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ABSTRACT  

 

Titanium oxide (TiO2) nanofibers are interesting for environmental applications, particularly 

solar energy and water treatment, due to their physical properties, chemical stability, high 

activity, and strong oxidation capacity. Here, we designed and synthesized halloysite-TiO2 

nanocomposite fibers by combining the electrospinning and sol-gel methods. Halloysite was 

extracted at Tamra (norther-western part of Tunisia). After optimizing the halloysite and TiO2 

ratio, we characterized the obtained hybrid materials by thermogravimetric analysis, X-ray 

diffraction, scanning and transmission electron microscopy, energy-dispersive X-ray 

spectroscopy, Raman spectroscopy, Brunauer-Emmett-Teller method, and X-ray photoelectron 

spectroscopy. The results confirmed halloysite incorporation into TiO2 nanofibers. Moreover, 

when we used these halloysite-TiO2 nanocomposite nanofibers as photocatalysts we found that 

>91% of methylene blue and acetaminophen was removed at neutral pH upon UV and visible 

light irradiation. Reusability tests showed good stability over five cycles under visible light. We 

also carried out acute toxicity and scavenging tests to monitor the formation of by-products and 

reactive species during acetaminophen degradation. We found that both O2
•- and h+ played a 

major role in its degradation. Overall, halloysite-TiO2 nanocomposite nanofibers are effective 

catalysts for the removal of organic dyes and pharmaceutical compounds from water.  

 

https://www.sciencedirect.com/science/article/abs/pii/S0927775721011432#!
https://www.researchgate.net/profile/Abdesslem-Ben-Haj-Amara
mailto:mikhael.bechelany@umontpellier.fr
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Highlights  

 

1. Composite nanofibers were prepared by combining halloysite and titanium oxide 

2. These composite nanofibers were used for degrading acetaminophen and 

methylene blue under UV and visible light  

3. Under visible light, >91% of acetaminophen and methylene blue was degraded 

after 150 and 360 min, respectively 

4. The synthesized catalyst remained stable for five cycles.  

5. The most active species involved in acetaminophen photodegradation were •OH, 

h+ and O2
•−. 
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1. Introduction  

 

Worldwide, the drinking water reserves are decreasing as a consequence of the increase in water 

consumption and water pollution. The World Health Organization reported that safe drinking 

water and basic sanitation are not accessible to more than 2.2 billion people. Moreover, each 

year, diarrheal diseases, mainly caused by contaminated food/water, cause the death of more 

than 2.1 million people1. Water pollution is mainly due to the presence of dangerous chemical 

compounds (e.g. hydrocarbons, phenolic compounds, heavy metals, dyes, pharmaceuticals, 

insecticides)2–7 that cannot be easily biodegraded and are often persistent in the environment. 

Two strategies to eliminate these chemical pollutants from water sources have been 

mainly studied in the last years. The first approach is based on their storage on adsorbing 

materials, and the second approach focuses on their mineralization8. Adsorption on solid 

adsorbents remains the most used strategy9 with good purification performances; however, its 

main drawback is the transfer of organic pollutants to the adsorbent, making its regeneration 

difficult and cost-ineffective10. Therefore, this method does not meet the current need of energy-

friendly and low-cost treatment methods. On the other hand, advanced oxidation processes are 

environmentally friendly, less energy-demanding11–13 and efficient methods for the degradation 

and mineralization of non-biodegradable molecules14. Among the existing advanced oxidation 

processes, heterogeneous photocatalysis is a promising alternative technology in the field of 

water and wastewater treatment15,16. 

In heterogeneous photocatalysis, the semiconductor material is activated by energy 

equal or greater than the semiconductor band gap. This leads to the excitation of electrons from 

the valence band to the conduction band and to the creation of electron-hole pairs that will 

create reactive species17. Because of their high oxidizing capacity, these radicals allow the 

mineralization of organic pollutants adsorbed on the surface of the photocatalyst and their 

transformation into H2O, CO2, and other mineral compounds (Cl-, SO4
2-, etc.)18,19. Most of the 

catalysts used for photodegradation are transition metal oxides that are classified in function of 

their stability, reactivity, and shape. Specifically, a good photocatalyst must remain stable over 

time to avoid efficiency loss20. Reactivity is influenced by the semiconductor features and the 

radical production kinetics. Solid catalysts can be used in the form of nanometric powders 

suspended or immobilized on a solid support.21 In practice, titanium oxide (TiO2), especially in 

the form of anatase, is considered the most promising semiconductor oxide on the basis of its 

good activity, and stability and low cost22,23. However, TiO2 absorbs only a small fraction (3% 

- 5%) of sunlight (UV radiation) due to the anatase large band gap24,25. Other disadvantages are 

the poor TiO2 recovery after water treatment and the fast recombination of the photogenerated 

charges.26,27 Moreover, from an energetic point of view, a material with photocatalytic activity 

only under UV irradiation is not profitable. Therefore, it is important to develop economically 

interesting photocatalysts that can be activated by radiation in the visible spectrum, an 

ecological, abundant and free energy28.  

