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ABSTRACT: Anaerobic bioreactor landfills are the most popular method to treat municipal solid waste as they
rapidly stabilize waste, enhance leachate treatment along with increased landfill gas generation for cost-effective
energy recovery and reduced post closure maintenance period. Leachate recirculation is one of the methods to apply in
bioreactor to eliminate the leachate treatment and ground water contamination. The landfill leachate is characterized by
high contents of organic and inorganic compounds which gradually decrease and depict the stabilization of municipal
solid waste. Concentrations of these compounds in leachate depends on the type of waste, its susceptibility to
dissolution, chemical and biological degradation and the volume of water running through the waste. The objective of
this review paper is to highlight the effects of leachate recirculation on waste stabilization in a simulated bioreactor and
to depict that the bioreactor efficiently stabilizes the waste mined from dumpsite by enhancing organic degradation.
Key words: Leachate, Recirculation, Bioreactor, Dissolution.

INTRODUCTION

The Bioreactor landfills offer a sustainable way to achieve increased waste degradation along with benefits such as
enhanced landfill gas (LFG) recovery, reduction in leachate pollution potential and rapid increase in landfill volumetric
capacity. Insufficient allocation of financial resources in the waste management sector, acceptance of the status quo
and a lack of awareness among both the public and politician of environmental and health concerns are the root cause
of the low quality of waste services [43].

Bioreactor landfill is a sanitary landfill that transforms and stabilizes the readily and moderately decomposable organic
waste constituents within few years by enhanced microbiological processes and increase in effective organic waste
decomposition, conversion rates and process rate. Bioreactor technology is selected by considering four reasons:1) to
increase potential for waste to energy conversion, 2) to store and/or treat leachate, 3) to recover air space and 4) to
ensure sustainability [34]. Anaerobic digestion of solid waste is more desirable than combustion or gasification as a
waste-to-energy technology because of the ability to extract energy (biogas) and generate nutrient-rich digestate
material that can be used as a fertilizer [1].

The composition of urban MSW in India was studied by Annepu et al., [3] he states that it consist of 51% organics,
17.5% recyclables (paper, plastic, metal, and glass) and 31 % of inerts. The moisture content of urban MSW is 47%
and the average calorific value is 7.3 MJ/kg (1745 kcal/kg) as shown in figure 1. According to CPCB and NEERI,
2010 the composition of MSW in the North, East, South and Western regions of the country varied between 50-57%
of organics, 16-19% of recyclables, 28-31% of inerts and 45-51% of moisture. The calorific value of the waste varied
between 6.8-9.8 MJ/kg (1,620-2,340 kcal/kg).

Degradation MSW

A high degree of synergism and interspecies interactions is involved in anaerobic bio degradation, which include,
acetogenic, hydrolytic and the methanogen bacterial phases [9]. As stated by [11] anaerobic degradation is a two-stage
process viz-anaerobic respiration and fermentation. Anaerobic breakdown of MSW results in formation of volatile fatty
acids, ethanol, lactate, succinate and gases as hydrogen, carbon dioxide. Fermentation is favoured by a low hydrogen
ion (H") concentration.
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Acetogens can be classified into 2 groups; hydrogen producers, which consume alcohols and organic acids and form
acetic acid and hydrogen gas while the other group hydrogen consumers utilize carbohydrates, hydrogen, carbon
dioxide and produce acetic acid. According to Vaidya R, [41] the process of methanogenesis is inhibited at greater
VFA concentration due to decrease in pH in the initial acid formation phase. Subsequently, metals precipitate as
hydroxides, sulfides and carbonates due to mobilization and complex as VFA. Cellulose is the primary constituent that
undergoes decay in a landfill. Bookter and Ham, [9] determined that cellulose ranged from 8-30 % in well-decomposed
landfills .Pathways for cellulose metabolism was studied by Tsao, [40]. The study states that cellulose is a linear
homopolymer of anhydrous units linked by beta-D-1,4 glucosidic bonds. In landfills it is uptaken after enzymatic
hydrolysis and hydrolyzed in the acidic phase of anaerobic digestion.

