus, Akbarnezhad, A. et al. [23] studied the effect of replacing different amounts of natural aggregates with waste aggregates with sizes between 4.7 and 13.2 mm in a geopolymer concrete prepared from a mixture of kaolin, fly ash, and blast furnace slag (GGBFS) and activated by a sodium silicate solution. The total substitution of aggregates resulted in only 12.9, 10.7, and 15.2% decreases in compressive strength, modulus of elasticity, and modulus of rupture, respectively. Zhu, P. et al. [24] studied the influence of the replacement of river sand by ground waste up to a grain size of around 3 mm for the production of metakaolin-based geopolymer mortars. The results showed that the mechanical strength of these mortars is unchanged up to substitution rate of about 50 wt.%. It appears that this work was more focused on the reinforcing role played by the waste, in terms of the mechanical performance of the end products. However, they did not study in detail the interactions between the newly formed geopolymer phase and the recycled aggregates.



A second approach by Gharzouni, A. et al. [25] used finer-grained (less than 0.88 mm) geopolymer waste powders as a substitute for metakaolin, the starting aluminosilicate. The results showed that the feasibility of these materials is limited to a substitution rate of about 20% and that the mechanical strengths of the final products decreased compared to the reference materials (without recycled geopolymer).



Our contribution follows the same approach but is distinguished by the use of micronized waste powders of size less than 90 µm. The major advantage is to substitute large amounts (up to 50 wt.%) of the starting aluminosilicates while maintaining good mechanical characteristics, comparable to those of the reference matrices free of waste. The other advantage is to allow the introduction of this waste during the geopolymer brick manufacturing process, for example, while maintaining the same processing parameters in the production chain (in terms of the nature and composition of the activation solutions, liquid/solid ratio, temperature, and curing time), which generates significant cost savings. The aim is to limit the massive consumption of non-renewable fossil resources and to reduce the negative impact of waste on the environment.



To this end, we first prepared two shades of geopolymer materials by activating fly ash (FA) and metakaolin (MK) using an alkaline solution composed of a mixture of silicate and sodium hydroxide. These materials were then stored for a year in the open air to simulate waste, and then were transformed into fine powders labelled FARG and MKRG, respectively. Furthermore, these powders were integrated as a substitute for the starting raw materials (MK and FA) in order to produce new geopolymer matrices. The influence of this substitution on the characteristics of the bricks in the fresh state (workability and setting kinetics) and in the hardened state (structural properties and mechanical resistance) is investigated in this work. Next, the suitability for coating standardized sand with these substituted matrices is studied. Then, the cohesion properties of the substituted matrix/standardized sand mortars with 30/70 mass ratios are evaluated. Finally, a phenomenological model is proposed to explain the interfacial mechanisms at the origin of the good adhesion properties between the reference matrices and the aggregates of geopolymer waste.




2. Experimental Program


2.1. Materials, Equipment, and Methods


The starting materials used for the development of geopolymer materials are:




	
Commercial metakaolin (MK) of natural origin, rich in aluminosilicates, purchased from Imerys Argical M1000, France;



	
Fly ash (FA) from Jarf Lasfar Thermal Power Plant, considered as industrial waste.



	
Standardized sand used as aggregate for the fabrication of the mortars.



	
An alkaline activating solution with SiO2/Na2O molar ratio = 1.2 with 63 wt.% of water. It is a mixture of sodium hydroxide (purity 98%), sodium silicate (SiO2/Na2O with molar ratio 2.45% of dry matter), and water.








X-ray fluorescence and X-ray diffraction analyses are the two usual methods most suitable for determining the elemental and mineralogical composition of raw materials and materials such as clays, geopolymers, fly ash, cement, etc. They are timeless and have several advantages such as sensitivity, reproducibility, and the possibility of simultaneously analysing several elements and phases. In addition, these methods are commonly available, unlike inductively coupled plasma spectrometry, for example.



