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Abstract: This study explores the use of Halloysite NanoTubes (HNTs) as photocatalysts capable of
decomposing organic dyes under exposure to visible or ultraviolet light. Through a systematic series
of photocatalytic experiments, we unveil that the photodegradation of Rhodamine B, used as a model
cationic dye, is significantly accelerated in the presence of HNTs. We observe that the extent of RhB
photocatalytic degradation in 100 min in the presence of the HNTs is ~four times higher compared to
that of bare RhB. Moreover, under optimized conditions, the as-extracted photodegradation rate of
RhB (~0.0022 min~1) is comparable to that of the previously reported work on the photodegradation
of RhB in the presence of tubular nanostructures. A parallel effect is observed for anionic Coumarin
photodegradation, albeit less efficiently. Our analysis attributes this discrepancy to the distinct charge
states of the two dyes, influencing their attachment sites on HNTs. Cationic Rhodamine B molecules
preferentially attach to the outer surface of HNTs, while anionic Coumarin molecules tend to attach
to the inner surface. By leveraging the unique properties of HNTs, a family of naturally occurring
nanotube structures, this research offers valuable insights for optimizing photocatalytic systems in
the pursuit of effective and eco-friendly solutions for environmental remediation.

Keywords: halloysite nanotubes; natural material; photocatalysis; dyes degradation; charge selectivity

1. Introduction

Environmental contamination by toxic compounds produced by different industrial
sectors is a societal issue of key importance, recently aggravated by growing worldwide
industrialization and population increase. Organic pollutants and dyes are among the most
harmful components spilled into the environment by industrial activities [1-3]. Serious
health problems result from the careless spreading of these pollutants into the environment,
especially organic molecules with high aqueous solubility. Hence, the need to adopt new
and effective strategies to overcome these challenges so as to preserve living ecosystems.

In this regard, nanomaterials can serve the purpose of photocatalysts, activated by
sunlight or even by indoor illumination, to achieve the effective degradation of toxic organic
waste and thus the refinement of wastewater [4,5]. Photocatalytic decomposition can be
driven by nanomaterials through a variety of processes, most importantly the production of
reactive oxygen species [6]. Apart from efficiency considerations, several key factors need
to be considered when designing photocatalysts. For instance, they should be non-toxic,
photostable, cheap, and available. Additionally, the degree of flexibility in the practical
application of a photocatalyst also depends on how easily it could be deposited /grown on
an inexpensive substrate (glass, cotton, etc.). From the photochemical point of view, the
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optical band gap of the photocatalytic material, charge mobility, and surface-to-volume ratio
are the most relevant factors controlling their action. Theoretically, when the nanomaterial
absorbs photons of a proper wavelength, short enough to overcome the bandgap, the
generated photo-electrons and holes move to its outer surface and promote photochemical
reactions which are ultimately responsible for photocatalytic function [6-8].

Considering the above-mentioned aspects, various semiconductor nanostructures and
nanocomposite materials have become well-known as promising light-harvesting materials
for photocatalytic applications, although the actual performance of many of them in real-
world applications remains limited. A wide variety of semiconductor nanomaterials such
as Titanium dioxide (TiO5), Silicon dioxide (S5iO,), Bismuth vanadate (BiVO,), ruthenium
(Ru)-doped indium oxide (Ru-InyO3), Zinc Oxide (ZnO), Cadmium sulphide (CdS), and
Tungsten trioxide (WQ3), are being extensively studied for wastewater treatment owing
to their meaningful UV light-driven photocatalytic responses [8-12]. However, these
photocatalysts are often reported to display toxicity or different forms of chemical instability.
For instance, aggregation is a noticeable phenomenon for TiO, nanoparticles [13], with
detrimental consequences on their photocatalytic performance [14]. Additionally, some
of these traditional semiconductor photocatalysts (e.g., BiVOy, Ru-In,Os, and WOs3) are
not cheap considering their complicated synthesis procedures, and secondary pollution
generated during the photocatalytic application of the artificially synthesized metal oxides
and sulphides is another concerning side-effect of these emerging technologies [15,16].