Phases of MSW decomposition and stabilization

Stabilization of waste includes physical and chemical reactions within the bioreactor landfill [39]. Environmental
conditions which significantly impact on biodegradation include pH, temperature, nutrients, absence of toxic material,
moisture content, particle size and oxidation reduction potential [32]. The stabilization of MSW proceeds in five
sequential phases as shown in figure 2. The variation in rate and characteristics of leachate production and landfill gas
generation can be used for monitoring stabilization of MSW landfill [39, 32, 24].

Phase I: Initial adjustment phase

Leachate is produced during this phase as a result of releasing of moisture during compaction and short-circuiting of
precipitation through the MSW landfill. Biological decomposition occurs under aerobic conditions where oxygen
present in the void spaces is rapidly consumed then produces carbon dioxide. Microorganisms are provided from soil
material or other sources such as leachate recirculation, sludge, etc.

Phase II: Transition phase

In this phase due to depletion of oxygen there is transformation from aerobic to anaerobic condition within landfill,
nitrate and sulfate act as electron acceptors in biological conversion reactions and reduced to nitrogen gas and
hydrogen sulfide gas, along with displacement of oxygen by carbon dioxide. Due to organic acids and elevation in
carbon dioxide, pH of the leachate starts dropping. The COD and VFA emerge during this phase.

Phase I11: Acid formation phase

In this phase conversion of biodegradable organic content to intermediate volatile occurs due to biological activities of
microorganisms and continuous hydrolysis (solubilization) of solid waste. Decreasing pH values and fatty acids at high
concentrations are observed, accompanied by metal species mobilization. Rapid consumption of substrate and nutrients
occurred in this phase.

Phase 1V: Methane fermentation phase

In this phase methanogenic bacteria consume intermediate acids from phase 11l and converted to methane and carbon
dioxide. Sulfate and nitrate are reduced to sulphides and ammonia, respectively. The pH values increase by the
bicarbonate buffering system, this condition will support the growth of methanogenic bacteria. Heavy metals are
removed by compellation and precipitation.

Phase V: Maturation phase

In this phase, due to limited nutrients and available substrate biological activities slows down. Gas production drops
dramatically and leachate strength stays steady at lower concentrations. Oxygen and oxidized species may reappear
slowly. However, the slow degradation of resistant organic fractions may continue with the production of humic
substances. Humic acid and fulvic acid, which are difficult to process further biologically, are formed in this phase.
Generation of biogas in landfill

Visvanathan et.al., [42] states that the biological oxidation of methane gas would be an inexpensive gas treatment
system to reduce greenhouse gas emitted from landfill. Methane (CH,) and carbon dioxide (CO,) are predominating
but collection LFG for energy recovery is not economical and inherent risks are associated with LFG management
[38]. The CH, generated in landfills typically excess of 45% of the total landfill gases and over 20 times more harmful
than CO,. Landfill gas controlling system is employed to prevent emission of LFG into the atmosphere or the lateral
and vertical movement through the surrounding soil. Furthermore, collected LFG can be used for production of energy.
As open dumpsite is a predominant MSW disposal method in Asia, the methane emissions from the MSW shallow
dumpsites that are without cover layer is less due to their more or less anoxic status [19]. According to a study by
Pacey et al., [30] the bioreactor landfill gas extraction system requires installation of proper equipments to avoid odour
problems and efficiently controlling gas.

Leachate Mechanism

Leachate Generation

Leachates are defined as the aqueous effluent generated as a consequence of rainwater percolation through wastes,
biochemical processes in waste’s cells and the inherent water content of wastes themselves.

International Journal of Plant, Animal and Environmental Sciences Page: 111
Available online at www.ijpaes.com




Rastogi et al Copyrights@2014  1JPAES ISSN 2231-4490

Leachates may contain large amounts of organic matter (biodegradable, but also refractory to biodegradation), where
humic-type constituents consist an important group, as well as ammonia-nitrogen, heavy metals, chlorinated organic
and inorganic salts. The removal of organic material based on chemical oxygen demand (COD), biological oxygen
demand (BOD) and ammonium from leachate is the usual prerequisite before discharging the leachates into natural
waters [5]. In open dumps, the material that leached would be absorbed into the ground and percolated and move into
ground water, surface water, or aquifer system. In the landfill, as the liquids migrates through the waste it dissolves
salt, picks up organic constituents and leaches heavy metals. This “landfill liquor” could be a potential potent polluter
of soil and water as the organic strength of landfill leachate can be 20 to 100 times greater than the strength of raw
sewage.

