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Abstract
Anaerobic digestion (AD) of the organic fraction of municipal solid waste (OFMSW) in bioreactor landfills
was investigated with parallel large-scale (40-L) simulators operated for 250 days. Concentrations and
generation rates of methane (CH4) and carbon dioxide (CO2) were measured over the period, as well as
concentrations of volatile fatty acids (VFAs) and pH in leachate. Multiple solid waste and leachate samples
were processed for DNA extraction, Polymerase Chain Reaction (PCR) and pyrosequencing of bacterial and
arachaeal 16S rRNA genes for microbial community characterization. The biogas and leachate characteristics
changed with time as expected based on typical AD studies with other waste streams. DNA concentrations in
the leachate were used to follow changes in biomass levels and they correlated well with CH4 generation
rates, suggesting that biomass in the leachate can be used to monitor AD processes in bioreactor landfills,
which are difficult to sample due to accessibility problems and large spatial heterogeneity. Microbial
community characteristics (to be determined with pyrosequencing data) are anticipated to shift between
different phases (transition, acid formation and methanogenesis), as delineated by distinct changes of biogas
and leachate qualities.
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INTRODUCTION
The United States (US) and the European Union (EU) each generate over 200 million tons of
municipal solid waste (MSW) each year (EPA 2011; EuroStat 2011). Final disposal methods vary
widely between states in the US and countries in the EU due to different regulations, economic
development levels and land usage restrictions. In the US, over 50% of MSW goes to landfills,
while the corresponding number in the EU is around 40%. Anaerobic digestion (AD) of OFMSW
reduces the waste volume before final disposal of residue and generates CH4 as an energy source.
Traditionally, AD of the organic fraction of MSW (OFMSW) has been carried out in anaerobic
digesters similar to those operated for the AD of municipal sewage sludge and with a variety of
different designs (Mata-Alvarez et al. 2000). Alternatively, AD of OFMSW can be realised in-situ
in bioreactor landfills. In such systems, methane extraction and leachate recirculation are
implemented with vertical wells and pipeline systems. Volume reduction is achieved, which
increases landfilling capacity and the lifespan of a landfill (Reinhart & Townsend 1998; Kim &
Pohland 2003). New landfills can be designed to operate as bioreactor landfills, which are gaining
popularity in the US (Benson et al. 2007). In addition, existing landfills may be retrofitted to
operate as bioreactor landfills, which are more often the case in the EU (Berge et al. 2009).
A significant amount of work has been done on the treatment of OFMSW in anaerobic digesters,
including influent characterization (Zaher et al. 2009), steady state and dynamic performance
evaluation (Stroot et al. 2001), and the characterization of microbial communities (McMahon et al.
2004). In contrast, only a few researchers have studied the overall performance (Kim & Pohland
2003; Barlaz et al. 2010) and the microbial communities (Staley et al. 2011) of bioreactor landfills,
either in full- or laboratory-scale systems. Available data on full-scale bioreactor landfill are scarce
and sometimes inconsistent due to waste heterogeneity, as well as difficult to measure parameters
and uncontrollable factors in the field. The OFMSW specimens used in laboratory-scale studies are
often shredded and/or suspended in water, so that any heterogeneity is removed. As a result, the
results from such laboratory-scale studies may not be representative of full-scale conditions. The

