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China, New Zealand, Japan, South Korea, and Turkey, have 
abundant natural deposits of halloysite, which is easily and 
cheaply mined [2, 4, 5]. Tetrahedral Si − O and octahedral 
Al − O layers make up the two-layered aluminosilicate 
structure of halloysite, and these two layers are separated 
from one another by a monolayer of interlayer water mol-
ecules [2, 6]. As halloysite is a layer-structured mineral, it 
has two main groups, the hydrated form (with an interlayer 
spacing of 10 Å) with the formula Al2Si2O5(OH)4.2H2O and 
the anhydrous form (with an interlayer spacing of 7 Å) with 
the formula Al2Si2O5(OH)4 [1, 2, 4, 7]. The formation of the 
tubular structure in halloysite is actually the result of atomic 
scale stresses in the unit cell of the mineral. There are two 
types of sheet in the crystal structure of halloysite, tetra-
hedral (a = 5.02 Å, b = 9.164 Å) and octahedral (a = 5.066 
Å, b = 8.655 Å) sheets [2]. These sheets are composed of 
different elements, including silicon (Si), aluminium (Al) 
and oxygen (O), and have different sizes and geometries. 
Typically, halloysite nanotubes are between 0.2 and 3 μm in 
length, with an outer diameter between 30 and 190 nm and 
an inner diameter between 10 and 100 nm [2, 4, 8, 9]. Hal-
loysite and halloysite-based nanomaterials are widely used 
due to their tubular structure, unique surface properties, 

Introduction

Halloysite is a naturally occurring clay mineral that is physi-
cally and chemically analogous to kaolinite, dickite, or nac-
rite but differs in that it has a hollow microtubular structure 
rather than a stacked plate-like structure. Halloysite prin-
cipally occurs in two different morphologies as hydrated 
form and anhydrous form [1]. Contrary to kaolinite, it is 
thought that the cause of this is the presence of water in the 
interlayer space [1–3]. Halloysite can be found in nature as 
tubular, plate, or spherical minerals due to the variations in 
geological formation, location, and crystallization mecha-
nisms. The most intriguing of these various morphologies 
typically has a tubular form. Due to their hollow tubular 
structure, nanoscale diameter, specialized surface area, 
and unique surface properties, halloysite nanotubes have 
garnered a lot of attention Numerous nations, including 
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abundance in many countries, and economic viability. The 
uses for halloysite are numerous and diverse [2, 5]. Halloy-
site has been widely used for a variety of applications, such as 
antibacterial [10–13], drug delivery [14–18], enviromental 
and biomedical [19–21], energy storage [22–25] and adsor-
bent [26–29] uses because of its non-hazardous nature, ease 
of accessibility, hollow tubular structure, and large surface 
area. Furthermore, halloysite nanotubes have been applied 
in catalytic and technological applications in addition to 
being widely used in numerous fields of materials science 
and nanotechnology [30–35]. Recently, the effect of the acid 
treatment of halloysite has received special attention from 
many researchers [36–40]. Acid treatment is known an effec-
tive chemical procedure for the improvement of the surface 
area and catalytic properties of clay minerals [41, 42]. The 
use of different acids to treat clay minerals has been the sub-
ject of numerous studies [39–43]. The objective of the cur-
rent study is to investigate the physicochemical behaviors of 
naturally occurring and hydrochloric acid-treated calcined 
halloysite nanotubes with respect to calcination temperature 
and acid concentration. The process of preparing calcined 
halloysite involves several important steps to ensure that the 
raw material is well-prepared for the subsequent calcination 
process. Calcination typically involves heating the prepared 
material at specific temperatures in a controlled atmosphere 
to drive off volatile components, water and other impuri-
ties. The calcination process transforms the raw material 
into calcined halloysite with altered properties, which can 
be used for a variety of industrial and scientific applications, 
such as catalyst supports, adsorbents, and reinforcing fill-
ers in polymers. The effects of low concentrations of acid 
treatment after calcining at two different temperatures on 
the structure, morphology, and pore characteristics of hal-
loysite nanotubes were examined using the proper analysis 
techniques. After being calcined at 250 and 600 ˚C, halloy-
site nanotubes were treated to 0.5 M, 1 M, and 2 M concen-
trations of hydrochloric acid. Reduced acid concentrations 
were used to limit the degree of chemical modification and 
prevent the nanotubes from dissolving too much. To control 
the hydrochloric acid’s impact on the substances’ tubular 
structure, the acid’s concentration has been changed. The 
acid treatment and calcination processes used can provide 
significant information on the structure, morphology and 
pore characteristics of halloysite nanotubes, which are criti-
cal for various applications. The methods used in this study 
are beneficial in tailoring the nanotubes for specific applica-
tions while maintaining their structural integrity. It’s impor-
tant to note that maintaining the tubular structure may be 
desirable in certain applications, so the choice of treatment 
conditions should align with the intended use of the nano-
tubes. Overall, a thorough characterization and analysis of 
the halloysite nanotubes after different treatment conditions 

