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Abstract: A study has been carried out to apply fly ash as a high strength, water-resistant precast 
construction material through geopolymerization. Experiment results show that the working conditions 
such as water content, the concentration of NaOH, curing temperature and curing time, significantly affect 
the mechanical property of geopolymer matrix. Through optimization, an above 100 MPa compressive 
strength has been achieved with the geopolymerization products. The optimum working conditions involves 
10 M NaOH concentration, 14~15% water content, and curing at 90°C in an oven for 1 day or at ambient 
condition for 3 weeks. Adding Ca(OH)2 does not help with increasing the compressive strength of the 
specimen. Water soaking tests show that the geopolymerization product has a very high water resistance 
without losing noticeable compressive strength even after a one month soaking time. To elucidate the 
geopolymerization mechanism, microscopic techniques such as SEM/EDS (Scanning electron microscopy 
and energy dispersive X-ray spectroscopy), XRD (X-ray diffraction) and ATR-FTIR (attenuated total 
reflectance Fourier transform infrared) are also applied to investigate the microstructure, the elemental and 
phase composition of geopolymerization products. The findings of the present work provide a novel method 
to apply fly ash as a high strength water-resistant precast construction material. 
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1. Introduction 

Geopolymerization is a process of obtaining a polymeric structure from aluminosilicate by dissolving 
aluminosilicate sources in a strong alkali (NaOH) solution and condensation of free [SiO4] and [AlO4] 
tetrahedral units. [1-3] After being cured at an elevated temperature for a specific time, the 
geopolymerization product shows a greatly increased compressive strength. Therefore, the product can be 
used as construction material such as bricks and road pavement. It provides a very promising method to 
apply aluminosilicate sources such as fly ash as a construction material for a sustainable development. 

Fly ash is a main industrial waste which needs to be carefully impounded because of its potential impact 
on environment.  Many efforts have been tried to utilize fly ash as construction materials substituting 
Portland cement because of the following reasons. [4-5] First, fly ash is a silica/alumina rich aluminosilicate 
source, which makes the specific material an ideal source for the geopolymerization process. Secondly, the 
particle size of fly ash is usually very small (< 50 microns) and it saves a lot of energy consumed during 
the production process of cement for grinding. Thirdly, fly ash is an ideal source for geopolymerization 
because it is reactive to alkali even at a mild temperature. [3] 

In the past twenty years, many studies have been carried out on the geopolymerization of fly ash to a make 
construction material. However, there are some disadvantages associated with the conventional methods of 
treating fly ash. [6-7] First, in most of the proposed geopolymerization methods, a salient amount of sodium 
silicate (water glass) has to be added. It therefore makes it complex whether the achieved mechanical 
strength of geopolymerization products is due to a real geopolymerization process between fly ash and 
alkali or just largely the solidification of metal silicate in air at an elevated temperature. Secondly, the 
authors have noticed that when the geopolymerization product with a low compressive strength is soaked 
in water, the solution pH increases sharply and the products will lose its compressive strength gradually in 
water. Thirdly, the compressive strength of the geopolymerization product as reported is usually less than 
50 MPa. 

Class C fly ash, which contains more than 10% CaO, is generally produced from the burning of younger 
lignite or sub-bituminous coal. In addition to pozzolanic properties. Class C fly ash itself has some self-
cementing properties. It has also been reported that fly ash rich in calcium can produce calcium silicate 
hydrate (CSH) gel when activated with alkaline solution, which is beneficial for the strength development 
of geopolymer. [6] Table 1 lists some of the studies which have been focused on using Class C fly ash as 
the resource material for geopolymerization. The working conditions such as activator, additional additives, 
curing conditions (temperature and time) and the UCS (Uniaxial Compressive Strength) of 
geopolymerization products, are also summarized in the table. 

Table 1. Some previous works using Class C fly ash as the resource material for geopolymerization. 

