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Abstract The efficiency of waste degradation can be

expressed by the rate of waste decomposition in individual

phases. This article presents the durations of degradation

phases of pretreated and untreated waste stabilized in

anaerobic laboratory reactors. In this investigation, the

quantities of organic and nitrogen contaminants emitted

from the waste during the study are presented. The study

confirmed the beneficial effects of aerobic pretreatment of

waste before landfilling on reducing the duration of

hydrolysis and acid phases, and speeding up the start of the

stable methane phase. In the pretreated waste reactor, the

stable methane phase began about 19 weeks earlier than in

the untreated waste. The total amounts of contaminants

removed from the aerobic pretreatment waste were lower

than from untreated waste, with values of COD, TOC,

BOD5, and VFA corresponding to 21, 18, 6, and 23 %,

respectively, and values of TKN and NH4 of 7 and 50 %,

respectively.
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Introduction

One of the major tasks of municipal waste management in

the countries of the European Union is the systematic

reduction of waste that is removed and transported to

landfills. This refers particularly to biodegradable waste

[1]. The presence of such waste influences the amount of

emitted pollution via leachates and biogases into the

environment. Poland adopted the landfill waste reduction

targets of 25 % by 2010, of 50 % by 2013, and 65 % by

2020, in relation to the amount of landfill waste in 1995 [2].

One of the methods employed to decrease the amount of

waste is mechanical–biological treatment (MBT) of the

waste, before it is stored. The method has been recom-

mended in The National Waste Management Plan 2010 as

being useful for regions with populations of between

150,000 and 300,000 people. Mechanical–biological

treatment (MBT) is a technology which consists of the use

of the mechanical sorting of waste associated with the use

of the biological stabilization of the remainder after sorting

biodegradable waste. The mechanical sorting stage can be

placed at the beginning of MBT (biostabilization) or after

the biological process (biodrying).

In biostabilization technologies, the waste is subjected

to aerobic or anaerobic–aerobic stabilization in order to

reduce its susceptibility to biodegradation. Stabilized waste

is primarily suited for landfill, but can also be used on non-

agricultural soil and for the reclamation of land for con-

struction or burned.

The aim of biostabilization is to achieve the highest

degree of organic waste stabilization in order to reduce

emissions from stabilized waste deposited in landfills.

MBT also allows an increase in the recovery of recyclable

materials and reduces the mass of waste deposited [3–6].

The degree of waste biostabilization depends on a number

of factors: the waste morphological composition (the per-

centage of organic biodegradable substance), the type of

method utilized, the conditions of the biological stabiliza-

tion process, and its duration [7–10].
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In developing countries, the recommended method of

biological waste stabilization before landfilling is aerobic

decomposition, which requires less investment and oper-

ating expenditures in comparison to anaerobic processes

[11].

The literature data indicate that, under optimal aerobic

stabilization conditions, a reduction of up to 90 % of the

content of organic substances can be achieved, which

corresponds to a reduction in the landfill gas emission of up

to as much as 15–20 m3/Mg of waste and in nitrogen of

80–90 % in relation to emissions from untreated waste [12,

13]. An additional benefit resulting from using aerobic

biostabilization is a reduction in the time of pollutant

emissions, due to faster development of the stable methane

conditions in landfills [3, 12, 14, 15].

Biological processes occurring in the landfill can be

divided into phases. Each phase has its own environmental

requirements and substrate, and ends with specific final

products. Each phase is distinguished on the basis of the

physical–chemical composition of the leachate, as well as

the quantity and quality of biogas [16, 17]. According to

various scientific sources, the waste decomposition process

may have three [18], four [16, 19], or five stages [20, 21]. It

is frequently divided into four phases:

• Phase I, hydrolysis, characterized by high concentra-

tions of organic substances in the leachate, aerobic

conditions in the landfill, and a high content of readily

biodegradable organic materials in the waste. The final

products of hydrolysis are monosaccharides, amino

acids, long-chain organic acids, and glycerol, which are

substrates for the acid phase;

• Phase II, acidic, also characterized by high levels of

organic substances in the leachate, intensive production

of short-chain organic acids, a decrease in pH (5.5–6.5),

and methane production at a level that is not detectable;

• Phase III, unstable methane, characterized by increased

pH, a decrease in redox potential to negative values, a

decrease of volatile fatty acids concentrations and

organic substances in leachate, a reduction in sulfates to

sulfites, and intensive production of methane;

• Phase IV, methane stable, characterized by relatively

constant, low concentrations of organic materials in the

leachate, a growth of redox potential, a decrease of

biogas production, and a methane content in biogas at a

relatively constant, high level—around 60–70 %.

