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Abstract
Cement production causes serious environmental problems and requires large amounts of energy. Studies have proven 
that the use of geopolymers can significantly reduce carbon dioxide emission and energy consumption arisen from cement 
production. Although there are many studies on the geopolymers, the number of studies dealing with geopolymers contain-
ing natural pozzolans other than metakaolin is very limited. In this study, the compressive strength and pore structure of 
geopolymers produced with trass (a type of natural pozzolan) were investigated. The mineralogical composition of trass, 
morphology of trass, and microstructure of geopolymer paste as well as the weight loss of the paste were determined using 
XRD, SEM, and TGA examinations, respectively. Moreover, the pore size distribution of the paste mixtures was obtained 
with Micro-CT analysis. The trass was used both in the natural form and after calcining at 550 °C for 6 h. The strength of 
geopolymer mortars produced with calcined trass, cured at 90 °C for 24 and 96 h, was found to be 86.7% and 81.6% higher 
than that of their counterparts containing natural trass. In addition, calcination of the trass resulted in 12.8–22.9% reduction 
in the porosity of geopolymer paste, compared to that of the paste containing natural trass. In XRD and TGA investigations, it 
was determined that the trass calcination performed at 550 °C did not make a significant change in the paste crystal structure 
and the weight loss-temperature graphs. SEM images proved that the reactivity of trass in geopolymerization increased with 
calcination and the matrix structure became denser and more homogeneous.
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Introduction

Concrete is the most used building material in the world 
and the need for concrete, and resultantly for cement, is still 
increasing day by day [1]. During the production of portland 
cement, high amount of CO2 is emitted due to the utiliza-
tion of fossil fuels and calcination of limestone accounts 
for approximately 1 ton per ton of cement [2]. Cement pro-
duction also causes depletion of natural resources, soil, and 
land pollution [3]. International Energy Agency [4] reported 
that approximately 4.3 billion tons of cement was produced 
in the world in 2020. This amount gives an idea about the 
extent of the damages arisen from cement production.

In order to reduce the environmental problems and high-
energy consumption caused by cement production, more 
environmentally friendly building materials are needed. 

Geopolymers have emerged as an alternative to traditional 
concrete, both by reducing CO2 emissions and energy con-
sumption and by protecting natural resources [5]. It was 
pointed out that using geopolymers instead of cement will 
reduce CO2 emissions effectively. While Duxson et  al. 
(2007) stated that the amount of reduction would be at 
least 80% [6], Davidovits (2013) reported that the use of 
by-product slag in geopolymer production provided 80% 
less CO2 emission as well as 59% less energy consumption 
compared to that of the cement production [7]. Geopolymers 
are generally produced by using aluminosilicates such as fly 
ash, blast furnace slag, and metakaolin with alkali activa-
tors such as sodium hydroxide and sodium silicate [8]. The 
strength and durability of geopolymer concretes produced 
by appropriate materials, curing conditions, activator con-
centration, and mix proportions are comparable to those 
of the conventional concretes [9]. Moreover, geopolymers 
have a lot of advantages such as high strength and durabil-
ity as well as ensuring the disposal of waste materials such 
as fly ash, slag, and construction demolition waste [10]. In 
addition to the industrial wastes and metakaolin [11], other 
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aluminosilicates such as kaolin, rice husk ash, and red mud 
[12] can also be used in the production of geopolymers. Con-
sidering their chemical composition, natural pozzolans are 
also potential aluminosilicates to be used in the geopoly-
mer mixtures. There are many different factors that affect 
the reactivity of natural pozzolans in geopolymerization. In 
addition to the chemical and mineralogical composition, the 
variability in the formation process of natural pozzolan is 
also effective in its reactivity. Some researchers have stated 
that in addition to amorphous phases, crystalline alumino-
silicate phases can also contribute to the geopolymerization. 
All these reasons limit the formulations of general rules for 
geopolymerization of natural pozzolans and more studies 
are needed on this kind of geopolymers [13]. Although 
natural pozzolans have a high potential for the production 
of geopolymers, limited research has been done on natural 
pozzolan–based geopolymers. Robayo-Salazar and Gutier-
rez (2018) reported that there were around 60 studies on the 
natural volcanic-based geopolymer/alkali-activated materi-
als during 2000–2018 years [14].

