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Abstract
In this paper, the composition and properties of two different activated calcinated clays were investigated under selected 
curing conditions. The tendency of metabentonite and metakaoline to form geopolymers and zeolites was investigated by 
FTIR spectroscopy, TGA and DSC techniques, PXRD, HT-PXRD, SEM, and BET-N2 adsorption analyses. The selection 
of the optimal sample compositions was done on a basis of preliminary results obtained from bentonite and kaolin clays 
activated at calcination temperatures (700, 750, 800 °C) with a holding time of 3 h in a combination with different NaOH 
concentrations (5, 10, 20 mass%). In a more detailed examination, the samples calcined at a temperature of 800 °C with 
different NaOH concentrations were studied. For metakaolin-based samples, dominant geopolymer formation was achieved 
using 5 mass% NaOH. The zeolite amount increased concomitantly with the concentration of the alkali activator, whereas 
zeolite A and zeolite P were determined as the predominant phases. For metabentonite-based samples, 10 mass% NaOH 
concentration was found to be optimal by the means of geopolymer formation. At higher alkaline activator concentrations, 
the presence of zeolitic phases faujasite and gobbinsite was confirmed. However, the determined degree of crystallinity was 
significantly lower than in the corresponding activated metakaolin samples. With a gradual increase in NaOH concentra-
tion, the specific surface area of the metabentonite-based samples increased reaching a value of 218.95  m2  g−1 promising 
for adsorption applications. The opposite effect was observed for the metakaolin-based samples, and this result is caused by 
the increased formation of zeolite phases and corresponding changes in their channel dimensions.
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Introduction

Alkali-activated binders or geopolymers are materi-
als formed from a mixture of an aluminosilicate material 
with media solutions such as NaOH, sodium or potassium 

silicate, and phosphoric acid.[1, 2]. While metakaolin (MK) 
is generally very often used as supplementary cementitious 
materials [3–6] as well as for geopolymers or zeolites prep-
aration [7–10], information about metabentonite (MB) is 
rather limited in the available literature [11, 12]. However, 

 * Michal Slaný 
 michal.slany@savba.sk

 Eva Kuzielová 
 eva.kuzielova@savba.sk

 Matúš Žemlička 
 matus.zemlicka@savba.sk

 Marián Matejdes 
 marian.matejdes@savba.sk

 Alena Struhárová 
 alena.struharova@stuba.sk

 Martin T. Palou 
 martin.palou@savba.sk

1 Institute of Construction and Architecture, Slovak Academy 
of Sciences, Dúbravská Cesta 9, Bratislava 845 03, Slovakia

2 Institute of Inorganic Chemistry, Slovak Academy 
of Sciences, Dúbravská Cesta 9, Bratislava 845 36, Slovakia

3 Faculty of Chemical and Food Technology, Slovak 
University of Technology, Radlinského 9, Bratislava 812 37, 
Slovakia

4 Department of Materials Engineering and Physics, Faculty 
of Civil Engineering, Slovak University of Technology 
in Bratislava, Radlinskeho 11, Bratislava 81005, Slovakia

http://orcid.org/0000-0002-8002-7259
http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-023-12267-1&domain=pdf


10532 M. Slaný et al.

1 3

as kaolin deposits are restricted and the sources of high-
purity kaolinite are utilized also by other industries, other 
clay minerals begin to attract attention as resources for alkali 
activated materials.

The main differences between metakaolin and metaben-
tonite result from their chemical composition and atomic 
structure following their dominant parent minerals. MK is 
prepared by thermal treatment of source soil, kaolin, mainly 
consisting of kaolinite clay. Kaolinite belongs to the lay-
ered 1:1 clay minerals, in which each layer is formed by 
one tetrahedral  (SiO4) and one octahedral  (AlO6) sheet. As 
a consequence of hydrogen bonding between oxygen atoms 
and hydroxyl ions of the adjacent layers and a low extent 
of isomorphous substitution its specific surface and cation 
exchange capacity are rather low, therefore it does not pos-
sess any permanent layer charge, interlayer cations, or swell-
ing behavior [13].

On the contrary, MB is obtained by heating bentonite, 
the main mineral of which is montmorillonite (accompanied 
by illite or kaolin clays depending on the sources). This 2:1 
clay mineral is composed of layers containing one octahe-
dral sheet sandwiched between two tetrahedral sheets [14]. 
Isomorphic substitutions with cations with comparable ionic 
radii can occur in octahedral as well as tetrahedral sites and 
determine the net layer charge on the unit cell. Very often, 
 Si4+ ions in the tetrahedral sheet may be replaced by  Al3+ 
ions and  Al3+ in the octahedral sheet by  Mg2+. Also, other 
larger cations, such as  Ti4+,  Fe3+,  Fe2+,  Zn2+, and  Mn2+, tend 
to occupy the octahedral sites [15]. To balance the negative 
layer charges resulting from these substitutions, montmoril-
lonite hosts interlayer cations (e.g.  Ca2+,  Na+,  Mg2+,  K+, 
and  Sr2+) [16, 17]. Their hydration and subsequent osmotic 
behavior of their diffuse double layers result in swelling 
behavior. Various arrangements and compositions of sheets 
cause different physical and chemical properties [18].

As a consequence, MK displays higher aluminum con-
tent, while MB has higher silicon content and involves the 
mentioned ions.

Dehydration of both main minerals, kaolinite, and mont-
morillonite leads to the reduction of the Al coordination in 
the octahedral sheet from sixfold to the distribution of 5-, 
4- and sometimes threefold coordination [14, 19, 20, 21], 
among which the Al sites in fivefold coordination are the 
most reactive [16, 22, 23].

