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A B S T R A C T   

This study examines the development of geopolymers from clinoptilolite, mordenite, and anal
cime and compares the properties of the resulting green-binding materials. Sodium silicate and 
sodium hydroxide solutions were used as activators. Compressive-strength, X-ray diffractometer 
(XRD), and scanning electron microscopy (SEM/EDX) analysis were employed to characterize the 
mechanical development, mineralogical composition, and microstructure of the geopolymers. The 
results show that clinoptilolite, mordenite, and analcime were found to offer much potential for 
the synthesis of geopolymers. Clinoptilolite-based geopolymer is the most reactive of the three 
and generates a higher rate of geopolymerization than mordenite- and analcime-based geo
polymers. Reactive components other than zeolites are also found to be critical to the geo
polymerization reaction. Feldspar provides additional Na for the reaction, reinforcing the gel 
structure and developing better compressive strength. The difference in the mechanical and 
microstructural properties of natural zeolite-based geopolymers is attributed to the varying na
ture and mineralogical content of the starting materials. Different gel characteristics provide 
valuable information on the role of the active phases involved in the reaction.   

1. Introduction 

Geopolymers with the potential of reducing the carbon footprint have attracted extensive attention of the researchers as a possible 
replacement of ordinary Portland cement (OPC) in construction product [1–3]. As a result of the assessment of the life cycle impact of 
geopolymers in comparison with OPC, it is stated that the CO2 emissions from geopolymer concrete can be 97 % lower up to 14 % 
higher [4]. Compared to Portland cement, geopolymers also possess superior fire resistance, high early strength, high durability, low 
shrinkage, and low permeability [5]. Besides, geopolymers have excellent potential for application, such as civil engineering, met
allurgy, nuclear waste management, heavy metal removal, inorganic membranes, aerospace fields, etc. [6–10]. 

Geopolymers can be considered as a member of the silicoaluminate family as synthetic zeolites. Although the chemical composition 
of geopolymers is similar to that of zeolitic materials, they are amorphous to semi-crystalline. Geopolymers can be synthesized by 
activating raw materials rich in Si and Al to a highly-alkaline liquid, such as sodium hydroxide (NaOH), potassium hydroxide (KOH), 
sodium silicate and potassium silicate. In a strong alkaline medium, the dissolution of aluminosilicate reactive material occurs, and 
polysialate, polysialate-siloxo, and polysialate-disiloxo—types of geopolymeric product—are formed [11]. These properties depend on 
many factors, such as the concentration of the activators, curing temperature, nature of the aluminosilicate materials [11]. In fact, the 
type of aluminosilicate source material plays an important role in the progress and development of the geopolymerization reaction, 
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controlling the chemical composition and microstructural development of the geopolymeric products. Furthermore, the main 
component of geopolymers, an aluminosilicate source, can be select from many starting materials including blast furnace slag [12–14], 
fly ash [11,15,16], metakaolin [17,18], volcanic ash [19,20] or natural zeolites [21–26], which in turn gives a flexibility in material 
selection that enable researcher to prefer, for example, locally available materials. 

Natural zeolites are one of the most common and promising industrial minerals, with broad applications in agriculture, envi
ronmental and civil engineering. Besides, it was showed that they have a potential to produce geopolymer cement with reasonable 
strength. Villa et al. [22] determined the effect of the curing temperature and activator ratio on the compressive strength of 
clinoptilolite-based geopolymer, concluding that zeolitic materials can undergo geopolymerization and that geopolymeric materials 
cured at 40 ◦C showed the highest compressive strength. Bondar et al. [27] investigated the effect of the type, form, and dosage of the 
activators on the strength of a geopolymer manufactured using an Iranian natural pozzolan called Taftan andesite and Shahindej 
dacite, which is partly composed of clinoptilolite. Their results showed that the potassium hydroxide solution achieved optimal 
activation of the natural pozzolans between 5 M and 7.5 M, and 60 ◦C was the optimal curing temperature for the highest compressive 
strength. The effect of Jordanian natural zeolites, which belong to the phillipsite type, as a filler for the physical and mechanical 
properties and adsorption capacity of geopolymers has been studied by Yousef et al. [28]. They determined that natural zeolite-based 
geopolymers produce high compressive strength and a high adsorption capacity when in contact with methylene blue and copper (II) 
ions. In their study of mordenite-based geopolymers, Baykara et al. [24] concluded that the highest compressive strength of geo
polymers was found under the following conditions: NaOH: 10 M, Na4Si5O12/NaOH ratio: 0.5, Ca(OH)2: 3% (w/w), and 60 ◦C. Nikolov 
et al. [25], synthesized calcined natural zeolite (clinoptilolite)-based geopolymer pastes using different alkaline activators, namely 
potassium hydroxide (KOH), potassium silicate (K2SiO3), sodium aluminate (NaAlO2) and aluminium anodising waste solution. The 
test results demonstrated that maximum compressive strength was achieved for geopolymer pastes activated with KOH and K2SiO3. 
Tekin [23] prepared quarry waste volcanic tuff (containing clinoptilolite), travertine and marble-based geopolymers by activation 
with sodium silicate and sodium hydroxide. The resulting geopolymer pastes achieved sufficient compressive strength. It was stated 
that wet curing regimes cannot be used to produce geopolymers because of efflorescence problems. 

