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A B S T R A C T

In this work, Halloysite Nanotubes (HNTs) sourced from different geological deposits (Dragon mine and Latah 
County in the United States, Matauri Bay in New Zealand and Guelma in Algeria) were studied for the catalytic 
and photocatalytic degradations of model organic molecules, which are L (+) ascorbic acid and ibuprofen, 
respectively, in order to assess their distinct impacts on reactions activity. The nanoclays were fully characterized 
by different techniques (TGA, XRF, XRD, FTIR, ζ-potential, DLS, TEM, etc.) which enlightened differences in the 
morphological, thermal, chemical properties. As a direct consequence, the degradation of ascorbic was enhanced 
due to the presence of zinc and manganese oxide in the samples, whereas the photochemical degradation of 
ibuprofen, which was studied by using a photoreactor, was slowed down or speeded up depending on the 
particular clay used. These findings are crucial for the plethora of different applications and demonstrates the 
significant impact HNTs can exert on catalysis. This investigation opens up new perspectives of research for 
accurately selecting halloysite over other nanoclays.

1. Introduction

In recent years, nanoclays have gained interest due to their unique 
properties and their application in various fields [1,2]. Among them, 
halloysite stands out as one of the most used nanoclays, being chemi
cally similar to kaolinite while displaying a typical hollow nanotubular 
morphology [3].

HNTs are natural nanomaterials occurring from different deposits, 
with the largest ones being in New Zealand and Utah (U.S.). Additional 
deposits are sourced from Brazil, China, Thailand, and Turkey [4]. 
Initially described by Berthier as a 1:1 dioctahedral clay mineral within 
the kaolin group, halloysite shares a similar chemical composition 
compared to kaolin except for water content [5]. Its structural formula is 
Al2Si2O5(OH)4⋅n(H2O), being n = 2 or 0 depending on the number of 
water molecules in the interlayer, which result in the hydrated and 
dehydrated forms known as halloysite 10 Å and halloysite 7 Å, respec
tively. The dehydrated form can be obtained through heating or treat
ment in vacuum conditions [6]. Structurally, the nanoclay is composed 

of the alternation of a tetrahedral sheet of Si− O and an octahedral sheet 
of Al− OH [7,8]. The size of nanotubes varies depending on the extrac
tion site and the purification process, typically they have an internal 
diameter of 10–30 nm, an external diameter of 40–70 nm [9], and a 
length between 200 and 2000 nm [10,11].

The outer surface of HNTs carries a negative charge attributed to 
siloxane groups (Si-O-Si) whereas the inner core of the halloysite 
nanotube is positively charged due to the presence of aluminols (Al-OH) 
in the pH range from 2 to 8 [12]. Halloysite nanotubes find application 
in different fields including drug delivery [13–15], polymer technology 
[16–18], medical engineering [19,20], en zymatic immobilization [21], 
catalysis [22–26], removal of pollutants [27–29], food packaging and in 
the conservation of cultural heritage [30–32]. HNTs possess a unique 
shape with peculiar properties including the size of the lumen, which 
allows for controlled loading and release of active compounds, and a 
surface area that can overcome targeted modifications [33–35]. Also, 
this nanoclay can be considered a safe and biocompatible nanomaterial 
[36]. It is worth noting that halloysite endures morphological changes 
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when treated in basic or acidic environments [37]. Prolonged acid 
treatment leads to an increase in the internal diameter of the nanotubes 
due to the dissolution of the inner surface. Conversely, the decomposi
tion of HNTs in an alkaline medium results in the release of Si(IV) into 
the solution [38]. Another aspect that could influence the structure of 
HNTs is heating, in particular the treatment above 450 ◦C. Indeed at 
450–550 ◦C dehydroxylation occurs and at temperatures of 980–1000 ◦C 
a significant exothermic event has been observed, corresponding to the 
formation of a Al2O3-rich phase and the complete destruction of the 
tubular structure. Halloysite’s surface can be modified to improve its 
properties by introducing functional groups onto the surface [39]. It can 
be grafted with organosilanes or organophosphonic acid due to the 
presence of the siloxane groups including Si-OH groups at the edges of 
the nanotubes or in some defects [40,41]. This covalent functionaliza
tion also allows for the immobilization of the reactive organic groups 
onto the lumen. Surfactants, which typically consist of one or more polar 
groups and a long aliphatic chain, are commonly employed as modifiers 
in the synthesis of organoclay [42], leading to the immobilization of 
organic molecules and metallic nanoparticles for the design of halloysite 
based supports. This application was studied for the first time in 2004 
when halloysite was used for polystyrene degradation after acid treat
ment [43].

