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A B S T R A C T   

We investigated the photocatalytic activity of TiO2 nanoparticles (TiO2-NPs) and TiO2 nanotubes (TiO2-NTs) 
supported on a floating polyurethane (PU) foam for removing Bisphenol A (BPA) as a model pollutant. We 
fabricated TiO2-NPs by the sol-gel method and TiO2-NTs by the ultrasound-assisted hydrothermal method. 
Subsequently, the photocatalysts were immobilized onto the PU foam through the wet chemical deposition 
process. The synthesized photocatalysts were characterized by contact angle, SEM-EDS, TEM, XRD, DRS, and BET 
analyses. TiO2-NPs and TiO2-NTs were successfully deposited onto the PU foam, creating floating photocatalysts 
denoted as TiO2-NPs@PU and TiO2-NTs@PU. Our findings indicated that the nanotubular structure of floating 
TiO2 photocatalysts enhanced the removal efficiency of BPA relative to the nanoparticles, resulting in the 
complete removal of the pollutant over 180 min of simulated sunlight irradiation. TiO2-NTs@PU was also stable 
after five reuse cycles. Moreover, h+ was the main scavenging reactive species during the photocatalysis of BPA 
with TiO2-NTs@PU.   

1. Introduction 

The application of TiO2 semiconductors has been investigated in 
solar cells, fuel cells, Li-ion batteries, H2 production, air purification, 
CO2 conversion, NOx gases conversion, heavy metals reduction, gas 
sensors, water splitting, and especially wastewater treatment with 
photocatalytic processes [1,2]. Photocatalysis by TiO2 that mimics 
artificial photosynthesis employs TiO2 semiconductors as photocatalysts 
for light-driven photocatalytic removal of hazardous organic pollutants 
from wastewater [3,4]. 

TiO2 photocatalysts have drawn attention due to their characteris
tics, including hydrophilicity, thermal and chemical stability, optical 
properties, corrosion resistance, and photocatalytic activity under light 
irradiation [5–8]. 

However, TiO2 has limitations originating from the low electron 
transfer rate and light absorption, as well as the rapid recombination of 
photogenerated electron-hole pairs in the photocatalyst. Furthermore, 
employing TiO2 in the powder format is another obstacle, making TiO2 

recovery challenging after the photocatalytic process [9,10]. 
To modify the photocatalytic activity of TiO2, TiO2 nanostructures 

can be engineered into nanotubes, which results in enhanced electron 
migration and reduced electron-hole recombination [11–13]. TiO2 
nanotubes (TiO2-NTs) have a large surface area, higher light absorption, 
and oriented charge mobility in comparison to TiO2 nanoparticles 
(TiO2-NPs) [14,15]. Several research has been reported on the synthesis 
of TiO2-NTs photocatalysts, including the template-assisted method, 
sol-gel process, electrochemical anodization of titanium, and hydro
thermal method [16,17]. Among these methods, hydrothermal is a 
common approach to converting TiO2 powder as a precursor to the 1D 
nanotubular structure (TiO2-NTs) [17]. 

Floating TiO2 photocatalysts can be considered a promising 
approach to tackle the recovery and reusability issues of suspended ones 
and prevent environmental toxicity from releasing nanoparticles to 
treated water. Compared with suspended systems, floating TiO2 photo
catalysts can benefit from more accessibility to the water-air interface, 
resulting in better solar light harnessing. This can boost the removal 
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efficiency of contaminants from wastewater [18–21]. 
Floating substrates, including perlite, vermiculite, glass microbead, 

cork, graphite, polymer, light-expanded clay aggregate, silicone, and 
autoclaved cellular concrete, have been employed in immobilized 
floating TiO2-based photocatalysts for water purification [22]. Poly
urethane (PU) foam is a macroporous polymer with a three-dimensional 
structure. The open-pore structure of the PU foam increases porosity and 
surface area, which improves the adsorption ability of pollutants. 
Therefore, the removal efficiency of aqueous contaminants can be 
enhanced [23,24]. In addition, PU foam has low density (<
1000 kg/m3), making it a suitable floating support [25]. According to 
the literature, Zhang et al. [24] synthesized well-ordered mesoporous 
TiO2 photocatalysts onto floating PU foam. Based on the results, the 
heavy metal ions in the mixed solution were completely removed, and 
the removal efficiency of the dye was greater than 90% under sunlight 
irradiation after 2 h. Zhang et al. [26] described preparing ordered 
mesoporous SiO2-TiO2 photocatalysts based on a PU foam. Floating 
SiO2-TiO2/PUF photocatalyst was applied in a photocatalytic 
circulating-bed biofilm reactor where phenol and 2,4,5-trichlorophenol 
were completely removed under 3 h and 6 h of UV irradiation (365 nm, 
8 W), respectively. Ni et al. [23] fabricated floating photocatalysts based 
on polyurethane foams with Ag/TiO2/graphene nanoparticles. The 
photocatalytic activity of floating PU-Ag/TiO2/graphene was investi
gated for diesel degradation under visible light irradiation (500 W, 
Halogen tungsten lamp). The results reported 76% of diesel degradation 
during 16 h. In another study, Li et al. [18] synthesized a floating 
photocatalyst, which was TiO2 P25 nanoparticles supported on a poly
urethane foam to degrade BPA. The degradation efficiency with TiO2 
P25/PU was achieved at 71% after 120 min UV irradiation. 

To the best of our knowledge, no study has been reported to remove 
pollutants from wastewater using mesoporous TiO2-NTs photocatalysts 
immobilized on a macroporous PU foam as a floating macro/meso
porous photocatalyst carrier. Herein, we investigated for the first time 
the photocatalytic performance of the floating nanocomposite foam 
(TiO2-NTs@PU) to eliminate Bisphenol A (BPA), a model organic 
pollutant in wastewater, when exposed to simulated solar irradiation. In 
addition, this work was the first to report the effect of the nanotubular 

structure of TiO2 on the activity of floating TiO2 photocatalysts in 
degrading BPA under simulated sunlight. Furthermore, the mechanism 
of BPA degradation with floating TiO2-NTs@PU was examined by 
capturing free radical species. 

