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Abstract

The reuse of cement-solidified Municipal Solid Waste Incinerator (MSWI) fly ash (solidified/stabilised (S/S) product) as an artificial aggregate
in Portland cement mortars was investigated. The S/S product consisted of a mixture of 48 wt.% washed MSWI fly ash, 20 wt.% Portland cement
and 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/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
and 100% RH, the mortar specimens were characterised for their physico-mechanical (porosity, compressive strength) and leaching behaviour.
No retardation in strength development, relatively high compressive strengths (up to 36 N/mm?) and low leaching rates of heavy metals (Cr, Cu,
Pb and Zn) were always recorded. The leaching data from sequential leach tests on monolithic specimens were successfully elaborated with a

pseudo-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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1. Introduction

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

Generally, municipal incinerator fly ash, also referred to
as MSWI fly ash, is landfilled after a preliminary treatment
such as advanced separation processes, chemical stabilisation or
encapsulation, solidification/stabilisation with inorganic binders
(cement, powdered blast furnace slag or calcium sulphate) [1-3].
Such a pre-treatment is needed in order to reduce the hazardous
characteristics of MSWI fly ash.
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Cement solidification/stabilisation is certainly one of the
most popular techniques but there are strong limitations regard-
ing the amount of raw MSWI fly ash that can be incorporated
into cementitious mixes. This is related to the adverse effects of
the chemical composition of raw MSWI fly ash (high contents
of chlorides, sulphates and heavy metals) on the hydration of
cement and the stability of solidified/stabilised (S/S) products
[4-6].

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

Our recent studies [8,9] have shown that using S/S prod-
uct as an artificial aggregate in cement mortars may represent
a sensible method of safe reuse of MSWI fly ash (reduction
of environmental problems and costs associated with both land
disposal and irreplaceable natural resources utilisation). How-
ever, in such studies it was found that the mechanical strength
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development for mortars incorporating artificial aggregate was
somewhat penalized by the lower compressive strength of S/S
product as compared to cement paste. Moreover, a deeper knowl-
edge about the mechanisms of immobilisation of heavy metals
by the two components of the artificial aggregate-incorporating
mortars (S/S product and cement paste) would be desirable for
a better prediction of the long-term leaching behaviour of such
mortars.

In the present study, Portland cement mortars made with
different amounts of an older S/S product characterised by
higher compressive strength were investigated for their physico-
mechanical and leaching behaviour. The leaching data for
selected heavy metals (Cr, Cu, Pb and Zn) obtained from
sequential monolith leach tests were also elaborated with a
pseudo-diffusional leaching model in order to identify the
release mechanisms of such heavy metals and to predict the
long-term leaching behaviour of cement mortars.

2. Development of pseudo-diffusional leaching model

A simple leaching kinetic model was developed to corre-
late the time-dependent release of heavy metals from monolithic
mortar specimens when subjected to sequential leach tests.

This model was based on a one-dimensional Fickian diffusion
equation (zero surface concentration at the solid-liquid interface
and associated zero leachant concentration) [10], that was appo-
sitely modified to include a release retardation factor related to
the partial dissolution (partial availability) of the contaminant
of interest (heavy metal, in the present study) within the pore
solution of the cementitious matrix.

According to this model, the cumulative mass of contaminant
released per unit exposed surface area of monolithic specimen,
M, (mg/mz), may be related to the leach time, ¢ (s), through the
equation:

Dt
M; = 2favCO = (1)

where f,y is the leachable (or mobile) fraction of contami-
nant within the monolithic specimen, also referred to as the
availability or chemical retardation factor (dimensionless), Co
(mg/m?>) the total (bulk) concentration of contaminant within
the monolithic specimen and D, (m2/s) is the effective diffusion
coefficient of the contaminant. The chemical retardation factor,
fav, includes all chemical reactions (dissolution, precipitation,
ion exchange, sorption, complexation) affecting the leaching rate
of the chemical species of concern.

