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Abstract

Alkali-activated cements are low-environmental-impact binders and can be obtained from the alkaline activation of wastes
such as slags and fly ashes, and solutions of hydroxides and silicates. In this study, two types of slag, A and B, generated in
charcoal and coke blast furnaces, respectively, were activated with NaOH in contents of 4, 5 and 6% to obtain alkali-activated
slag (AAS). Samples were submitted to calorimetry and compressive strength tests, and investigative microstructure analysis.
The results showed that cement obtained with slag A (AAS_A) presented a much superior performance than AAS_B, which
was related to the higher degree of hydration, higher formation of amorphous CSH with a higher incorporation of aluminum
ions (C—(A)S—H). For AAS_B, the activator content was not able to improve the compressive strength. Calorimetry measure-
ments showed a small interaction between slag B and the activator. The results contribute to the appreciation of slags gener-
ated in charcoal blast furnaces, which may become raw material for low-environmental-impact cements, in this case, AAS.
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Introduction

The concrete industry contributes around 7% to total global
CO, emissions and approximately 90% of this embodied
energy and associated carbon is due to the commonly used
Portland cement binder [1]. Relative to other building mate-
rials, concrete has a low embodied energy and carbon foot-
print. However, due to the enormous quantity of concrete
used each year, the resulting total embodied energy and
carbon footprint is quite large.

Alkali-activated cements can only be synthesized from
waste without the need for the calcination process. Alkali-
activated cements are usually obtained from slag, fly ash
or metakaolin, which are activated by solutions of sodium
hydroxide (NaOH), potassium hydroxide (KOH) and
silicates. Raw materials rich in SiO, and Al,O; form an
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amorphous aluminosilicate material as a hydrated com-
pound, while those rich in CaO produce calcium silicate
hydrate (C—S-H) [2-5].

In the alkali-activated slag (AAS) obtained from the
granulated blast-furnace slag (GBFS), the main hydration
product is C—S—H, or C-A-S-H, due to the incorporation
of Al,Oj in its structure [6—8]. Hydrotalcite, merwinite,
stratlingite and calcium monosulfoaluminate hydrate may
also be present as minority phases [9—15].

One of the most important characteristics of slags in order
to obtain binders is the ratio between CaO and SiO, contents,
also known as the simplified basicity index, which classi-
fies them as acidic or basic if the value is lower or higher
than one, respectively (CaO/SiO, < 1: acidic; CaO/SiO, > 1:
basic). The importance of CaO is due to the origin of coal
used in blast furnaces. The slags from coal blast furnaces
(coke) are considered basic, taking into account the need for
a large percentage of CaO to remove the present sulfur. On
the other hand, those produced in charcoal blast furnaces,
where the sulfur content is low, have a low CaO/SiO, ratio
and are usually considered acidic [16]. In Brazil, 20% of
annual steel production is from charcoal [17], with growth
prospects due to the increase in the use of charcoal as a sub-
stitute for coke. The Brazilian standard concerning the use
of slags as supplementary material in Portland cements [18]
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considers the ratio CaO +MgO + Al,05/Si0, as the basicity
index. Due to their chemical characteristics, only the basic
slags end up being used as raw material in the production of
blast-furnace Portland cements, while the acidic slags are
deposited in steel company yards. The performance of dif-
ferent blast-furnace slags in Portland cements, supersulfated
cements and AAS has been the object of study in recent
papers [13-15, 19, 20]. In relation to AAS, Ben Haha et al.
[14] observed that when it was activated by water glass, the
MgO content in slag contributed to the reduction in porosity
and the increase in compressive strength and hydrotalcite
formation, as well as a lower incorporation of Al ions in
C-SH. However, when NaOH was used as an activator, only
a slight increase in the compressive strength was noticed.
On the contrary, a higher content of Al,O5 in slag implied
a higher incorporation of Al in C—S-H, delayed the initial
hydration and reduced the compressive strength [15]. In a
recent paper, Cadore et al. [21] investigated the carbona-
tion of AAS made from GBFS generated by charcoal. They
verified that AAS presented a high carbonation and a drop
in compressive strength, which was related to the decalcifi-
cation of CSH and the formation of vaterite. They observed
that although the slag from charcoal had more Al,O; and
MgO, it was unable to form aluminosilicate or hydrotalcite,
which could reduce the susceptibility of AAS carbona-
tion. Langaro et al. [22] also investigated the behavior of
AAS made from charcoal-generated GBFS and compared it
with a slag from coke. They used 5% alkaline activator and
observed a better compressive strength for AAS made from
charcoal. However, the formation of hydrotalcite was only
evidenced in AAS made from coke.

