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Lignocellulosic agricultural waste and manure from livestock are useful for transforming them into energy through anaerobic digestion. When this technique uses alkaline hydrolysis to release carbohydrates or break lignocellulose chains, the digestion process is accelerated, although the application of nanomaterials has also proven to be useful because it catalyzes microbial interaction and optimizes the production of biogas and methane. The objective of the research was to optimize the production of biogas with higher methane content through the anaerobic digestion of coffee and banana waste. To this end, part of the lignocellulose waste was pretreated by alkaline hydrolysis, while digestion was assisted with the application of iron nanoparticles. The experimental design consisted of comparing the production of CH4 in three random blocks, the first, treated the anaerobic digestion of each substrate without any treatment, as well as the digestion of the mixture of both substrates. The second random block applied the substrates pretreated with a NaOH solution to break down the lignocellulose molecules and optimize the proportion of biogas and methane and a third block that also added FeNPS (0.1 g) at the beginning of the digestion process. The results showed that monodigestion developed a lower volume of CH4 (1561.5 -2280.75ml CH4), the anaerobic codigestion of both substrates pretreated with NaOH and assisted with FeNP reached the highest cumulative production of CH4 with 8341ml CH4 in 7 days. However, more research is still required on the doses and combination of FeNPs to improve methane production as an ecological alternative for the valorization of biomass and its conversion into energy.
​Introduction
Agricultural waste is not yet used as part of a sustainable economy, its use as biomass and conversion to energy is increasing, however, it is urgent to evaluate the capacity to treat it adequately; achieve the conversion of biomass to renewable bioenergy (Yana et al., 2022) and contribute to the reduction of GHG emissions. The coffee industry produces more than 23 million tons of waste per year, which is why its transformation is important to better guide a circular economy (Durán-Aranguren et al., 2021). The poorly controlled discharge of coffee husks causes serious environmental pollution and is a waste of resources (Du et al., 2021), these are agroindustrial lignocellulosic waste useful for generating biofuels without detriment to food security (Dias et al., 2021). Likewise, one of the most influential crops is banana, whose agricultural waste can be transformed into biofuels (Guerrero et al., 2018). These lignocellulosic wastes require treatment to release carbohydrates. Else, chemical pre-treatment through NaOH improves the quality of the biogas and increases the reaction rate and anaerobic degradability (Jacobo et al., 2023). Finally, livestock farming also generates waste, manure, especially from cattle, increases with livestock farming, causing problems for the environment, especially due to the presence of significant loads of nitrogen, phosphorus and methane emissions that affect the environment (Xin et al., 2018). These wastes can also act as biocatalysts due to the significant microbial load that acts in each of the anaerobic digestion processes (Ahlberg-Eliasson et al., 2021).
Anaerobic digestion is a technology that allows waste to be treated, controlling pollution in exchange for recovering energy (Nie, et al., 2021). This biochemical process takes place in the absence of oxygen and it is the microorganisms that transform and promote the conversion of various organic compounds such as carbohydrates, proteins and lipids into simpler chain products. Under special conditions it can produce methane gas; carbon dioxide; hydrogen sulphur and ammonium; through processes such as: hydrolysis, acidogenesis, acetogenesis and methanogenesis (Torres and Pérez 2010). The use of nanoparticles has even begun, which are opening new fields of action for their very promising application in the production of biogas, methane, etc. because they improve microbial interactions (Singh, et al 2022). Bayisa, et al. (2023) produced methane using iron nanocatalysts by green synthesis and improved the methane yield by 89.5%.
This research aimed to improve biogas production by applying anaerobic digestion using coffee and banana peel waste rich in lignocellulose components using iron oxide nanoparticles. This research was part of an initiative of the ICAMB Research Group of the Cesar Vallejo University.
Materials and methods
2.1 Collection of precursor material
The coffee husk was collected in the urban area of Alto Penedo (Chanchamayo, Peru), to be used as a substrate, this place has more than 50 hectares of coffee cultivation. Banana peels were also collected at a local market in the area. Likewise, chicken, pig and cow manure was collected from several farms in the area, to test the methanogenic activity and select its use as inoculum. The Minthostachys mollis (muña)-stabilized iron oxide NPs were obtained from the ICAMB Research Group of the César Vallejo University, San Juan de Lurigancho Campus.

