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Abstract

When concrete is exposed to the elements, its underlying microstructure can be attacked by a variety of aggressive agents; for example, rainwater and
groundwater. The knowledge of concrete resistance to long term water aggression is necessary for predictions of their performance in different
environments. This study aims to analyse the effects of leaching on the microstructure of Portland cement binders. Leaching of cement pastes was performed
by an accelerated extraction leaching test that produces significant degradation and helps to achieve equilibrium or near-equilibrium conditions between the
leachant medium and cement paste. FTIR spectroscopy, TG-DTA thermal analysis, low temperature nitrogen gas sorption, and geochemical modelling were
used to characterize the microstructural changes produced in cement pastes at different equilibrium pHs reached during the leaching process.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Calcium silicate hydrate (C—S—H) gel, together with portlan-
dite (Ca(OH),) and alkalis, dominate the chemical properties of
the aqueous phase in Portland cement pastes, and account for its
high pH and calcium solubility. The pH of their pore solution is
initially greater than 13 as a result of the dissolution of sodium
and potassium hydroxides from the cement producing a highly
alkaline condition in the groundwater in contact with these
materials. This hyperalkaline stage is a short-term stage and, later,
when these hydroxides have been removed, the pH would be
expected to decrease to around 12.5 and would be controlled by
the dissolution of other constituent minerals such as portlandite
and C—S—H phases.

C—S—H gels are the main constituents of the hydrated
Portland cement systems, characterized by a poor crystalline
structure with a variable composition [1,2]. The CaO/SiO, (Ca/
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Si) ratio and the concentration of calcium ([Ca**]) control the
type of C—S—H gel [3]. The stoichiometry of most of the C—S—H
gels has been identified in the range of 0.66<Ca/Si<2 [3-9].
Various structures of C—S—H gel have been proposed, but Taylor
[1] gave the most accepted one, i.e., C—S—H (I) and C—S—H (II),
which are similar to tobermorite and jennite, respectively.
According to Taylor [1], for Ca/Si=0.66, the structure of the
C—S—H gel presents some analogy with tobermorite, a Te—Oc—Te
structure (Te: tetrahedral; Oc: octahedral), with silicate tetrahedral
sheets of SiO, linear chains associated to an octahedral sheet of
CaO [10,11], but with some defects [12—15]. The chain length is
supposed infinite. The silicate chains are constituted of dimers
(Si(Q%)) connected by bridging tetrahedron (Si(Q*)) [1].
Silicate tetrahedrons (Si(Q?")) are balanced by H'. As in the
smectite structure, aluminium may substitute silicon in the
tetrahedral chains [11,12]. When the Ca/Si ratio increases from
0.66 up to 1, H" is substituted by calcium in the interlayer space.
The shortening of the silicate chains arises from higher calcium
content [16,17]. From Ca/Si=1.65 and about [Ca®"]=22 mM/I,
Ca(OH), precipitates in equilibrium with the C—S—H gel. For
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this ratio, the structure of the C—S—H is depicted only by silicate
dimers because of the silica bridging tetrahedra (Si(Q°)) are
unstable [18].

According to literature [1], the mineral hydrates, which may
be reasonably expected to form on complete hydration of ordi-
nary Portland cement at 25 °C, are C—S—H gel with Ca/Si=1.8
(jennite type), portlandite, AF; (3CaO-Al,05-:3CaS04-32H,0),
AFm (3C30A1203C380412H20), C3AH6 (Ca3A12012H12),
and MyAH;q (Mg4Al,O17H,), being aluminium the major
element after calcium and silicon, in most cement composi-
tions. Decalcification of cement paste is closely associated
with leaching; some authors have indicated that, for cement
based materials, decalcification of C—S—H gels proceeds until
a constant value of Ca/Si ratio in the solid is reached [19,20].
As in clays, aluminium in C—S—H could substitute into either
the octahedral calcium sites of the cationic CaO plane or the
tetrahedral silicon sites. The possible generation of Ca—Al-Si
rich colloid particles from leached cement hydrates has been
recently observed by transmission electron microscopy [21].
The purpose of this paper is to study the structural evolution
of amorphous solid phases during the leaching process using
FTIR and TG/ATD analysis. Moreover, it is widely accepted
that almost all the surface area of cement pastes comes from
the highly porous phase C—S—H and that the pore structure
of cementitious materials is strongly influenced by leaching.
This aspect was also deeply studied in this work by N,
adsorption/desorption measurements since it leads to structur-
al information on the formed amorphous C—S—H phases.

