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Abstract: Halloysite was intercalated by the mechanochemical technique from dry components. The
process efficiency of 50% was achieved. The obtained intercalate differed from the material acquired
using an aqueous solution of potassium acetate. The material was analyzed employing electron
microscopy, thermogravimetry, X-ray powder diffraction, and dielectric spectroscopy. It was found
that the molecules and/or ions present in the interlayer spaces retain some possibility of movement.
This property of the material is promising for potential application as low expensive absorbers of
electromagnetic radiation.
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1. Introduction

An interesting property of clay minerals is their ability to interact with inorganic and organic
substances (Cheng et al., 2011; Frost, 1997; R. L. Frost et al., 2000b; Song et al., 2014). This can occur
through adsorption on the surface of the mineral grains, cation exchange or intercalation (Frost et al.,
1999; Joussein et al., 2005). The intercalation of halloysite involves the penetration of guest molecules
between the mineral packets, which breaks the hydrogen bonds between tetrahedral and octahedral
layers and creates new bonds between the host (mineral) and the guest. They are not stoichiometric
chemical compounds and can be classified as bertolids. This process increases the distance between
packets and could be observed on powder diffractograms. Physicochemical properties of the resulting
intercalates are different than those of the original materials. Intercalates are interesting for pure
science and have many industrial applications, for example in thermal storage (Song et al., 2014), in
medicine (Joshi et al., 2009; Lin et al., 2002), as nanofillers and fireproof materials (Costa et al., 2007;
Pereira et al., 2009) , in catalysis (Chen et al., 2004; Garrido-Ramirez et al., 2010), in protection against
electromagnetic radiation (Adamczyk et al., 2014; Kulacz and Orzechowski, 2019) .

Comprehensive studies of intercalates with potassium acetate were carried out for halloysite
(Cheng et al., 2011; Frost, 1997; R. L. Frost et al., 2000b) and kaolinite (Cheng et al., 2012; Franco and
Cruz, 2004; Frost et al., 2001, 1998; Ray L. Frost et al., 2000). Taking into account the high similarity
between kaolinite and halloysite it can be expected that the main conclusions are valid for both of
them. The main difference between kaolinite and halloysite is the morphology and water content (Tar1
et al., 1999). Halloysite is usually coiled into tubes, contains additional interlayer water and can be
easily modified during intercalation. It was found that acetate ions form different types of
connections. At lower temperatures (below 50°C), the acetate ion can bind to the aluminum-oxygen-
hydrogen layer through an additional water molecule, so that the intercalation distance can be as high
as 14 A. At higher temperatures, water is removed and the acetate ion binds directly to the aluminum-
oxygen-hydroxide layer, taking a position perpendicular to the layer, resulting in an inter-packet
distance of about 11.5 A. The acetate ion can also take a position parallel to the layer, which results in
an interplanar distance of about 9 A. Potassium ions are located in the ditrigonal cavity of the gibbsite
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layer. Electrostatic interactions between the potassium and acetate ions stabilize the intercalate and
facilitate its formation.

In this paper, we present the results of physicochemical tests of halloysite intercalated by
potassium acetate. We performed a qualitative and quantitative analysis using electron microscopy,
thermogravimetric measurements and X-ray powder diffraction (XRD). The main part of the work
was devoted to dielectric measurements. These studies were aimed at establishing the dynamics of
guest particles trapped between the layers of mineral. This issue could be important in the context of
possible applications of intercalated clay minerals as cheap and effective absorbers of electromagnetic
radiation (Adamczyk et al., 2014; Kutacz and Orzechowski, 2019).

2. Materials and methods

Halloysite used for preparing the intercalate was obtained from the "Dunino" mine near Legnica,
Poland. It is a tubular mineral of volcanic origin of a dark brown color. The specific surface area,
SBET, is 60.9 m?/g, average diameter of pores, 122.3 A, pores capacity, 0.19 cm?®/g, and cationic
capacity, CEC, 55 (Legocka et al., 2013). Halloysite was washed by demineralized water, centrifuged,
and dried in air. The halloysite-potassium acetate intercalate was obtained by the mechanochemical
method. Solid, dry halloysite and solid potassium acetate were mixed in 1:1 weight proportion and
milled in the ball mill for several hours. The obtained material was washed many times with ethanol
and dried in air at room temperature. The dry intercalate was rubbed and sealed tightly.