Quantitative chemical compositions of the starting materials were determined by X-ray fluorescence (Thermo ARL 9800XP). Attention was focused on the most abundant elements in mass in the powders, in particular those involved in the geopolymerization reaction such as: SiO2, Al2O3, CaO, Fe2O3, Na2O, and K2O (the elements with mass content of less than 0.01% were not reported). The XRF spectrometer used a 2.4 kW X-ray tube (30 kV and 80 mA) with an analysis duration of 100 s for each sample. It was calibrated using certified reference material standards (CRMs) from the same matrix as the samples to be analyzed. For each element, a calibration curve was established, and correlation coefficients were determined by regression calculation. The content of the elements was evaluated by using ADVANTX-2252 instrument operating with v2.6.3.3985D of the OXSAS software (from Thermofisher®, Waltham, MA, USA). The fusion method was considered for samples preparation, according to EN 196-2 standards which are widely used for major elements analyzes by XRF. To prepare the glass disc samples, 0.4 g of sample was homogenized and dried then mixed with 4 g of the dilithium tetraborate based fluxing agent (Spectroflux 100®). The mixture was brought to complete melting in an electrical furnace for 1 h at 1000 °C. After a periodic stirring, the homogeneous melted sample was recast into glass beads 2 mm thick and 32 mm in diameter. The quantitative chemical composition of the powders and the associated standard deviation are listed in Table 1.



Mineralogical compositions were determined by using Bruker D8 Advance X-ray diffractometer equipped with Cu Kα radiation source (λKα = 1.5418Å) operating on 40 mA and 40 kV with a scanning step of 0.02° and a scanning rate of 10°/min in the range 10° < 2θ < 70° (Figure 1). The identification of the crystalline phases was made using version 2.1 of the DIFFRAC EVA software. We noted a displacement of the glassy domes towards the large angles for MKRG and FARG geopolymers compared to those of the raw materials MK and FA. This shift indicates that the geopolymerization reaction occurred through alkaline activation [25].



The particle size distribution of the powders was determined by using a Mastersizer 2000 laser type analyzer (Malvern, UK) (Figure 2). The morphology of MK, FA, FARG and MKRG powders was revealed by using a Hirox MiniSem SH 4000 m type scanning electron microscope (Figure 3).




2.2. Formulation and Manufacturing


Manufacturing the new materials involves two steps. In the first step, two shades of geopolymer materials, intended to simulate waste, were prepared. For the fly-ash-based geopolymer (FAref), the fly ash (FA) was mixed with a sodium silicate activating solution (SAS) with SiO2/Na2O molar ratio of 1.2 and L/S = 0.58, then cured at 80 °C for 20 h. For the metakaolin-based geopolymer (MKref), metakaolin (MK) was mixed with a similar activating solution at L/S ratio = 0.83, and then cured at 60 °C for 5 h (Table 2). Different curing times and temperatures were used due to the the difference in reactivity of these two powders with respect to the activation solution. Indeed, the morphology of the fly ash powder is relatively coarser, and its vitreous phase made up of glassy spherules is more energetically stable, while metakaolin powder is finer and the structure of its amorphous phase is formed of disorganized layers. This results in a higher reactivity. Therefore, the fly ash dissolution kinetic is slower than the metakaolin one and thus requires a higher temperature and a longer holding time. The materials obtained were stored for a year in the open air in order to simulate aging in an ambient environment [26]. They were then crushed using a roller mill, then sieved to obtain very fine powders of recycled geopolymers referenced FARG and MKRG for FA and MK, respectively. Mean grain size was less than 90 µm for both recycled geopolymer powders, with size distribution comparable to the starting materials (MK and FA), see Figure 2.



The second manufacturing step relates to the preparation of the new binders by making mixtures between the starting materials, FA or MK, and the waste powders, FARG and MKRG. FA and MK were replaced by FARG and MKRG, respectively, at different mass contents (from 0 to 50%). Three types of mixtures referenced as FA/FARG, MK/MKRG, and MK/FARG were prepared.



The mixtures were then subjected to activation under the same experimental conditions as preparing the formulation without waste. The materials made of FA/FARG mixtures were prepared by alkaline attack using a solution with SiO2/Na2O molar ratio of 1.2 and L/S = 0.58, at 80 °C for 20 h while MK/MKRG and MK/FARG mixtures were prepared by using a solution with SiO2/Na2O molar ratio of 1.2 and L/S = 0.83, at 60 °C for 5 h (Table 2).



