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Abstract

The fly ash based Geopolymer (FA-GP) is a promising binder manufactured by
activation of Jorf Lasfer’s fly ash with a highly alkaline activating solution. The FA-
GP prepared were characterized by several analytical methods. The present work
reports the experimental results of the porosity and fire resistance studies of fly ash
based geopolymer FA-GP binder and Ordinary Portland Cement (OPC) cement for
comparison. The porosity studies of FA-GP and OPC cement pastes were determined
using N2 adsorption/ desorption plots. Surface areas were calculated from the

isotherm data using the (BET) method. The total pore volume and micropore volume
of the samples were calculated using t-plot analysis. The Barrett-Joyner-Halenda
(BJH) method was used to obtain pore size distribution curves. The result shows that
the FA-GP pores had a significant proportion of micropores whilst OPC cement
pores were predominantly mesopores. The thermal and fire resistance properties
were determined by investigation of thermal stability up to 1000°C of FA-GP and
OPC paste for comparison. The effect of heat treatment on the FA-GP and OPC
pastes heated at elevated temperature (600°C, 800°C and 1000°C) was studied and
the fire resistance of samples pastes is evaluated by visual observation, weight loss,
and microstructural change after thermal treatment at high temperature. The
microstructural changes before and after heat exposure were evaluated using FT-IR,
DRX and SEM analysis. The results show that the FA-GP possesses superior fire
resistance compared to OPC cement. The excellent fire resistance performance of
FA-GP is due to their ceramic-like characteristics.

1. Introduction

The first and foremost drive for the research and commercialization of geopolymer technology has

been the need to find alternative cleaner materials to substitute Ordinary Portland Cement OPC as a
construction material. Studies have shown that for every tonne of cement produced, 0.55 tonnes of chemical
CO2 is generated, which is 8 times higher than emissions resulting from metallurgical activities [1].

Geopolymers are a very promising kind of material, since they have been shown to offer an environmentally
friendly, technically competitive alternative to ordinary Portland cement (OPC) [2—4]. Geopolymer binders
possess many advanced properties such as fast setting, excellent bond strength, good long-term properties
and durability [5], good ability to immobilize toxic metals and better fire and acid resistance [6-8]

The term ‘Geopolymer’ was first applied to amorphous aluminosilicate binders formed through
hydrothermal synthesis of aluminosilicates in the presence of concentrated alkaline or alkaline silicate
solutions by Davidovits [9]. Early geopolymer materials set rapidly at low temperatures, only a few hours at
30 °C, or a few minutes at 85 °C, or a few seconds in a microwave oven [10].
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They display compressive strength as high as 60 MPa after just one day of curing and the strength
will continue to increase up to 100 MPa. They also exhibit a 4-7 Mohs hardness, and are thermally stable
upon subjection to very high temperature (1000-1200 °C), where all organic resins or cement fail to perform.
These findings have made geopolymers potentially useful for ceramic, refractory lining materials, as well as
for building materials [10].

There are two main constituents of geopolymers, namely the source materials and the alkaline
liquids. The source materials for geopolymers based on alumino-silicate should be rich in silicon (Si) and
aluminium (Al). These could be natural minerals such as kaolinite, clays, micas, andalousite, spinel, etc
whose empirical formula contains Si, Al, and oxygen (O) [10]. Alternatively, by-product materials such as
fly ash, silica fume, slag, rice-husk ash, red mud, etc could be used as raw materials [11-13]. The choice of
the source materials for making geopolymers depends on several factors such as availability, cost and type of
application. The alkaline liquids are from soluble alkali metals that are usually sodium or potassium based.

The geopolymeric materials possess high fire resistance and can enhance the fire/heat resistant
performance of structures. Moreover, most organic matrix cannot support the temperature more than 200°C
and will issue poison gas when exposed to fire. Therefore, there is an urgent necessity to enhance the
fire/heat resistant performance of structures. Geopolymer concrete, coating, and matrix may resolve these
problems. The geopolymers discovered recently are reported to possess excellent fire resistant performance
due to their ceramic like characteristics. Geopolymeric cement was superior to Portland cement in terms of
heat and fire resistance, as the Portland cement experienced a rapid deterioration in compressive strength at
300°C, whereas the geopolymeric cements were stable up to 600°C [14-15].

