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Abstract: Water is one of the necessities for human survival, and clean water is essential
for life. As a result, there is an increasing focus on efficient wastewater treatment methods,
including advanced oxidation processes using innovative heterogeneous photocatalysts.
In this context, TiOp—graphene oxide (TGO) composites offer a multifaceted approach to
wastewater treatment, combining the photocatalytic properties of TiO, with the adsorption
capabilities and potential synergistic effects of graphene oxide. In this research, we inti-
mately mixed commercial TiO, powder with graphene oxide at different concentrations (9,
16, and 25 wt.%) by exploiting sonochemical activation. The morphological and physico-
chemical analyses confirmed the interfacial interactions and the successful formation of
the composite. The TGO composites exhibited increased reactivity compared to both GO
and TiO, phases, during the photodegradation process of Rhodamine B (RhB), serving as a
reaction model. Therefore, the photocatalytic results demonstrated the synergistic effect
that occurs when a TiO,-based photocatalyst is combined with sonochemically activated
GO. The Cu?* adsorption tests, simulating the removal of heavy metals from contaminated
water, revealed that TGO composites displayed intermediate capabilities compared to the
pure phases” higher (GO) and lower (TiO,) adsorption capacity. The functional characteri-
zations revealed that the optimal design is represented by the sample containing 16 wt.%
of GO. Overall, this study confirms that TGO composites are effective as photocatalysts
and adsorbents for removing both organic and inorganic pollutants, making them strong
candidates for wastewater treatment.

Keywords: titanium dioxide/graphene oxide composites; photocatalysis; adsorption capacity

1. Introduction

Water is one of the necessities for human survival. Clean water is essential for life,
and guaranteeing access to water and sanitation, along with their sustainable management,
was established as one of the 17 Sustainable Development Goals (SDGs) that world leaders
committed to achieving by 2030 to create a better future [1-3]. The water quality of aquatic
environments is deteriorating, and this is attributed to pollutants such as dyes, metals, per-
sistent organic pollutants (POPs), etc. [4]. Additionally, there are new generation pollutants,
i.e., Emerging Contaminants (ECs), including Pharmaceuticals and Personal Care Products
(PPCPs) [5], antimicrobial ingredients, hormonal compounds, plastic particulates, and
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washing agents [6], derived from different sources, i.e., effluent discharges from wastew-
ater treatment plants, industrial wastewater, agricultural practices, and urban rainwater
runoff. There has been a growing emphasis on exploiting heterogeneous photocatalysts
in advanced oxidation processes (AOPs) [7]. Currently, numerous semiconductors have
been explored, with TiO, being the most extensively investigated, alongside its various
doped or composite variants [8-12]. The research focused on doping TiO, with metals,
coupling with a further semiconductor, or hybridizing TiO, with mesoporous, zeolite, or
carbon-based frameworks, to improve the interaction with target pollutants and the pho-
todegradation efficiency of the catalysts [13]. Integrated treatment systems that combine
multiple remediation techniques, such as nano-mediated AOPs with membrane filtration,
nanoadsorption, or bioremediation, can provide enhanced removal efficiency for a broad
spectrum of ECs [14]. The design strategies aim to maximize the photocatalytic activity
of the composite materials, improving the adsorption ability, slowing down the charge
carrier’s recombination, and optimizing light utilization [15,16]. Between the carbon-based
material, graphene oxide (GO), the oxygenated byproduct of graphene, exhibits fascinating
chemical, optical, and electrical properties, making it a highly promising candidate for
addressing water pollution challenges. Its extensive surface area, along with oxygen-rich
functional groups on its surface, enhances its affinity towards various pollutants, including
heavy metals, organic compounds, and dyes [17,18]. Incorporating graphene oxide (GO)
into the design of TiO,-based photocatalysts for wastewater treatment can enhance their
performance by improving their photocatalytic activity, stability, and reusability. The high
porosity coupled with the efficient charge transport capability of GO can contribute to
efficient electron-hole separation and the transfer of photogenerated charge carriers. The
GO hydrophilicity and amphiphilicity can facilitate the dispersion of TiO, nanoparticles in
aqueous solutions and promote the adsorption of organic contaminants onto the photo-
catalyst surface. Finally, GO can act as a sensitizer, effectively harvesting a broader light
spectrum and transferring electrons to TiO, nanoparticles, thereby improving the overall
photocatalytic efficiency [19-24]. TiO,-graphene-based nanocomposites possess outstand-
ing chemical, mechanical, and electrical properties, making them promising materials for
wastewater treatment through adsorption, filtration, and photodegradation. However,
challenges remain in understanding their photocatalytic mechanisms, particularly under
visible light, and improving their stability, reusability, and scalability. Surface modifications
and hybrid designs are being explored to enhance charge separation, reduce agglomeration,
and improve performance in real-world conditions. Despite their potential, cost-effective,
large-scale production methods are needed to make these materials more practical for
widespread environmental applications [25,26]. Recently, N. Naghavi and colleagues [27]
developed TiOp—graphene nanocomposites using a facile and cost-effective hydrothermal
method with supercapacitive properties. The preparation of TiO,-decorated GO nanosheets
using the impregnation method was described by B. Bhattacharyya et al. [27]. According
to the authors, the nanocomposite was specifically designed to maximize its catalytic effi-
ciency in degrading neutral common and resilient industrial pollutants. Then, A. Basso
Peressut and colleagues developed composite self-assembling membranes obtained by the
combination of reduced graphene oxide (rGO) with titanium dioxide (TiO,) able to capa-
bility to treat wastewater containing both inorganic and organic pollutants by exploiting
the established ability of rGO to capture metal ions together with that of TiO, to degrade
organic substances [28]. In this work, we exploited a user-friendly and adaptable-to-larger-
scales method to blend commercial TiO, powder with different concentrations of graphene
oxide by sonochemical activation. Sonication helps break down the graphite layers into
individual GO sheets, facilitating their dispersion in the solution and the interaction with
the TiO; phase, generating improved attributes in the resulting material [29]. The TiO, and
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GO-based composite are promising for water treatment technology due to GO’s proven
effectiveness in removing inorganic pollutants and titanium dioxide’s well-documented
ability to break down organic contaminants. The goal is to integrate the capacity to both
capture metal ions and photodegrade organic pollutants [30-33]. We then tested the
photocatalytic properties, oxidative potential, and adsorption capacity of the resulting
composites, comparing their reactivity with that of the individual components to explore
the possibility of synergistic effects and determine the optimal composite composition.

