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a b s t r a c t
In this study, Na2CO3-activated slag cements were produced from four different blast furnace slags, each blended
with a calcined layered double hydroxide (CLDH) derived from thermally treated hydrotalcite. The aim was to
expedite the reaction kinetics of these cements, which would otherwise react and harden very slowly. The inclusion of CLDH in these Na2CO3-activated cements accelerates the reaction, and promotes hardening within 24 h.
The MgO content of the slag also deﬁnes the reaction kinetics, associated with the formation of hydrotalcite-type
from the
LDH as a reaction product. The effectiveness of the CLDH is associated with removal of dissolved CO2−
3
fresh cement, yielding a signiﬁcant rise in the pH, and also potential seeding effects. The key factor controlling the
reaction kinetics of Na2CO3-activated slag cements is the activator functional group, and therefore these cements
can be designed to react more rapidly by controlling the slag chemistry and/or including reactive additives.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Alkali-activated materials derived from an aluminosilicate precursor
have become the object of much study in the past two decades, gaining
interest as an alternative to traditional Portland cement, and are now
produced on an industrial scale and commercialised in several countries
[1–3].
However, the performance of alkali-activated slag materials cannot
easily be predicted from simple mix design considerations, as there
are many additional factors that can modify their microstructure and
transport properties, such as the ﬁneness, composition, mineralogy
and thermal history of the slag used, the type and concentration of the
alkali activator, the mixing time, and the curing conditions [4–7].
Among these, the selection of the type of activator strongly inﬂuences
the properties of the cement produced, and also the environmental impact associated with its production. The most widely used alkali activators, which are sodium hydroxide and sodium silicate, contribute the
majority of the environmental footprint assigned to alkali-activated cements [8,9]. In the search for more cost-effective, user-friendly and environmentally friendly alternatives, the use of near-neutral salts such as
sodium carbonate as activators for blast furnace slag has attracted the
attention of academia and industry [9–11].
Among the main challenges faced in practice when using sodium
carbonate as an activator for slag are the long setting time and delayed
compressive strength development which are often observed. Sodium
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carbonate-activated slag pastes often require a much longer time to
set than sodium silicate or hydroxide activated slag pastes, up to
5 days in some cases [10,12–14]. The prolonged hardening process is related to the slow development of the alkalinity required to initiate the
dissolution of the slag. In the alkali-activation process, Ca2 + released
from the dissolved slag must react with CO23 − from the activator to
form carbonate salts such as calcite and gaylussite, to increase the pH
through the release of hydroxide ions [10]. This takes place prior to
the precipitation of C–(A)–S–H gel, consuming the Ca2 + released by
the slag, and as the initial pH of the sodium carbonate activator is
below 12, the dissolution of silicate species is slow. With surplus CO2−
3
ions present in the system, the pH of the liquid phase increases only
slowly due to the unfavourable protonation process of the anhydrous
slag [10,12]. After the CO2−
3 ions have been exhausted, the later stage reaction mechanism is comparable to that of a NaOH-activated slag [10].
Understanding the relationship between the slag chemistry and the
kinetics of reaction of sodium carbonate activated slag cements is imperative for selecting a suitable carbonate binding agent to accelerate
the reaction of these materials. Systematic studies of the inﬂuence of
slag chemistry on sodium carbonate-activated slag have not previously
been published, but the work which is available for silicate and hydroxide activators shows that the different oxides present in the slag, such as
MgO and Al2O3, control the kinetics of reaction and the phase assemblage [15–18]. In most studies, where slags with moderate Mg content
were used, the Na2CO3 activated slag paste required a longer time to
set than when using equivalent doses of Na2SiO3 or NaOH activator
[10,12,14,17,19]. Conversely, Shi et al. [20] used a basic slag with high
MgO content (14.6 wt.%), and identiﬁed that upon activation with sodium carbonate the samples set within 24 h, which was faster than when
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using an equivalent dose of sodium silicate activator. This shows that
the slag chemistry plays a signiﬁcant role in deﬁning the kinetics of reaction when using sodium carbonate as alkali activator, and higher MgO
content favours a shorter setting time.
The MgO content of slag has also been reported to affect the reaction
kinetics, microstructure and strength development of sodium silicateor hydroxide-activated slag, related to availability of Al and the
formation of layered double hydroxides with a hydrotalcite-like
structure [4,16,17]. Hydrotalcite-like phases share the general formula
Mx2+My3+(OH)2x+3y−nz(An−)z ∙ mH2O, where An− is often Cl−, CO2−
3
2+
or NO−
–
3 , and x/y is generally between 2 and 3 [21,22]. The Mg
Al3 + members of this group are commonly identiﬁed in alkaliactivated slag systems when the MgO content in the raw material is
higher than 5 wt.%, in conjunction with the C–(A)–S–H gel which dominates the binder structure [8]. Hydrotalcite-like phases have also been
seen to increase the resistance to carbonation of alkali silicateactivated slag [17]; the high CO2 uptake capacity and selectivity of
these Mg–Al layered double hydroxides make them effective as in-situ
carbonate binding agents.
Thermally treated LDHs, also described as calcined layered double
hydroxides (CLDH), can re-crystallise to produce LDHs in an aqueous
environment, and the chemical composition and structure of CLDH derived from hydrotalcite are related to the nature of the untreated LDH
and the thermal activation conditions [23,24]. CLDH has been widely
used in the past three decades as an adsorbent for water puriﬁcation
[25,26] and as a catalyst for organic synthesis [27,28]. Recently, hydrotalcite and its modiﬁed forms have attracted the attention of the cement
industry as additions to increase the amount of LDH phases forming in
cements to improve the ionic binding of chlorides, and therefore the durability of steel-reinforced concretes [29,30].
In this study, four commercial slags with different chemical compositions were used to produce Na2CO3 activated slag cements. The relationships between slag chemistry and sodium carbonate activation are
discussed, covering both kinetics of reaction and phase assemblage evolution. CLDH was added as a carbonate binding agent in the four different Na2CO3-activated slag systems, and its effects on the reaction rate,
setting time and phase assemblage evolution were evaluated.

