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ABSTRACT

The organic fraction (OF) is the main component of urban solid wastes (USW) gener-
ated in Mexico and other developing countries. The increasing generation of USW in 
combination with the long periods required for OF stabilization at confinement sites has 
exceeded the management capacity of environmental authorities. OF biodegradation 
has commonly been estimated using theoretical approaches and by characterizing fresh 
USW, while confinement scenarios have been ignored. This study evaluated the effects 
of composition, biodegradability and confined conditions on biodegradation of USW 
in a characteristic dumpsite. Biodegradability was evaluated by the characterization 
of lignocellulosic compounds, biodegradation by volatile solids (VS) and the confine-
ment conditions by temperature, pH and humidity measurements. On average, the OF 
represented 56.1 % of the confined USW, and was primarily derived from vegetable 
wastes (~78 %). The results indicate heterogeneity in the confined USW composition 
and different degradation stages. Measurement of temperature, pH, moisture and VS 
suggests that confinement conditions do not promote the establishment of a microbial 
consortia that degrades the OF. Lignin (LI) and cellulose + hemicellulose (CE + HE) 
contents suggest low biodegradability of the USW, which was confirmed by inverse 
correlations between lignocellulosic content and VS. The common use of soil as cover 
material in dumpsites allows considerable variations in crucial physical and chemical 
parameters that, when combined with the high percentages of lignocellulosic compounds 
in the USW, lead to low biodegradation rates.
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RESUMEN

La fracción orgánica (FO) es el componente principal de los residuos sólidos urbanos 
(RSU) en México y países en desarrollo. La creciente generación de RSU en combina-
ción con tiempos de estabilización prolongados de la FO en los sitios de confinamiento, 
superan la capacidad de gestión de las autoridades ambientales. La biodegradación de 
la FO se ha estimado mediante enfoques teóricos y la caracterización de RSU, mientras 
que el efecto de las condiciones de confinamiento de éstos se omite. Este estudio evaluó 
los efectos de la composición, la biodegradabilidad y las condiciones de confinamiento 
sobre la biodegradación de los RSU confinados en un sitio de disposición final. La bio-
degradabilidad se evaluó mediante la caracterización de compuestos lignocelulósicos, 
la biodegradación por sólidos volátiles (SV) y las condiciones de confinamiento por 
la temperatura, pH y humedad. Los resultados indicaron que la FO representó 56.1 % 
de los RSU (~78 % de residuos vegetales) y diferentes estados de degradación de los 
RSU. La medición de la temperatura, pH, humedad y SV, sugiere que las condiciones 
de confinamiento no promueven el desarrollo óptimo de los consorcios microbianos 
que degradan la FO. Los contenidos de lignina (LI) y de celulosa + hemicelulosa (CE + 
HE) sugieren una baja biodegradabilidad de la FO, la cual se confirmó por correlaciones 
inversas entre éstos. El uso generalizado del suelo como material de cobertura en los 
sitios de vertido permite variaciones considerables en los parámetros fisicoquímicos 
cruciales que, combinados con contenidos altos de compuestos lignocelulósicos en los 
RSU, conducen a bajas tasas de biodegradación de éstos.

INTRODUCTION

The integral management of urban solid wastes 
(USW) is a global problem that affects both devel-
oped and developing countries. Unprecedented rates 
of USW generation have exceeded the operative 
capacity of collection services and confinement sites 
worldwide (Srivastava et al. 2014). For example, 
the amount of USW generated in Mexico increased 
from 31.5 Mt in 2001 to 42.1 Mt in 2012, corre-
sponding to an annual growth in the generation of 
~953.3 kt USW/yr ascribed to the population increase 
(SEMARNAT 2013). Several developing countries 
including Mexico have recently introduced stricter 
environmental regulations with the goal of achiev-
ing integral management of USW in the near future. 
These regulations have included the replacement of 
open dumps for landfill sites (SEMARNAT 2017). 
Nevertheless, official reports indicate that a large 
number of open dumps are still used for USW con-
finement nationwide. Both currently operating open 
and closed dumps represent a severe problem for 
public authorities and private companies in charge of 
their management, in terms of environmental impact, 
health and safety (Ezeah et al. 2013). 