Finally, mortars were prepared by adding standardized sand aggregates to the pastes of the various aforementioned mixtures according to powder/sand mass ratio = 30/70.



These global mixtures were transferred into moulds of dimensions 40 × 40 × 40 mm3 and were subjected to vibration for 5 min to remove the air bubbles. The moulds were wrapped in a polypropylene film to prevent the rapid evaporation of the water and were placed in an oven. After hardening, the samples were removed from the mould for storage at room temperature until the mechanical characterization (3, 7, and 28 days).




2.3. Characterization in the Fresh State


The workability of the pastes was evaluated by measuring their viscosity at an early age at room temperature. The tests were carried out on a Haak Rheostress 1 type rotary rheometer fitted with a plane-plane geometry cell. The starting powder was mixed with the activation solution for three minutes. The paste was then placed on the rheometer plate and subjected to shear at a constant rate of 5 s-1 for 2 min [27,28]. The viscosity value is taken as the average of 5 measurements during this period.



The evolution of the setting was followed by two experimental techniques:




	
Calorimetry by using a Netzsch STA 449 F3 Jupiter type calorimeter. After mixing the powder and the activation solution mixture for three minutes, the paste was placed in the crucible and then brought to the desired measurement temperature [7]. The heat exchange at constant temperature was thus recorded.



	
Electrochemistry by using a GW INSTEK LCR-6101 type impedance analyzer. The test frequency was set at 1 kHz under 1 V bias voltage. The paste was placed in a cell, in which two copper electrodes were immersed, connected in parallel with the impedance analyzer. The cell was placed in a thermostatically controlled bath set at 60 °C for MK-based pastes and at 80 °C for FA-based pastes. The evolution of the conductivity of the medium as a function of time was thus recorded [29].









2.4. Characterization in the Hardened State


The mechanical properties of the binders and the mortars were determined after 3, 7, and 28 days of curing. The compression tests were carried out on a universal Perrier type testing apparatus equipped with a 200 kN capacity load cell, following ASTM C109 standard [30]. For each condition, four specimens were tested, and the compressive strength was taken as the arithmetic mean of the four measurements. We also proceeded to the structural characterization of the materials by the determination of the apparent density and the water absorption according to the following method. After storage for 28 days, the samples were dried at 105 °C for 72 h and then cooled down in air at room temperature. The dry mass was then measured (mdry in gram). Then, the samples were immersed in water for 72 h and the mass of the sample in the water (mwat in gram) was determined. Finally, the surfaces of these samples were dried before they are weighed in air (msat in gram). Water absorption (WA) and apparent density were calculated respectively by the following Equations (1) and (2):


WA (%) = 100 (msat − mdry)/mdry



(1)






ρg = ρwat mdry/(msat − mwat)



(2)




where ρg is the apparent density of the geopolymer in g/cm3 and ρwat is the apparent density of water in g/cm3.



Macro and microstructural observations of the materials were implemented by using a ZHX-700F type digital optical microscope (Keyence, Osaka City, Japan) in order to assess the morphology and the quality of the matrix/aggregates interface.





3. Results and Discussion


3.1. Workability


The workability of a paste expresses its aptitude for shaping (casting, molding, etc.). A comparative study of the workability of the pastes was carried out by determining their viscosity at a short-term period after mixing.



Figure 4 represents the change in viscosity of the pastes as a function of the content of recycled geopolymer. It can be first noted that the metakaolin-based paste, MKref (without substitution), shows a viscosity of 41.85 Pa.s, which is significantly higher than that of the fly-ash-based paste, FAref (without substitution), whose value is 31.66 Pa.s. However, the metakaolin-based paste had a liquid to solid ratio higher than the ash-based paste, i.e., 0.83 versus 0.58. This can be explained by the difference in the water demand of these powders. The water demand depends on the specific surface of the aggregates and their morphology. The higher viscosity of the MK-based paste is assigned to its peculiar structure, which derives from the layered structure of the kaolinite (the initial ore) and is characterized by a large specific surface area and therefore a high water demand, unlike fly ash, which shows spherically shaped aggregates and larger particle sizes (Figure 2 and Figure 3a,b) [6].



