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Abstract: The aim of this work was to determine the appropriate moisture regime, attained by leachate recycling, to
achieve the highest municipal solid waste (MSW) biodegradation rate. To this end, leachate characteristics, methane
production rate and changes in degraded refuse were studied. Twenty laboratory-scale bioreactors were loaded with MSW
from the landfill of Patzcuaro (Mexico), four were used as controls and sixteen were operated under leachate recycling to
achieve moisture content regimes (%MC) of 50, 60, 70 and 80%, bioreactors operated for 264 days. Hydrolysis,
acidogenic and methanogenic phases were determined and studied. ANOVA and Tukey’s HDS tests revealed significant
differences in leachate concentration characteristics when using different recycling volumes. Maximum methane
production rate was found in the 70% MC regime, whereas the highest volume was found to produce a wash out effect in
the refuse matrix. Also, the highest total volatile solids removal was found in the solid phase of the 70% MC regime.
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1. INTRODUCTION

According to data from the World Bank, Mexico
accounted for a 2% of global greenhouse effect gases in the
year 2002, of which landfills and final disposal sites of
municipal solid wastes (MSW) contributed a 5.44 % [1]. The
utilization of biogas produced by the biodegradation of
MSW is common in several parts of the world [2-5];
however, more information is needed in Mexico in order to
persuade the authorities of the sustainability of this use,
making the traditional landfill to evolve towards a landfill
bioreactor.

A traditional landfill is a facility engineered for the final
disposal of MSW that is designed and operated to minimize
the negative impacts on the environment and on public
health [6], but needing 20 or more years for stabilization [7,
8]. Given these long-term post-closure periods, barriers
originally installed in the landfill are prone to exceed their
useful life, thus opening the possibility for the infiltration to
the soil of leachate and for the emission to the atmosphere of
biogas, impacting on the environment and on public health
[4, 9]. The Solid Wastes Association of North America
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(SWANA) defines the landfill bioreactor as “any permitted
Subtitle D landfill or landfill cell where liquid or air is
injected in a controlled fashion into the waste mass in order
to accelerate or enhance biostabilization of the waste” [9,
10]. Among the most relevant factors having an effect on
biostabilization of MSW are moisture content and nutrients
distribution, because these control a landfill bioreactor and
optimizes the degradation processes mainly by the addition
of leachates or other liquid amendments [4]. The advantages
of leachate recirculation in a landfill include: (1) the
settlement of the cell before the final cover is placed, thus
decreasing possible damages to it; (2) increase of the
effective density of MSW, and thus, of the landfill capacity;
(3) the in situ treatment of generated leachates; (4) the
increase of methane production rates; and (5) the
acceleration of biodegradation of MSW, which may shorten
the post-closure monitoring and reduce the global costs of
the landfill [11-13].

The advantages of the landfill bioreactor over the
conventional landfill have been studied for at least two
decades [14, 15]. Evidence exists of the benefits of leachate
recirculation in the management of final disposal sites;
however, applying the available information in Latin
America is difficult because this information is mostly
generated in industrialized countries where the generation
and management of wastes do not correspond to that in the
region. Furthermore, leachate recirculation must be made
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cautiously given that a disequilibrium between acidogenesis
and methanogenesis or between saturation and stagnation
may occur, which would negatively affect biodegradation
and hence methane generation. Thus, the aim of this work
was to determine the appropriate moisture regime by
leachate recycling to achieve the greatest MSW
biodegradation. To this end, leachate characteristics, changes
in degraded refuse and methane production rate were
studied.

2. MATERIALS AND METHODOLOGY
2.1. Municipal Solid Waste Sample Preparation

50 kg of MSW were sampled from the working cell of
the Patzcuaro, Michoacan (Mexico) landfill, and 20 kg of
soil from the intermediate cover. Once in the laboratory,
MSW was characterized and subdivided in 15 groups of
similar characteristics (Table 1). Products such as paper and
cardboard were hand shredded to a particle size up to 1 cm,
glass and construction and demolition waste were crushed in
a mortar to a particle size < 0.5 cm, and food and yard
trimmings were grinded in a blade mill to a particle size <
0.1 cm. Each product was stored independently at 4°C until
utilization (no more than two weeks).

