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Abstract

:

The open burning of biomass residue constitutes a major portion of biomass burning and leads to air pollution, smog, and health hazards. Various alternatives have been suggested for open burning of crop residue; however, each of them has few inherent drawbacks. This research suggests an alternative method to dispose wheat straw, i.e., to calcine it in a controlled environment and use the resulting ash as a replacement of cement by some percentage in cement-based composites. When wheat straw, an agricultural product, is burned, it is very rich in SiO2, which has a pozzolanic character. However, the pozzolanic character is sensitive to calcination temperature and grinding conditions. According to the authors’ best knowledge, until now, no systematic study has been devised to assess the most favorable conditions of burning and grinding for pozzolanic activity of wheat straw ash (WSA). Hence, a systematic experimental program was designed. In Phase I, calcination of WS was carried out at 500 °C, 600 °C, 700 °C, and 800 °C for 2 h. The resulting ashes were tested for color change, weight loss, XRD, XRF, Chapelle activity, Fratini, and pozzolanic activity index (PAI) tests. From test results, it was found that beyond 600 °C, the amorphous silica transformed into crystalline silica. The WSA calcined at 600 °C was found to satisfy Chapelle and Fratini tests requirements, as well as the PAI requirement of ASTM at 28 days. Therefore, WSA produced at 600 °C (WSA600) showed the best pozzolanic performance. In Phase II, WSA600 was ground for various intervals (15–240 min). These ground ashes were tested for SEM, Blaine fineness, Chapelle activity, Fratini, and PAI tests. From test results, it was observed that after 120 min of grinding, there was an increase of 48% in Blaine surface area, with a consequence that WSA-replaced cement cubes achieved a compressive strength almost similar to that of the control mix. Conclusively, wheat straw calcined at 600 °C and ground for 120 min was found to be the most effective way to use pozzolanic material in cement-based composites. The addition of WSA in cement-based composites would achieve manifold objectives, i.e., aiding in the production of environmentally friendly concrete, the use of wheat straw as fuel for electricity production, and adding economic value to wheat straw.
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1. Introduction


The burning of biomass is a huge environmental concern, especially in agricultural countries. This leads to deteriorated air quality, haze conditions, and serious repercussions on the health of humans [1,2]. Biomass burning leads to emissions of carbonaceous aerosol pollutants and a number of trace gases such as CO, VOCs, and NOX, which may lead to photochemical smog [3]. A few of the main components of biomass burning are grassland fires, open-field burning of agricultural leftover material, i.e., crop residue, temperate and boreal forest fires, domestic biofuel combustion [4], and residential wood combustion [5]. However, in countries with large-scale agricultural production like China and India, open-field burning of crop residue is a significant portion of biomass emission [6]. Traditionally, crop residues were used for a number of reasons, but with the advancement of agricultural technologies, burning of crop residue (Figure 1) became the most viable option for farmers [7]. Crop residue burning is done in order to prepare the field for the next cycle of cultivation or to control pests and weeds [8]. In one research, the authors concluded that out of 750 Tg of biomass burned in Asia, 250 Tg (33.4%) was comprised of open-field burning. Out of this, the major contributors were India 84 Tg and China 10 Tg [9]. In addition, another important aspect of open-field burning is the pollution caused by the release of particulate matter into the atmosphere. The effect of finer particulate matter, especially that of a size of less than 2.5 mm (PM 2.5), can reduce visibility into the atmosphere and deteriorate air quality even at the farthest places like highways, airports, etc., causing serious hazards for humans, even those who are far away from the sources of burning [10]. Consequently, the contribution of particulate matter in the atmosphere due to the biomass burning stood at 21% [10]. The smog fumes emitted during the burning of crop residue, under the effect of air circulation, can travel to significant distances, thus transporting with them various pollutants, causing serious haze conditions in local, regional, and global atmosphere [11]. It is also important to note here that although open burning is mostly done in rural areas, under the effect of air circulation its effects can be felt in the most remote areas and in neighboring provinces and countries as well. [12]. Such a phenomenon was observed in Pakistan and India in 2016. Later, the images released (Figure 2) by NASA showed a huge amount of open burning of straw in Indian Punjab in November 2016, which most probably contributed to the poisonous smog in India and many adjacent areas of Pakistan [13]. Such a phenomenon was also observed in China [2,7]. A few of the examples of crop residue that are often burned in open fields are rice husk, wheat straw, etc. This study focuses on the proper disposal of wheat straw, as it is of prime importance, especially in countries where it is produced in huge quantities.



