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Accelerated carbonation is induced in pastes and mortars produced from alkali silicate-activated granulated
blast furnace slag (GBFS)–metakaolin (MK) blends, by exposure to CO2-rich gas atmospheres. Uncarbonated
specimens show compressive strengths of up to 63 MPa after 28 days of curing when GBFS is used as the sole
binder, and this decreases by 40–50% upon complete carbonation. The final strength of carbonated samples is
largely independent of the extent of metakaolin incorporation up to 20%. Increasing the metakaolin content
of the binder leads to a reduction in mechanical strength, more rapid carbonation, and an increase in
capillary sorptivity. A higher susceptibility to carbonation is identified when activation is carried out with a
lower solution modulus (SiO2/Na2O ratio) in metakaolin-free samples, but this trend is reversed when
metakaolin is added due to the formation of secondary aluminosilicate phases. High-energy synchrotron X-
ray diffractometry of uncarbonated paste samples shows that the main reaction products in alkali-activated
GBFS/MK blends are C–S–H gels, and aluminosilicates with a zeolitic (gismondine) structure. The main
crystalline carbonation products are calcite in all samples and trona only in samples containing no
metakaolin, with carbonation taking place in the C–S–H gels of all samples, and involving the free Na+

present in the pore solution of the metakaolin-free samples. Samples containing metakaolin do not appear to
have the same availability of Na+ for carbonation, indicating that this is more effectively bound in the
presence of a secondary aluminosilicate gel phase. It is clear that claims of exceptional carbonation resistance
in alkali-activated binders are not universally true, but by developing a fuller mechanistic understanding of
this process, it will certainly be possible to improve performance in this area.
: +61 3 8344 4153.
rnal), jprovis@unimelb.edu.au

l rights reserved.
© 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Durability is one of most important properties of cementitious
materials because it is associated with the life service of civil
structures, and is modified by the interaction of the material with
the environment. The presence of CO2 in the atmosphere, including
the higher levels now being induced by human-derived CO2

emissions, affects the long-term durability of built structures through
the sequence of degradation phenomena that are jointly referred to as
carbonation [1–4]. Themechanism of carbonation consists of diffusion
through gas, aqueous and solid/gel binder phases, as well as chemical
reaction processes. The overall rate of carbonation is controlled by the
physical properties of the solid binder, in particular the porosity and
pore size distribution of the material and the CO2 permeability
through the porous network. Gas diffusion is in many situations the
slowest step of the overall process [5–7].
The carbonation of Portland cement (OPC) mortar and concrete is
a widely studied and well-understood phenomenon. Carbon dioxide
in the atmosphere diffuses inside the material and dissolves in the
pore water, forming carbonic acid. Carbonic acid may then attack
calcium-containing phases, initially the calcium hydroxide and then
calcium silicate hydrates (C–S–H) and calcium aluminate hydrates
(C–A–H), to form calcium carbonate. This leads, in the long-term, to a
reduction of the alkalinity in the cementitious system, accompanied
by reduced mechanical performance and the corrosion of steel
reinforcement [1–3,5–7].

Under natural environmental conditions the process of carbon-
ation of cementitious materials is a long-term reaction as conse-
quence of the relatively low CO2 concentration present in the
atmosphere (≈0.038% v/v). Therefore, accelerated carbonation
testing is often used in order to induce the carbonation of concretes.
Castellote et al. [8], using OPC pastes assessed under accelerated
carbonation test conditions, have identified that the reaction products
formed at a CO2 concentration of 3% are comparable with those
observed in samples carbonated at natural conditions. This indicates
that this degree of acceleration of the carbonation process does not
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Table 1
Composition of the GBFS and MK used, from X-ray fluorescence analysis. LOI is loss on
ignition at 1000 °C.

Component (mass % as oxide) GBFS MK

SiO2 32.29 50.72
Al2O3 16.25 44.63
CaO 42.45 2.69
Fe2O3 2.35 –

MgO 2.87 –

Other 1.88 0.94
LOI 1.91 1.02
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introduce new carbonation mechanisms which would not be
observed under natural environmental conditions for those materials;
the same was not true for CO2 concentrations of 10% or higher [8].

Several previous studies have examined the carbonation of alkali-
activated slag (AAS) and other related alkali-activated binders. Byfors
et al. [9] identified that F-concrete (a trade name for a material which
used as the binder blast furnace slag activated by a combination of
alkali metal compounds) exhibits a higher carbonation rate than
Portland cement concrete with the same compressive strength.
Bakharev et al. [10] and Puertas et al. [11] also found that alkali
silicate- or hydroxide-activated slag mortars and concretes are more
rapidly carbonated than comparable OPC mixes, and that this
degradation can lead to an important decrease in compressive
strength. Those results are coherent with those reported by Palacios
et al. [12] and Bernal et al. [13], who suggest that the carbonation
mechanism is not the same in Portland and alkali-activated slag
cements as consequence of the differences between the reaction
products of both systems.

