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Abstract

:

A large amount of textile waste is generated every year around the globe. The textile product made from natural fibers might be vermicomposted and used as fertilizer. The present study aimed to research an integrated system of pre-composting (pathogen kill) and vermicomposting with various levels of post-consumer cotton waste to determine if this addition has any effects on the composting process. A vermicompost bin was constructed and filled with feedstocks mixed with post-consumer cotton textile waste at a 25:1 C:N ratio, and operated for three months at approximately 70% moisture content, with four composting trials with 0 g (control), 100 g, 200 g, and 300 g of textile waste. The pre-composting stage reached a temperature ranging from 40 °C to 50 °C, able to neutralize the pathogens. All four trials resulted in final compost with C: N ratios around 14, proving that post-consumer cotton textile waste did not affect the vermicomposting process, and was successfully used as a carbon source by worms to produce a healthy and mature compost. This indicates a sustainable option for the recovery of textile waste that is being decomposed in landfills.
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1. Introduction


The increasing generation of solid waste is inextricably linked to global population growth and improved standards of living. The increasing growth of the world population results in an increase in textile demand and rising living standards, causing overconsumption due to fast-fashion trends [1,2]. Textile waste is classified into three types, which are production waste, re-consumer waste, and post-consumer waste. Due to the short lifetime of some textile products and fast-fashion trends, post-consumer textile waste, known as discarded solid textile articles which have no more use to the owner, is the most abundant and exhibits a major management concern. From 1960 to 2017, for instance, the yearly amount of post-consumer textile waste generated in the United States has increased nearly tenfold [3]. Textiles Tuesday reported that the average person disposes of 37 kg of textile waste each year, which 95% representing 35 kg could be reused or recycled [4].



Many methods are available to manage post-consumer textile waste, but relevant ones should take into account good practices which emphasize a context of circular economy and integrate lower environmental impact through a proper life cycle assessment. Waste prevention is the best way to manage waste by not producing it at all, this being impossible; minimizing waste production is crucial and could solve a large part of the problem. The minimization of textile waste might be more effective with the application of reuse, recycling, or reclaiming fibers or fabrics of post-consumer textile waste, which are common sustainable processes for textile waste management, environmentally viable, and have a high positive impact on the environment [5,6,7]. Waste-to-energy is another way of useful management of post-consumer textile waste, which is adequate for the production of thermal energy during its elimination. Landfilling is the final disposal of post-consumer textile waste, but has no benefit and is at the same time harmful. Such waste in a landfill can generate CO2 and CH4; consequently, such a method is both an economic loss and a pollution source [5,7]. According to Yalcin-Enis et al., 45% of post-consumer textile waste can be used as secondhand clothing, 30% can be cut up and used as industrial rags, 20% can be biodegraded after landfilling, and only 5% will be unusable [1].



As a cellulosic fiber, cotton is inherently a carbon-rich organic material, theoretically making it compostable. Cotton has the highest cellulose content of any natural fiber, with dried cotton fiber ranging from 88% to 96% cellulose. Other components include protein, ash, pectic substances, acids, and wax [8]. Research into bioconversion of post-consumer textile products into usable compost has increased recently [9]. In partnership with Cotton Incorporated, researchers from Cornell University studied the biodegradability of cotton jersey-knit fabrics subjected to various treatments, including scouring, bleaching, treatment with a softener, and treatment with resin. Results showed weight losses from 50–77% in the cotton samples. It was deemed that all tested treatments of cotton fabric were “compostable” [9].



Composting is a controlled process in which organic material is decomposed to produce humus that can be used as a healthy soil amendment that supplies adequate nutrients and is free of pathogens, not toxic to the plants [10]. Microorganisms are responsible for the biochemical degradation of the materials, converting anything from food waste to soiled paper products into dark brown, damp, spongy humus. Most types of composting are considered aerobic processes, meaning they require oxygen. The inputs of healthy compost include the right balance of carbon-rich (C) and nitrogen-rich (N) materials (C:N ratio between 25–40), air, and water [9]. The processing of organic wastes into organic fertilizers via traditional thermophilic composting is a technique that has been used to address the issues of environmental pollution, non-reliance on chemical fertilizers, sustainable natural soil fertility, and minimizing the development of new dumps and landfills. The major problems associated with traditional thermophilic composting are the long duration of the process, the need of reducing the size of the feedstocks to provide the required surface area and the frequent requirement of mixing, loss of nutrients during the prolonged composting process, and the heterogeneous nature of the product [11].