The application of soil as a cover material on 
dumpsites is a common practice during the final 

closure process. However, this has a great influence 
on the confinement conditions of USW. For example, 
during the rainy season the soil cover allows rainfall 
to enter the USW matrix, leading to frequent flooding, 
whereas high-temperature periods result in increased 
evaporation rates (Chakraborty et al. 2011, SEMAR-
NAT 2013, Yan et al. 2014). These drastic changes 
can lead to low biodegradation rates, necessitating 
long periods for the organic fraction (OF) because 
of the non-optimal confinement conditions. This will 
ultimately result in increased post-closure and main-
tenance costs, as well as extended periods required 
before returning the land to beneficial use (Wall and 
Zeiss 1995, Barlaz et al. 2002).

Optimal biodegradation rates in a confined USW 
site are highly dependent on the availability of elec-
tron donors and acceptors, oxygen, temperature, pH, 
alkalinity, moisture content, and chemical concentra-
tions and their adsorption by particulate matter (Ayse 
and Ferhan 2003, Angelidaki and Sanders 2004). 
Among these factors, pH and moisture content have 
been reported as the most critical parameters for the 
establishment of bacterial and fungal consortia that 
degrade cellulose (CE), hemicellulose (HE) and lig-
nin (LI) contained in the OF (Barlaz 2006, Kelly et 
al. 2006). Moreover, Reinhart et al. (2002) reported 
moisture content and nutrient distribution as the key 
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factors influencing biodegradation and stabilization 
of the OF. Similarly, Wall and Zeiss (1995) indi-
cated that moisture content is the principal factor 
influencing biodegradation rates and consequently, 
stabilization periods. 

The biodegradability of USW is closely related 
to the level of lignocellulosic compounds (CE, HE 
and LI) in the fresh OF, which includes food and 
garden wastes. The OF principal components are 
carbohydrates and vegetable aromatic polymers with 
high levels of cellulosic compounds (Barlaz et al. 
1989, Alzate-Gaviria et al. 2003, Thompson et al. 
2009). During the typical biodegradation process, 
the hydrolysis of HE by hemicelluloses is more rapid 
than that of CE by celluloses because of its polymeric 
aromatic structure, which can even inhibit the hydro-
lysis process (Crow et al. 2002, Pérez et al. 2002). 
LI is less inhibitory under aerobic than anaerobic 
conditions because of its physical association with 
CE. Moreover, LI is moderately biodegradable under 
aerobic conditions, but refractory under anaerobic 
conditions (Komilis and Hamb 2003). Therefore, 
the fraction of biodegraded CE is highly dependent 
on the LI content in the USW. The (CE + HE)/LI 
ratio indicates the degree of lignification in USW, 
to a certain extent, with ratios > 2 and < 1 associ-
ated with fresh and biodegraded USW, respectively 
(Barlaz 2004). Thus, theoretical estimations comple-
mented by experimental tests of biodegradation can 
be used to provide estimations of stabilization and 
settlement periods of USW in confinement sites with 
high confidence (Eleazer et al. 1997, Mehta et al. 
2002, Angelidaky and Sanders 2004, Dorairaja and 
Lifrieri 2010). 

The OF biodegradability has been estimated by 
measuring the LI content, using long-term batch 
digestion and through respirometric and chemostat 
studies (Wall and Zeiss 1995, Boni and Musmeci 
1998, Raposo et al. 2011). Chandler et al. (1980) 
observed that biodegradation is linearly related to the 
LI content under anaerobic conditions, and proposed 
an empirical equation to estimate the long-term bio-
degradation (equation 1):

B = 0.83 – (0.028)X0 (1)

which considers B as the biodegradable fraction of 
volatile solids (VS) for 0 < B <1 and X0 as the ini-
tial content of LI expressed as a percentage of VS. 
Conversely, the biochemical potential of methane 
(BMP) has been widely applied to evaluate the an-
aerobic biodegradability of organic substrates (Kay-
hanian et al. 1991, Raposo et al. 2011). However, 

Raposo et al. (2011) observed a large discrepancy 
in BMP results that was likely due to variations in 
protocols among authors and use of different inocu-
lum and substrate.

