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Abstract

In this work, the relationship between the composition of pore solution in alkali-activated slag cement (AAS) pastes activated with
different alkaline activator, and the composition and structure of the main reaction products, has been studied. Pore solution was extracted
from hardened AAS pastes. The analysis of the liquids was performed through different techniques: Na, Mg and Al by atomic absorption
(AA), Ca ions by ionic chromatography (IC) and Si by colorimetry; pH was also determined. The solid phases were analysed by XRD, FTIR,
solid-state *’Si and *’Al NMR and BSE/EDX.

The most significant changes in the ionic composition of the pore solution of the AAS pastes activated with waterglass take place between
3 and 24 h of reaction. These changes are due to the decrease of the Na content and mainly to the Si content. Results of °Si MAS NMR and
FTIR confirm that the activation process takes place with more intensity after 3 h (although at this age, Q> units already exist). The pore
solution of the AAS pastes activated with NaOH shows a different evolution to this of pastes activated with waterglass. The decrease of Na
and Si contents progresses with time.

The nature of the alkaline activator influences the structure and composition of the calcium silicate hydrate formed as a consequence of
the alkaline activation of the slag. The characteristic of calcium silicate hydrate in AAS pastes activated with waterglass is characterised by a
low structural order with a low Ca/Si ratio. Besides, in this paste, O° units are detected. The calcium silicate hydrate formed in the pastes
activated with NaOH has a higher structural order (higher crystallinity) and contains more Al in its structure and a higher Ca/Si ratio than

those obtained with waterglass.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Alkaline activation of vitreous blast furnace slag makes
alternative cements that have important technical, econom-
ical and ecological advantages regarding ordinary Portland
cements. Many authors have studied the alkali-activated
slag cements (AAS) and concretes [1-5]. Recently, the
knowledge of the influence of the different variables in-
volved in the activation process on the development of
strengths of AAS cements and mortars on their physical and
mechanical properties (setting, shrinkage, strengths) and on
the nature and structure of the main reaction products has
advanced [6—9]. However, there are only few studies on the
pore solution composition in the porous system of AAS
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pastes and concrete. In a recent work, Kim and Hong [10]
studied the change of liquid concentration during hydration
process of AAS pastes. They concluded that change
depends on the nature of the activator and on the time.

In the present paper, the relationship between the com-
positions of pore solution in AAS pastes activated with
different alkaline activator, and the composition and struc-
ture of the main reaction products, has been studied.

2. Experimental

A Spanish ground blast furnace slag was used. The
chemical composition of the slag is shown in Table 1. The
slag has 95% of vitreous content of and a specific surface of
460 m* kg~ '. Two different activators were used: a
Si0,-nNa,0-mH,0 +NaOH (SiO,/Na,0=1.5, pH=13.10)
mixture (waterglass solution) and a NaOH solution
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Table 1
Chemical composition of blast furnace slag (wt.%)

CaO Si0, ALO; Fe,03 MgO SO; S*~ Na,0 K,0O Total
4145 3550 12.15 1.01 834 0.8 092 0.58 0.64 100.77

(pH=13.6). The concentration of activator solutions was
constant and equal to 4% Na,O by mass of slag.

The activator/slag ratio used in paste preparations was
0.5. Pastes were cured in humid chamber (higher 95% RH)
until the test time (3, 24, 48 h and 7 days). The extraction of
pore solution from hardened AAS pastes was carried out
using a device previously described by Barneyback and
Diamond [11]. The steel is a special alloy (SAE-4340) able
to resist discharge pressures (550 MPa).

Liquid analyses were carried out through different tech-
niques: Na, Mg and Al by atomic absorption (AA), Ca ions
by ionic chromatography (IC) and Si by colorimetry; pH
was also determined. The activation process was stopped at
the same ages by acetone/ethanol treatment, and the solid
phases were analysed by different techniques.

Speciation and mineral water saturation calculation state
of the brine solutions analysed after pore pressing test were
calculated using the PHRQPITZ computer modelling pro-
gram [12,13].

Solubility product of different phases used in this calcu-
lus was taken from the data base elaborated by Stronach
[14]. In this data base, the author considers three C-S-H gels
with Ca/Si ratios of 1.8, 1.1 and 0.8 (each of which is
assigned a solubility value and a single continuous solubility
curve).

