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ABSTRACT

Developing effective and sustainable technologies for wastewater treatment is challenging in materials engi-
neering. Photocatalysis based on TiO; is a promising solution for removing organic contaminants. However, the
large bandgap and predominant use of TiO3 nanoparticles hinder the industrial scalability of the process owing to
the requirement of UV light, recovery issues, and potential environmental concerns. This study developed a
simple and low-energy consuming strategy to combine TiO; nanopowder and reduced graphene oxide (rGO) in a
water-based coating for polyurethane (PU) foams. The addition of rGO provides multiple synergistic functions
including (i) immobilization of TiO5 particles, (ii) adsorption of organic pollutants, improving the contact with
catalytic sites, and (iii) partial bandgap narrowing, as reported in the literature. Commercial PU foams (20 PPI;
5.5 cm diameter; 0.5 cm thickness) were dip-coated with formulations at rGO:TiO3 mass ratios of 1:1, 1:2, and
1:3. Photocatalytic activity was assessed via Rhodamine B (RhB) degradation (3 mg L' aqueous solution) under
UV-Vis irradiation. Complete removal was achieved within 90 min by using rGO-TiOy 1:3-coated samples, as
evidenced by the subsequent RhB release experiments. Coated foams were fully characterized, both before and
after decontamination tests, through thermal (TG and DSC), spectroscopic (EDX, UV-Vis, and ICP-OES) and
morphological (optical microscopy and SEM) analyses, which confirmed coating stability. The proposed binder-
free strategy provides a scalable route to design multifunctional photocatalytic foams. Moreover, by bridging
materials engineering with environmental applications, it opens perspectives for the development of sustainable,
easily deployable wastewater treatment systems.

1. Introduction

reactive species (i.e., HO® and 037), produced by the reaction with O,
and H,0, to degrade organic contaminants, converting them into less or

Various types of contaminants, ranging from inorganic (e.g., heavy
metals) to organic (e.g., drugs, dyes, microplastics) materials, pollute
wastewater and are a pressing concern worldwide, requiring the
development of efficient and cost-effective decontamination technolo-
gies. Adsorption is a popular water treatment solution because of its
versatility, simplicity, and low cost. However, it has proven low efficacy
towards the removal of organic pollutants in aquatic environments [1].

Photocatalysis is a sustainable alternative for water decontamination
from organic molecules. Upon light absorption, photo-generated elec-
trons and holes are separated into the conduction and valence bands,
respectively, of photocatalytic materials. This process enables highly
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non-harmful compounds. In principle, photocatalysts can be reused
multiple times and are effective toward a broad range of contaminants
[2]. TiO3 is the most studied and used photocatalyst [3], [4], [5] and is
stable, non-toxic, relatively inexpensive, and easy to produce at an in-
dustrial scale [6]. Nevertheless, its practical application is still limited
because of two main reasons. First, TiO, has a bandgap of 3.2 eV;
therefore, TiOz-mediated photocatalysis occurs only under UV light,
leading to significant energy consumption [7], [8]. Second, TiO; is
mainly used in slurry reactors in the form of nanoparticles, which tend to
agglomerate, thereby significantly reducing the photocatalytic effi-
ciency [9], [10]. Furthermore, safely and completely recovering the
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Fig. 1. Foam-coating procedure.

TiO5 nanopowder is difficult, leading to significant risks of dispersion in
the environment [11], [12].

Integrating TiOy with graphene oxide (GO), particularly in its
reduced form (rGO), can provide several advantages [13], [14]. GO is
similar to graphene with an alternated sp?/sp° carbon network structure
bearing hydroxyl, epoxy, and carboxyl groups. Although the number of
functional groups in rGO is reduced upon controlled reduction, they are
sufficient to impart self-assembling properties to the material [15]. This
feature can be exploited for the development of macrostructures con-
taining immobilized titania nanoparticles, such as the composite
self-standing membrane recently developed by Basso Peressut et al.
[16]. Embedded in self-assembled structures, TiO5 particles do not
agglomerate and can be easily handled and safely recovered from water.
The presence of rGO can also improve TiO, decontamination perfor-
mance. Owing to its excellent adsorption properties toward both metal
ions and organic molecules [17], [18], rGO can capture contaminants
and keep them in direct contact with the photocatalyst, thereby favoring
the degradation of the organic fraction if properly irradiated [19], [20].
Moreover, rGO-TiO5 composites have a lower bandgap than pure TiO,
thereby enabling visible and solar light-driven photocatalysis [21], [22],
[23], [24]. The presence of rGO can also increase the photocatalytic
efficiency, as it was reported to improve the separation of
photo-generated charge carriers [24], [25], [26], [27], [28], [29].

