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Abstract
Landfill leachates are currently one of the main problems associated with the
elimination of wastes at landfills and one of the most polluting effluents. They
have a complex composition, which includes dissolved organic matter, inorganic
macrocomponents, heavy metals and xenobiotic organic compounds. Leachate
characterization is thus an essential factor to be considered in the design of an
effective treatment system. Samples were taken of the leachate produced in the
closed cells of a landfill site at Alhendín (Granada, Spain) for a period of more
than one year. The analyses performed included COD, BOD5, solids, ammonia,
the main cations and anions, pH, redox potential, and conductivity. The results
obtained show high concentrations of different pollutants. Leachate strength
followed a seasonal pattern, which can be mainly attributed to variation in
rainfall and temperatures as well as evaporation rates. We found that most of the
parameters analyzed showed a close correlation. The principal component
analysis was applied to the data with a view to evaluating the interrelationships
between parameters. It was thus possible to describe the data in terms of only
four components.
Keywords: landfill leachate characterization, relationships between leachate
parameters, principal component analysis.
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Introduction

The high rate of waste generation in modern industrial societies has made waste
management a serious urban environmental problem. Of the various waste
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management options, sanitary landfilling is still the primary method of municipal
solid waste disposal in most countries. However, one of the most pervasive
landfill problems that must be dealt with is leachate generation. The Landfill
Directive (1999/31/CE) defines leachate as “any liquid percolating through
deposited waste and emitted from or contained within a landfill”.
Landfill leachate may be characterized as a water-based solution of four
groups of pollutants: (i) dissolved organic matter; (ii) inorganic macro
components; (iii), heavy metals; (iv) xenobiotic organic compounds [1-3]. This
complex composition makes leachate one of the most polluting effluents.
Consequently, leachate pollution of soil, surface water, and groundwater are
frequently reported [4-7]. A proper leachate management is essential to avoid
negative environmental impact. However, there is no specific technology for
leachate treatment since the leachate generated at each landfill has a unique
composition [8]. The reason for this is that leachate quality depends on landfill
age, waste composition, landfill operation, and climate and season of the year,
among other factors [1,9]. Leachate characterization is thus an essential factor in
the design of an effective treatment system.
This study characterizes the leachate produced in closed cells at the Alhendín
landfill site with a view to evaluating and selecting the most suitable treatment
option.

2

Materials and methods

2.1 Alhendín landfill site
The leachate samples used in our study were taken from the sanitary landfill site
at Alhendín (Granada). This landfill, in operation since 1999, is connected to an
urban waste composting and recovery plant, and receives the waste fraction that
cannot be recycled or recovered. This amounts to approximately 59% of the total
waste entering the facility. The landfill is still active, but some of the zones,
which have been completely filled, are now closed. Hence, active and closed
cells of different ages coexist in the same landfill. The leachate produced in the
landfill is collected through a drainage network that drains into several artificial
ponds located in different sectors of the landfill. The leachate is recirculated back
into the landfill from these ponds.
2.2 Sampling and analysis
The pond selected for sampling was one of the artificial ponds receiving the
leachate from a closed zone of the landfill. Approximately, once a month from
October 2004 to July 2006, leachate samples were collected in plastic carboys
and transported to the laboratory for analysis.
As part of the leachate characterization, samples were analyzed for Chemical
Oxygen Demand (COD), Biological Oxygen Demand (BOD5), Total Suspended
Solids (TSS), Volatile Suspended Solids (VSS), Fixed Suspended Solids (FSS),
Total Dissolved Solids (TDS), Volatile Dissolved Solids (VDS), Fixed Dissolved
Solids (FDS), Total Solids (TS), Volatile Total Solids (VTS), Fixed Total Solids
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(FTS), ammonium nitrogen (N-NH4+), the main anions (F-, Cl-, Br-, SO42-) and
cations (Na+, K+, Ca2+, Mg2+), pH, oxidation-reduction potential (Eh) and
conductivity. Standard methods were used to carry out these analyses [10].
2.3 Statistical analysis
Data was then statistically analyzed with the software package SPSS for
Windows, version 14.0 (2005). The statistical tools used for the analysis and
interpretation of the data included correlation and regression analysis and
principal component analysis.

