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a b s t r a c t

The investigation of the pilot-scale application of two different stabilisation/solidification (S/S) tech-
niques was carried out at a former fireworks and low explosives manufacturing site in SE England.
Cores and granular samples were recovered from uncovered accelerated carbonated (ACT) and cement-
treated soils (S/S) after 4 years to evaluate field-performance with time. Samples were prepared for
microstructural examination and leaching testing. The results indicated that the cement-treated soil was
eywords:
tabilisation/solidification
ccelerated carbonation
ontaminated soil
icrostructure
ineralogy

progressively carbonated over time, whereas the mineralogy of the carbonated soil remained essentially
unchanged. Distinct microstructures were developed in the two soils. Although Pb, Zn and Cu leached
less from the carbonated soil, these metals were adequately immobilised by both treatments. Geochem-
ical modeling of pH-dependent leaching data suggested that the retention of trace metals resulted from
different immobilisation mechanisms operating in the two soils examined.

© 2010 Elsevier B.V. All rights reserved.

etal leaching

. Introduction

Approximately 1.2% of the total land surface in the UK is contam-
nated and poses a threat to human health and the environment [1].
raditionally, contaminated soils have been landfilled, but as void
pace declines and costs soar, alternative techniques for soil reme-
iation are being adopted. These include containment (physical,
ncapsulation or vitrification) and in situ (soil flushing, phytore-
ediation) and ex situ (physical separation, soil washing, thermal

reatments, electrokinetics) extraction techniques [2,3].
Stabilisation/solidification (S/S) and accelerated carbonation

ACT) are containment methods used for the remediation of
etal contaminated soil, which allow soil re-development. Sta-

ilisation/solidification decreases the bioavailability/mobility of
ontaminants in soils, by isolating the contaminants within an
mpervious mass at a pH at which many contaminants are prac-

ically insoluble [4].

Accelerated carbonation (ACT) incorporates another step into
/S. This consists of introducing carbon dioxide (CO2) during the
oil mixing with the cementitious binder, which induces activation

∗ Corresponding author at: School of Science, University of Greenwich, Central
venue, Chatham Maritime ME4 4TB, United Kingdom. Tel.: +44 2083319800;

ax: +44 2083319805.
E-mail address: a.antemir@gre.ac.uk (A. Antemir).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.05.048
of poorly hydraulic cementitious compounds, high early strength
and a reduction of pH [5].

The treatment by S/S or ACT does not eliminate the contami-
nation, and therefore the long-term durability and performance of
the soils is critical [6,7]. Although ACT has been extensively studied,
for the treatment of industrial hazardous wastes [8,9,10,11], it has
had limited use for contaminated soil treatment [12]. No full scale
treatments have been carried out using ACT, although several pilot-
scale trials and laboratory investigations were conducted [13,14].
However, limited data exist on the behaviour of ACT-treated soils
over time. Similarly, despite the widespread use of S/S, there is
still a lack of field-data pertaining to commercially treated soils
[6,7,15].

The present work discusses the findings of a study into a
pilot-scale remedial application of accelerated carbonation and tra-
ditional cement-based S/S on the same site after 4 years of exposure
in the field. The stability of the S/S treated soil and the efficacy of
the metal immobilisation by the two treatments is evaluated.

2. Materials and methods
2.1. Site description

The former 8.5 ha Astra Fireworks site in the SE England was
used until the early 1990s for the manufacture of low-grade

dx.doi.org/10.1016/j.jhazmat.2010.05.048
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:a.antemir@gre.ac.uk
dx.doi.org/10.1016/j.jhazmat.2010.05.048
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2.6. Scanning electron microscopy

The specimens were prepared from intact cores recovered from
the S/S soils. Fragments of core with dimensions of approximately
30 mm × 30 mm were cast into epoxy resin (Epoxy 301 by Struers).

Table 1
Parameters used in the leaching tests.

TCLP 1311 DIN 38414-S4 prCEN/TS 15364

Grain size <10 mm <9.5 mm <1mm
L/S ratio 20:1 10:1 10:1
Leachant Fluid 1 Deionised water

Sodium acetate
pH = 4.93 ± 0.05 HNO3·0.5M
Fluid 2
Fig. 1. Soil screening (left) and backfilling in

ilitary explosives and fireworks. A hotspot of metals contami-
ation, containing up to 96 000 mg/kg copper, 81 000 mg/kg zinc
nd 750 mg/kg lead was pilot-treated by excavating, homogeniz-
ng and shredding the soil prior to mixing it with cement [16]. A
osage of 20% (w/w) EnvirOceMTM, a superfine sulphate-resisting
ortland cement, was added to the excavated soil at a 0.2–0.3 w/c
atio. Three cells of 5 m × 10 m were dug and lined with a high den-
ity polyethylene (HDPE) membrane (Fig. 1). One was filled with
ntreated soil, the second with soil treated with EnvirOceM, fur-
her referred as the S/S soil. The third cell contained soil mixed with
nvirOceM, which was dynamically carbonated in a closed cham-
er for 20 min. The maximum depth of soil in the cells was 0.6 m.
oils were left uncompacted and uncovered to allow the effects of
eathering (and rain infiltration) to be maximised.

.2. Sampling

Core samples of 100 mm diameter were obtained from the
ntreated, S/S and ACT soils, using a hand driven core cutter, 4 years
fter treatment. No cores could be recovered from the untreated
oil due to the lack of strength and instead granular material was
btained.