The objective of this work is the valorization of fly ash generated by the Moroccan thermal power
plants by their use in the field of building materials and civil engineering. The study focuses on porosity and
fire resistance properties of geopolymer bindres based on moroccan fly ash. FA-GP were synthesized by
alcaline activation of fly ash generated by Jorf Lasfar power plant in Morocco. The composition, structure
and microstructure of FA-GP binder were investigated using several analytical methods. The Porosity
measurements of FA-GP and OPC pastes were undertaken using nitrogen adsorption / desorption method.
Fire resistanceproperties of FA-GP and OPC pastes were evaluated by visual observation, weight loss and
microstructural change after heat treatment.

2. Experimental
2.1. Fly ash
Geopolymer samples were prepared from fly ash supplied by Jorf Lasfar power plant in Morocco.
The chemical composition of fly ash determined by Fluorescence X-Ray Spectroscopy is given in Table 1.
The fly ash is classified as ASTM Calss F fly ash. The size distribution curve of fly ash obtained by
granulometric analysis using laser diffraction is shown in figure 1. It contains 50% particles smaller than 40,6
nm. The BET surface area of fly ash is 3,6 m2/g.

Table 1 : Chemical composition of Jorf Lasfar fly ash

Constituent | LOI | SiO2 | Al203 | Fe203 | CaO K20 | Na20 | TiO2 | SO3 | P205 | MgO
% 7,12 52,5 30,2 2,94 0,822 2,08 0,719 | 1,03 | 0,787 | 0,203 | 1,23

Costituent Rb SrO BaO | ZrO2 | Cr203 | Nb205 | CuO | ZnO NiO | PbO
% 0,0694 | 0,0518 | 0,0484 | 0,0382 | 0,0287 | 0,0156 | 0,0137 | 0,0126 | 0,0116 | 0,0109 | 0,0146

*LOI :Loss of ignition

2.2 Preparation of specimes

2.2.1 Geopolymer paste

The mixture of sodium hydroxide (12 M NaOH) and sodium silicate was used as an activator for preparation
of FA-GP specimens. Na2SiO3 powder (18% Na20 and 63% SiO2) is purchased from Riedel —de-Haen and
NaOH pellets of purity > 97% from Fluka. Sodium silicate to sodium hydroxide ratio was 2, 5:1. The FA-GP
were prepared by mixing the activator (sodium hydroxide and sodium silicate) and fly ash in a ratio of 0.4.
After mixing, the geopolymer pastes were cast in a cylindrical plastic moulds, and left for 24h at the
temperature of 70°C. After demoulding, the specimens were left to air-dry in the laboratory until the day of
test.
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Figurel : The Particle Size Distribution (PSD) of fly ash obtained by laser diffraction

2.2.2 Cement paste

The cement pastes are made by mixing a cement CEM Il 32, 5 R and water. The water / cement

ratio is equal to 0.5.The samples were thoroughly mixed for two minutes and then allowed to hydrate in air
tight plastic containers.

2.3 Characterization Methods

Fluorescence X-Ray analysis of samples was performed using wavelength dispersive (WDXRF)
spectrometer Axios type. The mineral composition of fly ash, geopolymer and cement pastes samples was
determined by X-Ray diffraction (XRD) using Siemens/Bruker D5000 X-ray powder diffraction system
equipped with CuK radiation. The Fourier transform infrared spectroscopy (FTIR) spectra of materials
samples were recorded using ATR Alpha platinum FT-IR Spectrometer.

» Si MAS-NMR spectroscopic characterization was conducted with Bruker apparatus, model
Avancelll 600MHz. The spectrometer used has a main field magnetic 14 Tesla. The measurements were
taken at laboratory temperature with TMS as the external standard.

Microstructural investigations of the geopolymer paste were carried out using the FEI quanta 450
FEG focused- ion-beam system, equipped with an EDAX Genesis energy dispersive spectrometer (EDS) at
Moroccan Foundation for Advanced Science, Innovation and Research (MASCIR). Particle size analysis of

raw fly ashes was determined by dynamic laser scattering (Matersizer- Malvern Instruments, UK) at
MASCIR foundation.