As the literature review above shows, various studies on natural zeolite-based geopolymers have created a considerable amount of 
knowledge about the characteristics of resulting geopolymers. Yet, there is a need for examination of zeolitic tuffs on the consideration 
of the detail mineralogical composition. The co-existence of zeolite minerals (purity) and types of impurities (e.g. feldspar) is required 
to take into consideration to understand the underlying reactivity of geopolymers. Moreover, a literature search revealed no report on 
analcime-based geopolymers or results concerning their comparative studies. A study comparing different zeolite-based geopolymers 
created using the same mixing procedure would contribute important data to the existing literature. Therefore, geopolymers based on 
clinoptilolite-, mordenite-, and analcime-bearing tuff were examined for possible application as building materials. This study is 
important since clinoptilolite, mordenite and analcime, which are the most common zeolite species with high reserve capacity is an 
alternative raw material for industrial by-products such as fly ash and blast furnace slag, which led to availability problem for geo
polymer production. Therefore, this study aims to examine the synthesis of geopolymers using clinoptilolite, mordenite, and 

Fig. 1. Cumulative particle-size distributions of the zeolite-bearing tuffs.  
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analcime—common species of natural zeolites—as starting materials and compare the mechanical and microstructural properties of 
the three geopolymers by analyzing the resulting geopolymers with the aid of compressive strength, XRD and SEM/EDX analysis. It 
focuses particularly on the microstructure and composition of the final geopolymers, which play a vital role in understanding the 
behavior of the active phases and, therefore, of the compressive strength. The effect of reactive components other than zeolites in the 
source materials is also considered by SEM/EDX analysis. 

2. Materials and methods 

2.1. Raw materials 

In this study, three zeolitic tuffs collected from the main zeolite deposits in western Turkey were used as a solid precursor. The 
clinoptilolite-rich tuff (CLI) was from Gordes, Manisa, the mordenite-bearing tuff (MOR) from Foca, Izmir, and the analcime-bearing 
tuff (ANA) from Kucukkuyu, Canakkale. CLI sample was collected from the lower Miocene Gokyar Tuff (Gordes Formation). MOR 
sample from the Yuntdag Group was found in the Middle Miocene Foca Tuff. ANA sample, on the other hand, was obtained from the 
Lower-Middle Miocene Arikli Tuff (Behram Volcanics) [29]. The samples were ground using a ball mill (MG171 Automatic Swing 
Mill). A water glass (Na2SiO3) solution, with a chemical composition of 27.7 % SiO2, 9.8 % Na2O, and 62.5 % H2O by mass, and 
analytical-grade sodium hydroxide (NaOH) were used as the alkaline activators. The molar concentration of the NaOH solution was 12 
M. Dissolved sodium hydroxide flakes with 98 purity were used to acquire the necessary concentration. 