2. Materials and methods 

2.1. Chemicals 

We used Ti(IV)-butoxide (C16H36O4Ti, reagent grade, 97%, Sigma 
Aldrich), Ethanol (C2H6O, 95%, Commercial Alcohols), Sodium hy
droxide (NaOH, 98%, Thermo Scientific), Hydrochloric acid (HCl, 37% 
w/w, Fisher Scientific), Polyvinyl alcohol (low molecular weight, 
98–99% hydrolyzed, Thermo Scientific Chemicals), Bisphenol A (≥99%, 
Sigma Aldrich), and DMPO (5,5-Dimethyl-1-pyrroline N-oxide, Sigma- 
Aldrich). Porous Polyurethane foam (Porosity: Medium, 20 PPI) was 
purchased from Amtra. We prepared all solutions with deionized water. 

2.2. Fabrication of photocatalysts 

2.2.1. TiO2-NPs 
We synthesized TiO2-NPs by the sol-gel method [27]. First, we mixed 

C16H36O4Ti (25 mL) and ethanol (80 mL) for 4 h at 25 ◦C with a mag
netic stirrer. After that, we kept the solution for aging for 12 h at room 
temperature. The sample was then dried at 80 ◦C in an oven and calcined 
in a furnace at 400 ◦C for 2 h (heating rate of 5 ◦C/min under air 
atmosphere). 

2.2.2. TiO2-NTs 
We synthesized TiO2-NTs by the ultrasound-assisted hydrothermal 

method [28]. First, we added the previously synthesized TiO2-NPs (1 g) 
to NaOH solution (10 M, 50 mL) under 30 min stirring at room tem
perature to make a suspension. To homogenize the suspension, the 
sample was then kept under ultrasonication (110 W, 30 min). After
wards, the homogenized suspension was transferred into a Teflon-lined 
autoclave (100 mL), heated to 160 ◦C with a heating rate of 5 ◦C/min 
and maintained for 24 h in an oven. After cooling to room temperature, 

Fig. 1. Dynamic water contact angle for (a) pristine PU foam, (b) TiO2-NPs@PU, and (c) TiO2-NTs@PU.  
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the as-obtained white precipitate was filtered and washed with deion
ized water and HCl solution (0.1 M). This process was repeated until the 
pH of the solution was nearly neutral. In the next step, the prepared 
sample underwent drying at 80 ◦C, and finally, the as-synthesized 
TiO2-NTs were calcined at 400 ºC for 2 h by a furnace (heating rate of 
5 ◦C/min under air atmosphere). 

2.2.3. Floating TiO2-NPs@PU and TiO2-NTs@PU 
To prepare floating TiO2-NPs@PU and TiO2-NTs@PU, we coated 

TiO2-NPs and TiO2-NTs photocatalysts onto PU foam through the wet 
chemical deposition method. We applied porous PU foam (size: 4 cm ×
1 cm, porosity: 85%) as a floating support for powder photocatalysts. To 
immobilize TiO2-NPs and TiO2-NTs onto the PU foam, we employed 
Polyvinyl alcohol (PVA) as a binder [29] with a weight percentage of 1 
(i.e., 99 wt% photocatalysts and 1 wt% of PVA). First, PVA (1 wt%) was 
dissolved in deionized water (30 mL) in a three-neck flask (100 mL). The 
solution was heated to 95 ℃ for 3 h using a hot plate stirrer. Next, 
TiO2-NPs and TiO2-NTs photocatalysts (0.5 g) were added to the 
three-neck flask, followed by heating at 95 ℃ for another 2 h. The ob
tained solution was then transferred into a beaker (50 mL) and cooled to 
80 ◦C. Finally, the PU foam was immersed in the aqueous suspension 
containing the photocatalysts and PVA and then dried in an oven at 80 
◦C to obtain TiO2-NPs@PU and TiO2-NTs@PU. 

2.3. Characterization 

We studied the wettability properties of the photocatalysts, hydro
phobicity and hydrophilicity, by a Contact Angle System (OCA25, 
DataPhysics Instruments). The morphology and elemental compositions 
of the photocatalysts were investigated by a Field-Emission Scanning 
Electron Microscopy (FESEM, JSM-7600TFE, JEOL) equipped with 
Energy-Dispersive X-ray Spectroscopy (EDS). We utilized Transmission 
Electron Microscopy (TEM) and High-resolution Transmission Electron 
Microscopy (HR-TEM) to further investigate the morphology and 
structure of the photocatalysts (JEM-2100 F, JEOL). The size of the 
synthesized photocatalysts was measured by Digimizer version 5.3.5 
software. The crystalline phase of the photocatalysts was characterized 
by an X-ray Diffractometer (XRD, D8 advance, Bruker). The crystallite 
size of the photocatalysts was determined by the Scherrer Equation [30]. 

D =
Kλ

βcosθ
(1) 

In Eq. 1 , D is the crystallite size (nm), K is a constant (shape factor =
0.94), λ is the wavelength of the X-ray radiation source (Cu-Kα =
0.15406 nm), β is the full width at half maximum (FWHM) of the peak 
(in radian), and θ is half of the Bragg angle (in degrees). 

The optical properties of the photocatalysts were examined by a 
Diffuse Reflectance UV–vis Spectrophotometer (DRS, Evolution™ 220, 
Thermo Fisher Scientific). The bandgap energy of the photocatalysts (Eg) 

Fig. 2. EDS spectra of (a) TiO2-NPs and (b) TiO2-NTs; EDS mappings of (c) TiO2-NPs and (d) TiO2-NTs.  
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was calculated by plotting [F(R) × hʋ]0.5 vs. hʋ, where F(R) is the 
Kubelka Munk function obtained from Eq. 2 and R is the reflectance [31, 
32]. 

