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Abstract: Zeolites can be obtained in the process of the alkali-activation of aluminosilicate precursors.
Such zeolite–geopolymer hybrid bulk materials merge the advantageous properties of both zeolites
and geopolymers. In the present study, the effect of the type and concentration of an activator on
the structure and properties of alkali-activated metakaolin, and metahalloysite was assessed. These
two different kaolinite clays were obtained by the calcination of kaolin and halloysite, and then
activated with sodium hydroxide and water glass. The phase compositions were assessed by X-ray
diffraction, the microstructure was observed via scanning electron microscope, and the structural
studies were conducted on the basis of the infrared spectra. The structure and properties of the
obtained alkali-activated materials depend on both the type of a precursor and the type of an activator.
The formation of zeolite phases was observed when the activation was carried out with sodium
hydroxide alone, or with a small addition of water glass, regardless of the starting material used. The
higher proportion of silicon in the activator solution does not give crystalline phases, but only an
amorphous phase. Geopolymers based on metahalloysite have better compressive strength as the
result of the better reactivity of metahalloysite compared to metakaolin.
Keywords: zeolite; alkali-activation; geopolymer; metakaolin; metahalloysite

1. Introduction
Zeolites are crystalline aluminosilicates (having the general chemical formula
Me2/n O·Al2 O3 ·xSiO2 ·yH2 O [1], with the possibility of [SiO4 ] substitution by another elements, e.g.,
[PO4 ]) whose characteristic feature is the microporous, regular structure with a constant channel and
pore size. This feature is an advantage of zeolites over other known sorbents, as it enables the selective
adsorption of ions and molecules. Zeolites are one of the products of alkali-activated aluminosilicate
precursors. The activation is conducted by treating the material with an alkaline solution, and keeping
for an appropriate time at an elevated temperature. This method of obtaining zeolites is well known,
and has been used since many years; however, an improvement of its parameters is still the subject of
research [2]. Depending on the used parameters, geopolymer gel and zeolites can be found among the
reaction products. That type of composite is known as a zeolite–geopolymer hybrid bulk material.
Zeolite–geopolymer hybrid bulk materials are composites that combine the advantages of zeolites
as a dispersed phase and geopolymer as a matrix. Their structure contains the meso-porosity of the
geopolymer and the micro-porosity of the zeolite [3]. The range of porosity in those materials is very
wide, and reaches from 5 Å up to 2 µm [4]. It was proven [3] that there is a relationship between the
properties of initial kaolinite, its meta phase and the final product: zeolite–geopolymer hybrid bulk
material, which gives opportunity to adjust the contents of desirable phases, and in consequence, the
range of porosity.
There are known various aluminosilicate precursors, such as synthetic ones (coal fly ash,
ash from waste incineration, blast furnace slag, etc.) or natural clays, for instance, kaolinite and
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halloysite. Using those natural minerals for the synthesis of zeolite and zeolite–geopolymer hybrid
bulk materials is a topical issue [3,5,6]. Despite the fact that both kaolinite (Al2 Si2 O5 (OH)4 ) and
halloysite (Al2 Si2 O5 (OH)4 ·2H2 O) have similar compositions [7], their reactivity is different. The source
of the differences is the presence of interlayer water in halloysite’s structure, which results in its greater
porosity, chemical activity and specific surface area [8].
In this work, the results of the structural studies of different composites, obtained using the
alkali-activation method and two different kaolinite clays as starting materials, were presented.
It is well known that kaolinite and halloysite change into hydroxysodalite by the treatment with
sodium hydroxide. It is also known that sodium zeolite type A can be synthesized from both raw
materials [9–11]. However, the methodology for preparing composites varies in all available works.
Therefore, the aim of this work was to compare the impact of the raw material structure on the course of
the synthesis process. As activators, NaOH and water glass were applied. The specific objectives were
to compare the properties of materials obtained on the basis of metakaolin and metahalloysite, their
structural characterization, and the assessment of the impact of the activator type on the properties and
structure of the resulting zeolite–geopolymer hybrid bulk materials. Such composites would possess
the synergistic benefits of both zeolites and geopolymers, and could be used as monolithic sorbents,
self-supported zeolite sieves or membranes, rather than construction materials.
2. Materials and Methods
2.1. Chemicals
Clays from two different Polish deposits were used in this study: kaolin from the Maria III (KSM
Surmin-Kaolin S.A., Nowogrodziec, Poland) and halloysite from the Dunin (Kopalnia Haloizytu
DUNINO Sp. z o. o., Krotoszyce, Poland). Sodium hydroxide (analytically pure NaOH as microbeads)
and water glass (the content of Na2 O 11.4 wt.% and SiO2 27.6 wt.%) were used as the activator.
2.2. Pre-Treatment of Natural Clays
The homogenized samples of kaolin and halloysite were thermally treated at 700 ◦ C for 2 h (the
temperature was chosen on the basis of the previous work [12]), in order to obtain more reactive
materials, metakaolin and metahalloysite.
2.3. Alkali-Activation
The alkali-activated paste samples were synthesized using 4 mL of the activator per 5 g of
metakaolin. The compositions of the specimens are summarized in Table 1. The solid and solution
were mechanically stirred for several minutes at room temperature. The fresh paste was poured into a
silicone mold (20 mm × 20 mm × 20 mm cubic samples) and activated at 80 ◦ C for 24 h. After this time,
the samples were demolded and left to mature for another 27 days. With each mixture at least eight
samples were prepared.
Table 1. The mixture proportions of geopolymer pastes and their molar ratios of silica, alumina, water
and sodium oxide.
Sample Name