2. Experimental programme
2.1. Materials
The chemical compositions of the four slags used in this study are
listed in Table 1. The Blaine ﬁneness, and the average particle size d50
determined using laser diffraction, of each slag are reported in Table 2.
Slag IDs are assigned according to the MgO content of each of the
materials.
The activator used in this study was prepared by pre-dissolving
commercial sodium carbonate powder (Sigma Aldrich, Na2CO3
≥99.5%) into distilled water.
CLDH was produced by thermally treating a synthetic hydrotalcite
(Sigma Aldrich) at 500 °C at a heating rate of 5 °C/min and with a hold
time of 3 h, then allowing the material to cool naturally in the furnace
to 105 °C before it was moved to a sealed centrifuge tube and kept in
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Table 2
Physical properties of the anhydrous blast furnace slags.
Slag

Blaine ﬁneness (cm2/g)a

d50 (μm)b

M01
M05
M06
M14

4012 ± 49
4435 ± 109
5056 ± 22
4794 ± 44

14.8
13.8
11.2
14.3

a
Conducted according to ASTM C204-11; quoted uncertainties are the standard deviation of four replicate determinations.
b
Determined by laser diffraction using a dry dispersion unit, at least 4 measurements
were taken for each slag, with standard deviation ±0.1 μm.

a desiccator under vacuum. This prevented the contamination of CLDH
by water and CO2 from the atmosphere.
The MgO and Al2O3 contents of the hydrotalcite prior to thermal
treatment were determined by XRF, and the C and H contents were
determined using a CHNS Analyser (Perkin Elmer 2400), which
yielded a charge-balanced chemical composition of Mg 0.7 Al0.3
(OH)2(CO3)0.15·0.63H2O. The thermal treatment conditions adopted
in this study were selected based on the experimental results
discussed previously by Hibino et al. [24]. The CLDH produced in
this study has a chemical composition of Mg 0.7 Al0.3 O1.15 [31]. Detailed characterisation of the LDH used in this study, before and
after thermal treatment, is reported in the Supporting Information.
2.2. Sample preparation
Sodium carbonate-activated slag pastes with the addition of different amounts of CLDH were produced using each of the slags studied.
The formulations of the pastes produced are shown in Table 3. Samples
prepared without CLDH addition are referred to as 0 wt.% throughout
the paper. Samples prepared with 2 wt.% and 10 wt.% of CLDH (by
mass of anhydrous slag) are described as modiﬁed samples. For mix design purposes, the CLDH added to these cements was considered as an
additive, and the amount of activator and water added to each unit
mass of slag was kept constant. All the pastes were cast in centrifuge
tubes, then sealed and stored at room temperature (20 ± 3 °C) until
testing.
To aid in understanding the effect of addition of CLDH to the activated system, two complementary experiments were carried out as references. Only slag M06 was used in this part of the study.
• For sample Ref-1 (Table 3), synthetic hydrotalcite (Sigma Aldrich)
was used instead of CLDH, with the aim of evaluating potential
seeding effects related to LDH addition.
• For sample Ref-2, a water to binder (anhydrous slag + anhydrous activator) ratio of 0.35 was used instead of 0.4, and no CLDH was added.
The w/b ratio 0.35 was calculated by subtracting the amount of water
consumed by CLDH, (see detailed calculations in Supporting Information). This sample was designed with the aim of identifying any
changes in the kinetics of reaction due to the water consumed during
the re-hydration of the CLDH; this will be discussed in detail in
Section 3.6.

The formulations of all of the binders produced are given in Table 3.
Table 1
Chemical composition of anhydrous slags, determined by X-ray ﬂuorescence (XRF). LOI
corresponds to the loss on ignition at 1000 °C. All elements are represented on an oxide
basis regardless of their oxidation state in the slag.
Slag

CaO

SiO2

Al2O3

MgO

SO3

Fe2O3

TiO2

MnO

K2O

Others

LOI

M01
M05
M06
M14

42.9
42.3
41.3
33.9

31.6
32.3
36.0
37.4

14.6
13.3
11.3
9.0

1.2
5.2
6.5
14.3

2.0
2.9
0.7
0.7

1.1
0.6
0.3
0.4

0.4
0.5
0.5
0.4

0.3
0.2
0.3
1.0

0.3
0.3
0.4
0.5

0.2
0.0
0.3
0.4

2.0
−0.5
2.0
1.9

2.3. Test methods
For fresh pastes, isothermal calorimetry experiments were conducted using a TAM Air isothermal calorimeter at a base temperature of
25 ± 0.02 °C. The fresh paste was prepared by external hand-mixing
for 3 min, weighed into an ampoule, and immediately placed in the calorimeter to record heat ﬂow for the ﬁrst 300 h of reaction. All results
were normalised by the total mass of paste.
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Table 3
Formulations of the pastes produced using four different slags.
ID

Slag (g)

Na2CO3 (g)

H2O (g)

Chemical additive (g)

%Na2CO3 (wt.%)

pH of activator

w/ba

0 wt.%
2 wt.%
10 wt.%
Ref-1
Ref-2

10
10
10
10 (M06)
10 (M06)

0.8
0.8
0.8
0.8
0.8

4.32
4.32
4.32
4.32
3.78

None
0.2 CLDH
1.0 CLDH
1.0 HT
None

8.00
8.00
8.00
8.00
8.00

11.70
11.70
11.70
11.70
11.89

0.40
0.40
0.40
0.40
0.35

a

w/b = water/binder mass ratio (where binder is deﬁned as slag + mass of sodium carbonate).

Samples cured for 28, 90 and 180 days were crushed and immediately treated with acetone to arrest reaction. The powdered specimens
were then dried in a desiccator for 24 h to remove the solvent, and
then analysed by:
• X-ray diffraction (XRD), using a Bruker D2 Phaser instrument with CuKα radiation and a nickel ﬁlter. The tests were conducted with a step
size of 0.02° and a counting time of 3 s/step, from 5° to 55° 2θ.
• Environmental scanning electron microscopy and energy dispersive
X-ray spectroscopy (SEM–EDX), using a Hitachi benchtop ESEM
TM3030 coupled with a Bruker Quantax 70 X-ray microanalysis detector. An acceleration voltage of 15 kV and a working distance of
1 mm were applied. Polished but uncoated samples were used for
both backscattered electron imaging and EDX analysis under chargeup reduction mode. Over 60 points (EDX spots) per sample at each
age and formulation were analysed.
• Solid-state 27Al MAS NMR spectra were acquired at 104.20 MHz, on a
Varian VNMRS 400 (9.4 T) spectrometer and a probe for 4 mm o.d.
zirconia rotors, a spinning speed of 12–14 kHz with a pulse duration
of 1 μs (approximately 25°), a relaxation delay of 0.2 s, and a minimum
of 7000 repetitions. 29Si MAS NMR spectra were collected at 79.4 MHz
on the same spectrometer using a probe for 6.0 mm o.d. zirconia rotors, and a spinning speed of 6 kHz. The 29Si MAS NMR were collected
with a 90° pulse duration of 4.5 or 6.4 μs, a relaxation delay of 5 s, and
between 6000 and 17000 repetitions. 29Si and 27Al chemical shifts are
referenced to external samples of tetramethylsilane (TMS) and a
1.0 M aqueous solution of Al(NO3)3, respectively.

