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a b s t r a c t

The use of municipal solid waste incineration (MSWI) bottom ash for road and car-park construction is
an appropriate solution to reduce their disposal and the consumption of natural materials. In addition to
leaching tests, the environmental impact assessment of such a waste recycling scenario critically needs
for reliable long-term field data. This paper addresses a 10-year pilot site where MSWI bottom ashes have
been used as road aggregates in Northern France (oceanic temperate climate). The paper focuses on the
long-term evolution of leachate chemistry and the mineralogical transformations of MSWI bottom ash
over 10 years. Data interpretation is supported by geochemical modeling in terms of main pH-buffering
processes. The leachate pH and concentrations in major elements (Ca, Na and Cl) as well as in Al and heavy
metals (Cu, Pb and Zn) quickly drop during the first 2 years to asymptotically reach a set of minimum
values over 10 years; similar to those of a reference road built with natural calcareous aggregates. SO4
SWI
aste

release makes exception with a slightly increasing trend over time.
Carbonation induced by CO2 inputs, which leads to the successive dissolution of portlandite, CSH and

ettringite, is one of the main phenomenon responsible for the geochemical evolution of leachate. On
the other hand, mineralogical observations and batch tests demonstrate a relative stability of the MSWI
bottom ash inside the subbase layer. In particular, carbonation may be far to be completed and still in
progress after 10 years. This is consistent with preferential rainwater flow and dilution at the road edges

ide th
combined to diffusion ins

. Introduction

The high demand of construction materials compared to the
vailability of natural materials, as well as the lack of available space
or waste disposal, is a problem in many urbanized areas across
he world. The use of by-products and wastes for road construc-
ion is an appropriate solution to reduce the amount of disposed

aterials and to provide for alternative construction materials.
unicipal solid waste incineration (MSWI) residues produced from

he household waste combustion, and reused for road and car-park
onstruction, is a typical case (e.g. [1,2]). For instance, in France,
euse of MSWI residue started during the 1950s in the Parisian

egion and spread all over the country during the 1980–1990s, a
eriod during which many incinerators were built [3].

As for some other alternative materials (coal fly ash, blast fur-
ace slag, etc.), the reuse of MSWI bottom ash as road aggregate

∗ Corresponding author. Tel.: +33 1 64 69 49 42; fax: +33 1 64 69 47 13.
E-mail addresses: laurent.dewindt@ensmp.fr,

aurent.dewindt@mines-paristech.fr (L. De Windt).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.07.083
e subbase layer.
© 2009 Elsevier B.V. All rights reserved.

may impact the environment – both soil and water resources – by
releasing salts and heavy metals (e.g. [1,2]). The acceptance cri-
teria for recycling MSWI bottom ash in road construction usually
depends on the leaching potential of the material, which is deter-
mined through standardized leaching tests (e.g. [2,4]). Batch tests
are useful for determining the intrinsic properties of the waste with
respect to one or several controlled parameters (e.g. pH). However,
these static experiments that are performed on short duration (usu-
ally 48 h) on crushed materials are poorly representative of field
conditions. Column tests that run over longer duration (weekly to
monthly time scales) include a hydrodynamic facet more represen-
tative of site conditions. As an example, they can be used to assess
scale effects of percolation on element release [4,5]. However, their
1D configuration is far to be as complex as field geometry that
present boundary or edge effects for instance. Long-term processes
such as carbonation are also not fully taken into account.
Therefore, in complement to lab leaching tests, long-term field
scale experimentations are critically needed for supporting envi-
ronmental impact assessment in a given recycling scenario. To our
knowledge, only a few field scale studies have been recently pub-
lished with respect to MSWI bottom ash reuse for road construction

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:laurent.dewindt@ensmp.fr
mailto:laurent.dewindt@mines-paristech.fr
dx.doi.org/10.1016/j.jhazmat.2009.07.083
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ig. 1. Schematic transversal cross-section of the road with core sampling locations

6–10]. In theses studies, leachate sampling has been performed
or relatively short durations (3 years at maximum). The present
aper copes with a 10-year pilot site, dedicated to study the envi-
onmental impact of MSWI bottom ash valorized as road aggregates
n Northern France. The paper focuses on the long-term evolution
f leachate chemistry and mineralogical transformations of MSWI
ottom ash over 10 years. Data interpretation is supported by batch
est performed on core samples drilled after 10 years and geochem-
cal modeling.

. Field site and methods

.1. Test road properties and materials

.1.1. Description of the test road
The studied site consists of a small road characterized by a low

raffic, about 10 vehicles per day, and built in 1997 at Hérouville
Parisian Region, France). The road is divided into two sections of
m wide and 20 m long. The first section contains a 25 cm thick

ubbase layer of MSWI bottom ash (dry weight of 31.2 tons). The
econd road section was built by using conventional calcareous
ggregates (crushed natural limestone). This second section is used
s a reference. The calcareous aggregate presents the same physi-
al properties (granulation, hardness, etc.) than the MSWI bottom
sh. Two complementary sections built with MSWI bottom ash sta-
ilized by cement and hydrocarbon binders were also tested at
érouville to investigate their potential improvement in environ-
ental and geotechnical properties. The corresponding results are

ot discussed in this study.
As shown in Fig. 1, both sections are covered with a slightly per-

eable bitumen (asphalt) layer of 15 cm thickness; according to the
rench recommendations for the use of MSWI bottom ash in road
onstruction [11]. The bitumen cover is flat, i.e. characterized by a
il slope (to be compared to a reference 3% slope for the French pub-

ic roads) in order to maximize rainwater infiltration. The bitumen
over did not present any major cracks after 10 years of utilization.
he two road sections are completely embedded in the surround-
ng soil, a cultivated loamy and sandy soil. A polyethylene drainage

iner (geomembrane) is located at the bottom of the subbase layer.
his geomembrane does not completely cover the road sides or
dges, allowing for lateral water infiltration into the subbase layer.
he depth of the local aquifer varies seasonally, between 3 and 7 m
eneath the road.
ase layers built either with MSWI bottom ash aggregate or calcareous aggregates).