According to the statistics of Food and Agriculture Organization of the United Nations, the global annual production of wheat in 2015 was estimated to be 734.5 Million tons (Mt) [15]. Wheat straw is an agricultural by-product, obtained after stalks and chaffs of the wheat plant have been removed. On average, wheat straw yield is around 1.3–1.4 kg for each kg of grain produced [16]. Considering this, around 534 Mt of wheat straw is produced globally. Therefore, a lot of wheat straw is left and is mostly burnt in open fields. However, a number of alternate methods have seen suggested to open burning, i.e., the incorporation of straw back to soil [17], using it to fuel energy production [18], using it as feed for cattle [19], and turning it into compost and then returning it to the soil [20]. However, each of these alternatives has some inherent drawbacks [21]. However, this research suggests an alternative method to dispose wheat straw, i.e., incineration. Incineration is a waste treatment process of burning of waste in a controlled environment. The major advantage of incineration is that it reduces the volume of waste up to 85–90%, consequently reducing the requirement of landfill sites [22,23]. This factor becomes particularly important in countries like Japan, where land is already a scarce resource, and in urban areas where demand for land is extremely high. By employing various waste to energy processes, many developed countries are also generating energy by incineration [24]. This energy could be further used to produce electricity [22] and resulting ash can be used in the construction industry. Also, as this energy is from biomass, it would not add much to the net CO2 in the ecosystem [25]. In many developing countries like Pakistan, there is a shortage of electricity; hence, wheat straw (which is available locally in abundant quantity) could provide a short term solution to meet the energy demand of the country. In a study conducted on bagasse ash, it was concluded that 8% of the electricity requirement of Pakistan could be met by the use of bagasse, a similar type of agricultural waste material [26].



The production of cement is also a non-environmentally friendly process, as one ton of cement production requires around 1.6 MWh energy and discharges about one ton of carbon dioxide into the atmosphere [27]. Along with CO2 emission, sulfur oxide, nitrogen oxide, and particulates are significantly emitted during cement production. According to the estimate, one ton of cement production requires 3 to 6 million Btu energy and 1.7 tons of raw material [28]. Currently, the cement industry alone contributes around 7% of total CO2 emission worldwide, which is quite high [29]. The majority of the discharged CO2 in the atmosphere results from the decarbonisation of calcite in the cement clinker, the burning process, and the required electrical power [30]. Thus, this contributes to various environmental problems, rendering traditional concrete non-environmentally friendly and, consequently, producing a negative effect upon sustainable development. [31] Therefore, the alternative method suggested in this research would achieve multiple objectives, i.e., the safe disposal of wheat straw, aiding in the production of eco-friendly cement based composites, the sustainable consumption of raw material expended during the production of cement, and reducing the costs of construction [32]. It would also add economic value to the wheat straw, thus creating an incentive for the farmer to refrain from open burning of wheat straw. Among the other crop residue, successful investigations have been done on rice husk ash, bagasse ash, etc., for their use in cement based composites [33,34,35,36,37,38]. However, as per the authors’ knowledge, until now, no systematic study has been devised to assess the most favorable conditions of controlled burning and grinding for production of wheat straw ash (WSA) that best-suited to its use in cement-based composites. For example: How do different temperature and grinding conditions affect the pozzolanic property of WSA? What is the optimum burning temperature and grinding time for its use as pozzolan? These ambiguities are still to be answered.



Therefore, this research was conducted to explore the most favorable conditions, which can contribute to the production of the best quality WSA. It is pertinent to mention here that although the process of controlled burning is an energy-intensive process, like other biomass, wheat straw has a high amount of organic content (i.e., cellulose, hemicellulose, and lignin) and a high-energy content [39]. Hence, the optimum conditions for controlled burning could be easily incorporated into other waste to energy processes in which biomass is used as a source of energy [40] and electricity generation [41,42], and resulting ash could be used as cement replacement.




2. Experimental Investigation


2.1. Materials


2.1.1. Cement


Ordinary Portland cement conforming to ASTM standard C150 Type I was used. The fineness of cement was 2750 cm2/g, while its specific gravity was 3.15.




2.1.2. Wheat Straw (WS)


Wheat straw was obtained from wheat grown in the surrounding areas of Abbottabad, Pakistan. In order to obtain uniform calcination, wheat straw was crushed into smaller pieces of “1 to 1.5” length.




2.1.3. Wheat Straw Ash (WSA)


In order to obtain WSA, heat treatment was given to wheat straw in a muffle furnace at the rate of 10 °C/min. WS was subjected to temperatures ranging from 500 to 800 °C at 100 °C interval for 2 h [43]. In order to avoid over and under burning, 1” thick sample was kept in the dish. After 2 h of control heating, the sample was taken out from the furnace and was allowed to cool in open air. A nomenclature was also adopted to identify different ashes. WSA500, WSA600, WSA700, and WSA800 denote ashes calcined at 500 °C, 600 °C, 700 °C, and 800 °C for 2 h, respectively. It is also important to mention here that each sample of WSA was ground for sufficient time (30 ± 5 min) in ceramic ball mill and operated at 66 rpm with grinding media to WSA ratio of 5 by weight before being used in calcination phase [44]. The 30 ± 5 min time was selected using different trials until fineness of each WSA sample reached the fineness of cement, i.e., 2750 cm2/gm.




2.1.4. Water


There is a small quantity of hardness in tap water due to presence of salts, which can react differently with ashes calcined at different temperatures, since mineralogical composition changes with incineration (Table 1). Therefore, for the consistency of the results, distilled water was used throughout the experimental program.





2.2. Testing Program


2.2.1. Testing of Ashes at Different Calcination Temperatures (Phase I)


The quantity of silica plays an important role in pozzolanic performance of a material [45]. Therefore, to check the chemical composition, XRF analysis was performed on WSA produced after calcination. Loss on ignition test was carried out as per ASTM standard C311 and C114.



Mineralogical qualitative characteristics of WSA were studied by XRD, using differactrometer model JDX-3532 JEOL, Japan with CuKα radiation (1.5418 Å) operated at 40 kV and 25 mA with a 2θ scan between 20° and 80°. The diffraction pattern from ICDD was used to identify the chemical phases of the samples by using “MATCH Phase Identification from Powder v3.1” software.