The duration of each distinguished phase depends on the

rates of the course of hydrolysis and acid and methane

phases, which depend on the rate of substrates production

in the previous phases.

This article presents the durations of the phases of the

degradation of pretreated and untreated waste stabilized in

anaerobic laboratory reactors and the total load of organic

pollutants and forms of nitrogen emitted from the waste

during the study.

Materials and methods

Research material

The research was conducted on municipal solid waste

(MSW, unprocessed biologically) and biologically stabi-

lized (ST) waste, collected from an apartment block

housing with central heating, in Zielona Góra, Poland.

Biological processing was conducted in the Municipal

Waste Composting Plant in Zielona Góra. The biological

line installation consists of four open oxygen chambers

made of reinforced concrete. Every 7–10 days, the waste is

moved to another chamber. The overall waste stabilization

time is approximately 5 weeks. The waste is aerated by

removing gasses from the bottom of the chambers via

suction.

A sample of MSW was prepared from samples weighing

about 25 kg selected randomly from 10 vehicles delivering

waste to the composting bunkers. Samples of pretreated

waste were collected from 10 randomly selected batches of

composted waste. Laboratory samples of weights of over

10 kg were obtained by reducing the general sample by

averaging and using the method of quartering.

The waste was subjected to chemical analysis and

composition investigation.

The composition of the waste was determined in the

fraction [10 mm. The waste was separated into the fol-

lowing components: kitchen and garden waste, paper and

cardboard, glass, plastics, textiles, composite packaging,

wood, metals, and mineral wastes. The composition of

waste was presented as the share of the respective fractions

in the total mass of waste, in % (m/m). The scope of

chemical analysis included the following indications:

moisture content, volatile substances (ignition loss at

500 �C), and organic carbon.

All indications were made according to Standard

Methods [American Public Health Association (APHA),

1995] and Polish Standards.

Research area

The study of the emission of pollutants from untreated and

biologically treated waste was performed using a labora-

tory scale in two reactors made of PVC pipes with a

diameter of 0.15 m and height 1.30 m. In the bottom of

each reactor, an outlet was installed (pipe with a valve) for

the draining of effluents. In the top of the reactors, an outlet

was installed for the removal of the biogas (Fig. 1), toge-

ther with an inlet for the dosage of water to simulate
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rainfall. The leachate was stored in a tank with a capacity

of 20 dm3.

The gas outlet in the top cap of the reactor was con-

nected by a flexible pipeline to a gas burette (cylinders with

diameter 85 mm with scale). The burette was filled with

saturated NaCl solution. A valve was placed at the top of

the burette for the removal of the accumulated gas and the

collection of samples for analysis. High concentrations of

NaCl in the burette limited dissolution of the biogas

components. The second outlet in the top cap of the reactor

was combined with a recycled water storage tank to sim-

ulate rainfall. At the bottom of each reactor was placed a

0.15-m gravel layer. Thermocouples were mounted in the

walls of the reactors. In each reactor, 10 kg of waste

shredded to a grain size of\40 mm and thoroughly mixed

were placed. Waste layers with a height of 0.15–1.20 m

were placed in the reactors and were thickened manually to

a density of 565 kg/m3. The surface of the waste was

covered with a 0.05-m layer of gravel with a diameter of

grain from 10 to 20 mm.

Process operation

The process was started by dosing water to each reactor in

the amount of 1 dm3/day in order to saturate the waste with

water. The water was dosed to the top of the reactors to

start the leachate production. Then, the introduction of a

daily dosage of water simulating precipitation was started.

During the 51 weeks of the study, water was introduced

into the reactors at a volume corresponding to the amount

of precipitation recorded in Zielona Góra in a period of

monitoring of 2.5 years (from June 2003 to December

2005). The volume of water (dm3) introduced into the

reactor in relation to the weight of landfilled waste (kg) was

L/S = 2.5. The amounts of produced biogas and leachate

were monitored daily. The chemical composition of

leachate (pH, COD, TOC, VFA, BOD5, TKN and NH4)

and biogas (CH4, CO2, O2) were tested once a week.

Results

Chemical properties and composition of waste

The chemical properties and composition of the untreated

and pretreated waste are shown in Table 1.

The municipal waste was characterized by a higher

moisture and organic carbon content than the pretreated

waste. The total organic carbon content in the aerobic

treated waste was lower by 29 %.

The dominant components in the untreated waste were

kitchen and garden waste (42.5 %) and paper and card-

board (17.5 %). The share of these fractions in the MSW

compared to the ST was higher by approximately 30 and

17.4 %, respectively. The share of the other components

was lower than in the ST: glass 27.5 %, plastic 31.0 %,

textile 16.0 %, packing material 44.0 %, metal 18.7 %.

