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The effect of nano-clay platelets (Cloisite 30B) on the mechanical and thermal properties of fly ash
geopolymer has been investigated in this paper. The nano-clay platelets are added to reinforce the
geopolymer at loadings of 1.0%, 2.0%, and 3.0% by weight. The phase composition and microstructure
of geopolymer nano-composites are also investigated using X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR) and scanning electron microscope (SEM) techniques. Results show that the
mechanical properties of geopolymer nano-composites are improved due to addition of nano-clay. It is

g?:) ‘gglr;;er found that the addition of 2.0 wt% nano-clay decreases the porosity and increases the nano-composite’s
Nano-clay resistance to water absorption significantly. The optimum 2.0 wt% nano-clay addition exhibited the high-

est flexural and compressive strengths, flexural modulus and hardness. The microstructural analysis
results indicate that the nano-clay behaves not only as a filler to improve the microstructure, but also
as an activator to facilitate the geopolymeric reaction. The geopolymer nano-composite also exhibited

Mechanical properties
Thermal properties

better thermal stability than its counterpart pure geopolymer.
© 2015 The Ceramic Society of Japan and the Korean Ceramic Society. Production and hosting by

Elsevier B.V. All rights reserved.

1. Introduction

Geopolymers are synthesized by activating a solid aluminosil-
icate source with alkaline solutions. They are currently attracting
extensive research because of their potential as a high-performance
and environmentally friendly alternative to ordinary Portland
cement in different applications [1,2]. It has been shown that a wide
range of waste aluminosilicate materials can be converted into
building materials, as they show excellent physical and chemical
properties [3-7]. However, geopolymer pastes suffer from brittle
failure mode under applied force. The typical values of the compres-
sive strength of geopolymer-based ceramics are around 45 MPa [8]
which are comparable to the strength of Portland cement pastes.
However, geopolymer pastes show lower flexural strength ranging
between 1.7 MPa and 16.8 MPa [8,9]. Improving the flexural and
tensile strengths will promote the application of these materials
significantly in construction and building industries.
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Inrecent years, nanotechnology has gained attention in ceramic
and polymer research, particularly in forming nano-composites
which have superior physical and mechanical properties [5]. In
geopolymers, various types of nanoparticles have been incorpo-
rated successfully to improve their mechanical properties. Alumina
and silica nanoparticles have been used successfully as reinforce-
ments for geopolymer pastes, giving them superior mechanical
properties. Nano-alumina and nano-silica not only acted as fillers,
but also enhanced the geopolymerization reaction [10]. In another
study, it has been found that nano-silica and nano-alumina parti-
cles have the ability to reduce the porosity and water absorption
of geopolymer matrices [11]. A further study on the effect of
adding carbon nanotubes to fly-ash-based geopolymer has shown
an increase in the mechanical and electrical properties of geopoly-
mer nano-composites when compared to the control paste [12]. In
another study, the addition of calcium carbonate (CaCO3) nanopar-
ticles to high-volume fly-ash concrete improved the flexural and
mechanical properties, decreased the porosity and improved the
concrete resistance to water absorption [13]. Recently, a study on
nano-clay cement nano-composites demonstrated that the nano-
clay significantly improved the mechanical and thermal properties
ofthe cement matrix [ 14]. Hitherto, no research has been conducted
to investigate the effect of nano-clay on thermal and mechani-
cal properties of geopolymer. The incorporation of nano-clay in
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Table 1

Chemical composition of fly-ash (wt%).
SiO, Al,03 Ca0 Fe,03 K,0 MgO Na,0 P,05 SO3 TiO, MnO BaO LOI
63.13 24.88 2.58 3.07 2.01 0.61 0.71 0.17 0.18 0.96 0.05 0.07 1.45

geopolymer paste could significantly enhance the matrix in two
ways: (a) by adding more silica to the system which reacts with
sodium to produce sodium aluminosilicate hydrate (geopolymer
gel) [10] and (b) by producing a denser matrix through the pore
filling effect [14].

The current study has examined the effect of adding different
loadings of nano-clay to the geopolymer paste. Results showed
that the addition of nano-clay improved the mechanical and ther-
mal properties of geopolymer. Flexural and compressive tests have
been performed to measure the various mechanical properties
and thermogravimetric analysis (TGA) has been used to exam-
ine the thermal behavior of geopolymer containing nano-clay. In
addition, X-ray diffraction, Fourier transform infrared spectroscopy
(FTIR) and scanning electron microscopy (SEM) techniques were
used to characterize the phase composition and microstructure of
geopolymer-nano-clay composites.