Different types of substrates have been employed for the deposition
of reduced GO-TiO composites. Two dimensional (2D) supports
including polymeric membranes [30], [31], [32], [33], cellulose mem-
branes [34], glass [35], as well as cotton and polyamide textiles [36],
and three-dimensional (3D) scaffolds such as ceramic monoliths [37],
optical fibers [38], and melamine sponges [39] have been used. Among
the 3D structures, polyurethane (PU) foams are recognized as a con-
ventional material for water treatment applications because of their
open-pore structure, low cost, commercial availability, easy handling,
and low density, which enable them to float in water [40], [41]. Mul-
tiple structures consisting of PU foams modified with GO or rGO have
been employed for the adsorption of various types of contaminants [41],
[42], [43], [44]. TiO2-functionalization of PU foams surface has recently
garnered interest because the photocatalytic properties of TiO2 can be
enhanced when it is deposited on a floating support [45], [46], [47],
[48], [49]. Nevertheless, the deposition of both rGO and TiO, on PU
foams has not been significantly explored yet [50], [51].

This study exploited the self-assembling properties of rGO to coat
commercial PU floating foams with a binder-free coating of rGO and

TiO5 nanopowder by considering several mass ratios between rGO and
TiO4. Although other TiO3 and graphene-based photocatalytic foams can
be found in the literature [52], [53], [54], [55], [56], their preparation
requires the use of toxic reagents and complex synthetic procedures.
Conversely, this study aimed to demonstrate the feasibility of a facile
coating procedure for the deposition of rGO and TiO5 on PU foams. The
simple and low-energy consuming strategy proposed in this study is
based on i) the reduction of GO at room temperature and pressure, ii) dip
coating and blowing of compressed air, iii) drying at 40 °C. In addition,
instead of the commonly used hydrazine, 1-ascorbic acid was employed
as an eco-friendly reducing agent. Samples were characterized via
thermogravimetric (TG) and differential scanning calorimetry (DSC)
analyses, optical microscopy, and scanning electron microscopy coupled
with energy-dispersive X-ray (SEM-EDX) spectroscopy. Coated foams
were subjected to adsorption and photodegradation tests using a 3 mg
L~! Rhodamine B (RhB) aqueous solution as a model organic pollutant
[571, [581, [59]. After the foams were subjected to decontamination
tests, they were observed under a 366-nm light to verify the presence of
the adsorbed dye. Finally, the possible release of RhB was assessed by
immersing the foams in deionized water (dH;0). Preliminary RhB
removal experiments were performed to demonstrate the potential
application of these materials for water decontamination.

2. Materials and methods
2.1. Material preparation

First, a 4 mg mL~' commercial aqueous dispersion of GO, purchased
from Graphenea, was chemically reduced by stirring at ambient tem-
perature (i.e., 20-25 °C) for 24 h via an eco-friendly process involving -
ascorbic acid (L-AA) (Sigma Aldrich) at an L-AA:GO mass ratio of 10:1,
as shown in Fig. 1. Subsequently, TiO, nanopowder (Degussa P25,
Sigma Aldrich) was introduced in the last 30 min of the reduction pro-
cess at GO:TiO mass ratios of 1:1, 1:2, and 1:3. A dispersion containing
only rGO, without TiO,, was also prepared for reference purposes. A
commercial PU foam of 20 pores per inch (PPI), provided by Modulor as
a 0.5-cm-thick foil, was manually cut into cylinders with a diameter of
5.5 cm. The resulting samples, without any preliminary treatment, were
dip coated with rGO, rGO:TiO2 1:1, 1:2, or 1:3 dispersions. Both im-
mersion and extraction velocities were set to 2.5 mm s~ ! on a custom-
made dip coater. The immersion time was 30 s. Subsequently, the
excess coating deposited in the foam pores was removed using



A. Dotti et al.
UV-Vis
Water ——
outlet = — 8
= ———  Water
0 .
inlet

Fig. 2. Schematic of the batch photoreactor.

compressed air at a pressure of 1 to 3 bar. The samples were then dried at
40 °C for 1 h in an oven. To remove the excess L-AA, each foam sample
was immersed four times in 300 mL of dH,O for 10 min under static
conditions. Finally, the samples were dried at 40 °C for 1 h and were
weighed before and after the coating procedure to determine the amount
of deposited material. The results presented here denote the average
weight of seven samples along with the corresponding standard
deviation.

