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ABSTRACT

Introduction: One of the most common pollutants in industrial and confined environments is toluene.
Toluene can be removed in various ways. The simultaneous and integrated use of two methods—
adsorption and photocatalytic degradation—in a single process is an important innovation in the removal
of gaseous toluene. The aim of this study is to determine the efficiency of a synthesized reduced graphene
oxide/carbon nanotube/titanium dioxide (RGO/CNT/TiO,) nanocomposite aerogel in the photocatalytic
degradation and adsorption of toluene vapors.

Material and Methods: In this study, RGO/CNT/TiO, and RGO/TiO, aerogels were prepared using a one-
pot hydrothermal self-assembly method. The properties of the photocatalytic aerogels were investigated
using BET testing, scanning electron microscopy (SEM), X-ray diffraction (XRD), and Fourier-transform
infrared spectroscopy (FT-IR). Aerogels were loaded on a substrate in a photoreactor with two UV-C lamps
using dynamic flow. Adsorption efficiency was measured when irradiation was off, and photocatalytic
degradation efficiency was measured when irradiation was on using an instantaneous reading device.

Results: Adding CNTs to RGO/TiO, affects the specific surface area (SSA) and the porous structure of the
aerogels. During the processes of adsorption and photocatalytic degradation using RGO/CNT%5/TiO,, the
concentration of toluene vapor pollutant decreased from 20 ppm to 3.4 ppm, indicating an efficiency of
81%. In contrast, RGO/TiO2 demonstrated an efficiency of 43.41%.

Conclusion: The results demonstrated that adding CNTs to RGO/TiO2 aerogel significantly improves
photocatalytic performance for the degradation of toluene vapor. This enhanced performance is attributed
to increased light absorption, an improved electron and hole recombination rate, as well as the facilitation
of electron transition from titanium nanoparticles to the graphene structure.
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1. INTRODUCTION in working environments and exacerbating the

With the acceleration of industrial activities, challenges associated with the spread of these
especially in developing countries, the release pollutants. One of the widely used volatile
of chemical pollutants into the environment organic compounds is toluene. The photocatalytic
has increased, leading to a decline in air quality =~ degradation of volatile organic compounds has been
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widely studied, and titanium dioxide (TiO2) has
emerged as one of the most effective photocatalysts
due to its superior efficiency compared to other
semiconductor materials.

In photocatalytic degradation, however, the
efficiency of TiO2 is limited because electron-
hole pairs are prone to recombination, resulting in
suboptimal utilization of light energy. Additionally,
the direct use of titanium dioxide powder as a
photocatalyst presents drawbacks, such as difficulty
in achieving uniform dispersion and challenges
in catalyst recovery. A promising solution to
these issues involves loading photocatalyst
nanoparticles onto a substrate with a porous 3D
structure. Among the commonly used carrier
materials, carbon-based nanocomposite aerogels
are an ideal option for loading photocatalysts.
Carbon nanotubes (CNTs) have been utilized
as co-catalysts in numerous studies. One of the
significant advancements in nanotechnology is the
use of carbon adsorbents, such as carbon nanotubes
(CNT) and reduced graphene oxide (RGO), in the
form of nanocomposite aerogels.

2. MATERIAL AND METHODS

Photocatalytic aerogels were prepared using
a hydrothermal self-assembly method. A total of
20 mg of GO powder was dissolved in 100 ml of
deionized water and stirred with a magnetic stirrer
for 30 minutes to obtain a GO suspension. For the
TiO2/GO suspension, 5 mg of TiO2 nanopowder
was added to the GO suspension and stirred for
60 minutes using a magnetic stirrer. Subsequently,
40 mg of ascorbic acid powder (reducing agent)
was added to the TiO2/GO suspension, and the
solution was placed in an ultrasonic bath for one
hour before being transferred to an oven at 95°C.
After 12 hours, TiO2/RGO hydrogel was obtained.

The hydrogel was dialyzed with deionized water
for one to two days to remove impurities. Following
the freeze-drying process, the resulting RGO/
TiO2 aerogel was transferred to an oven at 60°C
to dry completely. To obtain the RGO/CNT%5/
TiO2 aerogel, 5 mg of MWCNT was added to the
TiO2/GO suspension during preparation. A total
of 50 mg of TiO2/CNT%5/RGO and TiO2/RGO
aerogels were then loaded onto a porous substrate
in the photoreactor.

The adsorption process continued until the
concentration of toluene vapor entering the
photoreactor (Ci) equaled its outlet concentration
(Cl1). Changes in concentration were monitored
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using a Tiger Phocheck direct-reading device,
based on an ionization photo detector, and the
adsorption efficiency (n)) was calculated using an
established equation. Once the input and output
concentrations of toluene vapor were equal and
saturation time was reached, the UV-C lamps were
turned on, initiating the photocatalytic degradation
process.

