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Abstract

:

Mushroom waste substrates are highly resistant lignocellulosic wastes that are commercially produced by industries after harvesting. These wastes produce large environmental challenges regarding disposal and, thus, require treatment facilities. In the present article, the effect of Eisenia-fetida-based vermicomposting and an effective microorganism solution on the mushroom waste substrate were investigated using four different composting mixtures: mushroom waste [MW] substrate composting with effective microorganisms [MW+EM], raw mushroom waste [RWM] substrate composting with effective microorganisms [RMW+EM], mushroom waste substrate composting with vermicomposting and effective microorganisms [MW+V+EM], and raw mushroom waste substrate composting with vermicomposting and effective microorganisms [RWM+V+EM]. This article discusses the structural and physiochemical changes at four samples for 45 days (almost six weeks) of composting. The physical and chemical parameters were monitored during composting and provided information on the duration of the process. The results indicated pH (7.2~8), NPK value (0.9~1.8), and C:N ratio <14, and heavy metals exhibited a decreasing trend in later stages for all sets of compost materials and showed the maturity level. FTIR spectra revealed that all four samples included peaks for the -OH (hydroxy group) ranging from 3780 to 3500 cm−1 and a ridge indicating the C=C (alkenyl bond) ranging from 1650 to 1620 cm−1 in compost. The X-ray diffraction spectrum clearly shows how earthworms and microbes break down molecules into cellulose compounds, and the average crystallinity size using Scherrer’s equation was found to be between 69.82 and 93.13 nm. Based on the experimental analysis, [RWM+V+EM] accelerated the breakdown of organic matter and showed improvement compared with other composts in compostable materials, thus, emphasizing the critical nature of long-term mushroom waste management and treatment.
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1. Introduction


Mushroom farming is a green enterprise since it recycles the waste from farms, animals, breweries, and other sources while producing fruit bodies with unique nutritional and medicinal properties [1] Every year, 6–7% more global mushroom production is grown in over 100 countries with high-tech mechanization and automation, particularly in wealthy China (36%) as well as European (18%) and North American countries (7%). Currently, mushroom farming in India is growing 30–40% annually [2]. Wheat straw, soybean straw or paddy, and other agricultural wastes are valuable residues of edible mushroom production described in Table 1. Mushroom substrates generate almost 1–2 tonnes of waste for every tonne of mushrooms collected [3] and are generally disposed of in landfills, which causes eutrophication of the surface water basins through nutrient leaching or composted after mushroom harvest [4] as well as commonly disposed of through open burning, producing airborne hazards [5,6,7,8,9,10,11,12,13,14].



As a result, mushroom waste contains high concentrations of salts and organics, which cause numerous environmental issues and are difficult to handle and dispose of using traditional disposal and burning methods, which is again improper and unsupervised. In recent years, ecological restrictions have increased the pressure on mushroom producers, underlining the essential need for a more suitable means of disposing of waste, which includes direct application to the soil as a bioremediation agent and animal and fish feed [3,4]. On the other hand, composting can be a suitable technology that is a cost-effective and environmentally friendly option for disposing of mushroom waste [6]. It is a biological process (agricultural waste disinfectant turned into a corresponding and usable flora matter) that occurs in the presence of sufficient oxygen, humidity, and temperature [7].



In composting, microorganisms generate heat, and a solid substrate is converted into less carbon and nitrogen. This method is time-consuming. For different quality organic wastes, frequently aeration is required, which depends on the ingredients [4,5,6,7,8]. Earthworm-based composting (vermicomposting) can decompose organic waste to produce odourless humus-like substances that are beneficial to the environment, according to the scientific literature in recent years [7,8,9,10]. Vermicomposting is a key biotechnological composting technology in which various earthworms are adapted to improve the waste conversion process [11,12,13,14], combining an advanced microbe technology with a vermicomposting approach, such as effective microorganism technology, can reduce the time required and shows the stability and maturity of the product.



Effective microorganism (EM) technology is a method for the natural agricultural protection of live microorganism communities isolated from naturally rich soils and used as a by-product to improve the earth’s biodiversity, resulting in increased agricultural yields. The most crucial effective microorganisms are Lactobacillus plantarum, Lactobacillus casei, Streptococcus lactis, Rhodopseudomonas palustrus, Rhodobacter spaeroides, Streptomyces albur, Mucorhiemalis, and Aspergillus oryzae [6]. These include lactic acid bacteria, which is a powerful sterilizing ingredient that suppresses pathogenic germs and accelerates the degradation of organic material [9,10].



With the rapid generation of mushroom waste, it can be valorized for agricultural applications in terms of compost, which in turn increases the soil mineral nitrogen, specifically nitrate (NO3−) and ammonia (NH3), making it an excellent soil conditioner and natural soil insecticide [21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39]. Researchers have focused on new and alternative energy resources derived from the mushroom waste substrate, which includes vast amounts of lignocellulosic components, such as cellulose, hemicellulose, and lignin that can be converted to bio-oils using modern heating technologies [39].



Thus, the objective of this research is to evaluate the composting process by examining the transformation of mushroom waste and raw mushroom waste substrates into mature and stable compost by using the effective microorganism alone and hybrid mechanism of vermicomposting and effective microorganisms concerning temporal and physicochemical characteristics associated with the structural behaviour during compost development.




2. Materials and Methods


2.1. Mushroom Waste Substrates Collection


Mushroom waste (MW) substrates are the waste materials collected from the mushroom industry at nearly two months after harvesting, and they are dried and stored for ten days. In contrast, raw mushroom waste substrates (RMW) are the materials harvested at one to two days that are dried and stored for ten days. For the partial decomposition, both wastes were kept at an ambient temperature of (25~30 °C) with relative humidity (60~90%), consisting of a mixture of wheat straw (Agaricus bisporus) and soybean straw (Pleurotus sp.) ranging from 1.0 to 5.0 cm, which was brought in a plastic container from Balaji Farms Pvt. Ltd. in Khond Hali, Wardha, Nagpur, India. Prior to the experimental trial, both waste products were sliced and sieved to a particle size of 0.6~0.9 mm to increase the material’s homogeneity and digestion by earthworms. The initial chemical characteristics of the materials are presented in Table 2.




