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Abstract

:

The contribution of domestic lignocellulosic waste and its potential for biodegradation by components, for each category of paper and cardboard, have scarcely been reported. To achieve integral proposals, for managing this type of waste, is essential to know each individual contribution to the “paper and cardboard” category. The objective of this study was to characterize the paper and cardboard waste from the domestic solid waste stream, in the city of Morelia, Mexico, and estimate its methane generation potential (CH4). The generation of lignocellulosic waste was studied in a housing complex of social interest. The domestic lignocellulosic residues (DLW) that were chemically characterized were derived from paper and cardboard. The average daily generation was 0.5 kg/inhabitant. The highest content of lignin was found in newspaper (24.5%), and toilet paper was the material with the lowest lignin content (1%). The bond paper had a DLW of higher YCH4, when degraded anaerobically, in a semi-solid phase and a mesophilic regime. The variety of paper and cardboard, such as DLW, presented differences in their generation (kg/person), chemical composition (lignin content), and their potential for anaerobic biodegradability.
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1. Introduction


The daily generation of municipal solid waste (MSW) in Mexico is 103 Gg [1]. On average, the total organic waste is equivalent to 66% of the waste stream, which includes 14% (of the total) of paper and paperboard compounds, according to reports from the Ministry of the Environment and Natural Resources [1]. Domestic waste constitutes 77% of MSW, making the sector the main source of waste [2].



The typical way to report the composition of MSW is in clustered categories. In Mexico, the categories are described in the Mexican Standard NMX-AA-022-1985 [3], where domestic lignocellulosic wastes (DLW) are grouped into general categories, such as paper, diapers, hard vegetable fiber, gardening, cardboard, and wood. In Latin America (LA), this categorization is also used, for example, in Peru, where the 2014 Guide of the Ministry of the Environment in Peru [4] sorts all DLW into different categories, such as paper, cardboard, as well as, wood, and foliage. Thus, reports mostly allow the distinction of the mixtures of these lignocellulosic residues, but “paper and board” is a category that includes materials diverse in grammage, and in physical and chemical characteristics. Some materials in this category could be as diverse as waxed paper, bible paper, compact paperboard, craft paper, and corrugated paperboard, among others. Clustering waste fractions generate a lack of knowledge about more specific paper categories, in the household waste stream. This situation differs with categorization reports, when the source is commercial or industrial [5]. The lack of knowledge regarding the quantities and type of waste generated, limits the possible strategies that could be implemented to recover lignocellulosic materials, or to reduce their use.



The recovery rates of materials, such as paper and cardboard, in LA, are limited and remain below 60%. These values are the result of several aspects, such as the demand for secondary materials, the collection capacity of both the collection personnel and the final disposal site, and low efficiency, due to contamination with other waste. In Mexico, approximately 50% of this type of waste was collected, according to the Chamber of Paper [6]. However, these values come mainly from the commercial or institutional sector. In LA, for instance, Colombia has the highest rate of paper and cardboard recycling (57%), in Chile and Ecuador, they recover between 40–50%, while Venezuela only recovers 20% of this material [4].



The impact on the environment, derived from the disposal of waste paper and cardboard, has at least three aspects. These include (a) the waste of wood pulp and water as natural resources; (b) the production of greenhouse gases by their disposal in landfill sites; and (c) the use of space in the final disposal site. In the first case, the wood pulp use of renewable sources is possible. The lignocellulosic residues could be used to produce biofuels synthesized from syngas, by biomass gasification, as reported in some research [7,8]. Regarding land use, Fonoll et al. [9] estimated that the content of paper and cardboard in a sanitary landfill is approximately 30%, and that it influences the biomethanization of the rest of the solid waste, at least on a laboratory scale. Other authors [10,11] indicate that the anaerobic digestion of paper and cardboard, in a mixed category, has a yield of around 190–280 L CH4/kg volatile solid (VS).



The contribution of domestic lignocellulosic waste, and its potential for biodegradation by components of each category of paper and cardboard, have scarcely been reported. Furthermore, there are no reports by the paper and cardboard industry that relate these potentials to the generation of the individual components. It is essential to value the individual categories of the “paper and cardboard” category, for the integral proposals required to manage this type of waste. That is, the growth of the infrastructure of these management systems needs information that details and distinguishes between recoverable materials.



The aim of this study was to characterize paper and cardboard waste from the domestic solid waste stream (DSW) in the city of Morelia, Mexico, and estimate its methane generation potential (CH4). This characterization included three aspects, including the rate of generation (kg/person), the chemical characterization, and the generation potential of CH4, of the various components of this category, at a laboratory scale.