Efforts have been made to synthesize TiO2 immobilized on an inert support (e.g. glass 

tubes, fibers, and stainless steel)29. However, this reduces the photocatalysis efficiency due to 

the lower specific surface area of the irradiated photocatalysts30. Some studies investigated the 
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use of porous materials (e.g. silica gel, zeolites and clays) as supports for pollutant adsorption31–

33. Fibrous minerals (palygorskite34,35, sepiolite34–36 and halloysite25–28) are particularly 

interesting because of their pollutant adsorption and retention capacities and the possibility to 

modify their structures thanks to their cationic exchange properties and the presence of silanol 

groups 37. Several studies showed that using halloysite (HNT) as support avoids TiO2 

agglomeration and allows producing adsorbents and catalysts with higher specific surface 

area.38,39 Wang et al. prepared TiO2/HNT samples with a Brunauer-Emmett-Teller (BET) 

surface area of 30.5 m2/g for wastewater treatment using the solvothermal method. They 

reported higher photocatalytic degradation rates of methanol and acetic acid by the obtained 

nanocomposite (31.8 wt % TiO2) compared with anatase 40. Papoulis et al. produced anatase 

TiO2 nanoparticles on HNT with a specific surface area of 187 m2/g by hydrothermal treatment. 

This material showed higher activity in decomposing NOx gas and toluene compared with 

commercial Titania P25 under UV and visible light irradiation 41. Du et al. fabricated a TiO2-

HNT composite (TiO2-HNT-300) using the sol-gel method and calcination and tested its 

photocatalytic activity against methylene blue (MB). After 4 h of UV irradiation, 81.6% of MB 

was degraded 42. Zheng et al. synthesized an amylose-HNT-TiO2 composite with high 

dispersion and large surface specific area (408.8 m2/g) that effectively removed 91% of MB 

during 10 h of exposure to UV irradiation43. Moslehyani et al. described the preparation and 

characterization of electrospun nanofibrous adsorptive membranes with HNT-TiO2 

nanoparticles as adsorbents with a specific surface area of 17.9 m2/g. These nanoparticles 

removed 31.2 mg/g arsenic from contaminated water44. Jiang et al. prepared TiO2/HNT hybrid 

nanofibers by incorporating HNT by electrospinning. They found that the incorporation of 8% 

of HNT led to the best degradation performance (81% of MB after 90 min under visible 

irradiation). They explained this improved performance by the mass transport of reactant into 

the active nanofiber centers 45. These studies indicate that the combination of TiO2 and HNT is 

interesting for the efficient photocatalytic degradation of pollutants. 

Here, a novel photocatalyst for removing dyes and pharmaceuticals from wastewater 

was developed using sol-gel processing with electrospinning and a large HNT amount (95%). 

HNT was extracted in Tunisia, purified, modified, and used for the development of a new 

porous hybrid material based on TiO2 nanofibers by electrospinning. The structure and 

morphology of HNT, TiO2, and the composite material were characterized by Fourier transform 

infrared spectroscopy (FT-IR), X-ray diffraction (XRD), scanning electron microscopy (SEM), 

energy dispersive X-ray (EDX), transmission electron microscopy (TEM), Raman and UV-Vis 

spectrophotometry. The new material was used for the degradation of MB and acetaminophen 

(ACT) under visible and UV light. The intermediates and reaction products from the 

photocatalytic degradation and the long-term catalytic stability were analyzed using high-

performance liquid chromatography (HPLC). A toxicity screening test was used to characterize 

the acute toxicity of sub-products formed during ACT degradation. Scavenger tests were also 

performed to investigate the reactive species responsible for ACT degradation.  

 

2. Materials and Methods 

2.1. Materials  

HNT was extracted from Tamra (Nefza District, in the North-West part of Tunisia) and purified 

by sedimentation and sodium exchange modification. Titanium tetraisopropoxide (TTIP, 97%, 
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CAS: 546-68-9), polyvinyl pyrrolidone (PVP, Mw=1300000, CAS: 9003-39-8), sodium 

chloride (NaCl, ≥99%, CAS: 7647-14-5), silver nitrate (AgNO3, >99%, CAS: 7761-88-8), MB 

hydrate (CAS:122965-43-9), Nafion™ perfluorinated resin solution (CAS: 31175-20-9), ACT 

(≥99 % CAS: 103-90-2), 2-propanol (99.9%, CAS: 67-63-0), p-benzoquinone (C6H4O2, 

≥99.5%, CAS:106-51-4) and ethylenediaminetetraacetic acid (EDTA, 99.995%, CAS: 60-00-       

4) were from Sigma–Aldrich. Acetic acid (CAS: 64-19-7) and ethanol (≥99.8%, CAS: 64-17-

5) were purchased from VWR chemicals and used as solvents. All chemicals were used without 

further purification. For the preparation of solutions and reagents, deionized water (>18.2 MΩ) 

produced with a Millipore (Milli-Q® Academic) water purification system was used.  