However, despite the possibility of using halloysite as a support for 
catalytic purposes [44,45], HNTs could have intrinsic catalytic activity 
that alters the final experimental results. In this work, halloysite samples 
from different deposits were studied to assess how they can differently 
influence reactions. Indeed, the physical properties of each halloysite 
depend on the deposit from which they are extracted, being the vari
ability attributed to different factors including chemical composition, 
crystal structure, effect of dehydration and degree of alterations. 
Furthermore, an interesting aspect is the influence of Fe content on 
particle morphology since platy particles are characterized by a large 
amount of Fe, whereas tubular shapes contain a lower concentration of 
Fe [46]. For instance, the effect of acid treatment was studied on three 
types of halloysite, revealing a reduction in crystallinity after treatment 
compared to HNTs from USA and from Camel Lake [47]. The structural 
properties of HNTs from different geological deposits were highlighted 
using Small Angle Neutron Scattering (SANS) and Electric Birefringence 
(EBR) experiments [48]. The SANS data showed different levels of 

polydispersion, distinct oscillations, and different specific surfaces. EBR 
was employed to assess the rotational mobility of nanotubes in this 
context.

However, the type of HNTs used may influence the results of the 
catalyzed reaction, giving an underestimation or overestimation of the 
experimental findings. For this reason, this research is aimed at inves
tigating how HNTs from different deposits can influence the reaction.

2. Experimental

2.1. Materials

Halloysite from Dragon Mine Utah (HNTs_DG) is a Sigma Aldrich 
product. Halloysite from Matauri Bay in New Zeland (HNTs_NZ) was 
provided by Imerys Ceramics, HNTs Hallo-Pure (HNTs_UP) were from I- 
Minerals and a fourth batch of halloysite was extracted from a deposit in 
Algeria (HNTs_AL). An image of HNTs_AL was obtained through TEM 
analysis, as shown in Fig. 1. The main characteristics of the different 
halloysite samples are reported in Table 1.

L (+) Ascorbic acid sodium salt (AA) was purchased from Fluka, 
while Ibuprofen (ibu) sodium salt is a Sigma–Aldrich product. Manga
nese Dioxide (purity ≥ 90 %) is produced by Fluka. Zinc oxide suspen
sion (20 wt% in H2O) was from Sigma-Aldrich. In this study, all the 
materials were used as received without further purification.

2.2. Degradation L (+) ascorbic acid

The degradation of L (+) ascorbic acid (AA) was followed using a UV 
spectrophotometer. Five AA solutions (3 × 10− 4 wt%) were prepared to 
have a visible peak at UV. A small amount of halloysite (0.001g) was 
deposited at the bottom of the cuvette. The degradation was monitored 
by taking measurements at various time intervals. Since the HNTs_NZ 
and HNTs_DG contain zinc and manganese, the degradation of ascorbic 
acid was conducted in the presence of zinc oxide and manganese diox
ide. These compounds were added to the ascorbic acid solution in the 
same stoichiometric quantities as the amounts of zinc and manganese 
found from the XRF analysis in the halloysite nanotubes. This procedure 
was conducted to determine whether these compounds could impact the 
degradation of ascorbic acid.

2.3. Photodegradation of ibuprofen

The degradation of ibuprofen was carried out with a photoreactor 
fitted with 8 Hg lamps irradiating at λ = 254 nm. A dispersion containing 
45.9 mg dm− 3 of ibuprofen and 0.1 g dm− 3 of HNTs was prepared and 
this procedure was repeated for each halloysite. Samples were collected 
at different time intervals and analyzed by HPLC to monitor the 
degradation of ibuprofen.