2. Materials and Methods


2.1. Description of the Study Area


The duration of each study was dictated by the characteristics of each site, the availability of resources, and the objectives sought, among others. However, several methods for characterizing municipal solid waste suggest analyzing the waste for at least one full week [12,13,14,15,16,17,18,19,20,21,22,23,24]. The study was carried out in July and August of 2015, for six days, a week that was not close to any special period. The aim was to study a typical week of waste generation, in the studied households. Time and budget limitations did not allow the study to be carried out at other times of the year, to identify any significant differences, between them, in the generation of domestic paper and cardboard waste.



The generation of the lignocellulosic waste was studied in a housing complex of social interest (412 inhabited dwellings), located southwest of the city of Morelia, Michoacán, Mexico. The socio-economic stratum analyzed was medium-low; housing had a cost of USD 16,000–19,800, accessible to people earning wages of USD 10–18 per day. The selection of the study area included two criteria, (a) the study area should include at least 80% of the inhabited dwellings, and (b) the appointed waste-collector of the housing complex should agree to participate.




2.2. Study of the Composition and the Generation of Domestic Solid Waste


Some reports have pointed out that the representative samplings of a household solid waste (HSW) could be a truckload, coming in to the waste-transfer stations, in a typical weekday collection [25], or a mixed sampling, taken from a waste incinerator [18], among others. Before the start of the study, the operators of the waste-collection truck were asked not to carry out any material recovery activity. To ensure that the analyzed waste corresponded only to that of the study area, each day the collection truck was verified as empty, before the waste-collection started. At the end of the route, the collection truck transported the waste to the Solid Waste Laboratory of the Michoacán University of San Nicolás de Hidalgo (UMSNH). At this site, a homogeneous sample of 100 kg was taken daily for a six-day period. This sample size was determined by using the “Calculation Necessary Number of Sampling Units”, published by the European Community [12], considering a confidence level of 95%, with 10% random sampling error, and a 50% coefficient of variation.



Once the sample had been obtained, a manual separation and subsequent quantification were performed, according to the categorization shown in Table 1.



The measurements were performed in-situ using a portable electronic scale (H-670, Uline, Pleasant Prairie, WI, USA), with a 150 kg capacity and 10 g readability. The per-capita waste generation (pcwg) was calculated by dividing the weight of the collected waste by the studied population, multiplied by the number of days analyzed (Equation (1)).


  pcwg =   Amount   of   waste   generated   inhabitants ∗ day   =   kg   d ∗ hab    



(1)








2.3. Chemical Characterisation of the Domestic Lignocellulosic Waste


The domestic lignocellulosic residues (DLW) that were chemically characterized, were derived from paper and cardboard. To select the items to be studied, two criteria were considered. First, they were DLWs of slow anaerobic degradation, and second, they did not contain any sodium polyacrylate (diapers or sanitary napkins). Therefore, only bond paper, glossy paper, cardboard, toilet paper, and newsprint were selected. Each material was ground separately in a stubble hammer mill, with an aperture size screen of 4 mm, and then stored at room temperature, until use.



For mass loss, the total solids content (TS) was determined at a temperature of 110 °C, for 24 h, and total volatile solids (TVS), at 550 °C, for 30 min [26]. Using the Sun et al. [27] method, the extractables were obtained (extraction in a Soxhlet with a reflux of ethanol and toluene), and from these, the content of holocellulose and lignin was determined. For the holocellulose, the Wise [28] method was followed, using NaClO2 and CH3COOH. For lignin, the extraction was done by H2SO4, using the Runkel method [29]. The content of TS and TVS was made in triplicates and that of lignin and holocellulose in duplicates.



The results were analyzed statistically, through an analysis of variance (p ≤ 0.05) and the Tukey-Kramer test. Finally, the biodegradable fraction (BF) of each type of paper and cardboard was determined according to what was suggested by several researchers [30,31,32,33,34,35,36,37,38], who related it to the lignocellulosic fibers present (Equation (2)).


  BF = 0.83 − 0.028   LC  



(2)




where BF is the biodegradable fraction; 0.83 and 0.028 are empirical constants, and LC is the lignin content expressed as a percentage (dry basis).




2.4. CH4 Generation Potential of Domestic Lignocellulosic Waste


The DLWs considered for the anaerobic biodegradation test were those mentioned in Section 2.2.



