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Abstract 
A detailed study of geopolymeric reaction products and 
mechanical properties of geopolymer pastes prepared with 
natural zeolite has been investigated by means of compres-
sive strength, XRD and SEM/EDX analysis. Sodium silicate 
and sodium hydroxide solutions are used as an alkaline acti-
vator. The results of the investigation show that the activator 
ratio plays an important role on the mechanical development 
of geopolymer pastes. The geopolymeric gel and CSH phase 
with a low Ca/Si ratio are found as the main reaction product. 
The increased intensity of CSH phase has a significant effect 
on the improvement of the compressive strength. Decreased 
intensity of clinoptilolite and totally consumed clay mineral 
upon geopolymerization proves the involvement of the alumi-
nosilicate phases in the geopolymeric reaction. The existence 
of sodium and increment of Si/Al ratio with respect to origi-
nal zeolitic tuff were detected. The results also show that the 
investigated natural zeolite, which is emerged as an environ-
mentally friendly, low-cost material, is suitable for the pro-
duction of geopolymer cement. 
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1 Introduction 
The manufacturing of Portland cement causes CO2 emis-

sion through the calcination of the raw materials during clinker 
production. One ton of Portland cement production results in 
the release of approximately one ton of CO2 emissions into the 
atmosphere. Global CO2 emission from cement production is 
now 5–8% and it is estimated to be about 17% in a few years due 
to the fast growing industry [1]. The development of new bind-
ing materials with low CO2 impact is essential for future global 
warming solutions since many scientists predict that level of CO2 
in the atmosphere already go beyond the safe limit [2].

Blended cements obtained by mixing Portland cement with 
mineral admixtures are widely used in building industry in 
order to reduce the use of Portland cement. The use of such 
materials may lead not only to a significant reduction in CO2 
emission but also to an improvement in workability and sul-
phate resistance, low-cost, reduced energy consumption, lower 
heat of hydration, enhanced long-term mechanical strength 
and so on [3–11]. Nevertheless, there are some disadvantage 
of using blended cement. The main one in general is that they 
have an early strength development lower than Portland cement 
[4,12,13]. Besides, only a portion of the cement in concrete is 
replaced by supplementary cementing materials. 

Nowadays, new binding material seen as an alternative to 
Portland cement is being developed. This new technology 
could release 80–90% less CO2 emission related to the manu-
facturing of cement, while at the same time it provides high 
early strength, freeze-thaw resistance, corrosion resistance 
and suphate resistance [14,15]. This new cementitious system 
is called “geopolymer” after Davidovits [16]. Although there 
are abundance of names used to describe these new materials, 
referring geopolymer [16], low-temperature aluminosilicate 
glass [17], alkali-activated cement [18], hydroceramic [19], 
alkali-bonded ceramic [20] and inorganic polymer [21], they 
all designate the same mechanism, which involves an alkali 
activation of natural or artificial aluminosilicate materials such 
as fly ash [22,23,24,25], blast furnace slag [26,27], kaoline [28] 
and natural pozzolans [29,30]. 
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As a natural pozzolan, zeolite provides an important oppor-
tunity to be used as geopolymer cement due to its natural, 
low-cost and widespread occurrences in worldwide. However, 
the studies on the synthesis of geopolymer by the alkali-acti-
vation of natural zeolites are limited [31,32]. The majority of 
published papers on natural zeolite-based geopolymers have 
focused on the effect of variables. In general the methods of 
analysis have been limited to investigation of compressive 
strength analysis [32,33,34]. Meantime, microstructural char-
acteristics of resulting products has been less intensely exam-
ined [31]. Further research is required to explore geopolymeric 
reaction products of zeolite-based binding material. Therefore 
the present work is aimed to gaining better understanding of 
geopolymeric reaction products and mechanical properties of 
geopolymer pastes prepared with natural zeolite by analyzing 
the resulting geopolymers with the aid of compressive strength, 
XRD and SEM/EDX analysis.

