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Phase composition gradient in leached polluted cement monoliths
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Abstract

The long-term behaviour of cement monoliths containing an organic waste, was investigated by means of a 14-month dynamic-leach-testing in
deionised water.

The degree of hydration and the phase composition were measured by Thermal Analysis (TGA/DTA), X-ray Powder Diffraction (XRD) and
Energy Dispersive X-ray Spectroscopy (EDXS).

X-ray data, analysed by the Rietveld method, provided a detailed quantitative information on the in-depth crystalline phase distribution in the
specimens. Crossed with TGA and spectroscopic data and supported by the results of kinetic/hydration calculations, the diffraction results provide
a detailed description of the in-depth phase composition gradient in the leached monoliths.

In particular, 14-month old specimens show a clear leaching zone with predominance of CSH and calcite near the surface and low abundance
of the other usual cement constituents. The material is not completely effective in retaining the contaminant.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Cement-based stabilisation/solidification (S/S) is a well-
established and widespread technology for the treatment of
hazardous wastes (e.g. substances containing heavy metals or
radioactive elements) before disposal or reuse [1–3]. Basi-
cally, the S/S technology involves the addition of a
cementitious binder (e.g. Portland cement) to the waste
(granular or liquid) to obtain a monolithic solid. This monolith
is intrinsically porous [4], but it is structurally stable and
possibly shows a good compressive strength [5]. Owing to
this residual porosity, the surface area that can be potentially
in contact with the leachant is larger than the simple external
surface [6]. The leaching agent can change both the structure
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of the pores and the phase composition of the cement as it can
enter the open porosity, contact the solidified waste and carry
some contaminants out. For example, Bishop et al. [7] found
that after a 90-day sequential leaching test the pore structure
had markedly changed, primarily due to the dissolution of
calcium hydroxide.

Not all reactions occurring during leaching are deleterious:
the precipitation of CaCO3 into the pores [8], for instance, can
be beneficial as it strengthens the matrix and reduces its
permeability; moreover, certain toxic species, such as zinc [8] or
strontium [9], may precipitate forming calcium metal double
carbonates, resulting in lower net leaching. However, Walton
et al. [9] found an increase in apparent diffusion coefficient for
unreactive species such as nitrates.

As a consequence of dissolution and/or precipitation
reactions, in leached monolithic samples a sharp leaching
boundary can be well identified [10–12]. A number of models
have been developed to describe leaching from solidified wastes
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Table 1
Raw oxide composition and corresponding Bogue calculation for the OPC II AL
42,5 R

Raw oxide composition (wt.%)
CaO 59.25
SiO2 17.9
Al2O3 4.25
Fe2O3 1.63
SO3 3.58
Na2O 4.23
K2O 2.04
MgO 1.68
LOI (Loss on Ignition) 6.28
CaO free (free lime) 2.21
Insoluble residue 0.16

Bogue calculation (wt.%)
C3S 33.34
C2S 25.87
C3A 8.37
C4AF 4.96
CSH2 7.69
CaCO3 7.97
MgCO3 2.24

The amount of calcium and magnesium carbonates was estimated from the LOI
properly corrected for water loss.

Table 2
Composition of clay-cement pastes

Specimen Cement, c Water, w w /c Organoclay, oc Pollutant, p p /oc

(wt.%) (wt.%) (wt.%) (wt.%)

Aref 64.52 32.26 0.5 3.23 0.00 0
A1 64.41 32.21 0.5 3.22 0.16 0.050
A2 64.21 32.10 0.5 3.21 0.48 0.150
A3 64.00 32.00 0.5 3.20 0.80 0.250
Bref 62.50 31.25 0.5 6.25 0.00 0
B1 62.40 31.20 0.5 6.24 0.16 0.026
B2 62.21 31.10 0.5 6.22 0.47 0.076
B3 62.02 31.01 0.5 6.20 0.78 0.126
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[13,14]. In the late 80s it was proposed to employ the S/S
technology also for the immobilisation of organics, on condition
that pre-adsorbents were used [15]. Among the categories of
potential pre-adsorbent materials, organophilic clays seem to
offer a valid cost-effective choice. However, the literature is
scarce [16]; a few works can be found on the stabilisation/
solidification of organic wastes into a cement matrix using
organophilic clays as pre-adsorbents [15,17–22], and even
fewer describe the leaching of solidified wasteforms containing
organic materials [23,24]. On the overall, the results were
promising; most works used model organic pollutants to test the
effectiveness of S/S technology: phenols and chlorophenols
[15,17,19,20], chloronaphtalene [17,20] and chloroaniline [22],
while fewer used industrial wastes [15,18,21] with an organic
load (TOC) ranging from 37 to 123 g/L [15], 15 g/L [18] and
320 g/L [21].

In this work 2-chloroaniline (2-CA), a member of the highly
toxic family of aromatic amines, was chosen as a model
pollutant and sorbed on an organic-pillared montmorillonite
clay. The resulting waste was then converted into a solidified
monolith by using ordinary Portland cement; the long-term
stability of the so-obtained wasteforms was investigated using a
combination of analytical techniques.