In Mexico, OF is the main component of USW, 
accounting for approximately 66 % of the total USW 
generated in 2012 (SEMARNAT 2013). The OF rep-
resents around 50 % of the confined USW, and origi-
nates mostly from food and garden wastes (52 %) 
and paper and cardboard (14 %) (CESOP 2012). 
Overall, 137 landfills and 24 dumpsites were used 
for the final disposal of USW in 2009. However, it 
is very likely that official data only counted regu-
lated sites used to confine USW generated in major 
urbanities, which would imply that non-regulated 
sites common in remote areas were not considered. 
This suggests that a large percentage of USW is 
confined in sites in which non-optimal conditions 
prevail, resulting in low biodegradation rates and 
the need for long periods for OF stabilization. In 
addition, previous studies estimated biodegradation 
based only on theoretical calculations and in pilot 
experiments using fresh USW and synthetic mixes, 
whereas actual samples of confined USW have not 
been considered to date. Furthermore, González et 
al. (2011) found that the biodegradation of confined 
USW in a dumpsite in Mexico did not coincide 
with that estimated using the classification-index 
proposed by Stege and Dávila (2009) or with theo-
retical calculations based on the confinement time 
in the site.

Therefore, evaluation of the OF biodegradation 
stages based on lignocellulosic compound ratios in 
the confined USW could provide reliable insights 
into both confinement conditions and biodegrada-
tion rates. This study aimed to: i) determine the 
biodegradability of confined USW by quantifying 
lignocellulosic compounds, ii) evaluate the influence 
of LI content on the biodegradability and stabilization 
periods of confined USW by performing VS tests, 
and iii) explain the previously reported differences 
between the observed biodegradation stages in the 
confined USW with theoretical calculations.

MATERIALS AND METHODS

Study site description and USW sampling
The study site was a closed open dump located 

17.1 km W of Morelia, the capital of the state of 
Michoacán in west central Mexico (Fig. 1). Morelia 
had a population of 729 757 inhabitants in 2010, 
but this has likely increased to date (INEGI 2010). 



M. C. Hernández-Berriel et al.94

The dumpsite operated from 1983 to 2007, and con-
fines about 3.85 Mt of USW generated in Morelia 
(González et al. 2011). To sample the USW, the 
dump was divided into four quadrants according to 
USW confinement time (Fig. 1; Table I). Samples 
of 4 kg of confined USW were collected from wells 
at a depth of 3 m between August and September 
2007 during the rainy season. A total of 16 sampling 
wells, from 3 to 5 per quadrant as shown in figure 1, 
were established to sample confined USW with 
different stages of biodegradation. After collection, 
samples were immediately transferred to labeled 
polyethylene plastic bags, closed and stored at –4 
°C. Temperatures at the bottom of each well were 
measured by placing a digital thermometer (Taylor 
Precision, model 9878) at 3 m deep during 20 s until 
readings remained steady.

Fig. 1. (a) Location of the study site 17.1 km west of Morelia 
in west central Mexico. (b) Distribution of sampling 
sites within the closed dump. White numbers indicate 
quadrants (I-IV). Black numbers show the sampling sites

TABLE I. COMPOSITION OF MSW SAMPLES COLLECTED  AT THE CLOSED MUNICIPAL DUMP OF MORELIA

Quadrant
Disposal period
By-product*/well

I II III IV
(1983-1988) (1989-1994) (1995-2001) (2002-2007)