2.4 N2 adsorption/desorption porosimetry

N2 adsorption/desorption plots of powdered specimens were carried out with a Micromeritics "3Flex
3500"analyzer under continuous adsorption conditions. Prior to these measurements, samples (about 1 g)
were heated at 400 °C for 10 h and outgassed to 10—2 Torr. Gas adsorption analysis in the relative pressure
range of 0.05 to 0.3 was used to determine the total specific area. Surface areas were calculated with an
accuracy of 10%, from the isotherm data using the Brunauer, Emmet and Teller (1938) (BET) method [16].
The total pore volume and micropore volume of the samples were calculated using t-plot analysis. The
Barrett-Joyner-Halenda (BJH) method was used to obtain pore size distribution curves [17].

2.5 Thermal andFire resistance Properties

Fire resistance properties were determined by studies of thermal stability and themal behavior after
heat exposure of FA-GP and OPC pastes for comparison.

2.5.1 Thermal Sability

The thermal stability of FA-GP and OPC paste was studied by Differential Scanning Calorimetry
(DSC). The DSC is performed using DSC SETARAM devise and the curves were recorded under argon
atmosphere in the temperature range between 30 and 800°C.
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2.5.2 Fire resistance

Muffle furnace was used for this study. Specimens were subjected to heat at temperatures of 600°C,
800°C and 1000°C at an incremental rate of 4°C per minute from room temperature. The temperature was
sustained for 2 hours. Then the specimens were allowed to cool down for 24 hours at room temperature
inside the furnace. The effect of heat treatment on the FA-GP and OPC pastes heated at elevated temperature
(600°C, 800°C,1000°C) was studied and the fire resistance of samples pastes is evaluated by visual
observation, weight loss, and microstructural change after thermal treatment at high temperature. The
microstructural changes before and after heat exposure was evaluated using FT-IR, DRX and SEM analysis.

3. Results and Discussion
3-1 Characterization of FA-GP
3-1-1 FX analysis

The chemical composition of geopolymer is given in Table 2 .The major constituents of fly ash
based geopolymer were the silicon, the sodium and aluminum oxides. Indeed, these components represented
79% of the total mass of geopolymer.

Table 2 : Chemical composition of FA- geopolymer

Constituent | LOI | SiO, | Na20 | Al203 | Fe203 | K20 K20 | TiO2 | MgO | CaO | SO3

% 5,82 37,8 28,3 15,9 4,67 2,65 0,719 1,58 1,18 | 1,15 | 0,37
Costituent | P205 | SrO BaO | ZrO2 | CuO | Nb205| CuO ZnO Rb |
% 0,1 | 0,0896 | 0,0882 | 0,0666 | 0,0345 | 0,0341 | 0,0137 | 0,0338 | 0,027 | 0,025

3.1.2 ? Si RMN MAS analysis

In 29 Si MAS-NMR spectroscopy, the chemical shift 8(29 Si) depends on the local environment of
the 29 Si nucleus. The explatory investigation by Lippman et al [18] on silicates with known molecular
structure showed that the 29 Si chemical shift mainly depends on the degree of condensation of SiO4 unit,
with increasing condensation corresponding to a high-field shift, more negative 5(29 Si). Qn(mAl) unit is the
conventional notation to describe the structural units in aluminosilicates, where «n» represents the
covalence number of the silicon center and « m » the number of Al surronding one SiO4 unit .The chemical
structures of all possible Qn(mAl) units are given by Klinowski [19]. In this way, if n =0,1, 2, 3 and 4, then
silicon is respectively in isolated mono-group (QO), in disilicates and chain end group (Q1) , in middle group
in chains (Q2), in sheets sites (Q3 ) and in three—dimentional cross-linked site (Q4). The letter « m »
represents the number of aluminium atoms in the first covalence sphere of silicon, the number of Si-O-Al,
sialate unit.

The 29 Si RMN MAS spectra of FA anf FA-GP is illustrated in figure 2 a. The chemical shift equal
to -107 ppm identified in 29Si NMR MAS spectra of FA is the most important and is attributed to the
tetrahedral [SiO4]4- coordination Q4 (0AI) [19-21]. A different situation was detected in the fly ash based
geopolymers paste. The main shift equal to -94, 5 ppm corresponding to the Q4 (2 Al) and Q4 (3Al) were
found. The shift equal to -107 ppm corresponding to the Q4 (OAI) coordination was less represented, which
points to the Al penetration into the [SiO4]4- skeleton. This interpretation of the NMR spectra is also shared
by other workers [20-21].The NMR spectra of fly ash based geopolymer illustrated in Figure 2 b shows
peaks at -80, -86, -89, -925,-94 and -103 ppm corresponding respectively to QI1(0Al),
Q4(3Al),Q4(3Al),Q4(2Al) and Q4(1Al) respectively according to Klinowsky [19].