3. Results and discussion
3.1. Kinetics of reaction
Fig. 1 shows the heat ﬂow from the four different slags studied, during activation with a sodium carbonate solution (Table 3), with addition
of 0, 2 and 10 wt.% of CLDH. In all samples it is observed that the reaction
takes place in two stages. The ﬁrst occurs within the ﬁrst 10 h of reaction
(insets on each part of Fig. 1), except for the case of the lowest-MgO slag
(M01), where a low heat release was detected due to the low level of
precipitation of reaction products in the ﬁrst hours of reaction. The
ﬁrst stage of the reaction is followed by a dormant or induction period,
where a very low rate of heat release was detected. The duration of the
pre-induction period is strongly dependent on the slag composition and
the level of CLDH addition. In the second stage of heat release, the nucleation, growth and precipitation of a large amount of reaction products
take place, which is associated with a high heat release. This takes
place between 25 h and 300 h after the start of the reaction, depending
on the slag composition and the addition of CLDH. Samples prepared
without CLDH addition show a very long delay in the appearance of
this peak, consistent with the known slow setting of Na2CO3-activated
slag binders, although the MgO content of the slag is seen to have a signiﬁcant inﬂuence on the time at which this peak appears.

In the ﬁrst stage of the reaction, a pre-induction band composed of
two distinctive peaks was observed in all the samples, except for slag
M01. The pre-induction peaks are associated with the formation of calcite and gaylussite, which have been reported as the initial reaction
products forming in Na2CO3-activated slag binders [10,12]. As slag dissolution progresses, even at low rates within the ﬁrst hours of reaction,
the formation of the reaction product phases such as calcium silicate hydrates (C–S–H) and secondary aluminate-containing reaction products
has been observed [10,12–14], corresponding to the second peak identiﬁed within the pre-induction period (insets of each part of Fig. 1).
For the slag M01 in the absence of CLDH, the initial precipitation of
reaction products was observed after 25.7 h, and the peak was low
and broad. The slowly evolving pre-induction period was followed by
a prolonged dormant period that lasted for 90.1 h before the acceleration period started. The acceleration and deceleration periods evolved
slowly, with the slowest rate of acceleration among all of the samples
studied. The addition of 2 wt.% and 10 wt.% CLDH shortened the dormant period to 32.0 h and 6.7 h (Table 4), respectively, and the onset
time of the acceleration period was thus shifted signiﬁcantly earlier.
The heat ﬂow curve during the acceleration–deceleration period became less broad and more intense with the increasing addition of CLDH.
The activated slag M05 paste without CLDH addition (Fig. 1B) also
presented a prolonged induction period; however, a secondary peak associated with precipitation of reaction products was identiﬁed in the
pre-induction period after 3.2 h of reaction (Table 4). The acceleration
period started after 151 h, and showed a much steeper acceleration
than the slag M01, indicating that the growth of reaction products was
much more rapid in the higher-MgO system once nucleation did take
place. The deceleration period then evolved slowly, but showed two distinct humps that are likely to be indicating the precipitation of different
types of reaction products at different times. With 2 wt.% CLDH addition,
the induction period was shortened to 15.3 h, and the acceleration period started after 36.5 h of activation, with the double-peak structure of
the acceleration–deceleration period again notable. When the CLDH addition was increased to 10 wt.%, all the stages of the reaction occurred
within the ﬁrst 24 h after mixing. A negligible induction period was observed for this cement, and a single narrow peak with a rapid acceleration up to a maximum heat evolution at 18 h was identiﬁed. In the preinduction period (insert Fig. 1B), it is notable that the intensity of the
secondary peak increased with the addition of higher contents of
CLDH in the sample, and in the case of 10 wt.% of CLDH addition, the
peak shifted towards shorter times of reaction.
For Na2CO3 activated M06 (Fig. 1C) and M14 (Fig. 1D) slags, the
CLDH addition has a similar effect in modifying the kinetics of reaction
of these cements, to the observations for M01 and M05 based pastes.
The M06 and M14 activated slags without CLDH addition react signiﬁcantly faster than samples prepared with slags M01 and M05 (Fig. 1A,
B and Table 4), indicating that the slag chemistry has a signiﬁcant effect
on the kinetics of reaction of Na2CO3-activated cements. Each of the
stages of the reaction processes becomes signiﬁcantly more rapid with
CLDH addition, and the peak heat evolution rates of both the preinduction and the acceleration/deceleration peaks are consistently increased. In contrast to the observations for Na2CO3-activated M01 and
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forming when using high MgO content slags (N 6 wt.%) is not signiﬁcantly delayed when using a Na2CO3 solution as sole alkali activator, unlike
the situation for lower-MgO slags.

3.2. X-ray diffraction (XRD)

Fig. 1. Isothermal calorimetry data for Na2CO3-activated slag cements, produced with slags
(A) M01, (B) M05, (C) M06 and (D) M14, as a function of the percentage of CLDH addition.
All curves are normalised by the total mass of paste tested.

M05 slags, a much shorter dormant period is observed when using M06
and M14, with and without CLDH addition, and consequently the main
peak is identiﬁed within the ﬁrst 24 h of reaction for each of these slags.
This suggests that the precipitation of the different reaction products

3.2.1. Effects of slag chemistry and addition of CLDH on the phase
assemblage of Na2CO3-activated cements
The X-ray diffraction patterns of the sodium activated slag cements
after 28 days of reaction (Fig. 2) show the formation of three types of
crystalline phases in all the cements assessed: carbonates, LDHs and
tobermorite-like C–(A)–S–H gels, whose composition and features are
strongly dependent on the slag chemistry and CLDH content.
Gaylussite (Na2Ca(CO3)2·5H2O, PDF #00-021-0343) and calcite
(PDF #01-086-0174) were the major carbonates identiﬁed in all samples, independent of the slag composition and the content of CLDH.
The intensities of the gaylussite reﬂections are similar in all the 0 wt.%
CLDH pastes after 28 days of curing. In samples modiﬁed by 2 wt.%
CLDH, the intensities of the peaks assigned to gaylussite decrease compared to the 0 wt.% formulations, and this phase could barely be identiﬁed in the 10 wt.% CLDH modiﬁed samples. Additional metastable
polymorphs of calcium carbonate including vaterite (CaCO3, PDF #01072-0506) and aragonite (CaCO3, PDF #00-041-1475) were also observed in most slag pastes. The reﬂections assigned to calcite, vaterite
and aragonite remained almost unchanged in the CLDH modiﬁed samples compared to the respective 0 wt.% samples. It is notable that higher
intensity reﬂections of gaylussite are observed (Fig. 2.D) in the specimens produced with the slag (M14) with higher MgO content and the
higher CLDH addition. The observation here might indicate the limited
phase modiﬁcation capacity of CLDH in MgO-rich slag cements.
Two types of LDH phases were identiﬁed in the Na2CO3 activated
0 wt.% samples: calcium hemicarboaluminate (C4Ac0.5H12, PDF #00036-0129), which is a member of the ‘AFm’ (hydrocalumite-like)
group and known in cement chemistry as ‘hemicarbonate’, and a
hydrotalcite-like phase (Mg4Al2(OH)12CO3·3H2O, PDF #00-014-0525).
The relative concentrations of these two types of LDH phase in each
sample are directly related to the chemical composition of the slags,
and the dose of CLDH added. A higher content of MgO in the slag precursor favoured the formation of Mg–Al type LDH phases to consume aluminium. However, with low MgO content but high Al2O3 content,
there is not sufﬁcient MgO to consume the excess aluminium, and
therefore the hemicarbonate phase may form [32,33]. Thus, in the
paste with the lowest MgO content (Fig. 2A, M01_0% CLDH), this was
the only LDH phase identiﬁed. In the slags with moderate MgO content,
M05 and M06, both types of LDH phases were present after 28 days of
curing. When the anhydrous slag precursor contains a high MgO content, as in the case of M14, only the Mg–Al type of LDH (the
hydrotalcite-like phase) was identiﬁed. The same trends are observed
in the samples modiﬁed by 2 wt.% and 10 wt.% of CLDH, along with an
increase in the content of the hydrotalcite-like phase in all the CLDH
modiﬁed samples attributed to the recrystallisation of the CLDH
[34–36]. However, the hydrotalcite-like phase derived from the
recrystallisation of the CLDH cannot be distinguished by XRD from the
additional hydrotalcite-like phase forming through activation of the
slags.
It is worth noting that hemicarbonate has not been widely reported
as a reaction product in sodium silicate-activated slag systems, but has
been observed in Portland cement/slag blended systems when the
Al2O3 content in slag is high and calcite is present in the system, as
such conditions favour the formation of AFm type phases, and the presence of carbonate stabilises the hemicarbonate member of this family
[32,33,37–39]. A mixture of AFm and hydrotalcite-like phase has also
been identiﬁed in NaOH-activated slag pastes cured for up to 15 months
[40,41]. The formation of mixed LDH phases in sodium carbonateactivated slag might have followed the same mechanism, as the reaction
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Table 4
Summary of the heat release curves shown in Fig. 1.
Slag

