
Introduction

Clay minerals of the kaolin subgroup are widely 
used in the industry and environmental protection as 
absorbents, ion exchangers, and catalysts. The most 
important member components of the kaolin subgroup 

of minerals are kaolinite and halloysite. The chemical 
composition of halloysite depends on where it occurs. 
Deposits of this mineral include Brazil, USA, Japan, 
France and Poland [1]. Halloysite is a two-layer mineral 
belonging to the kaolinite subgroup, with a build of 
layers of silicon tetraeders and aluminium octaedres, 
between which there is a free space connect valuables 
by means of chemical bonds. Two main polymorphic 
varieties of halloysite are known; anhydrous form and 
hydrated for with spacing interlayers of of 7 or 10 Å, 
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respectively [2]. The anhydrous form is characterized by 
the absence of water molecules in the interpack space. 
Both forms of halloysite are represented by the same 
chemical formula: Al2Si2O5(OH)4∙nH2O, where n is the 
number of water molecules that occupy the interlayer 
space of clay aggregates. The value of n is 0 for kaolinite 
and up 4 for halloysite [3]. Because of the multilayer 
structure, most of the hydroxyl groups exist within the 
lumen and only a few in the outer surface [4]. Halloysite 
usually takes the form of nanotubes [5, 6], also created 
spherical and flat forms [3, 7]. However, the dominant 
morphology of halloysite is tube morphology. The 
charge characteristics of halloysite depend on the pH 
value [8]. The clay minerals present a negative charge 
at pH higher than 3 owing to the deprotonation of water 
and hydroxyl groups bound to aluminum and silicon at 
the edges (Al-OH positive on the outer surface and Si-
OH negative on the inner surface). Similar observations 
on the structure of haloysite are given in the literature 
[9, 10]. Halloysite exhibits specific properties which are 
not observed in other kaolin minerals. These properties 
play an important role in terms of applications. 
Moreover, halloysite is commonly used in catalysts 
and fillers in polymers, plastics, composites, and other 
similar materials [5, 11-15]. Due to its nontoxicity, it 
is used in controlled and prolonged release of drugs 
or bioactive molecules, medical implants, tumor cell 
isolation, nanoreactors [16, 17]. In summary, halloysite 
can be obtained as a promising nanomaterial for 
the production of various structural and functional 
materials. To improve the performance of halloysite, 
surface modification is very desirable. At present, 
many methods of surface modification of halloysite 
are reported, including surfactant modification [18, 
19], coupling agent modification [20, 21], intercalation 
modification [22, 23], surface coating modification 
[24, 25], free radical modification [26, 27]. The review 
of the methods of halloysite modification carried out 
by various researchers to control the dispersion and 
phase distribution in polymer matrices was presented 
in the paper [28]. Clay and clay minerals have also 
been explored as adsorbents for the removal of heavy 
metals from aqueous solutions [29-33]. The advantages 
of using clay minerals as alternative adsorbents for the 
removal of heavy metals are high ion sorption/exchange 
capacity, low permeability, swelling ability, chemical 
and mechanical stability, and large specific surface area 
[34]. 

Halloysite is also used to obtain inorganic polymers 
(geopolymers) – a class of materials obtained by alkaline 
activation of alluminosillicates [35]. Geopolymers can 
be synthesized using clay, kaolin, metakaolin, and waste 
materials such as: coal and biomass ash, slag, and red 
mud [36-39]. The choice of the materials for obtaining 
geopolymers depends on factors such as availability 
of the material, his cost, and type of application [40, 
41]. It was found that the structure of alluminosilicate 
minerals directly influences the synthesis process and 
properties of geopolymers, and in the case of kaolin, 

the content of secondary minerals [10]. Examples of the 
use of halloysite for the synthesis of geopolymers are 
given in a small number of works, including [10, 13, 
42]. According to [35], geopolymeric materials have a 
wide range of applications in the field of industries such 
as in automobile and aerospace, non-ferrous foundries, 
and metallurgy, civil engineering and plastic industries. 
Moreover, geopolymer technology has long been 
recognised to provide the potential for immobilisation 
of hazardous wastes [43] – most for species falling 
into the vaguely defined category of heavy metals, 
but also for a wide variety of other elements – ions 
and compounds [39, 44-46] and other substances like 
organic compounds [47, 48].

The aim of the research was to assess the 
relationship between the adsorption efficiency of 
selected heavy metals and the effectiveness of physical 
modification of halloysite. Modification of the surface 
of this mineral by sonication has been made to disturb 
the surface structure of this adsorbent and thus increase 
its porosity. The next stage of research was synthesis 
inorganic polymers from raw halloysite and activated 
halloysite (after sonication) by geopolymerisation 
method. The research focused on the effect of synthesis 
conditions, (temperature, curing time, and the ratio of 
mass of halloysite to volume of alkaline activator on 
the microstructure and composition of the geopolymer 
binder). On the basic of the research investigations, 
the optimal conditions of geopolimerisation have been 
determined. The analysis of the structural characteristics 
of the geopolymers were performed to define the effect 
of activating halloysite on the geopolymerisation 
process. Moreover, the examined surface morphology 
and chemical composition analysis were performed 
for the obtained geopolymers by SEM-EDS and XRD 
methods. The changes in the molecular structure of the 
geopolymers were analyzed using FTIR spectroscopy. 
In addition, specific surface area measurements were 
made for the obtained geopolymers (BET isotherm and 
Langmuir isotherm) and the analysis of these isotherms 
for porous solids (t-Plot method and BJH method). 
Additionally, on the basis of the solid- liquid sorption 
experiment and standard leaching tests (ACTM, TCLP, 
and USEPA), the sorption and immobilisation capacities 
of the obtained geopolymers in relation to Cu(II), 
Mn(II), Pb(II) and Zn(II) ions were also determined.