Table1l. Municipal Solid Waste Composition from
Patzcuaro, Michoacan, Mexico
Component Composition
% g

Food waste 34.25 73.71

Yard trimmings 31.86 68.56

Paper 5.97 12.84

Plastic film 4.74 10.20
High density polyethylene 3.81 8.21
Glass 3.48 7.49
Rags 331 7.12
PET 2.67 5.75
Construction and demolition waste 1.91 4.10
Disposable diapers 1.89 4.06
Metal 1.76 3.78
Aluminum 1.31 2.83
Waxed cardboard 1.21 2.60
Cardboard 1.07 2.30
Unicell 0.76 1.64

Total 100.00 215.19

2.2. Bioreactors Set Up and Operation
2.2.1. Laboratory Scale Bioreactors

A mixture of MSW was prepared using the proportions
shown in Table 1; the mixture was replicated to fill twenty
(PVC) 412.24 mL-capacity laboratory-scale bioreactors
(LSBs). A final cover (FC) of landfill soil (32.15g) was
placed on top of the refuse, after which LSBs were
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hermetically closed. Each LSB was packed at a density of
600 kg/m’, similar to that in the Patzcuaro landfill.

The experiment was considered as a homogeneous
random process having as a control factor the percent
moisture regimen (%MC), which was adjusted at 50, 60, 70
and 80%. Bioreactors were set up using four replicates for
each %MC and were operated for 264 days at room
temperature (22+1.0°C).

2.2.2. Operational Conditions

Of the 20 LSBs, 4 were operated as controls and 16 were
operated under twice per week leachate recirculation in order
to reach the above-mentioned %MC regimes. Fig. (1) shows
a schematic representation of a LSB fitted to a leachate
recirculation system and to a biogas displacement
monitoring system. The initial humidification was made
adding the corresponding volume of water (Table 2) to
loaded LSBs, after which produced leachate in each LSB
was placed in separate glass containers previously filled with
10 times the volume of the LSB. The resulting leachates
were mixed in the leachate reservoir (Fig. 1e) and a volume
corresponding to the desired %MC was recirculated by
means of a peristaltic pump (Fig. 1d). The volume of water
and leachate to be recirculated in each LSB was calculated
based on the moisture content of the MSW using Equation 1.
The volume to be added (W) was determined by trial and
error until the desired %MC was reached.

% MC = ((WR -DR + W) 100) / (WR + W) (1)
where:

% MC: percent moisture content of the refuse to maintain (in
wet base)

WR: weight of initial wet refuse (g)
DR: weight of initial dry refuse (g)
W: weight of water or leachate to add (g)

Table 2 shows the experimental design adopted in which
the volumes of water initially added were similar to the
volumes of leachates to be recirculated in order to reach the
desired %MC (50, 60, 70 and 80%). Obtained results were
statistically analyzed using ANOVA and Tukey’s Honestly
Significant Differences (HDS) tests (95% level of
significance) by means of Statgraphics Plus 5.0 ®.

2.3. Analytical Methods
2.3.1 Initial Refuse Analyses

The MSW mixture was analyzed for pH, moisture
content (%MC), carbon content (C) and nitrogen content (N)
using Mexican standards [16], and total volatile solids (TVS)
using the 2540G method of APHA, AWWA and WEF [17].

Soil used as FC was also analyzed for pH, %MC, C and
N using Mexican standards [16], TVS were determined
using the 2540G method of APHA, AWWA and WEF [17]
and texture, by the Bouyoucos method [18].

2.3.2. Leachate Analyses

Leachate operational parameters were analyzed weekly:
pH, electric conductivity (EC), total solids (TS) and TVS
using Mexican standards [16], chemical oxygen demand
(COD) using the dichromate Hach method [19] (approved by
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Fig. (1). Laboratory-scale biodigestor (LSB) fitted to biogas measurement and leachate recycling systems.

Table2. Experimental Design at 4 Levels of %MC by
Leachate Recirculation
Moisture Content Volume of Recirculation Replicates
Regimen (%MC) Leachate Twice/Week (ml) (LSBs)

Controls 0 4
50 62 4
60 124 4
70 248 4
80 496 4
20

USEPA), and volatile fatty acids (VFA) using a gas
chromatograph (VARIAN, CP 3800) fitted to a flame
ionization detector (FID). The stainless steel column (length
2 m, ID 2 mm) was packed with 3% CARBOWAX 20M +
0.5% H;PO4, CROMOSORB WHP 20-200 MESH. The gas
chromatograph was operated at a 25 ml/min constant flow
and a threshold of 5.0. The injector and FID were maintained
at a temperature of 210 and 220 °C, respectively. The oven

temperature was programmed at 108 °C immediately after
the injection of the sample and maintained for two minutes,
afterwards, temperature was increased at a rate of 25 °C/min
until 120 °C were reached and maintained for 0.2 min, after
which it was raised again at a rate of 8 °C/min until reaching
145 °C. The VFA determined were acetic acid (AA),
propionic acid (PA) and butyric acid (BA).

