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Modelling of the source term for a predominantly inor-
ganic waste landfill using data obtained from laboratory-
scale testing, lysimeter studies and pilot scale monitoring

H.A.van der Sloot, A. van Zomeren, J.J.Dijkstra, D.Hoede, H. Scharff.

Abstract

This paper addresses processes within the landfill aimed at understand-
ing the factors controlling release of contaminants to reduce the long-
term impact from landfilling and thereby reduce requirements for long-
term aftercare. The approach that has been followed is based on testing
at laboratory scale, measurements of leachate quality on lysimeter and
field scale in combination with modelling to obtain a time-dependent
source term for the type of site under investigation. A database/expert
system is in development to address all major aspects to be covered to
reach this goal. Consistency of the data at laboratory, lysimeter and field
scale for many parameters is quite promising. The predominantly inor-
ganic waste landfill concept can accept a wide variety of wastes includ-
ing wastes with residual organic matter. Key controlling factors for this
concept are controls on the individual waste DOC level, mobile inorganic
(e.g. Cl, sulphate), ultimate pH and water-soluble organic contaminant
(e.g. BTEX, phenols) levels. Identification of relatively small waste
streams that disproportionately affect the quality of the leachate of the
entire cell is a crucial step in reaching sustainable landfill conditions with
minimal aftercare.



1. Introduction

In landfilling of waste, still quite some emphasis is placed on isolation
(Landfill Landfill Symposia 1995, 1997, 1999, 2001). Several isolation
technologies, however, are generally not guaranteed for longer than 50
years. The leachate quality of landfills, in particular modern large-scale
landfills, is not expected to be harmless beyond that time scale. There-
fore, more emphasis has been placed on processes within the landfill in
recent years as the mutual interaction of individual wastes determines
the long-term quality of the leachate (Van der Sloot, 1997; van der Sloot
et al, 2001a; van der Sloot et al, 1999a). This understanding is needed
for setting proper criteria on wastes to be landfilled. Although current
waste acceptance is based on a judgement of the individual wastes de-
livered for disposal, the quality of individual wastes disposed in a site are
not of major relevance, but rather how these wastes mutually interact
leading to concentrations in leachate from an entire cell or landfill site as
a function of time. The latter is important from the operator’s perspective
in relation to the necessary aftercare. The key question being: is
leachate treatment required in the long-term? And if the answer is yes,
what level of leachate treatment would be required, or can measures in
waste acceptance and waste treatment be taken prior to landfilling to
eliminate the need for leachate treatment after closure?

This question has been addressed by landfill owners, which have organ-
ised themselves in a branch organisation (VVAV). The main motivation
for research into sustainable landfill concepts originates in concerns
about long-term aftercare. It was realised that the wide variety of waste
types will most likely lead to segregation and/or more active processing
of wastes prior to landfilling. For this purpose four pilot projects on sus-
tainable landfill concepts were initiated (Mathlener, 1999):

- Predominantly inorganic waste landfill (van der Sloot et al, 1999b,
2001b)

- Stabilized waste monofill (Rietra et al, 2001)

- Bioreactor landfill (Oonk and Woelders et al, 1999, van der Sloot et al,
2000)

- MSW landfill with leachate recirculation (Luning, 2002)

The approach to evaluate these different concepts for their feasibility has
been to carry out testing at different scales (laboratory, lysimeter and



field scale) in combination with modelling to allow long-term predictions
of leachate quality development

2. Goals

- ldentification of factors controlling leachate quality in mixed waste

based on individual waste characterization and waste-waste interac-
tion studies.

- Evaluation of changes in leachate quality with time as a result of in-
teraction and degradation by applying analysis and testinbg at differ-
ent scales (laboratory, lysimeter and pilot scale).

- Modelling the behaviour of mixed waste for prediction of long-term
leachate quality.

- Evaluation of the feasibility of waste segregation by compatibility in
separate compartments.