X-ray diffractograms of powdered samples were recorded
on a Philiphs diffractometer PW 1730 with CuKaradiation.
The specimens were collected in the 20 range 5—-60° with a
scanning rate of 2°/min, divergence slit=1°, anti-scatter
slit=1° and receiving slit=0.01 mm.

FTIR spectra were recorded with an ATIMATTSON
apparatus, FTIR-TM series. Specimens were prepared by
mixing 1 mg of the sample in 300 mg of KBr. The spectral
analysis was performed in the range 4000—400 cm ~ ', with
a spectral resolution of 1 cm .

Solid-state *°Si and *’Al NMR spectra were obtained
with a Bruker MLS-400 spectrophotometer working at
79.49 and 104.26 MHz, respectively. 2°Si and *’Al MAS
NMR spectra were obtained after 7/2 pulse excitations (4
us) and 5 s of recycling delays. Spectra were recorded with
MAS techniques, with sample spinning rates of 4 and 12
kHz. The number of scans was 800 and 200, respectively,
for 2°Si and ?’Al spectra. Baseline distortions were elimi-
nated after correction of dead time effects. 2’Si and *’Al
chemical shifts were reported with respect the tetramethyl-
silane (TMS) and 1M AICl;-6H,O solutions, respectively.
Spectral analyses were performed using the Winfit software
package (Bruker). Intensity, position and line width of
components were determined with a standard interactive
least square method. Spectral simulations were within 2% of

the observed spectra and estimated errors for chemical shifts
and intensities lower than 0.2 ppm and 5%, respectively. In
29Sj cross polarization (CP) MAS experiments, contact time
was 5 ms and recycling time 2 s.

Samples were examined through scanning electron mi-
croscopy and microanalysis after 7 days of curing, using
backscattered electron imaging of polished surfaces. Samples
were embedded into an epoxy resin, cut, polished and then
coated with carbon. A JOEL JSM 5400 scanning electron
microscope equipped with a solid-state backscattered detec-
tor and a LINK-ISIS energy dispersive (EDX) was used.

3. Results

Chemical composition of the extracted pore solution is
presented in Table 2 and Fig. 1. Results show that the Na
content in samples diminishes as the reaction time increases
in the pastes activated with waterglass as much as in those
activated with NaOH solution. To emphasize the low con-
centration of Mg and Ca ions in those pore solutions (see
Table 2), although the anhydrous slag has in those ions a high
content. The concentration of Al in all pore solutions stays in
a very narrow range, located between 8.8 and 1.1 mmol 1~ ',
neither affecting the reaction time nor the activator nature.
Finally, the concentration of Si in pore solution shows an
evolution that is related with the nature of activator and with
the reaction time. In AAS pastes with waterglass, the Si
concentration at 3 h is very high (the activator contributes in
an important amount of that Si); at 24 h, the Si content
decreases abruptly (seven times the concentration at 3 h),
then gradually, this decrease continues as the reaction time
increases. In AAS paste with NaOH, after the first 3 h, there
is a descent of the Si content in the pore solution. These
concentrations are lower than those obtained in the
corresponding pastes activated with waterglass.

According to thermodynamic calculations, all brine
solutions are oversaturated in grossular (C3AS;), several
terms of the hydrogarnet solid solution, gehlenite hydrate
and C3AHg. The pore solution extracted at 7 days from
paste activated with NaOH was not oversaturated in those
two last phases.

In relation to the liquids extracted from pastes activated
with NaOH at 3 h, the solution was also oversaturated in

Table 2

Chemical analyses of pore solutions extracted from AAS (mmol 1~ ")
Sample Na Mg Ca Al Si pH
N-3 h 26-107 - 0.51 52 39.1 13.90
N-24 h 22107 - 0.39 8.8 28.4 13.74
N-48 h 20-10° - 0.36 6.7 14.2 13.71
N-7d 18-10° 0.01 0.21 4.8 7.1 13.73
W-3 h 21-10 - 0.35 5.9 22433 13.26
W-24 h 15-10° - 0.41 1.1 323.9 13.70
W-48 h 13-10° - 0.37 2.9 181.5 13.42
W-7 d 12:10° 0.1 0.31 3.7 74.7 13.51
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Fig. 1. Analytical results.

portlandite, C-S-H (1,8) gel, C-S-H (1,1) gel and C4AH 3.
After 1 day (solution at 24 h), the solution was not
oversaturated in portlandite, and after 2 days, the solution
was not oversaturated in any C-S-H gel. After 7 days, the
solution was oversaturated in brucite and mainly in
hydrotalcite.