The high intensities of signals obtained at -93 and -96 ppm means that the Q4 (2 Al) and Q4(3Al)
units prevailed . This result agrees with that found by Davidovits [9] which proposed the stuctural model of
geopolymer shown in Figure 3. The basic building block of a geopolymer is a tetrahedral silicon and
aluminium bonded through sharing of oxygen atoms. Only AllV is found to be suitable to replace SilVin a
tetrahedral arrangement. The basic monomer unit is a sialate, with Mn(-(Si02)z-Al02)n.wH20O to be the
empirical formula for polysialates, where z is 1,2,3; M is a monovalent cation, such as potassium or sodium;
and n is the degree of polycondensation [9-10].
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Figure 3 : Conceptual model of geopolymer proposed by Davidovits [9-10]

3.1.3 SEM and EDS micro analysis

3.1.3.1 FA-GP SEM
Figures 4 illustrate the SEM-determined microstructure characteristics of the prepared fly ash-based

geopolymers. The microstructure of FA-based geopolymers is a porous, heterogeneous mixture of non- or
partly-reacted fly ash grains, residual alkaline precipitates, and geopolymer gel. Figure 4 b shows SEM
micrograph of non-active spherical ash in the geopolymer binder and Figure 4 ¢ shows the interface between

geopolymer binder and fly ash particles.
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(a) (b) (©)
Figure 4 : SEM micrographs of fly ash based geopolymer

3.1.3.2 FA-GP EDXS microanalysis

The geopolymer paste consists of a gel phase and unreacted fly-ash particles. Figure 5 illustrates the
results of an EDS analysis of the gel phase in geopolymer matrix in the selected area and shows that the
main constituent of the geopolymer are 0, Si, Na and Al. In addition to the major elements (Na, K, Al, O,
Si), constituting the geopolymer binders, the elements of Ca and Fe are also present. It is observed that the
Si/Al ratio is close 1 in the gel matrix in the selected area. Therfore, the gel matrix have a poly-
sialatestructure [9].
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Figure 5: Qualitative EDXS analysis of selected area in the geopolymer matrix

3.2 Nitrogen adsorption Porosity measurement

The porosity is the proportion of the total volume occupied by pores. If the pores are interconnected,
then the permeability tends to be high and the porosity is high, vice versa if the porosity is low and the pores
are disconnected, then the permeability is relatively low [23]. Nowadays, no experimental method allows to
measure the pore structure of cementious materials completely. So far, numerous experimental methods have
been developed to measure or assess the pore structure and the most widely used methods include the
mercury intrusion porosimetry (MIP) and nitrogen adsorption/desorption methods. The gas adsorption
method has also been used to identify the pore structure of cement-based materials for decades [23-25]. On
the basis of the adsorbed gas quantity, the internal surface area of pores can be evaluated from the Langmuir
monomolecular layer theory or the BET multilayer adsorption theory. Furthermore, the pore size distribution
can be obtained using Barrett—Joyner— Halenda (BJH) interpretation based on capillary condensation [24].
The pore structure of samples is characterized by the total porosity, pore size distribution (PSD), pore
internal surface area as well as characteristic pore sizes. In order to gain more insight into the pore size
distribution, the measured pore distribution is divided into four size ranges: gel micropores (< 4.5 nm),
mesopores (4.5-50 nm), middle capillary pores (50-100nm) and large capillary pores (> 100 nm), according
to Metha and Monteirio [23].

In this study, Brunauer-Emmett-Teller surface (BET) method using N2 adsorption was used to
determine the pore structure of the fly ash based geopolymer prepared and the commercial portland cement
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OPC for comparison. Table 3 shows the parameters that were determined by nitrogen sorption, while Figure
6 (a, b) shows the representative pore size distribution forFA-GP geopolymer and OPC pastes.