F(R) =
(1 − R)2

2R
(2) 

Nitrogen adsorption-desorption isotherms applying the Brunauer- 
Emmett-Teller method (BET) measured the specific surface area, total 
pore volume, and mean pore diameter of the photocatalysts by means of 
N2 adsorption at 77 K (Autosorb-1 device, Quantachrome Instruments). 
For chemical compositions and valence states of the photocatalysts, X- 
ray photoelectron spectroscopy (XPS) analysis was performed by an X- 
ray photoelectron spectrometer microprobe (VG ESCALAB 250Xi, 
Thermo Scientific). Fourier Transform infrared (FTIR) spectra were 
performed using an FTIR Spectrometer (Thermo Scientific™, Nicolet™ 
iS™ 5). 

2.4. Floating photocatalytic system 

We evaluated the photocatalytic activity of floating TiO2-NPs@PU 
and TiO2-NTs@PU to remove BPA in a batch floating catalyst photo
reactor under simulated sunlight irradiation. The experimental condi
tions for the removal of BPA were as follows: BPA concentration (10 mg/ 
L), photocatalyst amount coated onto the floating PU foam (0.1 g), pH 
(natural, 5.7), and irradiation time (180 min). The TiO2-NPs@PU and 
TiO2-NTs@PU photocatalysts were floated in BPA solution (200 mL). 
The light source was a 300 W commercial solar lamp (Ultra-Vitalux, 
Osram) with a wavelength of 360–800 nm and an intensity of 35 W/m2, 
placed 20 cm above the reactor. Before being exposed to irradiation, 
each sample was kept in the dark for 60 min to reach absorption- 
desorption equilibrium. We repeated the photocatalytic experiments 
three times for 180 min of simulated sunlight irradiation. Every 30 min, 
the BPA concentration was monitored by a UV-Vis Spectrophotometer 
(Evolution™ 220, Thermo Fisher Scientific) at λmax= 276 nm. 

Fig. 3. SEM images of (a) pristine PU foam, (b) TiO2-NPs@PU, (c) TiO2-NPs, (d) TiO2-NTs@PU, and (e) TiO2-NTs.  
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2.5. Scavenging reactive species experiments 

We carried out scavenging experiments to investigate the main 
reactive species in removing BPA with floating TiO2-NPs@PU and TiO2- 
NTs@PU photocatalysts. We applied the following scavengers: Ammo
nium oxalate (AO) for photogenerated holes (h+), Tert-butanol (t-BuOH) 
for hydroxyl radicals (•OH), Silver nitrate (AgNO3) for electrons (e-), and 
Benzoquinone (BZQ) for superoxide anions (•O2

–). Scavenging experi
ments were conducted by adding 1 mM of each scavenger into the 
floating catalyst photoreactor under the same conditions for BPA pho
tocatalysis experiments, as described in Section 2.4. In addition, we 
utilized an Electron Paramagnetic Resonance Spectrometer (EPR, Mag
nettech ESR5000, Bruker) with the DMPO technique to detect reactive 
species under simulated sunlight irradiation. Moreover, we identified 
intermediates during the photocatalytic degradation of BPA using High- 
performance Liquid Chromatography-mass Spectrometry (HPLC-MS). 
Samples were taken from the floating catalyst photoreactor before and 
after 180 min of the photocatalytic reaction. 

3. Results and discussion 

3.1. Wettability properties of TiO2-NPs@PU and TiO2-NTs@PU 

Fig. 1 presents the dynamic water contact angle for pristine PU foam, 
TiO2-NPs@PU, and TiO2-NTs@PU. We examined the wettability 

Fig. 4. TEM images of (a) TiO2-NPs and (b) TiO2-NTs; HR-TEM images of (c) TiO2-NPs and (d) TiO2-NTs.  

Fig. 5. FTIR spectra of PU foam, TiO2-NPs, TiO2-NTs, TiO2-NPs@PU, and 
TiO2-NTs@PU. 
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properties of samples over 5 s (t≥ 5 s), with t= 0 s when the water 
droplet was initially formed and t= 1 s representing the time when the 
water droplet contacted the PU foam. As shown in Fig. 1a, the water 
droplet could not pass the non-coated PU foam and remained on the PU 
foam for over 5 s, indicating that the pristine PU foam was hydrophobic. 
Interestingly, introducing TiO2-NPs on the PU foam enhanced the hy
drophilicity, causing the water droplet to rapidly go through the pho
tocatalyst and then vanish after 5 s (Fig. 1b). Consequently, floating 
TiO2-NPs@PU exhibited hydrophilicity. Similarly, immobilizing TiO2- 
NTs into the PU foam significantly affected hydrophilic properties. TiO2- 
NTs@PU also resulted in a hydrophilic floating photocatalyst, as pre
sented in Fig. 1c. Our findings suggest that the deposition of TiO2 pho
tocatalysts onto the PU foam as a floating support induced changes in 
the PU foam’s wettability characteristics owing to the inherent hydro
philic traits of TiO2 [33], which has potential applications in water 
purification. 

3.2. Morphology and elemental compositions of TiO2-NPs@PU and TiO2- 
NTs@PU 

EDS analysis detected the elements of Ti (61%) and O (39%) in TiO2- 

NPs (Fig. 2a). Fig. 2b also indicates the presence and amount of Ti, O, 
and Na in TiO2-NTs ranked in the order of 67.8%, 31.9%, and 0.3%. 
Moreover, the elements were uniformly dispersed in TiO2-NPs and TiO2- 
NTs, as shown in Fig. 2c and d. 

