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Abstract: This study evaluated the potential of calcined montmorillonite as a primary precursor for one-part alkali-
activated cement incorporated with a high percentage of limestone. Comparative studies on the properties of the
sodium silicate-activated metakaolin-limestone and meta montmorillonite-limestone fresh and hardened cement
pastes depending on several formulation and processing parameters (precursor nature, dosages of limestone and
alkali reactant, curing conditions) showed that meta montmorillonite exhibits reactivity comparable to that of
metakaolin in the studied cement systems. The mechanical performance of optimal alkali-activated cement
formulations consisting of 20- 30% of meta montmorillonite and 70- 80% of limestone is provided by both the
reactivity of meta montmorillomite under sodium silicate activation and the filler, nucleation, and chemical effects
of the raw limestone. The reaction products and microstructures of alkali-activated meta montmorillonite-limestone
cement-based hardened pastes were investigated using thermal, XRD, and SEM/EDS analyses.
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1. INTRODUCTION

Expanding the available raw materials base is one
of the key factors of a promising future for
sustainable Portland clinker-reduced and non-
clinker cement including alkali-activated cement
(AACs). Due to achievements in the chemistry of
inorganic materials, the range of potentially
suitable precursors has changed and expanded
continuously throughout the history of AACs. As
aresult of ongoing studies conducted in this field,
clays and calcium (magnesium) carbonate rocks
have gained growing attention. Both clays and
carbonate rocks in raw and calcined conditions
have been widely studied as precursors of AACs,
however, the behavior of these materials under
alkali activation continues to evolve [1-6]. The
interest in these mineral sources is based not only
on the large reserves and their ubiquitous
availability, but also on their decreased global
warming potential, lowered energy consumption,
and multifunctional effect on the engineering
performance of blended cements and concretes.

For a long time, the limestone (LS) was assigned
the role of only an inactive filler for AACs. Many
studies stated LS's beneficial effect on the

properties of fresh and hardened alkali-activated
(AA) blast furnace slag, fly ash, and calcined
clay cement. The positive influence -effect
of calcium/magnesium carbonates on the
performance of AACs is based on the filler,
nucleation, dilution, and chemical effects, which
are conditioned by the chemical-mineralogical
compositions of the primary precursors (Ca-free
or Ca-rich), the nature and dosage of the alkaline
component, and the content and fineness of LS or
dolomite [7-14]. However, recent studies have
revealed that the chemical reactivity of LS in AA
binder systems is undervalued. Ortega-Zavala et
al. [15], Aizat et al. [16], Yin et al. [17], Cousture
et al. [18], and Lin et al. [19] reported that
calcium/magnesium carbonates could be used as
a main precursor for AACs. However, LS and
dolomite powders display noticeable reactivity
only during long-term ageing under a high
alkaline dosage or pressure. The low chemical
activity made LS reasonable to be used as a
secondary precursor in AAC based on the low
content of reactive calcined clays. Perez-Cortez et
al. designed an AAC based on metakaolin (MK)
and LS [20, 21]. The content of LS was as high as
80% in optimal formulation, molar ratios
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Na>O/ALO; and SiO2/AlLOs were 0.94 and 3.54
(4.7% Na,O respective to the mass of MK + LS).
The compressive strength (CS) of the designed
cement after 24 h of treatment at 60°C was
51.9 £ 0.7 MPa. The microstructure of the
hardened pastes was a dense matrix of reaction
products with partly reacted LS particles, and the
main reaction products were mixed calcium-
sodium aluminosilicate hydrogel (C, N)-A-S-H
with sodium aluminosilicate hydrogel N-A-S-H,
aluminium-substituted sodium aluminosilicate
hydrogel C-A-S-H, and calcium silicate hydrogel
C-S-H. The introduction of LS to sodium silicate-
activated MK decreased alkali component
consumption and changed the chemistry and
assemblage of the reaction products. The main
reaction products were the mixed gels of N-A-S-
H and (N-(C)-A-S-H) with 3D network structures
where Ca?" replaced Na® via an ion-exchange
mechanism. Authors stated that compared to
Portland cement, the optimal formulation emits
75.1% less CO,, consumes 41.1% less energy and
is 42.6% less expensive; while compared to the
AAC of 100% MK, the reductions were 51.6, 53.8
and 57.5%, respectively. Meanwhile, the
properties of the proposed fresh and hardened
AAC pastes were not comprehensively
investigated, only the CS of the hardened samples
was the focus.
The high cost and scarcity of the high-grade MK
clay deposits have intensified worldwide the
research on evaluating the potential of relatively
more abundant clay minerals including
montmorillonite  [17-20]. Meanwhile, the
literature lacks data on the feasibility results of
bentonite clay-limestone blends for the purpose of
one-part AACs production.

