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a LIPE, National Institute of Applied Sciences of Toulouse, 135 av. de Rangueil, F-31077 Toulouse Cedex, France
b LAEPSI, National Institute of Applied Sciences of Lyon, 69621 Villeurbanne Cedex, France

c POLDEN, INSAVALOR, BP 2132, 69603 Villeurbanne Cedex, France

Received 13 February 2006; received in revised form 4 April 2006; accepted 11 April 2006
Available online 29 April 2006

bstract

Peer experimental–modelling tools were developed and applied in the case of coal fly ashes with the aim to assess the leaching behaviour of
sh compacted layers in a use scenario. Laboratory-scale (dissolution kinetics, ANC test, column percolation) and field pilot experimental studies
release monitoring during 18 month, hydrodynamic study, ANC on 44 month leached waste) were performed in order to identify and quantify the
ain transport phenomena and chemical processes.
A quantitative geochemical model was developed taking into account equilibrium chemical reactions as well as kinetic processes for silicate

hases like albite, K-feldspar and Ca-olivine. Phases like BaHAsO4 and a solid solution BaxSr1−x(SO4)y(CrO4)1−y were proposed to explain the
omplex leaching behaviour of As, Cr, Ba, S; the soluble CaMoO4 seems to control the Mo concentration. At neutral and acid pH, the model of
urface complexation on ferric hydroxides was added for describing the behaviour of As, Cr, and Mo.

At each scale the dynamic processes were identified and quantified by modelling. During the first contact with water an equilibration time of
bout 10 days was identified and then considered in all other laboratory experiments (ANC, column percolation). The hydrodynamic properties
f compacted fly ashes were identified: a high water retention capacity (97% of the pores are still filled after draining under normal pressure), a
ow regime close to plug type, a low fraction of stagnant zones (<0.03%). The scenario factors like carbonation and rainfall play an important role
n the leaching behaviour at field scale. The carbonation diminishes the leachate pH from 11 to 8.5. The alternation of rain periods determines an
pparent batch behaviour which slows down the outflow of the initial soluble fraction in pore water, if compared with the laboratory percolation

olumn.

The coupled geochemical–transport model was validated by comparison of the simulation results on ANC data obtained on the waste after 44
onths of leaching under natural conditions.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Thermal process residues such as coal fly ashes are produced
orld-wide in ever increasing quantities. They are a potentially
arketable secondary material [1], which can be reused for

xample in road construction. However, giving the waste chemi-

al composition, this use may cause environmental impacts over
he lifetime of the work, particularly could adversely affect the
roundwater quality. No studies are known related to the envi-
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onmental risk or impacts complete assessment for such reuse
cenarios [1]. The main challenge of environmental studies of
esidues is the prediction of pollutant long-term release usu-
lly described by a leaching model. To develop such model,
xtensive leaching programs in laboratory followed by field site
erification are decisive. It is also accepted that the behaviour
f a material depends on its intrinsic physico-chemical prop-
rties but also on external factors, specific to the scenario of
se or storage. A methodology, the European standard ENV

2920 [2], was developed in order to characterise the behaviour
f wastes-materials in such scenarios. This methodology is cen-
red on laboratory tests and behavioural models describing the
ollutant release. One of the major problems in the application

mailto:Ligia.barna@insa-toulouse.fr
dx.doi.org/10.1016/j.jhazmat.2006.04.039
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Fig. 1. Conceptual schem

f different experimental and modelling tools is the time scale
nd space scale extrapolation, in other words the consideration
f the appropriate physico-chemical phenomena at different lev-
ls in order to accurately interpret the experimental data and/or
o develop high-performance models. In the case of mineral
astes, the experimental tools mostly used with ENV12920 are

aboratory leaching tests as acid neutralisation capacity (ANC),
ercolation in saturated column, monolith leaching, etc. The
uration of all current laboratory tests varies from 48 h [3] to 2
r 3 months and the solid/liquid system is considered governed
y instantaneous chemical reactions, hypothesis implying erro-
eous interpretation of test data. In the case of evolving systems
ike those characterised by slow reactions (typically solid/liquid
ystems), the experimental results have to by carefully inter-
reted and the extrapolation to longer periods requires knowl-
dge about the material weathering dynamics. Other dynamic
actors involved in the leaching process are the mass trans-
ort phenomena, i.e. diffusion and convective transport. The
onvective transport depends on the laboratory apparatus and
xperimental protocol used as well as on the scenario factors
nd parameters (granular material compaction, porous system,
ork geometry, water flow direction and local velocity, flow
iscontinuities, etc.). The convection process flushes out matter
rom the system and influences the reaction paths in an evolv-
ng chemical context as well as the mass transfers at solid/liquid
nterfaces. As a consequence, the transport phenomena have to
e characterised and taken into account in the leaching model
t each level and for each application case, simple extrapolation
rom a case or scale to another being not obvious.

The objectives of this paper are: (1) to propose a study
ethodology and to develop peer experimental–modelling tools

nd apply in the case of compacted coal fly ashes; (2) to quan-
ify the different chemical and transport processes at different
pace and time scales; (3) to identify those of the mechanisms
ontrolling the pollutant release in a real scenario.