2. Experimental
2.1. Materials

Spanish cement (CEM I-SR according to the European
Standard ENV 197-1) and two types of mineral additions
(fly ash, FA and silica fume, SF) were used for the testing
program. Cement pastes were fabricated with a water/cement
ratio of 0.35 and they were hydrated during 7 days in sealed
conditions (98% relative humidity and 20+2 °C). Fly ash
and silica fume were added to the paste mixtures on
a cement replacement basis. Formulations of cement mixtures
were: 100% CEM I-SR, 59% CEM I-SR+41% FA, and 73%
CEM I-SR+7% FA+20% SF. Chemical composition of
mineral additions and cements used in this work is showed
in Table 1.

X-ray diffraction analysis of the fly ash (not shown) indicated
that it was mainly composed of mullite, quartz, magnetite, CaO,
calcite and glassy phases.

Table 1
Chemical composition of cements and mineral additions

Chemical SiO, ALO; Fe,O; CaO  MgO SO; Na,O K,O CaO
analysis (%) (total) (free)

CEMI-SR  19.60 4.43 427 6453 095 329 0.11 028 192
Fly ash 48.71 25.18 5.18 12.09 1.61 043 061 328 0.15
Silica fume 96.32  0.00 0.00 0.67 0.49 0.00 0.15 039 0.04

2.2. Methods
2.2.1. Leaching test

The accelerated leaching procedure consisted of a batch test
performed in a closed system [22,23]. Hydrated cement mixes
were ground and sieved until a particle size less than 32 pm was
obtained; then 10 g of this solid (S) are mixed with deionised
water (L) in a ratio S/L=1, producing an homogeneous slurry.
Accelerated tests were performed in these slurries by adding an
acid (HNO; 1N), at a rate of 0.5 ml min~ ! with an automated
titrator (Net Titrino 721 from Metrohm), and stirring the sample
vigorously to favour continuous mixture of leachant and sample.
In the case of nitric attack, an N, flow was maintained during the
process to avoid carbonation. The evolution of pH was
continuously recorded and liquid and solid phases were taken at
different pHs (10 and 7) corresponding to progressive degradation
stages. Samples were vacuum filtered through a 0.45 um filter.
The process of hydration of solid phases was interrupted in each
case by “freezing” the sample with acetone and ethanol. Further
analysis of the leachates and solid phases were carried out
according to the requirements for each special case.

2.2.2. Chemical analysis of leachates

Na, K, Fe, Mg and Al were analysed by Atomic Absorption
Spectrometry using an 1100B Perkin Elmer Spectrometer. Ca*"
and Si(aq) were analysed by a photometric method using EGTA
and ammonium molibdate as complexants respectively. SO3
was analysed by turbidimetry and total alkalinity was
determined by titration with hydrochloric acid.

2.2.3. Geochemical modelling

Leachate chemical compositions were introduced in PHR
QPITZ code [24], using the database HATCHES [25], in order
to calculate the thermodynamic status of such solutions; that is,
the saturation indexes of mineral phases. The reaction of the
major elements during leaching was modelled in order to help
the understanding of the chemical processes. Changes in the
chemistry of major elements interact with changes in the chem-
istry of minor and trace elements.