On the other hand, Deja [14] identified a similar carbonation rate
in AAS mortars and concretes under service conditions when
compared with OPC-based samples. An improvement in the com-
pressive strength with long-term exposure to CO2 was also reported,
and attributed to pore size refinement associated with the deposition
of the carbonation reaction products. The previous was more
significant in samples activated with Na2O∙rSiO2 in contrast to
specimens activated with Na2CO3. Xu et al. [15], studying aged
concretes (up to 35 years) based on slag activated with carbonates or
carbonate/hydroxide blends, observed an acceptable carbonation rate
of all samples (0.03–0.5 mm/year), proving the high stability of these
AAS binders. These results are contrary to the reports of carbonation
problems in AAS mortars and concretes as mentioned above [9–13]. It
may also be that there is a distinction to draw here between
accelerated and in-service conditions, where the accelerated tests
seem to influence alkali-activated materials more severely; this will
certainly be an area worthy of further study.

Additionally, it is important to note that there are no previous
reports in the literature related to the carbonation mechanism or rate
of pastes ormortars based on alkali-activated granulated blast furnace
slag/metakaolin (GBFS/MK) blends. Such blends are of interest
because the combination of the reaction products obtained after the
activation of GBFS/MK (coexisting C–S–H and sodium aluminosilicate
hydrate (N–A–S–H) gels) has been recognized as a stable system that
could exhibit improved durability when compared to binders
prepared from a sole raw material [16–18].

In light of such obvious discrepancies in the previous results
regarding the carbonation of AAS binders, and the unknown
performance of alkali silicate-activated GBFS/MK blends when
exposed to this form of chemical attack, the aim of this work is to
study the effect of the activator modulus and the presence of
metakaolin on the carbonation of pastes and mortars based on these
binders.

2. Experimental program

2.1. Materials

The primary raw material used in this investigation was a
Colombian granulated blast furnace slag (GBFS) from the factory
Acerías Paz del Río. The basicity coefficient (Kb=CaO+MgO/SiO2+
Al2O3) and the quality coefficient (CaO+MgO+Al2O3/SiO2+TiO2)
based on the chemical composition (Table 1) were 1.01 and 1.92,
respectively. Its specific gravity was 2900 kg/m3 and Blaine fineness
was 399 m2/kg. The particle size range, determined through laser
granulometry, was 0.1–74 μm, with a d50 of 5 μm.

The metakaolin used was generated in the laboratory by
calcination of a Colombian kaolin containing minor quartz and dickite
impurities. Calcination was carried out at 700 °C in an air atmosphere,
for 2 h. The particle size range of theMKwas 1.8–100 μm,with a d50 of
13.2 μm and 10% of particles finer than 4 μm.

Alkaline activating solutions of the desired composition were
formulated by blending using a commercial sodium silicate solution
with 32.4 wt.% SiO2, 13.5 wt.% Na2O and 54.1 wt.% H2O, and 50 wt.%
NaOH solution, to reach the desired modulus (SiO2/Na2O molar ratio,
denoted Ms) of 1.6, 2.0 or 2.4. A constant activator concentration of
5% Na2O by mass of GBFS+MK was used.

2.2. Sample synthesis and test procedure

2.2.1. Mortars
Mortars were produced following the standard procedure ASTM

C305-06 “Standard Practice for Mechanical Mixing of Hydraulic Cement
Pastes and Mortars of Plastic Consistency”. River sand with a fineness
modulus of 2.75 was used as fine aggregate. All samples were
formulated with a constant water/(GBFS+MK+anhydrous activa-
tor) ratio of 0.47 and a binder/sand ratio of 1:2.75.While this is quite a
high water content for alkali-activated mortars, it was designed to
replicate a binder formulation which has been used successfully in the
preparation of AAS concretes [18]. The specimens were cast in cubic
moulds with dimensions of 50.8×50.8 mm, and stored under
controlled humidity (relative humidity (RH) ∼85%) and ambient
temperature (∼25 °C) for 24 h. Samples were then demolded and
cured under RH of 90% and a temperature of 27±2 °C for 28 days.

2.2.2. Pastes
Pastes with a constant water/(GBFS+MK+anhydrous activator)

ratio of 0.23 were produced in accordance with the standard
procedure ASTM C305-06. The specimens were cast in a cylindrical
mould and stored in hermetic containers with a relative humidity of
90% and a temperature of 27±2 °C for 28 days.

2.3. Carbonation

An accelerated carbonation testing system was used in order to
induce the carbonation of concretes. The conditions used were a
CO2 concentration of 3.0±0.2%, a temperature of 20±2 °C, and
RH=65±5%.