As Al–OH groups of the kaolinite octahedral sheets are 
directly exposed to the interlayer, the structural disorder can 
be attained more easily upon heating than in the case of 
montmorillonite [24, 25]. The loss of the hydroxyl groups 
forms vacant sites, to which aluminum ions migrate. Lay-
ers delaminate and buckle. Dehydroxylation and amorphi-
zation of kaolinite thus occur simultaneously, while mont-
morillonite dehydroxylation (and the associated reduction 
in coordination number of Al atoms) occurs without full 

amorphization [14], retaining the layer structure [26]. The 
temperature of montmorillonite dehydroxylation depends on 
the valency and ionic radius of the interlayer cations. Diva-
lent exchangeable cations, e.g.  Ca2+, bind more water and 
more tightly than the monovalent exchangeable cations, such 
as  Na+ [27, 28]. Dehydroxylation temperature thus increases 
with ionic radius [27].

Consequently, the higher reactivity of MK than that 
of MB can be attributed to the more disordered structure 
consisting of higher amorphous aluminate content, highly 
reactive  AlV coordination form of aluminum, and its larger 
specific surface area [14].

Besides, in both cases, 1:1 and 2:1 clay minerals, the dis-
solution rate is dependent on the edge surface area available 
rather than the total surface area [29]. However, while dis-
solving of kaolinite is approximately congruent [30], based 
on the study of Garg and Skibsted [31], calcination tem-
perature influences dissolution of calcined montmorillonite. 
When it was calcined at 800 °C, its dissolution was incon-
gruent, and it turned to congruent at 900 °C. The authors 
explained it by higher amount of amorphous aluminosilicate 
resulting in weaker Si–O–Si/Al bonds and subsequent faster 
dissolution of Si than Al in the case of calcinated clay at 
800 °C.

Calcination temperature and duration significantly affect 
the process of alkali activation and relating phase formation 
[32, 33]. Among other important factors belong concentra-
tion and type of alkaline activator, amount of water, Si/Al 
ratio, and curing conditions as well. Higher temperatures 
and/or longer periods result in the transformation of the met-
astable geopolymers into more stable zeolitic structures [34]. 
Higher concentrations of activation solutions decrease crys-
tallinity, resulting in the preferential formation of geopoly-
mers [34, 35]. In general, lower Si/Al ratio (< 1.5) induces 
zeolite formation, on the contrary higher (Si/Al > 1.5) geo-
polymer formation [36]. During geopolymerization, water 
is inevitable for dissolution of solids and following hydroly-
sis of dissolved ions. The increasing amount of water thus 
accelerates these processes. High amount of water will have 
dilution effect and will also kinetically hinder polycondensa-
tion, in which water is a product.

Although the potential of MB results from its Si/Al ratio, 
which preclude the need for additional soluble silica in an 
activator, its lower reactivity due to reduced amorphous-
ness is expected when compared with MK. The promising 
ways how to attain its dehydroxylation are mechanical [37, 
38] and acid treatment [16, 39, 40]. The second, chemical 
treatment, can, however, lead to the undesired aluminum 
leaching.

Because of variable composition of the source soils, 
especially those of bentonite, process parameters for geo-
polymer preparation need to be adjusted properly. The pur-
pose of our work was to study the impact of calcination 
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temperature and concentration of alkaline activator on the 
geopolymerization process of metabentonite and metaka-
olin-based geopolymers. The combination of PXRD, HT-
PXRD, TGA/DSC, BET, SEM, and FTIR spectroscopy 
was used to evaluate the impact of process parameters 
thoroughly. To the best of our knowledge, such a com-
parative study has not yet been performed.

Materials and methods

Samples’ composition and raw materials

A composition of studied samples is depicted in Table 1. 
Kaolin OT 76 (Sedlecký kaolin, a. s., Božičany, Czech 
republic) and Bentonite P 030 (ENVIGEO, a.s., Banská 
Bystrica, Slovakia) were used as raw materials. Their 
chemical composition is shown in Table  2 [41, 42]. 
Sodium hydroxide with 99% purity (Slavus, s.r.o., Brati-
slava, Slovakia) was used as an alkali activator.

Calcination of raw materials

Kaolin and bentonite powder samples were calcined at 
three different temperatures (700, 750, and 800 °C) in a 
muffle furnace (heating rate 12 °C  min−1, holding time 
3 h). After spontaneous cooling, the samples were stored 
in sealed plastic bags under argon. FTIR confirmed total 
dehydroxylation of calcined samples (Fig. 1).

Preparation of geopolymers

Geopolymer samples were prepared using metakaolin (MK) 
and metabentonite (MB) as binders and sodium hydroxide 
(NaOH) in three different mass concentrations (5, 10, and 
20%) as alkali activator.

NaOH was added to MK and MB while stirring. Homog-
enization was performed by high-speed mixer (Standmixer 
10,027,051, Klarstein, CHAL-TEC Vertriebs–Handels 
GmbH, 38 000 rpm for 5 min. Fresh mixtures were poured 
into 8 × 2 × 2 cm moulds and quickly placed in the oven over 
water bath. After 7 days at 80 °C, the samples were removed 
from the oven and cooled down to room temperature in a des-
iccator. The cooled samples were grounded to a fine powder 
and placed in Eppendorf tubes until the time of analysis.