No Activator Additives 
( wt%) Curing condition UCS 

(MPa) Ref 

1 NaOH + water glass - 45 ℃ for 1 day being sealed, and at 
room temperature for another 7 days 56 [6] 

2 NaOH + water glass - 65 ℃ for 2 days 70 [8] 

3 NaOH + water glass - Room temperature for 28 days being 
sealed 36.2 [9] 

4 NaOH - Room temperature for 60 days 25 [10] 

5 NaOH + water glass - 75 ℃ for 8 hours being sealed, and at 
room temperature for another 28 days 63.4 [11] 

6 NaOH + water glass Rice husk ash 
(20%) 80 ℃ for 36 hours being sealed 30 [12] 

7 NaOH + water glass Cement (10%) 40 ℃ for 1 day, and at room 
temperature for another 28 days 67 [13] 

8 NaOH + water glass Cement (12%) 45 ℃ for 1 day 50 [14] 
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From the table, one can see that, firstly, both NaOH and water glass are used in combination as activators 
in most of the studies. [6, 8-14] Secondly, in some studies geopolymerization specimen need to be cured in 
a sealed condition, which inevitably increases the encumbrance of preparing specimen and hinders its 
application in practice. [6, 9, 11,12] Thirdly, the obtained UCS is generally less than 70 MPa. Fourthly, the 
impact of soaking specimen in water on the compressive strength is not studied.  

In present study, it is aimed to build up a protocol to make high strength, water-resistant precast construction 
materials using Class C fly ash. The main objectives include using simple activators such as NaOH only, 
obtaining a high compressive strength of specimen such as above 80 MPa, curing specimen in open 
condition without sealing to increase the simplicity and easiness of the product-making procedure, and 
increasing the durability of specimen when soaked in water. Specific efforts will be focused on the 
investigation of the effects of several factors on the geopolymer development, including activator 
concentration, water content, curing scheme, and chemical composition. The findings of the present work 
will help provide a novel method for the geopolymerization of fly ash as a high strength, water-resistant 
construction material. 

2. Experimental 

2.1 Materials 

Research grade sodium hydroxide (NaOH, >99%) and calcium hydroxide (Ca(OH)2, >95%) are obtained 
from Alfa Aesar. Fly ash samples (Class C) are provided by Boral USA. All the materials, i.e., source 
materials and chemicals, are used as received without further processing. 

2.2 Sample preparation 

The flowsheet for the making of samples is shown as Figure 1. During experiments, a specific amount of 
sodium hydroxide solution, prepared beforehand at specific concentrations, is gently added into a mixing 
bottle with a specific amount fly ash being filled with. The amount of NaOH, water and fly ash is determined 
based on the ratio of source materials at various working conditions. After the paste is stirred by a 
mechanical mixer for 1 minutes, it is taken out of the mixing bottle and further filled into a cylindrical mold 
with 3.2 cm in inner diameter and 6.4 cm in height. The specimen is de-molded 2 minutes later and cured 
in an oven at an elevated temperature for a specific time. Finally, the cured specimen is taken out of the 
oven, cooled down in ambient condition for one hour and gets ready for further compressive strength test. 
Some samples are cured at an ambient condition without using an oven when the curing condition’s effect 
is studied. Some samples are also used for the analysis using SEM/EDS (Scanning electron microscopy and 
energy dispersive X-ray spectroscopy), XRD (X-ray diffraction) and ATR-FTIR (attenuated total 
reflectance Fourier transform infrared). 

2.3 Uniaxial compression test 

The compressive strength of prepared geopolymerization product is measured by the Verso Master loading 
machine at constant displacement rate of 0.4572 mm/min. Before each measurement, both ends of the 
specimens are polished by a piece of sand paper to make sure that they are flat enough for the compression 
test. At a given experimental condition, a total of at least three measurements are taken, averaged and shown 
in figures with error bar. 

2.4 Water absorption tests 

The specimen of geopolymerization product obtained with the procedure as described in Section 2.2 is 
soaked in a 20 times (weight ratio) amount of water in a sealed soaking bath for a specific time as required. 
After the specimen is taken out of water, its surface is wiped with a cloth to remove residual surface water. 
The specimen is further weighted using a balance within 5 mins after it is removed from the soaking bath. 
The specimen is further dried in oven at 90°C overnight and made ready for the UCS test. 

2.5 SEM/EDS characterization 
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In present work, after the uniaxial compression test, the prepared geopolymerization product are analyzed 
by applying a FEI INSPEC-S50/Thermo-Fisher Noran 6 microscope. Samples are specifically studied for 
the characterization of the morphology of fracture surface after the surface are dryly polished. 

2.6 XRD characterization 

XRD analysis are performed to investigate the microstructure and phase composition of raw materials and 
final products. Measurements are made using a Panalytical X’Pert Plus Instrument equipped with a 
programmable incident beam slit and an X’Celerator Detector. The x-ray radiation used is Cu Kα, λ = 
1.5418 Å. 