The effective diffusion coefficient, D., of the contaminant
is related to its molecular diffusion coefficient, Dy (m2/s), by
a geometric factor that is characteristic of the porous medium.
If the pore geometry is unknown, the geometric factor, @, is
usually defined in terms of two parameters, the solid porosity,
e (m?/m?) and the tortuosity factor, t [11,12], and D, may be
calculated as:

Doe
D, = - = Dy® (2)

where @ is defined by the term &/t and is also known as physical
retention factor. The tortuosity factor, t, may vary from values
of less than unity (significant surface diffusion) to more than 6
[12]. Moreover, in the case of porous solids characterised by a
significant presence of micropores (pore radius <1 nm) [13], @
should also include a steric hindrance factor, 8 (<1), to take into
account the reduction of diffusivity due to hindered diffusion.
Thus, according to Eq. (2), higher @ values will denote lower
physical retention capabilities of contaminant by solid matrices.

The concentration Cj, (mg/m3) of contaminant dissolved
within the pore solution of the monolithic specimen (leachable
or mobile concentration) is related to its total concentration, Cy,
by the equation:

. f avCo

Cp =2 3)

In the present study, the physical retention factors, @, of the
solid matrices were estimated from the leaching data of sodium
ions and the availability factors, f,y, of this species, the latter
being calculated according to the test procedure developed by
Kosson et al. [14].

Thus, the pseudo-diffusional model developed in this study
represents an alternative approach to the commonly adopted
pure diffusive model using an observed (apparent) diffusion
coefficient, Dops, that includes all physical and chemical factors
affecting leaching rates [15].

3. Materials and methods

The S/S product tested as an artificial aggregate (AA) for
use in cement mortars came from a laboratory-scale solidifica-
tion/stabilisation process of washed MSWI fly ash with Portland
cement (CEM I 42.5), after a preliminary four-stage washing
treatment of raw fly ash with deionised water (liquid-to-solid
weight ratio of 12.5 and contact time of 30 min for each washing
step). The physico-chemical and mineralogical characterisa-
tion of raw and washed MSWI fly ash, as well as the analysis
of the washing process and cement-stabilisation treatment of
washed MSWI fly ash have been reported in previous papers
[7,8,16].

The S/S product (washed MSWI fly ash-to-cement weight
ratio = 70:30; water-to-solid weight ratio = 0.47) tested here had
a curing time of 365 days at 20 °C and 100% relative humidity
(RH) and was characterised by an average compressive strength,
Re, of 32 N/mm?, against 27 N/mm? for the same S/S product
aged for 180 days and used in our previous studies [8,9].

The S/S product was ground to a size grading (particle sizes
ranging from 0.08 to 2.0 mm) closely resembling that of natu-
ral sand, and was then analysed for its chemical composition
and physical properties according to standard test procedures.
Table 1 gives the chemical and physical characteristics of the S/S
product (artificial aggregate) together with those of the Portland
cement (CEM I 52.5) used to prepare mortar samples.

A quartzitic sand (Si0=91.2%; Na;O0=0.80%;
K>0=0.72%; particle density=2.65g/cm’; water absorp-
tion =0.80%; size gradation =0.08-2.00 mm), virtually free of
heavy 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 cement® S/S product Component (mg/kg) Portland cement® S/S product
CaO 61.97 25.96 Cr 38 118
Si0, 20.02 18.71 Cu 30 590
Fe,03 2.94 1.65 Pb 120 2,500
AL O3 4.26 8.20 Zn 160 4,500
MgO 1.36 1.78 L.O.I. (950°C) (%) 1.20 37.51
SOz 2.99 2.09 Bulk specific gravity 3.15 1.83
Na,O 0.23 0.88 Specific surface area >00 23,300
K,O 1.40 0.11 (rlr)12 /ke) Blaine Mercury porosimetry
cl 0.01 0.02 g

2 Bogue potential constituents: C3S =55.80%; CS =15.32%; C3A =6.32%; C4AF=8.95%.

blends with artificial aggregate at sand replacement levels of
0% (control), 10% and 50% by mass.

Mortar samples were made by mixing Portland cement, dry
aggregate (natural sand and artificial aggregate) and deionised
water at a nominal water-to-cement weight ratio of 0.62 and a
total aggregate-to-cement weight ratio of 3.0. For all mortars
incorporating artificial aggregate, a sulphonated naphthalene-
based superplasticiser at a dose level of 2.0 wt.% of cement was
used to improve mix workability.