Characterization of samples

Powder X-ray diffraction patterns (PXRD) of raw, calcined, 
and alkali-activated MB and MK samples were recorded under 
ambient conditions in Bragg–Brentano geometry using Ni-
filtered  CuKα radiation (λ = 0.1541 nm) with a Panalytical 
Empyrean diffractometer equipped with a PIXcel3D detector 
(Malvern Panalytical, Kassel, Germany). The PXRD patterns 
of powder samples were recorded in a range of 2–45° 2Θ with 
a 0.0263° 2Θ step size and scan speed 0.0223° 2Θ·s−1. All 
patterns were analyzed using Panalytical’s Highscore Plus 
software.

Phase transitions were monitored in situ using an HTK 
16N high-temperature chamber (Anton Paar, Graz, Austria). 
Few drops of mechano-activated sample dispersed in ethanol 
were dropped onto the Pt strip. After ethanol evaporation and 
thin film formation, the sample was heated in air at a rate of 
50 °C·min−1 up to selected temperature. The high-temperature 
(HT) PXRD pattern scans were recorded in a range of 5–35° 
2Θ with a 0.0263° 2Θ step size and scan speed 0.135° 2Θ·s−1. 
Degree of crystallinity was calculated as the ratio of the inte-
grated area of crystalline diffraction peaks and the sum of all 
the integrated area including the amorphous phase. The latter 
was determined separately by measuring a background (holder 
without sample) and then subtracted from the integrated area 
omitting the crystalline phase.

The specific surface areas (SSA) of the samples were deter-
mined by nitrogen adsorption using a Quantachrome Autosorb 
iQ apparatus. Before each measurement, the samples were 12 h 

Table 1  The composition (in mass%) of studied samples

Sample MB MK NaOH

GP5_MK series 0 95 5
GP10_MK series 0 90 10
GP20_MK series 0 80 20
GP5_MB series 95 0 5
GP10_MB series 90 0 10
GP20_MB series 80 0 20

Table 2  Chemical composition 
of raw bentonite and kaolin

Oxide composition/mass%

SiO2 Al2O3 CaO Fe2O3 MgO K2O Na2O TiO2

Bentonite 71.10 9.94 3.46 2.33 1.65 – – –
Kaolin 45.80 37.31 0.58 0.98 0.46 1.17 0.58 0.17
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degassed at 105 °C. The specific surface area calculation was 
based on the Brunauer--Emmett--Teller (BET) formalism [43].

The IR spectra were measured on a Nicolet 6700 Fourier 
Transform Infrared (FTIR) spectrometer from Thermo Sci-
entific™. For the MIR region (4000–400  cm−1), the spec-
trometer was equipped with a DTGS detector, IR source and 
KBr beam splitter. One milligram of a sample was mixed 
with 200 mg KBr in an agate mortar and pressed into a 

pallet. The spectra were normalized to the stretching Si–O 
band occurring approximately at 1040  cm−1. The spectra 
were collected using Thermo Scientific OMNIC™ software 
package. The second derivative function, with the Savitsky-
Golay derivative filter, was applied to find the exact position 
of the vibrational bands appearing as inflections/shoulders 
in the IR spectra. In order to eliminate the water present in 

Fig. 1  FTIR spectra of 
(a) kaolin, calcinated, and alkali 
activated metakaolin samples; 
b  bentonite, calcinated and 
alkali activated metabentonite 
samples
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the KBr pellets as much as possible, samples were dried 
overnight at 105 °C before measurement.

The thermal stability of individual geopolymers was 
investigated by TGA/DSC analysis (TGA/DSC-1, STARe 
software 9.30, Mettler Toledo). The 50 ± 0.1 mg of powder 
sample was used for analysis. The samples were placed in 
platinum crucibles and gradually heated to 1000 °C at the 
heating rate of 10 °C  min−1 in the atmosphere of synthetic 
air (purity 5.0).

Scanning electron microscope (SEM) Vega 3, Tescan, 
Czech Republic equipped with SE and BSE detectors was 
used for observing samples morphology at a voltage of 
30 kV. The samples were coated with gold.

Results and discussion

Structural characterization of raw and modified 
samples by FTIR spectroscopy

Figure 1a shows the MIR spectra of kaolin, metakaolin, and 
particular alkali-activated samples. The spectrum of kaolin 
shows four absorption bands in the OH stretching region. 
The first three vibrations at 3690, 3668, and 3652  cm−1 are 
stretching vibrations of outer surface hydroxyl groups. These 
three OH groups are located on the octahedral surface of the 
layers and form weak hydrogen bonds with the oxygen of 
the Si–O-Si bonds on the lower surface of the next layer [44, 
45]. The absorption band nearby 3621  cm−1 belongs to inner 
hydroxyl groups, lying between the tetrahedral and octahe-
dral sheets. Stretching vibrations in Si–O groups in kao-
lin occur between 1150 and 980  cm−1. Bands due to AlOH 
bending vibrations for Al in octahedral coordination can be 
observed at 911 and 700  cm−1. At 798  cm−1, the absorp-
tion band belonging to the bending Al-O in  AlO6 octahe-
dral coordination occurs and overlaps with Si–O vibration 
from quartz. Another band of lower intensity can be noted at 
754  cm−1 and it is assigned to Si–O–AlIV bending vibration. 
On the contrary, more intense absorption band at 539  cm−1 
is caused by the bending vibration of Si–O–AlVI and the one 
at 468  cm−1 by Si–O–Si bending vibrations. The last absorp-
tion band observed in the IR spectrum of kaolin at 432  cm−1 
is assigned to δ(Si–O).