The geopolymerization process is affected by several 
parameters such as mix design, temperature, duration 
and type of curing, alkali type, and concentration as well 
as activity of the aluminosilicate associated with its type, 
glassy phase content, and fineness [15]. Although it is pos-
sible to use different methods such as grinding or applying 
chemical processes to increase the pozzolanic activity of 
natural pozzolans, it has been stated that the most effec-
tive method is calcination. Upon calcination, the structural 
water in the clay evaporates and the clay structure becomes 
distorted. At temperatures of 500–800 °C, the structural 
water in the octahedral layer of clay is removed. With the 
disappearance of the OH groups that bond the octahedral 
and tetrahedral layers, the structure becomes either semi-
crystalline or amorphous and the activity of clay increases 
[16]. It was shown that calcination of the pozzolans can 
improve the geopolymer strength substantially. Ghani et al. 
(2021) examined some properties of the geopolymer pastes 
produced with lateric clays which were not calcined and 
calcined at different temperatures for 1 h. The geopolymer 
produced with uncalcined clay could not attain any strength. 
However, the pastes produced with calcined clay at 500, 700, 
and 900 °C gained compressive strengths of 5.3, 11.5, and 
24.8 MPa, respectively [17]. Nikolov et al. (2017) conducted 
a study on natural zeolite and calcined zeolite obtained with 
the calcination of natural zeolite at 900 °C for 4 h. It was 
stated that the activity of zeolite increased with calcination 
so that compressive strengths of 25.5 MPa and 43.1 MPa 
were obtained in the natural zeolite and calcined zeolite-
based geopolymers containing potassium hydroxide and 
potassium silicate solution as activator [18]. Antoni et al. 
(2013) investigated the calcination of mud erupted from 
Sidoarjo volcano in Indonesia at different temperatures on 

mud-based geopolymer mortars. In the research, mud was 
calcined at 700, 800, and 900 °C for 5 h and a mixture of 
sodium silicate-sodium hydroxide was used as activator. 
Researchers stated that 800 °C was the most suitable calcina-
tion temperature and reported that the compressive strengths 
of the mortars produced with mud calcined at 700, 800, and 
900 °C were 26.6, 36.7, and 18.3 MPa, respectively [19].

In recent years, many researchers have been working on 
geopolymer/alkali-activated materials. However, the number 
of studies on natural pozzolans other than clay is limited. 
There is a lack of studies on the effect of calcination of natu-
ral pozzolan on the geopolymers microstructure and poros-
ity. In this study, effect of the calcination of a natural type 
of pozzolan (trass) obtained from İzmir Cumaovasi region 
on the properties of geopolymer mixtures was investigated. 
For this purpose, geopolymer mortars and pastes were pro-
duced by using natural trass and calcined trass obtained by 
calcining this natural trass in a muffle furnace at 550 °C for 
6 h. Compressive strength and pore size distributions were 
determined on mortar specimens; SEM, XRD, and TGA 
examinations were carried out on paste samples. It is aimed 
to examine the changes in the pore ratio, pore distribution, 
compressive strength, and microstructure of trass-based 
geopolymers by calcination. For this purpose, SEM, XRD, 
TGA, and Micro-CT examinations were carried out. 3-D 
pore size distribution images were obtained at different cur-
ing times. The beneficial effects of calcination of trass on the 
compressive strength of geopolymer mortar were found to be 
more pronounced than its effect on the porosity of the mix.

Materials and method

Materials

In the study, a granular trass with the 64 mm maximum 
particle size obtained from Izmir Cumaovasi was used. The 
trass was ground in a planetary type laboratory ball mill and 
sieved through 125-µm sieve. Geopolymer mortar mixtures 
were produced with both natural trass and trass calcined 
at 550 °C for 6 h. In order to determine the most suitable 
calcination condition, 15 different calcined trasses were pre-
pared by applying 5 different calcination temperatures (450, 
550, 650, 750, 850 °C) and 3 different calcination times (2, 
4, 6 h) by Bascik (2019). The most appropriate calcination 
condition was found to be 550 °C-6 h in terms of geopoly-
mer compressive strength [20]. It was determined that the 
28-day strength activity indices of natural and calcined trass 
(at 550 °C for 6 h) according to ASTM C311 [21] were 76% 
and 91%, respectively.