Vermicomposting is a biotechnological process that uses earthworms and microorganisms to convert organic waste into a bio-fertilizer [12,13]. In contrast to traditional thermophilic composting, vermicomposting results in the bioconversion of the waste stream into two useful products: the earthworm biomass and the vermicompost. The former product can further be processed into proteins or high-grade horticultural compost. The latter product (vermicompost/castings) is also considered an excellent product since it is homogenous, has desirable aesthetics, reduced levels of contaminants, and tends to hold more nutrients over a longer period without adversely impacting the environment [14]. For effective production of mature compost, temperature, moisture, aeration, pH, feedstock quality, and C/N ratio are important biotic and abiotic factors that influence the vermicomposting process, which can vary depending on the waste type and composition as well as the worm species used [13,15]. Suitable values for vermicomposting are generally a moisture content between 60% and 80%, pH range from 5.5 to 8.5 with an optimum around 7, and an optimal temperature between 12 °C and 28 °C for earthworm metabolic activity and reproduction. An appropriate carbon to nitrogen ratio for optimal earthworm digestion is necessary too, but the C/N ratio is very variable for different species [15]. The C/N ratio should be adequate between 25/1 and 40/1 for traditional composting, but carbon consumption over time can result in higher nitrogen content [16]. The major drawback in the vermicomposting process is that, in contrast to traditional thermophilic composting (where thermophilic bacteria can raise the material temperature to more than 70 °C), the vermicomposting processes must be maintained at temperatures below 35 °C [14]. Exposure of worms to temperatures above this will kill them. The vermicomposting process temperature is therefore not high enough for acceptable pathogen kill, and, hence, the product does not pass EPA rules for pathogen reduction. However, it is required that (US-EPAs 40 CFR Part 503) temperatures reach (a) 40 °C for at least five consecutive days and 55 °C for at least three consecutive days, or alternatively (b) temperatures of 55 °C are maintained for at least three consecutive days in the coolest part of compost undergoing aeration [17].



An integrated system approach that begins with traditional thermophilic composting as a pretreatment step to ensure pathogen kill followed by the vermicomposting process would be necessary to provide a product free of pathogens, with desirable characteristics, at a faster composting rate than either of the individual processes. The resulting compost is expected to be of high quality but also cheaper to produce if composting and curing time is effectively reduced [14]. The present study investigated the feasibility of vermicomposting on post-consumer cotton waste to test an integrated system of pre-composting (pathogen kill) and vermicomposting with varying levels of post-consumer cotton waste to determine if this addition has any effects on the composting process (specifically time required) and the grade of the end product.




2. Materials and Methods


2.1. Compost Vessel


A plastic container with a volume of 85. 157 L (67 cm length, 41 cm width, and 31 cm depth) was used for the composting experiments. Holes were drilled in the bottom of each container to allow excess water to drain from the bottom of the compost and prevent the development of “humid” conditions with the composting vessel. Each vessel was insulated with approximately 10 cm thickness fiberglass insulation on all sides to prevent heat loss during the traditional thermophilic pre-composting phase. The composting vessel scheme and image can be seen below in Figure 1.




2.2. Composition of the Composting Materials and Different Levels of Post-Consumer Cotton Waste Mixture


The overall experiment consisted of four separate composting trials with varying levels of post-consumer cotton textile waste added. Each trial would undergo a pre-composting phase followed by a vermicomposting phase. The compost would consist of the following constituents with content parameters, as shown in Table 1. Appropriate amounts of each constituent for each trial were calculated to maintain a 25:1 C: N ratio and a feed depth of 20–25 cm. The values for each trial are summarized in Table 2. Nitrogen content and moisture content were similar in all trials with the components depicted in Table 3.




2.3. Composting Process


The textile waste was prepared for composting by blending into fine strands to improve the compostability, Figure 2a. The different composting materials were then measured with a laboratory scale and added to the composting vessels according to the values of the designed trials, as mentioned above, Figure 2b. During the initial pre-composting phase of 4 weeks, containers were kept sealed in an attempt to retain as much heat as possible, and the compost was turned every four days to ensure even exposure. During this process, the temperature was monitored, and the moisture was maintained at approximately 70%. Following the pre-composting phase, the vessels were unsealed, and a mixture of juveniles and adults Eisenia fetida (earthworms) supplied from a local seller (Winnipeg, Canada) were added to the compost mixture at a stocking density of 0.5 kg/m2 for vermicomposting. The earthworms were not acclimatized before the experiment. The vermicomposting phase lasted three months during which the mixtures were turned every 15 days to ensure even exposure. The composting temperature with Eisenia fetida is reported to be between 15–25 °C and the performance increases with temperature up to 25 °C [18,19], while moisture content was recommended between 60–75% [18,20]. The present study was investigated at an average temperature of approximately 20 °C and moisture around 70%, following the optimal vermicomposting conditions reported in the literature.