It is also noted that whatever the formulation considered, the increase in the recycled geopolymer content results in a decrease in viscosity, which means an improvement in workability. This reduction in viscosity is assigned to the gradual replacement of reactive aluminosilicate powder (MK or FA) with respect to the activation solution by more chemically inert additives characterized by lower water absorption (FARG and MKRG) [25]. This leads to a reduction in the amount of silicate and aluminate monomers produced after dissolution and therefore a decrease of the oligomers produced in the medium is noted. These species are responsible for gel formation which explains the viscosity of the pastes in the early period of the alkaline attack [27,31,32]. This trend was reported in previous works when reactive aluminosilicate compounds such as fly ash or metakaolin were replaced by chemically inert aggregates such as sand or glass waste [32,33,34,35,36].




3.2. Investigation of the Geopolymerization Process


3.2.1. Calorimetry


Calorimetry tests were carried out on FA/FARG, MK/MKRG, and MK/FARG at 60 °C for metakaolin-based mixtures and 80 °C for fly-ash-based mixtures. The objective was to study the effect of adding recycled geopolymers on the heat exchange during the geopolymerization process.



The results shown in Figure 5 indicate the same behavior for the three formulations in terms of the influence of the substitution rate. Three distinct events are worth noting:




	-

	
The occurrence of a first exothermic peak from the very first moments (domain I) is attributed to the wetting and dissolution of the reactive aggregates. The alkaline attack destroys the bonds within the amorphous phase and produces monomers, thereby generating heat exchange [7,37,38]. The amplitudes of the peaks of the reference materials MKref and FAref (without additives) are the highest. For each of the three formulations, the amplitude gradually decreases as the content of added recycled geopolymer is increased. This trend can be explained by the increasing substitution of FA and MK, which contain amorphous phases that are very reactive towards the activation solution, taking into account the curing temperature [29,39,40], by recycled geopolymers which are weakly or not at all reactive under these conditions [25].




	-

	
A second event (domain II), also exothermic, is attributed to the structuring phenomenon, i.e., the massive precipitation of the products issued from the activation reaction [22,37,38]. On the one hand this phenomenon is delayed when the substitution rate of the reactive materials MK and FA is increased. This means that as the amounts of these materials are reduced, the amounts of the monomeric silicate and aluminate species produced by dissolution decreases, hence the time necessary for oversaturation in aluminosilicate oligomers and to trigger polycondensation is extended. On the other hand, this delay correlates to the heat exchanged, which demonstrates that the polycondensation rate decreases, and as a result, the global heat exchanged is also reduced when the content of recycled geopolymers is increased [22,37,38,41].




	-

	
Finally, the reduction in heat generation indicates that the setting process by the formation of a three-dimensional network is attenuated (domain III); its stabilization indicates that the structuring phenomenon is ending.









It is clear that the substitution of recycled geopolymers for much more reactive mineral materials has a delaying effect on the setting.




3.2.2. Electrochemical Measurements


Electrochemical measurements were implemented to precisely determine the instants of the beginning and end of the setting of the pastes via the time evolution of the electrical conductivity (Figure 6). As for calorimetry measurements, the variation in conductivity as a function of the rate of substitution of the recycled geopolymer shows the same trend, independent of if the formulation considered is FA/FARG, MK/FARG, or MK/MKRG. These curves also present the following three domains of behavior [29]:




	
A first domain identified by the rapid increase in conductivity toward a maximum value is assigned to the combined action of two phenomena: the dissolution of raw materials by the alkaline attack and the action of temperature. In fact, the alkaline attack products are charged monomers whose mobility increases when the temperature of the mixtures is increased from the ambient temperature (during mixing) to the test temperature (60 °C for metakaolin-based suspensions and 80 °C for those that are fly-ash-based)



	
The second domain is called the “oversaturation stage” (maximum conductivity values) in which the conductivity is almost constant due to a balance between the dissolution and polycondensation processes.