2. Materials and Methods
2.1. Materials

TiO, powder DT-51 was supplied by CristalACTiV™ (Thann, Colmar, France).
Graphite powder was purchased from Magaldi Power S.p.A. (Salerno, Italy). Rhodamine B
(dye content ~ 95%) used as target dye, hydrogen peroxide—H,0O, (30%), hydrochloric
acid—HCI (37%), sodium nitrate—NaNOj3 (>99%), potassium permanganate—KMnOy
(99.5%), and absolute ethanol (>99.8%) were provided by Sigma-Aldrich (Milan, Italy).
Sulfuric acid—H;SO4 (96%) was purchased from Titolchimica (Rovigo, Italy).

2.2. Synthesis of TGO

The graphene oxide used was synthesized from graphite powder using the modified
Hummer method [34]. Next, 2 g of NaNO3 and 25 mL of concentrated H,SO4 were added
to a synthesis flask when the sodium nitrate was completely dissolved, and 2 g of graphite
powder was added for exfoliation. Then, mechanical mixing was performed for 2 h while
maintaining the temperature using ice. Making sure that the temperature was <20 °C,
4 g of KMnOy4 was slowly added and left under mechanical stirring for 24 h, and a color
change of the mixture from black to dark green was noted. After 24 h, while maintaining
mechanical stirring, 100 mL of deionized H,O was added. In this phase, a violent increase
in temperature occurred with a consequent brown gas emission. Then, the temperature
was kept constant at 98 °C for 15 min. Then, 200 mL of hot deionized water was added.
When the temperature dropped below 60 °C, H,O; (30 mL-30%) was added to eliminate
KMnO; residues. Gold-colored bubbles were observed on the surface. The obtained sample
was washed three times with HCI (10%) and once with deionized water to eliminate the
residues of H,SOy4. Finally, the suspension was dried in a vacuum oven at 80 °C for 15 h to
obtain the GO sheets. After, the powder was hand-ground and sieved (mesh 80 pm).

TGO composite was obtained by mixing 0.5 g TiO, DT-51 nanopowder with different
weight percentages of GO compared to TiO; (9, 16, and 25%) through sonochemical activa-
tion; the obtained samples were called TGO_9%, TGO_16%, and TGO_25%, respectively.
Specifically, TiO, DT-51 powder was dispersed in 20 mL of absolute ethanol, and then a
different amount of graphene oxide was added. The composite was subjected to 1 h of
ultrasound probe (Bandelin sonoplus), maintaining an ice bath that prevents overheating of
the suspension. The suspension was dried in an oven at 120 °C until complete evaporation
of the solvent [35].

