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Abstract 

The current study focused on the utilization of local clay for synthesis and 
characterization of meta-kaolin based geopolymers with and without na-
no-silica. The control geopolymers, for a compressive strength of 30 MPa, 
were optimized by using Liquid/Solid ratio of 0.55, NaOH concentration of 
10 M and curing at 80˚C. The nano silica was added in an extended range of 
1%, 2%, 3%, 5%, 7% and 10%. The synthesized nano-silica metakaolin based 
geopolymers was investigated by using compressive strength, XRD, XRF, 
FTIR, SEM, MIP, TG, UV/VIS spectroscopy, in addition to density, water 
absorption and initial setting times. The results indicated an increase in the 
compressive strength value with the incorporation of nano-silica in geopoly-
mer mixes until the optimum percentage of 5%, while the 10% addition of 
nano-silica decreased the compressive strength by 5% as compared to the 
control geopolymer. The increase in the compressive strength was accredited 
to the increase in the content of N-A-S-H gel and the amorphous structure as 
shown by XRD and FTIR analysis. In addition, the optical transmittance 
analysis, MIP and SEM scans along with the results of density and water ab-
sorption have clearly shown the densification of the matrix formed for the 
optimal percentage of nano-silica. However, the initial setting time was found 
to reduce substantially with increase of nano-silica content. Moreover, the TG 
results have shown the 5% nano-added geopolymers to have greater thermal 
stability as compared to reference geopolymers. Finally, the adopted metho-
dology in this research has shown that 5% nano-silica, is the optimal result 
for the synthesis and the production of local meta kaolin based geopolymer, 
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with regard to the improvement of physical properties, micro structure and 
compressive strength. 
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1. Introduction 

Geopolymers, in the last few decades, have shown a significant potential to be 
used as a cementitious material. Along with other properties, the contribution of 
geopolymers in reducing the environmental footprints of carbon dioxide by re-
placing cement appears quite appealing and significant. The basic elements re-
quired to produce the geopolymer include the source material containing the 
aluminum and silicon, and an alkaline solution to start the polymerization. Var-
ious source materials such as fly ash, biomass bottom ash, slag, silica fume and 
natural clays have been used for the synthesis of geopolymers. Metakaolin 
based-geo-polymers have recently gained attention of many researchers due to 
their unique properties such as rapid compressive strength development, lower 
thermal conductivity and better resistance to acid as compared to normal ce-
ment concrete [1]. However, the properties of the synthesized geopolymer de-
pend significantly on the synthesis parameters: solvent type, source materials, 
mixing proportions and curing conditions [2] [3] [4] [5]. In this regard, the op-
timization of the synthesis parameters in relation to the material used appears to 
be one of the essential steps. In addition, it has been shown that the use of nano-
technologies is very beneficial in various applications due to their excellent phy-
sicochemical properties. Several researchers have studied the effect of different 
types of nano-oxides (nano-kaolin, nano-silica, nano-alumina, carbon nano-
tubes) on fresh and hardened geopolymer properties and reported that the in-
troduction of nanoparticles in the geopolymer mix improves the mechanical and 
the microstructure properties [6] [7]. Nano-silica being one of the most com-
monly used nano material has shown high potential to enhance the properties of 
different materials [8] [9]. Indeed, the amorphous structure and the high specific 
surface of nano-silica are expected to produce denser geopolymer than those 
with traditional additives. Due to their size, nanoparticles can be easily dispersed 
in the alkaline solution, generating a large number of nucleation sites and re-
sulting in a more homogeneous and dense network. Moreover, the particles size 
and the properties of the nano-silica strongly depend on the synthesis method 
[10] [11]. The sol-gel method has been used in many applications due to its ad-
vantage of providing different size particles [12] [13]. Various attempts have 
been made in the past few years to use the nano-silica for synthesis of geopoly-
mers [14] [15]. Khater [14] has shown that the incorporation of nano-silica im-
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proves the geo-polymerization reaction, by the increase of the nucleation sites of 
N-A-S-H and C-S-H. An improvement of about 32% was reported in the com-
pressive strength for a mortar containing 2.5% nano-silica [16]. Moreover, 
Phoo-Negernham et al. [17] have noted an improvement of about 31% in the 
compressive strength, 44% in flexure strength and more than 70% in elasticity, 
for a geopolymer reinforced by 2% of nano-silica. In addition, Gao et al. [15] 
have obtained an increase in the flexure strength from 12 to 15 MPa for geopo-
lymer mixed with 1% of nano-silica. It was also noticed that the viscosity of the 
fresh paste of geopolymer decreased with the increase of the nano-silica amount 
[15]. While most of the cited works agreed that the addition of nano-silica par-
ticles generally improved the properties of synthesized geopolymers, however, 
the optimized percentage of nano-silica differed due to various experimental 
factors i.e. the method of dispersion of nano-silica, source of local meta-kaolin, 
the liquid/solid ratio, and the molarity of alkaline solution along with curing 
temperature.  