As for solutions extracted from waterglass-activated
samples, the solution at 3 h was not oversaturated in
portlandite nor C4AH;;, but in gibbsite, C-S-H (1,8) gel,
C-S-H (1,1) gel and C-S-H (0,8) gel and a sodium silico-
aluminate hydrate. After 1 day, the solution was neither
oversaturated in gibbsite nor C-S-H (0.8) gel, and after 2
days, the solution remained oversaturated in both C-S-H
(1,8) and C-S-H (1,1) gels, but with a lower oversaturation
degree. After 7 days, the solution was oversaturated in
brucite, hydrotalcite and C-S-H (1.1) gel.

The C-S-H gel solubility product is very difficult to
calculate due to the variability in gel composition [15—
17]. A number of models that make provision for two types
of C-S-H gel are described in the literature [18—20]. The
models proposed by Damidot and Glasser [20] and Stronach

[14] are very similar, although in the latter, C-S-H gel (1.8)
is metastable with respect to C-S-H gel (0.8) unless stabi-
lized by adding C-S-H gel (1.1) or Ca(OH),. Despite this
difference, the two models show rather similar solubility
curve calculations.

As shown in Table 2, the pH of pore solutions experi-
ences very small variations with the reaction time. In pastes
activated with waterglass, the pH from the first 24 h is
higher than that of the original solution. In pastes activated
with NaOH, this phenomenon also takes place, but the
difference between the pH of the original solution and the
pH of the pore solution is smaller.

Mineralogical analysis carried out through XRD on the
solid phases at 7 days of reaction shows some differences in
the identified phases. In AAS paste activated with NaOH,
phases identified were hydrotalcite (MgsAl,CO3(OH);4-
4H,0), calcite (CaCO;) and a semicrystalline calcium silicate
hydrate (that has been identified through the more intense
diffraction lines located at d(Ao)= 12.5 and 3.07). In AAS
pastes with waterglass, hydrotalcite was not detected and the
identification of calcium silicate hydrate was more difficult

(a) Slag+NaOH (b) Slag+waterglass
48h. d.
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3h.
Slag Slag
1 1 1 1 1 1
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Fig. 2. FTIR spectra. (a) AAS pastes activated with NaOH, (b) AAS pastes activated with waterglass.
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Fig. 3. 2°Si and ’Al MAS NMR spectra of anhydrous slag and AAS pastes obtained by activation with NaOH.

than in the pastes activated with NaOH. Also, the presence of
a calcium carbonate was detected.

FTIR spectra of the solid phases, at the different ages of
curing, are shown in Fig. 2. The FTIR spectrum of anhy-
drous slag is formed by a broad band at 958 cm ~ !, ascribed
to 13(Si—0) stretching modes, and another located at 508
cm ' assigned to v4(O—Si—0) bending modes of SiO,
tetrahedra. In AAS pastes activated with NaOH, v3(Si—0)
band shifts towards higher values (at 964 cm ~ ') and v4(O—
Si—0) band shifts towards lower values (at 450 cm ).
These bands narrow as the reaction progresses. There is also
a shoulder towards 1039 ¢cm ~', which has not yet been
assigned. In the vibration region of Al-O bonds, from the
first hours, a displacement of the wide band at 699 cm ~ ' in
the anhydrous slag towards 660 cm ~ ' is observed. In the IR
spectra of the pastes activated with waterglass (see Fig. 2b), a
v3(Si—0) band shifts towards higher values (at 987 cm ~ )
and v4(O—Si—0) band shifts towards lower values (at 457
cm ~ 1), which is also observed. As in previous spectra, these
bands become sharper and more intense with reaction time.
In these spectra, the absorption located at 1039 cm ~ ' is not
observed. Also, the vibration of Al-O bonds at 699 cm ~ ! in
the anhydrous slag moves towards 674 cm ~ ' in the activat-
ed pastes. In all pastes, the presence of calcium carbonates

was confirmed, not only crystalline carbonates but also other
noncrystalline ones.

2Si and *’Al MAS NMR spectra of anhydrous slag and
AAS pastes obtained by activation with NaOH and water-
glass appear in Figs. 3 and 4. The assignment of *°Si NMR
components was based on reported values obtained in
aluminosilicates [21-24]. According to published data,
peaks appearing between —73 and —78 ppm were
assigned to Q' units, and peaks appearing between — 83
and — 85 ppm were assigned to O units. The substitution
of Si by Al makes the signals to shift 3 or 5 ppm towards
more positive values; taking into account this fact, the peak
appearing at — 81/ — 82 ppm was ascribed to Q*(1Al). On
the same basis, the peak appearing at — 95/ — 97 ppm was
attributed to the presence of Q3 (OAI) units, and the one at
—91/—93 ppm to Q°(1Al) units.

