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Abstract

:

The organic fraction of municipal solid waste (OFMSW) is recognized as a suitable substrate for the anaerobic digestion (AD) process and is currently considered a mature technology. A promising strategy to enhance biogas yield and productivity is the co-digestion of OFMSW with other organic biomass, such as green waste (GW), a mixture of leaves, grass, and woody materials originated from private yards and public greenspace management. The main limitation to the use of GW for biogas production is the high percentage of the lignocellulosic fraction, which makes necessary a pretreatment of delignification to dissolve the recalcitrant structure. In this study, a new strategy of sustainable bio-delignification using the white-rot fungi Bjerkandera adusta (BA) in comparison with other chemical pretreatments were investigated. Untreated and treated GW were, respectively, submitted to anaerobic co-digestion with OFMSW. AD processes were carried out in a lab-scale plant for 30 days in thermophilic conditions (55 °C). Biogas cumulative production was increased by about 100% in the case of treated GW compared with that of just OFMSW, from 145 to 289 Nm3 CH4/ton SV, and productivity almost doubled from 145 to 283 Nm3/ton FM * day. The measured average methane content values in the cumulative biogas were 55% from OFMSW and 54% from GW. Moreover, over 95% of the biogas was produced in 20 days, showing the potential opportunity to reduce the AD time.
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1. Introduction


Management of municipal solid waste (MSW) has become a major global concern due to the increase of urbanization and consumption standards [1]. In Europe, the generation of municipal solid waste has been growing annually, reaching 502 kg per capita in 2019, of which today less than 60% is fully recycled, incinerated, or composted [2]. As a result of public health and environmental protection issues, efforts have been made towards increasing this percentage by improving recovery strategies and/or recycling useful materials according to the Waste Directive 2008/98/EC [3]. MSW typically comprises about 50–55% organic materials, principally derived from food scraps and food waste (the organic fraction of MSW, or OFMSW), and green waste (GW), originated from private yards and public greenspace (i.e., roadside edges, public lawns) management [4]. OFMSW disposal is typically associated with composting or landfilling [5], which is strongly discouraged, because if inappropriately performed, they can contaminate water sources and soil with leachate and air with greenhouse gas emissions [6]. Composting is facing a lack of public interest mainly due to the low value of the product (i.e., compost) and limited waste volume reduction [7]. Moreover, the majority of OFMSW is generally rich in nutrient substances, such as proteins, minerals, and sugars, which can be recovered in the production of green energy before composting, saving more resources and improving the circularity of biological nutrients.



Anaerobic digestion (AD) is an established biological process suitable for stabilizing organic solid wastes and is coupled with the recovery of energy and nutrients. It provides a sustainable option for energy recovery, thereby contributing to a circular economy [8]. According to several recent studies [9,10,11], biogas/biomethane will play a key role in helping Europe’s transition to a clean energy system, achieving the goal of sustainability with a special focus on the economic and environmental dimensions, and enabling a carbon-neutral (or even carbon-negative) Europe with zero pollution by 2050.



As a consequence of the Paris Climate Agreement, which requires global decarbonization, the development of green energy can contribute significantly to tackling climate change [12]. The transformation of organic waste such as OFMSW and GW through the process of AD would encourage EU member states to unlock the national potential of their renewable gases, which would generate ample benefits: adequate waste management, resource-efficient agriculture, and displacement of fossil energy, triggering significant emission savings [13]. A European-wide target can help cities and municipalities to establish a local and circular bio-economy; organic residues, such as OFMSW and GW, can be separated and fermented in anaerobic digestion plants, producing biogas and biomethane that can then be used to fuel, for instance, urban garbage trucks, thereby reducing noise pollution and improving air quality by replacing diesel-powered trucks [14].