Table 3: Parameters obtained by the nitrogen Adsorption method for FA-GP and OPC pastes

Parameters Geopolymer Cement
FA-GP OPC
Single point surface area 2,4883 19,2311
BET Surface Area: (m?#/g) 2,5080 19,3677
t-Plot Micropore Area(m?/g) 0,3743 4,0443
Surface Area t-Plot External Surface 2,1338 15,3235
Area(ma2/q)
BJH Adsorption cumulative 2,156 13,4348

surface area of pores (m#/g)

BJH Desorption cumulative 1,8533 13,9018
surface area of pores ( m#/g)

D-H Adsorption cumulative 2.063 12,7829
surface area of pores (m2/g)

D-H Desorption cumulative 1,7790 13,3106
surface area of pores ( m#/g)

Maximum pore volume at p/p° = 0,001037 0,001994
0,148548356 ( cm3/g)

(Horvath-Kawazoe method)

Cumulative pore volume of pores 0,000076 0,017532
Pores Volume

(cm3/g) (MP-method)

Pore size Median pore size (hm) 1,1738 5,252

According to  Table 3, the fly ash based geopolymers show lower average pore sizes, lower total pore
volumes and lower surface area of pores than OPC paste samples. The average pore size (1,17 nm)
obtained for the fly ash based geopolymer is lesser than 4,5 nm means that the geopolymeric matrix is
predominantly a microporous material. On the other hand, the average pore size for OPC cement Il paste (5,2
nm) is greater than 4,5 nm , indicating that the cement tested are predominantly composed of mesopores.
The small pores volume and surface area for the FA-GP geopolymer indicates that the geopolymer matrix is
dense, which means that its permeability will be low and consequently its durability will be high [22].

Figure 6 (a,b) shows that the pore size distribution of the geopolymer and OPC pastes are
unimodally distributed . Figure 6 a and b presents a clear maximum at 3 nm and 3,8 nm respectively
meaning that the creation of mesoporosity (radius > 4,5 nm) is more significant in CEM Il than fly ash
based geopolymer materials. Indded, the creation of mesoporosity influences the evolution of the surface
area, the more the creation of mesoporosity is significant, the more the surface area increases. This fact
explained the greater BET N2 obtained in the case of cement paste.

Fly ash based geopolymer paste showed considerably lower pore volume than OPC paste
meanig that FA-GP paste is more compacted and dense than the cement paste tested. Therefore, the porosity
of FA-GP is smaller than that of OPC cement studied. Since the porosity is inversely proportional to the
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mechanical strength, it can be expected that the mechanical strength of the geopolymer will be greater than
that of OPC cement [26-27]. Indded, Porosity has been shown to display an inverse relationship to
compressive strength, with reduction of porosity leading to increases in compressive strength of a material
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Figure 6a: Pore size distribution in FA —GP paste.

3.3 Thermal and Fire resistance Properties

50 60
Pore Width (A)

Figure 6b: Pore size distribution in OPC paste

80 90 100

The thermal Stability of FA-GP and OPC paste was undertaken using DSC measurements. Fire
resistance properties of fly ash based geopolymer FA-GP and OPC pastes were evaluated by means visual
change, weight loss and microstructural changes after heat treatment at 600°C, 800°C and1000°C.

3.3.1 Thermal stability by Differential Scanning Calorimetry (DSC)

The thermal stability was performed using Differential Scanning Calorimetry analysis. The DSC

curves of fly ash based geopolymer and OPC pastes were illustrated in figure 7.

Wi

-37

-5z

OPC paste

-62
200

FA-GP paste

#o0

Figure 7: DSC curve of fly ash based geopolymer FA-GP and OPC pastes.

