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bstract

This paper is the first of a series of two articles dealing with the processes applied to MSWI fly ash with a view to reusing it safely in cement-based
aterials. Part 1 presents two stabilization processes and Part 2 deals with the use of the two treated fly ashes (TFA) in mortars. Two types of

inder were used: an Ordinary Portland Cement (OPC) containing more than 95% clinker (CEM I 52.5R) and a binary blend cement composed of
0% ground granulated blast furnace slag and 30% clinker (CEM III-B 42.5N).

In this first part, two stabilization processes are presented: the conventional process, called “A”, based on the washing, phosphation and calcination
f the ash, and a modified process, called “B”, intended to eliminate metallic aluminum and sulfate contained in the ash. The physical, chemical
nd mineralogical characteristics of the two TFA were comparable. The main differences observed were those expected, i.e. TFA-B was free
f metallic aluminum and sulfate. The mineralogical characterization of the two TFAs highlighted the presence of large amounts of a calcium
luminosilicate phase taking two forms, a crystalline form (gehlenite) and an amorphous form. Hydration studies on pastes containing mixed TFA
nd calcium hydroxide showed that this phase reacted with calcium hydroxide to form calcium aluminate hydrates. This formation of hydrates
as accompanied by a hardening of the pastes. These results are very encouraging for the reuse of such TFA in cement-based materials because

hey can be considered as pozzolanic additions and could advantageously replace a part of the cement in cement-based materials. Finally, leaching
ests were carried out to evaluate the environmental impact of the two TFAs. The elements which were less efficiently stabilized by process A

ere zinc, cadmium and antimony but, when the results of the leaching tests were compared with the thresholds of the European landfill directive,
FA-A could nevertheless be accepted at landfills for non-hazardous waste. The modifications of the process led to a significant reduction in the
tabilization of chromium, selenium and antimony.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Issues related to environmental conservation and preservation
ave taken on great importance in our society in recent years. The
ecision-makers in political, economic and social life are paying
ore attention to concerns related to the environment. Deep
hanges are taking place in our ways of living and of working.
mong these changes, waste management has become one of

he principal issues. The authorities seek to privilege the re-use
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ation process; Characterization

f waste in an environmentally and economically sustainable
ay.
The management of municipal solid waste illustrates this pol-

cy perfectly. Since July 2002 [1], European landfills are not
uthorized to receive this waste to which no pretreatments have
een applied and must be reserved for the storage of ultimate
aste. Replacement solutions must therefore be found. Thermal

reatment is a valid option for reducing the amount of waste to be
andfilled and, in most cases, for recovering the energy content

f the waste. A recent paper by members of a European work-
ng group called “Phoenix” deals with the practical problems,
ecent research findings and solutions related to the management
f MSWI residues [2].
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The thermal treatment of MSW produces waste in its turn:

bottom ash (coarse non-combustible materials and unburned
organic matter rich in metal scraps and relatively poor in heavy
metals),
fly ash (fine particulate matter removed in a preliminary fil-
ter before the process to neutralize gaseous effluents, as the
incinerator is equipped for a double dust removal process),
and air pollution control (APC) residues which contain the
neutralizing agent (lime or sodium bicarbonate).

These residues are considered as ultimate waste and, after a
olidification and stabilization process, must be stored in landfill.

The recycling of industrial waste in civil engineering appli-
ations has undergone considerable development over a very
ong time. Coal fly ash, blast furnace slag and silica fumes are
xamples of the success of this research. Similarly, the reuse of
azardous waste has been under study for many years through
echnological work (studies of the effect of the residue on the
roperties of construction materials) and research on the envi-
onmental impact of such practices [3].

The small amounts of dangerous substances contained in bot-
om ash allow its reuse as material for road construction after
eathering. This has been the case in particular in France for
ore than 10 years [4].
Fly ash and APC residues are characterized by their high