Each mixture was used to prepare prismatic and cubic speci-
mens for compressive strength measurements and leaching tests,
respectively. After the 1-day storage of the mortar specimens in
the moulds at ambient temperature and RH >90%, these speci-
mens were demoulded and transferred to the moist-curing room
at 20 °C and 100% RH, until required for testing.

Compressive strength was periodically measured up to 90
days of curing on three replicate 40 mm x 40 mm x 160 mm
specimens.

After 28 days of curing, all mortar specimens were also char-
acterised for their porosity, pore size distribution and heavy
metals leachability.

The porosity and the pore size distribution were measured on
broken prismatic specimens through the use of a mercury intru-
sion porosimeter operating at a maximum pressure of 2000 atm,
corresponding to a cylindrical pore radius of about 3.8 nm.

The heavy metals leachability was evaluated using the stan-
dard CEN/TS 14429 pH-dependence leaching test [17] and a
modified version of the sequential monolith leach test developed
by Kosson et al. [14].

The pH-dependence leaching test was performed on crushed
mortar samples (particle sizes <1.0mm). Ten-gram samples
were mixed with aqueous solutions having different concen-
trations of nitric acid. The slurries, having a liquid-to-solid ratio
(L/S) of 10cm?/g dry matter, were mixed for 48h in a rotary
extractor and then centrifuged at 4000 rpm for 10 min. Each
leachate was extracted and, after pH measurement, was filtered
through a 0.45 pm membrane filter, acidified with 1 M HNO3 to
pH 2.0, and finally analysed for the selected heavy metals (Cr,
Cu, Pb and Zn). The heavy metals concentrations were deter-
mined using an atomic absorption spectrophotometer (AAS)
equipped with a graphite furnace.

The sequential monolith leach test was performed using three
40 mm cubic specimens of the same mortar mix that were placed

in a sealed tank and contacted with the leachant. Deionised water
(initial pH of 4.0 through addition of nitric acid) was used as
a leachant and the leachant volume-to-solid surface area ratio
was 10 cm3/cm?, corresponding to an L/S volume ratio of 15.0.
The leachate was removed and replaced with an equal volume
of leachant after cumulative leach times of 2, 5, 8, 24, 48, 96
and 192h. In order to better evaluate the leaching of heavy
metals from mortar specimens, the leach test was modified by
prolonging the test duration from 192 h to 64 days, with three
intermediate renewals of leachant after cumulative times of 14,
21 and 34 days. Each leachate was analysed for the selected
heavy metals and sodium according to the same procedure as
described for the pH-dependence leach test.

The availability factor, f,y, of sodium ions in the pore water
of each solid matrix was estimated using the test procedure
developed by Kosson et al. [14]. This procedure consisted of
performing parallel extractions with deionised water at differ-
ent L/S ratios (10, 5, 2, 1 and 0.6 cm3/g of dry solid). For each
extraction, an aliquot of finely crushed dry mortar (<125 pm)
was contacted with deionised water for 48 h at ambient temper-
ature. The liquid phase was then separated by centrifugation and
analysed for sodium concentration by using AAS. The sodium
concentrations thus obtained were correlated with the L/S ratio
as discussed later.

4. Results and discussion
4.1. Physico-mechanical characteristics of cement mortars

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

It must be emphasized that, for simplicity, the results of the
mercury intrusion porosimetry are labelled as “total porosity” in
the present paper, although this technique is not able to determine
pores with radius smaller than 3.8 nm.

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

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

The data in Fig. 1 revealed that there was no significant dif-
ference between the mercury intrusion porosities of the control
and artificial aggregate-incorporating mortars: the total poros-
ity ranged from 12.2% (control mortar) to 13.3% and 14.0%
for 10% AA- and 50% AA-incorporating mortars, respectively.
This was in spite of the much higher porosity of the arti-
ficial aggregate (25.2%) as compared to both natural sand
(about 2.0% from water absorption measurement) and control
mortar (12.2%).

