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a b s t r a c t

In the present study, the feasibility of recycling incinerator bottom ash in cementitious systems by means
of chemical activation was investigated. Different Na-, K- and Ca-based hydroxides and salts were selected
for the experiments on the basis of their recognized effects on activation of typical pozzolanic materials.
The evolution of mechanical properties of bottom ash/Portland cement mixtures and the leaching of trace
metals from the materials were a matter of major concern. The experiments were arranged according to a
eywords:
ncinerator bottom ash
hemical activation
ozzolanic activity
echanical strength
eavy metal leaching

full factorial design, which also allowed to derive a predictive model for unconfined compressive strength
as affected by bottom ash content as well as activator type and dosage. Among the activators tested,
calcium chloride was found to affect mechanical strength far more positively than the other species used,
at the same time ensuring low metal release from the material. On the other hand, the use of potassium
sulfate was observed to cause a significant increase in metal leaching at pH < 12, which was probably
associated to the release of contaminants initially immobilized within the structure of ettringite as soon
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. Introduction

The intrinsic reactivity of fresh incinerator bottom ash (BA) is
ell established (see, e.g., [1–3]). It originates from the fact that

he bottom ash minerals formed under high-temperature combus-
ion conditions are typically subjected to rapid cooling down to
mbient temperatures during quenching downstream of the com-
ustion unit. This leads to chemical instability of such minerals
nder normal atmospheric conditions, which accounts for a pro-
ounced chemical reactivity of the material, particularly in alkaline
nvironments.

The work presented here is part of a broader research in which
ifferent methods are being investigated to improve the leaching
ehavior and enhance the promote applications of municipal solid
aste incinerator (MSWI) bottom ash by exploiting the chemical

eactivity of the material. The treatment methods studied so far
nclude accelerated ageing using different processes (carbonation,
se of sorbing compounds or soluble phosphates [4–6]) as well as

hemical and thermal activation to promote the pozzolanic behav-
or of bottom ash [7–9]. As for the effect of bottom ash addition
o cement-based systems, the findings from previous studies indi-
ated a weak pozzolanic behavior, so that the mechanical strength

∗ Corresponding author. Tel.: +39 06 44 585 037; fax: +39 06 44 585 037.
E-mail address: alessandra.polettini@uniroma1.it (A. Polettini).
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f bottom ash–Portland cement products was always lower than
hat of pure Portland cement systems [7,8]. More recently, the use of
ppropriate activators combined with thermal activation of bottom
sh was found to promote the development of mechanical strength
or bottom ash–Portland cement mixtures. In particular, while the
a-based activators Na2SiO3, NaOH and Na2SO4 were not effec-

ive in activating the pozzolanic properties of bottom ash, CaCl2
as capable of improving mechanical strength, with an increase

n unconfined compressive strength (UCS) from 33 MPa for Port-
and cement pastes to 40 MPa and 46 MPa for pastes cured for 10
ays at 40 ◦C and containing 10 wt.% and 20 wt.% of bottom ash,
espectively [9].

In the present work, further investigation on the role of chemical
ctivators in the development of physical, mechanical and leaching
haracteristics of MSWI bottom ash/Portland cement mixtures has
een conducted.

. Materials and methods

The bottom ash used in the present study comes from a grate-
ype MSW incinerator located in northern Italy. Bottom ash was

aturally aged in non-airtight vessels for a period of about 8 years.
t the time of testing, the material was homogenized by quarter-

ng and characterized for phase oxide and elemental composition as
ell as anion content. The oxide composition was determined from

otal X-ray fluorescence (TXRF). The elemental composition was

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:alessandra.polettini@uniroma1.it
dx.doi.org/10.1016/j.jhazmat.2008.06.018
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etermined by atomic absorption spectrometry (AAS) after sample
igestion according to the APHA 3030H procedure. Anions were
nalyzed by ion chromatography after solubilization according to
he Italian UNI 8520 method. According to the method, chlorides
ere solubilized using hot deionized water, while acid-soluble sul-

ates were extracted using 3% HCl.
Different Ca-, Na- and K-based compounds, including NaOH,

a2CO3, NaNO3, CaCl2·2H2O, Ca(NO3)2, K2SO4 and KOH, were
sed in preliminary tests with the purpose of activating the poz-
olanic properties of bottom ash. Reagent-grade chemicals were
sed throughout the experiments. The chemical activators were
elected, on the basis of a literature survey, among those recognized
o be capable of promoting development of pozzolanic reactions
rom typical pozzolanic materials [10–18]. A preliminary activation
tep was applied to bottom ash by heating at 90 ◦C for 3 h of slurries
L/S = 2 ml/g) containing ball-milled (<150 �m) bottom ash and the
hemical activator. After the pre-treatment step, bottom ash was
ven-dried at 105 ◦C.