2.1.2. MSWI bottom ash
The studied MSWI bottom ash comes from a waste incinera-

tion facility from the Parisian Region (France). Prior to utilization,
the MSWI bottom ash was screened to remove particles larger
than 30 mm, magnetic materials, and metallic aluminum, and then
weathered outdoor in heaps during 3 months. The MSWI bottom
ash was classified “V”, i.e. a by-product suitable for valorization
as road aggregates according to the French regulation. The bot-
tom ashes are composed of glass, ceramics, natural rocks, metallic
compounds and unburnt residues.

2.2. Field monitoring and sampling

2.2.1. Leachate monitoring
A slight inclination of the geomembrane drives leachate by grav-

ity towards the collection system: punctually with hermetic bags
used to avoid atmospheric exchange (minimizing carbonation or
oxidation) and continuously with larger collectors of 700 L. Precip-
itation data were collected from a nearby MeteoFrance weather
station. The electrical conductivity and the flow rate of leachate
were measured and compared to precipitation in a few occurrences.

From 1997 to 2000, EUROVIA and INERIS monitored the road by
sampling and analyzing leachate [12]. In 2007, the two road sec-
tions were monitored again in order to evaluate leachate chemistry
after 10 years of utilization. Electrical conductivity, pH and redox
potential were directly measured after sampling. The leachates
were filtrated at 0.45 �m and stored at 4 ◦C (one half was acidified
with ultra-pure nitric acid for metal analysis). Total alkalinity was
determined using the Merck alkalinity test and dissolved organic
carbon (DOC) using a total organic carbon analyser at the laboratory
on the filtrated leachates. Anion concentrations were analyzed on
the filtrated leachates by ion chromatography, and cation concen-
trations on the acidified filtrated leachates by inductively coupled
plasma-atomic emission spectrometry (ICP-AES).

2.2.2. Sampling of MSWI bottom ash from the road subbase layer
In order to evaluate the material evolution, MSWI bottom ash

samples were collected after 10 years (October 2007) in the road

subbase layer by drilling cores of 15 cm in diameter. Each core was
further divided according to three depths: underneath the bitu-
men, in the middle of the layer and the bottom of the layer (Fig. 1).
The drilled core samples were carefully packed in aluminum coated
plastic bags to prevent carbonation, oxidation and dehydration.
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Table 1
Elemental composition of MSWI bottom ash.

Oxide [wt.%] Trace metals [ppm]

Na2O 3.4 As <10
MgO 1.9 Cd 5
Al2O3 2.8 Cr 75
SiO2 40.5 Cu 960
SO3 0.86 Hg 0.1

maturation of the bottom ash [20]. The leached fractions in soluble
salts are 2900 and 6960 mg/kg for NaCl and CaSO4, respectively.
Such high values are again typical of a fresh MSWI bottom ash.
The release of the toxic metals Al (215 mg/kg), Cu (23 mg/kg), Pb

Table 2
Results of the availability NF-X31-210 batch leaching test applied to the MSWI
bottom ash and the calcareous aggregate.

MSWI bottom ash Calcareous rock

pH 11.8/11.3/11.1 9.3/9.3/9.3
Conductivity [mS/cm] 2575/810/490 67/50/52
DOC [mg/kg] 1050 77

Major element [mg/kg]
Ca 5134 237
Cl 1933 53
Na 991 54
SO4 1829 180

Metal [mg/kg]
Al 215 5
As <0.3a <0.3a

Cd <0.3a <0.3a

Cr 0.4 <0.3a
06 D. Dabo et al. / Journal of Haza

ater content (humidity) was estimated by weight loss between
ottom ash freshly sampled (in situ measurement) and after drying
lab measurement). Water content is expressed as a percentage of
he dry material.

.3. Chemical and mineralogical analyses

.3.1. Batch leaching tests
The availability NF-X31-210 batch leaching test [13] was used

s standard reference for characterizing the initial state of both
he MSWI bottom ash and the calcareous aggregates (in 1997).
he present MSWI bottom ash was classified “V” according to this
rench standard test. The sample is first homogenized, grinded
o obtain a particle size below 4 mm and dried at 100 ◦C. A solid
mount of 100 g is then mixed with 1 L of demineralized water (i.e.
liquid on solid ratio, L/S, of 10) in an airtight device, to avoid car-
onation, under permanent agitation. The leachate is removed after
6 h and filtrated at 0.45 �m. The solid phase is again submitted to
he same leaching process twice. The pH is measured for each of
he three leachates. The total released mass of a given element (i.e.
he sum of the three leachate) is normalized to 1 kg of dry material.

The drilled core samples taken from the 10-year old bottom
sh layer were also submitted to batch leaching tests to estimate
lement release but also pore water chemistry for another study
evoted to reactive transport modeling. Contrarily to the NF-X31-
10 test, the MSWI bottom ash were neither crushed nor dried
o prevent as much as possible any chemical artifacts and cre-
tion of new solid surfaces (e.g. breaking of calcite crusts formed
y carbonation). Indeed, crushing may disturb the MSWI bottom
sh granularity and texture that were acquired during 10 years
f evolution. The L/S ratio was set to 5 as a compromise bew-
een minimizing dilution effect and collecting a satisfactory volume
f solution for analyses. The batch tests were performed during
month to let the eluate chemistry reached a steady state (a

ear equilibrium state), which also helps to identify solubility-
ontrolled processes. The batch test was also applied to a fresh
SWI bottom ash sample for comparison. It is worth noting that

he leaching tests were made in 2008 and that, therefore, the fresh
SWI bottom ash does not strictly correspond to the material

sed for the test road construction in 1997. However, both bottom
shes came from the same incineration facility without any signif-
cant change in the bottom ash production but a slight evolution of

unicipal waste sorting.