Material and Methods

Materials Collection and Preparation

For the study, the raw halloysite was used as  
a primary component. It originated from the Dunino 
Mine deposit located in the Lower Silesia, Poland  
(this is one of some currently exploited deposits of  
this mineral in the world). Dunino deposit contains over 
10 million tons of homogeneous raw material mined 
using an open pit method. Halloysite extracted from  
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this deposit is a product of basalt weathering. The 
halloysite from the Polish deposit has a plate-tube 
structure with the dominance of the plate fraction. 
For the study it was decided to use the modified 
holloysite, i.e.: one-time sonification using the 
ultrasonic washer in time 2 h (power level 250-350 W). 
The initial ultrasonication enhanced the release of 
additional aluminum and silicon into the gel phase and 
strengthening the particle surface bonds. The samples 
of raw halloysite (refered in article as H) and halloysite 
after sonification – activated halloysite (refered in article 
as HA) were dried to get „air-dry” state in laboratory 
conditions (approx. 2 weeks).

Geopolymers Preparation

Solid mixtures composed of 50 weight parts of 
sand and 50 weight parts of raw halloysite (H) or 
activated halloysite (HA) were prepared. Then, they 
were dry blended to get a homogeneous mixture for 
approx. 10 minutes on a laboratory shaker Vibramax 
100 (Heidolph, Germany). The alkaline solution was 
prepared by mixing sodium silicate with molar module 
SiO2/Na2O 2.4-2.6 and a density of 1.45-1.48 g/cm3 
(Chempur, Poland) with solid NaOH (reagent analytical 
grade, Chempur, Poland). It was thoroughly stirred and 
left to equalize the concentrations and achieve constant 
temperature (approx. 40 min). For the synthesis of 
geopolymers were used to optimally molar the module 
SiO2/Na2O aqueous solution of sodium silicate equal to 
1.4, which was obtained by mixing sodium silicate with 
a solid NaOH in a ratio of 2:1. Then, to the alkaline 
solution was added a solid mixture (with the addition 
of sand) and thoroughly mixed. The summary of the 
synthesis conditions for each sample geopolymer are 
presented in Table 1. The ratio of alkaline solution to 
solid part (L:S, cm3/g), was equal, respectively, 30:70, 
50:50 (descriptions of the geopolymer are presented in 
Table 1, respectively: H/30/GEO, H/50/GEO – for raw 
halloysite and HA/30/GEO, HA/50/GEO – for activated 
halloysite). The mixing time was approximately  
30 minutes. After receive homogeneous ductile 
consistence, the mixture was transferred to cylindrical 

molds of plastic material (PE) with dimensions  
14×30 mm. The samples were molded using manual 
pressure and to release air bubbles, the samples were 
shaken for 15 minutes on a laboratory shaker. Tightly 
sealed mods were dried at different temperatures under 
atmospheric pressure or were heated in a laboratory drier 
(see Table 1). After drying, the molds were removed.  
To avoid errors when research, three control samples 
were performed by eliminate the possibility of accidental 
phenomenon affecting to the final results. Based on 
the research, it was found that obtaining the desired 
optimal geopolymer mass consistency is possible for 
the H/50/GEO and HA/50/GEO geopolymers. Taking 
into account the synthesis conditions presented in  
Table 1, the optimal temperature and curing time for 
these geopolymers are 20ºC and 15 hours. They were 
used in the next stages of the research.

Materials Characterization

SEM (Hitachi S-3400N) equipped with an energy-
dispersive X-ray spectroscopy detector (EDS) was 
employed to determine the microstructure as well as the 
chemical composition of the halloysite and geopolymer 
samples. Preparations were made by placing the samples 
on a carbon belt with gold sputtering.

The mineralogical compositions of H, HA, and  
H/GEO and HA/GEO were assessed by X-ray powder 
diffraction (XRD). The XRD was conducted on a low-
pressure diffractometer SAXS Bruker Nanostar-U. 
The measurement was made in angular range CuKα 
radiation, 0.01-28.1°, 0.01° 2Ɵ step-scan and 5 s/step, 
with Cu anode CuK α = 1.54 Å. The phase identification 
by Fullprof software, which is based on the Rietvald 
method.

Nitrogen sorption isotherms of geopolymers 
were measured with ASAP 2420 (Micromeritics 
Instrument Corporation, Norcross, USA) apparatus, 
at a temperature of 196ºC. Prior to the sorption 
measurements, all  samples were degassed at 120ºC for 
at least 24 hours at a pressure of 10-3 Pa.

