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SUMMARY

Anaerobic digestion has been used for decades to 
treat leachate from municipal solid waste landfills. 
Due to the characteristics of this kind of effluent, the 
biodegradability results have not been as satisfacto-
ry as could be hoped. Consequently, this area has 
long been a focus of study. This paper contributes 
to knowledge of the characteristics of biodegrada-
bility of this kind of waste effluent, through applica-
tion to a real case. Biodegradation performance was 
studied in depth using a range of physicochemical 
parameters and the amount of methane produced 
by various volumetric ratios of substrate:inoculum 
between 2:50 and 50:50 at 35  ºC and atmospheric 
pressure by using anaerobic batch tests in 500 mL 
bottles. It has been observed an optimal situation for 
the ratios between 16:50 and 24:50 ratios with values 
of biodegradability COT 45% and 35% in COD. For 
smaller proportions it has detected the completion 
of the lack of readily biodegradable substrate. For 
higher proportions it is considered that the ammo-
niacal nitrogen has had an inhibiting effect on the 
anaerobic process.

Key words: Landfill leachate; anaerobic biodegrad-
ability; municipal solid waste (MSW).

RESUMEN

La digestión anaeróbica se ha utilizado durante 
décadas para tratar los lixiviados procedentes de los 
vertederos municipales de residuos sólidos. Debido a 
las características de este tipo de vertidos, los resul-
tados de biodegradabilidad no han sido tan satisfac-
torios como lo que se esperaba. Como consecuencia 
de ello, este área ha sido durante tiempo un foco de 
estudio. Este informe contribuye al conocimiento de 
las características de biodegradabilidad de esta cla-
se de residuos sólidos, mediante su aplicación a un 
caso real. El funcionamiento de la biodegradación se 
ha estudiado con profundidad usando una gama de 
parámetros fisicoquímicos y la cantidad de metano 
producida por diversas proporciones de sustrato: 
inoculo, entre 2:50 y 50:50. Se han utilizado ensayos 
o pruebas serológicas para frascos de 500 ml. Se ha 
observado una situación óptima para proporciones 
entre 16:50 y 24:50 con valores de biodegradabilidad 
COT del 45% y del 35% en COD. Para proporciones 
inferiores se ha detectado el fin de la falta de sustra-
to fácilmente biodegradable. Para mayores propor-
ciones se considera que el nitrógeno amoniacal ha 
tenido un efecto inhibidor en el proceso anaeróbico.

Palabras clave: Lixiviado de vertedero; biodegra-
dabilidad anaeróbica; residuos sólidos del vertedero 
municipal (MSW).
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RESUM

La digestió anaeròbica s’ha utilitzat durant dècades 
per tractar els lixiviats procedents dels abocadors 
municipals de residus sòlids. Degut a les caracterís-
tiques d’aquest tipus de abocadors, els resultats de 
biodegradabilidad no han sigut tan satisfactoris com 
el que s’esperava. Conseqüentment, aquest camp ha 
sigut durant temps objecte d’estudi. Aquest  informe 
contribueix al coneixement de les característiques de 
biodegradabilitat d’aquesta classe de residus sòlids, 
mitjançant la seva aplicació a un cas real. El funci-
onament de la biodegradació s’ha estudiat amb pro-
funditat fent servir una gama de paràmetres fisico-
químics i la quantitat de metà produïda per diverses 
proporcions de substrat: inoculo, entre 2:50 i 50:50. 
S’han utilitzat tests serològics per ampolles de 500 
ml. S’ha observat una situació òptima per  proporci-
ons entre 16:50 i 24:50 amb valors de biodegradabili-
tat COT del 45% i del 35% en COD. Per proporcions 
inferiors s’ha detectat el final de la falta de substrat 
fàcilment biodegradable. Per proporcions més grans 
es considera que el nitrogen amoniacal ha tingut un 
efecte inhibidor en el procés anaeròbic.

Paraules clau: Lixiviat del abocador; biodegrada-
bilitat anaeròbica; residus sòlids del abocador muni-
cipal (MSW).

