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Abstract

:

Nowadays, an alkali-activated binder has become an emergent sustainable construction material as an alternative to traditional cement and geopolymer binders. However, high drying shrinkage and low durability performance in aggressive environments such as sulphuric acid and sulphate are the main problems of alkali-activated paste, mortar and concrete. Based on these factors, alkali-activated mortar (AAM) binders incorporating high-volume palm oil fuel ash (POFA), ground blast furnace slag (GBFS) and fly ash (FA) were designed to enhance their durability performance against aggressive environments. The compressive strength, drying shrinkage, loss in strength and weight, as well as the microstructures of these AAMs were evaluated after exposure to acid and sulphate solutions. Mortars made with a high volume of POFA showed an improved durability performance with reduced drying shrinkage compared to the control sample. Regarding the resistance against aggressive environments, AAMs with POFA content increasing from 0 to 70% showed a reduced loss in strength from 35 to 9% when subjected to an acid attack, respectively. Additionally, the results indicated that high-volume POFA binders with an increasing FA content as a GBFS replacement could improve the performance of the proposed mortars in terms of durability. It is asserted that POFA can significantly contribute to the cement-free industry, thus mitigating environmental problems such as carbon dioxide emission and landfill risks. Furthermore, the use of POFA can increase the lifespan of construction materials through a reduction in the deterioration resulting from shrinkage problems and aggressive environment attacks.
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1. Introduction


The life cycle of a concrete structure depends upon the crucial aspect of durability performance. Acid, chloride and sulphate corrosion are the main factors that affect the durability of concretes, wherein specific working conditions increase the generation of ettringite via gypsum [1,2]. Concrete is demolished when ettringite expands following the aggregation of a specific quantity of ettringite [3,4]. Meanwhile, concrete’s strength weakens as the cohesiveness of the calcium-silicate-hydrate product (C–S–H) reduces due to the presence of biogenic sulphuric acid (BSA) [5]. The recent literature has extensively reported and acknowledged the role of BSA in concrete corrosion [6,7,8]. A novel comprehension of the corrosion mechanism was developed (Parker’s BSA corrosion mechanism) for concrete, serving as a basis for numerous studies [9,10]. A decrease in the corrosion rate and a barrier against additional acid ingress occurs upon a specific thickness being reached by the reaction-induced gypsum layer [9]. Nonetheless, further corrosion can occur due to the increased surface area that the rough gypsum surface layer generates, as other academics note [11].



Corrosion damage is exacerbated by the production of ettringite that originated from a reaction between gypsum in the concrete and calcium aluminate. Due to continuous corrosion, cracks can form. Upon the tensile strength being surpassed by the internal stress of the ettringite, cracks can occur following expansion [12,13]. When concrete is placed in an alkaline environment, stable ettringite is generated once the gypsum travels to the depths of the non-corroded concrete [14]. Nevertheless, the concept that ettringite acts as an intermediary substance is posited by some researchers, wherein the corrosion layer contains only a marginal quantity of ettringite [15]. In another study, the generation of expansive gypsum is seen as the cause of the reduction in concrete strength once eroded by BSA [16]. The sequence of action by gypsum and ettringite and even their actuality is still the subject of debate within the field, as evidenced by the above.



Recently, more environmentally friendly alkali-activated mortars (AAMs) and concrete have been investigated and developed, leading to the generation of substantially less carbon dioxide (CO2) [17,18]. Binders that utilize waste materials such as ground blast furnace slag (GBFS), silica fume (SF), palm oil fuel ash (POFA), FA, metakaolin (MK) and waste ceramic (WCP) are generated via the use of geopolymers when producing concrete in line with the alkaline method, instead of generating high quantities of CO2 when producing ordinary Portland cement (OPC) [19,20]. Lately, both academic and commercial circles have focused on the development of an OPC alternative. The natural characteristics and capabilities of such alternatives to reduce the emission of CO2 and resist chemical attacks, fires and heat while demonstrating satisfactory strength and functionality akin to OPC are among the areas that have drawn attention [21,22,23]. The use of multiple alkaline activators triggers a reaction from various aluminosilicate materials, and this area along with the microstructural classification of such materials have been the focus of certain studies [24,25]. Yet, the proportions of an ecological concrete mix have not been established. Over the past decade, an increasing number of studies have been conducted regarding the generation of ecological mortars and concrete [26,27,28].



The use of FA as industrial waste stands out above the rest of the various source materials utilized to prepare AAM binders [29,30]. A substantial amount of amorphous silica and alumina resides within FA, which stems from the generation of electricity in thermal power plants when coal burning produces FA as a by-product [31]. Thus, the compatibility of FA as a resource material that generates alkali-activated binders (AABs) is demonstrated by its chemical composition. Multiple studies have investigated the properties and characteristics of FA-based AAMs and their use as possible cementitious materials because they demonstrate stellar durability properties. Their engineering properties make them compatible in multiple construction contexts, as academic works note [32,33]. However, FA-based AAMs present various issues due to their low compressive strength (CS), slow setting time and because temperatures of 40–85 °C are needed for curing. The overall properties of such AAMs are improved via the incorporation of waste materials such as GBFS to address the mentioned issues [34]. Amorphous hydrated alkali alumina-silicate and calcium silicate hydrate are the principal reaction products of alkali-activated cements made from FA and GBFS, respectively [22]. High drying shrinkage (DS), inadequate workability and problems with rapid setting affect alkali-activated GBFS, restricting its usage despite high CS [35]. A decrease in the solution demand alongside improved strength, setting time and workability could take place following the addition GBFS in FA-based AAMs. The durability of mortar in sulphate and a sulphuric acid environment can be decreased due to GBFS unless such a combination occurs. Moreover, a decrease in the mortar resistance to harsh environments is caused by the high amount of calcium oxide (CaO) in GBFS. Nonetheless, AAM mixtures can end up consuming more energy, emitting more CO2 and costing more due to the higher GBFS level in the mortar matrix.



The use of agricultural and industrial waste materials in the construction sector has been suggested to overcome the problems associated with the conventional OPC-based concretes [36,37]. Human health hazards have arisen from the dangerous residual industrial and agricultural products that must be effectively disposed of. In recent times, the agricultural residues have been intensively used to make concrete [38,39]. Standard cement materials negatively impact the environment through the significant CO2 emissions, which highlights the more compatible properties of agricultural waste materials when mixed with concrete [40,41]. In the production stage, the materials typically used consume more energy than POFA, which offers environmental benefits as it is a geopolymer [42]. The efficient use of POFA in additional industries has not been enacted in countries such as Malaysia, where landfills and lagoons are filled with thousands of tons of POFA [43]. Production and transportation costs decrease when utilizing POFA as a partial cement substitute. Additionally, less waste materials in landfills have a positive impact on the environment.



When palm oil is produced by the industries, POFA is also created as a secondary solid waste in the combustion of fibre and oil palm shells, generating biomass energy. Temperatures between 700 and 1000 °C are used to burn the generated solid waste following the extraction of palm oil [44]. It is possible that CO2 is emitted during the generation of biomass energy following the combustion of fibre and oil palm shells. Nonetheless, utilising the ash that is usually discarded after combustion has taken place is one of the research objectives of this paper. A POFA yield of 5% is generated by the burning process, as per the literature review [40]. Abandoned sand quarries, swamp lands and the area close to the palm oil mill are where the generated ash from the burning procedure is most frequently thrown away [45,46]. Larger particles and unburnt fibres are separated and discarded via a sieve to attain the POFA in the palm oil mill. Due to the high levels of aluminate and silicate within POFA, it is classified as a pozzolanic material [47]. Iron oxide (Fe2O3) and aluminium oxide (Al2O3) are among the pozzolanic components within POFA; while, by volume, between 50 and 60% of the chemical composition of POFA consists of SiO2 [48,49]. The value for loss of ignition (LOI) and the content of carbon decreases after heating takes place, as per another study [40].