2.4. Adsorption of L (+) ascorbic acid and ibuprofen

Halloysite is a porous material capable of adsorbing molecules, this 
could potentially distort the concentration of both ascorbic acid and 
ibuprofen used in the experiments. Measurements of adsorption were 
conducted to determine whether AA was absorbed by the clays in water, 

Fig. 1. TEM image of HNTs_AL.

Table 1 
Characteristics of halloysite samples in this work.

Sample code HNTs_DG HNTs_NZ HNTs_UP HNTs_AL

Geological 
deposit

Dragon Mine Matauri Bay Latah 
County

Djebbel 
Debbagh

Locality Utah, North 
America

Northland, New 
Zealand

Idaho, 
United States

Guelma, 
Algeria

Surface area 64 m2g-1 [48] 28.6 m2g-1 [48] 88 m2g-1 

[49]
150 m2g-1 

[50]
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rather than being degraded. Specifically, four suspensions (HNTs_DG/ 
AA, HNTs_NZ/AA, HNTs_UP/AA, and HNTs_AL/AA) with 0.4 g dm− 3 of 
AA have been prepared and the respective halloysite nanotubes were 
added at a final clay concentration of 0.8 g dm− 3. The suspensions were 
stirred for 30 min at 25 ◦C, centrifuged and dried overnight under 
vacuum. Through the TGA it was possible to determine the amount of 
ascorbic acid absorbed by the nanotubes. Based on the rule of mixtures 
[51], the mass percentage of AA (CAA) can be expressed as: 

CAA = [(MD800(HNTs-AA) ⋅ 100) – (CHNTs⋅ MD800(HNTs))] / MD800(AA)   (1)

where MD800(AA) and MD800(HNTs) are the degraded matters at 800 ◦C for 
AA and HNTs, respectively, whereas CHNTs represents the mass per
centages of HNTs. The same procedure was conducted for ibuprofen to 
determine whether ibuprofen was adsorbed and not degraded by the 
clay. In this case, the concentration of ibuprofen was ca. 50 g dm− 3 

whereas the different nanoclays in water were kept constant at 0.8 g 
dm− 3. After stirring for 30 min at 25 ◦C, centrifuging and drying over
night under vacuum conditions, the amount of adsorbed drug was 
evaluated by TGA measuremets using the rule of mixtures, as described 
for AA.

2.5. Methods

Thermogravimetry analysis (TGA) was conducted by using a Q5000 
IR (TA Instruments) apparatus operating with N2 flow at 25 cm3 min− 1 

for the sample and 10 cm3 min− 1 for the balance, respectively. The mass 
of each sample was 4.0 ± 0.5 mg and the measurements were performed 
using platinum sample pans. The investigated temperature range was set 
from room temperature to 700 ◦C with a heating rate of 20 ◦C min− 1. 
The calibration was previously carried out based on the Curie temper
atures of standards [52].

X-ray Fluorescence Spectrometry (XRF) was carried out using an 
Olympus InnovX DS-2000 Delta Standard Alloy XRF Handheld Analyzer 
operating in the Alloy Plus analysis mode. The X-ray diffraction (XRD) 
analysis was conducted through a Rigaku (MiniFlex) diffractometer 
based on a copper Kα radiation source including a nickel filter. The 
patterns were recorded in the 2–70◦ range with a rate of 20◦ min− 1 and a 
step of 0.02◦. The voltage was 40 kV and the current was 15 mA.