In the light of above literature review, the present work was carried out to op-
timize the synthesis of geopolymer using local (Tunisian) metakaolin with and 
without nano-silica addition. The optimization of control geopolymer was done 
with regard to liquid/solid ratio, the molarity of alkaline solution and curing 
temperature. In addition, to determine the optimized percentage of nano-silica, 
the effect of various percentage of nano-silica addition on mechanical and mi-
crostructural properties for the local meta kaolin based-geopolymer were studied 
using X-ray Fluorescence (XRF), X-ray diffraction (XRD), Fourier Transform 
Infrared spectroscopy (FTIR), Scanning Electron Microscope (SEM), compres-
sive strength, setting time, density, water absorption and UV/VIS/NIR spectros-
copy. In addition, the Mercury Intrusion Porosimetry (MIP) and Thermogravi-
metry (TG) analysis was also done for the control and optimized nano-silica 
geopolymer. 

2. Materials and Experimental Procedure 

2.1. Materials 

In this work, natural clay, collected from Medenine (south Tunisia); was used as 
a base material for the synthesis of the geopolymer mortar. The raw material was 
crushed and passed through a sieve of 80 µm and then calcined at 750˚C for 4 
hours. Finally, the metakaolin was carefully mixed to obtain a homogeneous 
sample. The chemical composition of metakaolin, determined by X-ray Fluo-
rescence (XRF) consisted mainly of 54.66% silica oxide and 22.27% alumina 
oxide.  

Nano-silica was synthesized by sol-gel method according to El Mir [18] pro-
tocol. The TEM image (Figure 1) exhibits a uniform spherical particle with sizes 
ranging between 50 and 100 nm. The physical properties of nano-silica are 
summarized in Table 1. 
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Figure 1. TEM of nano-silica. 

 
Table 1. The properties of nano silica. 

Properties Phase Form Size (nm) Density (g/cm3) Porosity Content of SiO2 

Content Non-crystal sphere 14 - 20 0.17 Nonporous 99.9% 

2.2. Optimization Approach for the Synthesis of the Control  
Geopolymer 

The optimization for the synthesis of geopolymer was based on the effect of 
three critical synthesis parameters: liquid to solid ratio L/S, concentration of so-
dium hydroxide and curing temperature, on the compressive strength of the 
hardened geopolymer. The details of the test matrix for the synthesis of geopo-
lymer are given in Table 2. In addition, the flowchart describing the optimizing 
of the geopolymer synthesis under different experimental conditions is shown in 
Figure 2. Compressive strength was considered as the control parameter for se-
lection of the optimized test parameters. For each formulation, the compressive 
strength was determined after 7, 14 and 28 days using a Tonic-Technik Testing 
Machine moving at a constant cross-head displacement of 0.24 N/S according to 
the standard procedure of ASTM D1633-00 [19]. The compressive tests were 
performed on three samples for each composition and the average value of three 
compressive strengths was considered. 

2.2.1. Activator Liquid to Source Metakaolin Ratio 
The 28 days’ compressive strength of hardened geopolymer paste with various 
L/S ratios is presented in Figure 6. The values of compressive strength were 
found to be 19 MPa, 30 MPa, 15 MPa and 7 MPa for L/S ratio of 0.5, 0.55, 0.6, 
and 0.65 respectively. It was observed that the optimum value of L/S ratio was 
found to be 0.55 with regard to the highest value of 28-day compressive strength. 