Pozzolanic Activity Index (PAI) was determined to see whether use of WSA with cement results in adequate strength development or not. Test was performed on cubes at 7 and 28 days of curing by replacing 20% cement by weight of ash. One control mix and four WSA blended mixes were cast for respective ashes burnt at 500, 600, 700, and 800 °C. Water/binder ratio was kept at 0.484. Pozzolanic activity Index was then calculated as per ASTM C311 [46] using the following formula:


Pozzolanic Activity index = (A/B)  ×  100



(1)








	
A = average compressive strength of ash blended cubes, MPa (psi), and



	
B = average compressive strength of control mix cubes, MPa (psi).








The pozzolanic activity of WSA was also assessed by Fratini and Chapelle tests. Fratini test method is based on British Standard BS EN 196 [47]. Blend of 2 g of ash and 18 g of cement was poured in 100 mL of distilled water and kept in oven for 8 days at 40 °C in a sealed container. After 8 days, sample was filtered through 2.7 µm filter paper under vacuum for 30 s. 25 mL of filtrate was pipetted in a flask and titrated against 0.1 M HCL solution in the presence of methyl orange as indicator to determine concentration of [OH]−1. [Ca]2+ concentration was determined by atomic absorption spectroscopy. Determined [OH]−1 and [Ca]2+ expressed as equivalent CaO concentration was plotted on lime solubility curve graph to assess pozzolanic activity. Free lime (Ca(OH)2) was consumed during pozzolanic action; so, for a material to be active, pozzolan should lie below the solubility curve.



Chapelle test was conducted to determine the consumption of free lime in terms of mg Ca(OH)2 fixed per gram of pozzolan as per French Norm NF P 18-513 [48]. 1 g CaO, 1 g ash, and 250 mL of distilled water were heated in oven at 90 °C for 16 h in sealed container. Controlled samples were formulated with just CaO under similar conditions. After 16 h, the sample was cooled down to room temperature, and free Ca(OH)2 was extracted from sample by adding 250 mL of sucrose solution prepared by adding 60 g of sucrose in 250 mL of water. The sample was then filtered under vacuum suction applied for 30 s. Subsequently, 25 mL of filtrate was pipetted, and free lime was determined by titrating against 0.1 N HCL solution and phenolphthalein as indicator.




2.2.2. Testing of Ashes at Different Grinding Times (Phase II)


After determining optimum temperature, the ashes were tested to evaluate the effect of fineness and specific surface area upon their pozzolanic activity. For this purpose, ashes were ground for duration of 15, 30, 60, 120, and 240 min in ball mill operated at 66 rpm with grinding media to WSA ratio of 5 by weight [44]. Pozzolanic activity index, Fratini Test and Chapelle tests were again conducted for different grinding regimes. A nomenclature was also adopted to identify different ashes. WSA0 denotes ash without grinding, while WSA15, WSA30, WSA60 WSA120, and WSA240 represent ashes ground for duration of 15, 30, 60, 120, and 240 min, respectively.



In order to evaluate the effect of grinding upon the total particle surface area, Blaine fineness values were determined according to ASTM C204 [49], while the morphology of WSA was evaluated by using SEM at different grinding periods using model JSM-5910 JEOL, Japan at an acceleration voltage of 30 kV with secondary electrons.






3. Test Results and Discussion


3.1. Micro Morphology Analysis of Wheat Straw


The morphology of WS was determined by capturing Scanning Electron Microscopy images of cross-section and surface, as shown in Figure 3. It can be seen in cross section (Figure 3a) that inner layers are composed of interconnected thin walled tubules, while outer cover (Figure 3b) is also composed of interconnected channels but with smaller diameters. The outer covering is much denser and compact compared to inner layers, and channels with sizes of up to 10 µm diameter can be observed in outer layers compared to 70 µm found in inner layers. The SEM image of the surface shows that inner layers contain number of small surface pores of diameter up to 5 µm, while outer layers are composed of relatively thick sheet and are without any surface pores.




3.2. Phase-I (Calcination)


It is known from literature that in order to use agricultural waste materials in cement-based materials, they have to be calcined [50,51,52,53]. Combustion temperature and time are important factors in determining whether silica remains amorphous or crystalline in ash. In this research, the WS samples were calcined for 2 h at different temperatures. The results of calcination are discussed in this section.



3.2.1. Color Change


The color of the ash produced after calcination is an indirect indicator of the quality of produced ashes, as dark-colored ash represents incomplete burning. The dark color is due to the presence of unburnt carbon, which is not desired [54]. Figure 4 shows color change of WSA500, WSA600, WSA700, and WSA800. WSA500 shows that a large number of carbon particles are present in the ash, and that complete burning has not occurred yet. The unburnt carbon not only induces poor pozzolanic activity but also degrades durability properties of cement-based material [55]. Furthermore, unburnt carbon tends to hamper the cement paste hydration and increases the water demand due to porous structure, thus decreasing the compressive strength. As the temperature increases to 600 °C, WSA600 is whitish grey and is comparatively brighter than WSA500, indicating an increased removal of fixed carbon. Also, the presence of bright-colored particles has increased, indicating an improvement in quality of calcined ash. However, there is still some amount of unburnt carbon present, as evident by presence of black particles. WSA700 is brighter and brownish in color, with very small amount of grey-colored particles present. Similarly, WSA800 is also significantly brownish in color, signifying further removal of unburnt carbon and thus adequate burning. For RHA, calcined at 800 °C for 2 h, Xu et al. [43] showed that number of black particles decreased, while number of white creamy particles represented by bright appearance of ash increased due to improved oxidation of carbon at this temperature. Different colors can be attained depending upon the variation in amount of oxides present in the material [56,57].