The methodology designed and applied in this study is based
n laboratory and field experiments and on modelling, as the
ig. 1 shows. Laboratory leaching tests (dissolution kinetics,
NC, column percolation) were performed on fresh fly ash

n order to identify the chemical reactions and the reaction

inetics in the fly ash–water system, to develop a mineralog-
cal model and to identify the main transport mechanisms. A
oupled geochemical–transport model was developed on the
asis of lab-scale experimental results. A large-scale demon-

2

m
c

the study methodology.

tration site (lysimeter of compacted fly ashes) has been con-
tructed and monitored for chemical element release during 18
onths. Additional hydrodynamic studies allowed the charac-

erisation of the transport processes on field and to adapt the
eochemical–transport leaching model at field scale. ANC test
as also performed on field samples after 44 months of leaching
nder natural conditions and the results were used for compari-
on and validation of the geochemical–transport model.

. Materials and methods

.1. Waste characterisation

A fresh, pulverised fly ash collected from a French coal fired
ower plant was used in this study. X-ray diffraction analysis
as performed to obtain information on the bulk mineralogical

omposition. The total concentration of elements in the waste
as determined by acid mineralization (HNO3 + HCl) of the

amples and analysis of eluates.

.2. Analytical methods

After filtration the eluates were acidified at pH 2 with HNO3
olution (65%) and then analysed for cations by Inductively Cou-
led Plasma Atomic Emission Spectroscopy (ICP-AES, Jobin
von Ultima 2). Anions like SO4

2−, Cl−, Br− were analysed
y ion-chromatography (Dionex IC25). The standard deviation
f analytical results expressed as concentrations is less than 5%.

.3. Leaching behaviour assessment

.3.1. Dissolution kinetics
The evolution of the solid–liquid system for short periods

as assessed by a kinetic experimental study. Several samples
ontaining quantities of ash and water corresponding to two L/S
alues (1 and 10) were stirred in closed polyethylene flasks, at
oom temperature. The liquid phases were analysed after fil-
ration on 0.45 �m membrane filter at different times up to 60
ays.
.3.2. ANC test
The acid neutralisation capacity test was based on the

ethodology of the European standard prEN14429 [3]. It was
arried out by mixing 150 mL of water containing various
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mounts of HNO3 with 15 g of ash in order to obtain a series of
batches with pH values ranging from natural pH to about 4.
fter equilibration and stirring for 10 days (equilibration time
etermined in the kinetic study) at room temperature, the solid
esidue was separated by filtration using a membrane filter of
.45 �m. The pH and the concentrations of the leached compo-
ents in the eluates were measured.

.3.3. CGLT test
The compact granular leaching test was performed in order

o determine the diffusion coefficient in a compacted layer of fly
sh, in the absence of a convective water flow. The assay was
nspired from the Dutch standard NVN-7347 [4]. The fly ash
as compacted in a polyethylene batch by tamping successive

ayers with a rammer in order to obtain a homogenous porosity.
he liquid/surface ratio was maintained at 10 cm3/cm2 and the

eaching solution renewal (demineralised water) was performed
t 6 h, 18 h, 1, 2, 5, 7, 20 and 28 days. The concentrations of
oluble elements, i.e. Na+ and K+, were used to estimate the
iffusion coefficient in the porous system by modelling.

.3.4. Column assays
The column test was based on the methodology of char-

cterisation of leaching behaviour (percolation test) known as
uropean standard prEN14405 [5]. A 40 cm height and 9.4 cm
iameter column was used. It was equipped with filters at the
nlet and outlet. A quantity of 3.2 kg of moistened ash (16%
umidity) was added to column in layers of a few cm and
acked up to a height of 30 cm, resulting in dry bulk density of
.29 g/mL. The column was first saturated with demineralised
ater and kept for 10 days to equilibrate the system. The water

ccessible pore volume V0 was determined by the weight differ-
nces between the dry column and the water-saturated column.
he corresponding porosity was ε = 0.32. When equilibrium was
ssumed to be reached in the column, demineralised water was
assed upwards through the compacted ash at 0.7 mL/min. The
eachate containing eluted constituents, generated during 60
ays (corresponding to L/S = 20 mL/g), was periodically anal-
sed for the pH and the species concentrations.

At the end of the leaching experiments, the hydrodynamic
arameters of the column were determined by tracer experiments
sing a 40 mmol/L LiBr solution. LiBr was chosen for the tracer
xperiment because Li and Br were not detected in the initial
y ash. In addition Br− was assumed to behave like a chemical

nert tracer (no reaction with the solid matrix). A volume of
V0 of LiBr solution was passed through the column followed
y distilled water (Q = 5.11 mL/min) until total elution of Br−.
he outlet Br− concentration versus time was used to model the
olumn hydrodynamic behaviour.