This study aims to contribute to the understanding of
the type of slag in AAS and, above all, to contribute to the
appreciation of slags generated in charcoal blast furnaces.
Therefore, two slags (from charcoal and from coke) were
activated with NaOH in contents of 4, 5 and 6% to obtain
alkali-activated slag (AAS). The effect of the chemical com-
position of slag and activator content on the microstructures
and mechanical properties was investigated.

Materials and methods

Two granulated blast-furnace slags with different chemical
compositions were used to produce AAS, one from a char-
coal blast furnace (acidic [A]) and another from a coke blast
furnace (basic [B]). Both slags were oven-dried for approxi-
mately 24 h at a controlled temperature of 105 °C. Then,
they were ground in a ball mill for 2 h. The chemical com-
position determined by X-ray fluorescence (Table 1) shows
that the slag generated in a charcoal blast furnace (acidic)
has a lower CaO/SiO, ratio than the basic one, as expected.
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Table 1 Chemical composition and physical properties of slag A and
B

Oxides/% Slag A Slag B
Sio, 38.1 322
CaO 37.0 49.5
Al O, 13.9 8.2
MgO 6.2 5.0
Fe,04 1.3 0.8
MnO 1.1 1.3
K,0 0.9 0.5
TiO, 0.8 0.6
Na,O 0.2 0.1
SO, 0.1 1.4
Ca0/SiO, 0.97 1.54
CaO+MgO + Al,0,/Si0,* 1.50 1.95
Physical properties

Bulk density/g/cm? 2.55 2.92

Blaine specific surface area/cm?/g 5352 4410
*NBR 5735

Slag A
Slag B
0 10 20 30 40 50 60 70

20

Fig. 1 X-ray diffractograms of slags A and B

However, both meet the Brazilian standard for their use as
supplementary material cement in Portland Cement accord-
ing to NBR 16697 [18]. Slag A also presents higher MgO
and Al,O; contents, mainly the latter. Figure 1 confirms the
amorphous characteristics of both slags. It is also observed
that, even if ground for the same amount of time, slag A
presented a larger specific surface area (Table 1) and a finer
grain size distribution (Fig. 2).

For the production of AAS, NaOH was used as the activa-
tor at 4, 5 and 6% in relation to the slag mass. For the pastes,
the water-to-slag ratio (w s~!) was 0.4 and for mortars, the
proportion was 1:2.75:0.485 (slag: aggregate: water, in
mass), according to ASTM [23]. In both pastes and mortars,
the activator was mixed with water beforehand to ensure a
good distribution in the mixture.
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Fig.2 Grain size distribution of slags A and B

The mortars were molded in triplicate prismatic speci-
mens, maintained in an environment with a minimum rela-
tive humidity of 95% at 23 °C and analyzed at 7, 28 and
90 days.
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The study of the microstructure was performed in pastes
with a w—s ratio of 0.4. For the isothermal conduction calo-
rimetry test, the Calmetrix calorimeter, model I-Cal 2000
HPC, was used for 7 days at 23 °C. From the curves, the
periods of induction and setting times were determined
according to Betioli et al. [24].