3 8 13 14 15 1 2 4 16 5 6 7 9 10 11 12
Non-identifiable material 31.5 32.7 67.3 19.4 21.0 55.0 35.5 11.2 37.6 70.1 71.4 43.9 44.3 36.3 74.8 50.8
Food waste 0.0 0.0 0.9 0.6 0.1 0.0 0.1 2.5 0.0 0.0 0.0 0.0 1.3 0.0 0.0 1.2
Garden waste 3.9 0.0 1.9 3.9 2.7 1.0 3.0 1.0 0.5 7.3 0.7 1.3 0.0 0.0 0.3 5.8
Vegetable fiber 0.0 0.0 0.0 2.0 0.0 0.0 0.3 3.8 0.3 0.0 0.0 0.0 0.0 0.0 0.0 2.4
Wood 0.0 0.0 1.0 7.4 0.0 0.0 0.0 0.0 4.7 0.0 0.0 0.0 0.2 6.4 2.8 0.0
Bones 0.1 0.0 0.0 0.0 0.0 0.0 3.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0
Paper 0.0 0.0 0.8 1.9 0.5 1.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 7.6
Cardboard 0.5 4.4 3.9 5.8 12.6 0.0 5.8 16.9 17.2 2.4 5.3 10.4 6.8 9.4 0.0 0.0
Tetra Pak 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.0 0.0 1.0 1.2
Wax paper 0.0 0.0 0.0 0.0 1.4 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cellophane 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.2 0.0 0.0
Disposable diapers 7.9 7.6 0.0 12.7 0.0 17.1 2.2 10.6 0.0 3.1 0.0 0.0 0.0 0.0 4.7 5.0
Ceramics 0.7 0.0 0.0 1.4 0.4 0.0 0.5 1.2 0.2 0.0 1.2 5.5 0.0 0.0 0.0 1.3
Stones 10.7 0.0 13.4 8.6 49.0 9.3 28.6 2.1 8.6 4.8 8.8 11.2 14.4 9.4 6.8 3.3
Shoes 25.4 0.0 0.0 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 13.5 0.0 0.0
Hair 0.0 0.0 0.0 0.0 0.1 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Rubber 0.1 0.0 0.0 0.0 0.1 0.0 0.2 0.0 0.1 0.0 0.0 0.0 0.0 1.3 0.0 0.2
Synthetic fiber 0.0 0.0 0.4 0.0 0.0 0.0 0.1 0.0 2.7 0.0 0.0 0.0 0.0 0.0 0.0 0.1
Snack packaging 1.1 0.0 0.3 1.1 0.7 0.4 1.4 3.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.7
Plastic film 1.9 20.9 3.8 23.1 3.5 7.9 8.3 20.7 6.2 4.8 0.0 16.4 4.9 9.3 4.2 8.5
Rigid plastic 2.4 11.8 0.4 3.0 5.1 2.9 3.8 8.4 18.7 0.9 9.9 5.9 1.4 6.6 1.0 3.3
Polyethylene terephthalate 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.0 0.0 1.4 5.3
Foam rubber 0.0 0.0 0.0 0.0 1.1 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Polystyrene 0.4 1.3 0.6 0.0 0.2 0.7 1.6 0.1 0.1 0.1 0.3 0.0 3.4 0.0 0.2 0.4
Polypropylene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.4 0.0
Glass 5.8 2.5 1.5 8.9 1.3 2.5 2.7 3.4 0.1 0.0 1.3 4.6 9.2 5.6 0.9 2.6
Aluminum 0.0 0.0 0.2 0.0 0.0 0.0 1.2 7.7 0.1 0.0 0.0 0.2 0.0 0.0 0.0 0.1
Textiles 6.6 0.3 0.0 0.0 0.1 1.2 0.0 0.0 1.1 6.3 1.2 0.2 10.7 0.0 1.3 0.0
Tin 0.6 0.0 3.6 0.1 0.0 0.0 0.2 7.2 0.0 0.1 0.0 0.3 0.2 0.0 0.1 0.0
Ferrous material 0.5 18.4 0.0 0.0 0.0 0.7 0.0 0.1 0.3 0.0 0.0 0.0 0.1 0.0 0.0 0.3

*Expressed in percentage of fresh weight
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Physical and chemical analyses and degradation 
index

To perform the physicochemical analyzes, the 
USW samples were thawed, separated into by-
products and weighed according to the Mexican Of-
ficial Standard NMX-AA-022-1985 (SEMARNAT 
2017). Identified by-products were classified into 
five categories according to the degradation index 
proposed in the Mexican Model of Biogas (MMB) 
(Stege and Dávila 2009).