Fig. 3a shows the SEM image of PU foam, indicating the smooth 
surface of the pristine PU foam before immobilizing TiO2-NPs and TiO2- 
NTs onto it. The SEM image of TiO2-NPs@PU presents that TiO2-NPs 
were uniformly coated into the PU foam (Fig. 3b). As depicted in Fig. 3c, 
the shape of the TiO2-NPs photocatalyst synthesized by the sol-gel 
method was spherical. Moreover, Fig. 3d proves the successful deposi
tion of TiO2-NTs onto the PU foam (TiO2-NTs@PU). Fig. 3e shows the 
morphology of TiO2-NTs, confirming that the hydrothermal synthesis 
method successfully fabricated the nanotubular structure of TiO2. 

Fig. 4a shows the morphology of TiO2-NPs analyzed by TEM. The 
TEM image indicates that the as-prepared TiO2 photocatalyst was 
formed in approximately spherical nanoparticles, with an average 
diameter of about 32 nm measured using the Digimizer software. The 
internal crystalline structure of TiO2-NPs was determined by the HR- 
TEM image, as depicted in Fig. 4c. The results confirmed the existence 
of TiO2 anatase planes, namely (101), (004), and (200), corresponding 
to the d-spacing values of 0.349 nm, 0.237 nm, and 0.188 nm, 

Fig. 6. XPS analysis (a) Survey spectrum of TiO2-NTs; Spectra of (b) Ti 2p and (c) O 1 s.  
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respectively (Reference code: 01–071–1166). In addition, Fig. 4b shows 
that TiO2 photocatalysts had a hollow nanotubular structure, confirming 
the synthesis of TiO2-NTs. By comparing Fig. 4b with Fig. 4a, we 
observed that TiO2-NPs were transformed into TiO2-NTs through the 
hydrothermal synthesis method. The transformation of TiO2-NPs to 

TiO2-NTs was reported as a sheet folding mechanism [34,35]. In the 
primary stage, TiO2-NPs are dissolved, and Ti-O-Ti bonds are broken by 
the concentrated alkaline solution, forming Ti-O-Na and Ti-OH. In the 
next stage, the replacement of Na+ and H+ ions results in the formation 
and growth of layered nanosheets of sodium titanates. In the last stage, 

Fig. 7. XPS analysis (a) Survey spectrum of TiO2-NTs@PU; Spectra of (b) Ti 2p, (c) O 1s, (d) N 1s, and (e) C 1s.  
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the variation of surface charge caused by ion exchange of Na+ with H+

arising from HCl treatment causes nanosheet exfoliation and increases 
curling tendency, leading to the formation of nanotubes. [36]. Accord
ing to the HR-TEM image of TiO2-NTs (Fig. 4d), we measured the 
external diameter and internal diameter of the fabricated nanotubes, as 
well as the wall thickness as 7.5 nm, 5.2 nm, and 1.15 nm, respectively. 
Our results are consistent with previous work, including Yang et al. [37], 
Kubo and Nakahira [38], Hosseini and Vahabzadeh Pasikhani [28], 

Alkanad et al. [39], and Gilani et al. [40] who synthesized TiO2-NTs in 
the same hydrothermal conditions, resulting in hollow tube-like nano
structures with an average diameter of in the range of 5–7 nm. 

3.3. Functional group detection of TiO2-NPs@PU and TiO2-NTs@PU 

Fig. 5 shows the FTIR spectra of PU foam, TiO2-NPs, TiO2-NTs, TiO2- 
NPs@PU, and TiO2-NTs@PU. In the FTIR spectrum of PU foam, the 

Fig. 8. XRD patterns of (a) TiO2-NPs and (b) TiO2-NTs.  

Fig. 9. DRS analysis for the absorption spectra of (a) TiO2-NPs and (b) TiO2-NTs; Bandgap energies of (c) TiO2-NPs and (d) TiO2-NTs.  
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peaks at around 1526 cm− 1 and 3320 cm− 1 were related to the in-plane 
bending vibration of N-H and the symmetric and asymmetric stretching 
vibrations of N-H, respectively. Also, the peak at near 1222 cm− 1 indi
cated asymmetric stretching vibration of C-O. The vibration of C––C was 
identified at about 1604 cm− 1, and the bending vibration of C-H was 
observed in the range of 767–917 cm− 1. The peak at about 1380 cm− 1 

originated from the symmetric bending vibration of CH3, and the peak at 
approximately 1083 cm− 1 showed bond C-O-C stretch. The stretching 
vibrations of C-H in methyl and methylene groups were observed at 
about 2979 cm− 1, 2929 cm− 1, and 2873 cm− 1 [41,42]. Regarding the 
FTIR spectra of TiO2-NPs and TiO2-NTs, the broad peaks at 
700–800 cm− 1 and 433–490 cm− 1 corresponded to the asymmetric 
stretching, symmetric stretching, and the bending modes of Ti-O-Ti 
bonds [28]. In addition, the presence of peaks around 3420 cm− 1 was 
attributed to O-H stretching of the hydroxyl group to Ti atoms (Ti-OH), 
and peaks observed at 1630 cm− 1 were indexed to the stretching vi
brations of H-O-H bond from water molecules adsorbed at the surface of 

photocatalysts [43]. As shown in Fig. 5, the FTIR spectra of TiO2-NP
s@PU and TiO2-NTs@PU were primarily composed of the peaks of TiO2 
photocatalysts and PU foam. In addition, a shift to the high wavenumber 
in the FTIR spectra of TiO2-NPs@PU and TiO2-NTs@PU was observed 
owing to the hydrogen bonds formed between TiO2 photocatalysts and 
PU foam [44]. Furthermore, some peaks were observed at about 
790–1000 cm− 1 in the FTIR spectra of TiO2-NPs@PU and TiO2-NT
s@PU, which can be attributed to the vibration of Ti-O-C [28,45,46]. 