ζ-potential and Dynamic Light Scattering (DLS) measurements were 
performed by Zetasizer Nano-ZS (Malvern Instruments) at 25 ◦C. As 
concerns ζ-potential measurements, a disposable folded capillary cell 
was used. Regarding DLS tests, the wavelength and the scattering angle 
were 632.8 nm and 173◦, respectively. The field-time autocorrelation 
functions were analyzed by ILT to obtain the distribution of the apparent 
hydrodynamic radii. Fourier transform infrared (FTIR) investigation 
was performed at room temperature through a Frontier FTIR spec
trometer (PerkinElmer). The spectra were recorded using 64 scans in the 
range between 4000 and 400 cm− 1, while the spectral resolution was set 
at 2 cm− 1. The experiments were conducted on KBr pellets with a 2 wt% 
of milled sample.

Photochemical reactions were carried out into 50 mL Quartz vessels, 
by using a Rayonet RPR-100 photoreactor, fitted with 8 Hg lamps irra
diating at λ = 254 nm and equipped with a merry-go-round apparatus. 
The HPLC analysis was performed, using an Agilent 1260 Infinity sys
tem, to identify ibuprofen degradation. Reversed-phase HPLC/ESI/Q- 
TOF HRMS experiments were performed using mixtures of water and 
acetonitrile of HPLC/MS grade as eluents with the addition of 0.1 % (v/ 
v) of formic acid. A reversed-phase C18 column (Luna Omega 5 μm Polar 
C18 150 × 2.1 mm) with a Phenomenex C18 security guard column (4 
mm × 3 mm) was used. The flow rate was 1 mL/min, and the column 
was set to 40 ◦C. The eluent composition was changed with a linear 
gradient. The initial eluent composition was 95 % of water and 5 % of 
acetonitrile. Then, in 10 min, the gradient was inverted and passed from 
5 % to 95 % of acetonitrile, finally, for the last 5 min, eluent turned to a 
gradient of 95 % of water and 5 % of acetonitrile. The injected volume 
was 10 μL. MS TIC and UV (225 nm) were used to monitor the eluate. 
Mass spectra were registered on an Agilent 6540 UHD accurate-mass Q- 
TOF spectrometer equipped with a Dual AJS ESI source working in 
positive mode. N2 was used as a desolvation gas at 300 ◦C and a flow rate 
of 9 L/min. The nebulizer was set to 45 psi. The Sheath gas temperature 
was set at 350 ◦C and a flow of 12 L/min. A potential of 3.5 kV was used 
on the capillary for positive ion mode. The fragmentor was set to 175 V. 
MS spectra were recorded in the 150–2000 m/z range. Ibuprofen 
degradation was determined using a calibration curve. Ibuprofen peak, 
eluiting at 5.35 min, was monitored by the UV absorption band at 225 
nm. Finally, UV–VIS spectra samples were recorded by a Specord S600 

Table 2 
The chemical composition (wt%) of nanoclays by XRF analysis.

Sample Al Si Fe Ni Zn Mn Si/Al

HNTs_DG 37.1 ± 0.8 58.9 ± 0.8 3.0 ± 0.2 0.07 ± 0.02 0.9 ± 0.1 0 1.59 ± 0.05
HNTs_NZ 32.7 ± 1.3 53.7 ± 1.1 1.7 ± 0.2 0 11.7 ± 0.4 0 1.64 ± 0.09
HNTs_UP 37.3 ± 0.7 50.8 ± 0.6 10.5 ± 0.3 0 1.4 ± 0.1 0 1.36 ± 0.04
HNTs_AL 35.1 ± 1.2 44.2 ± 0.9 2.8 ± 0.3 0.8 ± 0.1 4.2 ± 0.2 12.4 ± 0.5 1.25 ± 0.07

Fig. 2. XRD patterns of HNTs_AL, HNTs_UP, HNTs_NZ and HNTs_DG (the asterisk marks the reflection peak of manganese oxide).
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(Analytik, Jena, Germany) in the range between 200 and 400 nm using 
quartz cuvettes.

TEM investigation was conducted using a JEOL JEM-1400 Flash 
electron microscope, operating at an accelerating voltage of 120 kV. A 
droplet of 5 μL of HNTs dispersed in distilled water was deposited onto a 
carbon coated copper grid (CF200-CU UL EMS). Excess solution was 
meticulously removed with filter paper and the sample was air-dried at 
room temperature during one night before imaging.