• Rapidly degraded wastes: food waste, other or-
ganics and 20 % of cellulose contained in average 
diapers.

• Moderately rapidly degraded wastes: plant waste, 
garden and urban parks waste and toilet paper.

• Moderately slowly degraded wastes: paper, card-
board and textiles.

• Slowly degraded wastes: wood, rubber, leather, 
bones and straw.

• Non-biodegradable wastes: plastic, glass, metal, 
concrete and other inert materials. 

To evaluate the physical and chemical char-
acteristics of the confined USW, pH, moisture 
content and VS of each sample were determined 
in triplicate according to the NMX-AA-25-1984, 
NMX-AA-016-1984 and 2540G standard methods, 
respectively (APHA 2005, SEMARNAT 2017). 
Biodegradation of the OF was calculated as the per-
centage of VS in the samples of USW.

Determination of lignocellulose content in the 
organic fraction of USW 

One kilogram of the initially collected and un-
separated samples from each well was dried for 3 
days at 25 °C in an oven. Once dry, samples were 
reduced to a particle diameter < 0.3 cm in a stainless 
steel mill (IKAMF 10, Kika Werke). The method-
ologies of Wise et al. (1946) and Colín-Urrieta et 
al. (2007) were followed to determine the CE + HE 
and LI content, respectively, from 20 g of extractive 
free dry samples prepared according to the ASTM 
D1105-56 method (Meltzer 1979).

Mathematical analyses
Obtained data were analyzed using descrip-

tive statistics. Analysis of variance (ANOVA) and 
Tukey’s HSD (honest significant difference) Pearson 
correlation coefficients (R2) tests were performed us-
ing the Statgraphics Plus 5.0 software (Manugistics 
Inc., Rockville, MD).

RESULTS AND DISCUSSION

USW characterization and evaluation of biodeg-
radation stages

Thirty by-products were identified in the samples 
of confined USW. Table I shows the identified by-
products and estimated percentages by quadrant. A 
long confinement and degradation period resulted 
in an average of 43.9 % of USW being classified as 
non-identifiable. On average, the OF content was 
56.1 %, which is slightly lower than the value of 
63.3 % reported by SEMARNAT (2013) for fresh 
USW in Mexico in 2012. This difference is due to 
the biodegradation of OF during the confinement 
period at the site. Interestingly, recycling carried out 
during USW transportation from dwellings to the 
confinement site led to low recovery percentages of 
highly recyclable materials such as Tetra Pak (0.2 
%), aluminum (0.6 %), PET (0.6 %), paper (0.8 %), 
tin (0.8 %), ferrous material (1.3 %), glass (3.3 %) 
and cardboard (6.3 %). High lignocellulosic content 
by-products accounted for around 17.2 % of the 
confined USW, which according to previous reports 
are cardboard (6.3 %), hard plant fiber (0.6 %), wood 
(1.4 %), paper (0.8 %), diapers (4.4 %), food waste 
(0.4 %), garden waste (2.1 %) and textiles (1.8 %) 
(Eleazer et al. 1997).

Categorization of the confined USW samples 
according to the degradation index proposed in 
the MMB showed that 45.2 ± 2.7 % corresponded 
to rapidly degraded wastes, 2.8 ± 0.3 % to mod-
erately rapidly degraded wastes, 12.3 ± 3.0 % to 
moderately slowly degraded wastes, 1.7 ± 1.2 % to 
slowly degraded wastes, and 38.0 ± 10.2 % to non-
biodegradable wastes. The organic material that could 
not be identified was classified as rapidly degraded 
waste. Further details regarding USW classification 
are given below.