2. Experimental procedure
2.1. Materials

Low-calcium fly-ash (ASTM class F), obtained from the Erar-
ing power station in NSW, was used to prepare the geopolymeric
nano-composites. The chemical composition of fly-ash is shown
in Table 1. The alkaline activator for geopolymerization was a
combination of sodium hydroxide solution and sodium silicate
grade D solution. Sodium hydroxide flakes with 98% purity were
used to prepare the solution. The chemical composition of sodium
silicate used was 14.7% Na,0, 29.4% SiO, and 55.9% water by
mass. The nano-clay (Cloisite 30B) used in this investigation was
based on natural montmorillonite clay which has composition
of (Na,Ca)g33(Al,Mg),(Siz010)(OH),-nH,0. Cloisite 30B is a natu-
ral montmorillonite modified with a quaternary ammonium salt,
which was supplied by Southern Clay Products, USA. The specifica-
tion and physical properties of Cloisite 30B are outlined in Table 2
[15].

2.2. Preparation of geopolymer nano-composites

To prepare the geopolymer pastes, an alkaline solution to fly ash
ratio of 0.75 was used and the ratio of sodium silicate solution to
sodium hydroxide solution was fixed at 2.5. The concentration of
sodium hydroxide solution was 8 M, which is prepared and com-
bined with the sodium silicate solution one day before mixing.

The nano-clay was added to the fly-ash at the loadings of 1.0%,
2.0% and 3.0% by weight. The fly-ash and nano-clay were first dry
mixed for 5min in a Hobart mixer at alow speed and then mixed for
another 10 min at high speed until a uniform mixture was achieved.

Table 2

Physical properties of the nano-clay platelets (Cloisite 30B) [13].
Color Off white
Density (g/cm?3) 1.98
d-Spacing (00 1) (nm) 1.85
Aspect ratio 200-1000
Surface area (m?2/g) 750

Typical dry particle sizes 90% volume <13 um
50% volume <6 pm

10% volume <2 pm

The alkaline solution was then added slowly to the fly-ash and
nano-clay in the mixer at a low speed until the mix became homo-
geneous, then further mixed for another 10 min on high speed.
The resultant mixture was then poured into wooden molds. The
wooden molds were then placed on a vibration table for 2 min
before they were covered with a plastic film and cured at 80°C
for 24 h in an oven before demolding. They were then cured under
ambient conditions for 28 days. The pure geopolymer, and nano-
composites containing 1.0%, 2.0% and 3.0% nano-clay were labeled
GP, GPNC-1, GPNC-2 and GPNC-3, respectively. The formulation of
samples is given in Table 3.

2.3. Physical properties

Measurements of bulk density and porosity were conducted to
define the quality of geopolymer nano-composite. Density of sam-
ples (p) with volume (V) and dry mass (my) was calculated using
Eq. (1):

my
p="4 (1)

The value of apparent porosity (P;) was determined using
Archimedes’ principle in accordance with the ASTM Standard (C-
20) [16]. Pure geopolymer and nano-composite samples were
immersed in clean water, and the apparent porosity (P;) was cal-
culated using Eq. (2) [17]:

mg —m
Pg=-—2—"4

- % 100 (2)
Mg — My

where m, is mass of the saturated samples in air, and m,, is mass
of the saturated samples in water.

For the water absorption test, samples of pure geopolymer and
geopolymer nano-composites were dried at a temperature of 80 °C
until reaching stable mass (m,). The samples were then submerged
in clean water at a temperature of 20 °C for 48 h. After the desired
absorption period, the samples were removed and the mass was
weighed (m) immediately. The water absorption (W) of samples
was calculated using the equation [18]:

m

M =M 100 (3)

Wy =
A Mo

2.4. Mechanical properties

A LLOYD Material Testing Machine (50 kN capacity) with a dis-
placement rate of 0.5 mm/min was used to perform the mechanical
tests. Rectangular bars of 60 mm x 18 mm x 15 mm were cut from
the fully cured samples for three-point bend test with a span of
40 mm to evaluate the flexural strength. Five samples of each group
were used to evaluate the flexural strength and flexural modulus
of geopolymer composites. The values were recorded and analyzed
with the machine software (NEXYGENPIlus) and average values

Table 3
Formulation of samples.
Sample Fly-ash (g) NaOH Na;SiO3 Nano-clay (g)
solution (g) solution (g)
GP 1000 214.5 535.5 0
GPNC-1 1000 214.5 5355 10
GPNC-2 1000 214.5 535.5 20
GPNC-3 1000 214.5 535.5 30
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were calculated. The flexural strength (of) was determined using
the equation [19]:

3PnS
=— 4

2WD? )
where Py, is the maximum load, S is the span of the sample, D is the
specimen width, and W is the specimen thickness.

