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Abstract

:

Composting is the controlled conversion of degradable organic products and wastes into stable products with the aid of microorganisms. Composting is a long-used technology, though it has some shortcomings that have reduced its extensive usage and efficiency. The shortcomings include pathogen detection, low nutrient status, long duration of composting, long mineralization duration, and odor production. These challenges have publicized the use of chemical fertilizers produced through the Haber–Bosch process as an alternative to compost over time. Chemical fertilizers make nutrients readily available to plants, but their disadvantages outweigh their advantages. For example, chemical fertilizers contribute to greenhouse effects, environmental pollution, death of soil organisms and marine inhabitants, ozone layer depletion, and human diseases. These have resulted in farmers reverting to the application of composts as a means of restoring soil fertility. Composting is a fundamental process in agriculture and helps in the recycling of farm wastes. The long duration of composting is a challenge; this is due to the presence of materials that take a longer time to compost, especially during co-composting. This review discusses the proper management of wastes through composting, different composting methods, the factors affecting composting, long-duration composting, the mechanism behind it, the present trends in composting and prospects. The extraction of mono-fertilizers from compost, development of strips to test for the availability of heavy metals and pathogens as well as an odor-trapping technique can go a long way in enhancing composting techniques. The addition of activators to raw materials can help to improve the nutritional quality of compost. This review further recommends that degradable organic material in which composts slowly should be assessed for their ability to mineralize slowly, which could make them advantageous to perennial or biennial crops. Viricides, fungicides, anti-nematodes, and anti-bacterial of plant or organic sources could as well be added to improve compost quality. The enhancement of composting duration will also be useful.
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1. Introduction


Improper waste management is detrimental to human health. Apart from being unsightly, it causes air pollution, affects water bodies when dumped into the water, as well as depletes the ozone layer when burnt, thereby increasing the impact of climate change. Wastes are often improperly managed [1,2] using conventional methods. Wastes are burnt, disposed into oceans, waterways, and dumped by the roadsides [3]. These practices breed insects and pests, release offensive odors, are unsightly and contribute to global warming (during combustion). Organic (degradable) wastes transformation is either aerobic or anaerobic. When transformed under aerobic conditions, compost is formed [4]. When treated anaerobically, biogas—as well as effluents that can be used as biofertilizers—are formed [5]. Composting is a safe method of waste management. Composting is an aerobic process where complex degradable materials are degraded and transformed by microorganisms into organic and inorganic byproducts [6]. The byproducts contain ‘humic-like’ compounds that differentiate them from those found in native soil, coals, and peats. Composting is a means of transforming different degradable wastes into products that can be used safely and beneficially as biofertilizers and soil amendments [7,8,9].



The composting process helps to protect underground water from becoming polluted compared to the landfilling method of waste disposal, which could pose a pollution threat to underground water. This is because there is a reduction of the microbes and chemical pollutants during composting. These are the pathogenic microbes present in waste which are harmful to humans. The beneficial microbes absorb chemicals such as POPs and EDRs left in the soil during composting. An elaborate explanation on this is made later in this review. The application of composting increases agricultural productivity and organic matter content of the soil [10], owing to the sufficient nutrient in the composted materials and the presence of plant growth-promoting organisms [11]. This helps to ensure food security to a great extent. Aside usage as fertilizer, compost is useful in bioremediation [12], plant disease control [13], weed control [14], pollution prevention [15], erosion control, landscaping and wetland restoration. Composting also increases soil biodiversity and reduces environmental risks associated with synthetic fertilizer [16]. Composting is started and managed under a controlled environmental condition rather than a process that is natural and uncontrolled [17]. The controlling process differentiates composting from decomposition (a naturally occurring process) [18]. As beneficial as composting is, it takes a longer time to be ready, produces offensive odor, has long mineralization time, may contain some pathogens that can withstand high temperature to some extent, i.e., thermotolerant pathogens and insufficient nutrient content. All these have discouraged farmers from incorporating them as a means of sustainable agriculture. This made the synthetic counterpart (chemical fertilizers), which is readily available, preferred to the organic source, i.e., composting. Compost should be appreciated after the comparison of the advantages and disadvantages of the two sources of nutrients. More information on how to trap odor, a rapid method of pathogen and heavy metal detection will make composting more utilized. Several works have focused majorly on the agronomic evaluation, microbial contamination, and nutrient composition of compost [19,20,21,22], leaving out the causes of long duration in composting and prospects to alleviate odor, pathogen and heavy metals. This review evaluates the challenges associated with composting and the prospects which can make composting to ensure sustainable agriculture. Therefore, this review recommends that mono-nutrients could be extracted from compost, rapid methods should be developed to detect pathogens and heavy metals, odor- trapping techniques should be sorted. In addition, the concept of slowly composting organic materials should be well explored to ascertain if they contain specific nutrients and if they could be sustainable in biennial and perennial farming, composts should also be enriched with nutrient-rich activators, antibacterial, antifungal, antiviral and anti-nematode agents.



Although composting has many reported benefits that have been mentioned above, various challenges are posed by this method of waste management, from its effects on climate change to its release of carbon dioxide into the atmosphere and the depletion of oxygen, as well as the production of offensive smells from the release of hydrogen sulfide produced from anaerobic activity. As a result of these health impacts, various regulations have been put in place by different bodies in different countries concerning the use of the method. These limitations show that this method should still be improved to address various concerns mentioned. Two major areas of improvement are the temperature regulation and the control of oxygen flow. These are key to the function of the microbes carrying out the composting process. The various microbes at each stage have the temperature at which they function, so these must be well-monitored, and they need oxygen so that the anaerobes will function less. Increased activity of the anaerobes increases the production of more carbon dioxide and the release of hydrogen sulfide, which can cause various health issues. If these can be sorted, then opportunities abound for this process to be effective in proper waste management.




2. Wastes: How Are We Affected and How Should We Treat Them?


Waste is any unwanted solid, liquid, or gaseous substance [23]. Poorly managed wastes have adverse effects on humans, animals, plants, and the environment [24]. About 50% of wastes generated is organic [25,26,27]; thus, the proper management of organic wastes will drastically reduce the volume of pollution arising from improper waste management.



2.1. Effects of Wastes


Wastes affect the environment leading to severe hazardous impact on lives. Humans and animals alike are affected by these adverse effects, which can cause disease outbreak, reduction in life expectancy, and unsafe environment. Some wastes may rot, but those that do not will smell and generate methane gas, which significantly contributes to the greenhouse effect. The environmental and health impacts of wastes will be described subsequently. Wastes pollute the air, water, and soil. Air pollution includes odor, smoke, and dust. When solid wastes are burnt, greenhouse gases such as carbon dioxide and nitrous oxide are released, these lead to ozone layer depletion and greenhouse effect [28]. Hydrogen sulfide and methane are also released into the air. These substances are toxic to human lives.



Another environmental effect of waste is water pollution. It is reported that approximately 1400 people die daily due to water and water-related problems/disease [29]. Wastes that find their way into water bodies such as rivers, streams, and oceans can have a disruptive influence on the water bodies by lowering the pH and causing toxicity to the aquatic inhabitants and humans that use the water. Some of these pollutants are less soluble in water and are highly lipophilic [30]. Reports have shown the presence of toxic metals [31,32,33] in water bodies. Water polluted with wastes from a location could serve as receiving water in another place. Soil pollution, too can result from improper waste management. Wastes dumped indiscriminately are unfriendly to the sight, breeding disease vectors. Metals from iron, radioactive wastes, etc. are toxic to soil organisms and plants, thereby reducing crop productivity [34].



Human diseases result from improperly treated wastes that harbor disease vectors. Mosquitoes breed in stagnant water bodies, in blocked drainages, in tires that collect rainwater, in empty food cans, plastics, etc. The refuse workers as well face some hazards which include tissue damage, respiratory infection, injuries from glass, razor blades and syringes, as well as parasite infections caused by skin contact with refuse [2]. Though workers use protective measures such as gloves and nose masks, advanced automated means should be encouraged to prevent refuse workers from casualties associated with waste treatment.



In Australia, Langdon, et al. [35] studied the risk assessment for organic contaminants in composted solid municipal waste. In their study, they were able to categorize the risk levels into low, medium, and high priority, based on the health implications. From this, measures can be put in place on how the individual toxicants from these wastes can be properly and efficiently disposed of. In another study by Gangwar, et al. [36], they studied the impact of electronic waste on human health and reported the release of various toxic metals into the air, as a result, causing air pollution. Other studies have also reported the impact of these wastes on human health and the environment [37,38,39,40].




2.2. Classification of Wastes According to Biodegradability


Based on the biodegradability, wastes can be classified into biodegradable, moderately degradable, and non-biodegradable. Aerobic and anaerobic organisms act on biodegradable wastes as a result of speeding up their degradability rate. Some agricultural wastes such as cow dungs, poultry droppings, etc. are examples of biodegradable wastes [28]. While moderately degradable wastes are slowly degrading wastes. They have tough textured components. Examples of such wastes are wood and cardboards [28]. This is discussed extensively in the latter part of this review. Non-Biodegradable Wastes, on the other hand, cannot be broken down biologically [2]. Examples of non-biodegradable wastes are wastes from mines, mineral materials, polythene bags, leathers, plastics.




2.3. Methods of Waste Disposal


Wastes could be composted or disposed of using conventional methods. Below is the classification of the waste disposal methods comprising of the conventional and composting methods.



2.3.1. Refuse Disposal by Open Dump


This is a refuse disposal method where wastes are dumped indiscriminately in any available space. Waste could be disposed of on the street or the highway. This method of waste disposal should be discouraged. The wastes disposed of through this means to serve as breeding grounds for houseflies and rodents, which are vectors of certain diseases (cholera and Lassa fever). They also cause an offensive odor [2].




2.3.2. Refuse Disposal by Animal Feeding


Domestic animals such as goats, dogs, and sheep are fed with wastes like yam peels, cassava peels, leaves, and leftover foods. The food wastes could be infected and thus, lead to infection of animals directly feeding on the wastes or humans that feed on those animals [41]. Some human diseases have been traced to the consumption of animals that have been previously fed with contaminated feeds [41]. For instance, trichinosis in humans has been traced to the contamination of raw garbage used in feeding animals [41].




2.3.3. Refuse Disposal by River and Ocean Dumping


Wastes containing numerous chemical substances are discharged into water bodies and could render the water toxic to aquatic life as well as humans [3]. There could be biomagnification of toxic wastes in humans, which is transferred from the consumption of animals living in water bodies [42]. Some industries are located close to rivers or oceans for natural discharge of their effluents into the water bodies. They do this in a bid to save the cost of waste disposal. In some developing and underdeveloped countries, houses are built on top of water such that their feces drop directly into water bodies, which eventually carry it away. The water which flows from this source can be receiving water in another location and may serve as a source of water-borne pathogens, which could cause infection for people using the water for various domestic purposes. Such water-borne pathogens include Vibrio sp., Salmonella sp., and Shigella sp. [43].