This research work focused on studying:

- The possibility of using calcined bentonite clay
as a primary precursor for one-part AAC with a
high content of LS,

- Studying the effects of influencing factors,
namely percentage of LS, dosage of alkali
reactant, and curing conditions on the
performance of fresh and hardened pastes, and

reaction products of one-part AACs obtained
from calcined montmorillonite and LS.

2. EXPERIMENTAL PROCEDURES

The commercial MK (d50= 15.2 pm),
metamontmorillonite (MM, thermally activated
bentonite clay at 800°C for 1 h, d50= 14.8 pm),
and LS (d50=9.5 pm), were applied in this study
to prepare the AAC paste samples. The chemical
compositions of the starting materials are listed in
Table 1. The mineral components (%) of raw and
calcined bentonite clay are montmorillonite (39),
quartz (15), albite (12), mica (11), clinochlore (8),
hornblende (7), microcline (6), and calcite (2)
(Fig. 1). Anhydrous solid sodium metasilicate
(SSM) Na2SiO3 was used as the alkali activator
in dry form.

The dry mixes of MM or MK with LS and SSM
were kneaded for approximately 10 min with
water. The fresh pastes were manually cast into
25 x 25 x 25 mm cubic moulds and vibrated for
1 min to remove entrapped air. The workability of
the fresh pastes was evaluated using flow-table
tests according to EN 1015-3. The water/binder
ratio was regulated to maintain constant
flowability ranging from 29.5 to 30.0 cm. The
fresh pastes were placed into a standard conical
ring, and free flow without jolting was allowed.
Two perpendicular diameters were determined,
and the mean value was recorded as the slump
flow. The initial and final setting times were
measured using the Vicat needle method
according to EN 196-3. The determined values
are the averages of three samples. Two sets of
samples were then prepared for mechanical tests.
The compressive strength (CS) of hardened AAC
pastes was tested after steam curing, following a
thermal curing program of 24 h of presetting, 4 h
to reach the desired temperature, 12 h of dwell
time at 80°C, and 3 h of cooling. Mechanical tests
were conducted by applying a vertical load
between the two parallel surfaces during casting.
Each CS determination quoted was based on the
average of six measurements from the same cast.

Table 1. Chemical composition of starting materials

Starting Component (mass % as oxide)
material SiO, | ALO; | Fe,O3 CaO Na,O K,O MgO other oxides | LOI
Bentonite clay | 53.97 | 20.13 | 5.84 1.88 0.35 - 2.44 6.25 9.14
Metakaolin 532 | 43.0 2.2 - - - - - 1.6
Limestone 1426 | 2.44 1.11 43.31 0.38 0.51 0.84 5.77 31.38
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Fig. 1. X-ray diffraction patterns of raw and calcined bentonite clay

X-ray diffraction (XRD) and thermal analyses
(TG/DSC) were conducted on ground clays and
AAC-hardened pastes. The XRD results were
obtained using a D2 Phaser X-ray diffractometer
in a Bragg-Brentano 6— 20 configuration with Cu
Ka radiation operating at 40 kV and 30 mA. Data
analysis was performed using the DIFFRAC plus
Evaluation Package EVA Search/Match and PDF-
2 ICDD database. The mineralogical composition
of the clays was determined by analyzing the
X-ray diffractograms of the software product
Diffrac.eva V3.2. An STA 443 F3 Jupiter
simultaneous thermal analysis apparatus was used
for the TG/DSC. The clays and hardened AAC
pastes were heated from 30°C to 1000°C at a
heating rate of 10°C/min. The data were analyzed
using Netzsch Proteus Thermal Analysis
software. Scanning electron microscopy (SEM,;
FEI XL-30ESEM) was performed at an
accelerating voltage of 20 keV.

3. RESULTS AND DISCUSSION

3.1. Properties of Fresh and Hardened AAC
Pastes Based on MK or MM and LSP

Fig. 2(a) presents the CS results of the samples

based on the one-part MM-LS and MK-LS.

According to the obtained results, the CS of
samples based on both MK and MM is highest
when the LS content is in the range of 70— 80%,
which agrees with the results of Perez-Cortez et
al. [20, 21]. An increase of the SSM percentage
from 5 to 10% logically positively affects the
CS by ensuring higher completeness of the
reaction process between precursor and alkali
components. However, the CS values of optimal
formulations were lower than those obtained by
Perez-Cortez et al. [20, 21]. This can be explained
by the differences in curing conditions. Curing of
the samples at ambient temperature was very slow
and resulted in 28 d CS of hardened pastes up to
7.7-10.2 MPa which is consistent with results
summarized by Liew et al. [22]. The weak
mechanical performance of the samples cured at
ambient temperatures is also attributed not only to
the slow formation of geopolymer structure but
also poor chemical activity of LS. Steam curing
significantly intensifies the transformation
process of precursors-alkali reactant into binder
gel. As a result, steam-cured AAC samples are
superior in CS to cured at ambient temperature

hardened pastes.
&
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Fig. 2. The influence of the quantity of LS, curing conditions, and SSM dosage on the properties of the MM - and
MK-LS hardened (a), fresh MM-LS (SSM - 10% by Na20) (b) AAC pastes