AD under controlled conditions is a proficient technique for OFMSW treatment, and it is currently a mature technology, mostly found in Europe [15]. It presents a double advantage as it recovers energy from waste-producing biogas and simultaneously treats the residues, reducing their disposal in landfills [16]. AD refers to a series of biological processes in which a microbial consortium synergistically decomposes organic matters to biogas (a mixture of CH4 at 45–70% and CO2 at 24–40%, on average), leaving a digestate (composed by the not-promptly fermentable fraction of organic materials). The process occurs in four sequential stages: hydrolysis, acidogenesis, acetogenesis, and methanogenesis [17]. Biogas is a promising renewable source of bioenergy that can be used for different applications including vehicular fuel, heating, and electricity production [18].



OFMSW is highly biodegradable and has a high-energy-yield potential of up to 200 m3 of biogas per metric ton of treated OFMSW [19]. Moreover, the use of digestate, in place of mineral fertilizers, provides a further environmental benefit due to reduced CO2 emissions estimated at 30–40 kg per metric ton of biowaste [20]. However, OFMSW has certain characteristics that may limit its efficacy as such a resource due to issues such as high solids content, large particle size, slowly biodegradable components (lignin-rich, woody wastes), and the waste’s heterogeneous nature, which makes process control challenging. These difficulties are usually overcome with biomass pretreatments and by co-digestion with different combinations of municipal, industrial, agricultural, and farming waste materials [21]. The main advantage of the co-digestion process is the improvement of biogas production (25 to 400% over the mono-digestion of the same substrate) and methane yield, as well as the economic advantages from the sharing of apparatuses and costs [22].



GW is a complex structure of cellulose, hemicellulose, and lignin, which makes it resistant to hydrolysis by microbial enzymes during AD. Consequently, biogas generation and digestion time of GW are negatively influenced, resulting in an inefficient process [23]. This explains why only a limited number of experiments have been reported for mono-digestion of GW and none for co-digestion with OFMSW [24,25,26], even though biogas production from GW and lignocellulosic materials in general have a remarkable potential in terms of both environmental and social sustainability [27].



The large gap between the actual and potential biogas production from such feedstocks can in fact be ascribed to the their recalcitrant structure [28]. This makes pretreatments before AD a desired step to overcome the obstacle and make the biomass accessible to microorganisms [29]. Many pretreatments, generally classified into mechanical, physical, chemical, and combined, are available for cellulosic biomass as the basis for biological biorefineries [30]. In recent years, many studies have evaluated the feasibility of these methods for accelerating the AD process and improving biogas production from lignocellulosic biomass [31].



Several attempts have been reported for delignification of GW, and herbaceous waste in general, in order to obtain fermentable sugars, fine chemicals, or renewable biofuels using mechanical, chemical, or physical pretreatments [32]. Most of the processes involve harsh conditions, require the use of chemicals, and produce waste and toxic byproducts, making such processes unsuitable from economic and environmental points of view [33].



A promising and low-cost alternative is biological pretreatment, or bio-delignification, which involves the direct action of microbial metabolism on lignocellulosic substrates and can be used to increase biogas production [34].



In nature, B. adusta plays an ecologically important role in the global carbon cycle by decomposing wood and leaf litter [35], whereas its biotechnological advantages have gained interest in the last decades; it is used as a dye-decolorizing fungus and is able to degrade aromatic xenobiotics in textile wastewater [36] and transform halogenated toxic compounds in pesticides [37]. Previous experiments in lignin degradation by B. adusta have been reported for pulp and paper mill wastewater [38] and for wheat straw for bioethanol production [39,40]. The aim of this study was to evaluate the application of B. adusta to bio-delignification pretreatment on GW to enhance biogas production yield from anaerobic co-digestion of OFMSW and GW and to realize a sustainable alternative for the valorization of waste biomasses, whose potential from a circular economy perspective is often underestimated. The bio-delignification process was also compared with chemical treatments of GW, based on alkali, sulfuric acid, and chlorine, in terms of yield and overall sustainability. To our best knowledge, this study represents the first attempt to use B. adusta for bio-delignification of GW destined for biogas production in co-digestion with OFMSW.



Bio-Delignification with White-Rot Fungi


Bio-delignification is an attractive approach because of its cost-effectiveness, low-energy requirement, low environment impact, and low formation of toxic materials such as furfural, hydroxymethylfurfural, etc., which could negatively affect anaerobic digestion [41].



