
2	W. Mwandira et al.
	W. Mwandira et al.	3
Chapter 15
The Potential Use of Food Waste in Biocementation Process for Eco-Efficient Construction Materials
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Biocement is emerging as a novel and sustainable alternative to current conventional construction materials because the microorganisms used are renewable, environmentally friendly, and safe. However, its implementation is hampered by the prohibitive cost associated with the raw materials required for possible industrial applications. Thus, in this chapter, we examine recent claims that introducing food waste usage into the biocementation process would lead to reduced costs and increased efficiency. The huge quantity of worldwide food waste generation is both an important resource and an environmental burden if not properly managed. Therefore, the motivation to use food waste is both environmental and economical as it makes the biocementation process more cost-effective, sustainable and easier to implement. This chapter reviews recent literature on the use of food waste in biocement technology, and examines other food waste yet to be investigated as raw material for culture media, cementing agent, biopolymer, and enzyme to generate biocement economically and sustainably.
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A large proportion of the world’s population is living in urban areas and this trend is forecast to increase to 68% by the year 2050 (UNDESA, 2018). Both the increase in population and shift to the urban area present a challenge to infrastructure development. Concrete, cement mortar, and burnt clay brick are used to build housing units and support infrastructure, but these building materials emit significant carbon dioxide (CO2) in their manufacturing process and are a substantial contributor to the global carbon footprint (Miller et al., 2018). Cement is the source of about 8% of the world's CO2 emissions. In 2019, cement production was the only CO2 emission source that had an increase of 5.1 % and this trend is projected to continue (Olivier and Peters, 2020). It is in this light that many researchers have embarked on developing civil engineering technology that has a low carbon footprint to preserve and protect the environment from further degradation. One of the techniques drawing international attention has been biocementation, using microorganisms to produce biominerals acting as cementing agents (biocement). For instance, the most widely explored biocementation process, Microbially Induced Calcite Precipitation (MICP) uses microorganisms to precipitate calcite. Biocement is one of the most researched alternatives to conventional construction materials such as Ordinary Portland Cement, and can also be used to improve soils encountered in construction (i.e., as a foundation to infrastructure or construction materials) and repair concrete or heritage structures (Charpe et al., 2019; Ivanov, 2020). Biocement used for construction purposes is produced at near room temperature hence avoiding high temperature and energy consumption (Tang et al., 2020); this prevents emissions of greenhouse gases. This technology has been proposed in the construction industry for the production of biobricks (Alonso et al., 2018), healing concrete (Pungrasmi et al., 2019), and reducing porosity of concrete by pore-clogging (Badiee et al., 2021), thus improving its durability. In geotechnical applications, biocementation has been proposed for the prevention of liquefaction (Riveros and Sadrekarimi, 2020), surface soil erosion, and to stabilize soils by increasing their strength and stiffness (Moravej et al., 2018). The adoption of biocementation has thus increased in a number of civil engineering applications and requires further investigation, as such innovative environmentally superior alternatives to OPC globally, are critical to the global long-term reduction and mitigation of CO2 emissions from civil infrastructure construction towards sustainable engineering solutions. The challenge currently is to improve biocementation technology to make it applicable in the field (Naveed et al., 2020). This entails replacing the laboratory analytical grade reagents with readily available and low-cost raw materials to make the technology more sustainable.

When applied in practice, the cost of these media ranges from 10% to 60% of the total operating costs of the biocementation process making it uneconomic to be implemented as a green technology without further developments (Rajasekar, et al., 2017; Iqbal et al. 2021). As a result of this, despite numerous demonstrations of this technology at a laboratory scale, biocementation is still considered expensive for commercial implementation due to the cost of raw materials (Mujah et al., 2017). Thus, the use of food waste provides a good source of alternative raw materials that could drastically reduce the cost of biocementation implementation and treatment. 

According to Food and Agriculture Organization (FAO), approximately 17% of food is discarded in the waste bins of households, retailers, restaurants and other food services and ends up in landfills (FAO, 2021). In this chapter, we critically evaluate recent claims that introducing food waste usage into biocementation technology would lead to reduced costs and increased efficiency. Biocementation raw materials used for various biocementation processes are considered individually to evaluate the possibility of using food waste as a sustainable source of these raw materials.

