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ARTICLE INFO ABSTRACT

Keywords: The expanding raw materials base is one of the drivers for the further development of inorganic binders, in-
Kaolinite cluding alkali-activated cements. This research focuses on studying marl with a high calcite/aluminosilicates
Marl ratio as a geopolymer precursor, and limestone as a mineral addition to this geopolymer. The calcination of marl
;‘;Sﬁ:’:é‘:‘;ire at 800 °C resulting in the formation of reactive Si, Al, and Ca due to the dehydroxylation of clay minerals and

Mechanical properties

decarbonation of calcite makes marl suitable for use as a geopolymer precursor. Calcined marl activated with
sodium silicate and cured at ambient temperature had a 28-day compressive strength of 34 MPa. When in-

corporated with 50% limestone, the compressive strength became 39.2 MPa. XRD, TG/DSC, FTIR, optical and
SEM have been used to investigate the reaction products, as well as the microstructure of the geopolymer

hardened pastes.

1. Introduction

Geopolymerization, as a non-fire or low-temperature production
method of binders based on various natural and technogenic alumino-
silicate materials that are not inferior to the properties of Portland ce-
ment, increasingly appeals both in theory and practice [1,2]. Progress
in this area is also driven by the constant expansion of the raw material
base and the possibilities of using a wide range of both natural and
waste aluminosilicate materials [3,4]. The use of different aluminosi-
licate precursors and ways to improve the performance of the geopo-
lymers based on them through the introduction of chemical additives
and mineral additions are also being researched and developed [5-8].

The increasing importance of thermally activated clays as supple-
mentary cementitious materials for Portland cement [9-13] and as
precursors for alkali-activated materials [1,2] should be noted. The
most valuable clay for both Portland cement-based and alkali-activated
cements is metakaolin, which is produced by heating kaolin clays.
However, the scarcity of their reserves and the associated high costs
have led to research in different countries involving feasibility studies
on the use of the more common low-grade kaolin clays and other clays
consisting of different minerals [14-18] including calcined marl [19].
Many studies stated the possibility of transforming a wide range of clays

or natural and synthetic aluminosilicates like the smectite and the
smectite/illite-types of clays [20,21], 16 aluminosilicate minerals with
different structures and compositions (albite, illite, sillimanite, anda-
lusite, and others) [22,23], halloysite [24], feldspars [17], etc. into
alkali-activated cements. The mechanical performance of the alkaline
cements obtained with common clay and feldspar is lower as a rule than
that of the cements synthesized from fly ash or metakaolin (MK) [1].

The combination of calcined clays with calcium aluminosilicates
(high-calcium fly ash, or slag) [25-30] and fillers is an effective way to
reduce the dependence on aluminosilicate clay sources and manage the
macro-, micro-, and nanostructures, as well as the technological and
physical and technical characteristics of such blended activated sys-
tems.

One of the most used mineral additions, both for the blended
Portland cements and non-clinker cements, is limestone [31-44]. In the
case of alkali-activated cements, a combination of aluminosilicate
precursors with physically or chemically active supplementary mate-
rials or with materials that are both physically and chemically active is
effective because alkali activation allows not only the production of
alkali-activated cements of superior technical efficiency in matrices, but
also allows for an effective interaction between the alkali-activated
cement paste and the fillers, as well as compatibility with mineral
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blending materials of various compositions and structures [6].

As to MK and limestone LS, several studies have been conducted on
the beneficial results of their combination.

According to Yip's study [44], the introduction of 20 wt%. of calcite
into MK activated by a sodium silicate solution (SiO5/Na,O ratio of
1.2:2) is found to improve the mechanical strength of the geopolymer.
The authors explained that the results obtained were due to the con-
tributions of the calcium and magnesium ions to the increased adhesion
between the particles and the polymeric gel. However, the contribution
of these ions in the polymerization process wasn't found to be sig-
nificant.