2 Experimental
2.1 Materials, synthesis and mixing procedure

The zeolite-rich tuff used in the study was obtained from a 
natural deposit in Gördes, Turkey. The samples were ground by 
using a ball mill, and a fine material with an average surface 
of 3500 cm2/g was obtained. Sodium silicate solution (Na2O = 
9.8%, SiO2 = 27.7% and water = 62.5% by mass) and analytical 
grade sodium hydroxide (12M) were used as the alkaline activa-
tors. The sodium hydroxide solution was prepared by dissolving 
sodium hydroxide flakes with 98 purity in distilled water. 

The zeolite bearing tuff and NaOH solution were first mixed 
in a Hobart mixer for 2 to 3 minutes. Sodium silicate was then 
added and mixed for 3 to 5 minutes. Tuff/activator ratio of 1.75 
and sodium silicate/sodium hydroxide ratios of 1, 2 and 3 were 
used. After the mixing procedure is done, the fresh geopoly-
mer paste was cast in 50×50×50 mm cube mold as described in 
ASTM C109. The specimens were removed from the molds and 
covered by a film to prevent the loss of moisture. The specimens 
were then cured at 25°C, 50°C and 75°C for 7, 28, 56 days.

2.2 Methods
The chemical composition of zeolite-rich tuff was determined 

using X-ray fluorescence analysis (XRF, Rigaku ZSX Primus 
II). The particle size distribution analysis was performed by 
using Malvern Mastersizer 2000 laser particle size analyzer. The 
compressive strengths of zeolite-based geopolymer specimens 
were measured after 7, 28 and 56 days of curing in accordance 
with ASTM C109 using a universal testing machine at a loading 
rate of 1 kNs-1. The strength values were obtained from the aver-
age of three measurements for each sample. The mineralogical 
characteristics of untreated tuff and zeolite-based geopolymer 
pastes were examined with X-ray diffraction (XRD) analy-
sis (after crushing and sieving the samples to obtain particles 
smaller than 63µm) by using Philips PW 1730 diffractometer 

with Ni-filtered, CuKα1 radiation, operating at 40 kV, 30 mA. 
Scanning electron microscope (SEM) using a QUANTA 400F 
device, equipped with energy-dispersive X-ray (EDX) system, 
was employed to observe the morphology and microstructure of 
original zeolite-rich tuff and zeolite-based geopolymer pastes. 
EDX was used to analyse semi-quantitative elemental composi-
tion of the surface of a specimen. The samples were coated with 
carbon before SEM-EDX analysis. XRD and SEM/EDX analy-
sis were performed on the three sample representing the highest, 
the lowest, and the middle strength values and measurements 
were performed on the hardened pastes testing the compressive 
strength analysis.

3 Results and Discussion
3.1 Characteristics of zeolite bearing tuffs

The chemical composition of the zeolite-rich tuff is given in 
Table 1. The total SiO2 and Al2O3 content, which are the main 
constituents of the geopolymeric reaction, is 78.8% and it is 
within the range of values reported by Davidovits (1994) [30]. 
In Fig. 1, the grain size distribution of ground zeolite-bearing 
tuff is presented. 

Table 1 Chemical composition of zeolite-rich tuff

Component Weight (%)

SiO2 65.6

Al2O3 13.2

Fe2O3 1.78

CaO 4.43

MgO 1.27

Na2O 0.21

K2O 2.8

SO3 0.07

MnO 0.05

LOI 10.32

Total 99.73

Mineral phases of the zeolite bearing tuff are shown in Fig. 2. 
According to the XRD pattern, clinoptilolite is the major com-
ponent (2Ɵ of 9.83, 11.16, 22.36 with d-spacing values of 8.99, 
7.93, 3.98 Å, respectively). Minor amount of quartz is identified 
with d-spacing values of 3.34 and 4.26 Å. A peak identified with 
d-spacing values of 10.01 and 2.58 Å due to presence of clay 
mineral (illite) is also presented in the XRD pattern.
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Fig. 1 Grain size distribution of zeolitic tuff sample