15.1 Types of biocementation processes
Various types of construction-related biocementation processes have been identified. Their classification is based on the specific pathway and the related mechanisms to achieve biocementation. The major types of construction biocementation processes are shown in Table 1. The four most recognized biocementation processes for use in the civil engineering/construction sector involve urea hydrolysis, denitrification, dissimilatory sulfate reduction, and photosynthesis (Castro-Alonso et al., 2019). After a brief description of each biocementation process and the chemical reactions involved (listed in Table 1), possible food waste that can be used as raw materials according to the process is identified in subsequent subsections.
Urea hydrolysis: 
Urea hydrolysis is a biochemical reaction process comprising a complex chain of reactions involving urea and urease enzyme. Urea is hydrolysed into ammonia and carbonic acid (Equation 1-2). The produced carbonic acid is consequently converted into bicarbonate (Equation 3). With the assistance of carbonic anhydrase, ammonium and hydroxide are formed due to ammonia hydrolysis (Equation 4). To be useful for civil engineering material and construction, the microbial process requires a cation (Ca2+ or Mg2+). Thus, the presence of a cation and increased pH around the microenvironment of microbe will induce biomineral precipitation (Equations 5).
Denitrification: Biocementation via the denitrification process occurs when the organic matter is oxidised and then this is followed by denitrification. In this process, NO3− is used as an electron acceptor which produces CO2, NO2, OH−, and N2 (Equation 6). Due to the consumption of H+, an alkaline microenvironment is created which increases the pH, and consequently, biomineral precipitation occurs in the presence of soluble cation.
Dissimilatory sulfate reduction: Biocementation via dissimilatory sulfate reduction occurs via sulfate-reducing bacteria (SRB). SRB thrive in anaerobic environments that use sulphate as a terminal electron acceptor and have the ability to promote dissolution, diffusion, and precipitation (Equation 7). Using these abilities, they are capable of forming biominerals by dissolution, diffusion, and biomineral precipitation. This process occurs where cation ions react with carbon dioxide (CO2) under an alkaline condition due to sulfide removal.
Photosynthesis: Biocementation occurs via the photosynthesis process where the produced HCO3− in the photosynthetic process is dissociated into CO2 and OH− by carbonic anhydrase. Due to the production of OH−, the pH increases thus inducing biomineralization in the presence of a cation (Equation 10).

Table 1: Types of biocementation processes
	Type of biocementation process
	Overall pathway
	References

	Urea hydrolysis
	CO(NH2)2 + H2 → NH2COOH+NH3                  (1)
NH2COOH+ H2O→NH3 + H2CO3              (2)
H2CO3↔HCO3-+H+                                (3)
NH3 + 2H2O→2NH4++ 2OH-                    (4)
Cell−Ca2+ + CO32− → Cell−CaCO3                   (5)
	Fujita et al., 2017; Naveed et al., 2020; Ran and Kawasaki, 2016

	Denitrification
	Ca(CH3COOH)2 + NO3− → CaCO3 + 0.8N2 + 3CO2 +3H2O + OH-       (6)
	O’Donnell et al., 2017

	Dissimilatory sulfate reduction
	6CaSO4 + 4H2O + 6CO2 → CaCO3 + 4H2S + 2S + 11O2 (7)
	Castro-Alonso et al., 2019; Peng et al., 2018

	Photosynthesis
	Ca2+ + 2HCO3− → CaCO3 + CO2 + H2O (8)
Ca2+ + HCO3− + OH− → CaCO3 + 2H2O (9)
2HCO3− ↔ CO2 + CO3− + H2O (10)
	Irfan et al., 2019; Rajasekar et al., 2017
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15.2 Food waste as a growth media
15.2.1 Microbial growth and use of alternative culture media 
Microorganisms grow in batch cultures in which nutrients are purposefully added to support their growth. Therefore, for each biocementation mechanism described above biocementation will occur at a different rate, due to the different growth rates and availability of nutrients for the microorganisms involved in the process.

To grow and control microorganism activity, a growth medium is first provided. This maybe a solid, liquid, or semi-solid food containing the nutrients needed to sustain a microorganism. Specifically, microorganisms require a source of nutrients (carbon and nitrogen source) and other minor elements for their growth and survival (Lapierre et al., 2020). To replace the expensive laboratory-grade nutrient media, composites with food waste used as a source of one or more of these elements can be considered; in the first instance, food waste can be a source of carbon and nitrogen (Kumar et al., 2020). The different types of food waste that can be used as nutrient media for microbes used in biocementation are discussed briefly under this section. 