2.3.4. Refuse Dump by Incineration


This is the process of burning combustible wastes at high temperatures. This method reduces the volume of such wastes by 90%. The leftover from the burning of materials like ashes, glass, and metals are then disposed of in a sanitary landfill [2]. This method only reduces the size of wastes, it is not a total means of waste disposal, and it is also associated with fire disaster and the release of greenhouse gases [44]. Energy can be produced from incineration. This energy is preferable to energy produced from coal. This method could save about 2–2.6 Mt of CO2 eq per year [45].




2.3.5. Refuse Disposal by Deep-Well Injection


The deep-well injection method involves the deposition of wastes into the subsurface, impermeable rock layers. This method is used for toxic fluid wastes from industries [2]. Wastes such as acidic and caustic chemicals, oil field brine, and radioactive wastes from uranium processing plants are disposed of using this method. Before wastes can be disposed of using this method, the local subsurface geology of the area should be considered to prevent pollution of underground water. The disadvantage associated with this method is that it can lead to groundwater contamination.




2.3.6. Refuse Disposal by Sanitary Landfills


This method of waste disposal involves the use of waste as landfills. This method is also known as controlled tipping [46]. The process is carried out by spreading wastes in thin layers and compressing with a heavy bulldozer when each layer is added. When the refuse is about 3 m high, it is covered by a thin layer of clean soil and compressed again. This process is repeated until the pit is filled [2]. Wastes disposed of through this method could host pathogenic microbes or toxic chemicals that are harmful to the soil and soil organisms, as well as humans (through inhalation of polluted air or consumption of contaminated water). These adverse effects have made this method of waste disposal to be discouraged by the EU members states [47], thereby promoting other methods of waste disposal such as anaerobic waste treatment and incineration with energy recovery [48]. A landfill directive was proposed in 2001 that the EU member state should reduce waste management by landfill to 35% by July 16, 2016, and that landfill is eliminated by 2020 [49].




2.3.7. Refuse Disposal by Composting


Composting can eradicate degradable organic wastes. Degradable organic wastes are otherwise known as biodegradable wastes [41]. Composting is a workable means of transforming various organic wastes into products that can be safely used and beneficially employed as biofertilizers. Recalcitrant substances, polythene bags, and plastics, among others, cannot be composted. Composting is a safe way of managing organic wastes, but it is associated with odor production and release of greenhouse gases (CO2, SO2, and NO2).



The comparison between conventional and composting methods of waste management are further represented in Table 1.






3. Fertilizer–Environment Impact: An Overview


Fertilizer is defined as any substance of natural or synthetic origin that is added to soil to supply certain elements crucial for plant growth [57]. Fertilizer is required to be applied to the soil to replace the nutrients taken up by crop from the land with the primary goal of maximizing productivity and economic returns [58,59].



Fertilizers may be made up of one or more essential nutrients, and this serves as a means of fertilizer classification. The fertilizers that contain only one of the major elements are called single, simple or straight fertilizers. Those that contain two or more of the major elements and trace elements are categorized as mixed or compound fertilizers [60]. Nitrogen, phosphorus, and potassium (NPK) are the major nutrients required by plants. Although micronutrients are also necessary for normal development in plants, higher concentration leads to toxicity. According to Rai, Ashiya, and Rathore [59], chemical fertilizers have been said to be toxic to soil organisms such as earthworms, which are well known to promote soil fertility as a case study. Fertilizers can be grouped into organic or inorganic fertilizer according to their source of production [61]. Organic fertilizer is a fertilizer that is produced from organic substances or materials which could be biofertilizers or composts, e.g., plants and animals remain, while inorganic fertilizer is made from synthetic or inorganic raw materials. The deleterious effect caused by the chemical fertilizers on the environment through chemical toxicity and leaching into the waterways thereby affecting aquatic life directly or indirectly has necessitated the need for safer alternatives. Some alternatives have been proposed such as the use of microorganisms, composting, among others. We try to focus on composting and how it can help in maintaining a safer environment.



3.1. Composting Methods


There are different composting methods, with each method having its advantages and disadvantages. Therefore, the method that best suits the goal of the researcher and the type of material to be composted dictates the composting method to be adopted. Some of the composting methods are enumerated below.



3.1.1. Indian Bangalore Composting


The Indian Bangalore composting method was developed at Bangalore in India [62]. The method is majorly recommended for the composting of night soil and refuse. The composting is carried out by digging trenches or pits about one meter deep where organic residues and night soil are put in alternate layers [62]. The pit is finally covered with a 15–20 cm thick layer of refuse. The materials are left in the pit without turning or watering for three months. During this period, there is a reduction in the volume of the materials, and more night soil and refuse are placed on top in alternate layers and covered with mud or earth to prevent loss of moisture and breeding of flies. This type of composting takes about six to eight months to obtain the finished product [62]. This method is laborious and expensive to support.




3.1.2. Vessel Composting


In-vessel composting refers to any type of composting conducted in an enclosed area such as a container, building, or vessel. In-vessel methods depend on a variety of forced aeration and mechanical turning techniques to enhance the composting process [63]. This method is labor-intensive and expensive.




3.1.3. Windrow Composting


Windrow composting is conducted by placing raw materials in long narrow piles or windrows, which are turned regularly. The mixing of the materials allows aeration into the setup. A typical windrow composting set up should start from 3 feet in height for dense materials like manures and 12 feet high for fluffy materials like leaves [63]. It is difficult, and costly to support, but it is rapid and retains heat.




3.1.4. Vermicomposting


The term refers to the use of earthworms for composting degradable organic matters [64]. Earthworms can degrade practically all kinds of organic matter by feeding on them. They can eat their body weight per day. For example, earthworms that weigh 0.1 kilogram can eat 0.1 kilogram of residue per day. The excreta of the worms—termed “castings”—are rich in nitrate, as well as available forms of phosphorus, potassium, calcium, and magnesium, which improve soil fertility [28]. The existence of earthworms in the soil promotes bacterial and actinomycetes growth.




3.1.5. Static Composting


This is a traditional method of composting where wastes are composted aerobically using passive aeration (little and infrequent turnings or static aerations like perforated poles or pipes). This method is time-consuming, though it is a simple way of composting, which has low operational and capital costs compared to vermicomposting, windrow, vessel, and Indian Bangalore composting. This method simply involves the formation of a pile of raw materials and has a low requirement of labor and equipment. Aeration is based mainly on the passive movement of air through the pile, thereby degrading the organic matter slowly [63].




3.1.6. Sheet Composting


Sheet composting release the benefit of decayed organic material without building a composting pile. In this method, organic matters such as leaves, garden debris, grass clippings, weeds, and vegetative food are thinly spread directly onto the soil as a mulch. The organic materials are then tilled in with a hoe, spade or garden fork and left to decay there, rather than in a heap or container. One or more layers of organic material(s) are spreads over the growing area, watered thoroughly and left to decompose until planting time. More layers of organic materials are placed at the bottom layers decompose thoroughly [62]. The method is cheap and straightforward.




3.1.7. Indian Indore Composting


Indian Indore method involves a mixture of raw materials such as plant residues, animal dung, and urine, earth, wood ash, and water. All organic wastes available on a farm such as weeds, stalks, stems, fallen leaves, pruning, chaff, fodder leftovers are made into a layer about 15-cm-thick until the heap is about one and a half meters high. The heap is cut into vertical slices of about 20–25 kg for the night rest. The bedding is taken to the composting pits and filled layer by layer within a week. Enough quantity of water is sprinkled over the materials in the pit to wet them. Moisturizing of the compost is done only three times throughout the whole period of composting. The moisturizing is done on the fifteenth day after stacking the compost pit, on the next 15 days after the first moisturizing and finally after one month after the first moisturizing. This method is labor-intensive and time-consuming. It is also prone to flies, and pest disturbances and wind can lead to loss of nutrients [62].




3.1.8. Berkley Rapid Composting


This is a fast composting method. Here, materials compost faster if the size is between 0.5–1.5 inches in size. Soft, succulent tissues do not need to be chopped in very small pieces because they decompose rapidly. The harder the tissues, the smaller they need to be chopped to enhance decomposition. Once a pile is started, nothing should be added because it takes a certain length of time for the initial materials to break down, and anything added has to start from the initial breakdown stage—thus lengthening the decomposition time for the whole pile [62].





3.2. Uses of Compost


3.2.1. Increase in Soil Fertility, Crop Yield, Erosion Control, and Soil Amendment


The compound fertilizer form of compost is a welcome idea at present because of the recent campaign against the use of synthetic fertilizers. According to Majbar, et al. [65], compost helps to improve soil fertility and plant yield. Supplement of compost with synthetic fertilizer can be another route of application of compost for plant growth. Literature showed synthetic fertilizer might be more effective than compost in plant growth promotion [66]; therefore, we suggest the combined application of the two in appropriate proportions. Composts also host plant-growth-promoting bacteria, which help to increase soil fertility and plant growth.



Erosion causes the soil to lose its fertility. An appreciable amount of nitrogen, phosphorous, and potassium are lost to erosion. The use of surface-applied organic amendments has been reported to be very successful in combating erosion. Compost increases the water holding capacity, soil structure, and aggregate stability of the soil [63]. This is due to the presence of humus (stable residue resulting from a high degree of organic matter decomposition) that binds to the soil and can be said to act as soil ‘glue’ holding the soil constituents together [67].




3.2.2. Biocontrol of Diseases, Bioremediation and Safe Waste Management


Compost serves as a biologic control for plant diseases. The microorganisms present in compost use different mechanisms in combating their pathogenic counterparts. These include competition for nutrients, parasitism, predation, antibiotic production, production of lytic, and other extracellular enzymes or compounds [68]. For instance, the control of plant wilt and damping-off diseases was reported to be countered by Bacillus sp. in compost [69].



Soil polluted with heavy metals can be remediated with compost. Compost has been useful in degrading chlorinated and non-chlorinated hydrocarbons, wood preserving chemicals, solvents, heavy metals, pesticides, petroleum products, and explosives in soil. Compost can reduce the toxicity of some chemical pollutants by absorbing or degrading such elements [70]. Heavy metals can be made unavailable by precipitation [71], adsorption [72], complexation [73] and redox reactions [74].