The granular samples were quartered, dried and crushed and
ere used for bulk mineralogy (XRD), chemical characterisation

XRF), pH and metal leaching, as described in Sections 2.2, 2.3 and
.5. Fragments of core were prepared for microstructural investi-
ation according to the method indicated in Section 2.4.

.3. X-ray diffraction

Bulk X-ray analyses were performed on powder samples
Siemens D500 X-ray Diffractometer) with a Cu K� radiation,
etween 5 and 65◦ 2�, a step size of 0.02◦ and step time of 1.2 s.
lay tiles were prepared for the identification of the clay minerals,
ccording to the method described in Moore and Reynolds [17]. The
nalysis of the clay was performed using the same instrument and
he scanned angles were 2–30◦ 2�, step size 0.02◦ and step time
.4 s.

.4. X-ray fluorescence and acid digestion

Bulk chemical analyses of the cement-stabilised soils were
arried by the Materials and Engineering Research Institute,
heffield Hallam University. The oxide composition (major ele-

ents) was determined on glass beads, prepared by fusion with

ithium tetraborate, using a Philips PW2440 Wavelength Dis-
ersive Spectrometer.The total concentration of minor elements
as determined by acid digestion according to the USEPA 3050B
ethod.
ecially designed cells (right) at the Astra site.

2.5. Leaching and geochemical modeling

Granular samples obtained from the untreated, S/S and ACT soil
were leached using the TCLP 1311 [18], DIN 38141-S4 [19] and pH-
dependent leaching tests, prCEN/TS 15364 [20]. The conditions and
key parameters of each leaching test are summarized in Table 1.

The eluates were analysed for major and trace contaminants by
ICP-OES (VARIAN Vista MPX) and ion chromatography (Dionex).
The pH-dependent leaching data was processed using Visual
MINTEQ to predict the equilibrium leachate compositions. The
default database was augmented by the solubility constants of
minerals available from the literature [21–26], which are listed in
Table 2 with reference to the corresponding dissolution reaction.
In some cases it was required to rearrange the dissolution reac-
tion to fit with the type of components used by Visual MINTEQ
and recalculate the stability constant accordingly. The applica-
tion of the geochemical speciation code initially involved using
the measured concentrations and pH values as input data while
suppressing precipitation for all solid phases. Potential solubility-
controlling minerals were then chosen in a second step from those
displaying saturation indices (SI) in the range −1.5 ≤ SI ≤ +1.5 and
on their potential for incorporation in soils and in S/S materials.
The predicted equilibrium concentration of each element/species
in solution was then calculated using the following equation:

Cpred,i = Cmeas,i( 10−SIj )1/ni,j

where Cpred,i and Cmeas,i are the theoretical and measured concen-
trations of the ith element/species in solution, SIj is the saturation
index for the jth mineral, and ni,j is the molar coefficient of the ith
element/species in the jth mineral.
Acetic acid
pH = 2.88 ± 0.05

Leachant renewal 0 0 0
Contact time 18 h 24 h 48 h
Rotation speed 30 rpm NA 30 rpm
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Table 2
Stability constants of the new mineral phases added to the standard thermodynamic database in Visual MINTEQ, based on the dissolution reactions reported.

Mineral Dissolution reaction log K Ref.

Sulphate minerals
K2SO4 K2SO4 → 2K+ + SO4 −1.87 [26]
Pentasalt (CaSO4)5·K2SO4·H2O → 5Ca2+ + 2K+ + 6SO4 + 6H2O −29.3 [26]
PbSO4·PbO PbSO4·PbO + 2H+ → 2Pb2+ + SO4 + H2O −0.19 [24]
Syngenite K2Ca(SO4)2 → Ca2+ + 2K+ + 2SO4 −7.45 [26]

C–S–H phases
Afwillite 3CaO·SiO2·3H2O + 6H+ → 3Ca2+ + 2H4SiO4 + 2H2O 46.90 [26]
C–S–H(0.8) 0.8CaO·SiO2·2.2H2O + 1.6H+ → 0.8Ca2+ + H4SiO4 + H2O 11.08 [26]
C–S–H(1.1) 1.1CaO·SiO2·3.9H2O + 2.2H+ → 1.1Ca2+ + H4SiO4 + 3H2O 16.72 [26]
C–S–H(1.8) 1.8CaO·SiO2·5.2H2O + 3.6 H+ → 1.8Ca2+ + H4SiO4 + 5H2O 32.60 [26]
Jennite [Ca(OH)2]1.5·(SiO2)0.9·0.9H2O + 3H+ → 1.5Ca2+ + 0.9H4SiO4 + 2.1H2O + 0.485Mg2+ 26.40 [22]
Tobermorite [Ca(OH)2]2·(SiO2)2.4·2H2O + 4H+ → 2Ca2+ + 2.4H4SiO4 + 1.2H2O 27.81 [22]

AFm phases
C4AH13 2CaO·Al2O3·13H2O + 14H+ → 4Ca2+ + 2Al3+ + 20H2O 104.42 [22]
C4FH13 2CaO·Fe2O3·13H2O + 14H+ → 4Ca2+ + 2Fe3+ + 20H2O 99.50 [22]
C2AH8 2CaO·Al2O3·8H2O + 10 H+ → 2 Ca2+ + 2Al3+ + 13H2O 60.43 [22]
C2FH8 2CaO·Fe2O3·8H2O + 10H+ → 2Ca2+ + 2Fe3+ + 13H2O 55.51 [22]
C2ASH8 2CaO·Al2O3·SiO2·8H2O + 10H+ → 2Ca2+ + 2Al3+ + H4SiO4 + 11H2O 49.35 [22]
C2FSH8 2CaO·Fe2O3·SiO2·8H2O + 10H+ → 2Ca2+ + 2Fe3+ + H4SiO4 + 11H2O 44.44 [22]
C4AS*H12 3CaO·Al2O3·(CaSO4)·12H2O + 12H+ → 4Ca2+ + SO4