However, long pretreatment times (from 13 up to 50 days) to obtain high yields of delignification have been reported, limiting the use of these processes in commercial applications [42]. In addition, there could be competition for carbohydrates between pretreatment and downstream biogas production, because certain levels of carbohydrates are required by microbes during biological pretreatment. On the other hand, the accessibility of cellulose is increased after pretreatment, which can improve biogas production [43]. Therefore, one major objective of biological pretreatment is to minimize the loss of carbohydrates and maximize the lignin removal for AD feedstocks with high digestibility [44]. Until now, bio-delignification has followed two main approaches: treatments with fungal lignolytic enzymes as free mixtures or immobilized [31,32] and submerged or solid-state fermentations with fungal cells [45]. The microbial treatment includes fungi, such as white-rot fungi, brown-rot fungi, and soft-rot fungi, and bacteria. Both brown-rot and soft-rot fungi principally degrade the plant polysaccharides with minimal lignin degradation, while white-rot fungi are capable of complete mineralization of both the lignin and the polysaccharide components [46].



Limited research related to the improvement of biogas yield by using white-rot fungi has been done, even though data regarding the bio-delignification and hydrolysis yields are available that are vital parameters for biogas production [47]. Previous experiments of fungal pretreatments of woody and herbaceous feedstocks have been performed using a variety of white-rot fungal strains, and several studies have been carried out on different biomass, such as Polyporus brumalis on wheat straw [48], Trametes versicolor on corn silage [49], Ceriporiopsis subvermispora on yard trimmings [50], Pleurotus eryngii on corn stover [51], and Trichoderma reesei on rice straw [52], reporting sugar yields between 25 and 70% with 20–52% lignin degradation. In fact, white-rot fungi are the most abundant degraders of wood in nature. Under optimal conditions, the rates at which they mineralize lignin is exploitable for industrial applications [53]. Their strategy is to decompose the lignin in wood so that they can gain access to the digestible polysaccharides (cellulose and hemicellulose) embedded in the lignin matrix. Given the chemical recalcitrance of lignin, it is evident that white-rot fungi must employ unusual mechanisms to degrade it, based on the generation of lignin-free radicals that, due to their chemical instability, subsequently undergo a variety of spontaneous cleavage reactions [54]. The white-rot fungi have been found to produce extracellular peroxidases and laccases, which usually appear in response to nutrient depletion [55]. The best characterized white-rot fungus is Phanerochaete chrysosporium, since the discovery of the lignin peroxidase from this fungus by Tien and Kirk [56] and Glenn et al. [57]. Recently, some information has become available in the literature on Bjerkandera adusta, which is now considered a promising candidate for further studies on bio-delignification, because it can produce a large amount of lignin peroxidases, similar to P. chrysosporium, but also manganese peroxidase, versatile peroxidase, and laccase, all highly effective at decomposing lignocellulose substrates [58,59].





2. Materials and Methods


2.1. Bio-Delignification Process


Bjerkandera adusta DSM 23426(BA) was purchased from the DSMZ (Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures GmbH) company and belongs to the collection of microorganisms of the Life Sciences and Biotechnology Department of the University of Ferrara. The inoculum was prepared by inoculating 100.0 mL of milk whey at a pH adjusted to 5.5 with HCl 1 M and incubation at 24 ± 2 °C on a rotary shaker (60 rpm) for 5 days. The obtained inoculum (100 mL) was used for inoculation of a 250 mL Erlenmeyer flask containing glucose (1 g/L) and the fresh biomass (25 g) diluted in 1 L of distilled water. The treatment was carried out at the above-mentioned conditions of pH, temperature, and agitation for 7 days.




2.2. Chemical Delignification


For delignification based on active chlorine, the approach followed by Tamburini et al. [60] for wheat straw was carried out. A diluted brine solution containing 5 g/L of NaCl was treated in an electrochemical cell for about 15 min, using 12 V power generation and adjusting pH to 6 with HCl 37%. As a result, an active chlorine solution at a concentration of about 1500 ppm was obtained. Then, 250 mL of this solution was put in contact with 5 g of fresh biomass (GW) for 60 min under slight agitation (60 rpm) and then was washed with 5 L of pure water to completely remove chlorine and chloride residues.