Particle size analyses shown in Fig. 1 with the following sequence: CLI < MOR < ANA were carried out with the laser diffraction 
method (Malvern Mastersizer 2000). The chemical composition of the zeolitic tuffs was examined using X-ray fluorescence (XRF; 
Rigaku ZSX Primus II) analysis, with the results given in Table 1. According to the results of the XRF analysis, the total SiO2 and Al2O3 
content of all three samples ranges from 78.33–80.28. CLI is characterized by a higher CaO value (3.55 %), and MOR by a higher K2O 
(2.13 %) value, while ANA possesses higher Na2O content (10.37 %). The physical properties of the raw materials are also shown in 
Table 1. The specific surface area was measured by N2 adsorption, using the Brunauer–Emmett–Teller (BET) method (Quantachrome 
Corporation, Autosorb-6), after the activation of the zeolitic tuff samples under vacuum at 150 ◦C for 5 h and blaine fineness was 
measured in accordance with the ASTM C204 standard method [30]. As seen in Table 1, the order of the Blaine and BET values, from 
highest to lowest, is as follows: CLI, MOR, and ANA. The higher specific gravity of ANA is attributed to its large amounts of feldspar (40 
%). 

Quantitative phase analysis was performed using X-ray powder diffraction (XRPD) analysis in order to interpret the geopolymeric 
behavior of the not only zeolite minerals but also impurities. The samples with a grain size < 10 μm were ground for 15 min in a 
McCrone micronizing mill (agate cylinders and wet grinding). An α-Al2O3 (1 μm, Buehler Micropolish) was used as the internal 
standard (20 wt.%). Laboratory measurements were performed using a PANalytical X’Pert Pro device and X’Pert High Score Plus 3.0 
software with CuKα radiation at 40 mA and 40 kV. The readings were recorded in vertical Bragg-Brentano geometry from 3 to 80◦ 2θ, 
with a step size of 0.0179◦ 2θ and 120 s counting time per step. The data sets were analyzed with the full profile Relative Intensity Ratio 
(RIR)/Rietveld method [31] implemented in the TOPAS 4.2 software (BRUKER AXS Company). The X’Pert High Score Plus 3.0 
software was employed for the major and minor phase quantification procedure. 

The qualitative-phase analysis of the zeolitic tuff and zeolite-based geopolymer samples was carried out with X-ray diffraction 
(XRD) analysis (after crushing and sieving the samples to obtain particles smaller than 63 μm) using a Philips PW 1730 diffractometer 
with Ni-filtered, CuKα1 radiation, operating at 40 kV, 30 mA. 

Zeolitic tuffs were optically examined under a Nikon polarizing microscope to identify the mineralogy and relevant petrographic 
features. The morphology and microstructure of the samples were observed with a scanning electron microscope (SEM; QUANTA 400 
F). Zeolite-based geopolymers had previously been coated with Au film. An energy dispersive X-ray spectroscopy (EDX) was used to 

Table 1 
Chemical composition and physical properties of the examined tuffs.   

CLI MOR ANA 

Chemical Compositions (%)    
SiO2 67.87 70.82 60.81 
Al2O3 10.46 11.19 19.47 
Fe2O3 1.01 0.29 0.27 
CaO 3.55 2.29 0.46 
MgO 0.95 0.29 0.21 
Na2O 0.24 1.48 10.37 
K2O 1.93 2.13 0.28 
MnO 0.05 0.03 0.02 
L.O.I. 13.94 11.48 8.11 
Total 100.00 100.00 100.00 
Physical Properties    
Specific Gravity 2.11 2.12 2.27 
Fineness (< 45 μm,%) 94.00 83.00 78.00 
Fineness (Blaine, m2/kg) 797 673 520 
BET surface area (m2/g) 40.13 12.13 9.51  
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analyze the semi-quantitative elemental composition of the specimens’ surfaces. 

2.2. Geopolymer synthesis, testing, and characterization 

Geopolymer syntheses were made by adding the alkaline activators to the zeolitic tuff samples and mixing for 3 min. The tuff/ 
activator and sodium silicate/sodium hydroxide ratios were 1.75 and 3, respectively. After mixing, the fresh geopolymer paste was cast 
in a 50 × 50 × 50 mm cube mold (see Fig. 2). The specimens were removed from the molds, covered with film to prevent loss of 
moisture, and subjected to 7-, 28-, and 56-day curing times at 50 ◦C, following the procedure of Villa et al. [22] and Ozen and Alam 
[21] which gives better compressive strength. 