.4. Field pilot

.4.1. Pollutant release

A lysimeter which simulates a coal fly ash embankment was

onstructed on the EEDEMS platform (www.eedems.com) with
he aim to measure the pollutant flows generated by ashes under
eal natural exposure conditions. The lysimeter measured 40 m2

t
a
t

Fig. 2. Field pilot scheme.

f surface and 50 cm of height (Fig. 2). A polyethylene film
andwiched between two geo-textiles protective against punch-
ng was posed underneath and covered also the lateral sides of
he lysimeter. A drain (11 cm diameter) was laid out on the lon-
itudinal axis and covered with 20 cm of washed gravels for
rainage layer. A rammer was used to tamped ashes in two lay-
rs of 25 cm height; the apparent density of the compacted ash
as estimated at 1.2. The lysimeter upper surface was covered
ith a geo-textile maintained with a washed gravels layer. The

ysimeter surface was tilted 5% for leading the runoff waters
o a collecting gutter. The percolation waters (discharged via
rains and discharge pipe) and runoff waters were collected in
olyethylene barrels whose contents periodically was measured
nd sampled for analysis during 18 months.

.4.2. Hydrodynamic study
After 44 months the pilot was dismantled. In order to under-

tand the water movement in the compacted fly ash layer a
ydrodynamic study was performed in laboratory on a carrot
aken from the site. A steel cylinder of 20 cm of diameter and
0 cm high was used to take a sample over the whole thickness of
he compacted ash layer (50 cm height). The experimental set-
p used for the hydrodynamic study of this pilot column was
he same as for the laboratory percolation column. An injection
evice was placed at the top of the cylinder in order to uniformly
istribute the water in drops over the whole inlet surface and to
imulate the rain. Artificial rain periods on alternate with dry
eriods were scheduled and the outlet flows were monitored in
ime. In the case of water sheet accumulated at the top of the pilot
olumn the outlet flow was maximal and equal to 1.2 mL/min.
ore, in the case of stationary water flows, LiBr tracer was

njected in the rain water in order to estimate the hydrodynamic
ispersion in the pilot column.

.4.3. ANC test applied to field leached waste
Samples taken from the site at 44 months were submitted

o ANC test following the same protocol described in Section
.3.2.

. Modelling approach and principles
The main phenomena involved in the leaching process are
he chemical reactions and the transport processes, i.e. diffusion
nd convection–dispersion. The identification of their nature and
he quantification of these processes require a modelling step.

http://www.eedems.com/
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4. Results and discussions
L. Tiruta-Barna et al. / Journal of Haz

ach experimental assay performed in this study brought spe-
ific information about the species release mechanism and was
reated by an appropriate modelling.

.1. Diffusion coefficient determination

The one-dimensional diffusion equation with the boundary
onditions below was applied to describe the ion transport in the
orous system of the compacted fly ash:

∂c

∂t
= Da

∂2c

∂x2 ;
∂c

∂x

∣∣∣∣
x=0

= 0;

Da
∂c

∂x

∣∣∣∣
x=h

= kSL(c′ − c|x=h) (1)

here c is the concentration in the pore water, c′ the concentra-
ion in the leachate, x the spatial coordinate, t the time coordinate,

a the apparent diffusion coefficient, ε the porosity, kSL is the
ass transfer coefficient between the eluate and the pore water

t the surface of the compacted layer. The balance equation of a
iven element in the leachate is given by:

dc′

dt
= −1 − E

E
askSL(c′ − c|x=h);

= Vleachate

Vleachate + Vcompacted material
; as = Acompacted material

Vleachate
(2)

s specific surface area of the compacted material, E the leachate
olume fraction, V the volume and A the surface. The mass
ransfer coefficient kSL is considered non-limitative for the mass
ransfer between the compacted material and the leachate. Con-
equently its numeric value was set to a high enough value
etermined by simulation.

Eqs. (1) and (2) are applied in the case of elements like Na+

nd K+ coming from soluble salts (halite, sylvie) initially dis-
olved in the pore water. The diffusion coefficients of Na+ and
+ were determined by fitting the diffusion model to the exper-

mental data (concentrations in the leachate) obtained by the
GLT test.

.2. Column hydrodynamics identification

The coupled geochemical–transport modelling of the per-
olation process requires the knowledge of the hydrodynamic
egime characterised by the dispersivity and the occurrence of
tagnant zones. The transport of the aqueous solution in the
olumn is convective–dispersive with a constant flow rate Q.
he one-dimensional flow regime can be modelled by a series
f N identical open continuous stirred tank reactors (CSTR).
he CSTR-series model and the advection–dispersion model
ommonly used in hydrology give equivalent results [6–8]. The
pplication of a CSTR model has some advantages for the res-

lution of the system of partially differential equations which
ecomes ODE-type. The dispersivity of the porous medium of
ength L is then characterized by the number of tank reactors
n the series, N, which value is determined by a tracer response

o
a

Fig. 3. Convective–dispersive flow model with stagnant zones.

tudy:

= L

2(N − 1)
(3)

The model of convective–dispersive flow with stagnant zones
s presented in Fig. 3. Each reactor j representing the mobile zone
f the column exchanges mater with a stagnant zone with a flow
efined by βQ with β < 1.

The balance equations in the mobile and stagnant zones are,
espectively:

dCj

dt
= N

fτ
(Cj−1 − Cj) − 1 − f

f
Ef(Cj − Cjs) (4)

dCjs

dt
= Ef(Cj − Cjs) (5)

f = βN

τ(1 − f )
(6)

here C and Cs are the concentrations of a given species in the
obile and stagnant zones, respectively, f the volume fraction

f the mobile zone, β the exchange flow fraction, τ the theoret-
cal residence time (V0/Q), Ef the global exchange factor. The
nknown parameters are: the dispersivity α, the mobile liquid
raction f and the exchange factor Ef. They can be estimated
y tracer experiments and fitting the model to the experimen-
al data (tracer concentration at the column outlet). The model
as applied to both hydrodynamic experiments performed on

he laboratory percolation column and on the pilot column.