2.4.1. Obtainment of Biogas Producer Inoculum


The biogas-producing inoculum was obtained through the methodology of Baltierra-Trejo et al. [39]. The soil and the excreta were obtained from the garden and the stables of the UMSNH, and the digestion sludge from the upflow anaerobic sludge blanket (UASB) reactor at the municipal wastewater treatment plant in Quiroga, Michoacán. The parameters for using the inoculum for the subsequent biodegradation tests were ≈25% total solids (TS), ≈60% total volatile solids (TVS), pH 6.5, and a constant biogas production with a correlation coefficient of 95% (long-term linear dynamics).




2.4.2. Mesophilic Anaerobic Biodegradation Assays


Bioreactors were mounted using glass bottles. One gram (dry basis) of the substrate (bond paper, newsprint, toilet paper, glossy paper, and cardboard), 9 g dry base of biogas-producing inoculum, and 100 mL of distilled water were added. They were sealed and flushed with N2 (nitrogen) to displace the O2 from the headspace, and finally incubated, at a temperature of 35 °C, for 200 days. The treatments were mounted in quadruplicates, the active control only contained the inoculum and the distilled water, and the passive control contained only the DLW and the distilled water.



The CH4 content was measured, every seven days, for a period of two hundred days, using a gas chromatograph (Varian CP-3800, Conquer Scientific, San Diego, CA, USA) fitted with a flame ionization detector (FID), catalog ZW 3609. N2 was used as the carrier gas; operating conditions of the flow were 12 mL/min, and the temperatures of the furnace, injector, and the detector were 40, 150, and 250 °C, respectively. The biogas was measured by liquid displacement (Figure 1), following the method used by Baltierra-Trejo et al. [39]. At the end of each CH4 and biogas measurement, the headspace of each bioreactor was flushed with oxygen-free N2.



The yield of CH4 (mL/g TVS) for each of the DLWs was determined by Equation (3), reported by Yuan et al. [40]. The accumulated YCH4 was obtained by adding together all the calculated returns.


    Yield   CH  4     (   Y    CH  4     )  =      (    volume   CH  4   )    Sample   −    (    volume   CH  4   )    empty     g   TVS    



(3)







As a limitation of this work, the possible influence of ink inhibition on newspaper was not taken into account. The rest of the material was unprinted or new.





2.5. Calculation of CO2eq Emissions by the Anaerobic Degradation of Waste


2.5.1. Emissions Relative to the Amount of Domestic Lignocellulosic Waste Produced in the Dwelling


In order to calculate the emissions of the domestic lignocellulosic waste, a factor-based calculation approach by Myhre et al. was used [41]. An emission factor is a coefficient that quantifies the emissions or removals of a gas per unit activity, and it is often based on a sample of measurement data. The general equation for emissions estimates is E = A × EF, where E = emissions; A = activity data (e.g., fuel consumed, material input, throughput, or production output, and waste production); EF = emission factor (usually the weight of the pollutant or the unit weight, or the volume or duration of the activity, e.g., tons of CO2 or tons of coal) [42].



A calculation basis of 1000 kg of DSW was considered, and the percentage of each DLW obtained in the characterization study was identified (Section 3.1). For example, if the bond paper contributed 8.7% of the DSW current, the amount to be considered would be 87 kg. Next, the yield of CH4 (m3/kg material, dry base) obtained experimentally from the biodegradability test for each DLW was identified (Section 2.4). Subsequently, CO2eq emissions were calculated using Equation (4), derived from the above general equation to include single-waste categories of DLW.


   E  DLW   =  Y i  ·  (   M i  ·  ρ    CH  4     )  ·   CH  4  GWP  



(4)




where EDLW = Emissions of CO2eq per domestic lignocellulosic waste, (kg CO2eq/kg DLW individual, dry basis); Mi = Proportion of DLW in the domestic waste stream (kg DLW, dry base); Yi = Cumulative methane yield, obtained experimentally, by individual lignocellulosic residue (i) of the domestic fraction (m3/kg DLW, dry base);  ρ CH4 = Density of methane gas in normal conditions, 0.667 kg/m3 (25 °C and 1 atm), to obtain mass instead of volume; CH4 GWP = Constant with a value of 25, representing the global warming potential of methane, in a horizon of 100 years [41].




2.5.2. Emissions Calculated by Emission Factors


Weight (kg) of DLW was multiplied by each emission factor (kg CO2eq/kg waste), according to the DEFRA [43] and Turner et al. [44] reports.