.3.2. Solid-phase analysis
The total element content (i.e. bulk chemistry) was analyzed by

CP-AES after LiBO3 mineralizing in 2007. The ash samples were
ixed prior to analysis. Mineralogical investigation were made by
eans of optical and scanning electronic microscopy (SEM-EDS) on

hin section as well as by X-ray diffraction (XRD) on dried crushed
aterials. The fresh MSWI bottom ash of reference was similar

ut not exactly the same material used 10 years ago (see previous
aragraph).

.4. Interpretation by geochemical code

Some insights into the chemical processes occurring in MSWI
ottom ash were investigated with the geochemical model CHESS
14]: (i) by calculating saturation index (SI) of the leachate with
espect to primary and secondary minerals, (ii) by comparing
xperimental data with stability domains of minerals, and even-

ually (iii) by calculating the pH of the leachate with respect to
sequence of pH-buffering minerals. The MINTEQ thermodynamic
atabase [15] was selected in that purpose, and enriched with addi-
ional data for cement phases (sulfo-aluminates, calcium silicates
ydrates – CSH, etc.) as well as for lead hydroxide (see [16] for
K2O 0.80 Pb 1495
CaO 31.5 Zn 1555
Fe2O3 10.0

further details). The B-dot model was used for activity correction
because the pore water chemistry of the fresh MSWI bottom ash
has a high ionic strength (0.7 molal). The B-dot model is indeed
well adapted since it is parameterized for solutions of up to 3 molal
ionic strength in which NaCl is the dominant solute.

3. Results and discussion

3.1. Mineralogical and chemical properties of the initial MSWI
bottom ash

XRD analyses and SEM observations of the initial MSWI bottom
ash samples indicate a broad spectra of minerals in agreement with
literature, such as silicates (feldspars, gehlenite, mellite, quartz and
pseudo-wollastonite), carbonates (calcite), sulfates (ettringite and
gypsum), aluminum and iron oxyhydroxides (gibbsite and mag-
netite). The occurrence of cement-type phases (mainly portlandite
and CSH [17,18]) was not directly determined by XRD analysis but
consistent with the highly alkaline pH measured in batch tests.

The bulk chemical composition of the studied bottom ash
(Table 1) is within the range of data compiled on a worldwide base
by Jeong et al. [19]. The MSWI bottom ash is enriched in Ca–Fe–Si–O
with relatively high amounts in Al and heavy metals Cu, Pb and Zn
but relatively low contents in As, Cd and Hg. Table 2 presents the
results of the availability NF-X31-210 batch leaching test applied in
1997 to the initial MSWI bottom ash and the calcareous aggregate
used for building the test roads. The pH of the MSWI bottom ash is
clearly alkaline (pH ∼ 11.8), which indicates a rather low degree of
Cu 23.1 <0.15a

Hg <0.1a <0.1a

Pb 8.3 <0.3a

Zn 2.3 <0.3a

a Detection limits.
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Fig. 2. Time response of the leachate flow rate (a) and ele

8 mg/kg) and Zn (2 mg/kg) is also significant; Pb and Zn release
eing maximized by the high pH values [2,20]. As discussed below,
here is a correlation between the high released fractions of Cu
nd dissolved organic matter (DOC, 1050 mg/kg). The release of As,
d and Hg are weak and below the detection limits: <0.3 mg/kg

or As and Cd, and <0.1 mg/kg for Hg. As expected from a natural
imestone, the release of the major and metallic elements by the cal-
areous aggregate is low, and the pH much less alkaline, compared
o the MSWI bottom ash.

.2. Rainwater infiltration

The precipitation regime is typical of a temperate oceanic cli-
ate. The local average precipitation rate is about 700 mm/year for

he 1998–2008 period. There has been an initial leachate produc-
ion due to discharge by gravity during the very first weeks. Next,
eachate volume is fairly well correlated to local precipitation in
erms of intensity and frequency. Fig. 2 gives a typical example rep-
esentative of successive rain events. The mean leachate flowrate is
0 L/m2/year when normalized to the road surface. This rate corre-
ponds to an equivalent infiltration/rainfall ratio of approximately
5%. Several overflows of the 700 L collectors occurred between two
onsecutive sampling periods. The unknown volume of overflowed
eachate led to large uncertainties on volume measurements, which
id not allow for calculating flow rate and release fluxes. As a
onsequence, element release will only be expressed in terms of
oncentration throughout the paper.

The bitumen cover is a barrier against rainwater percolation
hrough the bottom ash layer. The infiltration ratio of 15% is high
ompared with the ratio commonly measured for public roads,
hich is about 2–3%. However, this relatively high apparent infil-

ration ratio is most probably related to important edge effects with
ateral inflows to the MSWI bottom ash layer. This lateral input is
uspected to be a major source of leachate production, as theo-
etically assumed by different authors [1,21]. Such a preferential
ateral flow is further supported by the short hydraulic response
ime (3–4 h) of leachate discharge (normalized flow rate) to a given
ain event, as shown in Fig. 2. The decrease of leachate electrical
onductivity (graph b of Fig. 2) between two successive rain events
an be interpreted in terms of residence time and preferential lat-
ral flow pathways (schematized in Fig. 1). The first more intense
ignal corresponds to the mixing between an infiltrated and diluted
ater circulating quickly into the preferential flow pathways along

he geomembrane, and a pore water representative of the bottom
sh. The second and weaker signal corresponds to the same kind

f mixing, except that the pore water does not have sufficient time
or diffusing from the granular bottom ash and/or reaching equilib-
ium with the MSWI bottom ash minerals nearby the preferential
ow pathways. The lateral preferential flows is relevant to public
oad structures but the preferential flow above the geomembrane,
l conductivity (b) with respect to successive rain events.

i.e. along the bottom of the bottom ash layer, is somehow an artifact
of the present collection system.