2.2.2. NaOH Concentration 
The results showed that the compressive strength increased as the concentration 
of Na(OH) is increased from 6 M to 10 M. The 28 days’ compressive strength for 
6, 8, 10 M was found to be 12.5, 23 and 30 MPa respectively. It is also important  
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Figure 2. Flowchart describing the optimization of the geopolymer synthesis and charac-
terization of optimized geopolymer. 
 
Table 2. Test matrix for the optimization of synthesis factors for geopolymer. 

Series Test parameter 
Mix proportion 

NaOH (M) L/S Temperature (˚C) 

1 
Activator liquid to 

source metakaolin ratios (L/S) 

10 0.50 80 

10 0.55 80 

10 0.60 80 

10 0.65 80 

2 NaOH concentration 

6 0.55 80 

8 0.55 80 

10 0.55 80 

3 Curing temperature 

10 0.55 20 

10 0.55 40 

10 0.55 60 

10 0.55 80 

10 0.55 90 

 
to note that, at each test time (7, 14 and 28 days) the samples which have the 
highest concentration of Na(OH) possessed the highest value of strength. 

2.2.3. Curing Temperature 
The compressive strength of 28 days hardened metakaolin-based geopolymer at 
different temperatures of 20˚C, 40˚C, 60˚C, 80˚C and 90˚C for 24 h were found 
to be 19, 22, 25, 30 and 26.5 MPa respectively. The results showed that the com-
pressive strength of the sample carried out at room temperature was 19 MPa. 
However, when the curing temperature was increased from 20˚C to 80˚C, the 
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compressive strength gradually increased until reaching its optimum value of 30 
MPa at 80˚C and decreased for further increase in the curing temperature i.e. 
90˚C. 

Thus the optimized values with regard to compressive strength for the test 
parameters i.e. L/S ratio, NaOH concentration and curing temperature were 
found to be 0.55 M, 10 M and 80˚C respectively. All the geopolymers with or 
without nano-silica addition in the current were synthesized using these opti-
mized values along with some considerations during the synthesis procedures. 

2.3. Mix Proportion for Geopolymers Mixes 

Firstly, the alkaline activator solution was prepared by mixing sodium hydroxide 
solution (SS) (SiO2: 26.5%, Na2O: 10.6% and H2O: 62.9% modulus M 
= %SiO2/%Na2O = 2.5) and sodium silicate solution (SH) (ultrapure water and 
pellets of NaOH with 10M concentration) with SS/SH ratio of 2. Secondly, the 
different amounts of nano-silica (1%, 2%, 3%, 5%, 7% and 10% by weight) were 
dispersed in this alkaline solution under magnetic stirring for 15 minutes to 
avoid the agglomeration. Then, the metakaolin was added to the solution, for the 
different mixtures prepared with a constant liquid/solid ratio (L/S) of 0.55. The 
fresh paste obtained was casted into 30 × 60 mm cylindrical molds for the com-
pressive strength tests. Finally, the samples were vibrated to remove air bubbles 
and allowed to cure at 80˚C for 24 hours. The different mixtures prepared and 
investigated in this work are summarized in Table 3. 

2.4. Characterization of Geopolymer Mixes 

The setting time measurement of fresh mortars was performed by Vicat needle 
apparatus according to EN 196-3 2008. For all samples, the compressive strength 
test was determined after 28 days according to the standard procedure of ASTM 
D1633-00 [19]. The values of compressive strength correspond to the average of 
three measurements for each mixture. After the compression tests, the samples 
were crushed, washed with acetone to stop the reaction and dried at 60˚C and 
then, used for the microstructure analysis. X-ray diffraction (XRD) (Bruker 
D5005) was used to determine the crystalline phase of the ground powders using  
 
Table 3. Composition of the different mixtures studied. 

