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Abstract

:

Animal waste is generated at an increased rate, and its disposal is attracting wide public attention. Anaerobic digestion is considered the most promising option for reducing this waste, and simultaneously, it produces renewable energy. Lignin contained in lignocellulosic biomass is hardly biodegradable, thus pre-treatment has to be considered prior to digestion. The possibility of biological pre-treatment of chicken manure with sawdust using Pleurotus ostreatus fungi was investigated in our study. This animal waste was used as a substrate for further biogas production. To provide a better nutrient balance, we added two different co-substrates, wheat straw and Miscanthus. Mixtures with different mass ratios of chicken manure with sawdust/ordinary wheat straw, as well as chicken manure with sawdust/pre-treated wheat straw were incubated for 30 d. The same experiments were performed with Miscanthus. During incubation, samples were taken at predetermined time intervals, and the concentration of acid-insoluble lignin was determined. Additionally, concentrations of glucose and xylose in the filtrate taken at the end of the Klasson procedure were determined in the initial samples and in the samples after 30 d of incubation. Despite our expectations, almost no lignin degradation was observed. Insignificant decreases in glucose and xylose concentrations after 30 d is attributed to fungi ingestion. Obtained results show that Pleurotus ostreatus, as a white-rot fungi with a unique enzymatic system and as generally preferred organisms for lignin degradation, is, therefore, not suitable for delignification of this particular animal waste.
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1. Introduction


Renewable and sustainable bioenergy production has received a great deal of attention over the last several decades because of increasing energy demand and popular awareness of global warming caused by greenhouse gases [1,2,3,4]. Depletion of fossil fuels can be reduced with the use of renewable energy sources, such as biofuels and biogas [5]. In addition, from a waste management point of view, the conversion of bio-waste (including garden and agricultural waste, foliage, kitchen waste, different manures and sewage) to bioenergy is more acceptable and preferable to landfill disposal or other kind of waste treatment [6,7].



Increasing demand for food is reflected in expanded poultry rearing operations, which produce large amounts of miscellaneous waste, including feathers, fats and chicken manure. Because of environmental concerns (odor, greenhouse gas emissions, pathogens spreading and pollution of water), chicken manure cannot be disposed of in landfill sites [8,9]. Therefore, various approaches have been employed to solve this problem, including composting [10,11,12,13], pyrolysis [14,15,16], combustion [17,18], gasification [19,20,21], hydrothermal carbonization [22,23] and anerobic fermentation [24,25,26].



Anaerobic fermentation is a renewable and sustainable process for biogas production. Chicken manure can be used as a substrate in this process. When chickens are reared, sawdust is applied for litter. Anaerobic microorganisms are not capable of degrading this lignocellulosic biomass; however, some kind of pre-treatment must be performed. Lignocellulosic residues are widely available and are mainly composed of cellulose, hemicelluloses and lignin. All of them are rich in carbohydrates, which can be converted into biomass during the anaerobic digestion of both cellulose and hemicelluloses. However, the presence of lignin is well known to limit the accessibility and, thus, the biodegradation of polysaccharides in lignocellulosic materials. Due to the complicated structure of the cell walls, lignin is difficult to hydrolyze.



Pre-treatment techniques include physical, thermal, chemical and biological [3,4,27,28,29]. The use of white-rot fungi for pre-treatment of lignocellulosic biomass is gaining attention among researchers, because it is an environmentally acceptable biological process [4]. For instance, Pleurotus ostreatus has been used for the pre-treatment of rice straw [30,31], corn stover [32], Miscanthus [33] and wheat straw [34]; Trametes versicolor for wheat straw, barley straw [35] and Miscanthus [36]; Polyporus brumalis for wheat straw [37]; Ganoderma lucidum for rice straw [38]. White-rot fungi are generally preferred, as these organisms are most efficient in delignification. Their unique enzymatic system gives them the capacity to attack phenolic structures and to transform lignin. Although other microorganisms than white-rot fungi can be of interest in a pretreatment step for anaerobic digestion, they do not appear to outcompete them. White-rot fungi also have a strong potential to increase methane or bioethanol production.