are essential for gaining a comprehensive understanding of 
how these treatments affect their physical characteristics for 
making informed decisions about their use and for optimiz-
ing their performance in various applications.

Experimental procedure

Synthesis of treated halloysite nanotubes

Halloysite nanotubes (HNTs) were obtained from Eczacıbasi 
Esan Co Ltd., Turkey. All of the chemicals used for the 
synthesis and spectroscopic studies were purchased from 
Sigma-Aldrich Chemie GmbH. The chemical composition 
of raw halloysite is given as follows: SiO2 43.30%, Al2O3 
38.40%, Fe2O3 0.80%, TiO2 0.10%, CaO 0.08%, MgO 
0.12%, Na2O 0.27%, K2O 0.12%, LOI 16.81%. The calci-
nation halloysite preparation process was used in the pres-
ent study. Halloysite was first wet milled using a laboratory 
jar mill and the slurry was screened with a 45-micron mesh. 
After grinding the raw materials, the slurry was dried at 100 
˚C for 24 h. For granulation of the dried powders, they were 
moistened by spraying water on them. The granules formed 
were passed through 250-micron sieves to collect between 
them. After granulation, the powders were calcined at 250 
and 600 ˚C with a heating cycle of 10 ˚C/min for 2 h and 
then left to cool to room temperature in a desiccator. The 
outlines of the specific process of preparing calcined hal-
loysite are wet milling, sieving, drying and granulation are 
steps that help prepare the raw material for calcination. The 
calcination process itself, conducted at two different tem-
peratures, is crucial for altering the properties of halloysite 
according to the study’s objectives. The overall process 
aims to create calcined halloysite with controlled properties 
for further experimentation or application in various fields. 
The natural halloysite powder was first calcined in a pro-
gramed, temperature-controlled muffle furnace at two dif-
ferent temperatures (250 and 600 ˚C) for 2 h and then left to 
cool to room temperature in a desiccator. The calcined hal-
loysite nanotubes were named C1HNT (at 250 ˚C 2 h) and 
C2HNT (at 600 ˚C 2 h). HNT is the name given to untreated 
natural halloysite nanotube. At room temperature, 10 g of 
the precalcined halloysite powder were added to 100 mL 
of a hydrochloric acid solution of various concentrations 
(0.5 M, 1 M, and 2 M). The obtained product was stirred for 
2 h, and then was filtered, washed by distilled water until 
it reached a pH ≈ 6.0, and dried in an oven at 100 ˚C. The 
filtered product is washed with distilled water until the pH 
of the product is approximately 6.0. This step is crucial as it 
helps to remove any residual chemicals, impurities or acidic 
or alkaline substances. A pH of 6.0 indicates a slightly acidic 
solution, which is the desired condition for the final product. 
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Halloysite nanotubes treated with 0.5  M, 1  M, and 2  M 
HCl solutions after being calcined at 250 ˚C were named 
C1HNT0.5, C1HNT1 and C1HNT2, respectively. Addition-
ally, halloysite nanotubes treated with 0.5 M, 1 M, and 2 M 
HCl solutions after being calcined at 600 ˚C were named 
C2HNT0.5, C2HNT1 and C2HNT2, respectively.

Characterization methods

The characterization of the natural, calcined halloysite, and 
acid-treated calcined halloysite nanotubes was done using 
X-ray diffraction (XRD), scanning electron microscopy 
(SEM), Fourier transformed infrared spectroscopy (FT-
IR), nitrogen adsorption and desorption (BET), and thermal 
analysis (TGA-DTA) methods. The X-ray diffraction pat-
terns were obtained at room temperature using a BRUKER 
D8 Advance powder diffractometer with CuKα target at 
40 kV and 40 mA in the range of 5 ֩⩽ 2θ ⩽ 80 ֩. The morphol-
ogy of the nanotubes was evaluated with ZEISS Ultraplus 
model field emission scanning electron microscopy (SEM). 