The burning of palm oil husks and palm kernel shells, among other waste materials, causes the production of the ash family materials, POFA being one of them [50]. Ever increasing annual POFA and ash deposits in landfills have gradually become an encumbrance [51]. Thus, the hazards of such waste materials can be circumvented by formulating a manner in which to use these materials. The possible incorporation of palm oil fuel ash into concrete and an examination of the former’s properties were carried out in a study in the 1990s [52], wherein POFA between 10 and 50% was substituted for OPC. Upon 20 to 50% of the cement being substituted by POFA, the CS of the samples was diminished. The resistance of the concrete against sulphate attacks was improved via the addition of POFA [53]. How the pozzolanic reaction with cement paste is impacted by POFA was investigated in another study [54]. The cement paste mixes had a water to binder ratio (W/B) of 0.35 and cementitious material weights of 10, 20, 30 and 40% of Ground River Sand (GRS) or Ground Palm Oil Fuel (GPOFA) substituting for the OPC. With POFA having a higher fineness, the concrete mixtures and cement paste were impacted more significantly by the POFA.



It is known that concrete durability is negatively impacted by the formation of micro-cracks in the specimen’s surface, which is provoked by the drying out of the hardened concrete specimen, otherwise known as drying shrinkage. Following the preparation of the concrete, the first three or so days are when water evaporation typically occurs the most on the concrete surface, which leads to drying shrinkage [50,55,56]. Samples that substituted in 20 to 50% POFA were found to have higher shrinkage than the control sample and samples with 10% POFA substituted in, where the latter two had equivalent shrinkage results [57]. Once concrete casting has taken place, the initial 90 days are when the most drying shrinkage typically occurs, amounting to 70% of the total drying shrinkage. The drying shrinkage and micro-strain of the control specimen gave a value of 557 × 10−6, which was greater than the samples that substituted in 10, 20 and 30% POFA that demonstrated a micro-strain of 525 × 10−6, 505 × 10−6, and 494 × 10−6, respectively. Conversely, the control cement concrete sample was found to have a lower shrinkage strain than concrete samples with POFA added to them in another academic work [58]. BS 812: Part 120 served as the basis for analysing prism samples measuring 25 mm × 25 mm × 285 mm in size to deduce their concrete shrinkage by utilising a length comparator, as per a recent study [59]. The cement mortar mix was found to produce lower drying shrinkage values than the mortar specimens mixed with POFA. The control specimen produced a higher micro-strain value of 785 × 10−6 in comparison with the concrete samples with 10, 20 and 30% ultrafine palm oil fuel ash (UPOFA) substituted in, which demonstrated values of 707 × 10−6, 670 × 10−6 and 645 × 10−6, respectively, as per another academic work [60]. Findings that were equivalent were reported in a separate study [61]. The DS was reduced by 7.5% due to the incorporation of 30% nanosilica and POFA [62].



Traditional Portland cement can be effectively substituted by alkali-activated binders. Not only can alkali-activated binders save energy and reduce CO2 emissions, but they can also augment the durability performance of concrete as well as aid in resolving the landfill problems. It is well-known that extensive quantities of natural, industrial and agriculture wastes are created every year, of which a significant amount is used in landfills. It is, thus, more appropriate to reuse this waste efficiently. In recent years, dedicated efforts have been made to increasingly use the alkali-activated binders (AABs) as a sustainable alternative to the conventional OPC in order to enhance the durability performance and reduce the environmental problems. However, the issues related to high drying shrinkage and low durability performance against a sulphuric acid environment are the main hindrance for large-scale manufacturing and penetration into the marketplace. With this perception, we analysed the impact of a high volume of POFA (as a replacement of GBFS and FA) on the durability performance of the proposed AAMs. These AAMs activated with a low concentration of alkaline solution were prepared by replacing GBFS with a high volume of POFA and FA. The CS, microstructures, drying shrinkage and resistance to the acid and sulphuric attack of the AAMs were examined to evaluate their durability performance.



As abovementioned, this research intends to generate new information on the use of multi-blend AAM by means of systematic methods of preparing samples from waste materials economically, appropriately and carefully characterizing materials, and subsequent data analyses valuable for the progress of standard specifications of ternary-blend AAMs toward diversified realistic applications. This generated knowledge is expected to provide the advancement of environmental amiable and inexpensive AAMs for a broad array of uses in the construction sectors. This would be greatly advantageous for sustainable development worldwide, where wastes disposal problems toward land filling can be avoided and minimized. The new findings of this research are believed to render a basis for further studies and better knowledge on the behaviour of ternary-blend AAMs obtainable from the waste material in a cheap and environmental affable manner.




2. Methodology


2.1. Materials


Palm oil mills produce the waste material POFA, as previously mentioned. Kilang Sawit PPNJ Kahang, which is based in Johor in Malaysia, served as the ash collection point for POFA. For an entire day, an oven at a temperature of 105 °C was used to dry the POFA once the larger particles were discarded via a 600-micrometre sieve. The efficacy of the POFA was further enhanced via the removal of larger particles by using a 300-micrometre sieve. Subsequently, fine particles were produced through the use of the Los Angeles Abrasion milling machine after the remaining POFA particles were ground for 6 h (Figure 1), wherein a drum containing 15 stainless balls (each with a diameter of 50 mm) with controlled speed (which ranged from 32 to 35 rpm) was used. Every hour, the particle fineness that was impacted by the 6 h of grinding was assessed. The period of grinding diminished the number of remaining particles put through a 45-mirometre sieve. Following the completion of the grinding period, the 45-micrometre sieve was used for all the POFA specimens. The finer the particles of binder materials are, the stronger the microstructure density and engineering properties of the concrete and mortar are. In line with ASTM C618-15 stipulations, the core properties of POFA under the Class F pozzolana group are illustrated in Table 1. The assessment of the specific gravity, particle size, colour and specific surface area (physical properties) were, correspondingly, 1.96, 8.2 µm, dark grey and 23.1 m2/g. The physical and chemical characteristics of the raw materials together with the compositions are known to greatly influence the AAMs’ performance. X-ray fluorescence (XRF) spectroscopy was used to detect the chemical compositions of POFA, as summarized in Table 1. The main oxides’ compositions were silica, calcium, potassium, magnesium and aluminium in the presence of 64.2, 10.2, 8.6, 5.9 and 4.3 weight %, respectively.



Ipoh in Malaysia served as the collection point for GBFS that enabled the production of the binder without cement. No laboratory treatment was needed to use the mentioned resource material. The pozzolanic and cementitious properties of GBFS make it stand out in comparison to other supplementary binding materials. Upon mixing and exposure to water, the hydraulic reaction generates an off-white colour in the GBFS. In line with ASTM C618 stipulations, GBFS satisfies the criteria for a pozzolanic material and roughly 90% of its content is made up of alumina and calcium silicate. The chemical composition of GBFS is demonstrated in a condensed form in Table 1. These properties are beneficial for the alkali-activated mortar production, wherein the specific surface area, specific gravity and average particle size were, correspondingly, 13.6 m2/g, 2.89 g/cm3 and 12.8 µm. Depending on the XRF results, the calcium, silica and aluminium oxides were found to be primary elements, which are 93.5% of the total chemical composite of GBFS. As a resource of aluminosilicate, FA, with little Ca content, was collected from a power station (Tanjung bin, Malaysia) to design the proposed AAMs. The obtained material met the ASTM C618 requirement for N class pozzolan and F class FA, which was grey in colour with a density of 2200 kg/m3, specific surface area of 18.1 m2/g and average diameter of 10 µm. For the chemical composition, silica (57.2%) and aluminium oxides (28.8%) were observed to be the main elements.



