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bstract

The reuse of cement-solidified Municipal Solid Waste Incinerator (MSWI) fly ash (solidified/stabilised (S/S) product) as an artificial aggregate
n Portland cement mortars was investigated. The S/S product consisted of a mixture of 48 wt.% washed MSWI fly ash, 20 wt.% Portland cement
nd 32 wt.% water, aged for 365 days at 20 ◦C and 100% RH. Cement mortars (water/cement weight ratio = 0.62) were made with Portland cement,
/S product and natural sand at three replacement levels of sand with S/S product (0%, 10% and 50% by mass). After 28 days of curing at 20 ◦C
nd 100% RH, the mortar specimens were characterised for their physico-mechanical (porosity, compressive strength) and leaching behaviour.

o retardation in strength development, relatively high compressive strengths (up to 36 N/mm2) and low leaching rates of heavy metals (Cr, Cu,
b and Zn) were always recorded. The leaching data from sequential leach tests on monolithic specimens were successfully elaborated with a
seudo-diffusional model including a chemical retardation factor related to the partial dissolution of contaminant.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Incineration is an increasingly adopted technology for the
isposal of Municipal Solid Waste (MSW). Such a technology
roduces solid residues composed of bottom ash, fly ash and
crubber residue. Fly ash represents about 3% by mass of the
nburned MSW and is regarded as a hazardous waste due to
ts high concentration of leachable heavy metals and, in some
ases, to the presence of toxic chlorinated compounds [1].

Generally, municipal incinerator fly ash, also referred to
s MSWI fly ash, is landfilled after a preliminary treatment
uch as advanced separation processes, chemical stabilisation or
ncapsulation, solidification/stabilisation with inorganic binders

cement, powdered blast furnace slag or calcium sulphate) [1–3].
uch a pre-treatment is needed in order to reduce the hazardous
haracteristics of MSWI fly ash.

∗ Corresponding author. Tel.: +39 06 44 58 55 75; fax: +39 06 44 58 54 51.
E-mail address: teresa.mangialardi@ingchim.ing.uniroma1.it
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Cement solidification/stabilisation is certainly one of the
ost popular techniques but there are strong limitations regard-

ng the amount of raw MSWI fly ash that can be incorporated
nto cementitious mixes. This is related to the adverse effects of
he chemical composition of raw MSWI fly ash (high contents
f chlorides, sulphates and heavy metals) on the hydration of
ement and the stability of solidified/stabilised (S/S) products
4–6].

As reported in previous works [5,7] aimed at maximising
he incorporation of MSWI fly ash into cementitious mixes for
andfill disposal purposes, a preliminary washing treatment of
aw fly ash with water followed by cement stabilisation is a
uitable way of obtaining S/S products with high ash content
nd good performance characteristics. Reuse of such products
n place of their landfill disposal is clearly the preferable option.

Our recent studies [8,9] have shown that using S/S prod-
ct as an artificial aggregate in cement mortars may represent

sensible method of safe reuse of MSWI fly ash (reduction

f environmental problems and costs associated with both land
isposal and irreplaceable natural resources utilisation). How-
ver, in such studies it was found that the mechanical strength

mailto:teresa.mangialardi@ingchim.ing.uniroma1.it
dx.doi.org/10.1016/j.jhazmat.2007.06.026
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evelopment for mortars incorporating artificial aggregate was
omewhat penalized by the lower compressive strength of S/S
roduct as compared to cement paste. Moreover, a deeper knowl-
dge about the mechanisms of immobilisation of heavy metals
y the two components of the artificial aggregate-incorporating
ortars (S/S product and cement paste) would be desirable for
better prediction of the long-term leaching behaviour of such
ortars.
In the present study, Portland cement mortars made with

ifferent amounts of an older S/S product characterised by
igher compressive strength were investigated for their physico-
echanical and leaching behaviour. The leaching data for

elected heavy metals (Cr, Cu, Pb and Zn) obtained from
equential monolith leach tests were also elaborated with a
seudo-diffusional leaching model in order to identify the
elease mechanisms of such heavy metals and to predict the
ong-term leaching behaviour of cement mortars.

