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Abstract

The aim of the present work was to study the influence of elevated temperatures on the thermal behavior of geopolymer
cements based on the incorporation of metakaolin with cement kiln dust. Geopolymer composites were synthesized by
partially substituted metakaolin (MK) with 0, 20, 30 and 40 wt% of cement kiln dust (CKD). The mixture of liquid sodium
silicate (NazSiOs) and sodium hydroxide (NaOH) was used as alkaline activator solution with fixed ratio 2.5 and the
concentration of sodium hydroxide was 10 Molar. The obtained geopolymer specimens were cured in water at ambient
temperature (25°C) for 28 days and then subjected to various elevated temperatures 200, 400, 600 and 800°C for one hour.
Geopolymer cements were characterized before and after temperature exposure via visual appearance, X-ray diffraction
(XRD), Fourier Transform infrared spectrometry (FTIR) and the compressive strength test. Some selected samples were
investigated by using thermo gravimetric analysis (TGA/DTG).The results show that, all geopolymer specimens loss their
compressive strength from ambient temperature to 400°C. This is due to the escape of moisture and dehydroxylation of
aluminosilicate gel from the geopolymer matrix. However, geopolymer samples gained strength upon heating to 600°C as a
result of further polymerization of unreacted silicate species. At 800°C, the geopolymer mix with 20% CKD retained highest
strength and thermal stability than other mixes due to viscous sintering process which induced crack healing thus enhanced
the mechanical properties of geopolymer under high temperature. This suggests that geopolymer paste that contains 80% MK
and 20% CKD can withstand high temperature as well as very suitable for refractory and fire resistance applications.
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1. Introduction for many recent researches. Geopolymers are
regarded as a green alternative construction materials

One of the negative aspects of ordinary Portland
cement (OPC) is that it releases large amounts of
carbon dioxide (CO;) into the atmosphere by
decomposition  of  limestone during cement
manufacture process. The production of one ton OPC
lead to formation of about one ton CO; [1, 2] and this
gas is the major contributor to the green house effect
and global warming. In that respect, the pursuit to
find an alternative cementitious material that can
reduce the drawback of Portland cement and has low
environmental impacts had become an urgent issue

due to their merits over Portland cement such as low
energy consumption, low shrinkage [3], excellent
mechanical strength [4], less CO, emission [5, 6] and
have superior resistance to fire [3, 7]. Geopolymer
can be synthesized from alkaline activation of
aluminosilicate source materials that are rich in both
silica (SiO;) and alumina (Al;Os). Among these
materials metakaolin is widely used as a pure
aluminosilicate source which produced from the
calcination of kaolinite clay as a result of losing
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water lattice at a specific temperature ranging from
500°C to 800°C as shown in equation (1) [8].
Aly03.25i02.2H,0— Al;03.2Si0; +2H,0 (1)

Many researches were conducted on the
incorporation of metakaolin with industrial waste
products such as fly ash (FA) [9, 10], silica fume
(SF) [11, 12], ground granulated blast furnace slag
(GGBFS) [4, 6] and cement kiln by-pass dust (CKD)
[13, 14]. Cement kiln dust is produced in great
amounts as a by-product of the cement industry. It
contains a high concentration of sulfate and alkalis
(Naz20, K20) which prevents recycling it in cement
manufacturing. Frias & Cabrera [15] found that
alkaline activation of metakaolin in the presence of
free lime produced mainly calcium silicate hydrate
(C-S-H), stratlingite (C2ASHs) and Tetra- calcium
aluminate hydrate (CsAH;13). At ambient temperature,
these phases are stable. However, at elevated
temperatures some of them are metastable phases
(C2ASHg and Cs4AHi3) converting to hydrogarnet
(C3ASHe) [16]. In recent years, several researches
studied the thermal behavior of MK-based
geopolymer cements under elevated temperatures, but
some studies in this field contradictor the other.
Rashad et al.[17] investigated the thermal behavior of
geopolymer prepared from metakaolin (MK) with
partially replaced by quartz powder (QP) at level
ranging from 0% to 30% after exposure to different
temperatures in the range 400 -1000°C, and they
reported that the initial compressive strength for all
different pastes increased rapidly at 400°C and then
gradually decreased in 600-1000°C due to thermal
deformation.

In a contrary study, Tchakouté et al.[18] studied
the thermal behavior of geopolymer based on
metakaolin using sodium water glass (NWG) from
rice husk ash and waste glass as an alkaline activator.
They reported rapidly reduction in compressive
strength of geopolymer from ambient temperatures
until 400°C. While at 600°C the compressive strength
increased relatively to 200°C and 400°C, then the
compressive strength dropped rapidly at 800°C due to
the complete evaporation of chemically bound water.
Elimbi et al. [19] found that alkali- activated
metakaolin (AAMK) pastes exhibited a loss in the
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initial compressive strength after subjected to
temperature ranging from 300-900°C. Barbosa &
MacKenzie [20] examined the effect of elevated
temperature on the performance of geopolymer

contained metakaolin and sodium silicate and they
reported the high thermal stability of metakaolin up
to 1200°C. According to Rickard et al. [21] , the
geopolymer could be exhibited strength gain after
thermal exposure due to the sintering of un-reacted
silicate particles.

