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ABSTRACT

This investigation was focused on the physico-chemical characterization of the leachate
generated by the fine fraction (<10 mm) of excavated waste from full-scale landfill mining
project. The samples were taken in the Kudjape Landfill, Saarema Island, Estonia in four
different test pits (TP, TP,, TP3;, TP4) that were divided in four different layers (L;, Ly, L3, La).
Total chemical oxygen demand (CODt), dissolved chemical oxygen demand (CODd), total
organic carbon (TOC), dissolved organic carbon (DOC) and metals (Zn, Cu, Pb and Cd) were
analyzed. The results have shown that most of the COD fraction released into the water
(approximately 70%) was in particulate/colloidal state. The TOC released ranged between 3,530-
mg/kg dry matters and 2,326 mg/kg dry matter for test pits. Dissolved organic matter (DOC) had
concentrations ranging between 365-874 mg/kg and 317-940 mg/kg for different test pits and
sampling layers respectively. Very low average leaching rates (%) of metals were observed with
leaching ranging between 0.2% and 1.5% which might be explained by the lower solubility of
these metals in alkaline pHs. Pb had a significantly higher average leaching rate (1.0%) in
comparison to Zn (0.70%) and Cu (0.35%). This study also showed the potential use of CODy as
a surrogate indicator of organic carbon in both suspended and dissolved forms (TOC and DOC)
and also Zn on the basis of high correlation coefficients observed. To conclude, the proposal and
implementation of adequate management strategies that minimize environmental impacts and
take advantages of the beneficial use of fine-grained fractions in landfill mining rely on detailed
physico-chemical characterization of both the fine fractions itself and the leachate generated
during storage and use.
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1. INTRODUCTION

Landfilling has been one of the most dominant ways of solid waste disposal in many parts of the
world (Laner et al., 2012; Masi et al., 2014), although there is a clear decreasing trend in recent
years. Landfills pose enormous risks to human health and the environment as a consequence of
gaseous emissions of volatile organic compounds, methane, carbon dioxide, airborne particulate
matter (Slack et al., 2005) and also the generation of leachate. Despite the closure of landfills,
threats for the environment and human health still remain for a long period (Long et al., 2011).
However, a contradiction in relation to landfills is that as environmental and human health
concerns have been constantly raised, landfills can also be viewed as a secondary source of
materials (plastics, glass and metals) and energy (direct collection of methane or energy recovery
through incineration of materials with high calorific values such as plastics). At the same time,
global demand for raw materials has tremendously increased in the past few decades resulting in
both higher costs and increased environmental impacts during extraction, processing and use
(Kaartinen et al., 2013). Therefore, there is a need for the implementation of new models of
resource management that combine the current challenges of high demands and overexploitation
of natural resources and materials scarcity and environmental problems caused by landfills.

As stated by Krook and Baas (2013) landfill excavation/mining initiatives taking place in the
1980°s and 90’s were mainly addressed to solve landfill management issues such as lack of
landfill void space, local pollution concerns and interference with urban expansion. However,
nowadays, the main motivation for landfill excavation/mining can be the possibilities of resource
recovery, and as the main focus has shifted towards material and energy recovery, it is of crucial
importance to have a detailed knowledge of both waste composition of the landfill to be
excavated and further treatability/processing and destination in early stages of the project
implementation.

Several studies have addressed waste characterization primarily by screening the waste into
different particle sizes followed by manual sorting into different waste categories (Hogland,
2002; Hull et al., 2005; Kaartinen et al., 2013; Kurian et al., 2003). One of the main findings
obtained from waste characterization has been reported by Hogland (2002), which states that fine
fraction (< 18 mm) can contribute to more than 50% of the total mass of an excavated landfill.
However, the composition of fine fraction and also the potential environmental and ecological
disturbances are rarely studied and reported in the literature. The leaching and release of chemical
constituents from the fine fraction upon contact with rain water during fine fraction storage and
also in the case this is used as cover material of excavated/mined landfills can result in potential
risks to the environment. Leaching tests can bring valuable information regarding the compliance
with existing standards established for different purposes for instance acceptability for landfilling
it back considering the fine fraction is classified as waste and needs to be disposed of.
Furthermore, excavated waste must be stored before it reaches the final destination and the
knowledge of leaching properties brings also basic information on how to design and implement
proper storage areas and stormwater/leachate collection and treatment. Therefore the current
research was focused on the physico-chemical characterization of the leachate generated by the
fine fraction (<10 mm) of a full-scale excavated landfill located in Kudjape, Saarema Island, in
Estonia. The extent to which the constituents dissolve into the water is site- and material-specific
and the composition of the leachate generated from the studied material and its potential to
impact water quality will be the key factors in evaluating the potential use of such fine fraction.