A possible strategy that could be used to overcome these challenges is identifying
natural earth-abundant minerals which can be directly employed in photocatalytic, photo-
synthetic, or energy-harvesting applications. The utilisation of green chemistry and clean
technology is a fruitful way to synthesize potential photocatalyst which can reduce the
amount of secondary pollution. In particular, natural materials may eliminate or substan-
tially reduce the effects of secondary pollution during their photocatalytic applications [4].
Actually, natural minerals having a large surface area and strong adsorption property
are also useful as carriers of other photocatalyst materials. Notably, the attachment of a
photocatalyst on the surface of natural minerals leads to more surface active sites which
can improve the photocatalytic activity [4]. Thus, the efficiency of the photodecomposition
of organic pollutants using natural materials as the photocatalyst is reported to be high
compared to that of the traditional semiconductor materials [14], and it produces H,O and
CO; as non-toxic secondary byproducts. In this respect, halloysite nanotubes (HNTs) are
an interesting family of naturally occurring nanomaterials which are chemically related to
other natural silicate minerals, and display favourable structural and chemical properties
useful for a range of applications [17-19]. In general, HNTs form a hollow tubular-shaped
spiral layer of aluminosilicate with the basic unit cell formula of Al,Si;O5(OH)4-nH,O [17].
Importantly, different deposits worldwide offer HNTs with peculiar morphologies, purity,
and size distributions [20], and therefore it is considered to be a cheap and abundantly
available nanomaterial for a true mass-scale industrial application [21,22]. Compared to
other nanotubular particles, such as carbon nanotubes, the world supply of halloysite clay
is over 50,000 tons per year [21]. Therefore, as an abundantly available low-cost natural
mineral, HNTs may eliminate or substantially reduce the effects of secondary pollution
during their photocatalytic applications. Also, HNTs may provide an alternative to expen-
sive carbon nanotubes due to their remarkable chemical stability, structure, high specific
surface area, and easy dispersibility [23]. Additionally, HNTs can be used as building blocks
for functional composite nanomaterials, assembled via specific and aspecific interactions
taking place at their surfaces.

So far, the application of HNTs in photocatalysis has been mostly limited to their
use as a substrate for different photocatalysts, or as a performance booster. For example,
Mishra et al. [24] have reported on the size- and shape-dependent application of naturally
occurring HNTs as a support for TiO, nanoparticles as photocatalysts, finding a superior
photocatalytic performance in comparison to TiO, deposited on a PVC membrane. Another
recent study demonstrated the development of a highly efficient photocatalyst comprised
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of HNTs-ZnO/GO for the degradation of RhB dye, and 95% photodegradation under
UV irradiation was reported [25]. HNTs are also reportedly capable of tuning the optical
bandgap of a semiconductor photocatalyst, granting control over the charge recombination
process [14].

Interestingly, HNTs can have optical bandgap of ~4 eV, which is more or less similar
to a semiconductor photocatalyst such as ZnO [14]. In addition, negative and positive
charges exposed at chemically distinct outer and inner HNT surfaces [18] make them
capable of charge-selective dye adsorption [26]. Therefore, one may expect HNTs to be
inherently capable of photocatalytic activity, at least under UV irradiation, towards some
types of organic pollutants, and selectivity may be achieved by using HNTs obtained from
different natural resources. So far, HNTs have been used as substrates to enhance the
photocatalytic performance of conversional semiconductor photocatalysts e.g., ZnO and
TiO, nanoparticles [14]. However, focused research on the charge-selective adsorption of
organic contaminants over HNT surfaces, and their subsequent photo-degradation under
UV irradiation, remains very rare [26].

Photodegradation of cationic RhB and anionic Coumarin 343 (C343) in the presence of
unmodified HNTs is reported in this study. A significant acceleration in the photodegrada-
tion of RhB is reported, and this effect is attributed to its preferential attachment to the outer
surface of HNTs. Notably, the photocatalytic efficiency is also dependent on the inherent
chemical composition of HNTs. Under optimized conditions, the as-extracted order of k
(~0.0022 min~!) is comparable to that of the previously reported work on photodegrada-
tion of RhB in the presence of tubular nanostructures. In contrast, C343 photodegradation
occurs less prominently and it is associated with attachment to the inner surface of Hal-
loysites nanotubes. The findings have implications for the development of environmentally
friendly and sustainable approaches for wastewater treatment and pollutant remediation,
leveraging the unique properties of naturally occurring nanotube structures.