2.2. Material characterization

2.2.1. Characterization techniques

Pristine and coated PU foams were observed under an optical mi-
croscope (Olympus sz-40) at 10x magnification. SEM-EDX analysis was
performed using a Zeiss EVO 50 EP scanning electron microscope
combined with an Oxford INCA energy 2000 spectrometer operated
under high vacuum (107°-107° torr), at 20 kV, and with a probe current
of 120 pA. The PU samples were sputtered with gold before the analysis.
SEM images and EDX elemental maps were acquired at 100x magnifi-
cation. TG analyses (TGA) were conducted using a Discovery TGA 550
equipment (TA Instruments) in nitrogen atmosphere (40 mL min~! flux)
at a heating rate of 10 °C min ! from room temperature to 800 °C. DSC
was performed using a Mettler-Toledo DSC 823e instrument between
—60 °C and 200 °C. The experiments comprised three ramp cycles:
heating, cooling, and heating, with both heating and cooling rates set to
20 °C min~!. The thermal transitions of PU and their corresponding
temperatures were determined by analyzing the third ramp cycle.

2.2.2. Coating stability test

To qualitatively evaluate the coating stability on the PU foam, the
samples were immersed in dH;0 and ultrasonicated (Labsonic LBS1-6,
Falc Instruments) for 30 min. Subsequently, the foams were dried in
an oven at 40 °C for 1 h. The mass percentage of the coating detached
from the substrate (CLys) was calculated according to Equation (1):

CLus =" 100 o)
mc

where mcly is the mass of the coating lost during the stability test and mc
is the mass of coating at the end of the washing cycles.

2.3. Water decontamination

Photocatalytic experiments with RhB were conducted in a water-
cooled reactor to maintain the solution temperature throughout the
experiment between 20 °C and 25 °C, as measured by a thermocouple.
Each floating foam sample was contacted with 100 mL of a 3 mg L™! RhB
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(Sigma Aldrich) aqueous solution. Mild magnetic stirring was applied to
guarantee the homogeneity of the reaction mixture. A 300 W UV-Vis
Osram Ultra Vitalux lamp was used as a light source. The lamp was
positioned 14 cm above the solution free surface, i.e., above the floating
foam, and the lamp emission, measured using a light meter HD2302.0
(Delta OHM), was approximately 1200 W m 2 over its entire spectrum,
of which around 35 W m~2 was in the UVA region and 10 W m 2 in the
UVB region. A schematic of the experimental setup is shown in Fig. 2.
Prior to irradiation, the suspension was kept in the dark for 30 min.
Solution samples were withdrawn at fixed times, and the evolution of
RhB concentration was monitored via UV-Vis spectroscopy (Cary 5000,
Jasco) by monitoring the absorption peak at 554 nm. The photolytic
degradation of RhB as well as the adsorption experiments in the dark
were performed using the same experimental setup.

All experiments were performed in triplicate, and the results are
reported as the average values along with the corresponding standard
deviations.

To qualitatively assess RhB retention on the foam samples after
adsorption and photodegradation tests, they were observed under illu-
mination using a 366 nm lamp.

Ti leaching into the solution was investigated using inductively
coupled plasma optical emission spectroscopy (ICP-OES) (PerkinElmer
Optima 3000 SD). The analyses were performed both on the RhB solu-
tions collected at the end of the adsorption and photodegradation ex-
periments with rGO:TiO5 1:3-coated samples and on 100 mL of dH»0, in
which the same samples had been immersed under static conditions for
72 h.

RhB release tests were performed by immersing each foam sample
previously used in the water decontamination experiments in 100 mL of
dH,0 under static conditions. Aliquots were withdrawn at fixed times,
and RhB release was determined via UV-Vis spectroscopy by monitoring
the absorption peak at 554 nm.

3. Results and discussion
3.1. Foam coating and characterization

The complete characterization of the coating constituents, i.e., rGO
and TiOs, has been reported in previous studies [16], [17].