3. Results and Discussion


3.1. Pre-Compost Phase


The pre-compost phase consisted of traditional composting, the purpose of which is to reach a composting temperature for pathogen neutralization. The temperature was measured during this phase and plotted versus time, as shown in Figure 3. The initial temperature was low and remained steady around 20 °C for almost a one-week period of the composting process and suddenly increased to a peak value between 40 and 50 °C for the four trials. After 3 days of peak values, the temperature decreased slowly but remained high around 40 °C for almost 10 days before gradually falling overtime to 22 °C at the end of day 30 of the pre-composting process. During the process, the temperature probe was replaced due to malfunction, which may have missed higher temperature values of the composting process; however, the temperatures achieved were encouraging and showed that the addition of post-consumer cotton textile waste did not negatively affect this stage of the process. Additionally, a visual inspection of the compost during this phase showed large particles of individual constituents (e.g., leaves), indicating that the composting process was not complete. The results obtained at the end of the pre-composting process demonstrated that the composting waste had achieved partial stabilization. The major issues with single traditional thermophilic composting are the long duration of the process, the frequency with which the material is turned, the need for the material to be reduced in size to provide the required surface area, the loss of nutrients during the prolonged composting process, and the heterogeneous nature of the product [11]. In fact, in addition to achieving the desired temperature for composting, pre-composting would have the advantage of accelerating the vermicomposting process by making the waste readily biodegradable [21]. For many various solid wastes, this phase does not last long, usually taking 5 to 10 days for their completion, but cotton wastes require longer periods from 20 to 25 days or more for their decomposition [22].




3.2. Vermicomposting Phase


In vermicomposting, which is a bioconversion process that is widely used in solid waste management, earthworms feed on organic waste, producing more earthworms, vermicompost, and vermiwash as a byproduct [12]. After the pre-compost phase was achieved, the process continued with the vermicomposting phase to determine if differences in compost quality could be observed between the various trials. Therefore, the vessels were unsealed, allowed to cool to room temperature, and the earthworms for vermicomposting were added. Due to the availability, an optimum stocking density of 1.6 kg earthworms/m2 of surface area could not be achieved, and the vermicomposting process would require longer to run through to completion. For approximately three months, the process was allowed to continue with biweekly turning (mixing) and maintained a moisture content of approximately 70%. Visual inspection of the compost showed that individual constituents (leaves, cotton, etc.) became unrecognizable as the process continued, turning into a more homogenous mixture with finer particles. Additionally, even though visual observation might not be accurate, it could be seen in all four trials that the earthworm population increased significantly, indicating that the constituents added were creating an environment in which they could thrive, as shown by Figure 4 below. The temperatures were similar for all the trials, around 20 °C during the vermicomposting, allowing better reproduction and growth of the earthworms [21]. During this phase, the earthworms mineralized the waste and converted a portion of it into worm biomass, while the remainder was ingested as nutrient-rich vermicompost [23]. As the worms can enhance the rate of decomposition of organic materials by fragmenting the substrate material and by providing more casts (the fecal material) with high microbial activity, using vermicomposting as a post-process of traditional composting has an important benefit since the required temperature for ensuring adequate pathogen kill would be achieved during the traditional composting phase [14].




3.3. Final Compost


Following the vermicomposting phase of the experiment, the final mature compost of each trial was visually inspected and each was seen to be similar, with fine homogenous particles and no visible individual constituents (leaves, cotton, etc.), as depicted by Figure 5. C: N ratios of the final compost were measured, and the results can be seen in Table 4 below. The ratios were close to one another and ranged between 14 and 15. The C/N ratio of mature compost depends upon the quality and characteristics of the raw organic waste used, but it is generally about 15 to 20:1 for good and mature compost [22]. The C/N ratios for all the trials were similar and in the acceptable range. The ratio was not affected by the addition of post-consumer cotton waste into the composting materials. The similarity of these measurements would indicate that the final compost produced by each trial was similar in quality and that the various amounts of post-consumer cotton textile waste had little impact on the end quality of the compost. It also indicates that worms are able to survive by using cotton textile as a carbon source and they produced healthy and mature compost. Because earthworm digestive secretions aid in the breakdown of soil and organic matter, the earthworm castings contain more nutrients that are immediately available to plants. The produced vermicompost was similar to traditional compost and can be used in the same way in agriculture, on gardens, lawns, and potted plants [22].