hloride content and significant amounts of heavy metals and
oxic organic compounds (especially PCDDs and PCDFs). The
euse of these residues is therefore more difficult because of
heir environmental impact. Over the last 12 years, the research
as been focused on the study of stabilization and solidification
f these residues by cementitious, organic or vitreous matrices
efore their landfilling. The most common processes of stabi-
ization/solidification are based on the use of hydraulic binders
nd numerous studies deal with this topic [5–7]. Mangialardi
t al. have investigated the feasibility of a combined washing-
mmobilization process as a means of optimizing the disposal
f MSWI fly ash in a cementitious matrix [8,9]. An on-site
reliminary treatment of MSWI air pollution control residues
ased on the use of a ferrous sulfate (FeSO4) was studied by
undtrop et al. [10]. Guerrero et al. have investigated the effects
f a hydrothermal treatment on MSWI fly ash [11]. They show
hat practically 100% of chloride and metallic aluminum from
he fly ash can be dissolved. Mizutani et al. have compared dif-
erent chemical agents used for the treatment of MSWI fly ash
treatment with chelating agent, phosphate treatment and ferrite
reatment) [12]. The authors conclude that all the treated mate-
ials show good results for the Japanese leaching test compared
ith the behavior of untreated MSWI fly ash. Huang and Lo
ave studied the stabilization of lead contained in MSWI fly ash
y colloidal aluminate oxide [13]. This chemical fixation agent
hows good efficiency (94.8%) for reducing the leachability of
b. Jianguo et al. have investigated heavy metal stabilization
n MSWI fly ash using heavy metal chelating agents [14]. The
uthors conclude that the heavy metals in fly ash can be sta-
ilized more effectively by using heavy metal chelating agents
han by using chemical agents such as sodium sulfide and lime.
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’zihou and Sharrock have studied the effects of the combina-
ion of water extraction and calcium phosphate stabilization of

SWI fly ash on its environmental impact [15]. Soluble phos-
hates have also been used by Geysen et al. to immobilize lead
nd zinc in scrubber residues from MSW combustion [16]. The
mmobilization of these elements was compared to the immobi-
ization of cement and the authors conclude that the process is
fficient.

In the most recent years, several researchers have studied the
ossibility using fly ash and APC in cement-based materials.
his research can be classed in three groups. Some researchers
ave investigated the possibility of using these residues as raw
aterials for the production of Portland cement clinker [17].
thers have studied the use of fly ash and APC as mineral addi-

ions to concrete in two different ways:

fly ash (or APC) directly introduced into concrete without
preliminary treatment [18,19],
fly ash (or APC) treated before their use in concrete, the treat-
ment being based on preliminary washing [20].

The aim of our work is the safe use of MSWI fly ash in
ement-based materials. Before its use, the fly ash is stabi-
ized by the REVASOL® process developed and patented by
he Solvay Company in collaboration with the Université Libre
e Bruxelles. This process will be precisely described in Part
.1. A previous paper [21] has shown that, from the mechan-
cal and durability points of view, the treated fly ash (TFA)
ncorporated in concrete behaves like ordinary sand. Moreover,
eaching tests carried out on TFA-containing concrete confirm
hat the stabilization process makes it possible to obtain materi-
ls without major risks for the environment. Even so, in another
aper, Aubert et al. [22] have shown that, like all waste com-
ng from municipal solid waste incineration, the TFA contains

etallic aluminum (Al0) that can lead to swelling when it is
ntroduced into cement-based materials. This expansion is due to
he reaction between Al and water in presence of alkalis coming
rom the cement, which releases hydrogen during the setting of
aterials containing TFA. These problems have been observed

y many authors in MSWI bottom ash [23–25] and MSWI fly
sh [6,7,11,26]. Moreover, TFA contains a high proportion of
ulfate, which could be a problem for its use in cement-based
aterials. In fact, most of the materials used in concrete (binders,

ggregate, water, etc.) have to be free of sulfate to prevent any
roblem of delayed ettringite formation that could lead to dam-
ge by expansion. The elimination of metallic aluminum and
ulfate during the process applied to the MSWI fly ash could be
rofitable to its use in cement-based materials. It is one of the
opics of this study.

This paper is the first of two articles. These two articles deal
ith the processes applied to MSWI fly ash with a view to using

t safely in cement-based materials. In the present paper, two
rocesses of stabilization will be presented: the conventional

rocess and a process modified to eliminate metallic aluminum
nd sulfate. The physical, chemical and mineralogical character-
stics of the two treated fly ashes will be given and the effects of
he modifications made to the conventional process on the char-
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cteristics of TFA analyzed. The results include the leachability
f harmful elements, measured according to the standardized
uropean leaching test (EN 12457-1). Finally, the reactivity of

hese ashes in presence of calcium hydroxide will be analyzed
s an introduction to the second paper in the series. Part 2 deals
ith the use of the two TFA in mortars, considering two types
f binder: an Ordinary Portland Cement (OPC) containing more
han 95% clinker (CEM I 52.5R) and a binary blend cement
omposed of 70% ground granulated blast furnace slag and 30%
linker (CEM III-B 42.5N).