The pozzolanic activity of bottom ash was evaluated through
he standard Italian procedure (UNI-EN 196, parte 5a), the so-called
ratini test. Mixtures of bottom ash + class 42.5 R ordinary Portland
ement (OPC) were preliminarily activated as described above, and
he material was then suspended in deionized water (L/S = 5 ml/g)
or 8 days at 40 ◦C. At the end of the curing period, the suspension
as filtered and analyzed for Ca and total alkalinity. The measured

alues were compared with the solubility curve of Ca(OH)2; data
oints below the curve imply undersaturation of the solution with
espect to Ca(OH)2, indicating that the Portlandite produced by
ement hydration is consumed as a result of pozzolanic reactions.
Cementitious mixtures were prepared (see Table 1) by blend-
ng different proportions of ball-milled bottom ash and OPC
t a water/total solids weight ratio of 0.4. The investigated
A/(BA + OPC) ratios were 20 wt.%, 40 wt.% and 60 wt.%. The acti-

able 1
ixture formulations

iscela BA/(BA + OPC) (%) Activator/(BA + OPC) (%) Pozzolan (%)

KOH K2SO4 CaCl2 Ca(NO3)2

PC 0
1 20
2 40
3 60
1 20
2 40
3 60
1 20 1.5
2 20 3
3 40 1.5
4 40 3
5 60 1.5
6 60 3
7 20 1.5
8 20 3
9 40 1.5
10 40 3
11 60 1.5
12 60 3
13 20 1.5
14 20 3
15 40 1.5
16 40 3
17 60 1.5
18 60 3
19 20 4
20 40 4
21 60 4
22 40 1.5
23 40 3
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ator additions adopted were 1.5, 3.0 and for some blends, 4.0%,
xpressed as activator/(BA + OPC) ratios. Control samples contain-
ng OPC only as well as 20 wt.%, 40 wt.% and 60 wt.% of natural
ozzolan were also prepared for reference purposes. The exper-

ments were arranged according to a full factorial design of two
actors (bottom ash content and activator dosage) at three levels in
hree blocks (activator type) [19,20].

The blends were cast in 30-mm cubic moulds and maintained at
mbient temperature and RH > 90% for 24 h, then demoulded and
llowed to cure at 40 ◦C and RH > 90% for 10 days and 21 days.

Measurements of UCS were made on triplicate specimens
ccording to the ASTM C109 method.

The ANC test [21] was applied after mechanical strength test-
ng on ball-milled (< 150 �m) and oven-dried (60 ◦C) specimens;
rinding was performed in N2 atmosphere in order to prevent car-
onation. The ANC test was conducted in a tumbling machine on
leven 5 g sub-samples contacted by 30 ml HNO3 solutions with
ncreasing acid concentrations. After 48 h, the pH of the suspen-
ions was measured and the solid material was then separated from
he liquid by centrifugation followed by 0.45 �m filtration. The liq-
id samples were acidified with concentrated HNO3 and analyzed
or heavy metals by means of AAS analyses.

The evolution of the hydration process was followed by the anal-
sis of Portlandite content of the hardened materials, which was
etermined using the titration method proposed by Franke and
isomphon [22], and occasionally by means of thermogravimet-
ic (TG) and differential scanning calorimetric (DSC) analyses for
eference purposes.