Prior to examination, the samples were coated with gold 
using a sputter coater to prevent charging on the surface. 
The FT-IR spectra of the samples were recorded in the range 
of 4000 to 400 cm–1 using a Bruker Optics IFS 66v/s FT-IR 
spectrometer at a resolution of 2 cm− 1 in vacuum. The pel-
lets were prepared by mixing 1 mg of sample powder with 
100 mg of KBr and drying them at 70 ֩C for 24 h before 
used. Using a Micromeritics Tristar 3020 surface area and 
pore analyzer, specific surface areas and pore size distribu-
tions of samples were determined by nitrogen adsorption 
at 77 K using the Brunauer Emmett-Teller (BET) method 
and the Barrett-Joyner-Halenda (BJH) method, respectively. 
Thermal gravimetric analysis (TG–DTA) was carried out 
with a Hitachi Hi-Tech STA7200 TGA analyzer system. 
The thermal analysis was carried out over the temperature 
range from room temperature to 800 ֩C with a 1 ֩C/min heat-
ing rate under nitrogen flow. The XPS measurements were 
performed using a KRATOS ES300 spectrometer. The sys-
tem is equipped with a non-monochromatic Mg Kα X-ray 
source.

Results and discussion

X-ray diffraction analysis

There were no appreciable differences found in the XRD 
patterns of the calcined and acid-treated calcined products 
compared to those previously reported for halloysite (7 Å). 
The dehydrated state and tubular structure of the halloysite 
nanotube (7 Å) are confirmed by the.

diffraction angles seen at 2θ = 12.09˚, 20.24˚ and 24.85˚ 
in agreement with the information provided by other 
researchers. The absence of the peak at 2θ = 8.8˚ in the XRD 
patterns of the products provides additional evidence of the 
dehydrated state [15, 16]. As shown in Fig. 1, the observed 
characteristic reflection 2θ values and corresponding planes 
at 12֩ (001), 20֩ (100), 25֩ (002), 35֩ (110), 55֩ (210) and 63֩ 
(300) are consistent with the earlier report of halloysite-7 Å 
(JCPDS card no. 29-1487) [16, 44]. After annealing tem-
perature 600 ˚C, the XRD pattern have displayed noisy and 
the majority of the characteristic peaks of halloysite nano-
tube disappeared (Fig. 1). At the annealing temperature of 
600 ˚C, a broad diffraction peak is observed in the range of 
25–30˚ (2θ). The broad diffraction peak, identified as minor 
quartz, is probably due to the progressive amorphisation 
of the halloysite nanotube structure [43–46]. This behav-
ior is often attributed to dehydroxylation, a process where 
hydroxyl groups (OH) are released from the material’s struc-
ture at elevated temperatures. Halloysite is a natural mineral 
known for its tubular structure and the presence of hydroxyl Fig. 1  XRD patterns of (a) HNT, C1HNT, C1HNTC0.5, C1HNT1, 

C1HNT2, (b) HNT, C2HNT, C2HNT0.5, C2HNT1 and C2HNT2
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FT-IR spectroscopic analysis

Fourier transform infrared spectroscopy (FT-IR) is widely 
used in the field of geology and mineralogy because it pro-
vides valuable information about the molecular composition 
and structure of minerals [50–52]. Fourier transform infrared 
spectroscopy is a valuable analytical method for studying 
clay minerals, including water analysis. It is common prac-
tice to demonstrate the presence of the hydroxyl stretching 
and bending vibration frequencies in the halloysite’s infra-
red spectrum in order to obtain spectroscopic information 
about water in the structure. FT-IR spectroscopy is a power-
ful analytical technique that provides information about the 
functional groups and chemical bonds present in a sample 
[53]. FT-IR spectra display absorption bands at characteris-
tic wavenumbers that correspond to the vibrational modes 
of chemical bonds in the sample. By analyzing the positions 
and intensities of these absorption bands, it is possible to 
identify the functional groups that are present. Different 
types of chemical bonds can be identified based on the posi-
tion of the absorption bands. Changes in the FT-IR spectrum 
can indicate alterations in the material’s structure. It’s also 
important to compare the spectrum of the sample with refer-
ence spectra or known standards to make accurate structural 
identifications. The appearance or disappearance of peaks 
or shifts in absorption bands when comparing the FT-IR 
spectra of two samples may indicate structural changes or 
chemical transformations. The typical vibration modes of 
natural halloysite were visible in the.