Composting is a safe way of managing degradable organic wastes. Wastes that could be dumped into water bodies, roadsides or even burned can be composted. The products from such composted wastes are used for different beneficial purposes [63,75].





3.3. Major Elements in Compost


For compost to be useful, it must have some elements in an optimum quantity which will supply adequate nutrients to plants. Though these elements may not be necessary if the compost is meant for landfills.



3.3.1. Nitrogen


Nitrogen is one of the most important elements for plant growth when there is a deficiency of it plant growth and development is impaired. Nitrogen is a significant constituent of chlorophyll and responsible for the green color in plants. Compost has been reported to contain optimum N content required for plant growth [75]. High accumulation of nitrogen in compost fertilizer is not a common occurrence because due to mineralization, nutrients in compost fertilizer is released gradually. Excess nitrogen in plants because of fertilizer over-application can result in rapid growth, brilliant green color, and a diminished root system. In extreme cases, excess nitrogen can cause the burning of the leaf tissue and the plant’s death. Deficiency in nitrogen causes a loss in the green color of leaves, stunted growth, low protein content, and yellow coloration [76].




3.3.2. Phosphorus


Phosphorus is a constituent of the complex nucleic acid structure of plants, which regulates protein synthesis. Phosphorus is, therefore important in plant’s cell division generation of new tissue and complex energy transformations in the plant. Adding phosphorus to soil low in phosphorus promotes root growth, winter hardiness, stimulates tilling, and often hastens maturity in plants. Deficiency in phosphorous can lead to stunted growth, poor seed and fruit development, delayed maturity, and there could be a change in the color of the matured leaves to characteristic dark blue to blue–green coloration in plants. Compost has been reported to contain optimum phosphorus concentration necessary for plant growth [75].




3.3.3. Potassium


Potassium is an element necessary for proper plant growth. It increases plant growth, carotene, and chlorophyll contents [77]. It promotes the vigor and color of plants. Potassium is needed for the plant to create sugars. It is also essential because it helps the plant to resist disease and survive adverse weather conditions such as drought and cold. The deficiency of potassium in plants can lead to scorching and browning of tips of older leaves, which progresses to the total leaves with time. Weak stalks could also be associated with potassium deficiency. According to Kammoun, et al. [78], composts are good sources of substantial phosphorus required for plant growth.





3.4. Microbiology of Composting


According to Hafeez, et al. [79], the major component responsible for the biodegradation and conversion process during composting is the resident microbial community. Composting occurs by the activity of a mixed microbial community. Of all the microorganisms that have been said to be present during composting, bacteria and fungi have the highest population [80]. Two different groups of aerobic microorganisms are involved in composting, the first group is the mesophilic organisms, while the second group is the thermophilic organisms. These organisms could be bacteria, actinomycetes, molds, and yeasts, and they dominate different phases of composting. The mesophilic stage, the thermophilic stage, and the second mesophilic stage, which is known as the cooling stage, are the important phases in the composting process. The composting process could start with a mesophilic stage where the temperature lies between 20–40 °C (Figure 1). The thermophilic stage comes in after the mesophilic stage. In the thermophilic stage (40–70 °C), active decomposition takes places compared with the mesophilic stage [79]. During this stage, mesophilic organisms are killed or inactivated and the population and diversity of thermophiles and/or thermotolerant bacteria, actinomycetes, and fungi increase [81]. The second mesophilic stage is also known as the curing phase, comes after the thermophile stage; at this stage, the compost is matured.



Actinomycetes have been observed to have biodegradative activity; they secrete a wide range of extracellular enzymes [82]. They as well have the capacity to metabolize recalcitrant molecules [82]. Some lignocelluloses degrading microorganisms are involved in composting. Lignocellulose comprises polysaccharides (cellulose and hemicellulose), phenolic polymer, and lignin [83]. The ability of organisms to degrade organic matter depends on their ability to produce enzymes that are needed to degrade the substrate’s components (cellulose, hemicellulose, and lignin). The more complex a substrate is, the more complex the enzyme required to biodegrade the organic matter [84]. Singh and Nain [85] revealed that hundreds of fungi are also capable of degrading lignocellulose. They said that three major types of fungi are known to reside in dead woods containing lignocellulose. They are soft rot fungi, brown rot fungi, and white-rot fungi. These organisms degrade the wood components. Soft rot fungi (Chaetomium, Ceratocystis, and Kretzschmaria deusta) are capable of decomposing cellulose but degrade lignin slowly and incompletely. Therefore, the regulation and control of these microorganisms can help to speed up the rate of composting.




3.5. Biochemistry of Composting


Compost is essentially a mineralization process during which an array of aerobic and facultative organisms degrades organic matters to inorganic compounds with a stabilized humic acid or humus as a major end product. The three major fractions of humus are fulvic acid, humin, and humic acid. Humus contains amino acids, purines, pyrimidines, aromatic substances, uronic acids, amino sugars, pentoses, hexoses, sugars, alcohols, methyl sugar, and aliphatic acids. In addition, during composting, CO2 NO3 SO4 and PO4 are released. These are released in gaseous forms in the presence of oxygen (aerobic conditions).




3.6. Insects in Composting


The role of insects in composting cannot be underestimated. They can either be present non-deliberately [86] or inoculated. Different insect species such as the Black Soldier Fly (BSF) [87], Japanese beetles [88], cricket [89], Milichiidae [90], and housefly larvae [91]. Of all these species, BSF is the most popular, due to its ability to degrade a wide range of substrate [92,93]. Insects degenerate large biomolecules of wastes into forms of nutrients that can be used to promote plant growth [93]. It is noteworthy to note that some insect species which have been tagged “problematic” could be of advantage during composting. For instance, stable fly (S. calcitrans) well known to induce weight loss, reduce milk production, and cause death in cattle and as well as infect animals and humans [90].




3.7. Factors Affecting Composting


The factors affecting composting include the texture of raw materials, composting temperature, moisture content, pH, oxygen, and C/N ratio.



3.7.1. Temperature and Carbon to Nitrogen (C:N) Ratio


Temperature is an essential factor in composting because it helps to hasten the composting process and eliminate pathogenic organisms that are harmful to soil organisms, plants, animals, and humans [79]. Microorganisms present during the composting process are classified according to the temperature at which they exist. Microorganisms growing at 20–40 °C are classified as mesophilic organisms, while those growing above 40–70 °C are thermophilic bacteria [81]. Mesophilic organisms start the composting process; they break down the readily degradable compounds of the waste. Their metabolism leads to a rapid increase in compost temperature. The volume of the wastes treated sometimes affects the temperature (heat generation); if the volume of waste is low, the high temperature may not be attained. Sometimes the temperature during composting does not rise to 45 °C, but pathogens could die when nutrients present in the composting materials are exhausted and when competitive organism excrete enzymes which are capable of destroying the pathogens.



An ideal C:N of 30 is optimum for a composting process [63,94]. When composting materials are low in C:N, air will fail to penetrate the pile, which results in anaerobic conditions and causes odor production in addition to nitrogen loss in the form of ammonia gas. In addition, if the C/N ratio is too high, the activities of microorganisms will be reduced, and the rate of decomposition will be slow [95].




3.7.2. Oxygen and pH


The presence of oxygen is important during the composting process. When organisms oxidize carbon for energy formation, the oxygen present is used up, and gases are produced. Without adequate oxygen, the composting process will become anaerobic, and gases (methane, carbon dioxide, and ammonia) will be produced, leading to the production of undesirable odors [63].



The pH of the materials that are composted affects the composting rate. Alkaline pH has been reported to be best for composting. When pH is acidic, composting is very slow because the microorganisms are destroyed [96].




3.7.3. Moisture Content, Particle Size, and Raw Material Texture


Moisture is a key factor that supports the metabolic activities of microbes. The moisture content for composting materials should be maintained between 40% to 60% [96]. The presence of moisture in compost was reported to come from either the initial water added or the metabolic water produced by the actions of the microorganism. Excess water leads to a reduction in the diffusion of oxygen, and this, in turn, reduces the metabolic activities of the organisms. Microbial cells fully depend on water for their metabolic activities. Thus the metabolism of organic molecules by microorganisms is only possible when such organic molecules have been dissolved in water. Moisture decreases as the composting process proceeds [81].



Best composting conditions are usually attained when the material’s particle size ranges from 1 to 2 inches in diameter [62]. This size brings about a higher surface area, which helps to increase microbial activity as well as the composting process. The rate at which aerobic decomposition takes place increases as the particle size decreases. However, extremely Small particles may reduce the oxygen movement within the pile, thereby reducing the composting rate [97]. Besides, tiny particle size encourages moisture retention and reduces airspace thus leading to a decrease in the composting process.



Degradable organic materials with hard texture, high lignin or though texture generally composts slowly [98]. For instance, hard, textured leaves have a high tendency to compost slower than soft textured leaves. Leaves that have thorns also may take a longer time to compost because of their physical barrier. Leaves with leathery or hard texture may be due to high lignin content.





3.8. Waste Management: Recent Trends, Challenges, and Potentials of Composting


Technological advances have made separation processes easier, driving the methods and materials used in composting through important changes. Many primary separation tools have evolved for better waste management through composting. The composting process has been improved with the addition of biochar as a co-compost material. This reduces the time of composting, and suggestions have been made that seed germination improves when directly placed in finished compost. The surface area of biochar is reduced by the clogging of the pores. Among the activities affected by the presence of biochar in composting are those of the microbial communities. It increases the presence of some microorganisms [99]. It influences and enhances their efficiency in fast decomposition. Properties such as high stability, high nutrient sorption, porosity, good water holding capacity, low bulk density make biochar useful in composting [100]. Biochar also balances pH and acts as a catalyst in speeding up composting [101]. The control of odor and bioaerosols released during composting will go a long way in improving the efficiency of composting. Odor release can be prevented by improving aeration in compost piles, using oxygen feedback control and aeration process with a switch [102]. The addition of bulking agents such as rice straws, sawdust, wheat straws will remove moisture from the compost pile and increase air porosity [103]. Toxic gases released during composting can as well be trapped using modern bioreactors such as the airbag bioreactors [104] and spray towels [105]. The airbag bioreactors trap and recycle ammonia, thereby increasing the nitrate content of the compost [104].



Techniques such as culture-based and culture-independent methods were used for decades to check the microbial diversity in composting. However, some limitations occur in the use of culture-dependent techniques, which prioritizes the use of culture-independent techniques. This was also found to be limited in community evaluation giving rise to the recent use of molecular methods. Molecular methods make evaluations and characterizations easier and affordable. Different outcomes from these methods have led to questions arising as to the authenticity of these methods [106]. For comprehensive reviews and research on methods in identifying microbial diversity in compost, studies of Awasthi, Sarsaiya, Awasthi, Liu, Zhao, Kumar, and Zhang [55], Yamamoto and Nakai [107], Qiu, et al. [108], Hou, et al. [109] and Ishii and Takii [106].