3.2.2. X-Ray Fluorescence (XRF)


XRF was performed on WSA500, WSA600, WSA700, and WSA800 to analyze the effect of calcination temperatures upon the chemical compositions of the ashes, and the results are tabulated in Table 1. The minerals and silicates observed in the ashes are obtained by the plants from the soil they grow in, and the amount of these compounds depends upon the soil in which the plant grows [58]. Therefore, WS composition is expected to differ from place to place. However, the observed composition of the WSA ashes is in line with that reported in literature [59,60]. High values of silica content and loss on ignition (associated with the presence of residual carbon, as well as metallic impurities) can be observed. The ashes WSA500 and WSA600 contain significant quantity of K2O, which turns these ashes dark gray [45]. According to the standard ASTM C618 [61], in order for a material to be classified as a pozzolan, its (SiO2 + Al2O3 + Fe2O3) should be equal to or greater than 70%. Except for WSA500, all the ashes qualify as pozzolanic material according to this standard. WSA600 shows highest silica content, and consequently highest quantity of (SiO2 + Al2O3 + Fe2O3 = 80.16%). The percentage of these oxides varies depending upon the type of minerals. Typical values of these oxides are 80%, 85%, 91%, 90%, and 74% in case of calcined clay, Fly ash class F, silica fume, rice husk, and SCBA, respectively [62,63]. Based on chemical composition results, it can be concluded that calcination temperature of 600 °C is the optimum temperature for producing maximum silica in WSA.



The value of LOI, which is primarily an indicator of amount of unburnt carbon, is represented according to various colors of the produced ashes. ASTM618 [61] requires a LOI value of less than 6% for adequate performance of a pozzolan, which all ashes except WSA500 satisfy. The results indicate that for temperature greater than 500 °C, the calcination conditions adopted in this research are sufficient to remove the carbon and volatile compounds. It can also be observed that as the temperature for the calcination increases, the value of LOI decreases. This is due to better oxidation of carbon particles at higher temperatures [43]. Similar results were observed for sugar cane bagasse ash, in which the researchers showed that LOI decreases with the increase in temperature from 400 to 800 °C [53]. The WSA500 sample shows highest value of LOI, i.e., 12.8%, thus indicating presence of unburnt carbon, which is also evident from the color of black ash produced at this temperature. WSA600 shows a decreased LOI value of 5.8%, which shows that significant amount of carbon has been oxidized. This is also validated by the slightly gray color of WSA600; however, there are still few carbon particles present in it. The LOI value of WSA700 and WSA800 further decreases, indicating further fixation of carbon; this is also evident from the absence of black color in WSA700 and WSA800.




3.2.3. Weight Loss


Weight loss is also one of the parameters that is used to assess the effect of burning temperature upon the mass of the ashes obtained. When agricultural plants are heated from room temperature, organic matter like cellulose, lignin, etc., decomposes into carbon. Further rise in temperature causes oxidation of carbon, thus leading to loss of mass of the material that is being calcined [64]. Table 2 shows weight loss of WS ashes at various temperatures of calcination. It can be observed that weight loss increases with the increase in temperature. As expected, WSA800 shows highest weight loss of 91.5% and ash of 8.5%. This is because of burning away of most of organic matter at this temperature. WSA600 shows a weight loss of 86% and an ash content of 14%. The ash quantity is higher than that obtained in literature [65]; however, in this research, calcination duration was 2 h, while the values reported in literature are for WSA, in which calcination was carried out for 5 h. Xu et al. [43] calcined RHA at different temperatures for 2 h and found that the weight loss at 800 °C was maximum and was equal to 86%.




3.2.4. X-Ray Diffractometry (XRD)


After analyzing the ashes for the amount of unburnt carbon content and silica content, the third most important factor is to check the mineralogical phases (amorphous or crystalline) of silica in WSA. Therefore, XRD was performed for qualitative analysis of silica in WSA. It is reported that amorphous silica is much more reactive during pozzolanic reaction compared to crystalline silica [53]. Therefore WSA500, WSA600, WSA700, and WSA800 were analyzed by XRD. The XRD graphs obtained were analyzed by “MATCH Phase Identification from Powder v3.1” software to identify the peaks.