FT-IR spectrum (Fig. 3). The observed bands at around 
3695 and 3623 cm− 1 are ascribed to the stretching vibration 
frequencies of the inner surface hydroxyl groups and inner 
hydroxyl groups, respectively [45, 47–49]. Furthermore, 
the broad band at about 3500 cm− 1 and the weak band at 
1640 cm− 1 are attributed to the physically adsorbed water’s 
O-H stretching and deformation, respectively [45, 47–49].

Specifically, the vibration modes of the skeletal bonds 
were seen below 1500 cm− 1. The bands at near 1120 and 
1030  cm− 1 are due to Si–O stretching vibration and the 
Si–O–Si in-plane stretching vibration, respectively [45, 
47–49]. The peak at 913 cm− 1 is ascribed to Al–O–H the 
inner-surface hydroxyl group. The peaks observed at 756 
and 689 cm− 1 are due to Si–O stretching. The three peaks at 
540, 468, and 433 cm− 1 are observed due to the deformation 
of Al–O–Si, Si–O–Si, and Si–O, respectively [45, 47–49]. 
There were no observed significant changes in the infrared 
spectra up to 600 ˚C (Fig. 3). The structural changes were 
observed in the infrared spectrum of halloysite nanotubes 
following calcination at 600 ˚C. In the case of calcination 
at 600 ˚C, the majority of the halloysite nanotubes’ char-
acteristic vibration peaks disappeared or broadened. The 
relationship between infrared vibrations and the amorphous 

groups on its surface. At higher temperatures, particularly 
around 600 ̊ C, these hydroxyl groups can start to dehydrox-
ylate, leading to the loss of these characteristic peaks in the 
spectrum. These hydroxyl groups are often associated with 
the crystal lattice of the mineral, and the dehydroxylation 
process somewhat alters the original crystalline structure 
[46]. These findings affirm that halloysite nanotube is amor-
phous at temperature 600 ˚C [45–48]. The XRD patterns 
of the acid-treated halloysite nanotubes resemble those of 
those calcined at two different temperatures (Fig. 1).

As the concentration of hydrochloric (HCl) acid 
increased, there was no noticeably different peak in the char-
acteristic peaks of calcined halloysite nanotubes. However, 
at the annealing temperature of 600 ˚C, a broad diffraction 
peak was observed in the range of 25–30˚ (2θ), with little 
increase in intensity with increasing hydrochloric acid con-
centration [45–48]. This obtained result is most likely due to 
the structure’s progressive amorphization. The current XRD 
results strongly support the fact that the crystal structure is 
maintained after the acid treatment. The obtained results are 
consistent with similar studies [45–49].

Scanning electron microscopy

The cylindrical tubular structures are visible in the SEM 
images of the naturally occurring, calcined, and acid-treated 
calcined halloysite nanotubes (Fig. 2). It is important to note 
that despite being subjected to acid treatment, nanotubes’ 
tubular structures remained unchanged, and agglomerates 
were discernible at higher concentrations. These findings 
have revealed that.

the tubular structure of halloysite nanotube is preserved 
very well during acid-treatment even after increasing of 
the acid concentration [46, 49]. The physical characteris-
tics of halloysite nanotubes become increasingly apparent 
as the acid concentration rises. The original tubular struc-
tures of the acid-treated samples are clearly visible, whereas 
samples calcined at 600 ˚C show more adhered and broken 
nanotubes (Fig. 2f-i). Additionally, the agglomerates in the 
samples calcined at 600 ˚C become apparent as the acid 
concentration is raised. The presence of adhered and bro-
ken nanotubes in the samples calcined at 600 ˚C indicates 
that this high-temperature treatment has a more pronounced 
impact on the nanotube structure. The sample calcined 
at 600 ˚C also give a tubular morphology, although the 
obtained tubes are damaged (Fig. 2f–i). This suggests that 
while the high temperature of 600 ˚C causes some structural 
damage to the halloysite nanotubes, it doesn’t completely 
destroy their tubular shape. The damaged tubes may still 
have some degree of integrity left, albeit with alterations 
or defects. The results of the XRD analysis support the as-
obtained findings.
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Fig. 2  Scanning electron micrographs of (a) HNT, (b) C1HNT, (c) C1HNTC0.5, (d) C1HNT1, (e) C1HNT2, (f) C2HNT, (g) C2HNT0.5, (h) 
C2HNT1 and (i) C2HNT2
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that the characteristic vibrational modes associated with 
crystalline structures are no longer present or are more 
poorly defined. The disappearance or broadening of peaks 
in the infrared spectrum indicates the amorphisation of hal-
loysite nanotubes and provides valuable information about 
the structural disorder induced by the calcination process 
[48]. In comparison to the infrared spectrum of an untreated 
halloysite nanotube, the calcined sample at 600 ˚C exhibits 