2.2. HNT purification  

Natural HNT was dispersed in deionized water and left overnight, then the fraction with a 

diameter >2 µm was removed by sedimentation 46. The obtained clay was washed five times 

with deionized water and NaCl and separated by centrifugation. Na+ HNT was then washed 

with distilled water and centrifuged six times until the test in the presence of AgNO3 was 

negative. Purified HNT was dried in an oven at 110°C for 3 hours, crushed, and sieved. 

2.3. Preparation of TiO2 and HNT-TiO2 (H95T5) nanofibers  

To prepare the polymeric solution, 10% PVP was added to ethanol. Then, a TiO2 solution was 

prepared by hydrolyzing TTIP with a mixture of ethanol and acetic acid (3:2:2). After mixing 

for 2h, the solution was loaded into a 20 mL plastic syringe and electrospun using a homemade 

electrospinning system and the parameters described in our previous work47,48. The as-spun 

TiO2 nanofibers were left in the air to fully hydrolyze overnight, and then were calcinated in a 

furnace at 400°C with a heating rate of 1°C/min for 4 h to remove the polymer and achieve the 

desired crystallinity. 

H95T5 nanofibers were prepared using a similar method, with the addition of HNT to the TiO2 

mixture (weight ratio 95:5) followed by sonication for 30 min. This specific ratio was the 

optimum ratio according to preliminary results (Fig. S1). 

 

2.4. Structural characterization 

Thermal analysis was performed at a heating rate of 20°C/min under airflow from room 

temperature to 1000°C using the SDT Q600 thermal analyzer (TA Instruments). The 

microstructure, phase, and crystal structure of the synthesized nanofibers were investigated by 

SEM (Hitachi S-4800) and TEM (JEOL 2200FS, 200 kV, Japan) with an EDX analyzer. The 

BET method, with different data points and relative pressures (P/Po) from 0 to 1, was used to 

describe the surface and micropore areas. The structural and crystallinity properties were 

studied by XRD (PANAlytical Xpert-PRO diffractometer equipped with a X’celerator detector 

using Ni-filtered Cu-radiation) and Raman spectrophotometry (Horiba Xplora, 532 nm). To 

determine the elemental composition and the oxidation states, X-ray photoelectron 

spectroscopy (XPS) was performed with an ESCALAB 250 spectrometer (Thermo Electron) 

and an Al Kα monochromatic source (1486.6 eV) as excitation source.  

2.5. Electrochemical activity  
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For film deposition onto ITO glass (60 mm x 21mm x 2 mm), 5 mg catalyst was dissolved in a 

mixture of 1 mL isopropanol and 40 µL Nafion™, followed by sonication for 30 min. The 

slurry was deposited (coverage of 4 cm2), dried at room temperature, and used as electrode. 

Electrochemical impedance spectroscopy (EIS) was carried out using a Solartron SI 

1287 galvanostat-potentiostat and a three-electrode system (Ag/AgCl as reference electrode, 

platinum wire as counter electrode, with 0.1M Na2SO4 as the electrolyte) in the dark and under 

visible light using a 150 W linear halogen lamp (the visible light source is in the 420–600 nm 

range). The distance between the lamp and the quartz window was maintained at 10 cm where 

the power density was 8.2 mW/cm2. Electrochemical measurements were performed at room 

temperature and recorded at 0.4-0.6V 49. 

2.6. Photocatalytic activity  

The photocatalytic activity of HNT-TiO2 composite nanofibers was evaluated by monitoring 

MB degradation under a medium pressure metal halide UV lamp (400 W, Lampes France) and 

a visible light source provided by a linear halogen lamp (400W, Avide). Briefly, 0.5 g/L of each 

photocatalyst was added to 250 mL of MB aqueous suspension (2.10-5 mol/L). Before 

irradiation with visible and UV light, nanofibers were dispersed in the solution by sonication in 

the dark for 30 min to reach the adsorption-desorption equilibrium. The distance between the 

lamp and the solution was fixed at 10 cm for all experiments, and the temperature was kept 

constant at 25°C by circulating water in the cylindrical tube surrounding the photo-reactor. At 

a specific time point (30 min for visible light and 10 min for UV), an aliquot of 2 ml was taken 

from each sample and centrifuged at 6000 rpm for 2 min in the dark to clear the supernatant.  

The previous experiment was repeated by replacing MB with ACT (10ppm), without 

centrifugation. Aliquots were collected at different time points during the experiment and 

filtered through 0.45 μm filters. They were used to identify intermediates and reaction 

productions using a HPLC system equipped with a C-18 column (RP18, Nucleoshell) and a 

Quattro-Micro mass spectrometer with an electrospray probe (Waters Micromass, 

Wythenshawe, Manchester, UK) as detector. 

The photocatalytic efficiency of the prepared nanocomposites was calculated using 

equation 1 50: 

Degradation efficiency (%) = [(C0-C)/C0]x100   (1) 

where C0 and C are the pollutant concentrations before and after photo-irradiation, respectively. 