Fig. 3 displays the microstructure and morphology of the 
original zeolite-rich tuff before grinding. As seen in the figure, 
clinoptilolites have characteristic morphology of tabular plates 
and laths, some of which have coffin-shaped crystals [35]. The 
point udied studyring of pindicates site where semi-quantitative 
chemical analysis by EDX was conducted and results are pre-
sented in Table 2. According to EDX measurement, the Si/Al 
ratio of the original clinoptilolite was found to be 4.78 (Table 2). 

Fig. 2 XRD pattern of zeolitic tuff (Ill: illite,Cpt: clinoptilolite, Qtz: quartz) 

Fig. 3 SEM micrograph shows clinoptilolite crystals displaying laths and 
tabular plates (Cpt: clinoptilolite)

Table 2 Chemical analysis of original clinoptilolite determined by EDX 
analysis (Position of measurement is shown in Fig 3)

Si Al Mg K Ca C O Si/Al Sum

1 33.06 6.91 1.03 1.79 2.08 7.96 47.17 4.78 100

3.2 Compressive Strength
Fig. 4 shows the compressive strength of the natural zeolite 

based geopolymers at three different Na2SiO3/NaOH ratios as a 
function of curing temperature and time. 

Fig. 4 Compressive strength of zeolite-rich tuff activated with different 
activator ratios, curing temperature and time

As seen in Fig. 4, activator ratio clearly affects the com-
pressive strength of geoplymers. Regardless of the curing tem-
perature and time, the Na2SiO3/NaOH ratio of 1 displays the 
lowest strength development in the tests due to the insufficient 
dissolution of silica and alumina from aluminosilicate source 
for the geopolymeric reaction to take place and thus inadequate 
amount of geopolymeric reaction product. The increment in the 
activator ratio from 1 to 2 resulted in a significant increase in the 
mechanical strength development of alkali-activated zeolites. 
The compressive strength of geopolymers with Na2SiO3/NaOH 
ratios of 2 and 3 exhibits nearly the same behavior except for 
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the 7 days curing. These geopolymers have good mechanical 
strengths, which is able to fulfil the strength requirement of 
typical construction materials for performance applications 
(25–40 MPa). The maximum compressive strength (42 MPa) 
was obtained for geopolymer cured at 50°C for 56 days with a 
Na2SiO3/NaOH ratio of 2.

Genarally, increasing the temperature causes the reaction to 
proceed to a higher extent [36]. The analytical results similarly 
show that an increase in curing temperature from 25°C to 50 
°C increased the compressive strength, as seen in Fig. 4. When 
the temperature reached above 50°C, the strength started to 
decrease. However, the reactivity of geopolymer with Na2SiO3/
NaOH ratio of 1 is not improved by heat treatment and it exhib-
its lower compressive strengths for all curing temperatures. 
The influence of temperature, thus, can be seen on geopolymer 
samples only having activator ratio higher than 1 in this study. 
In other words, it can be said that the effect of temperature can 
be observed with suitable activator ratio.

It is also worth noting that at room temperature long curing 
is necessary for mechanical development. For alkali-activated 
samples cured at 50°C, however, an important increase was 
observed at the first week of curing. The main reason of the 
quick strength gain is the increased reactivity between silica 
and alumina resulted from higher temperature. Consequently, 
higher curing temperatures can be used when rapid strength 
development is needed in a short period of time [37].

3.3 Microstructural Characteristics
3.3.1 XRD

X-ray diffraction patterns of raw zeolitic tuff and hardened 
geopolymer pastes with highest, the lowest, and the middle 
strength values are shown in Fig. 5. 