3. Results and discussion

3.1. Characterization of nanonaclays

The chemical compositions of the halloysite samples were measured 
by XRF spectroscopy and they are reported in Table 2. The results ob
tained by XRF indicate that all nanoclays have different amounts of zinc 
and iron, which can increase the catalytic activity. It can be noted that 
HNTs_UP displays a high percentage of iron compared to the other clays 
and HNTs_NZ has 11.7 wt% of zinc in the chemical composition. It is 
worth noting that manganese can be found only in HNTs_AL, and as a 
consequence, this particular aspect is expected to enhance its catalytic 
properties. The highest aluminum to silicon ratio was measured for the 
HNTs_NZ sample.

The crystalline structure of halloysite nanotubes has been investi
gated by XRD. As can be noted, in each sample there is a typical 
reflection at 12.0◦ 2θ, corresponding to the basal distance (001) of 0.73 
nm [53]. The presence of this peak indicates that the clay is in the 
dehydrated 7 Å-form, as it is related to the spacing between the different 
layers of each nanotube. As shown in Fig. 2 the reflections peaks at 20.4◦

and 24.5◦ 2θ corresponding to the (100) and (002) basal spacing of 0.44 
and 0.35 nm distances, respectively, can be also found. In addition, XRD 
patterns of HNTs showed the presence of secondary phases such as 
quartz reflection at 20.80◦ 2θ in HNTs_NZ, 26,63◦ and 20.80◦ 2θ in 
HNTs_DG and at 26.40◦ 2θ in HNTs_AL [53,54]. The reflection peaks at 
35◦ and 57◦ 2θ correspond to (110) and (210) reflection plans. In 
particular, the pattern of HNTs_AL is characterized by a peak at ca. 30◦

2θ corresponding to the (110) reflection of β-MnO2 [55,56].
FT-IR was also utilized to investigate the presence of MnO2 on the 

clay composition, as shown in Fig. 3, the band at 3450 cm− 1 is the 
stretching mode of Mn-OH groups and an intense band at 460 cm− 1 is 
the stretching mode of MnO6 octahedra [55,57]. The spectrum exhibits 
the typical signal of halloysite, with two bands at 3695 and 3620 cm− 1 

attributed to O-H stretching vibration of the Al2OH group located within 
the lumen of the nanotubes. The spectrum also reveals band corre
sponding to the O-H bending of water at 1638 cm− 1, perpendicular Si-O 
stretching at 1114 cm− 1, in plane Si-O stretching at 1030 cm− 1, the 
deformation of inner hydroxyl groups at 911 cm− 1 and the Al-O-Si 
deformation at 536 cm− 1 [7,58].

Thermogravimetric analysis is an effective technique for studying 
material degradation under controlled atmospheres during a specified 

heating ramp [59]. The thermogravimetric parameters that have been 
focused are the mass loss at 150 ◦C (ML150), the mass residue at 700 ◦C 
(MR700) and the degraded matter at 700 ◦C (MD700), according to the 
equation [60]: 

MD700 = 100 - (MR700 + ML150)                                                    (2)

The thermogravimetric parameters for the different samples are re
ported in Table 3.

ML150 is related to the amount of water adsorbed at the surface of the 
nanoclay [57], it is possible to highlight that HNTs_DG has the highest 
water content compared to other clays. HNT_AL has a degraded matter 
at 700 ◦C higher than the other nanoclays, indicating the presence of 
organic material.

The differential thermal analysis (DTA) curves (Fig. S1 in Supporting 
Informations) exhibit a second endothermic peak in the 450–600 ◦C 
range corresponding to structural dehydroxylation of HNTs surface (TD). 
The variations in the position, shape and area of this peak are due to 
different nanoparticle sizes, crystallinity, type of isomorphous substi
tution and impurities [61]. Table 3 shows the dehydroxylation process 
of HNTs_AL occurs at low temperature around 386 ◦C and it is charac
terized by a lower mass loss compared to the other samples. This aspect 
could be connected to the size of nanoparticles, and consequently, their 
significant surface area, which plays a role in the dehydroxylation 
process. It should be mentioned that longer halloysite nanotubes can 
enhance the thermal stability of organic moieities due to the barrier 
effect towards the volatile products of degradation and to their entrap
ment into the hollow lumen, whose dimensions play a major role [60]. 
Moreover, HNTs_UP exhibits higher mass loss at 509 ◦C, which can be 
related to larger dimensions.