2.2. Activation of Effective Microorganisms (EM)


The EM solution is activated using the Bokashi method (EM-1® solution, jaggery, and water). Jaggery is a lump of non-centrifugal cane sugar that has been consumed in India and Southeast Asia for centuries, containing up to 50% sucrose, 20% invert sugar, and 20% moisture, and the remainder consisting of different insoluble substances, such as wood ash, proteins, and bagasse fibres [4,5,6]. To activate the EM solution before usage, a dormant EM-1® solution, roughly 1000 mL, was mixed in an airtight container with 2 kg jaggery and 20 Liters of distilled water. It was then stored at room temperature for 8 to 10 days, away from direct sunlight, and absorbed actinomycetes during activation at the top of the surface with a pleasant smell and a pH below 3.3~3.5. [15].




2.3. Earthworms Culture


Eisenia-fetida (earthworms’ species) were obtained from Sath Company, Narendra Nagar, Nagpur, India. Earthworms were brought in with a quantity of 1.5 kg; weight between 0.5 and 1 g, their length between 2 and 4 cm, and their breadth between 1 and 2 mm. They were maintained using 3 kg cow manure and 1 kg of soil as a culture medium for 15 days in a container with mechanical aeration, with a moisture content of 55% to 65%, and a pH for earthworm survival ranging between 7.0 and 7.6. The C:N ratio was maintained at less than 20, to provide favourable environmental conditions for earthworms.




2.4. Experimental Set Up


Four experiments were conducted under aerobic conditions, using rectangle glass jars (with dimensions of 300 × 450 × 560 mm) and a top opening with a 1 cm small orifice opening on each side of the jar for drainage as shown in Figure 1.



2.4.1. Effective Microorganism Design


Figure 2 shows set-up 1, which consisted of 10 kg of mushroom waste [MW] substrate on a dry weight basis in a glass jar and was served in four layers at a depth of 100 mm, with 240 mL (60 mL on each layer) of activated EM solution and 4000 mL (1000 mL on each layer) of water spread over the layers. After every three days, the container of waste substrates was opened for aeration and to maintain its moisture content of approximately 50–60% by periodically sprinkling an adequate quantity of water [6]. The same replicates were prepared with raw mushroom waste in set-up 2, as shown in Figure 3.




2.4.2. Vermibed Design


Figure 4 shows set-up 3, which consisted of 10 kg of mushroom waste [MW] substrate on a dry weight basis in a glass jar and was served in four layers at a depth of 100 mm, with 240 mL (60 mL on each layer) of activated EM solution and 4000 mL (1000 mL on each layer) of water spread over the layers. 40 healthy earthworms (10 in each layer), approximately 4–6 cm in length and (1.5–3) g in weight, were introduced after 15 days of partial decomposition of wastes substrates, and 3 kg of cow dung was mixed in a container. The container of waste substrates was aerated every three days, and its moisture content was maintained at around 50 to 60% by spraying a suitable amount of water regularly [6]. The same replicates were created in set-up 4 with raw mushroom waste, as indicated in Figure 5.



The experiments lasted for 6 weeks with the completion of compost of each set of an experimental container, and the examined samples were dried in an oven at 60° C for 48 h, pulverized in a stainless-steel mixer, and stored in sterilized plastic containers [7]. The glass jar was covered with jute cotton cloths to prevent moisture loss and direct sunlight. The details of each set (1 to 4) from raw waste to compost are shown in Figure 2, Figure 3, Figure 4 and Figure 5, respectively.





2.5. Physico-Chemical Analysis


It is critical to assess mixed and homogeneous compost’s quality, maturity, and nutrient content before deciding on its potential uses. Based on the experimental analysis, each compost (50 g) sample was taken every week and was homogenously mixed for analyses of pH, temperature, odour, colour, C:N ratio, and changes in humic acid. The preparation of pH was done with 1 g of compost and 5 mL of distilled water and checked in pH digital electrode meter after every three days [11]; the temperature was checked regularly at an interval of three days with the thermometer at a depth of 60% from the top at three different zones of the jar, colour and odour were observed every three days interval visually and smelling [4].



The Hach TOC Bio-Tector B3500 C (HACH, Loveland, CO, USA) was used to assess The Total Organic Carbon (TOC) concentrations in pulverized dry materials. The micro-kjeldahl technique was used to determine The Total Nitrogen (TN). The C:N ratio was calculated as TOC/TN. The concentration of NPK was determined using Spectroquant test kits using soluble potassium (K2O), and soluble phosphate (P2O5) were analysed photometrically. Solution reagents were put in test kits [11], and heavy metals like Fe, Cu, and Zn were determined using standard procedures using atomic absorption spectroscopy (SYSTRONICS, Ahmedabad, India) [3,11].



The structure of humic acids and structural changes induced in a crystalline composting material was characterized by FTIR and XRD analysis performed at the Chemistry Department of Nagpur University (Nagpur, India). Samples from each set of composting after 6 weeks were oven-dried and coarsely pulverized for X-ray diffraction analysis using an X-ray diffractometer (Philips PRO model) (Philips, U.K) equipped with a copper length anticathode and operated with radiations (λ = 1.5406 A°) with data capturing angles of (2θ) [16].



The Crystallinity size (D in nm) was calculated by Scherrar Equation [22].


D = [(K λ)/(β.cosθ)]



(1)




where D = crystallites average size (nm),



K = Scherrer’s constant (0.94 for spherical crystals shape),



λ = wavelength of radiation (0.1546 nm),



β = FWHM (in radian) full width at half maximum intensity,



θ = Bragg angle at peak position = 2θ (in radian)



FTIR spectra were identified using a (Bruker Vertex 70 spectrometer model) (Bruker, UK) with OPUS 6.5 software for data manipulation and statistical analysis equipped with attenuated total reflection (ATR). A 5 mg of each sets samples were oven-dried and grounded with a spectroscopic grade of KBr in (1:100) ratio with scanning range of 4000–400 cm−1 at a rate of 0.5 cm/s [3] to ascertain the behavior of humic acids and visualize both their infinitesimal structure and their microscopic environment.




