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a b s t r a c t

The pozzolanic and adsorptive characteristics of coal fly ash have been enhanced by mechano-chemical
activation in order to evaluate their potential utilization in the stabilization/solidification treatment of
hazardous wastes. To that aim a soil artificially contaminated by large amounts of Phenol and Pb under-
ccepted 20 June 2008

eywords:
oal fly ash
echano-chemical activation

tabilization/solidification

went that treatment, wherein increasing amounts of powder activated carbon and Portland cement were
substituted by mechano-chemically activated fly ash. Under the experimental conditions investigated,
very encouraging results, in terms of contaminants leaching and mechanical properties of the stabi-
lized/solidified matrix, were obtained when up to 100% of the powder activated carbon and up to 50% of
the Portland cement were substituted by mechano-chemically activated fly ash, thus opening improved
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. Introduction

The stabilization/solidification (S/S) process is a widely used
echnology for treating hazardous waste wherein the stabilization
ith proper additives minimizes the rate of contaminant migration

leaching) into the environment while the addition of a solidifying
gent produces a harmless solidified mass [1]. The highly alkaline
nvironment (pH ≥ 11) provided by cementitious binders like Port-
and cement, lime and other pozzolanic materials ensures that most
norganic contaminants (e.g. toxic heavy metals) may be effectively
mmobilized [2].

Due to the large differences among their hydrophobicity and
olarity, however, most organic compounds do not react with inor-
anic binders and can leach relatively rapidly [3–4]. Consequently,
he need exists to develop effective and economic S/S systems that

an reliably treat hazardous wastes that also contain organic con-
aminants.

The addition of cheaper adsorbents like coal fly ash (FA, i.e. the
rganic and inorganic residue resulting from coal combustion, rep-

Abbreviations: AC, activated carbon; FA, fly ash; FAx , fly ash with x LOI con-
ent; FTIR, Fourier transform infra red; GAC, granular activated carbon; HEM, high
nergy mill; LOI, Loss On Ignition (%); MA, mechanochemical activation; MAFAx ,
echanochemically activated fly ash with x LOI content; NMR, nuclear magnetic

esonance; PAC, powdered activated carbon; S/S, stabilization and solidification
reatment.
∗ Corresponding author. Tel.: +39 099 4733203; fax: +39 099 4733203.

E-mail address: p.stellacci@poliba.it (P. Stellacci).
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esenting an abundant industrial waste worldwide) rather than the
ffective, but expensive, activated carbon (AC) during S/S treat-
ent would represent an excellent choice to achieve that aim.

he organic fraction (i.e. the unburned coal residue) of FA may
ehave potentially similar to AC while its inorganic fraction (con-
isting mainly of siliceous and/or aluminous material) may exhibit
otential cementitious properties. If properly enhanced, both the
dsorptive and pozzolanic potentials of coal FA can turn this abun-
ant industrial waste into a new opportunity for the protection of
he environment.

Accordingly, coal FA has been submitted to mechano-chemical
ctivation, a well established procedure already in use in several
ndustrial applications [5–28], with the aim of using it as a potential
ubstitute for AC and/or Portland cement during the S/S treatment
f soil contaminated by Phenol and Pb, typical organic and inorganic
ndustrial pollutants [29]. The results concerning the enhance-

ent of the adsorptive behaviour of mechanically activated fly ash
MAFA) towards Phenol have already been presented in Part I of this
tudy [30]. The effective capability of MAFA to prevent the leaching
f both Phenol and Pb is described in this Part II.

. Materials and methods
The characteristics of the commercial powder activated carbon
PAC) and the coal fly ash investigated, before and after its mechan-
cal activation together with the best operating conditions for this
atter, have already been described [30].

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:p.stellacci@poliba.it
dx.doi.org/10.1016/j.cej.2008.06.042
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Table 1
Main components of Portland cement

Component Formula Percentage by mass (%)

Tricalcium silicate 3CaO*SiO2 45–60
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Table 3
Mix design for S/S treatment to prevent Pb leaching

Soil (g) Substitution (%) Substitution (g) Cement (g) Water (g)

100 0 0 33.3 16.65
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icalcium silicate 2CaO*SiO2 5–30
ricalcium aluminate 3CaO*Al2O3 6–15
etracalcium ferroaluminate 4CaO*Al2O3*Fe2O3 6–8
ypsum CaSO4*2H2O 3–5

The natural siliceous cube test standard sand (Societé Nouvelle
u Littoral, Leucate, France), consisting mostly (≥98%) of rounded
ilica particles, was used as a soil substitute because sand repre-
ents the least adsorptive and most conservative component of soil,
herein any adsorption mechanism can be neglected.