Values of flexural modulus (Er) were computed using the initial
slope of the load-displacement curve (AP/AX) [19]:

s3 AP
b = g (2x) ®)
20mm cube specimens were used for the determination of
compressive strength. The compressive strength of geopolymer

composites was tested according to ASTM C109 and calculated
using the following formula [20]:

OF

C=2 (6)
where P is maximum load on the sample at failure, and A is the
surface area of the specimen.

The hardness of geopolymer composites was measured on the
Rockwell H scale using an Avery Rockwell hardness tester. Before
measurement, five samples of each group were polished with
emery paper to achieve flat and smooth surfaces.

2.5. Structural and microstructural characterization
The samples were broken and ground to fine powder. Then,

they were scanned using a D8 Advance Diffractometer (Bruker-AXS,
Germany) using copper radiation and a LynxEye position sensitive

detector. The diffractometer was scanned from 7.5° to 60° using a
scanning rate of 0.5°/min. XRD patterns were obtained by using Cu
kq lines (k=1.5406 A).

The microstructures of geopolymer composites were examined
using Zeiss Neon focused ion beam scanning electron microscope
(FIB-SEM). The specimens were mounted on aluminum stubs using
carbon tape and then coated with a thin layer of platinum to prevent
charging before the observation.

An FTIR analysis was performed on a Perkin Elmer Spectrum 100
FTIR spectrometer in the range of 4000-500 cm~! at room temper-
ature. The spectrum was an average of 10 scans at a resolution of
2cm1, corrected for background.

The thermal behavior of samples was studied by thermogravi-
metric analysis (TGA) and differential thermogravimetry (DTG). A
Mettler Toledo TGA/DSC star system analyzer was used for the mea-
surements. Solid samples were placed in an alumina crucible and
tests were carried out in Argon atmosphere with a heating rate of
10°C/min from 25 to 800°C.

3. Results and discussion
3.1. Density, porosity and water absorption

The results of porosity and water absorption of geopolymer
paste and geopolymer nano-composites are shown in Table 4. All
geopolymer nano-composites showed higher densities and lower
porosities than the control paste. The addition of nano-clay has
increased the density and reduced the porosity and the water
absorption of geopolymer nano-composites when compared to
control geopolymer paste. The optimum addition was found as

Electron Image

A= Cloisite 30B.
B=Cristobalite.
C=Quartz.

20 (degree)

Fig. 1. X-ray diffraction pattern of nano-clay (Cloisite 30B).
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Table 4

Porosity and water absorption for pure geopolymer and geopolymer nano-
composites.

Sample Density (gm/cm?) Porosity (%) Water absorption (%)
GP 1.84 + 0.02 222 +04 12.1 £ 0.2
GPNC-1 1.92 + 0.02 213+ 0.3 11.1 £ 0.1
GPNC-2 2.05 + 0.02 20.6 + 0.3 10.0 £ 0.2
GPNC-3 1.98 + 0.03 21.0+£0.2 10.6 + 0.2

2.0 wt% of nano-clay, which reduced the porosity by 7.1%, and the
water absorption by 17% when compared to the control paste. This
implies that nano-clay particles played a pore-filling role to reduce
the porosity of geopolymer composites. However, adding exces-
sive amounts of nano-clay increased the porosity and decreased
the density of all samples. This result is comparable to that of

cement reinforced organo-clay composites whereby the porosity of
cement paste is decreased due to addition of an optimum amount
of nano-clay to cement paste. However, the porosity is increased
when more nanoparticles were added because of the agglomera-
tion effect [14].

3.2. X-ray diffraction (XRD)

The XRD patterns of nano-clay, fly ash, control geopolymer
paste, and geopolymer nano-composites containing 1.0, 2.0 and
3.0wt% of nano-clay are shown in Figs. 1 and 2. The crystalline
phases were indexed using Powder Diffraction Files (PDFs) from
the Inorganic Crystal Structure Database (ISCD).