2.3.3. Biogas Analyses

Biogas was analyzed for methane (CH4) in a gas
chromatograph (VARIAN, CP 3800) using a FID. The
stainless steel column (length 2 m, ID 2 mm) was packed
with HAYESEP Q 80-100 MESH. Oxygen free nitrogen was
used as carrier gas, at a constant flow rate of 30 mL/min. The
temperature of the oven, injector and detector was
maintained at 90, 200 and 210 °C, respectively.

2.3.4. Refuse Analyses

All Dbioreactors were dismantled at the end of
experimentation. Waste settlement was measured and solid
waste was analyzed for pH and %MC using Mexican
Standard Norms [16]. TVS were determined by the 2540G
method of APHA, AWWA and WEF [17].
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3. RESULTS
3.1. Solid Waste Mixture

Table 3 presents the results of the analyzed parameters in
the mixtures of MSW prepared with the 15 subproducts
listed in Table 1, in the soil used as FC and in the mixture of
both. As seen in Table 3, the addition of FC to the prepared
MSW mixtures decreased pH, %MC, TVS, C and N values.
The soil used as FC contained 52.8% sand, 41.6% silt and
5.6% clay, corresponding to a sandy loam texture.

Table3. Analyses of the Initial Mixture of Solid Waste

Parameters
Components | Moisture
Content pH TVS (%) C (%) N (%)
(%MC)
FC (soil) |36.01£0.31 | 5.43+£0.03 | 62.45+0.35 | 1.42+0.28 | 0.05+0.02
MSW +FC |39.70£0.42 | 5.82+0.04 | 64.70+0.47 | 22.36+0.71 | 1.18+0.14
MSW 40.25+0.55 | 6.04+0.06 | 76.95+0.56 | 23.36+0.92 | 1.53+0.17

Notes: FC, Final cover; +, Standard deviation.

3.2. ANOVA
Differences Tests

and Tukey’s Honestly Significant

As each moisture content regime (50, 60, 70 and 80%
MC) was replicated in four LSBs, an ANOVA (95%
significance) was carried out among corresponding replicates
for pH, CE, TS, SVT, COD, AA, PA, BA and CH,. Since no
statistically significant differences were found among means
of the above-mentioned parameters in replicates of all %MC
regimes, it was possible to use the mean of each parameter’s
results for the four LSBs for a given %MC regime.

However, ANOVA for 50, 60, 70 and 80% MC regimes
for each parameter analyzed showed that at least one of the
means had significant differences. Tukey’s HSD tests
performed to find out among which %MC regimes were
such differences found. Data were divided for their analysis
in three phases, as detailed in section 3.3.2 below: hydrolysis
(day 1 to 12), acidogenesis (day 16 to 139) and methano-
genesis (after day 139).
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Table 4 contains the results of the Tukey’s HSD tests for
pH, EC, TS, TVS, COD, AA, PA, BA and CHy4, only
presenting the treatment pairs showing statistically
significant differences.

3.3. Leachate Produced in LSB
3.3.1. Dynamics of Produced Leachate Volume

Fig. (2) shows the volumes of leachate produced
throughout the experiment by LSBs in the four %MC
regimes (80, 70, 60 and 50 %). The field capacity was
reached during the first day, even in the regime with the
lowest volume of recirculated leachate [20]. No leachate was
produced in any of the control LSBs.

3.3.2. Dynamics of pH Value of Leachate from LSBs

Fig. (3) shows the dynamics of leachate pH values. Leachate
recycling, independently of the volume, allowed the
establishment of the hydrolytic phase at the end of the first two
weeks of operation. The acidogenic phase started at day 16 and
ended during the period between day 97 and 139. The end of the
acidogenic phase was considered to occur at pH values of 6.5,
as the system was able to support methane production.

3.3.3. Dynamics of EC, TS, TVS and COD in Leachates
from LSBs

Figs. (4-7) show that, for all LSBs, the maximum values
of EC, TS, TVS and COD were detected in the first
leachates, possibly caused by the dissolution and drainage of
inorganic and organic compounds by the initially added
water [21, 22].