1. INTRODUCTION

The management and treatment of municipal waste 
(MW) has evolved throughout the twentieth cen-
tury and the first decade of the twenty-first century. 
However, dumping waste in landfill sites continues to 
be a common option. It was included as an alterna-
tive in Spain’s Integrated National Waste Plan for the 
2008–2015 period1. MW in Catalonia (Spain) contains 
around 40% organic matter2, and approximately 95% is 
fermentable organic matter3,4.

When MW is dumped in landfill, a process of anaer-
obic digestion takes place that is due largely to the or-
ganic fraction and has two outputs: biogas comprised 
mainly of CH4 and CO2, and leachate as a new waste 
product, which can still be considered a long-term en-
vironmental problem.

This leachate, which may cause physical damage 
and harm living beings5, is formed from water in the 
MW itself and water from external sources that seeps 
through the landfill. It contains biological matter and 
a high number of chemical compounds. Many of the 
compounds are organic and are more or less biode-
gradable. However, the leachate may also contain sub-
stances that cause it to exhibit an extreme pH value, as 
well as heavy metals6. 

One way to treat these leachates is based on process-
es of anaerobic digestion, as this technique can be ap-
plied to effluents with a high concentration of organic 
matter7, can be adapted to high concentrations of toxic 
substances8,9, leads to low sludge production10 and gen-
erates CH4, which is a potential source of energy11,12.

Anaerobic digestion consists on the biodegradation 
of organic substances, in the absence of free oxygen, 
to produce CH4 and CO2 and stabilise the remaining 
organic matter. This process has been successfully 
applied to different kinds of urban13,14, agricultural15 
and industrial16,17,18,19 wastewaters. In addition, leach-
ates from MW landfills have been treated, leading up 
to 80 - 90% reductions in organic matter8,20,21. Table 1 
summarizes the characteristics of leachates accord-
ing to the age of the landfill22.

Table 1: Leachate classification based on the age of the 
urban solid waste landfill22

Normally, waste effluent is characterised by simply 
determining certain physicochemical and chemical 
parameters. Factors related to microbial activity are 
generally not considered, except for biochemical ox-
ygen demand (BOD), which is used in studies of aer-
obic biodegradability but not in those of anaerobic 
biodegradability, as oxygen is not consumed in this 
case23,24.

The most commonly used method for studying 
anaerobic biodegradability is the biodegradability 
and toxicity test, which has been applied to differ-
ent kinds of effluents16,18,19. The test consists of deter-
mining how much a substrate can be biodegraded 
through an anaerobic process. To achieve this, the 
production of CH4 from organic components of the 
effluent is measured when it is exposed to the action 
of anaerobic sludge20,21,25. CH4 production is related 
to the anaerobic biodegradability of the effluent and 
its toxic effects on the microbial groups that are re-
sponsible for the anaerobic process26.

In this study, the objective is to assess the level of 
degradation in order to analyse the feasibility of ap-
plying an anaerobic process to treat leachate from 
an intermediate landfill in Catalonia (Spain), to set 
the necessary operating conditions for an anaerobic 
digester.

MATERIALS AND METHODS

Reactors and system for measuring methane
Biodegradability tests25,27 (Figure 1) were carried 

out in 500 mL serum bottles with a high-purity ni-
trogen (99.999%) volume fraction of 30%. Once the 
bottles had been inoculated, they were sealed with 
rubber stoppers and aluminium seals and incubated 
at a temperature of 35 °C ± 2 °C and shaken every 
day.
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Figure 1: Experimental setup for biodegradability 
anaerobic test

Biogas production is calculated using a system 
comprised of a Mariotte bottle containing 1 L of an 
alkaline solution (25 g NaOH/L) to absorb the CO2 
that is generated and to allow the continuous, direct 
measurement of the CH4 that is produced by hydrau-
lic displacement. As the CO2 contained in the biogas 
is absorbed in the alkali and forms sodium hydrogen 
carbonate, the volume of the alkaline solution that 
is displaced is equivalent to the volume of CH4 pro-
duced, measured in laboratory conditions, and can 
be collected in a graduated test tube for measure-
ment.