The objective of the present work is to study the
influence of the elevated temperature on the
performance of metakaolin based geoplymer paste, in
order to develop an optimum MK-CKD binder that
can withstand very high temperature. Therefore, this
study focuses on the thermal stability of geopolymer
pastes prepared by partially replaced MK with 0, 20,
30 and 40% CKD after exposure to different elevated
temperatures 200, 400, 600 and 800°C. Geoplymer
cements were characterized via visual appearance, X-
ray diffraction (XRD), Fourier Transform infrared
spectrometry (FTIR) and the mechanical properties
before and after temperatures exposure. Some
selected samples were investigated by using
thermogravimetric analysis (TGA and DTG).

2. Experimental
2.1. Materials

Metakaolin  (MK) was supplied by Hemts
Construction Chemical Company, Cairo, Egypt.
Cement kiln by-pass dust (CKD) was provided by EI-
Nahda Cement Factory, Qena, Egypt. Those
materials are the source of silica and alumina that
used for preparing geopolymer specimens. The
chemical composition of the raw materials obtained
from X-ray fluorescence (XRF) analysis was
presented in Table 1. The XRF results exhibited that
the major constituents of MK are silica (SiO;) and
alumina (Al,O3) that represent about 95%.
Mineralogical characterization of MK was done using
X-ray diffraction analysis as shown in Fig. 1.The
XRD reveals that MK is composed mainly of illite,
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quartz (SiO;), microcline (KAISisOg) and trace
amount of anatase (TiO) as impurities. Elimbi et al.
[22] studied the clay minerals and they reported that
the main constituent of MK is kaolinite, quartz, illite
and anatase as impurities. A mixture of sodium
hydroxide (NaOH) and commercial liquid sodium

Tablel. Chemical compositions of starting materials.

silicate (LSS) was used as the alkaline activator
solution. The NaOH flakes with purity 99% were
purchased from EL-Goumhouria chemical company,
Cairo, Egypt.

(?v?;:) Si0;  Al:0; FeO; CaO MgO SO NaO KO ClI° TiO; POs LOI Total
MK 64.80  30.10 0.55 0.52 018 Ay e s 270  0.06 0.73 99.69
CKD 14.16 3.98 3.42 53.87 0.86 3.68 3.01 6.62 743 @ ——emm - 2.80 99.83

solution until a homogeneous paste was reached.
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Fig. 1.X-ray pattern for the raw metakaolin
An:anatase (TiO,); F:feldspar (KAISi;Os) ;Q:quartz (SiOy); Lillite (KAILSiO3AI0 0 (OH),

2.2. Geopolymer synthesis

A combination of liquid sodium silicate Na,SiOs
and sodium hydroxide NaOH was utilized as an
alkaline activator for producing geopolymer cements.
The concentration of 10M NaOH was prepared by
dissolving NaOH pellets into distilled water and
allowed to cool down to room temperature. The
alkaline activator solution was prepared 24 hours
prior casting. The liquid sodium silicate and sodium
hydroxide solution were mixed together with fixed
ratio of 2.5:1 until a clear gel was obtained. Based on
previous work [6] the concentration of 10 molar
NaOH exhibited the best mechanical properties of
geopolymer cement. The geopolymer samples were
fabricated by replacement metakaolin with different
ratios (0, 20, 30 and 40%) of CKD as represented in
Table 2. Geopolymer pastes were prepared by mixing
raw materials of each mix with the alkaline activator
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After mixing, the fresh pastes were rapidly cast
into a cubic mould with a dimension of 25x25x25
mm3. The mould was vibrated to remove the entire
air bubbles and then left undisturbed in humidity
(100% R.H.) under room temperature for 24 hours.
After this period, the cubes were demolded and cured
under tap water in a tight plastic container at ambient
temperature for 28 days. At the end of the curing
regime, the specimens were removed from their
curing conditions and subjected to the compressive
strength measurements [23]. The hydration reaction
was stopped by taking the resulting crushed
specimens and stirred with stopping solution of
alcohol / acetone (1:1) for preventing further
hydration [24, 25] followed by drying of the crushed
specimens for 24 hours at 80°C, then kept for
analysis.
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Table 2. Mix composition, water/solid (L/S) ratio and setting times

Na28i03
] MK CKD MK CKD ]
Mix solution
(%) (%) (grams) (grams)
(grams)
Mo 100 1500 @ - 605
MD3o 80 20 1200 300 640
MD3o 70 30 1050 450 678
MDyo 60 40 900 600 718