After calcination (Fig. 1a), dehydroxylation can be clearly 
observed in the IR spectra. In addition, instead of well-
defined and sharp absorptions in the region of νSi–O vibra-
tions, a broad band was formed between 1250 and 940  cm−1. 
Structural disordering resulted also in the formation of a 
wide band between 516 and 400  cm−1 and the disappearance 
of absorption bands connected with octahedral coordina-
tion of  Al3+ in kaolin due to its calcination. The maximum 

around 802  cm−1 can be attributed to the Al–O bending 
vibration in the tetrahedral coordination [46].

After alkali activation, the formation of hydrated alu-
minosilicates confirms the occurrence of the stretching 
and bending absorption bands of OH groups in the region 
between 3700 and 3100  cm−1 and around 1655  cm−1, respec-
tively [47]. The intensity of particular bands increases espe-
cially with increasing NaOH concentration. The effect of 
calcination temperature seems to be less evident. As the 
concentration of alkaline activator (5, 10, and 20 mass%) 
and calcination temperature (700, 750, 800 °C) increases, 
the band attributed to νSi–O and νAl–O gradually shifts to 
lower wavenumber. Based on the literature [47, 48, 49, 50], 
the shift is caused by the presence of non-bridging oxygen 
in the network, the incorporation of Si and Al into geopoly-
meric gel, and the state of hydration of the reaction products. 
Since Al–O bond is weaker than Si–O bond, the shift is more 
significant when the content of Al in tetrahedral positions in 
the network is higher. The higher the NaOH concentration, 
the narrower this most intense band is, which indicates a 
growing share of crystalline phases [51].

Unlike activated metabentonite samples, the presence of 
carbonates appeared only in the case of the highest calcina-
tion temperature and the highest NaOH concentration, which 
could again suggest zeolitization process. Król et al. [52] 
claimed that the high content of the zeolite phase is related 
to the lack of carbonate bands since  Na+ ions are preferen-
tially bound in the zeolite structure and cannot depolymerize 
amorphous skeleton or break the Si–O–Si bridges. In the 
MIR spectrum of the particular sample, in addition to the 
maximum at 1450  cm−1, two weak absorption bands at 1560 
and 1400  cm−1 point out the presence of bicarbonate.

Besides, the intensity of the absorption band at 802  cm−1 
decreases with increasing concentration of NaOH and it is 
no longer observed, when the highest amount of NaOH was 
applied. In the range of the so-called pseudolattice vibrations 
between 800 and 500  cm−1, originating from ring structures 
characteristic for zeolites, a significant increase in absorp-
tion band at 560  cm−1 can be observed. Several studies [51, 
52] assigned this band to the vibration from zeolite A. Its 
presence and preferential formation in these systems were 
confirmed also by PXRD analyses (Section “XRD phase 
characterization”). As was mentioned, the occurrence of this 
band was recorded also in the spectra of calcined samples, 
the PXRD patterns of which have, except for muscovite and 
quartz, amorphous character (Fig. 6). It can be interpreted as 
an indicator of the condensation of the tetrahedra to 4-mem-
bered rings [52].

The 10 mass% NaOH seems to be the optimal concentra-
tion for alkali activation of metakaolin samples leading to 
the dominant geopolymer formation since increased concen-
tration of alkaline activator also led to the appearance of the 
band at about 678  cm−1 and the weak one at 748  cm−1. They 
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descend from the structure of crystalline zeolite P (Fig. 1a) 
because of double-ring external linkage and symmetric 
stretch vibration of the internal tetrahedron, respectively 
[53]. Also, the degree of crystallinity (DOC) was observed 
very high in the case of MK800 activated with 20 mass% 
NaOH (Fig. 8).

The MIR spectrum of bentonite (Fig. 1b) shows a charac-
teristic absorption band at 3630  cm−1 belonging to stretch-
ing vibrations of structural OH groups coordinated to Al 
[54]. The absorption band at 3424  cm−1 due to stretching 
vibrations of OH in water molecules can come from both 
bentonite and also from hygroscopic KBr.

Slightly visible absorption bands appearing at 2925 and 
2854  cm−1 are assigned νasCH2 and νsCH2 stretching, respec-
tively. The reason for the presence of weak organic groups in 
inorganic bentonite is probably the handling of the sample 
before the measurement itself. This phenomenon has also 
been observed in kaolin samples.

The bending vibrations of water molecules occur 
at 1637   cm−1. The absorption bands appearing around 
1500–1380  cm−1 relate to the asymmetric stretching of the 
O–C–O bonds of  CO3

2− due to carbonation on the surface 
[55, 56].

The most intense and complex band in the infrared 
(IR) spectrum of bentonite at 1041  cm−1 is attributed to 
the stretching vibration of Si–O groups of the tetrahedral 
sheets. Absorption bands at 918, 890, and 848  cm−1 belong 
to the bending vibration of δAl–Al–OH, δAl–Fe–OH, 
and δAl–Mg–OH groups, respectively. The characteristic 
absorption band of silica (α-quartz) is observed at 797  cm−1 
and the band at 625  cm−1 is assigned to the bending vibra-
tion of Al–O groups [57]. The band at 693  cm−1 is probably 
due to the vibrations of six-membered rings, which can be 
also present in the quartz [58]. The last two absorption bands 
in the IR spectrum of bentonite at 523 and 467  cm−1 belong 
to Al–O–Si and Si–O–Si bending vibrations, respectively.