In a study of the MK-LS-NaOH system, Cwirzen [36] stated that the
presence of LS enhances the release of Al and Si ions from MK. The
amount of leached Ca was generally low in all cases, independent of the
LS/MK ratio. The concentration of dissolved calcium decreased with
time probably due to solution saturation effects and a reduction in the
solubility of Ca as the dissolved Si concentration increased. From these
data, it was concluded that a small amount of Ca released from LS at an
early stage hindered the initial release of Al and Si from MK. However,
the authors believe that the actual mechanism is more complex, and
involves a complexation and reprecipitation/gel formation process ra-
ther than direct hindrance. The newly formed precipitates may be
forming on the unreacted particle surfaces, thus creating a degree of
hindrance, but this is likely to be a secondary effect. Later, when the
dissolved Ca concentration is lower, the release of Al and Si increases.
The main alkali-activation product in the investigated pastes is a geo-
polymer gel with inclusions of unreacted MK, LS particles, zeolite A,
and calcium aluminate monosulphates, with different zeolites such as
faujasite-like and hydrosodalite phases also identified at higher reaction
temperatures. The replacement of MK by 50% LS increased the strength
of the hardened paste from 4 to 5 MPa at a curing temperature of 20 °C
and from 5 to 7 MPa at a curing temperature of 80 °C.

Aboulayt [45] found that a highly basic environment does not
promote the dissolution of calcite, the latter acts as an inert filler in
replacing MK. Low amounts of Ca>* ions in the initial mixture do not
cause variations in the activation energy.

Qian and Song [46] reported that the addition of up to 10% LS to
MK activated by potassium hydroxide improved the mechanical prop-
erties and the workability of the fresh geopolymer. The authors at-
tributed this to the formation of a more compact structure and a better
particle size distribution and refer to it as the “filler effect”.

This research aims to study the properties, the reaction products and
the microstructure of a sodium silicate activated geopolymer based on
calcined marl (CM) with a high calcite/clay minerals ratio that also
incorporates LS.

2. Experimental details
2.1. Materials

The marl and LS used in this study were obtained from deposits
from the Republic of Tatarstan (Russian Federation). The marl had the
following mineral composition (wt%): kaolinite — 3.45%, montmor-
illonite — 6.45%, clinochlore — 1.12%, calcite — 57.08%, quartz —
12.58%, orthoclase — 8.42%, muscovite — 6.37%, gypsum — 4.57%,
amorphous phase — 34%. The LS had the following mineral composition

Table 1
Chemical composition of starting materials.
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Fig. 1. Particle size distribution of the raw materials measured by laser gran-
ulometry.

(wt%): calcite — 90%, quartz — 9%, albite — 1%. The chemical compo-
sitions of the starting materials are shown in Table 1, and the details of
the size distributions are given in Fig. 1. The specific surface area of
marl was 5000 cm?/g, and that of limestone was 3700 cm?/g (Blaine).
SEM images of the marl are shown in Fig. 2.

The alkaline activator commercial hydrous sodium metasilicate
Na,SiO3-5H,0 (NSHs5) was obtained from Meterra (Russian Federation),
the molar ratio of silica to sodium (M = SiO,/Nay0) is 1.

2.2. Methods

The marl was calcined at 600, 700, and 800 °C using heating rates of
1.7, 2.5 and 3.3 °C/min, respectively. A dwell time of 3 h was used.

The starting materials were milled in a MPL-1 laboratory planetary
mill.

The NSH5 solution was obtained by dissolving NSHs in deionized
water and cooling down to room temperature during 24 h prior to use.

The reference sample was prepared by 2min mixing of CM and
NSHs solution. The mixed compositions of CM and LS were dry-pre-
mixed for 2 min, the NSHj solution was then added and the pastes were
mixed for a further 2 min. Mixture proportions of the pastes are pre-
sented in Table 2. A liquid/solid ratio of 0.4-45 provided a workable
and appropriate flowability of the fresh pastes and decreased with the
increase of the LS content. The geopolymer paste samples were pre-
pared in cubic moulds (2 X 2 x 2cm) for compressive strength tests
and then demoulded after two days. The cubes were stored in sealed
plastic bags in a chamber at room temperature and 98% relative hu-
midity for 28 days. Compression tests were performed by applying a
load between the two surfaces that were vertical during casting. Each
strength determination quoted is based on an average of six measure-
ments from the same cast.