A possible explanation of these results could be related to
coating of artificial aggregate with hydrated cement paste. In
that case, the porosity of the various types of mortar would
be largely determined by the porosity of the hydrated cement
paste within the mortar samples. However, it must be consid-
ered that: (1) at a fixed nominal water/cement ratio (w/c =0.62),
an increase of the replacement level of natural sand with arti-
ficial aggregate results in a significant reduction of the actual
w/c ratio (free water-to-cement ratio), as a consequence of the
much 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-
ity of the hydrated cement paste within the mortars is expected
to markedly reduce with decreasing actual w/c ratio [18] and (3)

— artificial aggregate

percent smaller than
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—— 10% AA mortar
—— 50% AA mortar
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Fig. 2. Pore size distribution of artificial aggregate and cement mortars.
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Fig. 3. Development of compressive strength for control and artificial aggregate-
incorporating mortars.

water absorption by aggregate always precedes eventual coating
by hydrated cement paste.

Thus, the porosimetric data in Fig. 1 could not be explained
by the only coating phenomenon: complete coating of artifi-
cial aggregate with cement paste would lead to a significant
reduction in the porosity of mortars incorporating S/S product,
as compared to control mortar. Therefore, the reduction in the
actual w/c ratio of cement paste with increasing amount of artifi-
cial aggregate should be considered the predominant mechanism
affecting the porosity of mortars incorporating artificial aggre-
gate. These argumentations were validated by the similar pore
size distribution curves exhibited by the artificial aggregate and
50% A A-incorporating mortar, as well as by the relative position
of the curves showing the pore size distributions of control and
10% AA-incorporating mortar (Fig. 2).

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

The frequency distribution of discrete pore size intervals (not
reported here) showed that, irrespective of the solid considered
(artificial aggregate or cement mortar), the largest volume per-
centage of pores (24—41%) always fell within the 10-25 nm pore
radius interval, that is near the upper size limit of mesopores
(1 nm < pore radius <25nm) [13]. Also, the volume percent-
age of macropores (pore radius>25nm) varied from about
33% (artificial aggregate) to 51% (control mortar), with about
14% of total porosity formed by macropores with radii larger
than 250 nm (Fig. 2). The formation of macropores was mainly
associated to the interfacial transition zones occurring between
aggregate and hydrated cement particles.

Fig. 3 shows the effect of increasing the sand replacement
level on the compressive strength of the various types of mortar
after 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
observed and only a slight reduction in the compressive strength
(4—7%) was recorded as natural sand was partially replaced by
artificial aggregate. At 90 days of curing, relatively high average
R. values were measured: 38 N/mm? for control mortar, 36 and
35N/mm? for 10% AA- and 50% AA-incorporating mortars,
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respectively. These results were consistent with the comparable
porosities exhibited by the various types of mortar investigated
(Fig. 1) and also indicated that the artificial aggregate behaved
as an almost inert material. In other words, the S/S product used
as an artificial aggregate did not negatively interfere with cement
hydration kinetics (possible retarding effect) and strength devel-
opment.

It was also noteworthy that, after 90 days of curing, the
mortars incorporating artificial aggregate exhibited R val-
ues that were somewhat higher than the compressive strength
(32 N/mm?) of the artificial aggregate used for mortar prepa-
ration. This result was attributable to an improvement in the
compressive strength of the artificial aggregate during mor-
tar curing as a result of its chemical interaction with Portland
cement.

4.2. Leaching characteristics of crushed mortar samples

Fig. 4 shows the results of the standard pH-dependence
leach test on crushed samples of the various types of mortar
investigated. In this figure, the release of each heavy metal,
expressed in terms of mass of metal leached per unit mass of
dry solid, mg (mg/kg), is plotted as a function of final leachate
pH. The total metal concentration, mg (mg/kg), determined by
HNO3/HCIO4/HF digestion of pulverised mortar samples, is
also reported as a horizontal line.

The results in Fig. 4 proved the great influence of pH on the
leachability of heavy metals from the various types of mortar.

At pH values above 6-8, depending on the heavy metal
examined, the release, mg, was found to be very low and vir-
tually unaffected by the amount of artificial aggregate present
in the mortar specimens. This fact could be ascribed to a metal
release mechanism governed by the solubility of the same metal

80
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compound present within the cement paste and the artificial
aggregate. Another possible explanation could be no significant
contribution by the artificial aggregate to the amount of heavy
metal released from the cement paste present within the mor-
tar specimens. In every case, the various types of mortar showed
similar leaching behaviour with regard to a specific heavy metal.