The infrared spectra of absorption were recorded  
at the basic level from 4000-400 cm-1 with a resolution 

Type of geopolymer Ratio L/S
[cm3/g]

Temperature of curing
[°C]

Time of curing
[h] Characteristic of blend

H/30/GEO 30:70
20 17 Very liquid consistency of plastic mass,

 difficult to form40 19

HA/30/GEO 30:70
20 17 Very liquid consistency of plastic mass, 

difficult to form40 19

H/50/GEO 50:50
20 15

Concise consistency of mass, easy to form
40 17

HA/50/GEO 50:50
20 15

Concise consistency of mass, easy to form
40 17

Table 1. The summary of conditions of synthesis of geopolymers.
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of 2 cm-1 on Bruker (Germany) FTIR ALPHA 
spectrometer. Powder preparations for the analysis were 
made by mixing approx. 0.5 mg of the analyzed sample 
with 200 mg of spectrally pure KBr. A product in the 
form of a pill was formed after putting the prepared 
mixture in vacuum at a pressure of 10 MPa.

Chemical analyses (for Cu, Mn, Pb, and Zn) in 
the aqueous solutions obtained from the adsorption 
tests were performed using flame atomic absorption 
spectrometer Perkin-Elmer 3100 Model (Shelton 
Instruments, CT USA).

Sorption and Desorption Experiments

After 28 days, the geopolymer samples were 
subjected to sorption experiments and leaching tests.  
To determine sorption properties, the obtained 
geopolymers were treated with an aqueous solution of 
0.1 M NH4NO3 to remove unreacted Na+ ions from their 
structure, and then with solutions of corresponding 
metal salts: ZnCl2, MnCl2, CuCl2, Pb(NO3)2 with 
a concentration of 0.1 mol/dm3, which represents 
accordingly Cu2+ - 6354.3, Mn2+ - 5490.6, Pb2+ - 20716.4, 
and Zn2+ - 65370 mg/dm3. For this purpose, 1.00 g of 
powdered geopolymer sample was added to 100 cm3 
of 0.1 M NH4NO3 and was shaken thoroughly for 
24 hours to Vibramax 100 laboratory shaker  
(v = 350 rpm, T = 20ºC). After this time, the separation 
phase was started by centrifugation (t = 5 min,  
v = 2000 rpm), the obtained precipitates were dried 
at ambient temperature. 100 cm3 of solutions of the 
corresponding metal salts: ZnCl2, MnCl2, CuCl2, 
Pb(NO3)2 with an initial concentration of 0.1 mol/dm3 

were added to the obtained samples and were then 
shaken thoroughly for 24 hours under the conditions 
described above. All experiments were performed 
without correction of the pH value of solutions.

The equilibrium adsorption capacity (qe, mg/g) and 
adsorption coefficient (A%) were calculated as follows:

                        (1)

                    (2)

where:
Co and Ce – the initial and equilibrium metal ion 
concentration (mg/dm3),
m – the amount (g) of geopolimer samples,
V – the volume of solution (dm3).

The stability of the bonds between the metal ions 
and the geopolymers were established on the basis of 
the standard leachability tests (ASTM, TCLP, USEPA). 
For this purpose, to the samples after sorption were 
added 100 cm3 of the leaching solutions: dejonized 
water (pH = 6.30) or 2.5% acetic acid (pH = 4.00) or 0.5 
mol/dm3 nitric acid (pH = 0.60). The further procedure 
was the same as in the sorption experiment described 
above. Detailed conditions of ACTM, TCLP, and 
USEPA leaching tests can be found in [49] work.

Results and Discussion

The obtained geopolymers from halloysite are 
shown in Fig. 1. It was found that the initial ratio of 
the volume of the alkaline activator to the content of 
solids as well as the temperature and time of curing 
are the factors determining the quality of the obtained 
product. On the cross- sectional area of the HA/30/
GEO and HA/50/GEO geopolymers for the synthesis of 
activated halloysite was used, the presence of „alkaline 
efflorescence” was observed, which is caused by an 
excess of sodium hydroxide. Their presence results from 
the fact that water is contained in the air, penetrates 
the structure of the geopolymer, and migrates, then 
evaporates from the surface, leaving alkaline metal 
cations [50]. They can react with carbon dioxide in air, 

Fig. 1. Geopolymers obtained from raw halloysite (H/30/GEO, H/50/GEO) and activated halloysite (H/30/GEO, H/50/GEO).
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to form sodium carbonate, the presence of which can 
lead to the degradation of the geopolymer structure.

Scanning Electron Microscopy (SEM)

Halloysite as a raw material to obtain geopolymers 
should not contain high levels of compounds such as 
sulfur compounds, unburned carbon, free calcium, 
and iron compounds. If iron is present as hematite 
or magnetite, it may adversely affect to course of the 
pozzolanic reaction because they are on the surface 
of the grains of the material and hinder access of 
the liquid phase to a glassy phase [51]. In Fig. 2 and  
Fig. 3 are presented the results of SEM/EDS analysis 
of the raw halloysite (H) and activated halloysite (HA) 

and geopolymers obtained from these materials. The 
products of the geopolymerization reaction are usually 
heterogeneous materials of complex morphology [52]. 
Microcracks are visible on their surface, which is 
attributed to the effect of water evaporation from the 
geopolymer matrix [53]. SEM studies indicated that 
the sample of halloysite was uniform in content. In the 
SEM photos, you can see many agglomerates with the 
presence of occasional particle tubules (Fig. 2a and  
Fig. 2b). Both which structure was not consistent. 
Samples have a granule structure with irregular plates 
and ranged between 0-4 µm, averaging 0-1 µm. The 
SEM image of the geopolymers (Fig. 2c and Fig. 2d) 
showed that as a result of geopolymerisation, the 
structure becomes more porous and open compared 

Fig. 3. EDS spectra of raw halloysite a), activated halloysite b), geopolymer from raw halloysite c), and geopolymer from activated 
halloysite d).