2− + 2Al3+ + 18H2O 74.29 [22]
Cr-monosulphate 3CaO·Al2O3·(CaSO4)·15H2O + 12H+ → 4Ca2+ + CrO4

2− + 2Al3+ + 21H2O 71.62 [25]
C4FS*H12 3CaO·Fe2O3·(CaSO4)·12H2O + 12H+ → 4Ca2+ + SO4

2− + 2Fe3+ + 18H2O 69.37 [22]
C4AC*H11 3CaO·Al2O3·(CaCO3)·11H2O + 12H+ → 4Ca2+ + CO3

2− + 2Al3+ + 17H2O 70.52 [22]
C4FC*H11 3CaO·Fe2O3·(CaCO3)·11H2O + 12H+ → 4Ca2+ + CO3

2− + 2Fe3+ + 17H2O 65.60 [22]
C4AC*0.5H12 3CaO·Al2O3·[Ca(OH)2]0.5·(CaCO3)0.5·11.5H2O + 13H+ → 4Ca2+ + 0.5CO3

2− + 2Al3+ + 18.5H2O 86.23 [22]
C4FC*0.5H12 3CaO·Fe2O3·[Ca(OH)2]0.5·(CaCO3)0.5·11.5H2O + 13H+ → 4Ca2+ + 0.5CO3

2− + 2Fe3+ + 18.5H2O 85.63 [22]
Fiedel’s salt 3CaO·Al2O3·(CaCl2)·10H2O + 12H+ → 4Ca2+ + 2Al3+ + 2Cl− + 16H2O 72.04 [26]
Kuzel’s salt 3CaO·Al2O3·(CaCl2)0.5(CaSO4)0.5·12H2O + 12H+ → 4Ca2+ + 2Al3+ + Cl− + 0.5SO4

2− + 18H2O 71.94 [26]

AFt phases
Cl-ettringite Ca6Al2Cl6(OH)12·24H2O + 12H+ → 6Ca2+ + 2Al3+ + 6Cl− + 36H2O 56.84 [26]
Cr-ettringite Ca6Al2(CrO4)3(OH)12·26H2O + 12H+ → 6Ca2+ + 2Al3+ + 3CrO4

2− + 38H2O 60.54 [25]
Fe-ettringite Ca6Fe2(SO4)3(OH)12·26H2O + 12H+ → 6Ca2+ + 2Fe3+ + 3SO4

2− + 38H2O 51.98 [22]
Tricarboaluminate Ca6Al2(CO3)3(OH)12·26H2O + 12H+ → 6Ca2+ + 2Al3+ + 3CO3

2− + 38H2O 60.69 [22]

(Hydro)garnets
C3AS3 3CaO·Al2O3·(SiO2)3 + 12H+ → 3Ca2+ + 2Al3+ + 3H4SiO4 52.55 [26]
C3AH6 3CaO·Al2O3·6H2O + 12H+ → 3Ca2+ + 2Al3+ + 12H2O 79.528 [22]
C3AS0.5 3CaO·Al2O3·(SiO2)0.5·5H2O + 12H+ → 3Ca2+ + 2Al3+ + 0.5H4SiO4 + 10H2O 74.12 [26]
C3ASH4 3CaO·Al2O3·SiO2·4H2O + 12H+ → 3Ca2+ + 2Al3+ + H4SiO4 + 8H2O 69.37 [26]
C3FH6 3CaO·Fe2O3·6H2O + 12H+ → 3Ca2+ + 2Fe3+ + 12H2O 74.61 [22]
CAH10

CAH10 CaO·Al2O3·10H2O + 8H+ → Ca2+ + Al3+ + 14H2O 38.51 [22]

Mg phases
Hydrotalcite Mg4Al2(OH)14·3H2O + 14H+ → 2Al3+ + 4Mg2+ + 17H2O 73.96 [22]
CO3-hydrotalcite Mg4Al2(OH)12·CO3·2H2O + 12H+ → 4Mg2+ + CO3

2− + 2Al3+ 50.85 [22]

Other phases
Akermanite Ca2MgSi2O7 + 6H+ + H2O → 2Ca2+ + Mg2+ + 2H4SiO4 46.08 [23]
Anorthite CaO·Al2O3·(SiO2)2 + 8H+ → Ca2+ + 2Al3+ + 2H4SiO4 25.31 [23]
C3A 3CaO·Al2O3 + 12H+ → 2Al3+ + 3Ca2+ + 6H2O 113.05 [26]
C4AF 4CaO·Al2O3·Fe2O3 + 20H+ → 2Al3+ + 2Fe3+ + 4Ca2+ + 10H2O 140.51 [26]
Ca oxychloride 3CaO·CaCl2·16H2O + 6H+ → 4Ca2+ + 2Cl− + 19H2O 68.75 [26]
Ca zincate CaZn2(OH)6·2H2O + 6H+ → Ca2+ + 2Zn2+ + 8H2O 43.90 [21]
Ca-zeolite P CaO·Al2O3·(SiO2)2.6·3.2H2O + 8 H+ → Ca2+ + 2 Al3+ + 2.6 H4SiO4 + 2 H2O 20.20 [26]
Chabazite CaO·Al2O3·(SiO2)4·6H2O + 8H+ → Ca2+ + 2Al3+ + 4H4SiO4 + 2H2O 13.63 [26]
Forsterite Mg2SiO4 + 4H+ → 2Mg2+ + H4SiO4 28.60 [23]
Gehlenite 2CaO·Al2O3·SiO2 + 10H+ → 2Ca2+ + 2Al3+ + H4SiO4 + 3H2O 55.23 [23]
Leucite KAl(SiO3)2 + 2H2O + 4H+ → K+ + Al3+ + 2H4SiO4 6.42 [21]
Merwinite Ca3Mg(SiO4)2 + 8H+ → 3Ca2+ + Mg2+ + 2H4SiO4 69.28 [23]
Na-zeolite P Na2O·Al2O3·(SiO2)2.6·3.2H2O + 8H+ → Ca2+ + 2Al3+ + 2.6H4SiO4 + 2H2O 26.40 [26]
ZnFe2O4 ZnFe2O4 + 8H+ → Zn2+ + 2Fe3+ + 4H2O 9.85 [24]
ZnSiO3 ZnSiO3 + H2O + H+ → Zn2+ + H4SiO4 2.93 [21]