Mix MK (g) Nano SiO2 (g) NaOH (g) NaSO3 (g) Water (g) 

S0 20 0 1.04 7.32 2.61 

S1 19.8 0.2 1.04 7.32 2.61 

S2 19.6 0.4 1.04 7.32 2.61 

S3 19.4 0.6 1.04 7.32 2.61 

S5 19 1.0 1.04 7.32 2.61 

S7 18.6 1.4 1.04 7.32 2.61 

S10 18 2 1.04 7.32 2.61 
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a Co Kα source (1.78901 Å wavelength), the 2θ range is between 15˚ and 80˚, 
with 0.02˚ 2θ steps. Scanning electron microscopy (SEM Philips XL 30), FT-IR 
spectra (Perkin-Elmer 180) with a resolution of 4 cm−1 ranging from 400 to 4000 
cm−1, were used to identify the morphology and microstructural properties of 
geopolymer mortars, with and without nano-silica addition. The effect of na-
no-silica on optical properties was performed by UV-VIS-NIR spectroscopy 
(Schimadzu UV-3101 PC spectrophotometer with integrating sphere), in the 
spectral range from 200 to 1800 nm. Furthermore, the water absorption tests 
were carried out in two steps: samples were dried at 105˚C for 24 hours (m1), 
then they were immersed in water for 24 hours (m2) (ASTM C140). The water 
absorption percentage and the density were determined according to the fol-
lowing formulas shown in Equations (1) and (2) respectively: 

( ) 1 2

1

Absorption % 100
m m

m
 −

= × 
 

                   (1) 

( )3
2 g cm

2

mD
d e

=
 π 
 

                        (2) 

where: 
m = Weight of the sample (g) 
e = Thickness of the sample (cm) 
d = Diameter of the sample (cm) 
In addition, the mercury intrusion porosimetry was carried out by 

AUTOPORE IV 9500 from Micromeritics for the reference and optimized na-
no-silica added geopolymer. Thermo-gravimetric analysis is normally used to 
monitor the mass of the sample over time with change in temperature at con-
stant rate. The TG analysis for the reference and optimized nano-silica added 
geopolymers was carried out by a STA6000 thermal analyzer with a temperature 
range of 25˚C to 450˚C and a constant rate of 5˚C/min. 

3. Results and Discussion 

3.1. Setting Times 

The initial setting time of geopolymer pastes having different amounts of na-
no-SiO2 are plotted in Figure 3. When the nano SiO2 content is increased up to 
5% in the fresh geopolymer pastes, the setting time is decreased gradually from 
360 min to 45 min, but it can still be practically acceptable. This reduction is at-
tributed to the acceleration of the chemical reaction at early ages which is related 
to the easy connection between the unsaturated Si-O and Si bonds of nano-silica 
atom located in the surface and the free ions of Metakaolin. The decrease can 
also be attributed to the increase of the viscosity of the paste, due to acceleration 
of water adsorption by the high specific surface of nano-silica. Beyond the 5% 
addition of nano-silica, it was almost impossible to measure the value of the ini-
tial setting time of pastes. Indeed, the increase in the percentage of nanoparticles  
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Figure 3. Initial setting time of geopolymer mixed by nano-silica. 

 
in mixtures (>5%, more particularly that of 10%), makes the mix very firm. It 
seems that the high reactivity of the nano-silica, by the surface effect, immobi-
lizes the water which affects its viscosity [20]. 

3.2. Mechanical Properties 

The effects of nano-silica addition on 28 days’ compressive strength of geopoly-
mer mortar are presented in Figure 4. It was observed that the compressive 
strength increased as the percentage of nano-silica increased until 5%. This is 
can be attributed to the enhancement of the geopolymer microstructure. How-
ever, it was also noticed that the further increase in the nano-silica percentage 
decreased the compressive strength values. Nevertheless, it must be stated that 
while the resistance decreased at 7% as compared to the optimum value i.e. 42 
MPa at 5%, it still remained higher than that of control geopolymer. Addition of 
10% nano-silica had a negative effect on the development of compressive 
strength, where it decreased by 5% when compared to that of the control geopo-
lymer. This decrease is strongly related to the observations noted above con-
cerning the significant reduction in setting time. Indeed, the increase in the per-
centage of nanoparticles can accelerate the kinetics of the geo-polymerization 
reaction, but it is likely to increase the agglomeration of these nanoparticles, 
which can disturb the microstructural organization of the geopolymer. 