In order to perform the carbonationmeasurements, the specimens
were removed from the chamber after 340 or 540 h of exposure. The
depth of carbonationwasmeasured by treating the surface of a freshly
cleaved specimen with a 1% solution of phenolphthalein in alcohol. In
the uncarbonated part of the specimen, where the mortar was still
highly alkaline, purple-red coloration was obtained, while no
coloration is observed in the carbonated region. Each reported result
represents the average depth of the carbonation measured at eight
points, using two replicate samples (four points per sample). The
properties of uncarbonated samples after 28 days of curing are used as
reference values, indicated as zero hours of exposure.

Carbonated and uncarbonated mortars were tested following the
standard procedure ASTMC109/C, Standard TestMethod for Compressive
Strength of Hydraulic Cement Mortars (using 2-in. or [50-mm] Cube
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Specimens) to determine their compressive strength. Capillary sorptiv-
ity, applying the standard procedure EMPA–SIA 162/1 [19], was
assessed at different times of CO2 exposure.

Pastes of the Ms 2.0 and 2.4 mixes were milled and sieved to a
particle size of 0.074 mm after 28 days of curing and exposed to CO2

under the same environmental conditions applied to the mortar
specimens. After 1000 h of exposure, samples were tested using the
phenolphthalein indicator to ensure that carbonation was complete,
and then analyzed:

• X-ray diffractometry was carried out using a high-resolution high-
throughput synchrotron powder X-ray diffractometer with a system
of twelve simultaneous analyzer/detectors at beamline 11-BM at the
Advanced Photon Source (APS), Argonne National Laboratory
(USA). The tests were conducted in accordance with the standard
protocols for automated data acquisition on the 11-BM beamline.
The conditions for the data collection were: continuous scanning
of a detector covering an angular range of 34° with a step rate of
0.01°/s, a step size of 0.001° and wavelengths of λ=0.401738 Å for
uncarbonated samples and 0.458879 Å for carbonated samples. Data
have been converted to Q units Q = 4π sinθ

λ

� �
for presentation here,

to enable more ready comparison between data sets collected at
different wavelengths.

• Fourier transform infrared (FTIR) spectrometry was conducted via
the KBr pellet technique, using a Shimadzu FTIR 8400 instrument,
scanning from 4000 to 400 cm−1.

• A thermogravimeter SDT-Q600 was used to analyze crushed
samples, in a nitrogen atmosphere, from 25 to 1100 °C at a heating
rate of 10 °C/min.

The samples with Ms 1.6 were not subjected to detailed
instrumental analysis, because their mechanical properties were
observed to be poor and the paste mixes were unworkable and
tended to crack severely.

3. Results and discussion

3.1. Carbonation depth

The incorporation of MK into the binder formulations studied here
leads to an increase in the carbonation susceptibility of the AAS
mortars (Table 2). Mortars based solely on GBFS activated with a
modulus of solution (Ms=ratio SiO2/Na2O) of 2.4 show the lowest
carbonation depths of all samples studied after 340 h of CO2 exposure,
while every sample was fully carbonated after 540 h. The high water/
binder ratio used in the samples will have contributed to this rapid
carbonation, and given that the primary aim of this study is to identify
carbonation mechanisms and trends rather than to develop a highly
carbonation-resistant sample formulation, this is not considered to be
problematic.

The trendswith respect to activator silicatemodulus are somewhat
more complex. In the AAS system with no MK added, carbonation
rates increase with increasing alkalinity (decreasing modulus), with
Table 2
Carbonation depth of alkali silicate-activated GBFS/MK mortars, expressed as
percentage progress of the carbonation front towards the centre of the 50.8 mm
mortar blocks as measured at the midpoint of each face.

GBFS/(GBFS+MK)
ratio

Carbonation (%)

340 h 540 h

Ms=2.4 Ms=2.0 Ms=1.6 Ms=2.4 Ms=2.0 Ms=1.6

1.0 61 66 73 100 100 100
0.9 89 80 77 100 100 100
0.8 100 100 100 100 100 100
the Ms=1.6 sample showing the most rapid carbonation. However,
mortars with a GBFS/(GBFS+MK) ratio of 0.9 exhibited the opposite
trend in carbonation depthwhen comparedwith samples based solely
on GBFS. In this case it is observed that reducing Ms gives a slight
decrease in the carbonation depth. This suggests that, because
decreasing Ms leads to an increase of the system alkalinity, there is
a greater potential for MK dissolution and the formation of secondary
(probably aluminosilicate) phases that could slow the carbonation
process, either by chemical (carbonate-binding) or microstructural
means.