The main purpose of this study was to check the ability of Pleurotus ostreatus fungi to degrade the lignin present in the mixture of chicken manure with sawdust and wheat straw in one case and in the mixture of chicken manure with sawdust and Miscanthus in another case. For the comparison, ordinary (without fungi pre-treatment) wheat straw and ordinary Miscanthus were used as co-substrates. The addition of plant raw materials to animal waste is desired to balance nutrients, increase buffer capacity and improve possible biogas production. Pleurotus ostreatus was selected for the pre-treatment of wheat straw and Miscanthus, because it has a high potential for delignification. Mixtures with different mass ratios of chicken manure with sawdust and ordinary or pre-treated substrates (wheat straw or Miscanthus) were incubated for 30 d. During that time, samples were taken at different intervals for the determination of acid-insoluble lignin, glucose and xylose. The research was considered as a preliminary investigation prior to anaerobic digestion of existing animal waste.




2. Materials and Methods


2.1. Materials


All the reagents and solvents used were of analytical grade. Dry pyridine (PYR), methanol (MeOH) and toluene were obtained from Merck (Darmstadt, Germany); N-O-bis-trimethylsilyl trifluoroacetamide with 1% of trimethylchlorosilane (BSTFA + 1% TMCS) and CaCO3 were supplied by Fluka Chemie (Buchs, Switzerland); D-glucose (99.5%), D-xylose (98%) and phenyl-β-D-glucopyranoside (99%, ISTD) were purchased from Sigma-Aldrich (Darmstadt, Germany). Wheat straw and Miscanthus were harvested in local fields in Slovenia. The chicken manure mixed with sawdust was freshly collected from a nearby biogas plant (Perutnina Ptuj, Draženci, Slovenia).




2.2. Fungal Pre-Treatment


The detailed pre-treatment procedure used in our experiments has been described in a previous study [24]. The wheat straw was sterilized, cooled and inoculated under sterile conditions with white-rot wood decay fungi (Pleurotus ostreatus, isolate P.o./strain H35). The same procedure was repeated with Miscanthus.



After 3 weeks, chicken manure with sawdust was mixed in one treatment with ordinary and in another one with pre-treated wheat straw at different mass ratios calculated to dry mass (80:20 and 50:50). The desires of the existing biogas plant were to implement as much as possible of chicken manure with sawdust as a substrate for anaerobic digestion. That was the reason why the mass ratios were selected first with high content and secondly with a lower content of chicken manure with sawdust. The same procedure was performed with Miscanthus. The mixtures were further incubated for different periods of time. Samples were taken for analysis at 0, 5, 9, 14, 19, 23 and 30 d. For total solids (TS) determination, the material was dried for 24 h at 105 °C.




2.3. Analysis of Acid-Insoluble Lignin


The Klasson procedure was used for the measurement of acid-insoluble lignin. A known amount of a dry sample was placed in a filter tube and extracted using a Soxhlet apparatus. Acetone was used as a solvent. The tube containing the extracted sample was placed in a beaker, to which water was added. The beaker was covered with foil, and the contents were boiled for one hour. The tube containing the sample was then withdrawn from the beaker and dried. A small amount of the extracted dry sample was placed in a small beaker and hydrolyzed with a 72% sulfuric acid solution for 1 day. The resulting solution was then placed in a larger beaker, diluted with water to 3% sulfuric acid solution, covered with foil and boiled for 4 h. The solution was left to cool to room temperature, and then, it was filtered with suction filtration. The filter paper with the sample was dried to a constant mass, which represents the amount of acid-insoluble lignin. The filtrate was stored for later measurement of monosaccharide concentrations.




