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Abstract

The use of fly ash as a precursor for geopolymer has been investigated during the last decades for
various applications. The aim of this research was to study the effect of nitrate on the formation and
evolution of fly ash-based geopolymers, in order to assess their applicability as waste immobilization
matrices. These may be of interest in order to treat waste streams from agricultural runoff and various
industries including the nuclear industry.

Fly ash was alkali-activated using NaOH solutions of various alkalinities, to which nitrates were added as
NaNO;. The samples were cured at 40T for different periods and characterized by X-Ray diffractometry,
Fourier transform mid-Infrared spectroscopy, scanning electron microscopy (SEM), and compressive
strength measurements.

The content of neo-formed crystalline phases in fly ash-based geopolymers was found to be lower than in
metakaolin-based systems studied previously. The nature of the minerals formed in nitrate-free samples
differed from those obtained in corresponding metakaolin-based geopolymers. Nevertheless, the
dominant phase formed in the presence of nitrate at sufficiently high alkalinity was nitrate-cancrinite, as
reported for metakaolin-based geopolymers, regardless of the type of fly-ash used. Although the presence
of nitrates was found to have a promoting effect on the geopolymerization process of metakaolin-based
geopolymers, it was found to inhibit the processes in fly-ash-based geopolymers.

The formation of crystalline phases in FA-based geopolymers suggests that these materials may be used
for immobilizing various hazardous species, while FA-based geopolymers containing the nitrate-
cancrinite can be considered as a promising candidate for immobilizing radionuclides from radioactive
wastes.

Statement Of Novelty

The economic and environmental benefits of using waste materials like fly ash for geopolymer
production as an immobilization matrix of toxic and nuclear waste played an important role in the
advancement of geopolymer research. Nevertheless, the geopolymerization process and phase evolution
within geopolymer matrices prepared using fly-ash as the sole silica and alumina source and activated
with waste solution simulants containing nitrates were not examined comprehensively. Nitrates are often
present in nuclear waste streams, in agricultural runoff waters, and in industrial waste streams. Therefore,
the aim of the present study was to investigate the effect of the nitrate ion on the formation and evolution
of fly ash-based geopolymer-zeolite composites, in order to assess their applicability as waste
immobilization matrices.

Introduction

Geopolymers are inorganic polymers prepared by alkaline activation of various alumino-silicate sources.
The alumino-silicates are initially hydrolyzed by the alkaline solution, and the resulting monomeric and
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oligomeric species eventually polymerize, yielding a 3-D network of tetrahedrally bonded silicate and
aluminate groups [1, 2]. While the chemical nature of geopolymers is similar to that of zeolites, their
overall porous semi-crystalline structure resembles that of classic cementitious materials. Various
alumino-silicate sources, including industrial by-products such as fly ash (FA) and slags, may be used as
raw materials for the preparation of geopolymers. The economic and environmental benefits of using
waste materials as the alumino-silicate source for geopolymer production played an important role in the
advancement of geopolymer research, which had traditionally focused on applications in the
construction industry [3]. Nevertheless, various other applications have also been proposed over the
years, including the potential use of geopolymer matrices for the immobilization of toxic and nuclear
waste [3-5].

The potential use of FA-based geopolymers as immobilization matrices for heavy metals and
radionuclides was previously studied by several research groups [6—11]. The negatively-charged alumina
groups within the alumino-silicate backbone of the geopolymer serve as cation binding sites, facilitating
theirimmobilization. More recent studies have shown that the formation of crystalline zeolite domains
within the amorphous geopolymer matrix further enhances the immobilization of metal cations [9, 11—
13]. Furthermore, the geopolymeric monolith serves as a strong and durable mechanical support for the
desired zeolites, which also facilitates their handling and serves as an additional barrier between the toxic
waste and the environment [10, 14].

Among the many factors influencing the structural evolution of these geopolymer-zeolite composites are
the nature of the alumino-silicate precursor, the alkalinity of the activation solution, transient SiO,:Al,04
ratios in the geopolymeric gel, the nature of the metal cation present and its content (expressed as
M,0:Al,04 ratio, M = metal cation), and curing temperature. The extent of zeolite formation within
geopolymer matrices is known to depend upon the SiO,:Al,05 ratio within the geopolymer mix. High
Si0,:Al,04 ratios generally lead to the formation of highly amorphous materials, whereas lower ratios are
more likely to result in the formation of crystalline zeolite domains embedded within the continuous
amorphous geopolymer phase [15, 16]. The formation of crystalline domains may also be enhanced by
higher metal cation content (M,0:Al,0g4 ratio [17]) and elevated curing temperatures [18], as well as by
post-curing heat treatment [19, 20].

The presence of different anionic species in the activating solution may also affect the rate of
geopolymerization processes within the geopolymer gel, thus affecting the structure and properties of the
resulting geopolymeric product. The introduction of nitrate or sulfate anions into the activating solution
was shown to alter the setting times of high-silica (Si0,:Al,05 ratio = 3.6) MK-based geopolymers [18].
Different trends were observed for Na-based and K-based geopolymers. We have previously reported
accelerated formation of the nitrate bearing crystalline phases nitrate-sodalite and nitrate cancrinite in
low-silica (SiO,:Al,05 =~ 2.0) MK-based geopolymers containing sodium nitrate [17]. Observations
regarding the impact of different anions on the mechanical properties of geopolymers also indicate
different trends for the different anions studied. In the abovementioned studies, the compressive strength
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of geopolymers was found to increase with increasing nitrate content [17, 18]. An increase in compressive
strength was also reported in the presence of carbonates in fly ash-kaolin based systems, while chlorides
were reported to have a negative impact on the compressive strength of the same systems [21]. A
decrease in compressive strength due to the presence of nitrate and sulfate anions was reported in slag-
based systems [22, 23].

The study presented here was aimed at investigating the effect of the nitrate ion on the evolution of
structure and properties of FA-based geopolymer-zeolite composites, in order to assess their applicability
as waste immobilization matrices. Nitrates are often present in nuclear waste streams, in agricultural
runoff waters, and in industrial waste streams from fertilizer and metal finishing industries, and are
considered an environmental hazard [24]. The geopolymerization process and phase evolution within
geopolymer matrices prepared using FA as the sole silica and alumina source activated with waste
solution simulants, were followed over three months. The results were compared to those obtained in our
previous study using metakaolin (MK), which is often used as a model alumino-silicate precursor due to
its low impurity content and high amorphous content which contributes to its reactivity [17].