3.3. Evolution of leachate chemistry over time

3.3.1. General trend
Fig. 3 shows that pH and most of the elemental concentrations

significantly decrease during the first 2 years, then more gradu-
ally to eventually reach a set of minimum values after 10 years.
SO4 concentration makes exception and presents a slightly increas-
ing trend over time. A maximum concentration peaks occur at 3
months, which is consistent with the characteristic time derived
from the ratio of the subbase layer porosity on the mean flowrate.
Data spreading probably comes from variations in water residence
time according to the precipitation regime, as discussed in Section
3.2.

3.3.2. Dissolved salt release (Na–K–Cl)
Cl concentration decreases from a maximum value of 4000 mg/L

after 3 months, to 300 mg/L after 2 years, and 100 mg/L after 10
years, as shown in Fig. 3. Chloride is essentially a conservative ele-
ment that is present as dissolved salts (NaCl and KCl) in the initial
pore water of MSWI bottom ash. Not shown in Fig. 3, K and Na
release present a similar trend than Cl. Dissolved salt release is con-
trolled by hydrodynamics, essentially a diffusion process inside the
bottom ash layer combined to a weak lateral flow towards the col-
lection system, as mentioned above. However, the molal ratio Na/Cl
that is initially close to unity increases over time progressively. This
suggests another sources of Na release on the long-term, such as
the slow dissolution of glassy particles.

3.3.3. Evolution of pH
The evolution of leachate pH is partly dependent on the hydro-

dynamics of rainwater infiltration, as discussed for chloride release,
but is also driven by carbonation processes. CO2 input is due to
the gaseous diffusion of atmospheric CO2 into the subbase layer
that is under unsaturated hydric conditions [22]. To a lesser extent,
microbiological respiration may also yield an in situ production of
CO2 [23]. There are three main pH-buffering minerals according
to literature on MSWI bottom ash weathering [17,18]: port-
landite (Ca(OH)2) for fresh unweathered bottom ash with leachate
pH greater than 12, ettringite (Ca6Al2(SO4)3(OH)12:26H2O) for
quenched bottom ash with leachate pH close to 10.5, and calcite
(CaCO3) for carbonated bottom ash with leachate pH close to 8.
Though the amorphous CSH cannot be identified by XRD, it is likely

that these cement-type phases also control the pH in the range
10–11.5 [17,18].

The pH-buffering sequence is illustrated in Fig. 4 by means of a
simple CHESS calculation. A more relevant modeling would require
a reactive transport approach and the present modeling is illustra-
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Fig. 3. Measured pH and element concentrations in leachate of the road section built with MSWI bottom ash.
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Table 3
Saturation indices (SI) calculated with CHESS for a selection of leachate representa-
tive of the successive weathering stages. The figures written in italic indicate that
the mineral is close to equilibrium (−0.5 < SI < 0.5).

∼1 month ∼9 months ∼2 years ∼10 years

pH 12.4 11.4 9.2 7.6

Calcite – – – 0.1
CSH 0.8 −0.6 −0.9 – −5.1
CSH 1.1 0.6 −0.1 – −7.0
CSH 1.8 0.5 −1.8 – −14.2
Portlandite −0.1 −2.4 −7.0 −10.5
Gehlenite −6.4 −7.7 – −17.2
P-wollastonite 1.2 0.7 – −5.7
Quartz −3.5 −1.7 – 0.1
Amorphous Al(OH)3 −3.9 −3.2 −0.3 −0.5
Ettringite 6.3 0.2 −7.4 −16.7
Gibbsite −2.3 −1.6 1.3 1.1
Gypsum −0.9 −1.2 −1.0 −0.6
Cerussite −7.1 −4.9 0.1 −2.1
Litharge −1.9 −2.0 −1.6 −7.5
Pb(OH) (s) −0.1 0.2 0.2 −5.4
ig. 4. Illustration by CHESS modeling of pH evolution in leachate assuming
dm3 of MSWI bottom ash, a temperature of 20 ◦C, a constant input of CO2

30 mmol/dm3/year) and a set of pH-buffering minerals: portlandite (1 wt.%), CSH
2.5 wt.%) and ettringite (5 wt.%).

ive only. One dm3 of MSWI bottom ash is assumed to be slowly
arbonated by CO2 input. A zero order input rate, d[CO2]/dt = k
as considered in CHESS since the diffusion process cannot be
odeled by a geochemical model alone. A mean rate constant k

f 30 mmol/dm3/year approximately fits the measured pH evolu-
ion of leachate reported in Fig. 4. Temperature is fixed to 20 ◦C.

semi-quantitative proportion of pH-buffering minerals for the
nitial bottom ash can be deduced from XRD and batch analyses:
ortlandite (1 wt.%), CSH (2.5 wt.%), ettringite (5 wt.%) and calcite
10 wt.%). During the first months, portlandite dissolution gives a
onstant pH of 12.3 according to the following reaction:

ortlandite + H2CO3 → calcite + 2 H2O (1)

nce portlandite is fully depleted, CSH dissolution and ettringite
issolution give a pH around 10.5 and 9.5, respectively, according
o the following reactions:

SH 1.1 + 0.3 H2CO3 → CSH 0.8 + 0.3 calcite + 0.6 H2O (2)

ttringite + 3 H2CO3 → 3 calcite + 3 gypsum + 2 Al(OH)3(am)

+ 32 H2O (3)

hese two reactions seem to have been active over 2 years in the test
oad. Reaction (3) yields gypsum (CaSO4) and aluminum hydroxide
Al(OH)3) precipitation, whereas calcite is an end-product of the
eactions (1)–(3). On the long-term, calcite buffer the leachate pH
round 8 at the atmospheric CO2 pressure (4 × 10−4 atm) according
o the following reaction:

calcite + H2CO3 → 2 Ca2+ + 2 HCO3
− (4)

n this simple modeling approach, calcite content increases from
0 to 13.5 wt.% as a result of the carbonation of the fresh bottom
sh phases.