Leachate Recirculation

Leachate is produced when water percolates though the dumped wastes and uptakes the organic and inorganic products
from both physical extraction, hydrolytic and fermentative process after satisfying the field capacity of the waste.
Leachate is the portion of the precipitation which comes in contact with the waste. Leachate recirculation is an
attractive option as it achieves a decrease in the total volume of leachate to be treated or disposed and a reduction in the
degradable components of the leachate [27]. The Design of a typical bioreactor has been shown in figure 3.

Barlaz et al., [4] demonstrated that increase in moisture content along with leachate recirculation has shown increased
biological activity (methanogenesis) and decomposition. A similar study states that the rapid development of
methanogen bacteria in bioreactor landfill is the result of high moisture content. Similarly, Gurijala and Sulfita, [18]
specified that moisture content in the range of 50% to 60 % was best for methanogenesis. According to San and Onay,
[36] leachate recirculation in a landfill bioreactor is an effective way to enhance the microbial decomposition of
organic fraction of municipal solid waste. Pouech et al., [31] investigated the usefulness of leachate recirculation to
enhance the biodegradation and the leaching of the easily leachable components.

A laboratory scale study conducted, using two lysimeters filled with municipal solid waste mined from dumpsite to
simulate the leaching of pollutant loads from controlled dumps and to assess the effect of leachate recirculation on
waste stabilization depicted leachate quantity and quality, biogas composition, settlement and characteristics of
susbtrate that were analysed over a period of two years. Leachates from both the lysimeters attained stabilization
within 600 days as reflected by the pH, VS/FS, COD/DOC in leachates and biogas compostion. TKN and ammonical
nitrogen in leachate from the lysimeter in recirculating mode reduced by 50% in one year. The results suggested that
the leachate recirculation in old dumps can leach out both organic and inorganic compounds from the partially
degraded waste [21].

Landfill leachate normally contains high concentrations of organic matter, nutrients, pathogens and heavy metals, and
cause serious pollution of surface and groundwater sources so proper collection and treatment is necessary. Ahn et al.,
[2] and Bohdziewicz et al., [8] state that in recent years significant attention has been given to landfill leachate
treatment for municipal areas. Numerous lysimeters and field tests were done by Chan et al., [10], Erses and Onay [12]
and San and Onay, [36] to determine the impact of leachate recirculation on stabilisation of municipal solid wastes.
Leachate recirculation is more effective on anaerobic degradation of solid waste than non recirculated degradation
[35]. Leachate quality was determined in terms of pH, electrical conductivity, calcium, magnesium, total kjeldahl
nitrogen, phosphate and chemical oxygen demand (COD) by using two lab scale landfill bioreactors containing
approximately 10 kg of waste each, in order to follow waste degradation over 16 weeks of time period and the
following parameters were analyzed from each sample: pH, EC, Ca*?, Mg*?, TKN, PO, and COD. The maximum COD
removal observed was 80.30% in reactor R1 and 89.93% in reactor R2 as the daily recirculation strategy has a positive
effect related to COD removal, pH stabilization and other parameters.

The recirculation of the leachate through a bioreactor results in increased removal of the pollutants in the leachate [16].
The laboratory studies reported that after the 3rd recirculation the reduction in COD, BOD, colour and hardness was
98.34 %, 98.57%, 98.75% and 95.31%, respectively. A Reduction of 82-99 % in the heavy metal content such as
cobalt, iron, lead, cadmium, zinc, manganese, copper and nickel was recorded. In the laboratory, an artificially
prepared raw leachate was circulated through the reactor at the rate of 175 - 525 litres/m® of MSW through a bioreactor
column of 110 mm PVC pipe filled with a 0.5 m. high MSW layer. Yao et al., stated that codisposed landfill with
leachate recirculation could facilitate the stabilization of landfill. A laboratory scale study to assess the effect of
leachate recirculation on waste stabilization by analysing the leachate quantity and quality, biogas composition,
settlement and characteristics of substrate over a period of two years [21]. Overall waste volume settlement during the
study period (600 days) in controlled and bioreactor landfills was 18% and 22%. In the experiment two lysimeters were
filled with municipal solid waste mined from dumpsite to simulate the leaching of pollutant loads from controlled
dumps. Leachates from both the lysimeters attained stabilization within 600 days as reflected by the pH, VS/FS,
COD/DOC in leachates and biogas composition. During the recirculating mode in Ist year, TKN and ammonical
nitrogen in the leachate reduced by 50% in the lysimeter.
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Effects of leachate recirculation on anaerobic treatment of municipal solid waste