This equation gives the percentage of pollutant degradation during the photocatalysis 

experiment.  

 

2.7. Kinetic measurement  

MB and ACT photocatalytic degradation kinetics under UV and visible light were investigated 

and the obtained data were fitted by a pseudo-first-order kinetic model described by equation 2 
51: 

    ln (C0/C) = Kapp t           (2) 



7 

 

where Co is the initial concentration, C the concentration at the time t, and Kapp is the apparent 

rate constant. 

 

2.8. Bacterial toxicity tests  

To assess the solution toxicity during ACT photodegradation, bacterial toxicity tests were 

carried out using the bioluminescent marine bacterium Vibrio fischeri. All samples collected at 

different time points were diluted to 81.9% by adding 22% of NaCl solution to allow the 

bacterial activity and luminescence emission. The solution pH was fixed at 7, and samples were 

filtered through 0.45 µm syringe filters. Toxicity was expressed as the luminescence inhibition 

rate, measured with a Microtox 500 Analyzer, and calculated with equation 3 52: 

 

𝐼𝑐(t) (%) = (1 −
𝐿𝑈(t) 

𝐿𝑈0  x 𝑅(t)  
)  x100        (3) 

where LU(t) is the intensity of the luminescence emitted by bacteria after t = 15 min of contact 

with the sample, LU0 is the initial bacterial luminescence intensity before addition of the 

sample, and R(t) is the corrected term. Indeed, in the absence of toxicity, the bacterial 

luminescence decreases over time under the influence of environmental conditions. Therefore, 

the natural luminescence variability must be taken into account to avoid errors. The corrected 

term is given by the following equation:  

𝑅(t) (%) = (
𝐿𝑈0(t) 

𝐿𝑈0 
)  x100        (4) 

 

where LU0(t)  is the intensity of the luminescence emitted by bacteria after t = 15 min of 

contact with the control solution (deionized water and NaCl). 

 

 

3. Results and Discussion 

3.1.Morphological and structural characterization 

The HNT-TiO2 nanocomposite fibers synthesized by combining the electrospinning and sol-gel 

methods followed by calcination at 400°C under air were structurally and morphologically 

characterized. The plots of the thermogravimetric analysis of TiO2, H95T5, and natural HNT 

(Fig. S2) indicated a multistage decomposition with relatively stable intermediate products, and 

confirmed that the H95T5 curve was a combination of the HNT and TiO2 curves. The 

morphological analysis of HNT, TiO2, and H95T5 nanotubes by SEM (Fig. 1.a) showed tubular 

structures with cylindrical and prismatic HNT with a diameter between 50 and 70 nm. TiO2 

fibers were uniform, continuous, randomly oriented, with a smooth surface, and a diameter 

between 200 and 300 nm (Fig. 1.b). The hybrid nanofibers (H95T5) had a diameter ranging 

from 200 to 300 nm and retained the uniform morphology of TiO2 fibers, with some spindle-

shaped HNT aggregates that protruded from the hybrid nanofibers, probably due to the high 

HNT concentration in the sol-gel solution (Fig. 1.c). This also confirmed that the moderate 

amount of TiO2 was uniformly distributed in the H95T5 hybrids, as previously reported 39,40,53–

61. 
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Fig. 1 SEM micrographs showing HNT fibers (a), TiO2 nanofibers (b), and H95T5 nanocomposite fibers 

(c). 

To study the sample crystallinity, XRD analysis were carried out. The XRD patterns of 

HNT, TiO2 and H95T5 fibers at 2θ (Fig. 2.a) were characterized by a relatively sharp peak at 

12.32°, which was the characteristic (001) reflection of HNT (7.18 Å), and by another reflection 

at 19.92°, which corresponded to the (110) plane. The next reflection at 24.51° corresponded 

to the (002) plane. Other reflections at 45.19° (123), 56.55° (114), and 62.22° (-331) were 

observed at 2θ 38,62. Besides HNT, minerals, such as kaolinite, also were found at 2θ, as 

indicated by the reflections at 34.9° (-122), 35.87° (200), and 38.33° (1-31). The Bragg 

diffraction reflections of TiO2, defined as 101, 112, 200, 105, 211, 204, 116, 220, and 215, 

corresponded to the TiO2 anatase phase with a tetragonal arrangement63,64. The XRD patterns 

of H95T5 samples showed the presence of both HNT and anatase (Fig. 2.a, blue curve)39,61,65. 

The various functional groups present in the HNT, TiO2, and H95T5 nanofibers were 

confirmed by FT-IR spectroscopy (Fig. 2.b). In the HNT spectra, the two peaks at 3694 and 

3617 cm−1 and the band at 907 cm−1 were assigned to the stretching vibrations of inner surface 

hydroxyl groups, and to the deformation vibration of inner surface hydroxyl groups, 

respectively. The peak at 528 cm−1 and the band at 455 cm−1 were attributed to the deformation 

vibration of Al-O-Si and to the stretching vibrations of Si–O–Si, respectively41,65. In the TiO2 

and H95T5 spectra, the characteristic band at 435 cm−1 corresponded to Ti–O-Ti vibrations 61. 