	
In the third domain, the drop in conductivity is explained by the polymerization process (the start of setting by massive precipitation after saturation of the medium in aluminate and silicate species), which takes precedence over dissolution. Indeed, the precursors reorganize by immobilizing the alkaline cations Na+. These cations act as charge compensators in the geopolymer network and are mainly responsible for the conductivity of the medium. Their immobilization is manifested by a continuous decrease in conductivity toward a stable level which indicates the end of the geopolymerization process, i.e., the end of setting.








It is noted that the electrochemistry results are in good agreement with the calorimetry results.



Regardless of the formulation, the least reactive mixtures (i.e., those containing the highest substitution rates of recycled geopolymer) take longer before polycondensation predominates. That means that the amounts of the silicate and aluminate monomer species produced by dissolution are not sufficient to trigger massive polycondensation, which explains the existence of an extended second phase plateau. In fact, the degree of geopolymerization increases when the rate of the reactive raw material is raised, which leads to the acceleration of gel formation and the structuring of the geopolymer [22,37].



Thus, the consumption of charge-compensating sodium cations is accelerated, and consequently, the start (ts) and end (te) times of setting are reduced [29] (Table 3).





3.3. Structural and Mechanical Characterization in the Hardened State


3.3.1. Structural and Mechanical Characterization of the Binders


The evolution of the compressive strength of the binders FA/FARG, MK/MKRG, and MK/FARG at 3, 7, and 28 days of curing is shown in Figure 7.



Whatever the composition of the mixtures, the hardened materials seem to reach a maximum level after only 3 days of curing. This trend is explained by the high reactivity of FA and MK under the effect of the activation solution and the curing temperature. It is well known that a higher curing temperature and the optimal activation solution composition enhances the degree of geopolymerization, which promotes strength development at an early age [29,40,42,43]. For all three matrices, the compressive strength is unchanged for curing time between 3 and 28 days for substitution rates up to 40 wt.%. Reference materials FAref and FA/FARG40 have compressive strengths of 53.46 and 52.23 MPa, respectively, while those of MKref, MK/MKRG40, and MK/FARG40 are 63.3, 59.2, and 58.8 MPa, respectively. Beyond a substitution rate of 40 wt.%, the compressive strength at 28 days decreases by about 20% compared to the reference matrices of FAref and MKref (43.4, 50.0, and 48.7 MPa for FA/FARG50, MK/MKRG50, and MK/FARG50, respectively). These changes are well correlated with the density and water absorption rate (Figure 8) whose values vary significantly beyond the rate of 40 wt.%. In fact, the resistance of a composite material is governed by several factors such as the volume and the resistance of the binding matrix, that of the aggregates, the matrix-aggregates bond... [38,44]. The good mechanical behavior of these materials up to 40 wt.% substitution suggests a fairly good bond between the binding matrices formed after the activation of the aluminosilicate sources (FA or MK) and the recycled geopolymers (FARG or MKRG). The decrease in compressive strength beyond 40 wt.% additive is attributed to the reduction in the amount of reactive raw material, and therefore to the reduction in the volume of the newly formed geopolymer phase, which results in loss of densification and manifests itself in an increase of the water absorption (Figure 8).



The observation of the surfaces of rupture by scanning electron microscopy (Figure 9) confirms the mechanical characterization. The newly formed geopolymer phase cannot be differentiated from that of the substitution waste, and the fracture surfaces of the reference matrices are similar to those of the 50% by weight substituted material aggregates. These data confirm the quality of the new binders and the good cohesion between the two constituents. The fracture surfaces of FAref and FA/FARG50 are inhomogeneous, marked by the presence of spherules or impressions of vitreous spherules originating from the raw material, which did not react to alkaline attack (Figure 9a,b). On the other hand, the fracture surfaces of MKref, MK/MKRG50, and MK/FARG50 (Figure 9c–e) seem more homogeneous and more compact, which may explain their relatively higher compressive strength.