3.2. Compressive strength

Uncarbonated mortars formulated with alkali-activated GBFS
exhibit compressive strengths of up to 67 MPa, with higher strengths
achieved using high-modulus activators (Fig. 1). After 540 h of CO2

exposure, compressive strength values decrease by approximately
60%. However, it is important to highlight that some of the completely
carbonated mortars (Ms 2.4 and 2.0) reported residual compressive
strengths up to 38 MPa. Such a value of residual strength would be
considered sufficient in terms of mechanical behavior for a building
material in several civil engineering applications, but corrosion of
steel reinforcingwould need to bemonitored carefully in such cases. It
is also interesting to note that the carbonation depths and rates of
strength decrease in Table 2 and Fig. 1 do correlate quite well; in
general, fully-carbonated samples do not appear to be further
degraded by longer-term exposure to CO2.

The relatively poor performance of mortars activated with the
lowest Ms value (1.6) can be attributed to the increased drying
shrinkage associated with the very short setting times identified in
this mix, with a correspondingly low degree of binder formation [18].
This phenomenon contributes to the ingress of aggressive agents,
increasing susceptibility to degradation by transportmechanisms, and
also leads to the formation of microcracks in the material, reducing its
mechanical performance [20].

Increasing the MK content in the binder to 20% causes significant
reductions in the compressive strengths of the uncarbonated mortars,
this suggests that the activation conditions might not be conducive to
the complete reaction of the MK incorporated in the system. Previous
compressive strength data for alkali silicate-activated GBFS/MK
blends have shown differences in strength performance with
increasing MK addition, depending on the extent of substitution and
the activator modulus; the factors controlling this are not yet well
understood [17]. However, the susceptibility to carbonation processes
in terms of mechanical behavior degradation (percentage strength
loss) is not as high as in the other systems studied. Samples exposed
to CO2 over 540 h exhibited decreases in strength of less than 40%
(and as low as 12% for the Ms=1.6 sample) relative to uncarbonated
samples.

3.3. Capillary sorptivity

Capillary sorptivity curves obtained after different times of CO2

exposure are shown in Fig. 2. It can be seen that the progress of
carbonation, associated with longer periods of CO2 exposure, modifies
the capillary water absorption properties of the samples— but similar
to the mechanical strength performance, samples that are already
fully carbonated do not show further changes in sorptivity with more
extended exposure to CO2.

Uncarbonated mortars (0 h) formulated solely with GBFS do not
show significant variations in the amount of absorbed water under
different activation conditions; however, with exposure to CO2, the
water saturation point of the samples moves to lower times, which
indicates a substantial increase in the porosity of the material as a
result of the carbonation process, probably due at least in part to the
breakdown of C–S–H to form phases which do not chemically bind the



Fig. 1. Compressive strengths of mortars based on alkali-activated GBFS/MK blends as function of GBFS/ (GBFS+MK) ratio and modulus of solution (Ms). Error bars represent one
standard deviation, and where not shown are smaller than the data symbols.
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same volume of water, and thus the rapid ingress of water early in the
test.

After 340 h of CO2 exposure, the slag-only samples activated with
Ms=1.6 exhibited the highest increase in absorbed water. However,
longer exposure times (540 h) led to a reduction in the total amount
of water absorbed by almost all samples when compared to 340 h of
CO2 exposure. This is most likely a consequence of the carbonation
products becoming deposited in the pore space of the samples. In
Fig. 2. Capillary sorptivity of alkali-activated GBFS
general, it can be recognized that increasing Ms in the activation
process of GBFS/MK blends leads to lower capillary sorptivity in the
mortars.

Early in the test, all uncarbonated mortars (0 h) formulated with a
GBFS/(GBFS+MK) ratio of 0.9 show comparable amounts of absorbed
water. After reaching the saturation point, mortars activated with Ms
of 2.0 show the lowest water absorption. The exposure to CO2 has a
similar effect in water saturation point of these mortars when
/MK mortars before and after CO2 exposure.
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compared with the slag-only samples. It is also possible to observe
that after complete carbonation (540 h), the reduction in water
sorptivity is more significant than in mortars without MK.

Carbonated and uncarbonated mortars with GBFS/(GBFS+MK)=
0.8 show a higher absorption of water than the correspondingmortars
with lower contents of MK, and uncarbonated samples (0 h) absorb
more water than carbonated samples. This performance is coherent
with the reduced compressive strength exhibited by these mortars
and their increased susceptibility to carbonation — and specimens
activated with Ms of 1.6 show the greatest capillary sorptivity, which
could be a consequence of the shrinkage observed after preparation as
mentioned above.

The kinetics of the capillary sorptivity of mortars can be described
by the capillary absorption coefficient (k) and the resistance to water
penetration (m), both determined from the capillary sorptivity curves
as recommended by Fagerlund [19]. Table 3 shows that k (the initial
slope of the sorptivity plots in Fig. 2) increases with the time of
exposure to CO2, this effect being the most significant in samples
formulated with GBFS/(GBFS+MK) ratios of 1.0 and 0.9, and
activated with a Ms of 1.6. The opposite was observed in samples
with a GBFS/(GBFS+MK) ratio of 0.8, where the specimens activated
with Ms=1.6 exhibited a reduction in k of up to 60% at 340 h of
carbonation.