2Al3+ +

T
y
a
m
1
i

Wairakite CaO·Al2O3·(SiO2)4·2H2O + 2H2O + 8H+ → Ca2+ +
Wollastonite CaSiO3 + H2O + H+ → Ca2+ + H4SiO4

he blocks were ground by hand to expose the surfaces to be anal-

sed, using successive SiC paper with decreasing grit sizes (30, 15
nd 10 �m). The resin blocks were polished on an Engis polishing
achine, with progressively decreasing grit size diamond pastes (3,
and 0.25 �m), supplied by Struers. Between each stages of grind-

ng and polishing, the resin blocks were cleaned in absolute ethanol.
4H4SiO4 18.87 [21]
12.99 [21]

Prior to the SEM analysis the blocks were carbon coated and

analysed with an SEM (JEOL JSM 5310-LV) equipped with a LaB6
filament and Energy Dispersive Spectrometer (EDS). Backscattered
electron images (BSE) were collected using a 20 kV accelerating
voltage. X-ray microanalysis provided qualitative and semi-
quantitative compositional information.



546 A. Antemir et al. / Journal of Hazardous Materials 181 (2010) 543–555

Ta
b

le
3

M
in

er
al

p
h

as
es

id
en

ti
fi

ed
by

X
R

D
in

A
st

ra
so

il
at

d
if

fe
re

n
t

ag
es

.

Sa
m

p
le

A
ge

(m
on

th
s)

M
in

er
al

p
h

as
es

Q
u

ar
tz

K
ao

li
n

it
e

M
on

tm
or

il
lo

n
it

e
M

u
sc

ov
it

e
H

em
at

it
e

C
2
S

C
3
S

C
al

ci
te

A
ra

go
n

it
e

Po
rt

la
n

d
it

e
Et

tr
in

gi
te

B
as

sa
n

it
e

Py
ri

te

U
n

tr
ea

te
d

0a
•

•
•

•
•

16
a

•
•

•
•

•
48

•
•

•
•

S/
S

0a
•

•
•

•
•

•
16

a
•

•
•

•
•

•
•

48
•

•
•

•
•

•
•

•
•

A
C

T
0a

•
•

•
•

•
•

•
•

16
a

•
•

•
•

•
•

•
48

•
•

•
•

•
a

Fr
om

[1
6]

.

Fig. 2. Diffractograms from the 4-year-old, weathered treated and untreated soils.

3. Results

3.1. Mineralogical composition

Examination of the Astra soil mineralogy was carried out
at different ages and the findings are shown in Table 3. The
main minerals found in the three soils were quartz (SiO2),
montmorillonite (Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O), kaoli-
nite (Al2Si2O5(OH)4), muscovite (KAl2AlSi3O10(OH)2, hematite
(Fe2O3), pyrite (FeS2) and feldspars. Portlandite (Ca(OH)2),
ettringite (Ca6Al2(SO4)(OH)12·26H2O), calcite (CaCO3), bassanite
(CaSO4·1/2H2O) and anhydrous cement phases such as calcium
di/tri silicates (C2S and C3S) were observed in the treated soils.
Initially, the treated soils contained calcium silicates, soil derived
minerals and calcium carbonates, in the case of the ACT soil;
however subsequently secondary minerals such as ettringite and
bassanite formed in the S/S soil (Fig. 2).

3.2. Microstructure of soils

Representative samples from untreated, S/S and ACT soils were
prepared in thin section and analysed by SEM. Prior to the SEM
analysis, photographs of the thin section were taken. These show
the distinct structures observed in the untreated and treated soils,
as shown in Fig. 3.

The resin-impregnated untreated clayey soil is bisected by des-
iccation cracks (yellow-coloured resin-rich areas) and contains
fragments of brick and opaque slag (Fig. 3a). The S/S soil was finer-
grained and contained dark brown clay agglomerations, of up to
0.5 cm in size, (Fig. 3b). In contrast to the cement-treated soil,
the carbonated soil contained ‘pebble-like’ formations, consisting
of spherical soil agglomerates enveloped in a carbonate coating
(Fig. 3c). The microstructure of the two treated soils was found to
be distinct (Fig. 4c–f). The less porous S/S soil contained stratified
precipitates in pore space which could be seen with the unaided
eye. The formation of these was facilitated by periodic wetting and
drying episodes over the 4 years of field exposure during time of
lower than average rainfall.