Waste degradation and the landfill’s gas production rate is accelerated by leachate recirculation. Leachate is anoxic,
acidic, high COD, high sulfate and metal ion and could cause groundwater contamination so leachate recirculation
applied in bioreactor landfills to eliminate ground water contamination [37]. Simultaneously, the proportion of
methane in landfill gas is higher with leachate recirculation than those without recirculation. In a lysimeter study,
biogas obtained was characterized by the highest concentration of methane i.e. 50 % [13].

The effects of leachate recirculation are more effective in anaerobic reaction than in aerobic reaction [7]. According to
Reinhart and Townsend, [33] leachate recirculation enhances the efficiency of anaerobic digestion by providing
moisture.

Lettinga and Van Haandel, [26] identified four stages for the transformation of complex compounds into biogas in an
anaerobic processs:

1. Hydrolysis stage: In this stage, complex compounds are hydrolysed into dissolved compounds with a low molecular
weight. Protein is degraded to amino acid, carbohydrate is transformed to monosaccharides and disaccharides and lipid
are converted to long-chain fatty acid.

2. Acidogenesis stage: simple organic compound such as volatile fatty acid, alcohol, lactic acid and mineral
compounds such as carbon hydroxide, hydrogen, and ammonia and hydrogen sulphide are formed from the dissolved
compounds

3. Acetogenesis stage or fermentation: The products from acidogenesis stage are converted to suitable substrate of
methanogen microorganism such as acetate, hydrogen and carbon dioxide.

4. Methanogenesisstage: It is the limiting step of anaerobic digestion. In this step, hydrogenotrophic bacteria converts
carbon dioxide and hydrogen to methane and methanogenic bacteria converts acetate to methane.

Effect of leachate recirculation on organic compound removal

Leachate recirculation showed significantly rapid degradation and quicker stabilization of waste than those without
recirculation due to decrease in time period taken by acidogenesis and methanogenes phases [14, 10].
Sawatdeenarunat, 2009 observed that due to the accumulation of carboxylic acid there was an increase in COD and
BOD in the first 2 years after recirculation and then a decrease in 3" year.

Effect of leachate recirculation on metal concentration

As suggested by Reinhart and Townsend, 1997 “the balance of biological process of waste degradation and the
hydrologic capacity of the waste which controlled by the waste permeability” is the major factor for leachate treatment.
Bilgili et al., [7] studied the effect of leachate recirculation on metal concentrations of a simulated landfill. According
to Bilgili et al., [7] metal sulfide and metal hydroxide precipitation and subsequent capture within the waste matrix by
encapsulation, sorption, ion-exchange and filtration appear to be the primary mechanisms of metal removal of
bioreactor landfills. In the acidogenensis stage pH of leachate is low (4.0- 6.0), so the metals dissolve into leachate due
to high solubility. The results show that after an initial increase, the concentrations of metal decrease about 50% in 250
days. Gould et al., 1989 in a lysimeter study found that leachate recirculation simulated reducing condition and so
cause reduction of sulfate to sulfide which causes low concentration of leachate. In addition, high molecular weight
humic-like substances are formed and tend to form complex with heavy metal [32]. Benson et al., [6] studied the
landfill gas production rate and showed that the gas flow rate from bioreactor landfill was 69% higher than landfill
without leachate recirculation. Sawatdeenarunat, [37] indicated that due to stimulation of hydrolytic and fermentative
bacteria by leachate recirculation, pH tended to increase for about one year. After that, pH increased and become stable
between 7.0 and 8.0 due to methanogenesis stage. Leachate recirculation creates a favourable environment for rapid
microbial decomposition of the biodegradable solid waste.