2.2.4. Microstructural characterization

Mid Infrared spectra of reference and degraded cement
mixes were obtained using a Nicolet Magna 510 Fourier trans-
form IR spectrometer (FTIR) equipped with a DTGS detector
and a Csl beamsplitter. For each sample, 256 scans were
recorded in the 4000—250 cm™ ' spectral range with a resolution
of 4 cm™ . The spectra of all the samples were measured using
the 12 mm diameter undried KBr pellets (0.1 mg of sample and
150 mg of KBr).

Thermal analyses of materials were performed using a
Thermal Analyzer STA 409 equipment from Netzsch. Thermo-
gravimetric curves were determined using 50 mg samples at a
heating rate of 4 °C/min, in dry CO, free of N, flowing at
100 ml/min.

The specific surface area and pore volume of both the
starting samples and leached materials were determined by N,
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adsorption at 77 K (BET ASAP 2000 Micromeritics INC).
Previous to measurements, all samples were dried under
reduced pressure (<1 mPa) at 393 K for 5 h. Total specific
surface area (S7) was determined by the BET-method.
Mesopore plus macropore volume (¥p) and mean pore diameter
in a volume basis (D,,,) were estimated by the BJH-method [26].

3. Results and discussion
3.1. Geochemical modelling

A change in paste mineralogy, due to a leaching process,
may lead to a change in pore solution composition as a result of
equilibrium shift. The use of thermodynamic models to make
predictions of the pore solution chemistry of cement can
considerably simplify the estimation of solution speciation, and,
consequently, the calculation of chemical equilibrium states.

Chemical composition of leachates and saturation indexes of
some mineral phases are presented in Tables 2 and 3 res-
pectively. It was considered that the potentially precipitating
minerals were those with the highest saturation index. The
saturation level with respect to tobermorite when samples were
leached until an equilibrium pH of 10 indicated that this solid
phase was the precipitating phase at this degradation level. At
this degradation level system was undersaturated in portlandite.

According to modelling, if leaching continues until an
equilibrium pH of 7 is reached, C—A—S—H gels or zeolites
(chabazite and CaP) are the potentially precipitating solid
phases. At this degradation level, solution is undersaturated in
ettringite and C—S—H gels.

3.2. FTIR

The structure of C—S—H gel is very complex with a variable
Ca/Si ratio corresponding to different molecular structures.
FT-IR spectroscopy is one of the most powerful techniques
normally used for molecular characterization. Recently, FT-IR
has been found to be very useful in delineating the complex
chemistry involved in the cement due to the poor crystallinity
of silicate hydrates [27].

In hydrated Portland cements, the main mid-IR bands for
C—S—H gels appear at ~970 cm™ ' (Si—O stretching vibrations
of Q? tetrahedra), 660—670 cm™ ' (Si—O—Si bending vibration,
which is influenced by Si—O—Si angle and occupancy of neigh-
boring sites), and 450-500 cm ™' [27]. These mid-IR bands

Table 3
Saturation indexes of some cementitious hydrates
Mineral Formula pH 100% 59% 73% CEM
CEM CEM I-SR I-SR 7% FA
I-SR 41% FA  20% SF
Portlandite ~ Ca(OH), 10 —-3.66 —3.73 —4.43
Ettringite Cag[Al(OH)g]» 10 246 231 0.92
(SO4);.26H,0
Tobermorite CasSigO;7.5H,0 10 9.77  9.11 8.36
Chabazite CaAl,Si;04,.6H,0 10 341  3.18 5.03
Ettringite Cag[Al(OH)s]» 7 =725 -8.02 -8.12
(SO4);.26H,0
Chabazite CaAl;Si;04,.6H,0 7 1071 9.62 9.98

change systematically in frequency and/or intensity with Ca/Si
ratio in C—S—H, which is also related with silicate polymeri-
zation. Fig. 1 shows the mid-IR spectra for the mixture 100%
CEM I-SR in the lower frequencies; in this case, the observed
features provide useful information about Ca/Si ratio in C—S—H,
silicate polymerization, and the presence of TO, tetrahedra in
gel chains (T=Si or Al).