Calorimetry experiments were carried out using a “Thermochron”
measuring device. The pastes were mixed externally, placed in sealed
glass ampoules, and loaded into the calorimeter. The time elapsed be-
tween the addition of the activating solution to the powder and the
loading of the paste into the calorimeter was approximately 3—-4 min.
The tests were run for 24 h.

Starting material Component (mass % as oxide)

Sio, CaO Al,O, MgO MnO Fe,05 TiO, Na,O K,0 P,Os SO, CO, LOI
Raw marl 40.30 40.00 9.04 0.82 - 4.40 0.41 0.51 0.93 0.40 0.05 - 3.55
Calcined marl 40.56 40.26 9.3 1.08 - 4.66 0.67 0.77 1.19 0.66 0.31 - 0.60
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Fig. 2. SEM images of the marl: a) particle of the marl, b),c) kaolinite, d) mica.

Table 2
Mixture proportions of pastes.

Sample Unit weight (g)

CM LS NSHs Deionized water
CM 100 1000 - 501 450
CM75/1S25 750 250 501 430
CM50/LS50 500 500 501 400

X-ray diffraction (XRD) and thermal analyses (TG/DSC) were per-
formed on crushed samples that had been aged for 28 days. The XRD
data were collected using a D2 Phaser X-ray diffractometer in a Bragg-
Brentano 6-26 configuration with a CuKa radiation, operating at 40 kV
and 30 mA. The data analysis was performed using the DIFFRAC plus
Evaluation Package EVA Search/Match and the PDF-2 ICDD database.
The content of amorphous phase in RM and CM was estimated by
analyzing the X-ray diffractograms in the software product Diffrac.eva
V3.2. An STA 443 F3 Jupiter simultaneous thermal analysis apparatus
was used for TG/DSC. The samples were heated from 30 °C to 1000 °C at
a heating rate of 10°C/min. The data was analysed using Netzsch
Proteus Thermal Analysis.

FTIR spectra were recorded using a Spectrum 65 (Perkin-Elmer)
ranging from 4000 to 650 cm ™.

After 28 days of curing, the fragments of the selected samples for
optical and scanning electron microscopy (SEM; Merlin of CARL ZEISS)
observations were prepared by embedding them in an epoxy resin,
followed by polishing, and carbon coating.

3. Results and discussion
3.1. Materials characterization

To determine the optimal calcination temperature and alkali con-
centration for the marl-based geopolymer, we performed preliminary

studies on the influence of calcination temperature at 600, 700 and
800 °C for the alkali activator concentrations of 5, 10, and 15% re-
spectively (by Na,O by dry weight of starting materials) on the strength
of the CM-based geopolymer. It was found that a compressive strength
no lower than 30 MPa may be obtained when the calcination tem-
perature of the marl was 800 °C and the concentration of NSHs was 15%
(by Na,0). These starting parameters have been accepted in this study.

Figs. 3 and 4 show the X-rays and thermal analyses of the raw marl
(RM) and CM. Mineral compositions of RM and CM are presented in
Table 3. X-ray analysis of RM shows that it consists of kaolinite, mon-
tmorillonite, clinochlore, calcite, quartz, orthoclase, muscovite,
gypsum. The calcination of RM results in decomposition and the dis-
appearance of the peaks assigned to gypsum, and clay minerals (mon-
tmorillonite, kaolinite, and clinochlore), and the appearance of anhy-
drite and larnite. Thermal treatment of montmorillonite, kaolinite, and
clinochlore leads to their decomposition to an amorphous phase. The
increase of the amorphous phase in CM compared to RM is also evident
from Fig. 3 and it is approximately from 61 to 34%, respectively.

The thermal analysis for RM, Fig. 4, shows endothermic peaks at
45°C - loss of adsorbed water, 120 °C - loss of crystallization water by
montmorillonite and gypsum, 510 °C - dehydroxylation of kaolinite,
760 °C - dehydroxylation of kaolinite and decarbonation of calcite,
exothermic peaks at 780 °C, 870 °C, 920 °C and 970 °C - calcium silicate
(larnite) formation. The highest mass loss is detected at a temperatures
range 630-780 °C — 19.31%, and total mass loss is 26.99%. The thermal
analysis for CM, Fig. 4, show endothermic peaks at 200 °C, 370 °C and
450 °C - further dehydroxylation of residual clay minerals, 620 °C -
decarbonation of calcite, exothermic peaks at 890 °C, 960 °C - larnite
formation. Total mass loss of CM is 2.29%.