Fig. 5 XRD patterns of a) original zeolite-rich tuff, b) geopolymer paste for 
Na2SiO3/NaOH ratio of 1 cured at 25°C and 7 days; c) for Na2SiO3/NaOH ratio 
of 2 cured at 25°C and 28 days; d) for Na2SiO3/NaOH ratio of 2 cured at 50°C 

and 56 days (Ill: illite, Cpt: clinoptilolite, CSH: calcium silicate hydrate)

The XRD pattern of geopolymer with Na2SiO3/NaOH ratio 
of 1 cured at 25°C for 7 days is almost similar to that of raw 
zeolite rich tuff (clinoptilolite, quartz, clay mineral) and new 
crystalline phases were not detected (Fig. 5b). Peak of clay and 
zeolite minerals were still observed in the diffractogram with 

decreased intensity. Furthermore, the broad band at 2Ɵ between 
25° and 35°, typical amorphous phase of geopolymer gel, was 
detected [29]. This indications apparently suggest that the geo-
polymeric reaction start to reorganize the structure of the sys-
tem. The slightly reduced peak intensities, however, indicate 
that reactive component found in tuff (clinoptilolite and clay 
mineral) do not fully attend the reaction and the formation of 
geopolymeric reaction product which give the strength abil-
ity is small. This observation was confirmed by compressive 
strength analysis, which is only 6.7 MPa for geopolymer with 
Na2SiO3/NaOH ratio of 1 cured at 25°C for 7 days (Fig. 4). 

The peak observed with d-spacing value of 10.01, which 
correspond to illite in raw cinoptilolite-rich tuff, totally disap-
peared and new crystalline phases are detected at higher acti-
vator concentration (Fig. 5c). The peak at 12.03 (d-spacing) and 
shoulder at 3.03 identified to the left of the peak at 2,98 (d-spac-
ing) started to be seen for geopolymer with Na2SiO3/NaOH 
ratio of 2 cured at 25°C for 28 days. These correspond to the 
two main peaks of the CSH phase. CSH is normally accepted to 
be the main hydration product of Portland cement [38]. On the 
other hand, it was reported that CSH can be formed resulting 
from the alkaline activation of aluminosilicate source rich in 
calcium such as blast furnace slag [39,40]. It was demonstrated 
that the possible reaction products (e.g. geopolymeric gel, CSH, 
calcium aluminosilicate) formed if sufficient calcium is added 
to a geopolymeric system [39]. In this study, although a small 
amount of calcium content found in raw zeolitic tuff (8%), 
CSH peaks were determined by XRD analysis. The presence 
of sodium silicate in alkaline activator also might have affected 
the geopolymeric system and caused the formation of CSH 
phase. This data is in agreement with SEM/EDX micrograph 
(Fig. 7), which display thin CSH coating observed in pores. 
The compressive strength of this hardened geopolymer (26 
MPa) is higher than that of geopolymer with Na2SiO3/NaOH 
ratio of 1 cured at 25°C for 7 days (6.7 MPa). A higher activator 
concentration has better ability to dissolve raw material, allow-
ing a higher Si, Al species to take place in geopolymeric reac-
tion and consequently better mechanical development.

Fig. 5d presents the XRD patterns of geopolymer paste with 
Na2SiO3/NaOH ratio of 2, 50°C at 56 days. The intensities of 
CSH peaks at 12.03 and 3.03 (d-spacings) are comparatively 
higher than those of CSH peaks for geopolymer with Na2SiO3/
NaOH ratio of 2 cured at 25°C for 28 days. Similarly, the com-
pressive strength of geopolymer with Na2SiO3/NaOH ratio of 
2, 50°C at 56 days is the highest (42 MPa). As a result of this 
knowledge, it was assumed that the differences in the intensi-
ties of CSH peaks effect the compressive strength results.