Materials And Methods

Three different samples of fly-ash (FA) conforming to EN 450-1 specification for fly ash for concrete were
supplied by the “Orot Rabin” station, Israel Electric Company (IEC). The chemical composition of the
different ashes (Table 1) was determined using lithium metaborate fusion and ICP (lon Coupled Plasma)
analysis. The physical properties are presented in Table 2. The density was measured using the Le
Chatelier method (EN 196-6), the particle distribution by volume was determined by dispersion in water
using Mastersizer 2000 (Malvern), and the pozzolanity (activity index) was measured using EN 450-1.

Table 1
Chemical composition of raw fly ashes

Oxides, weight (%) LOJ®

S|02 AI203 F9203 Ca0 T|02 MgO Na20 K20 P205 SO3

FFA1 40.5 294 3.6 9.4 1.5 2.2 0.3 0.8 1.8 0.4 6.0%
FFA2 56.3 221 6.0 7.7 1.0 1.6 1.5 1.3 0.2 0.8 1.2%
FFA3 59.9 224 6.4 3.1 1.1 1.3 0.6 1.3 0.6 0.5 2.4%

4 LOI: loss on ignition, 950°C, EN 450-1
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Table 2
Physical characterization of raw fly ashes

BET Density Particle size distribution Pozzolanity
[m?/q] [g/cm?] Jum
D10 D50 D90 7days 28days 90 days
FA1T 15.0 214 2.94 16.12 69.18 70% 79% 82%
FA2 n/a 2.21 213 17.99 75.72 72% 92% 98%
FA3 n/a 2.23 4.39 25.21 106.15 64% 73% 82%

2.1 Preparation of geopolymers

Geopolymers were prepared from fly ashes described above using either nitrate-free or nitrate-bearing
activation solutions similar to those used in our previous studies [12, 13, 17]. The activation solution
compositions and mix formulations are presented in Table 3.

Nitrate-free formulations were prepared using NaOH solutions of varying alkalinity, which are denoted by
their H,0:0H™ molar ratios (dilution factor = d) of 5.50, 9.15, 13.75, and 27.50, corresponding to
approximately 9M, 5.5M, 4M, and 2M NaOH, respectively. The solid:solution ratios of samples prepared
from FA1 were adjusted to obtain Na,0:Al,05 ratio of 0.84, 1.00, and 1.20. Na,0:Al,04 ratio of 1.00 was

kept when preparing samples from FA2 and FA3, which were examined only at d= 5.50.

Sodium nitrate was added to the previously described activating solutions to obtain nitrate-bearing
samples. The nitrate content of each of these solutions was denoted by the NO;:0H™ (NaNO3:NaOH)
molar ratio. Three nitrate-bearing activating solutions were prepared from the most alkaline solution
NaOH solutions (d=5.50) with NO;:OH™ molar ratios of 0.10, 0.25, and 0.30, thus yielding Na,0:Al,04
ratios of 1.10, 1.25, and 1.30 respectively. Activating solutions of lower alkalinity were prepared with
NO;™:OH ratios of 0.25 and 0.40 (Na,0:Al,04 ratio of 1.25 and 1.40 respectively) in the case of d=9.15,
and with NO;™:0OH molar ratio of 0.25 (Na,0:Al, 04 ratio of 1.25) for d=13.75 and d=27.50. Here again,

the dilution factor used for the nitrate-bearing geopolymer formulations was kept at the same value as
their respective reference formulations, resulting in higher Na,0:Al,04 ratios, as specified in Table 3.

FA was mixed manually with the activation solution at ambient temperature for 15 minutes. The samples
were cast into polypropylene containers (50 ml test-tubes, 26.5 mm diameter), properly sealed and cured
at 40C + 3 for periods ranging from 1 day to 3 months.
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Table 3

Activation solution compositions and mix formulations in terms of molar ratios

Sample name

FA1-5.50d-ON

FA2-5.50d-ON
FA3-5.50d-ON
FA1-9.15d-ON
FA1-13.75d-ON

FA1-27.50d-0N
FA1-5.50d-1.0N
FA1-5.50d-2.5N

FA1-5.50d-3.0N
FA2-5.50d-2.5N
FA3-5.50d-2.5N
FA1-9.15d-1.4N
FA1-9.15d-4.0N
FA1-13.75d-1N

FA1-27.50d-0.5N

Activation solutions

H,0 : OH, d

5.50

9.15

13.75

27.50
5.50

9.15

13.75

27.50

NO;:

0

0.10
0.25

0.30

0.25

0.25

0.40
0.25

0.25

Mix formulations

OH N320: AI203

1.00
1.20
0.84
1.00
1.00
1.00
1.00
1.20
0.84
1.00
1.10
1.25
1.50
1.04
1.30
1.25
1.25
1.25
1.40
1.25
1.50
1.04
1.25

NO3:A|203

0

0.17
0.50
0.60
0.42
0.62
0.50

0.50
0.80
0.50
0.60
0.42
0.50

H,0:FA [g/d]

0.57
0.67
0.48
0.43
0.43
0.95
1.42
1.70
1.19
2.85
0.57
0.57
0.67
0.48
0.57
0.43
0.43
0.95
0.95
1.42
1.70
1.19
2.85

2.2 Characterization techniques
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Samples for XRD (X-Ray diffractometry) and FTIR (Fourier Transform Mid-Infrared spectroscopy) were
ground manually using a mortar and pestle. XRD measurements were carried out using the ground
samples with no additional treatment. FTIR samples were prepared by pressing a mixture of 2—5 mg
ground sample with 100 mg dry KBr into pellets. Samples of the various raw materials were prepared in a
similar manner.

The XRD analysis of FA1-based samples was conducted using a SIEMENS D5000 diffractometer using
CuK, radiation at 20 kV, 5 mA, and a scanning rate of 0.9 ' min~ 1, while PanAnalytical Empyrean Powder

diffractometer with CuK, radiation at 40 kV, 30 mA, and a scanning rate of 0.49°/min was used for FA2-
and FA3-based samples. In both cases measurements were conducted from 26 =5 to 26 =80". Data in
the range of 26 = 60™-80", which did not yield much information, were omitted from the presentation for
the sake of clarity. FTIR spectra were collected in the range of 500-1500 cm™ ' using a BRUKER Vector 22
FTIR spectrometer with 2 cm™ resolution in transmittance mode.