Physical and chemical analyses
Table II summarizes the in-situ and ex-situ results 

of measured parameters. The temperature at half of 
the wells was below mesophilic conditions (30 °C), 
which could be due in part to exposure of the con-
fined USW matrix to ambient air during sampling in 
combination, but also due to non-optimal confine-
ment conditions as discussed below. Conversely, 
the pH was predominantly neutral, and an acidic 
pH of 6.1 was only observed at site 15, whereas the 
most alkaline pH was 9.1. Moisture oscillated from 
21.8 to 48.0 %, although the largest frequency was 
between 30 and 40 %, while the OF ranged from 



M. C. Hernández-Berriel et al.96

35.4 to 79.9 %, which is a difference of more than 
50 %. Interestingly, measurements of OF > 50 % were 
observed even in the oldest quadrants, presumably 
due to low biodegradation rates throughout the site. 
The results of the evaluated parameters suggest that 
the lack and use of reduced technology during con-
struction, operation and closure of dump sites affect 
the biodegradation rates.

The observed moisture contents (34.3 % on aver-
age) were considerably lower than the optimal value 
of 65-70 % (Wall and Zeiss 1955, Reinhart et al. 
2002). Additionally, the neutral pH and temperatures 
below the mesophilic range suggest that confinement 
conditions are not optimal for the development of 
microbial consortia. For instance, Angelidaki and 
Sanders (2004) found that a pH between 7 and 8 
together with variations in the temperature of con-
fined USW affect the biodegradation rates through 
the biodegradability of USW components. This could 
explain the observed OF biodegradation and the 
VS contents > 50 % measured at all sampling sites 
except site 2. Interestingly, Hernández-Berriel et al. 
(2014) reported a decrease in VS of 22 to 27 % dur-
ing anaerobic degradation tests of confined USW in 
central Mexico in laboratory-scale bioreactors when 
moisture was maintained at > 50 %. In contrast, when 
moisture was not controlled and decreased beyond 
the optimal values, VS only decreased by 13 %. 
Moreover, González et al. 2011 previously observed 
a low correlation between biodegradation stages and 
USW confinement time in the Morelia dump.

Lignocellulosic compounds 
It has been reported that little degradation of USW 

occurs during the first four years of confinement in 
landfills, while VS and CE start to decrease steadily 
thereafter (Kelly et al. 2006). In the current study, 
the measured OF was higher than that in developing 
countries. For instance, Chiemchaisri et al. (2007) 
investigated the USW characteristics at a pilot landfill 
cell in Thailand from 2001 to 2003 and observed a 
variation of OF between 4.1 and 54.6 % when food 
and garden waste was considered to be dominant. To 
assess the biodegradation at the dumpsite, LI and CE 
+ HE were measured in the collected samples. The 
levels ranged from 4.1 to 26.8 % and from 29.5 to 
53.3 %, respectively (Table III). The (CE + HE)/LI 
ratios oscillated between 1.6 and 12.3, and appeared 
to be consistent with the values for fresh waste despite 
the relatively long confinement time. Similarly, the 
LI and CE + HE reported here are in good agreement 
with the results reported by Hernández-Berriel et al. 
(2014) of 20.3 ± 0.3 % and 61.7 ± 0.4 % in samples of 
fresh USW from an operating landfill. Interestingly, 
such landfill confines USW generated in Pátzcuaro, a 
city located 60 km south of Morelia that had a lower 
population of around 80 000 inhabitants in 2010. 

The percentages of lignocellulosic compounds 
agree with those of 41-42 % and 11-38 % reported 
for CE and LI in developed countries (Hossain et al. 
2003, Barlaz 2006), where wood wastes are predomi-
nantly cardboard and paper. This would also confirm 
that the development of non-optimal confinement 

TABLE II. SUMMARY OF PHYSICAL AND CHEMICAL PARAMETERS OF MSW

Quadrant Well OF (%) Temperature (ºC) pH Moisture (%) VS (%)

I

3 36.0 26.5 9.1 ± 0.1 35.9 ± 2.7 66.3 ± 2.0
8 37.1 41.8 8.7 ± 0.0 27.0 ± 6.3 82.4 ± 1.7