CLDH addition (wt. %)

Pre-induction period (h)
Peak time (h)

Duration (h)a

M01

0
2
10
0
2
10
0
2
10
0
2
10

25.7
4.6
2.7
3.2
2.7
1.7
3.7
2.0
1.3
0.87
2.5
1.1

74.9
56.3
20.7
62.2
15.3
2.1
30.4
14.7
0.7
2.48
1.21
0.42

M05

M06

M14

Duration of induction period (h)a

90.1
32.0
6.7
79.6
15.3
2.1
30.4
14.7
0.7
2.48
1.21
0.42

Acceleration–deceleration period
Onset time (h)a

Peak time (h)

165.0
88.3
27.4
151.4
36.5
11.4
40.3
24.3
9.1
13.0
11.5
5.56

210
120
43.2
170
46.7
17.6
50.6
33.1
14.0
22.3
19.0
10.8

Total heat release (J/g)b

87.8
172
128
98.2
104
142
102
119
158
135
142
189

a
The duration of the induction period is determined using the ﬁrst derivative of its heat ﬂow rate. The start of the induction period (and correspondingly the end of the pre-induction
period) is deﬁned as when its ﬁrst derivative increased from a negative value to greater than −5 × 10−5 mW/g ∙ h. The end of the induction period is identiﬁed when its ﬁrst derivative
started to increase above 5 × 10−5 mW/g ∙ h. The ﬁrst derivative during the induction period is within the range 0 ± 5 × 10−5 mW/g ∙ h.
b
The total heat release here is the integrated reaction heat, from the start of the reaction to the long-term period where the heat ﬂow is lower than 30 μW/g. The results were normalised
by the mass of the paste.

mechanism becomes comparable to NaOH-activation of the slag once
is exhausted [10].
the CO2−
3
The C–(A)–S–H phases identiﬁed in all the samples are close to an aluminium substituted tobermorite-like phase (Ca5Si5Al(OH)O17·5H2O,
PDF #00-019-0052; tobermorite-14 Å, PDF #00-029-0331) [42]. The
C–(A)–S–H phases formed in each of the slag systems cannot be distinguished solely via XRD, due to the poorly crystalline nature of this reaction product. However, the presence of a broad hump at around 6.4° 2θ
in the sample M06_2% CLDH (Fig. 2C), and the disappearance of the high

intensity hump at 7.1° 2θ in the sample M14_10% CLDH (Fig. 2D), suggest changes in either the composition or the structure of the C–(A)–
S–H phase. This will be further assessed in the following sections via
scanning electron microscopy and solid-state nuclear magnetic resonance spectroscopy.
3.2.2. Phase evolution over the time of curing
All of the main crystalline phases identiﬁed in the Na2CO3-activated
slag cement, being gaylussite, LDH phases and C–(A)–S–H gel, present

Fig. 2. X-ray diffraction patterns of 28 day-cured sodium carbonate activated slag cements produced with slags: (A) M01, (B) M05, (C) M06, and (D) M14, with 0, 2 and 10 wt.% of CLDH
added as marked. Data for each anhydrous slag are also shown in the plots.
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Fig. 3. X-ray diffraction patterns of Na2CO3 activated slag M01 with (A) 0 wt.% and (B) 10 wt.% CLDH; slag M06 with (C) 0 wt.% and (D) 10 wt.% CLDH; and slag M14 with (E) 0 wt.% and
(F) 10 wt.% CLDH, as a function of the time of curing. Phases marked are: HT — hydrotalcite-like, Hc — hemicarbonate, Mc — monocarbonate, Ga — gaylussite, and CS — C–(A)–S–H.

major diffraction peaks between 5° and 15° 2θ. For a clear and direct
comparison across all the samples over the time of curing, XRD patterns
in this angular range are presented in Fig. 3 as a function of sample age.
It can be seen (Fig. 3) that gaylussite disappeared from all samples
over the time of curing, and it is present only in very small quantities
in the M1, M05 and M06 samples containing CLDH. Gaylussite is a transient phase in sodium carbonate activated slag cement, and its consumption is associated with the formation of more stable carbonates.
This will be discussed in detail in Section 3.6. The hemicarbonate
phase identiﬁed in the activated M01 slag with (Fig. 3B) and without
(Fig. 3A) CLDH addition decreased over time, and the calcium

monocarboaluminate (C4AcH11, PDF#00-036-0377, ‘monocarbonate’)
phase starts to form [33,39,43,44], predicted to be the stable AFm product in thermodynamic modelling of slag activation by Na2CO3 [45]. In
Fig. 3B, the basal reﬂection peak of hemicarbonate shifted towards
higher angle, and became wider over time of curing, as a result of partial
replacement of OH− by CO2−
3 in hemicarbonate and the consequent formation of a poorly crystalline AFm-(OH−,CO23 −) solid solution. The
basal reﬂection peak of monocarbonate is around 11.7° 2θ, which in
some cases might overlap with that of the hydrotalcite-like phase,
11.2–11.6° 2θ (marked at 11.4° in Fig. 3). However, in the M01-0%
CLDH system (Fig. 3A), the formation of monocarbonate is clearly
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Fig. 4. BSE images of pastes cured for 180 days: slag M01 with (A) 0 wt.% and (B) 10 wt.% CLDH; and slag M14 with (C) 0 wt.% and (D) 10 wt.% CLDH.