2.4. GC–FID Instrumentation and Working Conditions


An Agilent 6890 Gas Chromatograph, equipped with an Agilent 6890 Autosampler with split/splitless injector and flame ionization detector (FID), was employed for the analysis of trimethylsilyl (TMS) derivatives of monosaccharides. Samples were injected in split mode (split ratio 7:1). The gas chromatograph conditions used were as follows: an Agilent HP-5MS UI column, 30 m × 0.32 mm i.d., 0.25 μm film thickness, column oven was programmed to provide temperature ranges from 70 °C (1 min) to 200 °C at 2 °C/min, then to 320 °C at 10 °C/min and maintained at 320 °C for 3 min. The FID temperature was set at 250 °C with a hydrogen flow rate of 30 mL/min, air flow rate of 300 mL/min and nitrogen flow rate of 10 mL/min.




2.5. Preparation of Standard Solutions and Calibration Curves for Glucose and Xylose


Standard stock solutions of glucose, xylose and internal standard (ISTD) phenyl-β-D-glucopyranoside were prepared by weighing 10 mg of each into separate 10 mL glass volumetric flasks and dissolving them in methanol (γ = 1000 mg L−1). Afterwards, the flasks were placed in an ultrasonic bath for at least 15 min. Calibration solutions were prepared by combining different aliquots (20 to100 μL) of glucose and xylose with 50 μL of ISTD stock solution into separate conical glass flasks. These solutions were evaporated to absolute dryness using a rotary evaporator. Then, 100 µL of pyridine and 200 µL of BSTFA with 1% TMCS were added, and derivatization (silylation) was carried out by heating the samples for 90 min at 80 °C on a sand bath. Before the analysis, the solutions were diluted with toluene to the same final volume of 1 mL, and then, 1 µL of each solution was injected into the GC-FID system in triplicate. Linear curves (concentration range from 20 to 100 mg L−1) were constructed using linear regression of the peak–area ratio of individual monosaccharide to ISTD versus the concentration.




2.6. Preparation of Sample Extracts


Sample extracts for GC analysis were prepared using the same procedure as the standard solutions. After acid hydrolysis at the end of Klasson procedure, all filtrates contained H2SO4, and the pH of the samples was between 1 and 2. Because this could cause damage to the stationary phase in the GC column, the samples were neutralized using CaCO3 prior to derivatization and GC analysis. Before neutralization, the samples were spiked with an appropriate amount of ISTD. Cartridges for neutralization were prepared as follows: a filter paper was placed at the bottom of a 10 mL plastic syringe; 1 cm of cotton wool was put onto the filter paper, and about 1.5 cm of CaCO3 was added to the wool. The cartridges were then connected to the vacuum system. Two milliliters of each sample was carefully transferred into each cartridge using Pasteur pipettes, and the samples were slowly passed through the columns (at a flow rate 5 mL min−1). Two hundred microliter aliquots of the neutralized eluates were transferred into separate conical flasks and concentrated using rotary evaporation to dryness. Then, 100 µL of pyridine and 200 µL of BSTFA with 1% TMCS were added. Derivatization was carried out by heating for 90 min at 80 °C on a sand bath. Prior to analysis, the samples were diluted with toluene to 1 mL. One microliter of the final solution was injected into the GC-FID system in triplicate. The quantities of glucose and xylose from the sample extracts were determined from corresponding calibration curves.





3. Results and Discussion


3.1. Concentration of Acid-Insoluble Lignin


For verifying the efficiency of biomass delignification with Pleurotus ostreatus, we determined the concentration of acid-insoluble lignin according to the well-known Klasson procedure. The results for mixtures with different mass ratios of chicken manure with sawdust and pre-treated wheat straw (80:20, 50:50) and the same with Miscanthus are presented in Table 1 (abbreviations: CMS:S—chicken manure with sawdust and ordinary wheat straw, CMS:SP.o.—chicken manure with sawdust and wheat straw pre-treated with Pleurotus ostreatus fungi and CMS:M—chicken manure with sawdust and ordinary Miscanthus, CMS:MP.o.—chicken manure with sawdust and pre-treated Miscanthus with Pleurotus ostreatus fungi).