For the X-ray diffraction (XRD), differential scan-
ning calorimetry (DSC) and scanning electron micros-
copy (SEM) tests, the hydration was interrupted at 7, 28
and 90 days. The samples were initially fragmented and
immersed in acetone for 2 h, which was extracted with
the aid of a vacuum pump; then, the samples were kept
at a controlled temperature of 40 °C for 24 h, according
to Angulski da Luz and Hooton [20]. For the XRD and
DSC analyses, the samples were ground into particles of
less than 150 um.

The XRD samples were performed under the follow-
ing conditions: Cu-Ka radiation tube, wavelength of 1.54 A
(40 kV, 25 mA), in the range of 5°-~70° (26), with a step size
of 0.02°, time of 10 s.

The thermal differential scanning calorimetry (DSC) analy-
ses were performed under the following conditions: 30—600 °C
range, with a heating rate of 10 °C min~!, a synthetic air
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Fig. 3 Isothermal calorimetric measurements: heat flow rate and total heat for AAS_A and AAS_B containing 4, 5 and 6% of NaOH up to

7 days
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Table2 Duration of induction period, setting times and maximum
flow for AAS_A and AA_B containing 4, 5 and 6% of alkaline acti-
vator (NaOH) obtained from Fig. 3

AAS Induction period Main peak
NaOH/% . - -
Total Initial Maxi- Final
period/ setting mum flow/ setting
h:min time/h:min -~ KW/gx10™®  time/h:min
AAS_A 4 00:55 01:33 1.93 05:07
5 00:37 01:15 2.49 03:08
6 00:22 00:59 2.32 02:53
4 00:27 01:03 2.81 02:54
AAS_B 5 00:24 01:03 3.53 02:21
6 00:19 00:54 5.47 01:42

atmosphere and a flow of 100 mL min~'. To determine the
mass loss, the samples were weighed before and at the end of
the analysis.

For the observation of the samples in the SEM, the prepara-
tion of the samples consisted of the application of vacuum and
metallization with gold.

Results
Heat of hydration

The heat of hydration of AAS made with slags A and B
(AAS_A and AAS_B) containing 4, 5 and 6% NaOH was
monitored for a period of 168 h (Fig. 3).

The first peak corresponds to the initial dissolution of the
slag and activator. The induction period between the two
peaks is characterized by a low rate of released heat, which
is the consequence of a period of low reactivity. The second

AAS*A . -...ca":
40 .

30

20

Compressive strength/MPa

7 28 90
Age/days

...... 5% == « 6%

peak corresponds to the main peak or peak of hydration,
which is of high reactivity. This is where the precipitation of
the hydrated products takes place, in this case the C-S—H. It
is possible to observe that both cements had intense dissolu-
tion peaks and short periods of induction (Table 2).

In relation to the type of slag, the AAS_A cements
presented less intense peaks of hydration. However, they
were more extensive, showing a more gradual heat release
and, consequently, a higher accumulated heat and a higher
reactivity at the end of 7 days.

For AAS_A, the activator content had a greater influ-
ence on the position (time) of the main peak: The higher the
activator content before the main peak occurred, the more
the final setting time (which corresponds to the peak point)
was reduced. For AAS_B, the effect of the activator content
was on the intensity of the main peak, which increased as
the activator content increased. In general, it could be noted
that the influence of the activator content on the hydration
kinetics was more intense for slag A, while for slag B, the
released heat seemed more related to heat from the activator
itself, showing little interaction with slag B.

Compressive strength

The AAS produced with slag A (AAS_A) obtained much
higher compressive strength results than AAS_B, mainly at
28 and 90 days, while for slag B (AAS_B), the values were
lower than 15 MPa, even at 90 days (Fig. 4). The effect of
slag type can be compared with those observed by Ben Haha
[14], who noticed that the content of MgO increased the
compressive strength. The authors attributed this increase
to a higher formation of hydrotalcite and lower porosity
in AAS with high MgO content. However, in relation to
Al,O; content, Ben Haha [15] observed a slight decrease in

AAS_B
40

30
—l ersans 5% = « 6%

20

10

Compressive strength/MPa

Age/days

Fig.4 Compressive strength for AAS_A and AAS_B containing 4, 5 and 6% of NaOH at 7, 28 and 90 days
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compressive strength as Al,O; increased. In this study, slag
A had higher content of both MgO (A: 5.0% and B: 6.2%)
and Al,O; (A:13.9 and B: 8.2%), mainly the latter, show-
ing disagreement with the literature regarding the alumina
content [15].