2.7. ATR-FTIR characterization 

A Nicolet 6700 Fourier transform infrared (FTIR) spectrometer equipped with the Smart ITR accessory is 
used to collect spectra in absorbance mode. The system is equipped with KBr detector and a diamond ATR 
crystal with an angle of incidence of 45° to ensure the signals being detected. The data collection time is 
32s with a 4 cm-1 resolution, and the spectrum range is between 4000 cm-1 ~ 525 cm-1. Samples are dryly 
polished to obtain a smooth surface for the FTIR characterization. 

In the present work, the working parameters, which are critical for the making of precast water-resistant 
material, such as the concentration of NaOH, water content, Ca(OH)2, curing temperature and time, are 
specifically studied. The experimental condition of the prepared geopolymerization specimen and the 
analysis tests being conducted are listed as Table 2. 

Table 2. Experimental conditions of the prepared geopolymerization specimen and the conducted 
analysis tests. 

3. Results and discussion 

3.1 Characterization of original samples 

Sample NaOH  
(M) 

Water 
Content 
(wt%) 

Ca(OH)2 
(wt%) 

Curing 
Temp. 
(°C) 

Curing 
Time 

UCS 
test 

Soaking 
Test 

X
R
D 

FT
IR 

S
E
M 

FAC-3-15-90 3 15 - 90℃ 1 day √     

FAC-6-15-90 6 15 - 90℃ 1 day √  √ √  

FAC-10-12-90 10 12 - 90℃ 1 day √     

FAC-10-13-90 10 13 - 90℃ 1 day √  √ √  

FAC-10-14-90 10 14 - 90℃ 1 day √ √ √ √ √ 

FAC-10-15-90 10 15 - 90℃ 1 day √     

FAC-10-14-1-90 10 14 1 90℃ 1 day √     

FAC-10-14-2-90 10 14 2 90℃ 1 day √     

FAC-10-14-3-90 10 14 3 90℃ 1 day √     

FAC-10-14-4-90 10 14 4 90℃ 1 day √     

FAC-10-14-5-90 10 14 5 90℃ 1 day √     

FAC-10-14-A-1 10 14 - ambient 1 week √     

FAC-10-14-A-2 10 14 - ambient 2 weeks √  √ √  

FAC-10-14-A-3 10 14 - ambient 3 weeks √     

FAC-10-14-A-4 10 14 - ambient 4 weeks √     
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Fig. 2 shows the SEM/EDS analysis of the fly ash sample as received. Fig. 2A is the SEM image of a low 
magnification with a 500 µm scale bar intentionally to show the samples in a large scan area and to get a 
more averaged elements’ weight percentage when using EDS analysis. Fig. 2B is the EDS analysis of Fig. 
2A, from which one can see that the main elements of fly ash are Si, Al, Ca and O and the weight percentage 
of the main elements of fly ash is listed as Table 3, which confirms that the original sample is a Si/Al 
abundant aluminosilicate source. Additionally, as shown by Fig. 2B, the Ca% is about 17% and it verifies 
the sample belongs to Class C fly ash according to ASTM standards. Fig. 2C is the SEM image of a high 
magnification with a 50 µm scale bar to better clearly show the discrete fly ash particles. Fig. 2D is the 
EDS element mapping of Fig. 2C, from which one can see that there are many fine (<10 µm) particles 
abundant of Si, Al and Ca widely distributed in the original fly ash samples.  

Table 3 Major element composition of fly ash sample. 
Element Weight % 

Si 16.56 
Al 10.19 
Ca 16.75 
Mg 2.40 
Na 1.67 
Fe 4.46 
K 0.34 

3.2 Effects of NaOH concentration 

The impact of NaOH concentration on the compressive strength of the geopolymerization products of fly 
ash has been systemically studied. The procedure for the preparation of samples has been described in detail 
in the previous experimental section. During experiments, fly ash is directly mixed with NaOH solution at 
different concentration with constant 14% water content at a room temperature to make paste, which is 
further cured at 90°C for 1 day. The obtained compressive strength results are shown as Fig. 3, from which 
one can see that the compressive strength increases with NaOH concentration increasing. For example, 
when NaOH concentration is 3 M, the obtained average compressive strength is 13.6 MPa; the UCS value 
increases to 52.4 MPa when NaOH concentration increases to 6 M; further, when NaOH concentration 
increases to 10 M, the UCS value increases to 102.3 MPa. 