Several researchers have studied the effect of nano-silica on the compressive 
strength of synthesized geopolymers. Lo et al. have reported that the best me-
chanical resistance of geopolymer was observed in mortars containing 2% na-
no-silica [20]. Also, Phoo-Ngernkham et al. [17] showed that the incorporation 
of 1% to 2% NS was favorable to improve the mechanical resistance of geopoly-
mer as compared to higher percentages. Deb et al. also studied the effect of na-
no-silica variation on the strength of alkali activated geoplymer and found the 
optimal percentage to be around 2% for the studied conditions [21]. It was ob-
served that although the optimal percentage of the nano-silica for most of the 
past researchers was found to be around 2% while, the highest compressive 
strength among all the nano-silica percentages used for the current study was at 
5% addition of nano-silica. 5% nano-silica addition has shown an improvement 
of 40% in compressive strength as compared to the control geopolymer while 
retaining the other geo-polymerization reaction parameters as constant. 
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Figure 4. Compressive strength of geopolymer mixes. 

3.3. Structural Characterization 

XRD pattern of 28-day hardened geo-polymer samples admixed with various 
amounts of nano-silica is shown in Figure 5. 

From XRD patterns, it is evident that some dissolvable minerals such as 
quartz and Mullite have remained in all the products. In general, XRD patterns 
of geopolymers have a diffuse hump at about 26˚ - 30˚ with relatively smaller 
intensities indicates that the geopolymer material has almost complete amorph-
ous structure. According to Figure 5 the intense peak is at 26.5˚ in 2θ and cor-
responds to quartz while at 28˚ it could be considered a broad hump that would 
correspond to the vitreous phase of the geopolymer. It was also noted that an 
increase in the percentage of nano-silica for the geo-polymer mixes induced a 
gradual increase in this XRD peak intensity. In addition, a slight shift of this 
peak was also seen when the nano-silica content increased from 1% to 5%. This 
can be explained by the improvement of the content of N-A-S-H gel, which is 
probably, attributed to the enhancement of the interaction of the dissolved spe-
cies. On the other hand, the incorporation of 10% nanoparticles presents a nega-
tive effect on microstructural properties of the geo-polymer, indicated by a shift 
to lower angle due to the agglomeration, which hinders the reaction. 

Furthermore, from these diffractograms a clear increase in the intensity of the 
SiO2 peak with addition of nano-silica is visible, which indicates the existence of 
non-reacted nano-silica in geo-polymerization reaction. These observations con-
firm the same tendencies noted above regarding setting time and compressive 
strength. Therefore, the positive effect of nano-silica addition on the metakaolin 
based geo-polymer seems to be around 5%. Beyond this value, and particularly 
for a percentage of 10%, the negative effect is highlighted, by the decreasing of 
compression strength and illustrated by XRD analysis. These results are in 
agreement with those reported by Assaedi et al. [22] and Khater [14].  

3.4. Fourier Transform Infrared Spectroscopy (FTIR) 

Figure 6 shows FTIR spectra of alkali-activated geopolymer containing different 
amounts of nano-silica. The spectrum of control sample exhibits the principal 
bands of geopolymer: an intense and sharp band at 1000 cm−1, attributed to 
asymmetric strength T-O-Si (T = Si or Al) bond, a weak band in the region of 
1435 cm−1 attributed to the presence of Na2CO3 sodium carbonate, a binding  
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Figure 5. Compressive XRD patterns of geopolymers [Main diffraction peaks are indexed 
according to the JCPDS files Q: Quartz (04-008-7651), I: Illite (04-016-2976), H: Hematite 
(04-002-4944)]. 
 