MK/MH [g]

8 M NaOH [mL]

Water Glass [mL]

SiO2 /Al2 O3

Na2 O/Al2 O3

H2 O/Na2 O

MK1/MH1
MK2/MH2
MK3/MH3
MK4/MH4
MK5/MH5

1.00
1.00
1.00
1.00
1.00

0.80
0.70
0.60
0.50
0.40

0.00
0.10
0.20
0.30
0.40

2.1/2.1
2.2/2.3
2.4/2.5
2.6/2.7
2.7/2.9

0.7/0.9
0.7/0.9
0.7/0.9
0.7/0.9
0.7/0.9

13.2/13.0
13.7/13.5
14.2/13.9
14.7/14.4
15.3/15.0
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2.4. Characterization
The solid-state characterization techniques, such as X-Ray Fluorescence (XRF), X-Ray Diffraction
(XRD), Infrared Spectroscopy (FT-IR) and Scanning Electron Microscopy (SEM), were carried out on
both raw materials, and on the as-synthesized materials.
The chemical compositions of the starting materials were determined using X-ray fluorescence.
The spectrum was detected using the wavelength dispersive X-ray fluorescence spectrometer (WD-XRF)
Axios mAX 4 kW, PANalytical equipped with Rh source. The PANalytical standardless analysis
package Omnian was used for the quantitative analysis of the spectra.
The resulting materials were analyzed in the terms of the phase composition by means of Philips
X-ray powder diffraction X’P-ert system (CuKα radiation). The measurements were carried out in the
2θ angle range of 5–90◦ for 2 h, with a step of 0.007. Phases were identified with the use of an X’Pert
HighScore Plus application, and the International Centre for Diffraction Data.
The existence of zeolite frameworks was also confirmed by the analysis of the spectra in the mid
infrared (4000–400 cm−1 ) that were measured on Bruker VERTEX 70v vacuum FT-IR spectrometer
using the standard KBr pellets methods. They were collected in after 64 scans at 4 cm−1 resolution.
The microstructure of the resulting samples was observed using a scanning electron microscope
FEI Nova NanoSEM 200. The samples were sprayed with graphite.
The bulk density was calculated by dividing the mass of the sample by its volume. The compressive
strength of the samples, measured by using the ZwickRoell device machine that works on the principle
of a hydraulic press, is defined as the ratio of the sample breaking force to the area on which the force
acts. Eight similar samples were tested, and the average of the eight measurements was taken.
3. Results and Discussion
3.1. Characterization of Raw Materials
Both kaolinite and halloysite are considered to be the polytypical forms of aluminum
monophyllosilicate with 1:1 packets [13]. They differ in the way the layer packages are arranged in the
crystal structure [14]. The kaolinite crystals have a lamellar habit. The shifting of two layers relative
to each other, tetrahedral (Si–O) and octahedral (Al–OH), creates a tubular halloysite structure. The
characteristic feature of halloysite is also the presence of water molecules in the inter-package space.
The presence of water causes an increase in the distance between the layer packs, where for halloysite
it is 10.1 Å, while for kaolinite, this is 7.15 Å. Both minerals dehydroxylate at 600–800 ◦ C [15]. As the
products, more active amorphous metakaolin and metahalloysite, are obtained.
The chemical compositions of the obtained intermediates, determined on the basis of X-ray
fluorescence spectrometry, are summarized in Table 2. By comparing both compositions, it can be
stated that the metakaolin sample has a higher silica content, whereas halloysite has higher amounts of
iron oxide. In addition, the molar ratio of the main components (Si/Al) in both cases was about 2. The
content of CaO in both materials is below 1%, so the resulting products can be called geopolymers
(due to the limitation of this name to low-calcium alkali-activated materials).
Table 2. The chemical compositions of the metakaolin and metahalloysite.
Chemical
Composition [wt.%]