On the other hand, after 28 days the specimens
were subjected to different elevated temperature 200,
400, 600 and 800°C in an electrical furnace with a
heating rate 10°C/min, a hold time of one hour, and
then were cooled at ambient temperature to determine
the residual compressive strength. The oxide content
of the starting raw materials was verified by using
XRF  spectrometer (ARL9900). The phase
characteristics were investigated by using X-ray
diffraction analysis. The XRD was carried out with
empyrean diffractometer using Ni- filtered and Cu-
Ka radiation of wavelength A= 1.5418A0 and pixel
detector operating at the following condition; voltage
40 kv and current 40 mA. The XRD scales of 20
value in the range from 4o to 650 with step size 0.013
at scanning rate of 20 per minute, at National Institute
of Standards NIS ,Giza, Egypt. The Fourier
Transform Infrared Spectroscopy (FTIR)
measurements are carried out on Perkin - Elmer -
1430 infrared spectrophotometer using potassium
bromide (KBr) pellets, about 2mg of the sample was
grinded with 20-fold of KBr (dried in an oven prior
to its use) and then pressed in the form of a disc, in
order to evaluate the shifting of functional groups, at
Micro-Analytical central, Ain Shams University,
Egypt. The wave number of infrared spectra was
ranging from (400 to 4000 cm-1). Thermogravimetric
analysis (TGA) was conducted using a Shimadzu
TGA- 50H instrument. The rate of heating was fixed
at 10°C/min under a current of nitrogen flowing at a
rate of 20 ml / min. The obtained (TGA) curves were
recorded at temperature reaching to 800°C to
measure the weight loss of the samples which
exposed to elevated temperatures, at the Micro-
Analytical Center, Cairo University, Giza, Egypt. The
water of consistency and setting time of the
geopolymer paste were carried out using standard
Vicate Apparatus[26].
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NaOH Na,SiOs : Initial Final
Solution NaOH L/S  setting  setting
ratio time time
(grams) Min)  (Min)
242 25 0.56 >1 day /l
256 25 0.59 35 m
210 25 0.63 23 30
287 25 0.67 18 26

The compressive strength of all set specimens was
measured by manually
compression testing machine (D550-control type,
Milano-Italy) to determine the residual mechanical
properties of the specimens after subjected to
elevated temperatures and compared with those
obtained from unheated samples at the age of 28
days.

3. Result and discussion
3.1. Water of consistency and setting time

The standard water of consistency, initial and final
setting times of geopolymer pastes are represented in
Table 2. The results revealed that, the water of
consistency increases with the addition of CKD as
compared to the control mix (Mg). This is mainly due
to the presence of alkalis and free lime as well as the
high surface area of CKD leading to an increase in
water demand [27]. It is noticed that both initial and
final setting times are elongated in the sample Mg
which contain 100% MK. This in a good harmony
with Mehena et al. [28], where they concluded that
the higher levels of metakaolin can prolong the
setting times. The addition of CKD leads to decrease
the setting times of fresh geopolymer pastes. This
may be attributed to the interaction of activated MK
with free lime liberated from CKD which can
accelerate the rate of hydration process.
Consequently, the setting times become faster [14].

3.2. Characterization of metakaolin

Fig. 1 displays the XRD diffractogram for the raw
metakaolin. The XRD pattern shows a diffuse halo
structure centered around 28.62° 20, indicating the
amorphous character of metakaolin and the
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crystalline phase prevalent in the diffractogram is
quartz (SiOz) with basal reflections at (d=4.25 A°,
d=3.34 A° close to 20.87° 26 and 26.64° 20,
respectively). Furthermore, some mineral phases such
as illite (KAI:SiOsAlOy (OH) 2) at (d=9.33 A° near
10° 26), microcline (KAISi3Og) and traces of anatase
(TiOy) are exist as impurities in the X-ray patterns of
metakaolin.

Fig. 2 shows the FTIR spectrum of the original
metakaolin. The spectrum shows lowest absorption
bands at 3433cm™ and 1620 cm* which are ascribed
to stretching and bending vibration modes of O-H
and H-O-H, respectively. The main absorption band
located at about 1087 cm™ correspond to the
asymmetric stretching vibrations of Si-O and Al-O
bonds, a shoulder band observed at 882 cm is
assigned to out of-plane bending vibration of CO,
which produced by atmospheric carbonation of clay
particles, the symmetric stretching vibration of Si-O-
Si was detected in the region 779-796 cm™. In the
meantime, the band appears at approximately 693 cmr
Lis related to the symmetric stretching vibration of
Si-O-Si and Si-O-Al(VI). Finally, the bending
vibration mode of Si-O-Si and O-Si-O at
approximately 463 cm™* represents quartz.