15.2.2 Fruit and vegetable waste
One-third of fruit and vegetables produced globally goes to waste (FAO, 2019). The fact that such a substantial amount of food is produced but not eaten by humans has negative socio-economic and environmental impacts (FAO, 2021). Fruit and vegetable waste that can be investigated for growth media include edible and inedible parts such as vegetables, banana peels, shells, as well as scraped portions of vegetables or slurries (Anbu et al., 2017; Kumar et al., 2020). This waste can be collected from homes, supermarkets, canteens, and restaurants. The feasibility of using vegetable waste (e.g. cabbage, long bean, cucumber, and spinach) as an inexpensive nutrient source for biocementation was investigated by Omar et al., (2018) who used the end product of vegetable waste fermentation for the biocementation process. The results showed that the substrate from vegetable waste could replace the role of nutrient media and broth for bacterial growth by using the fermentation process. Despite the positive results in this study, more studies need to be carried out to include other fruit and vegetable waste. Nevertheless, although not widely used in the cultivation of microbes for biocementation, vegetable waste as nutrient media seems feasible and should be investigated further. 

15.2.3 Dairy industry waste
With the ever-increasing demand and supply of dairy products, the amount of dairy wastewater is projected to also increase (Shi et al., 2021). This food waste presents a good potential resource as a source of culture solution for the biocementation process. Thus, a number of researchers focused on food waste from the dairy industry that included lactose mother liquor (LML) (Achal et al., 2009a) and whey (Kahani et al., 2020; Chaparro et al., 2021). Both LML and whey are the watery part of milk that results from industrial cheese-making processes and has significant carbohydrate, protein, and mineral content (Roufou et al., 2021). A study on LML as a growth medium showed that it can be used as a good source of nutrients that can support the growth and urease activity of ureolytic bacteria Sporosarcina pasteurii (NCIM 2477). The study revealed that urease production was 353 U ml-1 in LML medium. When compared to standard media no significant difference was found in terms of growth and urease production. Thus, LML was suggested as an alternative source for standard media (Achal et al., 2009b). Similarly, the studies on whey and powdered whey as a growth medium demonstrated that this waste could be used as a growth medium. Additionally, the study on powdered whey demonstrated the feasibility of cultivation of the bacteria in a non-sterile but sanitized medium to reduce the cost further by eliminating the need for sterilization (Kahani et al., 2020).

15.2.4 Brewery industry waste 
Another source of food waste that can be used for biocementation technology is the brewery industry, whose main waste streams are brewer's spent grain, hot trub, and brewer's yeast. The usage of the food waste from the brewery industry is important as the three residues contain proteins and carbohydrates in their cellular structure. These residues have a high carbon content of at least 45.6% which makes them suitable for use as growth media (Mathias et al., 2015). The use of brewer's yeast as one of the potential growth media has shown good results and amounted to a 96% reduction in the material cost for the biocementation process (Gowthaman et al., 2019). Brewer’s spent grain, a by-product of the brewery, is another alternative that has not been fully investigated. Promising results were obtained using spent grain extract as an alternative growth medium for Streptomyces malaysiensis AMT-3 (Nascimento et al, 2011). Spent grain, hot trub, and brewer's yeast have not been comprehensively investigated as alternative media to support biocementation despite being known sources of carbon and nitrogen and a source of nutrients. Furthermore, it would be useful to investigate these three materials in unsterilized conditions when culturing microbes for biocementation. This appears to be feasible and would drastically reduce the cost of culturing. 

15.2.5 Other food wastes
Table 2 presents a summary of food waste mentioned earlier that have already been used in biocementation studies as well as suggestions of other food waste yet to be investigated. Based on a number of scientific publications in other research areas, these suggested food wastes showed potential as culturing media formulation for biocementation. In Table 2, the alternative culture media are divided according to the source of raw material of the food waste. Firstly, naturally discarded fruit waste materials such as pineapple, apple, mango, jack fruit, green and yellow banana, sweet lime, and pomegranate contain simple and complex sugars that are metabolizable by microorganisms (Anbu et al., 2017; Sagar et al., 2018; Nikseresht et al., 2020). For example, mango pulp waste was evaluated as an alternative culture medium for the production of the bacteria Komagataeibacter xylinus (García-Sánchez et al., 2020).