Figure 5 shows XRD patterns of various ashes. Intensity of peak is the difference between the top and bottom of the peak. For WSA500, a small sharp peak is observed at (2θ = 26.73°), which is identified as quartz (SiO2). However, the silica present in WSA500, is mostly in amorphous phase. The XRD of WSA600 (Figure 5) shows that intensity of peak (SiO2) has decreased and is smallest compared to diffraction patterns at 2θ = 26.73° of all other ashes. This indicates that silica is mostly present in amorphous phase at 600 °C. This is according to the research [66], which concludes that in order to produce amorphous silica, calcination temperature should be less than 700 °C. However, the slight sharp peak at (2θ = 26.73°) observed for WSA600 shows presence of a small quantity of crystalline silica. The samples WSA700 and WSA800 show very intense peaks of quartz, indicating that silica is predominantly crystalline at these temperatures. From XRD patterns of all the ashes, it can be concluded that in WSA600 and WSA500 samples, silica is mostly in amorphous phase as compared to WSA700 and WSA800 samples. In an investigation carried out by Cordeiro et al. [53] on sugar cane baggase ash, the authors concluded that in the temperature range 400–600 °C, the ash was amorphous. Above 600 °C, due to the increase in temperature, amorphous silica transformed into crystalline silica [53]. By comparing the results of color change at 700 °C and 800 °C with XRD, it can be deduced that greater amount of carbon residues was removed from WSA samples (as clear from their bright colors), with the consequence that silica was transformed to crystalline form.




3.2.5. Fratini Test


Fratini test is qualitative test, which is based upon the amount of lime consumed by the pozzolan. The more a pozzolan consumes lime, the better its performance. The results of Fratini test are shown in Figure 6. It can be observed from the graph that all ashes show pozzolanic activity, except WSA800, as it lies above the solubility curve, indicating very minute or no pozzolanic activity. This is due to the presence of highly crystalline silica. WSA600 shows highest pozzolanic activity according to the Fratini test, because it is lying in the lowest region, indicating highest amount of Ca(OH)2 consumed by this ash. This behavior validates the XRD and XRF results. WSA700 and WSA500 show pozzolanic activity to varying degrees, but less than WSA600 due to more presence of crystalline silica in WSA700 and more unburnt carbon in WSA500. Moreover, pozzolanic activity of WSA500 is more than WSA800, indicating that existence of crystalline silica adversely affects the pozzolanic activity when compared with existence of unburnt carbon. Bahurudeen and Santhanam [67] used Fratini test to find the pozzolanic reactivity of bagasse ash samples including fibrous particles, sieved sample, white particles, and SG (sieved and ground) sample. Test results showed that white particles (sample burnt above 700 °C), fibrous particles, and raw bagasse ash showed no or insufficient pozzolanic reactivity. Hence, the shape and color of ash sample, which was influenced by calcination and grinding, has influence on pozzolanic reactivity. It is therefore suggested that, in future research, the shape of samples obtained at different calcination and its influence on pozzolanic reactivity should be investigated.




3.2.6. Chapelle Test


The results of Chapelle method are presented in the Figure 7. Various ashes show varying degrees of pozzolanic activity. WSA600 shows highest Chapelle activity of 453.51 mg/g, which is 37.84% higher than the standard [48], i.e., 330 mg/g. Again, the reasons cited for high Chapelle activity are presence of amorphous silica and a greater amount of SiO2 present in WSA600. From 600 °C onwards, Chapelle activity decreases. WSA700 shows a pozzolanic activity of 375.32 mg/g, which is 14% higher than the standard, while WSA800 shows lowest Chapelle activity with value just equal to minimum required by standard. Also, WSA500 shows more Chapelle activity with respect to WSA700 and WSA800, pointing to the fact that presence of crystalline silica had a more adverse effect upon the Chapelle activity than presence of unburnt carbon in WSA500. Moreover, in WSA500 organic matter is more in terms of unburnt carbon, which absorbs calcium ions, rendering good results [68].




3.2.7. Pozzolanic Activity Index (PAI)


PAI is the most important of all the tests, as it is a gauge for compressive strength, which is a prime factor in designing of civil structures. Table 3 shows the results of pozzolanic activity index when WSA was used as 20% replacement (by mass) of cement. It is noted that as per PAI results, WSA500 and WSA600 qualify for pozzolanic material at 28 days according to ASTM C618 [61], which requires a PAI greater than 75% for a material to be classified as pozzolan, while in case of 7 days PAI, none of the samples qualify for pozzolanic material. The highest 7 and 28 days PAI is found in case of WSA600 and is due to the presence of amorphous silica. The pozzolanic reaction was not efficient enough in WSA700 and WSA800 due to presence of crystalline phases of silica, and thus resulted in low 7 and 28 days PAI. The PAI at 28 days for WSA700 and WSA800 was found to be 57.8% and 58.1% respectively. Also, PAI of WSA500 is 77.5% at 28 days, which is greater than that of WSA700 and WSA800, thus pointing to the fact that presence of crystalline silica had a greater negative effect upon the pozzolanic reaction compared to presence of unburnt carbon (WSA500 contains more unburnt carbon than WSA700 and WSA800). A similar trend was also observed in Chapelle activity results. This validates the fact that presence of amorphous silica in pozzolan is one of the most important parameters for its adequate performance. Cordeiro et al. [53] investigated PAI of sugarcane bagasse ash that was first burnt at 350 °C for 3 h and then for another 3 h at 400–800 °C with increment of 100 °C. Test results showed that the sugarcane bagasse ash burnt at 600 °C met the requirement of PAI as per Brazilian standard. Bahurudeen and Santhanam [67] determined the PAI of Bagasse ash obtained from cogeneration boiler burnt at 500–550 °C. The ash was further burnt at 600–900 °C with increment of 100 °C for 90 min. According to the authors, the PAI increased up to 700 °C and then subsequently decreased with the increase in temperature. The samples calcined at 700 °C and 800 °C achieved the minimum Pozzolanic activity Index set by ASTM to be classified as pozzolan. The difference in results is believed to be due to difference in calcination time, which is also one of the important parameters influencing PAI of ashes. Moreover, specific surface area is another parameter affecting the PAI and hence is discussed in the next section.