2%Si NMR spectrum of anhydrous slag shows a very wide
asymmetric sign ( ~ 30 ppm) whose maximum appears at
— 74.05 ppm. Deconvolution on this spectrum, presented in
Table 3, shows that this signal is the result of the sum of two
components at — 74.05 and — 59.16 ppm. The main signal
at — 74 ppm (90%) is assigned by Richardson and Groves
[25] to O units, and by Shilling et al. [21] to Q" units. The
assignment to Q' units indicates that the silicate groups in

Table 3
°Si and ?’Al MAS NMR data of anhydrous slag and AAS pastes activated with NaOH
Slag 3h 24 h 48 h 7 days Assignment
2sj —59.2 ppm (6.2%) —68.1 ppm (11.87%) —69.0 ppm (13.27%) —68.3 ppm (9.18%) —69.2 ppm (6.95%) o°
— 74.05 ppm (93.8%) —73.6 ppm (31.56%) —73.5 ppm (20.13%) —73.5 ppm (21.38%) —74.0 ppm (20.53%)  * O (slag)
- — 78.0 ppm (24.85%) —78.0 ppm (23.23%) —78.0 ppm (24.16%) —78.6 ppm (28.4%) 0 (chain end)
- —81.9 ppm (25.22%) —81.5 ppm (27.88%) —81.5 ppm (30.20%) —82.0 ppm (33.8%) 0, (1Al)
- —85.09 ppm (6.50%) — 85.00 ppm (15.49%) —85.0 ppm (15.08%) —85.5 ppm (10.35%) O, (0Al)
Z7Al +60.8 ppm (81.6%) +61.89 ppm (71.83%) +62.50 ppm (71.83%)  +63.86 ppm (72.01%)  +64.84 ppm (66.52%) Al
+32.6 ppm (12.2%) +30.00 ppm (13.49%) +30.00 ppm (13.49%)  +30.00 ppm (11.49%)  +30.00 ppm (12.54%) Alp
+10.0 ppm (6.2%) +8.66 ppm (14.67%) +8.66 ppm (14.67%) +8.94 ppm (16.20%) +8.79 ppm (20.95%) Alp

* 05 (slag)=Q° by Richardson and Groves [25] or Q' by Shilling et al. [21].
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Fig. 4. °Si and *’Al MAS NMR spectra of anhydrous slag and AAS pastes obtained by activation with waterglass.

slag are mostly organized in dimeric units. >’Al MAS NMR
spectrum of the slag shows a wide signal centred at + 60
ppm, which is associated to the presence of tetrahedrally
coordinated aluminum (Aly=81.6%, see Table 3) and two
smaller components at +30 and + 10 ppm due to pentahe-
drally (Alp=12.2%) and octahedrally coordinated alumi-
num (Alp=6.2%), respectively.

2°Si MAS NMR spectra from AAS pastes activated with
NaOH solution display a wide signal formed by several
maximums (Fig. 3a). As the reaction time increases, the
maximum of that signal moves toward more negative values.
The deconvolution of these spectra (see Table 3) shows the
presence, from early ages, of Q' (chain end), Q*(1Al) and O*
units. These units are associated to the formation of the main
reaction product of the alkaline activation of slag, which is a
calcium silicate hydrate with Al tetrahedrally incorporated in
the structure. The percentage of these units, as well as the
intensity of these signals, varies with reaction time (see Table
3), being in all cases the signal at — 82 ppm, associated to
Q*(1Al) units, that of more intensity.

27Al MAS NMR spectra from AAS pastes activated with
NaOH solution is shown in Fig. 3b. A strong and broad
asymmetric signal centred at +60 ppm formed by two

components, one centred at +60 ppm associated to tetra-
hedral aluminum and another smaller centred at +30 ppm
due to pentahedral aluminum, are observed. A third signal at
+8/+9 ppm reveals the presence of a small amount of
octahedrally coordinated aluminum.