2.2 Substrate pre-treatment and FeNPs production
The substrates were air dried for 4 days and then ground (2 mm) for use. These lignocellulosic substrates (coffee peel: 28.9% and banana peel: 13% on a dry basis) were treated with a solution of 1.5 g NaOH/25 g substrate/325 ml water, according to the methodology applied by Li et al. to the. (2020), in a water bath (100° C) for 1 hour. Initially, the banana peel had a pH of 6.52 and the coffee peel a pH of 4.39. After treatment with the NaOH solution, there was an increase in pH to 12 and 10 respectively. Subsequently, the solution was neutralized to pH =7, because it adjusts to the optimal range (6.5 to 7.5), to produce the maximum biogas yield (Syaichurrozi et al. 2020). The ANOVA demonstrated the significant action of NaOH on the residues (p<0.05).
To prepare the FeNPs, ten grams of muña leaf powder were weighed, added to 150 ml of deionized water and mixed at 100oC for one hour. It was then filtered to separate the extract. 3.8 g of FeCl3.6H2O was dissolved in 100 ml of distilled water. Both solutions were mixed in 1:1 ratios for 120 min at 100 °C at 250 rpm, the final suspension was centrifuged at 6000 rpm for 30 min, and the pellet was dried at 100 °C for 24 h. The iron nanoparticles were analyzed in a UV – Visible spectrophotometer (GENESYS 10S UV) using a reading path of 200 -700 nm; to confirm the presence of the nanoparticles.

2.3 Specific methanogenic activity (SMA) test
For the specific methanogenic activity (SMA) test, the procedure of Soto (1992) was followed. 625 ml flasks were used as reactors and 5 g/L acetic acid COD as standard substrate at neutral pH at room temperature (22° to 25°C). The CH4 generated was measured by volume displacement of a NaOH solution (2.5%). The theoretical methane production must be calculated taking into account the temperature and atmospheric pressure conditions under which the experiments are carried out. The SMA was calculated using the slope obtained in the CH4 production curves and was expressed as Kg COD/d.Kg SV. The slope “m” represents the variation of methane production in terms of volume and time expressed as ml CH4/h. It is possible to calculate the daily volume of methane produced, considering the first hours of the process where the highest slope occurs:
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Once the produced volume of CH4 has been calculated, it is possible to apply the universal gas equation to calculate the W (weight) of CH4 (g), considering the position of the laboratory on the coast at 0 meters above sea level (P=1atm), the weight molecular gas (16 g/mol) and ambient temperature (30oC):
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Where P = pressure (atm), V is the volume of CH4 (ml), R is the Rydberg constant (8.14472 joule/mol-K) and Mol is the molecular weight of methane. Then considering the following reaction that occurs:
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The amount of oxygen needed in terms of COD can be calculated by stoichiometry:
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The maximum specific activity is expressed as Kg COD/Kg SV.d, based on the mass of inoculum containing 2.5 g of volatile solids applied for the test is:
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The experimental SMA is calculated considering “m” as the slope of the line obtained during the first days that results with the greatest slope (m=slope) and expressed as CH4 ml/h, “I” is the concentration of the inoculum expressed g SSV/ mL; and Vs is the effective volume of sample used = 400 mL.
To calculate SMA the equation was considered:
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2.4 Biochemical Methane Potential (BMP) Test
The Biochemical Potential of Methane (BMP) Test consisted of an experimental design in completely randomized blocks according to the following description: Coffee "untreated, Coffee "treated with NaOH"; Coffee "treated with OH + NP", this same Distribution was applied for banana and then for the coffee + banana mixture, taking as reference the methodology of Naseem (2018) with certain modifications.