Figure 2 displays the X-ray Diffraction (XRD) profiles of various constituents of AAMs. The intense diffraction peaks in the range of 16° and 30° were due to the presence of crystalline alumina and silica in POFA and FA. However, the presence of mullite phases and crystalline quartz was seen as the cause for separate crystalline peaks. The actual amorphous nature of GBFS was confirmed by the presence of a wide hump and the altogether lack of sharp crystalline peaks. The reactive calcium and silica within GBFS make up one of the key elements in the creation of GBFS. The preparation and production of alkali-activated mortar seems to be complemented by the high levels of reactive amorphous calcium and silica within GBFS. Nonetheless, the low level of SiO2 in GBFS is an issue that can only be addressed via the addition of POFA and FA.



In this study, all the samples were produced using natural river sand containing silica, which served as the fine aggregate in each mortar mixture. In line with ASTM C117, any silt or other contaminant matter in the sand was removed by washing. Following the washing process, the sand was oven-dried for a period of twenty-four hours at a temperature of 60 °C before establishing the values for specific gravity (2.6) and fineness modulus (2.9) of the sand. To prepare the alkaline activator solution, analytical grade sodium hydroxide (NH) 98% purity pellets and sodium silicate solution (NS) made up of SiO2 (29.5 weight %), Na2O (14.70 wt%) and H2O (55.80 wt%) were used in this study. As shown in Figure 3, the pellets were placed in water to dissolve in order to create the NH solution with a concentration of 4 M. This was cooled for a period of 24 h before mixing it with NS solution to create the alkaline solution (S) with a solution modulus (SiO2:Na2O) of 1.02. All alkaline solutions maintained a low NS:NH ratio of 0.75 in order to minimize the adverse environmental effect of sodium silicate (Na2SiO3).




2.2. Mixes Design and Specimens’ Preparation


A high volume of POFA incorporating GBFS and FA with various ratios was used to prepare the AAMs’ specimens. A mixture containing GBFS and FA as binders with a ratio of 50:50 was adopted as the control sample. Then, the GBFS was replaced by a high volume of POFA and FA, as shown in Table 2. The ratios of alkali solution to binder (S:B), binder to fine aggregate (B:A) and sodium silicate to sodium hydroxide for the designed AAMs were fixed to 0.40, 1.0 and 0.75, respectively. First, 50% of the binders (POFA, GBFS and FA) were mixed for 2 min in dry conditions. Then, the resultant mix was added the sand and mixed for an extra 2 min. Before adding the alkaline solution, the other 50% of the binder was added and mixed until a homogenous state was achieved. Finally, the cold alkali solution was added and the whole matrix of the binder, fine aggregates and solution were mixed in machine for another four minutes. Immediately, the fresh mortar was casted in two layers by being kept in the vibration table for 15 s during each layering to escape air voids. The prepared specimens were de-moulded after 24 h and left in the same environment (at 27 ± 1.5 °C and 75% relative humidity) until the testing time.




2.3. Procedure of Tests


Following ASTM C579, standard cube specimens of dimension (50 mm × 50 mm × 50 mm) were prepared, and the CS test was carried out at curing ages of 1, 3, 7, 28, 56, 90, 180 and 360 days, as per ASTM C109 [63]. To measure the drying shrinkage (DS) of the suggested mixtures, prism specimens with 40 mm × 40 mm × 250 mm dimensions were prepared. After various curing ages for each mixture, three samples were tested, and the average value was adopted. A consistent loading rate of 2.5 kN/s was applied to the AAMs’ specimens. The effects of sulphuric acid (H2SO4) and sulphate (MgSO4) on the AAMs were evaluated, wherein 10% H2SO4 and MgSO4 solutions were prepared in deionized water (DIW). Six specimens of each mix were weighed at 28 days and their ultrasonic pulse velocity (UPV) was recorded before immersing into the sulphuric and sulphate solutions for another 360 days. The impact of the high level of POFA on AAMs resistance against the H2SO4 and MgSO4 solutions were evaluated in terms of the loss of strength, weight and UPV as well as the edges and surface deterioration. The solution was altered every 2 months to keep the pH level constant during the experiment (Figure 4) [2]. Based on the ASTM C267 specifications [64], the durability performance of the prepared specimens was evaluated after 180 and 360 days from the immersion date. The major reason for the H2SO4 and MgSO4 solution attack was due to the penetration of sulphate ion (SO4)2− and cations of magnesium, calcium or sodium into AAMs.



After the CS test, the central portion of every specimen was taken and pulverized. The microstructures of each sample were examined using an XRD measurement, scanning electron microscope (SEM) and Fourier transform infrared (FTIR) spectrometer. The presence of amorphous and other phases in the sample were determined using the MDI Jade software version 6.5 and Match3. XRD patterns were scanned in the angular range of 5–60° at a step size of 0.02 and a speed of 0.5 s/step, wherein brass stub type sample holders were used to place the powdered AAMs. For the SEM measurement, samples were dried for 5 min under IR radiation and then a Blazer sputter coater (BAL-TEC SCD 005 Sputter Coater machine) was used to cover each specimen with gold. The SEM micrographs were recorded at 20 kV with 1000× magnification (Hitachi S-3400N). The room temperature FTIR spectra (in the range of 400–4000 cm−1) of each AAM were measured to examine the presence of various chemical functional groups. The scanning electronic image (SEM)/FTIR analysis was performed on AAMs cured at 28 days of age.





3. Results and Discussion


3.1. Strength Performance


The distinct POFA to GBFS and FA ratios regarding the alkali-activated mortar’s CS are illustrated in Figure 5. The CS of the specimens cured between 1 and 360 days were impacted substantially by the varying levels of POFA and FA substituting the GBFS in the range of 0 to 70%. At 1 day of age, the CS decreased by 19.9 MPa, going from 38.7 to 18.8 upon the POFA increasing from 0 to 50%. Within the alkali-activated matrix, the decrease in alumina and calcium content and increase in silicate content could explicate the decrease in CS when the POFA level rises.



Figure 6 illustrates how a high SiO2 to Al2O3 ratio reaching a maximum of 8.6 occurred when the quantity of POFA augmented. Due to the reactivity of Al2O3 being lower than SiO2, the generation of C–(A)–S–H gel was impacted as a result [65,66]. The level of CS and calcium oxide decreased, where the latter dropped from 28.5 to 22.7%, along with the production of C–A–S–H and C–S–H gels as the heightened level of POFA rising from 0 to 70% negatively impacted such features. When the POFA content rose from 50 to 70%, the CS of alkali-activated mortars decreased by 21.1 MPa, dropping from 55.6 to 34.5 in 28 days. Other curing ages demonstrated the same pattern of higher levels of POFA causing reductions in CS. Nonetheless, a reduced CS was observed when the GBFS to POFA ratio was higher. It can be deduced that low levels of CaO leads to a diminishing formation of the calcium aluminium silicate hydrate (C–A–S–H) and C–S–H gel that stems from higher levels of POFA. When 70% POFA was substituted in at 360 days, the CS of AAMs produced its lowest value of 42.9 MPa.



The effect of replacing the FA with GBFS for three different high volume POFA contents of 50, 60 and 70% on the AAMs’ CS is illustrated in Figure 5b,c, respectively. The CS varied inversely with the FA contents. For a higher ratio of FA to GBFS, the CS was lower. An increasing content of FA that caused a reduction in the C–S–H and C–A–S–H product was due to the influence of low content of calcium oxide (Figure 6). A lower strength was observed for the FA of the GBFS that was replaced with 70% POFA (Figure 5c), which presented 23.1 MPa compared to 28.8 and 36.8 MPa at 28 days with a 60 and 50% POFA level, respectively.