2.3. Physicochemical Characterization

Oxidation degree of GO through Fourier transform infrared spectroscopy— Attenuated total
reflectance (FTIRATR) analysis

The FTIR analysis was carried out using the Nicolet iS5 instrument (Thermo Fischer,
Milan, Italy). The measurement was performed in ATR mode, and the acquired spectral
range was 415-3920 cm ~; the spectral resolution used was 0.1 cm~!. The oxidation degree
of synthetized GO using the modified Hummer method was determined by quantitative
analysis of the FTIR spectra.
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X-ray diffraction (XRD)

The XRD measurements were conducted at room temperature with a Bruker D8
Advance X-ray diffractometer equipped with a fast X'Celerator detector (Bruker, Billerica,
MA, USA), using a Cu anode as the X-ray source (K, A = 1.5418 A). Diffractograms were
recorded in the range 5-80° 20 counting for 0.2 s every 0.05° 20 step.

Field emission scanning electron microscopy (FESEM)

GO and TGO composite (TGO_16%) powders were morphologically characterized
by scanning electronic microscopy analysis using a Zeiss Sigma NTS microscope (Zeiss,
Oberkochen, Germany). The powder samples were fixed to aluminum stubs with conduc-
tive adhesive tape and sputter-metalized with gold.

Transmission electron microscopy (TEM)

The transmission electron analyses were performed using a FEI TECNAI F20 mi-
croscope (FEI, Hillsboro, OR, USA) operating at an acceleration voltage of 200 keV. The
powders (GO and TGO_16%) were dispensed in ultrapure water, and one drop of suspen-
sions was deposited on a film-coated copper grid and then dried at 80 °C.

Specific surface area

The specific surface area was measured by N; physisorption apparatus (Surfer Thermo
Scientific, Waltham, MA, USA) via Brunauer-Emmett-Teller (BET) analysis on TiO, DT-51,
GO, and TGO composites.

Band gap energy measurements

The measurement of band gap energy of semiconductor materials involves the use of
optical spectroscopy in diffuse reflectance using a LAMBDA 750 UV /VIS/NIR spectropho-
tometer (Perkin Elmer, Waltham, MA, USA) equipped with a 150 mm integrating sphere.
The value of diffuse reflectance (%R), obtained by spectrophotometric measurements, can
be converted into a value that is proportional to the absorption coefficient of the material
F(R) by the equation of Kubelka—-Munk (1):

(1-R)?
F(R) = ——~ 1
(R) = “p )
To determine band gap energy, the graphical method was performed. It is a good
method because it considers the nature of the electronic transitions that occur within the

material. Then, the equation of Tauc (2) is applied:
ahv = A(hv—Eg)" )

where « is the absorption coefficient of the material (which is proportional to F(R)), % is
Planck’s constant, v is the frequency of the incident radiation, A is a constant, and the
coefficient n indicates the electronic transition; in this case, n = 2. Finally, to determine the
correct value Eg, it is necessary to extrapolate the linear portion of the curve y = 0, from
Tauc’s graph, which correlates (F (R) hv) 1/n versus hov [36].

2.4. Functional Characterization

Photodegradation test

The photocatalytic tests were carried out using the photodegradation of Rhodamine B
(RhB) as a reaction model; its molecular structure is shown in Figure Sla. RhB is a synthetic
dye widely utilized as an organic trace pollutant due to the easy detection at low concentra-
tions by spectrophotometric analysis using a single beam spectrophotometer Hach Lange,
DR3900 (Hach, Loveland, CO, USA). RhB, when dissolved in water, imparts an intense ma-
genta color and demonstrates a specific absorbance maximum at 554 nm (Figure S1a). The
RhB photodegradation tests were conducted in a beaker at room temperature; the typical
setup foresees the addition of photocatalysts, at 0.1 g L~! concentration, to 150 mL of a



Water 2025, 17, 1809

50f17

RhB aqueous solution. A dark equilibration period of approximately 60 min was employed
to facilitate adsorption/desorption equilibrium between RhB and the catalyst, which was
confirmed to be optimal for system stabilization. The suspension was stirred and irradiated
by a UV lamp (OSRAM ultra-vitalux 300 W, UV-A 60 W/ m2, OSRAM, Munich, Germany)
and solar simulator (SUN 2000 11000 model, Abet Technologies, Milford, CT, USA, 1000 W
intensity). The emission spectra of UV light and solar simulator are reported in Figure S2.
To stabilize the light output, the lamps were activated before initiating the photocatalytic
experiments. The measurements were conducted using a quartz cuvette as sample holder.
At 15, 30, 60, 90, and 120 min, 3 mL of the reaction mixture was withdrawn, and centrifuged
(7500 rpm, 10 min), and the absorbance was measured at 554 nm to monitor degradation
progress. The photocatalytic activity was quantified as the photodegradation rate constant
of the catalyst, k (min~'). The photodegradation of RhB in the presence of a catalyst can be
considered a pseudo-first-order reaction and can be described by Equation (3):

ln(ﬁz) =k xt (3)

