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Abstract

:

The development of sustainable, environmentally friendly alkali-activated binder has emerged as an alternative to ordinary Portland cement. The engineering and durability properties of alkali-activated binder using various precursor combinations have been investigated; however, no study has focused on the impact of high-volume natural pozzolan (NP) on the acid resistance of alkali-activated NP and limestone powder. Therefore, the current study assesses the impact of high-volume natural pozzolan (volcanic ash) on the durability properties of alkali-activated natural pozzolan (NP) and limestone powder (LSP) mortar by immersion in 6% H2SO4 for 365 days. The samples were prepared with different binder ratios using alkaline activators (10 M NaOH(aq) and Na2SO4) combined in a 1:1 ratio and cured at 75 °C. NP was combined with the LSP at three different combinations: NP:LSP = 40:60 (AAN40L60), 50:50 (AAN50L50), and 60:40 (AAN60L40), representing low-volume, balanced, and high-volume binder combinations. Water absorption, weight change, and compressive strength were examined. The microstructural changes were also investigated using FTIR, XRD, and SEM/EDS characterization tools. Visual examination showed insignificant deterioration in the sample with excess natural pozzolan (AAN60L40) after 1 year of acid exposure, and the maximum residual strengths were 20.8 MPa and 6.68 MPa in AAN60L40 and AAN40L60 with mass gain (1.37%) and loss (10.64%), respectively. The high sulfuric acid resistance of AAN60L40 mortar was attributed to the high Ca/Si = 10 within the C-A-S-H and N-A-S-H formed. The low residual strength recorded in AAN40L60 was a result of gypsum formation from an acid attack of calcium-dominated limestone powder. The controlling factor for the resistance of the binder to acid corrosion was the NP/LSP ratio, whose factor below 0.6 caused significant debilitating effects.






Keywords:


natural pozzolan; limestone powder; acid resistance; sulfuric acid; alkali activation












1. Introduction


Civil infrastructure deterioration due to industrial and biogenic acid attacks has been a cause of concern owing to the high cost of rehabilitation and retrofitting [1]. The resistance to acid of concrete structures is critical for long-term durability assessment and economic viability. In this context, cementitious materials with high acid resistance are required for various acid-exposed critical infrastructures to enhance their durability. Although the ordinary Portland cement (OPC) binder is known to be resistant to chemical attacks, it is highly susceptible to acid attack through either the decomposition and leaching of hydration products or the negative effect of newly formed compounds on the binder’s internal microstructure [2]. To improve the durability performance of OPC binders, researchers are constantly striving to produce better-performing binders through the modification of OPC binders via novel chemical or mineral admixtures, among other approaches. Mineral admixtures such as fly ash, silica-fume, ground granulated blast furnace slag, rice husk ash, silicomanganese, etc., are commonly used to increase the long-term durability of concrete through the formation of a uniform and consolidated internal matrix [3,4,5,6,7,8,9,10,11].



The development of alkali-activated materials (AAMs), which have been studied and shown to have better acid resistance than OPC, is another strategy adopted by researchers to develop durable materials [12,13]. The choice of source material, which has been shown to affect an AAM’s internal structure, has a substantial impact on the durability performance of the AAM [14]. Relatively new [15,16,17] and old [12,13] studies have also confirmed that AAM offers superior durability performance in comparison to OPC binders. Although it is reported that AAMs outperform OPC binder in terms of durability, the quality of binder products required to resist acid attack depends on the calcium level in its source material [13]. The difference in the quality of the produced binder is responsible for significant variance in the durability test outcomes. The mechanism of deterioration, for instance, with varying exposure concentrations of acid, is significantly different [12,13,15]. As a result, there has been considerable skepticism about alkali-activated materials’ superior durability performance in surviving the harshness of acids during exposure. However, new [16,17,18] and old [12,13] studies have confirmed AAMs’ superior durability performance compared to OPC materials.