Calcination at 700 °C led to the dehydration and partial 
dehydroxylation of bentonite manifesting by a significant 
decrease of absorption bands in the regions of stretching and 
bending vibrations of OH in water and the disappearance 
of the band at 3630  cm−1. Instead, as a result of hydroxyl 
groups rearrangement, the new one manifested at 3675  cm−1. 
Higher calcination temperature caused total dehydroxylation 
of bentonite and no sign of a metal-bonded hydroxyl group is 
visible. The dominant band due to Si–O stretching vibration 
broadened and its maximum shifted to higher wavenumbers, 
which indicates structure disordering. Already after calcina-
tion at 700 °C, a shoulder appeared around 1136  cm−1 and 
after treatment of bentonite at 800 °C, the additional one at 
1084  cm−1 was developed. Thermal treatment resulted also 
in the decomposition of carbonates. Absorption bands com-
ing from Al–Al–OH, Al–Fe–OH, and Al–Mg–OH bending 
vibrations disappeared. In the same region, an absorption 

band at 797  cm−1 increases with temperature, which together 
with the occurrence of the band at 1084  cm−1 demonstrates 
the increasing ratio of amorphous silica. Besides, the forma-
tion of other new absorption bands can be observed after 
thermal treatment of bentonite, namely at 864, 733, 644, 
569, 484, low intensity 438, and 423  cm−1. The band at 
484  cm−1 comes from the shift of the original one from the 
position at 467  cm−1 because of the disturbances in the sili-
cate structure. An increase in calcination temperature caused 
a further shift of this band back to 463  cm−1, which again 
confirmed the formation of amorphous silica. Both absorp-
tion bands, at 484 and 569  cm−1, were after calcination at 
700 °C observed also by Holtzer et al. [59], but their origin 
was marked as unknown. Here, the occurrence of the second 
one is attributed to the shift of the absorption band located 
in the bentonite sample at 524  cm−1 because of the  Al3+ 
coordination reduction leading to the shortening of Al–O 
distances [60]. The intensity of this band together with that 
at 733  cm−1 decreased with increasing calcination tempera-
ture. Further newly appeared absorption bands persist after 
the increase in temperature, which indicates that  OH− is not 
involved in their formation. They can be assigned also to the 
reduction of aluminum coordination number and formation 
of different silicate and aluminosilicate ring structures [58, 
61], while that at 423  cm−1 to bending vibrations of O–Al–O 
[62].

As in the case of alkali-activated metakaolin samples, 
absorption bands due to vibrations of structural OH as well 
as OH in water increase with increasing NaOH concentra-
tion and calcination temperature. However, in the case of 
20% NaOH, particular intensities decrease with increasing 
temperature. Besides, in the case of samples calcined at 
800 °C, the higher the NaOH concentration, the lower are 
OH absorption bands. Already 5% NaOH led to the appear-
ance of stretching vibrations in the region of metal bonded 
OH. An increase in the calcination temperature, however, 
caused that the well-defined bands changed to shoulders. 
This is also the case with higher NaOH concentrations. It 
suggests that only short distance order exists in the form-
ing prevailing geopolymer structures. The maximum in the 
region of OH stretching vibrations shifts to higher wavenum-
bers with increasing calcination temperature.

The presence of carbonated phases is confirmed in the 
case of all alkali-activated metabentonite samples. Based 
on the MIR spectra, their amount increases with NaOH con-
centration. Especially in the case of 20% NaOH, particular 
stretching absorption bands decrease with increasing calci-
nation temperature.

The position of the main νSi–O band moves to lower 
wavenumbers mainly as a consequence of higher NaOH 
amount, less significantly also with increasing calcination 
temperature demonstrating the formation of geopolymer 
structures. An increase in NaOH concentration for samples 
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calcined at 700 °C resulted in the spread of this dominant 
absorption band, while activation of samples calcined at 
800 °C led to its narrowing with increasing concentration 
of alkaline activator. Similarly, the higher the calcination 
temperature, the wider the band is in the MIR spectra of 
samples activated by two lower NaOH concentrations. On 
the contrary, the band narrows in the case of 20% NaOH 
with increasing calcination temperature. These findings 
agree with the observations in the area of OH and C=O 
vibrations occurrence and similarly to the results for acti-
vated metakaolin samples confirm the increasing amount 
of crystalline zeolites in the samples calcined at the highest 
temperature and by using higher alkaline activator concen-
trations. The degree of crystallinity determined based on the 
results of PXRD is around 20%, thus significantly lower than 
in the case of corresponding activated metakaolin samples 
(Section “XRD phase characterization”).

The absorption band that appeared after calcination at 
1136  cm−1 persisted also after the process of alkali activa-
tion. It only changed from the well defined to the shoulder, 
which relates to the broadening of the main band. Also, the 
bands between 800 and 500  cm−1, which occurred following 
the process of amorphization, can be still observed after acti-
vation with 5% NaOH. An increase in temperature and con-
centration of alkaline activator caused their diminishing. The 
band at 797  cm−1 assigned to amorphous silica and quartz 
disappeared after alkali activation with 10 and 20% NaOH. 
Instead, the absorption band around 780   cm−1 appeared 
and moved to lower wavenumber with increasing NaOH 
concentration as well as calcination temperature. Besides, 
other new absorption bands can be observed around 570 and 
690  cm−1 already in the MIR spectra of samples activated 
by 5% NaOH. As in the case of metakaolin-based samples, 
changes in this region of MIR spectra reflect the formation 
of different ring structures. In the samples activated by 10 
and 20% NaOH, the presence of zeolitic faujasite-Na and 
gobbinsite was proven by PXRD (Fig. 7), while the lowest 
concentration of alkaline activator did not result in the for-
mation of any zeolite phase. Based on the studies [63, 64], 
the mentioned band around 780  cm−1, the newly forming one 
at 688  cm−1, and 998  cm−1 represent symmetrical stretching 
vibrations corresponding to the external and internal  TO4 
structure (T = Si, Al), respectively, all from the structure of 
prevalent faujasite. Also, the hump at 1384  cm−1 can be 
attributed to the double-ring external link in the faujasite 
structure.