2. MATERIALS AND METHODS



2.1. Description of the landfill site

The fine fraction (<10mm) was obtained from landfill mining activities that took place at
Kudjape Landfill, located in the Island of Saaremaa (N 58:16:06, E 22:32:23), 2 km southeast
from Kuressaare town, Estonia during February 2013. The landfill received mainly municipal
solid wastes since 1970. Average annual temperature at the site is 5.6 °C and annual precipitation
is 594 mm.

2.2 Sampling procedures

The sampling at Kudjape Landfill was done by a tread excavator machine (Volvo EC210B 21
tonnes) with an attached bucket of Im’ excavation capacity. Four test pits (TP;, TP,, TPs; TP,)
spatially distributed over the flat top landfill area, which were then divided in four sampling
depths (L,, L, L3, Lys) were excavated. Each test pit had a total excavation depth of approximately
5 m including the 30-50 cm topsoil cover layer that was previously removed; thus, each layer had
an approximate depth of 1 m, and sample volume of 1 m’. An example of one test pit and
respective sampling layers is illustrated in Figure 1.

As soon as 1 m® of waste was excavated from each layer within a specific test pit, the waste was
fed into a trommel screen Doppstadt SM518 for an initial separation of the waste in two
fractions: 1) > 40 mm and 2) <40 mm. The fraction < 40 mm was further screened down to < 10
mm which was the fraction (fine-grained fraction) used for the leaching tests reported in this
study. Considering four test pits with samples taken in four different layers, a total of 16 samples
of fine fraction, approximately 10 L each, were transported to the laboratory and stored under
4°C until the leaching tests were performed.

Figure 1. Excavation of test pit 1 (TP;) with excavation layers are indicated with red lines.



2.3. Sample preparation for the leaching tests

Leaching tests were done with eight composite sub-samples from the test pits (7P,) and the
different sampling layers (L,) that were obtained as follows (Eq. 1 and 2):

TPy = LixtLoxtLsxtLex Eq. 1
LX= TP])("‘ TPg)ﬂ‘TPgﬁ‘TP@( Eq 2

Where X is the number of the test pit (1 to 4) and the layers (1 to 4) respectively.

2.4 Leaching test

The batch-leaching tests were carried out according to the Swedish Standard Method SS-EN
12457-2 with minor modifications with a liquid/solid ratio (L/S) of 10 L/kg. The tests were
carried out in a flocculator/jar test (STUART-SW6) for 24 h under agitation speed of 100 rpm in
800 mL beakers at ambient temperature (23 = 1 °C). After 24 h agitation, the fine fraction settled
down for 30 min and samples from the supernatant phase (eluent) were taken for further physico-
chemical characterization. Eluents were stored in 50 mL falcon tubes at 4°C for total organic
carbon (TOC), dissolved organic carbon (DOC), total chemical oxygen demand (CODy),
dissolved chemical oxygen demand (CODy) and metal analysis (Zn, Cu and Pb). Falcon tubes
that received eluents for metal analysis were previously acid-washed (0.1 M nitric acid). All
leaching tests were performed in triplicates.

2.5 Analytical procedures

Physico-chemical characterization of the leachate was done for: COD;, COD4, TOC, DOC and
the metals zinc (Zn), copper (Cu), lead (Pb) and cadmium (Cd). Prior to the analysis of COD4 and
DOC, samples were filtered through a GF/C Whatman filter 1.2 um (Cat No 1822-047). All
parameters with the exception of metals were analyzed with Dr. Lange cuvette tests (Dr. Bruno
Lange, GmbH & CO. KG, Dusseldorf, Germany) and measured spectrophotometrically with a
HACH XION 500 spectrophotometer (DR 5000 HACH). The metals Zn, Cu, Pb and Cd in
leachates were analyzed after filtration through 0,45 um filters attached to 50 ml syringes by
atomic absorption spectroscopy - AAS (Model Analyst 4). Analysis of Cd was performed using
atomic absorption spectrophotometer (AA-6800, Shimadzu) equipped with graphite furnace
atomizer (GFA-EX7). The Quantification of the selected metals in the fine fraction (solid phase)
was performed with a portable Olympus DELTA DS-4000 Handheld X-ray Analyzer (Olympus).