identiﬁable, as no hydrotalcite-like phase is forming. In samples with
moderate MgO content (Fig. 3C, E), monocarbonate could not be distinguished via distinct reﬂection peaks, but the broad peak centred at
around 11.4° 2θ shows an asymmetric increase in intensity over time.
This increasing asymmetry suggests the formation of a component
peak at around 11.7° 2θ, most likely due to monocarbonate. Samples
prepared using the high MgO slag M14 do not show reﬂections indicative of the formation of AFm phases, and thus the peak at around 11.4°
2θ for this formulation, whose intensity increases over the time of curing, is solely assigned to a hydrotalcite-like phase.
Similar trends are identiﬁed in the CLDH modiﬁed samples, where
the high intensity peak of hydrotalcite overlaps with those assigned to
hemicarbonate and monocarbonate, obstructing their clear identiﬁcation. Negligible structural changes are identiﬁed in the reaction products of the slag with intermediate content of MgO (Fig. 3D) with the
addition of CLDH. In the activated M14 samples with CLDH addition
(Fig. 3F), changes in the LDH phase were almost identical to those observed without CLDH addition (Fig. 3E). However, the addition of
CLDH seems to modify the structure of the C–A–S–H forming in these
systems. This will be further evaluated in the following sections.
In sodium carbonate activated slag systems, hemicarbonate is
formed at earlier age (i.e. during the ﬁrst 28 days) when using slags
with medium to low MgO content (M01, M05 and M06). The formation
of hemicarbonate is reduced when a higher content of MgO is present,
where a higher content of hydrotalcite-like phases is instead formed.
In cements based on the high-MgO slag (M14), only the hydrotalcitelike phase was identiﬁed. The addition of CLDH increases the formation
of hydrotalcite-like phases, and seems also to accelerate the transformation from hemicarbonate to monocarbonate.
In the sodium carbonate activated slag system, the free carbonate ion
content in the aqueous phase is reduced as the reaction evolves. Although the formation of monocarbonate from hemicarbonate under
such circumstances seems unlikely as the conversion requires additional

carbonate, the experimental results suggest that the previously carbonated hydrotalcite-like phase might be able to supply this carbonate.
This is in line with recent thermodynamic modelling results for sodium
carbonate activated slag, which revealed that monocarbonate is a thermodynamically stable phase in this system, together with a noncarbonated hydrotalcite-like phase [45]. The transformation between
these two phases could also be associated with the availability of additional carbonate due to the reaction of precipitated CaCO3, which drives
the equilibrium towards the monocarbonate phase [33,44,46].
As seen in Fig. 3, the positions of the basal reﬂection peaks of the
hydrotalcite-like phase vary slightly in different samples with different
ages. The basal reﬂection peak reﬂects the composition of the mixed
metal oxide/hydroxide sheets, the type of interlayer species and the
amount of chemically bound water [47,48]. The shifts observed here
could be caused either by formation of HT-(OH−,CO2−
3 ) solid solutions,
or changes in the Mg/Al ratio, as more Al incorporation into a
hydrotalcite-like phase leads to a decrease in the angle at which its
basal reﬂection peak is observed [47].
3.3. Scanning electron microscopy
Fig. 4 shows backscattered electron (BSE) images of sodium carbonate activated slag pastes without and with 10 wt.% CLDH, after 180 days
of curing. The light grey particles in the micrographs correspond to the
unreacted slag particles remaining in the samples, while the grey regions between the remnant slag particles correspond to the main binding phase, consisting mainly of C–(A)–S–H gel and additional reaction
product phases such as LDHs and carbonates, as identiﬁed by XRD
(Figs. 2 and 3). Regions darker in greyscale intensity than the general
matrix, which were more numerous and clearly identiﬁable in moderate to high MgO activated slags (M06 (not shown) and M14) than in
samples produced with slags with low MgO content (M01) samples,
correspond to fully reacted slag grains and inner reaction product rims
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rich in Mg (with the hydrotalcite as a dominant phase) [49,50]. In
Fig. 4A, irregular dark grey areas are identiﬁed between the slag grains.
These are most likely to be sodium–calcium carbonate phases (e.g.
gaylussite), as similar features with a chemical composition comparable
to that double salt have been observed in sodium carbonate/silicate activated slag cements [11], and the dark greyscale values are consistent
with the low mean elemental number of hydrous carbonates.
Fig. 5 shows atomic ratio correlation plots generated from EDX spot
analyses of the samples prepared using different slags with 0 wt.% and
10 wt.% of CLDH addition. The spots taken from outer reaction products
are referred to as the general matrix in Table 5, excluding large recrystallised hydrotalcite clusters that were not well dispersed during the
mixing of the paste. Inner product EDX spots were only taken from
slag M14, where clear inner rims were identiﬁed. The data presented
here show the atomic ratios of the reaction product between the slag
grains, which consists of C–(A)–S–H gel and intermixed LDHs. The
dashed lines in Fig. 5 showing the ratios Mg/Al = 2 and Ca/Al = 2 are
given to clarify the existence of hydrotalcite-like phases and AFm
phases [32]. Data points with Al/Si ratios below 0.8 (shown) were chosen for investigation of the chemical composition of the hydrotalcitelike phase and C–(A)–S–H gel, to rule out any interference from wellcrystallised AFm phases.
Without the addition of CLDH, the MgO content as well as the Al2O3
content controls the chemistry of LDH phases formed as reaction products. With the highest Al2O3 content and very low MgO content, slag
M01 formed a signiﬁcant amount of AFm phases to consume excess
Al. In slag M06, which has slightly lower Al2O3 content but much higher
MgO content, the hydrotalcite-like phase was identiﬁed as the main
LDH with traces of intermixed AFm phases, consistent with the XRD
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Table 5
Average atomic ratios (Ca/Si and Mg/Al) of Na2CO3-activated slag pastes cured for 180
days, using data points shown in the inset plots in Fig. 5 (where Al/Si b0.8), obtained using
EDX analyses of 60 spots per sample (uncertainty in each reported value ±0.02).
Slag