The band at 970 cm ' is attributed to Si—O stretching
vibrations in C—S—H gels with jennite type structure. Amor-
phous aluminosilicate phases are likely to cause vibration at
around 1070—1080 cm ™' since similar band position can be
observed for natural and glassy aluminosilicate materials [28]. It
is also suggested that the appearance of a shoulder at
~1200 cm™ ' occurs for gels C—~A—S—H with structure 1.1 nm
tobermorite type (Ca/Si<0.8), because of its occurrence for
natural aluminosilicates [29]. Thus, the shift of 970 cm ™' band,
in reference sample, to ~ 1070 cm™ ! in leached sample at pH 7
and the appearance of a shoulder at ~1200 cm ', can be
attributed to C—S—H chain polymerization (which is accompa-
nied of a decrease in Ca/Si ratio) and replacement of Al by Si
producing an Al-tobermorite type structure.

Kalousek [30] first demonstrated that Al enters the structure
of tobermorite. Diamond et al. [31] reported that Al can replace
15% of the Si contained in the tobermorite structure in samples
hydrothermally treated and that this replacement increases the
basal spacing. Hydrogarnet was found to appear as an additional
phase when more than 10% of Si was replaced by Al [30]. The
increase of basal spacing could also be produced because of the
highly localized negative charge on the Si—O surfaces resulting
from Si substitution by Al, and the repulsion between parallel
surfaces.

Table 2

Chemical composition of leachates

Sample pH Alk (total) Si(aq) Ca Na K Mg Nore Al Fe
mmol/l

100% CEM I-SR 10.21 1.53 0.89 338 1.23 4.69 0.34 14.49 25x%1073 1.2x1073

59% CEM I-SR+41% FA 10.18 1.30 0.73 333 2.04 8.54 0.33 14.43 3.7x1073 14%x1073

73% CEM I-SR+7% FA+20% SF 9.83 0.98 1.06 328 2.41 6.93 0.47 14.73 2.1x1073 1.1x1073

100% CEM I-SR 7.16 0.04 2.85 348 0.98 1.02 5.32 15.69 1.5x1072 1.1x1072

59% CEM I-SR+41% FA 7.06 0.03 1.70 340 1.88 1.32 2.06 14.00 1.2x1072 1.1x1072

73% CEM I-SR+7% FA+20% SF 7.10 0.03 2.17 332 1.76 1.51 5.01 12.12 1.1x1072 13%1072
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Fig. 1. Mid-IR spectra of a 100% CEM I-SR cement paste: (a) 100% CEM I-SR
reference, (b) 100% CEM I-SR, pH=10, (c) 100% CEM I-SR, pH=7. Silicate
environment. Undried KBr pellets.

The band located at ~610 cm ™', which appears in leached
samples, is also indicative of silicate and aluminosilicate glasses
(symmetric stretching of Si—O—Si and Al-O-Si) [28].

The bands in the range 400—500 cm™ ' are due to deformation
of TO,4 tetrahedra (T =Si or Al), and the increasing in intensity of
this bands, when leaching proceeds, is also consistent with an
increasing in polymerization (more bridging TO, units linking
dimers). Moreover, intensity of the out of plane bending Si—O
vibration at 525 cm~ ' decreases, when leaching proceeds, as a
result of polymerization of SiOj units in cement.

Characteristic ettringite bands normally appear at 1100 and
610 cm™ ' [32]. However, the Si—O stretching bands can even-
tually obscure the SO~ bands of ettringite. In Fig. 1 broad bands
centered at ~ 1110—1130 cm ™' can be attributed to C—S—H gels
with Ca/Si<1.4 [27] overlapping ettringite main band.