current study adopted large-scale (0.3 m-diameter, 0.6-m height, and 40-L volume) and heavilyinstrumented laboratory-scale simulators capable of containing real-size waste particles from the
field to simulate in-situ heterogeneity, and enabled evaluation of field-scale variables during the
process. Biogas, leachate, and microbial communities were characterized during long-term
operation of the simulators (Fei et al. 2013).
MATERIALS & METHODS
Municipal solid waste was excavated from a landfill in Austin, Texas and shipped to the laboratory
in air-tight 55-gallon drums. Waste composition was characterized according to Zekkos et al.
(2010). The organic fraction of MSW was the sum of paper, cardboard and food wastes. Two waste
specimens were re-constituted using actual waste representing the overall by weight composition of
the sampled waste: 15.0% paper, 5.5% soft plastic, 5.0% wood, and 74.5% soil-size particles
(passing 20-mm sieve). Each specimen had a total weight of 30.5 kg and moisture content of 21%
(kg-moisture/kg-dry MSW). The specimens were placed into two identical simulators (#2 and #3)
(Fig. 1). The simulators were monitored for 250 days. On day 10 (10 days after the MSW specimen
was prepared), drainage valves were closed and deionized water was added into the simulators.
After the specimen was submerged and saturated with leachate for 30 minutes, leachate was
drained. Leachate was stored in a leachate tank and recirculated three times a week. Both simulators
were operated at a temperature of 40 ±3⁰C with
heating blankets.
Biogas and leachate were sampled and analysed
according to Fei et al. (2013). Gas generation rates
were calculated by multiplying concentrations of CH4
(rCH4) and CO2 (rCO2) to the volume of the generated
biogas, adjusted for a temperature of 20 ⁰C.
DNA extraction method applied for both solid
waste (day 47, 82, 111 and 179) and leachate samples
(day 23, 34, 46, 83, 109 and 178) was modified from
Zhou et al. (1996). Preparation for pyrosequencing,
pyrosequencing, and data analyses were identical to
Pinto et al. (2012) except that PCR forward primers used to target the 16S rRNA genes of Bacteria
was Bact-563F and of Archaea was Arch-519F.
RESULTS & DISCUSSION
Biogas generation
Methane generation rates (rCH4, L-CH4/day) are shown in Fig. 2a. Good reproducibility was
observed between the simulators that had the same waste composition. After day 10, when
recirculation of leachate was initiated, the rCH4 increased rapidly. A maximum rCH4 of 10.5 LCH4/day was observed on day 33 for both simulators. The rCH4 dropped considerably between day
33 and day 100 and decreased more slowly afterwards. The rCH4 remained below 1 L-CH4/day after
day 150, indicating the completion of AD of most of the OFMSW in the simulators. A total of
approximately 450 L CH4 was generated in each simulator, which corresponds to 17.9 L-CH4/kgdry MSW, 97.8 L-CH4/kg-paper, or 58.0 L-CH4/kg-volatile solids (consisted of biodegradable
paper and non-biodegradable soft plastics and wood). The last number fell within the reported range
between 50 and 200 L-CH4/kg-volatile solids (Eleazer et al. 1997).
Carbon dioxide generation rates were calculated and the ratios between the r CH4 and the rCO2
(rCH4:rCO2, L/day:L/day) are plotted in Fig. 2b. The ratio increased sharply after day 10 and reached
a maximum value of approximately 1.5 on day 33. The ratio decreased slightly and fluctuated
around 1.2 after day 49. The stable ratio suggested that methanogenesis was fully established in

both simulators and that functionally stable microbial communities had been formed.

Le

achate quality
Leachate drained after recirculation was analysed. Concentrations of VFAs in leachate samples are
shown in Fig. 3a. Propionate concentrations increased starting on day 10 until day 25-30. Peak
propionate concentrations were 2,032 and 2,795 mg/L for simulators #2 and #3, respectively.
Propionate was completely consumed within the next 15 days. Acetate accumulated to a lesser
extent and was also removed between days 20 and 46. The concentrations of formate, butyrate, and
valerate were low compared to those of propionate and acetate (data not shown). The dynamics of
VFA concentrations clearly delineated the transition phase, acid formation phase, and the
methanogenesis phase (Barlaz et al. 1989; Kim & Pohland 2003; Fei & Zekkos 2012). Production
and consumption of VFAs also correspond well with rCH4 trend. The leachate pH values for
simulators #2 and #3 are shown in Fig. 3b. The leachates were slightly acidic in the transition and
acid formation phases, but the pH environment was close to neutrality during stable
methanogenesis. No pH adjustment was performed.

The data presented in Figures 2 and 3 indicate that AD of OFMSW in a bioreactor landfill
resembles a typical AD process, which proceeds from disintegration and hydrolysis of organic
particulates to acidogenesis and methanogenesis processes (Batstone et al. 2002). Both rCH4 and
VFAs concentrations in the leachate were shown to be indicative of simulators’ performances.
Analyses of microbial communities on solid waste and in leachate
Biomass concentrations in leachate represented by the amount of DNA extracted per volume of
leachate (ng-DNA/ml-leachate) are plotted in Fig. 4a. The highest biomass concentration concurred
with peak rCH4 and VFA concentrations. The biomass concentration subsequently decreased, and
roughly 10% of the maximum biomass concentration remained on day 179. The biomass
concentration in the leachate correlated well with the rCH4, as depicted in Fig. 4b. The biomass
concentration data collected so far suggest that sampling the leachate will be informative to
characterize the AD process in bioreactor landfills. This is an important finding as it is very difficult
to obtain representative MSW and biomass samples from full-scale landfills, whereas leachate
samples are much easier to collect.
Biomass/DNA concentrations in MSW samples collected from the simulators and
pyrosequencing data will be obtained in the near future (before June 2013). These results will
further indicate if the leachate can be used to represent AD processes in bioreactor landfills. It will
be determined if bacterial and archaeal population dynamics will agree with the patterns observed in
semi-batch AD systems treating OFMSW (McMahon et al. 2004) and mathematical modelling
results of OFMSW biodegradation in landfills (Vavilin & Angelidaki 2005).
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