Fig. 10. N2 adsorption-desorption isotherms of (a) TiO2-NPs and (b) TiO2-NTs.  

Table 1 
BET results of TiO2-NPs and TiO2-NTs.  

Photocatalyst BET Surface area 
(m2/g) 

Total pore volume 
(cm3/g) 

Mean pore 
diameter (nm) 

TiO2-NPs  43  0.5  37 
TiO2-NTs  89  0.6  24  

Fig. 11. BPA removal with TiO2-NPs and TiO2-NTs under simulated sunlight irradiation for (a) suspended and (b) floating systems.  

Table 2 
Correlation coefficients and apparent rate constants for kinetics models of BPA 
removal.  

Sample Kinetics model 

Correlation coefficient (R2) Apparent rate constant (kapp) 

n ¼ 0 n ¼ 1 n ¼ 2 n ¼ 0 n ¼ 1 n ¼ 2 

TiO2-NPs@PU  0.98  0.99  0.97  0.0226  0.0032  0.0005 
TiO2-NTs@PU  0.96  0.98  0.70  0.047  0.016  0.0115 
TiO2-NPs  0.96  0.99  0.97  0.0307  0.0045  0.0006 
TiO2-NTs  0.95  0.97  0.62  0.0615  0.0209  0.0212  
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3.4. Chemical compositions and valence states of TiO2-NTs and TiO2- 
NTs@PU 

Fig. 6a shows the XPS analysis of TiO2-NTs, indicating the presence 
of Ti and O elements in the fabricated photocatalyst. Based on the high- 
resolution spectrum of Ti 2p (Fig. 6b), two evident peaks were observed 
at binding energies of 464.6 eV and 458.9 eV, which were related to Ti 
2p1/2 and Ti 2p3/2 of Ti4+ in TiO2, respectively [3]. In addition, Fig. 6c 
shows a sharp peak at a binding energy of 530.4 eV associated with the 
formation of lattice oxygen (Ti-O) in TiO2 [47]. No peak related to Na 
was observed in XPS, implying the negligible concentration of Na in 
TiO2-NTs. 

Fig. 7 shows the XPS analysis of TiO2-NTs@PU. In comparison with 
Fig. 6, the peaks of O 1s (530.5 eV), C 1s (284.8 eV), and N 1s (399.9 eV) 
were detected as characteristic of PU foam [48,49], as shown in Fig. 7a. 
Also, the same high-resolution spectrum was observed for Ti 2p 
(Fig. 7b). Regarding the spectrum of O 1s (Fig. 7c), the peak at a binding 
energy of 529.8 eV was related to Ti-O-Ti [48]. The peaks at 532.5 eV 
referred to C-O, and 533.6 eV related to O*-C––O [48,50]. In addition, 
the peak observed at 531.8 eV confirmed the formation of Ti-O-C [48, 
51–53]. Fig. 7d shows the spectrum of N 1s, with a peak at 399.8 eV for 
the O––C-N group [54]. Fig. 7e shows the high-resolution spectrum of C 
1 s. The peaks at 284.7 eV, 285.6 eV, 286.3 eV, 287.7 eV, and 289.3 eV 
were attributed to C-C, C-N, C-O, C––O, and N-(C––O)-O, respectively 
[48,51]. Moreover, there was a peak at 285.2 eV, referred to as Ti-O-C 
bonds [53]. 

3.5. Crystalline phase of TiO2-NPs and TiO2-NTs 

Fig. 8 depicts the XRD pattern of TiO2-NPs and TiO2-NTs, indicating 
that TiO2 photocatalysts exhibit a crystallized anatase structure. Fig. 8a 
confirmed the anatase phase of TiO2-NPs based on the peaks at 2θ values 
of 25.48◦, 37.04◦, 37.95◦, 38.67◦, 48.21◦, 53.92◦, 55.22◦, 62.84◦, and 
68.88◦ assigned to Miller indexes of (101), (103), (004), (112), (200), 
(105), (211), (204), and (220), respectively (JCPDS card No. 21–1272) 
[3,55]. Similarly, TiO2-NTs showed the anatase phase, as confirmed by 
the peaks at 25.36◦, 37.90◦, 48.15◦, 53.98◦, 55.27◦, and 62.86◦ ranked 
in the order of the Miller indexes of (101), (004), (200), (105), (211), 
(204), and (220), as shown in Fig. 8b. In addition, some peaks were 
observed in the XRD pattern of TiO2-NTs at 2θ values of 15.1◦, 28.6◦, 
and 43.5◦, corresponding to (001), (002), and (003) planes of TiO2(B) 
phase (JCPDS No. 46–1237) [56,57]. Moreover, the crystallite size of 
TiO2-NPs was 30 nm, while it was 26 nm for TiO2-NTs, obtained by the 
Scherrer Equation from the anatase peak of (101). The reduction in the 
crystallite size of TiO2-NTs can be justified by the hydrothermal 

synthesis method, which avoids the growth of TiO2 nanocrystals [58]. 

3.6. Optical features of TiO2-NPs and TiO2-NTs 

Fig. 9 reports the DRS analyses of TiO2-NPs and TiO2-NTs. The ab
sorption spectra of TiO2 nanocrystals showed an intense absorption peak 
in the UV region, which can be related to the electron excitation from the 
conduction band of TiO2 (2p orbitals of O2–) to its valence band (3d 
orbitals of Ti4+) [59,60]. According to Fig. 9a, TiO2-NPs had an ab
sorption edge of about 400 nm, and the bandgap energy calculated by 
the Kubelka Munk function was 3.1 eV, as shown in Fig. 9c. Moreover, a 
redshift was observed in the absorption spectrum of TiO2-NTs in which 
the absorption edge was around 415 nm (Fig. 9b), and the bandgap 
energy was calculated at 3 eV (Fig. 9d). The reduced bandgap energy 
can result from the decreased crystallite size of TiO2-NTs (26 nm) that 
leads to the redshift in the absorption spectrum (Fig. 9b) and broadening 
of anatase peaks in the XRD pattern (Fig. 8b) [58]. Besides the crystal 
size, synthesizing nanotubes with an average inner diameter of 5 nm can 
assist in decreasing the bandgap energy to 3 eV. The same results were 
observed in References [61,62]. In addition, the synthesized TiO2-NTs 
by alkaline hydrothermal methods led to the formation of anatase-
TiO2-B phases. Biphasic anatase-TiO2-B phases also decreased the 
bandgap energy, which is reported by Peng et al. [63]. 