According to Farmer [29], Al-O stretching vibrations of
tetrahedral AlO, groups lie at 760—900 cm ™ '. Band appearing
at 800 cm ' in sample leached at pH 7, which is assigned to
stretching vibrations modes of O—T—O groups (T=Al, Si), is
attributed to polymerization and Si replacement by Al in tet-
rahedral sites of C—S—H. However, in hydrated Portland cement
pastes, Al is also found in octahedral coordination (ettringite,
monosulfate and aluminate hydrate phase). Additionally Al has
been detected by 2’ Al MAS-NMR substituting Ca** ions in the
interlayer structure of the C—S—H, and in a structurally un-
known aluminate hydrate phase. The latter phase is tentatively
assigned to a less crystalline alumina gel or calcium aluminate
hydrate that includes AI(OH):  or O,AI(OH)$®~ octahedral in
its structure [33,34]. The shoulder at 920 cm™ ' may be assigned
to OH bending vibrations in Al-OH-AI bonds (octahedral
aluminium). The increase in intensity of these bands when
leaching proceeds could be due to C;AHg, amorphous alumina
gel, an unidentified calcium aluminate hydrate, the substitution
of Ca by Al in the interlayer space of C—S—H or hydrogarnet
precipitation [30,31,33,34].

The band at 320 cm ' was due to Ca—O vibrations in
portlandite and C—S—H gel. The decreasing in intensity was due
to the dissolution of portlandite and decalcification of C—S—H

gel.

The characteristic bands of calcite could be found at 1421,
874, and 713 cm™'. Carbonation of samples is supposed to
occur during the storing of samples previous to perform the
microstructural characterization, and for this reason no inter-
pretation of the bands and relation with the leaching process has
been made.

The compensation of charge, needed after Si substitution by
Al in tetrahedral sites, could be achieved incorporating
additional H" from the acidic leaching media, in the interlayer
space. The substitution of (A’ +H") for Si*" is an obvious
possibility. However, the substitution of 2AI°* for (Si*" +Ca*")
should also be considered [30,34].

Fig. 2 shows the OH stretching region for the mixture 100%
CEM I-SR. Interpretation of the OH stretching region in the
mid-IR spectra (~2800—3750 cm™ ') is difficult because bands
are broad.

Evolution of the broad band at ~2800-3750 cm™ ' is due to
stretching vibrations of O—H groups in H,O or hydroxyls with a
wide range of hydrogen bond strengths. Band at 3640 cm ™' is
due to Ca—OH vibrations from portlandite. The disappearing of
this band when leaching proceeds allows us to follow the
dissolution process of this solid phase. The band at 3450 cm ™'
is attributed to hydrogen bonded OH species (O—H—O-H)
adsorbed on the surfaces. The intensity of this band increases
for leached samples with a C—S—H structure closed to
tobermorite, i.e., with a lower Ca/Si ratio and polymerization
of silicate chains, an increasing of the basal space and a high
content of the less strongly hydrogen-bonded water molecules
in the interlayer space. A shoulder, revealed at ~3600 cm™ ' in
pH=7 leached sample, was attributed to stretching OH vi-
brations in Al-OH bonds and it is another indication of the
substitution of Ca for Al in the interlayer space of the C—S—H
gel. [29].

Analyses of mid-IR spectra for cement pastes, including
mineral additions (59% CEM I-SR+41% FA and 73% CEM I-
SR+7% FA+20% SF), are presented in Figs. 3 and 4, re-
spectively. FTIR data for these mixtures provide similar in-
formation. Small differences with the previously analysed data

3600

(©)

(b) 3640

Absorbance

3450

(a)

T T
3200
Wavenumber (cm™)

T
3600

Fig. 2. Mid-IR spectra of a 100% CEM I-SR cement paste. OH environment: (a)
100% CEM I-SR reference, (b) 100% CEM I-SR, pH=10, (c) 100% CEM I-SR,
pH=7. Dried KBr pellets.
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Fig. 3. Mid-IR spectra of a 59% CEM I-SR+41% FA cement paste: (a) 59%
CEM I-SR+41% FA reference, (b) 59% CEM I-SR+41% FA, pH=10, (c) 59%
CEM I-SR+41% FA, pH=7. Silicate environment. Undried KBr pellets.

could be attributed to differences in Ca/Si ratio in silicates for
reference samples.