Figure 7 illustrates the XRD patterns of the AAMs designed with various levels of POFA. The existence of glassy phases and the poor crystallinity of GBFS with POFA favoured their strong reaction, generating more reaction products. A nascent quartz peak at 18° demonstrated a higher peak intensity of the quartz that was present between 16.4° and 28° following the POFA content increase from 0 to 70%. Notably, when the POFA content increased to 70% from 50%, a quartz peak substituted the C–S–H peak at 27.8°. A mullite peak replaced the calcite peak at 51° and a hydrotalcite and mullite peak replaced the nepheline peak at 34° and 24°, respectively, following the rise in POFA content, demonstrating significant changes in the XRD pattern. As illustrated in Table 1, high potassium (K2O) levels of 8.6% catalysed a muscovite ((Al2O3)3(SiO2)6(H2O)) peak at 36.5° with other novel crystalline XRD quartz-related peaks appearing at 18°, 40° and 51° when 70% of the POFA content was present in the alkali-activated mortars. It was observed that the rise in the POFA level to 70 from 0% caused the CS of the alkali-activated mortars to drop from 80.5 to 34.5 MPa, while the formation of C–S–H similarly dropped, and the intensity of the quartz peaks were improved.



Figure 8 illustrates the SEM images of AAMs at 28 days prepared with various levels of POFA (0, 50, 60 and 70%). The formation of a strong bond between the unreacted or partially reacted POFA was noticed. The specimen without POFA did not show any cracks at the interfaces (Figure 8a). However, as the POFA level increased from 50 to 70%, the polymer network bonds became weaker, leading to the structural deterioration through the generation of more pores. With an increasing POFA level, the concentrations of the non-reactive particulates were enhanced (Figure 8d) and the generation of C–A–S–H and C–S–H gel products was influenced by the presence of a high quantity of silicate and low amount of calcium, leading to the production of less dense muscovite, mullite and hydrotaicite gels than C–(A)S–H gel. Moreover, much amount of silica remained non-reacted. The poor structure of the AAMs with a high content of POFA (70%) revealed the lowest strength (34.5 MPa) compared to the other samples.



Figure 9 shows the FTIR spectra of the studied AAM after 28 days of curing. The band assignments of the recommended AAMs and their associated FTIR spectral peak locations are demonstrated in Table 3. Following the addition of POFA at 50, 60 and 70% in AAMs, the stretching vibrations of Si–O–Al emerged at 956.9, 963.1 and 964.8 cm−1, respectively. The mixtures under investigation demonstrated significant structural alterations following higher levels of POFA being added. The higher content level of SiO2, as well as a decrease in C–(N)–A–S–H and C–S–H gel production, could explicate this. The mechanical strength of the alkali-activated mortar samples decreased and the geopolymerization process was delayed, while the structure’s strength increased as a result of the structural changes in the gel formation [67]. The asymmetric stretch of the H–O–H linkage produced wide bands around 3353 and 3360 cm−1. At the same time, the hydrated reaction products could lead to the bending vibration of the –OH group, which, in turn, explicate the appearance of bands around 1640 and 1648 cm−1. A geopolymerization reaction involving water in the AAMs and the alkali-solution-induced products is signified by the lack of the mentioned bands within specimens containing un-reacted GBFS and POFA constituents [68].




3.2. Drying Shrinkage


Figure 10 displays the mean DS values of AAMs enclosing a high volume of POFA. The rate of shrinkage was high during the early stages, up to 28 days, and the rate decreased after this age. With the inclusion of the high volume POFA in alkali-activated matrix at 50 to 70%, the DS values at an early stage (3 days) tend to decrease from 246.1 to 197.6 macrostrain, respectively. A similar trend of results was observed for the specimens evaluated at 28 days of curing age and the values of DS dropped from 410.3 to 359.8 macrostrain with the increase in the POFA content from 50 to 70%. Ultimately, at 180 days, the DS values of AAMs containing GBFS of 50 to 70% was reduced from 497.2 to 431.7 macrostrain, respectively.



For each level of high volume POFA content, it was found that replacing GBFS with FA led to a decrease in the drying shrinkage values for all ages. At an early age (3 days), it was observed for the specimens prepared with 50% POFA that replacing the GBFS with 10 to 30% FA positively affected the reduction in the values of drying shrinkage from 461.1 macrostrain to 219.2 to 175.1 macrostrain, respectively. A similar trend of results was found for the specimens evaluated at 28 and 180 days and the values of shrinkage decreased with an increasing amount of FA as a GBFS replacement. The results of DS of the specimens containing 60 and 70% POFA showed that the reduction in GBFS content by replacing it with FA led to a decrease in the drying shrinkage value. The lowest DS values were recorded at 3, 28 and 180 days for AAMs prepared with 50% POFA, 20% GBFS and 30% FA that showed 175.2, 319.6 and 401.2 macrostrain, respectively. The obtained reduction in DS values with increasing POFA and FA levels can be ascribed to the production of exceedingly inter-linked capillary-types of networks inside the mortar matrix. The substitution of GBFS by various levels of POFA and FA caused the reduction in CaO level in the mortar due to the lower CaO contents in POFA and FA compared to GBFS. Consequently, this reduction in the CaO content in the AAMs could decrease the hydration reaction rate; thereby, the mortars prepared with high levels of POFA and FA showed lower DS values compared to the one designed with GBFS of 50% [69].




3.3. Sulphuric Acid Resistance


Figure 11 illustrates that the residual CS of the AAMs and their sulphuric acid resistance are impacted in a synergistic manner by POFA, GBFS and FA. The resistance of the recommended AAMs and their matrixes to sulphuric acid is significantly enhanced by substituting the GBFS for higher levels of POFA and FA. After 180 days from the immersion date, the residual CS rose to 83% from 52.4% after the POFA level also rose to 70% from 50%. Hence, sulphuric acid resistance is enhanced via the substitution of GBFS for higher levels of POFA in the AAMs. A similar trend of results was evaluated after 360 days from the exposed date, and the loss of strength tended to decrease as the amount of POFA as a GBFS replacement increased. The residual CS of the AAMs was enhanced from 36.6 to 75.6% when the POFA levels increased from 50 to 70%, respectively. The results of replacing GBFS with FA in the AAMs showed a positive effect on the resistance of the sulphuric attack and enhanced the proposed mortars’ durability performance. The residual CS values of the AAM prepared with 50% POFA were improved from 36.6 to 49% with the corresponding increase in the FA replacement for GBFS from 0 to 30%. The AAMs prepared with a high volume of POFA (70%), 20% GBFS and 10% FA showed the lowest loss values of CS of 8.7 and 17.7% after a 180- and 360-day immersion in the acid solution, respectively. In addition to the residual CS, weight loss is also broadly accepted as an indicator for assessing the resistance of geopolymer specimens to an acid attack [70].



Figure 12 shows the results of weight loss of AAM specimens exposed to an acid attack. An increase in the POFA content in AAMs from 50 to 70% led to a reduction in the weight loss from 0.2 to 0.12%, respectively. A similar trend of reduced weight loss was observed with FA replacing GBFS; the increase in the FA replacing the GBFS content in 50% POFA alkali-activated specimens from 0 to 3% has reduced the weight loss from 0.20 to 0.13%, respectively. The increased POFA and FA content in alkali-activated matrixes has reduced the calcium oxide content and restricted the gypsum product [71].



Figure 13 depicts the effect of a high volume of POFA on the ultrasonic pulse velocity of AAMs after immersing in sulphuric acid solution. An increase in the POFA level from 50 to 70% as the GBFS replacement led to the enhancement of the durability performance and reduction in the internal deterioration. After 180 days exposed to an acid solution, the loss in UPV readings was reduced from 11.8 to 1.6% with an increasing POFA content in the alkali-activated matrix. Comparable results were obtained when the AAMs were exposed to an acid solution for 360 days and the loss on UPV readings dropped from 18.8 to 2.7% when the POFA content rose from 50 to 70%, respectively. At each level of high volume POFA content, replacing GBFS with FA positively enhanced the specimens’ durability performance at 180 and 360 days. at the 50% POFA level, the specimens evaluated after 360 days of exposure to an acid solution showed a reduction in the UPV readings’ loss from 18.8 to 6.7% with an increase in the FA content from 0 to 30%, respectively.