Fig. 2. SEM image of raw halloysite a), activated halloysite b), geopolymer from raw halloysite c), and geopolymer from activated 
halloysite d).
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to halloysite (Fig. 2a and Fig. 2b). In the geopolymer 
structure  are dominated aluminosilicates with size 
larger than 200 μm. The analysis of EDS spectra of the 
samples shows the heterogeneous distribution of metals 
in the grains (Fig. 3a-d).

Table 2 presented the composition of the mineral 
phase of the raw halloysite (H) and activated halloysite 
(HA) and geopolymer on the basis of the materials 
expressed as oxides by EDS analysis. From Table 
2 indicated that the H and HA samples contain 
high amounts of aluminium oxide (31.5-36.6%) and 
silicon oxide (45.2-51.8%). It has a low content of 
magnesium(0.3%) and calcium oxide (0.6%) and a 
relatively high content of iron oxide (8.9-13.6%) and 
TiO2 (1.8-1.9%). Analogous results are presented in 
the work [54]. In comparison to raw halloysite (H), 
in the obtained geopolymer (H/50/GEO) magnesium 
oxide did not occur. The same applies to the activation 
of halloysite (HA) and the geopolymer obtained 
therefrom, i.e. – HA/50/GEO. The content of aluminium 
oxide (7.8%) and iron oxide (6.8%) is much lower in 
comparison to raw halloysite. The silicon oxide is 
maintained at a similar level (50.2%). The content 
of calcium oxide in the raw haloysite (H) and in the 
obtained geopolymer (H/50/GEO) is the same and 
amounts to 0.6%. The lowest concentration was found 
with titanium oxide (0.5%). In comparison to activated 
halloysite (HA), in the obtained geopolymer (HA/50/
GEO) magnesium oxides do not occur. The content 
of aluminium oxide (6.8%) and iron oxide (5.9%) is 
much lower in comparison to HA. The silicon oxide 
is maintained at a similar level (52.6%). The lowest 
concentration was found with titanium oxide (0.2%) 
and calcium oxide (0.1%). In both geopolymers, the 
presence of sodium oxide was found, which is 31.6% 
for H/50/GEO and 33.6% for HA/50/GEO, which proves 
their equal alkalization.

X-ray Powder Diffraction (XRD)

The XRD patterns of the H, HA, and H-based 
and HA-based geopolymers are presented in  
Fig. 4(a-d). The diffraction peaks of the geopolymers do 
not coincide with those of the precursors (H and HA). 
The raw halloysite (H) shows a broad hump between 
20-30°(2Ɵ), the centre being located around 22°(2Ɵ), 

while in the activated halloysite (HA) at about 12, 20, 
22 and 25°(2Ɵ). The geopolymer pattern has shown a 
broad hump between 5-30°(2Ɵ), the centre being located 
around: 8, 14, 17, 21, 22, 25, and 27°(2Ɵ); nevertheless 
the peaks’ intensity increases and some crystalline 
peaks appear as new, which do not coincide with 
those of the precursors (H and HA). This right shift is 
typically attributed to the formation of new amorphous 
phases, providing evidence of geopolymerisation 
occurrence [55].

The analysis of the presented diffractograms 
confirms the presence of the amorphous phase, which 
is the main product of geopolymerization. This is 
evidenced by the elevation of the background in the range 
of 2Ɵ angle in the range of approx. 20-28°. The absence 
of pronounced peaks indicates the formation of poorly 
ordered substances such as, for example, the C-S-H 
phase. The large half-width of the peaks as well as their 
small number in the diffraction patterns also suggest the 
formation of mainly amorphous or submicrocrystalline 
phases during the geopolymerization process.

Characteristics of Geopolymers

The molar ratios of gepolymers to halloysite are 
summarized in Table 3. They are analogous to the 
results described in the work on geopolymers with fly 
ash from biomass combustion [56]. The products of the 
geopolymerisation reaction are usually heterogeneous 
materials with complex morphology [52], which is 
characterized by the presence of a three-dimensional 
network of silico- and aluminum-oxygen tetrahedrons 
bonded together by oxygen bridge atoms. If the Al3+ 
ion replaces the Si4+ ion, then a negative charge is 
generated in the network, balanced by Na+ cations from 
the alkaline activator [57]. During the synthesis of 
geopolymeric materials, special attention should be paid 
to the water content and a molar ratio of Al2O3/SiO2. 
The value of this molar ratio substantially determines 
the speed of the activation process and the type of 
products formed. There are many works available 
in the literature on the optimization of geopolymer 
synthesis conditions and modification of the molar 
ratio Al2O3/SiO2 [58-61]. For example, as a result of 
geopolymerisation with the molar ratio of Al2O3/SiO2 
3:1, more rigid products will be formed. They can be 

Table 2. The average composition of the mineral phase of initial samples (H and HA) and geopolymers (H/50/GEO and HA/50/GEO) 
determined by EDS analysis.