Conversely, at pH values below 6-8, depending on the heavy
metal examined, a remarkable increase in the metal release was
observed for each type of mortar. Also, the release of each metal
greatly increased with increasing amount of artificial aggre-
gate in the mortar specimens. In the case of the control mortar
(absence of artificial aggregate), a pH value of less than 2.0
was able to produce a release of the examined heavy metal that
broadly approached its total concentration, myg, in the mortar.
Conversely, in the case of mortars incorporating artificial aggre-
gate, even at the lowest pHs tested in this study (pH 1.1 and 2.0
for mortars incorporating 10% AA and 50% AA, respectively),
the leaching of the examined heavy metals resulted to be rather
incomplete (mg<my). Thus, the leaching data at low-medium
pHs suggested that the heavy metals present within the artifi-
cial aggregate were much more retained than the same species
present within Portland cement.

4.3. Leaching characteristics of monolithic mortar
specimens

Fig. 5 shows the changes in the pH of leachant during each
leaching interval when monolithic specimens of control mor-
tar (aged for 28 days at 20 °C and 100% RH) were subjected to
sequential leach test (10 leachant renewals) with deionised water
(initial pH 4.0). The leachant pH-time plots for mortars incor-
porating artificial aggregate (not reported here) did not differ
significantly from that of control mortar.
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Fig. 4. Results of pH-dependence leach test on 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,
the pH of the leachant was always above 10 during each leaching
interval and the final pH resulted to be over the range from 10.9
to 12.0, depending on the duration of the leaching interval and
its location in the renewals sequence.

The rapid pH increases as well as the high final pHs of the
leachates were related to a rapid release of alkalies (principally
those coming from Portland cement) and portlandite (mainly
resulting from the hydration of cement silicate constituents)
from mortar specimens. The weighted average pH of the over-
all leaching test was calculated to be 11.4 for control mortar,
11.8 and 11.7 for 10% AA- and 50% A A-incorporating mortars,
respectively.

Figs. 6 and 7 show, respectively, the releases of the selected
heavy metals (Cr, Cu, Pb and Zn) and sodium from the mono-
lithic mortar specimens when subjected to the sequential leach
test. In these figures, the cumulative mass of each metal released
per unit exposed surface area of specimen, M, (mg/m?), is plotted
against the square root of leach time, 7 (h!/?).

As far as the leaching of heavy metals was concerned, the
results of Fig. 6 revealed that: (1) irrespective of the type of mor-
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Fig. 7. Results of sequential monolith leach test on the various types of mortar:
sodium release.

tar and heavy metal examined, each release curve was always
characterised by two distinct linear parts, both indicating a
square root of time linear dependence of the cumulative release,
M;; (2) irrespective of the heavy metal examined, the changes in
the slope of the release curves always occurred after acumulative
leach time of between 48 and 96 h (i.e., after the fourth leachant
renewal), thus suggesting that the slope variation was mainly
related to the physical properties of the solid matrices; (3) after
the early leaching phase characterised by higher leaching rates,
the release of each heavy metal was always low (especially in
the case of Cr, Cu and Pb), at least up to the ultimate leaching
time investigated (64 days); (4) there was no remarkable differ-
ence between the releases of a specific metal from the various
types of mortar examined. Indeed, the metal release from the
control mortar was always slightly higher than that measured
for the artificial aggregate-incorporating mortars, and this was
in spite of the much higher metal content of artificial aggregate
as compared to cement paste (Table 1); (5) irrespective of the
type of mortar examined, the highest leaching rates were always
recorded for Zn (predominant heavy metal), while the lowest
release rates were always measured for Cr (lowest Cy values).
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Fig. 6. Results of sequential monolith leach test on the various types of mortar: heavy metals release.
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Considering that the various types of mortar differed remark-
ably for the total metal concentration, mq (Fig. 4) but only
slightly for their total porosity (Fig. 1) and pore size distribution
(Fig. 2), it was likely to think that the observed releases, M;, of
a given metal (Fig. 6) were strongly dependent on the porous
structures of the solid matrices and poorly affected by the total
concentration of heavy metal.