The results of difference in compressive strength between 7 and 28 days are presented in Figure 8. It can be observed that difference in strength is more in case of WSA500 as compared to control mix, while in case of WSA700 and WSA800 difference is less. The difference in case of WSA500 is the highest (7.33 MPa), indicating highest rate of gain of strength in mix WSA500. One reason why WSA500 shows the lowest initial strength is because organic matter in terms of unburnt carbon preferentially retarded the hydration through nucleation and complexion during early age [69,70]. The increased difference in compressive strength of WSA600 mix can be explained on the basis of pozzolanic activity. The least difference in strength has been reported for WSA700 and WSA800 due to presence of inactive crystals, which render the pozzolanic reaction inert as confirmed by XRD results.



Based on XRF, XRD, Chapelle, Fratini, and PAI tests, the best calcination temperature was found to be 600 °C and hence was used in the subsequent phase. The resulting ash obtained at this temperature can become a value-added product for industry, in which agricultural waste such as bagasse is usually burnt at round 550 °C in cogeneration boiler to utilize its maximum fuel value [67].





3.3. Phase-II (Grinding)


After determining optimum temperature, the ashes were ground for different durations (15, 30, 60, 120, and 240 min) to evaluate the effect of fineness and specific surface area upon their pozzolanic activity. The results are presented and discussed in this section.



3.3.1. Blaine Fineness (Grinding)


As discussed earlier, specific surface area is yet another very important parameter of pozzolanic activity. When ashes are ground, their particle size reduces, and thus specific surface area increases. The results of Blaine fineness are shown in Table 4. It can be observed that up to 30 min of grinding there is an insignificant increase in Blaine surface area of just 11% with respect to WSA before grinding, while an increase of 28% is observed in Blaine surface area after 60 min of grinding. The micro morphology of WSA ground after 60 min shows significant breaking of particles (Figure 9a). The WSA60 shows coarser quartz particles, which are identified by their conchoidal fractures [71]. Due to the breakage of particles up to 60 min of grinding, the Blaine surface area has increased. The increase in surface area after 120 min and 240 min with respect to WSA without grinding is 48% and 68%, respectively. As the grinding duration increases, the grains break down further due to the mechanical action of the grinding media, resulting in increased fineness of the material [72]. This is observed in (Figure 9b,c), in which WSA120 shows a heterogeneous mixture of large number of finer and few coarser particles. In WSA240, the amount of finer particles has increased even more. Increased specific surface area helps in pozzolanic reaction by providing more nucleation sites for precipitation of the reactants, and thus enhancing the rate of pozzolanic reaction [73]. Similarly, small particles of ground WSA can fill the voids or air spaces in the cement/concrete structure and thus can produce denser concrete. This is referred to as the filler or packing effect [74]. The percentage increase in surface area for WSA120 with respect to WSA60 is approximately 16%, while the percentage increase in surface area for WSA240 with respect to WSA120 is approximately 13%. The decrease may be related to the inherent difficulty in grinding fine particles associated with their strength, low capture probability, and their tendency to agglomerate [75]. It is important to point out here that the grinding technique adopted in this research did not result in significant increase in Blaine surface area as compared to other studies reported in literature. For example, Cordeiro et al. [73] reported an increase of 510.47% after grinding SCBA for 240 min. The SCBA without grinding had a Blaine surface area of 1960 cm2/g, while after 240 min of grinding, the surface area of SCBA increased to 11,970 cm2/g. Similarly, Xu et al. [76] ground the RHA from 5 min to 120 min and found that Blaine surface area increases up to 30 min (19,558 cm2/g), and then it started decreasing. The authors found that this was due to the agglomeration of RHA particles due to excessive grinding duration. The difference in results is due to the reason that the ball mill used in this research had a speed of 66 rpm, due to which no tumbling motion of the grinding media was observed, which is very important for efficient grinding [44].




3.3.2. Fratini Test (Grinding)


The results of Fratini test are shown in Figure 10. It can be observed from this figure that WSA15 and WSA30 showed almost similar pozzolanic activity as that of non-ground ash. This is because very small increase in Blaine surface area was observed up to 30 min of grinding. WSA60 showed slightly better pozzolanic activity, accordingly to its increase in Blaine surface area. However, WSA120 and WSA240 showed better pozzolanic activity as compared to other ashes, as they are lying in the lowest region of the graph, indicating highest consumption of CH. Nevertheless, the results show that the Fratini test did not differentiate the differences between distinct ashes. Similar behavior was reported by Cordeiro et al. [75], in which they ground rice husk samples for different durations ranging from 8 to 24 min.




3.3.3. Chapelle Test (Grinding)


The Chapelle test was conducted to observe the relation between Chapelle activity and grinding time. The results of Chapelle test are presented in Figure 11. The results show that Chapelle activity increases with grinding time. Up to 30 min of grinding, there is very small increase of 2.4% in Chapelle activity with respect to WSA0. Chapelle activity of WSA60 shows an increase of 6.4%. Chapelle activity increases significantly after 120 and 240 min of grinding, due to significant increase in specific surface area, and an increase of 16.0% and 20.5% is observed. Similar behavior was observed by Cordeiro et al. [75], in which they showed that Chapelle activity increased with the increase in grinding time of rice husk ash. Figure 12 shows a direct relation between Blaine fineness and Chapelle activity, i.e., increase in Blaine fineness results in increased Chapelle activity, hence proving that increased surface area has improved the pozzolanic properties of the ashes.