3.7. Textural properties of TiO2-NPs and TiO2-NTs 

Fig. 10a and b show N2 adsorption-desorption isotherms of TiO2-NPs 
and TiO2-NTs, respectively. Both TiO2 photocatalysts presented type IV 
isotherms with H3 hysteresis loops based on the IUPAC classification 
[64]. The results indicated the slit-like mesoporous geometry of 
TiO2-NPs (mean pore diameter of 37 nm) and TiO2-NTs (mean pore 
diameter of 24 nm). The formation of the slit-like pore geometry by TiO2 
photocatalysts can be attributed to their aggregation, which is expected 
for mesoporous materials [28]. 

Table 1 presents BET surface area, total pore volume, and mean pore 
diameter of TiO2-NPs and TiO2-NTs. The BET surface area of TiO2-NTs 
(89 m2/g) was around two times higher than that of TiO2-NPs (43 m2/ 
g). Also, as shown in Table 1, TiO2-NTs had a total pore volume of 
0.6 cm3/g, which was greater than that of TiO2-NPs (0.5 cm3/g). Ac
cording to the results, TiO2-NTs fabricated by the hydrothermal method 
had a larger surface area than TiO2-NPs obtained from the sol-gel 
method. This can be related to mesoporous walls and tube openings of 
TiO2-NTs [36]. Our results are consistent with previous work. There are 
many studies in the literature, such as work reported by Zaki et al. [65], 
Rashad et al. [66], and Gilani et al. [40], which applied 160 ◦C to 

Fig. 12. Reusability of TiO2-NPs and TiO2-NTs for BPA removal in (a) suspended and (b) floating systems.  
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prepare the anatase phase TiO2 precursor in 10 mol/L NaOH and ob
tained a BET surface area in the 80–90 m2/g range. 

3.8. Photocatalytic activity of TiO2-NPs and TiO2-NTs for BPA removal 
in suspended and floating systems 

Fig. 11a and b report the photocatalytic activity of TiO2-NPs and 
TiO2-NTs under simulated sunlight irradiation in suspended and floating 
systems, respectively. The error bars in the Figures indicate the standard 
deviation of replicate experiments (n=3). For all Figures, the change in 
BPA concentration over the first 60 min in the dark was due to the 
adsorption-desorption equilibrium of BPA on the surface of the photo
catalysts. After the first 60 min, the light was turned on, and the change 
in BPA concentration correspond to the photocatalytic removal of BPA. 

As shown in Fig. 11a, the adsorption of BPA in the suspension system 
was negligible, and 4% and 6% of BPA were adsorbed on TiO2-NPs and 
TiO2-NTs, respectively. Under 180 min of simulated solar light irradia
tion, TiO2-NTs had better activity than TiO2-NPs and increased the 
removal of BPA from 51% to 100%. The improvement in photocatalytic 
activity is a consequence of engineering the optical and structural 
properties of TiO2 by converting nanoparticles to 1D nanotubes [14]. As 
reported in Table 1, TiO2-NTs had a surface area about two times greater 
than TiO2-NPs (89 m2/g), providing more active sites for the photo
catalytic degradation of BPA. Following DRS results (Fig. 9b and d), the 
bandgap energy of TiO2-NTs decreased to 3 eV, indicating improved 
light harvesting in the visible region, thus increasing the photocatalytic 
activity. Moreover, the smaller crystallite size of TiO2-NTs (26 nm) 
compared to TiO2-NPs could accelerate electron migration, resulting in 

Fig. 13. XRD patterns of (a) fresh and used TiO2-NPs@PU and (b) fresh and used TiO2-NTs@PU; SEM images of (c) fresh TiO2-NTs@PU and (d) used TiO2-NTs@PU 
after five cycles; EDS spectra of (e) fresh TiO2-NTs@PU and (f) used TiO2-NTs@PU after five cycles. 
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efficient electron-hole separation and improved BPA removal. The same 
trend was observed for the floating system, in which TiO2-NTs@PU 
exhibited better activity than TiO2-NPs@PU. As depicted in Fig. 11b, the 
BPA adsorption efficiencies over floating TiO2-NTs@PU and TiO2-NP
s@PU were 12% and 10%, respectively. Also, the photocatalytic activity 
of TiO2-NTs@PU was approximately two times higher than TiO2-NP
s@PU. BPA was completely removed by TiO2-NTs@PU after 180 min of 
light irradiation, while TiO2-NPs@PU removed only 45% of BPA under 
the same conditions. The results indicated that the nanotubular TiO2 
photocatalysts boosted the photocatalytic efficiency of TiO2 for BPA 
removal. 

The comparison between Fig. 11a and b shows that both TiO2-NPs 
and TiO2-NTs had 7% and 5% better photocatalytic activity in the sus
pension system than in the floating system due to the higher contact area 
in the suspended form [15]. Nevertheless, a floating photocatalyst is a 
promising system that can facilitate the recovery of photocatalysts after 
the process, resulting in lower operation costs and reduced runoff of 
materials into waters [19]. In addition, the synergistic effect of 

adsorption and photocatalytic degradation can contribute to the prac
tical removal of BPA by a floating photocatalytic system. Recent studies 
have shown that a floating system can cause a temperature gradient at 
the air/water interface, which is called photothermal effect [67–69]. 
The photothermal effect increases oxygen absorption from the air and 
enhances photocatalytic reactions by increasing the concentration of 
reactive oxygen species in the submerged part in liquid. In addition, as 
shown in Fig. 11b, the photothermal effect can promote the diffusion 
and adsorption of BPA molecules on the floated photocatalysts’ surface 
during the process [67]. 