As far as the leaching of sodium was concerned (Fig. 7),
relatively high leaching rates were always recorded and each
release curve was characterised by two distinct portions, thus
confirming that the slope variation was mainly related to the
physical properties of the solid matrices. Differently from what
was observed for the leaching of heavy metals, the release of
sodium ions increased remarkably with increasing amount of
artificial aggregate in the mortar, i.e., with increasing total con-
tent of sodium.

4.4. Correlation of monolith leaching data with the
pseudo-diffusional equation

4.4.1. Leaching of sodium

For ionic species such as Na* ions, commonly coming from
highly water-soluble compounds whose solubility is virtually
independent of the leachant pH, the availability factor, fy, is
often taken equal to 1. However, Sanchez et al. [20] reported
that, in the case of soil and S/S As;O3; matrices, the correla-
tion of leaching data with a pure diffusive model using the total
concentration of sodium underestimated (up to three orders of
magnitude) the effective diffusion coefficient, D, of this species.

On the other hand, chemical analyses of the pore solution of
high-alkali Portland cement mortars and concretes (w/c =0.50)
extracted by a high pressure apparatus [21-23] have shown
that, after 28 days of curing, the pore solution essentially con-
sists of OH™ (385—430 mmoles/l), Na* (120-130 mmoles/l),
K* (310-330 mmoles/l), Ca®* (0.36—1.4 mmoles/l) and SO4>~
(10-18 mmoles/l) ions. The sodium and potassium ions are
essentially released from Portland cement and no appreciable
release comes from natural aggregate (siliceous sand). In partic-
ular, the release of sodium (availability factor) corresponds to
about 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
sodium in the pore water of the solid matrices investigated.

Fig. 8 shows the weight fraction, F, of sodium released from
each type of mortar in the leach tests with different L/S ratios.
The F values were calculated from the amounts of sodium
released and its total content, Cyp, in each mortar.

The values of the availability factor, f,y, in the pore water were
obtained by extrapolation of each curve to the L/S ratio equal to
&/p [14,20]. This ratio corresponds to the pore water L/S ratio
within the matrix, and ¢ and p are, respectively, the porosity
(cm3/cm?) and the dry density (g/cm3) of the unleached solid
matrix (p=2.2, 2.1 and 2.0 g/c:m3 for control, 10% AA-, and
50% AA-incorporating mortars, respectively).

The f,y values for the control, 10% AA- and 50% AA-
incorporating mortars resulted to be 0.37, 0.27 and 0.14,
respectively.

1

0.8

—{1— control mortar

F (img Na released/mg Na total)

0.2+ —A— 10% AA mortar
—0— 50% AA mortar

Ou T T T T T
0 2 4 6 8 10 12

L/S (cm?/g)

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

It was noteworthy that the f,, value estimated for the con-
trol mortar was comparable to those (0.41-0.45) determined on
Portland cement mortars and concretes through the use of the
pore solution extraction technique [21-23].

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

Table 2 gives the values of the effective diffusion coefficient,
De, of sodium, in terms of pD = —log D, for the two leaching
periods considered. The values of D.; and D, thus obtained
were then used to calculate the physical retention factors (&
and @») and the tortuosity factors (71 and t2) by using Eq. (2).
The Dy value of 1.26 x 102 m?/s [24] was used for sodium in
Eq. (2). The values of @ and t thus calculated are reported in
Table 2.

The values of D., @ and 7 were consistent with the pore
structures of the solid matrices investigated (45-51% of macro-
pores, with about 14% of total porosity formed by pores with
radius >250 nm (megapores)). In particular, the early leach-
ing of sodium was characterised by pD.; values (10.0-10.2)
that were indicative of a metal diffusion through the large
defects (megapores) and, in part, macropores of the solid matri-
ces. The subsequent leaching phase, characterised by higher
values of pD. (pDep =10.8-11.0), was associated to a metal
diffusion through macropores and, to a minor extent, through
mesopores.

For each leaching period, the physical retention factor (P
or @,) and, hence, the effective diffusion coefficient (De; or
De») were very little affected by the type of mortar, and this was
consistent with the similar porosities and pore size distributions
exhibited by the mortars investigated (Figs. 1 and 2).