. Development of pseudo-diffusional leaching model

A simple leaching kinetic model was developed to corre-
ate the time-dependent release of heavy metals from monolithic

ortar specimens when subjected to sequential leach tests.
This model was based on a one-dimensional Fickian diffusion

quation (zero surface concentration at the solid–liquid interface
nd associated zero leachant concentration) [10], that was appo-
itely modified to include a release retardation factor related to
he partial dissolution (partial availability) of the contaminant
f interest (heavy metal, in the present study) within the pore
olution of the cementitious matrix.

According to this model, the cumulative mass of contaminant
eleased per unit exposed surface area of monolithic specimen,

t (mg/m2), may be related to the leach time, t (s), through the
quation:

t = 2favC0

√
Det

π
(1)

here fav is the leachable (or mobile) fraction of contami-
ant within the monolithic specimen, also referred to as the
vailability or chemical retardation factor (dimensionless), C0
mg/m3) the total (bulk) concentration of contaminant within
he monolithic specimen and De (m2/s) is the effective diffusion
oefficient of the contaminant. The chemical retardation factor,
av, includes all chemical reactions (dissolution, precipitation,
on exchange, sorption, complexation) affecting the leaching rate
f the chemical species of concern.

The effective diffusion coefficient, De, of the contaminant
s related to its molecular diffusion coefficient, D0 (m2/s), by
geometric factor that is characteristic of the porous medium.

f the pore geometry is unknown, the geometric factor, Φ, is
sually defined in terms of two parameters, the solid porosity,
(m3/m3) and the tortuosity factor, τ [11,12], and D may be
e

alculated as:

e = D0ε

τ
= D0Φ (2)

K
t
h
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here Φ is defined by the term ε/τ and is also known as physical
etention factor. The tortuosity factor, τ, may vary from values
f less than unity (significant surface diffusion) to more than 6
12]. Moreover, in the case of porous solids characterised by a
ignificant presence of micropores (pore radius <1 nm) [13], Φ

hould also include a steric hindrance factor, β (<1), to take into
ccount the reduction of diffusivity due to hindered diffusion.
hus, according to Eq. (2), higher Φ values will denote lower
hysical retention capabilities of contaminant by solid matrices.

The concentration C′
0 (mg/m3) of contaminant dissolved

ithin the pore solution of the monolithic specimen (leachable
r mobile concentration) is related to its total concentration, C0,
y the equation:

′
0 = favC0

ε
(3)

In the present study, the physical retention factors, Φ, of the
olid matrices were estimated from the leaching data of sodium
ons and the availability factors, fav, of this species, the latter
eing calculated according to the test procedure developed by
osson et al. [14].

Thus, the pseudo-diffusional model developed in this study
epresents an alternative approach to the commonly adopted
ure diffusive model using an observed (apparent) diffusion
oefficient, Dobs, that includes all physical and chemical factors
ffecting leaching rates [15].

. Materials and methods

The S/S product tested as an artificial aggregate (AA) for
se in cement mortars came from a laboratory-scale solidifica-
ion/stabilisation process of washed MSWI fly ash with Portland
ement (CEM I 42.5), after a preliminary four-stage washing
reatment of raw fly ash with deionised water (liquid-to-solid
eight ratio of 12.5 and contact time of 30 min for each washing

tep). The physico-chemical and mineralogical characterisa-
ion of raw and washed MSWI fly ash, as well as the analysis
f the washing process and cement-stabilisation treatment of
ashed MSWI fly ash have been reported in previous papers

7,8,16].
The S/S product (washed MSWI fly ash-to-cement weight

atio = 70:30; water-to-solid weight ratio = 0.47) tested here had
curing time of 365 days at 20 ◦C and 100% relative humidity

RH) and was characterised by an average compressive strength,
c, of 32 N/mm2, against 27 N/mm2 for the same S/S product
ged for 180 days and used in our previous studies [8,9].

The S/S product was ground to a size grading (particle sizes
anging from 0.08 to 2.0 mm) closely resembling that of natu-
al sand, and was then analysed for its chemical composition
nd physical properties according to standard test procedures.
able 1 gives the chemical and physical characteristics of the S/S
roduct (artificial aggregate) together with those of the Portland
ement (CEM I 52.5) used to prepare mortar samples.
A quartzitic sand (SiO2 = 91.2%; Na2O = 0.80%;
2O = 0.72%; particle density = 2.65 g/cm3; water absorp-

ion = 0.80%; size gradation = 0.08–2.00 mm), virtually free of
eavy metals such as Cr, Cu, Pb and Zn [8], was used to prepare
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Table 1
Chemical and physical characteristics of Portland cement and S/S product