Figure 14 clearly revealed the positive effect of a high POFA content on enhancing the durability performance of the proposed mortars in terms of resistance to sulphuric acid. From the virtual appearance, the increasing POFA content from 0% (Figure 14a) to 50 to 70% (Figure 14d) and how the edges’ deterioration and the number and width of the cracks reduced with an increasing amount of POFA as GBFS replacement can be seen. The increased POFA and FA content in geopolymer matrixes has affected the reduction in the calcium hydroxide content and restricted the gypsum product [48,71,72].



As per the general consensus [73,74,75], gypsum (CaSO4·2H2O) is produced by the reaction between a SO4−2 ion and the Ca(OH)2 compound mixed in mortar following the latter’s exposure to sulphuric acid. An expansive compound ettringite (3CaO·Al2O3·3CaSO4·32H2O) is subsequently generated following the Ca4AlH13 within the mortar samples reacting with the gypsum. The softening or expansion of the alkali-activated mortar samples is possible, as the production of gypsum and expansive ettringite, which are explicated in equations one and two, can cause sulphate attacks, as per many academics. The UPV findings (Figure 13) mirrored the formation of cracks inside the sample that were triggered by expansion in the alkali-activated matrix [43]. An increased level of gypsum was found when the samples containing 50% POFA were also exposed to high levels of calcium, in contrast with the other matrixes. Thus, it is no surprise that the sample with low levels of POFA lost over two thirds of its CS while being significantly less resistant to sulphuric acid attacks. Moreover, decreased degradation and weight loss were observed when the alkali-activated matrix contained higher levels of POFA, demonstrating how the aforementioned pattern also applies to weight loss. It was reported [73,76,77] that the low calcium alkali-activated materials have been repeatedly observed to exhibit high acid resistance, making them promising materials for applications in the aforementioned environments. There are exceptions to this general trend, i.e., unsatisfactory or ambiguous results for acid resistance tests have been reported too [78,79,80]. The following reactions path can explain the acid attack mechanisms:



Path I:


Ca(OH)2 + SO4−2 + 2H2O → CaSO4·2H2O + 2H2O











Path II:


3CaSO4·2H2O + 4CaO·Al2O3·12H2O + 14H2O → 3CaO·Al2O3·3CaSO4·32H2O + Ca(OH)2











The resistance of alkali-activated material specimens exposed to H2SO4 solutions with a concentration of 3% were examined to ascertain the level of degradation [76]. The coagulation of melting fly ash particles produces sizeable ash particles that make up bottom ash. Following a period of 120 days, under 3.6% of the mass was lost in the alkali-activated high silica specimens, demonstrating a better performance than other samples. Conversely, 95.7% of the mass was lost in the high calcium content specimens after 120 days where they were almost entirely annihilated. The high calcium binder hydration structure was found to be more volatile than the cross-linked aluminosilicate structure of the high silica binder-based concrete specimens, which explains the difference in performance between the two. The impact of H2SO4 on high calcium concrete and blended ash concrete was compared in an academic work with regard to their resistance [71]. Sodium silicate and sodium hydroxide were utilized to activate the mix of palm oil fuel ash and fly ash that made up the blended ash concrete. In comparison with the high calcium concrete, CS loss and mass loss were counteracted more effectively by the blended ash concrete. Following a period of a year and a half, the PC concrete displayed a mass loss of 20%, while the blended ash concrete demonstrated a mass loss of 8%. Analogously, the high calcium concrete demonstrated a CS loss of 68%, while the blended ash concrete displayed a CS loss of 35%.



Cement pastes made up of equivalent quantities of GBFS and FA that were impacted by HNO3 acid attacks were examined in an academic work [81]. H3O+ and H+ ions present within the acid solution substitute sodium and calcium ions as part of the acid attack mechanism. Additionally, Si–O–Al bonds were assaulted by acid protons in an electrophilic attack. The aluminosilicate network has its aluminium removed from it as a result. A flawed and highly siliceous structure arises due to silicon atoms substituting the aluminium. Low and high concentrations of H2SO4 were applied to the mentioned mixtures to examine their resistance [82]. An HNO3 acid attack was found to be equivalent to the mechanism seen at high concentrations of pH 1. Nonetheless, within the corroded layer, gypsum crystals were produced following the reaction of counter-diffusing sulphate ions with diffusing calcium ions. Increased degradation was prevented by the shielding impact of the deposited gypsum crystals within the corroded layer. The mechanism of HNO3 acid attacks was found to be identical to the degradation mechanism at lower concentrations of pH 3 [82]. To what extent fly ash geopolymer pastes exposed to sulphuric acid were impacted by slag content was examined in another study [83]. Resistance to acid was signified by the corroded depth. The corroded depth of the fly ash geopolymer paste was 3 mm when the slag replaced 50% of the fly ash, while the depth was 6 mm without the slag, following 28 days of immersion. The incorporation of the slag led to a decrease in pore size and permeability, thus, diminishing the corroded depth. Sulphuric acid attack resistance in diverse blends of slag and fly ash were investigated in a separate academic work [75]. Following a period of 56 days, insignificant alterations to the mass were observed in fly ash geopolymers with a 0, 10 and 30% slag content. Nonetheless, AAS specimens exposed to sulphuric acid experienced an increase in mass that was equivalent to the mass increase when the binder contained 50% slag [79]. A mass loss of over 30% was experienced by the parallel PC specimens. Following a period of 28 days or 56 days of exposure, every specimen demonstrated substantial losses in CS. Slag and fly ash blends subjected to sulphuric acid attacks degrade due to two principal reasons [75]. One of the reasons is that the water absorption rate and permeable voids are linked to sulphate-penetration-induced corrosion. The ratio of slag to fly ash utilized determines the scale of the second cause of corrosion, which affects the reaction products.



Figure 15 presents the impact of a high volume of POFA (50, 60 and 70%) as a GBFS substitution in AAMs after being exposed to a 10% H2SO4 solution for 360 days. The AAM prepared with 50% POFA revealed the dominant crystal phases plus gypsum, quartz and reinhardbraunsite. The observed intense diffraction peaks at 26.8°, 40° and 50° were due to the crystalline phase of SiO2 in the mortar. The emergence of new XRD peaks at 12.8°, 16°, 20.7° and 22.4° for the AAM enclosing 50% POFA corresponded to gypsum and gismondine crystals. Other new peaks at 30.9° and 31.4° were due to the crystal phases of reinhardbraunsite. Mortars containing POFA of 60 and 70% did not show any considerable changes in the XRD patterns after the immersion in sulphuric acid solution. In short, the XRD results clearly showed a significant improvement in the mortars resistance against a sulphuric acid attack due to the inclusion of a high content of POFA as a GBFS substitute. A correlation between the resistance against a sulphuric acid attack and POFA contents as a substitute for GBFS was established.




3.4. Resistance to Sulphate Attack


Figure 16 shows the resistance of AAMs with a high volume of POFA content against a sulphate attack in terms of strength loss percentage. The results indicated a reduction in strength loss with an increased POFA content from 50 to 70%. For all the AAMs, the deterioration trend was increased with the increase in exposure time to 180 and 360 days. At 180 days, the rise of the POFA content from 50 to 70% as a GBFS replacement led to a reduction in the strength loss percentage from 34.8 to 14.9%, respectively. The specimens evaluated after 360 days showed the same trend of results, and the loss on strength dropped from 35.2 to 21.4% with an increasing replacement of GBFS by POFA from 50 to 70%, respectively. In each level of POFA, replacing the GBFS with FA positively enhanced the resistance of the prepared specimens to a sulphate attack and reduced the loss of strength. For the 50% POFA specimen, the loss of strength after 360 days dropped from 35.2 to 28.1% with the increase in the level of FA used as a GBFS replacement from 0 to 30%. For the 60% and 70% POFA, a similar trend was observed, and with the increasing level of FA used as a GBFS replacement, a reduction in strength loss was observed. Mortar containing 70% POFA, 20% GBFS and 10% FA displayed the highest resistance among other designed AAMs mixtures and showed strength loss of 7.7 and 15.5% after 180 and 360 days of exposure to sulphate solution, respectively. The reduction in the GBFS content with the increasing POFA and FA content led to a reduction in the loss of strength.