The improvement in CS followed by an increase
in LS replacement up to 70-80% is probably
attributed to several reasons: (i) the filler effect of
LS provides better packing density of precursors
particles; (ii) an increase in the SSM/reactive
phase ratio at higher LS dosages against the
backdrop of poor chemical activity of LS
intensifies the transformation process pace of
reactive phase of calcined clays and alkali
reactant into binder gel. It is supposed the
SSM/reactive phase ratio reaches optimal value
for the formation of the continuous mineral
matrix with CS and in a volume sufficient to
solidify the high content of LS. The CS values of
MK-based samples are slightly higher compared
to those for MM-based ones which is attributed to
the structural differences causing lower reactivity
of MM compared to MK. The drastic changes in
the CS of the hardened pastes with a percentage
LS of more than 80% are probably also explained
by the interruption of the continuity of the
geopolymer mineral matrix accompanied by a
slow reactivity of LS.

The replacement of MM by LS due to its dilution
effect decreased the water/binder ratio from 0.7 to
0.55. The setting of the fresh paste shortened
setting times - initial from 44 to 16 min, and the
final from 69 to 32 min (Fig. 2b).

o B

3.2. Reaction Products and Microstructure of
Hardened Pastes

The results of the X-ray diffraction, thermal, and
SEM/EDS analyses are shown in Figs. 3 and 4,
performed for the optimal formulations of AAC
hardened pastes based on MM and MK
incorporated with 80% limestone and activated by
SSM (10% by NaxO).

According to XRD results, the main reaction
product of hardened pastes both derived from MK
and MM, based on the amorphous hump which is
centralized between 26 and 29°20, is a gel-like
product, indicating the  formation of
aluminosilicate binder gel, along with relic
unreacted quartz, mica, and calcite.

The binder hydrate gel formation is also
supported by results obtained through thermal
and SEM/EDS analyses. The water loss of
4.52% detected in the area of 50-175°C reflects
water evaporation and dehydration from the
gel reaction product. The same character of
X-ray diffractograms for MM and MK-based
samples suggests the formation of N-A-S-H and
N-(C)-A-S-H mixed gels as it was stated for
sodium = silicate-activated MK-LS cement
systems. This is also supported by results
obtained through thermal and SEM/EDS
analyses. The almost equal total mass loss values
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as well as those in the area of 50-175°C for MM-
and MK-LS samples, which reflect water
evaporation and dehydration from the gel reaction
product, can be considered as an indicator of the

nearly equal amounts of binder gels formed in
both systems. However, the reactive phase
composition in MM-LS system requires further
more detailed investigation.
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Fig. 3. X-ray diffractograms (a) and thermal analyses (TG/DSC) (b) of hardened pastes
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4. CONCLUSIONS

The results of comparative studies on MM and
MK as a primary precursors in one-part AACs
incorporated with high percentage of LS are
presented in this study. Thermally activated at
800°C bentonite clay at content of clay minerals
39% can be used in combination with LS for one-
part AAC production. The incorporation of LS
into AACs based on MM decreased water
demand, shortened setting times, and improved
mechanical performance. Optimal formulations
consisted of 20- 30% of MM and 70- 80% LS had
a CS up to 32 MPa. The effect of LS on the
properties of fresh AAC pastes was based on the
dilution effect. The strengthening effect of LS was
based on filler, nucleation, and chemical effects.
The increase of alkali reactant content from
5 to 10% by NaO, and curing at elevated
temperatures  improved the  mechanical
performance of proposed SSM-activated MM-
limestone cements.

In the designed AAC based on the binary
precursor calcined clay-LS, calcined clay is the
main reactive precursor that forms a mineral
matrix in the form of sodium aluminosilicate
hydrate gel N-A-S-H, whereas calcium carbonate
is a much less reactive secondary precursor that
modifies the main binder gel by forming sodium
(calcium) aluminosilicate hydrate gel N-(C)-A-S-
H. An intermixed mineral matrix consisting of
N-A-S-H and N—(C)-A-S-H gels binds the LS
particles by forming a consolidated material. The
effect of LS on the properties of fresh AAC pastes
which manifests in water demand and setting
times of blended fresh AAC paste reduce was
based on the dilution effect. The strengthening
effect of LS was based on filler, nucleation, and
chemical effects.

High content of raw LS contributes to low energy
consumption of the proposed AACs. Presented
results contribute to the further expanding of the
raw materials base for sustainable cements.
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