1087

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber, cm'1

Fig. 2.IR spectrum of raw metakaolin

3.3. Fourier Transform infrared spectroscopy

The FTIR spectra of geopolymer specimens (Mo,
MD2o, MD3p and MDa4g) cured at ambient temperature
for 28 days and after subjected to -elevated
temperatures 200, 400, 600 and 800°C are illustrated
in Fig. 3(a-d). All spectra of geopolymer cements
before heat treatment showed an increase in the
intensity of absorption bands related to stretching
vibration mode of O-H group at 3442-3460 cm™* and
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bending vibration mode of H-O-H at 1644-1649 cm™
when compared with the spectrum of initial
metakaolin (Fig.2).

This indicates the dissolution and condensation of
metakaolin species by using the alkalis present in
CKD and the alkaline activator solution which leads
to the formation of excessive amounts of hydration
products within geopolymer matrix [29, 30].
Furthermore, the strong peak which attributed to
asymmetric stretching vibration of Si-O-T where (T
is Si or Al) that present in the IR spectrum of starting
MK at 1087 cm™ (Fig. 2) shifted toward lower wave
number around (~1000 cm) for geopolymer mixes.
This shift can be explained by the incorporation of Al
ions in IV-fold coordination into Si-O-Si network
leading to the formation of more Si-O-Al (IV)
bridges [31, 32]. Also, the shift of the band can be
interpreted as a result of the geopolymerization
process and formation of amorphous aluminosilicate
gels (C-S-H and N-(C)-A-S-H) in geopolymer
binders. This is coherent with the intensity of bands
at about 777 cm™® and 693 cm™ corresponding to
symmetric stretching vibration of (Si-O-Si) and (Si-
O-Si or AI-O-Si), respectively, which assert the
completely dissolved of unreacted silica and the
progress of the polymerization process [30].

Evidently, the intensity which is characteristic
for anti-symmetric stretching vibration of Si-O-T
band at 995-1040 cm™, in case of MDyo mix is higher
than those of other mixes as shown in Fig. 3b,
suggesting that the addition of 20% CKD enhances
the solubility of silica by the alkalis present in CKD
and form highly crosslinked geopolymer gel. This is
in a good agreement with Criado et al; Yang et al [33,
34] in which they stated that the stronger the intensity
of the main asymmetric band, the higher the degree
of polymerization.

While, further addition of CKD leads to increase
the contribution of alkalis and chloride released from
CKD resulting in the consumption of geopolymer
surface and also increases in the crystallinity degree
of hydration products. Increasing dust replacement
leads to increase the intensity of carbonate peaks at
1430cm, together with a distinct shoulder at 876 cm
L. This is due to that the presence of significant
amounts of alkalis, free lime and chloride in CKD
caused a sort of crystalline products which in turn
increases the open pores of the system and make the
matrix more susceptible to carbonation [30].
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Upon exposure to 200 and 400°C, all geopolymer
samples show a sharp reduction in intensity of the T-
O-T peak. This may be related to the decrease in the
chain length of geopolymer [35, 36], which account
for the regression of compressive strength between
200 and 400°C as mentioned in section 3.7. Also the
intensity of bands attributed to water molecules at
3442-3460 cm! and 1644- 1649 cm™ decreased after
exposure to 200°C, indicating the evaporation of free
and part of chemically bound water from the
gepolymer matrix [37].This confirmed by the results
observed in TGA analysis (Fig. 5). It is clear that, the
bands at 1430 cm™ and 876 cm't, which are attributed
to the carbonation of free alkalis started to diminish
at 400°C and are completely vanished at 800°C [38].
There is a pronounced increase in the intensity of Si-
O-T linkage for all geopolymer specimens at 600°C.
This could be related to the further polymerization of
unreacted metakaolin ~ which  promotes  the
densification of geopolymer [35, 36], which also is
reflected in the residual strength values.

When raising the temperature to 800°C, the
control mix Mg shows a shoulder band at 1163 and
1079 cm? are associated to asymmetric stretching
mode of original metakaolin (Fig.2), as well as the
wide band due to silicate phase splitting into three
new absorption bands at 1078 ¢cm, 1013 cm* and
928 cm? for MD4 geopolymer mix (Fig. 3d),
implying the decomposition of (C-S-H and N-A-S-H)
gel structure as a result of crystallization process [38,
39], and the formation of wollastonite phase which is
emphasized by XRD patterns (Fig. 4d) and the peak
observed at 780°C in TGA results (Fig. 5¢). The most
intensive band at 453 cm* of bending vibration O-Si-
O which is typical for geopolymer gel appeared as a
series of peaks in IR spectra of MDs, and MDuyo
matrices. This is an evidence for disintegration of gel
as well as the ordering of silicate network [40, 41].

On the contrary, there is no change observed in T-
O-T bridge of MDy specimen after heating at 800°C,
resulting from the viscous sintering which densified
the matrix [42]. This coincides with the appearance
of the small peak related to akermanite phase in XRD
measurements (Fig. 4b), and also has been identified
through TGA by observed peak between 700 -800°C,
which it is typical for the collapse of zeolitic
framework [43]. The represented data proved that the
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mix MDz containing 80% MK and 20% CKD
possesses the high thermal stability of all geopolymer
pastes.