Type I 42.5N Portland cement containing small variable
mounts of Na and K oxides was used. The typical characteristics
re shown in Table 1.

.1. Soil contamination procedure

In order to study separately the S/S mechanisms for both organic
nd inorganic contaminants, two contaminated soils were pre-
ared. The first was obtained by mixing 2 kg (on dry basis) of
and with 1 l of a solution containing 4000 mg l−1 of Phenol pre-
ared in deionized water (Phenol-contaminated soil, loaded with
2000 mg Phenol kg−1 dry soil), while the second was prepared
ith 1 l of a solution containing 20,000 mg l−1 of Pb as Pb(NO3)2
repared in deionized water (Pb-contaminated soil, loaded with
10,000 mg Pb kg−1 dry soil). A minimum headspace was main-

ained in the jars and the periodic end-over-end mixing was
sed. After preliminary tests confirmed that there was no appre-
iable adsorption of lead or Phenol on sand particles (≥99% of
he contaminants remained in solution after 30 days of mix-
ng), both soil samples were allowed to age for 7 days and,
fter separation from the liquid phase, were dried at 105 ◦C
vernight.

.2. S/S sample preparation

In order to determine MAFA’s adsorptive capacity to prevent
henol leaching, in a first set of tests used increasing amounts
1–2–5% w/w sand) of MAFA27 and MAFA80 (i.e. fly ash from a
ear-by coal power station with 27 and 80% LOI which had been
echano-chemically activated by 4 h milling in a high energy
ono-planetary ball mill under N2 atmosphere) were used and

ompared with similar addition of a commercial PAC (Darco G-60
y J.T. Baker, Phillisburg, NJ). These amounts were mixed with 100 g
f Phenol-contaminated soil and submitted to the S/S treatment
nder the mix-design conditions reported in Table 2, and Phenol

eaching was ascertained by the subsequent leaching tests.
In a second set of tests, aimed at assessing whether the poz-
olanic fraction of FA could efficiently replace cement binders,
ncreasing amounts (10–20–50% w/w cement) of FA3, FA27, MAFA3
nd MAFA27 (i.e. non-activated or activated fly ash with 3 or 27%
OI) were used in substitution of Portland cement and mixed with
00 g of Pb-contaminated soil, as reported in Table 3. The S/S treat-

able 2
ix design for S/S treatment to prevent Phenol leaching

oil (g) Addition (%) Addition (g) Cement (g) Water (g)

100 0 0 33.3 16.65
100 1 1 33.3 16.65
100 2 2 33.3 16.65
100 5 5 33.3 16.65
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100 10 3.33 29.97 16.65
100 20 6.66 26.64 16.65
100 50 16.65 16.65 16.65

ent without any cement substitution was also carried out as a
lank.

A soil/water/binder ratio of 1/0.5/0.33 was used to prepare the
tabilizing mixture. After proper hand mixing, the slurry was put
nto moulds, covered with a lid to produce a zero-headspace and
llowed to cure for 28 days.

.3. Leaching test

Samples of the original contaminated soil, as well as its
–7–14–28 days cured S/S specimens, were crushed to a ≤4 mm
rain size for ≥95% of their mass and extracted with distilled water
or 24 h at a 10 l kg−1 liquid/solid ratio, according to the European
tandard EN 12457-2 leaching test [31]. The suspensions were then
ltered through a 0.45 �m Iso-Disc filter (Supelco, San Francisco,
A, USA) and the leachate was analyzed for Phenol and Pb with
Lambda 25 UV/visible spectrophotometer and an AAnalyst 300

lame Atomic Absorption spectrophotometer (both by PerkinElmer,
iesbaden, Germany) by the direct aspiration method, respec-

ively. Simple mass balances between the solid and the liquid
hases allowed one to calculate the leaching (%) of each contami-
ant.