2. Experimental

2.1. Materials

Ordinary Portland Cement (OPC) Type II A-L 42,5R (UNI
ENV 197) by Cementirossi s.r.l. (Italy) was used (Table 1); it is
a calcareous cement with about 7.5 g of calcite per 100 g of
dried sample.
A montmorillonite clay, pillared with a phenolic resin
(organophilic) and supplied by Laviosa Chimica Mineraria s.r.
l. (Italy) was chosen as pre-adsorbant. The organic matter (om)
content, determined by Thermogravimetric Analysis (TGA),
was 0.044 kgom/kg. The total surface area was determined by
the Brunauer, Emmet and Teller (BET) physisorption method.
Measurements were carried out on a Micromeritics Tristar 3000
instrument on the nitrogen adsorption–desorption isotherms at
77 K. Samples were pre-cleaned by heating at 95° under
vacuum for 12 h. Resulting area was 3.6 m2/g. The basal
interlayer spacing of the clay d(001), as determined by X-ray
diffraction, was 1.51 nm.

2-chloroaniline (2-CA, CAS # 95-51-2) of N99.5% purity
(GC) from a commercial source (Fluka AG) was used as model
pollutant. 2-CA is a toxic [25] amber liquid with amine odour
boiling at 209 °C (density at 20 °C is 1.21 g/cm3).

Waters MilliQ® (deionised) water (conductivity max.
0.05 μS/cm) was used in this work.

2.2. Sample preparation

Three water solutions (sol) containing, respectively, 5000,
15,000 and 25,000 ppmw (wt/wt) of the 2-CA pollutant ( p) were
mixed with the organoclay (oc) into 50 mL vials and left on a
rotating arm for 24 h to allow for the sorption. These
concentrations are representative of a moderate polluted industrial
effluent, as may be inferred from the analysis of literature data
[15,18,21]; indeed, the present 2-CA concentration in the water
solution corresponds to TOC levels in the 2800–14,100 mg/L
range.

A total of eight slurries (s), containing a different p / oc
ratio, was therefore prepared. Each slurry was admixed with
OPC powder (c) and hand stirred to obtain a fresh
homogeneous clay/cement paste. Polyethylene cylindrical
moulds (3.2 cm height and 2.2 cm diameter) were partially
filled with the paste and carefully sealed with Parafilm®. Six
contaminated sets (2 specimens each) and two uncontaminat-
ed specimens (the latter used as a reference) were prepared
and cured in an air-conditioned room at 23±1 °C for 28 days
(herein named 28-day specimens). The starting composition
of the pastes is summarised in Table 2. Two series of
specimens can be identified, differing in the oc content: the A
series containing 3.2wt.% oc and the B series containing 6.2



Table 3
Organic pollutants and wasteforms compositions reported in literature works
where organophilic clays were used as pre-sorbent agent in S/S processes

Waste Pollutant/solid
(10−2 g/g)

Pollutant/total
(10−2 g/g)

Water/
cement
(g/g)

Organoclay/
cement
(g/g)

3-Chlorophenol
low [17]

3.43 2.78 0.35 0.5

3-Chlorophenol
high [17]

17.15 13.9 0.35 0.5

Chloronaphtalene
low [17]

4.34 3.52 0.35 0.5

Chloronaphtalene
high [17]

21.68 17.58 0.35 0.5

Phenol [19] 0.082 – – 0.2
2-Chlorophenol

[19]
0.082 – – 0.2

2,4 Dichlorophenol
[19]

0.082 – – 0.2

2-Chlorophenol
[20]

13 9 0.44 0.2

Fig. 1. DTA/TGA curves for the A1 specimen (28-day-old).
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wt.% oc (nominal). The organophilic clay contents here
adopted are somewhat lower than those reported in the
literature (at least twice as much lower, Table 3). Consistently,
the total amount of pollutant introduced in the wasteforms is
quite low, see for comparison the ratio pollutant-to-solid of
other authors (Table 3).

To assess the hydration degree of 28-day-old specimens, one
for each series was demoulded after the curing and furnace-
dried at 85 °C till its weight reached a stable value. In order to
preserve the organic pollutant, to stop the hydration process, i.e.
to remove the free water, nor solvent replacement (for instance
acetone or methanol soaking) neither D-drying procedure could
be used; so, the rather unusual choice of 85 °C as drying
temperature was chosen as a compromise between the need for a
temperature high enough to allow fast removal of the water
present in the specimen, but sufficiently low to volatilize a
negligible amount of the organic waste. It should be noted that
ettringite which is an important crystalline component of
hydrated Portland cement, can be destabilised at high
temperature [26], producing an amorphous (or nearly so)
product to X-ray powder diffraction (XRPD). The so-dried
monoliths were crushed and a fraction of the material was
ground in an agate mortar; the resulting powders were stored in
a desiccator to be successively used for XRD and TGA
measurements.

Simultaneously, the other six cured monoliths (one for each
set of contaminated pastes), were demoulded as to be used for a
14-month dynamic leach test (DLT) in deionised water.