Fig. 4c shows a typical clay agglomerate, surrounded by light
grey-coloured crustiform calcium carbonate. The circled area
(Fig. 4d) shows the calcium carbonate matrix bordered by clay (top
right). The ACT soil contained clay coated by carbonated decalci-
fied cement, up to 100 �m thick (Fig. 4e and f). The carbonated rim

in Fig. 4f is sandwiched between clay intermixed with quartz and
cement grains. An examination of the rim showed persistent anhy-
drous cement grains co-existing with highly decalcified cement
grains, characterised by a Si-rich pseudomorph enveloped in cal-
cium carbonate.
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Fig. 3. The thin sections prepared from 4-

Ettringite was abundant in the S/S soil. Fig. 5 shows radiating
lusters of ettringite infilling void space within the matrix, or inter-
ixed with the outer C–S–H hydration product and portlandite (not

hown here).
Metal contaminants were identified in the untreated soil, which

ere not observable in the S/S and ACT soils, resulting from dilution
y cement addition, physical comminution, or by the dissolu-
ion/dispersion of particles during initial mixing at high pH.

The contaminants were present as sub-rounded fragments of
ndividual metals of up to 50 �m in size or as grains of mixed metals
p to 200 �m dispersed in the clay matrix. Zn was in particular
ssociated with Fe and montmorillonite, as shown in Fig. 6. This
lay mineral was identified by XRD and confirmed by the EDS point
nalysis (spectrum 2).

.3. Chemical characterisation
The pH of the untreated soil was neutral, whilst that of the ACT
nd S/S soils was mildly to highly alkaline and equal to 8.9 and 12.3,
espectively.

Table 4 presents the oxide composition obtained from the
ntreated and treated soils. These were composed of SiO2, Al2O3,

able 4
xide analysis of the 4-year-old Astra soils.

Oxide Composition (%)

Untreated soil S/S soil ACT soil

SiO2 49.7 34.4 41.3
Al2O3 14.5 12.5 12.1
Fe2O3 6.7 6.4 6.1
Na2O 0.3 0.3 0.3
CaO 1.4 16.5 12.7
MgO 1.2 1.2 1.2
K2O 2.0 1.4 1.7
P2O5 0.2 0.2 0.1
BaO 0.1 0.1 0.1
SO3 0.2 0.2 0.7
LOI 22.7 25.9 23.4
old (a) untreated, (b) S/S and (c) ACT soil.

Fe2O3 and CaO, comprising up to 70% of the total weight of sam-
ple. The metal contaminants were Cu, Pb, Zn and Cr. As seen from
Table 5, the concentration of these heavy metals was generally
higher in the untreated than in the treated soils. This difference was
ascribed to the dilution effect by the addition of cement binders.

3.4. Metal leaching

3.4.1. Regulatory leaching tests
When the remedial trial was conducted at the Astra site, the

leaching testing methods across Europe were not yet harmonized
and this is reflected in the methods chosen at that time.

Three samples for each type of soil were leach tested immedi-
ately after remediation and after 4 years, according to two pass/fail
tests (DIN 38414-S4 and TCLP 1311) and the results are presented
in Table 6. These show that the leaching from the S/S and ACT
soils remained below the set thresholds for all four metals of con-
cern. The untreated soil exceeded the limit for Zn, using the TCLP
1311 leaching test. It should be noted that although historically the
S/S treated soils leached Zn and Cu above the set threshold, this
decreased with time by more than one order of magnitude.
3.4.2. pH-dependent leaching test and modeling of leaching data
Fig. 7 shows the pH-dependent leaching results for the four

metal contaminants of concern (Cr, Cu, Pb and Zn). It was observed
that the shape of the leaching curves changed dramatically upon

Table 5
Total contaminant concentration in the 4-year-old Astra soils.

Element Concentration (mg/kg)

Untreated soil S/S soil ACT soil

Zinc 1324 ± 144 735 ± 79 696 ± 185
Lead 138 ± 15 85 ± 29 100 ± 13
Chromium 35 ± 7 18 ± 2 26 ± 1
Copper 543 ± 142 228 ± 58 146 ± 27

Errors represent the standard deviation of three replicate samples.
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Fig. 4. Backscattered electron micrographs showing clay in the untreated soil (a and b); calcium carbonate infilling voids in the matrix of the S/S soil (c and d); pebble-like
formations in the ACT soil and magnification of the circled area (e and f).

Table 6
Metals leached from untreated, S/S and ACT soil after remediation and 4 years later (mg/l).

Leaching limit Untreated soil S/S soil ACT soil

Historicala After 4 years Historical* After 4 years Historical* After 4 years

DIN
Zn 5 0.20 1.17 ± 0.26 0.03 0.01 n.d. 0.04 ± 0.02
Pb 0.05 0.02 0.04 ± 0.01 n.d. n.d. n.d. n.d.
Cr 0.1 0.01 n.d. 0.05 0.03 0.03 0.01 ± 0.01
Cu 5 0.05 0.39 ± 0.04 0.94 0.61 ± 0.02 0.04 0.33 ± 0.13
TCLP
Zn 5 391 9.02 ± 1.64 82 n.d. 3.13 0.35 ± 0.07
Pb 5 0.18 0.14 0.02 n.d. n.d. n.d.
Cr 5 n.d. 0.12 0.02 0.01 0.02 0.01
Cu 1 152 0.55 ± 0.02 11 0.9 0.14 0.15 ± 0.01

Errors represent standard deviations of three replicate samples.
n.d. signifies elements not detected.
Note historical data were not reported with associated errors.

a [16].
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and is preferentially formed in the presence of Mg. As such, some
ig. 5. Backscattered electron micrograph showing radiating clusters of ettringite
rowing in voids in the S/S soil and the characteristic EDS point analysis of the
ttringite taken from the marked area.

reatment, providing a strong indication of different chemical phe-
omena governing the release of contaminants from the treated
aterial. Differences in the pH-dependent release of heavy metals
ere also observed between the S/S and the ACT soils, suggesting

hat the metal immobilisation mechanisms changed when acceler-
ted carbonation was applied to the soil/binder system.