Amount and composition of biogas and leachate

Figure 2 shows the amount of dosage of water to the

reactors and the leachate removed from the untreated

Fig. 1 Scheme of the bioreactor

Table 1 The chemical properties and composition of waste

Parameters MSW ST

Waste properties

Moisture content, % 40.2 34.5

Volatile solid, % of dry matter 58.5 52.2

Organic carbon, kg/kg of dry matter 0.38 0.27

Composition of the waste (average percentage wet weight)

Food and vegetable leftovers 42.5 32.6

Paper and cardboard 17.5 14.9

Glass 9.8 12.5

Plastic 13.5 17.7

Textile 2.5 2.9

Packing material (miscellaneous composition) 2.5 3.6

Wood 0.1 0.1

Metal 1.6 1.9

Mineral waste 10.0 13.8

Overall 100 100
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(MSW reactor) and the biologically pretreated waste (ST

reactor). The quantities of leachate from the MSW and ST

reactors in the initial study period (up to 7 weeks) were

significantly higher than the amount of dosage of water: in

the treated waste, it was 5 times higher, and in the

untreated waste, it was 4 times higher. In the remaining

period, the volume of leachate and the dosage of water

differed slightly or were significantly lower. The total

volume of leachate from the MSW reactor was similar to

the volume of water dosage (about 3.6 % higher), while in

the ST reactor, it was lower by about 11 %.

In Figs. 3 and 4, the course of the characteristic phases

of decomposition are shown; I, hydrolysis; II, acid phase;

III, unstable methane phase; IV, stable methane phase; all

determined based on changes in the leachate, that is, the

concentration of COD, VFA, and pH, the methane

production, and the share of the methane in the biogas in

reactors MSW and ST.

In the various phases of decomposition, the concentra-

tions of COD and VFA in the leachate removed from ST

were higher than in the leachate from MSW in the phases

of acid and methane fermentation, while in the phase of

stable methane fermentation, it was significantly lower

(Table 2).

The average concentrations of COD and VFA in the

leachate removed from the MSW reactor in the first three

phases were lower than in the leachate taken from the ST

reactor:

• Phase I: COD 25 %, VFA 28 %,

• Phase II: COD 36 %, VFA 33 %

• Phase III: COD 31 %, VFA 16 %,

Fig. 2 The average weekly

volume of water dosed to the

reactors and leachate removed

from untreated waste as well as

biologically treated waste

Fig. 3 Changes in the chemical

composition of leachate and

changes in the average

concentrations and average

methane production in the

MSW reactor

J Mater Cycles Waste Manag (2013) 15:138–145 141

123



but they were higher in the fourth phase:

• Phase IV: COD 19 %, VFA 72 %.

The average values of methane concentration in the

biogas in the MSW and ST reactors, in each particular

phase, had similar values, but the average concentration of

methane in the ST reactor, determined for the whole study

period, was higher by 15 %.

The production of methane in the MSW reactor in the

acid and the methane phases was higher sequentially by 9

and 70 %, and in the methane stable phase, it was lower by

66 %.

Discussion

The degradation of the waste, as expected, took place faster

in the reactor with the waste after initial aerobic stabilization.

Unstable and stable methane fermentation began in the ST

reactor at weeks 13 and 25 of the study, while in the reactor of

unprocessed waste, it began at weeks 17 and 44 (Figs. 3 and

4). As presented in Table 2, changes in the chemical com-

position of the leachate from the biologically treated and

untreated waste confirmed that the initial aerobic treatment

of waste before storage helps to reduce the emissions of

concentrations of organic pollutants in leachate and methane

production, as well as to establish stable methane conditions

more quickly [14].

The studies showed that the average concentrations of

COD and VFA, during the phases of hydrolysis, acid, and

unstable methane fermentation, in the leachate from aero-

bic treated waste were higher than in the leachate from

untreated waste, and in the stable methane fermentation

phase, they were significantly lower. It was also found that

the unstable phase of fermentation, characterized by an

intense decrease in organic matter and increase in methane

production, began in the ST reactor about 4 weeks earlier

than in the MSW reactor. This confirms that the aerobic

treatment of waste prior to its anaerobic stabilization

accelerates the growth of methane bacteria. Faster estab-

lishment of the conditions of methane in the reactor of

waste after pretreatment was the result of the removal of

organic matter susceptible to biodegradation from waste

during aerobic decomposition prior to anaerobic stabiliza-

tion. On the other hand, the high methane production

observed in the stable phase of methane fermentation in the

Fig. 4 Changes in the chemical

composition of leachate and

changes in the average

concentrations and average

methane production in the ST

reactor

Table 2 Average concentrations of COD, VFA, CH4, and pH ranges, and the average production of methane in the various phases of the MSW

and ST reactor

Reactor MSW ST MSW ST

Phase I II III IV I II III IV I–IV I–IV

COD, g/dm3 34.6 29.2 16.3 1.6 43.3 45.9 23.5 1.3 18.7 16.9

VFA, g/dm3 9.6 10.72 8.7 1.1 13.4 16.1 10.4 0.3 7.9 6.2

pH 4.8–6.4 4.7–5.3 4.6–6.5 6.2–6.8 5.3–6.0 5.3–5.8 5.3–7,0 6.8–7.4 4.6–6.8 5.3–7.4