Fig. 5 shows the infrared spectroscopic results for RM, CM, and LS.
The bands at 1415, 1417cm ™", 712, 871cm™", 2530, 1800cm ™,
which are observed in the spectra of all materials, are attributed to
calcium carbonates [47-51]. The 3620 and 912 bands are related to
OH— and Al-OH, respectively [52,53]. The appearance of the
1003cm ™! band on the CM spectra indicates a change in the Si
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Fig. 4. Thermal analyses (TG/DSC) of RM and CM.

environment after calcination and is due to metakaolinite [53,54].

3.2. Mechanical properties

The influence of the quantity of LS on the 28-day compressive
strength of the hardened geopolymer paste is shown in Fig. 6. As can be
seen from the above data, the introduction of up to 50% LS leads to an
improvement in compressive strength from 34 to 39.2 MPa. Further
replacement of CM by LS notably deteriorates the strength of the har-
dened paste.

These data are in agreement with Cwirzen's study [36], wherein MK
was replaced by 30 and 50 wt% LS; it was found that this slightly in-
creased the 28 day compressive strength values in the case of 50 wt%
replacement when a 5M NaOH activator was used.

3.3. Heat release

Fig. 7 depicts the progress of the reactions of a fresh geopolymer
paste based on CM and that incorporated with 25 and 50% LS. As can
be seen, the pastes are characterized by two peaks. Thus, our results in
terms of the two peaks are in agreement with the study of Rahier [54].
The first peak is attributed to the dissolution of the aluminosilicate
precursor and the second one to the polymerization process. The pre-
sented results show that incorporating LS into the CM-based geopo-
lymer causes delays in the reactions in the CM-NSHs system propor-
tional to the LS content. The introduction of 25% LS into the CM-based
geopolymer reduces the temperature of the first peak from 26 to
25.5 °C, and shifts its appearance from 20 to 30 min (reference sample
CM100) to 30-70 min; it also reduces the temperature corresponding to
the second peak from 28 to 26°C and shifts its appearance from
310 min (reference sample CM100) to 400-660 min. For the CM50/
LS50- NSHs system there was only one registered peak at a temperature
of 25.5°C at 50-120 min.
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Table 3
Mineral compositions of RM and CM.
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Kaolinite Al,Si>O5(OH)4
Montmorillonite Nag 3(AIMg),Si4010(OH)26H,0
Clinochlore (Mgz osFe; ssFeo.136Al1.275)
(Sl 2.622A11.376010)(OH)8
Calcite CaCO3
Quartz SiO,
Orthoclase KAISi3Og
Muscovite KAl,SizAlO;o(OH),

Calcite CaCO3
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3.4. The influence of LS on the composition of hydration products and
microstructure of hardened pastes

3.4.1. X-ray diffraction

The XRD patterns of the samples of hardened pastes of 100% CM
(CM100), 50% LS content (CM50/LS50), and 75% LS content (CM25/
LS75) are presented in Fig. 8. In the CM25/LS75 and CM50/LS50
samples, calcite and quartz are identified. In the sample CM100, larnite
and orthoclase are also detected.

3.4.2. Thermal analysis

Figs. 9 and 10 show the results of TG/DSC. An analysis of these
figures shows endothermic peaks on the thermal analysis curves. The
first endothermic peak is in the range 50-150 °C, and is attributed to the
presence of the N-A-S-H and/or C-A-S-H gels and the loss of evaporable
water from the binder gels [36]. The CM100, CM50/LS50, and CM25/
LS75 samples lose about 5.96, 9.19, and 1.89% of their mass, respec-
tively in this temperature range. The second peak is in the 630-730 °C
range for the CM100 sample, 640-750 °C range for the CM50/LS50
sample, and 650-780 °C range for the CM25/LS75 sample, while the
associated mass losses are 10.38, 12.04, and 22.16%, respectively. This
second endothermic peak is related to the decarbonation of calcite, and
the mass loss increases with the increase of LS content in CM-based
geopolymers.