The compressive strength is getting increased with the 
increased intensity of CSH peaks. Therefore, it can be said that 
in addition to the geopolymeric gel, the more crystalline CSH 
phase is beneficial to the compressive strength development of 
the hardened geopolymer paste. 
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Even though decrease in intensity of the clinoptilolite peak at 
3.98 (d-spacing) was observed for all geopolymer paste, which is 
associated with the alteration of clinoptilolite crystal by geopoly-
merization, the existence of remaining clinoptilolite as a result 
of incomplete reaction was detected. The peak corresponding to 
quartz, on the other hand, was not evidently reduced [41].

3.3.2 SEM/EDX
SEM/EDX analyses were performed with the aim of exhibit-

ing the phase characterization and microstructural evolution of 
geopolymer pastes.

Fig. 6 SEM micrographs of geopolymer pastes a) for Na2SiO3/NaOH ratio 
of 1, 25°C at 7 days; b) for Na2SiO3/NaOH ratio of 2, 25°C at 28 days; c) for 

Na2SiO3/NaOH ratio of 2, 50°C at 56 days

A general microstructural features of the hardened geopoly-
mer pastes with the highest, the lowest, and the middle strength 
values are seen at Fig. 6. The analysis of the microstructure of 
the pastes prepared with activator ratio of 1, cured for 7 days at 
25 °C revealed that the matrix consists of fragmented particles 

(Fig. 6a). This indicates that formation of aluminosilicate gel, 
which is a main geopolymer product, was not sufficient, which 
is in agreement with the mechanical behavior of the same paste. 
Fig. 6b, however, display more compact texture, yet porous, 
which can decreases the compressive strength (activator ratio 
of 2, cured for 28 days at 25°C). As seen in Fig. 6c, the mor-
phology of the geopolymer paste at activator ratio of 2, cured 
for 56 days at 50 °C is obviously different from the previously 
described pastes. In this case, the studied sample contains very 
dense material with almost no pores.  

At higher magnification, three different phases were deter-
mined through morphological observations and compositional 
analysis by SEM and EDX as shown in Fig. 7 and Table 3. From 
Fig. 7a, it can be seen that the presence of some coating on the 
cavity surfaces. Morphologically, this phase resembles with the 
CSH phase as produced from Portland cement hydration. It is 
stated that CSH is similar to that formed from the hydration of 
Portland cement but with lower Ca/Si atomic ratios (0.6-1.0) 
(Fernandez-Jimenez et al., 2003). In this study, Ca/Si ratio of 
CSH coatings for geopolymer paste with Na2SiO3/NaOH ratio 
of 2, 50°C at 56 days is not higher than 0.22 (Fig. 7b). How-
ever, it must be remembered that semi-quantitative EDX analy-
sis is likely to represent approximate elemental distributions of 
the phases not a reliable indicator of exact compositions.

Fig. 7 SEM/EDX analysis of geopolymer pastes a) for Na2SiO3/NaOH ratio 
of 2, 25°C at 28 days; b) for Na2SiO3/NaOH ratio of 2, 50°C at 56 days; c) for 
Na2SiO3/NaOH ratio of 2, 50°C at 56 days; d) for Na2SiO3/NaOH ratio of 2, 

50°C at 56 days (CSH: calcium silicate hydrate, Cpt: clinoptilolite)

In the Fig. 7a, one can clearly distinguish a partially reacted 
zeolitic tuff fragment embedded within the geopolymeric paste, 
which is attacked by the alkaline solution during geopolym-
erization. The Si/Al ratio of the original zeolite-bearing tuff is 
4.78, however, it changes to 1.5 in the partially reacted zeolitic 
tuff as a result of dissolution of zeolite (Table 3). Fig. 7c shows 
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the more reacted sample as a consequence of the higher alkali 
activation. Due to the alkaline attack, the surface texture of 
zeolite bearing tuff appear to be more reacted without altering 
their overall structure. The less reacted sample contain high Si/
Al ratio, 1.5, compared with the more reacted zeolitic tuff frag-
ments where the Si/Al ratio is 1.28. 