3.8.1. Long Composting Duration


Agricultural wastes such as leaves, plant part remains, and dead plants occupy a large percentage of wastes produced on the farm. Some of them hold recalcitrant compounds and low nutrients, which make their composting difficult. When such wastes are added in a composting pile, they slow down the composting rate of other materials. The different taxa of plants vary in toughness (sclerophylly) due to quantities and varieties of chemical compounds (e.g., lignin, suberin, cellulose, phenolics, tannins, irritants, and allergens) [110]. High-quality leaves (like nutrient-rich alder leaves) will decompose faster than low-quality leaves (like nutrient-poor conifer needles. High nicotine content in leaves, such as tobacco, also contributes to their elongated composting time [97]. High lignin, cutin, polyphenol, and suberin content in plant wastes elongates the composting time in a composting pile. Lignin are produced by phenylpropanoids (coniferyl, p-Coumaryl and sinapyl alcohols). Lignin is very complex to compost due to its recalcitrant nature. Highly crystalline lignocellulose is more recalcitrant when compared to the amorphous portion of the lignocellulose. Though certain bacteria and fungi (for instance, Basidiomycetes and Actinomycetes, respectively) degrade lignin over time. These species produce complex enzymes. The enzymes they produce include manganese, versatile, laccase, lignin, and dye-decolorizing peroxidase. Actinomycetes are also capable of degrading lignin [111].



Highly phenolic compounds take a longer time to compost due to their complex chemical structure [110]. Two groups of bacteria can degrade phenol. The first group of bacteria (e.g., Arthrobacter, Micrococcus, Alcaligenes, Acinetobacter, Corynebacterium, and Staphylococcus), use phenol as a carbon source while the other group utilizes other forms of carbon as their energy source. Penicillium, Fusarium, white-rot fungi, and some algae are also capable of degrading phenol.



Co-composting is the addition of materials together during composting. This is done majorly to bring about an optimum C:N, to hasten the composting process and also to improve the fertilizer quality [81,112,113]. While the co-composting, a combination of different materials may hasten or slow down the composting rate. When highly nutritious substrates are added to composts, microorganisms become more available, and the composting process is hastened. When materials with low nutrients, high cellulose, or high lignin contents are added to a compost pile, the composting process is slowed down.



High C:N in organic materials makes them unsuitable for the microorganism to utilize, making them difficult to compost. Reduction of the C:N of such substrates using activators will be necessary to ensure a hastened composting process. Activators are sources of microorganisms that are expected to degrade the raw materials that are being composted [114]. Examples are sewage, poultry droppings, cow dung, pig dung, goat dung, etc. They are known to have a low C:N ratio, which makes composting them alone very difficult because of the odor problem associated with them [70]. Therefore, co-composting them with degradable materials having a high C:N ratio helps to attain the proper C:N ratio. Furthermore, materials that take longer time to compost can be composted separately to prevent it from slowing down the composting process of other materials. The composts made from such materials could as well be evaluated for their ability to release nutrients over a long period to a biennial or perennial crops.




3.8.2. Low Nutrient and Agronomic Value


The agronomic evaluation of compost is conducted to observe the effect of the composts on the growth of certain plants by assessing the yield of plants cultivated with the compost, and the results observed are used to determine the quality of the compost. Compost has been reported to increase the yield of crops due to the nutrient present in them [115,116,117]. In a similar manner, there have also been reports of low nutrient status in compost, which did not increase plant growth. It is, therefore very important to evaluate the nutritional value of composts and as well add nutrient-rich substrate to improve its nutritive and agronomic value.



Chemical analysis is conducted on compost to examine the quality and concentration of the elements present in them. According to the Food and Agricultural Organization of the United Nations (FAO, 2001) supported by the work of {Brinton, 2000 #764} Brinton (2000), the standards of nitrogen(N), phosphorous(P) and potassium(K) in organic fertilizer are stated that N content should not be less than 1%, while the P and K content should not be less than 1.5%. In addition, the fertilizer must supply calcium, zinc, copper, and other essential micronutrients in concentrations that range from 0.01%–0.05%.




3.8.3. Detection of Pathogenic Microbes in Composts


The source of the degradable materials and activators (which could be animal dung or sewage) determines the diversity and population of the microorganisms as well as the pathogens that could exist in the compost produced [118]. Pathogenic organisms like Escherichia coli and Salmonella  sp. are present in composts [67,119]. According to Wu, et al. [120], Thermoactinomyces was also reported from mushroom compost. Thermoactinomyces are thermophiles that can cause “farmer’s lung”; an allergy disease of the respiratory system in agriculture workers. Composts should be properly evaluated for the microbial and chemical constituent to ensure the safety of plants, soil organisms, animals, and humans.




3.8.4. Composting on Persistent Organic Pollutants (POPs) and Endocrine Disruptors (EDRs)


POPs and EDRs are hazardous chemicals that are leftover in soils, water, etc., and are not easily degraded by all means available. They include polycyclic aromatic hydrocarbons (PAHs) (fluoranthene, benzo(b)fluoranthene and benzo(a)pyrene) and nonylphenols (NP) among others. POPs and EDRs affect human health negatively, therefore, the need to take them seriously. Exposure to EDRs is mainly through inhalation, contact, and ingestion of contaminated products, air, water, and soil. Plants absorbed these hazardous chemicals from soils in contact with treated waters [121]. Contaminations from water and soil have been documented in Asia, the United States and Europe [122,123]. Ingesting these plants, therefore, leads to bioaccumulation of EDRs in humans, although quantities absorbed by plants may be negligible. Finding a means of eradicating these hazardous groups of chemicals has not been easy. Although many methods have been employed in eradicating them no accepted level of success. However, compost methods have shown to be capable of eliminating these threats to human existence. A careful application can improve agricultural and environmental sustainability [124]. The presence of microbes in compost help to absorb POPs therefore bioavailability of these POPs is very critical for their absorption. To cope well, microbes go through various adjustments such as physiological, behavioral, and morphologic to be able to fully absorb (Figure 2).






4. Practical Implications and Future Perspectives


In the 1970 s, the aerated static pile system was developed in the United States to control temperature change due to the changing rate of aeration. Instead of the mechanical turning, a fan was used to either blow air into or suck air from it. The two main teams involved in this research were at the United States Department of Agriculture (USDA) facility at Beltsville in Maryland being run by Epstein and at Rutgers University run by Finstein [125,126]. Initially, mixtures of sludge and woodchips were considered, and in 1980, manual on the ‘Beltsville aerated-pile method’ was produced by the USDA and the United States Environmental Protection Agency (USEPA) [127]. Generally speaking, the system that sucks air was a good one for minimizing odors while the other one gave better control over temperature, thereby enhancing the processing time. The aerated static pile system made available a relatively low-cost controlled composting system that allowed for a range of control strategies [127,128]. This made it possible for researchers to build their controlled systems without relying on large scale commercial plants. Many researchers in the 1980 s and 1990 s used this system to test and validate their ideas. As research continues to evolve, the drive to improve the composting process started increasing. Two important factors underlie these drives viz sanitization (ensuring that the material was safe to use from the point of view of pathogenic microorganisms) and stabilization (controlling the breakdown of the more readily biodegradable components in as controlled and rapid a manner as possible). Although these two factors were the basis of much research from the 1970 s however, the ways in which they should be assessed were themselves subject of much research [128]. As of today, there is no common agreement on how to measure them, but, many national standards have incorporated assessment methods and limits in their regulations.



In the last 20 years, many factors have affected the increase of composting plants across the world. In Europe, however, the major forces have been the landfill directive [48], disposal costs, and financial penalties. Based on the amount of organic waste landfilled in 1995, each of the European Union states had to reduce the amount of biodegradable material in the landfill. From this, the only target date left to be met is this year 2020 [129], when it is expected that the amount of biodegradable waste in landfills should be 35% of that produced in 1995. We, therefore, suggest a few ways that composting can be improved upon for a sustainable environment and improved human health.



Insects can be involved in a controlled manner in composting. Some insects such as black soldier field larvae are capable of ingesting and degrading some organic wastes (e.g., catering wastes and manures). Composting using BSF has been documented to reduce the emission of greenhouse gases 47-fold compared to other methods of composting [130]. BSF, due to its ability to degrade a wide range of substrate, could be incorporated into the composting of recalcitrant organic wastes. Some insects, such as pill bugs and centipedes can be utilized in composting if the conditions are right [90]. The utilization of these insects in composting will help to serve as a means of conserving these important species and encourage biodiversity conservation. Perhaps, instead of them being destroyed, they can be captured and utilized in composting processes. Research can be expanded to know if insects can make specific micro or macronutrients available in compost, or they are capable of releasing enzymes that can lyse pathogens.



Besides, the odor is always a general problem in composting. The production of an odor trapping device which can be incorporated in-vessel composting or used in other types of composting methods.



Furthermore, compost majorly consists of mixed nutrients. Therefore, the ability to extract single nutrients (N, P, K, etc.) will tremendously contribute to the good health of the soil. For instance, trace elements are contained in matured compost within an acceptable limit, but when such composts are applied in the soil for bioremediation purposes, some trace elements can be added to the previously contained trace elements in the soil instead of reducing them.



Energy demand for forced aeration in composting piles and reactors is an important element in composting. The introduction of solar energy may help reduce the cost of energy. A solar composting pilot plant is already in use in San Joaquin Valley in California, USA, intending to reduce the total air emissions of the composting facility by replacing diesel generators and optimizing solar energy use to power aeration equipment [131].



Compost process management is another important factor to consider for future improvement. Indicators and sensors that can help in the understanding of the management process are necessary. The possibility of greenhouse gasses being formed during composting urges the need for proper management processes, hence, the need for more knowledge on handling of enzymes, microbial communities, substrates and processing conditions to effectively reduce the emission of methane and nitrous oxide.



For future research, in some areas where research is needed, the background of researchers will generally set their agenda in terms of the perceived importance of research in various particular areas. Albeit, there is a challenge to test at pilot-scale how easily measurable basic parameters can be used as indicators for more complex processes and to aid a proper control of composting operations. To solve this issue, there is a need for sensors that can measure gas phases, thereby reducing the need for time-consuming and tedious steps. This can increase the opportunities for compost plant improvement.



In this era of next-generation sequencing, DNA sequencing has been relatively affordable compared to what it used to be. Research should tap into this opportunity to apply sequencing techniques in enabling a proper and full understanding of the microbial communities and enzyme functions in composting. These enzyme functions include greenhouse gas production, organic waste production, and odor generation.