Table 3 tabulates the saturation indices (SI) calculated for a
election of representative leachates. Due to uncertainties, leachate
s assumed to be in thermodynamic equilibrium with respect to a
iven mineral if the SI of this mineral ranges between −0.5 and
.5 log unit. A positive SI (over-saturation state) indicates that the
iven mineral may precipitate as a secondary mineral. A nega-
ive SI (under-saturation state) indicates that the given mineral
s not stable with respect to leachate chemistry and may dissolve

t some kinetic rate (provided the mineral is effectively present
n the material). The high pH of the first leachate (pH 12.4) is in
ood agreement with portlandite equilibrium. Once pH drops to
1, leachate becomes under-saturated with respect to portlandite
ut may be in equilibrium with CSH 1.1, a CSH of intermediate Ca/Si
2

Pb2(OH)3Cl −1.1 −0.8 2.0 −8.2
Tenorite 2.1 1.6 1.4 0.2

ratio, as well as with ettringite. At pH 9.5 or below, ettringite is no
more stable but aluminum hydroxides (gibbsite and amorphous
Al(OH)3) are not far from equilibrium. This is in agreement with Eq.
(3). Gypsum is not far from equilibrium in leachate. Calcite remains
in equilibrium with leachate, especially on the long-term when pH
is close to neutrality.

The leachate data are also reported on the stability diagrams
of Al and SO4, calculated with CHESS, in Fig. 5. The experimental
data are not far from the theoretical lines of ettringite, Al(OH)3 and
gypsum solubilities. This is in agreement with the mineralogical
evolution of MSWI bottom ash addressed by Eq. (3): a progres-
sive dissolution of ettringite follows by a precipitation of aluminum
hydroxide and gypsum.

As written above, data spreading is mainly due to the pre-
cipitation regime. However, to a lesser extent, temperature also
have a seasonal effect on pH. According to CHESS modeling, the
pH of a leachate buffered by portlandite (or ettringite) drops by
approximately 0.5 unit when temperature increases from 5 to
20 ◦C.

3.3.4. Release of solubility-controlled major elements
Ca leachate concentration continuously decreases from an ini-

tial maximum value of 1500 mg/L to a mean long-term values of
150 mg/L, as shown in Fig. 3. Though scattered, SO4 concentra-
tions starts from a maximum peak of 400 mg/L, drops to 150 mg/L
in average during the first 3 years and eventually increases to
300 mg/L after 10 years. The initial release of Ca and SO4 is prob-
ably linked to a soluble sulfate salt (anhydrite) dissolved in the
pore water of MSWI bottom ash. Afterwards, Ca and SO4 release
may be solubility-controlled by ettringite, CSH, gypsum and cal-
cite as previously found for leachates of MSWI bottom ash landfill
[18]. As seen in the SO4 stability diagram of Fig. 5, the leachates
are slightly under-saturated with respect to gypsum. This under-
saturation state may again be due to a dilution effect produced by
a preferential rainwater infiltration along the geomembrane (edge
effect).

Not shown in Fig. 3, Si concentration is globally constant over
time and ranges from an initial value of 5 mg/L to a final one of

2 mg/L. Gehlenite (Ca2Al2SiO7), pseudo-wollastonite (CaSiO3) and
quartz are all primary minerals of MSWI bottom ash. Gehlenite
is systematically not stable (under-saturated) with respect to the
leachate, whatever the pH (Table 3). Pseudo-wollastonite is stable
at alkaline pH but unstable at neutral pH. The opposite is true for
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Table 4
Chemistry of leachate collected from the test road (MSWI bottom ash aggregates)
and from the reference road (calcareous aggregates) after 10 years; means, mini-
mum and maximum of 10 data.

MSWI bottom ash Calcareous rock

Mean (min–max) Mean (min–max)

pH 7.3 (6.9–7.6) 7.6 (7.0–8.0)
Conductivity [mS/cm] 1.2 (0.6–0.7) 0.6 (0.4–0.8)
DOC [mg/L] 6.0 (5.2–6.9) – –
Alkalinity [mgHCO3

/L] 115 (98–134) 280 (110–622)

Major [mg/L]
Ca 149 (101–207) 85 (56–127)
Cl 89 (30–225) 5 (4–12)
K 29 (16–50) 7 (3.0–12)
Na 95 (33–199) 5 (3.5–7.5)
SO4 329 (129–511) 25 (10–35)

Metal [mg/L]
Al 0.070 (0027–0.146) 0.021 (0.005–0.048)
Cr 0.007 (<0.001a–0.020) 0.001a (<0.001a–0.002)
Cu 0.177 (0.084–0.250) 0.011 (<0.001a–0.027)
Fe 0.016 (<0.002a–0.032) 0.017 (0.003–0.032)
Pb 0.007 (0.001a–0.021) 0.004 (<0.001a–0.015)
Zn 0.054 (0.021–0.104) 0.023 (0.015–0.057)

a Detection limits.

Fig. 6. Comparison of XRD diagrams of the initial and 10-year-old MSWI bottom
ash samples.
ig. 5. Leachate data reported on the stability diagrams of Al, SO4 and Pb calculated
ith CHESS (T = 20 ◦C, [Al] = 3 × 10−5 mol/L, [Ca] = 2.5 × 10−3 mol/L, [Cl] = 10−2 mol/L

nd [SO4] = 10−3 mol/L).

uartz. At neutral pH, leachate is in equilibrium with quartz and
lightly under-saturated with respect to chalcedony.

.3.5. Release of dissolved organic carbon
As shown in Fig. 3, the release of dissolved organic carbon (DOC)

s similar to the release of dissolved chloride salts. DOC is also
ostly present in the pore water of the MSWI bottom ash. The
OC leachate concentration is about 500 mg/L the first month and

apidly decreases over time to reach a final mean value of 10 mg/L
fter 10 years.