Glass like geopolymer gel, which appears to surround and 
adhere to the partially reacted zeolitic tuff fragments is consid-
ered to be the third phase (Fig. 7). Microstructural investiga-
tions through EDX analyses display that glassy matrix consists 
mainly of Na, Al and Si, which is the essential constituent of 
geopolymer gel. According to elemental analysis, the Si/Al 
ratio in the geopolymeric matrix is 6.46 (Table 3).

Fig. 8 shows the morphology of the fracture surface of the 
geopolymer pastes and semi-quantitative chemical composi-
tions of the reaction products with the lowest (Figure 8a), the 
middle (Figure 8b), and the highest (Figure 8c) strength val-
ues. The plots were taken from main matrix area (Table 3). The 
presence of Na and an increase of Si/Al ratio due to the involve-
ment of activators reveals significant degree of geopolymeric 
reaction as indicated by increasing mechanical development.

4 Conclusions
In this study, mechanical properties and microstructural 

characteristics of natural zeolite-based geopolymers were 
investigated.

Taking into account the results of strength analysis, it can 
be conclude that the compressive strength of activated natural 
zeolite depends on a combination of parameters. However, acti-
vator ratio is the most important parameter that significantly 
influences the geopolymeric reaction. 

In addition to geopolymeric gel, XRD peaks of the CSH 
phase with a low Ca/Si ratio were determined as main reaction 
product resulting from the alkaline activation of raw zeolite 
bearing tuff. The formation of CSH phase might have affected 
by Ca content in zeolite bearing tuff and promoted by the pres-
ence of sodium silicate in alkaline activator. Apparently, the 
more crystalline CSH phase has a positive effect on the devel-
opment of compressive strength of resulted geopolymer paste 
as observed in XRD analysis. Decreased intensity of zeolite 
and totally consumed clay minerals, which demonstrate dis-
solution and involvement of aluminosilicate phase in the geo-
polymeric reaction, were determined.

SEM analysis of zeolite-based geopolymer pastes demon-
strates that their microstructure is characterized by the coexist-
ence of a CSH phase, partially reacted zeolitic tuff and glassy 
matrix. It can be accepted that pores within the geopolymeric 
pastes become covered with the CSH phase. From the EDX 
analysis, sodium incorporation and increment of Si/Al ratio 
with respect to original zeolitic tuff were detected in the alu-
minosilicate phase. 

Table 3 Semi-quantitative chemical analysis of geopolymer pastes at various 
conditions determined by EDX analysis (Positions of measurements are 

shown in Fig. 7, 8)

1 2 3 4 5 6 7 8

Si 41.31 22.84 37.61 24.72 43.8 35.24 40.36 46.04

Al 5.04 15.25 4.37 19.34 6.78 6.49 7.04 6.82

Fe 2.5 1.91 0.37 1.1 1.33 0.69 1.39 0.51

Mg 0 1.34 0.27 0.48 0.66 0.77 0.92 0

K 3 6.64 1.96 8.76 3.03 1.71 2.03 2.96

Ca 8.08 0.29 8.44 0.42 3.72 1.87 3.05 2.72

Na 4.1 0.38 4.15 0.87 4.16 4.98 5.28 3.89

C 6.43 4.17 7.33 4.06 4.66 4.3 3.32 4.26

O 29.54 47.18 35.5 40.25 31.86 43.94 36.61 32.79

Sum 100 100 100 100 100 100 100 100

Si/Al 8.2 1.5 8.61 1.28 6.46 5.43 5.73 6.75

Ca/Si 0.2 0.01 0.22 0.02 0.08 0.05 0.08 0.06

Fig. 8 SEM/EDX analysis of geopolymer pastes a) for Na2SiO3/NaOH ratio 
of 1, 25°C at 7 days; b) for Na2SiO3/NaOH ratio of 2, 25°C at 28 days; c) for 

Na2SiO3/NaOH ratio of 2, 50°C at 56 days
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