Fig. 1 shows the XRD patterns of nano-clay. Three phases have
been indexed in the diffraction pattern of nano-clay with the major
phase being Cloisite 30B and minor phases of Cristobalite [SiO;]

B
A = Mullite.
B = Quartz.
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Fig. 2. X-ray diffraction patterns of fly-ash, GP and GPNC-3.
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Fig. 3. Flexural strength and flexural modulus of samples GP, GPNC-1, GPNC-2 and GPNC-3.
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(PDF-000391425) and Quartz [SiO, ] (PDF-000470718). Cloisite 30B
consists of Montmorillonite [(Ca,Na)g3Aly(Si,Al)4019(OH),-xH,0]
and the quaternary ammonium salt. Montmorillonite has four
major peaks in the XRD pattern that correspond to 26 of 4.84°,
19.74°,35.12° and 53.98°. The quaternary ammonium salt has four
peaks that correspond to 26 of 4.84°,9.55°, 24.42° and 29.49°. Note
that there was an overlap of peaks at 26 of 4.84° for Montmorillonite
and quaternary ammonium salt. Both Cristobalite and Quartz have
a peak that corresponds to 26 of 21.99° and 26.61° respectively. The
broad hump in the diffraction pattern of Cloisite 30B indicates the
presence of amorphous content in the nano-clay.

Fig. 2 shows two important phases: quartz [SiO,] (PDF-
010872096) and mullite [Al4‘555i1.4409.72] (PDF—010791458)
These crystalline phases are mainly the fly-ash phases, and
they are not reactive in the geopolymeric reaction, but they are

50

45

40 - 1
I

35 4

30 1

25

20 39.4
372,

15 1

Compressive Strength (MPa)

10

GP GPNC-1

existing as unreactive and filler particles in the geopolymer paste
[21,22]. However, the amorphous aluminosilicate phase generated
between 260 =14° and 27° is a sign of the activity of geopolymeric
reaction, which is the reactive and dissolvable content in alkaline
solution throughout the geopolymer formation [23]. This amor-
phous phase affects the mechanical properties of geopolymer
matrix significantly: the higher the content of amorphous phase,
the higher the strength exhibited by the geopolymer [24,25].

3.3. Mechanical properties

The flexural tests are often used to characterize the mechan-
ical properties of composites as they provide a simple means
of determining the bending response. This provides useful
information on the performance of the composites. The effect of

45.9
40.2

GPNC-2 GPNC-3
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23000 —GPNC-1
—GPNC-2

—GPNC-3
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13000
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20 (degree)

Fig. 4. Compressive strength of samples GP, GPNC-1, GPNC-2 and GPNC-3.
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Fig. 5. Hardness of samples GP, GPNC-1, GPNC-2 and GPNC-3.

nano-clay addition on the flexural strength of geopolymer nano-
composites is presented in Fig. 3. Experimental results indicate that
the flexural strength of samples initially increases with increasing
nano-clay content of up to 2.0 wt% but decreases at higher con-
tents. The flexural strength of the nano-composites is improved
from 4.5 MPa in the control to about 5.6 MPa with 2.0 wt% nano-
clay. This improvement can be attributed to the good dispersion
of the nano-particles throughout the matrix, leading to less poros-
ity and denser geopolymer matrix. This result is comparable with
that of nano-clay-cement composite reported by Hakamy et al. [ 14]
who found that the optimum addition of nano-clay to cement mix
is about 1.0 wt%, which increases the flexural strength of the nano-
composites by 31% over the control sample. Both studies imply that
increasing the content of nano-clay led to some improvement in
flexural strength of the composite. This result can also be ascribed
to the nano-particles effect, which improved the matrix through
geopolymeric reaction and increased the amorphous content, pro-
ducing higher content of geopolymer products.

The flexural modulus is a measure of resistance to deforma-
tion of the composite in bending. The flexural modulus of control
paste and geopolymer nano-composites is shown in Fig. 3 and also
indicates that the optimum addition of nano-clay is 2.0 wt% to the
geopolymer matrix, and it improved the flexural modulus over a
pure geopolymer matrix by 25%.