2.5 Experimental design
The experiment was conditioned for 7 days at 22°C (batch production), neutral pH and 200 ml of inoculum and a working volume of 400 ml. The experimental design generated 33 experimental units that included controls and blanks, the biogas produced was monitored every day. A portion of 0.1g of NP was applied according to Amo-Duodu et al, (2020). As seen in the figure, one of the highest absorption peaks exposed was present at 290 nm and is located in the range (275-301) reported by Bouafia and Laouini (2020), indicating the formation of iron oxide nanoparticles. Figure 1 shows the flow chart applied in this research.
[image: ]
Figure 1. Flow diagram of the developed experiment: a) dried banana peels, b) dried coffee peels; c) Spectrogram of FeNP at 290 nm; d) SMA test; d) BPM.
​2.6 Analysis of data
The data analysis method corresponded to that used by Jacobo et al. (2023). The experiments were performed using the short-term batch experimental setups of 7 days and with a fixed dose of FeNPS.
Results and discussion
3.1 Specific Methanogenic Activity
Figure 2 shows the results of the methanogenic activity (SMA) test developed for animal manure. To do this, a theoretical slope has been drawn, taken in the section with the greatest initial inclination of the curve, which indicates the potential of the substrate. Accordingly, cow manure produced the highest slope whose line Y = 50.73x +16.218 produced a strong R2 (0.9998).
The methane yield was higher for cow manure, between 1.028 and 1.087 times higher than that of the other inoculums and at a volatile solids content of 11.42 g/L (VS) and total solids content of 12.02 g/L (TS).  It shows that cow manure serves as raw material for the production of biogas, according to Malik et al. (2022), a high percentage of VS/TS is an indication that the state of the inoculum corresponds to a biodegradable process, as occurred in this test.
[image: ]Figure 2. Cumulative distribution of CH4 in the Specific Methanogenic Activity test in a) chicken manure; b) pig manure and c) cattle manure.

Table 1 shows the results of the methanogenic activity test (SMA) of each of the treated inoculum. SMA tests gave slope results between 46.62 -50.70 expressed in ml/h; the highest value corresponded to cow manure. According to this, the experimental SMA and the theoretical SMA were calculated.

Table 1. Results of the Specific Methanogenic Activity test of manure samples
	Substratum
	m
 (ml/h)
	V CH4
 (ml/d)
	CH4 (g)
	O2 (g/d)
	(SMA)
 DQO kg/d.kg SV
	(SMA)exp
 ml CH4/h.g SV