character in halloysite nanotubes lies in the observed 
changes in the infrared spectrum following calcination at 
600 ˚C. The observed changes in the infrared spectrum sug-
gest that the calcination at 600 ˚C has a profound impact on 
the molecular structure of halloysite nanotubes, leading to 
an almost amorphous and structurally disordered state [45, 
47, 48]. The disappearance or broadening of characteristic 
vibrational peaks in the infrared spectrum is an indication 

Fig. 3  Infrared spectra of (a) 
HNT, C1HNT, C1HNTC0.5, 
C1HNT1, C1HNT2, (b) HNT, 
C2HNT, C2HNT0.5, C2HNT1 
and C2HNT2
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Nitrogen adsorption-desorption and BET analysis

The nitrogen adsorption and desorption analyses of natu-
ral, calcined and calcined acid-treated halloysite nanotubes 
have been used to investigate the effect of the acid treatment 
process on the surface area and adsorption pore volume. The 
results show that the samples belong to isothermal type II 
with an H3 hysteresis loop, according to the International 
Union of Pure and Applied Chemistry (IUPAC), which is 
typical of mesoporous structures [44]. The hysteresis loops 
(Fig.  4) of natural halloysite, calcined, and calcined acid-
treated halloysites are observed between 0.5 and 0.9, which 
is associated with large pore sizes in the samples [45, 47, 
48].

The presence of both micropores and macropores is 
strongly supported by the observation of hysteresis loops at 
pressures greater than p/p0 = 0.5 (Fig. 4). The isotherms of 
calcined halloysite nanotubes at 250 ˚C and 600 ˚C showed 
identical pore size distribution curves (Fig. 4) [45, 47, 48]. 
Hysteresis loops demonstrate the preservation of mesopo-
rous structure in acid-treated halloysite nanotubes, which 
was also shown in SEM images (Fig.  2a-f) and pore size 
distribution curves (Fig. 5).

The pore volume and BET surface area values of natu-
ral and calcined acid treated halloysite nanotubes are sum-
marized in Table 1. Up to 600 ˚C, the BET surface area of 
halloysite remained relatively constant. Additionally, it is 
possible to see an increase in the mesopore and total vol-
umes of halloysite after acid treatment (Table 1). The acid 
treatment of halloysite nanotube increases their specific 
surface area and porosity. As the acid concentration rises, 
mesopores are further enlarged to become macropores, and 
this finding is obviously observed [36, 45, 47, 48]. The for-
mation of macropores is indicated by the larger BET surface 
area and pore volume of the acid-treated halloysite nano-
tubes. As a result, the acid treatment increases the mesopore 
volumes of halloysite [36, 43, 45–48].

The average pore size of natural and calcined halloy-
site nanotubes is range of 11.0–14.0  nm in diameter [45] 
(Table 1). The pore size distribution curves are multimodal 
for the studied samples, and the multimodal distribution of 
the curves demonstrates the presence of large pores in the 
treated sample [45–48]. For the sample that was calcined 
at 600 ˚C and has the most surface area, the curve shows 
more acute peaks. This outcome demonstrates that the treat-
ment with acid at a 2 M concentration may have caused the 
formation of regular porosity inside the calcined at 600 ˚C 
halloysite nanotube [46, 47]. The isotherm and pore size 
distribution curves made it possible to observe an increase 
in the specific surface areas and pore volumes after the acid 
treatment process in the calcined halloysite nanotubes.