As described by the Lambert-Beer law, absorbance is proportional to dye concentration.
Therefore, In (Cy/C) is determined using absorbance values measured initially (Ag) and
after a certain irradiation interval (Ay). The apparent rate constant k was obtained through
linear regression of In(Cy/C) versus time. The conversion, calculated at t = 120 min,
indicates the ratio between the amount of reagent consumed and the amount of reagent
initially present in the reaction environment, and it is determined by Formula (4):

Conversion(%) = (1 — AX) * 100 4)
Ao

The photocatalytic results were obtained by averaging three measurements. A
great reproducibility was obtained, considering the data of the three replicas, under
both UV and solar light, as evidenced by the corresponding standard deviation values
(Figure S3 and Figure 54, respectively).

Oxidative potential tests

The oxidative potential tests were performed on powder samples. The genera-
tion of specific hydroxyl (*OH) radicals was evaluated using a probe molecule: p-
nitrosodimethylaniline (RNO). The oxidation of RNO can be followed spectrophotometri-
cally: the degree of discoloration of RNO provides a measure of the tendency of the target
materials to produce *OH. The aqueous solution of RNO appears yellow. When the RNO
reacts with hydroxyl radical, the N=O double bond is destabilized with the consequent
formation of the N-OH bond and the loss of the yellow color (Figure S1b). The powders
were dispersed in 5 mL of PBS 0.01 M at 50 mg/L. The suspension was ultrasonicated for
5 min, and then 0.2 mL of RNO 40 uM were added to the suspension. The samples were
left in the dark condition at 25 °C for 1 h and 4 h. The dark condition was compared to the
UV light irradiation condition, where the samples were put under a UV lamp (OSRAM
ultra—vitalux 300 W lamp—irradiance of UV-A: 60 W/ m?) for 1 h and 4 h. After the
incubation time, the samples were centrifuged (4500 rpm for 8 min) to separate powders
from the solution. The absorbance of RNO was assessed by spectrophotometer Hach Lange,
DR3900. For each exposure time, three replicates were analyzed, and the results were
reported as averages of these three independent measurements of absorbance.
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Adsorption tests

The samples, in powder, were dispersed in water and brought into contact with
a CuCl, solution (10 mg L™!) at room temperature in a pH range of 4.5 to 5.5. The
tests were conducted under stirring conditions, using 1 g L™! of each sample (TiO, DT-
51, GO, and TGO composites). To assess the sorption capacity, after exposure to Cu?*,
8 mL of the solution was centrifuged at 4500 rpm for 40 min using centrifugal filter units
(Polyethersulfone, 5 kDa, Amicon, Merck Millipore, Milan, Italy). This step allowed the
separation of the solid phase from the liquid, enabling the quantification of unabsorbed
Cu?* in the solution over time intervals (1, 5, 15, 45, 60 min, and 24 h) by Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES 5100, vertical dual view, Agilent
Technologies, Santa Clara, CA, USA) equipped with a OneNeb nebulizer. Analyses were
performed in radial view mode. Calibration curves were prepared using standards at 0.1,
1.0, 10.0, and 100.0 mg L~ !, with nitric acid added to both standards and diluted samples
(1:10 v/v). The calibration curves showed good linearity, with correlation coefficients (R?)
exceeding 0.99. The results, expressed in mg Cu®*/ sample, Were calculated from ICP-OES
data averaged from three independent measurements.