In a recent study, Reu et al. [16] investigated the degradation of slag/fly ash mortar (mixed in varying proportions) in an acidic medium comprising phosphoric and sulfuric acids at pH of 2.5 ± 0.5 for 150 days of exposure. The findings indicated variation in the aggressiveness of acid attack, with phosphoric acid being the most aggressive, and that the degradation level of AAM was far less than that of OPC-based mortar. Chen et al. [15] studied the durability performance of pavement repair mortar materials developed from alkali-activated metakaolin–GGBFS (MK-GGBFS) and OPC upon exposure to a strong sulfuric acid solution (pH = 1). The superior durability of the binary blend of alkali-activated MK-GGBFS over OPC was due to the void-filling effect and the formation of alkali-activated binder gel (N-A-S-H and C-S-H). The degradation of the mortar in the sulfuric acid environment was attributed to the leaching of metal cations, the breakdown of aluminosilicate bonds, and the formation of microcracks forming gypsum within the matrix [19]. In another comparative study [20], the resistance to acid solution of alkali-activated glass cullet (AAGC) synthesized from three types of recycled glasses (flat, hollow, and windshield) was reportedly better than that of OPC.



Many new materials have crept into the durability research space of alkali-activated materials; some of these materials include waste ceramic tile powder (WCP) [21,22], light-burnt dolomite powder [23], waste glass powder [24,25,26], volcanic ash [26], iron-rich laterite soil [27], silico-manganese fumes [28], glass cullet [20], palm oil fuel ash (POFA) [18], etc. Despite the different precursors, varied acid concentrations, and exposure durations, AAM’s better performances were consistent in the reviewed comparative durability studies. This has encouraged researchers to explore other types of aluminosilicate precursors. Furthermore, 75 wt % of the Earth’s crust is made up of silica and alumina, allowing for a significant number of raw materials, which could either be natural materials or waste by-products, available to be explored for alkaline activation [28].



Natural pozzolan (NP) is a siliceous or siliceous and aluminous material with a polymeric silicon–oxygen–aluminum framework. The alkali activation of NP involves the use of alkali activators (NaOH(aq) and Na2SiO3(aq)) for the hydrolysis and dissolution of complex aluminosilicate compounds present in NP. The dissolution process leads to the release of monomers such as Ca-O, Si-O-Si, Al-O-Al, and Al-O-Si. This process is followed by the orientation of the oligomers, followed by the polycondensation of chains to form coagulated structures. Alkali activation of NP results in the formation of phillipsite ((Na,K,Ca)1-2(Si,Al)8O16.6(H2O)), CSH, calcium aluminum silicate hydrate ((Ca2Al4Si8O24)12H2O), C-A-S-H), and sodium aluminosilicate hydroxide hydrate (Na8(AlSiO4)6(OH)2-4H2O), N-A-S-H); these binder gels have been reported to enhance the strength development of the AAM [29,30].



Natural pozzolan (NP) is abundantly available in volcanic regions and is rich in silica content [31]. However, NP is deficient in CaO, which could cause a delay in the setting time of the binder. This has necessitated the binary blending of volcanic ash natural pozzolan and other CaO-containing waste, such as slag and limestone waste powder (LSP) [29,32]. LSP is generated during the tile production process; about 30 million tons are generated per year in Turkey, while the U.K. generates 22.2 million tons of LSP annually [29]. The synergy between NP and LSP as binary precursors in the development of the alkali-activated binder has enhanced the mechanical properties by improving microstructures [33].



There has been successful deployment of natural pozzolan (pumice, perlite, and volcanic ash) as a base material in alkali-activated binder, where its effect (either solely or supplemented with other materials) on mechanical and durability performance improvement has been reported [34,35,36,37,38,39,40,41]. However, these studies, especially on the durability performance of alkali-activated concrete AAC, either with NP alone or in combination with supplementary materials, are still limited. There are several studies on AAC durability against sulfate, acid attacks, diffusion, permeability, depth of oxygen and chloride ion penetration in NP-based binders [42,43,44,45]. In one of the studies on chloride ion transport in NP-based AAC, a high amount of chloride ions was recorded in the solution after the rapid chloride permeability test irrespective of the voltage applied [37,44]. However, improved or enhanced durability performance was recorded in the durability studies where NP was blended with other materials. For instance, in a recent work by Aguirre-Guerrero et al. [43], the corrosion behavior of blended NP/GBFS-based reinforced AAC exposed to a chloride-bearing environment was studied. Higher resistance to chloride ion penetration was recorded compared to ordinary Portland cement-reinforced concrete used as a control. This better performance was attributed to improved gel composition, microstructural characteristics, and the matrix’s capacity to bind the chloride ions before reaching the rebar surface.