In the mix design of the geopolymers, the NaOH molarity, curing temperature, tuff/activator and sodium silicate/sodium hydroxide 
ratios was optimized by the authors in [21,26] in order to achieve higher compressive strength. These values are in accordance to [22]. 
The geopolymers’ compressive strength was determined at 7, 28, and 56 days using a universal testing apparatus (Utest 6410, load cell 
= 10 kN) at a loading rate of 6 Ns− 1. The strength values were obtained from the average of six measurements for each sample. Crushed 
pieces of the hardened zeolite-based geopolymer samples, taken after 28 days of curing, were also used for XRD and SEM-EDX analysis. 

3. Results and discussion 

3.1. Characterization of raw materials 

Petrographical examination demonstrates that the very fine-grained CLI sample contains minor amounts of quartz, biotite, and 
smectite. The MOR and ANA samples exhibit glassy textures with partial alteration of mordenite and analcime, respectively; both 
contain authigenic feldspar (lamellar-twinned albite), volcanic glass, and clay mineral (smectite). The petrographical analysis in
dicates that the smectite content of the MOR and ANA samples is approximately 5% and 15 %, respectively, and the amount of volcanic 
glass is 30 % and less than 5%, respectively. 

The quantitative phase compositions of the examined tuffs are displayed in Table 2. The CLI sample is very pure, with a zeolite 
content of 92 %. The MOR and ANA samples have zeolite contents of 30 % and 22 %, respectively. In the ANA sample, a considerable 
amount of feldspar (40 %) was detected. In the MOR and ANA samples, 38 % and 19 % of non-identified phases remain, respectively, 

Fig. 2. Clinoptilolite-, mordenite-, and analcime-based geopolymers (CLI, MOR, ANA, respectively), which were cast in a 50 × 50 × 50 mm 
cube mold. 

Table 2 
Mineralogical composition of the examined tuffs.  

Mineral CLI MOR ANA 

Clinoptilolite 92   
Mordenite  30  
Analcime   22 
Quartz 2 15 18 
Feldspar 2 17 40 
Biotite 1  1 
Amorphous* 3 38 19 
Total 100 100 100 
* Including smectite     
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Fig. 3. XRD patterns of the CLI, MOR, and ANA samples (C: clinoptilolite, M: mordenite, A: analcime, Q: quartz, S: smectite, F: feldspar).  

Fig. 4. SEM micrographs of the three starting materials: (a) the CLI sample displays tabular clinoptilolite (C) and honeycomb smectite (S); (b) the 
MOR sample displays needle-like crystals of mordenite (M); (c) the ANA sample displays cubo-octahedral analcime (A), honeycomb smectite (S), 
well-developed feldspar (F). 
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which the petrographic analysis suggests comprise volcanic glass and smectite. 
Fig. 3 shows the XRD patterns of the three zeolite-bearing tuffs investigated. According to the XRD pattern, the major phase in the 

CLI sample is clinoptilolite (2θ of 11.16, 17.26, and 22.39, with d-spacing values of 7.92, 5.13, and 3.96 Å, respectively). Besides, 
smectite is present in CLI sample (2θ of 5.91 with a d-spacing value of 14.94 Å). In the MOR sample, the characteristic peaks of 
mordenite (2θ of 9.76, 19.67, and 25.66, with d-spacing values of 9.05, 4.51, and 3.46 Å), feldspar (2θ of 23.49 and 27.64, with d- 
spacing values of 3.78 and 3.22 Å), and quartz (2θ of 26.58 with a d-spacing value of 3.34 Å) are identified. In the ANA sample, 
analcime is recognized by its typical 3.42, 2.91, 2.49, and 4.84 Å peaks. Feldspar, quartz, and smectite are also evident in ANA sample 
(Fig. 3). 

Fig. 4 displays the micromorphological features of the three starting materials. Aggregates of clinoptilolite are predominantly 
tabular in shape, with some displaying widths of 3–4 μm (Fig. 4a). Crystals of mordenite are needle-shaped, with some 2–10 μm long 
(Fig. 4b). Analcime is characterized by cubo-octahedral crystal, approximately 4–5 μm in diameter (Fig. 4c). Clinoptilolite, mordenite, 
and analcime crystals are generally associated with honeycomb smectite. Monoclinic feldspar also appears in the MOR and ANA 
samples. 

3.2. Mechanical properties of natural zeolite-based geopolymers 

The compressive strengths of the natural zeolite-based geopolymers (CLI, MOR, and ANA) cured at 50 ◦C for 7, 28, and 56 days are 
given in Fig. 5. The CLI sample possesses a higher compressive strength than both the MOR and ANA samples at all testing ages, which 
may be due to its smaller particle size and high BET-specific surface area. Additionally, the high content of reactive phase, namely 
clinoptilolite (92 %), may have caused the reaction to proceed at a faster rate, especially at later ages. 