3

Results and discussion

Our leachate samples showed high concentrations of different pollutants, in spite
of being produced at closed cells of the landfill. Previous research results show
that closed landfills with final covers to prevent infiltration had lower leachate
production rates than active landfills [11]. Fan et al. [12] and Al-Yaqout and
Hamoda [13] observed lower organic content in leachates from closed landfills
as compared to leachates generated at active landfills. The pond sampled
received the leachate from a landfill zone that had been active approximately
from the beginning of 2003 to mid 2004. Consequently, the first samples were
collected just after closing this part of the landfill, whereas the samples collected
in July 2006 came from wastes that were two to three years old. Thus, this
leachate was relatively young, in spite of coming from closed cells. Leachate
pollutant load normally reaches maximum concentrations in the first years of
landfill operation (2-3 years), and then gradually decreases over the following
years [1]. Table 1 shows the results of the analysis.
COD concentrations ranged from 12158.33 to 51250.00 mg/l while BOD5
values varied from 2555.83 to 19096.00 mg/l. Both COD and BOD5
concentrations were high, even though leachate samples were collected from a
landfill site where most of the organic matter was previously separated from the
rest of the wastes to produce compost. According to previous studies, the
mechanical and biological treatment of waste before landfilling can considerably
reduce the organic strength of leachates. Nevertheless, levels of nonbiodegradable organic matter in these leachates are typically as strong as, if not
stronger than leachates from conventional landfills [14].
The BOD5/COD relationship also varied depending on the sample. Generally
speaking, it had average values of 0.18±0.07, which is close to the typical values
for stabilized leachates [15]. This indicates a relatively low biodegradability that
could be attributed to the leachate management system, consisting of leachate
storage in ponds and recirculation back to the landfill, since both practices
accelerate leachate stabilisation [15-17]. The BOD5/COD relationship is also
known as the biodegradability factor, and its determination is essential for the
selection of the most suitable treatment system [18]. For this relationship, our
leachate samples showed values, ranging from 0.09 to 0.37. This means that
fixed film biological systems and physico-chemical processing are the best
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treatment options since suspended growth biological systems require values of
>0.4 [18] for this factor.
The total solids content was also high, and ranged from 14708.43 to 58890.00
mg/l. Most of the solids were in dissolved form (97%), given that during leachate
storage, part of the suspended fraction had settled at the bottom of the ponds.
The volatile content of suspended and dissolved solids was around 54% and
37%, respectively. For leachate treatment, knowledge of the values of volatile
and fixed fractions of solids is essential, since only volatile fractions can be
biologically degraded.
Most of the nitrogen was in the form of ammonium with concentrations
between 995.10 and 2634.42 mg/l. Ammonia is regarded as the principal
pollutant in old leachates [15]. High ammonia concentrations can inhibit
biological treatment processes [19]. Hence, its concentration is an important
consideration in the design of a leachate treatment system.
Of the different ions analysed, the highest concentrations obtained were for
chloride, sodium, and potassium with values of 3197.53-11212.97 mg/l,
1849.24-5478.65 mg/l, and 1014.06-4541.75 mg/l, respectively.
Leachate samples were found to have a slightly alkaline pH with values
between 7.84 and 8.12. Similar values were reported by Al-Yaqout and Hamoda
[13] (pH 7.82-8.06) in old leachates. The oxidation-reduction potential was
negative, with values between -59.00 and -41.00 mV, which reflects the degree
of anaerobiosis of the leachate [20]. The conductivity was high with values
between 13.95 and 43.90 mS/cm. Such levels indicate the presence of dissolved
inorganic materials in the leachate samples [13].
As in previous studies [13, 15], the leachate was dark reddish-brown in
colour, which can be attributed to the presence of iron [13] and humic substances
[15]. The leachate also had a strong unpleasant smell. This offensive odour, also
present in other landfill leachate samples [13], indicates a high content in volatile
fatty acids [21].
Differences in concentration levels depended on the date of sampling. As can
be observed in Table 1, leachate strength shows seasonal changes. Concentration
levels are higher during July-September and lower during February-April. In all
likelihood, such short-term changes in leachate quality are mainly related to the