In another NP blended study, Ibrahim et al. assessed the acid resistance of NP blended with nano-silica AAC subjected to 5% sulfuric acid. A reduction in specimen strength and weight was recorded with the blended NP in comparison with NP-based AAC and OPC-based concrete. The role played by the nano-silica, according to the authors, in achieving better microstructure leading to enhanced performance was due to hydration products such as C-A-S-H with increased absorption of aluminum ions into the binder matrix. The exposure to sulfuric acid resulted in the disintegration of the paste between the aggregates. Aside from sulfuric acid exposure, the curing temperature was also identified as a dominant factor in the performance of NP-based AAC. NP-based AAC cured at lower temperatures performed better during exposure to 5% sulfuric acid [39].



There have been studies conducted mostly on the fresh properties and strength development of AAC using NP and other emerging materials; an example is NP and limestone powder [33,45]. However, little is understood about its performance in terms of exposure to acid attacks. Thus, this research investigated the impact of high-volume volcanic ash natural pozzolan on the acid resistance of alkali-activated natural pozzolan and limestone powder. To explore the possibility of synthesizing a sustainable and durable blend of alkali-activated mortar using volcanic natural pozzolan and limestone powder, the hardened mortar was exposed to 6% sulfuric acid resistance for 3, 6, 9, and 12 months. The binder’s morphology was examined through scanning electron microscopy–energy-dispersive spectroscopy (SEM/EDS), the difference in mineral phases was observed through X-ray diffraction (XRD), and changes in the frequency of vibration of different functional groups and their bond characteristics were studied using Fourier transform infrared (FTIR) spectroscopy. The findings of this study can reduce the waste that leads to environmental and health hazards.




2. Materials and Methods


2.1. Materials


2.1.1. Natural Pozzolan and Limestone Powder


The natural pozzolan (NP) used for this research was volcanic ash from the coast of the Red Sea, Saudi Arabia, and was commercially acquired from a local company. The limestone rock was mined in large sizes from a limestone quarry site in Riyadh (Saudi Arabia) and was transported to a tile-making factory in Hafr Al-Batin, Saudi Arabia. The dust generated during the cutting process of producing tiles was used for this research work. The two base materials were initially oven-dried at 105  ±  5 °C for 24 h, after which they were sieved through a No. 200 sieve. A particle size analyzer (HELOS (H3533) and QUIXEL brand) was used to determine the particle size distributions of the precursor materials. The analyzer worked using laser scattering principles. The precursors were dispersed in distilled water using the wetting method; then, the system was vigorously agitated to avoid sedimentation. The characteristics of the raw materials (NP and LSP) are given in Table 1. The specific surface areas (BET) of precursors were determined with Micromeritics ASAP2020 using nitrogen gas adsorption. The surface of the powdered sample was cleared of all adsorbed gasses (outgassing process). Then, the sample was cryogenically cooled using liquid nitrogen, followed by dosing of nitrogen gas into the system at reduced pressure. X-ray fluorescence (XRF) spectrometry was used to determine the elemental compositions of precursors. An XRF machine works by sending radiation waves to the samples in an intense X-ray beam from a radioisotope source. The primary source of rays excites the sample by detaching the tightly bound inner shell electrons from the excited atoms of the samples. When the excited atoms are relaxed to the original state, a fluorescent X-ray is emitted. The energies of these emitted rays are detected using an energy-dispersive detector that identifies the elemental traces in the sample, while the intensity of the X-rays is used to determine the quantity of the elements. X-ray diffraction (XRD) is a rapid and simple technique for non-destructive characterizations of crystalline materials. The results were analyzed by MATCH XRD software using the COD database. The chemical compositions of NP and LSP from X-ray fluorescence (XRF) spectrometry are shown in Table 2. The test provides information especially on structures, phases, preferred crystal orientations, and structural parameters. The mineralogical composition and phase nature of PMs were explored using an XRD Bruker instrument, model d2-Phaser, with Cu Ka radiation (40 kV, 40 mA) by continuous scanning within an angle 2-theta range of 4–80° and at a scan speed of 2.5°/min.