. Experiments

.1. Materials and stabilization processes

The ash studied, coming from a single French incinerator, was
hosen among 10 fly ashes from European incinerators because
t was very rich in sulfates and heavy metals. It represented
he most difficult case for the evaluation of the efficacy of the
tabilization process. This process can be divided into three suc-
essive steps [27]:

Water dissolution of ash: the washing of fly ash has a dou-
ble objective. First, it removes the soluble salts (especially
chlorides) contained in the ash, so as to improve its behavior
in cement-based materials (especially the kinetics of setting).
Secondly, it allows the sodium contained in halite (NaCl) to
be recovered for use in technical soda plants.
Phosphation with phosphoric acid to stabilize heavy metals.
Calcination to eliminate organic compounds (especially
PCDDs and PCDFs), at a temperature higher than 600 ◦C.

Derie [27] has studied the effects of this process on the stabi-
ization of harmful elements. His results show that the process
s able to stabilize heavy metals contained in MSWI fly ash with
he exception of chromium, arsenic and antimony. A recent study
y Piantone et al. using a micro-characterization approach con-
rms these results, especially the high level of fixation of Pb and
n resulting from the process [28].

Two variations on the stabilization process presented above
ere applied to the same sample of selected fly ash. In the con-
entional process, called “A”, the ash was treated in a pilot
nit of 25 kg/h capacity. The water/fly ash ratio for the wash-
ng step was 10 and the step lasted about one hour. Although
he water/fly ash ratio was high, sulfates were only very slightly
issolved. The phosphoric acid/fly ash ratio was 15%. The cal-
ination was carried out in a rotary kiln at a temperature of
50 ◦C.

The variation on this conventional process, called process
B”, was developed in the laboratory. The washing step of the
reatment was modified in order to eliminate metallic aluminum
nd calcium sulfate. Sodium carbonate (Na2CO3) was added to

he washing water for two reasons:

this addition increases the pH value during washing, which
enables metallic aluminum to be dissolved,

i
i
p
i
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Na2CO3 reacts with CaSO4 to form Na2SO4, which is very
soluble, and calcite CaCO3, which is inert in cement-based
products.

The other steps and parameters of the process were the same
s those used in the conventional treatment.

.2. Chemical, physical and mineralogical
haracterization procedures

Major oxides composition was estimated on the basis of the
acroelemental analysis carried on digested samples by Induc-

ively Coupled Plasma-Atomic Emission Spectrometry (ICP-
ES) and the minor elements by Inductively Coupled Plasma-
ass Spectrometry (ICP-MS). The water content (drying at

00 ◦C) and the loss on ignition (calcination at 1000 ◦C) were
lso measured. The metallic aluminum content was determined
ith a method measuring the amount of hydrogen gas produced
y the oxidation reaction of metallic aluminum [22]. The calcite
CaCO3) content was determined from the CO2 volume mea-
ured during acidic dissolution.

The size distribution of TFA was analyzed by means of a
aser particle size analyzer using a dry suspension with an air
ressure varying from 0 to 4 bars.

The crystalline phases were identified using a Siemens D5000
owder X-ray diffractometer equipped with a monochromator
sing a K� (λ = 1789 Å) cobalt anticathode. A scanning electron
icroscope was used to study the morphology of the particles

f TFA.

.3. Leaching behavior

The TFA were characterized for heavy metal leachability
ccording to the European standard EN 12457-1 extraction test:
00 g (dry weight) of TFA samples were extracted using dis-
illed water at an L/S ratio of 10 for 24 h. The eluates were
ltered using a 0.45 �m membrane filter. Various tests were
one on the leachates: measurement of the pH, of the Soluble
raction (SF), of sulfate content and minor elements content by
CP-MS.

.4. Reactivity in presence of calcium hydroxide

Mineral additions used in hydraulic binders may be catego-
ized as inert, pozzolanic materials or latent hydraulic cements.
he pozzolanic reaction is a reaction of the pozzolanic material
ith water and CaO. It produces hydrates and leads to the hard-

ning of the mixture. The calcium hydroxide Ca(OH)2 could be
ntroduced into the mixtures but it generally comes directly from
he hydration of Ordinary Portland Cement.