In AAS mortars, it has been reported that carbonation leads to a
change in the size pore distribution, with a substantial increase in the
volume of pores between 1 and 10 µm and a reduction in the range
0.1–1 µm [11–13,21]. This leads to an increase in the average size of
pores, and sometimes also (but not in the results presented in Fig. 2)
in the total porosity of the material. That behavior has been attributed
to a reduced matrix density as a result of the decalcification of the
C–S–H gels via reaction with the HCO3

− formed in the pore solution
by the dissolution of CO2. In addition to the chemical reactions that
take place during carbonation, Shi [22] suggests that the carbonation
reactions in these materials induce shrinkage, which generates
microcracking of the samples and therefore an increase in open and
total porosity. These combined phenomena can then contribute
to the rapid ingress of the aggressive agent into the material,
accelerating its degradation process.

With regard to the resistance towater penetration (Fig. 3; calculated

according to themethodof Fagerlund [19]:m =
saturation point

k� sample diameter

� �2

,

with saturation point in kg/m2 and diameter in metres), mortars with
GBFS/(GBFS+MK) ratios of 1.0 and 0.9 show a substantial reduction in
m upon exposure to CO2. This indicates a decreased resistance to the
total ingress of aggressive agents into the material — the carbonated
samples absorb water more rapidly (higher k values with similar
saturation points) due to the larger mean pore size and increased
microcracking. On the other hand, inmortars with a GBFS/(GBFS+MK)
ratio of 0.8, a slight increase in them value after 540 h of carbonation is
identified. These results are also coherent with the trends previously
identified in the capillary sorptivity curves and the k values.
Table 3
Capillary sorptivity coefficients of alkali-activated GBFS/MK mortars after exposure to
CO2.

GBFS/ (GBFS+MK)
ratio

Ms k (kg m−2 s−1/2)

0 h 340 h 540 h

1.0 2.4 0.014 0.023 0.038
2.0 0.012 0.026 0.058
1.6 0.013 0.046 0.080

0.9 2.4 0.020 0.023 0.053
2.0 0.022 0.047 0.058
1.6 0.020 0.031 0.117

0.8 2.4 0.034 0.051 0.072
2.0 0.024 0.041 0.052
1.6 0.158 0.063 0.120
These results therefore indicate that the incorporation of MK as a
secondary raw material in the binder leads to an increase in the
capillary sorptivity of the mortars, which may be a contributing factor
in the increased susceptibility to carbonation of these mortars.

3.4. High-energy synchrotron X-ray diffraction

Uncarbonated samples activated with Ms=2.4 (Fig. 4A) contain,
in addition to themajor X-ray amorphousphase: gehlenite (Ca2Al2SiO7)
(Powder Diffraction File (PDF) card 00-035-0755), quartz (SiO2)
(PDF #01-078-2315) and calcite (CaCO3) (PDF# 01-072-1214),
attributed to the unreacted GBFS. Two crystalline reaction products
have been identified as well: a calcium silicate hydrate (C–S–H)
(Ca6Si3O12·xH2O) (PDF# 00-014-0035) and the aluminosilicate zeolite
gismondine (CaAl2Si2O8·4H2O) (PDF# 00-020-0452). There do not
appear to be any crystalline sodium-containing phases formed; the
Na+ present must therefore either be present in pore solutions or in
non-crystalline reaction products. The phases identified in this
system are in accordance with those reported by other studies [23–
32]whenGBFS is activatedwith sodium silicate solutions, except that
gismondine has only once previously been observed in such systems,
and then tentatively identified as a transient phase present for a short
period during curing [33]. In fact, it is only able to be identified in the
current study due to the extremely high resolution of the synchro-
tron X-ray diffractometer used; the peaks assigned to this phase are
small but sharp, and would be difficult to distinguish in most
laboratory X-ray diffraction experiments. Sodium-containing zeo-
lites of the gismondine group (zeolite Na-P1 and Na-P2) are very
often observed in the alkaline activation of fly ashes, but the
identification of this framework type in high-calcium systems such
as those studied here is rare.

It is important, therefore, to highlight the nanostructural differ-
ences between the reaction products of these binders and of OPC
cements. In these alkali-activated binders, portlandite (Ca(OH)2) and
ettringite, two of the main reaction products of OPC [34], are not
identified. Ettringite would not be expected, as there is no gypsum
added as a source of sulfate ions, and the use of high-silica activating
solutions precludes the formation of Ca(OH)2, as has been observed in
other alkali-activated binder systems [35]. This further highlight the
expectation that the carbonation reaction sequence in these binders
will progress by mechanisms different from those identified in
conventional cements [11–13].