In this paper the sustainable landfill concept for predominantly inorganic
waste is discussed in more detail. In this concept waste acceptance cri-
teria are focussed on reaching a long-term stable equilibrium condition in
terms of pH (neutral), Dissolved Organic Carbon (DOC) level and other
complexants. The leachate concentrations should reach levels as close
as possible to common levels in the natural surroundings, thus reducing
the requirement for long term aftercare (van der Sloot et al, 2001b).



3. Experimental

In the framework of a Dutch national research project on sustainable
landfill concepts (Mathlener et al, 2001), laboratory experiments (perco-
lation test — PrEN 14405, 2002; pH dependence test — PrEN 14429,
2002), lysimeter studies (1-1,5 m3) and a 12,000 m3 pilot demonstration
project (filling started April 2000 and completed November 2001) are car-
ried out in conjunction with chemical speciation modelling and release
modelling (Van der Sloot et al, 1999b, van der Sloot et al, 2001b). This
approach builds on a methodology described in ENV 12920 (1996). In
the evaluation different aspects need to be addressed such as:

- nature and origin of the materials
- physical properties (e.g. density, porosity)
- geotechnical properties (strength, permeability, stability)

- chemical properties (acid neutralization capacity, reducing capacity,
degradable organic matter content, thermodynamic stability)

- leaching behaviour using pH dependence leaching test and percola-
tion test

- quality control on site by testing pH (ANC), DOC, CI, water soluble or-
ganic contaminants, mineral oil

The waste input to the pilot cell is controlled by more stringent accep-
tance criteria than currently required by regulation. Samples were taken
from all waste streams deposited in the cell for the laboratory testing and
for filling three lysimeters with a representative waste mixture. The stud-
ies at field, lysimeter and laboratory scale represent different time scales
through the liquid to solid ratio, to which the waste is exposed. By carry-
ing out a pH dependence leaching test on the waste mixture, information
on chemical speciation can be derived through geochemical modelling.
The role of dissolved organic carbon (DOC) on metal mobilisation is ad-
dressed by applying the NICA-Donnan model (Kinnieburg et al, 1999;
Milne, 2000) which is integrated in the geochemical speciation code in
ECOSAT (Keizer and Van Riemsdijk, 1998). This information is required
for the development of more mechanistic models of (dynamic) waste
leaching used for source-term prediction and long-term behaviour. The



relative importance of reducing conditions versus DOC mobilisation can
be addressed (Bethke, 1998). Until this time, a more empirical approach
of modelling based on column leaching behaviour is applied to model the
time-dependent source term for the predominantly inorganic waste land-
fill in order to provide a prediction of long-term leachate quality (source
term description). This information can be used as input for further con-
taminant transport modelling in the unsaturated and saturated zone us-
ing hydrological model codes such as MODFLOW to assess local im-
pact, which forms the basis for management decisions on acceptance of
waste (Hjelmar et al, 2001) and treatment of waste prior to disposal (van
der Sloot et al, 1999a). In figure 1 the possible points of impact evalua-
tion in a landfill scenario are indicated.
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Figure 1. Schematic overview of possible targets for impact evaluation.

The information generated in testing should provide the relevant infor-
mation to allow decisions to be made. A database/expert system is used



for data for modelling and interpretation thus allowing comparison with
other disposal concepts.

4. Results

From a wide range of parameters analysed in the laboratory, lysimeter
and field scale experiments DOC and Zn are given in figure 2. The left
figure shows the pH dependent leaching of the individual wastes, the full
representative waste mix, the basic mix representing about 70 % of the
total waste mix and the integral waste mix with additions of shredder
waste and sewage sludge (5 % each by weight) to see the effect of an
increased organic matter content. Note that the individual wastes cover a
3 - 5 order of magnitude spread in leached amount (L/S=10). The sec-
ond figure gives the release (in mg/kg) for the different test scales as a
function of L/S (liquid to solid ratio in I/kg) showing the consistency of the
data from the different levels of testing. The third graph shows the corre-
sponding leachate quality (mg/l) as a function of L/S, which can be re-
lated to a time scale using the net infiltration, the height and the density
of the waste. Note that the variation in the data to be used for prediction
of leachate quality is reduced to an order of magnitude or less. The three
graphs are complementary and are to validate speciation/transport mod-
elling. This combined data set then forms the basis to describe the actual
source term for the landfill as opposed to a perceived impact based on
testing individual wastes.