.3. Geochemical modelling

The geochemical modelling was performed with PHREEQC
v2.10) [9] and the MINTEQ thermodynamic data base. Litera-
ure information about the fly ash mineralogical composition, the
lemental total content and the equilibrium experimental results
btained in ANC test were used to build a solid phase model of
he fly ash. The mineralogical model and the transport modelling
esults were both used in PHREEQC to simulate the percolation
olumn experiment and the leaching process on the field pilot.
The experimental results were used in the modelling step in
rder to determine the main physical and chemical parameters
nd to explain and assess the leaching behaviour.
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Table 1
Elemental composition of the fly ash

Major oxide content (%) Minor element content (mg/kg)

SO3 0.25 As 50 Ni 115
SiO2 57 Ba 1700 Pb 63
Al2O3 28.5 Be 7 Sn <1
Fe2O3 6.3 Cd <1 Sr 870
TiO2 1.1 Co 46 Tl 11
CaO 1.7 Cr 220 V 360
MgO 1.7 Cr(VI) 3 Zn 146
K 140
N 0.4
P 515
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2O 4.3 Cu
a2O 0.5 Hg

2O5 0.4 Mn

.1. Waste characterisation

The elemental composition of the studied fly ash is sum-
arised in Table 1. The major oxide content confirms the

lumino-silicate nature of the waste. Among the potential pollu-
ants, Cr is one of the most abundant and consequently is always
etected in the leachates (a soluble fraction being available for
eaching). By X-ray analysis were detected as major phases:
uartz (SiO2), mullite (2SiO2·3Al2O3) and periclase (MgO).

.2. CGLT and the diffusion coefficient

The results of the CGLT test expressed as ion (Na+, K+)
oncentration in the leachate were used to model the diffusion
ransport in the porous system as explained in Section 3.1. The
xperimental and simulated flux of Na+ is shown in Fig. 4. For
a+ and K+ the diffusion coefficients are similar and equal to
× 10−10 m2/s.
.3. Dissolution kinetics

The kinetic study results (Fig. 5) show that the solid/liquid
ystem evolves for the first 10 days. A concentration plateau is

t
c
c
d

Fig. 5. Dissolution kinetics for several elements an
Fig. 4. CGLT experimental and simulated flux of Na+.

bserved for longer periods. In the experimental conditions char-
cterized by a first contact of the material with water, a closed
solated system and a short time scale, the system was supposed
t equilibrium after 10 days. These results do not exclude the pos-
ibility of slow dissolution reactions. It is important to underline
hat the material releases an important soluble fraction during
he first contact with water. This process can hide or slowdown

+
ertain chemical reactions (for example the initial high Na con-
entration resulting from halite dissolution slowdown the albite
issolution).

d pH evolution in batch system for two L/S.
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.4. ANC and geochemical modelling applied to fresh fly
sh

The geochemical model is based on literature information
oncerning the mineralogical composition of alumino-silicate
ype fly ashes and on the leaching test data.

The majority of coal fly ashes of thermal processes stud-
ed by various authors [10–16] are composed of the follow-
ng crystalline phases: quartz (SiO2), mullite (Al6Si2O13),
ematite (Fe2O3), magnetite (Fe3O4), K-feldspar (KAlSi3O8)
nd Na-feldspar (NaAlSi3O8), lime (CaO), anhydrite (CaSO4).
ther crystalline phases were highlighted by [16]: gehlen-

te (2CaO·Al2O3·SiO2), akermanite (2CaO·MgO·2SiO2), anor-
hite (CaO·Al2O3·SiO2), calcium-aluminate (CaO·Al2O3),
ricalcium-aluminate (Ca3Al2O6). Secondary minerals can be
btained after hydration of ashes, among these minerals can
e quoted [17]: portlandite (Ca(OH)2), calcite (CaCO3), gyp-
um (CaSO4·2H2O), ettringite (Ca6Al2(SO4)3(OH)12·26H2O),
rucite (Mg(OH)2). Several authors [18–22] affirmed that the
eaching of Al is controlled by amorphous Al(OH)3 for pH rang-
ng between 6 and 9, by gibbsite (Al(OH)3(c)) for pH higher than
. Silicon concentration is governed by the solubility of quartz
SiO2) at pH lower than 10 and by the solubility of wairakite
CaAl2Si4O12·2H2O) at higher pH. Concerning the trace ele-
ents the literature is very poor in mineralogical experimental

ata. On the other hand several hypotheses are given as for their
olid speciation. Some of these hypotheses are mentioned below.