DSC curve of the FA-GP geopolymer samples shows an endothermic peak between 65 and 165°C centered
at 85 °C. It is associated to removal of water. This fact indicates the presence of the weakly bound water
molecules that were adsorbed on the surface or trapped in the large cavities between the rings of the
geopolymeric products. The FA-GP exhibits a high thermal stability at elevated temperature in the range
[50,800 °C]. This result agrees those of Cheng and Chiu [30]. In the opposite, the DSC curve of cement
paste presents several endothemal pics which are related to dehydratation of OPC paste. Indeed, Calcium
silicate hydrate (CSH) and calcium hydroxide Potlandite (CH) are the main hydration phases which

dominate the properties of Portland cement paste.
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The dehydration of Portland cement paste is due to dehydration of CSH and CH [31].The
temperature range corresponds to the dehydration of CSH is about from 105 to 1000°C [32]. The temperature
range corresponds to the dehydration of CH is about from 400 to 550°C. Carbonated phases decompose in a
large temperature interval from 500 to 800 °C. The DSC curves clearly show that the FA-GP geopolymer is
more thermally stable than the OPC cement paste.

3.3.2 Visual change after heat treatement

Figure 8 shows the fly ash geopolymers and OPC pastes samples prepared before and after heating at
600°C, 800°C and 1000°C. After heat treatment exposure, the color of the geopolymer samples became
slight lighting. Macro-cracks have been observed on the surface of the OPC samples after 600° C.
Geopolymer binders are well conserved after high temperature exposure, it shows no cracks on their
surface. The OPC samples were completely destroyed after heating at 1000° C. All geopolymers exposed to
high temperature retained their shape up to 1000 °C without showing any cracks or dimensional change. This
was supported by Skvara et al. [33] for fly ash geopolymers.

Before heating After 600°C heating  After 800°C heating After 1000°C heating

Figure 8: Samples of geopolymer (a) and OPC (b) before and after heat exposure

3.3.3 Weight loss measurements

Table 4summarises the weight loss of FA-GP and OPC pastes at different temperatures, According
to this Table, higher exposing temperature resulted in a higher mass loss. For fly ash geopolymer paste, little
mass change was observed after 600 °C up to 1000 °C, which was also observed by Zhang et al [34] in
metakaolin-fly ash based geopolymers.The weight loss of FA-GP were smaller than that of OPC paste as
found by Luna-Galiano et al [35]. According to the autors, OPC samples had a higher mass loss than
geopolymers and therefore greater degradation with rising temperature. The OPC paste was totally damage at
elevated temperature[36-37] due to evaporation of water and decomposition of hydrate products [35, 38].
The weight loss measurements are consistent with the results of DSC analysis.
Table 4: Weight loss of FA-GP and OPC pastes

Temperature (°C) 600 800 1000
FA-GP paste Weight loss% 18, 80 20,5 20,7
OPC paste Weight loss% 13,35 20 33,9

3.3.4 Microstructural Change by FTIR analysis

Figures 9 a and b represent the FTIR spectra of fly ash based geopolymers and OPC paste
respectively before and after exposure to elevated temperature. According to figure 9 a, Fly ash based
geopolymer at ambient temperature before heat exposure showed main broad band at 1000 cm-—1,
corresponding to the asymmetrical stretching vibration of Si-O-Si and Si-O-Al.
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Figure 9b : FT-IR spectra of OPC before and after heat treatment at 600,800 and 1000°C.

The other absorption bands at 3372 cm—1 and 1680 cm—1 were attributed to the OH stretching vibration and
bending vibration, respectively. The band at 1450 cm—1 was attributed to the CO32— ion resulted from the
reaction of atmospheric CO2 with residual sodium content [39]. The band at 1000 cm-1 are particularly
sensitive to geopolymer gel structure indicating that formation of geopolymers took place in the reaction.
Amorphous SiO2 and AI203 are transformed to aluminosilicates gel during the reaction between fly ash and
NaOH. Their vibration bands in the IR spectrum are replaced by a single band around 100 cm—1,
characteristic of Si—-O-Al bonds in TO4 tetrahedra [40]. The peak at 1000 cm-1 attributed to the formation of
new amorphous aluminosilicate gel phase suggests depolymerisation and structural reorganization of the
amorphous phases in the alkali-activated fly ash [41]. With increasing temperature, the peak at 1000 shift to
more lower frequencies indicationg that the geopolymerization reaction take place at high temperature
between the residual unreacted fly ash present in the geopolymer sample and alcaline solution. The shift is
interpreted as the result of a further aluminum Al penetration into the original structure of the Si-O-Si
network, similar to those bands which were detected in the zeolites. A structural reorganization occurs in
which aluminum ions are incorporated into the SiO4 tetrahedra, forming more Si-O-Al bands in the
geopolymer network [42]. With increasing temperature, the sodium carbonate band disappeared as it started
to decompose at 400 °C. Similar to many other geopolymers exposed to heat treatment [43], the bands at
3372 cm—1 and 1680 cm—1 lowered in intensity with increasing temperature exposure, indicating fully
dehydration of geopolymers.