Type of 
samples

Content [% weight.]

Na2O MgO Al2O3 SiO2 TiO2 Fe2O3 CaO

H 0.3 0.3 31.5 45.2 1.8 8.9 0.6

H/50/GEO 31.6 - 7.8 50.2 0.5 6.8 0.6

HA 0.3 0.3 36.6 51.8 1.9 13.6 0.6

HA/50/GEO 33.6 - 6.8 52.6 0.2 5.9 0.1
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used during the preparation of concrete, cement, or 
waste encapsulation agents. On the other hand, when 
the molar ratio of Al2O3/SiO2 reaches the value above 3, 
the product is less rigid, more flexible and behaves more 
like a polymer [62]. 

The molar ratio of CaO/SiO2 is 0.2 for the 
geopolymers based on activated halloysite and 1.1 for 
the geopolymers based on raw halloysite, respectively. 
It can therefore be concluded that the synthesis 
mechanism of these materials was different despite the 
same calcium content in raw and activated hallysite and 
the dominant component in the geopolymers obtained 
from raw halloysite is the C-S-H phase [63]. The C-S-H 
phase represents hydrated calcium silicates with a 
low degree of structure order and variable chemical 
composition, in which the molar ratio CaO/SiO2 is on 
average within the range of 0.8-2.0 [64].

The charge on the surface of halloysite affects the 
initial bounding properties of the mixture. This is due to 
the dissolution mechanism and the next stage consisting 

of transporting hydroxyl ions to the halloysite surface. 
This is followed by hydrolysis and thus new monomers 
are formed. These monomers then polymerize, forming 
oligomers of different geometries that form the 
geopolymeric gel phase. During the pozzolan reaction, 
an alkaline cation can join the hydrated product. Alkalis 
are to be considered incorporated into the intermediate 
layer of the hydrated calcium silicate phase mainly 
by neutralization of the SiOH groups. The amount 
of alkaline hydroxide increases as the molar ratio of 
CaO/SiO2 in the mixture decreases. Soluble silicates 
reduce the leaching of toxic metal ions by the formation 
of poorly soluble metal oxides and silicates and by 
encapsulation of these metals in silicates or silica gel 
[63].

Isotherm of Sorption

Table 4 shows the results of the porosimetric 
research. They concern the following parameters of the 

Fig. 4. XRD powder patterns of raw halloysite a), activated halloysite b), geopolymer from raw halloysite c), and geopolymer from 
activated halloysite d) - description of symbols: Q - quartz, I - illit, H – halloysite, Ka - kaolinite.

Type of geopolymer
Molar ratio

Al2O3/SiO2 SiO2/Na2O Al2O3/Na2O CaO/SiO2

H/30/GEO 0.70 3.45 0.49 1.07

H/50/GEO 0.71 5.88 0.83 1.10

HA/30/GEO 0.70 3.45 0.49 0.21

HA/50/GEO 0.71 5.88 0.83 0.20

Table 3. The molar ratios in composition of geopolymers prepared from raw halloysite (H) and activated halloysite (HA).

a)

b)

c)

d)
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specific surface area of geopolymer samples (H/50/GEO 
and HA/50 GEO) and the pore volume in relation to 
H and HA samples. The literature data shows that the 
surface area and pore capacity of halloysite nanotubes at 
first improved with treatment time from 1 to 13 hours, 
and after that it went to fall owing to disaggregation of 
silica layers [28].

In turn, the size of the pores for the obtained 
geopolymers increases, as evidenced by the obtained 
BJH values. For HA and HA/50/GEO they are equal, 
86.41 and 115.78 Å, respectively, which is an increase 
of about 25%. For H and H/50/GEO they are equal, 
84.11 and 191.78 Å, respectively, which is an increase of 
about 56%. The pore sizes in the geopolymer samples 
compared to the H and HA samples were increased 
from mesopores to macropores. Similar results were 
obtained for the chemical modification of halloysite 
with sulfuric acid [69]. The acid reacted from the inner 
and outer sides by dissolving the octahedral layer [AlO6] 
and rupturing tetrahedral layer [SiO4], respectively.

Fourier Transform Infrared Spectroscopy 
(FTIR)

Fig. 6 shows the FTIR spectra for the obtained 
geopolymers from raw halloysite (H/50/GEO) and 
activated halloysite (HA/50/GEO). By comparing the 
spectra with each other, you can see their similarity. The 
spectral bands of the analyzed samples are consistent 
with the geopolymer spectra characteristics presented 
by other authors, e.g., [25, 70]. Noteworthy is a very 
intense band appearing at 970 cm-1, the presence of 

porous structure of geopolymers: specific surface area, 
volume, and pore size. Comparing both geopolymers in 
terms of the obtained BET surface areas, it was found 
that the HA/50/GEO has a smaller value of BET surface 
area, equal to 1.59 m2/g and 2.27 m2/g for the H/50/GEO. 
The total micropores area determined by the t-method 
for the H/50/GEO is equal to 1.62 m2/g, which is about 
100% of the specific surface area, while it is 1.97 m2/g 
for the HA/50/GEO, which constitutes about 87%  
of the specific surface area. This is confirmation that the 
obtained geopolymers are materials with well or very 
well-developed microporosity.These properties have 
been confirmed in the works [65-67]. Due to the similar 
values of the determined structural parameters of both 
geopolymers, it can be assumed that the mechanism of 
the metal adsorption process should be similar.