3.3.4. Pozzolanic Activity Index (Grinding)


Pozzolanic Activity Index was calculated for ground WSA to check the strength contributions due to the enhanced surface area of the ground ashes. The results of PAI when WSA was used as 20% replacement of cement are presented in Table 5. It can be observed that only WSA120 and WSA240 fulfill the ASTM standard at 7 days with PAI of 78% and 77%, respectively. Thus, to achieve minimum requirement (75% PAI), the raw WSA needs to be ground for 120 min. The compressive strength of WSA120 almost reached the strength of control sample, with a PAI of 98.72%, while WSA240 showed highest PAI of 107.69% at 28 days, thus pointing to the fact that greater specific surface area enhances the pozzolanic properties of a material. WSA30 showed 7 and 28 days PAI of 66% and 85.25%, respectively, while WSA60 showed slightly better PAI of 72.4% at 7 days and 91% at 28 days. In case of WSA0 and WSA15, the PAI value was found to be lower because of low values of specific surface area. The lowest PAI of wheat straw ash without grinding is due to the dilution effect [77]. Cordeiro et al. [78] evaluated the influence of particle size and specific surface area of rice husk ash on the PAI and found that PAI increased with the increase in fineness of RHA. In another research by Kiattikomol et al. [79], the authors found that fineness has significant influence on PAI. The results of WSA120 and WSA240 are also in line with those of Blaine fineness, which showed significant increase in surface area (48% and 68%) after grinding for 120 and 240 min.






4. Conclusions


Open burning of biomass, a predominant practice in many agricultural countries, leads to air pollution, smog, and health hazards. Particulate matter, especially that of a size less than 2.5 mm (PM 2.5), can reduce visibility into the atmosphere and deteriorate air quality, even away from the source of the burning. This research proposed an environmentally friendly method with which to dispose of wheat straw, i.e., the burning of wheat straw in a controlled environment, using the resulting ash in cement-based composites. It was primarily focused on finding the optimum condition of burning, which would result in the production of the best quality WSA to be used in cement-based composites. Different WSA samples were prepared at temperatures of 500 °C, 600 °C, 700 °C, and 800 °C to find the optimum temperature at which WSA should be prepared with best pozzolanic properties. Based on XRF, XRD, Chapelle, Fratini, and PAI tests, the following conclusions can be drawn.



	
XRD pattern showed that silica was mostly in amorphous phase in WSA500 and WSA600, but in the case of WSA500 a high organic content was found, as revealed by its low weight loss (75.1%) and the dark color of its ash. With an increase in temperature (beyond 500 °C), the weight loss increased, and the ash samples displayed a brighter color. However, amorphous silica transformed into crystalline silica, as is evident from the XRD results.



	
Chemical tests revealed that, except for WSA800, all samples fulfilled the minimum requirements of the Chapelle and Fratini tests, but mechanically only one sample WSA600 fulfilled the ASTM requirement of minimum 75% PAI at 28 days. Due to the presence of crystalline phases of silica in WSA700 and WSA800, pozzolanic reaction was not efficient enough and thus resulted in low PAI. WSA600 showed highest Chapelle activity of 453.51 mg/g and had PAI of 85.2% at 28 days. Moreover, WSA600 showed highest silica content, and consequently highest quantity of (SiO2 + Al2O3 + Fe2O3 = 80.16%). Hence, it can be concluded that 600 °C is the optimum calcination temperature. The resulting ash obtained at this temperature, for which agricultural waste such as bagasse is usually burnt at round 550 °C in cogeneration boiler to utilize its maximum fuel value, can become a value-added product for industry.



	
After determining the optimum temperature, the WSA600 was ground for different durations (15, 30, 60, 120, and 240 min) to evaluate the effect of fineness and specific surface area upon their pozzolanic activity. The ground ashes were evaluated based on Blaine fineness, Chapelle, Fratini, SEM, and PAI tests.



	
From the Blaine fineness test, it was observed that up to 30 min of grinding, there was an insignificant increase in Blaine surface area of just 11% with respect to WSA before grinding, while an increase of 28%, 48%, and 68% was observed in Blaine surface area after 60 min, 120 min, and 240 min of grinding, respectively.



	
The results of chemical tests showed that Chapelle activity increases with grinding time. WSA15 and WSA30 showed almost similar Chapelle activity to that of non-ground ashes. Chapelle activity increased significantly after 120 and 240 min of grinding, due to a significant increase in specific surface area; additionally, an increase of 16.0% and 20.5% was observed.



	
From the PAI results, it was observed that only WSA120 and WSA240 fulfilled the ASTM requirement of 75% PAI at both 7 and 28 days, thus pointing to the fact that greater specific surface area enhances the pozzolanic properties of a material. It was also observed that grinding had a direct relation to the Blaine surface area of the ashes, and consequently its PAI. However, as grinding is an energy-intensive process, so grinding WSA for 120 min is adequate for its pozzolanic performance. Also, the SEM images of ground ashes showed breaking of coarser particles into finer particles with grinding due to the mechanical action of the grinding media, since the particle size distribution has an influence on the pozzolanic performance of cement-based composites. It is therefore suggested that, in future research, its role should be investigated. Furthermore, the role of the speed of the ball mill should be investigated.