For slag A, the activator content (NaOH) was signifi-
cant at 7 and 28 days and had a similar effect as observed
on accumulated heat at 7 days (4%: 7.7 MPa and 140J g7';

AAS_A
7 days

CSH

5%:19.4 MPa and 160 J g~'; 6%: 12.3 MPa and 155 g7 1).
This showed that 5% NaOH was the best dosage (higher
values), while 4% was too little and 6% was too much.
However, at 90 days, the values of all dosages reached
compressive strength close to 40 MPa. For AAS_B, the
activator content was not able to improve the compressive
strength at any age. This behavior was also consistent with

AAS_B
7 days

4%

5 10 15 20 25 30 35 40 45 50 5 15 25 35 45 55 65
29 20
AAS_A AAS_B
28 days 28 days
CSH
CSH
%
5 10 15 20 25 30 35 40 45 50 5 15 25 35 45 55 65
29 20
AAS_A AAS_B
90 days 90 days

5 10 15 20 25 30 35 40 45 50

20

5 15 25 35 45 55 65
20

Fig.5 XRD analyses for AAS_A and AAS_B containing 4, 5 and 6% of NaOH at 7, 28 e 90 days, CSH calcium silicate hydrated e HT hydrotal-

cite
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AAS_B
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Fig.6 DSC analyses for AAS_A and AAS_B containing 4, 5 and 6% of NaOH at 7, 28 e 90 days, CSH calcium silicate hydrated e HT hydrotal-
cite

Table 3 Total mass loss

; Age/days AAS_A AAS_B

obtained from DSC analyses for

AAS_A and AA_B containing NaOH NaOH

4, 5 and 6% of alkaline activator

(NaOH) 4% 5% 6% 4% 5% 6%
7 8.85 11.49 13.02 10.10 11.05 12.34
28 11.96 15.23 15.15 11.98 12.69 13.18
90 17.01 19.14 16.62 10.41 12.71 13.46
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Fig. 7 Mass loss for AAS_A and AAS_B containing 4, 5 and 6% of NaOH at 7, 28 and 90 days

calorimetry measurements that showed little interaction
between slag B and the activator.

Microstructure

Figure 5 shows the diffractograms of the pastes made with
AAS with slags A and B, respectively, at 7, 28 and 90 days.
It is possible to observe the presence of C—S—H in all pastes
and at all ages. AAS-B presents more peaks, including
CSH, evidencing a less amorphous system. In this sense,
the higher content of Al,O5 present in slag A could con-
tribute to the incorporation of Al in C—S—-H, making the
system more amorphous as observed by Ben HaHa et al.
[15]. The presence of hydrotalcite also predominates only
in those with slag B and was related to the presence of MgO
in slag [14, 15].

The DSC analyses of the AAS-A and AAS-B pastes at 7,
28 and 90 days, exhibited in Fig. 6, confirmed the presence
of CSH (peak close to 100 °C) in all samples. However,
hydrotalcite (peak close to 150 °C and 400 °C) was only
observed in the AAS_B pastes, as also noticed in XRDs
[13—15]. The total mass loss determined in the DSC analyses
is presented in Table 3, showing that the degree of hydra-
tion of the AAS_A samples at 28 and (mainly) 90 days is

higher than that of the AAS_B samples. It also shows that in
the AAS_A samples, the highest degree of hydration occurs
with 5% of the activator. The degree of hydration presented
a similar behavior to those observed in compressive strength
in relation to the type of slag and also the activator content
(Fig. 7).