2.6. Statistical Analysis


The significant difference between the initial and final compost results for the parameters was investigated using one-way ANOVA. A Tukey’s t-test was used to analyse the data, and all values are reported as the mean ± SE. For the tests, the probability thresholds utilized for statistical significance were p ≤ 0.05.





3. Results and Discussion


3.1. Temperature


Temperature is a very important environmental factor that specifies the metabolic intensity and organic waste changes during microorganism activity [17,22]. Each set increased rapidly and gradually over the first few days, i.e., during the first and second weeks of the composting process, peaking between 42 and 55 °C, indicating the development and metabolic activity of the microbial community within the compost quantity, and then decreasing to an ambient temperature of (25–33) °C.



This demonstrates that the [MW+V+EM] (56.2 °C) and [RMW+V+EM] (58.3 °C) samples reached the thermophilic stage (>45 °C) and lasted for 12–14 days, in comparison to the [MW+EM] (50 °C) and [RMW+EM] (52 °C) samples, which reached the thermophilic stage (>45 °C) and lasted for 8–10 days, as shown in Figure 6a, which shows that the EM maintained the minimum requirement of thermophilic stages in all the sets and due to aeration effects, higher biodegradation activity is possible during the loading period [8] in the feedstock via the heat generated by the microorganism population’s respites, and substrate breakdown is possible [1,2,3]. Again, it was seen that the temperatures of all the sets began to drop at the beginning of the third week, suggesting the maturity of the organic matter as demonstrated by the mass reduction in compost volume and odour emission as well [15].




3.2. pH and Odour


As seen in Figure 6b, the pH increase in all four sets of samples from the acidic original compost during the initial days and turned to neutral and alkaline (pH > 8), which results in the microbial activity converting organic acid to CO2, suggesting that the organic matter was stable [10,26], and this had an unusual odour. According to researchers, the appropriate scale for high-quality compost is between pH 6 and 8.5 [25]. Composts made from vermibed waste, such as [MW+V+EM] and [RMW+V+EM], gradually lost pH in comparison to [MW+EM] and [RMW+EM], owing to CO2 and the loss of organic acids due to ammonia volatilization during composting [23]. Additionally, it was observed that the pH values of all substrates decreased after the fourth week of composting, which could be due to the biochemical properties of organic acids resulting in an increase in the microbial population, which results in increased manure development, and the pH slightly approaches neutrality [38].



Composting generated odour in all four sets, which indicates the presence of organic waste and other metabolic products produced entirely aerobically and anaerobically [1,31], thereby, increasing and upgrading the bacterial population responsible for decomposition in organic matter during composting, as well as providing a beneficial environment [24,25,26,27,28]. In addition, we observed that the unpleasant smell associated with the composting decreased over time due to the degradation of the material [27,29]. In addition, [MW+V+EM] and [RMW+V+EM] produced an earthy smell in a shorter time due to the capability of earthworms for bioconversions of the substrate to compost compared with [MW+EM] and [RWM+EM].




3.3. C:N Ratio


As illustrated in Figure 7, the carbon to nitrogen ratio had the most significant effect on the composting maturity efficiency [30,31]. According to present research, the carbon-to-nitrogen ratio final reductions in each set of composters with 77% in RMW+V+EM were slightly greater than 69% in MW+V+EM, which is significantly more than in the composters consisting of 59% RWM+EM and 55% MW+EM, which may be due to organic conditions composed of inorganic metabolizable components [7].



Within the first four weeks, the carbon-to-nitrogen ratio of all EM-treated samples decreased significantly as carbon was primarily evaluated as carbon dioxide, while nitrogen was lost via volatilization [35] and showed maturity and phytotoxic by the competition of 6 weeks. According to experts [32], the C:N balance should be at least 20 for optimal quality and mature compost. The C:N ratio did not differ more between composts with and without earthworms (Eisenia-fetida), indicating that the degradation rate was similar in all situations.




3.4. Heavy Metals


After the end of the composting process, the vermicomposting sets of containers showed a significant (p < 0.05) increase in the metal content, as shown in Figure 8a–c. The accumulation of heavy metals, such as iron (Fe) and manganese (Zn), in [RWM+V+EM] and [MW+V+EM] (p < 0.05) was due to metal bioaccumulation in earthworm tissues, which accelerates the decomposition rate due to a higher temperature of 54 °C. The additionally effective microorganisms were responsible for the breakdown of organic waste and enhanced humification process indicating that the compost had matured [6,37]. The same was observed for [MW+EM] and [RWM+EM] with a slow pace of increase, whereas copper (Cu) (p < 0.05) decreased proportionately with time for all sets of samples displaying that the available waste particles were converted into useless small particles as a result of earthworm and microorganism activity [37].



Indirectly, these findings support that heavy metal removals, such as (Cu and Zn) use of show a maturity limit of compost sets for in EU countries {for Cu (mg/kg), the limit range is 70~600 and for Zn (mg/kg), the limit range is 210~4000} and for the USA (for Cu (mg/kg), the limit range is 1500 and for Zn (mg/kg), the limit range is 2800) [39]. Heavy metals, such as Fe, Zn, and Cu are micronutrients that are critical for plant growth and rapidly rise and fall during the composting process, thus, indicating the compost’s development.




3.5. Evaluation of NPK


Other key components, nitrogen, phosphorus, and potassium (NPK), as illustrated in Figure 9, revealed that adding EM solution to the compost samples boosted their value. The nitrogen contents of [MW+EM] and [RMW+EM] were significantly higher in this study than in [MW+V+EM] and [RMW+V+EM], owing to the usage of nitrogen by microbes to create cells that operate as nitrogen-fixing biological organisms throughout the compost growth process. The total nitrogen concentrations should generally range between 1% and 3% by dry weight [4]. The statistics (p < 0.05) indicate that EM and vermicomposting had a good effect, with desired values ranging from 0.9% to 1.8%for each of the four samples.