3. Results


3.1. Composition and Generation of Domestic Solid Waste


During the week of the study, a total of 4350 kg of DSW was generated, with an average daily generation of 0.5 kg/inhabitant. Table 2 shows the composition of DSW, where the highest category within the DLW was that of food waste (47%). The rest of the DLW categories constituted 25% of the total waste stream. Within that fraction, sanitary waste (diaper and sanitary napkin) was the largest category (30.7%).




3.2. Chemical Characterization of Waste Paper, Cardboard, and Derivatives


The DLWs that were chemically characterized were those derived from paper and cardboard. Table 3 shows the chemical characterization of the components studied. The highest content of lignin was found in newspaper (24.5%), which also had the lowest biodegradability factor (0.2). Toilet paper was the material with the lowest lignin content (1%).




3.3. The Potential for CH4 Generation by Domestic Lignocellulosic Waste during the Biodegradability Test


Figure 2 shows the yield curves of CH4 (YCH4), accumulated during the laboratory scale test period (200 days). The order of the generation potential of CH4 was BP > GP > CB > NP > TP. For all paper categories, a sixty-day lag phase period was observed. This was expected for anaerobic slow-degrading material, in which one of the most important features of cellulose as a substrate for microorganisms, is its insolubility. This suggests the assembly of extremely complex enzyme systems that occur exocellularly [45]. From there, only glossy paper and bond paper experiments produced biogas during the studied period. Moreover, bond paper yielded the largest methane production rate, with a cumulative 902 mL CH4/g TVS. This was not expected for bond paper as with each recycling cycle in the paper industry, the fibers in the paper become shorter and the acceptable use is more restricted. As a result, a normal paper production cycle first produces a white bond paper, then colored bond paper, newspaper, grocery bags, and finally toilet paper. Glossy paper produced 50% of the cumulative methane compared to bond paper.



It was expected that the lignin content (Table 3) would limit the anaerobic degradation of paper categories, thus, CH4 generation potential was anticipated to be TP > BP > GP > CB > NP. However, Figure 2 showed unexpected results, where TP produced no biogas during the experimentation period. TP has been studied and reported as easily degradable, yet most available reports include biomethane potential tests that use a liquid experimental phase [46], and co-degradation [9] or aerobic composting experimentation [47]. After the recycling process, TP might contain a variety of chemical ingredients. Chemical substances that can be found in TP include perfume, softeners, and others (e.g., azo dyes, monomeric acrylic acid, phthalates, halogen-organic compounds, organotin compounds, PAHs and CFCs, formaldehyde, glyoxal and heavy metals, and allergenic perfumes) [48,49]. It is suggested that the solid-state anaerobic degradation of these components might have a stronger influence than the lignin content, during TP degradation.





4. Discussion


4.1. Composition and Generation of Lignocellulosic Household Waste


The generation of DSW found in this study was lower than the generation reported by other cities in the world, for example, Muscat, Oman, where Baawain et al. states that the generation increased from 0.79 kg to 1.30 in 12 years because of rapid population urbanization, and infrastructure growth [50]. In Ecuador, a study by Jara-Samaniego et al. indicates a generation of 1.13 kg/inhabitant/day [51]. In Mexico, the National Institute of Ecology and Climate Change report a 0.7 kg waste/inhabitant/day generation for the state of Michoacán de Ocampo [1].



The components of the MSW, which includes the DSW, were categorized by defining items that integrated similar materials. In this work, the DLW category was proposed to identify those with similar chemical compositions, as constituted by these materials. This implies that waste categories of slow anaerobic biodegradation were considered, as in the sanitary landfill. The food waste category also contained lignocellulosic materials, but it was decided to exclude them, since they were of rapid degradability (i.e., hours or days). The slow degradation of lignocellulosic materials (weeks or months) implied a limiting step in the fermentation process, at the landfill site.



The differences in the growth of the microbial populations involved in the degradation of each type of paper was probably a function of (a) the chemical composition of the paper, (b) the diversity of the associated microbial populations, and (c) the physical-chemical conditions of the reactor. Hence, contrasts in the production of methane were also derived from the above-mentioned factors, as indicated by several investigations [30,52,53,54,55,56,57].



Waste paper and cardboard fractions were rarely disaggregated, according to reports in the literature. This simplified grouping implied the integration of a variety of paper and cardboard with differing grammages (Table 1), generation rates, and chemical compositions (Table 2) into one or two general categories (Table 4).