It has previously been indicated that alkali-activated GBFS binders
present the possibility to obtain C–S–H gels with some degree of
substitution of silicon by aluminum, as well as the potential
formation of phases rich in aluminum [12,28,32,36,37]; however, in
this study it is clearly identified that an aluminosilicate with the
gismondine (zeolite Ca–P) structure is formed in this system. Similar
phases have been identified previously in alkali-activated binders
based on fly ash [38–40] which are considered to be “zeolite
precursors” [38,41]. The observation of gismondine in these samples
indicates that binders synthesize by alkali-silicate activation of GBFS
and GBFS/MK blends also contain at least some phases which can be
considered to be zeolitic precursors. This is consistent with some of
the arguments which have been presented by Glukhovsky and
colleagues [42], although they more commonly identify sodium-
containing zeolite phases such as analcime in their heat-cured AAS
specimens.

After carbonation (Fig. 4B), a reduction of the amorphous phase
content of the samples is observed, as indicated by changes in the
broad feature around Q=4 Å−1. In this case, calcium silicate hydrate
(C–S–H) (Ca6Si3O12·xH2O) (PDF# 00-0014-0035), calcium alumino-
silicate (gismondine) (CaAl2Si2O6·4H2O) (PDF# 00-020-0452) and
quartz (SiO2) (PDF# 01-078-2315) are identified. As consequence of
carbonation, an increase in the intensity of the characteristic peaks of
calcite (CaCO3) (PDF# 01-072-1214) relative to the uncarbonated



Fig. 3. Water penetration resistance (m) of mortars of alkali-activated GBFS/MK blends as function of GBFS/(GBFS+MK) ratio.
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samples is observed. This indicates that calcite is themain carbonation
product formed in this system, coherent with data reported by other
researchers [11–13]. As a second carbonation product in the slag-only
sample, trona (Na3H(CO3)2·H2O) (PDF #00-029-1447) was also
Fig. 4. High resolution synchrotron X-ray diffraction patterns of (A) uncarbonated
(λ=0.401738 Å and (B) carbonated pastes (λ=0.458879 Å) based on alkali-activated
GBFS and GBFS/MK blends with Ms=2.4.
identified. In binders with GBFS/(GBFS+MK)=0.9, trona was not
identified as a carbonation product.

The preceding results differ from those reported in other studies
[11,12] where the main carbonation products have been identified as
being a mixture of different calcium carbonate polymorphs: vaterite,
aragonite and calcite, similar to the transformation of the reaction
products in OPC as a consequence of carbonation processes [43,44].
In alkali-activated GBFS with Na2O∙rSiO2 solutions, natron (Na2CO3·
10H2O) has also been reported as a carbonation product [11,12] but
was not observed in the samples assessed here. This distinction is
probably due to differences in pore solution chemistry between
samples made with slightly different activators and from different
slags; the trona or natron are crystallizing from the pore solutions and
incorporating the alkali present there, meaning that a more alkaline
pore solution will crystallize natron, whereas a less alkaline pore
solution will contain more bicarbonate species and so may crystallize
trona instead. The pKa of the CO3

2−/HCO3
− equilibrium is around 10.3,

meaning that bicarbonate is only expected to form in significant
quantities once carbonation has commenced to such an extent to
reduce the pore solution pH to this level. The identification of the pore
solution as the source of alkalis for this process is supported by the
absence of these phases in the metakaolin-containing sample, where
the increased binding of Na+ into the aluminosilicate (N–A–S–H) gel
phases formed in the presence of MK will reduce the driving force for
sodium (bi)carbonate precipitation in the pores.

In uncarbonated pastes activatedwithMs=2.0 (Fig. 5A), the same
phases previously identified in samples activated with Ms=2.4
(calcite, quartz, gelhenite, C–S–H gel and gismondine) are observed.
However, in this case, the higher alkalinity associated with the lower
modulus activator contributes to the formation of an additional
reaction product: a sodium–calcium silicate hydrate (Na–C–S–H)
(Na2Ca2Si2O7·H2O) (PDF# 00-022-0891). After carbonation (Fig. 5B),
in binders with GBFS/(GBFS+MK)=0.9 activated with Ms=2.0, the
Na–C–S–H phase is not identified. This suggests that carbonation
could take place initially in the C–S–H gel, forming CaCO3 as a first
reaction product. The less-stable (but less prone to decalcification due
to its lower Ca content) Na–C–S–H may then break down, with
components migrating to balance charges in the decalcified C–S–H
gel, instead of forming sodium carbonates. Such a mechanism is of
course speculative, but is coherent with the fact that sodium
carbonates (natron and/or trona) are not identified in these samples
as carbonation products, which is uncommon in carbonated AAS
materials.