Impact can be assessed at the waste-soil interface, at groundwater level
and at some distance downstream from a site in groundwater (MOD-
FLOW). The testing and associated modelling should be capable of as-
sessing the impact. A similar approach was followed in developing crite-
ria for Annex Il of the EU landfill Directive (1999; 2002).
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Figure 2: Relationships between pH dependence and percolation test
(laboratory) for a mixture of wastes (integral mix, black diamonds; basic
mix of 70 % of disposed waste, open triangles; integral mix with in-
creased organic matter content, gray squares) disposed in a 12,000 m®
pilot cell with leachate data from 1.5 m® lysimeters (gray diamonds) and
the full scale pilot (open diamonds).

4.1 Judgement of individual wastes versus integral waste mix

In figure 3 the result of compliance leaching tests of individual waste
samples versus pH dependence test of a mixture of these wastes is
given. The scatter in the individual waste samples is quite significant,
whereas the leaching behaviour of the mixture is rather consistent. The
differences between the integral mix and the integral mix with an in-
creased level of organic matter by addition of 5 % each of sewage
sludge and shredder waste are marginal for Zn and Mg. The differences
are relatively small for Ba and Ni. A relatively small addition of organic
rich material leads to a 10-fold increase in the DOC level in leachate.
Such influence of a minor stream on an entire cell is undesirable as it



likely enhances release of organic bound contaminants. As long as the
buffer capacity of the mixture in terms of pH, redox and binding potential
for metals are not exceeded, the situation in terms of release will remain

stable.
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Figure 3. Leaching of individual waste samples (open diamonds) in pilot
Nauerna in comparison with the leaching behaviour of the integral waste
mix with (solid diamond) and without additional organic rich waste (solid
square).

4.2 Chemical speciation

Chemical speciation modelling would seem futile, when data of individual
waste testing are examined. However, when data for waste mixtures are
judged, it is clear that much more systematic behaviour can be observed.
up to the point that solubility controlling phases can be identified. In fig-
ure 4 an example is shown. In this case, data from percolation test



(L/'S=0.1-10) and pH dependence test (L/S=10) are used. These results
illustrate that solubility controlling phases can be identified in mixed land-
filled waste. Furthermore, that the chemical phases relevant at low L/S
may not be the same as those relevant at high L/S used in the pH de-
pendence test. In this case, Ba is likely to be controlled at low L/S by
BaSrSO4 whereas at higher L/S, a solid solution of BaCaSO4 is likely to
be the most prominent phase.
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Figure 4. Geochemical speciation modelling of pH dependence test and
percolation test data to identify solubility controlling phases.
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4.3 Database/expert system

Characterization of waste by means of more sophisticated test methods
calls for electronic storage of such data in an easy retrievable manner.

This is important as
- reference for compliance test data

- basis for regulatory development
- means to limit unnecessary duplication of work
- means to focus on key parameters for specific materials

In the flow scheme given in figure 5 the different aspects of describing a
source term for landfilled waste is given. Table | gives examples of mate-
rials for which extended leaching information is already available.

DATABASE/EXPERT SYSTEM “LANDFILL SOURCE TERM AND IMPACT”

| | | |
Parameter Concentration - pH | | Cum. release - L/S || Concentration - L/S
correlation Chemical Release modelling Chemical
speciation speciation
DATABASE pH stat test Percolation test Percolation test
Percolate disposal Release — pH Release - L/S Concentration - L/S
Pilot data Individual > Lysimeter = Lysimeter
Lysimeter data soils Field data Field data
Lab test data
A
A 4 l l
Time series Redox information | | Modelling L/S - time relation
field pilot data || Eh —pH soil and Infiltration
a.o. for ANC - pH groundwater Hydrology
degradation impact
I I ' I
STUDIES REGULATION

Figure 5. Flow scheme for the database/expert system to assess the
source term and environmental impact of landfilled waste.
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The database/expert system takes change with time into account and
integrates testing at different levels (lab, lysimeter, field) as well as mod-
elling and external factors (pH, redox, complexants). Hydrology is an-
other aspect that links laboratory testing to practice (Johnson et al, 1998;
Johnson et al, 1999). Impact to soil and groundwater can be modelled
with relatively simple models or with rather sophisticated ones (Dijkstra
et al, 2002). So besides a hierarchy in leaching tests methods, there is
also a hierarchy in model use. Recently, a framework for decision mak-
ing has been published (Kosson et al, 2002), of which many elements
can be found in the database/expert system presented here.