4.2. Chemical Characterisation of Paper and Cardboard Waste


Table 5 shows a comparison of the chemical composition (lignin), of the DLW in this work, with other studies. Regarding the lignin content, it was observed that the DLW analysis agreed with that reported in the literature (see Table 5), where the NP had the highest detected content (NP > CT > GP > BP > TP). However, according to Wang et al. [66] and Ghasimi et al. [56], the chemical composition of paper and its derivatives depends on the chemical or mechanical method used during its manufacture, that is, there is no “standard” chemical composition. This is because the paper industry uses raw materials and processes specific to the desired end product.




4.3. The Potential for the Generation of CH4 by Domestic Lignocellulosic Waste


Table 5 shows a comparison of the CH4 yield of this study’s DLWs, with other reports. One of the most important points of difference between these studies was the phase reported in the lignocellulosic material degradation experiments (solid, liquid, semi-solid). In most of the reports, a liquid phase (less than 10% TS) was used, while in the present work a semi-solid phase (10% TS) was used. Commonly, the DSW is disposed of in a sanitary landfill or a general landfill, where the waste mixture is a solid matrix, with a moisture content of 25–90%, depending on the management of the site. The experimental conditions of the solid phase (>20% TS) or the semisolid (10–20% TS), of this study, were made by considering these parameters.



Bond paper is a lignocellulosic material whose anaerobic degradation has been reported elsewhere (see Table 5). The bond paper was identified as a DLW of higher YCH4, when degraded anaerobically in a semi-solid phase, and a mesophilic regime (35 °C). The obtained results indicate that pre-treatment of the material was not necessary, since in mesophilic conditions (35 °C) it was possible to obtain a YCH4, two or three times higher, than in other reports. However, this result should be received with caution, since at day forty of the study, the accumulated YCH4 of the bond paper was only 7 mL CH4/g TVS.



The YCH4 obtained by the degradation of the cardboard in this work, was lower (41%) than that in the study of Eleazer et al. [52], who used a solid phase (>20% TS). This difference might be a consequence of other conditions, in each study, since the trial period of that work was greater than four hundred and fifty days, and periodic pH adjustments were provided for the system. In the case of studies that used a liquid phase (<10% TS), pre-treatment of the material, and a thermophilic temperature, it was reported that the cardboard was capable of reaching a YCH4 of up to 280 mL/g TVS [54]. This value was more than four times the level obtained in this work. The biodegradability factor for the cardboard used was 0.4 (Table 3), which could explain the low methane yield.



In this study, the YCH4 of the glossy paper was higher (by 88%) than that obtained by Eleazer et al. [52], who used a solid phase (>20% TS), a period of two hundred and thirty days, and a constantly adjusted pH, and higher by 82% than that obtained by Wang et al. [66], despite the fact that they used a liquid phase (<10% TS) and a biological pre-treatment.



The newsprint paper had the lowest generation of DLW, identified in the characterization study, and also the lowest YCH4. The CH4 yields in this study were lower (by 97%) than that obtained by Eleazer et al. [52]. However, the duration of their study was greater than four hundred and fifty days, and included a constant pH adjustment.



The results of the anaerobic digestion of toilet paper were contrary to what was expected. As the DLW with the lowest lignin content, it was expected that, within the group of materials analyzed, it would present greater ease of degradation and, consequently, a greater YCH4. The available studies on methanogenic inhibition of toilet paper have experimented in a liquid phase, so comparisons with the results of this study could not be made.




4.4. YCH4 and Its Equivalence in CO2eq Emissions


Using the composition of the DLW in the DSW stream (Table 2), and the various yields of each of them in the anaerobic digestion (Table 5), a calculation base of 1000 kg of waste was determined to construct Table 6.



The YCH4 obtained under experimental conditions represented the biodegradability potential, under mesophilic anaerobic conditions of the materials studied. However, in the sanitary landfill, this potential was influenced by the abiotic variables of the final disposal site, in particular, the humidity conditions [70]. The calculated CO2 equivalent emissions, after disposal in a sanitary landfill, had a very wide interval, from 0.1 to 259 kg CO2eq/material (Table 6). These values were up to 10 times higher than those calculated using emission or characterization factors reported through life cycle analysis (LCA). This discrepancy has three possible explanations, (a) the results of this work represent a potential upper limit of biodegradation, due to the controlled laboratory conditions; (b) the results obtained in this investigation have a dry base, unlike the LCA emission factors that commonly use a wet-weight calculation basis; (c) DEFRA factors consider three separate compositions of the paper and cardboard stream: “78% corrugated + 22% cardboard”, “25% paper + 75% cardboard”, and “only paper”, however, the emission factor for each of them is the same, which equals to 0.58 kg CO2eq/kg material. This indicates that the results of this study highlight the need to identify and separate the paper and cardboard category in order to deliver an adequate management system. If the production of biogas in a sanitary landfill depends on the presence of paper and cardboard [9], it is important to separately value the potential biomethanization yields of each category, within the item under study. In the same sense, it is necessary to continue with research in this area, to obtain standardized factors of lignocellulosic waste-degradation.