Secondly, recent studies have suggested that wastewater from various grains such as legumes (peas, chickpeas, soybeans, cowpeas, lentils, mung beans)(Chaparro-Acuña et al., 2020), cereals (corn, barley, rice) (Nunkaew et al., 2012) could also be used to formulate alternative media. For example, a study by Fang et al., (2019) demonstrated a 27.8% increase in compressive strength using wastewater from the preparation of tofu as a nutrient source. These authors report that tofu wastewater has been proven to be effective in growing microorganisms, which included bacteria, fungi, yeast etc. 

Finally, sugarcane molasses and vinasse, Irish and sweet potatoes, and yam pulp residue can be used as alternative media for culturing. These sources are similar as they are all rich in carbohydrates and are produced in large quantities. The literature shows that the composition of molasses varies depending on the source of the raw material and technology used in processing it. Thus, high total solids of 30-36% sucrose are found and some smaller quantities of carbohydrates, organic acids, proteins, and nitrogen compounds (Eggleston et al., 2017). These components are a major source of carbon and nitrogen; however, they have not been investigated for use as a nutrient source (Nikseresht et al., 2020). In addition, Irish and sweet potatoes peels were found to be both a rich source of carbohydrates also containing certain amino acids, vitamins, minerals, and dietary fibre (Padmaja, 2009; Arapoglou et al., 2010). A study by Hayek et al., (2013) who profiled the nutritional value of sweet potatoes discovered that the tuber had a great potential to replace the expensive media ingredients for Lactobacillus thus lowering costs. Therefore, given the satisfactory results in the above-mentioned studies, these wastes could easily replace conventional culture media also for biocementation technology. 
Table 2: Potential food waste that can be used as growth media for the biocementation process
	Food waste
	Waste type
	Ref.

	Vegetable waste
	vegetables (cabbage, long bean, cucumber, and spinach)
	Omar et al., 2018

	Dairy waste
	Lactose mother liquor
	Achal et al., 2009

	
	Whey
	Chaparro et al., 2021; Kahani et al., 2020

	Brewery waste
	Corn steep liquor
	Fahmi et al., 2018

	
	Brewer’s yeasts
	Gowthaman et al., 2019

	Other food waste
	Chicken Manure
	Yoosathaporn et al., 2016

	
	Tofu wastewater
	Fang et al., 2019

	Suggested food waste not yet utilised for biocementation
	· Edible and inedible parts of waste fruits and vegetables
	Kumar et al., 2020

	
	· Food wash water (Rice, cowpeas, peas, chickpeas, soy protein, mung beans)
	Dianursanti et al., 2014

	
	· Irish, sweet potato and yam pulp residue
	Hayek et al., 2013

	
	· Residues from sugar cane and vinasse
	Nikseresht et al., 2020



15.3 Food waste as a source of cementation media
15.3.1 Calcium sources from food waste
As calcium is the main source of cations used for the formation of biocement, many researchers focused on specific food waste with high calcium content as alternatives for cementation media. These include eggshell (Dayakar et al., 2019; Sugata et al., 2020), oyster and scallop shells (Liang et al., 2019; Gowthaman et al., 2021) and bovine bones (Gowthaman et al., 2021). These wastes have been studied because they contain over 90% of calcium carbonate. To extract calcium ions from the shells, vinegar (Sugata et al., 2020) or nitric acid (Liang et al., 2019) have been used. The results from a study by Liang et al., (2019) suggest that the use of oyster shells, scallop shells and eggshells as a source of soluble calcium extracted in dilute nitric acid indicated that the strength of the biocemented sands when applying different recycled calcium sources ranged from 845.1 to 1454.6 kPa, which is reasonable for construction works. Similar results were found in another study that revealed that using eggshells as calcium source led to a 74.32% increase in the UCS for expansive soil (Sugata et al., 2020). Recently, a study by Gowthaman, et al., (2021) used scallop powder as a calcium source to biocement amorphous peat to enhance its mechanical properties. The results revealed that the UCS of over 100 kPa after 28 days of curing time, which was around 6.5 times higher than that of the untreated peat. With a large number of restaurants and homes discarding these wastes, their use for biocementation is much more sustainable and cost-effective.