The compressive strength results of geopolymer and geopoly-
mer nano-composites are shown in Fig. 4, and indicate similar
trends to flexural strength and modulus values. Compressive
strength is inversely proportional to porosity: specimens with less
porosity displayed higher compressive strength. The compressive
strength of the neat geopolymer paste is improved from 37.2 to
459 MPa after the addition of 2.0 wt% nano-clay, but this trend
is reversed, reducing the strength to 40.2 MPa with the addi-
tion of 3.0wt% nano-clay. In a similar study, Phoo-ngernkham
et al. [10] reported that the addition of 1.0-2.0 wt% nano-alumina
and amorphous nano-silica into geopolymer matrix enhanced the
geopolymeric reaction and increased the geopolymer gel, which
increased the density and consequently improved the compressive
strength of geopolymer matrix. Both studies showed that increas-
ing the compressive strength of geopolymer pastes is corresponded
to the reduction in porosity.

The hardness values of the control sample and geopolymer
nano-composites are presented in Fig. 5. The results show that
there was no significant improvement observed between all

samples. However, the geopolymer nano-composite with 2.0 wt%
of nano-clay showed slightly higher hardness than other samples.
This enhancement could be attributed to the high density of the
geopolymer nano-composite paste, which decreased the penetra-
tion of the test ball on the surface of the nano-composite matrix
and consequently improved the hardness.

3.4. SEM observation

Fig. 6a-d shows the SEM micrographs of fracture surface of
nano-composite containing 0, 1.0, 2.0, and 3.0 wt% nano-clay. The
pure geopolymer has a less dense matrix with a higher number of
non-reacted and partially reacted fly-ash particles embedded in the
matrix (Fig. 6a). For the 1-3 wt% nano-clay (Fig. 6b-d) less numbers
of fly-ash particles were observed, and the matrix seemed denser
than that of the control paste.

Fig. 6e and f displays an observation of the geopolymer matrix
that was loaded with 3.0 wt% nano-clay at low magnification. Nano-
clay particles are poorly dispersed and agglomerated due to the
high content of nano-clay. Fig. 6g and h shows agglomerations of
nano-clay platelets at higher magnification.

3.5. FTIR observation

FTIR spectra of both pure geopolymer and geopolymer nano-
composite are shown in Fig. 7. The FTIR spectra of all samples
show a strong peak at ~1000cm~! which is associated with
Si-0-Si asymmetric stretching vibrations and is the fingerprint
of the geopolymerization [26]. A broad peak in the region around
3340cm~! is corresponding to the hydroxyl (OH) group of physi-
cally free water (higher frequencies), and to chemically bounded
water through hydrogen bonds (lower frequencies) [27]. The
absorbance peak at 1640cm~! is also attributed to the (OH)
bending vibration [28]. The band at 1440cm~! is an indica-
tor of the presence of sodium carbonate; this was produced
because of the atmospheric carbonation on the surface of the
matrix where it reacts with carbon dioxide [29]. The level of
geopolymerization can be specified by measuring the ratios of
the height and the area of the Si-O-Si stretching peaks of the
nano-composites to the pure matrix [28]. Table 5 illustrates that
all nano-composites had generally higher contents of geopolymer
compared to the control paste; however, the addition of 2.0 wt%
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Fig. 6. SEM images of the fracture surface of geopolymer nano-composites with different loadings of nano-clay: (a) pure geopo 2.0wt%, (d) 3.0wt%,
agglomerated nano-clay particles embedded in the matrix at: (e and f) low magnification and (g and h) higher magnification.
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Fig. 7. FTIR spectra of all samples.

of nano-clay had the highest level of geopolymerization among all
samples.

3.6. Thermal stability

The thermal stability of samples was determined using thermo-
gravimetric analysis (TGA). In this test, the thermal stability was
studied in terms of the weight loss percentage as a function of
temperature in Argon atmosphere. The results of thermogravimet-
ric analysis (TGA) and the differential thermogravimetry (DTG) of
all samples are shown in Figs. 8 and 9, respectively. The residual
mass at different temperatures for nano-clay and all samples are
summarized in Table 6.

The residual mass results exhibit the remaining weight percent-
age of the material after the TGA test, which could be an indicator of
the organic/inorganic component of the material [30]. For instance,
in the case of nano-clay, TGA showed that about 30 wt% of the com-
ponent burnt at 800°C, which is the organic component in the
Cloisite 30B. This is equivalent to the loss on ignition wt% of the
supplier technical data sheet of the Cloisite 30B.