Quantitative XRD analysis using the Rietveld method was performed for nitrate bearing samples (d=
9.15) cured for 1 month, using PowderCell program [25]. Atomic coordinates suggested for amorphous
silica [26] were used for simulating the diffraction due to the amorphous phase of the geopolymer.
Structural data for zeolites and feldspathoids were taken from Pearson's Crystal Structure Database for
Inorganic Compounds [27].

XRD spectra were normalized with respect to the mullite diffraction line at 26 = 16.37°. Mullite is present
in FA and remains unaltered throughout the geopolymerization process. Normalization of FTIR spectra
was carried out using the integrated intensity in the 900-1300 cm™ ! range of the spectrum, which is due
to the asymmetric stretching vibration of T-O-T (T = Al, Si) bonds. Table 4 summarizes the major
absorbance bands due to T-O, T-O-T, and N-O vibrations and their respective identification.

Compressive strength measurements were performed using sets of 3—5 replicate samples. Cylindrical
samples with a 26.5 mm diameter and height were obtained by cutting the monoliths extracted from the
polypropylene test-tubes to the appropriate height. Samples were polished and then dried for 24 hours in
an oven at 40C before testing on Amsler press 100 kN.

SEM (scanning electron microscopy) images were obtained using a Jeol 5300 scanning electron
microscope (SEM). Fracture surface specimens were observed after drying at 50°C for 24 hours and
coating with Au.
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Table 4
FTIR absorbance signals of phases observed for raw materials and the FA-based geopolymers [ecm™], T =

Si, Al

Phasein T-O-T stretching mode N-O symmetric References
geopolymeric matrix stretching mode

Symmetric Asymmetric

(SBUs)
Fly-Ash 560 1090, 1185 [28]
Sodium nitrate 820, 1383 [29]
Amorphous 650-800 975-990 [30]
geopolymer
Chabazite (CHA) 620-660, 975-992 [10, 31]

715-730
Zeolite P (GIS) 660 975-995 Current

research
Zeolite X (FAU) 695, 746 975-990 [16, 17]
Nitrate sodalite (SOD) 661, 730 990 1383 [32, 33]
Nitrate cancrinite 575, 622, 682 961,999,1041, 1415-1435 [29]
(CAN) 1120
Results

3.1 Nitrate-free formulations

3.1.1 Activation at high alkalinity: H,0:0H™ molar ratio (d) of
5.50

SEM images of the raw FA1 and of the activated FA1 geopolymer (FA1-5.50d-ON, Na,O: Al,05 = 1.00) can
be seen in Fig. 1 and Fig. 2, respectively. The well-known spherical morphology of fly-ash originating from
coal combustion is observed in the raw FAT1 (Fig. 1), with sphere diameters ranging from 0.5 ymto 15 pm.
After alkaline activation, these intact spheres are no longer observed in Fig. 2. Crystalline phases as well
as amorphous material are observed in the images 2a, 2c, and 2d. A hollow sphere morphology due to
geopolymer setting on the surface of FA spheres is often observed (Fig. 2d). The needle-shaped and
small-flower-shaped morphologies seen in image Fig. 2b are most probably due to zeolitic phases. These
observations are due to the formation of the geopolymer matrix, as was reported by others [34-36].

Figure 3 presents the XRD patterns of samples FA1-5.50d-ON (Na,O: Al,05 = 1.00) as a function of curing
time. Diffraction lines due to mullite (Powder Diffraction File, PDF #01-089-2645) and quartz (PDF #01-
086-1561) which are present in the raw FA1 are also observed in the diffraction patterns of geopolymer
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samples. A broad peak centered around 26 = 31 'was initially observed in the diffraction pattern obtained
after one day of curing. This peak, which was not observed in the diffraction pattern of FAT1, is due to the
formation of a geopolymeric gel [16, 17]. This broad peak was also observed in the diffraction patterns of
samples after longer curing periods, thus indicating the presence of an amorphous geopolymer phase
throughout the time frame studied here.

The appearance of distinct diffraction peaks at 26 = 13.93, 24.23°, 34.43" after 3 days of curing is
indicative of rearrangement of the amorphous phase into crystalline phases. The observed diffraction
peaks may be attributed to a zeolite from a chabazite family with a relatively low SiO,:Al,04 ratio of 2,
NaAlISiO,-XH,0 (PDF #00-044-0248), which was previously reported to form in FA-based geopolymeric
systems [37, 38]. Additional peaks belonging to the same crystalline phase at 26 = 9.33" and 20.63" are
observed after a 3 month curing period.

The diffraction patterns of FA1-5.50d-ON samples prepared with different solid:solution ratios, yielding
Na,0:Al, 05 ratios of 1.20 and 0.84, were essentially the same as those obtained for samples with a
Na,0:Al,05 ratio of 1. This is unlike the result obtained for the corresponding MK-based geopolymers,
where the Na,0:Al, 05 ratio had a significant impact on the relative amount of the two reaction products,
which were zeolite A and zeolite X [17].

The effect of fly ash composition is demonstrated in Fig. 4, where the diffraction patterns of FA2-5.50d-
ON and FA3-5.50d-0ON geopolymer samples after 3 months of curing are presented. Diffraction peaks at
20=9.44",17.62",20.54 are attributed to a chabazite phase with the chemical formula NaAISi,0¢-2H,0
(PDF #00-019-1178). This phase has a higher Si content than the chabazite phase identified in the
diffraction pattern of FA1-5.50d-ON samples (Fig. 3). This is in line with the fact that both FA2 and FA3
have a higher Si,0 content than does FA1 (Si0,:Al,04 ratios of 4.3 and 4.6 in FA2 and FA3, respectively,
vs 2.3 in FA1) (Table 1).

FTIR spectra of the raw FAT and of FA1-5.50d-ON (Na,0: Al,05 = 1.00) as a function of curing time are
presented in Fig. 5. The IR absorbance band due to asymmetric stretching of T-O-T (T = Si, Al) in the raw
FA is wide, with maximal intensity at 1090 cm™ . A shift of the maximal intensity to a lower wavenumber,
1020 cm™ ', after 1 day of curing, is the first indication of geopolymer formation, in agreement with XRD
results. This shift of the asymmetric T-O-T stretching band towards a lower wavenumber is attributed to
Al incorporation within the generated alumonosilicate framework of the geopolymer [17, 31]. However, the
band at 1098 cm™ ! indicates that the dissolution of the FA precursor was not complete after one day. An
absorption peak at 1262 cm™ ' is also observed. Absorption at a similar wavenumber was previously
reported in FA-based geopolymer gel by Fernandez-Jimenez et al. [31], and is probably due to an
intermediate product, as it is no longer observed after 3 days of curing. The main band shifts to 992 cm™'
after 3 days of curing and remains at the same wavelength during the next 3 months. It should be noted
that the wavenumber of maximal absorption (992 cm™") is higher than in a similar MK-based sample
studied (977 cm™ ") [17] indicating lower Al content in the FA-based geopolymer framework. The

Page 9/40



absorbance bands due to stretching modes in mullite at 560 and 1185 cm™ ' [28] are observed throughout
the curing period.