Hence, the surface charge of different nanoclays was also investi
gated by ζ potential measurements. As reported in Table 4, all samples 
have a negative zeta potential. As long as the particle size is concerned, it 

Fig. 3. FTIR spectra (on the left) and thermogravimetric curves (on the right) of HNTs_AL, HNTs_UP, HNTs_NZ and HNTs_DG.

Table 3 
Thermogravimetric parameters and DTA data of different halloysite.

Sample ML150 MR700 MD700 Derivative mass (%/◦C) TD (◦C)

HNTs_DG 2.6 83.5 13.8 0.16 484
HNTs_NZ 0.7 86.1 13.2 0.13 496
HNTs_UP 0.4 85.7 13.9 0.14 509
HNTs_AL 1.7 82.7 15.5 0.02 386

Table 4 
Zeta Potential and hydrodynamic diameter of different halloysite nanotubes.

Sample diameter (nm) ζ-Potential (mV)

HNTs_DG 305.8 ± 33.0 − 22.8 ± 0.7
HNTs_NZ 432.0 ± 47.0 − 24.5 ± 0.8
HNTs_UP 540.4 ± 49.1 − 26.5 ± 0.4
HNTs_AL 163.8 ± 65.7 − 25.5 ± 0.6
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was observed that HNTs _AL nanotubes possess smaller size compared to 
HNTs_UP, being their hydrodynamic diameter 164 and 540 nm, 
respectively.

3.2. L (+) ascorbic acid degradation

A preliminary test was conducted on the degradation of AA, which is 
a powerful antioxidant and therefore an unstable molecule, using the 
four different types of HNTs. As shown in Fig. 4, the concentration of the 
ascorbic acid in water is halved ca. 85 min. The degradation kinetics 
exhibit a zero-order trend, characterized by a constant rate independent 
of the reactant concentration. The reaction rate for zero-order reactions 
is given by: 

v= k × [AA]0 = k (3) 

Where v is the reaction speed, k is the kinetics constant and [AA]0 is the 
initial concentration of AA. It can be observed that HNTs_AL is the most 
efficient catalyst, among the clays based ones, since it degraded the 
ascorbic acid by ca. 90 % within 80 min. This is most likely due to the 
presence of metals oxides in the sample, as shown by XRF analysis. A 
good performance can also be evaluated for HNTs_NZ, probably due to 
the presence of zinc. According to this result, the rate constant is 9.28 ×
10− 8 M s− 1, which is twice higher than that observed for the solution of 
ascorbic acid in water (5.16 × 10− 8 M s− 1), as can be seen in Table 5. 
Therefore, the degradation of ascorbic acid with ZnO and MnO2 in water 
has been measured. Herein, zinc oxide accelerates the degradation of 
ascorbic acid, whereas manganese dioxide has the same performance as 
HNTs_UP. Conversely, HNTs_DG and HNTs_UP appear to slow down the 
degradation of ascorbic acid, with rate costants 5.67 × 10− 8 M s− 1 and 
8.25 × 10− 8 M s− 1, respectively. After 80 min, they degrade ascorbic 
acid by 68 % and 72 %. However, the performances of all four samples 
are better compared to pure AA in water, which degrades no more than 
55 % within the same timeframe.

Interestingly, it should be noted that a correlation between the 
concentrations of Zn and Mn in each HNTs and the rate constant 
observed during catalysis could exists. Indeed, as the cumulative con
centration of Zn and Mn increases, there is a concomitant increase in the 
velocity constant (k). For instance, HNTs_AL, which contains 4.2 % Zn 
and 12.4 % Mn, exhibits a higher kinetic constant compared to 
HNTs_DG, which contains 0.9 % Zn and 0 % of Mn in its chemical 
composition. Thus confirming that its increased catalytic activity is due 

Fig. 4. (a) degradation of ascorbic acid with different HNTs, (b) % zinc and manganese in the composition of nanoclays.