1080
1647 1y 692 465 451

us1
w5 e

451
12 445 7% 51

3443 692
— M0(25 DC) 1649 1455 \J050 m
s — M0(200°C) 1040
MO (400 °C)
— Mo(600°C)
— M0 (800°C)

455

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

wavenumber cm ™.

Fig. 3a.FTIR spectra of MO geopolymer sample before
and after exposure to different elevated temperatures

3446 776

1653 1421

1648 1432
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Fig. 3b.FTIR spectra of MD,, geopolymer sample before
and after exposure to different elevated temperatures
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Fig. 3c.FTIR spectra of MD3, geopolymer sample
before and after exposure to different elevated
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Fig. 3d.FTIR spectra of MDao geopolymer sample
before and after exposure to different elevated
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3.4. X-ray diffraction analysis (XRD)

The XRD patterns for geopolymer specimens (Mo,
MD2o, MD3p and MD4g) at ambient temperature and
after subjected to elevated temperatures 200, 400,
600 and 800°C are shown in Fig. 4(a-d), respectively.
The XRD patterns of all activated samples before
thermal treatment show huge and broad hump
between (20-40° 26), indicating the complete
dissolution of metakaolin species as a result of
alkaline activation and the formation of amorphous
geopolymer matrix. It could be observed that the
diffuse halo of the vitreous phase in the initial
metakaolin (centered on 28.62° 20) as shown in (Fig.
1) shifted slightly towards the higher degree
(centered on 29.38° 20) for all geoplymer samples.
This shift has been described by Williams et al;
Rickard et al, [44, 45] and implying the formation of
amorphous aluminosilicate gel as a result of
geopolymerization reaction.

The main crystalline phase has been identified
as the primary product of geopolymerization process
is (C-S-H) gel with the basal reflections at d=3.03 A°
, d=2.786 A° close to 29.38° 20, 32.09° 20,
respectively, where the dissolution of metakaolin
leads to release free silica which is partially
substituted with aluminium (Al) atoms or interacted
with hydrated calcium oxide in CKD, suggesting the
formation of new crystalline phase such as (C-(A)-S-
H) type gel within the specimen. Indeed, quartz
(SiOy) is the dominant phase in all diffractograms of
geopolymer pastes with the basal reflections (d=3.34,
d=4.25 A°). Moreover, other mineral phases which
are present in the diffractogram of the original
metakaolin such as anatase (TiO2) at d=3.51A° and
the potassium  feldspar  microcline  mineral
(KAISIi3Og) at d=3.24A° were observed in all
geopolymer specimens after polymerization process.
This implies that these minerals did not participate in
the geopolymerization reaction. As can be seen in
(Fig. 4b) of unheated MDy specimen with 20%
addition of CKD, the stratlingite phase (C>ASHs)
appeared at d=12.67A°.
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According to Silva et al. [46] the stratlingite
phase is the main hydrated crystalline compound
formed in paste with high MK content. Several
authors [47, 48] reported that the presence of
stratlingite confers a high mechanical strength to a
lime-based material. The current study is agreement
with these findings and manifested by the increase of
the mechanical strength for MD2 specimen as
compared with the strength values of the other
specimens.

The XRD patterns of all geopolymer cements after
exposure to 200°C show a broad hump which is
typical for N-(C)-A-S-H gel similar to that obtained
from the unheated samples. This result is in a good
harmony with the findings of Ruiz-Santaquiteria et
al; Hussin et al [49, 50]. They concluded that the
semi-crystalline (N-A-S-H) gel appeared in the
geopolymer paste before and after thermal treatment
at 200°C. However, the intensity of diffuse peak
related to C-S-H around 20 =29.38° slightly
decreased after exposure to 400°C; indicating the
dehydration of gel [51, 52]. This confirms the
reduction of compressive strength value between
200°C and 400°C. As the exposure temperature
increased to 600°C, the diffuse peak at 26 =29.38°
which starts to be reduced at 400°C almost
completely disappeared. This is due to the destruction
of C-S-H gel as a result of loss chemically bound
water. However, the intensity of quartz peaks become
progressively  stronger  for all  geopolymer
composites, implying the further polymerization of
initially unreacted particles and reorganization of
atoms resulting in an increase in the amorphous
phase content and densification of the geopolymer
matrix which promote a gradually strength gain after
heating at 600°C.