2.1.2. Alkaline Activators


The alkali activator used for this study is a combination of 10 M NaOH(aq) (NS) and NaSiO3(aq) (SS), the SS contains H2O: 62.11%, SiO2: 29.13% and Na2O: 8.76% with silica modulus, and SiO2/Na2O of 3.3. It should be noted that sodium hydroxide was made a day in advance of mixing in order to allow the solution to cool.




2.1.3. Aggregates


The fine aggregate used for this study was desert sand from dunes that met ASTM C33’s gradation size requirements, as shown in Table 3. The fine aggregates’ specific gravity in saturated surface dry conditions was 2.63, and its fineness modulus was 2.6.




2.1.4. Acid Solution


The acidic solution used for the durability test was concentrated 6% H2SO4(aq) solution supplied by Ajax Finechem Pty Ltd. with a molar mass of 98.08 g and specific gravity of 1.84. The purity level was 96.5%.





2.2. Experimental Program


2.2.1. Mix Design for the Mortar Preparation


The mortar was produced with three different precursor combinations (NP:LSP = 40:60, 50:50, and 60:40). The mortar was developed using a mass ratio of Na2SiO3(aq)/10 M NaOH(aq) (SS/NH) = 1.0. The mixes were designated as AANxL100-x, where x represents the percentage of NP present in the mix. The mix was designed to study the effect of a high volume of LSP (AAN40L60), an equal volume of NP and LSP (AAN50L50), and a high volume of NP (AAN60L40). A fine aggregate to binder ratio of 2.0 was maintained for all mixes. The (NaOH(aq) + Na2SiO3(aq))/(NP + LSP) ratio was maintained at 0.5, while free water was 10%. Table 4 depicts the mix proportions used for this research.




2.2.2. Mortar Preparation


The required dry quantities of materials, shown in Table 4, were mixed with the Liya 5.0 L planetary bench mixer. The precursor was mixed with the fine aggregate for 3 min. The alkaline activators (10 NaOH(aq) + Na2SiO3(aq)) and water were mixed to achieve a homogeneous mixture. The mix was then placed in a cube mold of 50    ×    50    ×    50 mm3, conforming to ASTM C109, followed by consolidation using a Liya vibrating table. The surface was then meticulously smoothed with a trowel, covered with a polythene sheet to stop moisture evaporation, and finally oven-dried for 24 h at 75 °C. The demolded samples were subsequently cured over the course of 28 days by curing at a laboratory temperature of 20 ± 5 °C for strength development. The samples were then immersed in 6% H2SO4(aq) for 12 months and tested for 3-, 6-, 9-, and 12-month residual strength and change in mass. The sample morphology, bond characterization, and mineral phases after immersion were examined using SEM/EDX, FTIR, and XRD analysis, respectively.




2.2.3. Evaluation of the Resistance to Acid


To evaluate the resistance of the developed alkaline-activated mortar to acid attack, a cubic sample of 50    ×    50    ×    50 mm3 was used. The impact of acid on the mortar under study was investigated using 6% H2SO4, which was prepared using distilled water. Before being submerged in the solution, the 28-day-old specimens were weighed. The samples were immersed for 365 days and the solution was changed every month to maintain a pH of 1 throughout the test. The performance of geopolymer mortar specimens was evaluated using physical observation and by measuring the loss in weight and the residual strength.





2.3. Evaluation Methods


2.3.1. Water Absorption


Absorption is a measure of pore spaces present in the matrix of a specimen. The determination of water absorption is usually performed by controlling the drying of specimens in an oven until a constant mass is achieved, which signifies the complete removal of existing moisture. Water absorption of binder specimens was determined following ASTM C-642, with the exception that the samples were dried in an oven at 75 °C (similar to curing temperature) for 24 h and their masses were recorded. The samples were then placed in water for 24 h and the masses of the samples were measured in surface-dried conditions. The water absorption was evaluated using Equation (1).