3. Results and Discussion
3.1. Physicochemical Characterization

The GO FTIR spectrum (Figure 1) indicates the typical oxygen-rich groups expected
on the surface of oxidized graphene. At higher wavenumbers than 2000 cm~!, there
are OH/H,O bands corresponding to intercalated water; at 1020 and 1040 cm~! bands
corresponding to the epoxy (C-O-C) stretching mode; at 1244 cm !, bands corresponding to
bending mode of hydroxyl groups (C-OH); at 1726 cm !, bands corresponding to carbonyl
functional groups located on the edge of the graphene oxide sheets (yet not COOH and
C=0); finally, at 1570 cm~! bands corresponding to the C=C vibration of the graphene
skeleton [37]. For comparison analysis, the TiO, DT-51 and TGO_16% spectra are also
reported in Figure 1. In the TiO, DT-51 spectrum, a broad band in the wavenumber range
900-400 cm ! and the peak at 1630 cm ! is assigned to the Ti-O-Ti and Ti-OH stretching
modes, respectively. Asymmetrical and symmetrical stretching vibrations of the hydroxyl
group can be observed at 3400 cm~!. In the TGO composite spectrum, it is possible to
detect the main peak of TiO, and GO phases. In addition, the shift of the broad band in the
900400 cm ! region toward lower wavenumbers may indicate the presence of Ti-O-Ti and
Ti-O-C bonds within the composite, suggesting a chemical interaction between the surface
hydroxyl groups of TiO, and the functional groups present on GO [38,39]. The oxidation
degree (OD) of synthesized GO using the modified Hummer method was determined by
semi-quantitatively assessing the FTIR spectra. Specifically, a linear baseline was subtracted
from raw spectra. The resulting spectra were multiplied by —1 to obtain positive bands and
the origin at y = 0. First, the total area (Atot) from the original spectra was calculated. Then,
the area corresponding to the aromatic C=C peak (Ac—c) at 1570 cm~! (considering the
wavenumber range from 1525 to 1625 cm 1) was calculated. To measure these areas, the
Simpson method was used. Finally, the OD of the graphene oxide was determined through
Equation (5) as a ratio of the sum of all oxygen bands (A¢ot) subtracting the aromatic band
(Ac=c) from the total spectrum to the total area.

At —Ac =

OD =
Atot

®)
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Figure 1. FTIR spectra of TiO, DT—51, TGO_16%, and GO sample.

The OD resulted around 1 (in the specific 0.998), demonstrating a complete oxidation
of graphene in GO as also shown by the XRD analysis (Figure S6).

The FESEM image of GO (Figure 2a) reveals thin, irregularly stacked sheets in close
proximity, resulting in a structurally disordered solid. TEM image (Figure 2b) clearly shows
the flakes of GO demonstrating that exfoliation has effectively occurred. The HRTEM image
(Figure S5a) depicts sheet stacks confirming a multilayer structure. The diffractogram of
the GO sample (Figure S6) displays a prominent diffraction peak near 12°, attributed to
the (002) plane of GO, along with a second peak around 43°, corresponding to the (100)
plane. FESEM and TEM images of TGO composites (Figure 2c,d) showed a clumped
distribution of TiO; nanoparticles (NPs) on the surface of the GO sheets confirmed also
by the HRTEM image (Figure S5b). We can assume that a self-assembled coating of TiO,
particles is deposited on GO sheets during the sonochemical process. In summary, the
morphological characterization reveals a strong interaction between the TiO, nanoparticles
and GO sheets. This good interfacial adhesion suggests a favorable synergy, essential for
enhancing the photocatalytic performance of the composite [40]. The specific surface area
data, presented in Table S1, confirm that the surface area of GO increases significantly in
the composite due to the presence of well-dispersed TiO, nanoparticles. As demonstrated
by the literature data, the composite TiO,-GO showed a more enhanced surface area than
pure TiO; [41,42]. Moreover, the introduction of GO significantly increases the total pore
volume, with values reaching up to 16.3 cm®/g in the rGO-TiO, composites [43]. Figure 3
presents the X-ray diffractograms of TiO, compared with TGO composites. TiO, DT-51
is composed only of the anatase phase in agreement with the information reported on
the commercial data sheet [44]. The TGO composite showed the presence of both phases,
anatase and graphene oxide. Increasing the amount of GO in TGO samples, we observed a
corresponding slight increase in diffraction peak around 12°, assigned to the (002) plane of
GO (see the inset in Figure 3).
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Figure 2. (a) FESEM and (b) TEM image of GO sample; (c) FESEM and (d) TEM image of
TGO_16% sample.

° TGO_9%
——TGO_16%
——TGO_25%
o ——GO
Ti02 DT-51

Counts (a.u.)