A Nicolet Magna 760 Fourier Transform Infrared (FTIR) spec-
rometer (Thermo Electron Co., Madison, WI) was used at different
uring times for the Pb-contaminated soil samples in order to
nderstand in which form Pb had been stabilized in the solidified
aste. Spectral analyses were carried out over the 4000–400 cm−1

ange at 4 cm−1 resolution by averaging 256 scans. Specimens were
repared by mixing 1 mg of sample in 300 mg of KBr.

XRD analysis was also carried out and compared with FTIR spec-
ra.

. Results and discussion

The contaminated soil was tested for chemical leaching and it
as found to yield Phenol and Pb concentration in the leachate

qual to 50 and 321 mg l−1, respectively, greatly exceeding the Ital-
an allowable limits currently in force.

In order to explain the effect of these pollutants on the hydration
eactions of the binders during the S/S treatment, their influence
n the treated waste microstructure (and therefore on the perfor-
ance of the treated product) needs to be discussed.

.1. Phenol–cement interaction

Better understanding of the soil-binder interaction is essential
n the S/S treatment of soil contaminated by organic waste since
arious mechanisms (adsorption, interference with cement setting,
tc.) could control the process [32]. According to Pollard et al. [33],
hen cement is dispersed in water Ca ions are rapidly leached

ut from the solid to form a solution of (mainly) calcium hydrox-

de, leaving behind silica-rich cement grains. Aqueous Ca(OH)2 is
hought to react with silicic acids on cement surfaces to form a
elatinous semi-permeable C–S–H membrane around cement par-
icles, which then extends to interconnect all the granules. This

embrane allows the transport of water, but not of Ca ions, thus
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Fig. 1. Phenol leaching from S/S specimens with 0% adsorbent addition.

nducing a dormant phase in the hydration process. Water passing
hrough this semi-permeable membrane causes the hydration of
he cement grains enclosed therein. Ca ions and hydrates remain
ithin the membrane until build-up of the osmotic pressure causes

he rupture of the membrane with development of new hydration
roducts.

Scouten and Dougherty [34] suggested that the reaction of
a(OH)2 and Phenol at room temperature forms a Ca–Phenate com-
lex (hydroxycalcium phenoxide) according to:

a(OH)2 + C6H5OH → Ca(OH)O–C6H5 + H2O

In the presence of an aqueous solution of Phenol, as in the
resent case, the Ca released by the initial dissolution of cement
eacts with Phenol dissolved in the pore water and thus becomes
navailable to form the C–S–H gel membrane. This forces the hydra-
ion products to enter the solution, causing a local peak in the
oncentration of Ca2+ ions. When the solution is saturated with the
a–phenol complex, the Ca ions further released start to complex
ith silicates to form the C–S–H gel membrane. This mechanism

etards the hydration of cement and yields a significant reduction
n the leaching of Phenol.

Present experimental results show that the leaching behaviour
f Phenol from the S/S matrix is influenced by the amount and
ature of the adsorbent used and by the curing period. It should
e primarily remembered that at the alkaline pH (≥11) provided
y the cement matrix, Phenol (pK 9.89 at 20 ◦C) is largely dissoci-
ted and the Phenate anion prevails. Compared with Fig. 1, showing

hat it is almost totally and rapidly leached out when no adsorbent
s added, Figs. 2–4 indicate that Phenol leaching decreases dras-
ically and almost vanishes after the 28 days curing period upon
ddition of 1–5% amounts of PAC. Furthermore, it is interesting to
ote that quite comparable results were achieved with a similar

Fig. 2. Phenol leaching from S/S specimens with 1% adsorbent addition.

m
[

a
p

Fig. 3. Phenol leaching from S/S specimens with 2% adsorbent addition.

ddition (1–5%) of MAFA, with performance obviously increasing
ith its LOI content (i.e. MAFA80 > MAFA27), and that the largest
art of Phenol immobilization occurs in the first 3 days of curing.

A possible explanation of this effect may be the encapsulation of
henol in the C–S–H gel matrix of the cement: as curing time pro-
resses, Phenol may actually have been adsorbed on the adsorbent
ather than being chemically locked into the cement pores.

The experimental results presented in Figs. 1–4 conclusively
onfirm the effective ability of MAFA80 to prevent Phenol leaching
hen used to substitute equivalent amounts of PAC during the S/S

reatment of contaminated soil under the conditions investigated.