Regarding rGO, the analysis of X-ray diffraction (XRD) plots and
Fourier-transform infrared (FT-IR) spectra confirms the partial reduc-
tion of GO. The XRD plots exhibit the typical GO reflection at approxi-
mately 11° 20 along with a shoulder at roughly 22° 26, corresponding to
the formation of partially reduced domains [16]. The FT-IR spectra
support this interpretation by showing a decrease in the intensity of the
absorption bands between 900 and 1400 cm ™, which is assigned to the
original oxygen-bearing moieties of GO, especially the one corre-
sponding to the stretching mode of epoxy groups (approximately 1300
em™Y) [17]. Similarly, the Raman spectra of rGO display sharpened D
and G bands with respect to virgin GO, an increased intensity in the
second order 2D and D + G modes, and a decrease in the D/G intensity
ratio (from 2.4 in GO to 2.1 in rGO) [17]. UV-Vis diffuse reflectance
spectra (DRS) demonstrate the strong absorption behavior of rGO over
both UV and visible ranges; this is because of the restored n-conjugated
structure of the basal plane following the reduction process [16].

Regarding pure TiOs, the XRD plots confirm the presence of both
anatase (the major phase accounting for approximately 83%) and rutile
phases. The photoactive phase (i.e., anatase) is also responsible for the
appearance of four Raman peaks in the 140-640 em ! range [16]. The
UV-Vis DRS show the characteristic absorption edge of TiO5 at nearly
400 nm, corresponding to a bandgap of approximately 3.25 eV, as
calculated using the transformed Kubelka-Munk function [16]. The
combination of TiO5 with rGO enhanced UV light absorption and caused
a slight redshift of the absorption edge of rGO, which may provide a
better utilization of the entire UV-Vis spectrum for photodegradation
applications [16].
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Fig. 3. Optical microscopy images of pristine PU (left) and coated (right) foam samples at 10x magnification.

PU rGO

(A)

rGO-Ti0, 1:1

rGO-TiO, 1:2 rGO-TiO, 1:3

Fig. 4. SEM images with backscattered electrons (A) and EDX probes (B) of pristine PU, rGO-, rGO-TiO 1:1-, 1:2-, and 1:3-coated foams at 100x magnification.

Table 1
Average foam weights after coating and the corresponding average mass of the
coating.

Coating type Coated foam weight (mg) Coating mass (mg)

GO 3253 +£3.5 6.9 + 0.6
rGO-TiO; 1:1 341.3 £6.3 11.4+£1.2
1GO-TiO; 1:2 348.6 = 5.7 16.4 £ 0.9
rGO-TiO; 1:3 346.9 £ 5.5 18.9 £ 0.7

The foam samples were coated under mild conditions using a simple
procedure. Pristine PU foams were manually cut into cylinders of 5.5 cm
diameter and 0.5 cm thickness, which weighed approximately 320 mg.
Optical microscopy images show the PU foam macrostructures (Fig. 3)
consisting of irregular pores with diameters ranging from hundreds of
micrometers to a few millimeters. After the coating and washing pro-
cesses, the color of the foam samples changed from white (typical of
pristine PU) to black (typical of rGO). With the introduction of titania,
the coatings appeared more opaque and less reflecting compared to
those containing only rGO. Optical microscopy images also confirmed
the effectiveness of employing compressed air to remove the excess
coating as the majority of pores was not occluded.

SEM images (Fig. 4) further highlight the irregularity of the foam
structure. Backscattered electron (BSE) images (Fig. 4A) reveal that the
TiOg-containing foams exhibit many bright spots on their surface, cor-
responding to the TiO; particles encapsulated within the coating. SEM-

EDX elemental maps (Fig. 4B) confirm a uniform distribution of Ti,
indicating the presence of TiO; on 1:1, 1:2, and 1:3-coated samples.

As reported in Table 1, the average coating mass per sample was 6.9
mg for rGO. Introducing TiO in a 1:1 mass ratio with respect to rGO
almost doubled the amount of the deposited coating (11.4 mg), further
suggesting the successful deposition of TiOy onto the foam. The mass
increase was proportional for the 1:2-coated sample (16.9 mg), whereas
it was smaller than the expected value for the 1:3-coated sample (18.9
mg). This may suggest that the increase in the deposited mass from plain
rGO to rGO-TiO3 1:1, 1:2, and 1:3 is influenced by other factors, such as
the interaction among foam, rGO, and TiO,, as well as the possible
coating embrittlement following TiO5 incorporation, in addition to the
increase in the TiO content in the coating formulation.

The thermal behavior of pristine and coated PU foams was investi-
gated via TG (Fig. 5) to verify the possible effects of coating deposition
on the original properties of PU.