The leaching of Cr(VI) can be due to BaCrO4 and Ba(S,
r)O4 [23]. A solid solution like Ba(S, Cr)O4 can control the

eaching of Cr [18,24]. According to [19] Cr in leachates can
e in equilibrium with amorphous or crystalline Cr(OH)3. The
race elements such as Cr and As can be associated to iron oxides
nd alumino-silicates [12]. Ba3(AsO4)2 is the phase suggested
ontrolling the solubility of As(V) [25]. Powellite (CaMoO4)
ppeared to control the Mo concentration in extracts with hot
ater [20]. MoO4

2− forms complexes on iron hydroxide surface
s was stated by [26] in the case of municipal solid waste inciner-
tor bottom ashes. The control of the As, Mo, V concentrations
as supposed to be due to adsorption/desorption reactions [19].
he leaching of Ba and Sr from fly ash lysimeters is rather con-

rolled by a solid solution (Ba, Sr)SO4 than by solid phases
ike BaSO4 or SrSO4 [18]. In the presence of barite (BaSO4),
hromate ion adsorbs with co-precipitation forming solid solu-
ions Ba(S, Cr)O4 with different S/Cr proportions [27]. Such
olid solutions can explain for example the leaching of Cr and
a from steel slag [28]. In conclusion, it is expected that Ba2+,
r2+, CrO4

2− and SO4
2− exist as complex solid solutions in the

y ash or neo-form solid solutions further to contact with water.
t is obvious that the trace element speciation and behaviour is
till not fully elucidated.

The ANC test results were used to develop the mineralogical
odel. The nature of certain solid phases can be identified from

he saturation indexes SI calculated for the experimental compo-

ition of the solution. Based on the SI results and on the literature
ineralogical information a solid model was proposed to simu-

ate the fly ash/demineralised water system. Then the simulation
f the other test samples in which acid or base was added per-

d
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s Materials B137 (2006) 1466–1478 1471

itted to fit the mineralogical model and to semi-quantify the
olid phases. The model is based on several hypotheses exposed
elow.

In the first step of the modelling approach the mineralogical
odel takes into account phases dissolving relatively rapidly

in less than 10 days). A second modelling step will take into
ccount other test results and mechanisms as explained in Sec-
ion 4.5.

In the case of metals susceptible to precipitate as hydroxides
n the experimental conditions, the most soluble hydroxide was
hosen from the data base, accordingly with the priority rule of
stwald [29]. Some solid phases can dissolve but not precipitate

case of high temperature formed silicates, oxides).
Na and K released in ANC test are supposed to come from sol-

ble phases like halite (NaCl) and sylvite (KCl) because their
oncentrations are independent of pH (Fig. 6) and relatively
mportant. At the same time, the concentration of Cl solubilised
as of the same order of magnitude as the Na and K concentra-

ion. The major elements Al and Si are contained in alumino-
ilicates and silicates incorporating also Ca, Mg, Na, K and
ther trace elements. Most of these phases have a low solubility
nd/or very slow dissolution kinetics. However, a more reac-
ive hydrated calcium silicate as okenite (CaSi2O4(OH)2·H2O)
s necessary in the model to account for the buffer capacity of
he material. The natural pH of the material is 10.7 (for the
xperimental conditions L/S = 10 mL/g). A slightly carbonation
f the material is possible. At the natural pH of the material
he calcite (CaCO3) is stable. These Ca-containing phases were
uantified by fitting the model to the ANC (pH–mmol H+) curve
Fig. 5) and to the Ca concentration–pH curve. A soluble fraction
oming from a small quantity of gypsum (CaSO4·2H2O) can
xplain the pH-independent concentration of SO4

2− (Fig. 6).
ypsum quantity was estimated from the sulphate concentra-

ion. The SI calculation indicated the following phases being in
near equilibrium state with the leachate: brucite (Mg(OH)2)
I = −0.5, gibbsite (Al(OH)3(c)) SI = 0.01. The periclase (MgO)
etected in the material hydrates to brucite (Mg(OH)2); its
uantity was fitted to the Mg concentration–pH curve (cor-
esponding to the maximum Mg concentration). The gibbsite
uantity can be estimated by fitting to the ANC curve in the pH 4
one.

Concerning the target pollutants, Cr, As, Mo, several reac-
ion types are possible in the context of fly ash–water systems.
he elemental analysis of the waste points out that only a small

raction of Cr exists in (VI) valence state. The most quantity
ay behaves as Cr(III) oxides heaving a very low solubil-

ty. The Cr(VI) solid fraction, formed by slow oxidation of
r(III) species, seems to be responsible of the chromium dis-

olution by leaching. A relatively soluble phase, BaCrO4, was
onsidered.

Arsenic behaves mostly as arsenates AsO4
3− in the redox

ontext of the waste in contact with atmospheric oxygen. The SI
alculation indicated the most plausible phases (limited to the

ata base used) for the trace elements: barite (BaSO4) SI = 0.3,
aHAsO4·H2O SI = 0.08, CaMoO4 SI = −0.9. BaHAsO4·H2O
nd CaMoO4 were retained for As and Mo speciation; the max-
mum quantity of As and Mo dissolved in the ANC test was
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Fig. 6. ANC experime

onsidered to estimate the solid phase quantity. Concerning
arite, simulation assays performed further for the percolation
est showed that the more suitable is to consider a solid solution
ontaining Ba2+, Sr2+, SO4

2− and CrO4
2− instead barite. The

easons will be explained in Section 4.5.
A surface complexation model was added in order to explain

he behaviour of As, Cr and Mo at neutral and acidic pH. The dif-
use layer model implemented in PHREEQC and the complex-
tion constants of Dzombak and Morel supplied with MINTEQ
atabase were used. According to [30] the sorption surfaces
n amorphous ferric hydroxide are of two types, i.e. high-

apacity/low-affinity and low-capacity/high-affinity, and heave
site density of 0.2 mol/mol Fe and 0.005 mol/mol Fe, respec-

ively. In the geochemical model, the ferrihydrite (Fe(OH)3)
urface was equilibrated with the global mineralogical assem-

e
b
n
c

nd simulation results.

lage listed in Table 2. The quantity of ferric hydroxide was
djusted to obtain the best concentration simulations for Cr, As
nd Mo.