The HNT bands related to hydroxyl groups, Al-O-Si and Si-O-Si were also observed in the 

H95T5 spectrum 39,66. 

The Raman lines of HNT were broad and weak (Fig. 2.c) 67,68. Conversely, the Raman 

spectra of  TiO2 and H95T5 (recorded from 50 to 800 cm-1) allowed identifying the crystal 

phases of TiO2
69 (Fig. 2.d). The crystalline anatase had a tetragonal space group D4h (I41 /amd) 

and presented six Raman active modes (A1g, 2 B1g, 3Eg). These active modes occurred at ~142 

cm-1 (Eg), 196 cm-1 (Eg), 390 cm-1 (B1g), 511 cm-1 (A1g), 512 cm-1 (B1g), and 632 (Eg). Thus, 

the Raman spectroscopy data were in good agreement with the XRD and FTIR findings.  



9 

 

 

Fig. 2 XRD patterns (a), FT-IR spectra (b), and Raman spectra (c,d) of TiO2, HNT, and 

H95T5 nanofibers. 

 

To obtain more structural information, TEM analysis was performed. HNT displayed a 

nanotubular structure with an inner lumen  (Fig. 3.a and d)45. TiO2 nanofibers (Fig. 3.b and e) 

showed a rough and large surface 57,61. The surfaces of H95T5 nanofibers and TiO2 nanofibers 

were similar (compare Fig. 3.b and c). TEM analysis also indicated (Fig. 3.c and f) that HNT 

nanotubes were located inside the TiO2 nanofibers39,45. Chemical mapping of H95T5 by 

scanning TEM (STEM) highlighted the homogenous distribution of Ti, Si and Al atoms (Fig. 

3.h) Al–K and Si-K were inside the hollow nanofibers. These results strongly indicate HNT 

penetration inside the TiO2 nanofibers 45,70,71.  
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Fig. 3 TEM images of HNT (a,d), TiO2 (b,e) and H95T5 (c,d), TEM image of TiO2 (g), and STEM-

EDX chemical mapping of H95T5 (h). 

XPS was carried out to determine the surface structure and chemical state of each 

element. The deconvoluted spectra of Ti 2p, O 1s, C 1s, Al 2p and Si 2p are shown in Fig. 4, 

Fig. S3 and Fig. S4, and summarized in Table 1. The Ti 2p spectrum of TiO2 consisted of 

distinct Ti 2p1/2 and Ti 2p3/2 photoelectron signals that were located at 464.2 and 458.5 eV with 

a spin-orbital splitting of 5.7 eV38,72. In H95T5, Ti 2p1/2 slightly shifted toward lower binding 

energy (-0.4 eV) due to HNT presence73. In the O 1s region of H95T5, the binding energy value 

at 529.7 eV corresponded to the typical Ti-O-Ti peak71. The other peak at 531.1 eV was ascribed 

to O-Si shifting toward lower binding energy (-0.2 eV), compared with HNT, due to TiO2 

incorporation73
. HNT displayed a H2O signal at 533.5 eV. Si 2p peak deconvolution revealed 

the presence of only one peak with binding energy at 103.1 eV in HNT. This peak shifted toward 

lower binding energy (-0.6 eV) in the H95T5 spectra, indicating the presence of SiO2 bonds. 

The Al 2p signal observed at 74.8 eV (HNT) and 74. 5 eV (H95T5) demonstrated the presence 

of Al3+. 
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Fig. 4 Deconvolution of high-resolution XPS spectra for the elements in H95T5. 
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Table 1. Deconvoluted peaks of the XPS spectra. 

Halloysite Position TiO2 Position H95T5 Position 

O 1s O-H O-

Al 

531.2 O 1s O-Ti 529.7 O 1s O-Ti 529.7 

O 1s O-Si O-

C 

532.2 O 1s O-H 

O=C 

531.1 O 1s O-H O=C 531.1 

O 1s H2O 533.5 O 1s O-C 532.0 O 1s O-Si O-C 532.0 

  Ti 2p3/2 TiO2 458.5 Ti 2p3/2 TiO2 458.5 

  Ti 2p1/2 TiO2 464.6 Ti 2p1/2 TiO2 464.2 

C 1s C-(C,H) 284.6 C 1s C-(C,H) 284.6 C 1s C-(C,H) 284.6 

C 1s C-O 285.9 C 1s C-O 286 C 1s C-O 285.8 

C 1s O-C=O 288.6 C 1s O-C=O 288.4 C 1s O-C=O 288.4 

Si 2p SiO2 103.1   Si 2p SiO2 102.5 

Al 2p (+III) 74.8   Al 2p (+III) 74.4 

 

N2 adsorption and desorption analyses were performed to investigate the surface and 

micropore area of HNT, TiO2, and H95T5. The isotherm shapes of all samples (Fig. S5) 

belonged to the type IV (IUPAC classification) with a distinct type H3 hysteresis loop at a 

relative pressure range of (0.7–1.0) for HNT and H95T5 and of (0.4-0.9) for TiO2. This indicated 

that their mesoporous and microporous structures were preserved 74–80. 