Further indications concerning the rearrangements taking place within the geopolymeric gel could be
obtained by following changes in the spectral features which can be attributed to the T-O symmetric
stretching and OH bending vibrations of terminal T-OH groups ([16, 17, 39]), which appear in the 830-870
cm™ ! region of the spectrum. Two distinct vibrations (804, 865 cm™ ') were observed following 1 day of
curing at 40C, suggesting the existence of at least two different chemical environments near the terminal
T-OH groups. The band at 804 cm™ " was no longer observed after 3 days of curing, indicating a more
homogeneous speciation at this stage of the process. Similar changes in speciation were observed in
MK-based geopolymers [17] and are concurrent with the appearance of XRD diffraction peaks due to Na-
chabazite (Fig. 3). Absorbance bands in this region (880 - 865 cm™ ) are also observed for the longer
curing times (1 week, 3 months), whereas this band was absent in the corresponding MK-based
geopolymers after a 3 months curing period [17]. This indicates that the geopolymerization processes in
FA-based systems are slower than in MK-based systems.

The formation of zeolites and related crystalline structures within the geopolymer matrix is usually
reflected in the 500-800 cm™ ' region of the FTIR spectrum, where features due to T-O-T symmetric
stretching modes due to specific zeolite secondary building blocks (SBU) may be observed. Figure 5
reveals two absorbance bands this region (around 660, 715 cm”™ 1). According to Fernandez et al.,
absorbance bands in the range of 630-640 cm™ " and 720-730 cm™ " are characteristic of the D4R and
D6R ring vibrations in chabazite zeolites, respectively [31]. It should be noted that the intensity of these
bands as well as their resolution are lower than previously observed in parallel MK-based geopolymers,
indicating once again that the crystallinity of the FA-based geopolymers is lower. The FTIR spectra also
show an absorbance band of the carbonate group at 1420—1490 cm™'. Carbonation of the geopolymer
sample may have occurred due to exposure to atmospheric conditions during the characterization
procedure.

3.1.2 Activation at lower alkalinities-d =9.15, 13.75, 27.50

Activation of FA by solutions of lower alkalinity and consequently higher water content (i.e. d values of
9.15,13.75, and 27.50) is known to delay the geopolymerization process [39]. Much like the products
obtained at high alkalinity, XRD data presented in Fig. 6 indicate that following three months of curing all
of the matrices obtained from FA1 at the lower alkalinity values may be described as a composite of an
amorphous phase (a broad peak centered around 26 = 30°) and crystalline phases. However, the
crystalline phases formed at lower alkalinities differed from those observed at higher alkalinity. Zeolite X,

Na,Al,Si, ,0g g¢6.7H,0 (main diffraction peak at 26 = 6.09°, PDF #00-012-0246) belonging to a faujasite

group, and zeolite P, Na, 4Al,Si3 4041 s¢H,0 (diffraction peaks at 26 =12.77",17.90,21.98",28.13', 33.50,
PDF #00-046-0103) belonging to a gismondine group are observed in all of the cases studied. Additional
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diffraction peaks observed at 26 =9.33",29.06", and 29.95  can be attributed to tobermorite,
CasSig047¢5H,0, which is a common phase in products of activation of Ca-rich FA [36, 40].

FTIR spectra for the same samples (Fig. 7) show similar trends as do the XRD patterns. The maximal
intensity of the T-O-T asymmetric band observed after 3 months was found to shift from 985 cm™" for
samples with the highest alkalinity (d=9.15) to 995 cm™ ! for the lowest alkalinity (d=27.50). This is
indicative of a decrease in Al incorporation into the geopolymeric backbone with decreasing alkalinity.
Absorbance bands at ~ 660 cm™ ' and in the range of 730—-746 cm™ ! are observed in the SBU region of
the FTIR spectra. The band at 660 cm™ ' is due to D4R-ring vibrations (in zeolite X and P), while the
absorbance band in the range of 730-746 cm™ " is due to D6R-ring vibrations (zeolite X) [31]. The
wavenumber of the later absorbance band is found to shift to higher values with the increasing alkalinity,
indicating a higher Si content in the D6R rings.

3.2 Nitrate-bearing formulations

3.2.1 Activation at high alkalinity: H,0:0H™ molar ratio (d) of
5.50

The presence of sodium nitrate in the geopolymer mix was found to affect the rate of rearrangements
within the geopolymer matrix as well as structure and properties of the resulting geopolymers. Figure 8
shows SEM images of the FA1-5.50d-3.0N sample after 3 months of curing. Two main morphologies can
be noticed: the first is of polymerized fly ash spheres and the second of long needles which can be
attributed to crystalline phases within the amorphous material. In some locations, the flower-shaped
crystals can also be noticed. Despite the similarity with FA1-5.50d-ON samples (Fig. 2), it can be noticed
that more FA spheres remained unreacted in presence of nitrate than in the nitrate-free systems.

The diffraction patterns of the geopolymeric matrix FA1-5.50d-2.5N (Na,O: Al,05_1.00) are presented in
Fig. 9 as a function of curing time. Diffraction peaks due to a crystalline phase within the geopolymer
matrix were identified after 3 days of curing. These peaks are associated with nitrate cancrinite,
NagAlg(Si0,)6(NO3),-4H,0, (PDF #00-038-0513), a mineral belonging to the feldspathoid family. The
intensity of these peaks increases with curing time, indicating an increase in cancrinite content. The
formation of nitrate cancrinite was previously observed in similar MK-based geopolymers, where it was
preceded by the formation of nitrate sodalite [17]. These two phases are structurally related, and hence
most of the diffraction lines of nitrate-sodalite overlap those of nitrate cancrinite. The presence of nitrate
sodalite is usually detected due to relatively weak yet unique diffraction peak at 26 = 60.03° [17]. The low
signal-to-noise ratio in the diffraction pattern presented in Fig. 9 does not allow a clear indication for the
presence of this phase within the cured samples, nor does it allow to rule it out.