To study the potential pozzolanic activity of the two ashes,
wo pastes were prepared by mixing 75% of TFA and 25%
f calcium hydroxide (Ca(OH)2). The hydration products were

dentified using an X-ray diffractometer. The pastes were cured
n polyethylene tubes at 20 ◦C. At several hydration times, a
iece of paste was manually sawn with a hacksaw to prevent
ncrease of temperature. Then the sample was crushed, dried
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Table 1
Chemical composition of ashes

Major oxides content (%) Minor elements content (mg/kg)

Oxides TFA-A TFA-B TFA-A TFA-B TFA-A TFA-B

CaO 25.2 30.0 Zn 24046 25250 Mo 49 <40
SiO2 20.7 21.1 Pb 8816 8396 Bi 30 35
P2O5 13.6 12.5 Sn 2883 3132 Ce 30 31
SO3 11.6 0.4 Cr 2078 778 Ga 21 22
Al2O3 10.0 10.2 Ni 1889 <500 La 15 14
MgO 2.7 3.0 Cu 1714 1837 Nd 11 <10
Fe2O3 2.7 1.5 Ba 1521 1059 Nb 11 <10
TiO2 1.7 2.0 Sb 1457 2149
Na2O 1.4 1.8 Cd 586 609
K2O 1.4 1.2 Sr 399 <400
MnO 0.2 0.1 W 227 192
F 149 132
W 120 102
I 79 44
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Table 3
Physical characteristics of the ashes

TFA-A TFA-B

Bulk density (g/cm3) 2.81 2.71
Specific gravity (g/cm3) 2.95 2.86
B

T
T
s
p
g
p
t
p
T
l
i
t
could be compensated for by using a plasticizer or by adding
water.
ree chlorides 0.0 0.1 Zr
ater content 0.2 0.8 As

gnition loss 6.5 8.7 Co

ith acetone (at a temperature of 40 ◦C for a few minutes) and
anually ground to <40 �m.

. Results and discussion

.1. Effects of process type on chemical and physical
haracteristics

The elemental compositions of the ashes are presented in
able 1. The chemical compositions of the two ashes are compa-
able. They contain large amounts of calcium, silicon, phospho-
us (due to the stabilization process) and aluminum. The washing
tep of both processes dissolved the chlorides contained in the
sh. The addition of Na2CO3 in process-B was efficient: TFA-B
s free of sulfates as expected. The minor elements content of
he two ashes is comparable. Large amounts of heavy metals can
e seen, especially zinc, lead, chromium and cadmium.

Table 2 indicates the proportions of calcite and metallic alu-
inum in each TFA. TFA-B contained a large amount of calcite

ue to the reaction between calcium sulfate and sodium carbon-
te. Moreover, the increase of pH value during the washing step
nabled metallic aluminum to be dissolved. The amount of resid-
al aluminum in TFA-B was below the measurement threshold
f our method (<0.07%).

These results show that the modifications made to the process
ave the desired results: TFA-B was free of metallic aluminum
nd sulfate.
The physical characteristics of TFA are presented in Table 3.
he modifications in the stabilization process significantly

ncreased the surface area of the TFA. The values in the com-
arison of bulk density and specific gravity confirm this result.

able 2
alcite (CaCO3) and metallic aluminum contents

TFA-A TFA-B

alcite (%) 1 17
etallic aluminum (%) 0.13–0.35 <0.07
ET surface area (m2/g) 2.26 18.6

he TFA-B particles were more porous than TFA-A. Moreover
FA-B contained particles of neo-formed calcite, which were
mall. This could also explain the increase in surface area. The
orosity of the particles can be observed on the SEM micro-
raph (Fig. 1) and is characteristic of the calcium phosphate
hase. The size distribution of TFA confirms this characteris-
ic. In fact, the increase of air pressure (0–4 bars) destroys large
orous particles to form smaller particles as shown in Fig. 2.
he porosity of the TFA, especially TFA-B, could lead to prob-

ems of workability of cement-based materials. The water used
n these materials would be absorbed by the TFA, thus leading
o a serious worsening in the workability characteristics, which
Fig. 1. Variation of size distribution of ashes with air pressure.
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which is the soluble form of chromium. This could explain why
Fig. 2. Scanning electron micrograph of TFA-A.