Figure 10 shows the diffractograms of FA/FARG, MK/MKRG, and MK/FARG after 28 days of cure. It is obvious that the spectra of the two materials FA/FARG (Figure 10a) and MK/MKRG (Figure 10b) overlap perfectly with those of the reference geopolymers FAref and MKref, respectively. This indicates that no new crystalline phase was formed during exposure of the reference materials to ambient conditions for 1 year. FA/FARG materials are composed of quartz and mullite, which are inert phases originating from the alkaline attack of fly ash, and of an amorphous phase identified by the glassy dome located in the angular range 20° < 2θ < 35°. MK/MKRG materials consist of quartz, traces of residual kaolinite not transformed by the heat treatment applied to obtain the kaolin, and of an amorphous phase. On the other hand, MK/FARG blends (Figure 10c) are composed of the MK reference matrix (characteristic lines of quartz and residual kaolinite) and mullite (glassy dome formed from FARG waste).




3.3.2. Structural and Mechanical Characterization of Mortars


Mortars were fabricated and characterized with the aim to evaluate the binding capacity of the new geopolymers and their adhesion ability with mineral aggregates. They consist of 30 wt.% of raw material FA or MK and recycled geopolymer, and 70 wt.% of standardized sand. The specimens thus produced were tested by uniaxial compression at 3, 7, and 28 days of cure. The results presented in Figure 11 indicate that the addition of sand slightly improved the compressive strength compared to the unfilled matrices (Figure 7). This beneficial effect had been reported by other authors [45,46,47,48]. The addition of a filler (granular phase like sand) to a binding matrix improves its compactness, homogenizes the stress distribution, helps stabilize the cracks, and therefore, increases the work of fracture.



The increase in the substitution rate up to 40 wt.% does not significantly modify the compressive strength of the mortars. Compressive strengths of 59.1 and 58.0 MPa were obtained for FAref and FA/FARG40 matrix mortars, respectively, while the values for MKref, MK/MKRG40, and MK/FARG40 matrix mortars are 63.5, 59.95, and 58.9 MPa, respectively. At 50 wt.% substitution, the compressive strengths of the mortars decrease by about 20% compared to the FAref and MKref reference mortars (46.5, 51.1, and 50.7 MPa for FA/FARG50, MK/MKRG50, and MK/FARG50 matrices, respectively).



These results prove that the rupture is mainly governed by the binding matrix, which confirms the presence of a strong bond between the newly formed geopolymer phase (formed by polycondensation of the oligomers obtained by dissolution of MK or FA) and the recycled geopolymer aggregates (FARG or MKRG), and that the set of matrices (newly formed geopolymer-recycled aggregates) then behaves as a single binding matrix. It is worth noting that even for these high substitution rates, this binding matrix retains a good binding capacity and good matrix–sand aggregate adhesion as it appears in Figure 12. These micrographs show that the coating quality of the binding matrices mixed with 50 wt.% substitution of recycled geopolymer is comparable to that of the reference matrices FAref and MKref.