At the end of the test, the six specimens were extracted from
the leaching solution and cut in two pieces along the cylinder
height with a water-cooled diamond saw. One half was ground
and then employed for XRD and TGA measurements aimed at
obtaining phase composition data. The other half, after
polishing without epoxy resin impregnation, was employed
for the through-thickness XRD and EDXS phase analysis. None
of these specimens was desiccated after DLT.
2.3. Dynamic leach test (DLT)

The dynamic leach test was carried out in compliance with
the UNI 8798 norm [27] and therefore started after 28-day
curing. Each solidified specimen was smoothed, cleaned and
hung, completely immersed, in a 500 mL jar filled with 250 mL
of deionised water kept at 24 °C without agitation. Water was
periodically renewed according to the cited norm (once a day
the first week, twice the second week, once a week up to the
sixth week, then once a month) and progressive extractions
were carried out up to 14 months.

Although the jar was closed with a screw cap, because of the
presence of the headspace and the regular water renewals the
atmospheric CO2 dissolution in deionised water could not have
been prevented.

The concentration of 2-CA in leachates was determined at
each renewal; the operation was performed by extracting the
pollutant from the leachates with isooctane, and determining its
concentration by gas chromatography (GC). GC analyses were
performed with a Carlo Erba Mega mod. 5100 instrument,
equipped with on-column injector, flame ionisation detector and
HP fused silica capillary column (0.32 mm internal diameter
and 50 m length) coated with 5% phenylmethylsilicone rubber,
0.5 μm thickness. The temperature was linearly raised from
70 °C to 130 °C at 4 °C/min, then to 250 °C at 10 °C/min and
finally kept constant for 5 min at 250 °C.

By using the GC technique, concentration measurements are
done on the 2-CA molecule in the whole and not to the single
constituent atomic species, thus reducing the possibility of
getting erroneous results.

2.4. Thermogravimetric analysis

TGA and Differential Thermal Analysis (DTA) were con-
ducted on a DTA-TG SEIKO 6300 instrument in nitrogen
atmosphere on ca. 20 mg powder specimens. Scanning was done
from room temperature to 900 °C with a 10 °C/min heating rate.
As an example, Fig. 1 shows the typical DTA/TGA curve (A1
specimen). Two weight-loss parameters were obtained from the



Fig. 2. Cumulative amount of 2-CA released (preleased, mg of 2-CA per gram of
fresh sample) over the 2-CA initially introduced (pintroduced, mg of 2-CA per
gram of fresh sample) in the samples after the 14-month DLT is reported versus
the initial content of 2-CA, for specimens of the A and B series.

Fig. 3. XRD patterns of Bref, B1 and B3 specimens after 28-day curing, and of
B1 and B3 after 14 months of leaching. Only the 28-day-old samples were
desiccated prior the measurement (E = ettringite, P = portlandite, C = calcite and
M = monocarboaluminate).
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TGA curve: the stepwise loss associated with the calcium
hydroxide, Ca(OH)2, dehydration from about 400 to 500 °C, and
the loss associated to calcite (CaCO3), from 650 to 800 °C. All
losses will be reported as grams per gram of dried sample (weight
at 105 °C).

2.5. Mercury intrusion porosimetry (MIP)

The pore structure of the different systems was determined
by means of mercury intrusion porosimetry (Pascal 440
porosimeter) for pressures up to 4000 bar (r= 0.2 nm according
to Washburn model). The samples (fragments of 1.5–2.0 g)
were previously oven-dried and then put in a dryer-vessel until
the constant weight was reached.

2.6. X-ray powder diffraction

X-ray powder diffraction data were collected at room
temperature on a Philips PW 1830 Bragg–Brentano diffrac-
tometer using graphite-monochromated Cu-Kα radiation
(40 kV, 40 mA). A 2θ step of 0.02° and a measuring time of
12 s per step were chosen to obtain a sufficient signal/noise
ratio.

Patterns for the through-thickness phase analysis were
collected on a Philips X'Pert MRD 4-circle diffractometer on
the cross-sectioned specimens. Copper radiation (40 kV,
30 mA) was used also in this case. A quasi-parallel-beam
geometry was employed, obtained by means of a polycapillary
collimator in the primary beam [28,29] and a flat crystal
analyser (graphite) on the secondary arm. Beam size could be
easily defined through a crossed-slits collimator.

Search match and qualitative phase analysis were done using
the PANalytical X'Pert HighScore 1.0f software (© PANalytical
B.V., Almelo, The Netherlands). Quantitative phase analysis
was performed using the Rietveld method as implemented in the
TOPAS 3.0 (Bruker AXS, Karlsruhe, Germany) software.
2.7. Environmental Scanning Electron Microscopy

Morphology observation and chemical analysis were con-
ducted on the cross-sectioned specimens by means of a FEI
XL30 Environmental Scanning Electron Microscope (ESEM)
equipped with an Energy Dispersive X-ray Spectroscopy
(EDXS) detector (EDAX FALCON) and operated at 20 kV/
25 mA. The polished cross-sectioned specimens were analysed
at 0.7 torr, without surface metallization. Elemental composi-
tion data were obtained from the X-ray spectroscopic signal
collected over a large area of about 200 μm×200 μm (taking
into account the extension of the interaction volume plume)
along the specimen radius.