The shift of the Si—O stretching band, occurring at ~970 cm ™
for 100% CEM I-SR reference cement paste, to higher fre-
quencies (compare Figs. 3 and 4 with Fig. 1) was due to the lower
Ca/Si ratio in C—S—H gels for the mixtures of CEM I-SR+FA
and CEM I-SR+FA and SF. The displacement of these bands
with leaching progress occurred in all cases until ~1050 cm™ ',
indicating decalcification up to a constant Ca/Si ratio was reached.
The formation of shoulders at ~ 1160—1200 cm ™' indicated also
the presence of C—A—S—H gels with Ca/Si<1.

Main fly ash band from Si—O and Al-O vibrations, located
at 1080 cm™ ' [28], could not be discerned due to interferences
in absorption with the other mineral phases (see Fig. 3).

Main silica fume bands occur at 1120, 808 and 476 cm™ .
The disappearing of silica fume in leached samples for mixture
73% CEM I-SR+7% FA+20% SF could be followed through
the decrease in the intensity of the band at 1120 cm ™' in Fig. 4.
The bands in the range 400—500 cm™ ', due to deformation of
TO, tetrahedra (T=Si or Al), are in this case superposed with
band of silica fume, and, for this reason, they change in intensity
and slightly in frequency.

Al-O stretching bands at 800 cm™ ', attributed to the silicon
substitution for aluminium in C—S—H, appear in blended cement
pastes in samples leached until an equilibrium pH of 10 (T-O

1

1120 1050 312

Absorbance

1200 1000 800 600 400
Wavenumber (cm™)
Fig. 4. Mid-IR spectra of a 73% CEM I-SR+7% FA +20% SF cement paste: (a)
73% CEM I-SR+7% FA+20% SF reference, (b) 73% CEM I-SR+7% FA+

20% SF, pH=10, (c) 73% CEM I-SR+7% FA+20% SF, pH=7. Silicate
environment. Undried KBr pellets.
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Fig. 5. DTA and TG curves for 100% CEM I-SR cement pastes. Fig. 5-a,
reference cement paste. Fig. 5-b, cement paste leached until pH=7.

stretching vibrations, ~ 1050 cm™ ). This fact is an indication
that aluminium could substitute silicon when a C—S—H gel with
a low Ca/Si ratio was formed. The formation of a C-A—-S—H
matrix could be due to the decalcification process associated
with leaching and/or to the pozzolanic reaction with mineral
admixtures. Looking at FTIR curves of reference materials in
Figs. 3 and 4, we can conclude that the addition of mineral
admixtures, such as silica fume and fly ash, to cement pastes
causes the formation of a more polymerized and low Ca form of
C—S—H gel, obtained by the reaction between the pozzolan with
portlandite and the typical high-Ca form of C—S—H gel [19].

The term geopolymer was first used by Davidovits [35] to
describe a family of mineral binders closely related to artificial
zeolites. These structures consist of a polymeric Si—O—Al
framework, similar to that found in zeolites, being the main
difference with zeolitic structures that geopolymers are X-ray
amorphous. The leaching of a Portland or blended Portland
cement paste is characterized by a number of stages that are
reflected in silicate and water regions by FTIR data. Formation
of a C-A-S—H matrix, with a structure with Al in IV fold
coordination, and probable additional presence of a mineral
phase with Al in VI fold coordination, is concluded from mid-
IR spectra. However, amorphous C—A—S—H matrices have
broad, unresolved bands, and could be difficult to distinguish
them in a mixture of minerals.
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3.3. Thermal analysis