2. Materials and Methods
2.1. Halloysite Nanotubes (HNT5)

HNT samples are naturally occurring, and are similar to those used as light scatterers
in our previous research [17]. The halloysite sample obtained from Latah County deposit
in NW Idaho, North America, and supplied by I-Minerals Inc (Vancouver, BC, Canada). is
named S1 (90% HNTs in weight). The halloysite sample collected from Jarrahdale (Western
Australia) from a deeply weathered dolerite profile is named S2. Briefly, the formation of
both of these HN'Ts occurs due to in situ weathering of alumino-silicate minerals. Although,
it has a relatively high level (ca. 20%) of other components as well, as confirmed by the
X-ray Fluorescence (XRF) measurement given in Ref. [17]. In any case, both of these HNT
samples were rinsed with deionized water and dried out under vacuum for 48 h prior to
being used in our experiment.

2.2. Characterization of HNTs

The field-emission scanning electron microscopy (FE-SEM, Hitachi SU8010, Tokyo,
Japan) technique was used for structural analysis of the HNTs. To this aim, a thin layer of
Pt was applied to avoid electrostatic charging. Structural parameters of the HNTs were
determined by X-ray diffraction measurement (MiniFlex, Rigaku, Japan). (-potential was
measured using a ¢-sizer Nano-ZS (Malvern Instruments, Malvern, UK) equipped with a
He—Ne laser (A = 632.8 nm). For (-potential experiments, disposable folded capillary cells
were used [17]. During the XRD measurement a Cu-Ko radiation source including a nickel
filter and working at 40 KV and 15 Ma was used. The wavelength of the X-ray beam was
1.5406 A and the angle for scanning was ranged from 3° to 70° with a rate of 10° min "
and a step of 0.02°. The optical absorption characteristic of the HNTs was determined
from the UV-Vis diffuse reflectance spectrum (DRS) which was measured by the use of
an integrating sphere (Labsphere 3PGPS053SL, North Sutton, NH, USA) and a fibre-optic
spectrophotometer (Avantes, StarLineULS2048CLEVO, Apeldoorn, The Netherlands). A
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125 W Xenon lamp was used as a source of illumination. The functional groups present on
the surface of the HNT sample were inspected using Fourier Transformed InfraRed (FTIR)
spectroscopic measurement in a FTIR-spectrometer (Spotlight 400, PerkinElmer, Waltham,
MA, USA). HNTs dispersed in deionized water were drop casted over a MgF, substrate for
the FTIR measurement.

2.3. Photocatalytic Experiment

The photocatalytic experiment setup is shown in Figure 1. 1 mL mixture of HNTs
(0.1 g/L) with the organic pollutants was poured into a four-sided polished quartz cuvette
with a pathlength of 10 mm. The cuvette was then placed over a magnetic stirrer for
continuous stirring during the measurement. A 125 W Xenon lamp was used as a source of
illumination for the photocatalytic experiment. The light was collected through an optical
fibre (THORLABS, 1 mm diameter) and signed over the cuvette as shown in Figure 1.
The absorption spectra were measured every 30 s for 1 h using a fibre-optic spectrometer
(Avantes, StarLineULS2048CLEVO). We used Rhodamine B (RhB, pKa = 3.2, Sigma Aldrich)
and Coumarin 343 (C343, pKa = 4.65, Sigma Aldrich) dye (both having an OD~0.25) as
the organic pollutants, and mixed them with distilled water (pH = 7). We performed the
photocatalytic experiment with the entire spectral range of the Xenon lamp or blocking the
UV part of the excitation source. As part of the real-time measurement, we collected the
absorption data during the photocatalytic experiment at a time interval of 1 min and for a
total time duration of 120 min. To eliminate the fluctuations of signal due to solid part of
the sample, we removed the fluctuating background during data analysis.

Xenon lamp
(125W)

| Spectrometer

Figure 1. Setup of the photocatalytic experiment.