The radiant flux per unit area was tested within
the light range of the substrate in the photoreactor
using a UV meter (model: EC1 UV-C), and the
measured data was 34 mW/cm?®. The test process
and the method of calculating photocatalytic
efficiency () were identical to those used for
adsorption performance measurements.

n=(1-C,/Ci)*100%

3. RESULTS AND DISCUSSION

The specific surface area (BET) of RGO/
CNT%5/TiO2 and RGO/TiO2 aerogels was 77.652
m?*/g and 45.347 m?/g, respectively. The porous
and three-dimensional structure of the aerogels,
as well as the presence of titanium particles, was
confirmed using scanning electron microscope
(SEM) images, which can be seen in Figure 1. The
RGO/CNT%5/TiO2 sample exhibited a structure
with high porosity. Compared to the RGO/TiO2
sample, SEM images revealed that the RGO/
CNT%5/TiO2 aerogel has three-dimensional
honeycomb structures with pore sizes ranging
from mesoporous to macroporous. Additionally,
TiO2 nanoparticles were observed on graphene
sheets, and their loading percentage in the aerogels
increased with the mass of titanium dioxide.

A comparison of the XRD patterns (Figure 2)
of the prepared aerogels shows that the (002) plane
of the carbon layer shifted from 22.093° in RGO/
TiO2 to 21.793° in RGO/CNT%5/TiO2. It was also
observed that the crystal network of TiO2 in the
RGO/TiO2 aerogel remained unchanged with the
addition of carbon nanotubes in the formation of
the RGO/CNT%5/Ti02 aerogel. This indicates that
the crystallization and structure of the TiO2 phase
were not significantly affected by the addition of
CNT. However, the peak corresponding to the
(002) plane in the RGO/CNT%5/TiO2 aerogel
was stronger than that in the RGO/TiO2 aerogel.
The XRD spectra obtained for the RGO/CNT%5/
TiO2 aerogel corresponded to the JCPDS standard
card no. 1272-21. Additionally, the intensity of the
characteristic peaks of TiO2 increased with the
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loading percentage of titanium dioxide, indicating
that the composition of the RGO/CNT%5/TiO2
aerogel could be adjusted by the initial mass ratio
of GO and titanium dioxide.

As illustrated in Figure 3, the RGO/CNT%5/
TiO2 nanocomposite aerogel with 5% carbon
nanotube by weight exhibited a higher adsorption
rate and, consequently, a longer saturation time
than the RGO/TiO2 aerogel. This result is consistent
with the findings of the BET analysis. The RGO/
CNT%5/TiO2 aerogel adsorbed 47.53% (122
minutes) of toluene vapor with a concentration of
20 ppm until saturation. In comparison, the RGO/
TiO2 aerogel adsorbed 34.18% (81 minutes).

As shown in Figure 4, the addition of CNT to the
RGO/TiO2 aerogel structure had a significant effect
on increasing the rate of photocatalytic degradation
of toluene vapors with a concentration of 20 ppm.
This increase in photocatalytic degradation can be
attributed to the electron-conducting ability and
photocatalytic properties of CNT. For this reason,
CNT can be considered an optimal catalyst aid
within the RGO/CNT%5/TiO2 aerogel structure.

The average amount of degradation and the time
required for the loss of photocatalytic degradation
efficiency for RGO/CNT%5/TiO2 and RGO/
TiO2 nanocomposite aerogels were 34.17% in 110
minutes and 9.24% in 48 minutes, respectively.

4. CONCLUSIONS

RGO/CNT%5/TiO2 aerogels were synthesized
through a hydrothermal self-assembly method
using ascorbic acid as a reducing and linking
agent. The three-dimensional porous structure of
the nanocomposite aerogels has resulted in a high
specific surface area and high pore volume, making
them desirable adsorbents. Additionally, these
aerogels demonstrated excellent photocatalytic
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performance for the degradation of toluene vapor
pollutants, significantly outperforming TiO2/
RGO aerogels. This improvement is attributed to
enhanced light absorption, better electron and hole
separation efficiency, and effective charge transfer
from TiO2 nanoparticles to the graphene network,
owing to the addition of MWCNT to the structure.

The development of 3D structures consisting
of nano-, meso-, and micropores in the form of
aerogels, along with the inclusion of nanoparticles
such as CNT, has significantly improved the
efficiency of cleaning volatile organic compounds
(VOCs) in indoor air. Considering the effectiveness
of graphene oxide/titanium dioxide/carbon
nanotube  (RGO/CNT/TiO2)  photocatalytic
aerogels in removing toluene vapor pollutants
from the air, it is recommended that this combined
system be studied for its potential to address other
volatile organic pollutants, both in the gas phase
and in the liquid phase.
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