13 75.9 40.4 9.1 ± 0.0 35.5 ± 0.4 82.9 ± 0.8
14 41.0 35.5 8.8 ± 0.2 41.5 ± 3.9 79.7 ± 0.8
15 38.3 34.3 6.1 ± 0.2 31.2 ± 1.4 78.9 ± 1.5

II

1 57.3 29.8 8.4 ± 0.1 31.4 ± 7.5 77.0 ± 1.5
2 48.1 28.1 9.1 ± 0.1 38.7 ± 2.7 21.2 ± 1.3
4 35.4 28.5 9.0 ± 0.0 48.0 ± 5.0 79.8 ± 0.9

16 61.0 27.5 7.1 ± 0.1 21.8 ± 1.7 84.7 ± 1.1

III
5 79.8 27.2 8.3 ± 0.1 42.1 ± 7.9 82.4 ± 0.6
6 77.4 24.4 8.3 ± 0.3 37.6 ± 2.5 74.8 ± 2.8
7 55.6 33.4 8.2 ± 0.10 31.7 ± 6.9 77.5 ± 0.5

IV

9 52.7 41.9 8.5 ± 0.21 32.3 ± 4.5 78.6 ± 0.1
10 54.3 35.3 7.8 ± 0.28 33.3 ± 5.0 77.9 ± 0.9
11 79.0 26.2 8.7 ± 0.02 30.1 ± 5.5 80.8 ± 0.6
12 69.0 44.0 7.0 ± 0.18 31.2 ± 1.8 83.9 ± 0.2
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conditions at the study site affects the biodegradation 
rates, resulting in higher percentages of OF than at 
confinement sites operating and designed under of-
ficial standards. Finally, the identified by-products 
suggest that, according to the MMB classification, the 
USW should be classified as rapidly degrading waste 
(Stege and Dávila 2009). However, the observed high 
percentages of LI and CE + HE suggest that USW 
could be classified as moderately slowly degraded 
wastes (González et al. 2011). 

The VS test has traditionally been used to predict 
both biogas and CH4 production in USW (Kelly et 
al. 2006, González et al. 2011, Zheng et al. 2013). 
However, this test could lead to over-prediction 
of generation because of the presence of low-
degradation wastes (lignocellulosic compounds). 
Additionally, combining the VS with the LI and CE 
+ HE assays enables more reliable estimations of OF 

biodegradability in USW. This is because the VS 
test does not provide information regarding the type 
of organic matter in the USW. Furthermore, the OF 
in Mexico contains high percentages of vegetable 
biomass, which is highly recalcitrant. Table III sum-
marizes data obtained during LI and CE + HE mea-
sured in the collected samples, estimation of the (CE 
+ HE)/LI ratios. The results show low biodegradation 
despite the high contents of OF, presumably due to 
the high percentages of lignocellulosic compounds 
in the USW as shown in Table II (Hernández-Berriel 
et al. 2014). 

Table IV shows the Pearson correlation coef-
ficients calculated for the relationships between the 
studied variables by quadrant. Overall, a large disper-
sion was found, with R2 ranging from 0.00 (LI vs. VS) 
to 0.99 (CE + HE vs. VS) in quadrant III Quadrants 
III and IV denote the close relationship between VS 
and moisture content, although this relationship was 
not significant (p > 0.05). Notably, the (CE + HE)/LI 
vs. VS correlation indicates that LI content plays a 
vital role for OF biodegradation. This is because high 
contents of CE and HE in the USW limit methano-
genesis during the biodegradation processes, whereas 
high levels of LI block the microbial degradation of 
CE and HE (Barlaz et al. 1989). 

The observed values of lignocellulosic com-
pounds classify the waste as high OF with low 
biodegradation. Such information allows informed 
decisions to be made concerning the confinement 
of USW in developing countries. The results 
obtained in this study suggest that the installa-
tion of geomembrane cover materials could have 
two possible benefits: i) improving confinement 
conditions for OF biodegradation by maintaining 
high moisture contents and ii) reducing seasonal 
variations in the matrix of confined USW caused by 
intense rainfall during summer. This was confirmed 
by Mendoza et al. (2013) and Hernandez-Berriel 
et al. (2014), who enhanced biodegradation rates 
by re-circulating leachates and concluded that the 
high content of LI interfered with the anaerobic 
biodegradation of CE.