Nevertheless, on further increase in elevated
temperature to 800°C, more pronounced changes are
observed in the diffraction patterns of all geopolymer
samples. It was noticed that as the amorphous gel
phase disappeared, new crystalline phases began to
be generated. The diffractograms of both MD3o and
MD4o geopolymer specimens after heating at 800°C
(Fig. 4c and d) show the appearance of new
diffraction peaks at d=2.97 A°, d=2.63 A°and d=1.86
A° assigned to the formation of crystalline
wollastonite phase (CaSiOsz). Also, the peak of
kaolinite (Al Si;Os(OH)4) was detected at d=7.47 A°
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and d=4.01 A°in control mix Mo and also in mixes
contain 30% and 40% CKD (Fig. 4a,c and d),
respectively. This is more prominent with the
appearance of a weak band at 518 cm™ only on the IR
spectra of MD4o (Fig. 3d) confirms the presence of
kaolinite and the deconvolution of geopolymer gel,
leading to the formation of more ordered structure.
The expansion of crystalline phase is deemed to be
the main reason for the presence of macro-cracks and
damage of (Mo, MD3 and MDs4y) geopolymer
specimens after heating to 800°C (Fig. 6) as well as
the deterioration in strength. Meanwhile, the
diffractogram of MDz specimen (Fig. 4b) exhibited
the formation of akermanite phase (Ca:MgSi.O7) at
d=3.09A° close to 28.86° 20 which was resulting
from partial sintering of the remnant grains in the
specimen. The viscous sintering acts as fillers and
thus reinforces the structure. Rickard et al. [21]
emphasize that the viscous sintering of the paste was
the main factor that leads to increase the compressive
strength in the geopolymers after firing as it released
more of the aluminosilicate material from the
unreacted particles into the binding phase and
improved inter-particle connectivity. The XRD
observations confirmed also the good thermal
stability of geopolymer specimen with 20 wt% CKD.
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(a) 334 —— Mo (200°C)
Ql — Mo (400°C)
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— Mo (800°C)
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Fig. 4a. XRD pattern of M, geopolymer sample before
and after heat exposure. An:anatase (TiO,); F:feldspar
(KAISi30s) ;Q:quartz (SiO,); Lillite (KAISiOsAlO;,
(OH),); K:kaolinite (Al, Si,0s(0OH),) ; calcium silicate
hydrate: (C-S-H)
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Fig. 4d. XRD pattern of MD4, geopolymer sample before
and after heat exposure. An:anatase (TiO,); F:feldspar
(KAISIi;0g) ;Q:quartz (SiOy); Lillite (KAI,SiO3AI0 0
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3.5. Thermogravimetric analysis (TGA/DTG)

Fig. 5a-c represents the thermogravimetric
analysis (TGA) and the derivative thermogravimetric

© Y .
analysis (DTG) for geopolymer samples (MDgz,
— MBm Gl MD3o and MDyo) after 28 days of curing. The curves
— MD30 (600:(:) - -
e were used to determine the weight loss of

geopolymers in the range of 30-800°C in order to
study the thermal stability of the specimens before
and after exposure to high temperatures.
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(CaSi0;) calcium silicate hydrate:(C-S-H)
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Fig. 5c.TGA and DTG curves of MD,o geopolymer sample

The TGA/ DTG curves for all geopolymers show
an endothermic peak span from an ambient
temperature until 200°C, accompanied by a sharp
reduction in mass. These are presumed to be due to
the expelled of both free water and a part of tightly
bounded water from the geopolymer structure [18,
53]. Furthermore, the most weight loss occurred
below 200°C in all specimens and accounts for about
80% of the total mass loss [54]; this was mainly due
to the rapid migration of the interstitial water towards
the surface and then escape, which causes a damage
to the internal microstructure of matrices and micro-
cracks on the surface of geopolymer, and
consequently a rapid degradation in the strength as
discussed below (Fig. 7).

It is noteworthy that, the endothermic peak
below 200°C for the composite containing 20wt%
CKD (Fig. 5a) was shifted slightly to a higher
temperature (110.90°C) than other samples. This
proves that, the replacement of MK by 20 wt% CKD
acts as a nucleating agent and filling the voids

Egypt. J. Chem. 64, No. 4 (2021)

leading to form more tightly bound within the
geopolymer gel. So, it results in producing a dense
matrix [55]. While with a further increase in the CKD
content up to 40 wt% (Fig. 5c), the endothermic
peaks become steeper and shifted to lower
temperature (106.50 °C). This is mainly due to that
the excess amounts of CKD lead to increase the
porosity in the matrix and reduce the ability of the
sample to retain water [56]. The geopolymers
continue to lose weight until 350°C with a total loss
of about 8.85, 11.69 and 11.96% for MD 2y, MD3 and
MDy4o, respectively. This might be induced by
dehydroxylation process of geopolymers.

There was a gradual mass loss (about 2%)
under a slow rate between 350 and 650°C. This may
be attributed to the dehydroxylation process and the
formation of new T-O-T linkage that leads to
densification of all matrices [2]. At this stage the
small mass loss is probably due to the elimination of
water which resulted from condensation of silanol or
aluminol groups on the surface of geopolymer gel
[57] as shown in equation (2) [58].

=T-OH+OH-T=—-=T—-0-T=+H0 (2

Where, T is (Al or Si) in tetrahedral sheets.