Phosphorus is a vital nutrient, and the available phosphate is fine-tuned by Fe3+ and Al3+ ions in an acidic environment. The results suggest that the phosphorous nutrient statistic (p < 0.05) decreased somewhat with or without the input of earthworms, with a range of around 0.43% to 0.5%. Potassium is required to form proteins and carbohydrates and to regulate di-hydrogen monoxide levels during culture. The findings of potassium levels in [MW+EM] and [RWM+EM] indicate that the compost was substantially more potent than [MW+V+EM] and [RWM+V+EM], as earthworms added microbial-mediated nutrient mineralization to the final product. Overall, the NPK values suggest that earthworms and efficient microbial activities are necessary for optimal nutrient absorption.




3.6. FTIR


The FTIR analysis of the mushroom waste substrate compost samples was used to examine the existence or absence of a functional group, as well as the degradation or stabilization process. The FTIR study indicated changes in the material characteristics for [MW+EM], [RWM+EM], [MW+V+EM], and [RWM+V+EM] to demonstrate the variance in the IR spectroscopic bands, as seen in Figure 10. The ranges [MW+EM] at 3392.56 cm−1, [RMW+EM] at 3320.27 cm−1, [MW+V+EM] at 3361.52 cm−1, and [RMW+V+EM] at 3326.98 cm−1 reflect the hydroxy group, H-bonded OH stretch, and robust, wide absorption intensity, respectively.



Due to the inadequate absorption intensity of band 2397.54 cm−1 in [MW+EM] and 2349.12 cm−1 in [MW+V+EM], the existence of a terminal alkyne (monosubstituted) molecule was detected. The alkenyl C=C stretch resulted in a medium absorption rate (C=C in the aromatic region) at 1633.62 cm−1, 1629.89 cm−1, 1640.33 cm−1, and 1633.62 cm−1 in [MW+EM], [MW+V+EM], [RMW+EM], and [RMW+V+EM], respectively. The bands at 1090.74 cm−1 in [MW+EM], 1099.97 cm−1 in [RMW+EM], and 1089.54 cm−1 in [MW+V+EM] and 1089.64 cm−1 in [RMW+V+EM] correspond to a secondary alcohol—a C-O stretch molecule with a dynamic molecular structure.



The bands at 541.73 cm−1, 549.19 cm−1, 552.17 cm−1, and 545.46 cm−1 in [MW+EM], [MW+V+EM], [RMW+EM], and [RMW+V+EM], respectively, indicate Aliphatic Bromo compounds—a C-Br stretch with a high absorption intensity [15,28]. The presence of an aromatic region indicates that stable compounds are being formed. Ultimately, these results reveal that the increasing lowering of peaks over the composting days reflects the modifications presented in the structural components via the activity of effective microorganisms [28].




3.7. X-ray Diffraction Analysis


X-ray diffraction is a supplementary approach for deciphering a compound’s structural features. Figure 11 shows changes in the peak heights for all XRD signals representing crystal planes from 10 to 70 diffraction angles, which illustrates the spectroscopy of various mushroom waste substrates composting samples, such as (a), (b), (c), and (d) collected after completion of six weeks, indicating a decrease in the number of peaks levels due to an increase in decomposition processes and indicating the formation of ready manure.



The findings showed that [RWM+V+EM] and [MW+V+EM] have acute peaks appearing at 2θ of 21.03 and 20.79, respectively, in the early stages, indicating a decrease in the C:N ratio and thus a reduction of cellulose compounds, which results in the destruction of hydrogen bonds and is easily destroyed [28], whereas [RMW+EM] and [MW+EM] had sharp peaks appearing at 2θ of 29.90 and 26.49, respectively, related to the crystalline nature of cellulose. The X-ray diffraction technique used in Equation (1), to calculate the cross-sectional dimension of cellulose crystallites, and Scherrer’s equation is useful for approximating the crystallite size.



The data in Table 3 demonstrate that, according to the results of the FWHM measurement, the crystallite size of [MW+EM], [RWM+EM], [MW+V+EM], and [RWM+V+EM] are 93.13, 86.52, 72.43, and 69.82 nm, respectively. It has been found that crystallinity plays a significant role in the mechanical and physical properties, which results in the strength and stiffness of the cellulose fibres [35,36,37,38,39]. Lastly, the XRD spectrum indicates that the particle size of mushroom waste substrates reduced during the decay phase of the compost material. In a nutshell, the XRD data showed that all composting samples generated cellulose, which was attributed to the presence of earthworms and microbiological activity [40,41,42,43,44,45,46,47,48,49,50].




3.8. Duration and C:N Ratio: Comparison with Other Studies


Table 4 shows the results of the previous and present study’s treatment of mushroom waste substrate compared to other vermicomposting using earthworm species. The present study demonstrates the effectiveness of duration, the C:N ratio, and the rapid development of mature and stable compost, which opens a new method that can reduce the volume of cumulative waste in the environment [51,52,53,54,55,56,57].





4. Conclusions


A composting experiment was conducted on mushroom waste substrate and raw mushroom waste substrate with the application of effective microorganisms and a hybrid method of vermicomposting and effective microorganisms over 6 weeks. The final four experimental set-ups resulted in nutrient-rich compost that improved in odour and colour and showed maturity and stability.



The compost with effective microorganisms and vermibed demonstrated an accelerated increase in N, P, and K values as well as a decrease in the C:N ratio that was slightly higher than the effective microorganisms alone with [MW] and [RMW] during the composting duration. Furthermore, infrared spectra analysis revealed that samples from compost [EM+V] included more biodegradable components than compost with [EM]. The findings of ANOVA analysis (p value < 0.05) showed that the physical and chemical parameters of both [EM+V] and [EM] composts differed significantly.