29Si CP MAS NMR spectrum of AAS pastes activated
with waterglass at 7 days and *°Si MAS NMR spectra of the
same pastes at 3, 24, 48 h and 7 days are presented in Fig. 4a.
The single-pulse *°Si CP MAS NMR experiments inform
about OH/H,O groups near these environments. The absence
of a peak at — 74 ppm on the CP spectrum indicates that Al
only substitutes Si in the central atom of linear chain in
bridging tetrahedra. This result is in accordance with those
obtained by Richardson et al. [22], Richardson and Cabrera
[23] and Richardson and Groves [25].

In 2°Si MAS NMR spectra of AAS pastes with water-
glass, several signals were detected. The maximum of the Si
spectrum shifts towards more negative values as the reaction
time increases. Data derived from deconvolution of this
signal are given in Table 4. From these results, Q' (chain
end), 0?(1Al) and O units together with another signal of
low intensity at — 90/ — 91 ppm assigned to Q°(1Al) units
were detected.

Table 4
2Si and ?’Al MAS NMR data of anhydrous slag and AAS pastes activated with waterglass
Slag 3h 24 h 48 h 7 days Assignment
2si —59.2 ppm (6.2%) —68.5 ppm (8.24%) —67.9 ppm (7.09%) —67.3 ppm (7.15%) —67.6 ppm (8.74%) Q°
—74.05 ppm (93.8%) —73.4 ppm (22.2%) —73.8 ppm (31.69%)  — 74.05 ppm (24.73%) —73.5 ppm (20.95%)  *O° (slag)
—78.2 ppm (25.01%) —78.0 ppm (22.28%) —78.0 ppm (18.27%) —77.9 ppm (16.0%) 0y (chain end)
—82.0 ppm (17.5%) — 82.0 ppm (12.38%) —82.0 ppm (18.27%) —81.0 ppm (18.0%) 0% (1Al)
—85.0 ppm (17.04%) —85.0 ppm (10.17%) —85.0 ppm (21.06%) —85.0 ppm (26.11%) O (0AI)
—90.7 ppm (9.92%) —91.2 ppm (16.4%) —90.6 ppm (10.53%) —91.6 ppm (10.30%)  ©O° (1Al)
Z7Al +60.81 ppm (81.6%)  +62.48 ppm (90.74%)  +59.73 ppm (89.20%) +60.26 ppm (85.03%)  +60.81 ppm (82.57%)  Alr
+32.62 ppm (12.2%)  +30.00 ppm (5.17%) +30.00 ppm (10.80%) +30.00 ppm (7.13%) +30.00 ppm (5.47%) Alp
+10.02 ppm (6.2%) +8.75 ppm (4.08%) +9.22 ppm (7.84%) +8.48 ppm (11.96%)  Alp

* 05 (slag)=Q° by Richardson and Groves [25] or Q' by Shilling et al. [21].
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Fig. 5. BSE image of AAS pastes activated with NaOH (7 days).

27Al MAS NMR spectra of AAS-activated pastes with
waterglass are presented in Fig. 4b. Two signals were
detected: one broad intense, asymmetric and centred around
+60 ppm that was composed by two peaks at +60 ppm
(Alt) and +32 ppm (Alp), and another signal less intense
but sharper and centred at 7/8 ppm and ascribed to alumi-
num octahedrally coordinated (Alp) (see Table 4).

The microscopical analysis carried out on activated pastes
by BSE/EDX shows many unreacted slag particles. This
microstructural analysis has confirmed that in all the pastes,
the main reaction product is a calcium silicate hydrate. Some
rings of reaction products of homogeneous texture and clear
tonality are distinguished around of the unreacted slag grains
in pastes activated with NaOH at 7 days. Similar textures to
those described in areas that correspond to local reactions of
large slag particles were also observed. In Fig. 5, a rest of
large slag particles partially reacted are observed. Also in the
same figure, another external morphology of reaction prod-
ucts, but with a more heterogeneous texture and a darker
coloration, is observed. A detailed study of this dark area of
reaction products permits to distinguish several tonalities of
grey. The analyses carried out by EDX on the different
textures described are displayed in Table 5.

AAS pastes activated with waterglass (7 days) present a
high microcracking due to the tensions caused by the
shrinkage experienced by the material (2). The cracks go
through the matrix of reaction products and through the faces
of the unreacted slag particles (see Fig. 6). In these pastes,

Table 5

Atomic ratios

Medium No. of Ca/Si Al/Ca Mg/Ca Al/Si Na/Al
analysis

Unreacted slag 12 1.101 0337 0.293 0370 -

NaOH paste, clear 11 0.905 0.441 0.521 0.391 0.879

NaOH, dark 20 0.9239 0.484 0.664 0.427 0.94

Waterglass paste, clear 19 0.782 0332 0.390 0.248 0.272

Waterglass, dark 18 0.766  0.446 0.722 0.330 1.867

EDX analysis.