3.5. Infrared spectroscopy

Uncarbonated pastes with GBFS/(GBFS+MK)=1.0 and Ms=2.4
(Fig. 6A)exhibit infrared vibrationmodes at1662 cm−1 and1639 cm−1

associated with bending vibrations of H–OH bonds, related to water



Fig. 5. High resolution synchrotron X-ray diffraction patterns of (A) uncarbonated
(λ=0.401738 Å and (B) carbonated pastes (λ=0.458879 Å) based on alkali-activated
GBFS and GBFS/MK blends with Ms=2.0.
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bound in thehydratedproducts formed after alkaline activation. Amode
at 1438 cm−1 corresponding to the stretchingvibration ofO–C–Obonds
in the carbonate group (CO3

2−) was also observed. Carbonates were
present in uncarbonated samples due to weathering of the slag before
alkaline activation, consistent with the observation of calcite in the XRD
data for these samples (Fig. 4A). The mode at 983 cm−1 is assigned to
the asymmetric stretching vibration of Si–O–T bonds, where T is
tetrahedral silicon or aluminum. This specific frequency is characteristic
of silicon tetrahedra (SiO4) in the chain structure of calcium silicate
hydrate (C–S–H). The shoulder at 877 cm−1 is associated to the
asymmetric stretch of AlO4

− groups, and the mode at 715 cm−1

corresponds to the bending of Al–O–Si bonds. These bands have also
been identified in unreacted slag [18] and could be related to the
gehlenite identified by X-ray diffractometry. All infrared band assign-
ments follow references [45–49].

As a consequence of carbonation of pastes solely based on GBFS
(Fig. 6A), the asymmetric stretching vibration of O–C–O bonds of
CO3

2− groups shifted slightly (1438 cm−1, to 1417 cm−1), and a
marked increase in the intensity of this vibration was observed. The
983 cm−1 band shifts to 1001 cm−1, with a significant decrease in its
intensity. This indicates chemical changes in the reaction products
formed by alkaline activation of the GBFS, in particular the decalcifica-
tion of the C–S–H gel to form calcium carbonates and amorphous silica
[11–13]. An increase in the wavelength of this peak indicates a higher
degree of polymerisation of silicates within the remnant gel, as the
calcium is removed and Si–O–Si bonds form. An increase in the intensity
of the mode between 880 and 870 cm−1 is also associated with the
formation of calcite; the small peak in this region that is present before
carbonation can again be attributed to theweathering of the slag before
alkaline activation. A new band at 833 cm−1 in the carbonated GBFS
sample is assigned to a bending mode in the HCO3

− ion, which is
characteristic of the formationof trona [49] and consistentwith theXRD
data in Fig. 4.

The incorporation of 10% MK (Fig. 6C) into binders activated with
Ms 2.4 leads to a shift in the asymmetric stretching vibration of the Si–
O–T bonds to higher wavenumbers (from 983 cm−1 in the slag-only
sample to 1005 cm−1), indicating that the reaction products in the
uncarbonated samples are more highly polymerize as a consequence
of the higher Al content leading to condensation of tetrahedral species
[32,50]. Carbonation of these samples (Fig. 6D) again leads, as
expected, to an increased intensity in the peaks assigned to calcite.
A reduction in the intensity of the asymmetric stretching vibration of
Si–O–T bonds, accompanied by the formation of a shoulder at
1158 cm−1, was observed. This indicates that carbonation in these
pastes is more intense when compared with those based solely on
GBFS, coherent with the carbonation depth measurements and
changes in compressive strength exhibited by mortars based on this
binder. The high-wavenumber shoulder is associated with a reason-
ably pure and highly-coordinated silica gel phase. Trona (peak at
833 cm−1 in the slag-only samples) is not observed in these samples,
again consistent with the XRD data.

In uncarbonated slag-only samples with lower Ms (Fig. 6B), the
asymmetric stretching vibration of Si–O–T bonds is present at lower
wavelengths compared toMs 2.4 sample, indicating a lower Si content
in the C–S–H gels produced in this binder. A small peak at 668 cm−1,
attributed to the symmetrical stretching vibration of Si–O–Si or Al–O–
Si bonds, was also observed in this sample, and the bending vibration
of these same bonds was identified at 457 cm−1 [50–52]. The
carbonation of these samples leads to a substantial increase in the
intensity of the characteristic calcite peaks [46,49]. The development
of a small peak in the HCO3

− region at 836 cm−1 is also observed,
although no crystalline bicarbonate phases are observed in XRD
(Fig. 5), meaning that the bicarbonate ions may either be present in
non-crystalline structures or in the pore solution. An increase in the
intensity and a shift to higher wavenumber of the modes associated
with the symmetrical stretching and bending vibrations of Si–O–T
bonds was also identified.