0 wt.% CDLH
Ca/Si

M01
M06
M14
M14

General matrix
General matrix
General matrix
Inner rim

1.22
1.20
1.05
0.86

Al/Si
b0.33
0.20
0.06
0.02

10 wt.% CDLH
Mg/Ala
b

–
1.61
2.09
1.86

Ca/Si

Al/Si

Mg/Ala

1.26
1.26
1.04
0.92

b0.33
0.21
0.06
0.01

1.91
2.04
2.16
1.84

a

Mg/Al value is the slope of the line of best ﬁt in a plot of Mg/Al vs Al/Si ratios.
The Mg/Al ratio of the sample M01_0wt.% could not be determined due to the low
content of MgO in the anhydrous slag.
b

data presented above. This shows that in the presence of MgO, the excess Al in the system is more likely to form hydrotalcite-like phases
than AFm phases, consistent with the fact that no AFm phase was identiﬁed in samples prepared using slag M14. However, the absence of AFm
phases in samples based on slag M14 could also be related to the fact
that it contains the lowest Al2O3 content and the highest MgO content.
The additional CLDH contributed to the increased formation of
hydrotalcite-like phase in samples based on all three slags. It also reduced the crystallinity of the AFm phases formed through the reaction
of slags M01 and M06, by forming disordered intermixed LDH phases.
This corresponds to the XRD results shown in Fig. 3.
The Al/Si ratio of the C–(A)–S–H gel in each alkali-activated slag
sample was calculated using the method of Ben Haha et al. [16],
Table 5. These values demonstrate a close relationship between the
Al2O3 content of the slag and the Al/Si ratio in C–(A)–S–H gel, where a

Fig. 5. Atomic ratios calculated from EDX data for Na2CO3 activated samples with 0 wt.% (A-1 and A-2) and 10 wt.% (B-1 and B-2) CLDH addition, all after 180 days of curing. (A-1) and (B-1)
plotted as Mg/Si vs Al/Si and (A-2) and (B-2) plotted as Ca/Si vs Al/Si.
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higher bulk Al2O3 content results in a higher Al/Si ratio in the C–(A)–S–
H gel (0.2 in slag M06 and 0.06 in slag M14, all with 0 wt.% CLDH addition). The Al/Si ratio of slag M01 calculated using the same method was
higher than the maximum possible degree of Al substitution in C–(A)–
S–H, due to the presence of intimately intermixed AFm and/or N–A–
S–H phases [51,52]. The Al2O3 content of the slag controls the degree
to which aluminium is able to dissolve and be made available for
through-solution reaction processes, and thus deﬁnes the Al/Si ratio in
C–(A)–S–H gel [51]. This would also explain the observation that in
10 wt.% CLDH modiﬁed samples, the Al/Si ratio calculated by this method is slightly higher than that of the samples without CLDH. The
recrystallisation of CLDH into hydrotalcite-like phases leads to an increase in pH (see Supporting Information), favouring the dissolution
of aluminium and thus resulting in a higher Al/Si ratio.
The Ca/Si ratio in the C–(A)–S–H gel did not change signiﬁcantly
with changes in slag chemistry, with all data points for all samples falling between ratios of 0.8 and 1.6. Those values are higher than the Ca/Si
ratios identiﬁed in sodium hydroxide-activated or sodium silicateactivated slag cements where slags with similar chemical compositions
were used [15–17]. This may be related to the lower alkalinity of the sodium carbonate activator, which brings a lower capacity to dissolve silicate species from the slag grains [53]. However, no systematic change
in Ca/Si ratio was observed in the CLDH modiﬁed samples compared
to the unmodiﬁed cements.
The chemical compositions of the inner and outer products of samples prepared using slag M14 were analysed separately using EDX
(shown also in Table 5). The Ca/Si ratio of the inner product is distinctly
lower than that of the outer product, suggesting that there might be
other Ca containing phases forming in the outer product. This is also
likely to be caused by the existence of intermixed N–A–S–H gel in the
inner product [8,45].
To obtain further insight into the chemistry and structure of the
C–(A)–S–H gel in sodium carbonate activated slag cement, analysis by
solid-state NMR is required, and is presented below.

3.4. 29Si and 27Al MAS NMR
The 29Si MAS NMR spectra of the anhydrous slags shown in Fig. 6 are
in good agreement with the literature for a melilite-type glass [54,55].
For the sodium carbonate activated paste samples, three distinct
bands at − 79 ppm, − 82 ppm and − 85 ppm were identiﬁed in the
main region of the 29Si MAS NMR spectra, which are assigned to a Q1
site (denoted Q1(II) for consistency with reference [52]), Q2(1Al) and
Q2, respectively [55–57]. The residual signal downﬁeld of the
−79 ppm band is assigned to Q0 and Q1(I) sites [52]. The low intensity,
but non-zero, component of the signal which lies upﬁeld of −85 ppm is
composed of two bands centred at −88 ppm and −92 ppm respectively, and assigned to highly crosslinked Si sites [58]. The bands in these
two positions could be assigned to either Q4(4Al) and Q4(3Al) sites in
N–A–S–H gel, and/or Q3(1Al) and Q3 sites in C–(A)–S–H gel, according
to the ﬁndings reported by Myers et al. [52] for sodium metasilicate activated slag cements.
Table 6 shows the results of deconvolution of the 29Si MAS NMR
spectra using Gaussian curve ﬁtting (exempliﬁed in Fig. 7). For consistency, the deconvolutions were conducted assuming that the anhydrous
slag was dissolving congruently, as in sodium silicate or sodium hydroxide activation [15,17,59]. This is generally correct when dissolving calcium aluminosilicate glasses in solutions at a pH above 12.5 [53]. The
initial pH of the sodium carbonate activator used in this study was
in the pore solution
11.7, which is expected to increase once the CO2−
3
is exhausted, either by formation of solid carbonate phases or removal
by reaction with the CLDH additive. Therefore, incongruent dissolution
of the slag might occur in the early stage of reaction, but it is not expected as the activation reaction progresses, and as the chemistry becomes
more comparable to that of NaOH-activation of slag as discussed

Fig. 6. 29Si MAS NMR spectra of slag pastes prepared using slag M01, M06 and M14.
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Table 6
Deconvolution results for 29Si MAS NMR spectra of the sodium carbonate activated slag pastes. Estimated uncertainty in absolute site percentages is ±2%.
Samples

M01

M06

M14

0% 28 d
0% 180 d
10% 28 d
10% 180 d
0% 28 d
0% 180 d
10% 28 d
10% 180 d
0% 28 d
0% 180 d
10% 28 d
10% 180 d

Total unreacted slag (%)a

64
64
64
62
54
50
49
48
41
37
32
30

Reaction products
Q0

Q1(I)

Q1(II)

Q2(1Al)

Q2

Q3(1Al) /Q4(4Al)

Q3/Q4(3Al)

−74 ppm

−76 ppm

−79 ppm

−82 ppm

−85 ppm

−88 ppm

−92 ppm

0
0
0
0
3
3
5
6
4
3
5
6

2
3
3
3
1
2
1
2
2
3
3
1

7
5
5
6
11
15
14
14
14
14
12
20

12
14
14
16
13
13
14
12
12
13
14
15

10
9
7
7
12
11
10
12
17
18
16
17

2
3
4
3
3
4
3
3
8
9
12
7

2
2
3
3
3
3
3
3
4
4
6
3

a
The actual total unreacted slag (%) might be higher than the calculated value shown here if the dissolution of the glassy slag is incongruent, but this cannot be accurately determined in
the absence of a reliable method for the selective dissolution of reaction products in these alkali-activated binder systems.