During hydrolysis and most of the acidogenic phase,
leachate from LSBs operating at 50% MC had higher values
of EC, TS, TSS and COD, while these parameters were
lowest in LSBs at 80% MC (Figs. 5-8); which, most likely,
was due to a dilution effect [14, 15].

According to Tukey’s HDS multiple comparisons, during
the hydrolysis phase, average EC values in leachates from LSBs
at 80% MC were significantly different from those in LSBs at
50 and 60% MC (Table 4). According to the ANOVA test, EC
of leachate had no significant differences among %MC regimes
in the acidogenic phase.

Table4. Results of Tukey’s HDS Tests at 95% Significance Level
Tukey’s HDS (95%)
Phases Days pH
EC TS TVS COD AA PA BA CH,
50-70
50-70 50-70 50-70
Hydrolisis 1o 12 s 50-80 50-80 Zg'gg 50-80 B
} 60-80 60-80 i 60-80 }
60-80
50-70 50-60 50-60 50-60 50-60 50-60 50-60 50-70
Acidogenesis 16 to 139 50-80 50-70 50-70 50-70 50-70 50-70 50-70 60-70
60-80 50-80 50-80 50-80 50-80 50-80 50-80 -
50-70 50-70
s080 | 2070 50-80 50-80 50-80 50-80
Methanogenesis >139 60-80 60-70 60-70 50-80 50-80 60-80 60-80 60-70
70-80 60-80 60-80 70-80 70-80 60-80
} 70-80 70-80

Notes: AA, Acetic acid; AP, Propionic acid; BA, Butyric acid.
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Fig. (3). Dynamics of pH value in leachates from LSBs at different moisture content (%MC) regimes.

During the hydrolysis phase no statistically significant
differences were found in TS, TVS and COD values between
50 and 60% MC regimes (Table 4). In the acidogenic phase,
the leachate produced at the 50% MC regime also showed
statistically significant differences in values of TS, TVS and
COD with respect to the remaining MC regimes. Moreover,
during the methanogenic phase statistically significant
differences among MC treatments were observed for EC, TS,
TVS and COD (Table 4), although such differences are not
evident in Figs. (4-7).

In this work, the limit for stabilization was considered to
be at COD values of < 1000 mg/L, therefore, the leachate

from 80% MC regime was the first to be stabilized at day 76,
whereas the leachate from the 50% MC regime took the
longest time to attain the same COD value at day 139 (Fig.
7). Furthermore, the time in which leachates from the 50 and
60% MC regimes attained COD values < 1000 mg/L also
reached a pH value of 6.5 (Fig. 3).

3.3.4. Dynamics of AA, PA and BA Production in
Leachates from LSBs

Figs. (8-10) show the average concentration of AA, PA
and BA at different %MC regimes, revealing that [AA] >
[BA] > [PA], in accordance to other authors [23].
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Fig. (5). Dynamics of TS values in leachates from LSBs at different moisture content (%MC) regimes.

The highest concentrations of all VFA during the
hydrolytic and acidogenic phases were recorded in LSBs at
50% MC, while the lowest were found in the 80% MC
LSBs, which produced the expected effect on pH and COD
[14,24].

According to Tukey’s HDS test (Table 4), the
concentrations of AA in the 50% MC LSBs during the
hydrolysis phase showed statistically significant differences
to those values at 70 and 80%, and between LSBs at 60%
and those at 80% MC; while significant differences in the
average concentration of PA were only observed between the
LSBs at 50% MC and between those at 70 and 80% MC.
The concentrations of AB in leachate were not significantly
affected by %MC regimes.

During the acidogenic phase, statistically significant
differences in concentrations of AA, PA and BA in leachates
were only observed between LSBs at 50% and those at the
remaining %MC regimes. During the methanogenesis phase,
statistically significant differences were found in AA and BA
concentrations for 80% MC LSBs with respect to all other
%MC regimes (Table 4).