Electron microscopy was performed using a Hitachi S - 3400N Scanning Electron Microscope with
an EDS Thermo Scientific Ultra Dry detector. The equipment made it possible to perform a
quantitative and qualitative analysis in the selected area.

XRD measurements were performed using a powder diffractometer, D8 ADVANCE, with a copper
lamp (Cu Ka, wavelength A\ = 1.5418 A) and a Vantec detector. Measurements were carried out at
room temperature in the range of angles 20 5-30° with a step of 0.05°.

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were performed on a
Setaram's SETSYS 16/18 instrument within the temperature range of 20-800°C, with a 5°C/min
increment, in inert gas (N2) atmosphere. The accuracy of mass change measurement was +0.005 mg
and the temperature measurement accuracy was +0.2°C.

Dielectric measurements were performed within the frequency range from 100 Hz to 1 MHz using
a HP Precision LCR Meter HP4284A. Before the measurements, the instrument was calibrated
according to the manufacturer's recommendations. In order to make the measurements more accurate,
an additional compensation for stray capacitance was made based on the measurements of a Teflon
pellet. No correction for field heterogeneity at the edges of the capacitor was applied.

Samples for dielectric measurements have a form of pellets. The pellets were prepared in a
hydraulic press under a pressure of 30 kN/cm? The copper electrodes were glued to the pellets using
a conductive adhesive. The resolution of ¢ and &” measurements (respectively real and negative
imaginary components of the electric permittivity) was 3%, absolute error could reach 15%.

3. Results and discussion

The investigation of the structure of halloysite intercalate with potassium acetate and its quantitative
and qualitative analysis were carried out using a scanning electron microscope. We found the
following mass content: C- (4.96+0.11)%; O - (55.54+0.73) %; Al - (14.55+0.08)%; Si - (14.84+0.08)%; P -
(0.2840.03) %; K- (4.18+0.03)%; Ti -( 0.52£0.02)%; Fe - (5.02£0.06)%. The surface analysis showed the
presence of potassium, coming probably from the intercalated compound. This means that a part of
the intercalant is absorbed on the grain surface, which is likely to affect the dielectric properties of the
material, resulting in a significant increase in DC conductivity. The presented photo (Fig. 1) shows
that intercalate grains have a diameter of few micrometers and are in the form of bent plates.

Fig. 2 presents a powder diffraction pattern of halloysite intercalate with potassium acetate. Two
characteristic reflections can be seen: one at 20 = 7.46°, associated with the intercalate, and the other at
20 = 12.28°, associated with natural halloysite. The calculated value of d001 of intercalate is 11.84 A
and that of halloysite is 7.20 A. XRD measurements of halloysite intercalate with potassium acetate
were already performed by Frost and co-workers (R. L. Frost et al., 2000a). The authors observed that
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Fig. 1. The microscopic picture of halloysite intercalate with potassium acetate taken with a scanning electron
microscope

after intercalation the lattice constant d001 increased to 13.97 A. However, they also showed that the
heating of the obtained intercalate to 250°C led to the occurrence of two forms, one characterized by
d001=11.72 A and the other, 8.89 A. The lattice constant d001 obtained in our experiment is close to
that of the larger d001 obtained by Frost et al. after heating. We suspect that the reason for the
difference in lattice constant of the material obtained by Frost and co-workers and the material
obtained in our investigations is another method of preparing the material. Frost et al. mixed the
halloysite with an aqueous solution of potassium acetate, whereas we used the mechanochemical
technique, which consists in grinding dry, solid components for a long time. The results show that the
method used in these investigations leads directly to a form with a lattice constant of 11.9 A. The
intercalate obtained by Frost et al. is likely to contain additional water in the interlayer spaces,
removed when heated to 250°C.

The efficiency of the mechanochemical method is not 100%, as evidenced by the presence of the
reflex corresponding to the constant d001 equal to 7.2 A (unmodified mineral). The comparison of the
reflex intensity d001 for the intercalate (11.84 A) and unmodified halloysite (7.20 A) allows us to
estimate the intercalation efficiency, according to the following formula (Stoch, 1974)

1(d001 int) . o
1(d001 int)+1(d001 hal) 100% (1)

Wxrp =

where I(d001 int) is the reflex intensity of intercalate and I(d001 hal), of halloysite. The efficiency of
intercalation was estimated at 50%. The expansion of layers caused by intercalation was equal to 11.84
A 720 A = 4.64 A. This value correlates with the dimensions of the intercalated molecule. The long
axis of acetate ions, estimated using HyperChem package, is 3.1 A, whereas a distance between
oxygen atoms, 2.1 A. Tt suggests that the acetate ion can even take a position perpendicular to the
layer. It is consistent with literature announcements (Frost, 1997). The large spacing of layers in
relation to the particle dimensions proves the possibility of movement of the intercalant.