In the region of lower wavenumber, the absorption band 
occurring at about 423  cm−1 gradually disappeared, which, 
together with the shift of the main νSi–O band, reflects 
the incorporation of  Al3+ into the structure of geopolymer 
and zeolites. Previously observed bands around 436 and 
484  cm−1 merged. When 5 and 10% NaOH were used for 
activation of metabentonite samples, the position of the new 

main maximum moved to lower wavenumber as the calci-
nation temperature increased. In the case of 20% NaOH, 
the opposite trend can be observed. This again points to the 
increasing amount of crystalline zeolites with more rigid 
structures than geopolymers, which are more resistant to the 
change of bending angle.

Thermal analysis (TG/DTG/DSC)

An inorganic structure and resulting internal stability make 
the geopolymers promising materials for high-temperature 
applications, e. g. fire-retardant coatings or structural con-
crete in fire-prone areas [65]. Alkali-activated samples pre-
pared using metakaolin and metabentonite thermally treated 
at optimal calcination temperature, 800 °C, were therefore 
investigated using thermal analysis. Particular TG and DTG 
curves are depicted in Figs. 2, 3.

Thermal analysis proved a very high degree of both 
metakaolin and metabentonite dehydroxylation after calci-
nation at 800 °C. Only small mass losses can be observed 
in the area of interparticle, adsorbed, and interlayer water 
dehydration (up to ~ 400 °C), while DTG peaks in the tem-
perature interval of kaolinite and bentonite dehydroxylation 
occurring between 350–580 °C and 400–800 °C, respec-
tively, are totally missing.

On the contrary, the higher the alkali activator amount, 
the higher the total mass loss of the formed geopolymers/
zeolites is detected. The same trend was observed also by 
other researchers [66–69] and relates to the finer pore struc-
ture able to maintain more free and adsorbed water. Whereas 
activation of metakaolin by 20  mass% NaOH (GP20_
MK800) resulted in a 19% total mass loss, 27% total mass 
loss was determined for metabentonite-based geopolymer 
prepared with the same amount of activator (GP20_MB800).

Obviously, higher mass loss due to the release of water 
especially from the structure of alkali-activated samples 
resulted in the shift of maxima, corresponding to the 
DTG peaks, to higher temperatures. The maxima of the 
most intense DTG peak is located around 155 °C in the 
case of GP20_MK800. Besides, a shoulder and two small 
peaks appeared at 103 °C, 323 °C, and 500 °C, respec-
tively (Fig. 3). For the sample GP20_MB800, the maxi-
mum of the main DTG peak lies at 68 °C, followed by 
the one at 122 °C. In addition, several very small mass 
losses can be observed in the temperature interval between 
280 and 630 °C (Fig. 4). In the case of both, metakaolin- 
and metabentonite-based geopolymers/zeolites samples, 
the mass losses observed at lower temperatures can be 
attributed to the dehydration of “free” water and water 
from the interlayer space. Water release from cavities and 
cations hydration spheres is expected to takes place up to 
approximately 400 °C [70, 71]. Khan et al. [72] assigned 
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mass loss between 300 and 450 °C to the water present in 
Si–O–H bond.

These findings indicate that the binding between the 
water and the network is stronger in the metakaolin-based 
geopolymers/zeolites. Besides, these samples demon-
strate higher amount of chemically bonded than physically 
adsorbed water.

The discussed mass losses, related to evaporation, dehy-
dration, and dehydroxylation processes, correspond with the 
endothermic effects observed in the DSC curves (Figs. 4, 5). 
In addition to them, the exothermic effects appeared in the 
metakaolin-based samples above 700 °C that are caused by 
crystallization. PXRD analysis of GP20_MK800 (Fig. S1) 
after heating to 1000 °C confirmed the presence of nepheline 

Fig. 2  TG/DTG analysis of 
metakaolin-based geopolymers/
zeolites
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Fig. 3  TG/DTG analysis of 
metabentonite-based geopoly-
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and carnegieite with traces of quartz, also observed by 
Kuenzel et al. [73]. The second exothermic maximum at 
about 970 °C (Fig. 4), observed in the calcined metakao-
lin sample and geopolymer prepared by its activation with 
5 mass% NaOH, can be assigned to the transformation of the 
metakaolin to the spinel phase followed by the crystalliza-
tion of mullite [65]. Its presence thus confirms incomplete 
transformation of metakaolin to geopolymer and/or zeolite 
structures in the case of the lowest alkaline activator amount. 
Consequently, it gradually disappeared with increasing alka-
line activator amount. On the contrary, the DSC curve of 
the sample prepared with the highest NaOH concentration 
exhibits the most intense maximum around 845 °C as well 
as the new one at 890 °C, which can be explained by the 
formation of sodium containing aluminosilicate.

Contrary to the metakaolin-based geopolymers/zeolites, 
the DSC curves of the metabentonite-based alkali-acti-
vated samples (Fig. 5) are more complex. Several exother-
mic effects appeared already above 200 °C. In the case of 
GP5_MB800 and GP10_MB800 samples, the most intense 
exothermic effect displayed a maximum of around 300 °C. 
Metabentonite activated by 20 mass% NaOH has the maxi-
mum of the highest exothermic effect at 690 °C, followed by 
the one at 830 °C. PXRD analysis of this sample (Fig. S1) 
revealed the presence of nepheline with a small amount of 
quartz.