5. Conclusions and Recommendations


Improper waste management is a common practice which is not safe and can be replaced with safer waste management method such as composting. The world is tending towards improving environmental and human health. As a form of organic fertilizer, composting can play a significant role in achieving this goal. Focus on composting will cause a shift in the use of chemical fertilizer in favor of compost. This shift will invariably promote environmental and human health by reducing the number of toxic chemicals released into the environment. In the present state, a lot of awareness still needs to be done concerning the potentials of this technology for its full acceptance by farmers. Concerning the improvement technologies, some recommendations are hereby suggested to aid its improvement.



Due to the large nutrients contained in composts, it is recommended that mono nutrients should be extracted from composts. Many times, when pre-planting soil analysis is conducted, there may be a deficiency of one nutrient. The extraction of mono fertilizers from the compound fertilizer form of compost will go a long way in preventing the over-application of nutrients that are not needed. In addition, organisms that are capable of degrading complex degradable materials can be made available to farmers as inoculum to hasten slow composting processes. More researches should also be conducted to discover the odor trapping mechanism to solve the problem of air pollution associated with compost production. There should be provision for CO2 trapping to prevent the release of greenhouse gases from composting.



For many years now, researchers and companies have envisaged the potential of municipal wastes as a source of raw materials. The organic components in the waste are of great interest. Over the past 15 years, we have moved from processing the organic fractions by composting majorly because of its usefulness in crop production to the use of anaerobic digestion, with the ability to provide methane as an energy source. Across Europe, for example, waste companies have moved their investments into anaerobic digestion systems as a result of government incentives made available to them. These government incentives could bring a new development such as integration of bioenergy processes (anaerobic digestion, biochar) to composting, and the byproducts of bioenergy processes could be composted to increase their value, agronomical and environmental benefits.



The ability of compost to improve soil structure and improve nutrient availability by adding to the nutrient already available has been the major factor driving its use in crop production. The nutrient focus has usually been on nitrogen, but we have recognized that mineral phosphate available for plant production is a limited resource, and its availability was reported to decline after 2035. With this in mind, using the phosphorous in compost combined with more effective and efficient use of phosphorous should be able, at the very least, to significantly extend the life of our sources of available mineral phosphate.



Furthermore, to make an effective compost, plant-derived anti-nematode, viricide, bactericide, and fungicide can be added to compost. This will help to encourage solely organic farming by preventing chemical applications. It is advisable to compost slowly degrading materials separately so that the slowly degrading materials will not elongate the composting period of other materials. More research should be conducted to know if materials that take longer time to compost also mineralize gradually. Slowly mineralizing materials could be helpful to biennial and perennial crops, as they serve as a long-term source of nutrients. Further research should be conducted on the potency of this hypothesis. Information on the nutritional content of different slowly composting leaves should be incorporated into research, as this will help in making decisions if they should be incorporated into compost or not. The high wastes from agriculture generated in developing countries (e.g., Nigeria) can be composted instead of being combusted. Composts should always be assessed for maturity and pathogens before application to the field; this will prevent potential hazards to the environment and other living things.



Finally, more research should be carried out to discover how to enhance the duration of composting. Though the Berkley method was discovered in the past and is still the fastest composting method, the discovery of faster methods will help to sustain the composting process.







Author Contributions


All authors contributed equally and agreed to the published version of the manuscript.




Funding


This study was funded by the National Research Foundation (NRF) of South Africa with Grant Number [UID123634].




Acknowledgments


North-West University is gratefully acknowledged for school bursary to M.S.A. and O.O.S. In addition, O.O.B. would like to thank the National Research Foundation, South Africa for a grant (Ref: UID123634) that has supported research in her laboratory. O.O. would like to appreciate ENPOST farms Nigeria Limited for its support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Aruna, G.; Kavitha, B.; Subashini, N.; Indira, S. An observational study on practices of disposal of waste Garbages in Kamakshi Nagar at Nellore. Int. J. Appl. Res. 2018, 4, 392–394. [Google Scholar]

	



Alam, P.; Ahmade, K. Impact of Solid Waste on Health and The Environment. Int. J. Sustain. Dev. Green Econ. 2013, 2, 165–168. [Google Scholar]

	



Ogwueleka, T.C. Municipal solid waste characteristics and management in Nigeria. Iran. J. Environ. Health Sci. Eng. 2009, 6, 173–180. [Google Scholar]

	



Lasaridi, K.-E.; Manios, T.; Stamatiadis, S.; Chroni, C.; Kyriacou, A. The Evaluation of Hazards to Man and the Environment during the Composting of Sewage Sludge. Sustainability 2018, 10, 2618. [Google Scholar] [CrossRef]

	



Khan, M.; Chniti, S.; Owaid, M. An overview on properties and internal characteristics of anaerobic bioreactors of food waste. J. Nutr. Health Food Eng. 2018, 8, 319–322. [Google Scholar]

	



Toledo, M.; Siles, J.; Gutiérrez, M.; Martín, M. Monitoring of the composting process of different agroindustrial waste: Influence of the operational variables on the odorous impact. Waste Manag. 2018, 76, 266–274. [Google Scholar] [CrossRef]

	



Cai, Q.-Y.; Mo, C.-H.; Wu, Q.-T.; Zeng, Q.-Y.; Katsoyiannis, A. Concentration and speciation of heavy metals in six different sewage sludge-composts. J. Hazard. Mater. 2007, 147, 1063–1072. [Google Scholar] [CrossRef]

	



Bai, J.; Shen, H.; Dong, S. Study on eco-utilization and treatments of highway greening waste. Proc. Environ. Sci. 2010, 2, 25–31. [Google Scholar] [CrossRef]

	



Yu, H.; Xie, B.; Khan, R.; Shen, G. The changes in carbon, nitrogen components and humic substances during organic-inorganic aerobic co-composting. Bioresour. Technol. 2019, 271, 228–235. [Google Scholar] [CrossRef]

	



Luo, X.; Liu, G.; Xia, Y.; Chen, L.; Jiang, Z.; Zheng, H.; Wang, Z.J. Use of biochar-compost to improve properties and productivity of the degraded coastal soil in the Yellow River Delta, China. J. Soils Sediments 2017, 17, 780–789. [Google Scholar] [CrossRef]

	



Pane, C.; Palese, A.M.; Celano, G.; Zaccardelli, M. Effects of compost tea treatments on productivity of lettuce and kohlrabi systems under organic cropping management. Ital. J. Agron. 2014, 9, 153–156. [Google Scholar] [CrossRef]

	



Ventorino, V.; Pascale, A.; Fagnano, M.; Adamo, P.; Faraco, V.; Rocco, C.; Fiorentino, N.; Pepe, O. Soil tillage and compost amendment promote bioremediation and biofertility of polluted area. J. Clean. Prod. 2019, 239, 118087. [Google Scholar] [CrossRef]

	



Pane, C.; Spaccini, R.; Piccolo, A.; Celano, G.; Zaccardelli, M. Disease suppressiveness of agricultural greenwaste composts as related to chemical and bio-based properties shaped by different on-farm composting methods. Biol. Control 2019, 137, 104026. [Google Scholar] [CrossRef]

	



Coelho, L.; Osório, J.; Beltrão, J.; Reis, M. Organic compost effects on Stevia rebaudiana weed control and on soil properties in the Mediterranean region. Rev. Ciênc. Agrár. 2019, 42, 109–121. [Google Scholar]

	



Uyizeye, O.C.; Thiet, R.K.; Knorr, M.A. Effects of community-accessible biochar and compost on diesel-contaminated soil. Bioremediat. J. 2019, 23, 107–117. [Google Scholar] [CrossRef]

	



Pose-Juan, E.; Igual, J.M.; Sánchez-Martín, M.J.; Rodríguez-Cruz, M.S. Influence of herbicide triasulfuron on soil microbial community in an unamended soil and a soil amended with organic residues. Front. Microbiol. 2017, 8, 378. [Google Scholar] [CrossRef] [PubMed]

	



Cáceres, R.; Malińska, K.; Marfà, O.J.W.M. Nitrification within composting: A review. Front. Microbiol. 2018, 72, 119–137. [Google Scholar] [CrossRef]

	



Hoitink, H.A.; Fahy, P.C. Basis for the control of soilborne plant pathogens with composts. Annu. Rev. Phytopathol. 1986, 24, 93–114. [Google Scholar] [CrossRef]

	



Sánchez-Monedero, M.A.; Cayuela, M.L.; Sánchez-García, M.; Vandecasteele, B.; D’Hose, T.; López, G.; Martínez-Gaitán, C.; Kuikman, P.J.; Sinicco, T.; Mondini, C. Agronomic Evaluation of Biochar, Compost and Biochar-Blended Compost across Different Cropping Systems: Perspective from the European Project FERTIPLUS. Agronomy 2019, 9, 225. [Google Scholar] [CrossRef]

	



Aziablé, E.; Kolédzi, E.K. Study of Agronomic and Environmental Profile of Compost and Fine Fraction Produced and Stored in a Shed at Composting Site: ENPRO Composting Site, Lomé, Togo. Science 2018, 6, 95–98. [Google Scholar] [CrossRef]

	



Sigmund, G.; Poyntner, C.; Piñar, G.; Kah, M.; Hofmann, T. Influence of compost and biochar on microbial communities and the sorption/degradation of PAHs and NSO-substituted PAHs in contaminated soils. J. Hazard. Mater. 2018, 345, 107–113. [Google Scholar] [CrossRef] [PubMed]

	



Tan, X.B.; Lam, M.K.; Uemura, Y.; Lim, J.W.; Wong, C.Y.; Ramli, A.; Kiew, P.L.; Lee, K.T. Semi-continuous cultivation of Chlorella vulgaris using chicken compost as nutrients source: Growth optimization study and fatty acid composition analysis. Energy Convers. Manag. 2018, 164, 363–373. [Google Scholar] [CrossRef]

	



Rajan, R.; Robin, D.T.; Vandanarani, M. Biomedical waste management in Ayurveda hospitals–current practices and future prospectives. J. Ayurveda Integr. Med. 2019, 10, 214–221. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, S.; Mukherjee, S.; Chakrabarti, T.; Devotta, S. Hazardous Waste Management System in India: An Overview. Crit. Rev. Environ. Sci. Technol. 2007, 38, 43–71. [Google Scholar] [CrossRef]

	



Sharholy, M.; Ahmad, K.; Mahmood, G.; Trivedi, R. Municipal solid waste management in Indian cities—A review. Waste Manag. 2008, 28, 459–467. [Google Scholar] [CrossRef]

	



Imam, A.; Mohammed, B.; Wilson, D.C.; Cheeseman, C.R. Solid waste management in Abuja, Nigeria. Waste Manag. 2008, 28, 468–472. [Google Scholar] [CrossRef]

	



Getahun, T.; Mengistie, E.; Haddis, A.; Wasie, F.; Alemayehu, E.; Dadi, D.; Van Gerven, T.; Van der Bruggen, B. Municipal solid waste generation in growing urban areas in Africa: Current practices and relation to socioeconomic factors in Jimma, Ethiopia. Environ. Monit. Assess. 2012, 184, 6337–6345. [Google Scholar] [CrossRef]

	



Bhat, R.A.; Dar, S.A.; Dar, D.A.; Dar, G. Municipal Solid Waste Generation and current Scenario of its Management in India. Int. J. Adv. Res. Sci. Eng. 2018, 7, 419–431. [Google Scholar]

	



Khan, S.A.; Suleman, M.; Asad, M. Assessment of pollution load in marble waste water in Khairabad, District Nowshera, Khyber Pukhtunkhwa, Pakistan. Int. J. Econ. Environ. Geol. 2019, 8, 35–39. Available online: http://www.econ-environ-geol.org/index.php/ojs/article/view/49 (accessed on 14 May 2020).