a broad OH vibration band at about 3460 cm− 1. At 600 ˚C, 
halloysite is thought to be dehydroxylated, which causes 
this behavior. In particular, the disappearance of the char-
acteristic bands in the region 3700 − 3500  cm− 1 confirms 
the structure’s dehydroxylation [45, 47–49]. After being cal-
cined at 250 ˚C and treated with acid, no discernible change 
was noticed when the concentration of acid was raised in 
the infrared spectra. The examination of the infrared spectra 
of the acid treated samples at 600 ˚C reveal many bands 
are lost and is observed only one very broad OH vibration 
band at about 3460  cm− 1 compared to those of untreated 
halloysite nanotubes. On the other hand, the broadening 
of characteristic vibration peaks after calcination at 600 
˚C indicates a significant change in the material’s struc-
ture, moving from an ordered crystalline arrangement to a 
more disordered and amorphous state (Fig. 3). The stretch-
ing vibrations of Si–O and Al–O are usually observed in 
the range of 1200 − 800 cm− 1 [53]. The bending vibrations 
of Si–O and Al–O bonds are commonly found in the range 
of 400–700  cm− 1 [53]. The disappearance or broadening 
of these peaks in the infrared spectrum after calcination at 
600 ˚C probably indicates a change in the crystal structure 
due to processes such as amorphization or dehydroxylation 
[45–48]. The change of the crystal structure due to dehy-
droxylation or amorphization may result in the disappear-
ance or broadening of Si–O and Al–O vibrational modes. 
Treatment with HCl acid was first explored with a 0.5 M 
solution, but no modifications were observed in the spec-
troscopic properties of the calcined halloysite nanotubes 
at 600 ˚C. Even with the 2  M concentration, the infrared 
spectra of the samples did not observe significant variations 
with respect to the calcined halloysite nanotubes at 600 ˚C. 
No differences were observed in the infrared spectra, all of 
them showing the presence of this amorphous phase at 600 
˚C. The results of the infrared spectra suggest that despite 
the use of acid treatment, the concentrations used were not 
strong enough to cause significant changes in the absorption 
peaks of the halloysite nanotubes calcined at 250 and 600 
˚C [46, 47]. Based on the infrared spectroscopic data, it can 
be concluded that the acid treatment did not induce major 
changes in the structure or composition of the sample [46, 
47, 49]. This suggests that the acid treatment process, under 
these conditions, does not significantly alter the chemi-
cal composition or structural integrity of the nanotubes as 
evidenced by the infrared spectra. The preservation of the 
nanotube structure can be important in a variety of applica-
tions where the specific structure and properties of the nano-
tubes are desired.
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structure of calcined halloysite nanotubes did not change 
significantly at 250 ˚C suggests that the material remains 
relatively stable at this temperature. The first two endother-
mic peaks seen in the range of 50–300 ˚C in the TGA/DTA 
curves of natural and acid-treated calcined halloysite nano-
tubes (Fig. 6) may be caused by the loss of adsorbed and 
interlayer water [42–44, 46]. At this stage, it is possible to 
observe that the weight loss is greater for the hydrochloric 
acid-treated calcined halloysite nanotubes, indicating that 

Differential thermal analysis

Thermogravimetric analysis was carried out to assess the 
thermal stability of the natural and treated halloysite nano-
tubes under reaction conditions. When the the DTA and 
TGA curves of the samples were compared, it was found 
that the composition and structure of the calcined halloysite 
nanotube did not significantly change at 250 ˚C but did at 
600 ˚C (Fig. 6). The observation that the composition and 

Fig. 4  Nitrogen adsorption-
desorption isotherms of (a) 
HNT, C1HNT, C1HNTC0.5, 
C1HNT1, C1HNT2, (b) HNT, 
C2HNT, C2HNT0.5, C2HNT1 
and C2HNT2
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to changes in the endothermic peaks in the treated samples. 
The TGA curves of the natural, calcined and acid-treated 
halloysite nanotubes are consistent with the DTA results. 
When the TGA profiles of the natural and acid-treated cal-
cined halloysite nanotubes were compared, it was found that 
acid treatment increased the amount of physisorbed water 
and that it increased with an increase in acid concentra-
tion. This is attributed to the possibility that acid treatment 
increases surface area, as displayed by BET analysis. In 
addition, the weight loss of acid-treated calcined samples 
at 600 ˚C is a little higher compared to their counterparts 
at 250 ˚C. This may be attributed to the dehydroxylation of 
halloysite during acid treatment after precalcination [46]. In 
the TGA curves, the weight loss for samples that were cal-
cined at 600 ˚C was clearly discernible as a rapid loss at 200 
˚C, and the other one was observed as a continuous curve 
between 200 and 800 ˚C. It is possible to observe that the 
weight loss at the first stage is higher for HNTs calcined at 
600 ˚C and treated with hydrochloric acid, which suggests 
that these HNTs contain more adsorbed water due to their 
amorphous structure. As it can be seen, acid treatment after 
precalcination may have a significant impact on how much 
weight is lost during the thermal analysis. The changes 
observed at 600 ˚C indicate that this temperature is asso-
ciated with thermal events leading to dehydroxylation or 
amorphization of the halloysite nanotubes. The results indi-
cate that calcination at high temperatures and treatment with 
hydrochloric acid can reduce the degree of crystallisation 
of halloysite. Halloysite is an aluminosilicate mineral and 
at elevated temperatures dehydroxylation or amorphization 
processes may occur. The observed high mass loss may be 
due to structural changes such as dehydroxylation or amor-
phisation of the nanotubes. The above results have also been 
confirmed by XRD, SEM and FT-IR observations. It was 
also found that there was fairly good agreement between 
the thermogravimetric and XPS results. The TGA and DTA 
images of the natural and calcined halloysite nanotubes 
indicate that the mineral framework was preserved follow-
ing the thermal treatment (Fig. 6) [36, 37].