3. Results and Discussion
3.1. Structural Characterization of the HNTs

The morphology of the two samples of Halloysite Nanotubes (HNTs) was assessed by
means of field-emission scanning electron measurements (FESEM), as shown in Figure 2a,b.
The images clearly reveal the tubular shape of the HNTs, both the HNTs obtained from
North America (hereafter called S1) and the HNTs obtained from Australia (52). It can
also be noticed that the S1 (Figure 2a) nanotubes are larger, with an average lateral size
of ~1.8 mm, whereas the average size of the S2 nanotubes is estimated to be ~0.800 mm.
Therefore, the S1 sample is expected to have a larger surface area which may help adsorption
of organic pollutants. However, the adsorption of organic pollutants over a photocatalyst
also depends on surface charge. Therefore, as already reported in our previous work [17],
the measured values of the (-potential of these HNT samples were found to be ~—23.1 4+ 0.4,
and —25.8 £ 0.7 mV, respectively. The general structural and chemical composition of HNT
is schematically shown in Figure 2d. A detailed chemical analysis of these samples using
XREF has already been presented in our previous work [17]. Notably, in comparison to the
51 sample, the S2 sample contains larger amounts of TiO, and Fe,O3, which is consistent
with the data reported by Pasbakhsh et al. [20]. Here, to verify the chemical identity of our
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samples we performed XRD measurements on both HNT samples, the results of which
are presented in Figure 2d. The halloysite phase compositions of both of the samples
can be identified from the diffraction peaks as indexed in Figure 2c. The positions of the
observed diffraction maxima are consistent with earlier reports on HNTs [27-29]. However,
the S2 sample may have some quartz (Q) as minor impurities as we have indicted in
Figure 2b(ii). In any case, using the Bragg’s law the values of the distance d for the S1 and
S2 samples were evaluated as ~7.46 and 7.38 A, respectively. Moreover, we performed
FTIR measurements on the HNTs and found that the surface chemical composition is quite
similar between the samples. Both spectra show narrow peaks at 3696 cm ! and 3622 cm ™!
which correspond to the -OH stretching mode in which -OH atoms are inner, i.e., linked
to Al atoms [30], a peak at 1120 cm~! which corresponds to the Si-O stretching mode [31],
and one at 1638 cm ™! which could be due to the presence of interlayer water [32].
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] [ (203)
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Figure 2. FESEM images of (a) S1 and (b) S2 sample. (c) Schematic of HNT depicting its structure
and possible chemical composition. (d) XRD profile of (i) S1 and (ii) S2. The label “Q” in panel
(ii) indicates minor contribution from quartz impurities. (e) FTIR spectra of S1 and S2 samples.

3.2. Photocatalytic Performance of HNTs

We investigated the photocatalytic dye degradation performances of the HNT samples
51 and S2 by suspending them in aqueous solutions of RhB and C343 dye and exposing
the resulting mixed colloidal solution to the irradiation of UV-Visible light (125 W Xenon
lamp). By increasing the initial concentrations of the pollutants, the degradation rate may
be reduced due to their excessive adsorption onto the catalyst surface, hampering the
optical absorption property of the catalyst [33]. In addition, the use of an excessive amount
of catalyst leads to a decrease in photocatalytic activity due to the scattering of light that
prevents the photon from reaching deep into the solution. Also, an excessive catalyst dose
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may lead to their self agglomeration and sedimentation which may also be responsible for
the decrease in the photocatalytic performance [34,35]. On the other hand, the adsorption
properties of HNTs strongly vary at extremely high and low pH values. As has already
been reported, the adsorption capacity HNTs for a cationic dye remains unaltered from
pH 5 to 7 [32]. Therefore, to determine the ideal experimental conditions, we performed
the photocatalytic experiment with different catalysis doses, concentrations of dye, and
pH levels, as presented in Figure Sla—c. From the results, the optimised concentration
of pollutant, i.e., dyes, catalyst concentrations, and pH value were estimated to be 3 uM,
0.1g/L, and 7, respectively.