S@pm 488075

Fig. 6. BSE image of AAS pastes activated with waterglass (7 days).

the rings of reaction products observed in pastes activated
with NaOH were not distinct. However, it was possible to
identify reaction products with two different colors: one is
clear and another darker. The analysis carried out by EDX on
these particles is presented in the Table 5.

4. Discussion

The high concentrations of OH ™~ ions in the alkaline
solutions used as activators of the slag (NaOH and wa-
terglass, pH>13) allow breaking the Ca—0O, Si—O and
Al-O bonds on the surface of the glassy slag [26,27].
The dissolved species in water are in the form of Ca®",
[H,Si04]* ~, [H3Si04] ~ and [H4AlO4] ~ [27]. When the
concentrations of these species reach the product of solubil-
ity of the different solid compounds, they precipitate, gen-
erating the microstructure of the AAS pastes. The evolution
of these dissolved species in the time gives information about
the reactive process and the formation of products in this
type of materials.

The hydration and activation of cementitious materials
(cements, slags, etc.) are a slow process, which reach the
equilibrium (if they do) at very old ages. Solutions and solids
produced during hydration are not in equilibrium and evolve
dissolving ionic species and re-precipitating different phases.

The most significant changes in the ionic composition of
the pore solution of the AAS pastes activated with water-
glass take place between 3 and 24 h of reaction. These
changes become evident because of the decrease in the Na
content, which could be justified by the precipitation of a
sodium silico-aluminate hydrate (phase in that the pore
solution at 3 h was oversaturated) and mainly in the Si
content. The large Si concentration at 3 h of reaction in the
pore solution resulted mainly from the activator used
(Si0,-nNa,O-mH,0 +NaOH). According to thermodynam-
ic results, C-S-H gels with Ca/Si ratios of 0.8 could
precipitate in the pore solution at 3 h. The study carried
out by FTIR has demonstrated that at 3 h, some reaction
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products are formed, although in small intensity, since
13(Si—0) stretching band of its IR spectrum shifts towards
higher frequencies, with respect to the anhydrous slag.
When applying to this spectrum the technique of elimination
of the bands belonging to the unreacted slag, it could be
observed how v5(Si—0) band appears at 1000—1010 cm ~ ',
while in the IR spectra of the activated pastes at 48 h and 7
days, that band is located around 990 cm ~ '. These results
coincide with those obtained in previous works [8] where it
was proved that in the system of slag activated with water-
glass, two types of calcium silicate hydrate are formed. An
initial silicate is formed as a result of the condensation and
precipitation of the Si from the waterglass and the Ca of the
slag, and another one at later ages with a higher Ca/Si ratio.
Q'/3.0” ratio in paste at 3 h is lesser than those at 24 h (see
Table 6), which confirms the formation at 3 h of an initial
calcium silicate hydrate with a lower Ca/Si ratio.

From 24 h of reaction, Si concentration decreases abrupt-
ly, indicating that the precipitation of reaction products
intensified. These results agree with those found by other
authors through conduction calorimetric studies [28]; they
proved that the calorimetric signals associated to the massive
precipitation of reaction products as a result of the alkaline
activation of the slag with waterglass ended before the first
24 h. From the thermodynamic data, the pore solutions at 24
and 48 h are oversaturated in C-S-H gel with Ca/Si ratios of
1.8 and 1.1; after 7 days of reaction, the solution remains
oversaturated in C-S-H gel with Ca/Si ratios of 1.1. Results
of 2°Si MAS NMR confirm that the activation process takes
place with more intensity from 3 h. Q'/20? ratio drops
drastically from 24 h of reaction (see Table 6). The decrease
of this ratio indicates of the formation of solid species with
longer tetrahedral silicate chains.