For the control, the concentrations of acid-insoluble lignin were determined in the untreated chicken manure with sawdust (16.42%), wheat straw (19.90%) and Miscanthus (18.43%). After an extensive literature review, it was clear that lignin concentration can vary significantly, depending on the maturity and origin of the crops. Data from the literature about lignin concentration are presented in continuation and compared to our values. Wheat straw contained 19.3, 23, 30 and 20% of lignin, according to Kaparaju et al. [39], Solé-Bundó et al. [40], Tsapekos et al. [41] and Rajput et al. [42], respectively. Li et al. determined the lignin content of different types of Miscanthus, where values varied from 8.58 to 14.44% [43]. Miscanthus contained 20, 25.2, 18.1 and 21.36% lignin, according to Zhou et al. [44], Guo et al. [45], Vasco-Correa et al. [46] and Li et al. [47], respectively. Vasco-Correa et al. performed an additional study of fungal pretreatment of Miscanthus for enhanced enzymatic hydrolysis and obtained lignin concentrations of raw Miscanthus and fungal colonized Miscanthus of 20.9 and 17.1%, respectively [48]. In our test, we compared the values of ordinary Miscanthus to the values of mixtures after incubation with fungi, and we conclude that the lignin concentrations of mixtures are only 3 to 9% lower. Lower values can also be attributed to the lower lignin content of chicken manure and sawdust. Vasco-Correa et al. found that if the inoculum ratio is more than 30% and the moisture content between 60 to 75%, then, lignin degradation could be 25 to 35% after 28 d. However, they observed almost no lignin degradation with a 10 to 20% inoculum ratio [48].



Table 1 shows that the values of lignin concentrations are dispersed and that there is no observable interdependence between the concentration of lignin and the mass ratio of the mixtures. Special care was taken in the preparation of mixtures; however, because of variations in the consistency of each component, it was difficult to prepare uniform mixtures. Chicken manure, among other things, contains sawdust and pebbles; pre-treated wheat straw and Miscanthus contain mycelium fungi; consequently, all ingredients are not evenly dispersed. The concentration of acid-insoluble lignin in all Miscanthus samples is 5–10% lower than that in the wheat straw ones. The average deviation in concentration of insoluble lignin in wheat straw and Miscanthus samples were 0.66 and 0.42%, respectively. We chose a time period of 30 d for performing our experiments, because we were focused on possible lignin degradation over a reasonable time span. However, lignin degradation was not evident during the 30 d of incubation.



The mycelium growth was satisfactory on both substrates, but it was more pronounced on wheat straw samples compared to Miscanthus samples. Van Kuijk et al. studied fungal treatment of lignocellulosic biomass and revealed that no mycelium growth of Pleurotus ostreatus was observed on Miscanthus after 4 weeks. The mycelium growth was observed later, and after 8 weeks, the growth was about double [49]. In another study, Trametes versicolor fungi caused a 46% mass loss of lignin in Miscanthus after 12 weeks of incubation at 20 °C [36].




3.2. Concentration of Glucose and Xylose


In addition to the insoluble lignin concentration, the concentrations of glucose and xylose remaining in the filtrate at the end of the Klasson procedure were measured. Lignin in plant cells is crosslinked to cellulose and hemicellulose. To make the cellulose and hemicellulose accessible, it is essential to break down the chemical bonds in lignin. One of the evidences of delignification is also the formation of sugars, which are the products of hydrolysis of cellulose and hemicellulose. The concentrations of both sugars in the initial samples and, after 30 d of incubation, were determined.



The results for wheat straw samples are presented in Figure 1 and for Miscanthus in Figure 2. For the control, ordinary wheat straw was mixed with chicken manure with sawdust in the same mass ratios as in the case of pre-treated samples. The same experiments were performed with both wheat straw and Miscanthus.



The concentrations of xylose were about 6–10% lower than that of glucose, but in some samples, the difference was as much as 27%. The average deviations in concentration of glucose and xylose in wheat straw samples were 0.48 and 0.28% and in Miscanthus samples 0.63 and 0.39%, respectively. It is worth noting that after 30 d, the glucose and xylose concentrations were also lower for the control samples, which were not pre-treated with fungi. These results can be explained by the fact that microorganisms already present in chicken manure can consume glucose and xylose. Nevertheless, the decrease in sugar concentration during 30 d of incubation additionally indicated that selected fungi have almost no potential for degradation of lignin presented in studied mixture.