The XRD technique demonstrated the breakdown of complicated compounds into simpler components indicating cellulose degradation, and hence, based on an average crystallinity size of 69.82 nm, [RWM+EM+V] proved the accelerated maturity level of compost compared with others. Overall, the study approach suggested that a rapid composting mechanism is possible through vermi-technology-microorganisms and could be a viable option for transforming industrial raw mushroom waste into sustainable value products.







Author Contributions


Conceptualization, S.K., C.W., H.M., M.A. and A.N.S.; methodology, K.A., M.A.; software, K.A.; validation, K.A., S.K. and T.G.; formal analysis, C.W., T.G. and M.A.; investigation, S.K., K.A., C.W.; resources, T.G., A.N.S.; data curation, K.A.; writing—original draft preparation, K.A., H.M., M.A., S.K.; writing—review and editing, K.A., H.M., M.A.; visualization, A.N.S., C.W., T.G.; supervision, K.A., H.M., S.K.; project administration, K.A.; funding acquisition, H.M., M.A. All authors have read and agreed to the published version of the manuscript.




Funding


Prince Sultan University and King Khalid University, Saudi Arabia.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding authors.




Acknowledgments


The authors would like to acknowledge the support of Prince Sultan University for paying the Article Processing Charges (APC) of this publication. The authors extend their appreciation to the Deanship of Scientific Research at King Khalid University (KKU) for funding this work through the General Research Project under Grant No: GRP/375/42. The authors would like to thank to the academic institute Y.C.C.E. Nagpur authorities for carrying out experimental research.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Na, N.N.I.; Adi, A.J.; Noor, Z.M. Potential of spent mushroom substrate in vermicomposting. Vermitechnol. I. Dyn. Soil Dyn. Plant 2009, 3, 87–90. [Google Scholar]

	



Sadler, M. Nutritional properties of edible fungi. Nutr. Bull. 2003, 28, 305–308. [Google Scholar] [CrossRef]

	



Allen, D.T.; Palen, E.J.; Haimov, M.I.; Hering, S.V.; Young, J.R. Fourier Transform Infrared Spectroscopy of Aerosol Col-lected in a Low-Pressure Impactor (LPI/FTIR): Method Development and Field Calibration. Aerosol Sci. Technol. 1994, 21, 325–342. [Google Scholar] [CrossRef]

	



Van Fan, Y.; Lee, C.T.; Klemeš, J.J.; Chua, L.S.; Sarmidi, M.R.; Leow, C.W. Evaluation of Effective Microorganisms on home scale organic waste composting. J. Environ. Manag. 2018, 216, 41–48. [Google Scholar] [CrossRef]

	



Sangwan, P.S.; Swami, S.; Singh, J.P.; Kuhad, M.S.; Dhaiya, S.S. The effect of spent mushroom compost and inorganic fertilizer on yield and nutrient uptake by wheat. J. Indian Soc. Soil Sci. 2002, 50, 186–189. [Google Scholar]

	



Jusoh, M.L.C.; Manaf, L.A.; Latiff, P.A. Composting of rice straw with effective microorganisms (EM) and its influence on compost quality. Iran. J. Environ. Health Sci. Eng. 2013, 10, 17. [Google Scholar] [CrossRef]

	



Suthar, S. Vermicomposting of vegetable-market solid waste using Eisenia fetida: Impact of bulking material on earthworm growth and decomposition rate. Ecol. Eng. 2009, 35, 914–920. [Google Scholar] [CrossRef]

	



Karnchanawong, S.; Nissaikla, S. Effects of microbial inoculation on composting of household organic waste using passive aeration bin. Int. J. Recycl. Org. Waste Agric. 2014, 3, 113–119. [Google Scholar] [CrossRef]

	



Deepashree, C.; Lingegowda, J.; Kumar, A.G.; Shubha, D.P.M. FTIR Spectroscopic Studies on Cleome Gynandra Comparative Analysis of Functional Group Before and After Extraction. Rom. J. Biophys. 2012, 22, 137–143. [Google Scholar]

	



Mehmet, C.; Ergun, B.; Hakan, S.; Hilmi, T.; Ferah, Y.; Colak, M.; Baysal, E.; Simsek, H.; Toker, H.; Yilmaz, F. Cultivation of Agaricus bisporus on wheat straw and waste tea leaves based composts and locally available casing materials Part III: Dry matter, protein, and carbohydrate contents of Agaricus bisporus. Afr. J. Biotechnol. 2007, 6, 2855–2859. [Google Scholar] [CrossRef]

	



Tajbakhsh, J.; Abdoli, M.A.; Mohammadi Goltapeh, E.; Alahdadi, I.; Malakouti, M.J. Trend of physico-chemical properties change in recycling spent mushroom compost through vermicomposting by epigeic earthworms Eisenia foetida and E. andrei. J. Agric. Technol. 2008, 4, 185–198. [Google Scholar]

	



Guo, F.L.; Yang, W.J.; Wan, Z. Yield and size of oyster mushroom grown on rice/wheat straw basal substrate supplemented with cottonseed hull. Saudi J. Biol. Sci. 2013, 20, 333–341. [Google Scholar]

	



Cortina-Escribano, M.; Pihlava, J.M.; Miina, J.; Veteli, P.; Linnakoski, R.; Vanhanen, H. Effect of Strain, Wood Substrate and Cold Treatment on the Yield and β-Glucan Content of Ganoderma lucidum Fruiting Bodies. Molecules 2020, 25, 4732. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, A.; Ganguly, R.; Gupta, A.K. Spectral characterization and quality assessment of organic compost for agricultural purposes. Int. J. Recycl. Org. Waste Agric. 2018, 8, 197–213. [Google Scholar] [CrossRef]

	



Lee, C.T. Physico-chemical and biological changes during co-composting of model kitchen waste, rice bran and dried leaves with different microbial inoculants. Malays. J. Anal. Sci. 2016, 20, 1447–1457. [Google Scholar] [CrossRef]