)

N— e - =

5 15 25 35 45 55 65 75
2Theta ()

[©)

Figure 3. XRD patterns for TiO, DT-51; GO; TGO_9%; TGO_16%; and TGO_25%; O = anatase;
e = graphene oxide. The inset shows a zoom of the region in correspondence with the diffraction
peak attributable to the (002) plane of GO.
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3.2. Functional Characterization

The photocatalytic tests performed under UV light without catalysts did not show any
color change, confirming that the RhB degradation did not occur by photolysis (pink curve
in Figure 4a). The degradation of RhB with the pure anatase (TiO, DT-51) or GO phases,
as photocatalysts, resulted in nearly 64% and 47% degradation of the dye, after 120 min,
respectively, with a kinetic constant (K) equal to 8.3 x 1073 min~! and 5.3 x 1073 min~!
(Table 1). The degradation efficiency of the individual components significantly improved
in the TGO composites (Figure 4a), indicating a synergistic effect resulting from the com-
bination of TiO; and GO phases. This improvement is attributed to GO, which promotes
the adsorption of target molecules that diffuse to the phase boundary or the interphase
facilitating the interaction with photoinduced oxidative radicals. In addition, GO behaves
as electron scavengers boosting the electron transfer rate of TiO, and inhibits charge carrier
recombination [38,45-47]. The sample TGO_16% showed the highest efficiency with almost
80% dye degradation and a kinetic constant k = 1.4 x 1072 min~!. At a higher GO content,
the performance decreased, likely due to an excess of GO masking or competing with the
active sites of TiO5.

(a) :

08 - AN
\
N
N
A
N\
\
N
06 - N
o \
(&) AN
) AN
N
04 A . S
Adsorption/ RN
desorption N
02 4 equilibrium
0 T T T T )
-60 30 0 30 60 90 120

G
1
o
J
¢
4

Adsorption/ RN
55 desorption “\___‘\
’ equilibrium S
‘‘‘‘‘ ._____-----
R .
0 , r T T )
-60 -30 0 30 60 90 120

Time (min)

Figure 4. Dye degradation comparing different photocatalysts: ¢ without photocatalyst (no degra-

dation occurred by photolysis); - TiO, DT—51; « TGO_9%; ® TGO_16%; ¢TGO_25%; ¢ GO (dashed

curve), under (a) UV light and (b) solar light.
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Table 1. Band gap (Eg) and kinetic constants (k) from photocatalytic tests under both UV and solar
light.

UV Light Solar Light
Sample Eg (eV) : :

k (min—1) k (min—1)
TiO, DT-51 3.25 83 x 1073 58 x 1073
GO nd * 53 x 1073 nd *
TGO_9% 3.22 1.2 x 1072 6.2 x 1073
TGO_16% 321 1.4 x 1072 6.8 x 1073
TGO_25% 3.18 1.0 x 1072 5.0 x 1073

Note: * not determined.

The same tests were performed under solar light (Figure 4b). The photodegradation
of RhB with the pure anatase (TiO, DT-51) resulted in a nearly 50% degradation of the dye,
after 120 min, with k = 5.8 x 1073 min~! (Table 1). The high adsorption of dye during the
establishment of absorption/desorption equilibrium, when the samples were left in the
dark for 1 h (see dashed curve before t = 0), prevented an estimation of the GO sample
potential contribution once activated by light [48]. Also, in this case, the TGO composites
presented an enhanced RhB conversion, with TGO_16% again being the best-performing
sample with a RhB conversion of nearly 56% and k = 6.8 x 1073 min~!. To verify if the
sonochemical activation used during the preparation of composites effectively contributed
to the formation of the composite and its enhanced final reactivity, we compared the
conversion % of RhB (under UV light), TiO,, TGO_16%, and a simple blend of TiO; and
GO. The data showed that the RhB conversion of TiO, and GO just mixed (TiO, /GO) was
equal to that of pure TiO, DT-51 (Table 2). This finding demonstrated that sonochemical
activation is essential for establishing an effective interaction between the two phases and
benefiting from the synergistic effect observed in the photodegradation tests [20,49].

Table 2. Conversion % after 120 min of RhB photodegradation tests, under UV light.

Sample RhB Conversion %
TiO, DT-51 64 £33
TGO_16% 80 + 4.9
TiO, /GO 64 +4.2

Instead, there was no linear correlation between the RhB photodegradation activity
and the specific surface area (Table S1) of the TGO composite varying the GO content.