.2. Effects of process type on mineralogical composition

The XRD patterns of the two TFA are presented Figs. 3 and 4.
he minerals contained in TFA-A were, in order of decreasing
ontent: minerals of the gehlenite group (Ca2Al2SiO7), cal-
ium phosphates including apatite (Ca5(PO4)5(OH,F,Cl)) and
hitlockite (�-Ca3(PO4)2), anhydrite (CaSO4), quartz (SiO2),

itanium oxides including titanite (CaTiSiO5) and perovskite
CaTiO3), and hematite (Fe2O3). These minerals were accom-
anied by an amorphous phase (identified by the presence of a
alo on the XRD pattern). Another technique was used to better
haracterize this amorphous phase (scanning electron micro-
cope with an energy dispersion spectrometer and electronic
icroprobe). The results, not presented in this paper, show that
his amorphous phase was a calcium aluminosilicate phase. This
art of the mineralogical characterization will be published in
nother article.

t
p
s

Fig. 3. XRD patter
Materials B136 (2006) 624–631

The main difference in the mineralogical composition
f the two TFA concerned the disappearance of anhydrite
CaSO4) in TFA-B, which was replaced by calcite (CaCO3)
s a direct consequence of the modification of the washing
tep.

The phosphation step of the process was efficient and apatite
roup minerals were formed. These minerals are considered to
e very geochemically stable mineral phases and to be able to
rap toxic metals [12,15–16,27–29].

The minerals contained in the two ashes can be considered as
nert except for the anhydrite (only in TFA-A) and the calcium
luminosilicate phase which occurred in two forms: a crystalline
orm (gehlenite) and an amorphous form. Studies using an elec-
ronic microprobe have shown that these two forms have the
ame chemical composition but one is crystallized and the other
ot [30]. This is a consequence of the cooling rate of the MSWI
y ash and the same observations have been made by Delville et
l. in a study of the mineralogical composition of MSWI bottom
sh [31]. The reactivity of these minerals contained in the two
FA will be studied in Part 3.4.

.3. Leaching behavior

The results of the leaching tests are given in Table 4. These
esults are the average of three tests on different samples. The
oncentrations of the solutions were expressed per dry mass of
olid (mg/kg).

The results of the leaching tests carried out on TFA-A confirm
hose obtained by Derie [27]. The process did not efficiently sta-
ilize chromium, and its efficiency was poor for antimony and
admium. The reasons why these elements were weakly stabi-
ized remain incompletely understood and some complementary
tudies would be useful. In the case of chromium, the calcination
uring the process led to the oxidation of some Cr(III) to Cr(VI)
he release of chromium was so high. Some experiments are in
rogress to try to reduce the chromium during the calcination
tep of the process.

n of TFA-A.
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Fig. 4. XRD

As was the case during the washing step of the treatment,
he solubility of sulfate was very low (about 0.8 g/l). This is
pparently not a problem of kinetics because the leaching tests
ere carried out over 24 h. The low solubility of anhydrite is
ne of the reasons for the addition of Na2CO3 in process B.

If we compare the behavior of the two ashes to leaching, the
ain differences concern the release of chromium, selenium and

ntimony (higher for TFA-B) and the release of zinc, nickel and
admium (higher for TFA-A). Na2CO3 is often used to extract
he chromium (with or without NaOH) [32]. So, the addition of
a2CO3 during the washing step of process B could transform

he insoluble chromium in a soluble form, which could explain
he high mobility of chromium in TFA-B.

Finally, the results of the leaching tests can be compared with

he thresholds of the European Landfill directive to evaluate the
nvironmental impact of the two TFAs. In fact, no thresholds
xist concerning a scenario of reuse and the thresholds of the

able 4
oncentrations of leached elements

lements Concentrations of
leached elements

European landfill directive

TFA-A TFA-B Inert Non-
hazardous

Hazardous

s (mg/kg) 0.169 0.032 0.5 2 25
a (mg/kg) 1.741 0.113 20 100 300
d (mg/kg) 0.203 0.003 0.04 1 5
r (mg/kg) 1.112 33.384 0.5 10 70
u (mg/kg) 0.012 0.007 2 50 100
o (mg/kg) 0.269 0.200 0.5 10 30
i (mg/kg) 0.553 <0.0001 0.4 10 40
b (mg/kg) 0.004 0.008 0.5 10 50
b (mg/kg) 0.091 2.390 0.06 0.7 5
e (mg/kg) 0.098 0.670 0.1 0.5 7
n (mg/kg) 7.628 0.057 4 50 200
(mg/kg) 9.837 <0.100 – – –
F (g/kg) 11.0 5.4 4 60 100
O4 (g/kg) 7.578 0.826 1 20 50
H 6.600 10.3 – >6 –
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n of TFA-B.

andfill directive are the only ones currently available. TFA-
would have to be sent to landfills for non-hazardous waste

ecause of the significant release of zinc, cadmium and anti-
ony, which are above the limit values for waste acceptable at

andfills for inert waste. The values of nickel and selenium are
lightly higher than those recommended by the directive. TFA-

would have to be disposed of in landfills for hazardous waste
ecause of its significant release of chromium, selenium and
ntimony.