Component (%) Portland cementa S/S product Component (mg/kg) Portland cementa S/S product

CaO 61.97 25.96 Cr 38 118
SiO2 20.02 18.71 Cu 30 590
Fe2O3 2.94 1.65 Pb 120 2,500
Al2O3 4.26 8.20 Zn 160 4,500
MgO 1.36 1.78 L.O.I. (950 ◦C) (%) 1.20 37.51
SO3 2.99 2.09 Bulk specific gravity 3.15 1.83
Na2O 0.23 0.88

Specific surface area
(m2/k

500 23,300
K2O 1.40 0.11 Blaine Mercury porosimetry
C
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a Bogue potential constituents: C3S = 55.80%; C2S = 15.32%; C3A = 6.32%;

lends with artificial aggregate at sand replacement levels of
% (control), 10% and 50% by mass.

Mortar samples were made by mixing Portland cement, dry
ggregate (natural sand and artificial aggregate) and deionised
ater at a nominal water-to-cement weight ratio of 0.62 and a

otal aggregate-to-cement weight ratio of 3.0. For all mortars
ncorporating artificial aggregate, a sulphonated naphthalene-
ased superplasticiser at a dose level of 2.0 wt.% of cement was
sed to improve mix workability.

Each mixture was used to prepare prismatic and cubic speci-
ens for compressive strength measurements and leaching tests,

espectively. After the 1-day storage of the mortar specimens in
he moulds at ambient temperature and RH > 90%, these speci-

ens were demoulded and transferred to the moist-curing room
t 20 ◦C and 100% RH, until required for testing.

Compressive strength was periodically measured up to 90
ays of curing on three replicate 40 mm × 40 mm × 160 mm
pecimens.

After 28 days of curing, all mortar specimens were also char-
cterised for their porosity, pore size distribution and heavy
etals leachability.
The porosity and the pore size distribution were measured on

roken prismatic specimens through the use of a mercury intru-
ion porosimeter operating at a maximum pressure of 2000 atm,
orresponding to a cylindrical pore radius of about 3.8 nm.

The heavy metals leachability was evaluated using the stan-
ard CEN/TS 14429 pH-dependence leaching test [17] and a
odified version of the sequential monolith leach test developed

y Kosson et al. [14].
The pH-dependence leaching test was performed on crushed

ortar samples (particle sizes <1.0 mm). Ten-gram samples
ere mixed with aqueous solutions having different concen-

rations of nitric acid. The slurries, having a liquid-to-solid ratio
L/S) of 10 cm3/g dry matter, were mixed for 48 h in a rotary
xtractor and then centrifuged at 4000 rpm for 10 min. Each
eachate was extracted and, after pH measurement, was filtered
hrough a 0.45 �m membrane filter, acidified with 1 M HNO3 to
H 2.0, and finally analysed for the selected heavy metals (Cr,
u, Pb and Zn). The heavy metals concentrations were deter-

ined using an atomic absorption spectrophotometer (AAS)

quipped with a graphite furnace.
The sequential monolith leach test was performed using three

0 mm cubic specimens of the same mortar mix that were placed

p

v
a

g)

= 8.95%.

n a sealed tank and contacted with the leachant. Deionised water
initial pH of 4.0 through addition of nitric acid) was used as
leachant and the leachant volume-to-solid surface area ratio
as 10 cm3/cm2, corresponding to an L/S volume ratio of 15.0.
he leachate was removed and replaced with an equal volume
f leachant after cumulative leach times of 2, 5, 8, 24, 48, 96
nd 192 h. In order to better evaluate the leaching of heavy
etals from mortar specimens, the leach test was modified by

rolonging the test duration from 192 h to 64 days, with three
ntermediate renewals of leachant after cumulative times of 14,
1 and 34 days. Each leachate was analysed for the selected
eavy metals and sodium according to the same procedure as
escribed for the pH-dependence leach test.

The availability factor, fav, of sodium ions in the pore water
f each solid matrix was estimated using the test procedure
eveloped by Kosson et al. [14]. This procedure consisted of
erforming parallel extractions with deionised water at differ-
nt L/S ratios (10, 5, 2, 1 and 0.6 cm3/g of dry solid). For each
xtraction, an aliquot of finely crushed dry mortar (<125 �m)
as contacted with deionised water for 48 h at ambient temper-

ture. The liquid phase was then separated by centrifugation and
nalysed for sodium concentration by using AAS. The sodium
oncentrations thus obtained were correlated with the L/S ratio
s discussed later.