4. Conclusions


We explored the possibility of using Pleurotus ostreatus fungi for lignin degradation during incubation of mixtures of chicken manure and sawdust with pre-treated co-substrates: wheat straw, as agro-industrial waste, and Miscanthus, as biomass crop. There was no clear indication that lignin present in our mixtures would degrade during 30 d of incubation, thus making the cellulose and hemicellulose accessible for the hydrolysis to simpler monosaccharides. Instead of increasing, the concentrations of glucose and xylose even decreased compared to initial samples, which is most likely the consequence of fungi and microorganism consumption.



Our results show that the use of white-rot fungi obviously has its limitations. These organisms are generally known as most efficient in delignification process. However, preliminary studies about pre-treatment step for anaerobic digestion are always required. The results depend on the strain used and cultivation parameters. Some other microorganisms than white-rot fungi should be found for a pre-treatment procedure for anaerobic digestion of chicken manure with sawdust.
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Figure 1. Concentrations of glucose and xylose in wheat straw samples. 
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Figure 2. Concentrations of glucose and xylose in Miscanthus samples. 
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Table 1. Concentrations of acid-insoluble lignin.
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t/d

	
Substrate

	
Ratio

	
wL/%

	
Substrate

	
Ratio

	
wL/%






	
Wheat straw

	
Miscanthus




	
0

	
CMS:SP.o.

	
80:20

	
20.10

	
CMS:MP.o.

	
80:20

	
11.80




	
50:50

	
20.70

	
50:50

	
15.00




	
CMS:S

	
80:20

	
20.90

	
CMS:M

	
80:20

	
11.20




	
50:50

	
23.40

	
50:50

	
14.00




	
5

	
CMS:SP.o.

	
80:20

	
19.90

	
CMS:MP.o.

	
80:20

	
13.50




	
50:50

	
20.80

	
50:50

	
14.00




	
CMS:S

	
80:20

	
18.10

	
CMS:M

	
80:20

	
9.50




	
50:50

	
19.40

	
50:50

	
15.10




	
9

	
CMS:SP.o.

	
80:20

	
21.30

	
CMS:MP.o.

	
80:20

	
9.20




	
50:50

	
22.60

	
50:50

	
15.50




	
CMS:S

	
80:20

	
24.20

	
CMS:M

	
80:20

	
10.30




	
50:50

	
23.20

	
50:50

	
13.80




	
14

	
CMS:SP.o.

	
80:20

	
25.50

	
CMS:MP.o.

	
80:20

	
15.20




	
50:50

	
20.80

	
50:50

	
13.30




	
CMS:S

	
80:20

	
22.10

	
CMS:M

	
80:20

	
11.60




	
50:50

	
21.70

	
50:50

	
15.30




	
19

	
CMS:SP.o.

	
80:20

	
21.10

	
CMS:MP.o.

	
80:20

	
13.20




	
50:50

	
19.60

	
50:50

	
14.50




	
CMS:S

	
80:20

	
26.30

	
CMS:M

	
80:20

	
13.10




	
50:50

	
23.08

	
50:50

	
15.50




	
23

	
CMS:SP.o.

	
80:20

	
24.80

	
CMS:MP.o.

	
80:20

	
10.30




	
50:50

	
20.10

	
50:50

	
12.50




	
CMS:S

	
80:20

	
25.90

	
CMS:M

	
80:20

	
13.50




	
50:50

	
25.90

	
50:50

	
15.00




	
30

	
CMS:SP.o.

	
80:20

	
22.30

	
CMS:MP.o.

	
80:20

	
11.40




	
50:50

	
18.10

	
50:50

	
15.60




	
CMS:S

	
80:20

	
22.10

	
CMS:M

	
80:20

	
11.90




	
50:50

	
24.70

	
50:50

	
14.90
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