3. RESULTS AND DISCUSSION

3.1 Total chemical oxygen demand (COD,) and dissolved chemical oxygen demand (CODq)

As it can be observed in the Figure 2a, the COD; of the leachate extracted in all test pits were
significantly different (p<0.05) and ranged between 4,924 mg/kg and 7,622 mg/kg (Figure 2a).
TP, and TP; were the ones with the lowest and the highest amounts of COD; released per unit
mass of dry fine fraction respectively. The COD; released from the different layers were also
significantly different (p<0.05) and whereas the highest COD; was observed in the deeper layers
with 7,543 mg/kg and 5,520 mg/kg released by Ls and L4 respectively (Figure 2c), upper layers
(L, and L,) released COD;y values as low as 3,623 mg/kg and 3,572 mg/kg (p>0.05). The Figure 2
illustrates the amounts of CODy released into the solution and values ranging between 651 mg/kg



and 1904 mg/kg for test pits (Figure 2b) and 455 mg/kg and 1561 mg/kg for different sampling
layers (Figure 2d). The amounts of COD4 corresponded to 28%, 14%, 16% and 13% of the CODx
in TPy, TP,, TP3 and TP, respectively (Figure 3a). The highest contribution of dissolved matter
was observed in the leachate of TP, (28%) and this might be related to the specific environmental
conditions of the excavated area. Oxygen diffusion is a factor that enhances the hydrolysis and
the transformation of suspended macromolecular substances into lower molecular weight matters
(Ziyang et al., 2009), which might have caused the current observation.

Considering the amount of CODy in comparison of CODy, values as low as those observed for
test pits were observed in the leachate of the different sampling layers with corresponding values
of CODy ranging between 12% and 20% of COD; (Figure 3b). The low contribution of only 12%
in the upper layer (L;) might be due to the relatively young age of the excavated waste
(approximately 10 years old waste) with short time for hydrolysis to take place. However it is
important to emphasize that the types of waste discarded in a landfill do not solely determine the
leachate composition and existing conditions in the waste body such as chemical and biological
transformations and also interactions of contaminants with plant-derived matter need to be
considered (Slack et al., 2005).
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Figure 2. COD, and COD, leached per unit mass of waste (mg kg') in samples taken from the
different test pits and layers. (n=3).
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Figure 3. Partial contribution of CODy in relation to COD, different test pits and layers.

3.2 Total organic carbon and dissolved organic carbon

There was a significant difference observed in TOC between all test pits (p<0.05) with TP;
releasing significantly higher amounts of TOC (3,530 mg/kg dry matter) in comparison to TP,
(2,519 mg/kg dry matter) and TP; (2,326 mg/kg dry matter) suggesting different stages of
biodegradation processes spatially distributed within the excavated landfill. Considering the
layers, as illustrated in Figure Sc, values as high as 3,069 mg/kg and 2,470 mg/kg of TOC were
observed for L3 and L4 respectively in comparison to values as low as 1,894 mg/kg and 1,999
mg/kg for upper and intermediate layers (L; and L,).

Dissolved organic matter was evaluated as DOC and concentrations ranging between 365-874
mg/kg and 317-940 mg/kg for different test pits (Figure 4b) and sampling layers (Figure 4d)
respectively were observed. The highest leaching of DOC was observed for TP; and L; with
concentrations as high as 874 mg/kg and 940 mg/kg, being significantly higher than the others
(p<0.05).

Considering TP;, the low TOC observed might be related to a higher rate of hydrolysis and
further degradation, a fact that is corroborated by 38% of the total carbon content being in
hydrolyzed phase (Figure 5a). This highlights that even though material composition within a



specific landfill does not vary, environmental and physical conditions such as oxygen diffusion,
moisture content, void space and waste compactness can play important roles in the leachate
generated and concentrations of carbon contents in particulate and dissolved forms. However, it
is important to emphasize that dynamics of organic matter transformation and mineralization in
landfills is relatively complex and highly dependent on the environmental conditions (Parodi et
al, 2011) and whether chemistry or biology controls the solubility of organic matter and how
different factors interact is not well known yet and further investigation is required.
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Figure 4. TOC and DOC leached per unit mass of waste (mg kg-1) in samples taken from the
different layers and test pits. (n=3).
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Figure 5. Partial contribution of DOC in relation to the TOC in different test pits and layers.

3.3 Metals

As observed in the Figure 6, the amounts of Zn, Pb and Cu released by unit mass in different test
pits ranged between 3.19-6.85, 0.90-1.35 and 0.13-0.40 mg/kg respectively whereas released Cd
was as low as 1.00 — 3.00 pg/kg. A comparison of the metals released by the different test pits
has shown that metals were significantly different among them (One-way ANOVA p<0.05) and
considering TPs, a statistically higher amount of Zn was released in comparison to the others.
Furthermore, the amounts of Cu released were significantly different (p<0.05) in the following
order: TP4 < TP; < TP, < TP, (Figure 6e).