3.4.3. FTIR analysis

Fig. 11 shows the infrared spectroscopic results. As can be seen from
Fig. 11, the band related to metakaolinite (1003 cm™!) disappeared,
which indicates that metakaolinite was involved in the geopolymer-
ization reactions. Along with the bands which are distinctive to calcite
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Fig. 6. Effect of LS content on 28-day compressive strength of the hardened
pastes.

for the CM100, CM50/LS50, and CM25/LS75 samples the following
structural characteristics are detected:

- the 3391, 3383, and 3389 cm ™! bands, representing the stretching
and the deformation vibrations of OH— and H—O—H, and can be
related to the atmospheric and bound water in the geopolymer gel
[48,551,

- the 1648 cm ™! band, which is related to the bending vibrations
(H-O—H) and is distinctive for polymeric structures, including

1415-1417

1800
1003
913
871
712

calcined marl

limestone

%T

4000 3500 3000 2500

cm-1

2000 1000 600

Fig. 5. FTIR spectra of RM, CM, and LS.
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(T = Si or Al) asymmetric stretching vibrations and can be attrib-

uted to both N-A-S-H and C-A-S-H [57-59].

3.4.4. Analysis of the hardened pastes — optical microscopy, SEM
Figs. 12 and 13 show the results of optical microscopy, and Fig. 14 50 200 3% vy =% %0 . v o0

reveals the results of SEM. As can be seen, there is a good interaction in Temperature, °C

the transitional zone between the CM-based matrix and the LS particles.

This observation is in agreement with the previous studies which found

satisfactory surface binding between the LS powder and alkali-activated

inorganic matrices [36,60].

Fig. 9. DSC analysis of hardened pastes.

3.5. The formation of the CM-LS-NSH; system

Analysis of the presented experimental procedure allows us to as-
sume the mechanism of formation described below for the CM-LS-NSH5
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system. The RM is characterized by low content of aluminosilicates
(25.77%), which are considered as geopolymer precursors including the
most promising constituents — kaolinite (3.45%) and montmorillonite
(6.41%). At the same time, many studies have proved that the pre-
dominant constituents of marl calcite and quartz demonstrate good
compatibility =~ with the geopolymer-based mineral matrix
[36,45,61-63]. Thus, RM consists of aluminosilicate constituents which
are able to form an alkali aluminosilicate gel after calcination, as well
as “inert” calcium carbonate and silica-based constituents which are
compatible with that binder gel. However, as has been mentioned in
Sec. 2.2, a good strength of the CM-based geopolymer was obtained
only after calcination at a temperature of 800 °C. This is because, as the
thermal analysis (Fig. 3) of RM showed, the temperatures of kaolinite
dehydroxylation are 510 and 760 °C respectively. Moreover, it can be
concluded from thermal analysis which demonstrate that the highest
mass loss caused by partial calcite decarbonation and kaolinite dehy-
droxylation and occurs in range 630-780 °C — 19.31% (whereas total
mass loss is 26.99%) of raw marl that along with dehydroxylated alu-
minosilicates the strength formation process of geopolymer is also
supported by CaO. We also concluded that the marl of a given chemical-
mineralogical composition after calcination at temperatures 600 and
700 °C and through the use of an alkali activator can be considered as a
precursor for a geopolymer with a compressive strength lower than
30MPa. A higher compressive strength may be obtained by using
higher calcination temperatures leading to the formation of reactive Ca,
which is a key contributor to the formation of hydrous calcium silicates.
Many studies mentioned the coexistence of the N-A-S-H and C-A-S-H
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Fig. 12. Optical microscopy of the hardened paste based on CM100.

Fig. 13. Optical microscopy of the hardened paste based on CM50/LS50.
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binder gels in blended activated systems incorporated with the Ca-
source [64-67]. The mechanism of effective coexistence of the different
binder gels is explained by the C-A-S-H-gel filling the pores and voids in
the geopolymer network like a microaggregate, as well as by the gel
bridging the gaps between the different reaction products and un-
reacted particles [67]. Based on presented data of DSC/TG, FTIR, and
microscopy analyses alkali activation of calcined at 800 °C marl con-
taining reactive Ca, Si, Al by NSHs with high probability results in
formation of mixed N-A-S-H/C-A-S-H gel which binds particles of cal-
cite and quartz. C-A-S-H may be formed not only through the reaction
of calcined aluminosilicates with the reactive Ca and NSH5s but also
through the hydration of larnite. Relict calcite appears on the X-ray
diffractograms, but calcite may be also newly formed as a result of the
carbonization of CaO.