above. Nonetheless, this must be considered as a potential source of
error.
From Table 6, it is evident that a higher extent of slag reaction (as observed by the lower residual slag fraction and much higher C–A–S–H reaction product content) has been reached in mixes based on slags with
higher MgO content and lower Al2O3 content. Both MgO content and
Al2O3 content play important roles in deﬁning the intrinsic reactivity
of the slag glass, and this is also inﬂuenced by the formation of LDH
phases which remove the dissolved Mg and Al from solution and provide a further driving force for glass dissolution. This is supported by
the fact that the addition of 10 wt.% CLDH is seen to increase the total extent of slag reaction up to 180 days of curing, compared with samples
with 0 wt.% CLDH based on the same slags. This shows that the inﬂuence
of the CLDH is not simply a kinetic effect which accelerates the reaction
at early age (as observed by calorimetry); the fact that the CLDH addition induces a higher extent of reaction even up to 180 days indicates
that its seeding effect which enhances nucleation and growth of
hydrotalcite-group phases is additionally important in deﬁning binder
chemistry in the long term.
However, comparing the line shapes of the 29Si MAS NMR spectra of
slag pastes prepared using different slags with and without CLDH

Fig. 7. Deconvoluted 29Si MAS NMR spectrum of slag M06_0% CLDH cured for 28 days. The
dark grey band represents the contribution of the remnant slag, which is directly scaled
from the spectrum collected for the unreacted slag using the assumption of congruent
dissolution.

addition, it is clear that the structure and composition of C–(A)–S–H
gel are dominated by effects related to the slag chemistry over the effects of CLDH addition. The intensities of the Q1(II) and Q2 sites were
higher in pastes prepared using the slag with the highest MgO content
(M14), while the intensities of the Q2(1Al) sites decreased. The increased intensity of Q1(II) suggests an increase in the content of
chain-end sites charge balanced by strongly positively charged cations
(e.g. Ca2 +) [52], while the increased intensity of Q2 sites suggests a
higher mean chain length. The decrease in the intensities of Q2(1Al)
sites, associated with reduced Al uptake by the C–(A)–S–H gel, is due
to the lower Al2O3 contents in slags M06 and M14 compared with slag
M01, and also the formation of a higher content of LDH phases which
consume Al, corresponding to the results of EDX analysis.
In Fig. 8, three distinct Al environments are observable in each of the
cement samples by 27Al MAS NMR spectroscopy. The spectrum of the
unreacted slag is observed as a broad hump centred at around 59 ppm
representing the distribution of Al sites in the unreacted slag; a contribution from the remnant slag particles is also observed underlying the
spectra of the reacted pastes. In the spectra of the pastes, the Al[VI] resonances at chemical shift values below 20 ppm are assigned to the Al
sites in the two types of LDH structures (Mg–Al and AFm), and bands
at around 60–80 ppm correspond to Al[IV] and are assigned to the tetrahedral Al environments in C–(A)–S–H gel [52,55,58,60].
Signiﬁcant reductions in the intensities of the broad slag peak
centred around 59 ppm, along with an increase in the Al[IV] resonance
at 64–80 ppm, take place from 28 to 180 days of curing, which is associated with an increased degree of reaction as the slag continues to be
consumed and hydration products form. Unmodiﬁed slag pastes with
different chemical compositions showed different line shapes between
64–80 ppm, which reﬂect different Al coordination environments in
the C–(A)–S–H gel, the q2 bridging sites within the higher chemical
shift part of this region and the q3 crosslinking sites at lower chemical
shift. Compared with the unmodiﬁed samples, the further shift from
59 ppm towards higher chemical shift in 10 wt.% CLDH modiﬁed samples represents an increased degree of reaction, corresponding to the
analysis presented above.
The peaks centred at 9 ppm in Fig. 8 are attributed to overlapping
contributions from the Ca–Al LDH type phases and the hydrotalcitelike phase [36,60], and increased slightly in intensity from 28 to
180 days. Comparing binders produced with different slag sources, the
relative intensity of Al[VI] sites compared to Al[IV] sites increased as
the MgO content of the slag increased, consistent with the increased formation of LDH phases in the presence of more Mg. Since the slags tested
here with higher MgO content also had lower Al2O3 content, the total
amount of Al incorporated into the C–(A)–S–H gel derived from high
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3.5. The importance of slag chemistry in Na2CO3 activated cements
The hardening time of sodium carbonate activated slag pastes is
strongly dependent on the slag chemistry. Signiﬁcantly more rapid
kinetics of reaction, and therefore faster setting, have been identiﬁed
for slags with lower Al2O3 but much higher MgO contents, as a consequence of the formation of a high content of LDH phases), consistent
with previous studies using sodium silicate as the activator [15–17].
Fig. 9 illustrates a conceptual model which has been developed to
describe the importance of the carbonate consumption process in sodium carbonate activation of slag. The black line represents the carbonate
route in samples prepared without CLDH addition, while the grey line
shows the inﬂuence of the CLDH.
Gaylussite is often formed at early age in the sodium carbonate activated paste prior to the formation of C–(A)–S–H [10,12]. This is due to
the fact that the breakage of O–Ca bonds and O–Mg bonds to release
these species from the slag is able to take place at lower alkalinity
than the breakage of O–Al and O–Si bonds [20]. Therefore, the aqueous
phase reaches saturation with respect to gaylussite before other phases
due to the high activator Na concentration, as shown in Eq. (1). When
the LDH phases and C–(A)–S–H gel start to precipitate, the gaylussite
dissolves as a result of the decreased CO23 − ion concentration in the
aqueous phase [10], with the carbonate reprecipitating rapidly as
CaCO3 polymorphs (e.g. the aragonite observed here) as shown in
Eq. (2) [61]. This explains the formation of aragonite in most of the samples here.
5H2 O þ 2Naþ þ Ca2þ þ 2CO3 2‐ →Na2 CaðCO3 Þ2 5H2 O ðgaylussiteÞ

ð1Þ

Na2 CaðCO3 Þ2 5H2 O→CaCO3 ðaragoniteÞ þ 2Naþ þ CO3 2− þ 5H2 O

ð2Þ

Both the hydrotalcite-like and AFm phases can be stable carbonatebearing phases in cementitious binders [17,32]. The dissolution of
gaylussite would be accelerated if the dissolved CO23 − ions are taken
by the LDH phases and removed from the pore solution. This explains
the effect of the slag composition on the rate of reaction, where a higher
degree of LDH phase formation accelerates the kinetics of reaction when
using a sodium carbonate activator. Upon alkali activation of the slags,
LDH phases form as a secondary reaction product, especially the
hydrotalcite-like phase, and these phases can act as in-situ carbonate
binding agents, promoting the carbonate removal process from the activator to solid phases and consequently accelerating the setting and
hardening reaction sequence (Fig. 9).
3.6. Carbonate binding and reaction acceleration by CLDH

Fig. 8. 27Al MAS NMR spectra of slag pastes prepared using (A) slag M01, (B) slag M06 and
(C) slag M14, with 0 wt.% and 10 wt.% of CLDH, cured for 28 and 180 days.