SEM images of the natural and calcined trass are pre-
sented in Fig. 1 which denotes no considerable change in 
the morphology of trass particles upon calcination. Besides, 
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particle size distribution and chemical composition/physi-
cal properties of the trass are shown in Fig. 2 and Table 1, 
respectively. The Blaine specific surface and d50 value of the 
trass which was used in the geopolymer mixtures were 4620 
cm2/g and 21.2 µm, respectively.

A sodium silicate solution consisting of 27% SiO2, 8% 
Na2O, 65% H2O, and sodium hydroxide pellets with 97% 
purity was used as alkali activator in the geopolymer mix-
tures. An activator solution with an Ms ratio (SiO2/Na2O 
ratio by weight) of 1.6 was produced by dissolving the 
sodium hydroxide pellets in the sodium silicate solution. 

The activator solution was used after resting in the labora-
tory for 24 h. Tap water was used to improve the workability 
of the mixtures. Standard CEN sand in accordance with TS 
EN 196–1 [22] was used as aggregate in the geopolymer 
mortars.

Method

Preparation of mortar mixes

A total of 1350 g of standard sand, 450 g of trass (natural or 
calcined), 297.5 g of activator (Na2O content of the activator 
solution was adjusted to be 10% by the weight of trass), and 
10 g of water were put into the mixer bowl, respectively, and 
the mixer was operated at low speed for 90 s. After scraping 
off the mortar adhered to the bowl, the mixer was operated 
for another 90 s. The fresh mortar mixtures were placed 
in 50-mm cubic steel molds in two layers. Each layer was 
dropped 25 times on the jolting table after tamped 25 times 
by a 15-mm diameter ceramic rod. Samples were placed in 
a laboratory type oven with their molds immediately after 
preparation. The temperature was increased to 90 °C at a 
rate of ~ 10 °C/min. The specimens were cured at 90 °C 
for 24 or 96 h. Afterwards, the specimens were removed 

Fig. 1   SEM micrographs of trass (a natural trass, b calcined trass)

Fig. 2   Particle size distribution 
of calcined trass

Table 1   Chemical composition and some physical properties of natu-
ral trass

Oxide composition % Oxide composition %

SiO2 68.15 K2O 4.11
Al2O3 13.10 SO3 0.08
Fe2O3 2.07 Loss on ignition 6.42
SiO2 + Al2O3 + Fe2O3 83.32 Physical property
CaO 1.98 Specific gravity 2.42
MgO 0.74 Blaine specific surface 

(after grinding—cm2/g)
4620

Na2O 1.84
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from the oven and demolded after being cooled to the room 
temperature. The compressive strengths of specimens were 
determined with a 2000 kN hydraulic testing machine at a 
loading rate of 0.9 kN/s. Three 50-mm cubes were used in 
the experiment and the average of the three specimens was 
recorded as compressive strength.

SEM, XRD, Micro‑CT, and TGA investigations

For SEM, XRD, and TGA investigations, paste samples con-
taining either natural or calcined trass and cured at 90 °C 
for 24 or 96 h were used. The production methods of the 
pastes were the same as that of the mortars. For the XRD 
and TGA analyses, the pastes were crushed, ground, and 
tested in powder form after being screened through 125-
µm sieve. For morphology determination, SEM examina-
tions were carried out on the broken sample surfaces. XRD 
analysis was performed in the range of 5–80° 2θ Cu, Kα 
at 0.0130° step sizes. Thermogravimetric analysis was per-
formed at a temperature range of 25–1000 °C with a temper-
ature increase rate of 10 °C/min and the sample was tested 
in nitrogen environment.

The pore structure of the samples and the effect of calci-
nation on the pore size distribution as well as the total poros-
ity were investigated with Micro-CT on 25-mm cube mortar 
specimens (regarding the sample size capacity of the device). 
The sample was examined with 20 × 20 × 20 µm-sized vox-
els. The pore size calculations were carried out by using 
“µCT Evaluation Program V6.5–3” software.