FT-IR spectra of cement pastes heated in the temperature range 20-1000°C, are represented in figure 10 b.A
wide IR band obtained at 20°C at 976 cm-1, is due to the silicate phases [43-45]. Along with the increasing
temperature to 1000°C, the maximum peak due to silicate phases is moved towards lower wave numbers
(935 cm-1 at 600°C, 915 cm-1 at 800°C and 874 cm-1lat 1000°C). A shift of the observed IR band at 976
cm-1 towards lowerwave’s numbers is attributed to decomposition of the cement gel C-S-H [45]. The
change in the structure of cement gel is due to the liberation of chemically bounded water. With increasing
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the température, the wide band due to silicate phases at976 cm-1splits into three bands at 1000, 874 and 712
c¢cm-1. The appearance of new bands evidences a transformation of the gel structure and the formation of
ordered phases, similar to the structure of C2S [44].The appearance of new band at 515 cm-1 confirm the
presence of C2S and decomposition of C-S-H gel of cement paste heated at high temperature.The
comparative study of microstructural change by FT-IR analysis confirmed the high thermal stability of fly
ash based Geopolymer and low thermal stability of cement paste mainly due to decomposition ofthe C-S-H
gel, the main binding product in the cement matrix due to evaporation of water.

3.3.5 Microstructural change by XRD analysis

Figure 10 a shows the XRD pattern of FA-GP paste, while Figurel10 b presents XRD spectra of OPC cement
paste before and after heat treatment.  XRD pattern of fly ash based geopolymer illustrated in figure 10 a
shows that the geopolymer materials are prevailingly of X-ray amorphous character where the diffraction
crystals were those of the original fly ash materials: mullite and quartz. The broad peak observed around 20-
40° which is attributed to the formation of amorphous aluminosilicate gel N-A-S-H, which has been
identified as the primary reaction product of geopolymeric materials [46].
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Figure 10 a : XRD pattern of fly ash (FA) and fly ash based geopolymer (FA-GP) before and after
heating at 1000 °C . A :Albite ; F :Faujasite ; N :Nepheline ; Q : Quartz ; M : Mullite
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Figure 10 b : XRD pattern of OPC before and after heating at 1000°C.

Indded, the structure of geopolymers is often described by several autorsbroadly by the term ‘X-ray
amorphous’ [47-48]. Slight changes in intensity are observed in this halo with increasing temperaturebut are
difficult to quantify. The geopolymer binder remains amorphous over a wide range of temperatures;
however, at temperatures over 1000C, several crystalline products have been observed according to the
chemical composition of the original geopolymer. The elevated temperature increased the propensity towards
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the formation of stable crystalline phases. The characteristic peaks of Albite (NaAlISi308), nepheline
(NaAlSiO4) and Faujasite can be observed in the DRX spectra of FA-GP after heat exposure at 1000°C as
shown in figure 10 a. This result agree with the finding of Rovnanik et al [48] which have observed the
formation of nepheline (NaAISiO4), jadeite (NaAlSi206), and albite (NaAISi308) in Na-based
geopolymers. Formation of nepheline, anorthite and cristobalite have been reported in geopolymers at
higher temperature exposure according to some studies [49-50]. In general, the crystallization would most
probably enhance the mechanical properties of geopolymers [50]. The presence of kalsilite (KAISiO4) and
leucite (KAISi206) have been proven in heat-treated samples of potassium geopolymers [52]. Crystalline
phases might act as fillers to reinforce the geopolymer matrix. The presence of the crystalline phases that
remained stable at high temperatures is important for the thermal stability of geopolymer.The XRDspectra of
OPC paste before and after heating at 1000°C is given in figure 10 b The XRD pics at 18° and 34° which
indicated the presence of portlanditeCa (OH)2desappear at 1000°C in accordance with DSC analysis. The
pics of calcite (CaO) were also found in the XRD pattern of cement at 1000°C. The broad band between 32
and 33-is attributed to the C-S-H gel, the main binding product in the hydrated cement paste. This band
desappears at 1000°C and the pics of allite (C3S) and belite (B-C2S) are present in XRD spectra of heated
cement paste at 1000°C. The XRD diagrams at 1000°C reveal that the main products of the C-S-H
decomposition were C3S and B-C2S, being consistent with previous reports [53-55]. Indded, the amorphous
CSH gel starts to recrystallize into B-C2S or C3S when the temperature exceeds 700 °C [56]. The
dehydration and recrystallization of CSH and CH cause their shrinkage [54]. Meanwhile, the unhydrated
clinker particles, which are surrounded by CSH and CH, expand due to thermal dilation. This strain
mismatch between shrinking hydration products and expanding clinker leads to micro-cracking and
microstructural changes, leading to desintegration of portland cement specimen [54]. The XRD analysis
of Fly ash geopolymer and portland cement pastes confirm also the stability of fly ash based
geopolymercomparativly to OPC cement paste.