more water has been adsorbed onto these nanotubes as a 
result of the hydrochloric acid treatment.

This might be because acid treatment increased the 
amount of surface area, which increased the water adsorp-
tion. The second endothermic peak observed between 50 
and 300 ˚C may be related to the structural decomposition 
of halloysite [45, 48, 49]. The halloysite nanotube that was 
calcined at 600 ˚C did not exhibit the second endothermic 
peak between 50 and 300 ˚C. It is thought that this may be 
due to the amorphisation of the structure caused by calci-
nation at 600 ˚C [46]. The increase in acid concentration 
increased the structural decomposition of halloysite, leading 

Table 1  Textural properties of samples
Catalyst (Temperature ˚C) Surface Area (m²/g) Pore volume (cm³/g) Pore diameter (Å)
Natural HNT 99.3708 0.172605 139.597
CHNT (250 ˚C) 53.5105 0.153651 112.1522
CHNT (600 ˚C) 53.3572 0.158720 118.9870
C1HNT0.5 (250 ˚C) 102.4114 0.213919 125.034
C1HNT1 (250 ˚C) 121.9968 0.263271 111.145
C1HNT2 (250 ˚C) 160.7061 0.302649 91.611
C2HNT0.5 (600 ˚C) 378.4799 0.347753 95.713
C2HNT1 (600 ˚C) 384.0613 0.331672 88.308
C2HNT2 (600 ˚C) 392.8677 0.364051 89.693

Fig. 5  Pore size distribution curves of (a) HNT, C1HNT, C1HNTC0.5, 
C1HNT1, C1HNT2, (b) HNT, C2HNT, C2HNT0.5, C2HNT1 and 
C2HNT2
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[55, 57]. As the main aim of the present study is to inves-
tigate the influence of the calcination temperature and acid 
treatment on the sample’s chemical composition, the XPS 
spectra were also registered for the activated halloysite 
nanotubes in 2 M acid HCl at 250 and 600 °C (Fig. 7). It was 
observed from comparing the XPS spectra of the natural 
halloysite and acid-treated calcined halloysite samples that 
the intensity of peaks coming from Si and Al had changed 
(Fig. 7). No substantial changes were observed up to 250 
˚C. A comparison of the binding energies related to different 
photoelectron peaks with those of natural halloysite shows 
that calcination at 250 °C produces a similar atomic envi-
ronment, whereas calcination at 600 °C changes the config-
uration of the atoms around the environment (Fig. 7). This 
means that calcination at 600  °C has caused a change in 
the arrangement of the atoms, suggesting changes in bond-
ing, coordination, or the overall chemical structure of the 
halloysite material. Especially, the observation of nearly 
absent XPS peaks from aluminum (Al) in the halloysite 
nanotube structure at 600 ˚C suggests important informa-
tion about the structural changes and amorphization of the 
halloysite sample at elevated temperatures (at 600 ˚C). This 
result indicates that the crystal structure of the halloysite 
nanotubes has become amorphous at 600 ˚C, in agreement 
with the XRD results. However, the changes in the inten-
sity of the XPS peaks originating from aluminum suggest 
a reduction in the concentration of aluminum on the sur-
face of the halloysite nanotubes at higher temperatures. The 
results obtained with the XPS analysis show that at 600 ˚C 
calcination temperatures, the amount of aluminum atoms at 
the halloysite nanotube surface is significantly reduced. It 
can be concluded that there is a fairly good agreement at 
the peak positions for the natural halloysite and the sample 