Treatment with alkali was carried out based on the protocol suggested by Asghar et al. [61]. First, 2 g of GW was soaked in 2.5% NaOH for 60 min at room temperature and then autoclaved at 121 °C for 90 min. Biomass was washed with pure water up to a neutral pH.



In the dilute acid delignification, H2SO4 3% (w/v) was added to 2 g GW samples, heated in an oil bath at 160 °C for 45 min [62], and washed with pure water up to a neutral pH.



At the end of the treatments, all samples were dried at 105 °C overnight and stored at room temperature until used.




2.3. Substrate Collection and Inoculum


For this study, OFMSW and GW were used as substrates. The OFMSW was supplied by a local multiutility company. It was composed of a great variety of raw and cooked food waste, as obtained from a door-to-door collection system from residences. The GW was collected from the university campus. It was mainly constituted of leaves, grass, and wooden sticks.



After being collected, the OMSFW and GW samples were ground in a domestic food processor to reduce the particle size to 0.5–1 cm. When not immediately used, they were frozen at a temperature of −20 °C for later use.



The inoculum was obtained from a local biogas plant (SESA Spa, Padova, Italy) that treats triticale and corn under mesophilic conditions.




2.4. Anaerobic Digestion (AD) Process


The experiments were carried out in a lab-scale anaerobic digester plant, equipped with four glass reactors with a working volume of 2 L and a plastic twin-hose screw cap GL45. Biogas was measured through the water displacement method, the volume of water displaced in the container was equal to that of the volume of the gas. One end of the gassing gadget was connected to the biogas plant and the other end was connected to the inverted measuring cylinder, which contained water. Biogas production was measured daily equal to the mL of water displaced. The biogas was allowed to collect in the inverted measuring cylinder by displacing water. A similar method was used by Zhang et al. [63], Huang et al. [64], and Pavi et al. [16]. The reactors were kept under a thermostatic water bath with a temperature fixed at 55 °C. Based on data reported by Liu et al. [25], a feed/inoculum ratio of 1.6 was maintained in all reactors with an initial loading of 10.6 g VS/L. Biogas production was reported as normal cubic meters (Nm3), that is the amount of gas in 1 cubic meter in normal conditions (20 °C and 1 Atm). Data on biogas production were normalized based on the equation:


   V 0  = V ⋅    (   p L  −  p w   )  ⋅  T 0     P 0  ⋅ T    








where:




	
V0 = normalized volume of biogas (Nm3)



	
V = volume of biogas measured by the amount of water displaced (m3)



	
pL = external pressure (Atm)



	
pw = vapor pressure of water at room temperature (Atm)



	
T0 = standard temperature (293 °K = 20 °C)



	
P0 = standard pressure (1 Atm)



	
T = room temperature (°K)








The following combinations of biomass were tested:




	
Control (only inoculum)



	
OFMSW



	
Untreated GW



	
OFMSW + GW



	
OFMSW + GW pretreated








In the case of mixed matrices, the ratio of 1:1 in terms of volatile solids (VS) contribution was maintained. Immediately after the biomass addition, the headspace of the reactors was saturated with nitrogen to ensure anaerobic conditions.



Each reactor was manually shaken for 1 min twice a day and biogas production data were collected daily for 30 days. OFMSW and GW pre- and post-bio-delignification were characterized for total solids (TS), volatile solids (VS), lignin content, and reducing sugars content. All experiments were carried out in triplicate.



Biochemical methane potential (BMP) values were expressed per VS of the original waste, i.e., the cumulative methane production obtained at the end of the biodegradability tests (after subtraction of the value obtained in the blank assays) was divided by the equivalent VS content of the amount of waste that was pretreated and transferred to the biodegradability tests. To quantify methane content in biogas, the biogas flux passed through a CO2 capturing trap consisting of a 3 M NaOH solution with 0.4% thymolphtalein as the pH indicator.