Results and discussion

Compressive strength

The compressive strength values of geopolymer mortars pro-
duced with natural and calcined trass cured for 24 or 96 h at 

90 °C are shown in Fig. 3. As can be seen, the compressive 
strength of mortars produced with calcined trass and cured 
for 24 h is 86.7% greater than that of its counterpart mortar 
containing natural trass. The corresponding value for the 
mortars cured for 96 h is 81.6%. Antoni et al. (2013) and 
Nikolov et al. (2017) reported that with the calcination, the 
activity of natural pozzolans increases so the geopolymer 
produced with calcined pozzolans achieves higher compres-
sive strength [18, 19]. In addition, it is seen that the strength 
of the natural trass-based mortars, cured for 96 h, is approxi-
mately equal to the strength of calcined trass mortars cured 
for 24 h. Hardjito et al. (2003) stated that the progress in 
polymerization with the increase of curing time improved 
the mechanical properties of the geopolymer [23]. Chitham-
baram et al. (2019) and Bing-hui et al. (2014) also reported 
improvement in the strength of geopolymer mixtures with 
increasing the curing time [24, 25].

Porosity and pore size distributions

The porosity of geopolymer mortars produced with natural 
and calcined trass cured for 24 or 96 h at 90 °C and the 
images of pore structure of geopolymer mortars obtained 
from Micro CT analysis are shown in Figs. 3 and 4, respec-
tively. It is seen that, regardless of the duration of curing, 
maximum pore size in the samples produced with calcined 
trass is greater than that of those produced with natural trass. 
The fact may be arisen from the loss of water from calcined 
trass during its calcination resulting in absorbing of some 
of the mixing water and agglomeration of trass particles in 
some parts of the mortar sample (especially in the central 
zone). Considering the distribution of the pores, it is evident 
that the large pores are mostly concentrated in the inner parts 
of the samples produced with calcined trass. However, in 
spite of the greater maximum pore size, the total porosity 
of the calcined trass-based mortars is lower than that of the 
natural trass-based counterparts. The increase in curing time 

Fig. 3   Compressive strengths and pore ratios of geopolymer mortars cured at 90 °C for 24 or 96 h
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from 24 to 96 h did not affect the amount of pores in the 
mortar produced with natural trass. However, the porosity 
decreased by 10.2% and the compressive strength increased 
from 21.1 to 40.5 MPa with increasing of the curing time in 
the sample produced with calcined trass. These facts were 
attributed to the progress of geopolymerization resulting in a 
denser structure. The SEM images shown in Fig. 7 also indi-
cate that by increasing the curing time from 24 to 96 h, the 
microstructure of paste produced with calcined trass became 
more homogeneous and denser. Thus, the total pore ratio 
decreased from 14.3 to 12.8%.

The pore size distributions of 96-h cured natural- and cal-
cined trass-based geopolymer mortars are shown in Figs. 5 
and 6. The average pore sizes of natural and calcined trass 
mortars are 0.19 and 0.25 mm, respectively. Although the 
average and maximum pore sizes of the calcined trass mortar 
are higher than those of the natural trass mortar, the total 
porosity of the former mixture is lower. As it was mentioned 
earlier, it seems that the reason for the greater pore size in 

the calcined trass mortar is the higher water requirement 
of the mix as compared to that of the natural trass mortar. 
However, the water content of the mortar mixtures was kept 
constant. Thus, the workability of calcined trass mortar was 
somewhat lower than that of the natural trass mortar. This 
resulted in a lower uniformity and flocculation of trass par-
ticles as well as difficulty in the proper compaction of the 
specimens, particularly in their central part.

SEM investigation

SEM images of geopolymer pastes produced with calcined 
trass, cured for 24 and 96 h, are presented in the Fig. 7. 
Cracks and pores are indicated by arrows, meanwhile 
unreacted, and partially reacted trass particles are shown 
by yellow and orange circles, respectively. As can be seen 
from the figure, there are large pores, large wide and long 
cracks, and an inhomogeneous structure in the paste cured 
for 24 h. However, with the increase of the curing time, the 

Fig. 4   Pore structure of geo-
polymer mortars obtained with 
Micro-CT analyses (a natural 
trass-24 h curing, b natural 
trass-96 h curing, c calcined 
trass-24 h curing, d calcined 
trass-96 h curing)
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Fig. 5   Pore size distribution of natural trass geopolymer mortar (cured at 90 °C for 96 h)
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Fig. 6   Pore size distribution of calcined trass geopolymer mortar (cured at 90 °C for 96 h)

Fig. 7   SEM images of geopolymer pastes produced with calcined trass (a 24 h curing, b 96 h curing)
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microstructure became more homogeneous and denser, pro-
viding greater strength. With the increase of the curing time, 
more trass particles participated in the geopolymerization; 
thus, the structure became more homogeneous and the low 
porosity coupled with a more homogeneous microstructure 
increased the compressive strength of the matrix. Micro-CT 
examination also supports these results and shows reduction 
in total porosity either by elongation of curing or by the 
calcination of trass.