The pore solution of the AAS pastes activated with
NaOH shows an evolution with time different to the one
described in pastes activated with waterglass. The decrease
of the Na and Si contents is progressive in time. In these
pastes, the activation process of the slag is faster [6].
Thermodynamic results indicate that portlandite and C-S-H
gels with Ca/Si ratios of 1.8 and 1.1 could precipitate in the
solution after 3 h of reaction, while no more portlandite will
precipitate in the solution after 24 h of reaction, being
possible the precipitation of both C-S-H gels with Ca/Si
ratios of 1.8 and 1.1. After 2 and 7 days of test, solutions
were not oversaturated in any C-S-H gel. Results obtained
by FTIR and 2°Si and ’Al MAS NMR confirm that reactive
processes have already started at 3 h of reaction, although it
intensifies after 24 h. In the IR spectra, a displacement of the

v3(Si—0) band to higher frequencies (964 cm ~ ') is ob-
served from the first 3 h, indicating the formation of a
calcium silicate hydrate. In the 24-h IR spectra, this band
stays in the same frequency (opposite to what happened in
the activated pastes with waterglass), and it became sharper
as the reaction time increased. This indicates the formation
of a calcium silicate hydrate with a more structural order
(through XRD, the higher crystallinity of that calcium
silicate hydrate was confirmed). Q'/%0Q* ratio (see Table
6) diminishes between 3 and 24 h, staying almost constant at
longer ages.

As it was previously mentioned the eight solutions
analysed remained oversaturated in gehlenite hydrate and
in some terms of the solid solution C;AHg and C3ASs;, then
it seems that most part of the aluminum from slag is
dissolved with time and precipitates in form of calcium
aluminate hydrates, being the oversaturation degree in such
phases lower as time progress. Mg® " ions were detected in
solutions only after 7 days of test in both solutions (with
NaOH and waterglass); also, those solutions were highly
oversaturated in hydrotalcite. From these results, a low
solubility of Mg from the slag in these media at early ages
could be deduced.

The nature of the alkaline activator induces differences in
the structure and composition of the calcium silicate hydrate
formed as a consequence of the alkaline activation of the slag
[29]. The results obtained by FTIR and XRD confirm the
formation, in these activated pastes, of a semicrystalline
calcium silicate hydrate. The largest displacement in the
13(Si—0) band of IR spectra of pastes activated with water-
glass shows a higher polymerization of that calcium silicate
hydrate than those formed at same age in the pastes activated
with NaOH. Results from XRD indicate, at the same time, a
larger structural order of this last calcium silicate hydrate.

The analysis of the deconvolution data from the *°Si and
27Al MAS NMR spectra, and the microstructural studies,
shows some structural and compositional differences be-
tween the calcium silicate hydrate formed in both activated
pastes. To establish those differences, we observe the
spectra at 7 days, and the values of Q'/30% O*(0Al)
Q*(1Al) and Q*/3.0" + O? ratios. These values can be seen
in Table 6.

4.1. 0'/20? ratio
Calcium silicate hydrate formed in AAS pastes activated

with waterglass has a Q'/30Q ratio lower than the one
formed in AAS pastes with NaOH. That means that the

Table 6
Different ratios derived from 2Si and >’Al MAS RMN spectra of AAS pastes
NaOH, 3 h NaOH, 24 h NaOH, 48 h NaOH, 7 h Water, 3 h Water, 24 h Water, 48 h Water, 7 h
o0’ 0.78 0.536 0.533 0.64 0.72 0.998 0.46 0.36
0% (0AD/Q? (1Al) 0.26 0.555 0.499 0.306 0.97 0.82 1.15 1.45
0’ 120'+30? 0.17 0.36 0.18 0.17
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former has a larger amount of O units, thus higher length of
tetrahedral silicate chains. The silicon from the activator
contributes to the formation of this silicate rich in Si. Results
obtained by microanalysis confirm the lower Ca/Si ratio in
AAS pastes with waterglass (see Table 5), with values
around 0.7-0.8, while Ca/Si ratio in AAS pastes with
NaOH has values around 0.9—1.0.

4.2. O°(0A)/Q° (141) ratio

In activated pastes with NaOH, the value of this ratio is
0.31, and in those activated with waterglass, the value is
1.45. These values indicate that the calcium silicate hydrate
formed when the activator is NaOH contains more alumi-
num in its structure than those corresponding to waterglass.
These results obtained by NMR coincide with those
obtained after analysis through EDX. The Al/Si ratio found
by microanalysis in activated pastes with NaOH is higher
[Al/Si (0.35—0.42)] than those obtained in pastes activated
with waterglass [Al/Si (0.25—-0.33)]. The substitution of Si
by Al in tetrahedral positions in the silicate chains has
already been pointed out by several authors, for slag cement
systems [23] and in activated slag systems [21,22,29].