XPS analysis

X-ray photoelectron spectroscopy (XPS) is an important 
technique used to characterize the surface properties of clay 
minerals. The influence of treatment with hydrochloric acid 
on the surfaces of halloysite nanotubes calcinated at two dif-
ferent temperatures was investigated by the XPS method. In 
the analysis of the XPS spectra of the samples studied, the 
binding energies of the photoelectron peaks were analysed 
using the carbon C1s photoelectron peak at 284.6  eV for 
calibration. A comparison of the XPS spectra of natural hal-
loysite and samples calcined at two different temperatures 
and activated with hydrochloric acid is shown in Fig. 7. The 
spectra show that the samples have aluminum (Al), silica 
(Si), oxygen (O) and carbon (C) elements (Fig. 7). In the 
XPS spectra of the natural halloysite (Fig. 7), the 2s and 2p 
bands of Si and Al, as expected depending on the chemi-
cal structure of halloysite, were observed in the range of 
0-150 eV [53–58]. In agreement with the XRD results no 
other minerals are present. Furthermore, no impurities were 
detected in the spectrum presented. As for most of the sam-
ples exposed to the atmosphere, a C 1s photoelectron peak 
with a binding energy of around 284.6 eV was also observed 
and used as an energy reference for the spectra [54–58].

The XPS spectra of the natural halloysite revealed that 
the Al 2p, Al 2s, Si 2p, Si 2s and O 2s peaks are positioned 
in the range of 0-200 eV, which indicates the presence of 
Al–O and Si–O bonds [56, 58]. The peaks of O 1s observed 
around 550  eV show the presence of the O–Si and O–Al 
bonds, which have been expected based on the chemical 
structure of natural halloysite [56, 58]. In addition, the other 
peak detected at around 1000 eV in the XPS spectrum of 
natural halloysite is assigned as the Auger peak (O KLL) 

Fig. 6  (a) TGA curves of HNT, 
C1HNT, C1HNTC0.5, C1HNT1, 
C1HNT2, (b) DTA curves of 
HNT, C1HNT, C1HNTC0.5, 
C1HNT1, C1HNT2, (c) TGA 
curves of HNT, C2HNT, 
C2HNT0.5, C2HNT1 and 
C2HNT2, (d) TGA curves of 
HNT, C2HNT, C2HNT0.5, 
C2HNT1 and C2HNT2
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The XPS results of the calcined and acid-treated halloysite 
nanotubes at 600 ˚C confirm the structure’s amorphization. 
The results of the XPS method confirm that the calcination 
temperature applied before acid treatment of the halloysite 
samples significantly affects the changes in the structure of 
the halloysite samples, which were also confirmed in the 
XRD analysis. The acid treatment after precalcination not 
only preserved the tubular structure but also allowed for 
an increase in the size of the specific surface area and vol-
ume of the adsorption pores, as demonstrated in SEM and 
nitrogen adsorption-desorption analyses. The FT-IR spectra 
show that acid treatments after calcination have no impor-
tant influence on the characteristic absorption bands of hal-
loysite and may be preserved in nanotubular structure. The 
nitrogen adsorption-desorption and pore size distribution 
analyses of the samples reveal that acid treatment increases 
surface area and pore volume. It was possible to see that 
acid treatment increased the surface area and pore volume 
of halloysite nanotubes. According to the TGA and DTA 
analyses, acid treatment increased the amount of adsorbed 
water and that amount increased in direct proportion to the 
acid concentration. It is thought that this further confirms 
the increase in surface area caused by acid treatment. As a 

calcined at 250 °C and then treated with acid. However, as 
a result of the acid treatment after the sample was calcined 
at 600 °C, some peaks have gone unobserved. The results 
of this study are significant for future research on chemical 
reactions involving halloysite nanotubes because they dem-
onstrate the viability of using the XPS technique to analyze 
halloysite nanotubes.

Conclusions

The effects of the acid treatment after precalcination on the 
structural and chemical properties of halloysite nanotubes 
have been studied. The obtained results confirm that the 
acid treatment at the chosen concentrations has helped the 
tubular structure of the halloysite to retain. This suggests 
that the halloysite nanotubes can withstand the selected 
acid treatment conditions, preserving their morphology and 
integrity. All of the observed XRD peaks for the halloysite 
samples are consistent with the reported values for halloy-
site-7 (JCPDS card no. 29-1487). The XRD results indicate 
that the crystalline structure of halloysite is stable up to 250 
˚C but becomes the amorphization of the structure at 600 ̊ C. 

Fig. 7  XPS spectra of (a) HNT, (b) C1HNTC2, (c) C2HNT2
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