TGA and XRD investigation

The temperature-weight loss graphs, obtained from thermo-
gravimetric analysis, of geopolymer pastes produced with 
natural and calcined trass are shown in Fig. 8. The number of 
studies on the properties of geopolymers containing natural 
pozzolans other than metakaolin using TGA is limited. Fir-
dous and Stephan (2019) stated that it is possible to examine 
the weight losses in TGA analysis of natural pozzolan-based 
geopolymers in 3 different temperature ranges, i.e., 50–150, 
150–600, and 600–850 °C. It was reported that the reason 
for the weight loss in the first range is the loss of physically 
bound water in the geopolymer pores. According to these 
researchers, the weight loss in the second region is due to the 
loss of chemically bound water molecules and OH groups, 
while the reason for the weight loss at temperatures above 
600 °C is the decomposition of carbonate groups [26]. When 
the TGA graphics obtained within the scope of this study 
are examined, there is a sudden weight loss up to 100 °C in 
geopolymer pastes. It is thought that this weight loss is due 
to the evaporation of free water and physically bound water 
from the paste. This was more evident in the pastes cured 
for 24 h. This is an indication of the presence of consider-
able amount of free water in the 24-h cured paste. It seems 
that the water that does not enter the structure as chemical 
water evaporates as physical water at this temperature zone. 
A considerable and continuous weight loss occurred at tem-
peratures between 100 and 500 °C but at a relatively lower 

rate. This was due to both the loss of chemically combined 
water, OH groups, and the loss of some physical water. The 
effect of free (uncombined) water on the paste weight loss 
decreases as the temperature increases. The weight loss at 
temperatures beyond 500 °C was attributed to the loss of 
small amount of water still remaining in the specimen.

XRD spectra of natural and calcined trass-based geo-
polymer pastes cured at 90 °C for 96 h are shown in Fig. 9. 
Quartz, albite, and orthoclase peaks were detected in the 
samples. Both samples showed similar spectrum, although 
their peak intensities varied somewhat.

Conclusions

Considering the materials and methods used in this study, 
the following conclusions were drawn:

•	 Compressive strength of the natural trass-based geopoly-
mer mortar cured at 90 °C for 96 h was 22.3 MPa; upon 
increasing the activity of trass by calcination, the com-
pressive strength of geopolymer increased to 40.5 MPa.

•	 Total porosity of the geopolymer mortars produced with 
calcined trass was 12.8% and 22.9% less than those of 
natural trass-based mortars cured for 24 and 96 h, respec-
tively. Moreover, increasing the curing duration from 24 
to 96 h had no effect on the porosity of natural trass geo-
polymer mortar. However, the porosity of calcined trass 
mortar decreased by 10.5% upon prolonged curing.

•	 In spite of having lower total porosity, the average pore 
size and maximum pore size of the calcined trass-based 
mortar were larger than those of the natural trass one. 
The fact was attributed to the higher water requirement 
of the calcined trass and the flocculation of trass particles 
in the central part of the mortar.

•	 Irrespective of the trass type and curing duration, geo-
polymer pastes showed around 15 to 20% weight loss 
upon exposure to 600 °C. However, there was a negli-

Fig. 8   Weight loss of geopoly-
mer pastes at elevated tempera-
tures
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gible weight loss in the pastes at temperatures beyond 
600 °C.

•	 Weight losses in the thermogravimetric analysis and the 
spectra of XRD of mortars containing either calcined 
trass or natural trass were similar to each other, indicat-
ing that the calcination of trass had limited effect on the 
results of these analyses.

The data obtained within the scope of this study showed 
that calcination of trass before using in the geopolymer 
mixture has a significant positive effect on the compres-
sive strength. Although with the calcination some energy 
consumption is made, the temperatures necessary for cal-
cination are incomparably lower than that of the cement 
production. It is thought that calcined natural pozzolans 
will attract more attention in the future and more research 
will be done on this subject.
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