SiO2

TiO2

Al2 O3

Fe2 O3

MgO

CaO

Na2 O

K2 O

Residual

MK: metakaolin
MH: metahalloysite

53.74
40.39

0.47
2.39

43.82
32.86

0.87
20.13

0.27
0.37

0.14
0.88

0.13
0.43

0.36
0.25

0.20
2.30

Figure 1 shows the XRD-patterns of both clays (K = kaolinite and H = halloysite) before and after
the calcination. The XRD analysis of kaolin (Figure 1a) showed that it consisted of kaolinite and quartz.
After the thermal treatment, only the peaks from quartz, which is not decomposed, are visible. The

distribution of kaolinite to the amorphous metakaolin.
In turn, the analysis of the phase composition of halloysite (Figure 1b) showed that it included,
in addition to halloysite, quartz and hematite. For both halloysite and metahalloysite, the reflections
are wider, compared to the samples of kaolin and metakaolin, respectively, which indicates a greater
defect2020,
or the
size of crystallites. In addition, the XRD pattern shows reflections from hematite,
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such that the high iron content in the chemical composition (Table 2) confirms its presence; and it
also gave the material a brown color. Attention should also be paid to the quartz content lower than
appearance of an amorphous “halo” in the 20–30◦ range on the 2-theta scale indicates the distribution
in the case of kaolin, which may result in better reactivity in an alkaline environment, and thus
of kaolinite to the amorphous metakaolin.
achieving better strength parameters for samples obtained under the analogous conditions.
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In turn, the analysis of the phase composition of halloysite (Figure 1b) showed that it included, in
Figure 2 presents the mid-infrared absorption spectra of kaolin and halloysite (marked as K and
addition to halloysite, quartz and hematite. For both halloysite and metahalloysite, the reflections
H, respectively) and their calcination products (MK and MH). The strong similarity between the
are wider, compared to the samples of kaolin and metakaolin, respectively, which indicates a greater
spectra of the samples of kaolin and halloysite can be observed due to the structural similarity of both
defect or the smaller size of crystallites. In addition,–1 the XRD pattern shows reflections from hematite,
materials. The bands in the range of 1100–400 cm are associated with the aluminosilicate structure
such that the high iron content in the chemical composition (Table 2) confirms its presence; and it also
of the material, and come from the vibrations of the Si–O–Si(Al) bridges. The band at 913 cm–1 is
gave the material a brown color. Attention should also be paid to the quartz content lower than in the
characteristic of the kaolinite structure, and comes from Al–OH stretching vibrations in the
case of kaolin, which may result in better
reactivity in an alkaline environment, and thus achieving
octahedral layer. The band at 695 cm–1, in turn, comes from the vibrations of the Al–O bond for
better strength parameters for samples obtained under the analogous conditions.
aluminum in the octahedral position. In the spectra of all samples, a characteristic doublet of bands
Figure 2 presents the mid-infrared absorption spectra of kaolin and halloysite (marked as K and
at about 800 and 780 cm–1 can also be seen, indicating the presence of quartz.
H, respectively) and their calcination products (MK and MH). The strong similarity between the
The spectra of the materials after the calcination are clearly changed. The bands derived from
spectra of the samples of kaolin and halloysite can be observed due to the structural similarity of both
the water and the OH groups disappear, which is caused by the dehydroxylation process. Another
materials. The bands in the range of 1100–400 cm−1 are associated with the aluminosilicate structure
difference is the increase in FWHM bands derived from Si–O and Al–O bond vibrations. For the
of the material, and come from the vibrations of the Si–O–Si(Al) bridges. The band at 913 cm−1 is
samples of the starting materials, FWHM is small, which means that they had a crystal structure,
characteristic of the kaolinite structure, and comes from Al–OH stretching vibrations in the octahedral
while in the spectrum of the materials after the heat treatment, they are characterized by a larger
layer. The band at 695 cm−1 , in turn, comes from the vibrations of the Al–O bond for aluminum in the
FWHM, which indicates a reduced degree of structure ordering. The characteristic band, which
octahedral position. In the spectra of all samples, a characteristic doublet of bands
at about 800 and
indicated
the presence of aluminum in the octahedral position (band at 913 cm–1) also disappeared,
−1
780 cm can also be seen, indicating the presence of quartz.
which indicates that a spatial amorphous aluminosilicate structure was obtained.
The spectra of the materials after the calcination are clearly changed. The bands derived from
the water and the OH groups disappear, which is caused by the dehydroxylation process. Another