Table 2 shows also the fraction of the total content of each
lement used in the geochemical model. The quantity of several
lements like As, Cr(VI), S, Sr taken into account in the model
epresents 100% of the element total content in the fly ash.

With these considerations the mineralogical model was devel-
ped and used to simulate the ANC test by adding aliquots of acid
nd base to the initial fly ash/water model system. The experi-
ental results for two replicates and the simulation results for all
lements are presented in Fig. 6. A good agreement is observed
etween simulations and experimental data in the case of the
eutralisation curve (pH–mmolH+/g) and for almost all species
oncentrations (mmol/L–pH).
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Table 2
Solid phases and fraction of element total content considered in the model

Solid phases mmol/kg fly ash Element % of TC

BaCrO4 0.05 Al 0.6
BaHAsO4·H2O 0.7 As 104.9
Periclase (MgO) or brucite (Mg(OH)2) 13 Ba 80.7
Calcite (CaCO3) 40 Ca 65.5
CaMoO4 0.018 Cr 1.4
Ferrihydrite (Fe(OH)3) 0.6 Cr(VI) 104.0
Gibbsite (Al(OH)3(c))a 5 Fe 3.0
Gypsum (CaSO4·2H2O) 10 K 2.9
Halite (NaCl) 2 Mg 3.1
Okenite (CaSi2O4(OH)2·H2O) 20 Mo 18.8
Portlandite (Ca(OH)2) 9 Na 4.2
Solid solution (BaSr)(CrS)O4 20 S 100.0
Sylvite (KCl) 2.4 Si 6.4
Al(OH)3(a)b Neo-formation Sr 100.7
SiO2(a)b Neo-formation

Kinetic reactants Parameter

Albite (NaAlSi3O8) 23.8 p1 = 5 × 104

K-feldspar (KAlSi3O8) 238 p1 = 1 × 106

C −5
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a-Olivine (Ca2SiO4)

a (c) for crystalline.
b (a) for amorphous.

.5. Column assays

.5.1. Column hydrodynamics
The results of the tracer experiments were used to identify

he dispersivity and the stagnant zones of the column following
he modelling approach described in Section 3.2. The hydrody-
amic parameters identified (Table 3) are the dispersivity α, the
xchange factor Ef and the mobile volume fraction f.

.5.2. Coupled geochemical–transport modelling
The hydrodynamic study supplied some of the column char-

cteristics like the stagnant zone parameters (mobile and immo-
ile porosity, exchange factor) and the dispersivity. Considering
hat these parameters do not change significantly when the liq-
id velocity changes (always in laminar regime), the parameters

ecessary to percolation simulation with PHREEQC are thus
etermined (Table 3).

The experimental results are presented in Fig. 6. The out-
et concentrations and the pH were represented in function of

able 3
olumn parameters necessary to percolation simulation with PHREEQC

olumn parameters

arcy’s velocity (Darcy) (m/s) 1.7 × 10−6

obile porosity, fε 0.29
ores velocity (m/s) 5.8 × 10−6

ength of the column, L (m) 0.3
iffusion coefficient, Da (m2/s) 3 × 10−10

obil volume fraction, f 0.9
mmobile porosity, (1 − f)ε 0.03
xchange factor, Ef (s−1) 1 × 10−7

ispersivity, α (m) 0.005

m
t
t
(
s
s
o
o
d
p
o
s
a
[
m

R

4.7 p1kr = 2 × 10

he number of pore volumes, V/V0, passed through the column.
hree kinetic domains are identified. The first domain up to
/V0 = 2, corresponds to the evacuation of the initial pore water

rom the mobile porosity (convection–dispersion). The second
omain up to V/V0 = 20 corresponds to the evacuation of the
mmobile porosity charged initially at equilibrium. The third
omain shows the fly ash behaviour after the evacuation of the
ost soluble species. The concentrations remain constant for
long period and generally at a low level; a quasi-permanent

egime installs.
Simulation assays with the initial mineralogical model devel-

ped for the ANC test were not satisfactory simultaneously for
everal elements affected by the common ion effect: Ba, Cr,
s, S. Barite taken into account initially in the model had to
e replaced. A barium sulphate partially substituted by chro-
ate as BaCr0.04S0.96O4 or BaCr0.23S0.77O4 (solubility data

aken from [28]) was tested but the results were not satisfac-
ory. A solid solution was then proposed starting from barite
BaSO4), BaCrO4 and celestite (SrSO4) and having the compo-
ition Ba0.5Sr0.5(CrO4)0.0002(SO4)0.9998. In fact it is a double
ulphate of barium and strontium in which a small fraction
f SO4