The effects of a high volume of POFA content and FA as a GBFS replacement on the weight loss of AAMs specimens’ exposure to a sulphate solution for 180 and 360 days are illustrated in Figure 17. At 360 days, the results show that increasing the POFA content used as a GBFS replacement from 50 to 60 and 70% led to a reduction in the deterioration and weight loss percentage from 0.58 to 0.41 and 0.33, respectively. In each level of POFA, it was found that replacing GBFS with FA led to a reduction in the loss of weight and an enhancement of the durability performance. For the 50% POFA specimens’ exposure to 10% MgSO4 for 360 days, the reduction in GBFS content by replacing it with FA from 50 to 20% affected the drop in weight loss percentage from 0.58 to 0.28, respectively.



The effects of a high volume of POFA and FA replacing GBFS on UPV readings loss percentage for AAMs are depicted in Figure 18. The increase in the content of POFA and the reduction in GBFS in the mortar led to the development of less UPV loss, internal cracks and surface scaling. The included POFA content in an alkali-activated matrix with 50, 60 and 70% led to the enhancement of the resistance of specimens and a reduction in the internal cracks; the specimens prepared with 60 and 70% POFA as a GBFS replacement and evaluated after 360 days displayed lower UPV loss (4.1 and 2.6%) compared to the 50% POFA specimens (4.3%). Similar to the strength and weight loss results, replacing GBFS with FA led to a reduction in the internal cracks and loss in UPV readings. The AAM designed with 50% POFA and exposed to a sulphate solution for 360 days showed a decrease in the UPV loss from 4.3 to 3.3% with the corresponding increase in GBFS substitution by FA from 0 to 30%. The AAMs’ surface displayed high resistance to a sulphate attack and less deterioration compared to that one exposed to a sulphuric acid attack (Figure 13). However, the results show that when increasing the POFA content from 0 (Figure 19a) to 70% (Figure 19d), the surface cracks reduce, and no deterioration appears on the surface.



Several researchers [84,85,86] have reported that deterioration can cause strength loss, expansion, the spalling of surface layers and, finally, disintegration. Most experts attribute a sulphate attack to the formation of expansive ettringite (3CaO·Al2O3·3CaSO4·32H2O) and gypsum (calcium sulphate dehydrate (CaSO4·2H2O)), which may be accompanied by the expansion or softening of AAMs. One study by Bakharev [87] found the good performance of a high silica materials (FA)-based geopolymer in sodium and magnesium sulphate solutions and attributed this to a more stable cross-linked alumina-silicate polymer structure. The high porous structure of hardened AAMs was due to an acid attack on Ca(OH)2, calcium sulfo-aluminates and the C–S–H gel containing a high amount of CaO/SiO2 in the high calcium paste. Conversely, the acid attack on the gel with a low amount of CaO/SiO2 produced some protective layers [88,89]. The OPC-based mortars prepared with pozzolans such as FA and rice husk ash were reported to be more durable against a sulphate attack than the conventional OPC mortars due to the high Ca content [90].



Figure 20 illustrates the XRD profiles of AAMs designed with a high volume of POFA as a GBFS replacement after the exposure to a 10% MgSO4 solution for 360 days. The AAMs specimens containing 50% POFA as a GBFS replacement displayed the dominant crystal phases plus gypsum and quartz. The intense diffraction peaks at 26.8°, 40° and 50° were due to the crystal phases of SiO2 in AAMs. The occurrence of new XRD peaks at 12.8° 16°, 20.7° and 22.4° for the mortar designed with 50% POFA were due to the crystal phase of gypsum and gismondine. The additional peaks at 30.9° and 31.4° were due to the crystal phases of reinhardbraunsite. AAMs prepared with 60 and 70% POFA did not exhibit any considerable changes in the XRD patterns after their immersion in a sulphate solution. Briefly, the XRD results of the AAMs containing a high amount of POFA as a GBFS substitution showed significant enhancement in the resistance against a sulphate attack. A correlation was determined between the rate of deterioration under the exposure of a sulphate solution and POFA contents as a substitute to GBFS.





4. Conclusions


The effects of high volumes of POFA, GBFS and FA on the durability performance of AAMs, such as DS, and resistance to sulphuric acid and sulphate attack were evaluated. The detail analyses of the obtained experimental data allowed us to draw the following conclusions:



The CS of AAMs was dropped with the increase in the level of POFA used as a GBFS replacement from 50 to 70%. At every POFA level, the replacement of GBFS with FA showed a loss of strength. The low CaO content of POFA and FA negatively affected formulation C–(A)–S–H gels, which led to the achievement of lower CS.



The XRD, SEM and FTIR spectral data analyses of AAMs showed a decrease in the dense gel formation and changes in the crystallinity with the increase in the POFA contents in the mortar’s matrix.



The inclusion of a high volume of POFA in the AAMs improved the durability performance in terms of the internal stress, micro-cracks and DS reduction.



The AAMs exposed to a 10% sulphuric solution showed an enhancement in the resistance to SO4−2 attack with an increasing amount of POFA and FA in the alkali-activated matrix. Specimens containing high volumes of POFA (70%) and FA (10%) presented a lower loss of strength, weight and UVP readings compared to the other samples.



The virtual appearance tests showed that the deterioration in the edges and texture surface of AAMs tend to decrease with an increasing POFA content in the mortar matrix.



The results of the XRD patterns revealed that the formulation of gypsum and ettringite were restricted with the increase in the POFA content as a GBFS replacement in the matrix when exposed to a 10% sulphuric acid solution.



The residual strength, loss of weight, UPV, virtual appearance and XRD data showed an improvement in the AAMs resistance against a sulphate attack with the increase in the POFA content in the alkali-activated matrix.



The proposed AAMs were established to be excellent materials for diverse construction applications due to their environmental friendliness, sustainability and high durability.



Through the systematic preparation of new alkali-activated blends and their thorough characterizations, it was demonstrated that such ternary blends can offer the flexibility to achieve good mechanical properties and durability in order to meet the required specifications of construction industries. It was established that the exploitation of this new alkali-activated blend could promote both the economic and environmental sustainability of the construction industry.
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	POFA
	Palm oil fuel ash