The BET surface and micropore area of as-prepared H95T5, TiO2 and HNT 

nanocomposites (Table 2) indicated that the specific surface area of TiO2 was 58.4 m2/g, 

whereas those of HNT and H95T5 were very similar (35.7 and 36.6 m2/g, respectively). This 

was mainly due to the high HNT percentage in the H95T5 composite. Hence, H95T5 micropore 

area was higher than that of TiO2 (3.7 and 2.1 cm3/g, respectively). These results showed that 

combining HNT and TiO2 had a strong impact on the sample microporous structure. This should 

be beneficial for H95T5 photocatalytic activity because it promotes adsorption, desorption and 

diffusion of reactants and product activity 40,45. 
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Table 2. BET surface and micropore area of TiO2, HNT, and H95T5. 

 

 

 

 

 

3.2.Electrochemical activity 

After confirming H95T5 structural and morphological modifications and HNT 

incorporation in TiO2, the electrochemical activity was evaluated using EIS, a powerful 

technique for assessing the charge transfer and recombination processes at the nanofiber-

electrolyte interface. It allows determining the photo-induced charge separation efficiency and 

transmission rate.81,82 

The Nyquist curves showed that resistance decreased after adding TiO2 and upon 

exposure to visible light radiation (Fig. 5.a). The model was depicted using the equivalent 

circuit of R1 + CPE//R2, where R1 was the bulk resistance of electrodes and electrolyte, R2 

represented the resistance formed at the interface of the nanofibers and electrolytes, and CPE 

denoted the double layer capacitance at the nanofibers and the electrolyte interface83. All 

Nyquist plots and parameters are illustrated in Fig. 5.b and Table 3. TiO2 displayed the fastest 

charge transfer rate and the best photogenerated electron-hole separation compared with the 

other nanofibers, as indicated by its lowest R2 value (1136.8 Ω). The R2 value of H95T5 (5% 

of TiO2) increased to 1280 Ω. The R2 of HNT was 6027.8 Ω, which indicates lower 

recombination rate between electrons and holes and thus, longer electron lifetime57. 

 

Fig. 5 The Nyquist curves (obtained by EIS) of halloysite, TiO2 and H95T5 in the dark (a) and under 

visible light (b). The proposed circuit is illustrated in the inset. 

 

 

 Halloysite  TiO2 H95T5 

BET surface 

(m2/g ) 

35.7 58.4 36.6 

Micropore area 

(cm3/g) 

---------- 2.1 3.7 
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Table 3. Electrochemical impedance spectroscopy parameters 

Sample R1 ( Ω) R2 ( Ω ) R2 - R1 

Dark Visible Dark Visible Dark Visible 

Halloysite 181.4 215.9 5692.2 6027.8 5510.8 5811.9 

TiO2 215.9 203.3 2023.0 1136.8 2238.9 933.5 

H95T5 183.0 166.7 9124.0 1280.0 8941.0 1113.8 

3.3.Photocatalytic activity  

The photocatalytic activity of HNT, TiO2 and H95T5 was evaluated by monitoring the 

degradation of MB and ACT under UV and visible light irradiation. MB was chosen as a 

representative organic pollutant. It belongs to the xanthine family, and has a maximum 

absorption band at 664 nm.84–88  ACT was selected as a drug model due to its high consumption 

worldwide and its wide presence in natural water and wastewater.65,68,89-90. For comparison, the 

photocatalytic activities of HNT, TiO2 and H95T5 were tested in the dark. Then, upon exposure 

to UV light for 4 h, it was confirmed that MB was stable and did not undergo self-photolysis 

(Fig. S5) After 10 min of UV light irradiation, 97.5% and 85.1% of MB were degraded using 

H95T5 and TiO2, respectively (Fig. 6.a degradation percentage calculated from the 

spectrophotometric results presented in Fig. S7.a). The obtained results showed that H95T5 

had high photocatalytic degradation capacity. Then, to test whether H95T5 was a good catalyst 

also under visible light to reduce energy consumption, the same photocatalytic experiments 

were carried out using visible light radiation. After 2 h of visible light irradiation, 88.7% of MB 

was degraded in the presence of H95T5, 93.6% in the presence of TiO2, and only 20% in the 

presence of HNT (Fig. 6.b and Fig. S6). These data indicated that the H95T5 composite (95% 

of natural HNT) possesses very good photocatalytic activity upon UV and also visible light 

irradiation. These results are very promising for developing a new type of low-cost 

photocatalytic material.  
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Fig. 6 Photocatalytic degradation of MB by H95T5 and TiO2 upon exposure to UV light (a) and to 

visible light (b). Each measurement was performed at least three times and the relative error was lower 

than ±5 %. 