3. Results and discussion

3.1. Leaching behaviour

There is no agreement in the literature concerning the optimal
quantity of organoclay to be used in the S/S process: amounts of
organoclay ranging from 3 to 20 g per 100 g of sample have been
proposed so far [15–21]. In any case, a minimum quantity of
organoclay is necessary to effectively sequestrate the contam-
inant [16]. In comparison with literature data [17,19,20] here it
was used a much lower amount of organoclay with respect to the
binder, 0.05 and 0.1 oc/c for A and B series, respectively; on



Fig. 4. Total amounts of portlandite and calcite determined by TGA for the 28-day-old and the leached specimens. All values are reported as g/100 g of dried sample.
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average, other authors had inserted organoclay amounts ranging
from 0.2 to 0.5 oc/c, Table 3.

In Fig. 2 the cumulative amount of 2-CA released (preleased,
mg of 2-CA per gram of fresh sample) over the 2-CA initially
introduced (pintroduced, mg of 2-CA per gram of fresh sample) in
the samples after the 14-months DLT is reported versus the
initial content of 2-CA, pintroduced.

While samples A1 and B1 have the same leaching behaviour
(about 11 and 12% of preleased with respect to pintroduced,
respectively), sample B3 releases twice as much an amount of
2-CA than A3 (about 15 and 31% of preleased with respect to
pintroduced, respectively), and A2 and B2 lie in-between (about
13 and 23% of preleased with respect to pintroduced, respectively).

From the DLT results it appears that the larger the amount of
organoclay the worse the immobilisation of 2-CA; indeed, the B
series samples contain twice as much organoclay than those of
the A series (Table 2).

A reduction in the active organophilic area when going from
low to high organoclay content (3.2 and 6.2 g/100 g in series A
and B, respectively) might explain this striking leaching
behaviour. Indeed, when the amount of organoclay is low, the
size of the clay aggregates is small and the pollutant can be
adsorbed on most of the available active area (surface and
interlayer): by increasing the quantity of organoclay, the chance
of agglomeration increases and so does the fraction of trapped
organophilic sites; as a consequence, the concentration of
available adsorption sites probably decreases.

The sorption mechanism of 2-CA onto organophilic clays
has been demonstrated to be mainly physical in nature and due
to the interactions between the 2-CA and the organic matter
dispersed in the clay, which creates a favourable organophilic
microenvironment [30]. Probably, the only direct interactions, if
any, between the pollutant and the siliceous surface of the clay
can just stem from a very weak hydrogen bonding, considering
the slight basic behaviour of 2-CA. However, being absent any
strong chemical binding between 2-CA and the organoclay the
sorption process is partially reversible [30]; as a consequence,
the pore solution inside the cement matrix can extract the
pollutant from the organoclay which can leach out of the
monolith in the presence of open porosity.

To confirm this hypothesis MIP analyses of all samples were
carried out: the open porosity of A1, A2 and A3 specimens is
24.74, 25.99 and 27.58%, respectively, while that of B1, B2 and
B3 is 29.57, 32.34 and 32.81%, respectively; there is no
substantial difference in the average pore radius between the
two series.



Fig. 5. Depth-resolved elemental composition profile (EDXS data) for the A (A) and B (B) series.

1488 M. Leoni et al. / Cement and Concrete Research 37 (2007) 1483–1495
The addition of the organoclay seems to influence the total
porosity, which is larger in the B series, but it does not alter
sensibly the average pore radius, usually found in the 3–100 nm
range [31] for mature cement pastes. The average pore radius
values here found are in the 50–70 nm range, suggesting that
there is a predominance of large and medium capillary pores:
about 60% of the relative volume porosity is in the 100–10 nm
pore radius range, and this kind of pores is well-known to have a
substantial influence on the permeability [32]. Moreover, the
organoclay amount influences the total specific surface area:
37 m2/g in the B series samples which contain twice as much
organoclay with respect to the A series samples, 25 m2/g.

So the apparently counterintuitiveworse leaching behaviour of
B series samples seems to be reasonably accounted for by the
monolith pore structure; it is well-known that relatively large
pores, as those here found, have an adverse effect on permeability.
Furthermore, the fraction of 2-CA released increases with its
initial amount (from 0.11 to 0.15 and from 0.12 to 0.31 for series



Fig. 6. Pattern of the B1 specimen collected at 0.75 mm from the surface: raw
data (points), Rietveld modelling result (line) and residual (difference curve,
below) are shown.

Fig. 7. Depth-resolved crystalline phase composition profiles for the A1 (A) and
B1 (B) specimens as obtained from the Rietveld refinement.
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A and B, respectively) and the trend in porosity is exactly the
same.