difference is the increase in FWHM bands derived from Si–O and Al–O bond vibrations. For the
samples of the starting materials, FWHM is small, which means that they had a crystal structure, while
in the spectrum of the materials after the heat treatment, they are characterized by a larger FWHM,
which indicates a reduced degree of structure ordering. The characteristic band, which indicated the
presence of aluminum in the octahedral position (band at 913 cm−1 ) also disappeared, which indicates
that a spatial amorphous aluminosilicate structure was obtained.
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3.2. Characterization of Alkali-Activated Clays
3.2. Characterization of Alkali-Activated Clays
Zeolite–geopolymer hybrid bulk materials can be obtained using a thermal activated kaolinitic
Zeolite–geopolymer hybrid bulk materials can be obtained using a thermal activated kaolinitic
clay. Due to the chemical composition of metakaolin (Si/Al = 1), the most expected crystalline phase is
clay. Due to the chemical composition of metakaolin (Si/Al = 1), the most expected crystalline phase
zeolite A [12], although the appearance of sodalite is not excluded [16].
is zeolite A [12], although the appearance of sodalite is not excluded [16].
Figure 3 shows the XRD patterns of the materials obtained as the result of an alkaline activation of
Figure 3 shows the XRD patterns of the materials obtained as the result of an alkaline activation
both metakaolin (Figure 3a) and metahalloysite (Figure 3b). The analysis of the phase composition
of both metakaolin (Figure 3a) and metahalloysite (Figure 3b). The analysis of the phase composition
showed the presence of quartz (in all samples) and hematite (only in the series based on halloysite).
showed the presence of quartz (in all samples) and hematite (only in the series based on halloysite).
Both mentioned phases were present in the starting material (Figure 1), and did not degrade in the
Both mentioned
phases were present in the starting material (Figure 1), and did not degrade in
the
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As expected, zeolite A was formed as the result of activation with the highest sodium solution
content (MK1 and MH1 samples). Interestingly, in the case of metakaolin (Figure 3a), the activation
with the solution with a slightly lower Na/Si ratio (comparing MK1 and MK2) gave the greater
amounts of zeolite A. The probable reason was the increased proportion of silicon in the solution in
the first stages of the geopolymerization process [17,18], which promoted the condensation of
tetrahedra into the double-6-ring units, characteristic for LTA structures. In the case of halloysite
(MH2), zeolite X was formed under the same conditions. The literature data indicate [1] that this
zeolite can be obtained using a longer synthesis time, or in reaction systems with a higher silicon
content. It can therefore be assumed, that either the metahalloysite dissolved faster than the
metakaolin, or the halloysite contained more silicon in the active phase (despite the similar silicon
content in both raw materials (Table 1), metakaolin contained inert quartz (Figure 1)). In the systems
with higher silicon content (MK3–MK5 and MH3–MH5), zeolite phases were not formed.
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As expected, zeolite A was formed as the result of activation with the highest sodium solution
The presence of zeolite phase was confirmed by the SEM observations. The selected results are
content (MK1 and MH1 samples). Interestingly, in the case of metakaolin (Figure 3a), the activation
shown in Figures 4 and 5. Especially in the samples containing zeolite A (MK2; Figure 4a), the cubic
with the solution with a slightly lower Na/Si ratio (comparing MK1 and MK2) gave the greater amounts
crystallites surrounded and joined with a layer of amorphous phase were visible. Zeolite X obtained
of zeolite A. The probable reason was the increased proportion of silicon in the solution in the first
in the analogous conditions had less developed morphology (MH2, Figure 5a), hence its
identification was difficult [16].
The higher reactivity of metahalloysite compared to metakaolin was demonstrated by the
analysis of samples obtained with the higher proportion of water glass in the activating solution. By
comparing the microstructure of MK5 (Figure 4b) and MH5 (Figure 5b) samples, it could be easily
seen that, while in the case of the sample based on metakaolin (MK5), the low ordered amorphous
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Figure 4. The microstructure of metakaolin-based composites: (a) MK2; (b) MK5.
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The higher reactivity of metahalloysite compared to metakaolin was demonstrated by the analysis
In the MIR spectra (Figure 6) the bands due to the characteristic vibrations of bonds observed in
of samples obtained with the higher proportion of water glass in the activating solution. By comparing
both types of oxygen bridges, Si–O–Si and Si–O–Al, were assigned. These bridges constitute basic