The FTIR absorbance spectra in Fig. 10 show that the main absorbance band of the asymmetric

stretching vibration of T-O-T bonds (T = Si, Al) shifted from 1090 cm™" in the raw FA1 to 987 cm™ ' in the

geopolymeric matrices after 1 day of curing, indicating that a geopolymeric product had already formed
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by this time. No further changes in the position of the T-O-T band were observed within the remaining 3
months of curing. The relative intensity of the terminal T-OH absorbance band in the range of 840-885
cm™ ! was very high after 1 day of curing but diminished with curing time. However, the persistence of a

band in this region after 3 months of curing indicates that rearrangements within the geopolymer matrix

still occur throughout this period.

The absorbance bands observed in the 1380-1440 cm™ ! region may be assigned to the N-O symmetric
stretching modes of the nitrate group [33]. The high intensity band at 1383 cm™ is characteristic of
nitrate ions in aqueous environments as well as in several crystalline phases (see Table 4) was observed
in all of the geopolymer samples studied here. The absorbance bands in the range of 1415-1435cm™’
are characteristic of nitrate ions intercalated within the nitrate cancrinite crystalline phase, which has two
different crystallographic positions ([29, 41]). The band at 1415 cm™ " can be clearly observed in the FTIR
spectrum after 1 day of curing, while the band at 1423 cm™ ' was observed starting from the next
measurement, after 3 days of curing. These 2 bands, together with the bands in the SBU region at 570
cm™ 1,622 cm™ 7, and 685 cm™ ', which were previously attributed to nitrate cancrinite [17], support the
identification suggested by the XRD data. Here again it should be mentioned that the nitrate cancrinite
absorbance bands are not as well resolved as the respective bands observed previously in nitrate-bearing
MK-based geopolymers [17]. Moreover, their relative intensity with respect to the strong band at 1383 cm™
1 is lower than in the MK-based geopolymers, indicating a lower nitrate cancrinite content. These bands
are further obscured by the absorbance at 1440 cm™ ! which is probably due to carbonate, possibly
indicating partial carbonation of the cancrinite [42].

Figure 11 presents the XRD patterns of the FA2-5.50d-2.5N and FA3-5.50d-2.5N geopolymers following 3
months of curing. The main crystalline phase obtained in both cases is nitrate-cancrinite, as in FA1-5.50d-
2.5N samples. Diffraction peaks attributed to zeolite X from a faujasite group, a zeolite which was
previously reported as an intermediate phase preceding the formation of nitrate-cancrinite ([17, 41]), can
also be detected in the XRD pattern of the FA3-based geopolymer. FA3 has a higher SiO,:Al, 05 ratio, lower
LOI, and higher content of Fe than FA1. Furthermore, FA3 has the highest particle size (and consequently
the lowest surface area) among the 3 fly ashes. All of these factors may have resulted in a higher content
of the intermediate zeolite X phase in FA3-based geopolymers, compared to FA2 and FA1 based
geopolymers.

Varying the solid:solution ratios had no effect on the diffraction patterns nor on the FTIR spectra
obtained, as found for the nitrate-free formulation and unlike the corresponding MK-based geopolymers,
for which the Na,0:Al, 05 ratio had a significant impact on the reaction rates and products [17].

3.2.2 Activation at lower alkalinities-d =9.15, 13.75, 27.50

Figure 12 shows the diffraction patterns for geopolymer matrices prepared using the three lower alkalinity
activation solutions (d=9.15, 13.75, 27.50) in the presence of nitrate following 3 months of curing. The

formulation design maintained fixed [NO57]: [OH7] ratios, therefore lower alkalinity generally resulted in
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lower NO3™ concentration as well (Table 3). The XRD patterns show that the crystalline phase
composition after a 3 month curing period is greatly dependent upon the activation solution alkalinity.
Diffraction peaks assigned to zeolite X, zeolite P and a chabazite phase (according to the peak at 26 =
9.33°), were observed in the diffraction pattern of the sample prepared using the activation solution of
lowest alkalinity (FA1-27.50d-0.5N). The same phases were observed in nitrate-free systems at the same
alkalinity (FA1-27.50d-0N, Fig. 6). The intensity of the peaks attributed to zeolite X is higher than the
intensity of peaks attributed to zeolite P, whereas the opposite was observed for the parallel nitrate-free
geopolymer FA1-27.50d-ON. Peaks attributed to nitrate-bearing phases were not identified among the
crystalline products formed at this alkalinity. Two wide humps, with maxima at 26 = 16° and 26 = 30°,
can also be seen in the pattern. The dominance of these amorphous humps indicates a relatively high
content of the neo-formed amorphous phase at these conditions.

Diffraction peaks corresponding to nitrate cancrinite were clearly observed in the diffraction patterns of
samples FA1-13.75-1N and FA1-9.15d-1.4N, together with peaks corresponding to zeolite X. A single wide
hump centered at 26 = 30° was observed in these samples, representing the amorphous phase. This
hump is less dominant than those observed at lower alkalinity (FA1-27.50d-0.5N), indicating a higher
degree of crystallinity at higher alkalinity. Increasing the nitrate content at d=9.15 had no impact on the
nature of the crystalline phase as the diffraction pattern of FA1-9.15d-4.0N sample (not shown) was
similar to the pattern of FA1-9.15d-1.4N sample.

Figure 13 presents the corresponding FTIR spectra. The maximum intensity of the T-O-T asymmetric
vibration absorbance band shifts to higher wavenumbers as the alkalinity and the nitrate concentration
increase, (shifting from 985 cm™" for the FA1-27.50d-0.5N sample to 995 cm™ ! for FA1-9.15d-4.0N

Fig. 13A), thus indicating a lower degree of Al incorporation within the geopolymer phase as the alkalinity
and nitrate concentration increase. This trend is however reversed at highest alkalinity, where the
maximal intensity of the asymmetric vibrations appeared at 987 cm™' (FA1-5.50d-2.5N samples, Fig. 10),
despite the higher concentration of nitrate (2.5M). We may therefore conclude that both the alkalinity and
the nitrate concentration have an impact on the geopolymerization processes in FA-based geopolymers.
While the former has a promoting impact, enhancing both the dissolution and the condensation
processes, as indicated by FTIR spectra of nitrate-free geopolymers (see Fig. 7), the later has an inhibiting
impact in FA-based geopolymers, possibly interfering with the condensation and rearrangement
processes.