3.2. Average phase composition prior and after long-term
leaching

Even at the highest concentration of 2-CA, i.e. 25,000 ppmw,
the same mineralogical phases are present in all 28-day-old
specimens, i.e. tricalcium silicate (C3S, Ca3SiO5 ICDD PDF-2
card 49-0442), β-dicalcium silicate (C2S, Ca2SiO4 ICDD PDF-
2 card 33-0302), calcium hydroxide (portlandite, Ca(OH)2
ICDD PDF-2 card 44-1481), carbonates (calcite, CaCO3 ICDD
PDF-2 card 05-0586 and ankerite, CaMg0.3Fe0.7(CO3)2 ICDD
PDF-2 card 41-0586) and amorphous calcium silicate hydrate
(C-S-H). Data are in agreement with literature findings [30,33–
36]. In Fig. 3 the X-ray diffraction patterns for specimens of the
B1 and B3 sets are shown as an example, compared with those
of a reference (28-day-old containing no organoclay). Overall
phase composition and absolute amount of hydration products
are not substantially altered by the organoclay.

Dynamic leaching tests were performed not only to assess
the effectiveness of the S/S technology, but also to investigate
the short and long-term physicochemical reactions that occurred
in the solidified wasteforms [14]. In fact, the actual performance
and long-term environmental impacts cannot be determined by
leach tests alone which do not provide information on the
physical (i.e. pore structure [37]) and chemical [38] changes
occurring in the S/S wasteforms. To this purpose, the
understanding of the leaching mechanisms is of paramount
importance and requires the detection of the mineral transfor-
mations and the monitoring of common hydration products
dissolution. In the 14-month leached pastes two additional
phases were detected: ettringite (Ca6Al2(SO4)3(OH)1226H2O,
ICDD PDF-2 card 41-1451) and monocarboaluminate hydrate
(Ca4Al2O6CO311H2O, ICDD PDF-2 card 41-0219). The
presence of these phases is evident in Fig. 3 where the XRD
patterns of specimens after DLT are compared with analogous
ones measured at 28 days. Ettringite was not detected in any of
the 28-day-old samples, probably because of the chosen drying
treatment performed on these pastes to stop the hydration
reactions [26].

Fig. 4 shows the variation of the average content of
portlandite and calcite in all contaminated samples (28-day-old
and after leaching) as obtained from the thermal analysis. All 28-
day-old samples have a similar content of portlandite and calcite,
i.e. about 16 and 12 g/100 g of dried sample, respectively.

In the first 28 days the hydration process in A and B series
does not seem to be retarded by the presence of the contaminant;
indeed, the portlandite content in control sample Aref, which is
not reported in Fig. 4, is just a little larger than in contaminated
samples A1, A2, A3 (17.6±0.9 versus 15.5±0.8, 16.0±0.8 and
15.4±0.8 g/100 g of dried sample, respectively); among Bref,
B1, B2 and B3 there is no difference within the experimental
error (16.2±0.8, 16.2±0.8, 16.8±0.8 and 16.1±0.8 g/100 g of
dried sample, respectively). So the retarding effect observed in
hydrating cement pastes directly admixed with 2-CA [33] is
likely to be counterbalanced by the accelerating effect on the
hydration of C2S and C3S due to the addition of clay minerals to
OPC pastes [34].



Table 5
Model phase composition values (%) referred to the total crystalline fraction,
including only the phases modelled by the Rietveld algorithm

C4AC_H11 C6A$3H32 CH Carbonates C2S

A1 model 19.97 25.02 21.65 19.95 13.4
A1 Rietveld 6.94 13.52 20.45 48.45 11.1
B1 model 19.81 24.82 19.62 22.45 13.32
B1 Rietveld 14.73 33.27 16.41 29.25 6.34

Table 4
Model composition of 14 months leached samples in g per 100 g of fresh paste

Phase Names A1 A2 A3 B1 B2 B3

C1.7SH4 Amorphous CSH 34.87 34.77 34.65 33.79 33.68 33.58
C4AC_H11 Monocarboaluminate 9.61 9.58 9.55 9.31 9.29 9.26
C6A$3H32 Ettringite 12.04 12.01 11.97 11.67 11.63 11.60
CH Portlandite 12.26 12.23 12.19 11.88 11.84 11.81
Carbonates Calcite and ankerite 9.60 9.54 9.96 10.55 9.54 10.13
FH3 Amorphous phase 2.11 2.11 2.10 2.05 2.04 2.04
Organoclay 3.50 3.49 3.48 6.76 6.74 6.72
C3S Tricalcium silicate 0.00 0.00 0.00 0.00 0.00 0.00
C2S Dicalcium silicate 6.45 6.43 6.41 6.25 6.23 6.21
C3A Tricalcium aluminate 0.00 0.00 0.00 0.00 0.00 0.00
C4AF Calcium aluminum ferrite 0.00 0.00 0.00 0.00 0.00 0.00
C$H2 Gypsum 0.00 0.00 0.00 0.00 0.00 0.00
Na2O,K2O etc Oxides 4.04 4.03 4.01 4.96 4.94 4.93
Residual H Residual water 5.52 5.81 5.68 2.78 4.07 3.72

The residual H is just the free water calculated as the difference between the initial amount of water and the bound water estimated by model calculation.
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In the 14-month-old specimens, portlandite is somewhat
decreased. This can be explained as an effect of both
carbonation and dissolution [33–35,37,39], the latter due to
calcium leaching occurring when the interstitial pore solution
has a calcium concentration lower than the equilibrium one. The
decrease is smaller in specimens containing less organoclay (ca.
15% in the A series against ca. 25% in the B series) and seems
not influenced by the contaminant.