The virgin polymer was characterized by a set of three overlapped
thermal phenomena, unfolding in the 200-450 °C range and leading to
the complete decomposition of the material (Fig. 5) [60], [61], [62].
These phenomena can be generally ascribed to the thermal cleavage of
the hard segments of the PU matrix, such as urethane/urea bonds and
chain extenders, followed by the scission of soft ones, i.e., the polyol
segments of the polymer chains [61], [62], [63]. However, the exact
attribution of each phenomenon to the different contributions of the
DTG curve of PU (Fig. 5B) is not trivial. In fact, the complicated
degradation mechanism of PU is strongly influenced by chemical
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Fig. 5. TGA (A) and DTG (B) plots of pristine PU, rGO-coated, and rGO-TiO, 1:3-coated foams.
from the higher residual weight of the rGO-TiO5 1:3-coated specimen at
‘ PU rGO rGO-TiO2 1:3| 800 °C, i.e., approximately 3.6% (Fig. 5), with respect to both pristine
and rGO-coated samples, which were completely decomposed at the
same temperature.
0.1 When comparing the trends of the TG and DTG curves of bare and
N i coated PU foams, a different distribution of the thermal phenomena can
I e e ﬁfigff L be observed between 200 °C and 450 °C (Fig. 5). Coated PU foams
‘ exhibited a more marked distinction between the degradation events
= occurring below or above 300 °C. However, the difference in their
o) behavior was not caused by the contact of the foam with the coating, but
S rather by the exposure of the foam to heating in the oven. Fig. S1
B3 114.0 °C (provided in Supplementary Information (SI)) shows a thermogram of
2 an uncoated PU sample subjected to the same heating conditions of the
© rGO- and rGO-TiOy 1:3-coated specimens, which were exposed to a
% temperature of 40 °C in an oven to consolidate the coating. Evidently,
| both heated PU (PU oven in Fig. S1) and rGO-/rGO-TiO2 1:3-coated
93.0°C 114.0 °C foams (Fig. 5) were characterized by equivalent thermograms,
strengthening the hypothesis of a heat-induced modification of the
original properties of PU.
The previous hypothesis is supported by the results of DSC analyses
T I T I T I T I T I T

-40 0 40 80 120 160 200

Temperature (°C)

Fig. 6. Third ramp cycle of the DSC curves of pristine PU, rGO-coated, and
rGO-TiO, 1:3-coated foam samples.

composition, structure, and molecular weight of its hard and soft seg-
ments, as well as by their ratio in the polymer [63], [64]. According to
the literature, the degradation of the hard segments of PU occurs at
approximately 250-350 °C, whereas the soft segments are usually ex-
pected to decompose at higher temperatures (approximately
350-500 °C) [60], [611, [62], [63], [64].

The typical thermal events of rGO involve the evaporation of
adsorbed water (up to 150 °C), degradation of the residual oxygen-
bearing groups in the graphitic network after the reduction process
(between 150 °C and 250 °C), and the decomposition of the basal planes
(above 600 °C) [16]. Because of the low weight of the deposited coating
with respect to the total weight of the foam (Table 1), these thermal
phenomena cannot be discerned in the thermograms shown in Fig. 5.
Conversely, TiO2 did not exhibit thermal degradation in the analyzed
temperature range [16], and its presence in the coating may be inferred

(Fig. 6 and S2). The third ramp/heating cycle of the DSC curve of bare
PU enabled the identification of two thermal events at approximately
53 °C and 114 °C (Fig. 6).

The first thermal event occurred approximately between 30 °C and
70 °C, but it disappeared in both coated specimens (Fig. 6) and PU
sample heated in the oven prior to the DSC analysis (Fig. S2). Thus, as
the oven temperature (i.e., 40 °C) was within the range of the first
thermal phenomenon (i.e., 30-70 °C), it can be hypothesized that
heating the foam in the oven induces a permanent change in the original
PU structure; this also explains the previously discussed change in the
thermogram shape (Fig. 5 and S1).

Conversely, after the heat treatment in the oven, all foams exhibited
a thermal phenomenon at a temperature of approximately 114 + 1 °C,
which is identified as the glass transition temperature (T,) owing to its
reversible nature. According to both calculations and literature data, the
corresponding temperature range corresponds to the motion of the hard
segments of the PU chains [65], [66]. This finding is compatible with the
analysis of the TG curves (Fig. 5A), in which most thermal phenomena
occurred below 400 °C, i.e., in a temperature range typically assigned to
the decomposition of hard segments [60], [61], [62], [63], [64].
Contrarily, a higher content of soft segments could decrease the T; even
below 0 °C [65], [66]. However, as previously discussed, an accurate
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Table 2
Mass percentage of coating loss during ultrasound
stability tests.