The changes in the porous structure of the tested 
materials are reflected in the curves of nitrogen 
adsorption-desorption isotherms. The designated 
adsorption isotherms (Fig. 5a and Fig. 5b) for both 
samples analyzed are isotherms type II according 
to IUPAC. These geopolymers, in addition to the 
developed microporosity, have a well-developed 
mesoporosity. According to the literature data, the 
presence of water in the reaction mixture results in the 
macroporosity of geopolymers. The macropores can 
transform into mesopores during the polycondensation 
of the hydrated geopolymer gel [68].

The use of sonification as a physical modification 
of the halloysite surface did not affect the values of the 
structural parameters (see Table 4). However, the effect 
of geopolymerization is a significant reduction in the 

H/50/GEO HA/50/GEO HA H

Surface area [m2/g]

Single point surface area at
P/Po = 0.249 1.53 2.22 71.46 72.59

BET Surface Area 1.59 2.27 73.26 74.38

Langmuir Surface Area 2.27 3.17 101.13 102.34

t-Plot External Surface Area 1.62 1.97 66.87 67.26

Pore volume [cm3/g]

Single point desorption total pore volume of pores 
less than 805.413 Å diameter at P/Po = 0.975 0.00445 0.00639 0.15310 -

BJH Adsorption cumulative volume of pores be-
tween 17.000 Å and 3000.000 Å diameter 0.00757 0.00654 0.15032 0.14705

BJH Desorption cumulative volume of pores be-
tween 17.000 Å and 3000.000 Å diameter 0.00774 0.00673 0.15865 0.15584

Pore size [Å]

Desorption average pore width (4V/A by BET) 111.71 112.76 83.59 -

BJH Adsorption average pore diameter (4V/A) 191.78 115.78 86.41 84.11

BJH Desorption average pore diameter (4V/A) 109.77 68.89 75.16 73.61

Table 4. Structure parameters of porous structure of geopolymers designated on the basis of low-temperature adsorption and desorption 
of nitrogen.
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which indicates a low degree of polymerization of the 
analyzed samples. This band is related to intermolecular 
vibrations in the tetrahedron [SiO4]

4- and comes from 
triple degenerate asymmetric Si-O stretching vibrations 
[71]. The single peak at around 815 cm-1 is characteristic 
of symmetrical Si-O stretching bonds. Its presence 
is characteristic of the C-S-H phase and indicates  

an advanced condensation process of the [SiO4]
4- 

anion and a high content of the amorphous phase.  
The presence of this band with higher intensity for H/50/
GEO compared to HA/50/GEO (see Fig. 6), confirms 
the presence of C-S-H phase, which is higher for H/50/
GEO. The relatively large half-width of the most intense 
bands appearing at 3420 and 970 cm-1 draws attention. 

Fig. 5. Adsorption/desorption isotherms of geopolymer from raw halloysite a), and geopolymer from activated halloysite b).

Fig. 6. FT-IR spectra of geopolymers: H/50/GEO – color black and HA/50/GEO – color red.

a)

b)
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This confirms the high degree of amorphousness  
in the C-S-H phase. The bands in the range of  
1450-1400 cm-1 are characteristic of stretching vibrations 
in carbonates. The presence of the bands at around 
1490 - 1410 and 880-860 cm-1 indicates the presence 
of stretching vibrations from the CO3

2- anion, which 
also indicates the presence of carbonates in the tested 
samples [72]. The presence of carbonate ions is related 
to the reaction of atmospheric carbon dioxide with the 
products of hydration. This fact may also indicate the 
carbonation of the samples during their synthesis or 
drying.

In addition, in the spectra shown in Fig. 6 there are 
also pseudolattice vibrations over tetrahedral structural 
units appear; range 600 - 800 cm-1 [73]. The last group 
of bands is connected with the vibrations of hydroxyl 
groups, i.e., the wide band that occurs at 3420 cm-1 
associated with stretching vibrations of the OH- groups 

arranged in an orderly manner in the structure, and 
the second band at around 1650 cm-1 related to the 
vibrations realized in H2O molecules.

To compare the properties of the geopolymers, FTIR 
spectra of raw halloysite (H) – Fig. 7 and activated 
halloysite (HA) – Fig. 8 were recorded. Absorption 
bands at 3695 and 3620 cm-1 in the FTIR spectrum of 
raw halloysite were assigned to the stretching vibration 
due to the inner surface of OH- groups of halloysite, 
respectively [74]. The interlayer water is indicated by 
the vibration at 1660 cm-1. The 1450 cm-1 peak was 
assigned to the stretching mode of C-O, while the band 
at 1030 cm-1 was caused by the stretching vibration of 
Si-O-Si. The bands observed at 537-468 cm-1 were due 
to the vibration of Al-O-Si. The vibration of the inner 
surface hydroxyl group at 970 cm-1 and Si-O-Si at 
470 cm-1 confirmed the existence of the corresponding 
groups. Very similar results were reported by [54, 74].