Substrate
Leachate from a MW landfill that had been in op-

eration for over 25 years was used as the substrate. 
It was selected for its complexity and the problem it 
currently poses for landfill1 since it is the main land-
fill in Catalonia in the process of closure. The leach-
ate was characterised28 by analysing the following 
parameters: pH, total solids (TS), total volatile sol-
ids (TVS), total dissolved solids (TDS), total organ-
ic carbon (TOC), chemical oxygen demand (COD), 
biochemical oxygen demand (BOD5), ammonium 
nitrogen content and metals. The alkalinity and den-
sity of the sample have also been analyzed. 

The substrate was characterised by measuring the 
above parameters in three assays (except for the con-
centration of metals, which was determined in one 
sole measurement). The results are shown in Table 2.

The leachate in this study had a high COD of which 
approximately 60% corresponded to soluble COD. 
The leachate has a low content of easily-biodegrad-
able organic material due to the extended period of 
time that it has remained in the landfill site. This 
accounts for the difference observed between the 
values for BOD5total and CODtotal. 

The pH was slightly above neutral, which would be 
expected in an operating landfill site29. The metal con-
tent was below the limits that are considered toxic26.

Table 2: Physicochemical characterisation of the substrate 
and inoculum

Inoculum
The inoculum was digestate derived from an an-

aerobic digester of sludge from wastewater, which 
could develop bacterial flora capable of degrading the 
substrate through an anaerobic process. This inocu-
lum contained 2.5% TS; with 60.5% TVS out of the 
TS. The COD was 22,952 ppm and the soluble COD 
was 3,066 ppm. It had a pH of 7.42. Table 1 shows the 
characteristics of the inoculum that were analysed.

Metal concentration values are not given, as they were 
all below the detection thresholds. This indicates that 
metals were not present in the inoculum that was used.

Trial method
The 500 mL reactors were filled with 250 mL of the 

inoculum and the substrate in different volumetric ra-
tios of substrate:inoculum, varying between 2:50 and 
50:50; a buffer solution of carbonate (1 g/L of NaH-
CO3) to maintain a pH of around 7; and water to equal 
the volume in all reactors. In addition, a blank reactor 
containing no substrate was used to determine the 
net production of methane due to the inoculum. 

All the reactors were set up three times. However, in 
each of the three sets of mixtures, one reactor was sac-
rificed to determine the pH, TOC, COD, the VFA, the 
TVS and the concentration of soluble N-NH4

+ at the start 
of the trial (start time) with the objective to validate the 
partial results of the combination of substrate and inoc-
ulum in the different proportions. The two remaining 
reactors for each ratio were monitored for approximately 
30 days, and the methane production was measured pe-
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riodically, the experimental results have been validated 
by comparing both samples. At the end of the trial, the 
reactors were opened to determine the final values of 
pH, TOC, COD, VFA, TVS and soluble N-NH4

+.

Analytical methods
The proportion of methane in the gas that was 

obtained was quantified by a Shimadzu GC-9A gas 
chromatograph, equipped with a thermal conduc-
tivity detector and using helium as a carrier gas. The 
TOC analyses were carried out using a Carlo Erba 
1500 elemental analyser, with a thermal conductiv-
ity detector. The concentration of VFA in the liquid 
phase was obtained using a Hewlett-Packard 5890A 
model gas chromatograph with a flame ionisation de-
tector and using nitrogen as the carrier gas. 

In order to determine the concentration of N-NH4
+, 

the ammonia-selective electrode method was used 
(model Orion 95-10). The samples were filtered and 
rendered alkaline to a pH of 10–12 in order to detect 
all the free dissolved ammonia28. The concentration of 
N-NH4

+ was monitored for the inoculum proportions: 
substrate 16:50, 24:50 and 36:50 to analyze the influence 
of this parameter over the time of experimentation.

The physicochemical analyses for determining other 
control parameters were carried out using standard 
methods28.
Indexes of methanation and biodegradability

The index of biodegradability (%BD) is the fraction of 
the substrate that can be biodegraded anaerobically30. 
This index is useful for comparing the substrate:inoc-
ulum ratios that were considered30,31. The indexes of 
methanation (%M) and acidification (%A) can be used 
to compare the efficiency of these processes and study 
the influence of other factors, such as the presence 
of inhibitory or toxic substances30. Both indexes are 
determined using COD data.