5. Conclusions


The various types of paper and cardboard, such as DLW, presented differences in their generation (kg/person), chemical composition (lignin content), and their potential for anaerobic biodegradability. It is important that the generation of domestic current and the anaerobic biodegradation are considered as interdependent variables in the generation of CH4, under the broad heading of slow-degradation DLW (paper and cardboard). The factors used for the estimates of CO2 eq emissions strongly influenced the results obtained, so the conditions for which they were designed must be verified.



Finally, future research is recommended to analyze other factors that directly and indirectly influence the degradation and generation of CH4, as a contributory source to the Greenhouse Gas (GHG) of the waste sector. It is also essential to generate the characterization factors for the calculation of GHG-emissions, generated by domestic waste.
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Figure 1. (a) Anaerobic digester in a solid substrate (ADSS) (2 L, glass vessel); (b) biogas measurement system (BMS) by liquid displacement (3 L, glass vessel); and the (c) silicone tubing (ID 1/4 in, Merck, cat. XX8000025, Germany). (d) The black/white rectangles indicate mini-ratchet tubing clamps, for up to 1/4” tubing (Masterflex, cat. EW-06833-01, USA) which alternate the flow between both BMS. (e) Saturated acidified brine solution. (f) Sampling port. Taken and modified from Baltierra-Trejo et al. [39]. 
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Figure 2. Performance curves of CH4 (accumulated) of domestic lignocellulosic waste (bond paper, glossy paper, toilet paper, newspaper, and cardboard). Methane volume was reported, at 25 °C and 1 atm. 
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Table 1. Studied categories of the DSW and the specifications of the lignocellulosic materials.
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Domestic Solid Waste

	
Fractions

	
Specifications






	
Domestic lignocellulosic residues

	
Food waste

	
Residues of vegetable, animal and artificial origin.




	
Sanitary waste (diaper and sanitary napkin)

	
Includes adult and child diapers.




	
Wood

	
Wood and similar.




	
Yard trimming

	
Residues of flowers, leaves, grass, branches or the like.




	
Bond paper

	
Includes white and colored paper (printed or not), of notebooks and books. With a grammage of 50, 60, 68, 75, 90, 105, 120, 150 g/m2.




	
Glossy paper

	
It includes magazines, brochures, triptychs (grammage of 70, 90 y 120 g/m2), linings of magazines and books (grammage of 200 to 300 g/m2) and pictures (grammage of 175 to 250 g/m2).




	
Newspaper

	
Newspaper recovered (recycled) or mechanical pulp paper, grammage 40 to 65 g/m2.




	
Toilet paper

	
Includes disposable tissues and napkins, weight of 12 to 30 g/m2.




	
Cardboard

	
Includes brown, white and mixed cardboard boxes, grammage 160 to 600 g/m2.




	
Others

	
Non-biodegradable

	
Includes high and low density polyethylene, polyethylene, transparent and colored glass, cans, aluminum, polypropylene, polystyrene, tetrapak, and ferrous material.




	
Miscellaneous

	
Mixed materials difficult to separate.
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Table 2. Characterization of household solid waste.
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Domestic Solid Waste

	
Mean ± Standard Deviation

(%, p/p)

	
Percentage DLW a

(%)






	
DLW

	
Food waste

	
47.4 ± 5.4

	
-




	
Sanitary waste (diaper and sanitary napkin)

	
7.8 ± 3.0

	
30.7




	
Cardboard (CB)

	
4.8 ± 1.6

	
18.9




	
Toilet paper (TP)

	
4.3 ± 2.3

	
16.9




	
Yard trimming

	
3.2 ± 3.1

	
12.6




	
Bond paper (BP)

	
2.2 ± 1.2

	
8.7




	
Glossy paper (GP)