Fig. 7. FT-IR spectra of raw halloysite – color red, geopolymers: H/30/GEO – color black and H/50/GEO – color blue.

Fig. 8. FT-IR spectra of activated halloysite – color red, geopolymers HA/30/GEO – color blue and HA/50/GEO – color black.
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The bands observed on the spectrum of raw 
halloysite showed no significant changes in relation 
to the spectrum of activated halloysite (Fig. 8). The 
similarity of the spectra for the raw and activated 
samples of halloysite, nevertheless, proved that the 
activations by sonification used in this study were not 
sufficiently high to change the FTIR profiles.

In the FTIR, the spectra of raw halloysite and 
geopolymer bonds were observed at 3696 and  
3621 cm-1 associated with the OH- groups of haloysite, 
but the intensities changed, suggesting that these OH- 
groups were engaged in the interaction between the 
raw haloysite as well as geopolymers of different 
extends (Fig. 7). This was ascribed to the existence 
of H-bonding interactions between the OH- group 
and water molecules adsorbed on the surface of the 
geopolymers (Si-OH···H2O and Al-OH···H2O) [55]. The 
bound around 1660 cm-1 in the spectrum of halloysite, 
assigned to binding on the surface of the geopolymers 
of water molecules reduces its intensity and expands 
for both geopolymers. Beside these, the geopolymer 
based on halloysite exhibited some new bands, e.g., 
1450 cm-1 assigned to the asymmetric stretching 
vibration O-C-O in carbonic anion, which is formed 
during atmospheric carbonation on the surface of the 
geopolymers [55]. On the spectrum of halloysite is a 
visible band around 1030 cm-1, which is typical of the 
deformation external vibrations OH- groups and Si 
(Al)-O asymmetric stretching vibrations. The band in 
the spectrum of geopolymers moves in the direction of 
lower wavenumber values. The bands at 540-470 cm-1 
assigned to the vibrations of the tetraedric structures of 
aluminium or silicon are also disappearing. The FTIR 
spectra shown in Fig. 8 are analogous to those of the 
preceding raw haloysite samples without activation and 
geopolymers, respectively.

Sorption Properties of Geopolymers

One of the new directions of application of 
geopolymers is their application as a stabilizing material 

for the disposal of toxic waste. In the geopolymerisation 
process, hazardous waste is disposed of at the same time 
through a physical process (closing the elements in the 
material) and by building it into the resulting network 
through chemical reactions. The geopolymer matrix is 
a good material to immobilize heavy metals, due to its 
low permeability and resistance to acid and chloride 
ions. The research in this area has been presented for 
geopolymers based on ash and kaolin or metakaolin 
[75-78] report that geopolymers stabilize hazardous 
waste better than Portland cement. Heavy metals are 
incorporated into a three-dimensional geopolymer 
network (usually in the amorphous phase), which 
reduces their mobility. They can also react with the 
other components of the geopolymer matrix, creating 
new phases [79]. Moreover, the OH functional groups 
present in the octahedral layer and the oxygen in the 
tetrahedral layer are able to attach various compounds 
via hydrogen and van der Waals bonds.

The studied geopolymers based on raw and 
activated halloysite are characterized by high  
efficiency of adsorption of Cu(II), Mn(II), Pb(II), and 
Zn(II) ions. The following values of the adsorption 
coefficient were obtained for individual ions, which 
are shown in Table 5. It was found that the efficiency 
of the adsorption process does not depend on the 
geopolymers and the value of removal rate is within  
the range of 93-100% for each metal ion. The literature 
data reports confirm the high efficiency of heavy metal 
ion adsorption with the use of geopolymers obtained 
from waste materials and aluminosilicate minerals  
[80-88].

Based on the data obtained by FAAS method 
concerning the content of metals determined the 
concentration of metal ions in the solid phase of the 
geopolymer, as well as the immobilisation coefficient 
for each metal. The ability to immobilize of metals is 
the difference between the initial and equilibrium metal 
ion concentration and the metal ion content in solution 
after desorption (Table 6). For the studied metal ions, 
the geopolymers exhibited quite high adsorptive 

Type 
of geopolymer

Type of metal
ion

Equilibrium metal ion concentration 
Ce [mg/dm3]

Adsorption coefficient 
A [%]

Distribution coefficient 
Kd [dm3/g]

H/50/GEO

Cu2+ 450.00 93.00 0.01

Mn2+ 1.02 99.98 6.00

Pb2+ 828.13 96.00 0.02

Zn2+ 150.00 97.82 0.04

HA/50/GEO

Cu2+ 460.00 92.85 0.01

Mn2+ 0.98 99.98 6.21

Pb2+ 837.50 95.96 0.02

Zn2+ 160.00 97.67 0.04

Table 5. The summary of the adsorption and distribution coefficients of the tested ions after adsorption on the H/50/GEO and HA/50/
GEO geopolymers.
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capacity, especially for Pb2+ (19.9 mg/g), following the 
order Pb2+≫Zn2+≈Mn2+>Cu2+. To determine the extent to 
which the metal ion is connected to the solid phase of 
the geopolymer, we calculated values of the distribution 
coefficients between the solid – aqueous solutions. The 
distribution coefficient (Kd), which means the ratio of 
the adsorbed metal ions and the residual ions in the 
solution, can indicate the selectivity of an adsorbent. In 
a specific adsorbate and adsorbent system, a higher Kd 
value for a metal ion means it has a higher selectivity 
for adsorption [89]. The distribution coefficients (Kd) 
were calculated as follows:

                            (3)

where:
Cs – the total concentration of each metal cation in unit 
mass of sorbent (mg/g), 

Ce – the concentration of each metal cation in water 
solution in equilibrium state (mg/dm3).