2.5. Analytical Methods


The lignin determination was carried out using the Klason—TAPPI Standard T 222 method [65]. The sample (0.5 g) was treated with H2SO4 72% (10 mL) at 20 °C for 2 h followed by dilution to 3% H2SO4 and refluxing for 4 h. The lignin was filtered in a tared crucible, washed, dried, and weighed. The isolated lignin corresponded (by weight) closely to the original amount of lignin in the sample. Total solids (TS), volatile solids (VS), and ash content were determined following the standard procedures [66].





3. Results and Discussion


3.1. Bio-Delignification and Chemical Delignification Processes


The raw characterization of the fresh biomasses used in this study for biogas production are reported in Table 1. Typically, OFMSW is a highly heterogeneous material with high moisture content that makes it highly biodegradable due to the large fraction of food scraps and fresh food waste. On average, the TS content is about 20%, in a range between 9% and 30% [67], depending on region, waste collection, and management by authorities.



The heterogeneity of GW is caused by various factors, including the place where it is collected, the composition, and seasonal variations. It is very difficult to refer to average values because TS an vary from 5–8% in the case of a prevalence of flowers, grass, and leaves to 35–40% with woody materials [68].



In order to evaluate the performance of bio-delignification in comparison with chemical treatments, GW was submitted to four different treatments with different characteristics, as summarized in Table 2.



Bio-delignification showed a yield of about 40% after 7 days of treatment, which is a very long time in comparison with the time for chemical delignification, but it is worth noting the total absence of toxic chemicals and the working temperature of room value. The yield obtained is comparable to values reported in the literature for bio-delignification, in the range 20–42% [69,70]. As expected, treatment based on sodium hydroxide had the highest yield, due to the strong effect of caustic degradation on lignocellulosic materials [23], provoking relevant damage on cellulose fibrils [60]. Chemical treatments with sulfuric acid and sodium hydroxide need some distilled water for biomass washing until reaching a neutral pH (pH = 7 ± 0.1), and 5 liters of distilled water is required for chlorine treatments. This is different from bio-delignification, which does not alter the pH of the solution. For residual rinsing water from chlorine treatments, an evaluation of the amount of reducing (fermentable) sugars lost in water was carried out, showing a value of 926.7 ± 55.6 mg/L.



As a whole, pretreatments on lignocellulosic matters based on microbial technology are perceived to be promising and low-impact methods for improving process efficiency, but their effective application at a plant-scale has been a subject of controversy due to the many conflicting literature reports about how they can be conveniently used to enhance the AD process. For example, a recent techno-economic analysis carried out by Vasco-Correa et al. [71] underlined that bio-delignification is not economically feasible when it is realized as a pretreatment for bioethanol production, because in that case, bio-delignification had to be preceded by a sterilization step followed by enzymatic hydrolysis to obtain sugars to be fermented to ethanol. In the case of bio-delignification used as a former step of biogas production, hydrolysis is carried out directly during the AD and sterilization is not needed. Moreover, there are no cost to feedstock, as it is already a collected waste, and there is no need to wash it with pure water, because of the absence of toxic residues or toxic byproducts. Overall, it seems a promising technique of pretreatment in order to increase the quantity of fermentable sugars to biogas.



The addition of glucose in the culture medium during bio-delignification has probably favored the production of laccase and peroxidase as lignolytic enzymes and promoted the growth of B. adusta on the easily available glucose rather than inducing cellulolytic activity, which would have reduced the amount of fermentable sugars in the subsequent AD process [72]. In fact, as reported by Quiroz-Castañeda et al. [73], B. adusta exhibits its maximum cellulolytic activity on the 6th day of culture, when lignocellulosic material is the sole carbon source. In the conditions maintained in our experiments, we can exclude a significant cellulose concentration depletion due to the growing metabolism of B. adusta in the 7 days of pretreatment. For the subsequent 30 days, the anaerobic conditions for biogas production, not favorable to fungal growth, provoked fungal death, and so there is no cellulose depletion, making DA available to the organic material of cells debris.



Compared to the untreated GW, delignification treatments modified the TS and VS content of GW, as shown in Table 3.