Figure 3 shows the time-dependent absorption spectra of bare RhB dye in the absence
and presence of the two types of HNTs, as compared to the effects observed upon irradia-
tion of bare RhB. Even in the absence of HNTs (Figure 3a) the characteristic RhB absorption
peak at ~530 nm is observed to gradually decrease with irradiation time, albeit slightly (ap-
proximately 10% loss in two hours). This indicates that the RhB is somewhat photobleached
even in the absence of any photocatalyst materials; however, a control experiment in the
dark (shown in Figure 52) was also performed and it revealed no changes in the absorption
spectra within 1 h from the sample preparation. However, the extent of photodegradation
can be enhanced in presence of HNTs, as can be seen from Figure 3b,c. In particular, the
52 sample clearly produces a stronger RhB photodegradation as compared to S1 over
the same time duration. As a control experiment, we also carried out the photocatalytic
experiments for the bare RhB and RhB in the presence of S1 and S2 but blocking the UV
portion of the irradiation source (Figure S3a—c), therefore exposing our sample to visible
light only. In these conditions, almost no degradation was observed for RhB with any of the
combinations of photocatalysts, indicating that the UV component is entirely responsible
for the photocatalytic effects observed in Figure 3a—c.
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Figure 3. Absorption spectra of (a) bare cationic RhB, and RhB in the presence of (b) S1 and (c) S2
under UV-Visible light irradiation as a function of exposure time; inset of panel (c): digital image of
RhB dye before and after degradations. Absorption spectra of bare (d) anionic C343 dye, and C343 in
the presence of (e) S1; inset of figure (e): digital image of C343 dye before and after degradations, and
(f) S2 under the UV-Visible light irradiation.
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Thereafter, we tested the photodegrading performance of the HNT samples for the
C343 dye. Here, we ran two set of experiments, one under UV-Visible light (Figure 3d—f)
and one under visible light only (Figure S1d—f). In fact, we found that even the visible
component of the lamp is capable of producing a certain degree of photodegradation of
C343 (Figure S3d—{), albeit evidently smaller than in the case of RhB. From Figure 3d we can
see a less than 10% reduction in the peak absorption of bare C343 after 2 h of UV-Visible
light exposure. In contrast, the addition of S1 appreciably enhances the photodegradation
effect (Figure 3e). Also, in this case, the addition of S1 enhances the rate of degradation
of C343 (Figure 3e), which is now about 20% of C343. In contrast, the photodegradation
performance of the S2 (Figure 3f) is smaller than S1, and only slightly larger than that
observed for bare C343, both under UV-Visible (Figure 3e,f) and visible (Figure S3d—f) light.

Apart from the photodegradation effects, additional information is contained in
Figure 3, including the change in the shape of the absorption spectra. On one hand, the
addition of HNTs to the colloidal solutions causes an increase in the absorption coefficient
of the order of 0.2 OD throughout the whole region extending from 470 to 600 nm. This
can be more easily appreciated from the spectra of the C343 solutions (compare Figure 3d
to Figure 3e,f) because C343 displays no absorption in this region. Such an increase in
absorption can be promptly attributed to strong light scattering from the large-sized HNTs
suspended in water (Figure 54, Supporting Information). However, in the case of RhB
we also see an additional change in absorption, of the order of at least 0.4 OD in the re-
gion 490-520 nm (compare Figure 3a to Figure 3b,c). As the RhB and C343 experiments
were conducted with the same HNT concentrations, these changes cannot be explained
as HNT scattering, and must instead be due to a change in the RhB absorption spectra,
more precisely a broadening, due to their interactions with the HNTs” surfaces. Thus, at
least for RhB, the absorption data provide direct evidence that the photocatalytic effect is
driven by the adsorption of the dye onto the surface of the nanotubes, rather than being a
collisional effect. Moreover, comparing the spectra recorded at time zero in Figure 3a—c,
it is evident that the modification of the shape is simultaneous with the mixing of HNT
solution in the dye solution. This suggests that the adsorption of the RhB onto the HNTs is
practically instantaneous.