  Water   absorption   ( % ) =    m 2  −  m 1     m 1      ×   100    



(1)




where m1 is the average mass of the oven-dried specimen in air and m2 is the average mass of the surface-dried specimen after immersion.




2.3.2. Weight Loss


To study the resistance to acid attack, the cubic sample of 50    ×    50    ×    50 mm3 of known original weight was fully immersed in 6% H2SO4(aq) after 28 days of air-curing for 12 months. The solutions were changed every 30 days to keep the acidic solution’s concentration at a pH level of 1. The loss in weight after 3, 6, 9, and 12 months of immersion was measured by sensitive weighing balance upon drying the sample surface water using a dry towel to ensure dry surface conditions. Three replicates were used for each measurement, and the average was determined. The results are recorded as shown in Equation (2).


  Percentage   weight   change   ( % ) =    W 2  −  W 1     W 2      ×   100  



(2)




where    W 1    is the average surface-dried mass after immersion and W2 is the average air-dried specimen before immersion.




2.3.3. Compressive Strength


The mortar compressive strength was determined according to ASTM C150 using a Liya compression testing machine with a uniform loading rate of 0.9 kN/s. The testing on three replicates was determined after 28 days of curing and 3, 6, 9, and 12 months after immersion in acidic solution. The loss in the compressive strength was determined using Equation (3).


  Loss   in   compressive   strength   ( MPa ) =    σ 2  −  σ 1     σ 2      ×   100  



(3)




where    σ 1    is the average loss in compressive strength of the specimen before immersion and    σ 2    is the average loss in compressive strength of the specimen after immersion.




2.3.4. Binder Products Characterization


The morphology of the binders before and after immersion in the acidic solution was examined with the JSM-5800LV SEM device using an accelerating voltage of 20 kV, while the elemental composition of each spectrum was determined with an energy-dispersive X-ray spectroscopic analyzer. The bonds and functional groups of the binder products were characterized using Perking Elmer 880 (KBr pellet technique) Fourier transform infrared (FTIR) spectroscopy.






3. Results and Discussion


3.1. Characterization of Precursors (NP and LSP)


Figure 1 shows the particle size distribution (PSD) curves for NP and LSP. LSP (Figure 1, LSP) had a mean particle size of 12.1 µm, whereas NP powder had a mean particle size of 5.8 µm (Figure 1, NP). Critical observation of the SEM shown in Figure 2 reveals that the geometry of the particles of the materials differs significantly. LSP is spherical in shape while NP is flaky. This points to the fact that the preponderance of NP over LSP will enhance the permeability due to the presence of more interstitial pores within the matrix of the binder, as shown in Figure 2. The excessive absorption in NP-dominated binder is equally evident in Figure 2. The NP contains a diffuse hump at 2  θ   ≈    23 ∘   , which indicates the amorphous nature of NP. NP consists of plagioclase (Ca, Na) Al2Si2O8, microcline (KAl2Si2O8), and quartz (SiO3), as revealed in Figure 3. LSP is crystalline in nature and mostly contains quartz (SiO2) with calcite (CaCO3). The activation of NP and LSP resulted in the formation of N-A-S-H and C-A-S-H products, while the unreactive silica acts as a filler, thereby reducing the porosity of the resulting binder [29].




3.2. Effect of Binder Combination on Absorption


Figure 4 shows the absorption rate of the alkaline-activated mortar with different NP/LSP binder ratios (AAN40L60, AAN50L50, AAN60L40). The absorption rate increased as the immersion duration increased but decreased as the NP/LSP ratio increased such that the increment in NP/LSP from 0.67 to 1.0 and 1.5 led to 3.16% and 6.8% moisture contents, respectively. The sample with the high-volume NP (AAN60L40) had the highest absorption value; this can be attributed to the higher specific surface area of NP (3.1 cm2/g) (Table 1) and the angular flaky shape of LSP, as revealed in the SEM results shown in Figure 2. The preponderance of NP over LSP (AAN60L40) makes the mortar more porous, thereby increasing its absorption capacity.