Fig. 3 shows thermogravimetric results for the studied intercalate. Three weight drops are visible.

The first one starts practically at room temperature and extends to 146°C, and it is associated with the
mass loss of 1.8%. This mass loss is accompanied by an endothermic peak centered at 71°C. We
suspect that this process could be linked to the loss of water present in the pores of the mineral (Yuan
et al., 2012) and, possibly, the removal of some ethanol used in the preparation of the material. The
second mass loss (9.9%) is observed up to ca. 400°C and it is accompanied by an endothermic peak
centered at 353°C. Based on the results of the study of the kaolinite intercalate with potassium acetate
(Hofmann et al., 1934) it can be concluded that the release of water bound to potassium acetate as well
as the de-intercalation and partial escape of potassium acetate are responsible for this weight loss.
The third mass loss occurs between 400°C and 520°C (5.8%). The DTA curve shows two overlapping
endothermal peaks. The occurrence of two effects is presumed: dehydroxylation of halloysite and
decarboxylation of potassium acetate to carbonate (Ray L. Frost et al., 2000). Although potassium
acetate have left the inter-packet space, they could be absorbed on the surface of the grains. The total
weight loss of halloysite-potassium acetate intercalates from room temperature to 800°C is 18.9%.
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Fig. 2. Diffractogram of powder of halloysite intercalated with potassium acetate. A- d001 reflection of natural
halloysite, B - d001 reflection of halloysite intercalated by potassium acetate. Over 18° overlapping reflections of
d110 and d002 and possibly some reflections from gibbsite and quartz are visible. The spectrum presented on the

figure was obtained after subtraction of the background from the original spectrum
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Fig. 3. TGA and DTA curves for the intercalate of halloysite with potassium acetate. Solid line - mass loss, dotted
line - thermal effect

Studies of the surface of intercalate (electron microscopy), its internal structure (XRD), and thermal
transformations (TG) provide valuable information on the material structure. However, to learn about
the dynamics and movement of molecules, especially those placed in the mineral layers, we have
applied dielectric spectroscopy. Measurements of dielectric properties of pellet samples lead to
apparent quantities, depending on the packing of the samples. To make the results independent of the
packing, the Robinson formula was used (Robinson, 2004):

& = f’app—fair(l—fﬂ), & = €'app @)
® ®

where &, is the relative permittivity of air (e.,= 1), € - the real part of electric permittivity, ¢” - the
negative imaginary part of electric permittivity, € .pp — apparent value of real part of electric
permittivity (obtained directly from the experiments), ¢”.pp — apparent value of negative imaginary
part of electric permittivity (obtained directly from the experiments), ¢ = d./d; is the degree of filling of
the capacitor with a sample, calculated as the ratio between the density of sample d, (obtained from
the mass and geometry of the pellet) and d;, the estimated density of the crystalline intercalate. The
density of crystalline intercalate was estimated from XRD and TG measurements as follows:

d; =dp - (1 —wxgp) +dp ( ZXRD ) ) Z(())(())i((fiftl)) * WxrD 3

WXRD—WTG
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where d, is the density of halloysite (2.57 g/cm? (Mitra and Bhattacherjee, 1975)), d001(hal), d001(int) -
d001 constants of halloysite and intercalate, respectively, wrc - the ratio of the mass of the guest to the
mass of the whole sample (determined from the TG curve), wxrp - the efficiency of the intercalation
calculated from XRD using equation 1.