Coating type CLys
rGO 10.8 + 0.3%
rGO-TiO; 1:1 9.1 + 2.0%
rGO-TiO; 1:2 10.8 + 1.1%
1GO-TiO; 1:3 12.7 4+ 0.6%

comparison with the other PU types reported in the literature is not
possible. This is because the properties (molecular structure and weight)
of the hard and soft segments, as well as their ratios in the polymer and
the percentage of recycled material in the formulation, strongly influ-
ence the resulting thermal behavior of PU, leading to a wide range of T
values [65], [66], [67], [68].

Similarly to TG results, the DSC curves of the heated PU (PU oven in
Fig. S2) and rGO-/rGO-TiO; 1:3-coated foams (Fig. 6) are also equiva-
lent. This indicates that the coating did not have detrimental in-
teractions with the PU substrate, which was only affected by the oven-
heating process. Notably, these slight modifications to the thermal
behavior did not deteriorate the structural stability of the PU foam and
did not impair its use as support for the photocatalytic coating.

3.1.1. Ultrasound stability test

To qualitatively assess the coating stability, the coated foam samples
were subjected to ultrasound testing for 30 min under conditions that
were more aggressive than those encountered during actual water
decontamination experiments, wherein the foams were only exposed to
mild magnetic stirring in the RhB solution and UV-Vis illumination
during photodegradation tests. Despite the harsher conditions, the
measured coating losses, ranging from 9.1 to 12.7% (Table 2), can be
considered a satisfying result at the preliminary stage. Nonetheless, the
trend of increasing weight loss with higher TiO, content might indicate
that the coating becomes more brittle with an increase in the TiO5
content.

3.2. Water decontamination

3.2.1. Adsorption and photodegradation tests

To evaluate the adsorption properties of the foams, RhB removal
experiments were performed under dark conditions. Fig. 7A presents the
capture ability of rGO-, rGO-TiOy 1:1-, 1:2-, and 1:3-coated foams
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compared to pristine PU. The PU foams showed significant adsorption
capability by removing 55% of RhB after 3.5 h, which agrees with the
results reported in literature [69], [70]. Slightly higher removal effi-
ciencies were achieved by the TiO,-based foams (70% for rGO-TiO; 1:1
and 1:2; 75% for rGO-TiO; 1:3). Conversely, the rGO coating caused a
reduction in the RhB adsorption properties (42% RhB removal)
compared to pristine PU. The RhB adsorption mechanism, both in the
case of PU and coated samples, is probably based on both electrostatic
and n-r interactions, as well as on the formation of hydrogen bonds [71],
[721, [73].

Experiments were also performed under UV-Vis irradiation to assess
the possible improvements to the decontamination properties of the
coated foams imparted by the combination of the adsorption and pho-
todegradation phenomena. The direct RhB degradation by light was
estimated through a photolysis test, and the results are shown in Fig. 7B.

Pristine PU and rGO-coated foams exhibited a similar behavior as
both materials, when exposed to UV-Vis light, reached removal effi-
ciencies (70% and 62% after 3 h, respectively) that were approximately
15% and 20%, respectively, higher than those obtained only by
adsorption. As negligible photolysis phenomena were observed, the
improved removal capability of PU could be ascribed to a possible
alteration of the morphology of the uncoated foam under UV-Vis irra-
diation [74]. This is evidenced by the differences between the TG
(Fig. S1) and DSC (Fig. S2) curves of pristine and illuminated PU sam-
ples. Conversely, in the case of the rGO-coated foam, the occurrence of
photocatalytic events should be considered [75] as they may contribute
to the enhanced removal efficiency. The other three curves, i.e., rGO--
TiO4 1:1, 1:2, and 1:3, exhibited a clear change of slope at 0 min. Indeed,
after 30 min under dark conditions, with the activation of the UV-Vis
lamp, the TiO2 in the coating starts absorbing light and promoting
photodegradation reactions [76], [77], [78]. All the three curves
reached 100% for RhB removal after 180 min. However, Fig. 7B in-
dicates that an increase in the TiO5 content accelerated the decontam-
ination process, as complete RhB removal was reached at 120 min using
the rGO-TiOy 1:2-coated foam and at 90 min using the rGO-TiO;
1:3-coated foam. As reported in literature, the photodegradation ca-
pacity of rGO-TiO, materials is mainly based on the generation of OH®
and O®~ radicals upon light absorption [76], [79].