 
Figure 6. FTIR spectra of geopolymers with different contents of nano-silica. 

 
vibration band located in the region of 469 cm−1 related to Si-O-Si bond and two 
water molecules bands located at 3550 cm−1 and at 1649 cm−1. The incorporation 
of the nano-silica increases gradually the intensity of the asymmetric T-O-Si 
band. It can be attributed to the enhancement of the nano-silica effect in 
geo-polymerization reaction, which offers more nucleation sites of the N-A-S-H 
gel, and therefore increases the propagation of the molecular chains and im-
proves the geopolymer network formation. Also, it is very important to mention 
the shift of the T-O-Si band position by 12 cm−1 to lower wavenumber. This in-
dicates the interaction of the reacted particles and reflects an enhancement in the 
geopolymeric reaction. However, the addition of nano-silica over 5% hinders the 
formation of geopolymer gel indicated by the decrease of the N-A-S-H band, 
which is due to the agglomeration of the nanoparticles. The same result was ob-
served in the XRD patterns. These results are in agreement with those found by 
Lo et al., 2017 [20]. 
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3.5. Chemical Composition (RXF) 

Table 4 presents the chemical composition of alkali-activated geo-polymers with 
and without nano-SiO2. The results showed an increase in the SiO2/Al2O3, 
SiO2/NaO2 and Al2O3/Na2O ratio when the nano-silica content is increased from 
0% to 10%. Aughenbaugh et al. [23] reported the optimum range of SiO2/Al2O3, 
SiO2/NaO2 and Al2O3/Na2O ratio for the metakaolin based geopolymer from 1.87 
to 4.0, 4.0 to 3.125 and 1.0 to 1.15 respectively. In addition, Raphaelle [24] has 
plotted the contour showing the effect of SiO2/Al2O3, H2O/NaO2 and Al2O3/Na2O 
ratio on the compressive strength of synthesized geopolymers and reported the 
optimum ranges of SiO2/Al2O3 and Al2O3/Na2O ratio for 80 MPa to be 3.6 to 3.8 
and 0.84 to 1.0 respectively. It was noticed that the values for the respective ra-
tios found in the current study are on the higher side as compared to the ones 
reported in the literature but still the difference between them is not significant 
[23] [24]. It should be noted that in various studies the values of the optimum 
ratios had varied with the experimental conditions used for optimizing the syn-
thesis of geopolymers in addition to the chemical composition of the source me-
takaolin. Furthermore, the pH of all prepared samples was also presented in Ta-
ble 4. Chindaprasirt et al. [25] have reported that the N-A-S-H gel became stable 
at pH ranging from 9 to 12. In this regard, it can be inferred that all the gels for 
the prepared mixes were stable; however, depending upon the local conditions 
available for the geo-polymerization, the further reaction will precede leading to 
different mechanical and physical properties with varied percentage of na-
no-silica. 

3.6. Optical Transmission 

Transmission spectroscopy is an effective technique to investigate the optical 
properties of geopolymers. By using the Dahm model [26], for any wavelength 
and thickness, the absorption, the transmission and the reflection are related as 
shown in Equation (3): 

( ) ( )2 21
,

R T
A T R

R
− −

=                      (3) 

For opaque specimen, the transmission is negligible therefore, Equation (4) 
governs:  

( ) ( )21
0,

R
A R

R
−

=                        (4) 

 
Table 4. Chemical composition of geopolymer mortar from XRF technique. 