Other sources of calcium that could be investigated are bones from fish, cows, chickens, or pigs from food waste. The huge quantity of bone waste generated worldwide is an environmental burden if not properly managed (Adeyemi and Adeyemo, 2007; Lapierre et al., 2020; Abylkhani et al., 2021). As cited, as much as 85% of all salts contained in bone are calcium phosphate, and 10% are in the form of calcium carbonate (Supriadi et al., 2021). A recent study by Gowthaman et al., (2021b) investigated the use of bone meal powder as a low-cost source of calcium and phosphate. The results from this study showed that the material cost of the biocementation treatment was reduced by around fourteen times compared to the conventional methods. Therefore, waste bones can be used as a calcium source in the biocementation process, however, further investigation is required for possible pilot and field implementations of the concept.

15.3.2 Incorporation of biopolymers from food waste in biocementation process
Biopolymers as a standalone biocementing agent are biodegradable; therefore, many researchers have sought to make composite material by incorporating MICP and biopolymers to increase their strength and durability (Ashraf et al., 2017). The biopolymers that have been extensively investigated include xanthan gum (Sujatha et al., 2021), gellan gum (Dikshit et al., 2021), beta-glucan (Soldo et al., 2020). Biopolymers are generally derived from food waste and agro-waste. Various types of food waste discussed earlier (diary waste, brewery waste, discarded vegetables and fruits, bones) can be used as substrates for the production of biopolymers (Ranganathan et al., 2020). Therefore, food waste would be a good source of biopolymers being incorporated into the biocementation process. This would improve the efficiency of the biocementation process and would make the process more sustainable. Sustainability lies in the fact that biopolymers are eco-friendly and biocompatible (Rahman et al., 2021).
The incorporation of biopolymers in the biocementation process increases the nucleation sites for bioprecipitation, due to the highly charged specific surface of biopolymers that enhances their interaction with fine soil particles (Chang et al., 2015). Studies have used xanthan gum and found that the biopolymer achieved higher strength comparable to cement (Devrani et al., 2021). Another study suggested that the incorporation of biopolymers in biocementation increases biocementation beyond those using the conventional biocementation process (Nawarathna, Nakashima and Kawasaki, 2018). Others used chitosan which is an amino polysaccharide biopolymer that enhances biocementation (Nawarathna et al., 2019). The results indicated that although even without the inclusion of chitosan, CaCO3 can nucleate and grow efficiently, the process could be accelerated by 38 % by adding chitosan. A study by Spencer et al., (2020) used Jute fibre which is cellulose and biopolymer and this was also reported to enhance the biocementation process. Cellulose can be processed from vegetable and fruits waste (Szymanska-Chargot et al., 2017). Other examples of biopolymers might be processed from food waste and used in the biocementation process and these include:
· Dairy waste from the dairy processing industry that can be processed to produce polyhydroxyalkanoates (PHA) and xanthan gum;
· Molasses, spent grains, and waste from brewery processes to produce PHA (Nielsen et al., 2017);
· Materials from vegetable washing water, fruit peels, molasses, beet pulp, distillate; fruit and vegetable processing can be processed to produce cellulose (fibre), PHA, pectin, lignin, and Xanthan gum that can be incorporated in the biocementation process.
· Food waste from dairy and bovine bones, blood and internal organs, eggshells, shells of seafood, can produce chitin/chitosan, and PHA. However, the health risks associated with blood and internal organs require further assessment and evaluation.