However, irrespective of this heavy metal leaching was reduced
y one to two orders of magnitude in comparison to the untreated
oil, particularly in the alkaline pH range. However, in the S/S soil,
he metal leaching data correlated with the major element concen-
rations (Ca, Al and Si) in solution (indicating either encapsulation
r incorporation in the alumino-silicate hydration phases), whereas
or the ACT-treated soil this relationship was much less evident.

The results of the modeling using Visual MINTEQ are reported
n Figs. 8–10 for the untreated, S/S and ACT soils, respectively. The

easured concentrations in the leachates, as a function of pH, are
ompared with the predicted solubility curves of candidate solid
hases for the solubility control for the element/species of concern.
ince it is typical for materials of different nature that the min-
ral phases which govern the leaching of a given element/species
hange depending on the pH conditions, different pH domains can
e identified on the basis of the most probable candidate phase
or solubility control. The overall theoretical solubility curve for a
ertain element is thus derived as the envelope of the theoretical
urves for solubility-controlling minerals in different pH regions,

hich are plotted individually in Figs. 8–10.

For the untreated soil (see Fig. 8) the most probable solubility-
ontrolling phases for Al included leucite (KAlSi2O6) at pH values
elow 7.4 and amorphous Al(OH)3 above this value. Leucite may
Materials 181 (2010) 543–555 549

also control the solubility of Si in the same pH range as for Al. At
higher pHs amorphous silica was the best fit with the Si leaching
data. Although quartz was identified by XRD (see Fig. 2) no evidence
for solubility control by this phase was obtained by modeling the
leaching solutions.

For Ca and SO4, the model predictions described the data well
over a limited pH range. In particular, the phases identified for Ca
and SO4 in the pH range 7.4−8.6 were calcite (CaCO3) and barite
(BaSO4), respectively. At other pHs, however, modeling indicated
that complex solid phases not included in the expanded database
were important.

For the metals of concern, leaching as a function of pH was not
attributed to any mineral present in the thermodynamic database
used for modeling; the only exception was Cu under alkaline con-
ditions, with tenorite (CuO) describing the solubility of this metal
at pH > 8. The absence of key phases for trace metals suggests that
metal contaminants were present in the soil in complexes that are
difficult to describe as pure solids. Such a hypothesis appears to
be supported by the findings from microstructural observations,
where, for example, Zn was associated with the Al-bearing soil
minerals and clay particles.

For the S/S soil (see Fig. 9), Al leaching appeared to be domi-
nated by the hydrous oxides Al(OH)3 or boehmite (AlOOH) at low
pH values and possibly by gehlenite hydrate/strätlingite (an AFm
phase with the composition: 2CaO·Al2O3·SiO2·8H2O). With respect
to this phase, however, it should be noted that in the range where
gehlenite hydrate was found to fit the experimental data, Al concen-
trations were in the order of magnitude of the analytical detection
limit, and this was taken as the input value for the modeling cal-
culations. It may also be probable that other less soluble phases
may have controlled the (trace) level-leaching of Al in solution at
pHs > 10.

The alkaline release of Ca and Si from the S/S soil appeared to be
controlled by Ca-rich C–S–H phases, including jennite (Ca/Si = 1.7)
and C–S–H (Ca/Si = 1.8). In the same pH range, leachates were found
to be slightly oversaturated in ettringite. At acidic pH values, the
leaching of Ca and Si was dictated by gypsum and leucite, respec-
tively. Although carbonated phases were described in the S/S soil
(see above for details), none informed the leaching behaviour of
major elements in the treated material.

As a consequence of the effects of accelerated carbonation on
the hydration process, the solubility-controlling minerals were
predicted to be different from those in the S/S soil. Upon carbon-
ation (Fig. 10), the leaching of Al decreased by approximately two
orders of magnitude (and even more in the acidic pH range), so
that the very soluble Al hydrous oxide phases could no longer
describe the release of this metal. In the acidic pH range, the less
soluble hydrous oxide, diaspore (AlOOH), broadly fit the exper-
imental data, but could not explain the overall leaching data
obtained for Al. For pH values > 8 either microcline (KAlSi3O8) or
chabazite, (CaAl2Si4O12·6H2O, a zeolite) were identified as poten-
tial solubility-controlling phases for Al and Si.

As the leaching solutions were always found to be strongly
(> than one order of magnitude) undersaturated with respect
to common cement hydrates, including C–S–H (irrespective of
the Ca/Si ratio considered), AFm and AFt phases, other phases
must have been important. For Ca for example, in the limited
pH range (pH = 5.3−6.7), gypsum and the mono-hydrated Ca car-
bonate (CaCO3·H2O) also known as monohydrocalcite (at higher
pH values) may have been involved. The latter is recognised as
being more soluble than its respective unhydrated polymorphs
other seawater constituent ions, organic material and microrgan-
isms (see e.g. [27,28]) were involved. It is noteworthy that the
Ca2+ and CO3

2− ions released by calcite dissolution from the ACT
soil during the pH-dependent leaching test and the high con-
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ig. 6. Backscattered electron micrographs showing contamination of the untre
ontamination area. EDS spectrum 1 corresponds to the contaminated area contain

entrations of major cations were favorable to the formation of
aCO3·H2O.