	



Belewu, M.A.; Belewu, K.Y. Evaluation of feeding graded levels aspergillus treated rice husk on milk yield and composition of goat. Bull. Pure Appl. Sci. 2005, 24, 29–35. [Google Scholar]

	



Berthomieu, C.; Hienerwadel, R. Fourier transform infrared (FTIR) spectroscopy. Photosynth. Res. 2009, 101, 157–170. [Google Scholar] [CrossRef]

	



Chang, Y.; Hudson, H.J. The fungi of wheat straw compost. Trans. Br. Mycol. Soc. 1967, 50, 649–666. [Google Scholar] [CrossRef]

	



Olle, M.; Williams, I.H. Effective microorganisms and their influence on vegetable production—A review. J. Hortic. Sci. Biotechnol. 2013, 88, 380–386. [Google Scholar] [CrossRef]

	



Coury, C.; Dillner, A.M. A method to quantify organic functional groups and inorganic compounds in ambient aerosols using attenuated total reflectance FTIR spectroscopy and multivariate chemometric techniques. Atmos. Environ. 2008, 42, 5923–5932. [Google Scholar] [CrossRef]

	



Rinker, D.L. Spent Mushroom Substrate Uses. Medicinal Mushrooms: Technology and Applications; John Wiley & Sons: Hoboken, NJ, USA, 2017; pp. 427–454. [Google Scholar]

	



Monshi, A.; Foroughi, M.R.; Monshi, M.R. Modified Scherrer Equation to Estimate More Accurately Nano-Crystallite Size Using XRD. World J. Nano Sci. Eng. 2012, 2, 154–160. [Google Scholar] [CrossRef]

	



Fogarty, A.; Tuovinen, O. Microbiological Degradation of Pesticides in Yard Waste Composting. Microbiol. Rev. 1991, 55, 225–233. [Google Scholar] [CrossRef] [PubMed]

	



Manohara, B.; Belagali, S.L.; Ragothama, S. studied decomposition pattern during aerobic composting of municipal solid waste by physicochemical and spectroscopic method. Int. J. Chem. Tech. Res. 2017, 10, 27–34. [Google Scholar]

	



Venkatesan, S.; Pugazhendy, K.; Sangeetha, D.; Vasantharaja, C.; Prabakaran, M. Fourier Transform Infrared (FT-IR) Spec-troscopic Analysis of Spirulina. Int. J. Pharm. Biol. Arch. 2012, 3, 969–972. [Google Scholar]

	



Benito, M.; Masaguer, A.; Moliner, A.; Arrigo, N.; Palma, R.M. Chemical and microbiological parameters for the character-isation of the stability and maturity of pruning waste compost. Biol. Fertil. Soils 2003, 37, 184–189. [Google Scholar] [CrossRef]

	



Hitman, A.; Bos, K.; Bosch, M.; Arjan, K. Fermentation versus Composting. Feed Innovation Services: Wageningen, The Netherlands; p. 2013.

	



Jiménez, E.I.; Garcia, V.P. Evaluation of city refuse compost maturity: A review. Biol. Wastes 1989, 27, 115–142. [Google Scholar] [CrossRef]

	



Bidlingaier, W.; Grauenhorst, V.; Schlosser, M. Chapter 11 Odor emissions from composting plants. Waste Manag. Ser. 2017, 8, 215. [Google Scholar]

	



Jamaludin, A.A.; Mahmood, N.Z.; Abdullah, N. Waste recycling: Feasibility of saw dust based spent mushroom substrate and goat manure in vermicomposting. Sains Malays. 2012, 41, 1445–1450. [Google Scholar]

	



Haug, R.T. Compost Engineering Principles and Practice; Technomic Publishing: Lancaster, PA, USA, 1980; Volume 655. [Google Scholar]

	



Biyada, S.; Merzouki, M.; Elkarrach, K.; Benlemlih, M. Spectroscopic characterization of organic matter transformation during composting of textile solid waste using UV–Visible spectroscopy, Infrared spectroscopy and X-ray diffraction (XRD). Microchem. J. 2020, 159, 105314. [Google Scholar] [CrossRef]

	



Martín-Olmedo, P.; Rees, R.M. Short-term N availability in response to dissolved-organic-carbon from poultry manure, alone or in combination with cellulose. Biol. Fertil. Soils 1999, 29, 386–393. [Google Scholar] [CrossRef]

	



Kumar, M.; Ou, Y.-L.; Lin, J.-G. Co-composting of green waste and food waste at low C/N ratio. Waste Manag. 2010, 30, 602–609. [Google Scholar] [CrossRef] [PubMed]

	



Purnawanto, A.M.; Ahadiyat, Y.R.; Iqbal, A. Tamad the Utilization of Mushroom Waste Substrate in Producing Vermicompost: The Decomposer Capacity of Lumbricus rubellus, Eisenia fetida and Eudrilus eugeniae. Acta Technol. Agric. 2020, 23, 99–104. [Google Scholar] [CrossRef]

	



Roosmalen, G.R.V.; Langerijt, J.C.V.D. Green was composting in the Netherlands. Biocycle 1989, 30, 32–35. [Google Scholar]

	



Song, X.; Liu, M.; Wu, D.; Qi, L.; Ye, C.; Jiao, J.; Hu, F. Heavy metal and nutrient changes during vermicomposting animal manure spiked with mushroom residues. Waste Manag. 2014, 34, 1977–1983. [Google Scholar] [CrossRef] [PubMed]

	



Bakari, S.S.; Moh’d, L.M.; Maalim, M.K.; Aboubakari, Z.M.; Salim, L.A.; Ali, H.R. Characterization of Household Solid Waste Compost Inoculated with Effective Microorganisms; Modern Environmental Science and Engineering; Academic Star Publishing: New York, NY, USA, 2016; ISSN 2333-2581. [Google Scholar] [CrossRef]

	