	GBFS
	Ground blast furnace slag



	FA
	Fly ash



	AAMs
	Alkali-activated mortars



	BSA
	Biogenic sulphuric acid



	C-S-H
	Calcium silicate hydrate



	CO2
	Carbon dioxide



	OPC
	Ordinary Portland cement



	MK
	Metakaolin



	WCP
	Waste ceramic



	AABs
	Alkali-activated binders



	CS
	Compressive strength



	DS
	Drying shrinkage



	LOI
	Loss on ignition



	XRF
	X-ray fluorescence



	XRD
	X-ray diffraction



	NH
	Sodium hydroxide



	NS
	Sodium silicate



	FTIR
	Fourier transform infrared
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Figure 1. POFA lab treatment. 
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Figure 2. XRD profiles of POFA, GBFS and FA. 
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Figure 3. Alkaline activator solution preparation stages. 
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Figure 4. Sulphuric and sulphate tests’ procedure. 
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Figure 5. Impact of POFA level on the CS of AAMs designed with GBFS and FA (a) 0% POFA (b) 50% POFA (c) 60 and 70% POFA. 
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Figure 6. GBFS and FA ratio dependent variation of silica, calcium and aluminium oxides content. 
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Figure 7. Effect of POFA content on AAMs’ XRD patterns. 
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Figure 8. SEM of AAMs specimens containing various level of POFA: (a) 0%, (b) 50%, (c) 60%, (d) 70%. 
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Figure 9. FTIR of AAMs prepared with various of POFA content. 
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Figure 10. Effect of POFA:GBFS:FA ratios on drying shrinkage of proposed mortars. 
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Figure 11. Residual CS of AAMs with high POFA content after immersion in 10% H2SO4 solution. 
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Figure 12. Weight loss of AAMs with high POFA content after immersion in 10% H2SO4 solution. 
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Figure 13. UPV loss of AAMs containing high level of POFA after 10% H2SO4 solution exposure. 
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Figure 14. Virtual appearance of AAMs containing high level of POFA after 10% H2SO4 solution exposure for 360 days (a) 0% POFA (b) 50% POFA (c) 60% POFA (d) 70% POFA. 
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Figure 15. XRD patterns of 50, 60 and 70% POFA as GBFS replacement after 360 days exposed to 10% sulphuric acid. 
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Figure 16. Residual CS of AAMs containing a high level of POFA after 10% MgSO4 solution exposure. 
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Figure 17. Weight loss of AAMs containing high level of POFA after 10% MgSO4 solution exposure. 
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Figure 18. UVP of AAMs with high level of POFA after 10% MgSO4 solution exposure. 
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Figure 19. Effect of POFA content on the surface texture of AAMs after 10% MgSO4 solution exposure. (a) 0% POFA (b) 50% POFA (c) 60% POFA (d) 70% POFA. 
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Figure 20. XRD profiles of AAMs showing the effect of various POFA levels as GBFS substitutions after being exposing to a 10% acid solution for 360 days. 
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Table 1. Chemical and physical traits of POFA, GBFS and FA.
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Material

	
POFA

	
GBFS

	
FA






	
Physical characteristics




	
Density (kg/m3)

	
1900

	
2900

	
2200




	
Specific gravity

	
1.9

	
2.9

	
2.2




	
Surface area-BET (m2/g)

	
23.1

	
13.6

	
18.1




	
Average diameter (µm)

	
8.2

	
12.8

	
10




	
Chemical composition, weight %




	
Silica oxide (SiO2)

	
64.20

	
30.8

	
57.20




	
Aluminium oxide (Al2O3)

	
4.25

	
10.9

	
28.81




	
Iron oxide (Fe2O3)

	
3.13

	
0.64

	
3.67




	
Calcium oxide (CaO)

	
10.20

	
51.8

	
5.16




	
Magnesium oxide (MgO)

	
5.90

	
4.57

	
1.48




	
Potassium oxide (K2O)

	
8.64

	
0.36

	
0.94




	
Sodium oxide (Na2O)

	
0.10

	
0.45

	
0.08




	
Sulphur trioxide (SO3)

	
0.09

	
0.06

	
0.10




	
Loss of ignition (LOI)

	
1.73

	
0.22

	
0.12
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Table 2. Proposed alkali-activated mixes design.
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Mix Code

	
Binder, weight %

	
S:B

	
B:A

	
NH, Molarity

	
NS:NH

	
Solution

Modulus (Ms)




	
POFA

	
GBFS

	
FA






	
AAM1

	
0

	
50

	
50

	
0.40

	
1.0

	
4.0

	
0.75

	
1.02




	
AAM2

	
50

	
50

	
0

	
0.40

	
1.0

	
4.0

	
0.75

	
1.02




	
AAM3

	
50

	
40

	
10

	
0.40

	
1.0

	
4.0

	
0.75

	
1.02




	
AAM4

	
50

	
30

	
20

	
0.40

	
1.0

	
4.0

	
0.75

	
1.02




	
AAM5

	
50

	
20

	
30

	
0.40

	
1.0

	
4.0

	
0.75

	
1.02




	
AAM6

	
60

	
40

	
0

	
0.40

	
1.0

	
4.0

	
0.75

	
1.02




	
AAM7

	
60

	
30

	
10

	
0.40

	
1.0

	
4.0

	
0.75

	
1.02




	
AAM8

	
60

	
20

	
20

	
0.40

	
1.0

	
4.0

	
0.75

	
1.02




	
AAM9

	
70

	
30

	
0

	
0.40

	
1.0

	
4.0

	
0.75

	
1.02




	
AAM10

	
70

	
20

	
10

	
0.40

	
1.0

	
4.0

	
0.75

	
1.02
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Table 3. FTIR spectral analyses of the proposed AAMs.
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Mix

	

	
fc

(MPa)

	
Band Assignments and Positions (cm−1)




	
POFA:GBFS:FA

	
Si/Al

	
Ca/Si

	
Al–O

	
Si–O

	
AlO4

	
CSH

	
C(N)ASH






	
0:50:50

	
2.22

	
0.65

	
80.6

	
671.7

	
690.9

	
755.3

	
871.4

	
945.6




	
50:50:0

	
6.25

	
0.65

	
55.64

	
652.5

	
691.5

	
805.7

	
872.1

	
956.9




	
60:40:0

	
7.32

	
0.53

	
45.96

	
653.1

	
692.5

	
810.3

	
872.7

	
963.1




	
70:30:0

	
8.63

	
0.42

	
34.53

	
655.4

	
693.1

	
822.5

	
873.1

	
964.8

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Mass, %






media/file4.png
Intensity (a.u.)

Q: Quartz
G: Gypsum

P: Portlandite

H: Hydrotaicite

M: Mullite

FA

GBFS oo

POFA  Wotdwiiepiptiiftsps

M

2 theta (deg.)






media/file30.png
(a) 0% POFA

(b) 50% POFA__

- -

*'9
.”

- - ' > S B

(¢) 60% POF

.t.-‘£-.~: >






media/file39.jpg





media/file18.png
.
4

" A
. - o
L.
T ﬂ
WO= 7.9MM e 107 pm Mag= 100K X File Name = L Sad.tif

,f x o il RO T
Un:-reacted particles ™ Ze_

)'9_‘;,

N

File Name = L 13201.tif Detector = SE2 WD = 7.0 mm Mag= 280X Flle Name = L 1228 tif Detector = SE2 WD = 7.5 MM s s

BN BT gy






media/file35.jpg
B averscoaays
B e 500

0.0 01 02 03 0.4 05 06
Weight Loss, %






media/file21.jpg
L

550
500
5
0
5
0

50
200
150
100

ujeasosdw vy uLYS Fuls.

120 180 240 360

21 28 56 90

14

Age, day





media/file26.png
POFA:GBFS:FA

50:20:30
50:30:20
50:40:10

50:50:0

60:20:20
60:30:10
60:40:0

70:20:10

- After 360 days
- After 180 days

70:30:0

!
0.00 0.05 0.10 0.15 0.20

Weight Loss, %





media/file27.jpg
60:20:20

60:30:10

After 360 days

70:20:10 After 180 days.

70:30:0

Ultrasonic Pulse Velocity, km/s





media/file3.jpg
Intensity (a.u.)

Q: Quariz
G: Gypsum

P: Portlandite
H: Hydrotaicite
M: Mullite

M

Q Q? o o M
M M
FA Momtthaliinmtadostabdide

TR ST
T Q MR M QM
—TT—T—T—7

0 10 20 30 40 50 60 70
2 theta (deg.)






media/file22.png
Drying Shrinkage, microstrain

550

500 =

POFA:GBFS:FA
—— 50:50:0

—&— 50:40:10
—— 50:30:20
—¥— 50:20:30
—&— 60:40:0
—<— 60:30:10
—P— 60:20:20
—&— 70:30:0

—— 70:20:10

TR T T T i i i Tl s Wik
3 7 14 21 28 S6 90 120 180 240 360

Age, day






media/file19.jpg
100

20
s
H
H
g
80
£
g
& 7
B3
POFA:GBFS:FA
60 9648 0:50:50
——50:50:0
- —— 60:40:0
70:30:0
T T T T T "
500 1000 1500 2000 2500 3000 3500 4000

‘Wavenumbers (cm™)






media/file7.jpg
At 28 days of curing age.