The factorial design approach used allowed for a statistical anal-
sis of the experimental results with an evaluation of the main
ffects as well as the linear and quadratic interactions between the
actors as affecting the properties of the bottom ash/OPC mixtures.

ain and interaction effects were calculated by means of orthogo-
al contrast coefficients [19,20]. The analysis of variance ((ANOVA)
19,20]) was also applied to derive an estimation of the statistical
ignificance of the effects as well as the error of the experiments.
he significant effects were then used to derive a polynomial rela-
ionship, referred to as the response surface, having the general
nalytical expression:

= a0 + a1x1 + a2x2 + a11x2
1 + a22x2

2 + a12x1x2 + a112x2
1x2

+ a122x1x2
2 + a1122x2

1x2
2 (1)

here y is the response variable (e.g., UCS), x1 and x2 the levels
f the two factors “bottom ash content” and “activator dosage”
nd ai(i)j(j) the coefficients of the polynomial function, which were
stimated by means of linear regression of the experimental data.

. Results and discussion

The chemical characteristics of bottom ash are reported in
able 2. Silicon, calcium and aluminum oxides were the main con-
tituents of bottom ash, accounting for about 80% of total solids and
ielding a ternary composition in the SiO2−Al2O3−CaO system sim-
lar to that of pozzolanic materials such as coal fly ash. The chloride
nd sulfate content was 0.12% and 0.76% dry weight, respectively.

The results from pozzolanic activity testing of bottom ash in
he presence of activators are depicted in Fig. 1. Oblique lines are
rawn at constant total alkalinity values, while the bold curve gives
he theoretical solubility of Portlandite. At the lower bottom ash

osage (20%), the only positive response of the pozzolanic activ-

ty test was given by 3% CaCl2; none of the other combinations,
rrespective of the amount of activator added, was capable of pro-

oting the pozzolanic properties of the material to an appreciable
egree. For a bottom ash level of 40%, the pozzolanic behavior was
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Table 2
Elemental and phase-oxide composition of bottom ash

Element Concentration (mg/kg dry wt.) Oxide Concentration (% dry wt.)

Al 55,320 SiO2 56.99
Ca 133,300 TiO2 0.49
Cd <8 Al2O3 9.20
Cr 79 Fe2O3 3.97
Cu 2,660 MnO 0.08
Fe 11,240 MgO 3.46
K 3,073 CaO 13.22
Mg 12,540 Na2O 5.87
Mn 475 K O 1.35
N
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2

i 61 P2O5 0.70
b 1,287
n 1,443

xhibited at either 2% or 3% activator addition depending on the
ctivator type. For the highest bottom ash content, both the activa-
or dosages adopted (1.5% and 3%) resulted in data points below the
aturation curve of Portlandite. Overall, the results from pozzolanic
ctivity testing suggest that the aluminosilicate minerals in bot-
om ash exhibiting pozzolanic properties are likely only a portion
f the total, so that for significant Portlandite consumption to occur
ither elevated activator additions or high bottom ash dosages are
equired.

The mechanical properties of bottom ash/OPC mixtures are
epicted in Fig. 2 for the three activators KOH, K2SO4 and CaCl2 as
function of bottom ash content and activator dosage. Error bars
ere also included to indicate the standard deviation of experi-
ental data. After 21 days of curing, UCS was appreciably improved
y the use of activators. Increasing the activator dosage variously
ffected mechanical strength: while doubling the activator dosage
rom 1.5% to 3% did not produce any appreciable gain in UCS in the
ase of KOH and K2SO4, the effect of activator addition was appre-
iable for CaCl2. This was found to promote mechanical strength

d
a
c
b
c

Fig. 1. Pozzolanic activity test
Materials 162 (2009) 1292–1299

evelopment much better than the other activators tested, espe-
ially at higher additions; the use of 4% CaCl2 at 20% bottom ash
ontent yielded as a high 21-day UCS as OPC.

As observed in a previous study [9], an increase in bottom ash
ontent resulted in a UCS decrease, indicating that the amount of
ydrates formed as a result of pozzolanic reactions is presumably

nadequate to counterbalance the decrease in mechanical strength
aused by dilution of cement.