BET analysis

The results of gas adsorption analyses are summarized in 
Table 3. In general, geopolymer formation strongly depends 
on the specific surface area of starting calcined clay. The 
higher the surface area, the higher the amount of formed 
geopolymer can be expected. Too high temperature or too 
long heating of clays, however, result in the sintering of 
grains, which will hinder their dissolution by adding an alka-
line solution [74]. In our case, the specific surface area of 
metakaolin  (SSAMK800 = 15.18  m2  g−1) is almost three times 
higher than that of metabentonite  (SSAMB800 = 5.08  m2  g−1).

Despite this, the decrease of specific surface area with 
increasing concentration of alkaline activator was deter-
mined in the case of metakaolin-based samples. It relates 
to the formation of ordered zeolite structures at the 
selected curing temperature. Not only the crystallization 
degree (Fig. 8), but also the character of the formed zeo-
lite influenced obtained values. Zeolite A [75], comprising 
of 8-membered rings with the dimensions 4.1 × 4.1 Å, is 
opened for the adsorption of nitrogen, the input of nitrogen 
molecules is strongly restricted by the dimensions of zeolite 
P channels (3.9 × 3.9 Å), also formed by 8 rings [76]. Hou 
et al. [66] observed an increasing reaction rate and extent 
of geopolymerization processes with an increasing Na/Al 
ratio for the metakaolin-based Na-geopolymer. However, in 
accordance with our observations, they pointed out that too 
excessive reaction rate will cause rapid setting and harden-
ing, which in turn will hinder geopolymerization.

On the contrary, the specific surface area of metaben-
tonite-based samples significantly increases with increasing 
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Fig. 4  DSC curves of metakaolin-based geopolymers/zeolites
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Fig. 5  DSC curves of metabentonite-based geopolymers/zeolites

Table 3  Specific surface areas (SSA) of calcinated and NaOH treated 
samples

Samples MB800 GP5_MB800 GP10_MB800 GP20_MB800

SSA/m2  g−1 5.08 7.31 122.64 218.95
Samples MK800 GP5_

MK800
GP10_

MK800
GP20_MK800

SSA/m2  g−1 15.18 8.59 7.94 9.17
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NaOH amount following the process of geopolymerization. 
The frameworks of zeolite phases detected by PXRD are 
formed by channels, which do not present an obstacle to 
the gas used for adsorption analyses, as opposed to zeo-
lites formed in activated metakaolin [76, 77]. Sample 
GP20_MB800 showed the largest specific surface area 
218.95   m2   g−1, which should be a promising value for 
adsorption processes. Adsorption tests and detailed evalu-
ation of pore characteristics of the prepared geopolymer-
zeolite samples will be the focus of further study.

XRD phase characterization

Kaolinite is the dominant phase in kaolin, while minor 
crystalline phases that are present are quartz and muscovite 
(Fig. 6). As a result of kaolinite amorphization induced by 
dehydroxylation at 800 °C for 3 h, the degree of crystallin-
ity (DOC) before and after calcination changes from 32.3 
to 4.4% (Fig. 8). After calcination, the kaolinite structure is 
completely disrupted, and only muscovite and quartz show 
increased durability under applied conditions. Obtained 
metakaolin was consequently treated with NaOH solutions 
with different  OH− activities [78]. After treatment with 
NaOH, quartz and muscovite crystalline phases are still pre-
sent. Increased  OH− activity results in the formation of new 
crystalline phases, zeolite A and zeolite P (Fig. 6), which is 
also manifested by an increase of DOC (Fig. 8).

Bentonite is composed mainly of montmorillonite, less 
dominant crystalline phases are illite and quartz (Fig. 7). 
Amorphization of montmorillonite induced by dehydroxy-
lation at 800 °C for 3 h decreases DOC from 35.7 down 

to 5.8% (Fig. 8). After calcination, the montmorillonite 
structure is completely disrupted, and only illite and quartz 
remain present under applied conditions [12]. After treat-
ment of metabentonite with 5 mass% NaOH, quartz and 
illite crystalline phases are still present and the formation 
of carnegieite is favoured. At 10 and 20 mass% NaOH illite 
is diminished, while faujasite and gobbinsite are the new 
dominant zeolitic crystalline phases (Fig. 7).

To bring more light into the better understanding of 
processes which took place during DSC analyses samples 
GP20_MK800 and GP20_MB800 were investigated by 
in situ high-temperature PXRD (HT-PXRD) (Figs. 9, 10). 
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In the case of GP20_MK800 sample (Fig. 9) at room tem-
perature, the particular diffraction peaks can be attributed to 
muscovite, zeolite A, zeolite P, and quartz. With a gradual 
increase in temperature, the peaks attributed to zeolite P dis-
appeared. In accordance with findings of Borodina et al. [79] 
and Huo et al. [80], the peaks of phillipsite became more 
apparent. This corresponds well with exothermic maximum 
of GP20_MK800 at around 250 °C on DSC curve. On the 
other hand, endothermic peak located around 350 °C can be 
assigned to the phillipsite decomposition. Beyond 650 °C, 
the diffraction peaks attributed to zeolite P and muscovite 
are less distinguishable up to their total decomposition. Con-
trary to this, the nepheline phase begins to crystallize, which 

is also confirmed by DSC peak located around 850 °C [80, 
81].