A consistent loss of both TS and VS occurred with sodium hydroxide treatment and at a lesser extent in the case of the other chemical treatments, whereas the bio-delignification did not significantly alter the characteristics of GW. Moreover, without water flushing for biomass washing, all the soluble matter was available for AD.




3.2. Anaerobic Digestion (AD) of OFMSW and Bio-Delignificated GW


In order to assess the effectiveness of bio-delignification in improving biodegradability and enhancing biogas generation, batch AD assays of untreated and bio-delignified GW co-digested with OFMSW were carried out. Figure 1 compares the cumulative biogas production as a function of time (30 days) that occurred during AD of OFMSW, untreated GW, OFMSW + untreated GW, and OFMSW + GW treated with BA.



As seen, pretreatment of GW with BA was certainly advantageous in increasing biogas yield during co-digestion. After 30 days, the cumulative biogas production increased by more than 80% compared to the cumulative biogas production from the sole OFMSW, from 4720 to 8550 Nm3/ton SV, respectivey. This occurrence validates the fact that pretreatment with BA promotes lignin degradation and consequently promotes hydrolysis of the cellulose and hemicellulose present in GW and their biodigestibility to biogas. Compared with the co-digestion of OFMSW and untreated GW, it is evident how the presence of ligneous residues mixed with OFMSW has a slightly negative effect on the final cumulative yield, with a reduction of about 15% (4000 Nm3/ton FM), probably due to spatial interferences induced by untreated GW fragments that make it difficult for hydrolytic bacteria to reach the promptly fermentable sugars in OFMSW. Untreated GW alone obtained a cumulative production lower than 3000 Nm3/ton FM. These results suggest that bio-delignification is suitable as a pretreatments for AD, including accessibility of particles to microbial activity.



As observed in Figure 2, about 90% of the overall biogas production from co-digestion of OFMSW and treated GW was obtained in the first 15 days, arriving at over 95% in 20 days. The two peaks, at days 5 and 12, were probably due to the different types of organic matters available for the hydrolytic microbial consortium. OFSMW shows a daily production, characterized by two peaks as well, the first due to promptly fermentable sugars in food waste and the second at days 7–20 by AD of slowly fermentable or complex organic matter. OFMSW + untreated GW had the same trend as the sole OFMSW, with smooth peaks of production.



Reduction in AD time along with an increased biogas production is another advantageous outcome of BA pretreatment of GW in co-digestion with OFMSW. A duration as short as possible is a pivotal parameter in the AD process setup, to increase plant productivity, use the smallest reactor volume, and reduce the cost of operation [74]. Moreover, the opportunity to increase substrate biodegradability also permits for the enhancement of the overall efficiency of the AD plant [75]. Table 4 shows the increase of productivity during co-digestion of OFMSW and treated GW based on 30 days of process compared with those of the other two cases. Moreover, considering the opportunity to reduce the hydraulic retention time to 20 days, productivity increased to 500 Nm3/ton FM*day. This could be of relevance in the case of application on a higher scale in terms of economic issues of the plant’s management. Reduction in digestion time along with increased biogas production are yet more advantageous outcomes of bio-delignification of GW co-digested with OFMSW. Attaining the shortest digestion time is a key variable to using the smallest reactor volume and minimizing the cost of operation. Reduction in digestion time means increased substrate biodegradability and, therefore, it is an indicator of enhanced efficiency during anaerobic digestion. BMP values are also reported. The measured average methane content values in cumulative biogas were 55% from OFMSW and 54% from GW, in accordance with the values reported in the literature [76].



It is worthwhile noting the difficulty of comparing these values with others found in the literature for BMP and those related to other GW pretreatments and co-digestion with OFMSW because of the great heterogeneity of the materials utilized. By comparing our results with those reported in the literature regarding different fungal pretreatments of agricultural residues and their effects on biogas yield improvements, we can see that B. adusta could ensure a promising combination between biogas yield increase and time of treatment. Table 5 is a comparative evaluation describing the combination of biological treatment and biogas production with references to the published literature.