Fig. 5 presents the thermogravimetric (TG) and differential
thermal analysis (DTA) curves for the reference hydrated
Portland cement paste (CEM I-SR) (Fig. 5-a) and the same paste
leached until equilibrium was reached at pH="7 (Fig. 5-b). For
reference sample (Fig. 5-a), the weight loss peak around 100 °C
is induced by hygroscopic water (i.e. physically absorbed
water). Zone between 100 and approximately 200 °C is attrib-
uted to dehydration of C—S—H gel. The step at 425-550 °C is
due primarily to decomposition of portlandite. Carbonates show
distinctive decomposition peaks at the temperature range of
625-875 °C. The loss below the portlandite step is due to
decomposition of C—S—H and the hydrated aluminate phases,
but in this zone cement pastes show only slight indications of
steps. The absence of steps is probably due to a combination of
low crystallinity, the presence of other phases and the presence
of AFm phases of different compositions in mixture or solid
solution or both.

Leached sample (Fig. 5-b) shows from 200—300 °C a valley
due to dehydration of hydrated aluminosilicates of undefined
composition. Endothermic valleys ranging 450—550 °C in DTA
curve of leached sample are related also with different steps of
the dehydration process in silicoaluminates with structure simi-
lar to zeolites [36,37].

Table 4

BET surface area (St), BJH-adsorption pore volume (Vp) and BJH-adsorption
mean pore diameter (D,,) for the studied samples

Sample Cement mixture Remarks St Ve D,
[m’g"'] [em’g™'] [A]
1 100% CEM I-SR Reference 5 0.03 181
2 100% CEM I-SR Leached 42 0.16 147
pH=10
3 100% CEM I-SR Leached 88 0.27 107
pH=7
4 59% CEM I-SR+41% FA Reference 7 0.03 155
5 59% CEM I-SR+41% FA Leached 28 0.08 120
pH=10
6 59% CEM I-SR+41% FA Leached 38 0.12 134
pH=7
7 73% CEM I-SR+7% FA+20% Reference 8§ 0.03 142
SF
8 73% CEM I-SR+7% FA+20% Leached 33 0.11 138
SF pH=10
9 73% CEM I-SR+7% FA+20% Leached 31 0.11 133
SF pH=7
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Fig. 6. DTA and TG curves for 59% CEM I-SR+41% FA cement pastes.
Fig. 6-a, reference cement paste. Fig. 6-b, cement paste leached until pH=7.

The exothermic peaks at 900 and 970 °C are assigned to the
breakdown to wollastonite of silicoaluminates type Al-susbsti-
tuted tobermorite, with different amounts of Al substituting Si.
Mitsuda et al. [38,39] found a broad exothermic peak at 830 °C
for pure not substituted tobermorite, and strong exothermic
peaks for substituted tobermorite at high temperatures. Samples
with increasing Al content would exhibit the exothermic effect
at progressively increasing temperatures [30,37]. The flatted
form of the exothermic peaks is related, according to Kalousek
[30], to a high fineness due to the relatively high Al content.

Fig. 6 presents the TG and DTA curves for the reference
hydrated fly ash-Portland cement paste (59% CEM I-SR+41%
FA) (Fig. 6-a) and the same paste leached until pH=7 (Fig. 6-b).
Reference sample show the endothermic peaks of portlandite
(460 °C) and calcite (700—725 °C), and a valley at 550 °C that
can be attributed either to dehydration of mullite from fly ash or
to the presence of silicoaluminates in reference sample
produced in the pozzolanic reaction.

The identification of mineral components and their quanti-
fication, using DTA/TGA is difficult and often may be impos-
sible due to overlapping processes. However the presence of
endothermic valleys for leached samples, at temperature ranges
0f 200-300 °C and 470-550 °C, reveal the presence of Si—OH
and Al-OH groups, produced during the breakdown of Si—Si or
Al-Si bonds in polymerised silicoaluminate chains.