Most calcite is already present in the cement powder (about
7.5 g/100 g of dried sample); in the 28-day curing, before
starting the DLT, there is an additional carbonation of all
contaminated samples (about 12 g/100 g of dried sample), while
during the DLT the calcite amount changes only slightly.
Apparently, the DLT would not affect the amount of calcite,
which varies only slightly in accordance with the TGA data;
however, it is more likely that portlandite is being converted to
calcite, which in turn reacts with AFm or AFt phases to produce
carboaluminate species, as it will be better explained in the next
sections.

3.3. Morphology and elemental and crystalline phase composition
gradient in leached specimens

From a qualitative point of view, the cross-sections of all
specimens show the same morphology under the ESEM. The
monoliths are highly (macro) porous, but compact. In the
leached specimens, a large fraction of the pores contains
ettringite needles [37].

The phase contrast obtained by using the backscattered
electrons was not sufficient to clearly identify the leaching zone
boundary, otherwise evident to the naked eye.

A relative estimate of the in-depth elemental distribution was
obtained for all specimens by EDXS. The spatial resolution of
this technique is quite high (determined by the extension of the
interaction region between electron beam and specimen), but
information is only of chemical (elemental) nature. Only the
elements showing a clearly detectable signal, i.e. carbon,
oxygen, calcium, silicon, aluminium, magnesium, sulphur and
iron, were investigated.
Fig. 5 shows the EDXS data for all the leached specimens. A
clear compositional gradient is present in the near-surface
region delimited by the leaching boundary (the depth at which
the composition starts being constant), the latter indicated by a
dotted line. In all investigated monoliths, leaching just of
calcium up to a depth of about 2 mm is observed (Fig. 5).

X-ray diffraction is one of the most versatile techniques
allowing for a quantitative determination of phase composition
gradients. A high spatial resolution can be achieved by using a
narrow beam size, whereas quantitative data can be obtained by
processing the entire diffraction pattern using the Rietveld
method [40]. Prerequisite to this, is the accurate identification of
the crystalline phases present [41–43]. In fact, in the Rietveld
method, physical data relative to the instrument (e.g. geometry,
optical components and their dimensions) and structural
information on the phases present (e.g. lattice and atomic
positions data, crystallographic texture, presence of defects)
are used to synthesise a pattern relative to the area bathed by
the X-rays. Model parameters are adjusted within a Nonlinear
Least SQuares (NLSQ) minimisation routine to match the
experimental data. A quantitative phase composition can be
obtained from the relative scale factors of the phases used in the
modelling [40–43]. The result, however, is always of relative
nature: phase composition values refer to the total crystalline
fraction modelled by the Rietveld algorithm. Amorphous
contribution, if any, is not automatically considered and
additional information is thus needed to quantify it with respect
to the crystalline phase [36]. Results from other measurement
techniques or from the modelling of the hydration/leaching
reactions can be used to recover the missing data.



Fig. 8. B1 specimen: comparison between EDXS (dots) and raw Rietveld data (line).
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In order to collect data at increasing depth, the cross-section
(cut) of each specimen was thoroughly scanned along the
specimen's radial direction: points along the whole diameter
were collected, but only those relative to the radius will be
presented, as the composition shows symmetry with respect to
the axis of the monolith. At least 10 points were collected for
each specimen along the radius: as a nonlinear phase
composition gradient was expected, an uneven spatial sampling
was adopted, collecting closer data points near the surface and
widening the spacing at higher depths (cf. ESEM data).

Measurements were conducted using a 6 mm (width) by
0.2 mm (height) X-ray beam: the longer side of the beam
footprint was laid along the longer dimension (height) of the cut
specimen as to collect data on a ca. 0.25 mm wide strips at each
depth step. The actual width of the measured strip is higher than
the beam size due to the imperfect parallelism of the beam
(divergence ∼0.3°), imperfect parallelism of specimen edges
and possible slight misalignment of the specimen (specimen tilt/
rotation with respect to the beam).
Each pattern was processed with the PANalytical X'Pert
HighScore© software to identify the crystalline phases, and
subsequently with the Bruker TOPAS© Rietveld refinement
software to obtain the quantitative information.

Fig. 6 shows one of the patterns refined by TOPAS: the
agreement between data and model is remarkable, considering
the quality of the data. Fig. 7 shows the result of the Rietveld
refinement applied to the whole datasets for specimens A1 and
B1 (results for the other specimens have been omitted for
brevity): a through-thickness crystalline phase composition
gradient is present. The extension of the near-surface leaching
zone is compatible with that obtained by EDXS (cf. Fig. 5).

An increase in the width of the leach-affected zone has been
observed for increasing percentage of pollutant in the starting
paste. The long stay in deionised water changed the composition
of the monoliths' near-surface which appears rich in carbonates
and poor both in hydroxides and silicates with respect to the
interior. In accordance with TGA results (cf. Fig. 4), a significant
fraction of portlandite is still present in all specimens.



Fig. 9. B1 specimen: match between EDXS (dots) and Rietveld data (line) taking amorphous phase and its gradient into account.
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The amount of ettringite, increasing towards the surface, and
the fraction of C2S still unreacted after 14 months are unusually
high.