Mix SiO2/Al2O3 SiO2/NaO2 Al2O3/Na2O pH 

S0 4.40 9.85 2.24 10.28 

S2 4.64 10.57 2.28 10.16 

S5 4.98 11.25 2.26 10.14 

S10 5.51 12.39 2.25 10.76 
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The transmission spectra of geopolymers with various amounts of nano SiO2 
(from 1% to 10%) in the UV/VIS/NIR range are presented in Figure 7. In this 
figure, three principal zones of transmission are depicted. The first zone, from 
200 to 530 nm, presents an intense transmission, about 77% for pure geopoly-
mer, while the increase in nano-silica content up to 5% caused the optical 
transmission to decrease by 17%. In the second zone, between 530 and 1000 nm, 
the curves show a decrease of 50%, this can be due to the fundamental absorp-
tion. On the other hand, the average transmission fractions are reduced by 11% 
compared to control sample. In both zones, the sample with 5% nano-silica pos-
sessed the lowest transmission fraction compared to the control mixes. Finally, 
for wavelengths beyond 1000 nm the transmission fraction vanished, it can 
attribute to the highest reflectance measured. The variation was due to the pore 
fraction generated during the synthesizing process. The experimental results in-
dicated that the geopolymer having nano-silica had a dense network. Gas-
ca-Tirado et al. [27] show that the porosity is the principal factor to modify the 
amount of light transmission. Thus, it can be seen that the decrease of the 
transmission with the increase of nano-silica amount is related to the filling of 
the pore resulting in densification of the microstructure for the synthesized 
geopolymer [28] [29]. The results of optical transmission are in agreement with 
the results of compressive strength, XRD and FTIR analysis reported in the 
above sections. 

3.7. Water Absorption 

The water absorption and the density of the hardened geopolymer paste are 
shown in Figure 8. The curve shows that the density increased gradually when 
the nano-silica incorporation increased up to 5% and then decreased for 10% 
addition. While the opposite behavior was measured for the water absorption 
capacity of the synthesized geopolymer i.e. the water absorption curve gradually  
 

 
Figure 7. Effect of nano SiO2 on transmittance. 
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Figure 8. Effect of nano SiO2 on density and water absorption of geopolymer. 

 
decreased till 5% and then increased for 10% of nano-silica. The water absorp-
tion values normally present the percentage of defects (pores/cracks) that can be 
filled with water. Thus, in terms of water absorption results it was observed that 
the addition of nano-silica until 5% has resulted in the decrease of pores 
available to absorb water. This result indicates that the addition of nano-silica 
up to 5% improves the properties of the geopolymer structures. Beyond this 
value, it had a negative effect, which can be attributed to the agglomeration of 
non-reactive nanoparticles. The results of decrease in density and respective in-
crease in the water absorption with increase in the nano-silica till 5% comple-
ments the results of compressive strength and optical transmittance clearly indi-
cating the improvement in the microstructure. Furthermore, the results of den-
sity and water absorption are in agreement with those reported by Assaedi et al. 
[22]. 

3.8. Scanning Electron Microscopy (SEM) 

The SEM scans of geo-polymers having different amounts of nano-SiO2 are 
shown in Figure 9. It was observed that the incorporation of nano-silica im-
proved the structural homogeneity of the geopolymer. Figure 9(b) and Figure 
9(c) showed the high density of the matrix representing the geopolymers mixed 
with 2% and 5% of nano-silica respectively. Although the quantitative analysis 
for measuring the exact chemical ratio of the products formed by the incorpora-
tion of nano-silica was not done but the uniformity of the matrix and presence 
of the cracks were observed through SEM scans. Finally, as shown in Figure 
9(d), the matrix presents micro-cracks probably not only due to the agglomera-
tion of the nanoparticles but also because of the non-reactivity of a large part of 
nano-silica which might have caused the decrease in the mechanical properties 
of geoplomers at higher addition of nano-silica (10%). Similar findings were re-
ported by other researchers as well Adak et al. [30] and Deb et al. [21]. 

3.9. Mercury Intrusion Porosimetry (MIP) 

The pore size distribution for the control and optimized nano-added geopoly-
mers i.e. 5% of nano silica addition is shown in Figure 10. It was observed that 
addition of 5% nano silica has resulted in two different effects on the pore size 
distribution of control geopolymers. Firstly, a clear reduction in the small sized  
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Figure 9. SEM scans of geopolymers with different amounts of nano-SiO2: (a) 0%, (b) 2%, 
(c) 5% and (d) 10%. 
 

 
Figure 10. Pore size distribution of control and 5% nano-added geopolymers. 

 
pores was observed for nano-silica added geopolymers and secondly, it was no-
ticed that there is an increase in the pore size when 5% nano silica was added. 
However, the final porosity estimated by the MIP indicated a clear reduction in 
the porosity values of 5% nano-added geopolymers as compared to the control 
sample. The values of porosity for the control and nano-silica added geopolymer 
were found to be 32.6% and 22.8% respectively. 
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These results are in line with the results of XRD, FTIR and compressive 
strength, water absorption and density, which have shown the 5% nano-silica 
geopolymers to have the better mechanical and micro-structural properties as 
compared to other series.  