SEM images show that C—S—H was found in all samples
of both slags (Fig. 8). In the AAS_A pastes, the C—S—H was
observed as a gel with a small crystalline structure. In the
AAS_B pastes, a more reticulated structure was observed
and found more easily.

The morphology of C—S—H observed in AAS may be
compared to types I and II [25]. Type I is more evident in
pastes with slag A. On the other hand, type Il is very similar
to the slag B pastes. The EDS analyses in Table 4, show that
C(A)-S-H formed in the AAS_A pastes presents a higher
incorporation of aluminum ions (higher Al/Si ratio) than
the one formed in the pastes made with AAS_B, regardless
of the activator content. The Ca/Si ratio is slightly higher
in the C(A)-S—H formed in AAS_A, and the presence of
Mg ions is also higher. The analyses indicate that the higher
Al,O; content in slag A combined with its higher reactivity
may have promoted the incorporation of Al in C—S—H, thus
avoiding the formation of hydrotalcite. On the contrary, in
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Fig.8 SEM images for AAS_A and AAS_B containing 4, 5 and 6%

of NaOH at 7 days

pastes made with AAS_B, which is clearly less reactive, the
low CSH formation allowed the Al and Mg ions to form the
hydrotalcite (MgzAl,(OH)16CO5-4H,0), since little CSH
was formed (low degree of hydration).

Conclusions

In this paper, two blast-furnace slags, A (from charcoal)
and B (from coke), were studied as raw material to obtain
alkali-activated slag (AAS). Three NaOH contents were
investigated. From the obtained results, it is possible to
draw the following conclusions:

The chemical composition of GBFS was the main fac-
tor responsible for the performance of the alkali-acti-
vated cement, regardless of the amount of the activa-
tor. AAS made from GBFS generated in charcoal blast
furnaces (AAS_A) presented the compressive strength
results much higher than those presented by slag B
(from coal). For AAS_B, the activator content was not
able to improve the compressive strength;

The better performance of AAS_A was due to the
higher formation of hydrated compounds (higher
degree of hydration), the type of hydrated compounds

Table 4 EDS analyses of SEM

. NaOH AAS_A AAS_B
images for AAS_A and AA_B
containing 4, 5 and 6% of 4% 5% 6% 4% 5% 6%
alkaline activator (NaOH) .
Point P1 P2 P3 P1 P2 P3
Composition/%
Na 1.71 2.93 42 7.23 4.35 7.29
Mg 3.13 3.66 2.75 1.83 1.79 1.6
Al 6.8 6.9 4.74 2.18 24 2.53
Si 16.36 16.47 10.85 8.61 9.54 8.97
Ca 17.39 19.95 7.48 11.42 13.89 12.55
Mn 0.43 0.64 0.27 0.28 0.33 0
Ratios
Ca/Si 1.06 1.21 0.69 1.33 1.46 1.40
Al/Si 0.42 0.42 0.44 0.25 0.25 0.28
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and the type of CSH formed. In the AAS_A pastes,
the presence of amorphous CSH was mostly identified.
The higher content of Al,O; in slag A, in addition to its
higher reactivity, would have promoted the incorpora-
tion of Al ions in C(A)—S—H, thus avoiding the forma-
tion of hydrotalcite. On the contrary, in the pastes made
with AAS_B, the low CSH formation enabled the Al
and Mg ions to form hydrotalcite;

e The performance of AAS is strongly dependent on the
type of raw material. The basicity indexes that prior-
itize the presence of CaO do not serve as a basis for
classifying slag as suitable or not suitable for use in
AAS. The Al,O; content has been fundamental for the
analysis of slag as a raw material,

e The study of the influence of the chemical composition of
slag on cements contributes to the appreciation of those
generated from charcoal blast-furnace slags, which may
not be attractive to Portland cement. However, they may
become raw material for low-environmental-impact
cements, in this case, alkali-activated slag (AAS).
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