Bioreactor landfill v/s conventional landfill

As depicted in table 1, Reinhart and Al-Yousfi, [32] compared the leachate characteristics between bioreactor landfill
and conventional landfill. Due to the moisture content in bioreactor landfill the strength of leachate of bioreactor is less
than conventional landfill. Results show that in bioreactor landfill BOD ranges from 12-28000mg/l while it ranges
from 20-40000 mg/l in conventional landfill. Similarly, COD for bioreactor landfill was 20 — 34,500mg/l while it was
500 — 60,000 mg/l for conventional one. In a similar study by Reinhart and Townsend, [33], the concentration of
leachate constituents was measured in both types of landfills in sequential phases. Highest strength of leachate was
noticed in acid formation phase than other phases. The quantities of Iron (Fe) and Ammonia (NH3) were 20 — 2,100
mg/l and 30 — 3,000 mg/L in conventional and 4 — 1,095 mg/l and 6 — 1,850 mg/I in bioreactor landfill.

Benefits of Leachate Recirculation

According to Khire, 2006 key benefits of leachate recirculation in MSW landfills are (1) reduction in leachate
treatment and disposal costs; (2) accelerated decomposition and settlement of waste resulting in gain in airspace; (3)
acceleration in gas production; and (4) potential reduction in post-closure care period and associated costs.
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Most common methods for long-term leachate recirculation in MSW landfills include vertical injection wells and
horizontal trenches. Non-uniform distribution of leachate leads to uneven landfill settlement and hence higher
maintenance costs. According to study by Fellin et.al., [15] leachate recirculation benefits the landfill by increasing
the moisture content which in turn increases the rate of biological degradation in the landfill, and the rate of methane,
nitrogen and carbon recovery from the landfill as depicted in Table 1.

Composition of MSW in India and Regional Variation
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Figure 1: Composition of MSW in India and regional variation.
Source: Sustainable solid management in India, 2012,Ranjith Kharwal Annepu
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Figure 3: The Design of a typical bioreactor
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Table 1: Effect of leachate recirculation on Bioreactor landfill v/s conventional landfill

Parameter Phase II. Phase IIL Phase IV. Phase V.
Transition Acid formation Methane fermentation Final maturation
Conventional | Recirculation | Conventional | Recirculation | Conventional | Recirculation | Conventional | Recirculation
BOD (mg."'L) 100 - 1.000 0-6,893 1.000 - 0 —28.000 600 -3.400 | 100- 10,000 4 -120 100
57,700
COD (mg-"'L) 480-18,000 | 20-20.000 1.500- 11,600- 580-9.760 1,800 - 31 -900 770 - 1,000
71.000 34.550 17.000
TVA (mgL | 100 -3,000 | 200-2.700 3,000- 0-30,730 | 250-4,000 | 0 - 39,000 0 -
as acefic acid) 18,800
BOD/COD 0.23- 087 0.1 -098 04-08 045-095 0.17- 0.64 005-08 0.02-0.13 0.05- 008
NH4 (mg.-'l- 120-125 76-125 2-1.,030 0-1.800 6- 340 32-1.850 6- 430 420 - 580
N)
pH 6.7 54-81 47- 177 57-14 63 - 88 59-86 71-88 74 - 83
Couducti\'ity 2.450-3.310 | 2,200 8,000 10.000- 10.000- 2,900 -7.700 4200 - 1.400 - 4,500 -
(mS /cm) 17.100 18,000 16,000
CONCLUSION

The bioreactor landfill technology is based on the acceleration of the anaerobic degradation of the biodegradable
fraction of the wastes leading to faster mineralization and hence stabilization. It uses enhanced microbiological
processes to transform and stabilize the readily and moderately decomposable organic waste constituents. From this
review it has been drawn that a leachate recirculating bioreactor efficiently stabilizes the waste mined from dumpsite
by enhancing organic degradation. Engineered bioreactor landfill sites can provide a more controlled way which
society can reduce the emission of global warming greenhouse gases. The Conclusions from the cited literature in the
review depicts a reduction in leachate organics, decrease in leachate’s BOD, COD, ratio of BOD/COD, VSS/TSS,
TKN along with the VFA profile, achieved through leachate recirculation. These are used as indicators to assess the
efficiency of the bioreactor. Best results were achieved by leachate recirculation along efficiently immobilization of
heavy metals in the digested residue as observed from the low heavy metal levels in leachate. To conclude,
“Bioreactors act like filters, enabling a separation of the nutrients from municipal solid waste encouraging rapid waste
stabilization”. Still there is a need to undertake further studies to reduce our current gaps-in-knowledge and offer
feasible technical alternatives to control and steer the processes occurring in a reactor.
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