4.3. 0°/20'+ 07 ratio

O® units are identified in activated pastes with water-
glass, which means there are tetrahedra of silicates forming
cross-linked type structures. The percentage of O units is
constant from 24 h regarding the sum of Q' and Q% (Q°/
30'+0*=0.17-0.18). The O units are not identified in
activated pastes with NaOH solution. The presence of these
units Q° in AAS pastes has been determined in other
previous works [29-31].

Several hypotheses are involved that explain the detec-
tion of more condensed species, Q° environments: (i) a
carbonation of calcium silicate hydrate formed in AAS
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Fig. 7. Mg/Ca against Al/Ca ratio plot for analyses of AAS activated with
NaOH.
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Fig. 8. Mg/Ca against Al/Ca ratio plot for analyses of AAS activated with
waterglass.

pastes would reduce the Ca/Si ratio of the gel phase and
form more condensed species [32], (ii) the formation of
sodium silicates (lamellar or zeolitic materials); however, no
signals of these phases were detected in XRD and FTIR
spectra [33], (iii) the formation of cross-linked type struc-
tures. From the analysis of Q*(1Al) and Q°(1Al) intensity, it
can be deduced that an important part of Aly is implicated in
formation of this cross-linked structures that can connect
neighbouring structural blocks [29], (iv) from the sodium
silicate solution used as activator [34].

Microstructural analyses carried out by BSE image
revealed the presence in the matrix of several tonalities of
grey. The clearest areas correspond to calcium silicate
hydrate, which have different compositions as a function
of the activator nature. The darkest areas have contents rich
in Mg (see Table 6 and Mg/Ca ratio). Wang and Scrivener
[35] studied alkali-activated cement pastes and concluded
that a hydrotalcite-type phase is formed in the pastes
activated with both NaOH and waterglass on a sub-mi-
crometer scale in such a way that it cannot be distinguished
in the SEM images. In Figs. 7 and 8, Mg/Ca ratios are
plotted versus Al/Ca ratios for both NaOH and waterglass
pastes, respectively. In both figures, the points are adjusted
quite well to lines, existing some difference among clear
and dark areas (the last ones have, in general, higher values
of Mg/Ca and Al/Ca). If we extrapolate the straight line to
Mg/Ca=0 ratio, the values corresponding to Al/Ca are
obtained that could be assigned only to calcium silicate
hydrate. These values are in the case of the paste activated
with NaOH 0.10 and 0.13 in the pastes activated with
waterglass. These results confirm that the calcium silicate
hydrate formed in the pastes activated with NaOH contains
more Al in its structure and a higher Ca/Si ratio than those
activated with waterglass.
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5. Conclusions

The relationship existing between the compositions of
the pore solution in AAS pastes, activated with different
alkaline activator, and the composition and structure of the
main reaction products, has been studied.

The most significant changes in the ionic composition of
the pore solution of the AAS pastes activated with water-
glass take place between 3 and 24 h of reaction. These
changes are revealed by the decrease in the Na content and
mainly in the Si content. Results of °Si MAS NMR and
FTIR confirm that the activation process takes place with
more intensity from 3 h (although at this age, O° units
already exist). 0'/20? ratio diminishes drastically at the 24
h of reaction. The decrease of this ratio indicates of the
formation a lengthening of tetrahedral silicate chains of
solid species (a calcium silicate hydrate). Also, the v3(Si—
O) stretching band of its IR spectrum shifts towards higher
frequencies indicating a decrease in the Ca/Si ratio.

The pore solution of AAS pastes activated with NaOH
show an evolution with time different to this pastes activated
with waterglass. The decrease in Na and Si contents is
progressive in time. The results obtained by FTIR and *°Si
and 2’Al MAS NMR confirm that the reactive processes
have already started at 3 h of reaction, although it is
intensified from 24 h.

The nature of the alkaline activator induces differences in
the structure and composition of the calcium silicate hydrate
formed as a consequence of the alkaline activation of the
slag. When the activator is waterglass the calcium silicate
hydrate is characterised by a low structural order with a low
Ca/Si ratio. Likewise, in this paste, O° units are detected.
The calcium silicate hydrate formed in the pastes activated
with NaOH has a higher structural ordering (higher crystal-
linity), contains more Al in its structure and a higher Ca/Si
ratio than those obtained by the activation with waterglass.
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