The general steps of geopolymerization involves the dissolution of solid aluminosilicate resource materials 
in alkali solution, the diffusion of dissolved [SiO4] and [AlO4] tetrahedral units from the particles surface 
to the inter-particle space, the formation of a gel phase through the linkage of the polymeric precursors by 
sharing oxygen atoms, and finally the hardening of the gel phase [15]. The dissolution of the resource 
materials can liberate polysialate forming species from the resource materials and activate the surface of 
the raw materials, on which the binding reactions take place. The concentration of activator is the most 
significant factor for the dissolution of resource materials. In general, a high alkali concentration is 
beneficial for the dissolution of resource materials and therefore the geopolymerization process [5,6,16,17]. 
A concentration of NaOH higher than 10 M is not further studied in the present investigation, because it 
will increase the operation cost without further improving the strength of geopolymerization product 
evidently. [3,7,18] 

3.3 Effects of water content 

In present investigation, tests have been carried out with various water contents at 10 M NaOH to study the 
impact of water content on compressive strength. During tests, fly ash is directly mixed with 10M NaOH 
at various water contents at a room temperature to make paste, which is further cured at 90°C for 1 day. 
The obtained compressive strength results are shown as Fig. 4, from which one can see that, when water 
content is low, i.e., 12% and 13%, the compressive strength of the geopolymerization products of fly ash 
samples is about 71-74 MPa. When water content increases to about 14%, the compressive strength of 
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samples increases to as high as 102 MPa. Further increasing water content to 15% only decreases the 
compressive strength of samples to 91 MPa.  

Water content is critical for the compressive strength of the geopolymerization products of fly ash. On one 
hand, it has direct influence on the total porosity of geopolymer matrix after the curing, because most of 
the water in the paste will be gone after drying, leaving vacancy in the specimen, reducing its rigidity and 
therefore decreasing its compressive strength. Usually, a high water content will result in a high porosity, 
and a low compressive strength. On the other hand, water acts as the media for the transportation of 
dissolved geopolymeric precursors. [19] Sufficient water is beneficial for the reaction between the 
geopolymeric precursors, and then the development of the strength. 

In present work, the experiments carried out with a water content other than 14% result in a low compressive 
strength or technical difficulties during sample preparation. For example, when water content is below 12%, 
the viscosity of the fly ash/alkali solution paste is too high, resulting in a very low workability of paste. 
That is, it becomes very difficult to mix the paste uniformly. It further introduces many defects and voids 
in the product resulting in a lower compressive strength. On the other hand, when water content is above 
16%, the viscosity of the fly ash/alkali solution paste is too low and it takes a long time for the paste to 
harden for molding. In addition, increasing water content also increases the consumption of alkali with the 
same 10 M NaOH concentration is applied. As such, the optimum water content is about 14~15% for the 
making of precast construction material using the present protocol.  

3.4 Effects of Ca(OH)2 

In present investigation, the impact of the addition of Ca(OH)2 on compressive strength is also studied. 
During experiments, after a specific amount of Ca(OH)2 is added in 10 M NaOH solutions, fly ash is mixed 
with the alkali activator at 15% water contents to make the paste, which is further cured at 90°C for 1 day. 
The test results are shown as Fig. 5. 

One can see from the figure that the addition of Ca(OH)2 is not beneficial for the strength development of 
fly ash based geopolymer. The compressive strength decreases from 91 MPa to 73 MPa with the addition 
of 1% Ca(OH)2. Further increasing the amount of Ca(OH)2 does not change the strength significantly. The 
effect of the addition of Ca(OH)2 on fly ash based geopolymer is different with that on mine tailings based 
geopolymer. It suggests that class C fly ash, with a >10% calcium content, contains sufficient calcium for 
the formation of calcium silicate aluminate hydrate phases. The addition of Ca(OH)2 does not help with the 
geopolymerization reaction. This result also agrees with the observation made by Temuujin et al. [20] who 
reported that calcium hydroxide addition reduces mechanical properties of fly ash based geopolymer cured 
at elevated temperatures, because the presence of calcium results in insufficient development of a three-
dimensional geopolymeric aluminosilicate. 