The index of methanation (%M) estimates the frac-
tion of initial organic matter that has been converted 
into CH4 (see equation 1)30,32:

        	                                            (1)

The index of acidification (%A) estimates the frac-
tion of initial organic matter that has been convert-
ed into VFA, including that converted into CH4 (see 
equation 2)30,32:

                         	                           (2)

The index of biodegradability (%BD) is calculated 
from the COD that is eliminated by the process of an-
aerobic degradation and the fraction of COD present 
in the system in the form of VFA31 (see equation 3)30,32:

       	                                            (3)

where the difference between CODinitial and CODfinal 
includes the different intermediate compounds that 
are generated and not only the content in CH4.

RESULTS AND DISCUSSION

VFA and pH
VFA are intermediate compounds in the anaerobic 

digestion process, and their formation is essential to 
ensure the subsequent production of methane. How-
ever, the accumulation of VFA leads to inhibition of 
the biodegradation process. 

The concentrations of VFA obtained at the end of 
each of the experiments were totally insignificant. In 
many cases, the values did not reach the minimum 
detection limits. Consequently, in no case was the 
process inhibited by VFA33. 

At the same time, the pH values obtained were 
slightly alkaline, which substantiates the lack of VFA 
and means that the condition of a pH of around 7 
was met, which is essential for validation of biodeg-
radability tests25. In addition, the ideal pH for correct 
functioning of the methanogenic phase is considered 
to be in the range of 6.5–8.034. 

Ammonium nitrogen and heavy metals
Due to the inhibitory characteristics of ammonium 

nitrogen (N-NH4
+) in anaerobic digestion processes, 

its concentration was studied in the substrate:inocu-
lum ratios that were prepared (Figure 2). A rise in the 
initial concentration of N-NH4

+, due to de hydrolytic 
activity and the ammonification of organic nitrogen, 
was observed when the amount of leachate in the 
mixture was increased. In addition, it was found that 
substrate:inoculum ratios above 28:50 had concen-
trations of N-NH4

+ above 1,200 ppm, which could be 
indicative of a possible inhibitory effect on the anaer-
obic digestion process34,35,36.

Figure 2. Initial and final nitrogen comparison for 
different volumetric ratios of Substrate:Inoculum

An increase was also observed in the concentration 
of N-NH4

+ as the substrate:inoculum ratio increased. 
This was due to a greater solubility of the nitrogen con-
tained in the substrate originating from the solid MW.

The interim analyses carried out for the 
substrate:inoculum ratio 36:50 (Figure 3) show that 
the production of biogas was greatest when the con-
centration of N-NH4

+ was lower. After the first 150 
hours, the period during which degradation of the 
most easily biodegradable material takes place, a 
decrease in the production of CH4 is observed at a 
N-NH4

+ concentration of around 1,350 ppm, indicat-
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ing that an possible inhibitory effect has been pro-
duced by N-NH4

+; this value is not far removed from 
other proposals in the referenced literature for similar 
substrates37,38,39. Finally, on reaching an N-NH4

+ con-
centration of 1,400 ppm, a sharp drop in the produc-
tion of CH4 was observed. 

Figure 3. Concentration of N-NH4
+ for the volumetric 

ratio Substrate:Inoculum 36:50

Following this, constant production was ob-
served until the ammonium nitrogen concentration 
reached around 1,400 ppm, at which moment meth-
ane production fell significantly38,39.

An inhibitory effect due to the presence of heavy 
metals was ruled out, as thresholds of toxicity were 
not reached26.

TOC and COD
A comparison between the start and end values of 

TOC for each of the substrate:inoculum volumetric 
ratios showed that, in all cases, the organic matter 
that was initially provided by the substrate was bio-
degraded. An optimum range of biodegradability, in 
terms of TOC reduction, was observed between the 
ratios of 14:50 and 24:50. The highest level of elim-
ination was found to be 45% (Figure 4). These data 
suggest the presence of an inhibitory or very low 
biodegradability component in landfill leachate and 
further experiments would be required to define it.

Figure 4. TOC biodegradability and biodegradability 
efficiency for different volumetric ratios of 

Substrate:Inoculum

The same situation of biodegradability that was ob-
served for TOC was seen in the start and end val-
ues of COD, and in the associated biodegradability 

efficiency. Maximum biodegradability was found at 
a substrate:inoculum ratio of around 24:50, with a 
performance of 33.4% of COD, a value that is not 
very high, due to the fact that complex landfill leach-
ates were used that are difficult to biodegrade40,41. 