The values of t, were always found to be much higher than
71 values and this was ascribed to a finer pore structure involved
with the diffusion process during the second leaching period.
The average 15/t ratio (5.7) was approximately equal to the
ratio calculated assuming 7> and 7 to be proportional to the
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Table 2
Diffusion parameters for sodium ions in the various types of mortar investigated
Mortar (% AA) pDo PDe1 pDe> D (2] T T T2/T)
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) pDo pDei pDer Dfavi Dfava Cpy (mg/) Cy, (mg/l)
0 8.90 10.05 10.95 1.68 1.90 3.33 1.94
Cr 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
0 9.10 10.25 11.15 1.51 1.75 3.80 2.17
Cu 10 9.10 10.39 11.15 222 2.65 4.71 1.74
50 9.10 10.38 11.95 2.94 3.36 3.48 1.33
0 9.00 10.15 11.05 1.88 1.92 7.55 6.78
Pb 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
0 9.20 10.35 11.25 1.24 1.46 39.2 23.8
Zn 10 9.20 10.49 11.25 222 2.43 345 21.2
50 9.20 10.47 11.05 2.76 3.16 39.6 16.0

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

4.4.2. Leaching of heavy metals

On the basis of the range of solid pore sizes involved with
the diffusive process during both leaching periods, the physical
retention factor, @, was assumed to be independent of the type
of diffusing species. Thus, the effective diffusion coefficient,
De, for each of the examined heavy metals was calculated using
Eq. (2), the values of @ and @, given in Table 2, and the Dy
value taken from CRC Handbook [24]. Next, the leaching data
of Fig. 6 were correlated with Eq. (1) using the values of De;
and Dg), and the experimental value of total concentration, Cy,
of the heavy metal of concern. The values of f,y1 and fa,2 thus
obtained, along with the values of the porosity, ¢, measured on
the various types of mortar prior to leaching, were finally used to
calculate the leachable concentration C;, with Eq. (3). The use of
¢ in place of gj5 (porosity of leached shell) was considered to be
an acceptable approximation, taking in mind the low leaching
rates of cementitious matrices (portlandite dissolution) occur-
ring at pH 11.4-11.8 (average pHs of leachant during sequential
monolith leach tests).

Table 3 gives the results of this elaboration for each heavy
metal and leaching period considered.

As expected, very low fy values (high pfyy values) were
always obtained due to the very low solubility of the exam-
ined heavy metals (metal hydroxides) over the range of pHs
from about 13.5 (pH of the pore water within unleached cemen-
titious matrices [18]) to 11.4-11.8 [25,26]. The pH variation
from about 13.5 to 11.4—11.8 corresponded to the pH evolution
within the leached shell of the monolithic mortar specimens
investigated. Thus, the availability factor, f,y, as calculated from

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

The f,y values were also found to significantly reduce with
increasing amount of artificial aggregate in the mortars, as a
result of a significant increase of the total content, Cyp, of the
heavy metal of concern.

Irrespective of the type of mortar and heavy metal considered,
a slight reduction in the availability factor was systematically
observed after the first leaching period (pfava > pfav1). This fay
reduction could be ascribed to concomitant or individual causes
such as: (1) reduction in the pH gradient within the leached shell
of monoliths, (2) change in the leaching-controlling mechanism
(after the first leaching period, the dissolution rate of the heavy
metals could become the release-controlling mechanism) and
(3) slight overestimate of De; (the physical retention factor, @,
could actually be lower than that evaluated for Na ions, i.e., @
is not independent of the type of diffusing species).

The values of Cj, in Table 3 were broadly consistent with
the solubility data reported in the literature [25,26], taking into
account the effects of varying pH and ionic strength on the
solubility of metal hydroxides.

5. Conclusions

The use of cement-solidified MSW incinerator fly ash as an
artificial aggregate in Portland cement mortars proves to be a
suitable way of safe reuse of such a waste.

No delay in mechanical strength development, relatively
high compressive strengths (up to 36 N/mm? after 90 days of
curing) and low leaching rates of heavy metals (Cr, Cu, Pb
and Zn) were always recorded for the mortars incorporating
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artificial aggregate (sand replacement levels of 10% and 50%
by mass).

The leaching data of heavy metals from sequential leach tests
on monolithic mortar specimens (deionised water as a leachant;
not controlled leachant pH) may be successfully elaborated
by a simple pseudo-diffusional kinetic model that includes a
chemical retardation factor related to the partial dissolution of
contaminant.

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