. Results and discussion

.1. Physico-mechanical characteristics of cement mortars

Figs. 1 and 2 show, respectively, the effects of partially replac-
ng natural sand with S/S product on the mercury intrusion
orosity and the pore size distribution of the various types of
ortar aged for 28 days at 20 ◦C and 100% RH. In these two
gures, the total porosity and the pore size distribution of the
rtificial aggregate used for the preparation of mortar samples
re also reported.

It must be emphasized that, for simplicity, the results of the
ercury intrusion porosimetry are labelled as “total porosity” in

he present paper, although this technique is not able to determine

ores with radius smaller than 3.8 nm.

In cement-based materials, such pores are included in the
olume occupied by hydrated cement constituents (silicates
nd aluminates) and they represent a relevant proportion of the
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Fig. 1. Mercury intrusion porosity of artificial aggregate and cement mortars.

ement gel pores (pore radii smaller than 5 nm). However, gel
ores are reported to give a negligible contribution to leaching
18,19].

The data in Fig. 1 revealed that there was no significant dif-
erence between the mercury intrusion porosities of the control
nd artificial aggregate-incorporating mortars: the total poros-
ty ranged from 12.2% (control mortar) to 13.3% and 14.0%
or 10% AA- and 50% AA-incorporating mortars, respectively.
his was in spite of the much higher porosity of the arti-
cial aggregate (25.2%) as compared to both natural sand
about 2.0% from water absorption measurement) and control
ortar (12.2%).
A possible explanation of these results could be related to

oating of artificial aggregate with hydrated cement paste. In
hat case, the porosity of the various types of mortar would
e largely determined by the porosity of the hydrated cement
aste within the mortar samples. However, it must be consid-
red that: (1) at a fixed nominal water/cement ratio (w/c = 0.62),
n increase of the replacement level of natural sand with arti-
cial aggregate results in a significant reduction of the actual
/c ratio (free water-to-cement ratio), as a consequence of the
uch higher water absorption exhibited by artificial aggregate

about 14.6% as estimated from its density (Table 1) and porosity

Fig. 1), against 0.80% for natural sand), (2) the capillary poros-
ty of the hydrated cement paste within the mortars is expected
o markedly reduce with decreasing actual w/c ratio [18] and (3)

Fig. 2. Pore size distribution of artificial aggregate and cement mortars.
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ig. 3. Development of compressive strength for control and artificial aggregate-
ncorporating mortars.

ater absorption by aggregate always precedes eventual coating
y hydrated cement paste.

Thus, the porosimetric data in Fig. 1 could not be explained
y the only coating phenomenon: complete coating of artifi-
ial aggregate with cement paste would lead to a significant
eduction in the porosity of mortars incorporating S/S product,
s compared to control mortar. Therefore, the reduction in the
ctual w/c ratio of cement paste with increasing amount of artifi-
ial aggregate should be considered the predominant mechanism
ffecting the porosity of mortars incorporating artificial aggre-
ate. These argumentations were validated by the similar pore
ize distribution curves exhibited by the artificial aggregate and
0% AA-incorporating mortar, as well as by the relative position
f the curves showing the pore size distributions of control and
0% AA-incorporating mortar (Fig. 2).

The curves of Fig. 2 also showed that the artificial aggregate
as characterised by the same overall pore size interval as that
f the control mortar, but it was more rich in smaller pores over
he whole range of pore sizes explored by mercury intrusion
orosimetry (pore radius from 3.8 to 6800 nm).

The frequency distribution of discrete pore size intervals (not
eported here) showed that, irrespective of the solid considered
artificial aggregate or cement mortar), the largest volume per-
entage of pores (24–41%) always fell within the 10–25 nm pore
adius interval, that is near the upper size limit of mesopores
1 nm ≤ pore radius ≤ 25 nm) [13]. Also, the volume percent-
ge of macropores (pore radius > 25 nm) varied from about
3% (artificial aggregate) to 51% (control mortar), with about
4% of total porosity formed by macropores with radii larger
han 250 nm (Fig. 2). The formation of macropores was mainly
ssociated to the interfacial transition zones occurring between
ggregate and hydrated cement particles.