These findings were corroborated by kinetic analysis. Following
previous studies on rGO-TiOy photocatalysts [80], [81], the data ac-
quired from 0 min were interpolated with a pseudo-first order model
(Fig. S5), in which the kinetic constant k (min™ 1) represents the whole

—o— PU —#—rGO ——rGO-TiO, 1:1 —v—rGO-TiO, 1:2 ——rGO-TiO, 1:3 —— photolysis
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Fig. 7. Normalized concentration of RhB solution during adsorption (A) and photodegradation (B) tests.
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Table 3

Decontamination kinetic constant k (min ') and R? values obtained from pseudo
first-order kinetic modeling of experimental data for PU, rGO-, rGO-TiO, 1:1-,
1:2-, and 1:3-coated samples in UV-Vis light conditions.

Coating k (min™1) R?
No coating 0.0048 0.9550
GO 0.0044 0.9679
rGO-TiO; 1:1 0.0242 0.9928
rGO-TiO; 1:2 0.0320 0.9964
rGO-TiO; 1:3 0.0461 0.9844

process, accounting for both adsorption and photodegradation. This
assumption derives from the Langmuir-Hinshelwood (L-H) kinetic
model, commonly used to describe concurrent adsorption and hetero-
geneous photocatalysis processes, which can be approximated as a
pseudo-first order model if the contaminant concentration is low [76],
[82]. As reported in Table 3, the model fits the data related to rGO--
TiOg-coated foams extremely well, with R? > 0.99 for the 1:1- and

rGO rGO-TiO, 1:1

(A)
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1:2-coated samples and R? > 0.98 for the 1:3-coated sample. Conversely,
the model accuracy is lower for the other two materials, with R? < 0.97
and R? < 0.96 for rGO-coated and PU foams, respectively. In addition,
there is one order of magnitude of difference between the kinetic con-
stants of the TiOy-containing materials (0.0242 min~! for 1:1-, 0.0320
min~! for 1:2-, and 0.0461 min~! for 1:3-coated foams) and those of the
rGO-coated (0.0044 min~') and PU (0.0048 min ') foams. These results
further suggest that, under UV-Vis light, two different decontamination
processes occur: i) a photocatalysis-based process, in the case of the
samples coated with rGO-TiOy, ii) an adsorption-based process, for the
other two materials. Moreover, the progressive increase in k from the
1:1- to the 1:2- and 1:3-coated samples suggests that the photo-
degradation rate is proportional to the TiO, content of the material.
Considering the noticeable diversity among photoactive structured
materials reported in literature and the wide variety of experimental
setups, the results of this study can hardly be compared to those of
previous studies. A tentative comparison with the results of Men et al.
[54] and Liu et al. [55] indicates that the foams prepared in this study,

rGO-Ti0, 1:2

rGO-TiO, 1:3

Fig. 8. Coated foams under 366 nm-centered light irradiation after adsorption (A) or photodegradation (B) tests.

BSE

Fig. 9. SEM-EDX, backscattered electron (BSE), and secondary electron (SE) images of rGO-TiO, 1:3-coated foams after adsorption (A) and photodegradation (B)

tests at 100x magnification.
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Fig. 10. Water absorbance at 554 nm after 0.5, 1, 24, and 72 h of immersion of
rGO or rGO-TiO, 1:3-coated foams after adsorption (ads) or photodegradation
(photo) experiments.

although prepared using a relatively simpler process, featured a similar
or even superior RhB removal performance.

At the end of decontamination experiments using rGO-TiOy 1:3-
coated foams, i.e., the specimens with the highest TiO, content, the Ti
concentration in the treated RhB solution was measured to assess the
possible leaching of TiO,. ICP-OES analysis reported less than 2 pg L™?
after tests in dark and 3 + 1 pg L' after tests under UV-Vis light.
Therefore, it can be stated that no significant TiO5 leaching occurred
from rGO-TiO5 coating.

After conducting the adsorption and photodegradation experiments,
the coated foams were exposed to light at a wavelength of approximately
366 nm to reveal the possible presence of RhB through fluorescence,
which causes bright pink spots to appear in the areas where RhB is
present. In Fig. 8A, RhB can be clearly detected on all the foams
employed in the adsorption experiments, i.e., under dark conditions, as
diffused pink areas are visible on their surface. However, after the
photodegradation tests (Fig. 8B), RhB was visible in large amounts only
on the rGO-coated foam, which exhibited a widespread pink color.
Regarding the rGO-TiO; coatings, limited pink areas were observed on
the 1:1 samples, which completely disappeared as the TiO, content
increased, and the rGO-TiO5 1:2 and 1:3 specimens appeared completely
black. Together with the results shown in Fig. 7, it can be hypothesized
that RhB was first removed from water by adsorption on the foam sur-
face and was successively photodegraded. Thus, after 180 min of testing,
RhB could be detected on the rGO-TiO5 1:1-coated foams, which prob-
ably exhibited slower degradation kinetics than the rGO-TiO2 1:2 and
1:3-coated samples.