Fig. 8 shows that the major decomposition region of the nano-
clay is between 300°C and 450 °C, where the weight loss is about
21%. However, there are no noteworthy changes that occurred
to the weight loss of the nano-composites curves at the same
region, rather they showed almost the same weight loss of the pure
geopolymer. This shows that the decomposition of nano-clay did
not influence the thermal stability of the nano-composite due to
the small wt% nano-clay additions.

Table 5
Peak areas and peak heights ratios of geopolymers at Si-O-Si stretching vibrations
from FTIR spectra.

Sample Wave-number Ratio of peak Ratio of peak
of Si—0-Si peak heights areas

GP 983 1 1

GPNC-1 983 1.02 1.02

GPNC-2 981 1.19 1.07

GPNC-3 980 1.15 1.03

The TGA of the pure geopolymer and the nano-composites
showed a major weight loss from room temperature to 150°C,
due to the evaporation of physically adsorbed water. The neat
geopolymer curve is steeper in this region compared to the nano-
composites curves, which is clearly shown in DTG graph (Fig. 9)
where the peak of pure geopolymer moved to a lower tempera-
ture compared to the nano-composite. This is due to the formation
of high porosity in the neat geopolymer, which reduces the abil-
ity of the sample to retain water. On the other hand, GPNC-2
sample exhibited the highest thermal stability among all geopoly-
mer samples, the peak of the nano-composite containing 2.0 wt%
nano-clay shifted slightly to a higher temperature than other sam-
ples. This may be attributed to the effect of nano-clay filling the
voids, producing denser geopolymer, and/or it may be attributed
to the fact that the nano-composite specimens had higher amounts
of geopolymer gel and amorphous content. Between 150°C and
300°C, the rate of weight loss for all samples started to slow as
the physical free water had already evaporated, and the inter-
stitial water [31] started to decompose, and these are the water
molecules that were possibly associated with sodium cations [32].
The gradual weight loss between 300°C and 600°C is attributed
to the de-hydroxylation of the chemically bound silicon-hydroxyl
group giving (silicon-oxygen-silicon) bridge with loss of water
[32,33].

2Si-OH — Si-0O-Si + Hy0 ¢

Between 600°C and 700°C the weight loss was very slow and
attributed to the burning of the remnants of coal in the fly ash
[26]. Carbon remnants in the fly ash are 1.45 wt% (Table 1). This is
clear particularly above 600°C in DTG curves where a small hump
displayed a small change of the weight loss (Fig. 9).

The presence of 1.0, 2.0, and 3.0wt% nano-clay decreased
the weight loss of geopolymer from 12.4% to 12.1, 11.5 and
11.8% (Table 6), respectively, revealing that the highest enhance-
ment to the thermal stability of geopolymer matrix was 2.0 wt%
nano-clay.
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Fig. 9. DTG curves of pure geopolymer and geopolymer nano-composites.

Table 6

Thermal properties of control paste, geopolymer nano-composites and nano-clay (Cloisite 30B).
Sample Residual mass at different temperatures (%)

100°C 200°C 300°C 400°C 500°C 600°C 700°C 800°C

GP 97.1 91.1 89.7 89.0 88.6 87.8 87.7 87.5
GPNC-1 97.5 91.4 90.0 89.2 88.5 88.1 88.0 87.8
GPNC-2 98.1 92.1 90.6 89.8 89.0 88.7 88.6 88.4
GPNC-3 97.8 91.6 90.1 89.4 88.8 88.4 88.2 88.1
Nano-clay 98.6 98.2 97.3 78.7 754 73.5 72.6 715

4. Conclusions

Pure geopolymer and geopolymer nano-clay composites have
been synthesized and characterized in terms of mechanical, ther-
mal, and microstructural properties. It has been shown that
the addition of 2.0 wt% nano-clay to the geopolymer composites
enhanced their flexural strength (by 20%) and compressive strength
(by 23%). However, adding more nano-clay showed no further

increase in these properties due to agglomeration and poor dis-
persion of higher amount of nano-clay, which resulted in increased
porosity. XRD and FTIR analyses demonstrated an increase in the
amorphous phase and geopolymerization after the addition of
nano-clay to the geopolymer paste. SEM micrographs showed a
denser matrix, and a lower content of unreacted fly-ash particles
after the addition of nano-clay. TGA and DTG investigations of these
nano-composites indicated that the sample loaded with optimum

27
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addition of nano-clay has lower content of moisture, which confirm
the results of previous measurements.
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