	



Varjani, S.J.; Gnansounou, E.; Pandey, A. Comprehensive review on toxicity of persistent organic pollutants from petroleum refinery waste and their degradation by microorganisms. Chemosphere 2017, 188, 280–291. [Google Scholar] [CrossRef]

	



Holanda, R.; Johnson, D.B. Removal of zinc from circum-neutral pH mine-impacted waters using a novel “hybrid” low pH sulfidogenic bioreactor. Front. Environ. Sci. 2020, 8, 22. [Google Scholar] [CrossRef]

	



Corral-Bobadilla, M.; González-Marcos, A.; Vergara-González, E.P.; Alba-Elías, F. Bioremediation of waste water to remove heavy metals using the spent mushroom substrate of Agaricus bisporus. Water 2019, 11, 454. [Google Scholar] [CrossRef]

	



Sahay, S.; Iqbal, S.; Inam, A.; Gupta, M.; Inam, A. Waste water irrigation in the regulation of soil properties, growth determinants, and heavy metal accumulation in different Brassica species. Environ. Monit. Assess. 2019, 191, 107. [Google Scholar] [CrossRef] [PubMed]

	



Mani, D.; Kumar, C. Biotechnological advances in bioremediation of heavy metals contaminated ecosystems: An overview with special reference to phytoremediation. Int. J. Environ. Sci. Technol. 2014, 11, 843–872. [Google Scholar] [CrossRef]

	



Langdon, K.A.; Chandra, A.; Bowles, K.; Symons, A.; Pablo, F.; Osborne, K. A preliminary ecological and human health risk assessment for organic contaminants in composted municipal solid waste generated in New South Wales, Australia. Waste Manag. 2019, 100, 199–207. [Google Scholar] [CrossRef] [PubMed]

	



Gangwar, C.; Choudhari, R.; Chauhan, A.; Kumar, A.; Singh, A.; Tripathi, A. Assessment of air pollution caused by illegal e-waste burning to evaluate the human health risk. Environ. Int. 2019, 125, 191–199. [Google Scholar] [CrossRef]

	



Ali, I.H.; Siddeeg, S.M.; Idris, A.M.; Brima, E.I.; Ibrahim, K.A.; Ebraheem, S.A.; Arshad, M. Contamination and human health risk assessment of heavy metals in soil of a municipal solid waste dumpsite in Khamees-Mushait, Saudi Arabia. Toxin Rev. 2019, 1–14. [Google Scholar] [CrossRef]

	



Herrero, M.; Rovira, J.; Marquès, M.; Nadal, M.; Domingo, J.L. Human exposure to trace elements and PCDD/Fs around a hazardous waste landfill in Catalonia (Spain). Sci. Total Environ. 2020, 710, 136313. [Google Scholar] [CrossRef]

	



Mohmmed, A.; Li, Z.; Arowolo, A.O.; Su, H.; Deng, X.; Najmuddin, O.; Zhang, Y. Driving factors of CO2 emissions and nexus with economic growth, development and human health in the Top Ten emitting countries. Resour. Conserv. Recycl. 2019, 148, 157–169. [Google Scholar] [CrossRef]

	



Yu, Y.; Zhu, X.; Li, L.; Lin, B.; Xiang, M.; Zhang, X.; Chen, X.; Yu, Z.; Wang, Z.; Wan, Y. Health implication of heavy metals exposure via multiple pathways for residents living near a former e-waste recycling area in China: A comparative study. Ecotoxicol. Environ. Saf. 2019, 169, 178–184. [Google Scholar] [CrossRef]

	



Abdel-Shafy, H.I.; Mansour, M.S. Solid waste issue: Sources, composition, disposal, recycling, and valorization. Egypt. J. Petrol. 2018, 27, 1275–1290. [Google Scholar] [CrossRef]

	



Zahir, F.; Rizwi, S.J.; Haq, S.K.; Khan, R.H. Low dose mercury toxicity and human health. Environ. Toxicol. Pharmacol. 2005, 20, 351–360. [Google Scholar] [CrossRef] [PubMed]

	



Xie, Y.; Qiu, N.; Wang, G. Toward a better guard of coastal water safety—Microbial distribution in coastal water and their facile detection. Mar. Pollut. Bull. 2017, 118, 5–16. [Google Scholar] [CrossRef] [PubMed]

	



Ji, L.; Lu, S.; Yang, J.; Du, C.; Chen, Z.; Buekens, A.; Yan, J. Municipal solid waste incineration in China and the issue of acidification: A review. Waste Manag. Res. 2016, 34, 280–297. [Google Scholar] [CrossRef]

	



Jeswani, H.; Azapagic, A. Assessing the environmental sustainability of energy recovery from municipal solid waste in the UK. Waste Manag. 2016, 50, 346–363. [Google Scholar] [CrossRef]

	



Chan, G.Y.-S.; Wong, M.H. Landfill Sites: Revegetation. In Encyclopedia of Soil Science; CRC Press: Boca Raton, FL, USA, 2017; pp. 1322–1326. [Google Scholar] [CrossRef]

	



Wang, D.; He, J.; Tang, Y.-T.; Higgitt, D. The EU Landfill Directive Drove the Transition of Sustainable Municipal Solid Waste Management in Nottingham City, UK. In Proceedings of the 7th Synposium on Energy from Biomass Waste, Venice, Italy, 15–18 October 2018; Available online: https://www.researchgate.net/publication/328305204 (accessed on 14 May 2020).

	



Wang, D.; Tang, Y.-T.; Long, G.; Higgitt, D.; He, J.; Robinson, D. Future improvements on performance of an EU landfill directive driven municipal solid waste management for a city in England. Waste Manag. 2020, 102, 452–463. [Google Scholar] [CrossRef]

	



Brennan, R.; Healy, M.; Morrison, L.; Hynes, S.; Norton, D.; Clifford, E. Management of landfill leachate: The legacy of European Union Directives. Waste Manag. 2016, 55, 355–363. [Google Scholar] [CrossRef]

	



Bian, B.; Hu, X.; Zhang, S.; Lv, C.; Yang, Z.; Yang, W.; Zhang, L. Pilot-scale composting of typical multiple agricultural wastes: Parameter optimization and mechanisms. Bioresource Technol. 2019, 287, 121482. [Google Scholar] [CrossRef]

	



Košnář, Z.; Wiesnerová, L.; Částková, T.; Kroulíková, S.; Bouček, J.; Mercl, F.; Tlustoš, P. Bioremediation of polycyclic aromatic hydrocarbons (PAHs) present in biomass fly ash by co-composting and co-vermicomposting. J. Hazard. Mater. 2019, 369, 79–86. [Google Scholar] [CrossRef]

	



Mohammed, A.; Elias, E. Domestic solid waste management and its environmental impacts in Addis Ababa city. J. Environ. Waste Manag. 2017, 4, 194–203. [Google Scholar]

	



Van Epps, A.; Blaney, L. Antibiotic residues in animal waste: occurrence and degradation in conventional agricultural waste management practices. Curr. Pollut. Rep. 2016, 2, 135–155. [Google Scholar] [CrossRef]

	



Awasthi, M.K.; Wang, M.; Chen, H.; Wang, Q.; Zhao, J.; Ren, X.; Li, D.-S.; Awasthi, S.K.; Shen, F.; Li, R. Heterogeneity of biochar amendment to improve the carbon and nitrogen sequestration through reduce the greenhouse gases emissions during sewage sludge composting. Bioresource Technol. 2017, 224, 428–438. [Google Scholar] [CrossRef] [PubMed]

	



Awasthi, S.K.; Sarsaiya, S.; Awasthi, M.K.; Liu, T.; Zhao, J.; Kumar, S.; Zhang, Z. Changes in global trends in food waste composting: Research challenges and opportunities. Bioresource Technol. 2020, 299, 122555. [Google Scholar] [CrossRef] [PubMed]

	



Moharir, R.V.; Kumar, S. Challenges associated with plastic waste disposal and allied microbial routes for its effective degradation: a comprehensive review. J. Clean. Prod. 2019, 208, 65–76. [Google Scholar] [CrossRef]

	



Marschner, P.; Kandeler, E.; Marschner, B. Structure and function of the soil microbial community in a long-term fertilizer experiment. Soil Biol. Biochem. 2003, 35, 453–461. [Google Scholar] [CrossRef]

	



Lema, A.; Degebassa, A. Comparison of chemical fertilizer, fish offals fertilizer and manure applied to tomato and onion. Afr. J. Agric. Res. 2013, 8, 274–278. [Google Scholar]

	



Rai, N.; Ashiya, P.; Rathore, D.S. Comparative study of the effect of chemical fertilizers and organic fertilizers on Eisenia foetida. Int. J. Innov. Res. Sci. Eng. Technol. 2014, 3, 12991–12998. [Google Scholar]

	



Hasler, K.; Bröring, S.; Omta, S.; Olfs, H.-W. Life cycle assessment (LCA) of different fertilizer product types. Eur. J. Agron. 2015, 69, 41–51. [Google Scholar] [CrossRef]

	



Wang, J.; Song, Y.; Ma, T.; Raza, W.; Li, J.; Howland, J.G.; Huang, Q.; Shen, Q. Impacts of inorganic and organic fertilization treatments on bacterial and fungal communities in a paddy soil. Appl. Soil Ecol. 2017, 112, 42–50. [Google Scholar] [CrossRef]