This hypothesis is further supported by the vibrations of terminal T-OH groups in 830-880 cm™ range of
the FTIR spectra (Fig. 13A), where two well-resolved absorbance bands appear after 3 months of curing
only in FA1-9.15d-4.0N sample (at 835 cm™ ! and 865 cm™ ') while a single band at 873 cm™ " with lower
intensity appears in samples with lower nitrate content.

The 1200-1500 cm™ ' range of the FTIR spectra (Fig. 13B) which includes the N-O vibration bands

yielded data that are in agreement with the XRD data. The most dominant band in all spectra was

1

observed at 1383 cm™ ', in agreement with the spectra of samples prepared at higher alkalinity (see
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Fig. 10). The band due to nitrate cancrinite (at 1423 cm™ ') was not observed for the FA1-27.50d-0.5N

sample but was observed in samples activated at d=13.75 and d=9.15. The increase in the intensity of
this band with increasing alkalinity is very minor, unlike the observations in MK-based geopolymers [17].
A higher nitrate content (FA1-9.15d-4.0N sample), where the NaNO; precursor is in excess did not lead to

an increase in intensity of 1423 cm™ ' band (Fig. 13) demonstrating once again the inhibiting effect of
nitrate ions on FA geopolymerization.

The absorbance at the SBU region of the FTIR spectra (Fig. 13A) reveals a band at 730 cm™" which is
attributed to D6R rings present in zeolites such as chabazite and zeolite X. A band at 685 cm™" due to
D6R units in cancrinite [29], together with additional well-resolved peaks of nitrate-cancrinite at 570 and
620 cm™ ', are observed for samples activated at d=9.15. Absorbance bands at ~ 1035 cm™" and ~ 1120
cm™ 1, which were also previously attributed to nitrate-cancrinite (Table 4), are also observed in the
spectra of FA1-9.15d samples.

3.3 Mechanical characterization

The main factor influencing the compressive strength of cementitious monoliths is the ratio between the
water (or activating solution) and the amount of the binder added. The compressive strength of
geopolymers is also greatly influenced by the rate of the geopolymerization reactions as well as by the
nature of the phases developed ([15, 43]). The design of the current study, which aimed for predetermined
Na,0:Al, 05 ratios, lead to a high solution:solid ratios when activating solutions of lower alkalinity were
used. As a result, the measured compressive strength of samples prepared using activating solutions at
dilutions higher than d>5.50 was low (around 2 MPa). Therefore, we present the compressive strength
developed after different curing periods only for geopolymers activated using the most alkaline solutions
(d=5.50).

The development of compressive strength of nitrate-free matrices prepared from FA1 using activation
solutions at the highest alkalinity (d= 5.50) is compared in Fig. 14 to the parallel matrices prepared from
MK [17]. The FA1-5.50d-ON geopolymers (Na,0: Al,05 = 1.00) did not solidify during the first 2 days of
curing, whereas the corresponding MK-based systems attained strength values of 0.6 + 0.1 MPa after 1
day of curing. This is despite the lower water:binder ratio in the FA-based geopolymers (water:binder ratio
of 0.57 in FA-based geopolymers vs 0.85 in the MK-based geopolymers). In both systems, the
compressive strength increased with the curing time. MK-based samples reached their maximum strength
values after about 14 days, whereas the compressive strength of FA1-based geopolymers continued to
increase throughout the 90-day curing period. The compressive strength values attained by FA1-based
systems after 90-days of curing were higher than the maximal values obtained by MK-based
geopolymers, probably due to the lower water: binder ratio used [2]. The nature of the various crystalline
phases identified in the systems and the lower content of crystalline phases in FA-geopolymers may be
additional causes to the difference in the compressive strength values between FA-based and MK-based
geopolymers.
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The presence of sodium nitrate had an impact on the development of compressive strength in FA1-
geopolymers. Figure 15 displays the average compressive strength values of FA1-geopolymers activated
with varying concentrations of sodium nitrate measured after 7, 14, 28, and 90 days of curing. While for
each of the samples prepared from FA1 the compressive strength increased with time, a clear decrease in
compressive strength with increasing NaNO3 content was observed for these samples, as well as for
samples prepared from FA2 and FA3 (see Table 5). This is in contrast to the trend observed in MK-based
systems, where nitrate ions were shown to enhance the rate of geopolymer rearrangements and strength
development [17]. The strength of FA-based geopolymers continued to develop during the entire curing
period of 90 days. Furthermore, the compressive strength values of FA-based nitrate-bearing geopolymers
were found to be lower than those for the parallel MK-based geopolymers, despite the lower water:binder
ratio. The ensemble of results presented here suggests that the presence of NaNO3 impedes the strength

development in fly-ash based geopolymers.

Table 5
Compressive strength values in FA-based geopolymers after 28 days of curing at d=5.50, different FA
types
Sample LOl of the  SiO,:Al,05 (molar) ratio  W:FA Compressive strength after 28
FA in FA [9/d] days [MPa]
FA1-5.50d- 6.0% 2.3 0.57 6.0+0.9
ON
FA1-5.50d- 6.0% 2.3 0.57 40+0.9
2.5N
FA2-5.50d- 1.2% 4.3 0.43 15.6+1.6
ON
FA2-5.50d- 1.2% 4.3 0.43 69114
2.5N
FA3-5.50d- 2.4% 4.6 0.43 11.5+2.8
ON
FA3-5.50d- 2.4% 4.6 0.43 10440
2.5N
Discussion

The effect of nitrate ions on formation of FA-based geopolymers was studied by comparing the structural
transformations within nitrate-free and nitrate-bearing matrices over a period of three months. Special
attention was given to the formation of crystalline zeolites and feldspathoids, as these were recognized
as potential immobilization sites for hazardous species present in industrial or nuclear waste streams
[12, 13, 40, 44-50]. The results were compared to those obtained previously for metakaolin-based
geopolymers [17].
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Generally, the reorganization rate in FA-based geopolymers, as well as the content of the neo-formed
crystalline phases, were found to be lower than in MK-based geopolymers, in agreement with previous
findings [16, 51]. Furthermore, the nature of the minerals formed in nitrate-free FA-based geopolymers
studied here differed from those formed in similar MK-based geopolymers [17]. Nitrate cancrinite was,
however, the main crystalline phase obtained in nitrate-bearing geopolymers prepared from either FA or
MK.