Figure 4 summarises the degradation kinetics of all of the samples, as obtained by
extracting the kinetic traces of the evolving absorption from the data in Figure 3. In
particular, in Figure 4a,c we report the fractional concentration changes in In(Ag/A), as
calculated from the absorption measured at the peak. In Figure 4b,d we have reported the
quantified values of overall degradation efficiency (7, %) for both of the dyes with time
in presence of all samples and in different conditions. The parameter 7 can be expressed
as [2];

171 =1[(Ag — At)/Ag] x 100 )

where Ay, and A; are the absorbance of the dye at the beginning of the experiment and at a
representative time t = 100 min, respectively. The values of # for both of the dyes in the
absence of HNTs are relatively low and are boosted after the addition of HNTs with the
dye molecules. We observe that the extent of RhB photocatalytic degradation in 100 min
in the presence of S2 is estimated to be ~40%, which is ~4 (~2.3) times higher that of RhB
in the absence of HNTs (in presence of S1). Since the natural materials are characterized
by diversity, we have conducted a repeatability test to assess the reproducibility of the
photocatalytic performance. The values of # under 100 min of UV-Vis light exposure in two
tests conducted in identical conditions were found to be in the same range. In regard to
C343, under visible irradiation, the degradation efficiency achieved by S1 was found to be
~10%. This is higher than both S2 and the bare dye (Figure 4d), albeit only slightly. This
value further increases to ~20% under UV-Vis irradiation, while still remaining lower than
the corresponding value recorded for RhB (~40% in presence of S2). The photodegradation
efficiency can also be estimated by linear fitting the data under the assumption of pseudo-
first order kinetics [36], as is exemplified in Figure S5. From these fittings, we can extract
the value of the photocatalytic rate k, which is of the order of 1073 min~ L. In fact, the
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as-extracted order of k is comparable to that of the previously reported work on the
photodegradation of RhB in the presence of HNTs [24] and of different 1-dimensional
materials as CNTs [37].

0.20 0.20

) ® RhB ™ o c ® C343
( ). RhB+S1(UV-Vis.)k (c) ® (C343+S1 (Vis.)
L] RhB+SZ(U.VAVis.) ® C343+S2 (Vis.)
0.15{ @ RhB+s2 (V'S-).J 0.151 ® C343+81 (UV-Vis)
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=207 = 201

10+ 104
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Figure 4. (a) Degradation kinetics of cationic RhB dye under different conditions. (b) A bar diagram
representing the extent of degradation in 100 min (7, %), of the (1) bare RhB and RhB in presence of the
S1 (2) and S2 (3) photocatalysts under UV-Visible light irradiation. (c) Degradation kinetics of C343
of anionic dye under different conditions. (d) A bar diagram representing the extent of degradation
(7, %) in 100 min of the (1) bare C343 and C343 in the presence of the S1 (2) or S2 (3) photocatalyst
under visible light irradiation and, (4) C343 in presence of S1 under UV-Visible light irradiation.

HNTs are known to be prevalently endowed with a negative charge on their outer
surface, due to the presence of Si-OH groups, while their inner surface is positively charged
as an effect of AI-OH groups. [18,38]. In fact, their outer negative charge is confirmed by
the measured (-potential values, which are (—25.8 £ 0.7 mV) and (—23.1 & 0.4 mV), for S2
and S1, respectively. As pictured in Figure 4, these properties may explain their different
photocatalytic performances towards the two dyes, especially when also considering the
chemical structure of these molecules. Although RhB is an amphoteric dye containing both
positively and negatively charged functional groups, overall, it is cationic in nature [39].
Consequently, it will tend to preferentially interact with the outer surfaces of HNTs. In
contrast, one may expect C343 to preferentially interact with HNTs through its negatively
charged carbonyl and carboxylic groups, such that it can be expected that C343 is preva-
lently adsorbed on the inner surface. This could contribute to the smaller photocatalytic
effects observed on C343 as compared to RhB, as C343 will be repelled from the outer HNT
surfaces, while the inner volume of the nanotubes will be less easily accessible to them.
Indeed, a hindered interaction of HNTs with C343, as compared to RhB, is also consistent
with the lack of changes in the absorption bandshape of C343 upon the addition of HNTs.
In addition to this, we notice that the photodegradation rate (k) of RhB mixed with S2 is
higher than the value for S1. We hypothesize that this is related to the traves of TiO; and
Fe;O3 the chemical composition of HNTs [17].