Methane production
As the CO2 is absorbed by the NaOH solution, the 

measured biogas fraction corresponds to CH4 pro-
duction, which was measured daily. 

For the daily methane production three different 
behaviours were observed depending on the volu-
metric substrate:inoculum ratio that was studied: 
from 50:50 to 36:50, from 28:50 to 16:50, and from 
14:50 to 6:50.

In experiments carried out with a high leachate 
load (Figure 5) from 36:50 to 50:50, after a few days 
of high methane production, the values dropped 
gradually until production was practically non-exis-
tent. This indicates that the limit of biodegradability 
had been reached and only matter that is very diffi-
cult to biodegrade in an anaerobic process was left, 
or that inhibition had occurred7,42. Specifically, inhi-
bition should be considered when the concentration 
of ammonium nitrogen is above 1,200 ppm, as indi-
cated in the section entitled ‘Ammonium nitrogen 
and heavy metals’.

Figure 5. Daily CH4 production for high Substrate:Inocu-
lum volumetric ratios

Figure 5 also shows that CH4 was produced at the 
greatest rate in the first few hours of the process. By 
comparison with methane production in the blank 
reactor without leachate, we can observe that this 
phase corresponds to the degradation of the organic 
matter that is most easily biodegraded in the inoc-
ulum.

The oscillations in the production of methane in-
dicate that the biodegradation process took place 
in phases. First, the solubilised organic matter was 
consumed. Then, the organic matter that is more 
difficult to biodegrade was successively solubilised 
hydrolytically. This successive process occurred in 
cycles. In each cycle, less CH4 was produced and, 
therefore, the degree of solubilisation was lower. 
Therefore, initially, the phase that controls the pro-
cess is methanation, but as the process advances 
over time, the control phase becomes the hydrolysis 
of the substrate. 
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CH4 production was highest in the second interval 
of substrate:inoculum ratios that was analysed, from 
28:50 to 16:50, and theoretical maximum values of 
CH4 output were obtained. The theoretical maximum 
biogas production, determined on the basis of TOC 
(under normal conditions), was estimated at 4.6 mL 
biogas/mL leachate, with a volumetric proportion of 
CH4 of 60%42. Other experiments independent of this 
work allow a theoretical maximum methane produc-
tion value to be determined with greater precision38. 
The biodegradation process was considered complet-
ed once the maximum production had been obtained 
in an experiment, or after 30 days. 

In this range of substrate:inoculum ratios, the same 
situations were found as described above. That is, the 
rate of methane production was initially very high. 
Subsequently, the rate decreased, and phases of hy-
drolytic solubilisation and methanation alternated 
until the organic matter in the leachate was (theoret-
ically) totally consumed. Total leachate consumption 
was reached in around 900 hours. 

In this interval of substrate:inoculum ratios, the ini-
tial and final values of ammonium nitrogen were not 
above the inhibition threshold of 1,200  ppm in any 
case37.

Finally, in the ratios with a low organic load, from 
14:50 to 6:50, behaviour equivalent to that described 
for proportions between 28:50 and 16:50 was ob-
served. The phases of hydrolytic solubilisation and 
methanation alternated until all of the organic matter 
was consumed. The time until total degradation of 
the substrate was around 300 hours. 

The maximum accumulated experimental CH4 pro-
duction per unit of initial volatile solid of substrate 
was determined by estimating the behaviour of the 
anaerobic digestion process at infinite time (B0)

43.
Figure 6 shows the efficiency of biodegradation (B/

B0) according to the maximum experimental CH4 
production (B). Low CH4 production was associated 
with the leachate, as expected in complex substrates 
that are difficult to biodegrade. At the lowest sub-
strate:inoculum ratios, between 2:50 and 24:50, the 
values remained almost constant. At substrate:inoc-
ulum ratios higher than 24:50, the methane produc-
tion decreased considerably, which again indicates a 
situation of inhibition, as some substrate remained to 
be biodegraded.