Figs. (8, 10) show that during the methanogenic phase
the leachates with the highest concentrations of AA and BA
were produced in the 80% MC LSBs, although the observed
concentrations ([AA] <200 mg/L; [BA] < 100 mg/L) did not
have an effect in the pH of the produced leachate (Fig. 4).
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3.4. Monitoring of Methane Generation

Maximum methane in biogas was 41.4, 54.7, 51.3 and
44.3 (%, V/V) for the 80, 70, 60 and 50 % bioreactors. Fig.
(11) shows the cumulative average generation of CH, from
the decomposition of MSW loaded in LSBs at 50, 60, 70 and
80% MC regimes. Methane was initially detected on day 48
in 70 and 80% MC LSBs, and 14 days later (day 62) in the
50 and 60% MC LSBs. Control LSBs showed no CHy
generation throughout the experimental period (264 days).

In general, the maximum rate of CH4 generation was
reached by day 170 in each %MC regime (Fig. 11). By the
end of the experiment the LSBs at 80% MC produced 3.10
uM CHy/kg dry MSW, while 4.81 uM CHykg dry MSW
were generated at 70% MC, 3.85 uM CHy/kg dry MSW at
60% MC and 3.55 uM CHykg dry MSW at 50% MC.
Tukey’s HDS tests (Table 4) showed that, during the
acidogenic phase, significant differences in CH4 generation
were observed among LSBs at 70% MC and those of the 50
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Fig. (9). Dynamics of propionic acid production in leachate from LSBs at different moisture content (%MC) regimes.

and 60% MC. During the methanogenic phase, statistically
significant differences were detected between LSBs at 70%
MC and all other humidity ranges, and between 80%MC and
50 and 60%MC; however, it is interesting to point out that
the 50 and 60% MC had similar methane production rates.

3.5. Discharged Solid Wastes

Table 5 contains the results of analyses at the end of the
experiment of all studied parameters regarding MSW + FC
loaded in the LSBs and the digested MSW discharged from
LSBs. Moisture contents correspond to the average field
capacity of digested MSW for each LSBs regimen, as they
were discharged 4 days after the last recirculation of their

leachates. It was noticeable that 80% MC bioreactors
presented the smallest moisture content than the remaining
recycling regimes.

All the pH values of the digested MSW mixtures
discharged from the LSBs approached neutrality and
resembled the pH of the last drained leachates (Fig. 3),
which is typical of mature residues [23-25].

Results indicate that the percent of settlement was
proportional to %MC. In addition, the removal of TVS (%)
was greater at 70% MC, even when compared to the regime
in which more volume was added (80% MC).
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TableS. Results of Analyses of Solid Waste and Final Cover in LSBs Made at the Beginning and End of the Experiment

MSW + FC Leachating Time (Hours) | Moisture Content (%) pH TVS (%) Removal of TVS (%) Settlement (%)
Initial solid waste - 39.70+0.42 5.82+0.04 | 64.70+£0.47 - -
80 %MC 1.13+0.12 62.90+0.49 7.18+0.03 | 53.24+0.48 17.71 11.54+1.34
70 %MC 1.87+0.17 64.70+0.43 7.114£0.05 | 50.23+0.47 22.36 7.78+1.20
60 %MC 2.30+0.22 64.96+0.47 7.65+0.05 | 52.18+0.47 19.35 5.04+0.93
50 %MC 20.45+0.33 63.99+0.46 7.7240.06 | 52.56+0.45 18.76 4.28+0.86
Controls - 38.16+0.39 6.74+0.03 | 61.98+0.42 4.20 0.00

Notes: FC, Final cover; +, Standard deviation.

4. DISCUSSION original acidity (pH = 6.04) of MSW collected from the
.. ] Patzcuaro landfill suggests that these were partially
4.1. Municipal Solid Waste decomposed. Addition of FC material made the pH value to

The MSW loaded in the LSBs had an initial moisture descend to 5.82, which had an effect on the pH value of
content of 40.25%, which falls within the 40-50% MC value leachates produced during the first draining.
reported as typical of landfilled solid wastes [26]. The
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The content of TVS in the initial mixture of MSW was
high (76.95 %), both because it contained at least 79.56% of
degradable matter (Table 1) and because the plastic content
represented 11.98 % (w/w), which, as reported by Kelly et
al. [27], has an effect in the content of TVS. The
concentrations of C and N in the sample of MSW (Table 3)
conditioned an initial C/N ratio of 18.9, which while being
smaller than the optimal of 30, did not imply a limitation to
the decomposition process due to N concentration [28].