When HNT-dye mixtures are illuminated by UV radiation, their photocatalytic mecha-
nism can be tentatively explained similarly to traditional semiconductor photocatalysts [40],
as in Figure 5. The optical band gap of the photocatalysts (HNTs) has been estimated to
be ~3.7 eV by diffuse reflectance studies presented in Figure S6 (Supporting Information).
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Because HNTs have an optical bandgap of ~3.7 eV, the as-exposed UV irradiation may lead
to the photoexcitation of electrons from valence to conduction states (see Figure 5). The
activated electron-hole pairs then help to produce reactive oxygen species such as O, , and
OH' via water reduction and oxidation processes. These reactive oxygen species eventually
allow the organic dyes adsorbed on the surface of HNTs to degrade. Considering that
HNTs do not significantly absorb in the visible light spectrum, this mechanism cannot be
considered responsible for C343 photodegradation under visible illumination. In this case,
the initial photon absorption must necessarily occur on the dye, and photodegradation
is most likely due to the resulting excited-state charge transfer from the adsorbed dye to
the HNTs. In addition, a photodecomposition pathway mediated by water oxidation and
reduction is probably hindered for C343 molecules, as they preferentially move inside the
HNTs where their interaction with water is severely limited by steric hindrance. Moreover,
it is difficult to irradiate the internal part of HNTs. These issues may contribute to the lower
efficiency of the photocatalytic processes observed for C343 even under UV light.

Figure 5. A schematic illustration to explain the degradation mechanism of cationic RhB and anionic
(343 dye under UV light irradiation (represented by purple arrows) and in the presence of HNTs.

4. Conclusions

In this study, we investigated the photocatalytic degradation of organic dyes, specifi-
cally Rhodamine B and Coumarin 343, promoted by naturally occurring halloysite nan-
otubes acting as photocatalysts. Through a series of systematic photocatalytic experiments,
we demonstrated that the photodegradation of cationic Rhodamine B, which is almost null
following the simple exposure of the dye to UV light, is speed up by four times in presence
of HNTs. Notably, the photocatalytic efficiency is enhanced when the chemical composition
of the HNTs includes TiO, and Fe;O3. The effect on Coumarin photodegradation is similar
to that of Rhodamine B but less efficient. We attribute this behaviour to the different charge
states of the two dyes which causes a different attachment site for the dye molecules on
the HNTs. Cationic molecules are expected to bind to the outer surface of the HNTs, and
on the contrary, anionic molecules should bind to the inner surface of the HNTs, which
tends to hinder their photocatalytic action due to steric hindrance issues. The findings
presented in this paper have implications for the development of environmentally friendly
and sustainable approaches to wastewater treatment and pollutant remediation, leveraging
the unique properties of naturally occurring nanotube structures.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ photochem4020009/s1, Figure S1: Absorption spectra of bare (a)
cationic RhB, and RhB in presence of (b) S1 and (c) S2 under the visible light irradiation. Absorption
spectra of (d) bare anionic C343 dye and C343 dye in presence of (e) S1 and (f) S2 under visible light
irradiation as a function of exposure time; Figure S2: Absorption spectra of (a) C343 and (b) RhB
dye in the absence and presence of S2. Simulated: a numerical addition of absorption spectra of
bare S2 with dye; Figure S3: Degradation kinetics (fitted with a pseudo-first order linear equation)
corresponding to the degradation of (a) cationic RhB dye and (b) anionic C343 dye in presence of S1
and under UV-Visible light irradiation. Figure S4: Absorption spectra of (a) C343, and (b) RhB dye in
absence and presence of S2. Simulated: a numerical addition of absorption spectra of bare S2 with
dye. Figure S5: Degradation kinetics (fitted with a pseudo-first order linear equation) corresponding
to the degradation of (a) cationic RhB dye and (b) anionic C343 dye in presence of S1 and under
UV-Visible light irradiation. Figure S6: (a) UV-Vis DRS spectrum of HNTs (0.10 g/L) and (b) the
corresponding Tauc plot for HNTs.
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