Considering the layers, whereas Zn was released in higher amounts with values ranging between
2.65 — 6.30 mg/kg (Figure 6b), Cd was released in concentrations ranging between 2.00 — 3.00
ug/kg (Figure 6h). Intermediate concentrations were observed for Pb and Cu with released
amounts per unit dry mass as low as 1.00-1.30 and 0.15-0.18 mg/kg respectively (Figure 6d and
6f). Although the obtained results did not show any well-defined pattern in relation to upper and
deeper layers Zn, Pb, Cu and Cd were significantly different when comparing the different
sampling layers (One-way ANOVA, p<0.05). By analyzing the results based only on



concentration released into the aqueous phase one can either overestimate or underestimate the
mobility of certain chemical constituents into the water and potential environmental impacts.
Therefore leaching rates (%) of each metal was calculated on the basis of the concentrations
found in the solid phase and actual concentrations detected on the artificial leachate (Table 1).
According to Table 1, very low average leaching rates (%) ranging between 0.2% and 1.5% were
observed which might be explained by the lower solubility of these metals in alkaline pHs
resulting in negligible concentrations in the artificial leachate. Low leaching rates (%) of metal as
observed in this study has been highlighted by Slack et al. (2005) that have reported leaching
rates of disposed metals in landfills within the first 30 years as low as < 0.02% due to metal
immobilization by organic/inorganic sorption and precipitation.
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Figure 6. The amounts of metals Zn, Pb, Cu (mg kg-1) and Cd (ug kg-1) leached per unit mass of
waste in samples taken from the different test pits and layers. (n=3).



Table 1. The concentration of studied metals in the solid matrix, aqueous phase and respective
leaching rates (%) of studied metals in different locations (test pits) and layers of the excavated
land(fill.

Cu (mg kg™ Zn (mg kg™ Pb (mg kg™
Sample | Solid Leaching | Solid Leaching | Solid Leachin
Phase Leached rate (%Sg Phase Leached rate (%Sg Phase Leached rate (%Sg
TP1 105.2 0.4 0.4 845.3 4.1 0.5 119.2 1.2 1.0
TP2 86.3 0.3 0.4 680.2 42 0.6 88.5 1.0 1.1
TP3 453 0.3 0.6 732.8 6.9 0.9 147.0 1.3 0.9
TP4 53.4 0.1 0.2 469.0 3.2 0.7 88.3 0.9 1.0
L1 69.5 0.2 0.2 904.7 4.5 0.5 129.0 1.1 0.9
L2 95.4 0.2 0.2 429.8 2.6 0.6 67.3 1.0 1.5
L3 44.5 0.2 0.4 1068.5 6.3 0.6 134.5 1.1 0.8
L4 58.8 0.3 0.5 436.2 4.5 1.0 108.0 1.3 1.2

" Leaching rate (%) = (Concentration liquid phase*100)/(concentration solid matrix)

5. CONCLUSIONS

The physico-chemical characteristics of the artifical leachate of the fine fraction (<10 mm) of a
full-scale excavated landfill located in the city of Kudjape, Saarema Island, in Estonia was
investigated. Eluents were analysed for TOC, DOC, COD;, COD4 and metals (Zn, Cu, Pb and
Cd). The highest COD; values were observed in the deeper layers with 7,543 mg/kg and 5,520
mg/kg released by Ls and L4 respectively. On the other hand, COD; released from upper layers
(L; and L,) were as low as 3,623 mg/kg and 3,572 mg/kg (p>0.05). There was a significant
difference observed in TOC between all test pits (p<0.05) with TP3 releasing significantly higher
amounts of TOC (3,530 mg/kg dry matter) in comparison to TP; (2,519 mg/kg dry matter) and
TP4 (2,326 mg/kg dry matter) suggesting different stages of biodegradation processes spatially
distributed around the excavated landfill. Whereas the amounts of Zn, Pb and Cu released per
unit mass of fine fraction ranged between 2.65-6.85, 0.90-1.35 and 0.1-0.4 mg/kg respectively,
considerably lower amounts of Cd between 1.0-3.0 ug/kg were observed. To conclude, the
proposal and implementation of adequate management strategies that minimize environmental
impacts and take advantages of the beneficial use of fine fractions (<10 mm) in landfill mining
rely on detailed physico-chemical characterization of both the solid phase itself and the leachate
generated during storage and use.
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