.2. Pb–cement interaction

As cement hydrates, the C–S–H gel forms, followed by hardening
f the material while thin densely packed silicate fibrils grow and
nterlace. In the highly alkaline environment of the cement paste,

any heavy metals in the hazardous waste are converted into insol-
ble hydroxides and/or silicates and remain trapped within the
ores of the cement paste matrix and/or they become physically
ound to the paste lattice. These mechanisms yield a significant
eduction in the leaching of contaminant metals.

A vast literature, however, indicates that impurities such as
b in the matrix may inhibit the setting and curing of cement
y interfering with the hydration process due to coating of the
eacting surfaces. Such metal-induced retardation can limit the for-
ation of major cement hydration products, and this may affect its
icrostructural and physical properties, including metal leaching
35–46].
It is known that the efficiency of the S/S process for treating haz-

rdous wastes containing heavy metals greatly depends on solution
H [2]. Amphoteric metals such as Pb exhibit enhanced solubility at

Fig. 4. Phenol leaching from S/S specimens with 5% adsorbent addition.
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minor bands at 3000–2500 cm−1) correspond to CaCO3, with
mineralogy resulting from cement carbonation.

4. N–O vibrational bands occur between the 1515–1560 and
1345–1385 cm−1 regions, where Pb nitrate has been detected.
Fig. 5. Pb leaching from S/S specimens with 0% adsorbent addition.

levated pH, significantly increasing from pH 9.5 to ≥11 [47]. Upon
he S/S application treatment with cement, pH would always be ≥8
nd in most cases ≥11 [48]. Thus, the mechanism responsible for the
reat decrease in leaching of Pb in the 12.4–13 pH range is mainly
ue to its entrapment in the crystal structures of the cementitious
ompounds formed as a result of the pozzolanic reactions.

Bishop [49] found that Pb leached out at much slower rates than
xpected on the basis of its hydroxide solubility and explained
his phenomenon as due to strong Pb complexation in the silica

atrix, so it would not leach to any great extent until this latter
reaks down. Other investigators suggested that Pb immobilization

n cement was due to its inclusion by an addition reaction in cal-
ium silicate hydrates (C–S–H), whose exact stoichiometry is still
nknown [50–52]. Studying a Pb-polluted cement sample submit-
ed to sequential extraction, Bishop [53] found that Pb was bound
long with Ca, Si, and, to a lower extent, Fe and Al.

In conclusion, immobilization of Pb by the hydraulic binders dur-
ng the S/S treatment probably occurs by one or a combination of
he following mechanisms:

ddition : C–S–H + Pb → Pb–C–S–H

ubstitution : C–S–H + Pb → Pb–S–H + calcium

recipitationofanewcompound :

Pb2+ + OH− + Ca2+ + SO4
2− → mixedsalts

As shown in Fig. 5, Pb leaching from the S/S treated contami-
ated soil with no adsorbent addition was as low as ≤4% after 7
ays of aging and remained constant thereafter. This result clearly
onfirms the effectiveness of Portland cement per se in stabilizing
b in contaminated soil [54,55].

As previously seen for Phenol, substitution of Portland cement
ith MAFA not only confirmed, but also improved this result. As

hown in Fig. 6 and compared with the experimental results in
ig. 5, substituting up to 50% of the Portland cement with non-
ctivated FA (FA3 and FA27) provided comparable results with the
ormer after 28 days curing time (≤4% Pb leaching). Furthermore,
till better results (≤1% Pb leaching) were obtained when the sub-
titution occurred with MAFA3 and MAFA27, thus confirming the
eneficial effect of mechano-chemical activation of coal fly ash for
/S purposes.

The negligible influence of LOI in Fig. 6, for both MAFA and FA,

ndicates that, under the conditions investigated, Pb leaching from
he S/S matrix depended only on the curing period and the amount
f fly ash added, not on its carbonaceous content.

The experimental results in Figs. 5 and 6 thus clearly confirm
he effective ability of MAFA, almost independently of its organic
ig. 6. Pb leaching from S/S specimens as a function of cement substitution (28 days
ging).

ontent, to prevent heavy metal leaching when used in substitution
or Portland cement during the S/S treatment of soil contaminated
y Pb under the conditions investigated.

As described elsewhere [56–63], the basic mechanical proper-
ies of the S/S matrix in the present investigation were not seriously
mpaired by substituting up to 50% Portland cement with fly ash,

echanically activated or not.