The contribution of bottom ash to mechanical strength was
nvestigated by means of the so-called specific UCS (SUCS) as
roposed by Pu [23] and defined as the UCS value of the speci-
en divided by its cement content. The approach is based on the

ssumption that mechanical strength in the presence of admix-
ures is given by two contributions, one from the hydration phases
f cement and the other from the additional solid phases formed
y the admixtures. According to its definition, the SUCS of the
ontrol mixture (OPC) can be regarded as the contribution of 1%
ement to mechanical strength. Any SUCS higher than that of the
ontrol mixture thus indicates further contribution (i.e., in addi-
ion to that produced by cement) of the material to mechanical
esistance. Compressive strength data reported in Fig. 2 are plot-
ed in specific terms in Fig. 3. When looking at the SUCS of the

ixtures without any activator addition, the effect of bottom ash
n mechanical strength appears to be mainly associated to dilu-
ion of Portland cement; as curing time progressed, the negative
ontribution of bottom ash to strength was more pronounced,
ith significantly lower UCS and SUCS values if compared to Port-

and cement. In the presence of activators, at the earlier age (10
ays) a positive contribution of bottom ash to strength, as evi-

enced by the data points above the SUCS of OPC, was observed
t 60% bottom ash content for all the compounds tested; in the
ase of CaCl2 all the investigated mixtures, irrespective of their
ottom ash content, displayed SUCS values higher than Portland
ement.

ing of BA/OPC mixtures.
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of 34.3 MPa and 33.6 MPa at 10 days and 21 days, respectively) as
well as to the linear × linear interaction between the two factors
(which yielded a strength gain of 8.0 MPa and 8.7 MPa at 10 days
and 21 days, respectively); at 21-day curing, the linear × quadratic

Table 3
Main and interaction effects on UCS (values in MPa)

KOH K2SO4 CaCl2

10 days 21 days 10 days 21 days 10 days 21 days

Average 27.3 30.2 28.5 29.3 34.3 33.6

Main effects
AL 0.2 8.0 1.4 6.5 9.9 15.3
BL −10.5 −15.6 −7.5 −16.9 −12.3 −10.0
AQ 2.0 −5.6 −1.7 −4.7 −11.2 −4.5
BQ −6.3 −7.0 −1.5 −7.0 −3.5 0.4

Interactions
A × BL×L 6.4 2.1 9.2 −0.1 8.0 10.7
A × BL×Q 1.2 10.5 5.0 9.2 10.9 18.8
Fig. 2. UCS as a function of bott

For longer curing (21 days) the role of chemical activators in
romoting mechanical strength development was also evident for
bottom ash content of 40%. Again, the mixtures containing CaCl2

howed better mechanical properties if compared to the other mix-
ures.

The interpretation of specific mechanical strength data suggests
hat, under the experimental conditions tested, bottom ash was not
ble per se to promote mechanical strength development, so that
he effect of bottom ash addition to cement was basically related
o dilution of the hydrate system. When the activators were added
o the mixtures, a gain in UCS was observed which was as more
ronounced as both activator dosage and curing time increased.

In order to get deeper insight into the hydration process of bot-
om ash/OPC systems in the presence of chemical activators, the
inear and quadratic effects of the two factors “activator dosage”
A) and “bottom ash content” (B) on mechanical strength were esti-

ated and the ANOVA was conducted to derive information on
heir statistical significance. Table 3 shows a summary of the results

btained from the statistical analysis of UCS data.

Comparing the effects of the three activators on UCS, the pos-
tive contribution of CaCl2 to strength as compared to KOH and
2SO4 was found to be mainly associated to the main effect AL

which increased UCS by 9.9 MPa and 15.3 MPa from average values

A
Q
e

h content and activator dosage.
A × BQ×L −7.0 0.4 −16.8 1.7 8.2 −7.6
A × BQ×Q −2.6 −6.4 −20.0 −10.4 9.7 −25.9

= factor “activator dosage”; B = factor “bottom ash content”. L = linear;
= quadratic. Bold values denote statistically significant (95% confidence level)

ffects.
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Fig. 3. SUCS as a function of bott

× B interaction was also found to significantly increase UCS by
8.8 MPa. As far as the behavior of KOH and K2SO4 was concerned,
t the lower curing time the main effects (both linear and quadratic)
f the factors on UCS were all negative or slightly positive, while
he only significant positive joint effect was in both cases the lin-
ar × linear interaction. As curing time increased, the main effect
L became positive for both the activators, which explains the gain
bserved in mechanical strength for KOH and K2SO4 with time (see
ig. 2); however, at 21-day curing the other main effects BL, AQ and
Q, that became statistically significant, were all negative, which
rovides the reason for the lower UCS values observed at 21-day
uring for KOH and K2SO4 as opposed to CaCl2.