As mentioned, the leachate concentrations of Cr, Cu, Pb and Zn
ere significantly decreased by S/S and ACT. It was also found

hat the accelerated carbonation treatment was more effective
han the conventional S/S process towards trace metal immobilisa-
ion. Furthermore, in the treated soils, the heavy metals of concern
eached at appreciably lower levels than predicted for their respec-
ive oxide, hydroxide and silicate mineral-forms included in the
xpanded Visual MINTEQ database. In the S/S soil, this may indi-
ate encapsulation or incorporation of these metals in the mineral
tructure of the hydration phases formed, while no evidence for this
as gained from the ACT soil. It is thus hypothesized that the forma-

ion of carbonate minerals during ACT treatment may explain the
bserved metal release. However, only in the case of Zn was some

vidence gained of the formation of pure metal carbonates, with
mithsonite (ZnCO3) being a possible candidate in the pH range
.3−8.3, typical of carbonate stability. For the other metals inves-
igated, it may be argued that precipitation of complex carbonate
hases or sorption onto the surface of neo-formed minerals may
oil. (a) Soil particle contaminated with Fe and Zn and (b) magnification of the
and Zn and spectrum 2 to the clay soil.

have determined the actual mechanisms of metal immobilisation
within the matrix.

3.4.3. Acid neutralisation capacity (ANC)
Fig. 11 describes the variation of pH with acid addition for the

untreated, S/S and ACT soils. The untreated soil displayed a low
ANC4.0 of 0.1 mequiv./g, whilst the treated soils required additions
of up to 4.6 meq/g to reduce the pH from the natural value to 4.
Although both treated soils showed an improved ANC compared
to the untreated soil and had distinct shaped ANC curves. The ANC
curve for the S/S soil was characterised by plateau between pH 12
and 10, followed by a steep drop to pH 5 and another plateau at pH
4.

The most significant difference of the ACT soil compared to the
S/S soil was the lack of buffering capacity at high pH (>10). This

was due to the consumption, during accelerated carbonation, of
portlandite, the main phase controlling the equilibrium pH around
12.3 [29]. The ANC curve displayed a steep gradient from pH 6.3
to 8.8 with low acid additions (<0.5 meq/g), followed by a plateau
between pH 5 and 6.7 and a steady drop below pH 5. Fig. 11 shows
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Fig. 7. pH-dependent leaching of Cr, Cu, Pb and Zn for the untreated, S/S and ACT soil.

Fig. 8. Experimental data (black dots) and model predictions (continuous lines) for Al, Si, Ca and sulfate leaching from the untreated soil.
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Fig. 9. Experimental data (black dots) and model predictions (

hat the ANC4.0 of the ACT soil was 3.5 meq/g, slightly lower than
hat of the S/S soil equal to 4.6 meq/g.

. Discussion

This work has provided an insight into the effect of weath-
ring upon 4-year-old soils treated by stabilisation/solidification
nd accelerated carbonation. The soils were left uncompacted and
xposed to the atmosphere in a ‘worse-case’ exposure scenario. The
ata suggest that the two treatments behaved very differently to

dentical environmental loads over time-scale investigated.

.1. Microstructure

Mineralogical change was observed in both the treated soils,
s indicated in Table 1. At 0 and 16 months the ACT soil con-
ained observable calcium carbonate (calcite and aragonite) and
ccasional anhydrous cement grains. The S/S soil had a similar min-
ralogy to the ACT soil at early age, but secondary minerals like
ttringite (Ca6Al2(SO4)3(OH)12·26H2O) formed at about 48 months
f age. Despite the extreme exposure environment, portlandite
Ca(OH)2) was observed in the 4-year-old S/S soil.

In the S/S soil, atmospheric carbonation proceeded due to the
xposure environment. It is widely accepted that carbonation is
eleterious to structural concrete [30], but for S/S systems this is
ot necessarily the case [10,11].
Massive primary carbonate production formed during accel-
rated carbonation treatment and this was characterised by the
ormation of carbonate shells around soil particles, whilst in the
/S soil the secondary carbonation of cement hydration products
esulted. The effect of this on the microstructure of the S/S soil
uous lines) for Al, Si, Ca and sulfate leaching from the S/S soil.

was significant. Distinct layers of calcium carbonate (up to 500 �m)
were visible in the porosity, indicating intermittent precipitation
during wetting and drying cycles. In the same way as in exposed
concretes, carbonation of the S/S soils is promoted during drying
stages and inhibited by wet stages, when the pores are saturated
[12,31]. This carbonate resulted from the reaction of portlandite
with atmospheric CO2.

Another mineral formed in the S/S soil was ettringite. This
is common in environmentally exposed concretes [31] and can,
in some cases, cause disruption to the hardened structure [32].
Ettringite is closely linked to fluid transport in the soil [33] and
was identified in the vicinity of portlandite. Many authors have
recognised the benign effect of this type of ettringite which freely
deposits in available pore space [31,34,35]. Since the Astra soil
was granular rather than monolithic in nature it appears able to
accommodate any expansive growth. The presence of bassanite
(dehydrated gypsum) in the treated soils may indicate that several
mechanisms are active: gypsum may result from the decomposi-
tion of ettringite at pH below 10.5 [36], or it can form instead of
ettringite when the aluminium is depleted and soluble sulfates are
present [37]. Bassanite might also be an artefact of sample prepa-
ration [38], and as far as this study is concerned, it is unclear which
mechanism leads to gypsum formation in the treated soils. In gen-
eral, sulfate attack is a term to describe the damage caused by
sulfate-bearing phases i.e. ettringite, gypsum, thaumasite, but this
does not apply to the Astra soils, since there was no damaging effect

associated with their presence.