Then, ACT degradation upon exposure to UV and visible light was monitored. After 20 

min under UV irradiation, 97.5% and 85.1% of ACT were degraded in the presence of H95T5 

and TiO2, respectively (Fig. 7.a). ACT was completely degraded by both photocatalysts after 1 

h of UV irradiation. These results confirmed that H95T5 could be used for the degradation of 

different pollutant types under UV irradiation with a good degradation rate. Similarly, after 6 h 

of visible light irradiation, 91.1% and 83.9% of ACT were degraded in the presence of H95T5 

and TiO2, respectively (Fig. 7.b). Then, the pollutant degradation activity of H95T5 was 

compared with that of other previously described photocatalysts made of HNT and TiO2 (Table 

5). Although it was not straightforward to compare different photocatalysts, different 

experimental conditions (concentration of photocatalyst and pollutants), different irradiation 

types, and different synthesis methods, it was clear that despite the low quantity of TiO2 in 

H95T5, its ACT and MB degradation performances upon exposure to visible light and UV 

irradiation were excellent. 

 

 

Fig. 7 Photocatalytic degradation of ACT by H95T5 and TiO2 upon exposure to UV (a) and visible 

light (b).  All measurements were repeated at least three times and the relative error was lower than ±5 

%. 

 Analysis of the reaction kinetics for both pollutants showed that MB and ACT 

photocatalysis under UV and visible light could be explained by a pseudo first-order reaction 

due to the linearity of the curves and the linear coefficient R2 near to 1 (Fig. S8 and Table 4). 

The degradation rates for both pollutants with TiO2 nanofibers as catalyst were higher than 

those of H95T5 under visible and UV lights. This demonstrated that TiO2 nanofibers displayed 

the best photocatalytic activities for ACT and MB degradation, which is logical considering 

that H95T5 is mainly made of clay.  

Table 4. ACT and MB degradation efficiency and kinetics using TiO2 and H95T5.  
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Pollutant Irradiation Photocatalyst Degradation 

(%) 

Kapp x10-2 

(min-1) 

Correlation 

coefficient 

R2 

ACT UV TiO2 100.00 16.64 0.98 

H95T5 100.00 9.72 0.99 

ACT Visible TiO2 83.90 0.48 0.99 

H95T5 91.10 0.64 0.99 

MB UV TiO2 99.98 17.42 
 

0.98 

H95T5 99.98 15.51 0.99 

MB Visible TiO2 98.40 1.87 0.97 

H95T5 96.83 1.75 0.98 

 

As H95T5 was a good photocatalyst for MB and ACT degradation, its stability (0.5 g/l) 

was evaluated over five successive cycles using ACT at a concentration of 10 mg/L at pH 7. 

After each experiment, the photocatalyst was removed by filtration, washed with deionized 

water several times, and dried at 100°C for 12 h. The catalyst remained stable without loss of 

activity after five cycles (Fig. 8.a). Therefore, due to its high catalytic activity and good 

stability, H95T5 is a promising material for further development in catalysis.  

Next, to understand the degradation mechanism, quenching tests were carried out to 

identify the reactive radicals responsible for ACT degradation. The photocatalysis experiments 

were performed as described above, but in the presence of radical scavengers (isopropanol, 

benzoquinone, EDTA) (Fig. 8.b and c). Specifically, each scavenger (0.06M91) was added to 

the ACT solution before exposure to the light source101. Aliquots were taken at different time 

points during the reaction, and ACT concentration was analyzed with the same 

chromatographic method as before. When isopropanol (•OH scavenger) was added, ACT 

degradation rate was reduced considerably. As •OH, radicals are very reactive, their reduction 

by the scavenger inhibited degradation, indicating that •OH radicals were involved in ACT 

degradation. Addition of benzoquinone, which can trap O2
•− radicals, inhibited ACT 

degradation. This demonstrated the participation of O2
•− in the photodegradation process. 

Addition of EDTA led to degradation inhibition by ~70%, indicating that h+ also were involved 

in ACT degradation57. Overall, these data showed that •OH, h+ and O2
•− radicals were the main 

reactive species involved in ACT photodegradation 57. 
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Fig. 8 Reusability of H95T5 as photocatalyst (a). Plots showing the results of the experiments with the 

indicated radical scavengers to identify the reactive species implicated in ACT degradation by H95T5 

(b,c). Vibrio fischeri luminescence inhibition during ACT degradation by H95T5 under visible light 

irradiation (d). BQ: benzoquinone; IPA, isopropanol. 

Lastly, bacterial toxicity tests were performed to determine whether toxic by-products 

were produced during ACT degradation. After 15 min of contact between V. fischeri and the 

solution of H95T5 and ACT, the percentage of bacterial luminescence inhibition by ACT was 

27% and increased to 87% after 4 h of irradiation, demonstrating the formation of toxic aromatic 

by-products (Fig. 8.d). The inhibition percentage decreased slowly to 80% after 12 h, to 52% 

after 24 h, to 24% after 42 h, and to 15% after 48 h. This demonstrated ACT removal efficiency 

by H95T5 under visible light irradiation. This result is consistent with the previously 

demonstrated formation of toxic aromatic by-products, such as 1,4-benzoquinone, benzoic acid, 

and benzaldehyde, and their transformation into non-toxic compounds, such as carboxylic acids 

(e.g. maleic acid, oxalic acid)51,52,94. 