precipitation rates at the landfill [22]. Figure 1 compares average rainfall and
temperature values and COD concentrations for a period of one year. As shown
in Figure 1, the highest COD concentrations were obtained during the months of
lower rainfall and higher temperatures, whereas the lowest COD concentrations
corresponded to high precipitation rates and low temperatures. During the dry
period, reduced percolation and enhanced evaporation increased leachate
strength. In contrast, during the wet period, leachate was diluted with rainfall
water, and thus, a higher volume of lower-strength leachate was produced. Such
seasonal changes in leachate quality have also been documented by other
researchers in landfill leachate samples [15, 23-25]. Evidently, this is another
factor that must be considered in the design of any leachate treatment plant.
For a further analysis of the results, a bivariate analysis of Pearson
correlations was applied to the different parameters with the aim of determining
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Results of the analysis performed on leachate samples collected at different dates.
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the possible relationship between them. We found a good correlation between
many of the parameters analysed. The best correlations (significant at the 0.1
level) with high Pearson correlation coefficients were obtained between the
parameters marked by a dot in Table 2.
Ammonium nitrogen only showed significant correlations at the 0.05 level
with parameters BOD5 and F-. Parameters Br-, SO42- and Ca2+ were not correlated
with any of the parameters studied. Other authors have also used this technique
to analyze landfill leachate data [12, 15]. Some of their correlations agreed with
our results for Alhendín leachate samples, while others did not. This divergence
can be attributed to differences in leachate composition.
A lineal regression was also applied to the pair of parameters that showed the
best correlations. Some parameters showed a high level of regression with
regression coefficients, R2>0.9, such as total suspended solids and volatile
suspended solids with a regression coefficient of 0.9995.
Finally, principal component analysis was applied to the leachate data in
order to evaluate possible correlations between various parameters
simultaneously [8, 26]. For the analysis, 23 parameters were initially considered
(COD, BOD5, TSS, VSS, FSS, TDS, VDS, FDS, TS, VTS, FTS, F-, Cl-, Br-,
SO42-, Na+, N-NH4+, K+, Ca2+, Mg2+, pH, Eh, and conductivity). However, some
of them had to be eliminated from the analysis, and the rest divided into two
groups in order to meet the requirements for a valid analysis. However, a broader
sampling would have allowed us to carry out a principal component analysis of
all the parameters simultaneously. The first group included ten parameters
(COD, BOD5, VDS, VTS, FTS, F-, Cl-, Na+, K+, Ca2+, Mg2+) and the second
group, eight parameters (FSS, VSS, TDS, FDS, TS, Eh, pH, conductivity). Five
parameters (TSS, N-NH4+, Ca2+, Br-, SO42-) were excluded from the analysis
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After the analysis, the parameters were subsequently reduced to four
components. The first component included the parameters, K+, Mg2+, FTS, VDS,
VTS, Na+ and Cl-. The second component was made up of BOD5, with COD and
F- between the first and second component. The third component included the
parameters, TDS, TS, FDS and conductivity. Finally, the fourth component was
made up of the parameters, pH, FSS, Eh and VSS, with pH negatively correlated
with the rest of the parameters of this fourth component.
These relationships may provide a useful means for estimating leachate
strength and characteristics on site, since some of the chemical parameters can
be obtained more simply than others [12]. The determination of a set of easily
analyzed parameters such as solids, pH and conductivity may facilitate the
prediction of other important pollution parameters. The information thus
obtained is crucial to both the design and effective management of the leachate
treatment plant [15]. It should be designed taking into consideration the
maximum concentrations of pollutants and should be sufficiently flexible to
adapt to those seasonal changes on leachate quality and quantity observed.

4

Conclusions

Leachate samples collected from a pond that received the leachate produced in
closed cells at the Alhendín landfill site showed high concentrations of different
pollutants. Seasonal changes in leachate composition were also observed. Most
of the parameters analysed were highly correlated, and some of them showed
good regression coefficients. Principal component analysis was used to reduce
leachate data to four components. The results obtained in this study provide
valuable information for the selection of the best leachate treatment option.
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