 3.5 Water soaking test 

The durability of construction material in water is very important for its application in practice. Usually a 
good water resistance is required for construction material after it has been soaked in water for a while 
without evidently losing strength. In present investigation, experiments have been carried out by soaking 
the geopolymerization samples of fly ash in water for a specific time to study the impact of soaking with 
water on compressive strength. Water absorption tests were also conducted at the same time. The pH value 
of solution is also measured after the sample is soaked in water for a specific time. 

The UCS results of soaking test are shown as Fig. 6, from which one can see that, when soaking time is one 
week, the compressive strength of the geopolymerization products of fly ash samples is about 95.6 MPa, 
which is close to the one obtained before socking. When soaking time increases to two weeks, the 
compressive strength of samples is about 100.3 MPa. The reason that the value is a little bit higher than the 
one obtained with the one week soaking test is because of the variance of samples. Further increasing 
soaking time to three weeks results in a UCS value of 94.8 MPa and the value is 97.7 MPa when the soaking 
time increases to 4 weeks. Both these results are almost the same as those obtained with a short soaking 
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time. The results indicate that the geopolymerization product of fly ash has a very high water resistance. It 
doesn’t lose any compressive strength even after it has been soaked in water for one month.  

Fig. 6 also shows that the pH value of the solution after soaking increases from 8.1 to 10.4. After a two 
weeks soaking time, the pH value increases to 10.7. Further increasing the soaking time does not result in 
a significant increase in pH value. 

The water absorption is another important parameter for geopolymer matrix, because it is related to the 
permeability of matrix and the degree of geopolymerization. Generally, the matrix with less porosity and 
lower permeability can be obtained with a complete geopolymerization process. The value of absorption is 
calculated using the following equation [21]: 

             Absorption (%) = [(W2 – W1)/W1] × 100      (1) 

where W1 is the weight of specimen after being dried; 

           W2 is the weight of specimen after soaking. 

The results of water absorption tests are also shown in Fig. 6. After a one week soaking time, the water 
absorption is 3.54% and the value increases a little bit to 3.87% after two weeks soaking. Further, water 
absorption does not increase with the soaking time increasing any more, with an around 3.92% value being 
obtained after a 4 weeks soaking time. The water absorption values of the fly ash-based geopolymer as 
studied in current research are well below the water absorption values allowable for different kind of bricks 
as listed in ASTM C62-12 and ASTM C216-12a. 

3.6 Curing in ambient condition 

In the above sections, the geopolymerization products are obtained by curing samples at 90°C in oven for 
1 day. It is also of great interest to study directly curing samples in ambient conditions and its impact on 
the compressive strength. In present investigation, experiments have been carried out to study the possibility 
of curing samples in air. During experiments, class C fly ash is directly mixed with 10M NaOH at 14% 
water contents to make paste, which is further cured in air for a specific time. The obtained compressive 
strength results after curing are plotted and shown as Figure 6. 

Fig. 7 shows that, when curing time is one week, the compressive strength of the geopolymerization 
products is about 50 MPa, which is still much high than conventional construction materials, in spite of the 
fact that the value is lower than the one obtained with curing samples at 90°C in oven for 1 day. After the 
sample is cured in air for two weeks, the compressive strength increases to 68 MPa. Furth increasing curing 
time in air doesn’t increase compressive strength evidently any longer, because the strength is about 70 
MPa when curing time increases to four weeks. 

Nguyen et al. [22] reported that at the same curing temperature, longer curing time resulted in a higher 
compressive strength because the longer curing time extends the chemical reaction. When the curing time 
is of the same within a normal range, the compressive strength obtained at ambient temperature is usually 
lower than that obtained at 90 °C, indicating that curing temperature is an important factor for 
geopolymerization. At ambient temperature, the reaction is slow, curing at elevated temperature catalyzes 
the formation of geopolymer structure. [23] Kirschner et al. [24] also claimed that processing at ambient 
temperature was unfeasible due the delayed beginning of setting for geopolymer concrete. However, this 
could be avoided by thermal treatment. Palomo et al. [3] studied the curing temperature effects on fly ash 
based geopolymer and reported that temperature was especially important for 2 h to 5 h of curing. A high 
curing temperature is beneficial for increasing compressive strength at the range of 30 °C to 85 °C, the 
finding of which is not same for the Ordinary Portland Cement (OPC). Additionally, curing samples at a 
too high temperature, cracks can be observed due to the expansion, resulting in strength loss and other 
durability problem. [25] 

In summary, an adequate curing process is required to obtain advanced mechanical and durability 
performance of geopolymerization products and this can be achieved by prolonging curing time [26] and/or 
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increasing curing temperature within a normal range. Although one of the advantages of geopolymer is the 
fast strength development, enough time is still required to finish the dissolution of Al and Si, and 
condensation of free [SiO4] and [AlO4] tetrahedral units. The elevated curing temperature can accelerate 
the geopolymerization reaction, especially for the materials with low reactivity and low calcium content. 
[8, 27-28] A too high curing temperature is usually avoided, because it will not only increase the operation 
cost but increase the possibility of cracking in the final products. 