2− was substituted by CrO4
2−. The long-term release

f Na and K and the new pH-plateau at 10 suggested intro-
ucing in the mineralogical model of some slow dissolving
hases. Albite (NaAlSi3O8), K-feldspar (KAlSi3O8) and Ca-
livine (Ca2SiO4) were introduced as kinetic reactants with a
low dissolution. The kinetic models for albite (NaAlSi3O8)
nd K-feldspar (KAlSi3O8) are taken from the LLNL database
31]. For Ca-olivine (Ca2SiO4) the general kinetic model imple-

ented in PHREEQC was used [9]:

= p1

(
m

m0

)
kr(1 − 10SI) (7)
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Fig. 7. Percolation column: ex

here R is the reaction rate, m/m0 accounts for changes in solid
uantity, kr an empirical constant, p1 is a specific surface. For
lbite and K-feldspar kr is given by [31] and the p1 parameter
as adjusted in order to well simulate the Na and K column

oncentrations. For Ca-olivine the adjusted kinetic parameter
as the product p1kr (Table 2).
The model adjusting for full time scale validity requires an

terative method using alternately the ANC data and the column
ata until an overall optimum result is obtained. So, the new
odel comprising kinetic phases and a solid solution was applied

nce again to ANC data in order to validate it. The final model

resented in Table 2 was then used to obtain the simulation
esults given in Fig. 7 for the column and in Fig. 6 for ANC
est. A good agreement is observed between experiments and
imulations.

p
m
t

able 4
ater balance for the field pilot

ydrologic balance for the first 12 months

otal rainfall (L/m2/year) 856
un off (%) 2.7
ercolation (%) 44.6
vaporation and retention (%) 52.7
ental and simulation results.

.6. Field pilot

.6.1. Hydrodynamic study
The water balance of the lysimeter over 1 year is presented in

able 4. The major part of rainfall is collected after infiltration
hrough the ashes; a small fraction constitutes the runoff. The
alf of the rainfall was partially retained in the porous system
nd partially was evaporated. The water percolated through the
ysimeter during 18 months corresponded to a liquid/solid ratio
f 1.18 L/kg dry ash. The rainfall frequency and the evolution
f the infiltrated flow are shown in Fig. 8.
The results obtained by the hydrodynamic experimental study
erformed on the pilot column were used to determine the
ain physical parameters necessary to the coupled geochemical-

ransport modelling. The maximum flow rate of 1.2 mL/min

Lysimeter parameters for 18 months

Fly ash mass/surface (kg/m2) 600
Infiltrated volume/surface (L/m2) 710
L/S (L/kg) 1.18
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Fig. 8. Rainfall and infiltration flow through the lysimeter.

as imposed by the material permeability which was estimated
t 6 × 10−7 m/s. After the stop of the rain flow the discharge
f 90% of the total drained water taken about 5 h. The total
ater volume collected represents only 3% of the total water
uantity existing in the column in saturated conditions which
emonstrates a high water-retention capacity of the material.
he total open porosity was estimated at 0.35 corresponding

o a humidity of 27%. The material drained under normal
ressure still holds 26% humidity. Concerning the hydrody-
amic parameters, the tracer behaviour was simulated using
he model described by Eqs. (3)–(6) and the obtained results
emonstrated similar behaviour with the laboratory percola-
ion column: a near plug flow with dispersivity α = 0.001 m,
mall stagnant zones (mobile volume fraction f = 0.97) with an
xchange factor Ef = 1 × 10−7 s−1. The conclusion of both lab
nd field scale hydrodynamic experiments is that the compacted
y ash has a high retention capacity, the pores are quasi-saturated
n water even during dry periods (if evaporation is not pre-
ominant), the water flow is plug like and the drainage very
apid.

t
b
c

Fig. 9. Released pollutants from the site pilot: experimental and s
s Materials B137 (2006) 1466–1478 1475

.6.2. Coupled geochemical–transport modelling
The coupled geochemical–transport model for the field pilot

s based on the same fly ash mineralogical model. The contact
ith the atmospheric CO2 was taken into account for the first
eriod of 40 days in which the compacted fly ash layer was in
ontact with air and filled in slowly with the rain water (Fig. 8).
he mean composition of the rain water locally analysed was
lso taken into account in the simulation: pH 5.4 due to absorbed
O2 and of traces of SO4

2− (0.002 mmol/L).
The flow rate of the leachate percolating the ash layer was

onsidered as variable. The total time was divided in periods of
aximum and minimum flows corresponding to the diagram in
ig. 8. Mean flow values were estimated and used as constant
ows for each period. The PHREEQC model was composed of

wo steps: at the beginning (40 days) no water flow and equili-
ration with atmospheric CO2(g) were considered, in the second
tep the material partially carbonated was in contact with rain
ater which infiltrated with different flows following the rain-

all. The simulation was realised for 44 months (L/S pilot = 2.7),
he life time of the field pilot, considering the same rainfall
egime as for the first 18 month. The experimental concentra-
ions and pH monitored on the site and the simulation results
re shown in Fig. 9. The pollutant concentration simulations are
atisfactory given the site conditions and the variability of the
mbient parameters, particularly the temperature.