By comparison with the S/S soil, the structure of the ACT
soil remained largely unchanged over the 4 years of weathering.
Although two calcium carbonate polymorphs (calcite and arago-
nite) were identified soon after the treatment with CO2, only calcite
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Fig. 10. Experimental data (black dots) and model predictions (

as found in the 4-year-old soil. With respect to the microstruc-
ure, the ACT soil was characterised by pebble-like structures of
lay agglomerations encapsulated in calcium carbonate-rich lay-
rs. These structures were a result of the mixing action and the
ature of the carbonation reactor utilised in the treatment process.

.2. Metal leaching
At the time of treatment, the ACT soil had lower contami-
ant leaching, compared to the freshly treated S/S soils. However,
aturation of the S/S soil reduced the metal leaching to levels com-

arable with the ACT soil, except for Cu. Although in the long term
he leaching levels for the metals investigated were comparable

Fig. 11. The ANC curves for the untreated, S/S and ACT soil.
uous lines) for Al, Si, Ca and sulfate leaching from the ACT soil.

for the S/S and the ACT soils at the natural pH of the materials, the
analysis of the pH-dependent leaching behaviour showed that the
mechanisms governing metal release were significantly different.
For the S/S soil, metal release was most likely explained by immo-
bilisation within hydrated alumino-silicate structures whereas for
the ACT soil, the precipitation of complex carbonates or sorption
onto newly formed minerals may explain the shape of the leach-
ing curves observed. However, further investigation is required to
elucidate this matter.

Despite the high concentrations of contaminants in the
untreated soil, their availability for leaching was limited. Soil
organic matter and clay minerals have strong sorption potential for
heavy metals [30], and therefore play an important role in reducing
their mobility. The SEM investigation of the untreated soil showed
that the contaminants e.g. zinc, were associated with Al-bearing
soil minerals, which may have contributed to relatively low leach-
ing even from the untreated soil. The type of interaction between
Zn and the clay minerals at the Astra site remains to be established.

4.3. ANC

The durability of a stabilised soil is not entirely represented
by resistance to change in pH; nevertheless the acid neutralisa-
tion capacity is a key property of the material; therefore ANC is
an important measure of a treated soil potential performance indi-
cator. The results have shown that in terms of the ANC, the two

treatments were also distinct and this was mainly due to the binder
employed. The untreated soil had a negligible ANC, as shown in
Fig. 11. The main buffering occurred below pH 7, in the ACT soil,
which was due to carbonate minerals [11], which is in good agree-
ment with the SEM and XRD observations. In contrast with the
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CT, the S/S soil displayed the strongest buffering capacity at high
H (ANC9.0). The contributing phases within the pH interval 12–10
re portlandite and variable Ca/Si ratio C–S–H, but also ettringite
39,40].

As shown by the SEM examination and the geochemical mod-
ling, the ACT soil was characterised by carbonates, whereas the
/S soil was dominated by hydrated phases, resulting in an overall
NC4.0, lower for the ACT soil than that of the S/S soil. In the litera-

ure there are conflicting views on the effect of carbonation on the
cid resistance; some authors have reported increase of ANC with
ccelerated carbonation [9,12] and others a decrease [11,41]. How-
ver, Chen et al. [41] observed that dissolution processes in cement
tabilised systems, which were carbonated, took place at relatively
lower rates compared to the non-carbonated counterparts and
herefore may still offer good acid resistance over time.

. Conclusions

The S/S soil is metastable due to the mineralogical changes
bserved. Over the 4 years in service, secondary minerals such
s ettringite, gypsum and calcium carbonate polymorphs formed.
owever there is no evidence of disruption in the granular S/S soil.

Carbonation was the most widespread phenomenon occurring
n the S/S soil, which resulted in densification of the matrix, by
recipitation of calcium carbonate in voids. The findings from geo-
hemical modeling indicated that carbonation was not associated
ith heavy metal or major elements leaching. The heavy metal

eaching was appreciably lower than the predicted values from the
xide, hydroxide and silicates solubility; therefore the metals are
ikely to be incorporated in the cement hydration phases.

The ACT soil minerals and the ‘pebble-like’ structure persisted
ith time, remaining largely unchanged over the 4-year monitoring
eriod. Calcite and aragonite were formed early after the treatment,
ut only calcite was observed after 4 years.

With regard to the metal immobilisation, the ACT treated soil
howed better performance over the S/S soil. Both treatments dis-
layed a significantly improved metal retention compared to the
ntreated soil. The mechanism of metal immobilisation for the ACT
oil was different from that of the S/S soil, with accelerated carbon-
tion being responsible for the formation of pure metal carbonates,
specially in the case of Zn. For the other metals investigated, pre-
ipitation of complex carbonate phases or sorption onto the surface
f neo-formation minerals may explain the actual mechanisms of
etal immobilisation within the carbonated matrix.
The results from the experimental programme indicated that

he acid resistance of the two treated soils was greatly improved
ompared to the untreated soils. The increasing order was
ntreated < ACT < S/S. The buffering capacity of the S/S soil was
etermined by portlandite, C–S–H, ettringite and calcium carbon-
te, whereas the ACT was totally reliant on the buffering capacity
f the carbonate phases present.
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