It must be stressed again that the X-ray quantitative data
proposed so far refer to the sole crystalline phases present in the
specimen and therefore are not representative of the absolute
phase distribution in the specimens, as the amorphous con-
tribution is not included.

4. Determining the true phase composition gradient

As the EDXS and XRD data refer to the same specimens and
are collected approximately in the same regions, they should be
compatible. The expected difference is due to the presence of
the amorphous C-S-H, measured by EDXS and not included in
the Rietveld processing.

Two are the unknowns relative to the C-S-H: composition
and percentage. The composition is influenced by several
factors but the values are more or less uniform in the literature:
an average C1.7SH4 composition is adopted here [36,44]. The
percentage of amorphous present can be calculated in advance
by using the kinetic models available in the literature. In order to
do so, a kinetic calculation was done using the hydration
reaction scheme suggested by Bentz [44] in order to estimate the
phase composition of the contaminated pastes after 14 months
of leaching. In the core of the specimens (where the leachant
should have had zero or minor effects) the modelling results
should be compatible with both EDXS and XRD Rietveld
analyses. Starting from the Bogue composition data for the
present cement (cf. Table 1), the calculation matched the
following reaction scheme:

C3S þ 5:3H⇒C1:7SH4 þ 1:3CH ð1Þ

C2S þ 4:3H⇒C1:7SH4 þ 0:3CH ð2Þ

C3A þ 3C$H2 þ 26H⇒C6A$3H32 ð3Þ
where, as said before, C1.7SH4 is the gel-like C-S-H phase, C$H2

is gypsum and C6A$3H32 is ettringite, belonging to the group of
AFt phases. In fact, after an initial rapid dissolution of C3A, it is
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generally observed an almost immediate precipitation of an
amorphous calcium aluminate hydrate gel followed by the
nucleation of crystalline products which can be AFm or AFt
phases depending on the particular circumstances [45]. Usually
the crystalline phase produced in the initial hydration stage is
ettringite which becomes unstable when the liquid phase starts to
be deficient in Ca2+ and SO4

2−ions; as a consequence, there is a
renewed hydration of C3A to form AFm phases (typically
monosulphocalciumaluminate hydrate C4A$H12) and this is also
the usual reaction sequence adopted in highly sophisticated
cement hydration simulation programs [44]. On the other hand,
simplified hydration models discard ettringite formation and
consider just AFm phases as final products [46,47].

However, part (or most) of the ettringite observed in the
present samples after leaching is a secondary mineral (delayed
ettringite) formed as a result of dissolution [37]. The leached
specimens were in fact kept in water, where an amount of CO2 is
dissolved roughly corresponding to the atmospheric equilibrium
concentration. In the presence of CO2 the monosulphate is
unstable and tends to exchange the sulphate ions with carbonate
ones (transforming the monosulphate C4A$H12 into mono-
carboaluminate C4ACH11). The process is active already at
room temperature when the local pHN12 [48]; yet, in cement
pastes containing more than about 0.5% CO2, as in the present
case, the conversion of ettringite into monosulphate is
prevented and monosulphate is replaced by hemicarbonate or
monocarbonate [49]. This causes an enrichment of the solution
in sulphate ions that can promote the formation of the delayed
ettringite. An alternative mechanism of late ettringite formation
was suggested by Fu et al. [39]; in any case, the sulphate ions
eventually end up in AFm or AFt phases.

With respect to the usual hydration scheme, two additional
reactions were considered to account for the free lime hydration
(reaction supposed to be instantaneous) and the presence of
monocarboaluminate (C4AC_H11):

C þ H⇒CH ð4Þ

3C3A þ 3C$H2 þ 2CC� þ 48H⇒C6A$3H32 þ 2C4AC�H11

ð5Þ

Because the chosen cement is highly carbonatic (CEM II A-L
42,5R) and it is kept in water, an environment rich in CO2 [49],
reaction (5) was selected to describe delayed ettringite
formation, following the approach adopted by Bentz [50] in
the most recent version of the software CEMHYD3D to account
for cement hydration in the presence of limestone. Under these
conditions, the monocarboaluminate and the hemicarbonate
form instead of the monosulphate by exchange of the sulphate
and carbonate ions in the monosulphate favoured by the locally
high carbonate concentration [51]. Last, the hydration sequence
for the ferrite phase is the same as for C3A: iron-substituted AFt
or AFm phases form, together with an amorphous aluminium-
substituted Fe(OH)3 [45,52]. Under the simplified hypothesis
that C4AF hydration products are just the same as those of C3A,
i.e. iron substitution is completely discarded, in cement
hydration models [44,46,50] iron hydroxide is the phase
normally used to account for iron mass balance. Being
amorphous in nature, this phase is not revealed by XRD
analysis; moreover, its content is almost negligible because of
the low amount of iron in common Portland cements.

As far as calcite is concerned, no net variation is observed
during DLT (Fig. 4), due to the balance between carbonation
and consumption in monocarbonate formation (5) in the present
reaction scheme the usual carbonation reactions [9] were
discarded.