The mechanical development of the ANA sample is higher than that of the MOR sample, except after 7 days of curing (Fig. 5). The 
higher strength of the MOR sample than the ANA sample at the initial time (7 days) is attributed to its fineness, which indicates that 
particle size is more influential on the compressive strength of geopolymer mortars at early ages than later ages. The positive effect of 
finer particle sizes and, consequently, a higher BET-specific surface area on the early compressive strength of geopolymer mortars can 
be explained by the rapid and effective geopolymerization of smaller particles in the early reaction period. The difference in 
compressive strength between the MOR and ANA samples, despite their similar zeolite content, may be due to differences in phases 
other than the zeolites shown in the XRPD analysis. As seen in Table 2, the ANA sample contains a significant amount of feldspar (40 
%), which is known to be active with regard to geopolymerization reaction [32,33]. Dissolving the feldspar structure results in the 
release of more chemical compounds from the starting material (ANA) and, therefore, an increase in the degree of geopolymeric 
reaction. Moreover, of the two parent materials, ANA has a higher proportion of smectite than MOR, as shown by the optical mi
croscope. The depletion of the smectite’s peak intensity indicates that it completely dissolves and plays a role in the geopolymerization 
reaction (discussed in section 3.3.1). In addition to these phases, volcanic glass, of which more is found in MOR (approximately 30 %) 
than ANA (approximately 5%), does not appear to react to a significant extent. Djobo et al. [34] have previously identified a very low 
dissolution of the glassy phase in volcanic ash in alkaline solution during geopolymerization. Namely, the total active phases 
participating in the geopolymerization reaction are 47 % for MOR (30 % mordenite and 17 % feldspar) and 77 % for ANA (22 % 
analcime, 40 % feldspar and 15 % smectite), creating the difference in the samples’ compressive strength values. Hence, the reactivity 
of phases other than zeolites and the quantities of these phases in source materials also have a significant effect on strength devel
opment. Additionally, it is worth noting that the quantitative mineralogical characterization of starting material is very important step, 

Fig. 5. The compressive strength of the geopolymers at 7, 28, and 56 days.  
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which will help the researcher to interpret the results accurately. Furthermore, detail mineralogical characterization, which means not 
only phases present but also their quantity will guarantee the geopolymeric behavior of the materials. 

The results also showed that although the strength of the ANA sample was very low at 7 days, it increased rapidly in the period from 
7 to 28 days, in a similar way to the CLI sample, which thought to be due to the high quantitiy of phases attending to the geopolymeric 
reaction (77 % for ANA and 92 % for CLI). When 28 days of curing was reached, the rate of strength development slowed for both the 
CLI and ANA samples. The mechanical development of the MOR sample, on the other hand, steadily increased up to 56 days, which 
thought to be due to the low quantity of minerals participating in the reaction (47 %). The compressive strength of all the samples 
increased as the curing days increased, and the highest compressive strength of 49.1 MPA was recorded at 56 days of hydration for the 
CLI sample (Fig. 5). 

3.3. Microstructural characteristics 

3.3.1. XRD 
XRD analysis was carried out to compare the phases present in the clinoptilolite-, mordenite-, and analcime-based geopolymers 

after 28 days of curing. The XRD patterns of the original materials, as well as their respective geopolymers, are shown in Fig. 6. As seen 
in Fig. 6, the crystalline zeolite phases originally existing in the aluminosilicate sources are also present in the synthesized geo
polymers, though with reduced intensity (A slight reduction of the peak intensities of analcime from 13,560 cps to 11,778 cps at 2θ of 
26.01 and from 4573 cps to 4440 cps at 2θ of 30.64 were detected). This suggests that all zeolites partially contribute to the geo
polymerization reaction. However, in the XRD patterns of CLI geopolymer, the intensity of the partially reacted zeolite peaks present in 
all the geopolymers is further reduced compared to the XRD patterns of both the MOR and ANA geopolymers, indicating a higher 
dissolution of the alumino silicate structure of the clinoptilolite by the alkaline solution and a higher involvement of the geopolymeric 
reaction. It is worth noting that the amount of zeolite phase involved in the reaction is the highest for the CLI precursor (92 % cli
noptilolite) as seen in Table 2. Hence, the reactivity of zeolites is not comparable. Yet, we can conclude that the reactivity of CLI 
precursor is higher than MOR and ANA precursor, which also supported by compressive strength analysis. 