It can be seen from (Fig.5a) that the
endothermic peak observed around 658°C in the
mixture with 20 % CKD is more pronounced than
that obtained from other geopolymer mixes (MDsg
and MDgo). This implies that the geopolymer
composite containing MK in existence of 20% CKD
have higher amounts of comprised gel and contain
more tightly bound water within the matrix.
Moreover, the DTG curve (Fig. 5¢) for MDa4y mix
shows a small exothermic peak at 780°C with a very
little mass loss observed in the TG curve. The last
exothermic peak may correspond to the destruction of
amorphous C-S-H gel and the generation of the
wollastonite crystalline phase as presented in the
XRD analysis (Fig. 4d). On the other hand, the
exothermic peak which detected only in the
geopolymer specimen (MDyo) at the range of 700 -
800°C (Fig. 5a) with a minimal mass loss in the TGA
data are characteristic for the collapse of zeolite
structure [43]. The existing of this exothermic peak is
related to the viscous sintering process as a result of
the densification of geopolymer matrix [21, 59],
which can cause extreme strength when the
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temperature exceeds 700°C. The masses remaining
after heating all geopolymer samples to 800°C are
88.73, 87.24 and 86.26% for MDzo, MD3g and MD40,
respectively. From this perspective, it is clear that the
mixture containing 20wt% CKD have the highest
thermal stability among all geopolymer samples.

3.6. Visual appearance

Fig.6 (a-d) shows the physical observations with
regard to the change of sample color and cracks
development for unexposed and exposed geopolymer
specimens to elevated temperatures of 200, 400, 600
and 800°C.

25 200°C 100
Fig. 6a.Physical observations of unexposed and exposed MO
geopolymer sample to elevated temperature

Fig. 6b.Physical observations of unexposed and exposed MD,o
geopolymer sample to elevated temperature

. ‘.
25°C 200°C

Fig. 6¢.Physical observations of unexposed and exposed MD3,
geopolymer sample to elevated temperature

25°C 200°C

Fig. 6d.Physical observations of unexposed and exposed MDag
geopolymer sample to elevated temperature

The visual inspection for all heated geopolymer
cements indicated that the color of specimens
unchanged from the original color (at 25°C) until
400°C. While after exposure to 600°C, the color of
Mo, MD3o and MD4o samples (Fig. 6a, ¢ and d) was
impressively altered to dark grey. When the
temperature increased to 800°C, the color of all
samples becomes lighter. Moreover, hairline cracks
were observed on the surface of all specimens
accompanied by a strong linear shrinkage after heated
to 200°C. This may be interpreted as, after exposure
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to 200°C the moisture loss become higher and the
internal water try to escape out of the samples by
forming pathways leave behind small pores
distributed throughout the matrix [60].

Meanwhile, the shrinkage which began to
appear at 200°C become more intensive at 400°C due
to the dehydroxylation process that can be taken
place between 200 and 400°C, this consistent with
the high volumetric contraction that can be observed
in all samples after exposure to 400°C Fig. 6(a-d).
The observation was supported by Zhang et al. [61],
where they studied the thermal behavior of
geopolymer pastes after exposure to a high
temperature and reported that the first maximum
thermal shrinkage in geopolymer is due to the
evaporation of free water occurred between 100-
300°C at extremely higher rate, and beyond 300 °C
the paste continues to shrink under a slow rate. It was
found that, the higher shrinkage and the damage of
geopolymer structure due to dehydroxylation was
most probably responsible for the significant
reduction of geopolymer strength in the temperature
from 200°C to 400°C as previously reported by
Tchakouté et al; Cheng-Yong et al [18, 62].
Nevertheless, all samples heated at 600°C underwent
structural changes due to the densification of
unreacted silicate phase. This fact is in a good
harmony with the gain of compressive strength at
600°C. Rahier et al. [63] reported that the
temperature around 573°C and above is an indication
of the glass transition temperature (Tg) and the
densification of geopolymer paste.

On the other hand, after heating at 800°C, the
samples of Mo, MD3p and MD4o were suffered from
severe cracks and microstructural deterioration. This
can be associated with the transformation of the
amorphous gel into crystalline phase results in an
unconstrained volume expansion which can cause
wide cracks visually observed through the specimens
as seen in (Fig. 6a, ¢ and d). The existing of large
cracks in geopolymer specimens leads to increase the
likelihood of formation subverted and ruptured
structure after thermal load, thus the strength loss was
observed for these samples. Conversely, the MD2g
mix exhibited a much denser structure with fewer
voids after exposure to 800°C (Fig. 6b). This
suggested that the geoplymer gel sinters which
allowed the viscous flow to fill voids present in the
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structure [54, 62, 64]. The sintering and densification
of geopolymer occur more significantly in 800°C
than 600°C [65] and leads to a crack healing by
intervening the geopolymer ingredients with each
other and as such forming connected matrix [54]. It
can be inferred that, the mix contain 80% MK and
20% CKD assisted in maintaining the dimensional
stability, and hence improves the ability to resist the
fire.