Fig. 3 shows the effect of increasing the sand replacement
evel on the compressive strength of the various types of mortar
fter 7, 28 and 90 days of curing at 20 ◦C and 100% RH.

Within the range of sand replacement levels investigated
0–50% by mass), no delay in the strength development was
bserved and only a slight reduction in the compressive strength

4–7%) was recorded as natural sand was partially replaced by
rtificial aggregate. At 90 days of curing, relatively high average
c values were measured: 38 N/mm2 for control mortar, 36 and
5 N/mm2 for 10% AA- and 50% AA-incorporating mortars,
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espectively. These results were consistent with the comparable
orosities exhibited by the various types of mortar investigated
Fig. 1) and also indicated that the artificial aggregate behaved
s an almost inert material. In other words, the S/S product used
s an artificial aggregate did not negatively interfere with cement
ydration kinetics (possible retarding effect) and strength devel-
pment.

It was also noteworthy that, after 90 days of curing, the
ortars incorporating artificial aggregate exhibited Rc val-

es that were somewhat higher than the compressive strength
32 N/mm2) of the artificial aggregate used for mortar prepa-
ation. This result was attributable to an improvement in the
ompressive strength of the artificial aggregate during mor-
ar curing as a result of its chemical interaction with Portland
ement.

.2. Leaching characteristics of crushed mortar samples

Fig. 4 shows the results of the standard pH-dependence
each test on crushed samples of the various types of mortar
nvestigated. In this figure, the release of each heavy metal,
xpressed in terms of mass of metal leached per unit mass of
ry solid, ms (mg/kg), is plotted as a function of final leachate
H. The total metal concentration, m0 (mg/kg), determined by
NO3/HClO4/HF digestion of pulverised mortar samples, is

lso reported as a horizontal line.
The results in Fig. 4 proved the great influence of pH on the

eachability of heavy metals from the various types of mortar.
At pH values above 6–8, depending on the heavy metal
xamined, the release, ms, was found to be very low and vir-
ually unaffected by the amount of artificial aggregate present
n the mortar specimens. This fact could be ascribed to a metal
elease mechanism governed by the solubility of the same metal

s
(
p
s

Fig. 4. Results of pH-dependence leach test on
dous Materials 151 (2008) 585–593 589

ompound present within the cement paste and the artificial
ggregate. Another possible explanation could be no significant
ontribution by the artificial aggregate to the amount of heavy
etal released from the cement paste present within the mor-

ar specimens. In every case, the various types of mortar showed
imilar leaching behaviour with regard to a specific heavy metal.

Conversely, at pH values below 6–8, depending on the heavy
etal examined, a remarkable increase in the metal release was

bserved for each type of mortar. Also, the release of each metal
reatly increased with increasing amount of artificial aggre-
ate in the mortar specimens. In the case of the control mortar
absence of artificial aggregate), a pH value of less than 2.0
as able to produce a release of the examined heavy metal that
roadly approached its total concentration, m0, in the mortar.
onversely, in the case of mortars incorporating artificial aggre-
ate, even at the lowest pHs tested in this study (pH 1.1 and 2.0
or mortars incorporating 10% AA and 50% AA, respectively),
he leaching of the examined heavy metals resulted to be rather
ncomplete (ms < m0). Thus, the leaching data at low-medium
Hs suggested that the heavy metals present within the artifi-
ial aggregate were much more retained than the same species
resent within Portland cement.

.3. Leaching characteristics of monolithic mortar
pecimens

Fig. 5 shows the changes in the pH of leachant during each
eaching interval when monolithic specimens of control mor-
ar (aged for 28 days at 20 ◦C and 100% RH) were subjected to

equential leach test (10 leachant renewals) with deionised water
initial pH 4.0). The leachant pH–time plots for mortars incor-
orating artificial aggregate (not reported here) did not differ
ignificantly from that of control mortar.

the various types of mortar investigated.
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Fig. 5. Evolution of leachant pH during sequential monolith leach test.

The pH measurements revealed that, after 1–4 h of leaching,
he pH of the leachant was always above 10 during each leaching
nterval and the final pH resulted to be over the range from 10.9
o 12.0, depending on the duration of the leaching interval and
ts location in the renewals sequence.