3.3. Visual Characterization in Acidic Exposure


The visual examination of the AANL mortar mixtures after one year of exposure to an acid solution (6% H2SO4) is depicted in Figure 5. It was observed that AAN60L40 exhibited little surface deterioration after 12 months in acid solution, unlike AAN50L50, whose surface became gritty after 12 months of exposure with minor surface distortion. When the NP content was further reduced to 40% (AAN40L60), the sample exhibited major surface deterioration and cracks with edge delamination. This implies that the sample with a high volume of NP showed better resistance to acid attack than the sample with a high volume of limestone powder.




3.4. Effect of Binder Combination on Change in Weight of acid Exposed Specimen


Figure 6 shows the samples exposed to 6% H2SO4 for 3 months; all the specimens, i.e., AAN40L60, AAN50L50, and AAN60L40, experienced weight gain. However, after 6 months of exposure, the samples experienced weight reduction by 23%, 31.12%, and 12.7%, respectively. After 9 months of exposure, AAN40L60 and AAN50L50 experienced substantial losses in weight, while AAN60L40 exhibited marginal weight loss. AAN40L60 and AAN50L50 deteriorated further after 12 months, with weight loss of 10.59% and 7.62%, respectively, while AAN60L40 maintained its stability. This shows that high-volume natural pozzolan with high silica content enhanced the corrosion resistance against acid attack.




3.5. Residual Compressive Strength after Acid Attack


The residual compressive strengths of mortar mixtures exposed to 6% H2SO4 for 3, 6, 9, and 12 months are shown in Figure 7. Comparing the strength values of 28 days to various months of exposure, it was observed that for all samples exposed to acid attack (Figure 7), there was a sharp reduction in the compressive strength recorded throughout the exposure period, except for AAN60L40. The AAN40L60 sample experienced the highest residual strength loss of 75.56%, as shown in Figure 8, while AAN60L40 had the lowest loss of 16.80% after one year of exposure. At the balanced proportion of NP and LSP, the strength loss was 34%, 42%, 53%, and 69% for 3, 6, 9, and 12 months, respectively (Figure 8). There was no significant difference between the strength loss at 6 and 9 months in AAN60L40. Generally, the sample synthesized with a high volume of limestone (LSP) powder showed less resistance to acid attack, whereas AAN60L40 with a high volume of natural pozzolan (NP) exhibited the highest resistance to acid attack.




3.6. Mineralogy, Morphology, and Bond Characteristics of Mortar after Exposure to Acid Environment


3.6.1. XRD Characterization of AANL Binder


The XRD spectra of the exposed and unexposed binder are depicted in Figure 9. AAN60L40, AAN50L50, and AAN40L60 have almost similar microstructural characteristics before exposure to a severe acidic environment, as reflected in the compressive strength results (Figure 7); thus, AAN40L60 is used as the control for the unexposed samples. The alkaline activators can dissolve complex aluminosilicate present in the base materials to release monomers that come together to form the product through condensation, as shown in Equations (4)–(6). The alkaline-activated products formed are gehlenite (Ca0.Al2O3.SiO2), anorthite (CaAl2Si2O8), and albite (NaAlSi3O8) (Figure 9a).


   CaCO 3    →   CaO   +    CO 2   



(4)






   Na 2   SiO 3     ( aq )     →    Na 2  O   +    SiO 2    +    H 2  O  



(5)






   NaOH  ( aq )     →    Na 2  O   +    SiO 2    +    H 2  O  



(6)







These products enhanced the strength development, but exposure to sulfuric acid destroyed phases such as gehlenite and albite in the LSP-dominated binder, as shown in Figure 9. The destruction of gehlenite and albite could be due to ion exchange between hydroxonium ion of an acid and calcium in LSP to form gypsum, as shown in Equation (7).


   CaCO 3  +  H 2   SO 4  +  H 2  O   →    CaSO 4  . 2  H 2  O +  CO 2   



(7)







The formation of gypsum on all the tested binders after acidic exposure is evidenced in Figure 9b,c. The gypsum formed caused leaching of the alkali-activated product, subsequently leading to mass and strength reduction in the mortar; however, this effect is not prominent in the binder developed with a high content of NP (AAN60L40).