3.10. Thermogravimetry (TG) Analysis 

The thermo-gravimetric and differential thermo-gravimetric variation of control 
and 5% nano-silica geopolymers with temperature is shown in Figure 11. It was 
shown in Figure 11 that the weight loss between 25˚C to 70˚C was on the higher 
side for the control geopolymer as compared to nano-silica geopolymer while 
after 70˚C, the slope of the TG curve for 5% nano-silica geopolymer was steeper 
as compared to control sample. 

At 200˚C, the weight loss was found to be 5.5% and 8% for the control and 5% 
nano-silica geopolymer respectively. In Figure 11, a significant reduction in the 
mass was observed in a temperature range of 25˚C to 200˚C. This decrease can 
be mainly because of the evaporation of physically adsorbed water. For the same 
temperature range as shown in Figure 11, the slope of the differential ther-
mo-gravimetric curve for control geopolymer is on the higher side causing the 
peak to move towards the lower temperature as compared to the peak of na-
no-silica added geopolymer. The shifting of peak to higher temperature for na-
no-added silica geopolymers indicates greater thermal stability as compared to 
control geopolymer. The increase in the thermal stability can be because of the 
improvement in the pore structure as indicated by the results of MIP and SEM. 
After 200˚C, the weight loss percentage for the control and nano-silica geopoly-
mers begin to retard because the evaporation of free water had finished and the 
decomposition of chemically bound water had initiated [31]. 

4. Conclusion 

The current study was done to optimize the synthesis of geoplomyer with and 
without incorporation of nano-silica using a local metakaolin as an aluminosili-
cate source. Firstly, the control geopolymers were synthesized and optimized 
based on the experimental parameters i.e. Liquid/Solid ratio, NaOH concentra-
tion and curing temperature, depicting the optimal values to be 0.55, 10 M and  
 

 
Figure 11. TG/DTG curves for geo-polymers with 0% and 5% nano-silica. 
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80˚C respectively leading to a compressive strength of 30 MPa. To optimize the 
nano-silica percentage for synthesized geopolymer, the fresh, mechanical, opti-
cal, structural characteristics along with physical properties of the synthesized 
geopolymers at various percentages of nano-silica were investigated. The com-
pressive strength of the synthesized geopolymer displayed positive impact with 
addition of nano-silica until the optimal percentage of 5%. The increase of 16.7% 
and 40% as compared to the control geopolymers was noticed with addition of 
2% and 5% of nano-silica respectively, while the 10% nano-silica decreased the 
compressive strength by 5%. The increase in the compressive strength was 
mainly attributed to the increase of N-A-S-H gel as indicated by the increase of 
the FTIR intensity of T-O-Si band and the increase of the broadness of the XRD 
peak. Furthermore, the improvement of the microstructure for the optimum 
percentage of 5% was also confirmed by the optical transmittance analysis, MIP 
and SEM scans showing the increase in the homogeneity and the densification of 
the matrix. However, it was also noticed that the smaller specific surface of na-
no-silica has not only increased the density and reduced the water absorption 
but also has caused the acceleration of the geo-polymerization reaction as the 
setting time of the synthesized geopolymers substantial decrease by 8 times with 
5% of nano-silica. Moreover, the TG analysis has shown the higher thermal sta-
bility for 5% nano-silica added geopolymers as compared to the control geopo-
lymer. Finally, based on the results of current study, 5% nano-silica was found to 
be the optimum percentage for synthesis and the production of local metakaolin 
based geopolymer showing acceptable mechanical resistance and satisfactory 
physical and structural properties. Though the study has presented the experi-
mental guideline for synthesis of geopolymers using local clay, however, detailed 
insights into chemical transformations linked to the geopolymer manufacturing 
process to develop practical recommendations are to be considered.  
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