Furthermore, a broad, diffused halo of between 20–35◦ (2θ) exists in the patterns of the clinoptilolite- (CLI), mordenite- (MOR), and 
analcime (ANA)-based geopolymers, indicating amorphous gels in the geopolymers. The presence of amorphous phase formed as a 
result of the alkali activation of the zeolites have also been detected by other researchers. Villa et al. [22] reported the halo between 
20–30◦ (2θ) indicating the presence of amorphous material after XRD analysis of clinoptilolite-based geopolymer. Baykara et al. [24], 
on the other hand, detected amorphous phase content by quantitative X-ray diffraction (QXRD) analysis examining mordenite-based 
geopolymer. Fig. 5 shows that the broad hump is more apparent for the CLI, which points to a higher degree of geopolymerization of 
CLI. This observation can explain why the CLI possesses higher mechanical development. A slight reduction of the peak intensities of 
feldspar (for example from 5701 cps to 5190 cps at 2θ of 23.49 and from 6687 cps to 5753 cps at 2θ of 27.64 between the original ANA 
raw material and respective ANA geopolymer) was also observed for original raw materials and respective MOR and ANA geopolymers 
(Fig. 6). Additionally, the smectite peak, detected in the XRD diagrams of CLI and ANA, does not appear after geopolymerization. The 
reduction of the peak intensity of feldspar and disappearance of the peak intensitiy of smectite evince that these phases also contribute 
to the geopolymerization reaction. The peak of quartz, however, remains almost constant, indicating that its activation is minimal. 
Nevertheless, the presence of quartz may enhance the particle packing and nucleation through the filler effect [35]. 

3.3.2. SEM/EDX 
Fig. 7 shows the representative microstructural regions by SEM and the results of the chemical characterization by EDX of the three 

original raw materials. As Fig. 7 indicates, Si and Al are the main elements in clinoptilolite-rich tuff, which also contains Ca and K in 
lower concentrations. The elements of mordenite-bearing tuff are similarly dominated by Si and Al, with some Ca and approximately 2 
wt.% of Na and K. The elements of analcime-bearing tuff are dominated by Si, Al, and Na and less than 2 wt.% of K. CLI sample is 
decidedly more siliceous than MOR and ANA samples. ANA sample is, as expected, definitely sodic and poor in calcium. The semi
quantitative Si/Al atomic ratio of the samples was 5 for CLI, 6.31 for MOR, and 5.51 for ANA. 

Fig. 8 displays the micromorphological differences of the CLI, MOR, and ANA geopolymers after 28 days of activation. The SEM 
image of CLI reveals a completely smooth gel-like structure that is the densest and most homogenous of the three materials, followed 
by ANA and MOR, respectively. This is likely because of the further dissolution of the clinoptilolite found in CLI and increased for
mation of reaction product during geopolymerization. In addition, comparing the microstructural features of the CLI, MOR, and ANA 
geopolymers through a compressive strength analysis results in the following sequence: CLI > ANA > MOR; the presence of a well- 
developed gel-like structure acquired from the activation of zeolite-based geopolymers is expected to lead to higher compressive 
strength. While many microcracks can be seen in the micrograph of the CLI and ANA samples, much larger and more distinct cracks 
with many voids are evident in the MOR sample, which possesses lower mechanical development than the CLI and ANA geopolymers. 

The results of the EDX analyses of the zeolite-based geopolymers are also displayed in Fig. 8. Resulting from the uniform texture and 
complex chemical composition of the zeolite-based geopolymer system, identification of the type of geopolymers cannot be made with 
EDX analysis. Instead, the semiquantitative chemical composition of the main matrix area presenting the gel-like texture was 

Fig. 6. The XRD patterns of (a) original clinoptilolite (CLI) and respective clinoptilolite-based geopolymer (CLI), (b) original mordenite (MOR) and 
respective mordenite-based geopolymer (MOR), (c) original analcime (ANA) and respective analcime-based geopolymer (ANA) after 28 days 
of curing. 
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determined. According to the analysis results, the major elements of the gel-like matrix are Si, Al, and Na. Therefore, the area of glassy 
matrix may be a geopolymeric gel comprising the main reaction product, which has similar chemical composition to gels in the existing 
literature [17,35]. Besides, an increment of Si/Al ratio and sodium incorporation in respect of starting raw materials were determined 
in the geopolymer product (see Table 3). 