Figure 6. Efficiency  according to the maximum experi-
mental CH4 production

Volatile solids contained in the leachates were 
not highly biodegraded compared to other organic 
waste11,44,45,46. This could be due to the presence of 
organic compounds that can inhibit the anaerobic 
process. However, it is more likely to be due to the 
refractory nature of these compounds7,42,46.

In the study of accumulated production for the 
10:50, 24:50 and 46:50 substrate:inoculum ratios 
(Figure 7) for the three potential cases (reduction 
of production due to a lack of substrate at 10:50, 
optimum situation of maximum biodegradability 
at 24:50, and inhibition or hydrolysis rate drop at 
46:50), a first phase was observed in which the be-
haviour was almost the same in all cases. After the 
first 300 hours, each of the ratios began to behave 
in a specific way. From this time on, the experiment 
with the 24:50 ratio had considerably higher accu-
mulated CH4 production, which indicates that opti-
mum biodegradability occurred in the intermediate 
ratios. 

Figure 7. Accumulated CH4 production for the 10:50, 
24:50 and 46:50 volumetric ratios 

The fact that methane production was appreciable 
during last working days in the experiments with 
high ratio substrate:inoculum, suggest some type 
of inhibition. Free ammonia nitrogen has not been 
analysed, so that its value can not be compared with 
the reported inhibitory threshold range, from 400 
to 1000 mg/L47. But similar tests recently performed 
with food waste as a substrate, lead to the same 
methane production tendency and reach similar am-
monium nitrogen values without observed ammonia 
inhibition48. The authors found methanogenic inhi-
bition only for high VFA concentration that did not 
occur in present work due to the low amount of VFA 
remaining. It has been thought about the accumula-
tion of toxic materials, but it has been discarded be-
cause in present work biogas production did not stop 
completely49. On the other hand, in order to increase 
the efficiency of a possible continuous treatment of 
leachate by means of anaerobic co-digestion, pre-
treatments and/or acclimatization of biomass could 
be applied50,51.

Mature leachates are known to be rich in stable or-
ganic matter52. It has been reported that biogas yield 
reaches a maximum of about 10% leachate and then 
decreases by increasing the percentage of leachate in 
the co-digestion of mature leachate with a mixture 
60:40 sewage sludge:digested sludge53. In the pres-
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ent work, as indicated by the BOD5/COD ratio (0.2) 
and the content of volatile solids (3.8 g/L), leachate 
is still not mature and contains more biodegradable 
organic matter. This biodegradable organic matter 
provided by leachate could be responsible for mov-
ing the maximum in the efficiency of the elimina-
tion of TOC and in the formation of CH4 to values of 
around 40% leachate.

Indexes of methanation and biodegradability
Based on the equations (1), (2) and (3), the in-

dexes of biodegradability, acidification and metha-
nation have been determined for the different 
substrate:inoculum ratios.

The highest biodegradability, expressed in %BD, 
was found in the 24:50 ratio of substrate:inoculum, 
which is in agreement with previous results for opti-
mum biodegradation (Figure 8). 

Figure 8. Indexes of methanation (%M), acidification 
(%A) and biodegradability (%BD)

Little difference was observed between the indexes 
of acidification and methanation, which indicates 
that the control phase was hydrolysis of the organic 
matter. This suggests that the methanogenic bacte-
ria were capable of consuming almost all of the VFA 
formed and the system was limited by the lack of hy-
drolytic activity, that is, by the lack of solubilisation of 
organic matter.

CONCLUSIONS

The biodegradation of a landfill leachate has been 
investigated at different proportion mixtures with 
digestate derived from a wastewater anaerobic di-
gester as inoculum, at 35 °C and atmospheric pres-
sure. Volumetric ratios substrate:inoculum used 
were between 2:50 and 50:50. All ratios has shown 
biodegradation in anaerobic conditions, but higher 
biodegradation has been found for ratios from 14:50 
to 24:50 attending to TOC elimination (around 40%). 
Regarding DQO, higher elimination has been found 
in the case of 24:50 ratio (near to 35%). This ratio 
also has been shown a higher methane production 
and higher indexes of methanation, acidification and 
biodegradability. When substrate ratios increase, 
complex compounds accumulated, and hydrolysis 
become the limiting step.
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