Comparing the results under the two light sources, we found that the photocatalytic
performance under UV light was higher than that under solar light in agreement with the
band gap data of Table 1, showing similar Eg for both TiO, DT-51 and TGO composites,
around the typical value of anatase (3.20 eV) [50,51]. In Figure S7, Tauc’s graph is reported;
from which, the band gap value is calculated for each sample. Moreover, this finding
suggests that in our sample, GO does not function as a photosensitizer, which would be
expected to enhance electron-hole separation efficiency and, consequently, photocatalytic
activity. Instead, the observed improvement in RhB photodegradation under UV light can
be attributed to the likely adsorption of target molecules by GO. These molecules then
diffuse to the phase boundary or interphase, facilitating their interaction with photoinduced
oxidative radicals [47]. To enhance performance under visible light, previous studies sug-
gest using photocatalysts with metals [52-56]. However, many of these elements are high
cost and environmentally damaging. Moreover, their inclusion in photocatalytic systems
can result in photochemical degradation (photo-corrosion). Although total degradation
was not achieved under solar light, we demonstrated that TGO is a valid photocatalyst
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because of its low toxicity and good performance. We are aware that obtaining excellent
photocatalytic properties, under UV light, remains a limitation in real applications [57].

A comparison study of the developed material based on TiO; and GO with the
previous work is shown in Table 3. The data of RhB photodegradation confirmed that our
TGO materials have functional performance and a % of GO in line with photocatalysts
developed in previous works.

Table 3. The UV-induced photodegradation of RhB in this work in comparison with prior studies.

Photocatalyst o Synthesis RhB
Materialy %GO lz,/lethod Conversion % Reference
TiO,-rGO 6 Hydrothermal 97.9 [46]
N-TiO, /rGO nd * Sonication 78.29 [58]
TiO,-rGO 10 Hydrothermal 86.81 [59]
TiO,GO 33.3 Microwave 82.9 [60]
TGO 16 Sonication 80.0 Present study

Note: * not determined.

The oxidative potential tests were performed on powder samples to evaluate the
hydroxyl (*OH) radicals’ production under UV light irradiation and dark conditions
(Figure 5). The results, expressed as moles of RNO consumed on mg of photocatalyst in
powder as a function of time, showed that RNO depletion of GO sample is not affected
by light, meaning that the main consumption can be attributed to RNO adsorption and
not on *OH production. On the other hand, the TiO,-based materials showed a significant
improvement in RNO consumption once exposed to light. TGO_16% was again the most
promising composite, providing the highest consumption at 1 h, while after 4 h of exposure,
the composites gave comparable results but still higher than the TiO, DT-51 sample alone.
These findings confirm the synergistic effect that occurs when a TiO;-based photocatalyst
is combined with sonochemically activated GO, strengthening the interactions between
TiO, and GO phases.

The results obtained by photocatalytic and oxidative potential tests allowed us to
hypothesize the photodegradation mechanism. Light exposure initiates electron excitation
in TGO from the valence band to the conduction band, creating electron-hole pairs. These
charge carriers participate in redox reactions: electrons reduce O, to *O, ™, and holes oxidize
H,0O and OH™ to form *OH radicals, whose production was experimentally demonstrated
by RNO consumption in the oxidative potential tests. Consequently, RhB molecules
undergo oxidative degradation through reactions with *O,~ and *OH radicals, and, if
the process is complete, they form CO, and H;O as well as nitrogen composites. The
hypothetical RhB photodegradation mechanism is reported in the Supplementary Materials.

Figure 6 and Table S2 (the data were expressed as % Cu?* adsorbed with relative
standard deviation) show the results of Cu?* adsorption tests, aimed at simulating the
removal of hazardous metals from contaminated water. The TGO composites exhibited
intermediate adsorption capabilities, situated between the higher adsorption capacity of
GO and the lower capacity of pure TiO,. Moreover, we observed a negligible increase
in Cu?* adsorption as time progresses (except for GO), evidencing that the fast kinetic
adsorption is observed in these samples. At longer times (24 h, Table S2), Cu?* sorption
decreased in all samples. This decrease could be justified by a desorption phenomenon,
which is mainly attributed to GO sheet [61].
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Figure 5. Oxidative potential of TiO;,, GO, and TGO composites under light and dark conditions,

expressed as moles of RNO consumed on mg of phase dispersed.
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Figure 6. Sorption kinetics for O TiO, DT-51; A TGO_9%; e TGO_16%; ‘ TGO_25%; e GO.