TABLE III. SUMMARY OF LI AND CE + HE MEASURED 
IN THE COLLECTED SAMPLES AND ESTIMA-
TION OF THE (CE + HE)/LI RATIOS

Quadrant Well LI (%) CE + HE (%) (CE + HE)/LI

I

3 9.5 ± 0.8 37.7 ± 0.7 4.0
8 4.2 ± 0.7 51.6 ± 0.6 12.3

13 14.6 ± 0.9 48.8 ± 0.9 3.3
14 20.5 ± 0.8 41.9 ± 0.6 2.0
15 14.2 ± 1.6 38.1 ± 1.5 2.7

II

1 4.8 ± 0.1 51.6 ± 1.2 10.8
2 7.5 ± 1.9 53.3 ± 0.7 7.1
4 19.8 ± 1.6 40.9 ± 0.6 2.1

16 9.4 ± 0.5 50.3 ± 0.5 5.4

III
5 9.6 ± 6.2 29.5 ± 0.9 3.1
6 8.4 ± 0.6 52.1 ± 1.4 6.2
7 13.9 ± 1.3 46.0 ± 0.3 3.3

IV

9 23.1 ± 3.3 39.2 ± 0.4 1.7
10 11.2 ± 0.6 43.5 ± 1.2 3.9
11 19.3 ± 1.3 39.9 ± 0.5 2.1
12 26.8 ± 2.1 44.2 ± 0.7 1.6

CE: cellulose; HE: hemicellulose; LI: lignin

TABLE IV. PEARSON CORRELATION COEFFICIENTS (R2) CALCULATED FROM THE STUDIED VARIABLES

Quadrant LI vs. VS CE + HE + LI vs.
CE + HE

Moisture vs. 
VS

CE + HE vs. 
VS

CE + HE + LI vs. 
VS

(CE + HE)/LI vs. 
VS

I 0.02 0.33 0.06 0.51 0.62 0.06
II 0.09 0.13 0.08 0.26 0.14 0.04
III 0.00 0.94 0.33 0.99 0.89 0.66
IV 0.55 0.07 0.44 0.16 0.74 0.37

CE: cellulose; HE: hemicellulose; LI: lignin; VS: volatile solids



CONCLUSIONS

The composition of the confined USW in the stud-
ied site consisted of a heterogeneous mixture of OF 
at different stages of biodegradation. Evaluation of 
the VS, CE + HE and LI revealed that most of the OF 
has not been degraded. Categorization of the confined 
USW disagreed with the degradation index proposed 
in the MMB. This was ascribed to i) the presence of 
high contents of lignocellulosic compounds in the 
OF and ii) the development of non-optimal confine-
ment conditions that do not promote an efficient 
biodegradation. Therefore, it is important to include 
information concerning the biodegradability of OF 
to provide accurate estimations of the stabilization 
times of USW.

The current research corroborates the findings 
from other landfill sites in central Mexico, where 
low biodegradation rates of USW were observed 
because of high concentrations of lignocellulose. 
Previous studies and the results reported here have 
shown that the use of soil as cover material in 
Mexico and in other developing countries permits 
drastic changes in crucial parameters for biodeg-
radation such as temperature and moisture in the 
matrix of confined USW. This severely limits the 
establishment of physicochemical conditions for op-
timal biodegradation of USW. Thus, it is suggested 
that geomembrane cover materials be installed in 
unregulated sites and that leachate recirculation be 
implemented to maintain moisture and improve bio-
logical conditions to enable higher biodegradation 
rates of OF than those reported here. Additionally, 
such systems could be combined with biogas cap-
ture systems to reduce the environmental impact of 
these facilities. Finally, these measures may reduce 
operating and post-closure management costs in 
confinement sites by decreasing the time required 
for OF stabilization. 
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