The rapid pH increases as well as the high final pHs of the
eachates were related to a rapid release of alkalies (principally
hose coming from Portland cement) and portlandite (mainly
esulting from the hydration of cement silicate constituents)
rom mortar specimens. The weighted average pH of the over-
ll leaching test was calculated to be 11.4 for control mortar,
1.8 and 11.7 for 10% AA- and 50% AA-incorporating mortars,
espectively.

Figs. 6 and 7 show, respectively, the releases of the selected
eavy metals (Cr, Cu, Pb and Zn) and sodium from the mono-
ithic mortar specimens when subjected to the sequential leach
est. In these figures, the cumulative mass of each metal released

er unit exposed surface area of specimen, Mt (mg/m2), is plotted
gainst the square root of leach time, t (h1/2).

As far as the leaching of heavy metals was concerned, the
esults of Fig. 6 revealed that: (1) irrespective of the type of mor-

a
t
r
r

Fig. 6. Results of sequential monolith leach test on th
ig. 7. Results of sequential monolith leach test on the various types of mortar:
odium release.

ar and heavy metal examined, each release curve was always
haracterised by two distinct linear parts, both indicating a
quare root of time linear dependence of the cumulative release,

t; (2) irrespective of the heavy metal examined, the changes in
he slope of the release curves always occurred after a cumulative
each time of between 48 and 96 h (i.e., after the fourth leachant
enewal), thus suggesting that the slope variation was mainly
elated to the physical properties of the solid matrices; (3) after
he early leaching phase characterised by higher leaching rates,
he release of each heavy metal was always low (especially in
he case of Cr, Cu and Pb), at least up to the ultimate leaching
ime investigated (64 days); (4) there was no remarkable differ-
nce between the releases of a specific metal from the various
ypes of mortar examined. Indeed, the metal release from the
ontrol mortar was always slightly higher than that measured
or the artificial aggregate-incorporating mortars, and this was
n spite of the much higher metal content of artificial aggregate

s compared to cement paste (Table 1); (5) irrespective of the
ype of mortar examined, the highest leaching rates were always
ecorded for Zn (predominant heavy metal), while the lowest
elease rates were always measured for Cr (lowest C0 values).

e various types of mortar: heavy metals release.
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Considering that the various types of mortar differed remark-
bly for the total metal concentration, m0 (Fig. 4) but only
lightly for their total porosity (Fig. 1) and pore size distribution
Fig. 2), it was likely to think that the observed releases, Mt, of
given metal (Fig. 6) were strongly dependent on the porous

tructures of the solid matrices and poorly affected by the total
oncentration of heavy metal.

As far as the leaching of sodium was concerned (Fig. 7),
elatively high leaching rates were always recorded and each
elease curve was characterised by two distinct portions, thus
onfirming that the slope variation was mainly related to the
hysical properties of the solid matrices. Differently from what
as observed for the leaching of heavy metals, the release of

odium ions increased remarkably with increasing amount of
rtificial aggregate in the mortar, i.e., with increasing total con-
ent of sodium.

.4. Correlation of monolith leaching data with the
seudo-diffusional equation

.4.1. Leaching of sodium
For ionic species such as Na+ ions, commonly coming from

ighly water-soluble compounds whose solubility is virtually
ndependent of the leachant pH, the availability factor, fav, is
ften taken equal to 1. However, Sanchez et al. [20] reported
hat, in the case of soil and S/S As2O3 matrices, the correla-
ion of leaching data with a pure diffusive model using the total
oncentration of sodium underestimated (up to three orders of
agnitude) the effective diffusion coefficient, De, of this species.
On the other hand, chemical analyses of the pore solution of

igh-alkali Portland cement mortars and concretes (w/c = 0.50)
xtracted by a high pressure apparatus [21–23] have shown
hat, after 28 days of curing, the pore solution essentially con-
ists of OH− (385–430 mmoles/l), Na+ (120–130 mmoles/l),
+ (310–330 mmoles/l), Ca2+ (0.36–1.4 mmoles/l) and SO4

2−
10–18 mmoles/l) ions. The sodium and potassium ions are
ssentially released from Portland cement and no appreciable
elease comes from natural aggregate (siliceous sand). In partic-
lar, the release of sodium (availability factor) corresponds to
bout 41–45% of the total Na content of cement.