Mahari, W.A.W.; Peng, W.; Nam, W.L.; Yang, H.; Lee, X.Y.; Lee, Y.K.; Liew, R.K.; Ma, N.L.; Mohammad, A.; Sonne, C.; et al. A review on valorization of oyster mushroom and waste generated in the mushroom cultivation industry. J. Hazard. Mater. 2020, 400, 123156. [Google Scholar] [CrossRef]

	



Afzal, A.; AD, M.S.; Javad, A. Heat transfer analysis of plain and dimpled tubes with different spacings. Heat Transf.—Asian Res. 2017, 47, 556–568. [Google Scholar] [CrossRef]

	



Soudagar, M.E.M.; Afzal, A.; Safaei, M.R.; Manokar, A.M.; El-Seesy, A.I.; Mujtaba, M.A.; Samuel, O.D.; Badruddin, I.A.; Ahmed, W.; Shahapurkar, K.; et al. Investigation on the effect of cottonseed oil blended with different percentages of octanol and suspended MWCNT nanoparticles on diesel engine characteristics. J. Therm. Anal. 2020, 147, 525–542. [Google Scholar] [CrossRef]

	



Soudagar, M.E.M.; Afzal, A.; Kareemullah, M. Waste coconut oil methyl ester with and without additives as an alternative fuel in diesel engine at two different injection pressures. Energy Sources Part A Recover. Util. Environ. Eff. 2020, 1–19. [Google Scholar] [CrossRef]

	



Labeckas, G.; Slavinskas, S.; Mažeika, M. The effect of ethanol–diesel–biodiesel blends on combustion, performance and emissions of a direct injection diesel engine. Energy Convers. Manag. 2014, 79, 698–720. [Google Scholar] [CrossRef]

	



Afzal, A.; Aabid, A.; Khan, A.; Khan, S.A.; Rajak, U.; Verma, T.N.; Kumar, R. Response surface analysis, clustering, and random forest regression of pressure in suddenly expanded high-speed aerodynamic flows. Aerosp. Sci. Technol. 2020, 107, 106318. [Google Scholar] [CrossRef]

	



Afzal, A.; Saleel, C.A.; Badruddin, I.A.; Khan, T.Y.; Kamangar, S.; Mallick, Z.; Samuel, O.D.; Soudagar, M.E. Human thermal comfort in passenger vehicles using an organic phase change material– an experimental investigation, neural network modelling, and optimization. Build. Environ. 2020, 180, 107012. [Google Scholar] [CrossRef]

	



Aneeque, M.; Alshahrani, S.; Kareemullah, M.; Afzal, A.; Saleel, C.; Soudagar, M.; Hossain, N.; Subbiah, R.; Ahmed, M. The Combined Effect of Alcohols and Calophyllum inophyllum Biodiesel Using Response Surface Methodology Optimization. Sustainability 2021, 13, 7345. [Google Scholar] [CrossRef]

	



Afzal, A.; Mokashi, I.; Khan, S.A.; Abdullah, N.A.; Bin Azami, M.H. Optimization and analysis of maximum temperature in a battery pack affected by low to high Prandtl number coolants using response surface methodology and particle swarm optimization algorithm. Numer. Heat Transf. Part A Appl. 2020, 79, 406–435. [Google Scholar] [CrossRef]

	



Chaluvaraju, B.V.; Afzal, A.; Vinnik, D.A.; Kaladgi, A.R.; Alamri, S.; Tirth, V. Mechanical and Corrosion Studies of Friction Stir Welded Nano Al2O3 Reinforced Al-Mg Matrix Composites: RSM-ANN Modelling Approach. Symmetry 2021, 13, 537. [Google Scholar] [CrossRef]

	



Nagaraja, S.; Kodandappa, R.; Ansari, K.; Kuruniyan, M.S.; Afzal, A.; Kaladgi, A.R.; Aslfattahi, N.; Saleel, C.A.; Gowda, A.C.; Anand, P.B. Influence of Heat Treatment and Reinforcements on Tensile Characteristics of Aluminium AA 5083/Silicon Carbide/Fly Ash Composites. Materials 2021, 14, 5261. [Google Scholar] [CrossRef] [PubMed]

	



Chairman, C.A.; Ravichandran, M.; Mohanavel, V.; Sathish, T.; Rashedi, A.; Alarifi, I.M.; Badruddin, I.A.; Anqi, A.E.; Afzal, A. Mechanical and Abrasive Wear Performance of Titanium Di-Oxide Filled Woven Glass Fibre Reinforced Polymer Composites by Using Taguchi and EDAS Approach. Materials 2021, 14, 5257. [Google Scholar] [CrossRef]

	



Akhtar, M.; Khan, M.; Khan, S.; Afzal, A.; Subbiah, R.; Ahmad, S.; Husain, M.; Butt, M.; Othman, A.; Bakar, E. Determination of Non-Recrystallization Temperature for Niobium Microalloyed Steel. Materials 2021, 14, 2639. [Google Scholar] [CrossRef]

	



Sharath, B.; Venkatesh, C.; Afzal, A.; Aslfattahi, N.; Aabid, A.; Baig, M.; Saleh, B. Multi Ceramic Particles Inclusion in the Aluminium Matrix and Wear Characterization through Experimental and Response Surface-Artificial Neural Networks. Materials 2021, 14, 2895. [Google Scholar] [CrossRef]

	



Sathish, T.; Mohanavel, V.; Arunkumar, T.; Raja, T.; Rashedi, A.; Alarifi, I.M.; Badruddin, I.A.; Algahtani, A.; Afzal, A. Investigation of Mechanical Properties and Salt Spray Corrosion Test Parameters Optimization for AA8079 with Reinforcement of TiN + ZrO2. Materials 2021, 14, 5260. [Google Scholar] [CrossRef]

	



Nagaraja, S.; Nagegowda, K.U.; Kumar, V.A.; Alamri, S.; Afzal, A.; Thakur, D.; Kaladgi, A.R.; Panchal, S.; Saleel, C.A. Influence of the Fly Ash Material Inoculants on the Tensile and Impact Characteristics of the Aluminum AA 5083/7.5SiC Composites. Materials 2021, 14, 2452. [Google Scholar] [CrossRef]