4.2. Leachate Produced in LSBs
4.2.1. Dynamics of Produced Leachate Volume

Table 5 shows that LSBs in the 80% MC regime were the
first to reach field capacity, and therefore to produce
leachate, followed by the 70, 60 and 50 %MC, nonetheless,
they were also the last to produce equal leachate volume
(Fig. 2), probably due to clogging as a result of excessive
liquid in the interstice of the solid waste matrix. In fact,
variations in produced leachate volumes are usually related
to differences in leachate retention by solid waste, as added
water or leachate when leaching, occupies the void spaces in
the waste causing a bulk effect in bioreactors [29].

4.2.2. Dynamics of pH Value of Leachate from LSBs

The lower pH value measured in leachates produced by
LSBs at 50 and 60% MC, with respect to the same at 70 and
80% MC, might be due to the accumulation of VFA in the
solid waste matrix in the former LSBs [30], thus their
acidogenic phase activity was extended. In other words, the
volume of recirculated leachate in the 50 and 60% MC
regime LSBs was insufficient for the leaching of VFA, thus
affecting the microenvironment in such a way that the onset
of the methanogenic phase was delayed [31].

4.2.3. Dynamics of EC, TS, TVS and COD in Leachate
from LSBs

During the hydrolysis, values of EC, TS, TVS and COD
rapidly decreased, their fall being decelerated in the
acidogenic phase mainly due to the formation of fatty acids
[32-34]. Consequently, pH values decrease favoring the
solubility of metals [8, 13]. In addition, inorganic parameters
such as chloride and amoniacal nitrogen tend to remain
relatively constant and slowly diminish, even when subjected
to leachate recycling [13, 15].

Even though pH values in the 50 and 60% MC were
more acidic than those in the 70 and 80% MC (Fig. 3), EC
values were similar (Table 4), which has a two-fold
explanation: acidic pH values are known to propitiate ion
dilution [8, 35]; but in the other case, the EC is likely to be
related to drainage of compounds by the higher volumes of
recycled leachate in the 70 and 80% MC [15].

In the hydrolysis phase no statistically significant
differences were found in TS, TVS and COD values between
50 and 60% MC regimes (Table 4), suggesting that the
dilution of organic and inorganic compounds was similar
[14]. Moreover, in the 70 and 80%MC, these parameters did
not reveal any significant effect in the leachate produced, in
spite of volume being twice as large.

Even though some authors have reported COD values <
2000 mg/L as the limit for stabilization [24], in this
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experiment that value was reached in a date in which none of
the LSBs had reached the methanogenic phase. Hence, we
set the stabilization limit as < 1000 mg/L of COD. In
addition, this set point meant that leachate stabilization
occurred earlier at higher volumes of recirculation. This
inverse proportionality can be attributed to a better nutrient
distribution [13, 36]; however, this is not necessarily related
to a higher methane production, as the 80% MC did not
present the highest methane production rate. These results
suggest that the most appropriate leachate recycling regime
was 70% MC, and also, that leachate of high organic loads
can be reduced and stabilized in short time periods, which
makes BSLs to be a viable biotechnological alternative for
leachate treatment [4, 9, 12, 37].

4.2.4. Dynamics of the Concentrations of Short-Chain
Organic Acids (AA, PA and BA) in Leachates from LSBs

PA and BA concentration (Figs. 9, 10) increased in the
first days due to accumulation of hydrolytic products and
started to decrease afterwards due to conversion into biogas
[38]. During acidogenic phase, LSBs in the 50% MC showed
the highest VFA concentrations, and therefore the highest
COD values and lowest pH values. In addition, the 50% MC
was the only moisture regimen that was statistically different
to the rest. This situation might be explained either by a
more vigorous VFA generation or by a lesser acid
consumption as substrate. However, the latter might be more
plausible, as small recycling volumes also account for poor
nutrient distribution [23, 24, 32].

On the other side, 80%MC reactors showed the highest
AA and BA concentrations throughout the methanogenic
phase, suggesting that the recycled volume did not allow
adequate contact between nutrients and methanogenic
bacteria, which is further evidenced by the fact that this
regime produced the lowest methane production rate (Fig.
11). Even though most authors coincide in stating that higher
recycling volumes correspond to higher degradation rates,
our findings and those from other authors such as Sponza
and Ada [15], strongly suggest that there is a limit to that
practice when high VFA concentrations and low methane
production rates are evidences of wash out.