  

3.7 XRD analysis 

The amount of crystalline and amorphous components in fly ash determines its reactivity and the 
compressive strength of the product. Therefore, it is critical to study the phase state of the 
geopolymerization products. XRD analysis is often applied to quantify the whole phases (crystalline and 
amorphous) taking part in reaction. 

Fig. 8 shows the XRD analysis of fly ash sample and the geopolymerization products obtained with different 
working conditions. Firstly, as shown by the “baseline”, i.e., curve a, the fact that a “hump” shape, which 
is the characteristic of amorphous structure, rather than sharp distinct peaks is observed suggests that the 
fly ash sample has salient amount of amorphous component. The 2θ angular position of the glass diffraction 
maximum (GDM) for class C fly ash about 32°. The spectra also show the existence of crystalline phases 
which have been identified as quartz and mullite. Secondly, the “hump” decreases after geopolymerization 
suggesting the involvement of amorphous component. Thirdly, after geopolymerization, many new distinct 
peaks appear on the spectra, suggesting some new products in crystalline state being formed, and a further 
analysis of the peaks identifies the reaction products such as katoite, sodalite and etc. After the treatment at 
different condition, the difference in spectra can be listed as follows. 

Curve b shows that the elevation of the hump is reduced and mullite is not identified. It suggests that the 
amorphous glass composition and mullite take part in the geopolymerization reaction. At the same time, 
there are four new phase are formed. One is identified as sodium aluminosilicate with approximate 
composition Na6(AlSiO4)6, which is low-silica geopolymer matrix and widely observed in hydroxide-
activated geopolymer synthesis due to the dissolution of mullite. [29] Another two new phases are katoite 
with a composition of Ca2.93Al1.97(Si0.64O2.56)(OH)9.44 and gehlenite with a composition Ca2Al2SiO7. [30] 
The last new phase can be found at 2θ 11.4° responding to meixnerite(magnesium, aluminum hydroxide 
hydrate). 

Curve c shows that, when the geopolymer matrix is cured at ambient temperature for two weeks, the X ray 
pattern is a little different from the one as obtained with oven curing. Firstly, the peak intensity of meixnerite 
is enhanced, because a lower curing temperature is favorable for the formation of hydration product. 
Another difference is the peak at 2θ 34.3° responding to sodium aluminum silicate disappear. The last 
difference is the peak at 2θ 42.4° responding to gehlenite is weakened for the room temperature-curing 
specimen. Both of the last two differences indicate that the elevated temperature is beneficial for the 
formation of the geopolymer product by increasing the dissolution of Si and Al.  

The effect of NaOH concentration is shown by comparing curves b and d in Fig. 8. The peak at 2θ 34.3° 
responding to sodium aluminosilicate disappear when the concentration of activator decreases from 10 M 
to 6 M. At the same time, the sample activated by 6 M NaOH has lower intensity for most of the reflection 
peaks. Both of the differences in XRD pattern demonstrate that the higher concentration of activator can 
enhance the geopolymerization process. 

The XRD patterns of specimen prepared with 14% water content (curve b) and 13% water content (curve 
e) is quite similar. However, the total percentage of geopolymer products, i.e. katoite, sodium aluminum 
silicate and gehlenite, as obtained from the semi-quantitative (wt.%) results, is less for the case of 13% 
water content.  
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Curve f shows the XRD pattern of the specimen after it is soaked in water. The fact that curve f is almost 
identical to curve b suggests that the geopolymerization product has a high water resistance and the 
components do not change after water soaking. The result is in line with those obtained with the water 
soaking test in the above section. 

3.8   FTIR analysis 

The infrared spectra of class C fly ash sample as received and the geopolymer specimens synthesized at 
different condition are shown as Fig. 9 in the spectra range of 600-2000 cm-1. The identified FTIR 
characteristic peaks are summarized in Table 3. 