The highest adsorption observed in GO can be readily explained by considering the
surface complexation ability of their functional groups (e.g., hydroxyl, epoxide, ketone, and
carboxyl groups) that in TGO samples are partially masked by TiO, NPs deposited [62,63].
The adsorption activity of GO can occur through three main mechanisms: ion exchange,
electrostatic attraction, and surface complexation [64]. However, upon comparing the data
of TGO composites with the values calculated by the weighted average of GO and TiO,
adsorption capacities (theoretical value), we observed a significant enhancement in the
adsorption capacity of TGO_16% composite (Figure 7). This enhancement was not observed
in the other composites (TGO_9% and TGO_25%), confirming TGO_16% is the optimal
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design choice for the composite phase, as observed in Table S3, where it is highlighted
that the functional properties improved up to the 16% GO content. The surplus GO is
likely responsible for enveloping TiO, active sites and blocking incident light, thereby
decreasing photocatalytic efficiency [65]. Moreover, the decrease in adsorption capacity in
the TGO composite can be justified by the reduced availability of the functional groups of
GO, which play a key role in adsorption, that are bound to the TiO; phase. As observed for
the photocatalytic activity, there was no linear correlation between the adsorption capacity
and specific surface area (Table S1) of the TGO composite varying the GO content. A
comparison study of the adsorption capacity of the material based on TiO; and GO with
the previous work [66-71] is shown in Table S4. The data showed that our TGO materials
have an adsorption capacity slightly lower than the material developed in previous works.
It is necessary to consider that the adsorption process was carried out under standard
conditions without optimizing pH, temperatures, and the metal/adsorbent ratio. Moreover,
our developed materials were produced starting from commercial TiO, whose main scope
was improving its functional properties by adding GO. This has been successfully achieved
by finding a synergistic effect, resulting from the combination of TiO; and GO, in the
photocatalysis processes.

9 -

8 4

2+
mg Cu /gmaterial

w S (9] ()] ~
1 1 1 1 1

N
1

1 5 15 45 60

Time (min)

OTGO 9% - Theoretical @TGO 16% - Theoretical @ TGO 25% - Theoretical
OTGO 9% EBTGO 16% BTGO 25%

Figure 7. Cut adsorption of TGO composites: comparison between theoretical (calculated) values
by considering the weighted adsorption of the pure phases TiO, /GO and experimental values.

4. Conclusions

Composite materials of titanium dioxide (TiO;) and graphene oxide (GO) were pre-
pared by a sonochemically activated mixture of commercial TiO, powder and graphene
oxide, synthesized using the modified Hummers method. TGO samples with different
GO content (9, 16, and 25%) were compared to identify the best design option. XRD and
FTIR characterization analyses demonstrated that GO was successfully synthesized with a
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calculated oxidation degree close to 1. Morphological analysis revealed sheet stacks with
varying thicknesses, indicating that effective exfoliation has taken place. In TGO compos-
ites, strong interactions between TiO; nanoparticles and GO sheets were demonstrated.
Two main functional properties were assessed. Photocatalytic tests, conducted under both
UV and solar light, revealed the synergistic enhancement due to the integration of TiO,
and GO, as confirmed by oxidative potential tests.

The Cu?* adsorption tests, simulating the removal of heavy metals from wastewater,
showed that TGO composites improved the adsorption capabilities compared to the two
phases mixed without sonochemical activation. Both functional characterizations indicated
that the optimal GO content in the TGO composite corresponded to 16%. In summary, TGO
composites show promise as heterogeneous photocatalysts and adsorbents for effectively
removing both organic and inorganic pollutants, positioning them as strong candidates for
wastewater treatment. Considering the scalability and sustainability of the sonochemical
method, future developments of TGO-based photocatalysts in real applications are possible
without significant issues. However, a problem of real importance remains in the synthesis
of GO, which has a strong negative environmental impact. Surely, the study of an eco-
friendly synthesis must be a main objective for the use of TGO-based photocatalysts in
real applications.
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(b) oxidation reaction scheme of RNO; Figure S2: Emission spectrum of (a) UV lamp and (b) solar
simulator; Figure S3: Photocatalytic degradation of RhB, under UV light, using as catalyst (a) TiO,
DT-51; (b) TGO_9%,; (c) TGO_16%,; and (d) TGO_25%; Figure S4: Photocatalytic degradation of RhB,
under solar light, using as catalyst (a) TiO, DT-51; (b) TGO_9%; (c) TGO_16%; and (d) TGO_25%;
Figure S5: HRTEM images of (a) GO and (b) TGO_16% sample; Figure S6: XRD patterns for GO;
Figure S7: Tauc’s curve for TiO, DT-51 and TGO composites; Table S1: Specific surface area of TiO,,
GO, and TGO composites; Table S2: Results of Cu?+ adsorption (% Cu?* adsorbed with relative
standard deviation) tests; Table S3: Summary of photocatalytic (RhB conversion %, after 120 min, and
moles of RNO consumed/mg of phase dispersed, after 1 h) and adsorption (% Cu?* adsorbed, after
60 min) results; Table S4: The adsorption capacity in this study compared with previous studies; the
hypothetical RhB photodegradation mechanism.
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