As anticipated, the test procedure developed by Kosson et al.
14] was used in this study to estimate the availability factor of
odium in the pore water of the solid matrices investigated.

Fig. 8 shows the weight fraction, F, of sodium released from
ach type of mortar in the leach tests with different L/S ratios.
he F values were calculated from the amounts of sodium

eleased and its total content, C0, in each mortar.
The values of the availability factor, fav, in the pore water were

btained by extrapolation of each curve to the L/S ratio equal to
/ρ [14,20]. This ratio corresponds to the pore water L/S ratio
ithin the matrix, and ε and ρ are, respectively, the porosity

cm3/cm3) and the dry density (g/cm3) of the unleached solid
atrix (ρ = 2.2, 2.1 and 2.0 g/cm3 for control, 10% AA-, and
0% AA-incorporating mortars, respectively).
The fav values for the control, 10% AA- and 50% AA-

ncorporating mortars resulted to be 0.37, 0.27 and 0.14,
espectively.

τ

w
T
r

ig. 8. Leachable fraction of sodium from the various types of mortar at different
iquid-to-solid ratios.

It was noteworthy that the fav value estimated for the con-
rol mortar was comparable to those (0.41–0.45) determined on
ortland cement mortars and concretes through the use of the
ore solution extraction technique [21–23].

Thus, the leaching data for sodium corresponding to the first
nd second leaching period (Fig. 7) were correlated with Eq. (1)
sing the total concentration, C0, of sodium in the various types
f mortar and the fav values estimated from the data in Fig. 8.

Table 2 gives the values of the effective diffusion coefficient,
e, of sodium, in terms of pDe = −log De, for the two leaching
eriods considered. The values of De1 and De2 thus obtained
ere then used to calculate the physical retention factors (Φ1

nd Φ2) and the tortuosity factors (τ1 and τ2) by using Eq. (2).
he D0 value of 1.26 × 10−9 m2/s [24] was used for sodium in
q. (2). The values of Φ and τ thus calculated are reported in
able 2.

The values of De, Φ and τ were consistent with the pore
tructures of the solid matrices investigated (45–51% of macro-
ores, with about 14% of total porosity formed by pores with
adius >250 nm (megapores)). In particular, the early leach-
ng of sodium was characterised by pDe1 values (10.0–10.2)
hat were indicative of a metal diffusion through the large
efects (megapores) and, in part, macropores of the solid matri-
es. The subsequent leaching phase, characterised by higher
alues of pDe (pDe2 = 10.8–11.0), was associated to a metal
iffusion through macropores and, to a minor extent, through
esopores.
For each leaching period, the physical retention factor (Φ1

r Φ2) and, hence, the effective diffusion coefficient (De1 or
e2) were very little affected by the type of mortar, and this was

onsistent with the similar porosities and pore size distributions
xhibited by the mortars investigated (Figs. 1 and 2).

The values of τ2 were always found to be much higher than

1 values and this was ascribed to a finer pore structure involved
ith the diffusion process during the second leaching period.
he average τ2/τ1 ratio (5.7) was approximately equal to the

atio calculated assuming τ2 and τ1 to be proportional to the



592 M.A. Cinquepalmi et al. / Journal of Hazardous Materials 151 (2008) 585–593

Table 2
Diffusion parameters for sodium ions in the various types of mortar investigated

Mortar (% AA) pD0 pDe1 pDe2 Φ1 Φ2 τ1 τ2 τ2/τ1

0 8.90 10.06 10.95 0.070 0.009 1.75 13.6 7.7
10 8.90 10.19 10.95 0.051 0.009 2.57 14.4 5.6
50 8.90 10.17 10.74 0.054 0.014 2.61 10.0 3.8

Table 3
Diffusion coefficients, availability factors and leachable concentrations for each type of heavy metal and mortar investigated

Heavy metal Mortar (% AA) pD0 pDe1 pDe2 pfav1 pfav2 C′
01 (mg/l) C′

02 (mg/l)

Cr
0 8.90 10.05 10.95 1.68 1.90 3.33 1.94

10 8.90 10.19 10.95 2.34 2.30 1.25 1.39
50 8.90 10.17 10.75 2.46 2.67 2.46 1.51

Cu
0 9.10 10.25 11.15 1.51 1.75 3.80 2.17

10 9.10 10.39 11.15 2.22 2.65 4.71 1.74
50 9.10 10.38 11.95 2.94 3.36 3.48 1.33

Pb
0 9.00 10.15 11.05 1.88 1.92 7.55 6.78

10 9.00 10.29 11.05 2.80 2.83 5.13 4.89
50 9.00 10.27 10.85 3.37 3.48 5.51 4.23
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0 9.20 10.35

10 9.20 10.49
50 9.20 10.47

olume percentages of macropores plus mesopores (about 86%
n total) and megapores (about 14%), respectively.