3.3.3. Newly Formed Geopolymer—Recycled Geopolymers Anchorage by Interfacial Chemical Interaction


The summary of the results obtained in the fresh state by monitoring the workability and the geopolymerization process shows that the powders of recycled geopolymers are chemically inert or weakly reactive with respect to the alkaline solution. In the hardened state, it appears that the substitution of the raw materials FA and MK for the recycled geopolymers FARG and MKRG up to the rate of 50 wt.% does not affect either of the structural characteristics. This is confirmed by the SEM observations of the fracture surfaces that show features similar to those of the reference matrices, which do not make it possible to distinguish the recycled geopolymers from the newly formed geopolymers. This is accompanied by a slight decrease in mechanical strength (less than 20%), with a mean value around 48 MPa. After the introduction of sand aggregates for the preparation of mortars, one could expect a drop in mechanical strength. Indeed, the proportion of reactive aluminosilicate powder (metakaolin or fly ash) is low and only represents 15% by mass of all the solid materials in the mixture (sand, reactive aluminosilicate powder, and recycled geopolymer powder). However, mortars have high mechanical strengths (around 50 MPa). This finding confirms the strong cohesion of the recycled geopolymer—a newly formed geopolymer phase entity, which behaves similar to a unique binding matrix. In a study on materials consisting of geopolymer matrices based on metakaolin and glass beads aggregates, Zhang, L. et al. [44] attributed the good mechanical strength to the creation of a chemical bond at the matrix–filler interface. The amorphous structure of these glasses and their composition based on silicon and aluminum have similarities with those of geopolymers and their reactivity in the presence of the activating solution. These data prompted us to propose a model that represents the interfacial interaction between newly formed geopolymer and the aggregates of recycled geopolymers (Figure 13), which can be described as follows. The alkaline activation dissolves the reactive materials MK and FA to form aluminosilicate oligomers. The reaction of these with the chemical species present on the surface of the recycled geopolymer aggregates leads to the formation of chemical bridges. A gel then forms, which will gradually develop with the polycondensation to stick the aggregates together. The set of newly formed geopolymers and the recycled aggregates then behave as a single binding matrix.



The newly formed oligomer gel therefore appears to be the factor responsible for the cohesion at the matrix-aggregate interface. The increase in the substitution rate of active aluminosilicate materials by recycled geopolymers has the effect of lowering the concentration of oligomers in the medium, with the consequences of less interfacial bonds and the observed reduction in the mechanical strength of the materials.






4. Conclusions


The goal of this work was to contribute to the preservation of resources in mineral raw materials by reducing massive exploitation of natural materials rich in aluminosilicates such as metakaolin. To this end, geopolymer wastes (FARG and MKRG) were used in the partial replacement of metakaolin (MK) or fly ash (FA) for the fabrication of three new matrices by alkaline activation (FA/FARG, MK/MKRG, and MK/FARG). The influence of the substitution of geopolymer waste on the physicochemical and mechanical characteristics of these new geopolymers was checked up to a rate of 50 wt.%. The main lessons that emerge are as follows:




	
The substitution improves the workability of the mixtures. Increasing the substitution rate to the detriment of reactive raw materials reduces the amount of oligomers produced. These species are at the origin of the gelation phenomenon which is responsible for the increase in viscosity of the mixtures at an early age.



	
The setting phenomenon was studied by electrochemistry and by calorimetry. Both series of results are in agreement on the delaying effect observed when the substitution rate of recycled geopolymers is increased, as they are more chemically inert under the activation conditions (alkalinity and temperature). Reducing the amount of the most reactive materials lowers the rate of the silicate and aluminate monomer species formed after dissolution in the medium and therefore extended the time necessary for oversaturation of the aluminosilicate oligomers, the initiation of polycondensation, and the end of the geopolymerization process.



	
For all the binders investigated, high compressive strengths are generally maintained for substitution rates up to 40 wt.% (about 60 MPa for metakaolin-based binders and 52 MPa for fly-ash-based binders). That suggests a strong cohesion between the newly formed matrix and the recycled geopolymer aggregates.



	
The characterization of mortars made of the new matrices and 70 wt.% of standardized sand shows the good bonding capacity of these matrices, with a beneficial effect on the compressive strength. Finally, the association of newly formed geopolymer and recycled aggregates behaves as a binding matrix. Mortars based on matrices incorporating 50 wt.% of recycled geopolymers exhibit strengths of around 50 MPa, a performance which meets the requirements for construction materials.



	
An anchoring model by interfacial chemical bonding within the new matrices has been proposed to explain the good adhesion properties between the newly formed geopolymer and the geopolymer waste aggregates.
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Figure 1. X-ray diagrams of the powders (Q: quartz (JCPDS 46-1045), M: mullite (JCPDS 15-0776), K: kaolinite (JCPDS 29-1488)). 
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Figure 2. Grain size distribution of the powders. 






Figure 2. Grain size distribution of the powders.