We investigated the kinetics of BPA photocatalysis with TiO2-NPs 
and TiO2-NTs in suspended and floating systems. Eq. 3 shows the ki
netics study for BPA photocatalytic removal as follows [3,59]: 

r = −
dC
dt

= kappCn (3)  

Where kapp is the apparent rate constant, C is BPA concentration, t is 
irradiation time, and n is the photocatalytic reaction order. 

Fig. 14. (a) Free radical scavenging experiments of TiO2-NPs@PU and TiO2-NTs@PU for BPA removal; Reactive species contribution on BPA removal with (b) TiO2- 
NTs@PU and (c) TiO2-NPs@PU. 
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For zero-order kinetics (n = 0), Eq. 3 can be simplified to Eq. 4. 

C = − kappt+C0 (4) 

Moreover, Eqs. 5 and 6 present the first-order kinetics (n = 1) and the 
second-order kinetics (n = 2), respectively. 

Ln
C
C0

= − kappt (5)  

1
C
= kappt+

1
C0

(6)  

Where C0 is the initial concentration of BPA. 
Table 2 reports the correlation coefficients and apparent rate con

stants obtained based on kinetics models for BPA removal under simu
lated sunlight irradiation. According to Table 2, floating TiO2-NPs@PU 
and TiO2-NTs@PU photocatalysts followed the first-order kinetics (R2 

≥0.98). Also, the apparent rate constant (kapp) was 0.0032 min− 1 for 
TiO2-NPs@PU, and TiO2-NTs@PU had a kapp of 0.016 min− 1. Regarding 
the suspended photocatalytic system, BPA photocatalysis with TiO2-NPs 
and TiO2-NTs was aligned with first-order kinetics with a kapp of 
0.0045 min− 1 and 0.0209 min− 1, respectively. 

Fig. 15. ESR spectra of (a) •OH and (b) •O2
– generated during BPA removal with floating TiO2-NTs@PU under simulated sunlight irradiation.  

Table 3 
Identified intermediates from BPA degradation with TiO2-NTs@PU.  

Compound m/z Molecular weight 

C15H16O4 [M+H]+

261  
260 

C6H4O2 [M-H]- 

107  
108 

C9H10O [M+H]+

135  
134  

Table 4 
Recent literature review on photocatalytic removal of BPA.  

Photocatalyst Pollutant Photocatalytic 
system 

Light and irradiation 
time 

Removal 
(%) 

Kinetics Reactive species 
contribution 

Ref. 

TiO2 P25/PU 
(1 g per 500 mL) 

BPA 
20 mg/L 

Floating UV 
(120 min) 

71% First order 
kapp =

0.0106 min− 1 

h+: NA 
•OH: NA 
e-: NA 
•O2

–: NA 

[18] 

TiO2-x 

(0.5 g/L) 
BPA 
(10 mg/ 
L) 

Floating Visible 
(60 min) 

27.34% NA h+: NA 
•OH: NA 
e-: NA 
•O2

–: NA 

[21] 

TiO2 nanoparticles 
(0.5 g/L) 

BPA 
(10 mg/ 
L) 

Suspension Visible light 
(120 min) 

~20% NA h+: NA 
•OH: NA 
e-: NA 
•O2

–: NA 

[74] 

TiO2 nanotubes 
(1 g/L) 

BPA 
(10 mg/ 
L) 

Suspension UV 
(80 min) 

42% Pseudo first order 
kapp =

0.0074 min− 1 

h+: NA 
•OH: NA 
e-: NA 
•O2

–: NA 

[75] 

TiO2-NPs@PU 
(0.1 g per 
200 mL) 

BPA 
(10 mg/ 
L) 

Floating Simulated sunlight 
(180 min) 

45% First order 
kapp =

0.0032 min− 1 

h+: 40% 
•OH: 20% 
e-: 30% 
•O2

–: 10% 

Present 
work 

TiO2-NTs@PU 
(0.1 g per 
200 mL) 

BPA 
(10 mg/ 
L) 

Floating Simulated sunlight 
(180 min) 

100% First order 
kapp = 0.016 min− 1 

h+: 42% 
•OH: 20% 
e-: 28% 
•O2

–: 10% 

Present 
work  
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3.9. Reusability of TiO2-NPs and TiO2-NTs for BPA removal in suspended 
and floating systems 

According to Fig. 12a, the photocatalytic activity of suspended TiO2- 
NPs and TiO2-NTs decreased from 51% to 32% and from 100% to 86% 
after five cycles, mainly due to the photocatalyst loss and poisoning of 
active sites with degraded products [59,70]. As shown in Fig. 12b, the 
BPA removal by floating TiO2-NTs@PU declined to 93% after five cy
cles, which can be due to the poisoning of active sites in the photo
catalyst with degraded products [59]. Regarding floating TiO2-NPs@PU, 
the photocatalyst maintained its activity after five recycling steps, with 
an 8% decrease in BPA removal efficiency. Floating photocatalysts can 
be reused several consecutive times without significant decrease in 
photocatalytic activity as opposed to the suspension system [20]. 

We investigated the structure and morphology of floating TiO2- 
NPs@PU and TiO2-NTs@PU photocatalysts after five reuse cycles. 
Fig. 13a and b show no change in the XRD patterns of fresh and used 
photocatalysts. Thus, the results confirmed the structural stability of 
TiO2-NPs@PU and TiO2-NTs@PU after five cycles. In addition, Fig. 13c 
and d show that the nanotubular structure of TiO2-NTs did not change 
after five cycles, implying its stability. Only a few particles appeared on 
the surface of TiO2-NTs, which corresponds to the poisoning of active 
sites with degraded products based on EDS results (i.e., the presence of C 
elements after the process), which can explain the decline in the pho
tocatalytic activity. 