Figs. 4-7 show the dielectric dispersion and absorption curves. The first two illustrate the low
temperature range (-100°C + 50°C) and the next two, the high temperature range (50°C + 110°C). In our
opinion, two relaxation processes are observed, the first one visible in the low temperature range and
the other in the high temperature range. For the low temperature process, we can see that the
maximum of absorption curves moves towards higher frequencies as the temperature increases, and
for temperatures higher than 50°C it leaves the tested frequency window. For the high temperature
process the relaxation time is much longer and the absorption maxima move generally towards the
higher frequencies as the temperature increases, but this trend is not precisely fulfilled at all
temperatures. The temperature dependence of permittivity is shown in Figs. 8 and 9. The ¢’ increases
with an increase in temperature, but after the temperature of 40°C-50°C is exceeded, it starts to drop.
The ¢” also presents the maximum, and the position of the maximum is strongly dependent on
frequency.
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Fig. 4. Real component of electric permittivity as a function of frequency for selected temperatures - low
temperature region
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Fig. 5. Imaginary component of electric permittivity as a function of frequency for selected temperatures - low
temperature region
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Fig. 6. Real component of electric permittivity as a function of frequency for selected temperatures - high
temperature region
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Fig. 7. Imaginary component of electric permittivity as a function of frequency for selected temperatures - high
temperature region
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Fig. 8. Real component of electric permittivity as a function of temperature for selected frequencies
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Fig. 9. Negative imaginary component of electric permittivity as a function of temperature for selected
frequencies

In order to analyze the observed relaxations it will be useful to assume relaxation model and to fit
the theoretical equation to the experimental points. From the previous papers, devoted to the
halloysite-formamide intercalate (Adamczyk et al, 2014) and nontronite-formamide intercalate
(Kutacz and Orzechowski, 2019), we learnt that the relaxation had a complicated form consisting of
relaxation processes with distributed relaxation time (Havriliak-Negami equation), supplemented by
conductivity and polarization terms. The fitting of such equation requires matching a large number of
parameters which results in a large correlation among them and, consequently, in a high uncertainty
of the fitted parameters. We have decided to apply a simplified method of estimating the macroscopic
relaxation time, which consists in determining the frequency for which the maximum of the dielectric
loss curve (£"(f)) occurs. This method of estimation of the relaxation time relies on the assumption
about the mono-dispersive character of the relaxation process or a process with symmetrically
distributed relaxation time. We hope that the method used to estimate the relaxation time would
allow us to obtain qualitatively correct conclusions. Fig. 10 shows the relationship between the In(Tt)
(logarithm of the product of temperature and macroscopic relaxation time) and 1000/T for the
relaxation process observed at low temperatures. We can see that the Eyring equation was not met
over the entire temperature range. It is possible to match the obtained data with two lines
characterized by different activation energies: 71.7 k] /mol in the temperature interval from -43°C to -
25°C, and 36.7 k] /mol in the temperature interval from -25°C to 45°C.
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Fig. 10. In(T-1) as a function of 1000/ T for halloysite intercalate with potassium acetate in the temperature range -
42.6°C+45.1°C



242 Physicochem. Probl. Miner. Process., 56(6), 2020, 235-243

In our opinion, the relaxation characterized by 71.7 k] /mol activation energy could be linked to the
intercalated potassium acetate. It was concluded from Raman studies that acetate anions were bound
both to the siloxane tetrahedral layer and gibbsite-like layers (Frost, 1997). The relatively large
activation energy of dielectric relaxation confirms the qualitatively firm fixing of acetate ions between
the layers. The relaxation dominant in the dielectric spectrum in the temperature range -22.6°C +
45.1°C and characterized by an activation energy of 36.7 kJ/mol can be associated with water present
in the halloysite layers. A similar process was also found in natural halloysite (Adamczyk, 2014).

In Fig. 11 we analyzed the relaxation time for the process observed in the high temperature range
71-107°C. The Eyring equation is fulfilled within a limited temperature range only, from 83.5°C to
99.0°C. The activation energy is 83.5 kJ/mol. We linked this relaxation once again to the presence of
potassium acetate, as observed at the temperature range from -43°C to -25°C, and then hidden by the
relaxation of water. The estimated activation energy is even higher than before (71.7 kJ/mol). The
removal of water probably makes the movement of acetate molecules more difficult.
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Fig. 11. In(T-1) as a function of 1000/ T for halloysite-potassium acetate intercalate in the temperature range
71 +107.1°C

4. Conclusions

The intercalate of halloysite with potassium acetate obtained by the mechanochemical method from
dry components is different from the intercalate obtained by the wet method (R. L. Frost et al., 2000a).
However, it appears that the lattice constant d001 of the intercalate obtained mechanochemically is
similar to one of the forms of intercalate obtained by the wet method when dried at 250°C.

The dielectric experiments have shown that the guest particles retain considerable freedom of
movement under the influence of an external electric field. It is difficult to suppose that these are
reorientations; they should rather be considered as the wide-angle wagging of particles or ions bound
to the mineral layers. In the dielectric spectrum, water molecules bound in the inter-packet spaces are
also visible.
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