The results are given in Table 5. Based on these 
results, it found that the immobilisation coefficient in 
each test system exceeded 92% and its value does not 
depend on the used geopolymers; it is related to the 
type of metal. The highest value of the immobilisation 
coefficient was obtained for manganese ions, the 
lowest for cooper ions. In addition, the pH values of 
the leaching solution did not significantly affect the 
amount of removed metals. A very small change in the 
immobilization factor was observed with a decrease in 
pH of the liquor solution; e. g., for zinc, it has 0.17%. 
This means that despite the increasing aggressiveness  
of the leaching solution, the concentrations of the  
metals leached in the solid phase remain at the 
same level (Fig. 9). This indicates the permanent 
immobilisation of the tested metals in the Si-
Al structure of the obtained geopolymers. In the 

Type 
of geopolymer

Type of metal 
ion

Leaching 
solutions

Concentration metal ion for unit mass of sorbent  
Cs [mg/g]

Immobilisation coefficient 
[%]

H/50/GEO

Cu2+

H2O 5.98 92.98

CH3COOH 5.97 92.82

HNO3 5.97 92.83

Mn2+

H2O 6.09 99.96

CH3COOH 6.09 99.97

HNO3 6.09 99.97

Pb2+

H2O 19.92 95.87

CH3COOH 19.89 95.73

HNO3 19.89 95.72

Zn2+

H2O 6.73 97.79

CH3COOH 6.72 97.63

HNO3 6.72 97.62

HA/50/GEO

Cu2+

H2O 5.97 92.84

CH3COOH 5.96 92.65

HNO3 5.96 92.67

Mn2+

H2O 6.09 99.96

CH3COOH 6.09 99.97

HNO3 6.09 99.97

Pb2+

H2O 19.91 95.78

CH3COOH 19.88 95.70

HNO3 19.89 95.68

Zn2+

H2O 6.73 97.65

CH3COOH 6.71 97.49

HNO3 6.71 97.49

Table 6. The content of the tested ions after desorption from the H/50/GEO and HA/50/GEO geopolymers determined by the FAAS 
method.
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halloysite based geopolymeric matrix, Pb shows better 
immobilization efficiency than Cu, probably because 
the ionic radius of Pb and Cu are different, or Cu 
and Pb have different roles in the synthesis of the 
halloysite based geopolymeric matrix. The value of the 
distribution coefficient (Kd) is directly proportional to 
the concentration of the metal in the solid phase (CS), 
hence analogous dependencies were obtained in relation 
to this parameter. Each of the geopolymers (H/50/GEO 
and HA/50/GEO) obtained have identical distribution 
coefficient values for the same metal ions. Namely, the 
Kd values in relation to zinc and lead ions are identical 
for both obtained geopolymers, which indicates that 
their immobilisation properties are practically the same 
for these ions. The highest Kd value was obtained for 
manganese ions (6.21 dm3/g), this is also confirmed by 
the highest immobilisation coefficient value for these 
ions equal to 99.97%.

Conclusions

This paper investigated the assessed feasibility of 
geopolimers synthesis from raw and activated halloysite 
by geopolymerisation method. Assessed the studies 
performed, it was found that obtaining the desired 
dense plastic consistency of received geopolymers is 
possible under the following conditions, which are 
indicated as optimal: temperature 20ºC, curing time 
15 hours and the ratio of halloysite [g] to alkaline 
activator [cm3] - 50:50. The obtained geopolymers have 
a similar morphological structure, phase composition, 

and show a high degree of amorphousness. It was found 
that the geopolymerisation mechanism is not identical 
because the C-S-H phase is probably present only in 
goepolymers synthesized from raw halloysite. Clear 
confirmation of its presence requires in-depth research 
using X-ray diffraction (XRD).

The study of sorption properties and the ability 
to immobilize selected heavy metals cause that the 
obtained geopolymers may be excellent components 
of any blends, including blends stabilizing industrial 
waste of various origins. Furthermore, they can be 
used to isolate and seal landfills for this type of 
waste. Studies have shown that geopolymers based on 
raw and activated halloysite can radically reduce the 
leachability of heavy metals and bind them permanently 
in a geopolymer matrix. The modification of halloysite 
through sonification did not significantly change the 
geopolymerization mechanism, nor did the efficiency of 
the adsorption processes of the studied Cu(II), Mn(II), 
Pb(II), and Zn(II) ions and the effectiveness of their 
immobilization.

To establish the use of geopolymers obtained from 
halloysite as heavy metal remediation materials, more 
investigations are required to determine the standard 
dose of geopolymers for the adsorption of heavy  
metals.
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