The degradation pathway of RhB is expected to unfold according to
two alternative processes, as reported in the literature [83], [84], [85],
[86]. The first process involves the formation of several N-de-ethylation
intermediates, whereas the second process involves the destruction of
the conjugated structure. These processes are followed by ring cleavage,
which is fostered by the attack of photogenerated OH® and O®~ radicals
on the aromatic ring, and the subsequent formation of several organic
acid molecules, such as oxalic, benzoic, malonic, glutaric, phthalic,
succinic, and maleic acid. These species eventually undergo complete
mineralization to CO3 and H3O.

The foams coated with rGO-TiO5 1:3 were also characterized via SEM
after the adsorption and photodegradation tests (Fig. 9). Compared to
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the results presented in Fig. 4, no coating detachment or significant
structure alteration can be noticed here; this further confirms the
promising stability of the material. Similarly, no evident changes are
visible in both the TG and DSC plots of the rGO-TiO3 1:3-coated foams
after the adsorption and photodegradation experiments (Figs. S3 and
54), except for a mild decrease in the Tg of the PU substrate. However,
this effect was milder than that suffered by the uncoated PU foam after
its exposure to the UV-Vis lamp (Fig. S2), indicating that the coating
could provide reasonable protective action.

3.2.2. RhB and TiO; release analysis

The foams coated with rGO or rGO-TiOy 1:3, employed in water
decontamination experiments, were eventually immersed for a pro-
longed time in dH20 to assess the possible release of RhB or TiOs.

For the rGO-TiO5 1:3 samples, ICP-OES measured a Ti concentration
<2 pg L7, thereby confirming a negligible TiO; release from the rGO-
TiO5 1:3-coated foams not only after being used in both types of
decontamination tests but also after a prolonged immersion in dH50.

Fig. 10 and S6 show that the rGO-coated foams, after both adsorption
and photodegradation tests, were responsible for a slight water
contamination with RhB, which reached a plateau at 24 h. This result is
consistent with the release of RhB observed on the foam surface (Fig. 8).
However, the amount of dye detected in water was remarkably lower
than that previously removed, with absorbance values one order of
magnitude lower than those of the initial 3 ppm RhB solution, i.e.,
approximately 0.75 (Fig. S6). This suggests that, once adsorbed by the
foams, the dye is not easily released, confirming the good decontami-
nation ability of these materials. These considerations can be extended
to the rGO-TiO 1:3-coated samples used in adsorption experiments,
which exhibited the presence of RhB on their surface (Fig. 8A). More-
over, the slight decrease in absorbance at 72 h may suggest the occur-
rence of partial re-adsorption phenomena, which could mitigate the
initial release and confirm the tendency of RhB to remain on the foam
surface. Contrarily, the rGO-TiO5 1:3-coated foam exposed to the lamp
did not release RhB even after 72 h, confirming its absence on the foam
surface (Fig. 8B). This result represents a further confirmation of the
photodegradation ability of the TiOs-containing coatings developed in
this work.

4. Conclusions

This study proposed and demonstrated an innovative low-tech and
low-energy consuming strategy to immobilize TiO, nanoparticles and
rGO on the surface of 3D floating polyurethane foams. The prepared
slurries were deposited at room temperature through a dip-coating
process, followed by blowing compressed air and final material
consolidation at 40 °C. The coating formulation only consisted of GO
aqueous dispersion, TiOy nanoparticles (in GO:TiO; ratio of 1:1, 1:2, or
1:3), and r-ascorbic acid and did not contain an additional binder. TiO4
incorporation in the coating layer was achieved by exploiting the self-
assembling properties of rGO.

The coated foams exhibited both adsorption and UV-Vis photo-
degradation capabilities toward the dye RhB because of the concurrent
presence of PU, rGO, and TiO,. In particular, foams coated with the
highest TiOy amount (i.e., rGO:TiO2 = 1:3) showed the highest RhB
removal performance, reaching complete decontamination after 90 min
of exposure to UV-Vis light, as evidenced via foam characterization and
the RhB release experiments. The proposed materials are particularly
interesting considering their photoactivity combined with easy
handling, facile preparation and use, as well as simple retrieval from the
treated solutions.
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