CH4, % 0 14.9 52.1 62.6 0 10.6 48.1 63.8 39.7 46.9

CH4 production, dm3/kg 0 4.7 184.3 50.7 0 4.3 56.2 150.6 230.4 202.0
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ST reactor indicates a partial breakdown of the complex

organic substances that are difficult to degrade, which

remain after initial aerobic treatment. The dominant

organic components in the waste are: cellulose 50 %, lignin

15 %, hemicellulose 10 %, protein 5 %, and starch, pectin,

and other soluble sugars [14]. The main sources of carbon,

used by methane microorganisms, are cellulose and

hemicellulose, which are classified as materials that are

difficult to degrade under anaerobic conditions. Aerobic

processing of these complex organic substances prior to

anaerobic decomposition leads to the degradation of these

complex organic components to form easily available

methane-producing microorganisms [22]. The increased

activity of methane bacteria can be identified by a sharp

decrease in the concentration of organic matter in leachate

and the relatively high methane production [23]. Figure 5

shows the total loads of pollutants removed from the MSW

and ST waste during the study. Initial aerobic waste

treatment reduces the potential of the waste for the emis-

sion of contaminants that can be washed from it during

landfilling. A significant effect of aerobic waste is to

reduce the concentrations and loads of organic pollutants in

Fig. 5 The total loads of contaminants removed from the MSW and ST reactors
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leachate and the emissions of methane production from the

waste after aerobic pretreatment (Figs. 3, 4, and 5).

The average concentrations of COD and VFA in the

leachate from aerobic pretreated waste and the total

methane production determined in the whole study period

were lower than in the untreated waste by, respectively,

9, 22, and 12 % (Table 2).

The values of the loads of organic pollutants and

nitrogen forms determined for the ST confirm that the

initial aerobic waste treatment has an influence on the rate

of leaching of contaminants from landfills (‘‘flattening

curves’’) and reduces the overall loads of pollutants lea-

ched from the waste. The total pollution load washed out

over the study period from the ST reactor was lower than

from the MSW reactor, respectively:

• COD, TOC, BOD5, and VFA: 21, 18, 6, and 23 %,

• Total nitrogen and ammonium: 7 and 50 %.

According to a study by Stegman [13], intensive waste

composting (16–30 weeks) before disposal to the landfill

reduces the emissions of organic pollutants and the pro-

duction of biogas by 80–90 %, compared to the emission

from untreated waste.

The reason for the low degree of reduction in pollutant

emissions in leachate and methane production removed

from aerobic pretreated waste obtained in the study was that

the (5-week) period of aerobic pretreated waste stabilization

was too short. In summary, based on the obtained results, it

can be concluded that the initial stabilization of waste under

aerobic conditions prior to storage significantly reduces the

emission of organic pollutants in leachate and biogas.

However, 5 weeks aeration of the waste is too short a period

to implement the obligations under the Landfill Directive

1999/314/EC on waste landfill after 2013.

Summary

1. The studies confirmed that the aerobic pretreatment of

waste before it is stabilized in anaerobic conditions

leads to the faster establishment of stable conditions

for methane production.

2. Five weeks of aerobic stabilization of municipal waste

before landfilling is too short a time to reduce the

emissions of organic pollutants in leachate and biogas

from waste to a degree that guarantees fulfillment of

the obligations under the Landfill Directive after 2013.
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7. Fricke K, Mümmich K, Ziehmann G, Turk T, Wallmann R (2001)

Auswirkungen der artikelverordnung auf die MBA—und Depo-

nietechnik, Bio—und Restabfallbehandlung

8. Schön M (1994) Verfahren zur Vergärung organischer Rück-

stände in der Abfallwirtschaft. Erich Schmidt Verlag, Berlin

9. Schroeder PR, Morgan JM, Wolski TM, Gibson AC (1983) The

hydrologic evaluation of landfill performance (HELP) model

using physical models, user’s guide for version 1. U.S. Envi-

ronmental Protection Agency, USA

10. Ketelsen K (2001) Umsetzung der Ablagerungsanforderungen im

MBA- und deponiebetrieb, w: Bio und Restabfallbehandling V
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