.3.6. Release of Al and heavy metals
There is a clear correlation between DOC and Cu concentrations

n leachate during the first 3 years. This is linked to the strong
omplexation affinity of dissolved organic matter, especially ful-

ic acids, for Cu ions [24]. Cu concentration varies from an initial
alue of 100 mg/L to a mean value of 0.18 mg/L after 10 years, the
ater concentration indicating an equilibrium with tenorite (CuO,
able 3). The temporal evolution of Cu concentrations as well as its
orrelation with DOC concentrations are in good agreement with

Fig. 7. Comparison of total contents in major elements and some heavy metals of
the initial and 10-year-old MSWI bottom ash samples.
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ig. 8. Water content (humidity) of the 10-year-old MSWI bottom ash samples an
amples (surface , middle , and bottom of the subbase layer).

he data obtained by Lidelöw and Lagerkvist on a similar test road
8].

Al leachate concentration starts from a maximum values of
0 mg/L and constantly decreases to a mean long-term value of
.07 mg/L (Fig. 3). Leachate is not far from equilibrium with ettrin-
ite, and from equilibrium with Al(OH)3 at a later stage, as shown
n Fig. 5.

Pb concentration also decreases almost exponentially over time,

rom an initial value of 5 mg/L to a final mean value of 0.007 mg/L.
b release can be correlated to solubility-controlling minerals:
b(OH)2, for pH > 12, and Pb2(OH)3Cl for 10 < pH < 12. Leachate is
nder-saturated with respect to cerussite (PbCO3) and hydrocerus-
ite (Pb3(CO3)2(OH)2) at the neutral pH reached on the long-term.
parison of the batch test results applied to the initial and 10-year-old bottom ash

Co-precipitation with calcite [25], sorption processes [26], or sim-
ply dilution effect may explained such an under-saturation state.
Not shown in Fig. 3, Zn concentration in leachate quickly drops
during the first months from a maximal value of 0.6 mg/L to reach
a mean concentration of 0.05 mg/L over time.

The leachate content in As, Cd and Hg were analyzed during the
first 3 years only. The measured concentrations were below the
detection limits: <0.01 mg/L for As and Cd and <0.001 mg/L for Hg.

Only four data were available for three first years. Cr concentra-
tion was 0.04 mg/L at 1 month then ranged from 0.01 to 0.02 mg/L.
This is not sufficient to draw an evolution with time. However, Cr
concentration does not decrease after 10 years of evolution with a
mean value of about 0.01 mg/L (Table 4).
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.4. In situ MSWI bottom ash evolution

The bitumen cover does not present any major cracks after 10
ears, which involves that no important swelling occurred in the
SWI bottom ash subbase. The XRD diagrams of Fig. 6 do not

how any noticeable difference too, except anhydrite and ettrin-
ite depletion. The increase of calcite yield by carbonation of the
resh bottom ash phases is at maximum of 3.5 wt.% according to the
implified modeling approach of Section 3.3. The related decrease
f the MSWI bottom ash porosity should not significantly mod-
fy the hydraulic properties. Comparison of SEM observations of
he initial and 10-year-old MSWI bottom ashes, which did not
ndicate any evolution of mineralogy and texture, goes in that direc-
ion.

Total element contents of the initial and 10-year-old bottom
shes are within the same orders of magnitude (Fig. 7), which glob-
lly demonstrates a low release of both major elements (Ca, Fe and
i) and heavy metals (Cu, Pb and Zn). This statement was further
nvestigated by batch leaching tests performed on the 10-year-old

SWI bottom ash. The main results are reported in Fig. 8.
The pH values (pH ∼ 11) of the 10-year-old samples are lower

han the pH value (pH ∼ 12.3) obtained for fresh bottom ash in simi-
ar L/S conditions, but are significantly higher than leachate pH after
0 years (pH ∼ 8). The discrepancy between the batch and leachate
H values may be explained by the preferential flow pathways tak-

ng place at the edges of the road from the one hand, and a relative
solation of the bottom ash inside the subbase layer from the other
and. This means that the carbonation process may not be fully
chieved in the subbase bottom ash, even after 10 years. This is in
greement with the Lidelöw and Lagerkvist’s study where carbon-
tion was hampered by the limited infiltration and gas exchange
hrough the compacted bottom ash subbase of a test road [8].

Cl concentrations (∼70 mg/kg) of the 10-year-old bottom ash
alculated from the batch test results are much lower than the ini-
ial value (∼2000 mg/kg). The highest Cl concentration (∼90 mg/kg)
s found directly underneath the bitumen cover and the lowest
∼50 mg/kg) at the bottom of the subbase layer. These results are
ully consistent with a similar investigation performed by Bendz
t al. [9]. The significant decrease of Cl concentration inside the
ottom ash subbase cannot be explained by an advective flow of
ainwater alone because the cumulative flow is too weak. Chloride
ons diffuse inside the subbase bottom ash layer to the geomem-
rane boundaries (bottom and edges) where low preferential flows
ake place.

SO4 release is higher for the 10-year-old samples than for the
SWI initial bottom ash. This may be related to a pH control. In the

H range 10–12.5, the lower the pH, the higher the SO4 concen-
ration (Fig. 5). On the contrary, Cu and Pb releases are lower for
he 10-year-old bottom ash than for the initial sample. This sup-
orts the assumption that the easily leached fractions of Cu and
b are released during the very first years, as discussed in Section
.3.

The profile of water content (humidity) measured on the drilled
ore samples is also reported in Fig. 8. Unsaturated water conditions
revail inside the MSWI bottom ash layer since the water content
anges from 10 to 20 wt.%. Water content increases with depth but
ithout any edge effects.