	



Rethnam, G.S.; Manivel, S.; Sharma, V.K.; Srinivas, C.; Afzal, A.; Razak RK, A.; Alamri, S.; Saleel, C.A. Parameter Study on Friction Surfacing of AISI316Ti Stainless Steel over EN8 Carbon Steel and Its Effect on Coating Dimensions and Bond Strength. Materials 2021, 14, 4967. [Google Scholar] [CrossRef] [PubMed]

	



Jeevan, T.P.; Jayaram, S.R.; Afzal, A.; Ashrith, H.S.; Soudagar, M.E.M.; Mujtaba, M.A. Machinability of AA6061 aluminum alloy and AISI 304L stainless steel using nonedible vegetable oils applied as minimum quantity lubrication. J. Braz. Soc. Mech. Sci. Eng. 2021, 43, 1–18. [Google Scholar] [CrossRef]

	



Sathish, T.; Mohanavel, V.; Ansari, K.; Saravanan, R.; Karthick, A.; Afzal, A.; Alamri, S.; Saleel, C. Synthesis and Characterization of Mechanical Properties and Wire Cut EDM Process Parameters Analysis in AZ61 Magnesium Alloy + B4C + SiC. Materials 2021, 14, 3689. [Google Scholar] [CrossRef] [PubMed]








[image: Materials 15 02963 g001 550] 





Figure 1. Illustrated diagram of a rectangular glass jar. 
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Figure 2. Set up 1 shows the images of mushroom waste with EM [MW+EM]. 
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Figure 3. Set up 2 shows the images of raw mushroom waste with EM [RWM+EM]. 
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Figure 4. Set up 3 shows the images of mushroom waste with vermicomposting and EM [MW+V+EM]. 
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Figure 5. Set up 4 shows the images of raw mushroom waste with vermicomposting EM [RMW+V+EM]. 
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Figure 6. Variation of temperature (a) and pH (b) changes during composting days. 
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Figure 7. Variation of the C:N ratio within different weeks of [MW+EM], [RMW+EM] [MW+V+EM] and [RMW+V+EM]. Error bars represent standard errors for six samples. 
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Figure 8. The total concentrations of Cu (a), Fe (b), and Zn (c) of [MW+EM], [RMW+EM], [MW+V+EM], and [RMW+V+EM]. Error bars represent the standard errors for six samples. Columns followed by the same letter do not differ significantly (ANOVA; Tukey’s test, p < 0.05). 
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Figure 9. The total concentrations of the NPK values of [MW+EM], [RMW+EM], [MW+V+EM], and [RMW+V+EM]. Error bars represent standard errors for six samples. Columns followed by the same letter do not differ significantly (ANOVA; Tukey’s test, p < 0.05). 
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Figure 10. Variation of FTIR of the samples: [RWM +EM], [MW+EM], [MW+ V+EM], and [RWM+V+EM]. 
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Figure 11. XRD analysis of the sample (a) [MW+EM], (b) [MW+V + EM], (c) [RWM+EM], and (d) [RMW+V+ EM]. 
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Table 1. Various crop residues used in mushroom production.
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	Strains
	Residues
	References





	Agaricus bisporus
	wheat straw residues and rice straw and hulls.
	[15,16]



	Pleurotus sp.
	soybean straw, coffee pulp, corn fibre, cottonseed hulls, groundnut shells, and maize straw.
	[17]



	Volvallella
	paddy straw; coconut fibre, coir, and husks; cotton waste; and barley straw.
	[18,19]



	Ganoderma
	sawdust, jowar leaves, sugar cane bagasse, and cottonseed hulls.
	[20]
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Table 2. Initial characteristics of the materials used for the experiment.
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	Parameter
	Mushroom Waste (MW)
	Raw Mushroom Waste (RMW)
	Cow Manure





	pH
	7.3
	7.9
	9.3



	TOC%
	40.02
	38.23
	34.60



	C:N ratio
	39.80
	38.05
	45.62



	MC%
	55.80
	54.90
	58.6



	N%
	0.71
	0.64
	2.88



	P%
	0.19
	0.22
	0.32



	K%
	1.35
	1.18
	1.91







TOC: Total Organic Carbon, C:N ratio: Carbon/Nitrogen ratio, MC: Moisture Content, N: Nitrogen, P: Phosphorous, and K: Potassium.
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Table 3. Seven averages of the cellulose peaks used to calculate the crystallinity size.
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	Samples
	Average β = FWHM (in

Radian)
	Average 2θ (in

Radian)
	Average

Crystallinity Size (nm)





	MW+EM
	0.4269
	30.38
	93.13



	RWM+EM
	0.4861
	28.71
	86.52



	MW+V+EM
	0.5194
	25.51
	72.43



	RWM+V+EM
	0.5376
	24.16
	69.82
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Table 4. Comparative results of the mushroom waste compost.
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	Treatment of

Mushroom Waste
	Earthworm Species
	Manure
	Duration (Time)
	C: N Ratio
	References





	Vermicomposting
	Lumbricus rubellus
	Cow Dung
	10 Weeks
	8.9 *
	[1]



	Vermicomposting
	Eisenia-fetida
	Cow Dung
	12 Weeks
	6.67 *
	[11]



	Vermicomposting
	Lumbricus rubellus
	Goat Manure
	20 Weeks
	6.39 *
	[30]



	Vermicomposting
	Eisenia-fetida
	Cow Dung
	75 Days
	11.97
	[35]



	Vermicomposting
	Eisenia-fetida
	Pig Dung
	Four Month
	10.43 *
	[37]



	Effective Microorganism + Vermicomposting
	Eisenia-fetida
	Cow Dung
	6 Weeks
	10.2 *
	[PS]







* Highlight the best quality of compost with Statistically (ANOVA p < 0.05), [PS] Present Study.
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