MgO content slag is much lower in low-MgO content slag pastes. This
corresponds to the differences in Al/Si ratio calculated in SEM–EDX
analysis (Table 5), and the 29Si MAS NMR analysis (Table 6).
The addition of 10 wt.% CLDH led to an increased intensity of the
peak assigned to the hydrotalcite-like phase, as a consequence of the
recrystallisation of the CLDH to form crystalline Mg–Al LDH. However,
as the CLDH addition increased the total aluminium content in the
paste, the 27Al MAS NMR spectra do not display a clear trend in the
total Al content in the C–(A)–S–H gel before and after CLDH modiﬁcation.

The kinetics of reaction of four different slags have all been expedited by the addition of CLDH (Fig. 1), showing that the effectiveness of
this addition is not dependent on the type of slag used. The added
CLDH will react directly with the activator in aqueous solution, remove
carbonate ions from the solution and form hydrotalcite-like phases. This
is a shortcut for consumption of carbonate compared with the samples
prepared without CLDH, and it also favours the decomposition of
gaylussite. However, CLDH does not only act as a carbonate binding
agent, as the recrystallisation mechanism of CLDH in an aqueous environment will also modify the chemistry of the system, and this raises
the need for further investigation to isolate the exact mechanisms taking place.
The recrystallisation processes of CLDH start with its surface hydroxylation. As the surface oxygen ions of mixed metal oxides are
undercoordinated with respect to metal ions, they are highly active in
the presence of water and prone to be protonated to hydroxyl groups,
as shown in Eq. (3) [62]. When there is sufﬁcient water to react, the
mixed metal oxides behave as a Lewis base, forming a conjugate acid
([Mg0.7Al0.3(OH)2]0.3+) and a conjugate base (OH−) as shown in
Eq. (4), and the original brucite-like Mg–Al layered structure can
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Fig. 9. Simpliﬁed schematic diagram of the process of carbonate consumption through binding in mineral carbonates in the absence of CLDH (black), and the extra pathways introduced by
CLDH addition, in a Na2CO3-activated slag cement.

recrystallise. As a result, the pH of the sodium carbonate solution is increased (see Supporting Information). The sites of conjugate bases are
ion-exchangeable with other negatively charged ions [62]. When free
ions are available, they will be incorporated into the brucite-like
CO2−
3
layered structure, forming hydrotalcite as a stable ion-exchanged LDH
phase, Eq. (5) [35].
‐O2‐ þ H2 O→‐OH‐ þ OH‐

ð3Þ


0:3þ
þ 0:3OH‐
Mg0:7 Al0:3 O1:15 þ 1:15H2 O→ Mg0:7 Al0:3 ðOHÞ2

ð4Þ


0:3þ
Mg0:7 Al0:3 ðOHÞ2
þ 0:15 CO3 2‐ þ nH2 O
→Mg0:7 Al0:3 ðOHÞ2 ðCO3 Þ0:15  nH2 O

ð5Þ

As shown in Eqs. (4) and (5), the recrystallisation processes of the
CLDH in sodium carbonate solution produced OH− and consumed
CO2−
3 during the initial stage of the reaction (within the ﬁrst hour), leading to the increase in pH (Supporting Information), which accelerates
the reaction.
In addition to this chemical acceleration, the nucleation seeding effects of recrystallised hydrotalcite and the reduced w/b ratio due to
the water consumption of CLDH also have the potential to alter the kinetics of reaction. The hydrotalcite-like phase produced by the
recrystallisation of CLDH upon reaction with the activator solution
(see Supporting Information), is very similar in nature to the Mg–Al
6
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5

LDH which forms as a reaction product in these alkali-activated slag systems, therefore the particle surface of hydrotalcite-like phase could be
habitable for precipitation and growing of slag reaction product, including both C–(A)–S–H gel and LDHs. It can be assumed that this would
play a similar role in alkali-activated slag systems, acting as a nucleation
seed. To investigate the inﬂuence of this seeding effect, the sample Ref-1
(Fig. 10) was designed to reﬂect the seeding effects of the recrystallised
hydrotalcite, by replacing CLDH with commercial hydrotalcite. The
commercial hydrotalcite is already in its carbonated and hydrated
form, and so would not further consume carbonate in the solution or
undergo surface hydroxylation.
It is seen from Fig. 10 that the onset time of the acceleration period of
sample Ref-1 fell in between that of the plain paste and the 10 wt.%
CLDH modiﬁed paste. The shift in the acceleration peak towards shorter
times demonstrates the seeding effect of the incorporated commercial
hydrotalcite, suggesting that the reformed hydrotalcite-like phase
which is generated from CLDH upon reaction with the activating solution (see Supporting Information) might also play a similar role in nucleation seeding during the alkali activation process.
However, these effects may also be convoluted by the effects of the
change in w/b ratio induced by the uptake of water by the CLDH. Sample
Ref-2 (Fig. 10), which has a w/b ratio of 0.35 to correspond to the calculated potential water uptake by the CLDH (Supporting Information)
thus aids in isolating any effect of reduced w/b ratio. In the alkaliactivated slag system, there might be an optimum w/b ratio at which
the hydration kinetics develop faster and the total hydration heat
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Fig. 10. Isothermal calorimetry data for sodium carbonate activation of slag M06, with (a) a w/b ratio of 0.4, with 10 wt.% CLDH added; (b) a w/b ratio of 0.4 and 10 wt.% commercial hydrotalcite as additives (sample Ref-1); (c) a w/b ratio of 0.35 (sample Ref-2); (d) a w/b ratio of 0.4, without CLDH addition (all the results were normalised by the mass of slag).
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release is higher than at any other w/b ratio [63]. For slag M06, w/b =
0.35 appeared to be more closely approaching the optimum w/b ratio
than 0.4, which might explain the change of reaction kinetics. However,
the workability of the pastes produced at this w/b ratio was more challenging than was the case at the higher w/b ratio used for the other
pastes in this study, as the water consumption by the CLDH is gradual
and so enables the pastes to be more ﬂuid in the fresh state than is the
case for a simple reduction in w/b ratio.
In summary, the incorporation of CLDH expedites the hardening
process of sodium carbonate activated slags via several mechanisms,
including:
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- Increasing the pH of the activator, as observed in the Supporting Information;
- Accelerated consumption of carbonate ions; and
- Hydrotalcite nucleation seeding.
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