Table 5 
Loading of ascorbic acid and kinetic constants.

Sample % loading k (M⋅s− 1)

HNTs_DG/AA 3.18 (5.67 ± 0.34) x 10− 8

HNTs_NZ/AA 2.68 (9.28 ± 0.38) x 10− 8

HNTs_UP/AA 2.65 (8.25 ± 0.37) x 10− 8

HNTs_AL/AA 3.62 (1.08 ± 0.04) x 10− 7

AA / (5.16 ± 0.17) x 10− 8

ZnO / (1.18 ± 0.05) x 10− 7

MnO2 / (8.25 ± 0.19) x 10− 8

Fig. 5. Photodegradation of ibuprofen, HNTs_DG/ibu, HNTs_NZ/ibu, 
HNTs_UP/ibu and HNTs_AL/ibu.
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to the synergistic effects arising from both Mn and Zn.
In addition, measurements of adsorption were carried out to deter

mine whether ascorbic acid was absorbed and not degraded by clays. As 
can be seen in Table 5, the samples show loading of ca. 3 %, in partic
ular, HNTs_AL/AA displays 3.62 % of ascorbic acid. However, the 
degradation efficiency is not affected by these removals.

3.3. Photodegradation of ibuprofen

The percentage degradation of ibuprofen was calculated by the 
following equation: 

Ibu(%)=
(C0 − Ct)

C0
⋅100 (4) 

Where Co and Ct represent the concentration of ibuprofen before and 
after the irradiation. The degradation follows a pseudo first-order ki
netic model, the rate equation can be given as the following equation 
[62]: 

v= k × [Ibu] (5) 

Where v is the rate, k is the kinetics constant and [ibu] is the concen
tration of ibuprofen. In Fig. 5, it can be seen how the degradation has 
different trends according to the type of halloysite used. In particular, 
HNTs_DG accelerates the degradation process; within 20 min, all 
ibuprofen was degraded with a rate constant of 2.95 × 10− 3 s− 1 

(Table 6). Ibuprofen in water and in presence of HNTs_AL exhibits the 
same trend, after 20 min, the concentration of ibuprofen is 7.5 %. On the 
contrary, HNTs_NZ and HNTs_UP delay the photodegradation, after 20 
min of UV irradiation, the concentration of ibuprofen is still 17 % and 
22.3 %, respectively with a rate constant of 1.37 × 10− 3 s− 1 and 1.30 ×
10− 3 s− 1. This is an evidence of the different influence of the nanoclays 
on the reaction efficiency. As observed for ascorbic acid, measurements 
of adsorption were carried out to determine whether ibuprofen was 
absorbed and not degraded by clays. In this instance, the percentages of 
ibuprofen loading are considered negligible. As shown in Table 6 the 
loading is ca. 1 % or lower.

4. Conclusions

This work investigated the structural properties of halloysite nano
tubes provided from different geological deposits. In particular, we have 
focused on the role that untreated HNTs can play as a support in catal
ysis. While halloysite nanotubes share a common crystalline structure, 
the selection of a specific type should not be underestimated. We have 
examined this aspect by investigating the degradation of ascorbic acid 
and photodegradation of ibuprofen. In the first case, we can highlight 
the better catalytic activity of HNTs_NZ and HNTs_AL due to the pres
ence of zinc and manganese oxide in their chemical composition. For 
what concerns the photocatalysis of ibuprofen, there is a slowdown in 
the reaction rate with HNTs_UP and HNTs_NZ; conversely, it seems that 
HNTs_DG allows the degradation of ibuprofen in less than 20 min. This 
demonstrates the crucial role that the clay can have on catalysis. This 
investigation opens up new perspectives of research for accurately 
selecting halloysite over other nanoclay options.
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