3.10. Mechanism of BPA removal by floating TiO2-NPs@PU and TiO2- 
NTs@PU 

Fig. 14a shows the results of free radical scavenging of h+, •OH, e-, 
and •O2

– generated during BPA photocatalysis with TiO2-NPs@PU and 
TiO2-NTs@PU under simulated sunlight irradiation. Regarding TiO2- 
NTs@PU, adding ammonium oxalate (AO) as h+ scavengers to the 
floating photocatalytic system significantly decreased BPA removal 
from 100% to 35%. This indicates that h+ was the main reactive species 
in the BPA photocatalysis compared to other scavengers. Besides, we 
determined the contribution of each reactive species (h+, •OH, e-, and 
•O2

–) affecting BPA removal over TiO2-NTs@PU and TiO2-NPs@PU, as it 
is shown in Figs. 14b and 14c, respectively. According to Fig. 14b, the 
contribution of h+ (direct) in the photocatalytic removal of BPA with 
TiO2-NTs@PU was 42%. Also, •OH, e-, and •O2

– were the other reactive 
species, which accounted for 20%, 28%, and 10% of the BPA removal, 
respectively. Moreover, Fig. 14c presents the same trend for TiO2- 
NPs@PU in the photocatalytic removal of BPA. As it is shown in Fig. 14c, 
the dominant free radical scavenging in BPA photocatalysis with TiO2- 
NPs@PU was h+ (direct), with a contribution of 40%. In addition, •OH, 
e-, and •O2

– had a 20%, 30%, and 10% contribution to the BPA removal, 
respectively. 

Further, Fig. 15 shows that signals detected in the ESR, confirming 
the generation of •OH and •O2

– [71] during the removal of BPA with 
floating TiO2-NTs@PU under simulated sunlight irradiation. 

Table 3 shows intermediates generated during the photodegradation 
of BPA with floating TiO2-NTs@PU via HPLC-MS analysis. According to 
the detected intermediates, BPA photocatalytic degradation occurred 
based on oxidation and β-scission reactions [72]. The detected inter
mediate C15H16O4 (m/z = 261) was a result of BPA oxidation [72]. The 
formation of C9H10O (m/z = 135) and C6H4O2 (m/z = 107) arose from 
the β-scission of BPA [73]. Further progress of the reaction can lead to 
the mineralization of these intermediates, producing CO2 and H2O [72, 
73]. These results confirm that TiO2-NTs@PU was able to degrade BPA 
under simulated sunlight irradiation. 

3.11. Comparison of floating TiO2-NTs@PU with previous work 

Table 4 shows the recent literature review on the photocatalytic 
removal of BPA. Only two works have been reported to remove BPA 

using floating photocatalytic systems. Li et al. [18] fabricated floating 
photocatalysts based on a PU foam with P25 nanoparticles, the com
mercial TiO2 benchmark, to remove BPA. The removal of BPA was 71% 
after 120 min of UV irradiation based on a first-order kinetics. In 
another study [21], about 27% of BPA was removed by floating TiO2-x 
under visible light after 60 min irradiation. The literature seems to lack 
kinetic studies on BPA removal with floating TiO2-x. Further, the 
contribution of reactive species in the photocatalytic removal of BPA has 
not been investigated [18,21]. Krishnan et al. [74] synthesized TiO2 
nanoparticles for BPA removal in a suspended system, resulting in about 
20% degradation under visible light (120 min). Also, the synthesized 
TiO2 nanotubes by Doong and Tsai [75] reached 42% of BPA removal 
under UV irradiation for 80 min. In this work, for the first time, we 
investigated the effect of the TiO2 nanotubular structure on the activity 
of floating photocatalytic systems for BPA removal under simulated 
sunlight. In addition, we compared the photocatalytic activity of floating 
systems with that of suspended ones. The BPA removal efficiency was 
45% for floating TiO2-NPs@PU, while it was 100% for floating 
TiO2-NTs@PU after 180 min of simulated sunlight irradiation. More
over, we examined the mechanism of BPA degradation with floating 
photocatalysts by determining reactive species contribution, which 
other researchers have not reported. Finally, floating TiO2-NTs@PU 
photocatalysts constitute a promising approach to removing contami
nants from water. 

4. Conclusions 

We synthesized floating TiO2-NPs@PU photocatalysts by the sol-gel 
method and TiO2-NTs@PU by the ultrasound-assisted hydrothermal 
method, followed by wet chemical deposition. The results confirmed the 
successful anchoring of TiO2-NPs and TiO2-NTs onto the porous PU 
foam, resulting in hydrophilic floating photocatalysts. Morphological 
characterizations indicated that the hydrothermal synthesis method 
successfully fabricated the nanotubular TiO2 photocatalysts. The pho
tocatalysts were crystalline TiO2 anatase with a crystallite size of 26 nm 
for TiO2-NTs. DRS results showed a reduced bandgap energy of 3 eV for 
TiO2-NTs. The nanotubular structure of TiO2 photocatalysts prepared by 
the hydrothermal method increased the surface area to 89.6 m2/g. Ac
cording to the results, 0.1 g of TiO2-NTs@PU eliminated 10 mg/L of BPA 
after 180 min of exposure to simulated sunlight (300 W commercial 
solar lamp and intensity of 35 W/m2), while the photocatalytic removal 
of BPA was 45% with TiO2-NPs@PU. The fabricated photocatalysts 
remained stable after five consecutive cycles. In addition, the dominant 
free radical scavenging during BPA photocatalysis was identified as h+. 
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