4.3. Monitoring of Methane Generation

The onset of the methanogenic phase in the 50, 60 and
70% MC LSBs (Fig. 11) was correlated to the pH recovery
(Fig. 3), as the conversion of AA and H, to CH4 and CO,
takes place [23, 38, 39]. Furthermore, comparing the
cumulative CH4 of those LSBs, it is evident that higher
recycled leachate is equivalent to a better nutrient
distribution and hence to a higher microbial activity [14, 36].
Nonetheless, as stated before, the recycled volume at 80%
MC was excessive, causing nutrient wash out and a
consequent reduction in biodegradation [15, 21, 34].
Additionally, some inhibitory compounds could have
accumulated, such as ammoniacal nitrogen [34] or heavy
metals [13, 40], which should be considered in subsequent
works.

4.4. Discharged Solid Wastes

It is likely that in the 80% MC channeling formation
occurred, explaining the smallest moisture content and the
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highest settlement grade (Table 5), coincidental to a wash
out in the system [14, 15, 21].

The MSW matrix settlement % was higher in the 80%
MC regime, such a settlement level could have been due to
the diminishment of present voids in the material and not
exclusively to decomposition of the organic matter present in
the MSW, as suggested by the higher losses of TVS in LSBs
at 70% MC [29, 41]. Moreover, as stated before, settlement
degrees were directly proportional to volume of recycled
leachate, in accordance to results from other works [13, 37].
At full scale this is very important because rapid and
predictable settlement can provide an opportunity to utilize
space prior to cell or landfill site closure [13, 25].

It is important to point out that the largest TVS removal
was obtained in the LSBs at 70% MC, indicating a higher
degree of degradation of the organic matter [21, 25, 27],
consistently with a higher methane generation rate (Fig. 11).

5. CONCLUSIONS

In this research, the performance of bioreactors under
leachate recycling regimes of 50, 60, 70 and 80% MC was
studied. Using pH value of produced leachate as an
indicator, it was possible to clearly identify hydrolysis,
acidogenic and methanogenic phases of the refuse
biodegradation process. Among these phases, the acidogenic
period was longer when facing smaller volumes of leachate,
while during the hydrolysis phase the application of different
recycling volumes did not produce a significant variation of
pH. The utilization of different leachate volume recycling
did influence the MSW anaerobic degradation and this was
reflected differently in individual phases. During the
hydrolysis phase, due to a dilution effect and a perfusion
process in the waste matrix, the volume of water or recycled
leachate proportionally influenced leachate characteristics. In
the acidogenic phase, recycled volumes were also
responsible for variations in the leachate composition, but
the 50% MC was the only one producing significant
differences and higher concentrations of the analyzed
parameters. Furthermore, our results prove that starting at the
volume in the 60% MC, the duplicating or even
quadruplicating the recycled volume does not produce
significant differences in leachate characteristics. A
stabilization limit of COD < 1000 mg/L was set, evidencing
that the required time for stabilization is inversely
proportional to the recycled volume. Nonetheless, our results
point out that in the 80% MC, the attained stabilization
resulted of a dilution effect on the recycled leachate, instead
of being the effect of an accelerated biodegradation of the
organic matter.

The obtained results demonstrate that, among the studied
moisture regimes, the 70%MC was the most appropriate in
terms of MSW anaerobic biodegradation. Nevertheless, this
research was conducted at a laboratory scale and results
should be cautiously considered. Regardless of the scale,
generated information clearly point out that leachate volume
in the 80% MC bioreactors was excessive, rendering it
unsuitable to operate under similar moisture conditions. The
importance of this is paramount, as there is a wide
availability of reports that state the multiple advantages of
leachate recycling to enhance MSW degradation, but only a
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handful have studied how leachate recycling may exert an
undesirable effect on methane production.

Finally, it is clear that leachate recycling in MSW is a
biotechnological alternative for an in sifu treatment, as it can
decrease leachate concentrations and produce stabilization in
shorter periods, however, this requires a cautious approach.
Low concentrations in leachate might be due only to high
recycled leachate volumes, making it necessary to take in
account other information such as methane generation rates
and, if possible, also information derived from the solid
matrix itself. Moreover, it is also expected that the solid
waste matrix is impacted by leachate recycling due to the
occurrence of physical changes such as settlement or
channeling, and more important, there is a limit to the
highest TVS removal proportion that may not necessarily
correspond to the highest recycled volume of leachate.
Further research should be carried out to study the effect of
leachate concentration and to monitor the characterization of
the leachate when added to the refuse column, not only after
it has leached through the column.
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