On the basis of data in Table 3, the polynomial model repre-
ented by Eq. (1) was applied taking only the significant effects
nto account, in order to derive the response surfaces for UCS for
he activator types tested. These are depicted in Fig. 4 as contour
lots, which provide a graphical representation of the predictive
odel for UCS as a function of bottom ash dosage and activator

ype and addition. The increased curvature of the response sur-
aces with curing time in the case of KOH and K2SO4 is due to the
act that at 21-day curing quadratic effects became significant. The
ownward curvature of the response surfaces for CaCl2 at 21-day
uring provides an indication of the more benign effect exerted
y the activator on mechanical strength for longer curing times,
specially at lower bottom ash contents.

The hydration behavior of the mixtures in the presence of acti-
ators was further investigated by means of indirect measurements
f the Ca(OH)2 content. Fig. 5(a) reports the TGA/DSC patterns for
he mixtures OPC, M19 and P3 (see Table 1) cured for 10 days. The
SC curves show the presence of two endothermic peaks in the low
emperature region, with maxima at ∼90 ◦C and ∼160 ◦C, which
re related to the loss of physically bound water and dehydration
f different Ca silicate hydrates. In particular, the loss of hydration
ater from such phases was indicated by a region of linear weight
ecrease in the temperature range 130–450 ◦C; the total mass loss

p
a
e
F
a

h content and activator dosage.

n this range was comparable (∼7%) for the two mixtures OPC and
19, while much lower (∼4%) for P3.
Two additional endothermic peaks were identified on the DSC

urves, with maxima at ∼460 ◦C and ∼750 ◦C, which were asso-
iated to the decomposition of Ca(OH)2 with loss of water and
aCO3 with loss of CO2, respectively. The amount of Portlandite in
he sample was calculated according to Eq. (2), where �M450–500
nd �M720–780 are the mass losses associated to the Ca(OH)2 peak
temperature range 450–500 ◦C) and the CaCO3 peak (temperature
ange 720–780 ◦C), and M is the initial sample mass.

a(OH)2(wt.%) = 4.11�M450–500 + 1.68�M720–780

M
× 100 (2)

or the three mixtures in Fig. 5(a) the Portlandite content was found
o be 13.4% for OPC, 8.7% for M19 and 3.0% for P3. Data derived
rom TG analyses for these and three additional samples cured for
1 days were correlated with 0.1N HNO3 titration volumes derived
rom the titration method reported in Ref. [22]. For the remaining
amples only titration measurements were done, and the relation-
hip determined as indicated in Fig. 5(b) was used to calculate the
a(OH)2 content in the material. This was plotted in Fig. 6 as a func-
ion of bottom ash content and activator dosage at 21-day curing.
he dashed lines in Fig. 6 represent the theoretical decrease in Port-
andite content that would be observed if the effect of bottom ash
ddition involved dilution of the OPC hydrate system only. The cor-
esponding plots at 10-day curing were similar in shape, although
a(OH)2 contents were generally higher and the variations between
he different activators tested were less appreciable.

The observed decrease in Portlandite content with curing time
s an indication of the progressive consumption of this phase by

ozzolanic reactions. The pozzolanic behavior of bottom ash was
lso found to be promoted by increased activator dosages, which
nhanced Portlandite consumption. However, comparing graphs in
ig. 6 with UCS data in Fig. 2, one can infer that the effect of the
ctivators on mechanical strength is not exclusively related to the
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Fig. 4. Response surfaces for UCS as derived by Eq. (1) (values in MPa).

Fig. 5. (a) TGA (left y-axis) and DSC (right y-axis) patterns for mixtures OPC, M19 and P3, and (b) correlation between TG and titration results.
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Fig. 6. Calculated Ca(OH)2 content as a func

nhanced pozzolanic behavior of bottom ash. Such a conclusion can
e drawn considering that, while the mixtures containing CaCl2 dis-
layed the highest UCS values, they also had the highest Portlandite
ontents; on the other hand, the calculated Portlandite content
ecreased with CaCl2 addition, and this also resulted in improved
echanical strength. This feature can only be explained consider-

ng the ability of CaCl2 to induce the formation of other hydrates
n addition to those produced by pozzolanic reactions. Hydrated
alcium chloroaluminate (C3A(CaCl2)H10), commonly referred to
s Friedel’s salt, is known to form in cement-based systems in the
resence of chloride forms (see, e.g., [11,24–29]); however, from
he DSC curves of CaCl2-containing mixtures at both 10 days and
1 days of curing no evidence could be gained of Friedel’s salt for-
ation, which would be indicated by an endothermic effect in the

emperature range 310–380 ◦C [11,26–28]. Further mineralogical

nvestigation is required to clarify the hydration mechanisms of
ncinerator bottom ash in cementitious systems in the presence of
aCl2.