Despite B. adusta pretreatments of GW being eco-friendly, cost-effective, and seemingly not affected by sugar losses [41,47,65,71], in comparison with other chemical treatments, it is a time consuming process, which must have a detrimental effect on the overall process costs. This application deserves a specific technoeconomic analysis that accounts for capital costs, energy consumption, requirements of chemicals, and waste management; fungal pretreatment imposes extra costs, which often forms a chief hindrance for industrial scaling up of lignocellulosic biomass.



It is worth noting that with respect to the other fungal pretreatments (Table 5), B. adusta could ensure the best performance in terms of both time of treatment and biogas yield improvement. The activities and generation of ligninolytic enzymes secreted by white-rot fungi are influenced by several characteristics such as the availability of substrate, moisture content, incubation time, temperature, O2 concentration, pH, and nutrients supplementation. The optimization of the process is crucial for efficient pretreatment for high fungi activity and production of ligninolytic enzymes, and subsequently higher lignin digestion, for reducing process costs and for managing a scaling up at the industrial level.





4. Conclusions


This study investigated the effect of bio-delignification with the white-rot fungi Bjiekandera adusta on anaerobic biodegradability of GW, which is rich in lignocellulosic matter, co-digested with OFMSW. A bio-delignification yield of 42% was obtained after treating GW for 7 days with B. adusta at room temperature and with mild agitation. Although the yield of delignification was significantly lower than what obtained was with the sodium hydroxide treatment (78% of delignification), co-digestion of OFMSW and GW treated with B. adusta showed an increase of biogas yield in 30 days, reaching 289 Nm3 CH4/ton VS, leading to a 98% increase in biogas yield compared to that of untreated biomass. Considering the opportunity to diminish the hydraulic retention time by about 10 days, productivity increased to 500 Nm3/ton FM*day, emphasizing the effect of bio-delignification on lignocellulosic structure and the increasing matrix accessibility to microbial attack. The increase in biogas production is attributed to lignin degradation induced by the fungi strain, releasing cellulose and hemicellulose that is then available for subsequent microbial attachment.



To conclude, bio-delignification with B. adusta was shown to be very efficient for improving the biodegradability of lignocellulosic biomass. It is inexpensive, environmental-friendly, and has great room for further improvements in terms of optimization of pretreatment conditions (duration, etc.), which should certainly improve these results. In future research, pretreatments with B. adusta can give access to new feedstocks for biogas plants, improving the circular economy paradigm.
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Figure 1. Cumulative biogas production during anaerobic co-digestion of OFMSW and GW, treated with BA and untreated, compared with AD of OFMSW and untreated GW. Control corresponds to the sole inoculum AD without the addition of biomass. Data are expressed as Nm3 of biogas per ton of FM (OFMSW = organic fraction of municipal solid waste; GW = green waste; BA = Bjerkandera adusta; AD = anaerobic digestion; FM = fresh matter). 
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Figure 2. Daily production of biogas from the co-digestion of OFMSW and GW, treated with BA and untreated, compared with AD of the sole OFMSW and untreated GW. Since biogas production was collected discontinuously, the conjunction lines have the sole function of helping with the comprehension of daily trends and do not correspond to continuous measurements. OFMSW = organic fraction of municipal solid waste; GW = green waste; BA = Bjerkandera adusta; AD = anaerobic digestion. 
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Table 1. Chemical compositions and characteristics of fresh biomasses (OFMSW and untreated GW) (OFMSW = organic fraction of municipal solid waste; GW = green waste).
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	Substrate
	OFMSW
	GW





	TS (%)
	18.1 ± 1.8
	98.3 ± 3.9



	VS (%)
	16.8 ± 1.7
	84.5 ± 3.8



	COD (%)
	17.6 ± 1.9
	89.1 ± 3.7



	TKN (%)
	0.8 ± 0.1
	2.05 ± 0.3



	P tot (%)
	0.0 ± 0.0
	NA



	C/N
	20.7
	43.5



	VS/TS
	92.8
	86.0



	Lignin
	NA
	23.8 ± 0.57







TS = total solids; VS = volatile solids; COD = chemical oxygen demand; TKN = total Kjeldhal nitrogen; P = phospohrous; C/N = carbon/nitrogen ratio.
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Table 2. Characteristics of delignification and bio-delignification treatments carried out on GW samples (BA = Bjerkandera adusta).
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	Treatment
	Residual Lignin (%)
	Yield of Delignification (%)
	Time of Exposition
	Temperature (°C)
	Use of Chemicals
	Rinsing