Weight and UPYV values for cach cube:
‘were recorded before immersion in

acid solution

‘Acid solution (10% concentration)

Afer exposure period
Weight, UPV and compressive vlues
B ek e Attt





media/file28.png
sBES:FA

(

POF;

50:20:30
50:30:20
50:40:10

50:50:0

70:20:10

70:30:0

) |

.- FeEe.

et

l jeSEanen: 00~Lq34 IR saneee: ;I;o; .. 4-1—;4‘ IR Eeee: QL;—IIJQ —t UI

BN R R R R R A

' .o Q}L;l' 00;{—{;000“;400;;;4{0;;0 0{;—0 v 0;}4‘ e 0~L}—Il41

0.0 0.5 1.0 £ 2.0 2.5 3.0 e X

Ultrasonic Pulse Velocity, km/s

@ After 360 days

After 180 days

Control sample

4.0 4.5






media/file40.png





media/file33.jpg
60:20:20

G

0 10 20 30 40 50 60

70:20:10

70:30:0 |8

Residual Compressive Strength,MPa





media/file32.png
Intensity (a.u.)

M: Mullite
Q: Quartz

A: Aluminum tobermorite
S: Gismondine

P: Gypsum
G: Gmelinite
X: Xonotlite
T: 11A tobermorite
R: Reinhardbraunsite
Q

POFA
70%

60%

50%\

2 theta (deg.)

60





media/file14.png
Mass, %

— & §i02

—®— Ca0
A ARO3
-
u
LN
. .
A
i

.. -
-
.

\_\‘ e - '

A N
A

-
._o’
L.
\.
A A






media/file6.png
Sodium
Hydroxide

peliets, 98%
(NaOH)

L

Left for 24 hours
| »

To be cool

NaOH pellets dissolved in water

The mix of solution
was shaken for 2
minutes then left for
24 hours before using.





media/file36.png
POFA:GBFS:FA

50:20:30
50:30:20
50:40:10

50:50:0

60:20:20
60:30:10

60:40:0

70:20:10

- After 360 days
- After 180 days

70:30:0

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Weight Loss, %





media/file15.jpg
Intensity (a.u.)

Q: Qaurtz

A: Aluminum tobermorite
G: Gmelinite

X: Xonotite

T: 11A tobermorite

M: Mullite

H: Hydrotalcite

10 20

A
X
G, ‘ |

30 40
2 theta (deg.)

70% POFA

60% POFA
50% POFA

0% POFA

50






media/file41.jpg
M: Mullite
Q: Quartz

A: Aluminum tobermorite
S: Gismondine Q
P: Gypsum

G: Gmelinite

X: Xonotlite

T: 11A tobermorite
R: Reinhardbraunsite

Intensity (a.u.)

POFA
AL Q
-

:: K.‘.. “\-wUL‘Juvqw

ee
0% P 93 “‘k\i\\_lj‘ Q
%
%\NM, vl \*‘/\*‘-‘JLMJL_A”J\W
—_—— T

0 10 20 30 40 50
2 theta (deg.)





media/file37.jpg
After 360 days

70:20:10 - After 180 days
70:30:0 | B co oo campie

30 35 40 4

o km/s





nav.xhtml


  sustainability-14-00498


  
    		
      sustainability-14-00498
    


  




  





media/file11.png
Compressive Strength, MPa

Compressive Strength, MPa

(a)

x*©
=
1

A

A
=
1

A

-
=
]

POFA:GBFS:FA
il ():50:50
——50:50:0
e 60):40:0
i T70:30:0

1
7 28 56 9 180 360
Age, day

(b)

80 -

=)
=
|

POFA:GBFS:FA
il 50:50:0
——50:40:10
—dhe—50:30:20
g 50:20:30

- r & Fr & - 06 ¥ F T & %
o 1 3 7 28 56 9% 180 360

Age, day






media/file16.png
Intensity (a.u.)

Q: Qaurtz

A: Aluminum tobermorite
G: Gmelinite

X: Xonotite

T: 11A tobermorite

M: Mullite

H: Hydrotalcite

70% POFA

60% POFA
50% POFA

0% POFA

2 theta (deg.)






media/file2.png
POFA after treatment

Wastes POFA from
(POFA =45 pm)

palm oil mill

Grinding stage
6 hours

[ Sifted POFA

|

1t

Sieving stage 300 um

yYyyaeng |

R 3%

[ Drying stage110 °C +5

HaNe






media/file20.png
% Transmittance

100 -

90 <

AN/
\J

" 945.6

953.9
- - 963.1 POFA:GBFS:FA
Fa i 0:50:50
w ———50:50:0
< 60:40:0
: 70:30:0

500

2
L J

!
1000 1500 2000 2500 3000 3500 4000

Wavenumbers (cm™)






media/file23.jpg
50:20:30 P
e
50:30:20 P

50:40:10 [

T
0.0

60:20:20

60:30:10

60:40:0

After 180 days

70:20:10 |8

Control sample

0 10 20 30 40 50 60

Residual Compressive Strength,MPa





media/file10.jpg
vdIN

Yisuas anssaaduioy

360

180

56

28

Age, day





media/file5.jpg
Water

|W.'ﬁ @*

NaOH

= ‘The mix of solution
L:l\ for 24 howrs oty
To be cool minutes then left for

2 3
NaOH pellets dissolved in water ks befocs Wi





media/file24.png
POFA:GBFS:FA

60:40:0

After 360 days

70:20:10
After 180 days

- Control sample

70:30:0

L] L] ] . L] L) . ' L] . . . '

0 10 20 30 40 50 60

Residual Compressive Strength,MPa





media/file29.jpg
(a) 0% POF.
) o‘; A % () 50%.1

e






media/file1.jpg
Wastes POFA from
palm il mill

POFA afe reament
(POFA <45 um)

Sicving stage 600

Grinding suge

Sifled POFA G hours

Drying sngel 10°C =5 Sieving stage 300 um





media/file31.jpg
Intensity (a.u.)

M: Mullite
uartz

luminum tobermorite
S: Gismondine

P: Gypsum
G: Gmelinite
onotlite
: 11A tobermorite
R: Reinhardbraunsite
Q
POFA
70% S
A
60%
so%\
oy e g

10 20

30
2 theta (deg.)

50





media/file25.jpg
[ ster 360 asys
2 vsir 150 0oy
- e r

T
0.00 0.05 010 015 020

‘Weight Loss, %





media/file12.png
4- =) oL
= — ~
1 ] [

Compressive Strength, VMIPa

b9
=
|

(c) POFA:GBFS:FA
y —i— (60:40:0
i 60:30:10
e ():20:20
——70:30:0
—— 70:20:10

T
0 1 3 7 28 S6 9 180 360






media/file9.jpg
2

‘Compressive Strength, MPa

‘Compressive Strength, MPa

® %
Age, day

gt

%

180 360






media/file0.png





media/file42.png
Intensity (a.u.)

M: Mullite
Q: Quartz

A: Aluminum tobermorite

S: Gismondine

P: Gypsum

G: Gmelinite

X: Xonotlite

T:11A tobermorite
R: Reinhardbraunsite

POFA

70%\"- Wuw v
60%\

I'r

uM

o

>0 ’\\..,MMJ ot M
100 20 30 4 50

2 theta (deg.)






media/file38.png
POFA:GBFS:FA

50:20:30 M EEEEEEE P

resusussusnsnans R .
S0:30: 20 B R R R R R

50:40:10 |

After 360 days

- After 180 days
- Control sample

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

70:20:10

70:30:0

Ultrasonic Pulse Velocity, km/s





media/file8.png
At 28 days of curing age
Weight and UPV values for each cube
were recorded before immersion in
acid solution

Acid solution (10% concentration)

- _\/"_“‘)/"'_
The solution is changed
every two months to
maintain the pH

After exposure period
Weight, UPV and compressive values
for each cube were recorded





media/file34.png
POFA:GBFS:FA

50:20:30

50:30:20 s

50:40:10 B

50:50:0

60:20:20

60:30:10
60:40:0 B

70:20:10

70:30:0

After 360 days

3 After 180 days

10

- Control sample

L) L) ' L L L L ' L) L L L '

40 50 60

20 30

Residual Compressive Strength,MPa





media/file17.jpg