For GP20_MB800 sample (Fig. 10) at room temperature, 
the particular diffraction peaks can be attributed to faujasite 
and gobbinsite, whereas the latter is a natural analogue of 
synthetic zeolite P. With gradual temperature increase, the 
diffraction peaks attributed to gobbinsite disappeared, simi-
larly to GP20_MK800 sample. The DSC exothermic peak 
located at 300 °C can be associated with the re-arrangement 
of less stable zeolite X phase to a more stable zeolite Y 
phase. Both of these phases belong to family of faujasite-
type structure zeolites, differing in their Si/Al atomic ratio. 
For zeolite X the typical range of Si/Al ratio is from 1 to 1.5, 
while as the Y-type zeolite has higher ratio [82]. According 
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to the literature data [83, 84], the found temperature range 
between 700 and 800 °C corresponds well with the gradual 
decomposition of faujasite. The crystallisation of nephelline 
at 800 °C, which can be seen in the HT-PXRD diffracto-
gram, corresponds well with the third DSC exothermic peak 
located around 830 °C. The pronounced shoulder of the last 
DSC peak located around 970 °C can be assigned to mullite 
formation [83].

SEM analysis

SEM particle images of MK800 and its modification are 
presented in Fig. 11. SEM image of MK 800 (Fig. 11a) 
shows that the MK particles contain scaly plate-like and 
multilayered with some degree of roughness, also noted on 
the surface of the MK particles [85]. The flaky, layered par-
ticles began to aggretate into larger clusters after treatment 
of metakaolin with 5 mass% NaOH (Fig. 11b). The sponge-
like gel formed in GP10_MK800 (Fig. 11c) indicates the 
growth of the geopolymer structure. This indicates that 
a geopolymerization reaction has taken place and in the 

Fig. 11  SEM images of MK800 (a), GP5_MK800 (b), GP10_MK800 (c), and GP20_MK800 (d)
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case of sample GP20_MK800 (Fig. 11d), the zeolitization 
process is the most observed by SEM micrograph. This was 
manifested in the microstructure by the formation of cuboi-
dal formations with larger and clear cavities. The results 
from SEM correlate well with the results obtained from 
PXRD and FTIR. SEM micrographs of MB800 and and its 
individual modifications are presented in Fig. 12. At first 

glance, the morphology of MB800 (Fig. 12a) is already 
clearly distinguished from MK 800 by its larger and more 

Fig. 12  SEM images of MB800 (a), GP5_MB800 (b), GP10_MB800 (c), and GP20_MB800 (d)
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ordered particles. Microcracks are visible on the surface of 
these particles, which could be due to the initial calcination 
of the sample. After modification with 5 mass% of alkaline 
activator (Fig. 12b), cobweb-like gels begin to form on 
the surface of the particles, which could be a manifesta-
tion of incipient geopolymerization. Distinct crystals on 
the surface of sample GP10_MB800 (Fig. 12c) as well as 
exceptionally occurring cuboidal formations are a sign of 
incipient crystallization of the zeolite. However, compared 
to GP20_MK800, sample GP20_MB800 (Fig. 12d) does 
not show as clearly defined regular cuboidal formations, 
which would indicate a lower proportion of zeolite and 
hence crystalline phase, which correlates well with DOC 
(Fig. 8).

Conclusions

Metakaolin and metabentonite were prepared by thermal 
treatment of the source clays, kaolin and bentonite, and 
their potential for geopolymer/zeolite formation was evalu-
ated by FTIR, TGA/DSC, PXRD, HT PXRD, SEM, and 
BET. The following preparation conditions were used (cal-
cination temperature: 700, 750, 800 °C; concentration of 
NaOH: 5, 10, 20 mass%, curing conditions: 7 d at 80 °C). 
Dehydroxylation of kaolin was attained already after 3 h 
of calcination at 700 °C; however, higher temperatures 
were needed for amorphization of bentonite. The higher 
the NaOH concentration, the more promoted formation 
of hydrated aluminosilicates and the more enhanced  Al3+ 
incorporation can be observed regardless of the initial 
material. The optimal preparation conditions, however, 
depend on the intended target material: geopolymer or 
zeolite. The 10% NaOH seems to be the optimal concen-
tration for alkali activation of metakaolin samples leading 
to the dominant geopolymer formation. Further increase 
in alkaline activator concentration resulted in a significant 
rise of zeolite ratio (predominant zeolite A and P). The 
final material structure of samples activated by 10 and 
20% NaOH did not differ significantly depending on the 
calcination temperature. Following the bentonite charac-
ter, the activity of metabentonite is much more strongly 
conditioned by temperature. Geopolymer formation was 
promoted mainly using 800 °C and 10% NaOH. A higher 
alkaline activator concentration is required in the case 
of lower calcination temperature. The use of 800 °C and 
20% NaOH seems to be the optimal concentration for alkali 
activation of metabentonite. Although resulted in enhanced 
zeolite formation, however, the determined degree of crys-
tallinity (21%) is significantly lower than in correspond-
ing activated metakaolin samples (32%). The specific sur-
face areas (SSA) of the samples increased in the series 
MB800 < GP5_MB800 < GP10_MB800 < GP20_MB800. 

Conversely, the opposite effect was observed for samples 
of metakaolin-based geopolymers. SSA of activated sam-
ples, prepared by calcination at 800 °C, strongly depended 
on the process of geopolymerzation, the degree of crys-
tallinity, and the character of formed zeolitic phases. The 
value of 218.95   m2   g−1, determined for metabentonite 
activated by 20 mass% NaOH seems to be very promis-
ing for adsorption processes. The specific surface areas of 
activated metakaolin samples were negatively influenced 
by increased zeolite formation and the dimensions of their 
channels restricting nitrogen entry.
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