Unlike metakaolin, which is an amorphous alumino-silicate source containing only trace amounts of
crystalline impurities, fly-ashes have a relatively high amount of crystalline content, and consequently a
lower fraction of amorphous phase available for geopolymerization [16, 51]. This was found to have a
profound effect on the resulting geopolymer matrices.

Quartz (SiO,) and mullite (Al g3Siq 9304 g5) are two of the crystalline phases found often in raw fly-ashes
[37, 52]. These phases do not undergo dissolution in alkaline media and therefore remain unaltered in the
resulting geopolymeric products [16]. Rietveld analyses of diffraction patterns of samples prepared from
FA1 and FA2 at d=9.15 following 1 month of curing (Table 6, patterns not shown) indicate that the FA1-
9.154d1.4N sample contained 34 + 4% and 6 + 1% by weight of mullite and quartz, respectively, and FA2-
9.15d1.4N sample contained 17 + 1% and 12 + 1% by weight of mullite and quartz, respectively. The
lower availability of an amorphous phase in FA in general is probably the main factor leading to the lower
content of neo-formed crystalline phases in FA-based geopolymer matrices compared with similar MK-
based geopolymers.

More specifically, the data presented in Table 6 indicates that the content of the amorphous phase
available for geopolymerization in FA1 is lower than in FA2. This is also reflected in the measured
pozzolanity values of these two fly-ashes, as shown in Table 2. Consequently, lower compressive strength
was attained by FA1-based geopolymers compared to their FA2-based counterparts. The impact of the
pozzolanity of the FA used is also reflected by the higher content of crystalline phases developed in the
FA2-9.15d"1.4N geopolymers compared to the FA1-9.15d-1.4N (Table 6).

The amorphous phase availability in the precursor influences not only the properties of the final product
but also the kinetics of the geopolymerization processes. FTIR analysis indicated that the rearrangements
within the geopolymeric backbone of FA-based geopolymers studied here were still in progress after 3
months of curing at 40C, unlike similar MK-based systems where indications of reorganization processes
were no longer observed at this time. The lower geopolymerization rate in FA-based systems resulted in
slower compressive strength development than in MK-based geopolymers [17]. Differences in
morphology and surface area between FA and MK (BET values of 15 m?/g and 23 m?/g, respectively)
may also contribute to the lower rates of geopolymer formation and rearrangements. Furthermore, a
setting of the neo-formed products on the surface of the spherical FA particles [35] can impede further
product evolution, whereas full dissolution is usually obtained for MK platelets [17, 51].
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Table 6

Quantitative Rietveld analysis of FA-based and MK-based geopolymers at d=9.15 in presence of nitrate,
after 1 month curing

Sample Quartz Mullite Calcite Anatase Neo-formed crystalline Amorphous
name phases phase
FA1-9.154 6x1% 34+¢ 1+£1% — 27 £ 4% 32%

1.4N 4%

FA2-9.154 12+ 17+ 1+1% — 42 + 4% 28%

1.4N 1% 1%

MK-9.154 3+2% — — 2+1% 70+ 4% 25%

1.4N

The lower availability of amorphous phase in raw FA also leads to lower neo-formed crystalline content in
FA-based geopolymer matrices compared with similar MK-based geopolymers (Table 6). The low
resolution of absorbance bands in the SBU region of FTIR spectra, together with low signal/noise in XRD
patterns of FA-based geopolymers are additional observations supporting this statement. In addition, due
to the high mullite content in raw FA1, the SiO,:Al,05 ratio in the phases available for geopolymerization
was probably higher than the nominal ratio indicated by the chemical analysis (SiO,:Al,05 = 2.3), as well
as the ratio in raw MK (Si0O,:Al,05 = 2.0). The extent of zeolite formation within geopolymer matrices is
known to depend upon the SiO,:Al,04 ratio within the geopolymer mix. High SiO,:Al,04 ratios generally
lead to the formation of highly amorphous materials, whereas lower ratios are more likely to result in the
formation of crystalline zeolite domains embedded within the continuous amorphous geopolymer phase
[15, 16]. The availability of silica and alumina species during geopolymer formation is in turn related to
the composition and pozzolanity of the alumino-silicate source used, and to its dissolution rate which is
also dependent upon the alkalinity of the activating solution [39, 53].

The alkalinity of the activation solution also has a great impact on the dissolution rate of the raw
materials, which in turn affects the composition of the pore solution, the kinetics of the polymerization
process, and the nature of the resulting products. It is well established that the dissolution rate of
aluminum species from alumino-silicate materials is higher than that of silica species [17, 53]. At high
alkalinity (d=5.50), the alumina concentration in the pore solution increases at a higher rate than does
the silica concentration, therefore the SiO,:Al,05 ratio becomes relatively low. These conditions are
preferable for the formation of chabazite [37], which was found to be the dominant crystalline product in
FA-based nitrate-free systems at d=5.50. The formation of chabazites was previously reported in alkali-
activated FA at higher temperatures than those used in the current study [14, 37, 44]. At lower alkalinities
zeolites X and P were also obtained, in agreement with previous data [36, 40, 54—57]. This may be the
result of the lower dissolution rate of the alumino-silicate materials at lower alkalinity (d>5.50), which
may have led to higher SiO,:Al,05 ratios which are known to promote the formation of zeolites P and X
are preferable over the formation of other zeolites [34, 58].
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Zeolite X is considered to be metastable with respect to zeolite P ([56, 59]) and chabazite [60] and is often
obtained at lower SiO,:Al,04 ratios in the pore solution [55]), whereas zeolite P is obtained when this ratio
is higher ([40, 55, 61]). The formation of zeolite X as the initial crystalline phase formed within
geopolymer matrices was previously observed in low-silica MK-based geopolymers, where it was found to
be metastable with respect to zeolite A [17]. Zeolite X is also reported to be the main crystalline phase in
MK-based geopolymers cured at room temperature [62]. It is therefore suggested that zeolite X is the first
crystalline phase formed in FA-based geopolymers as well, and this specific zeolite phase obtained
following rearrangements within the geopolymer matrix depends upon the SiO,:Al,05 ratio within the

geopolymer pore solution.

The presence of nitrate was found to delay the geopolymerization processes in FA-based samples, as
evidenced by the SEM, FTIR, and compressive strength measurements. In MK-based systems investigated
in a previous study [17], an opposite trend was observed. As discussed above, the reactive phase content
in FA is lower in comparison to MK, and therefore the concentration of the dissolved monomers is lower
than in MK-based geopolymers. Based on the results obtained in this study it may be suggested that
nitrate anions interfere with monomer condensation stage and the geopolymer formation in these
conditions. In contrast, in the more reactive MK, the concentration of the aluminate and silicate
monomers may be sufficiently high in order to overcome such interferences, and therefore the
condensation stage is not affected by the presence of the nitrates. In MK-containing geopolymers nitrate
interference becomes dominant only at higher nitrate concentrations ([18, 23]).