	



Misra, R.; Roy, R.; Hiraoka, H. On-Farm Composting Methods; UN-FAO: Rome, Italy, 2003; pp. 7–26. [Google Scholar]

	



Gonawala, S.S.; Jardosh, H. Organic Waste in Composting: A brief review. Int. J. Curr. Eng. Technol. 2018, 8, 36–38. [Google Scholar] [CrossRef]

	



Arumugam, K.; Seenivasagan, R.; Kasimani, R.; Sharma, N.; Babalola, O. Enhancing the post consumer waste management through vermicomposting along with bioinoculumn. Int. J. Eng. Trends Technol. 2017, 44, 179–182. [Google Scholar] [CrossRef]

	



Majbar, Z.; Lahlou, K.; Ben Abbou, M.; Ammar, E.; Triki, A.; Abid, W.; Nawdali, M.; Bouka, H.; Taleb, M.; El Haji, M. Co-composting of Olive Mill Waste and Wine-Processing Waste: An Application of Compost as Soil Amendment. J. Chem. 2018, 2018, 7918583. [Google Scholar] [CrossRef]

	



Pampuro, N.; Bertora, C.; Sacco, D.; Dinuccio, E.; Grignani, C.; Balsari, P.; Cavallo, E.; Bernal, M.P. Fertilizer value and greenhouse gas emissions from solid fraction pig slurry compost pellets. J. Agric. Sci. 2017, 155, 1646–1658. [Google Scholar] [CrossRef]

	



Epelde, L.; Jauregi, L.; Urra, J.; Ibarretxe, L.; Romo, J.; Goikoetxea, I.; Garbisu, C. Characterization of composted organic amendments for agricultural use. Front. Sustain. Food Syst. 2018, 2, 44. [Google Scholar] [CrossRef]

	



Olanrewaju, O.S.; Glick, B.R.; Babalola, O.O. Mechanisms of action of plant growth promoting bacteria. World J. Microbiol. Biotechnol. 2017, 33, 197. [Google Scholar] [CrossRef]

	



Lin, Y.; Du, D.; Si, C.; Zhao, Q.; Li, Z.; Li, P. Potential biocontrol Bacillus sp. strains isolated by an improved method from vinegar waste compost exhibit antibiosis against fungal pathogens and promote growth of cucumbers. Biol. Control 2014, 71, 7–15. [Google Scholar] [CrossRef]

	



Huang, J.; Yu, Z.; Gao, H.; Yan, X.; Chang, J.; Wang, C.; Hu, J.; Zhang, L. Chemical structures and characteristics of animal manures and composts during composting and assessment of maturity indices. PLoS ONE 2017, 12, e0178110. [Google Scholar] [CrossRef]

	



Katoh, M.; Kitahara, W.; Sato, T. Sorption of lead in animal manure compost: Contributions of inorganic and organic fractions. Water Air Soil Pollut. 2014, 225, 1828. [Google Scholar] [CrossRef]

	



Soares, M.A.; Marto, S.; Quina, M.J.; Gando-Ferreira, L.; Quinta-Ferreira, R. Evaluation of eggshell-rich compost as biosorbent for removal of Pb (II) from aqueous solutions. Water Air Soil Pollut. 2016, 227, 150. [Google Scholar] [CrossRef]

	



Tsang, D.C.; Yip, A.C.; Olds, W.E.; Weber, P.A. Arsenic and copper stabilisation in a contaminated soil by coal fly ash and green waste compost. Environ. Sci. Pollut. Res. 2014, 21, 10194–10204. [Google Scholar] [CrossRef]

	



Zhang, X.; Wang, H.; He, L.; Lu, K.; Sarmah, A.; Li, J.; Bolan, N.S.; Pei, J.; Huang, H.J.E.S.; Research, P. Using biochar for remediation of soils contaminated with heavy metals and organic pollutants. Environ. Sci. Pollut. Res. 2013, 20, 8472–8483. [Google Scholar] [CrossRef] [PubMed]

	



Khater, E. Some physical and chemical properties of compost. Int. J. Waste Resour. 2015, 5, 1–5. [Google Scholar] [CrossRef]

	



Loks, N.; Manggoel, W.; Daar, J.; Mamzing, D.; Seltim, B. The effects of fertilizer residues in soils and crop performance in northern Nigeria: A review. Int. Res. J. Agric. Sci. Soil Sci. 2014, 4, 180–184. [Google Scholar]

	



Razaq, M.; Zhang, P.; Shen, H.-L. Influence of nitrogen and phosphorous on the growth and root morphology of Acer mono. PLoS ONE 2017, 12, e0171321. [Google Scholar] [CrossRef]

	



Kammoun, M.; Ghorbel, I.; Charfeddine, S.; Kamoun, L.; Gargouri-Bouzid, R.; Nouri-Ellouz, O. The positive effect of phosphogypsum-supplemented composts on potato plant growth in the field and tuber yield. J. Environ. Manag. 2017, 200, 475–483. [Google Scholar] [CrossRef]

	



Hafeez, M.; Gupta, P.; Gupta, Y.P. Rapid Composting of Different Wastes with Yash Activator Plus. Int. J. Life Sci. Sci. Res. 2018, 4, 1670–1674. [Google Scholar] [CrossRef]

	



Galitskaya, P.; Biktasheva, L.; Saveliev, A.; Grigoryeva, T.; Boulygina, E.; Selivanovskaya, S. Fungal and bacterial successions in the process of co-composting of organic wastes as revealed by 454 pyrosequencing. PLoS ONE 2017, 12, e0186051. [Google Scholar] [CrossRef]

	



Chennaou, M.; Salama, Y.; Aouinty, B.; Mountadar, M.; Assobhei, O. Evolution of Bacterial and Fungal Flora during In-Vessel Composting of Organic Household Waste under Air Pressure. J. Mater. Environ. Sci. 2018, 9, 680–688. [Google Scholar]

	



Limaye, L.; Patil, R.; Ranadive, P.; Kamath, G. Application of Potent Actinomycete Strains for Bio-Degradation of Domestic Agro- Waste by Composting and Treatment of Pulp-Paper Mill Effluent. Adv. Microbiol. 2017, 7, 94–108. [Google Scholar] [CrossRef]

	



Ghanbarzadeh, B.; Almasi, H. Biodegradable polymers. In Biodegradation-Life of Science; InTech: Rijeka, Croatia, 2013; pp. 141–185. [Google Scholar] [CrossRef]

	



Ogbonna, A.; Onwuliri, F.; Ogbonna, C.; Oteikwu, J. Optimization of Cellulase Production and Biodegradation of Artemisia annua L. wastes by Aspergillus niger and Trichoderma viride. J. Acad. Ind. Res. (JAIR) 2015, 3, 598. [Google Scholar]

	



Singh, S.; Nain, L. Microorganisms in the Conversion of Agricultural Wastes to Compost. Proc. Indian Natl. Sci. Acad. 2014, 80, 473–481. [Google Scholar] [CrossRef] [PubMed]

	



Jalal, S.Y.; Hanna, N.S.; Shekha, Y.A. The effects of Insects on the Physicochemical Characteristics During Composting. Iraqi J. Sci. 2019, 2426–2432. [Google Scholar]

	



Purkayastha, D.; Sarkar, S.; Roy, P.; Kazmi, A. Isolation and morphological study of ecologically-important insect “Hermetia illucens” collected from Roorkee compost plant. Pollution 2017, 3, 453–459. [Google Scholar]

	



Piñero, J.C.; Shivers, T.; Byers, P.L.; Johnson, H.-Y. Insect-based compost and vermicompost production, quality and performance. Renew. Agric. Food Syst. 2020, 35, 102–108. [Google Scholar] [CrossRef]

	



Ozdemir, S.; Dede, G.; Dede, O.; Turp, S. Composting of sewage sludge with mole cricket: Stability, maturity and sanitation aspects. Int. J. Environ. Sci. Technol. 2019, 16, 5827–5834. [Google Scholar] [CrossRef]

	



Morales, G.E.; Wolff, M. Insects associated with the composting process of solid urban waste separated at the source. Rev. Bras. Entomol. 2010, 54, 645–653. [Google Scholar] [CrossRef]

	



Wang, H.; Wang, S.; Li, H.; Wang, B.; Zhou, Q.; Zhang, X.; Li, J.; Zhang, Z. Decomposition and humification of dissolved organic matter in swine manure during housefly larvae composting. Waste Manag. Res. 2016, 34, 465–473. [Google Scholar] [CrossRef]

	



Wang, Y.-S.; Shelomi, M. Review of black soldier fly (Hermetia illucens) as animal feed and human food. Foods 2017, 6, 91. [Google Scholar] [CrossRef]

	



Fowles, T.M.; Nansen, C. Insect-Based Bioconversion: Value from Food Waste. In Food Waste Management; Springer, Palgrave Macmillan: Cham, Switzerland, 2020; pp. 321–346. [Google Scholar] [CrossRef]

	



Yan, Z.; Song, Z.; Li, D.; Yuan, Y.; Liu, X.; Zheng, T. The effects of initial substrate concentration, C/N ratio, and temperature on solid-state anaerobic digestion from composting rice straw. Bioresour. Technol. 2015, 177, 266–273. [Google Scholar] [CrossRef]

	



Artemio, M.-M.; Robles, C.; Ruiz-Vega, J.; Ernesto, C.-H. Composting agroindustrial waste inoculated with lignocellulosic fungi and modifying the C/N ratio. Rev. Mex. Cienc. Agríc. 2018, 9, 271–280. [Google Scholar]

	



Ameen, A.; Ahmad, J.; Raza, S. Effect of pH and moisture content on composting of Municipal solid waste. Int. J. Sci. Res. Publ. 2016, 6, 35–37. [Google Scholar]

	



Zhao, G.-H.; Yu, Y.-L.; Zhou, X.-T.; Lu, B.-Y.; Li, Z.-M.; Feng, Y.-J. Effects of drying pretreatment and particle size adjustment on the composting process of discarded flue-cured tobacco leaves. Waste Manag. Res. 2017, 35, 534–540. [Google Scholar] [CrossRef] [PubMed]

	



Wilson, G. Combining raw materials for composting. J. BioCycle 1989, 29, 82–85. [Google Scholar]

	



Jindo, K.; Suto, K.; Matsumoto, K.; García, C.; Sonoki, T.; Sanchez-Monedero, M.A. Chemical and biochemical characterisation of biochar-blended composts prepared from poultry manure. Bioresour. Technol. 2012, 110, 396–404. [Google Scholar] [CrossRef] [PubMed]

	