3.4. Nitrogen adsorption

For the reference materials (samples 1, 4 and 7) the measured
values for BET surface area (St) and pore volume (Vp) were
about 5 m*> g ' and 0.03 cm® g !, respectively. Both values
invariably increased after processing (Table 4). For the series 1
to 3 (100% CEM I-SR) the increase on Stand Vp when leaching
proceeds, was in consonance with a decrease of the medium
pore diameter (D,,) values. Fig. 7-a shows that in sample 1
(100% CEM I-SR reference), approx. 65% of the pores had a
diameter larger than 350 A. For samples 2 (100% CEM I-SR
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Fig. 7. BJH-adsorption pore volume plots (dV/dlogD) for series (a) 1 (100% CEM I-SR reference), 2 (100% CEM I-SR pH 10) and 3 (100% CEM I-SR pH 7); (b) 4
(59% CEM I-SR 41% FA reference), 5 (59% CEM I-SR 41% FA pH 10) and 6 (59% CEM I-SR 41% FA pH 7), and (c) 7 (73% CEM I-SR 7% FA 20% SF reference),
8 (73% CEM I-SR 7% FA 20% SF pH 10) and 9 (73% CEM I-SR 7% FA 20% SF pH 7).

leached until pH=10), and 3 (100% CEM I-SR leached until
pH=7) this value was reduced to 40% in both cases. For sample
2 the major part (approx. 40%) of the pore volume had a pore
diameter in the range of 150-250 A; only 20% of the pores had
a diameter smaller than 150 A. Sample 3 had the largest
proportion (approx. 30%) of pore volume assigned to pores
smaller than 100 A in diameter. For CEM I-SR +FA (series 4 to
6) a similar behavior was observed. However, estimated value
of D, for sample 6 (59% CEM I-SR+41% FA leached until
pH=7), was slightly larger than that of sample 5 (59% CEM I-
SR +41% FA leached until pH=10), likely due to the closure of
mesopores that were already present on sample 5 (see Fig. 7-b
area between 20 and 50 A pore diameter). For CEM I-SR +FA +
SF (series 7 to 9), the increase in St and Vp together with a
decrease on mean pore diameter was only observed when
comparing either samples 7 (73% CEM I-SR+7% FA +20% SF
reference), and 8 (73% CEM I-SR+7% FA+20% SF leached
until pH=10) or 7 (73% CEM I-SR+7% FA+20% SF
reference), and 9 (73% CEM I-SR+7% FA+20% SF leached
until pH=7). The leached samples 8 and 9 showed a very much
alike behavior with respect to the mentioned parameters. Main
differences were found only after analyzing the plot of pore size
distribution (Fig. 7-c). The estimated proportion of pore volume
for large pore sizes (in the range of 350 to 850 A) was of 0.51%,
0.41% and 0.27% for samples 7, 8 and 9, respectively. Hence,
sample 9 showed a significant reduction in the amount of pores
with large diameter when compared to sample 8.

In general, an increase in surface area with leaching is found.
The leaching process allows passing from a high-density C—S—
H structure, to a lower density C—A—S—H structure with a
higher surface area and a higher internal porosity composed
mainly of gel pores (1-100 nm). This fact is in agreement with
the link between low density silicate or silicoaluminate gels, and
the layered mineral tobermorite.

4. Conclusions

This work shows that the leaching of pastes based in Portland
cements produces a geopolymeric structure closely related to

artificial zeolites. These C—A—S—H structures consist of a
polymeric Si—O—Al framework, similar to that found in zeolites,
and they can be considered zeolite precursors. From a thermo-
dynamic point of view the leaching of Portland cement based
materials, due to the decreasing of pH, is a complex process
governed by the combination of dissolution and precipitation
processes, such as:

> Dissolution of portlandite.

> Decalcification of C—S—H gel.

> Silicate polymerisation.

> Incorporation of tetrahedral and/or hexagonal aluminium
in polymerised gel resulting in the formation of an alumi-
nosilicate gel.

The new formed C—A—S—H matrix has a higher surface area,
an increase in internal porosity (gel pores), and a higher inter-
layer water content typical of low density “gels”.

Cements conditioned to form aluminosilicates with a struc-
ture similar to zeolites, can act also as adsorbents for waste
species. Zeolitic materials are known for their abilities to adsorb
toxic chemical wastes.
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