The presence of nitrate ions did not alter the nature of the crystalline phases formed at the lowest
alkalinity studied (at d=27.50). At higher alkalinities, and consequently higher nitrate concentrations (>
2M OH™ and >0.5M NO;"), the nitrate-bearing feldspathoid, nitrate-cancrinite, was detected. This was true
for all three fly ashes examined in this study, regardless of their chemical and physical properties, as well
as for similar MK-based geopolymers [17]. The content of nitrate cancrinite in FA-based systems was
lower than in MK-based geopolymers according to XRD and FTIR analysis. It is interesting to note that
nitrate-sodalite, a precursor of nitrate cancrinite that was observed in MK-based geopolymers, could not
be clearly identified in FA-based samples at similar alkalinities. We suggest that the low availability of
alumina may have contributed to this observation, as the consequent high Na,0:Al,05 ratios during the
condensation stages of FA-based geopolymers were shown to enhance the formation of nitrate-cancrinite
[17].

Both cancrinite and chabazite formed in FA-based geopolymers at high alkalinity belong to the ABC-6
family of minerals [63]. These minerals have a common structural feature of 6-membered rings of silica
and alumina tetrahedra, but differ in the relative position of the layers with respect to each other, leading
to different sized cages and channels within the crystalline structure. The layers in cancrinite are
arranged in an AB sequence, while chabazite is characterized by a double-layer stacking sequence of
AABBCC [34, 63]. The review by Bonaccorsi and Merlino shows that the presence of different extra-
framework anions such as chlorides, sulfates, carbonates and nitrates determine the stacking sequence
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[63]. The findings in the current research further support this generalization. Nitrate was found to be a
strong directing ion towards the cancrinite structure, while chabazite was observed in its absence.
Minerals with the simple AB stacking sequence, such as cancrinites, may host the greatest amount of
extra-framework anions [63].

The nature and the stability of the crystalline phases obtained will further influence the binding modes of
hazardous species from various waste streams and the efficiency of theirimmobilization in the phases
formed. For example, in presence of nitrate, zeolite X which is the initial crystalline phase formed at low
alkalinities is metastable with respect to zeolite P [59], while the latter has a higher CEC (Cation Exchange
Capacity) [58] and, therefore, a higher potential to incorporate cations of interest, such as hazardous
metals and radionuclides. Chabazite was shown to be a good sorption medium for hazardous species ([7,
10, 50, 60, 64]). The nitrate-cancrinite was shown to have a high immobilization efficiency towards Cs, a
radionuclide often found in low-level radioactive wastes [13, 63]. By controlling the various factors during
the activation of FA or MK, one can tailor the geopolymeric product towards the formation of a specific
mineral assemblage.

Summary And Conclusions

This research examines some of the factors influencing the formation of different crystalline phases in
FA-based geopolymers. Pozzolanity of the precursor, its morphology, the SiO,: Al,Og ratio of the initial
amorphous phase and the alkalinity of the activation solution affect the SiO,:Al,05 ratio in the pore
solution of the forming geopolymer, and thus, the nature of the zeolite formed. In nitrate-free systems, the
nature of the minerals formed in the FA-based geopolymers included Na-Chabazite, zeolite P, zeolite X,
and tobermorite. Nitrate-cancrinite was the dominant phase formed in the presence of nitrate at
sufficiently high alkalinity in systems synthesized from both metakaolin and fly-ash, irrespective of
variation in their physical and chemical properties. The formation of crystalline phases in FA-based
geopolymers suggests that these materials may be used for immobilizing various hazardous species,
while FA-based geopolymers containing the nitrate-cancrinite can be considered as a promising
candidate for immobilizing Cs from radioactive wastes.
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Figure 1

SEM images in SE mode of raw FA-1
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Figure 2

SEM images in SE mode of FA1-5.50d-ON samples, 3 months curing
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Figure 3

XRD patterns of FA-1 and FA1-5.50d-ON samples for different curing times
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Figure 4

XRD patterns of FA-2, FA-3, FA2-5.50d-ON and FA3-5.50d-0ON samples, 3 months curing
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Figure 5

FTIR spectra of FA-1 and FA1-5.50d-ON samples for different curing times
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XRD patterns of FA-1, FA1-9.15d-0N, FA1-13.75d-ON and FA1-27.50d-ON samples, 3 months curing
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FTIR spectra of FA-1, FA1-9.15d-0N, FA1-13.75d-ON and FA1-27.50d-ON samples, 3 months curing
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Figure 8

SEM images in SE mode of FA1-5.50d-3.0N samples, 3 months curing
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XRD patterns of FA-1 and FA1-5.50d-2.5N samples for different curing times
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FTIR spectra of FA-1 and FA1-5.50d-2.5N samples for different curing times
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Figure 11

XRD patterns of FA-2, FA-3, FA2-5.50d-2.5N and FA3-5.50d-2.5N samples, 3 months curing
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XRD patterns of FA-1, FA1-9.15d-1.4N, FA1-13.75d-1.0N and FA1-27.50d-0.5N samples, 3 months curing
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Figure 13

FTIR spectra of FA-1, NaNO3, FA1-9.15d-4.0N, FA1-9.15d-1.4N, FA1-13.75d-1.0N and FA1-27.50d-0.5N
samples, 3 months curing. 500-1500 cm-1 region (A) and zoomed 1200-1500 cm-1 region (B)

Page 38/40



14

B FA1-5.50d-0N
12
B FA1-5.50d-2.5N

&
S 10 [ MK-5.50d-ON
=
G B MK-5.50d-2.5N
S 8
bk
o
s -
o £
7] 6 E F
o — ==
Lid —] -
o = = H
= — =
5 ﬂi’ = =
W] — =

2 = =

o i ﬂ“ - .

1 2 3 7 14 28 a0
curing time [days] |
Figure 14

Compressive strength development in FA1-based geopolymers and MK-based geopolymers during the
curing at d=5.50 (W:FA=0.57, W:MK=0.85)
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Figure 15

Compressive strength development in FA1-based geopolymers during the curing at d=5.50 (W:FA=0.57),
different nitrate concentration
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