. Environmental significance
Table 4 presents the leachate data collected from the test road
ection (MSWI bottom ash aggregates) and from the reference road
ection (natural calcareous aggregates) after 10 years. The reference
oad section is useful to characterize the chemical background of
atural aggregates used in road construction as well as the pos-
Materials 172 (2009) 904–913

sible contribution of traffic pollution. The chemical properties of
the two types of leachate are very similar: neutral pH, weakly
mineralized fluids, low concentrations in heavy metals. The SO4
and Cu concentrations are slightly higher in the MSWI bottom
ash leachate. Therefore, there is no relevant release of the mea-
sured toxic metals (Al, Cr, Cu, Pb and Zn) by the MSWI bottom
ash subbase layer after 10 years at the Hérouville site. In addi-
tion, the leachate content in As, Cd and Hg that were analyzed
during the first 3 years only were below the detection limits. Nev-
ertheless, this potentially low environmental impact have to be
balanced by the fact that (i) metallic Al was removed from the
fresh MSWI bottom ash (Al release could have been different oth-
erwise) and (ii) the leaching of oxyanions that were not measured
in this study (e.g. Sb) may increase as pH drops during carbonation
[27,28].

One problematic environmental issue may correspond to the
maximum concentration peak measured in leachate during the first
3 months following the road construction, in particular high Al, Cu
and Pb concentrations of 5, 10 and 5 mg/L, respectively. However,
the potential environmental impact should be weak and localized
over such a short period. Metal fluxes, the product of concentra-
tion by water flow, are indeed restricted by the infiltration flow,
which is basically low due to the bitumen cover protection and
impermeability.

An additional environmental concern is the relative stability
of MSWI bottom ash inside the subbase layer demonstrated by
both the mineralogical observations and batch tests. In particular,
carbonation processes, which are known to decrease the aggres-
siveness of such alkaline materials (e.g. [29]), may be far to be
completed and still in progress after 10 years.

5. Conclusions

The leachate pH and concentrations in major elements (Ca, Na
and Cl) as well as in Al and the measured heavy metals (Cu, Pb and
Zn) quickly drop during the first 2 years to asymptotically reach a
set of minimum values over 10 years; which are similar to those
of a reference road built with natural calcareous aggregates. For
instance, Cl release after 10 years is about 40 times as small as
initially. SO4 release makes exception with a slightly increasing
trend over time. There is no relevant release of Al, Cr, Cu, Pb and Zn
from the MSWI bottom ash layer after 10 years at Hérouville site.
Beside the potential increase of oxyanion release while pH drops, a
problematic environmental issue may correspond to the maximum
concentration peak measured during the first 3 months follow-
ing the road construction. However, the potential environmental
impact should be weak over this period because the bitumen cover
protection and impermeability prevent any significant leachate
flow.

It can be assumed that carbonation induced by CO2 atmospheric
inputs, which leads to the successive dissolution of portlandite,
CSH and ettringite, is the main phenomenon responsible for the
geochemical evolution of leachate. On the other hand, mineralogi-
cal observations and batch tests demonstrate a relative stability of
the MSWI bottom ash inside the subbase layer. In particular, car-
bonation may be far to be completed and still in progress after 10
years. A relatively short hydraulic response of leachate production
to a rain event, as well as the discrepancy between the leachate pH
and batch test pH data clearly indicate that preferential flow and
dilution effects take place at the road edges in combination to dif-
fusion processes inside the subbase layer. The generalization of the

environmental significances raised by this field study, and the few
other similar ones published in literature, requires comparing the
leachate quality and production of the different pilot sites. Work
along these lines is in progress by means of a reactive transport
modeling of MSWI bottom ash evolution.



rdous

A

g
l
d

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[28] J. Hyks, T. Astrup, T.H. Christensen, Long-term leaching from MSWI air-
D. Dabo et al. / Journal of Haza

cknowledgements

The constructive comments of three anonymous reviewers are
ratefully acknowledged and one of the authors thanks his col-
eagues, Sabine Liorzou and Médard Thiry from Ecole des Mines
e Paris, for leachate sampling and analyses.

eferences

[1] D.S. Kosson, H.A. van der Sloot, T.T. Eighmy, An approach for estimation of
contaminant release during utilization and disposal of municipal waste com-
bustion residues, J. Hazard. Mater. 47 (1996) 43–75.

[2] H.A. van der Sloot, D.S. Kosson, O. Hjelmar, Characteristics, treatment and
utilization of residues from municipal waste incineration, Waste Manage. 21
(2001) 753–756.

[3] AGHTM, Politique de gestion des déchets en France: etat de l’art de
l’incinération (in French), Tech. Sci. Méthodes 9 (1994) 475–510.

[4] D. Guyonnet, F. Bodénan, G. Brons-Laot, A. Burnol, L. Chateau, M. Crest, J. Méhu,
P. Moszkowicz, P. Piantone, Multiple-scale dynamic leaching of a municipal
solid waste incineration ash, Waste Manage. 28 (2008) 1963–1976.

[5] M. Wehrer, K.U. Totsche, Effective rates of heavy metal release from alkaline
wastes — Quantified by column outflow experiments and inverse simulations,
J. Contam. Hydrol. 101 (2008) 53–66.

[6] A. Åberg, J. Kumpiene, H. Ecke, Evaluation and prediction of emissions from a
road built with bottom ash from municipal solid waste incineration (MSWI),
Sci. Total Environ. 355 (2006) 1–12.

[7] M. Legret, D. François, A. Jullien, J.P. Kerzreho, E. Vernus, J.M. Balay, L. Chateau,
Etude CAREX: Retour d’expérience sur le Comportement Mécanique et Envi-
ronnemental d’ouvrages et de Plots Routiers Instrumentés. Techical Rep. no.
0372C0006 (in French), Laboratoire Central des Ponts et Chaussées, France,
2005.

[8] S. Lidelöw, A. Lagerkvist, Evaluation of leachate emissions from crushed rock
and municipal solid waste incineration bottom ash used in road construction,
Waste Manage. 27 (2006) 1356–1365.

[9] D. Bendtz, P. lyhammar, M. Arm, M. Lyth, K. Sjöstrand, WestbergF G., The accu-
mulated effects of long-term leaching of MSW bottom ash in a sub-base layer
in a test road, in: WASCON 2006 Proceedings, Belgrade (Serbia), 2006, pp.
791–802.