Steiner, B.M.; McClements, D.J.; Davidov-Pardo, G. Encapsulation systems for lutein: A review. Trends Food Sci. Technol. 2018, 82, 71–81. [Google Scholar] [CrossRef]

	



Ahmed, M.; Ahmad, S.; Qadir, G.; Hayat, R.; Shaheen, F.A.; Raza, M.A. Innovative processes and technologies for nutrient recovery from wastes: A comprehensive review. Sustainability 2019, 11, 4938. [Google Scholar] [CrossRef]

	



Wei, Y.; Li, J.; Shi, D.; Liu, G.; Zhao, Y.; Shimaoka, T. Environmental challenges impeding the composting of biodegradable municipal solid waste: A critical review. Resour. Conserv. Recycl. 2017, 122, 51–65. [Google Scholar] [CrossRef]

	



Awasthi, M.K.; Pandey, A.K.; Bundela, P.S.; Khan, J. Co-composting of organic fraction of municipal solid waste mixed with different bulking waste: Characterization of physicochemical parameters and microbial enzymatic dynamic. Bioresour. Technol. 2015, 182, 200–207. [Google Scholar] [CrossRef]

	



Jiang, Y.; Liu, J.; Huang, Z.; Li, P.; Ju, M.; Zhan, S.; Wang, P. Air bag bioreactor to improve biowaste composting and application. J. Clean. Prod. 2019, 237, 117797. [Google Scholar] [CrossRef]

	



Jafari, M.J.; Matin, A.H.; Rahmati, A.; Azari, M.R.; Omidi, L.; Hosseini, S.S.; Panahi, D. Experimental optimization of a spray tower for ammonia removal. J. Atmos. Pollut. Res. 2018, 9, 783–790. [Google Scholar] [CrossRef]

	



Ishii, K.; Takii, S. Comparison of microbial communities in four different composting processes as evaluated by denaturing gradient gel electrophoresis analysis. J. Appl. Microbiol. 2003, 95, 109–119. [Google Scholar] [CrossRef] [PubMed]

	



Yamamoto, N.; Nakai, Y. Microbial Community Dynamics During the Composting Process of Animal Manure as Analyzed by Molecular Biological Methods. In Understanding Terrestrial Microbial Communities; Springer: Cham, Switzerland, 2019; pp. 151–172. [Google Scholar] [CrossRef]

	



Qiu, X.; Zhou, G.; Zhang, J.; Wang, W. Microbial community responses to biochar addition when a green waste and manure mix are composted: A molecular ecological network analysis. Bioresour. Technol. 2019, 273, 666–671. [Google Scholar] [CrossRef] [PubMed]

	



Hou, N.; Wen, L.; Cao, H.; Liu, K.; An, X.; Li, D.; Wang, H.; Du, X.; Li, C. Role of psychrotrophic bacteria in organic domestic waste composting in cold regions of China. Bioresour. Technol. 2017, 236, 20–28. [Google Scholar] [CrossRef] [PubMed]

	



Lewis, S.E.; Brown, A.V. Comparative leaf decomposition rates including a non-native species in an urban Ozark stream. J. Arkansas Acad. Sci. 2010, 64, 92–96. [Google Scholar]

	



Bhatti, A.A.; Haq, S.; Bhat, R.A. Actinomycetes benefaction role in soil and plant health. Microb. Pathog. 2017, 111, 458–467. [Google Scholar] [CrossRef]

	



Cofie, O.; Nikiema, J.; Impraim, R.; Adamtey, N.; Paul, J.; Koné, D. Co-Composting of Solid Waste and Fecal Sludge for Nutrient and Organic Matter Recovery; International Water Management Institute (IWMI): Colombo, Sri Lanka, 2016; Volume 3, p. 47. [Google Scholar] [CrossRef]

	



Arumugam, K.; Renganathan, S.; Babalola, O.O.; Muthunarayanan, V. Investigation on paper cup waste degradation by bacterial consortium and Eudrillus eugeinea through vermicomposting. Waste Manag. 2018, 74, 185–193. [Google Scholar] [CrossRef]

	



Iewkittayakorn, J.; Chungsiriporn, J.; Rakmak, N. Utilization of waste from concentrated rubber latex industry for composting with addition of natural activators. Songklanakarin J. Sci. Technol. 2018, 40, 113–120. [Google Scholar]

	



Sharma, A.; Saha, T.N.; Arora, A.; Shah, R.; Nain, L. Efficient microorganism compost benefits plant growth and improves soil health in Calendula and Marigold. Hortic. Plant J. 2017, 3, 67–72. [Google Scholar] [CrossRef]

	



Lawal, T.E.; Babalola, O.O. Assessing the associated challenges in the use of animal manure in plant growth. J. Hum. Ecol. 2014, 48, 285–297. [Google Scholar] [CrossRef]

	



Masowa, M.M.; Kutu, F.R.; Babalola, O.O.; Mulidzi, A.R. Physico-chemical properties and phyto-toxicity assessment of cocomposted winery solid wastes with and without effective microorganism inoculation. Res. Crops 2018, 19, 549–559. [Google Scholar]

	



Alvarenga, P.; Mourinha, C.; Farto, M.; Santos, T.; Palma, P.; Sengo, J.; Morais, M.-C.; Cunha-Queda, C. Sewage sludge, compost and other representative organic wastes as agricultural soil amendments: Benefits versus limiting factors. Waste Manag. 2015, 40, 44–52. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Z.; Kim, J.; Jiang, X. Survival of Escherichia coli O157: H7 and Salmonella enterica in animal waste-based composts as influenced by compost type, storage condition and inoculum level. J. Appl. Microbiol. 2018, 124, 1311–1323. [Google Scholar] [CrossRef] [PubMed]

	



Wu, H.; Liu, B.; Pan, S. Thermoactinomyces guangxiensis sp. nov. a thermophilic actinomycete isolated from mushroom compost. Int. J. Syst. Evol. Microbiol. 2015, 65, 2859–2864. [Google Scholar] [CrossRef] [PubMed]

	



Dodgen, L.K.; Li, J.; Parker, D.; Gan, J.J. Uptake and accumulation of four PPCP/EDCs in two leafy vegetables. Environ. Pollut. 2013, 182, 150–156. [Google Scholar] [CrossRef]

	



Brambilla, G.; Abate, V.; Battacone, G.; De Filippis, S.P.; Esposito, M.; Esposito, V.; Miniero, R. Potential impact on food safety and food security from persistent organic pollutants in top soil improvers on Mediterranean pasture. Sci. Total Environ. 2016, 543, 581–590. [Google Scholar] [CrossRef]

	



Braunig, J.; Baduel, C.; Heffernan, A.; Rotander, A.; Donaldson, E.; Mueller, J.F. Fate and redistribution of perfluoroalkyl acids through AFFF-impacted groundwater. Sci. Total Environ. 2017, 596–597, 360–368. [Google Scholar] [CrossRef]

	



Luo, G.; Li, L.; Friman, V.-P.; Guo, J.; Guo, S.; Shen, Q.; Ling, N. Organic amendments increase crop yields by improving microbe-mediated soil functioning of agroecosystems: A meta-analysis. Soil Biol. Biochem. 2018, 124, 105–115. [Google Scholar] [CrossRef]

	



Epstein, E.; Willson, G.B.; Burge, W.D.; Mullen, D.C.; Enkiri, N.K. A forced aeration system for composting wastewater sludge. J. Water Pollut. Control Fed. 1976, 48, 688–694. [Google Scholar]

	



Miller, F.C.; Finstein, M.S. Materials balance in the composting of wastewater sludge as affected by process control strategy. J. Water Pollut. Control Fed. 1985, 57, 122–127. [Google Scholar]

	



Willson, G.B.; Parr, J.F.; Epstein, E.; Marsh, P.B.; Chaney, R.L.; Colacicco, D.; Burge, W.D.; Sikora, L.J.; Tester, C.F.; Hornick, S. Manual for Composting Sewage Sludge by the Beltsville Aerated-Pile Method. USDA, EPA 600/8-80 002; Cincinnati, Ohio, USA. 1980, pp. 9–73. Available online: http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.391.3832&rep=rep1&type=pdf (accessed on 14 May 2020).

	



Stentiford, E.; Sánchez-Monedero, M.A. Past, Present and Future of Composting Research; International Society for Horticultural Science (ISHS): Leuven, Belgium, 2016; pp. 1–10. [Google Scholar]

	



Morales-Polo, C.; Cledera-Castro, M.D.M.; Moratilla Soria, B.Y. Reviewing the anaerobic digestion of food waste: From waste generation and anaerobic process to its perspectives. Appl. Sci. 2018, 8, 1804. [Google Scholar] [CrossRef]

	



Mertenat, A.; Diener, S.; Zurbrügg, C. Black Soldier Fly biowaste treatment—Assessment of global warming potential. Waste Manag. 2019, 84, 173–181. [Google Scholar] [CrossRef] [PubMed]

	



Sundberg, C.; Navia, R. Is there still a role for composting? Waste Manag. Res. 2014, 32, 459–460. [Google Scholar] [CrossRef] [PubMed]








[image: Sustainability 12 04456 g001 550] 





Figure 1. Temperature changes in composting. 
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Figure 2. Morphologic, physiological and behavioral adaptations of microbes. 
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Table 1. Comparison between composting and conventional waste management
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	Composting
	Conventional
	References





	Composting helps to ensure environmental sustainability, as it helps to hold the soil particles together, thereby preventing erosion. It helps to keep wastes in a controlled environment and recycled to a useful product. They help in the bioremediation of polluted soil. They also increase biodiversity in the soil by attracting different insects, bacteria, fungi, etc. that are beneficial to the crop. They are treated in a controlled environment where they do not stay forever
	Conventional waste management methods (open dump, river and ocean dumping, sanitary landfills, and incineration) pollutes the soil, air, and water bodies. They release odors and create bad sights. In addition, they cause contamination of underground water when wastes are buried.
	[50,51,52]



	They also help to suppress diseases in plants and enrich the soil
	They (animal feeding, incineration, open dump, river and ocean dumping) host pest, pathogens and insects, which have a bad impact on human and animal health
	[53]



	They help to reduce greenhouse effects by mitigating the production of gases like methane. Though CO2 is release during composting, lesser compared to other (combustion) modes of waste management
	They contribute majorly to the greenhouse effect. This is as a result of the combustion of wastes
	[54,55]



	Reduces the volume of wastes drastically
	Wastes (open dump, river and ocean dumping,) are usually piled and therefore increasing in volume of wastes
	



	Recalcitrant substances, such as polythene bags, plastics among others cannot be composted
	It (incineration) can treat plastics, polythene bags, etc., though they pose an environmental pollution threat
	[56]
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