.3. Mineralogy modifications

Fig. 7 shows the variations of the FTIR spectra with aging of the
lank sample (i.e. an S/S specimen with no adsorbent addition). The
TIR spectra present particular regions where the main vibration
nd deformation bands of Si–Al, S, C, N and OH are concentrated
64].

1. Si (Si–O and Si–O–Si) and Al (Al–O and Al–O–Al) vibrational
bands are detected in the 1100–400 cm−1 region, where the
1100–900 cm−1 and 500–400 cm−1 regions correspond to �3
(Si–O) and �4 (O–Si–O) stretching vibration of the SiO4 tetrahe-
dron, respectively. Mineralogy in this interval is mainly quartz,
pozzolans and calcium silicates.

. Sulphur shows vibrational bands (S–O) in three regions:
1300–1100, 1685–1620 and 3600–3100 cm−1, with gypsum
being the best represented mineral in these mortars.

. C-vibrational bands (C–O) in the 1500–700 cm−1 region (with
Fig. 7. FTIR spectra of blank sample with 0% adsorbent addition.
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Fig. 8. XRD patterns of blank sample with 0% adsorbent addition.

. Vibrational and deformational bands of constitutive water (O–H)
appear in the 3450–3400 and 1650–1620 cm−1 regions, where
hydrated minerals, Ca(OH)2 and C–S–H, are also detected.

Some differences appear between the 3 and 28 days aged FTIR
pectra, indicating the formation of reaction products as a conse-
uence of cement hydration. The nature of such products evolves
ith time: after 28 reaction days, the FTIR spectra show a more

ntensive absorption band in the 1100–400 cm−1 region due to the
ormation of a C–S–H gel-type hydrated Ca silicate.

On the contrary, a less intensive band between 1500 and
300 cm−1 indicates the dissolution of Pb nitrate and the subse-
uent possible development of insoluble gel products of Pb–C–S–H
round cement grains [53]. In addition, water stress (O–H) and
eformation (H–OH) bands, in the 3500 and 1600 cm−1 regions,
espectively, become less intense due to the formation of reaction
roducts such as Ca(OH)2 and C–S–H.

Fig. 8 shows XRD patterns for the blank sample after 3 and 28
ays of aging. There appears to be no evidence of Lead hydroxide
b(OH)2, cerussite PbCO3, hydrocerussite Pb(CO3)2(OH)2 or angle-
ite PbSO4 in the substantially crystalline form. The consistent peak
round 27◦ 2� was identified as Lead silicate PbO*SiO2, confirming
hat the dissolved Pb may be incorporated as a minor component
f a Pb–C–S–H gel formed by adsorption to the leached layer of the
ement grain, as found in previous studies [51–53]. The occurrence
f Pb–C–S–H is significant from the very beginning and it continues
o increase with time.

The FTIR and XRD investigations thus conclusively confirm that
dsorption by amorphous polymerized silicates is responsible for
ignificantly reducing Pb leaching from the S/S matrix.

. Conclusions

The capability to effectively prevent the leaching of typical
rganic and inorganic contaminants like Phenol and Pb when
echano-chemically activated coal fly ash (MAFA) is used as a sub-

titute for PAC and Portland cement during the S/S treatment of
ontaminated soil has been demonstrated.

The leaching tests indicated that, while the massive release of
henol (≤98%) from the solid matrix may be drastically reduced
≤4%) by a small addition (1–5%) of PAC during the S/S treatment
f the contaminated soil investigated, even better results may be
chieved by a similar addition (1–5%) of MAFA, with performance

ncreasing with its LOI content (MAFA80 > MAFA27).

Still more encouraging performance may be recorded if MAFA
s used as a Portland cement substitute for preventing Pb leaching
rom the S/S matrix. Compared with the small (≤4%) Pb leaching
chieved by Portland cement under the conditions investigated,

[

ing Journal 149 (2009) 19–24 23

ubstitution of up to 50% of this latter with MAFA provided an even
ower Pb leaching (≤1%) while maintaining acceptable values of the
asic mechanical properties of the S/S matrix.

It may be concluded accordingly that proper mechanical acti-
ation discloses a new scenario for utilizing coal fly ash in
nvironmental applications such as the S/S treatment of contam-
nated soil, where it may be used in a valuable and cost effective

anner to substitute for PAC and Portland cement.
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