	
1.6 ± 1.4

	
6.3




	
Wood

	
1.1 ± 1.6

	
4.3




	
Newspaper (NP)

	
0.4 ± 0.4

	
1.6




	
Total

	
25.4 b

	
100




	
Others

	
Non-biodegradable

	
23.5 ± 9.0

	




	
Miscellaneous

	
3.8 ± 1.9

	








DLW: Domestic lignocellulosic residues; a Percentage relative to total DLW; b Except for food waste.
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Table 3. Chemical characterization of DLWs belonging to the paper and cardboard category.
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Chemical Composition

	
Domestic Lignocellulosic Residues




	
TP

	
BP

	
GP

	
CB

	
NP






	
Total Solid

(TS)

	
(%, p/p)

	
98.8

	
98.8

	
99.6

	
97.9

	
97.6




	
σ

	
0.1

	
0.3

	
0.2

	
0.1

	
0.1




	
(p ≤ 0.05) *

	
b

	
b

	
a

	
c

	
d




	
Total Volatile Solid

(TVS)

	
(% TS)

	
98.7

	
79.6

	
67.9

	
91.7

	
87.0




	
σ

	
0.2

	
0.2

	
1.6

	
0.6

	
0.8




	
(p ≤ 0.05) *

	
a

	
d

	
e

	
b

	
c




	
Lignin

	
(% TS)

	
1.0

	
2.2

	
12.9

	
15.4

	
24.5




	
σ

	
0.1

	
0.0

	
0.5

	
1.5

	
1.2




	
(p ≤ 0.05) *

	
d

	
d

	
c

	
b

	
a




	
Holocellulose

	
(% TS)

	
84.9

	
86.3

	
74.5

	
68.4

	
62.7




	
σ

	
1.0

	
0.4

	
0.8

	
0.8

	
0.7




	
(p ≤ 0.05) *

	
a

	
a

	
b

	
c

	
d




	
Biodegradability factor (BF)

	
0.8

	
0.8

	
0.5

	
0.4

	
0.2








Toilet paper (TP); Bond paper (BP); Glossy paper (GP); Cardboard (CB); Newspaper (NP); Standard deviation (σ); * Tukey-Kramer Test: The different letters indicate a statistically significant difference between the means with a probability (α = 0.05, n = 3).
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Table 4. The composition of paper and cardboard in the domestic solid waste stream.
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Paper (%)

	
Cardboard (%)

	
Season

	
Socioeconomic Stratum

	
City/Country

	
Reference






	
8.5

	
4.8

	
Summer

	
Medium-Low

	
Morelia, Michoacán/Mexico

	
This study




	
6.8

	
1.6

	
NS

	
Low-Medium

	
San Luis, Lima/Peru

	
[58]




	
13

	
Summer

	
Medium

	
San Pedro Mixtepec Juquila, Oaxaca/Mexico

	
[59]




	
4.3 to 8.7

	
Summer

	
Low-Medium

	
Zacatecas Mexico

	
[60]




	
14.3

	
Four seasons

	
Medium-High

	
Suzhou/China

	
[61]




	
8.6

	
Summer/Winter

	
Rural

	
Ensenada, B.C.N./Mexico

	
[62]




	
5.1

	
5.3

	
Winter

	
Popular-Medium-Residencial

	
Xico, Veracruz/Mexico

	
[2]




	
6.2

	
6.5

	
NS

	
High-Medium-Low

	
Mexico

	
[1] a




	
21.6

	
Summer

	
ProMedium High, Medium y Low

	
Ensenada, B.C.N./Mexico

	
[63]




	
16.5

	
Summer

	
Medium-Low

	
San Quintín, B.C.N./Mexico

	
[63]




	
15.9

	
Summer

	
Medium-Low

	
Vicente Guerrero, B.C.N./Mexico

	
[63]




	
11.4

	
Summer

	
Low

	
Santo Domingo/Dominican Republic

	
[64]




	
4.7

	
Dry/Rainy

	
High-Medium-Low

	
Can Tho/Vietnam

	
[65] b








NS: Not specified; a National average of urban solid waste; b Subdivisions in the category of paper and cardboard, only by the use of the material.
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Table 5. Lignin content and CH4 yield of domestic lignocellulosic residues.
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DLW

	
Lignin (% TS)

	
Pretreatment a

	
Experimental Phase b

	
Temperature Regime

	
Test Time (Days)

	
YCH4 Accum. (mL/g TVS)