15.3.3 Food waste as a source of urease and asparaginase enzymes used for biocementation
So far, this chapter has discussed studies that have utilised microorganisms as the source of urease in the biocementation process. However, due to the cost involved in the cultivation of bacteria, enzymes could alternatively be produced from fruit and vegetable food waste, for instance using various seeds as a source of urease enzyme used in the biocementation. For instance, Dilrukshi et al., (2018) and Imran et al (2021) used urease extracted from watermelon seeds, a urease-rich food waste, for enzymatically induced calcium carbonate precipitation (EICP). However, not many researchers have taken this route to investigate other food waste but used commercial enzymes for EICP. Therefore, urease-rich agricultural wastes appear to be a more promising source for low-cost urease for biocementation. Additionally, asparaginase enzyme has been found to aid the EICP process for sand biogrout development (Li et al., 2015). Utilization of food waste such as squid pen and cooked chicken bone for asparaginase production using E.coli culture has been reported (Batool et al., 2015). Therefore, the conversion of food waste into valuable biomolecules like enzymes not only reduces the biocementation process expenses but also the risk of environmental pollution from the discarded waste.
15.4 Advantages and disadvantages of using food waste in a biocementation process
15.4.1 Advantages
· The use of food waste in the biocementation process is economical. Food waste is an untapped resource as well as readily available. Its use would drastically reduce the cost of implementation of the biocementation technology and its adoption thereof. 
· Secondly, the use of food waste usage in biocementation technology is sustainable and environmentally friendly by reducing the need for landfilling. It is a known fact that landfilling of food waste contributes to the emission of greenhouse gases as it rots and produces methane (Bian, Xin and Chai, 2019; Mønster, Kjeldsen and Scheutz, 2019). Methane is a greenhouse gas more potent than carbon dioxide (Saunois et al., 2020). Landfilling is also a problem due to the scarcity of landfill space.
· Additionally, food waste can be readily used in the denitrification process for biocementation. This could make denitrification cheaper and more efficient, thus encouraging its use with the advantage of avoiding harmful by-products such as ammonia, produced using the urea-hydrolysis route (Pham et al., 2018). 
· The diversity of food waste is an opportunity if local materials can be sourced as opposed to transporting in remote areas.
· In conclusion, food waste is a diverse resource that can be used for any biocementation process. Different microorganisms use various mechanisms such as fermentation, urea hydrolysis, denitrification, dissimilatory sulfate reduction, and photosynthesis.

15.4.2 Disadvantages
Potential problems with the future use of food waste in biocementation include:
· Competing usage of food waste by other technologies. Food waste is used by various industries such as biodiesel production (Karmee and Lin, 2014), food waste composting for organic fertilisers (Keng et al., 2020), biogas (Caruso et al., 2019), and energy production (Negri et al., 2020). These competing uses may affect the availability and quality of the resource and should be considered.
· Microbial processes depend on factors such as type of microbe, temperature, pH, concentrations of electron donors and acceptors, the concentration of nutrients and metabolites (Haouzi and Courcelles, 2018; Sadasivuni et al., 2020; Mendonça et al., 2021). Due to these factors, the manipulation of microbial growth factors is complex and for one to achieve the desired product from food waste might be cumbersome.
· Limited quality control and processing of food waste. Many food wastes are of poor quality and can contain residual herbicides, pesticides and weedkillers. This would limit their use for ground improvement applications.
· Food waste unavailability in localized regions and insufficient bulk quantity. This may disadvantage unpopulated areas and it may require a substantial cost to transport materials as food waste is more in urban and peri-urban areas.
· The cost of conversion of food waste might be high and making it cost-inefficient (Ma and Liu, 2019). For example, pre-treatment is required to convert food waste into biopolymers that are used as cementing agents. The cost of conversion of food waste into the required form for biocementation needs to be thoroughly investigated to pilot scale level as opposed to relying on laboratory results and proof of theory.

15.5 Future prospects
Biocementation technology is a process that has emerged as an attractive alternative in the construction industry, using microorganisms for biocement, biobricks, soil strengthening and stabilization. However, a barrier to its implementation at an industrial scale is the high cost of some essential ingredients required for the biocementation process. The use of food waste in the biocementation process as an alternative source of raw materials has been extensively proposed for various construction materials, but there has been insufficient investigation about selective, efficient, and cost-effective products that can be procured from this waste source. However, utilizing food waste for construction via biocementation applications potentially could revolutionize the construction industry, also making it more sustainable and cost-effective. Despite the advantages and prospects of biocementation using food waste, more investigations are needed to progress and refine this technology, into reducing the cost of the biocementation process and minimise drawbacks affecting its commercial applications. At present, scaling up from proof-of-concept research to field-relevant industrial-scale applications is urgently needed and critical. Food waste as a source of raw materials for biocementation offers a sustainable and promising approach towards green building technology.
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