3.4. Various Post-Consumer Textile Waste Ratio Effect on Vermicomposting Efficiency


Four trials with different amounts of the cotton waste mixture were used as vermicomposting materials. The process was operated with four composting trials with 0 g used as control, 100 g, 200 g, and 300 g of post-consumer cotton textile waste. The results depicted similar vermicomposting performance and final compost quality between trial 1 (no mixture of cotton waste) and the three other trials. Achieving similar composting results and compost characteristics suggest that cotton waste is as well compostable as the other materials and the increasing ratio of up to 1% (300 g) of the waste weight did not induce any negative impact on the composting process. Castillo-González et al. conducted similar research with the mixture of corn cob waste with various vegetable waste and eggshells at different proportions and reported a stable compost where the load material (vegetable waste and eggshells) balanced the nutrients of the substrate [21], in contrast to most studies using animal manure during the composting of difficult biodegradable materials such as corn cob waste or cotton waste used in our study. Cotton, as a cellulosic fiber, is inherently a carbon-rich organic material, making it compostable. It has the highest cellulose content of any natural fiber, with dried cotton fiber containing between 88% and 96% cellulose. Protein, ash, pectic substances, acids, and wax are also present in cotton [8]. This constituent of the cotton, therefore the post-consumer cotton waste, makes it suitable for vermicomposting when mixed with other readily biodegradable materials at an appropriate rate.





4. Conclusions


The present study confirmed that an integrated system of pre-composting with traditional thermophilic composting methods followed by a treatment of vermicomposting for compost consisting of a combination of yard waste and bio-solids was not significantly affected by the addition of post-consumer cotton textiles at various low concentrations. The produced compost showed a C:N ratio between 14 and 15 and was similar for all the trials regardless of the presence or not of post-consumer cotton textiles waste. As a result, with pre-composting phase temperature reaching 50 °C, this system has the potential to produce a compost free of pathogens and with desirable characteristics at a faster rate than either of the individual processes, while successfully eliminating potential post-consumer waste streams. The post-consumer textile was successfully used as a carbon source by worms to produce healthy and mature compost. This indicates a sustainable option for the decomposition of textile waste that is being decomposed in landfills. However, it is recommended that further testing be carried out to determine an optimal threshold of cotton content to maximize waste reduction potential while still achieving a high-quality final product.
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Figure 1. Composting vessel used during the experiment; (a) Scheme (left), (b) Image. 
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Figure 2. (a) Blended cotton waste ready to be mixed (left), (b) mixed cotton waste with composting materials (right). 
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Figure 3. Pre-compost phase temperature vs. time. 
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Figure 4. Vermicompost displaying the increased number of worms. 
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Figure 5. Final mature compost. 
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Table 1. Compost constituent parameters.






Table 1. Compost constituent parameters.





	Feed Stock
	Moisture (%)
	Carbon Content (%)
	Nitrogen Content (%)
	Density (kg/L)





	Leaves
	38.3
	48.6
	1.2
	0.25



	Biosolids
	69.8
	27.6
	3.6
	0.58



	Sawdust
	32.8
	49.7
	0.6
	0.3



	Cotton
	8.1
	43.6
	0.3
	0.3



	Water
	100
	0
	0
	1
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Table 2. Compost trial composition.






Table 2. Compost trial composition.





	

	
Trial 1—Control

	
Trial 2

	
Trial 3

	
Trial 4




	
Feed Stock

	
Weight (kg)

	
Carbon Content (kg)

	
Weight (kg)

	
Carbon Content (kg)

	
Weight (kg)

	
Carbon Content (kg)

	
Weight (kg)

	
Carbon Content (kg)






	
Leaves

	
4.50

	
2.19

	
4.40

	
2.14

	
4.30

	
2.09

	
4.20

	
2.04




	
Biosolids

	
7.52

	
2.07

	
7.52

	
2.07

	
7.52

	
2.07

	
7.52

	
2.07




	
Sawdust

	
11.25

	
5.59

	
11.25

	
5.59

	
11.25

	
5.59

	
11.25

	
5.59




	
Cotton

	
-

	
-

	
0.10

	
0.04

	
0.20

	
0.09

	
0.30

	
0.13




	
Water

	
5.00

	
-

	
5.00

	
-

	
5.00

	
-

	
5.00

	
-




	
Total

	
28.27

	
9.85

	
28.27

	
9.85

	
28.27

	
9.84

	
28.27

	
9.84
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Table 3. Composition of nitrogen and moisture content.
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	Feed Stock
	Moisture Content (kg)
	Nitrogen Content (kg)





	Leaves
	1.72
	0.05



	Biosolids
	5.25
	0.27



	Sawdust
	3.69
	0.07



	Cotton
	-
	-



	Water
	5.00
	-



	Total
	15.66
	0.39
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Table 4. C: N of the final vermicompost product.
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	Sample ID
	C/N ratio





	Trial 1
	14.5



	Trial 2
	13.7



	Trial 3
	14.3



	Trial 4
	15.6
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