In order to assess the environmental behavior of the investigated
ixtures, the release of a number of heavy metals as a function of

s
g
h
t
m

Fig. 7. Leaching of Cu, Pb and Zn from mixtures as a function
f bottom ash content and activator dosage.

H at 21-day curing was also evaluated. The results are reported in
ig. 7 for 1.5% activator addition. The corresponding curves obtained
or 3% activator dosage were very similar to those depicted in Fig. 7,
hereby indicating that the amount of activator added did not sig-
ificantly affect the release of metals, at least at later stages of
ydration.

For all the mixtures with the exception of those containing
2SO4, the leaching of Cu, Pb, Zn and also Cr (not reported graph-

cally here) was in all cases well below 0.5 mg/l for pH values
6. Only at lower pH values did metal leaching increase signifi-
antly. This is a result of dissolution of the hydrates incorporating
race metals that occurs under acidic conditions. The higher metal
eaching observed when using K2SO4 as the activator is probably

result of the increased amounts of sulfates leading to the for-
ation of higher amounts of ettringite that is formed at the early
tages of hydration. It is well known (see, e.g., [30,31]) that ettrin-
ite displays an immobilization capacity towards a number of both
eavy metals cations and oxyanions. It is tempting to hypothesize
hat trace contaminants are immobilized within the cementitious

atrix as long as they can be retained within the structure of

of pH (activator dosage = 1.5%; curing time = 21 days).
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ttringite; when this converts to monosulfate as hydration pro-
eeds, the contaminants become available for leaching at pH values
elow 12, which is the stability threshold for this phase [31,32].
his may explain why in the present study metal concentrations
n the leachate from 21-day-old mixtures containing K2SO4 were
ystematically higher if compared to the other mixtures. The neg-
tive effect of sulfate-based activators on metal leaching is an
spect that must be seriously evaluated when assessing the fea-
ibility of utilization of incinerator bottom ash in cement-based
ystems.

. Conclusions

The present work was aimed at studying the mechanical and
eaching properties of cementitious mixtures containing incinera-
or bottom ash in the presence of different K-, Na- and Ca-based
ctivators. On the basis of preliminary pozzolanic activity testing
nd results from previous studies on the same material, three acti-
ators including KOH, K2SO4 and CaCl2 were selected as potentially
xerting a beneficial effect on the mechanical characteristics of the
aterial.
It was found that KOH and K2SO4 produced similar effects on

echanical strength, and the improvement attained on UCS was
nly visible for longer curing times. On the other hand, CaCl2 had a
ositive influence on mechanical strength at earlier stages of hydra-
ion already. In this case, the gain in UCS also increased with curing
ime and was more pronounced at higher activator additions, so
hat at 21-day curing the addition of 4% CaCl2 at a 20% bottom ash
ontent yielded as a high UCS as OPC.

On the basis of the Portlandite content of the mixtures, it was
nferred that the effect of the activators tested on the evolution of
he hydration process is partly related to the enhanced pozzolanic
roperties of bottom ash. However, the experimental results indi-
ated that additional mechanisms still to be clarified are likely to
lay a role in determining the mechanical behavior of the bottom
sh/OPC mixtures.

When using either KOH or CaCl2, the leaching of heavy metals
rom the material was maintained at low levels under pH condi-
ions corresponding to the stability range of the main hydration
hases. The use of K2SO4, although yielding similar mechanical
roperties if compared to KOH, was found to be very critical in terms
f heavy metal release, which strongly increased for pH < 12. This
ndicates that the use of sulfate-based activators in cementitious

ixtures containing incinerator bottom ash is not recommended
hen environmental impact issues including trace metal leaching

re concerned.
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