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Abstract
Toluene is one type of common volatile organic compound (VOC) that is produced by daily products and is harmful to human health. Therefore, the
degradation of toluene is critical to improving indoor air quality value. Photocatalytic degradation is considered an e�cient and safe method to convert
toluene into water and carbon dioxide without the formation of a secondary pollutant. Performance improvement of TiO2, a typically applied photocatalyst,
has advantages in light absorption and electron transfer process. In this study, the TiO2 improvement was carried out by the doping of sulfur and nitrogen (S,
N) elements along with various reduced graphene oxide (rGO). The composition of 0.1wt%rGO/S0.05N0.1TiO2 performed higher photocatalytic degradation of
toluene due to the elevation of speci�c surface area, formation of oxygen-containing functional group, and chemical defect structure. However, a higher
amount of rGO addition creates the shielding effect and inhibits the light penetration. Moreover, the relative humidity and applied temperature in�uence the
photocatalytic activity through the competitive adsorption or increase the collisions frequency, respectively. During the photocatalytic degradation using
0.1wt%rGO/S0.05N0.1TiO2, toluene will be converted into benzyl alcohol, benzaldehyde, benzoic acid, water, and carbon dioxide.

1. Introduction
The average 86–87 % of human activities were spent in the indoor environment, thus the quality of air environment is important [1]. Various types of volatile
organic compounds (VOCs), including toluene have the potency to reduce the indoor air quality value. Toluene, an aromatic hydrocarbon, generally found in
the various products such as catalytic reforming and steam cracking of petroleum fractions, direct coal liquefaction products, and coal aromatics [2]. Toluene
is commonly used as the solvent, and has the clear, colorless, volatile, highly �ammable liquid with a sweet sharp aromatic odor [3]. The removal of toluene is
critical due to its damage as a carcinogenic agent, affecting nervous system, damaging liver, kidneys, and lungs with several symptoms such as fatigue,
headache, vertigo, and ataxia [4].

Various strategies have been involved in the VOCs control technologies like thermal, biological, or catalytic oxidation, concdensation, adsorption, and
absorption. However, most of the strategies have the potency to create the secondary pollutant, require high cost and energy, or not effective for the low
concentration pollutant [5–7]. Photocatalytic degradation is a potential strategy for the removal of indoor air pollution with low cost and energy consumption,
e�cient for the low pollutant concentration. TiO2 is a typical photocatalyst nanoparticle that has been widely used for the organic compounds decomposition
[8] or even in the water remediation, super capacitor, porous adsorbent supports, and sensor devices [9]. However, TiO2 application has the limitation in visible
light utilization, and recombination rate of photogenerated electron-hole pairs. TiO2 utilizes UV illumination with the wavelength lower than 388 nm due to the
wide bandgap (3.2 eV). Moreover, the rapid electron-hole pairs recombination will cause the low electron concentratin in conduction band and reduce
photocatalytic e�ciency. Therefore, the modi�cation of TiO2 is needed to improve its photocatalytic reaction [10].

Doping metal elements on the TiO2 surface increases the capability to absorb visible lights through the formation of traps for photo-induced electron or holes
that leads the electron to a reduction state during the photocatalytic process [11]. On the other side, the non-metallic element doping inhibits the recombination
of photogenerated electron-hole pairs of TiO2 [12]. Sulfur can be doped as an anion and replace the lattice oxygen in TiO2. C-doping, for example, upon
substitution of oxygen with carbon atoms presents new energy states in TiO2 band gap, that are responsible for visible absorption [13]. Moreover, N-doping
results in the formation of surface oxygen vacancies [14].

Recently, carbon-doped TiO2 is a promising photocatalyst candidate because carbon is not only cheaper than the noble metal, but also shows good
conductivity and strong absorption of light, which contributes to effective photo-degradation of pollutants [15]. In addition, the TiO2-graphene composites
have greatly improved the photocatalytic activity due to extraordinary high electron mobility of graphene. Graphene in the composites becomes a sink of
electrons from TiO2 because of its lower Fermi level than the minimum conduction band of TiO2. Therefore, graphene facilitates the interface charge
separation and hinders electron-hole recombination. Furthermore, in TiO2-graphene hybrid, the graphene plays an important role in extending the visible light
absorbance and suppressing the charge carrier's recombination due to the transfer of electrons from TiO2 surface to graphene [16].

Aim of this study is to observe the performance enhancement of TiO2 doped with non-metallic elements (S, and N), and various concentration of reduced
graphene oxide (rGO). Toluene was chosen as the targeted pollutant for the study of indoor air pollution control using photocatalytic degradation. Moreover,
the study of in�uence from various environmental conditions were also carried out along with the kinetic study and proposed degradation mechanism.

2. Experimentals

2.1 Production of nanocomposite photocatalyst
Graphite oxide was prepared previously using the Hummer method [17] where 1 g graphite �akes, 0.5 g NaNO3 and 23 mL H2SO4 were stirred together in an

ice bath for 1 hour. KMnO4 (3 g) then slowly added under the stirring and the temperature that kept at below 20 oC for 30 min before moved to the higher

temperature water bath (35 oC) and continue the stirring process for 24 h. Subsequently, 46 mL of water was then added into the above mixture at 95 ℃
during a period of 1 h. Finally, the suspension was diluted by adding 130 mL water and 12 mL H2O2 (35 wt%) at room temperature and stirred for 30 minutes.
The unexfoliated graphite oxide in mixture solution was removed by repeated centrifugation and rinsing (using 5–10 % HCl and water). And the �nal product
was freeze-dried for the storage period.