Table 3  FTIR characteristic bands and corresponding species from reference. 
Assignment Wavenumber (cm-1) Characteristic bands Ref. 
(Si-O-Si and Al-O-Si) 950~1200 asymmetric stretching 31,32 
(Si-O-Si and Al-O-Si) 1080 asymmetric stretching 32 
(Si-O-Si and Al-O-Si) 1074 asymmetric stretching 33 
(Si-OH) 882 Si-O stretching, OH bending (Si-OH) 34 
(Si-O-Si) 798 symmetric stretching 34 
(Si-O-Si and Al-O-Si) 727 symmetric stretching 35 
(Si-O-Si) 694 symmetric stretching 36 

As shown by curve a in Fig. 9, for the raw class C fly ash sample, the strong band at 927 cm-1 corresponds 
to the stretching vibrations of Si-O and Al-O. The wavenumber is a little lower than ~1000 cm-1, the value 
of which has been previously reported in literatures [10,11]. The stretching modes are sensitive to the Si/Al 
ratio of the frame work and the peak shifts to a lower frequency with increasing number of tetrahedral 
aluminum atoms [37]. In present study, the Si/Al ratio of class C fly ash is around 1.16 and the value is 
lower than that those being reported. Therefore, it results in a low wavenumber of Si-O and Al-O as 
observed with curve a in Fig. 9. 

As shown by curve b in Fig. 9, the peak of 927 cm-1 of class C fly ash shifts towards to higher wavenumber 
after being activated by 10 M NaOH solution and further cured at 90 °C for one day. The shift is 
approximately 16 cm-1 and it suggests that a change in the microstructure of fly ash takes place after reaction. 
It is interesting to note that all the curves as listed in Fig. 9 show the same peak shifting behavior, suggesting 
that the main geopolymerization products obtained under these conditions are similar. The second 
difference between curves a and b is that the band at 676 cm-1, representing the vibration of Si-O-Al bond, 
disappears and it is replaced by the stretching vibration of Si-O-Al and Al-O respectively at the bands of 
795 cm-1, 776 cm-1, 692 cm-1, and 660 cm-1, suggesting the formation of new product with different 
microstructure. The third difference between curves a and b is that, after geopolymerization, the band with 
a peak of about 1430 cm-1, the characteristic of CO3

2- representing C-O stretching [38], is observed with 
curve b. It is simply due to the formation of Na2CO3 after the reaction of unreacted NaOH with CO2 in air 
during the curing process. 

By comparing curve c with curve b in Fig. 9, when the NaOH concentration changes from 6 M to 10 M 
with other working conditions being kept the same, one can see that the two spectra are very similar, 
suggesting that the geopolymerization products are of a similar microstructure. However, the fact that a low 
intensity of the band is obtained with 6 M NaOH indicates that the degree of geopolymerization is lower 
for the case of 6 M NaOH being used. It was also reported that the intensity of the band responding to 
geopolymer product increases with increasing NaOH concentration during the kaolin based 
geopolymerization. [39]. The result is consistent with the effects of NaOH concentrate on compressive 
strength shown in previous section.  In addition, as shown by curve c, the band with a peak of about 1430 
cm-1, which is the characteristic of CO3

2- representing C-O stretching, is not observed, suggesting that 
decreasing NaOH concentration results in much less unreacted NaOH and therefore few Na2CO3 in the 
geopolymer matrix after reaction.  
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Curve d in Fig. 9 is obtained after the geopolymer specimen, i.e., FAC-10-90, is soaked in water for four 
weeks. The fact that curve d is almost identical to curve b suggests that the geopolymerization product is 
of high water-resistance and its structure remains the same after a four weeks soaking time in water. This 
result is in line with the one obtained with the study of the impact of water soaking on compressive strength 
as shown in previous section.   

Curve e of Fig. 9 is obtained with the geopolymer specimen, i.e., FAC-10-14-A-2, which is cured in air 
instead of an oven at 90°C. By comparing curves b and e, one can find that the intensity of the bands of 
stretching vibration at 795 cm-1, 776 cm-1, 692 cm-1 are not significant for curve e. It suggests that less new 
products with different microstructure are produced after geopolymerization when the sample is cured in 
air. It explains that an elevated curing temperature, i.e., 90°C, is beneficial for the geopolymerization of 
class c fly ash sample as used in the present study, resulting in a higher compressive strength of the reaction 
product. This finding are complementary well to the previous compressive strength tests and the X-ray 
structural analysis. 