The results of the semiquantitative elemental analysis on selected spots in the geopolymeric gels present in the matrix are plotted as 
(Na + K+Ca + Fe + Mg)/Al against Si/Al, as shown in Fig. 9, which is helpful to understand the role of active phases involved in the 
geopolymeric reaction. Although the values of the Si/Al ratio of materials vary considerably (4.88–7.73), the most frequent Si/Al ratio 
of all the geopolymers is found in the range of 5.7–6.2, which is similar to the values of the Si/Al ratio stated by Villa et al. [22]. In 
general, the ANA sample has a higher Si/Al ratio than the CLI and MOR samples, whereas the MOR sample has a lower ratio. The 
differences in Si/Al ratio, which is most probably because of the different type of geopolymeric gel developed by activation of different 
type of precursors (clinoptilolite, mordenite, analcime in this case) were also stated by Nath [36] for different precursor materials. As 
clearly visible in Fig. 9, the Si/Al ratio of the CLI sample presents a narrow range of variation, while considerably variant Si/Al molar 
ratios were defined for the MOR and ANA samples. This narrow composition of CLI reflects the advanced nature of its gel structure in 
agreement with published literature [37]. In addition, the (Na + K+Ca + Fe + Mg)/Al ratio of CLI is higher than that of the MOR and 

Fig. 7. SEM/EDX analyses of zeolite-bearing tuffs: (a) SEM micrograph of clinoptilolite-rich tuff (CLI) and chemical characterization by EDX of the 
CLI sample in general; (b) a SEM micrograph of mordenite-bearing tuff (MOR), and chemical characterization by EDX of the MOR sample in general; 
(c) a SEM micrograph of analcime-bearing tuff (ANA), and chemical characterization by EDX of the ANA sample in general. 
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ANA samples. During the geopolymerization process, the role of alkali metals in the reaction is essential [32]. As reported in the 
literature [38,39], some alkali metals are likely present in the geopolymer binder due to the dissolution of raw materials and the 
substitution of those species by geopolymeric reaction. For this reason, the higher (Na + K+Ca + Fe + Mg)/Al ratio of CLI is an 
indication of a higher dissolution and subsequently higher incorporation of those alkali metals into the geopolymeric gel structure, 
which leads to a higher modification of the geopolymeric gel structure, as a result of the presence of a highly reactive phase in the 
starting material. Furthermore, as seen in Table 3, CLI possesses higher Ca content than MOR and ANA samples. This simply means that 
CLI sample has more Ca containing geopolymer product, which increases the binding property and thus compressive strength of 

Fig. 8. SEM/EDX analyses of (a) CLI-G, (b) MOR-G, and (c) ANA-G samples.  
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resulting geopolymer as stated by [37]. 
The (Na + K+Ca + Fe + Mg)/Al ratio of the MOR and ANA geopolymers, on the other hand, are quite similar (Fig. 9). However, as 

seen in Table 3, the average Na composition of the geopolymeric gel in ANA is higher than in MOR, which is likely due to the Na ion 
contained in the original raw material. The Na may come not only from Na-rich analcime but also from feldspar (albite), which also 
contains Na ion in its structure. Feldspar group minerals are pozzolanic aluminosilicate materials, which can also be used in geo
polymer synthesis [32]. According to Gonzalez-Garcia [40], after 28 days of curing at 40 ◦C, a natural pozzolan containing albite, 
anorthite, calcite, and quartz has the compressive strength of 13.2 MPa. It seems that in addition to analcime, feldspar also provides an 
alkali metal (Na) for the geopolymerization process at a certain stage of the reaction, reinforcing the gel structure and thus developing 
better compressive strength. Hence, it was concluded that active phases other than zeolites in the reaction mechanism are also crucial 
for the mechanical development of geopolymer material. Future work should examine at which stage of the reaction and how feldspar 
affects the geopolymeric reaction of raw materials containing zeolite. 