[image: Sustainability 13 08070 g002]







[image: Sustainability 13 08070 g003 550] 





Figure 3. SEM microphotographs of the powders: MK (a), FA (b), MKRG (c), and FARG (d). 
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Figure 4. Variation of the viscosity of the pastes as a function of the substitution rate of recycled geopolymer. 
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Figure 5. Variation of the heat exchange as a function of the substitution rate of recycled geopolymer: FA/FARG (a), MK/MKRG (b), and MK/FARG (c). 
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Figure 6. Variation of the conductivity as a function of the substitution rate of recycled geopolymer: FA/FARG (a), MK/MKRG (b), and MK/FARG (c). 
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Figure 7. Variation of the compressive strength of the binders at 3, 7, and 28 days of cure as a function of the substitution rate of recycled geopolymer: FA/FARG (a), MK/MKRG (b), and MK/FARG (c). 
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Figure 8. Variations of water absorption and density of the binders as a function of the substitution rate of recycled geopolymer added: FA/FARG (a), MK/MKRG (b), and MK/FARG (c). 
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Figure 9. Fracture surfaces of the binders: FAref (a), FA/FARG50 (b), MKref (c), MK/MKRG50 (d), and MK/FARG50 (e). 
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Figure 10. X-ray diagrams of the binders: FA/FARG (a), MK/MKRG (b), and MK/FARG (c) (Q: quartz, M: mullite, K: kaolinite). 
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Figure 11. Variation of the compressive strength of the mortars at 3, 7, and 28 days of cure as a function of the substitution rate of recycled geopolymer: FA/FARG (a), MK/MKRG (b), and MK/FARG (c). 






Figure 11. Variation of the compressive strength of the mortars at 3, 7, and 28 days of cure as a function of the substitution rate of recycled geopolymer: FA/FARG (a), MK/MKRG (b), and MK/FARG (c).



[image: Sustainability 13 08070 g011]







[image: Sustainability 13 08070 g012 550] 





Figure 12. Digital optical photographs of the mortars: FAref (a), FA/FARG50 (b), MKref (c), MK/MKRG50 (d), and MK/FARG50 (e). 
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Figure 13. Modeling of the chemical interaction process at the interfaces between the newly formed geopolymer and the recycled geopolymer. 
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Table 1. Quantitative chemical composition of the powders (LOI: loss on ignition).
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	Oxide (wt.%)
	SiO2
	Al2O3
	Fe2O3
	CaO
	MgO
	SO3
	Na2O
	K2O
	P2O5
	LOI





	MK
	56.27
	36.39
	1.38
	0.42
	0.35
	0.19
	0.17
	0.79
	0.06
	2.04



	MKRG
	54.94
	25.59
	1.10
	1.23
	0.29
	0.31
	8.14
	0.68
	0.10
	8.57



	FA
	50.99
	22.36
	5.80
	4.75
	2.19
	0.51
	0.89
	1.77
	0.85
	9.90



	FARG
	46.23
	17.04
	5.39
	5.36
	2.09
	0.55
	6.52
	1.64
	0.57
	12.88



	Sand
	97.81
	0.45
	0.06
	0.39
	0.08
	0.22
	0.10
	0.24
	0.02
	0.63



	Std. deviation
	±0.03
	±0.02
	±0.07
	±0.02
	±0.01
	±0.03
	±0.01
	±0.04
	-
	±0.05
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Table 2. Elaboration conditions of the fly-ash-based and metakaolin-based geopolymer materials.
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	Formulation
	Composition of Alkaline Activation Sol. (SiO2/Na2O)
	Liquid/Solid Ratio (L/S)
	Curing Temperature (°C)
	Curing Duration (h)





	FA/FARG
	1.2
	0.58
	80
	20



	MK/MKRG
	1.2
	0.83
	60
	5



	MK/FARG
	1.2
	0.83
	60
	5
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Table 3. Start (ti) and end (tf) time of setting of the materials.
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	FAref
	FA/FARG30
	FA/FARG50
	MKref
	MK/MKRG30
	MK/MKRG50
	FA/MKRG30
	MK/FARG50





	ti (min)
	18.04
	23.64
	36.41
	34.92
	42.20
	54.31
	42.97
	70.17



	tf (min)
	112.94
	143.3
	188.29
	88.92
	105.09
	134.17
	164.58
	219.19
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