On the same graphs were reported the concentrations mea-
ured at the outlet of the laboratory percolation column. The
he carbonation of the material during the site works and at the
eginning of the natural leaching process. One concludes that
hemical factors occurring in real scenarios, like the contact

imulations, comparison with the laboratory column results.
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Fig. 10. ANC of the l

ith the atmosphere, lead the system towards a state that cannot
e extrapolated from a laboratory experiment (currently stan-
ardised leaching tests). In the case of elements contained in a
igh soluble solid fraction (case of Na+, Ca2+, SO4

2−, CrO4
2−)

he initial releases (L/S = 0) in a laboratory column and on the
eld pilot are scarcely similar. Obviously the initial releases of

ow soluble elements like As and Ba is different for depend-
ng in the pore water chemical context. The pilot release curve
xhibits two periods. As in the case of lab-column, the first period
orresponds to the evacuation of the soluble fraction initially
issolved in the pore water. But the flush out process is discon-
inuous due to the alternation of rain periods. In fact periods of
onvection as dominant transport mechanism (pore water dis-
harge) alternate with periods of diffusion as mainly transport
rocess in the porous system (no water infiltration). The global
esult in terms of element release is an apparent batch behaviour
nd not a dispersive-plug one as it may be expected. The extent of
he first dynamic period corresponds to 24 months, i.e. L/S = 1.5
r V/V0 pilot = 5.

.6.3. ANC test applied to field leached material
The acid neutralisation capacity and the solubility of ele-

ents contained in the leached fly ash are different of those
etermined on the fresh waste. As the Fig. 10 shows, the car-

onated material has a natural pH lower and the buffer plateau
oved towards pH 7. Generally the element solubility is lower

han in the case of fresh waste, for the studied pH domain.
he geochemical simulation of ANC results were realised using

(

d fly ash in scenario.

he solid model calculated at 44 months of leaching with the
eochemical–transport model established for the pilot (the end
oint of the pilot simulation). The main changes operated by the
atural leaching during 44 months were:

the carbonation of the material—the final CaCO3 quantity was
about 110 mmol/kg fly ash.
the evacuation of the initially dissolved species in the pore
water during the first 24 months.

Salts like sylvite, halite, BaCrO4, gypsum were flushed out
n the first leaching period. After that, the concentration of ele-

ents like As, Ba, Cr, S, was controlled by weak soluble phases,
.e. BaxSr1−x(SO4)y(CrO4)1−y solid solution and BaHAsO4. For
he life time of the pilot the quantities of these phases were prac-
ically unchanged because of their very low solubility.

The modelling results presented in Fig. 10 generally agree
ith the ANC experimental data except for Ba. The ANC sim-
lation results and their adequacy with the experimental data
ccount for the geochemical–transport model global validation
t least for the time scale of the field pilot.

. Conclusions
1) Peer experimental–modelling tools were developed and
applied in the case of coal fly ashes with the aim to asses
the leaching behaviour in a use scenario. Laboratory-scale
and field pilot experimental studies were performed in order
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to identify and quantify the main transport phenomena and
chemical processes. A quantitative geochemical model was
developed for the fly ash–water system taking into account
the equilibrium chemical reactions as well as the kinetic
processes. The transport phenomena were integrated into
the model at each level. The model was validated by com-
parison of the simulation results on ANC experimental data
obtained on a sample taken on the field pilot after 44 months
of leaching under natural conditions.

2) Literature data and laboratory experiments were used to
develop the geochemical model. One concludes that the
concentration of some elements like Ba, S, Cr and As are
strongly correlated. Their behaviour is explained by the
common ion effect between BaHAsO4 and a solid solu-
tion BaxSr1−x(SO4)y(CrO4)1−y. The soluble CaMoO4 salt
seems to control the Mo concentration. At neutral and acid
pH the model of surface complexation on ferric hydroxides
was added to dissolution/precipitation model and described
very well the behaviour of As, Cr, and Mo.

3) At each level the dynamic processes were identified and
quantified. During the first contact with water an equi-
libration time of about 10 days is necessary and has to
be considered in all other laboratory experiments (ANC,
column percolation). More, at larger time scale a slow dis-
solution kinetic was identified for silicate phases as albite,
K-feldspar or Ca-olivine. The hydrodynamic properties of
compacted fly ashes were identified: a high water retention
capacity (97% of the pores are water filled after draining
under normal pressure), a flow regime close to plug type,
a low fraction of stagnant zones (<0.03%). The scenario
factors like the carbonation and the rainfall play an impor-
tant role on the leaching behaviour. The direct extrapolation
from lab-scale to field scale can lead to erroneous results
if these factors are not accounted for. So the carbonation
diminishes the leachate pH from 11 to 8.5. The alternation of
rain periods determines an apparent batch behaviour which
slows down the outflow of the initial soluble fraction in pore
water, if compared with the laboratory percolation column.
The extent of the first dynamic period is strongly dependent
on the hydrodynamic regime and its concentration level is
determined by the soluble fraction of the material. After
that, a long-term leaching period follows characterised by a
quasi-stationary release flow due to the equilibrium or low
rate dissolution of weak soluble phases.
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