.4. Reactivity in presence of lime

The XRD patterns of the lime pastes mixed into TFA-A and
FA-B are presented in Figs. 5 and 6 respectively. The pastes

ested were 2, 14 and 28 days old. The pattern of anhydrous mix-
ures is also presented. In both cases, we observe a significant
onsumption of calcium hydroxide and the formation of calcium
luminate hydrates. In the case of TFA-A, the consumption of
alcium hydroxide is accompanied by a strong consumption of
nhydrite (CaSO4). No gypsum is detected. So the consump-
ion of anhydrite is not due to its hydration but to its reaction
ith calcium hydroxide. These two minerals form ettringite

Ca6Al2(SO4)3(OH)12·26H2O) as can be observed on the pat-
erns. The amount of ettringite formed progressively increases
ver time. The formation of ettringite needs a source of alu-
inum. By considering the mineralogical composition of TFA,
e can conclude that the calcium aluminosilicate phase, which
ccurs in two forms, a crystalline form (gehlenite) and an amor-
hous form, must be reactive in presence of calcium hydroxide.
t can be observed on the patterns even though the main peak of
ehlenite overlaps the main peak of whitlockite and a secondary
eak of anhydrite.

These conclusions are confirmed by the study of the reac-
ivity of TFA-B in presence of calcium hydroxide. In this case,

he consumption of calcium hydroxide is slightly lower than in
he case of TFA-A. The hydration of the paste leads to the for-

ation of a carboaluminate phase (Ca8Al4O14CO2·24H2O) due
o the absence of the calcium sulfate. Once again the calcium
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Fig. 5. XRD patterns of pastes containing 75% of TFA-A and 25% of calcium hydroxide.
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Fig. 6. XRD patterns of pastes containing

luminosilicate phase necessarily reacts in the presence of cal-
ium hydroxide. In both cases, the hydration of the pastes leads
o the hardening of these pastes. This hardening begins to be
oteworthy after about 1 week of hydration.

These reactions and the activities of both ashes with calcium
ydroxide are very interesting in connection with the possible
euse of these wastes in cement-based materials. In fact, TFA can
e considered as pozzolanic additions and could advantageously
eplace a part of the cement in cement-based materials.

. Conclusion

This paper is the first of two articles. In this part, two processes
f stabilization have been presented: the conventional process

ased on the washing, phosphation and calcination of the ash and
process modified in order to eliminate the metallic aluminum

nd sulfate contained in the ash. The physical characterization
f the two TFAs shows that these ashes can be considered as fine
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of TFA-B and 25% of calcium hydroxide.

dditions. The size distributions of the two ashes are similar. The
ain difference concerns the porosity of the particles. Both ashes

re porous but TFA-B is more porous than TFA-A. This porosity
ould lead to a loss of workability when the ashes are introduced
nto cement-based materials. These problems will be studied in
art 2 of this series. From a mineralogical and chemical point of
iew, both processes produce comparable ashes. The only differ-
nces observed are those expected, i.e. TFA-B is free of metallic
luminum and sulfate. The mineralogical characterization of the
wo TFAs highlights the widespread presence of a calcium alu-

inosilicate phase, occurring in two forms, a crystalline form
gehlenite) and an amorphous form. Hydration studies on pastes
f mixed TFA and calcium hydroxide show that this phase reacts
ith calcium hydroxide to form calcium aluminate hydrates.

his formation of hydrates is accompanied by a hardening of the
astes. These results are very encouraging in the perspective of
eusing these TFAs in cement materials because they can be con-
idered as pozzolanic additions and they could advantageously
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eplace a part of the cement in cement-based materials. The last
oint of this first part of the study concerns the behavior of the
wo TFAs to leaching. According to the comparison between
he results of leaching tests and the European landfill directive,
FA-A could be accepted at landfills for non-hazardous waste.
he modifications of the process lead to a significant reduction

n the stabilization of chromium, selenium and antimony and
FA-B would have to be disposed of in landfills for hazardous
aste. These results are worrying if this waste is to be reused

n cement-based materials and it will be imperative to study the
nvironmental impact of the TFA-containing mortars to ensure
he ecological compatibility of these materials. The behavior of
hese TFAs in mortars will be studied from the mechanical and
nvironmental points of view in Part 2 of these papers.
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