	
Ref






	
BP

	
2

	
-

	
Semi-Solid

	
Mesophilic

	
200

	
902

	
This study




	
NC

	
Biological

	
Liquid

	
Thermophilic

	
40

	
380

	
[54]




	
2

	
-

	
Liquid

	
Mesophilic

	
45

	
372

	
[57]




	
1

	
-

	
Liquid

	
Mesophilic

	
55

	
287

	
[40]




	
2

	
-

	
Solid

	
Mesophilic

	
700

	
214

	
[52]




	
2

	
Biological

	
Liquid

	
Mesophilic

	
60

	
184

	
[66]




	
GP

	
13

	
-

	
Semi-Solid

	
Mesophilic

	
200

	
504

	
This study




	
12

	
Biological

	
Liquid

	
Mesophilic

	
60

	
92

	
[66]




	
15

	
-

	
Solid

	
Mesophilic

	
230

	
63

	
[52]




	
CB

	
15

	
-

	
Semi-Solid

	
Mesophilic

	
200

	
66

	
This study




	
NC

	
Biological

	
Liquid

	
Thermophilic

	
40

	
280

	
[54]




	
3

	
-

	
Liquid

	
Mesophilic

	
45

	
271

	
[57]




	
18

	
-

	
Liquid

	
Mesophilic

	
55

	
231

	
[40]




	
9

	
-

	
Liquid

	
Mesophilic

	
45

	
202

	
[57]




	
16

	
Addition of nutrients

	
Semi-Solid

	
Mesophilic

	
298

	
197

	
[53]




	
21

	
-

	
Solid

	
Mesophilic

	
450

	
113

	
[52]




	
NP

	
25

	
-

	
Semi-Solid

	
Mesophilic

	
200

	
2

	
This study




	
23

	
-

	
Liquid

	
Mesophilic

	
55

	
287

	
[40]




	
NC

	
Biological

	
Liquid

	
Thermophilic

	
40

	
280

	
[54]




	
24

	
-

	
Solid

	
Mesophilic

	
450

	
73

	
[52]




	
25

	
Biological

	
Liquid

	
Mesophilic

	
60

	
59

	
[66]




	
TP

	
1

	
-

	
Semi-Solid

	
Mesophilic

	
200

	
−28

	
This study




	
1

	
-

	
Liquid

	
Mesophilic

	
45

	
419

	
[57]




	
NC

	
-

	
Liquid

	
Mesophilic

	
15

	
230

	
[56]




	
Mixture containing domestic lignocellulosic residues (similar to paper and cardboard)




	
BP, NP, and CB (1:1:1)

	
1

	
Biological

	
Liquid

	
Mesophilic

	
10

	
569

	
[67]




	
Food and paper (9:1)

	
NC

	
Chemical

	
Liquid

	
Thermophilic

	
32

	
499

	
[55]




	
Diverse paper

	
NC

	
Biological

	
Liquid

	
Thermophilic

	
40

	
380

	
[54]




	
Food paper and plastic (2:1:1)

	
NC

	
Thermal

	
Solid

	
Mesophilic

	
37

	
370

	
[68]




	
BP, NP, CB and GP (1:2:3:3)

	
2

	
-

	
Liquid

	
Mesophilic

	
50

	
117

	
[69]








a Pretreatment different from mechanical (crushing). b Liquid concentration (<10%TS), semi-solid (10 ≤ 20% TS), and solid (>20% TS). Not quantified (NC).
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Table 6. Production of CH4 relative to the generation rate of domestic solid waste.
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Domestic Lignocellulosic Residues

	
Domestic Solid Waste a

(kg)

	
Experimental Performance of CH4 b

(m3/kg of Material, Dry Base)

	
CH4

(m3)

	
Emissions of CH4

(kg CO2eq/kg of Waste)




	
This Study c

	
DEFRA [18] c

	
Turner et al. [19] d






	
Bond paper

	
22

	
0.72

	
16

	
259

	
13

	
35




	
Glossy paper

	
16

	
0.36

	
6

	
94

	
9

	
25




	
Toilet paper

	
43

	
--

	
---

	
0.1

	
25

	
68




	
Cardboard

	
48

	
0.06

	
3

	
47

	
28

	
27




	
Newspaper

	
4

	
<0

	
<0

	
0.1

	
2

	
6




	
Total

	

	

	
23

	
400

	
77

	
161








a Percentage of total domestic solid waste; b Accumulated during anaerobic digestion in the mesophilic regime, at day two hundred, in this study; c Dry base; d Wet base.
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