3.3.6 Microstructural change by SEM analysis

Microstructural images of fly ash geopolymers before and after heat exposure to 1000°C were
obtained using scanning electron microscopy (SEM). Figure 11 illustrates the SEM-determined
microstructure characteristics of theraw flyash and the prepared fly ash-based geopolymers before and after
heat treatment at 1000°C.

FA-GP before heat treatment FA-GP after heating at 1000°C

Figure 11: SEM micrographs of fly ash geopolymer before and after heat treatment at different
magnification ( (a) 400 magnification ; (b) 1300 magnification)
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The microstructure of FA-GP before heat exposure is a porous, heterogeneous mixture of non- or partly-
reacted fly ash grains, residual alkaline precipitates, pores and geopolymer gel. The geopolymer matrix
seems denser after heat treatment and shows the abcence of micro crack on the surface and unreacted fly ash
particles. Therefore, the surface seems more homogeneous with less porosity. At elevated temperature, the
rate of dissolution of the fly ash particle is enhanced and the condensation of alumino-silicate gel are obvious
from the micrograph. The geopolymer matrix intervened with each other forming continuous matrix at large
magnification. This suggested that there is sintering effect and partial melting due to elevated temperature.
The partial melting which allowed the viscous flow to fill pores or voids present in the structure [57].With
increasing temperature exposure, the amount of residual fly ash particles became lesser and disappeared in
samples heated at 1000 °C. From the SEM images, un-reacted fly ash particles shaped like hollow spheres
were observable. When these shells are partially dissolved in geopolymer matrix, they appear to create a
matrix with a large number of small highly dispersed pores. At elevated temperatures, these pore spaces
provide escape routes for moisture in the matrix thereby decreasing the likelihood of the damage to the
matrix. Some degree of sintering appears to occur at elevated temperatures, thus increasing the strength. The
matrix was seemingly dense with crystalline phases, which is estimated to improve the strength of
geopolymer at elevated temperature [58]. The presence of crystalline phases was confirmed by the XRD
diffractogram in the section above.

Conclusion

According to the compositional and microstructural analiyises, the geopolymer products derived from fly ash
consist of many features: voids, pores, micro cracks, fly ash balls, dense and bulky geopolymer binders. It is
considered as a hybrid mix but rather pure geopolymers. The porous microstructure proves that it is with a
good fire resistant performance. The Si RMN analysis revealed that the Q4 (2Al) and

Q4(3Al) units prevailed in the polysialateframwork of FA-GP. The textural properties studies the FA-GP
matrix is a predominantly a micoporousmaterial while the portland cement paste is predominantly a
mesoporous material. This study has investigated the effect of elevated temperatures on the properties of FA-
GP and OPC pastes. Geopolymer binders are well conserved after high temperature heating, it shows no
cracks on the surface after high temperature exposure. The OPC samples were completely destroyed after
heating at 1000°C.All geopolymers exposed to heating retained their shape up to 1000 °C without showing
any destruction or dimensional change.The DSC, FT- IR and XRD analysis confirm the thermal stability of
flyash based Geopolymer. The study results indicated good fire resistance of geopolymer derived from
Moroccan fly ash. Further research is needed to confirm these high thermal properties. Thus, the FA-GP
materials can be used as ecologically friendly fire proof building materials, sound and heat insulators.
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