Conclusively, wheat straw after calcining at 600 °C and then grinding for 120 min was found to be the most effective method. Hence, it can be concluded that WSA is a feasible pozzolanic material and could be partially replaced with a percentage of cement without any negative effect upon its properties. The addition of WSA in cement-based composites would achieve manifold objectives, i.e., the use of wheat straw as fuel for electricity production, aiding in the production of an environmentally friendly concrete; the sustainable use of raw material expended during cement production; and the adding of economic value to wheat straw, creating an incentive to the farmer to refrain from the open burning of wheat straw.
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Figure 1. Farmers openly burning wheat straw in a field [14]. 
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Figure 2. NASA Image showing open-field burning in Indian Punjab in November 2016 [13]. 






Figure 2. NASA Image showing open-field burning in Indian Punjab in November 2016 [13].



[image: Sustainability 10 01322 g002]







[image: Sustainability 10 01322 g003 550] 





Figure 3. SEM of wheat straw sample collected from Abbottabad: (a) cross section, (b) outer cover. 
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Figure 4. Color change of (a) WSA before burning, (b) WSA500, (c) WSA600, (d) WSA700, and (e) WSA800. 
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Figure 5. XRD Patterns of calcined wheat straw ashes at different temperatures. 
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Figure 6. Solubility isotherm of Fratini Test at different calcination temperatures. 
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Figure 7. Relation between calcination temperature and Chapelle activity for WSA samples. 






Figure 7. Relation between calcination temperature and Chapelle activity for WSA samples.



[image: Sustainability 10 01322 g007]







[image: Sustainability 10 01322 g008 550] 





Figure 8. Difference in compressive strength of WSA samples between 7 and 28 days. 
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Figure 9. SEM Images of (a) WSA60, (b) WSA120, and (c) WSA240. 
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Figure 10. Solubility isotherm of Fratini Test at different grinding times. 
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Figure 11. Relation between grinding durations and Chapelle activity for WSA sample calcined at 600 °C. 
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Figure 12. Relation between Chapelle activity and Blaine fineness for WSA sample calcined at 600 °C. 
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Table 1. Chemical composition of calcined wheat straw ashes.
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	Compounds (%)
	WSA-500
	WSA-600
	WSA-700
	WSA-800





	SiO2
	64.38
	77.36
	75.97
	73.15



	K2O
	8.51
	5.43
	3.25
	3.87



	Al2O3
	2.83
	1.53
	1.68
	1.82



	Fe2O3
	1.38
	1.27
	1.47
	1.67



	CaO
	4.12
	3.87
	4.34
	5.78



	MgO
	1.98
	1.87
	1.87
	1.78



	TiO2
	1.02
	0.97
	0.96
	0.96



	LOI
	12.8
	5.8
	3.4
	2.38



	(SiO2 + Al2O3 + Fe2O3)
	68.6
	80.16
	79.12
	76.64
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Table 2. Weight loss of calcined wheat straw ashes.
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	Temperature (°C)
	W(g) Before
	W(g) After
	% Ash Obtained
	Weight Loss (%)





	500
	30
	7.47
	24.9
	75.1



	600
	30
	4.22
	14
	86



	700
	30
	4.56
	11.8
	88.2



	800
	30
	2.55
	8.5
	91.5
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Table 3. Results of PAI of WSA blended cement cubes, w/c ratio: 0.484.
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	7 Days Strength (MPa)
	7 Days Pozzolanic Activity Index (%)
	28 Days Strength (MPa)
	28 Days Pozzolanic Activity Index (%)





	Control
	11
	100
	15.73
	100



	WSA500
	4.90
	44.5
	12.23
	77.5



	WSA600
	7.10
	64.5
	13.4
	85.2



	WSA700
	4.73
	43.0
	9.10
	57.8



	WSA800
	4.85
	44.1
	9.15
	58.1
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Table 4. Results of Blaine Fineness of WSA samples.
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	Blaine Surface Area (cm2/g)
	%Increase in Surface Area w.r.t without Grinding





	WSA0
	2480
	



	WSA15
	2579.9
	4.03



	WSA30
	2752.3
	10.98



	WSA60
	3174.9
	28.02



	WSA120
	3671.1
	48.03



	WSA240
	4166.6
	68.01










[image: Table] 





Table 5. PAI of WSA blended cement cubes.






Table 5. PAI of WSA blended cement cubes.












	
	7 Days Strength (MPa)
	7 Days Pozzolanic Activity Index (%)
	28 Days Strength (MPa)
	28 Days Pozzolanic Activity Index (%)





	Control
	10.9
	100
	15.6
	100



	WSA0
	5.1
	46.8
	9.7
	62.2



	WSA15
	6.9
	63.3
	10.8
	69.2



	WSA30
	7.2
	66
	13.3
	85.26



	WSA60
	7.9
	72.4
	14.2
	91.03



	WSA120
	8.3
	76.1
	15.4
	98.72



	WSA240
	8.4
	77.0
	16.8
	107.69
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