Table |. Materials for which more extended leaching information is avail-
able (Mammoet project, 1985; Aalbers et al, 1992; Harmonisation of
leaching tests,1997,2002; van der Sloot et al, 2000; van der Sloot et al,
2001c; and others)

Synthetic Aggregates (coal ash, mine tail.) Lava stone

Alkaline batteries Lime stone

Al-production ash Light weight concrete

Asphalt Lime silicate bricks

Asphalt rubble Metallurgical sludge (Cao-type)

Basalt Metalugical slag

Biomass ash Milling residues

Bioreactor residue (after degradation) Mine stone (coal)

Blast furnace slag Predom. Inorg. Waste mixture (70% of mass)
Bottom ash (coal) MSWI residues (bottom ash, fly ash, APC)
Brown coal ash Municipal Solid Waste, fly ash

Bricks (ceramic) Natural gas production sludge

Cat. Cracker, Cat. ox. RVC Ni sludge

Chemical sludge (Electroplating Ni) Non-purificable sand blasting dust

Clay bricks Oven waste from primary Al production
Coal fly ash PAH, PCB and metal polluted soil
Compost Paper sludge

Concrete Pb/Zn slag

Concrete with coal fly ash Phosphate slag

Construction debris Phosphating Sludge

Contaminated soil Phosphogypsum
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Crushing waste

Cryolite waste (Zeolite production)

Detox. neutral dewater. Sludge (filter cake)
Dredging sludge

Drinking water pipes

Drinking water sludge (ground water)
Dust form a sand blasting unit

Expanded clay pellets

Fe-Cr catalyst residue

Fe-norit waste (pharmaceutical industry)
FeOH sludge needle factory

Filter cake MSWI

Filter dust (ceramic industry)

Flotation concentrate sand blasting waste
Fluor cont. dust from prim. Al production
Flourescent Powder

Fly ash from isolation material prod.

Fly ash industrial waste and RDF inciner.
Foundary sand ( waste material)

Foundry Oven Dust

Galvanic sludge

Glass-oven rubble formglass production
Glaze/enamel sludge

Gravitational concentrate sand blasting w.
HCH soil purific. residu (physical treatm.)
Incinerated sewage sludge

Jarosite

4.4 Test methods

Pigment Sludge

Plastic waste material

Preserved wood

Purification sludge from industrial wastewater
Purification sludge from textile paint product.
Purification Sludge polymer prod.

Refuse derived fuel ash

Sand blasting waste

Sediments (river, lake, canal)

Sewage sludge

Shredder waste

Sieve sand from demolition breaker

Soil (various types: sand, loam, clay)

Soil amended with sewage sludge

Soil purific. extract. Residue

Spent Catatalyst (activated Al)

Stabilized galvanic sludge

Stabilized waste (various)

Steel slag

Tannery Sludge

TBBA recovery sludge from production of te
Tiles (ceramic)

Sb containing sludge

Vitrified MSWI fly ash

Zn-Fe-salt residue from Zn-varnish installation
Zn-MnO- batteries

In literature (Environment Canada, 1990; Wallis et al, 1992; Harmonisa-
tion of Leaching tests, 1997) a large number of leaching tests are de-
scribed. However a limited number of well-selected methods will suffice
to address release from many different materials (figure 6). There are
possibly a few additional methods needed to quantify specific parame-
ters for modelling such as selective chemical extractions to provide mod-
elling parameters needed as input for speciation models. Two main as-
pects need to be addressed in testing: chemical speciation (pH, redox,
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DOC, etc) and time-dependent release. An additional distinction in meth-
ods applicable for granular materials and for monolithic materials is cru-
cial (Harmonisation of leaching tests, 1997). Finally, a distinction in char-
acterisation tests and compliance tests for quality control purposes is im-
portant, as relatively quick to perform tests suffice when a material or
material class has been sufficiently characterized. Several of these
methods have already been standardized at European level through
CEN (European standardisation body).