Using the given reaction scheme, the composition of all
samples after complete hydration (“infinite time”) was quanti-
fied. This information can be employed within a set of Avrami-
type equations [46] in order to approximate the degree of
hydration for each sample at 14 months. The general form of the
Avrami-equation is:

ai ¼ 1� exp �ai t � bið Þcið Þ ð6Þ

where t is the age of the sample (expressed in days), ai, bi, and
ci are reaction constants (determined empirically by Taylor and
reported by Jennings and Tennis [46]) and αi is the degree of
hydration of the ith reactant, defined as the ratio between the
amount of phase i reacted and the initial amount of phase i:

ai ¼ i½ �0 � i½ �t
i½ �0

ð7Þ

where [i]t is the amount of unreacted phase i at time t.
The calculated composition is reported in Table 4 as grams per

100 g of fresh paste. In accordance with XRD findings, the only
cement phase which survived after 14-month leaching is C2S,
while C3S, C3A C4AF and gypsum fully reacted. Furthermore, in
accordance with quantitative TGA findings, calculated amounts
of carbonates are almost the same in the two series (A and B),
even if slightly underestimated by the model, while portlandite
was consumed slightly more in the B series than in the A one.

However, in order to compare the results of Rietveld analysis
(Fig. 7) with those calculated from this hydration scheme,
percentage phase composition values referred to the total
crystalline fraction including only the phases modelled by the
Rietveld algorithm are reported in Table 5. As far as portlandite is
considered, the results from the model seem to agree quite well
with those obtained by Rietveld analysis, in the other cases the
agreement is less satisfactory. On average, the model under-
estimates carbonates while it is the opposite for C4AC_H11 and
C2S.

An elemental composition was calculated from the phase
composition to be directly compared with the ESEM data. Fig. 8
shows the results for the B1 specimen concerning oxygen,
calcium, silicon and sulphur (the most abundant elements): the
match is good at high depth, but a substantial difference in the
trends is evident near the surface.

The difference can be easily explained by directly comparing
the diffraction patterns taken at increasing depths: the
amorphous content seems to increase going from the interior
to the surface (as the intensity of the amorphous bumps
increases). This is expected as an effect of leaching; as
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suggested by Faucon et al. [53] contact with a demineralised
solution induces surface precipitation of short chain C-S-H
which, of course, is amorphous in nature. An effective way of
accounting for this is through the use of an error-function (erf)-
like (function compatible with a diffusion process in a semi-
infinite specimen) or exponential-like (very similar to the erf)
gradient function. The parameters of the gradient function can
be tuned as to give the expected amorphous content in the
specimen core and to be effective just in the leached zone.

For instance, assuming that the amorphous quantity is
33.79+20 exp(−x/1000) where x is the depth (in μm) measured
from the surface inwards, the result of Fig. 9 can be obtained for
the B1 specimen (analogous results were obtained for all other
specimens investigated but for brevity they are not shown here).

The curves, plotted with an expanded ordinate axis for
clarity, match within the errors of the EDXS and XRD
quantitative data (few percent each). Large differences on the
oxygen content are likely being water a source for this element.
Calculated residual water content can in fact be different from
the value measured via EDXS in the ESEM (working at low air
pressure and not in vacuum) and is not taken into account by the
Rietveld refinement (as water is not present as ice).

5. Conclusions

The addition of organoclay is highly effective in sequestering
the model organic waste (2-CA) used in the present study,
especially if compared with previous results where 2-CA was
almost totally leached when it was directly admixed with the
cementitious binder without any sorbent agent [33]. Indeed, the
maximum amount of contaminant released after 14 months of
leaching is 30% in the worst analysed case (25,000 ppm initial
load). However, two samples, A1 and B1, had a very limited
release (less than about 12%), also considering the prolonged
DLT; in no other literature work investigating S/S processes of
organic pollutants [15–24] the leaching tests, if performed,
lasted so many months.

The organoclay amount plays an important role in the
effectiveness of S/S; indeed, it strongly influences the open
porosity and shifts the average pore radius towards the 50–
70 nm range with a predominance of large and medium
capillary pores, on which permeability mainly depends. Thus
the counterintuitive effect of the organoclay, i.e. the larger the
amount the higher the release, is accounted for by the porosity
increase with its amount.

The influence of the 2-CA on hydration of cement pastes,
clearly observed when directly admixed with the binder [33], is
here highly mitigated by the presence of the organoclay which
sequesters the contaminant from the pore solution. Indeed, the
portlandite content in control samples and contaminated ones is
almost the same after the 28-day curing.

Long-term leaching modifies the mineral composition of the
monoliths: at a depth from the surface of the order of a few mm,
a well-defined leaching boundary is observed. In this zone, a
phase composition gradient has been identified and charac-
terised: calcite is more abundant towards the exterior where,
conversely, portlandite decreases.
EDXS, mainly Si profile (Fig. 8), and XRD (Fig. 7) results
indicate that a large fraction of amorphous C-S-H is present in
the near-surface region of the wasteform, decreasing towards
the interior. The proposed exponential trend, seems to fit well
the experimental EDXS data (Fig. 9).
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