Lastly, in literature, there are relevant works, which concluded optimal ratios for strength development of clinoptilolite- and 
mordenite-based geopolymers [21–26]. Gungor [26] also investigate the optimal ratios for anlacime-based geopolymer by investi
gating the tuff/activator and sodium silicate/sodium hydroxide ratios. Since this study aimed the research on focusing on comparing 
characterization of clinoptilolite-, mordenite-, and analcime-based geopolymers, suitable optimal ratios of the three geopolymers are 
selected from literature. However, there is scarcity of analcime-based geopolymers, in considering future work, it is also worth 
determining the detail effect of mix design of analcime-based geopolymers on strength development. 

4. Conclusions 

The analysis results demonstrate the potential use of clinoptilolite-, mordenite-, and analcime-bearing tuffs as aluminosilicate 
sources for the production of geopolymer cement. Clinoptilolite-based geopolymer has been found to be a more reactive, generating a 
high rate of reaction with respect to mordenite- and analcime-based geopolymer especially due to its smaller particle size, high BET- 

Table 3 
The results of the atomic compositions (semiquantitative) of geopolymeric gel presented in the matrix.  

Sample  Si Al Na K Ca Fe Mg Si/Al (Na + K-Ca + Fe + Mg)/Al  

1 34.3 5.8 5.1 2.3 2.8 0.8 0.5 5.91 1.98  
2 33.4 5.6 5.5 1 2.6 0.6 0.5 5.96 1.82 

CLI 3 31.7 5.4 6.5 1.9 1.3 0.1 0.4 5.87 1.89  
4 29.4 5.1 5.2 1.9 1.4 1.2 0.2 5.76 1.94  
5 35.9 5.9 6.6 2 1.9 0.6 0.1 6.08 1.90  
1 33.1 6.3 6.4 3.1 0.3 0.1 0 5.25 1.57  
2 33.6 6.1 6.5 1.4 0.8 0.1 0 5.51 1.44 

MOR 3 38.6 6.3 5.8 1.8 1.6 0.2 0.1 6.13 1.51  
4 32.3 5.5 5.6 2.3 1.4 0.1 0 5.87 1.71  
5 27.3 5.6 6.3 2.9 0.9 0.1 0.1 4.88 1.84  
1 37.9 4.9 7.8 0.6 0.6 0.2 0 7.73 1.88  
2 29.4 4.3 6.6 0.2 0 0 0 6.84 1.58 

ANA 3 34.9 5.4 8.4 0.4 0.3 0.1 0 6.46 1.70  
4 29.4 5.1 7.7 0.6 0.5 0.2 0.1 5.76 1.78  
5 33.5 5.6 7.6 0.6 0.4 0.2 0.1 5.98 1.59  
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Fig. 9. Results of the EDX analysis plotted on the axes (Na + K+Ca)/Al vs. Si/Al ratios. The points correspond to the selected spots in Fig. 7.  

D. Güngör and S. Özen                                                                                                                                                                                               



Case Studies in Construction Materials 15 (2021) e00576

12

specific surface area and high content of clinoptilolite (92 %). 
It was shown that, in addition to the zeolite phase, other reactive components and their quantities also have a significant effect on 

geopolymerization. The higher mechanical development of the ANA than that of the MOR is attributed to presence of a significant 
amount of feldspar (in addition to clinoptilolite), which is known to be active with regard to geopolymerization reaction. The presence 
of quartz, on the other hand, may enhance the particle packing and nucleation through the filler effect. Thus, the authors suggest 
quantitative mineralogical characterization of raw materials, which will help the researcher to interpret the results accurately. 

The difference in the mechanical and microstructural properties of natural zeolite-based geopolymers is attributed to the varying 
nature and mineralogical content of the starting materials. Furthermore, the different elemental compositions of the geopolymeric gels 
present in the matrix provide important information about the behavior of the active phases present in the original raw materials. The 
narrow composition of Si/Al ratio indicates the advanced nature of its gel structure. In addition, the higher Ca content of geopolymer 
products for CLI sample than MOR and ANA samples results higher compressive strength of CLI geopolymer than others. Lastly, it 
seems that in addition to analcime, feldspar also provides an alkali metal (Na) for the geopolymerization process at a certain stage of 
the reaction, reinforcing the gel structure and thus developing better compressive strength. 
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