10] O. Hjelmar, J. Holm, K. Crillesen, Utilisation of MSWI bottom ash as subbase in
road construction: first results from a large-scale test site, J. Hazard. Mater. 139
(2007) 471–480.

11] M. Destombes, M. Aussedat, A. Bauduin, J. Vecoven, P. Cochet, A. Darrigrand, I.
Drouadaine, P. Fourmont, B. Huvelin, J. Lacrose, R. Morgades, P. Perdereau, G.
Perrin, J. Poutoux, J. Tavenot, Guide Technique pour L’utilisation des Matériaux

Régionaux d’Ile-de-France—Catalogue des Structure des Chausses. Technical
Rep. (in French), Laboratoire Régional de l’Ouest Parisien, France, 2003.

12] I. Drouadaine, R. Badreddine, Valorisation des MIOM en technique routière:
évaluation de leur impact sur l’environnement par la réalisation d’une chaussée
expérimentale, Déchets (in French), Rev. Francophone L’écol. Ind. 32 (2003)
32–38.

[

Materials 172 (2009) 904–913 913

13] Standard XP-X 31-210, Déchets: Essai de Lixiviation, Association Française de
Normalisation (AFNOR), 1998.

14] J. van der Lee, L. De Windt, CHESS Tutorial and Cookbook, Updated for Version
3.0, Technical Rep. LHM/RD/02/13, Ecole des Mines de Paris, Fontainebleau,
France, 2002.

15] J.D. Allison, D.S. Brown, K.J. Novo-Gradac, MINTEQA2/PRODEF2, A Geochemical
Assessment Model for Environmental Systems: Version 3. 0 User’s Manual, U.S.
Environ. Prot. Agency, Athens, USA, 1990.

16] L. De Windt, R. Badreddine, Modelling of long-term dynamic leaching tests
applied to solidified/stabilised waste, Waste Manage. 27 (2007) 1638–1647.

17] C. Speiser, T. Baumann, R. Niessner, Morphological and chemical characteri-
zation of calcium-hydrate phases formed in alteration processes of deposited
municipal solid waste incinerator bottom ash, Environ. Sci. Technol. 34 (2000)
5030–5037.

18] C.A. Johnson, M. Kaeppeli, S. Brandenberger, A. Ulrich, W. Baumann, Hydro-
logical and geochemical factors affecting leachate composition in municipal
solid waste incinerator bottom ash. Part II. The geochemistry of leachate from
Landfill Lostorf, Switzerland, J. Contam. Hydrol. 40 (1999) 239–259.

19] S.M. Jeong, M. Osako, Y.J. Kim, Utilizing a database to interpret leaching char-
acteristics of lead from bottom ash of municipal solid waste of incinerators,
Waste Manage. 25 (2005) 694–701.

20] J.A. Meima, R.N.J. Comans, The leaching of trace elements from municipal solid
waste incinerator bottom ash at different stages of weathering, Appl. Geochem.
14 (1999) 159–171.

21] D.S. Apul, K.H. Gardner, T.T. Eighmy, Modeling hydrology and reactive transport
in roads: the effect of cracks, the edge, and contaminant properties, Waste
Manage. 27 (2007) 1465–1475.

22] C. Fléhoc, J.P. Girard, P. Piantone, F. Bodénan, Stable isotope evidence for the
atmospheric origin of CO2 involved in carbonation of MSWI bottom ash, Appl.
Geochem. 21 (2006) 2037–2048.

23] E. Rendek, G. Ducom, P. Germain, Influence of organic matter on munici-
pal solid waste incinerator bottom ash carbonation, Chemosphere 64 (2006)
1212–1218.

24] A. Van Zoemeren, R.N.J. Comans, Contribution of natural organic matter to cop-
per leaching from municipal solid waste incinerator bottom ash, Environ. Sci.
Technol. 38 (2004) 3927–3932.

25] P. Piantone, F. Bodénan, L. Chatelet-Snidaro, Mineralogical study of secondary
mineral phases from weathered MSWI bottom ash: implications for the mod-
elling and trapping of heavy metals, Appl. Geochem. 19 (2004) 1891–1904.

26] S.Y. Kim, N. Tanaka, T. Matsuto, Solubility and adsorption characteristics of Pb
in leachate from MSW incinerator bottom ash, Waste Manage. Res. 20 (2002)
373–381.

27] G. Cornelis, T. Van Gerven, C. Vandecasteele, Antimony leaching from uncar-
bonated and carbonated MSWI bottom ash, J. Hazard. Mater. 137 (2006)
1284–1292.
pollution-control residues: leaching characterization and modeling, J. Hazard.
Mater. 162 (2009) 80–91.

29] T. Van Gerven, E. van Keer, S. Arickx, M. Jaspers, G. Wauters, C. Vandecasteele,
Carbonation of MSWI bottom ash to decrease heavy metal leaching, in view of
recycling, Waste Manage. 25 (2005) 291–300.


	Ten-year chemical evolution of leachate and municipal solid waste incineration bottom ash used in a test road site
	Introduction
	Field site and methods
	Test road properties and materials
	Description of the test road
	MSWI bottom ash

	Field monitoring and sampling
	Leachate monitoring
	Sampling of MSWI bottom ash from the road subbase layer

	Chemical and mineralogical analyses
	Batch leaching tests
	Solid-phase analysis

	Interpretation by geochemical code

	Results and discussion
	Mineralogical and chemical properties of the initial MSWI bottom ash
	Rainwater infiltration
	Evolution of leachate chemistry over time
	General trend
	Dissolved salt release (Na-K-Cl)
	Evolution of pH
	Release of solubility-controlled major elements
	Release of dissolved organic carbon
	Release of Al and heavy metals

	In situ MSWI bottom ash evolution

	Environmental significance
	Conclusions
	Acknowledgements
	References