3.9 Geopolymerization products 

Fig. 10 shows the SEM images and EDS analysis of the fly ash specimen (FAC-10-14-90) after 
geopolymerization, from which one can see that there is a big change in the morphology of samples from 
the one as shown by Fig. 2. By comparing Fig. 10B to Fig. 2B, one can see that the number count and the 
ratio of main elements remain almost the same after geopolymerization and it is because all the source 
material and reactivator, i.e., fly ash and NaOH, are mixed in the paste and finally kept in the specimen 
except the loss of water due to drying. Because the only additive is NaOH, the amount of which is much 
less than that of fly ash, the main elements composition varies little. Actually, Fig. 10B shows that the 
number count of Na increases a little and it is due to the addition of NaOH in the mixture. Fig. 10C clearly 
shows that between fly ash particles, there are geopolymerization products, which are not in a particle shape 
of fly ash particles as observed from Fig. 2C, acting as binders to increase the compressive strength of the 
specimen.  By comparing Fig. 10D to Fig. 2D, one can see that the number of the fine particles abundant 
of Si, Al and Ca decreases after geopolymerization, suggesting that under the current reaction scheme, at 
least fine fly ash particles are mainly involved in the geopolymerization reaction for the production of 
geopolymer. The fact that the amount of fine spherical fly ash particles greatly decreases after reaction 
suggests that fine particles should have a higher reactivity to alkali-activation than large particle. [40,41]  

Fig. 11 shows some of the brick products made from fly ash using the recipe at 14% water content. 
Compared to other available methods using fly ash, the protocol established in the present work is extremely 
economical and easy to be applied in industrial practice. The technique involves no chemical additives 
except for alkali activator and no special technical requirements. [42] The geopolymerization product of fly 
ash can be completed either at a mild temperature (~90°C) or even in air at room temperature. The products 
can be soaked in water for weeks without losing strength. 

4. Conclusions 
Present study has been focused on optimizing the working conditions to apply fly ash as a high strength, 
water-resistant precast construction material through geopolymerization. The experiment results show that 
the concentration of NaOH, water content, and curing condition can significantly affect the mechanical 
property of geopolymerization products. A micro-scale investigation by using XRD, SEM/EDS and ATR-
FTIR has been performed to study how experiment conditions and the properties of fly ash affect 
geopolymerization. XRD results show that the amorphous component as observed for class C fly ash is the 
key of the success of geopolymerization due to its high reactivity. The obtained compressive strength of 
the geopolymerization product can reach above 100 MPa. The product shows very high water resistance 
without losing noticeable compressive strength after a one month soaking time. Compared to the previous 
works of using class C fly ash, the findings of the present work provide a novel method to apply class C fly 
ash as a high strength water-resistant precast construction material. 
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Figure 1. The flowsheet for the making of geopolymerization specimen. 
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Figure 2. SEM/EDS analysis of fly ash sample as received. A) SEM image of a low magnification (500 
µm scale bar); B) EDS analysis of Fig. 2A; C) SEM image of a high magnification (50 µm scale bar); 
D) EDS element mapping of Fig. 2C. 
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Figure 3. Impact of NaOH concentration on the compressive strength of geopolymerization products. 
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Figure 4.  Impact of water content on the compressive strength of the geopolymerization products. 
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Figure 5.  Impact of the addition of Ca(OH)2 on the compressive strength of the geopolymerization 
products. 
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Figure 6.  Impact of soaking time on the compressive strength of the geopolymerization products. 
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Figure 7. Impact of curing time in ambient condition on the compressive strength of the 
geopolymerization products. 
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Figure 8. XRD patterns of original fly ash and the geopolymer specimen synthesized at different 
condition. 
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Figure 9. FTIR spectra of class fly ash and geopolymer specimen prepared at different condition.  
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Figure 10. SEM images of fly ash specimen obtained after geopolymerization. A) SEM image of a low 
magnification (1 mm scale bar); B) EDS analysis of Fig. 10A; C) SEM image of a high magnification 
(50 µm scale bar); D) EDS element mapping of Fig. 10C.  
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Figure 11. Brick products made from fly ash(Size: 3-5/8" x 2-1/4" x 8" ). 

 

 

 

 