3.6.2. FTIR Analysis of Samples after Acid Attack


Figure 10 shows the FTIR image of the mortar before and after exposure to sulfuric acid attack. The major functional groups affected were the hydroxyl group, binding water present within the pores, and Si-O-Si reorganization. The wavenumbers at 3500 cm−1 and 2375 cm−1 showing the presence of hydroxyl group (O-H) stretching and water molecule (H-O-H) bending at the wavenumbers of 1645 cm−1 were observed in the unexposed samples (Figure 10a). A stretching vibration of C-O-O (CO32−) was observed at a wavenumber of 1418 cm−1 in the unexposed sample. However, upon exposure to the acidic environment, the broad peak of the hydroxyl group was decomposed due to acid attack, as revealed in Figure 10b–d. Furthermore, the H-O-H bending at wavenumber 2335 cm−1 in the unexposed sample changed to a deeper peak due to the precipitation of more water molecules entrapped in the binder matrix due to H2SO4(aq). The carbonyl group around 1427 cm−1 in the unexposed sample was observed to be depleted after acid attack.



Furthermore, the intensity band of Si-O-T from the aluminosilicate framework at 1018 cm−1 due to asymmetric vibration, which corresponds to binder gel, becomes broadened after acid attack. This implies that the depolymerization of C-A-S-H and N-A-S-H products occurred due to the elimination of Al and Si atoms from the binder. A weak absorption band of dihydrate gypsum (S-O) at a wavenumber of 649 cm−1 was also found in the exposed samples, whereas it was absent in the unexposed samples. For the unexposed sample, in-plane bending vibration of C-O was found in a weak absorption peak of 721 cm−1, and this was shifted to a lower band of 711 cm−1. The high strength loss recorded in AAN60L40 and AAN50L50 exposed samples is caused by the formation of gypsum after decalcification of the binder matrix, while the marginal strength loss in AAN60L40 is due to the presence of high silica content that hindered high degradation of the aluminosilicate framework.




3.6.3. SEM and EDX Analysis of Samples after Acid Attack


Figure 11, Figure 12, Figure 13 and Figure 14 depict the SEM and EDS findings for the AANL binder under acidic and non-acidic conditions. The control sample’s SEM image showed a uniform and denser microstructure as a result of more alkaline-activated product production (Figure 11). From the EDS (unexposed sample) results, the Si/Na values of 0.96–1.4, Si/Ca = 0.84–2.33 and Si/Al = 4.84–7.11 were noted in spectra 5 and 6 (Figure 11). This indicates the formation of aluminosilicate products such as C-A-S-H and N-A-S-H, thereby enhancing strength development.



However, after exposure to 6% H2SO4 for 1 year, spectrum 4 of AAN60L40 (Figure 14) exposed to acid attack showed the presence of gypsum, C-A-S-H, and N-A-S-H products with a dense microstructure. The exposed sample EDS results show that the Si/Al ratio decreases with an increased in the percentage of NP. The highest value of Si/Na = 8.7, was observed on spectrum 17 for AAN40L60 (Figure 13); Si/Na = 7.2 for AAN50L50, as shown in spectrum 10 (Figure 14) and Si/Na = 6.6 for AAN60L40, as depicted in spectrum 3 (Figure 14). Furthermore, there was a higher Ca/Si ratio of 10.5 in AAN60L40, as revealed in spectrum 3, than in AAN50L5 (spectrum 10), with Ca/Si = 0.5. For AAN40L60, as shown in spectrum 18, Ca/Si = 2.1. AAN60L40 with the highest value of Ca/Si and the lowest value of Si/Al had the highest resistance to H2SO4, with residual compressive strength of 20.8 MPa after 1 year of exposure to acid attack. AAN40L60 and AAN50L50 have a porous microstructure, as shown in the magnified micrographs (Figure 13b and Figure 14b), which accounted for the loss in strength recorded.






4. Conclusions


The impacts of high-volume natural pozzolan on the sulfuric acidic resistance of alkali-activated mortar after 1 year of exposure to sulfuric acid are summarized as follows.



	
The mortar exhibited more expansion in the presence of a low volume of NP.