Under these activation conditions (Ms 2.0), the incorporation of
MK as a second component in the binder (Fig. 6D) leads to a
significant reduction in the intensity of the Si–O–T asymmetric
stretching vibration, and its shift to higher wavenumbers compared
whenwith the observed for samples solely formulated with GBFS. The
spectrum of this carbonated sample is similar to that which is
obtained from carbonated samples when activation is carried out with
Ms 2.4 and 10% incorporation of MK.

3.6. Thermogravimetry

Uncarbonated pastes based on GBFS activated with Ms 2.4 and 2.0
show (Fig. 7A; presented as differential thermogravimetry (DTG)
data) a mass loss at 60–160 °C, associated with the free and/or loosely
boundwater present in the samples (Region I) [53,54]. Dehydration of
the C–S–H reaction product is identified as a progressive mass loss
above 380 °C (region II), consistent with the data of Taylor [34]. The
lower-modulus activating solution (data set 3 in Fig. 7A) shows more
mass loss in this region, whichmay be associated with the presence of
more chemically bound water (–OH) groups in this sample. No
distinct signal due to zeolitic reaction products is observed in any of



Fig. 6. Fourier transform infrared spectra of uncarbonated and carbonated pastes of (A;B) GBFS and (C;D) GBFS/MK blends, activated with (A;C) Ms=2.4, (B;D) Ms=2.0.
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the data sets, which is not unexpected as gisnmondine-group zeolites
tend to show a broad dehydration peak in this temperature range.
There is then a significant peak observed at temperatures between
650 °C and 670 °C in all samples, and smaller peaks between 770 and
790 °C, which are all attributed to the presence of calcium carbonates
of varying crystallinity [54,55]. Region III, above 800 °C, shows only a
small peak in one sample.

Similar to uncarbonated specimens (Fig. 7A), three regions are
identified in the DTA curves of carbonated samples (Fig. 7B). Free and
Fig. 7. Differential thermograms (mass loss downwards, dashed lines indicate zero for each d
MK blends.
loosely bound water are released below about 160 °C (Region I), and
trona degrades in this temperature range also but its signal is
dominated by the free water peak. There are only minimal changes in
mass above 800 °C (Region III). The major change observed is in
Region II, where the mass loss below 600 °C is much greater and the
CaCO3 decomposition peak at ∼660–680 °C is broadened and more
intense. This can be correlated with the presence of muchmore CaCO3

in the samples, as well as effects in the lower-temperature portion of
this region due to the chemically boundwater in the silica gel which is
ata set) of (A) uncarbonated and (B) carbonated pastes based on alkali-activated GBFS/
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formed by C–S–H decalcification. However, the DTG signals in this
region, induced by the presence of the different hydrate and gel
phases, all tend to be broad and overlapping.

The relative amounts of carbonates formed in each sample suggest
higher calcite content in carbonatedpasteswithMs2.0 thanwithMs2.4.
These results are in agreement with the carbonation depth measure-
ments, which show that carbonation is more intense when the
activation is carried out at lower Ms. A higher content of calcite in the
carbonated samples is indicating an increased extent of reaction
between CO2 and the hydration products obtained in these binders,
which correlateswellwith the substantial increase in capillary sorptivity
observed above. This shows that any pore-blocking effects attributable
to thedeposition of additional CaCO3 areoutweighedby thedegradation
of the microstructure in the more intensely carbonated samples.

4. Conclusions

Themechanism and effects of carbonation in alkali silicate-activated
slag and slag/metakaolin blends have been examined. Carbonation is
more rapid in samples containingmoremetakaolin, and the effect of the
silicate activator modulus depends on whether or not metakaolin is
present— slag-only systems that aremore alkaline are alsomore rapidly
carbonated, whereas higher alkalinity in metakaolin-containing sys-
tems leads to a higher extent of formation of aluminosilicate binder
components and thus reduces the carbonation rate. The presence of
gismondine as a zeolitic aluminosilicate reaction product is observed in
uncarbonated metakaolin-containing samples.

The main carbonation product in all samples is calcite, with no
other calcium carbonate polymorphs observable. Trona is formed in
metakaolin-free samples by direct carbonation involving free sodium
in the pore solution, but is not formed in samples containing even 10%
metakaolin because the aluminosilicate gel present as a secondary
alkali-activation product in these materials contributes to the binding
of Na+.

The results of this study run contrary to some claims in the
literature that alkali-activated binders are on the whole highly
resistant to carbonation. It is intriguing to note that these materials
do tend to perform poorly in accelerated tests but have been reported
to show acceptable durability in service, and developing a more
detailed mechanistic understanding of the process of carbonation is
certainly critical to understanding this discrepancy.
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