BATCH LEACHING pH STAT
TEST (GRANULAR; TEST
EN 12457) TANK LEACH TEST
(MONOLITH) en CGLT. %E
\ T
[ ] = -
PERCOLATION
LEACHING TEST
(GRANULAR
PrEN 14405) pH DEPENDENCE TEST:
BATCH MODE ANC and COMPUTER CONTROLLED
prEn 14429

Figure 6. Relevant leaching test methods for granular and monolithic
materials.

Below the status of ongoing standardization activities in CEN and ISO:
CEN/TC292:

WG2 EN 12457 1- 4 Granular waste compliance leaching test - validated
WG2 Monolith compliance leaching test — Tank leach test 3 days (draft
for enquiry)

WG6 — pH dependence leaching test — 2002 for formal vote

WG6 — percolation test — 2002 for formal vote

WG6 — NWIP Tank leach test (similar to NEN 7345)

ISO/TC 190:

SC7 WG6: Batch tests and percolation test for soil materials (based on
CEN TC 292 procedures)
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As an example to illustrate the relationship between the different char-
acterisation tests and the compliance test for granular materials figure 7
shows the leaching behaviour of Cu and Sb from municipal solid waste
incinerator (MSWI) bottom ash. In the left hand graphs the pH depend-
ence leaching tests data are given, which give information on the chemi-
cal speciation of the elements. The compliance tests data as obtained in
the European validation study on EN 12457-2 (van der Sloot et al,
2001c) are inserted to show the compliance of EN 12457-2 data with the
characterisation test data. In the right hand graphs the percolation test
data are given as cumulative release against the liquid solid (L/S) ratio
(in I/kg). In this graph the EN 12457-3 are inserted. The shape of the
curve gives information on the release behaviour. Cu is washed out like
salts such as Cl and Na, as it is occurring as a soluble Cu-DOC complex
(Meima, 1997). In contrast, Sb is leached in solubility controlled fashion
(slope 1).
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Figure 7. Relationship between characterisation and compliance leach-
ing tests for Cu and Sb in MSWI bottom ash (Diamond and triangle;
samples tested for homogeneity testing; large gray square: prequalifica-
tion test of material prior to sample preparation for validation; open
squares: results from EU wide validation study L/S=10; open triangles:
ibid at L/S=2).
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5. Conclusion

The mutual consistency of the data at laboratory, lysimeter and field
scale, not only for DOC and Zn but for many other parameters, is quite
promising. The relationships between the different forms of data repre-
sentation covering different aspects of the same basic question form a
very promising approach to tackle the issue of assessing long-term
leachate quality and the means to control it by a new waste acceptance
policy. The tolerance of the predominantly inorganic waste concept to
accept a wide variety of wastes is good. Key controlling factors for this
equilibrium-based disposal concept are controls on the individual waste
DOC level, mobile inorganic (e.g. Cl, sulphate), ultimate pH and water-
soluble organic contaminant (e.g. BTEX, phenols) levels. Characterisa-
tion leaching tests, such as developed in CEN TC 292 WG 6, provide the
source term for modelling long-term release from landfills and contami-
nated sites. Quality control on the basis of knowledge of interactions of
different materials will lead to a more controlled release of contaminants
from the landfill in the long term. Already, the concentration levels en-
countered in leachate for a variety of constituents are relatively low and
would not require further treatment. Reduction of DOC levels in leachate
by proper acceptance criteria will lead to significantly decreasing con-
centrations of contaminants in the leachate. This does not imply banning
organic matter as residual, non-degradable (natural) organic matter is
quite acceptable for disposal in this predominantly inorganic landfill con-
cept. The characterization of waste will allow identification of relatively
small waste streams that disproportionately affect the quality of the
leachate of the entire cell by not accepting such wastes in this concept or
by requiring treatment prior to landfilling.
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