.4.2. Leaching of heavy metals
On the basis of the range of solid pore sizes involved with

he diffusive process during both leaching periods, the physical
etention factor, Φ, was assumed to be independent of the type
f diffusing species. Thus, the effective diffusion coefficient,
e, for each of the examined heavy metals was calculated using
q. (2), the values of Φ1 and Φ2 given in Table 2, and the D0
alue taken from CRC Handbook [24]. Next, the leaching data
f Fig. 6 were correlated with Eq. (1) using the values of De1
nd De2, and the experimental value of total concentration, C0,
f the heavy metal of concern. The values of fav1 and fav2 thus
btained, along with the values of the porosity, ε, measured on
he various types of mortar prior to leaching, were finally used to
alculate the leachable concentration C′

0 with Eq. (3). The use of
in place of εls (porosity of leached shell) was considered to be
n acceptable approximation, taking in mind the low leaching
ates of cementitious matrices (portlandite dissolution) occur-
ing at pH 11.4–11.8 (average pHs of leachant during sequential
onolith leach tests).
Table 3 gives the results of this elaboration for each heavy

etal and leaching period considered.
As expected, very low fav values (high pfav values) were

lways obtained due to the very low solubility of the exam-
ned heavy metals (metal hydroxides) over the range of pHs
rom about 13.5 (pH of the pore water within unleached cemen-

itious matrices [18]) to 11.4–11.8 [25,26]. The pH variation
rom about 13.5 to 11.4–11.8 corresponded to the pH evolution
ithin the leached shell of the monolithic mortar specimens

nvestigated. Thus, the availability factor, fav, as calculated from

h
c
a

.25 1.24 1.46 39.2 23.8

.25 2.22 2.43 34.5 21.2

.05 2.76 3.16 39.6 16.0

q. (1), included the effect of varying pH and ionic strength on
he solubility of heavy metals within the pore solution of the
ementitious matrices.

The fav values were also found to significantly reduce with
ncreasing amount of artificial aggregate in the mortars, as a
esult of a significant increase of the total content, C0, of the
eavy metal of concern.

Irrespective of the type of mortar and heavy metal considered,
slight reduction in the availability factor was systematically

bserved after the first leaching period (pfav2 > pfav1). This fav
eduction could be ascribed to concomitant or individual causes
uch as: (1) reduction in the pH gradient within the leached shell
f monoliths, (2) change in the leaching-controlling mechanism
after the first leaching period, the dissolution rate of the heavy
etals could become the release-controlling mechanism) and

3) slight overestimate of De2 (the physical retention factor, Φ,
ould actually be lower than that evaluated for Na ions, i.e., Φ

s not independent of the type of diffusing species).
The values of C′

0 in Table 3 were broadly consistent with
he solubility data reported in the literature [25,26], taking into
ccount the effects of varying pH and ionic strength on the
olubility of metal hydroxides.

. Conclusions

The use of cement-solidified MSW incinerator fly ash as an
rtificial aggregate in Portland cement mortars proves to be a
uitable way of safe reuse of such a waste.
No delay in mechanical strength development, relatively
igh compressive strengths (up to 36 N/mm2 after 90 days of
uring) and low leaching rates of heavy metals (Cr, Cu, Pb
nd Zn) were always recorded for the mortars incorporating
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rtificial aggregate (sand replacement levels of 10% and 50%
y mass).

The leaching data of heavy metals from sequential leach tests
n monolithic mortar specimens (deionised water as a leachant;
ot controlled leachant pH) may be successfully elaborated
y a simple pseudo-diffusional kinetic model that includes a
hemical retardation factor related to the partial dissolution of
ontaminant.

On the basis of the promising results of this study, there exist
eal possibilities of reusing S/S products as coarse aggregates
n concrete formulations. This would be a more attractive appli-
ation in consideration of the lower energy needed for grinding
/S products to coarser particle sizes.
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