	
The maximum strengths of 20.8 MPa and 6.68 MPa were noted in mortar developed using a high volume of NP (AAN60L40) and a low volume of NP (AAN40L60), respectively.



	
The ultimate residual strengths were 16.8% and 1.4% for AAN60L40 and AAN40L60, respectively.



	
The mass gains were 75.6% and −10.64% for AAN60L40 and AAN40L60, respectively.



	
Samples synthesized using AAN60L40 (60% NP:40% LSP) exhibited no surface deterioration, while samples synthesized using AAN40L60 (40% NP:60% LSP) exhibited major surface cracks with minor multiple-edge delamination.



	
The high sulfuric acid resistance of AAN60L40 mortar is attributed to the presence of high values of Si/Al = 7 and Ca/Si = 10 present in C-A-S-H and N-A-S-H products, which resulted in the pore-filling effects within the microstructure.



	
The low strength recorded in AAN40L60 was due to the formation of gypsum in the binder product, whereas samples synthesized with a high volume of natural pozzolan (AAN60L40) showed more stability against acid attack.



	
AAN60L40 exhibited the highest resistance to sulfuric acid attack.
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Figure 1. NP and LSP particle size distribution. 
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Figure 2. Micrograph images. 
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Figure 3. XRD: (a) NP and (b) LSP. 
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Figure 4. Effect of binder combination on absorption. 
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Figure 5. Visual examination of samples exposed to 6% H2SO4 attack: (a) AAN60L40, (b) AAN50L50, and (c) AAN40L60. 
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Figure 6. Change in weight of samples exposed to 6% H2SO4. 
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Figure 7. Compressive strength of samples exposed to 6% H2SO4. 
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Figure 8. Percentage loss in compressive strength with 1 year of exposure to acid attack. 
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Figure 9. X-ray diffractograms of the exposed and unexposed samples. 
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Figure 10. FTIR spectra of specimen unexposed and exposed to 6% H2SO4. 
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Figure 11. SEM and EDS of unexposed control sample. 
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Figure 12. SEM and EDS of AAN40L60 exposed to 6% H2SO4: (a) low magnification; (b) high magnification. 
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Figure 13. SEM and EDS of AAN50L50 exposed to 6% H2SO4: (a) low magnification; (b) high magnification. 
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Figure 14. SEM and EDS of AAN60L40 exposed to 6% H2SO4: (a) low magnification; (b) high magnification. 
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Table 1. Physical characteristics of NP and LSP.
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	Materials
	Specific

Gravity
	Volume Mean

Diameter

(µm)
	Specific Surface Area

(cm2/g)
	d90 (µm)
	d50 (µm)
	d10 (µm)





	LSP
	2.7
	12.1
	0.6
	31.0
	6.4
	1.20



	NP
	2.3
	5.8
	3.1
	11.6
	4.8
	1.4
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Table 2. Chemical constituents of NP and LSP.
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	Oxide Components (%)
	CaO
	SiO2
	Al2O3
	Fe2O3
	MgO
	Na2O
	K2O
	L.O.I





	NP
	2.0
	74.0
	13.0
	1.5
	0.5
	4.0
	5.0
	5.0



	LSP
	94.1
	2.5
	0.8
	1.2
	0.6
	-
	0.3
	44.0
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Table 3. Physical characteristics of NP and LSP.
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	S/N
	Sieve Size (mm)
	Cumulative Passing (%)





	1
	9.6
	100



	2
	4.75
	95



	3
	2.63
	81



	4
	1.18
	50.5



	5
	0.6
	25.4



	6
	0.3
	6.2



	7
	0.15
	1.9
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Table 4. Mix proportions in kg/m3 of the developed mortar.
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	Mix No.
	Mix ID
	NP
	LSP
	NH Molarity
	SS/NH
	SS
	SH
	H2O
	Fine Aggregate





	M1
	AAN60L40
	363.0
	242.0
	10
	1.0
	151.5
	151.5
	60.5
	1210



	M2
	AAN50L50
	302.5
	302.5
	10
	1.0
	151.5
	151.5
	60.5
	1210



	M3
	AAN40L60
	242.0
	363.0
	10
	1.0
	151.5
	151.5
	60.5
	1210
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