Table 5. Degradation efficiency of different photocatalysts (previous studies) and comparison with 

H95T5. 
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Pollutant 

(mg/L) 

Photocatalyst 

(g/L) 

Method Type of 

irradiation 

Removal 

efficiency 

(%) 

Degradation 

time (min) 

Ref 

ACT 

(10 mg/L) 

 

 

 

H95T5 

 

(0.5 g/L) 

 

 

 

Sol-gel 

+ 

Electrospinning 

Medium 

pressure metal 

halide UV 

100 60  

 

 

This 

work 
ACT (10 

mg/L) 

 

Halogen linear 

lamp 

91.10  360 

MB 

(6.64 mg/L) 

Medium 

pressure metal 

halide UV 

99.98 20 

MB 

(6.64 mg/L) 

Halogen linear 

lamp 

96.83 180 

MB 

20 mg/L 

  

TiO2@HNT 

(4.2g/L) 

Sol-gel 

+  

Phase inversion 

 

125 W UV lamp 

(254 nm) 

87.47 120  

39 

RB 

20 mg/L 

96.87 120 

MB 

(32 mg/L) 

 

TiO2/HNT 

(0.5 g/L) 

Sol-gel 

 

12 W UV lamp 

(λ= 365 nm) 

81.60 240  
42 

Acetic acid 

5 mL of 5 

vol % 

 

 

TiO2/HNTs 

      ( 20 mg) 

 

 

Solvothermal  

 

 

100 W high-

pressure lamp 

3488.63 

μmol/g 

60  

 
40 

Methanol 

5 mL of 5 

vol % 

729.37 

μmol/g 

120 

Tetracyclin

e 

20 mg/L 

Ce- TiO2/HNT 

(0.5 g/L) 

 

 

Sol-gel 

300 W Xe lamp 

(λ > 420) 

78.00 60  
69 

Basic Blue 

41 

(12 mg/L) 

Ag/ TiO2-HNT 

(0.625g/L) 

 

Sol-gel 

Four black light 

fluorescent 

tubes with 

nominal power 

of 4 W 

100 100  
95 

MB 

(20 mg/L) 

Carbon- TiO2-

HNT (8%) 

(0.2g/L) 

Sol-gel 

+ 

Electrospinning 

50 W UV lamps 

(k < 420 nm) 

81.00 90  
45 

4-NP 

(10 mg/L) 

Amylose–

halloysite– 

TiO2 

(1 g/L) 

Ball milling 

+ 

Sol-gel 

12 W UV lamp 

(λ = 253 nm) 

90.00 240  
43 

ACT 

(10 mg/L) 

MWCNT 

10%-TiO2-

SiO2 

 

Ultrasonic 

+ 

Sol–gel 

Visible 

irradiation high 

pressure 

mercury lamp 

81.60 60  
96 

ACT 

(30 mg/L) 

Fe2O3-TiO2 

(0.25g/L) 

Sol-gel Solar simulator 

halogen lamp 

94.80 180 97 
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4. Conclusion  

TiO2-based composite nanofibers with a large amount of HNT (95%) were successfully 

prepared by combining the sol-gel and electrospinning methods. The prepared catalyst was 

annealed at 400°C to preserve the original HNT structure. XRD and Raman spectroscopy 

showed that TiO2 was well incorporated inside the nanofibers. Moreover, TEM images showed 

good HNT dispersion and confirmed that HNT nanotubes were located inside the TiO2 

nanofibers. Although the catalyst included only 5% of TiO2, H95T5 efficiently degraded MB 

and ACT under UV (97.5% of MB after 10 min and 100% of ACT after 60 min) and visible 

light irradiation (97% of MB after 3 h and 91% of ACT after 6 h).  In addition, H95T5 catalytic 

performance remained unchanged after five consecutive cycles, demonstrating its stability. The 

scavenging experiments revealed that •OH, h+ and O2
•− radicals were the main reactive species 

involved in ACT photodegradation. These findings suggest that this Tunisian clay is an 

alternative material for developing a clean, environmentally friendly, less energy-demanding, 

and low-cost photocatalyst for removing dyes and pharmaceuticals from wastewater, and open 

prospects for mass production and practical applications.  
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ACT 

(20 mg/L) 

Degussa P25 

(2g/L) 

Commercial UV irradiation 

365nm 

98.00 60 98 

ACT 

(0.08 mg/L) 

TiO2-Ag 5% 

(1g/L) 

Photodeposition UV irradiation 

365nm 

98.00 180 99 

ACT 

(20 mg/L) 

Pt-TiO2 

0.4g/L 

Photodeposition 

synthesis 

Solar  

irradiation 

100 180 100 
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