3.7. Compressive strength
The compressive strength values of the
geopolymer specimens cured at ambient temperature

for 28 days and after heated at 200, 400, 600 and
800°C are shown in Fig. 7.
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Fig. 7.Compressive strength of geopolymer samples before and
after exposure to elevated temperatures.

The results indicated that, the mix MDy with
20% replacement of CKD achieved the maximum
value of compressive strength as compared with the
strength values of the other mixes at ambient
temperature. This may be related to the interaction of
MK with free lime (CH) liberated from CKD as well
as the presence of alkalis within CKD leads to
increase the dissolution rate of MK, providing the
system with silicate and aluminate species, which
complete the geopolymerization process as appeared
from the higher intensity of geopolymer T-O-Si band
(Fig. 3b). The increase of the reacted MK content is
associated with the increase of the probability to form
more hydration products such as C-S-H, C-A-H and
N-(C)-A-S-H gel, which deposited in the open pores
leading to increase the compressive strength. On the
other hand, the replacement of CKD above 20%
reduced the compressive strength of the mixes
significantly. This is mainly attributed to the presence
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of large amounts of alkalis in the form of chloride
and sulphate that causes a sort of crystalline hydrated
products resulting in an opening of the pore system
and so leads to lower the mechanical properties [29].

Generally, the increase of CKD content leads to
transform the initially formed amorphous silicate gel
into well crystalline phase (C-S-H) with a low
mechanical strength [14].

As can be seen in Fig. 7, the residual
compressive strength of all geopolymer matrices are
decreased at 200°C as compared to the initial strength
before heating. The reduction of strength from
ambient temperature to 200°C was attributed to expel
of the free water and a part of chemically bonded
water from the geopolymer matrix, causing damage
of Si-O-Si and Si-O-Al bonds and also decrease in
the chain length of the geopolymer paste (as
presented in section 3.3). The evaporation of water
from the geopolymer structure could be responsible
for the mass loss and the formation of micro cracks as
a result of the thermal shrinkage during heating at
200°C (as discussed in the previous sections 3.5 and
3.6). Furthermore, after exposure to 400°C, the
significant reduction in compressive strength values
was observed when compared with non-exposed
specimens of all geopolymer cements. This reduction
of strength was related to the evaporation of
chemically combined water from the structure in 100
-300°C range, followed by the dehydroxylation of the
OH groups at a temperature above 300°C which
induces the high shrinkage and accompanied by
developing macro cracks in the geopolymer structure
[43, 59].

Fig.7 indicates that all geopolymer samples
show strength gained at 600°C. This can be mainly
attributed to the polymerization of initially unreacted
materials which leads to densify the matrix and
increase T-O-Si band of all geopolymer at 600°C (as
discussed in section 3.3 of FTIR analysis), resulting
in an increase in the amorphous phase content (as
seen clearly in section 3.4 of XRD analysis).
However, after exposure to 800°C, a marked drop in
strength was observed in My, MD3 and MDuyo
specimens. This could be related to the
decomposition of aluminosilicate gel as a result of
the loss of the total chemically bonded water. This
causes a decrease in the residual strength of these
samples, where the strength trend was well-agreed by
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Tchakouté et al. [18].0n the other hand, the strength
increased slightly in MD2 specimen after exposure
to 800°C due to the viscous sintering process which
occurred in the geopolymer mix at a temperature
beyond 600°C which induced the healing of micro-
cracks that led to a strength gain after exposure to
800°C [54] . According to the previous works [66,
67], the sintering effect leads to the formation of a
very compact structure with a high mechanical
strength by inducing crack healing and thus the
specimens are well conserved from failure at elevated
temperature.  Therefore, the MDy specimen
experienced the higher residual strength than control
mix as well as other specimens containing CKD at
800°C.

4. Conclusions

The following conclusions can be drawn from the
obtained results:

The addition of 20% CKD as a partial replacement of
MK achieved the optimum compressive strength at
ambient temperature compared with the control mix
as well as other mixes containing CKD. This may be
due to the formation of the additional (C-A-S-H) gel
which fills the voids between grains leading to obtain
a denser and stronger matrix.

All geopolymer pastes, the experienced loss in
compressive strength from room temperature to
200°C is due to the dehydration of N-A-S-H gel,
which in turn decreases the chain length of Si-O-Al
and Si-O- Si bonds.

A sharp reduction in the compressive strength was
observed in all geopolymer specimens after heating at
400°C followed by a rapid shrinkage and micro-
cracks induced by dehydroxylation process.

All geopolymer pastes gained strength after thermal
exposure to 600°C is due to the further
polymerization of initially un-reacted materials
leading to the formation of a dense matrix and
improved the strength properties.

Geopolymer paste consisting of 80% metakaolin and
20% cement kiln dust enhanced the residual strength
after exposure to 800°C due to the densification of
matrix as a result of the viscous sintering process.
This mix could have different applications at high
temperatures.
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