the microstructure of MK5 (Figure 4b) and MH5 (Figure 5b) samples, it could be easily seen that,
structural units, forming tetrahedral geopolymer chains. It was found that the slag composition
while in the case of the sample based on metakaolin (MK5), the low ordered amorphous phase was
influences the presence of the bands connected with the phases formed during the hydration in the
visible, the sample based on metahalloysite (MH5) was characterized by a microstructure typical for
MIR spectra. Additionally, significant effect of amorphous phases share on the spectra shape was
the N-(A)-S-H phase [19].
established. Based on IR spectra, it was also possible to determine the influence of the activator type
In the MIR spectra (Figure 6) the bands due to the characteristic vibrations of bonds observed in
on the products formed.
both types of oxygen bridges, Si–O–Si and Si–O–Al, were assigned. These bridges constitute basic
The geopolymerization of alkali-activated metakaolin/metahalloysite (MK/MH) was indicated
structural units, forming tetrahedral geopolymer chains. It was found –1that the slag composition
by the bands corresponding to vibrations of Si–O–Si(Al) at 1200–950 cm (νas) and at 750–650 cm–1
influences the presence of the bands connected with the phases formed during the hydration in the
(νs). Their presence in the IR spectra is due to the aluminosilicate character of the structure. These
bands do not differ significantly from each other, however, the fact that the envelope in this range is
a superposition of several bands should be kept in mind.
First, the slight shift of the most intense band located at about 1000 cm–1 with the increasing
amount of water glass can be observed. On the one hand, the reason may be the increasing share of
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has no negative effect on the strength development of geopolymer [26]. Based on the results described
in this paper, it is impossible to clearly assess the role of iron in the formation of the geopolymer
structure. Although MH contains much higher amounts of iron (Table 2), it is mainly in the form of
hematite (Figure 1), and in this form it can also be found in the material after activation (Figure 3). In
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addition, composites based on MH have a higher compressive strength, which is due to the higher
degree of structure polymerization observed both in FT-IR and SEM analysis.
4. Conclusions
The aim of this study was to determine the effect of the type and concentration of an activator on
the structure and properties of the alkali-activated metakaolin and metahalloysite. Therefore, the first
stage of the work was based on the obtaining of the metakaolin and metahalloysite phases as a result
of the calcination of the starting materials, kaolin and halloysite, respectively. The obtaining of the
reactive phases with a similar structure was confirmed by the analysis of the XRD and IR results. The
chemical and phase composition analysis confirmed that both of the starting materials are mainly in
the amorphous aluminosilicate phase.
The next stage of the work was an attempt to alkali-activate the previously obtained metakaolin
and metahalloysite. A number of activation solutions based on sodium hydroxide and sodium silicate
were used. The structure and properties of the resulting geopolymer binders depend on both the type
of starting material used, and the type of activator. The activation carried out with sodium hydroxide
alone, or with a small addition of water glass, causes the formation of zeolite phases, regardless of the
starting material used. The alkaline activation with a solution with a higher proportion of silicon did
not give crystalline phases, but only an amorphous N-(A)-S-H phase.
The bulk density and compressive strength were determined. The obtained strength values were
in the range of 0.7–7.1 MPa for metakaolin, and in the range of 1.1–11.3 MPa for metahalloysite. The
geopolymers based on metahalloysite had better strength results, which was probably due to their
higher bulk density. A higher density, and thus better strength parameters, were probably the result of
the better reactivity of metahalloysite compared to metakaolin.
Zeolites are known for their ability to immobilize heavy metal ions. Although the resulting
materials did not obtain the strength parameters valuable for construction, subsequent tests may prove
to be attractive materials for neutralizing hazardous waste and water treatment.
Author Contributions: Conceptualization, M.K.; sample preparation, O.B.; measurement, O.B. and P.R.; data
curation, O.B. and M.K; writing—original draft preparation, M.K., P.R. and P.F.; writing—review and editing,
P.R. and P.F.; project administration, M.K.; funding acquisition, W.M. All authors have read and agreed to the
published version of the manuscript.
Funding: This work was financially supported by The National Science Centre Poland under grant no.
2018/31/B/ST8/03109.
Conflicts of Interest: The authors declare no conflict of interest.
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