The incorporation of up to 50% calcium carbonate in replacing
calcined marl delays the reactions in blended activated systems because
of the reduction of the reactive phase. The incorporation of calcium
carbonate also improves the compressive strength of the CM-geopo-
lymer, which is consistent with the findings of several studies
[36,44,46]. Any further increase in the LS content deteriorates the
compressive strength of the hardened pastes. In this study, the specific
surface area of the LS was lower (3700 cm?/g) than that of the CM
(5000 cm?/g). This suggests that there is potential for further strength
improvement by increasing the fineness of the LS [6,40]. The reasons
for the compatibility between the CM-based matrix and the LS powder
resulting in a high content of mineral addition added in the geopolymer
and beneficial effects on the compressive strength of the hardened in-
organic matrix are as follows.

- The incorporation of the LS powder increases the amount of binder
aluminosilicate gels such that it can (i) slightly dissolve in the liquid
phase of the fresh geopolymer paste, (ii) enhance the release of Al
and Si ions from the aluminosilicate precursor, (iii) increase the
effectiveness of the activator/aluminosilicate ratio, (iv) act as

nucleation sites for the reaction products [60,68,69]. The higher
amount of binder gels in the CM-based pastes mixed with 50% LS is
supported by the DSC/TG analyses (Fig. 9), which demonstrated
that the sample with 50% LS powder (CM50/LS50) has the highest
mass loss of 9.19%, caused by the loss of evaporable water from the
binder gels compared to the CM100 sample where the mass loss was
5.96%, and the CM25/LS75 sample with a mass loss of 1.89% in the
50-150 °C temperature range.

The incorporation of LS powder positively affects the porosity of the
hardened activated mixed systems, which is one of the contributing
factors in the relationship between the macro- and microstructures
and the compressive strength of hardened blended systems [6]. This
has been confirmed by compressive strength tests.

The vivid adhesion between the geopolymer matrix and the LS
particles is based not only on the alkali-activation but on the che-
mical-mineralogical affinity of LS and CM [6,40,44]. This is sup-
ported by the compressive strength tests and is evident from the
optical and SEM microscopy test results (Figs. 12-14).

Regarding the optimal CM/LS ratio, CM mixed with 50% LS con-
tains sufficient reactive constituents for the formation of sufficient
amounts of binding aluminosilicate gels. The increase in the LS
content breaks the chemical equilibrium between the reactive Si, Al,
Ca and NSHs; it reduces the amount of gels and the compressive
strength of the hardened samples with more than 50% of LS in-
corporated. This is confirmed by the results of DSC/TG (Figs. 9 and
10) and FTIR (Fig. 11).

4. Conclusion

The objectives of this research were the study of calcined marl with
high calcite/aluminosilicates as a precursor for geopolymers, and that
of geopolymers incorporated with limestone. It was found that after
calcinating marl at 800 °C in order to dehydroxylate the kaolinite and
decarbonate the calcite its amorphous phase increases almost twice,
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thus making it a good starting material for producing geopolymers with
a compressive strength higher than 30 MPa. The alkali activation of
marl calcined at 800 °C using hydrous sodium metasilicate (15% by
Na,O) followed by curing at room temperature results in a hardened
geopolymer paste with a 28-day compressive strength of 34 MPa. The
incorporation of up to 50% limestone, used to replace the calcined
marl, into the geopolymer increases the compressive strength of the
geopolymer up to 39.2 MPa. The reinforcing mechanism of the blended
activated system is based on the (i) chemical-mineralogical affinity and
good adhesion between the mineral matrix and limestone, (ii) increase
in binder gel amount, and (iii) improvement in the structure of the
hardened paste. The main reaction products of the hardened geopo-
lymer and the geopolymer paste incorporated with limestone are N-A-S-
H and C-A-S-H, relict marl, and limestone minerals.

These results contribute to the expanding of the raw materials base

of geopolymers and the scientific developments of blended activated
systems.
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