Water (l)





	BA
	13.7 ± 0.28
	42%
	7 days
	24 °C
	no
	0



	Chlorine
	17.1 ± 0.31
	28%
	60 min
	25 °C
	yes
	5



	Dil. sulfuric acid
	17.9 ± 0.32
	25%
	45 min
	121 °C
	yes
	up to pH = 7



	Sodium hydroxide
	5.2 ± 0.25
	78%
	60 min
	121 °C
	yes
	up to pH = 7
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Table 3. Variation of the TS and VS content of GW with different delignification treatments.
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	Treatment
	TS ** (%)
	VS *** (%)





	BA *
	92.4
	79.5



	Chlorine
	88.8
	75.3



	Dil. sulfuric acid
	89.6
	81.5



	Sodium hydroxide
	73.2
	68.1







* BA = Bjerkandera adusta; ** TS = total solids; *** VS = volatile solids.
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Table 4. Parameters of the AD and anaerobic co-digestion processes considered in this study (OFMSW = organic fraction of municipal solid waste; GW = green waste; BA = Bjerkandera adusta; FM = fresh matter; BMP = biochemical methane potential; VS = volatile solids).
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	Substrate
	Productivity

(Nm3/ton FM * day)
	BMP

(Nm3 CH4/ton VS)





	OFMSW
	145
	141



	Untreated GW
	102
	95



	OFMSW + untreated GW
	125
	146



	OFMSW + GW treated with BA
	283
	289
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Table 5. Different fungal strains used in delignification of agricultural residues and effects of pretreatments on biogas production (AD = anaerobic digestion; BMP = biochemical methane potential).
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	Fungal Strain
	Substrate for AD
	Glucose Addition in Fungal Pretreatment (g)
	Residual

Lignin
	BMP Improvements by Fungal Pretreatment
	Ref.





	Pleurotus florida
	30 days pretreated wheat straw + manure
	-
	9.8%
	9.8%
	[77]



	Pleurotus florida
	60 days pretreated wheat straw + manure
	-
	8.2%
	18.2%
	[77]



	Pleurotus florida
	90 days pretreated wheat straw + manure
	-
	8.7%
	27.9%
	[77]



	Ganoderma adspersum
	12 days pretreated wheat straw
	200
	-
	13%
	[48]



	Trametes sp.
	12 days pretreated wheat straw
	50–200
	-
	15–56%
	[48]



	Dichostereum effuscatum
	12 days pretreated wheat straw
	50
	-
	29%
	[48]



	Pleurotus eringii
	10 days pretreated corn stover
	-
	-
	19%
	[51]



	Pleurotus ostreatus
	5 weeks pretreated rice straw
	-
	11.6%
	64%
	[78]



	Phanerochaete chrysosporium
	5 weeks pretreated rice straw
	-
	8.9%
	122%
	[78]



	Ganoderma lucidum
	5 weeks pretreated rice straw
	-
	12.2%
	88%
	[78]



	Trichoderma reseeei
	10 days pretreated rice straw
	-
	13%
	9–28%
	[52]



	Pleurotus ostreatus
	15 days pretreated wheat straw
	-
	8.2% *
	27%
	[79]



	Pleurotus ostreatus
	30 days pretreated wheat straw
	-
	16.8% *
	33%
	[79]



	Trametes versicolor
	7 days pretreated corn silage + manure
	-
	-
	41%
	[49]



	Phanerochaete chrysosporium
	30 days pretreated corn stover
	-
	49% *
	33%
	[80]







* These values, as reported in the corresponding references, refer to lignin losses after the fungal pretreatments rather than the residual lignin.
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