	Chicken manure
	49.3340
	1184.0
	0.7554
	3.0214
	1.2086
	0.0247

	Pig manure
	46.6220
	1118.9
	0.7138
	2.8553
	1.1421
	0.0233

	Cow manure
	50.7030
	1216.9
	0.7763
	3.1053
	1.2421
	0.0254



3.2 Biochemical Potential of Methane
The biogas production of all the experimental arrangements began from the first day for each analysis unit, however, in the case of coffee (alone) slow beginnings were observed during the first 40 hours, later reaching a production rate of 1 .33 ml CH4/h. stabilizing on the 5th day (205 -209 ml). The tests of coffee treated by alkaline hydrolysis, on the other hand, skyrocketed from the first 45 hours of the process with a production rate of 0.96 mlCH4/h after which it reached gradual stability with lower amounts of CH4 formation ( 161.75 -164 ml CH4). The higher value observed in coffee residues with alkaline treatment would have been due to the release of a higher concentration of simpler chain molecules and the microbial activity in stable mesophilic conditions in the presence of non-inhibitory volatile fatty acids (Batista et al., 2020). However, additional fixation with NP did not show a significant difference (p > 0.05) compared to the untreated sample. This occurred due to limitations presented in the heating batteries of the “treated coffee + NP” arrangement. In the first case (NaOH addition), a rapid conversion to methane occurred through acetogenesis and methanogenesis (Li et al. 2020). Figure 3 shows the results obtained in the biochemical methane potential test. Figure 3a corresponds to the tests carried out on coffee residues. As can be seen, the distribution produced from the accumulated biogas of the coffee waste treated with NaOH solution barely reaches 2890.75 ml (p < 0.05) unlike the other tests. On the other hand, there was no difference (p>0.05) between the digestion without previous treatment of coffee and the digestion of the residue treated with NaOH and NP, due to a destabilization in the uncontrolled system. Figure 3b shows the results for banana, in this case the application of the NaOH and NP solution was effective and there was a significant difference (p<0.05) with the other tests, since a better cumulative distribution was produced. The distribution of NaOH-treated residues showed that alkaline treatment released short-chain carbohydrates especially in the banana peel, optimizing enzymatic hydrolysis (Sun et al., 2022). Figure 3c, belonging to the C+B mixture, shows a distribution similar to that of the banana. Figure 3d shows the summary of each treatment combination, with the combination of C+B subjected to a NaOH +NP solution achieving greater biogas production (8341 ml). In general, the addition of NPs may cause a delay period or a slow process before starting biogas production by anaerobic co-digestion and a higher amount of biogas and CH4 is generated in certain FeNP arrangements (Amen et al. 2017). This indicates that FeNPs require a certain time for their stabilization and induce bacterial growth, due to a bio stimulant effect of methanogenic bacteria that increase biomethanization. The studies carried out by Barua et al. (2019) demonstrated that the co-digestion of banana with other pretreated plant waste had a greater production of biogas and of better quality, because the proportion used exerted a synergistic balancing action in the anaerobic process. Furthermore, banana peels have a lower lignin content, which facilitates their anaerobic conversion into biogas with high methane content (Barua et al. 2019). The banana peel had a higher content of volatile solids of 92.3 g/L and total solids of 100.06 g/L, this gives it a rich presence of carbon and nitrogen-based molecules (Barua et al. 2021). The production of CH4 in treated banana residues (including C+P) exceeded those obtained by Rincón-Catalán et al. (2022) equivalent to a BMP of 373 mLCH4/gVS. According to Amen et al 2017, additional treatment with NP increased its reactivity because anaerobic corrosion of the iron nanoparticles would occur, generating electrons that would be effectively used by methanogenic bacteria to generate methane.
[image: ]​





















Figure 3. Biochemical Potential of CH4 in: a) coffee peels; b) banana peel and c) mixture of coffee and banana peel.
Table 3 confirms the differences between the treatments for each of the applied arrangements; the p value (< 0.05) indicates the differences found in each case. These results have surpassed other treatments with NaOH applied to rice straw that accumulated a maximum of 1801 ml of biogas in 15 days (Jacobo et al., 2023), indicating the effectiveness of using NaOH and NP especially for banana and the B+C mixture. Although the application of NP improved the biogas yield in general, it is important to continue investigating factors such as the various doses of NP that must be applied and the effects on the microbiota present in mesophilic conditions that imply a lower energy cost.
Table 3. Analysis of variance for the treatments of a) coffee (C), b) banana (B) and c) mixture of C+B
	 
	DF
	Sum of Squares
	Mean Square
	F Value
	Prob>F

	Model C (wt-t-NP)
	2
	39732.3906
	19866.1953
	4.34068
	0.01676

	Error
	69
	315795.727
	4576.74966
	
	

	Total
	71
	355528.117
	
	
	

	Model B (wt-t-NP)
	2
	198467.661
	99233.8307
	9.90848
	1.65E-04

	Error
	69
	691038.143
	10015.0456
	
	

	Total
	71
	889505.805
	
	
	

	Model C+ B (wt-t-NP)
	2
	102093.861
	51046.9306
	4.34924
	0.01664

	Error
	69
	809852
	11736.9855
	
	

	Total
	71
	911945.861
	 
	 
	 



Conclusions
[bookmark: _GoBack]Agricultural waste from coffee and banana peels has been used as substrates and cow manure in the anaerobic digestion process for the production of biomethane. Pretreatment of the substrates with alkaline NaOH solution managed to release short-chain carbohydrates from the precursor lignocellulosic material, which favoured the process compared to the control experiments. The addition of muña-stabilized iron NP generated an increase in the production of methane for the mono-digestion of banana peels and in quantities and in the co-digestion of coffee-banana peel efficiently. These results serve as a basis for new research aimed at evaluating dosages in the application of NPs to optimize methane production.
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