Photocatalyst was prepared under the solvothermal method where TTIP as the Ti-precursor, thiourea (CH4N2S) as the sulfur-nitrogen-precursor (S, and N), and
graphite oxide were used. S, and N elements was prepared with the amount of 5 mol% and 10 mol%, respectively for all various of observed graphite oxide
concentration. 0.039 g graphite oxide was added into 20 mL ethanol and put under ultrasonic oscillation for 1 h to form the graphene oxide. Further, various
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concentration of graphite oxide will be added in the ratio of weight% (wt%) in the range of 0.01–1 wt%. Separately, 15 mL TTIP and 0.186 g thiourea were
added into 20 mL ethanol. Both graphene oxide and TTIP-thiourea solution will be further mixed and supplemented by 100 mL deionized water under
continuous stirring for 30 min. Afterwards, adequate amount of nitric acid (65 wt %) was added to let the pH of the sol remain at 2 and be further stirred until
the gel formed at 70°C for 30 min. Produced gel will be treated in a Te�on-lined stainless steel and autoclaved at 180 oC for 12 h before the drying process at
70 oC and storage period.

2.2 Characterization analyses of photocatalyst
Various analyses to observe physical and chemical properties of the synthesized photocatalyst were carried out. Phase transformation analysis of the
photocatalyst was carried out using thermogravimetric/differential thermal analysis (TG/DTA) (Pyris Diamond TG/DTA, Perkin Elmer) with the temperature
range of 50–850 oC and heating rate of 10 oC min-1.

X-ray powder diffraction spectroscopy (XRD) (Rigaku X-ray Diffraction Model D/MAS IIIV) was implemented to determine the dominant crystallite phase.
Detailed information of crystal structures was analyzed by MDI Jade 5.0. During the XRD analysis, Cu Kα radiation in the range of 5–80 o with a scan rate of 2
o min-1 was applied while the particle sizes and interplanar distance of the photocatalyst were estimated by the Scherrer equation and Bragg's law.
Furthermore, to support the crystallite properties analysis, Raman spectroscopy (Tokyo Instruments, Nano�nder 30) was also applied for the determination of
degree ordering and crystallinity.

Porous properties and speci�c surface area analysis were observed using Brunauer-Emmet-Teller (BET) analysis using nitrogen multilayer adsorption method.
Surface properties of the photocatalyst were observed using scanning electron microscopy (SEM) (JEOL JSM-6700F). Moreover, transmission electron
microscopy (TEM) (JEOL-2100F CS STEM) was used to analyze the Crystal structure through its diffraction pattern.

Molecular structure of the chemical functional groups of organic compounds in the photocatalyst was observed using Fourier transform infrared
spectroscopy (FTIR) (Perkin Elmer Spectrum One B) equipped with a KBr beam splitter. Deeper observation on the photocatalyst band gap was carried out by
the UV-visible spectrometry (Lamda 35, Perkin Elmer) equipped with and integrating sphere. The spectra were collected at room temperature and standard
atmospheric air pressure within wavelengths of 250–700 nm. Furthermore, the binding energy analysis was carried out using X-ray photoelectron
spectroscopy (XPS) (ULVAC-PHI 500 Versa Probe ESCA) with the Al Kα-radiation (1,486 eV) as the source. The binding energies were calibrated with reference
to C 1s at 285 eV.

2.3 Synthesized photocatalyst for the degradation of toluene
Photocatalytic degradation study was carried out in the plug �ow reactor system (please refer to Figure S1) under the temperature of 25 oC, 60 % relative
humidity value, 30 s resident time, and 2.0 ppm initial toluene concentration as the targeted pollutant. Toluene was supplied in a simulated gas system that
consist of mixer, cylinders, and syringe pump with the air (O2:N2 = 21:79) for the purging process.

Synthesized photocatalyst (0.5 g) mixed with 10 mL anhydrous alcohol under continuous stirring for 24 h before coated on the inner surface of a pyrex glass
reaction tube with the size of 15.5 cm length, 7.5 cm interior diameter, and 0.5 cm thickness. Oven-drying process will be applied to the pyrex tube with the
temperature of 120 oC and installed in the plug �ow reactor system. In order to create a steady still construction and prevent the leakage or interference from
the other light source, the reactor was placed in a stainless steel structure. Vaporized toluene was supplied to be photocatalytic degraded by the synthesized
photocatalyst using commercial �uorescent lamp (FL-10D, 10W, wavelength range of 360−700 nm with a peak λ = 436 nm and the light intensity was 2.5 mW
cm− 2) as the light source in the middle of pyrex tube. Light intensity was measured using luciferase spectrometer (Jasco FP-6200). Concentration of toluene
was monitored online using gas chromatography-�ame ionization detector (GC-FID) during the photo-degradation process.

Photocatalyst with the best toluene degradation performance will be further applied in the photocatalytic activity under various environmental conditions,
including initial toluene concentration (1.0–4.0 ppm), temperature (25–45 oC), resident time (5–30 s), and relative humidity (5–80 %).

2.4 Kinetic study and byproducts analysis
Kinetic study of the relationship between reactants and operating parameters was carried out using Langmuir-Hinshelwood (L-H) modeling for the application
of 0.1wt% rGO/S0.05N0.1TiO2. An experimental design is performed using independent variables such as the temperature, humidity, residence time and toluene
concentration. The data regression by the Langmuir-Hinshelwood kinetic model (please refer to Table 2) can provide the values of the kinetic constant, k, for a
�rst order reaction and the adsorption constants, KA and KW. Moreover, FTIR and gas chromatography-mass spectrometry (GC-MS) instruments also applied
to examine the generated byproducts and predict the photocatalytic degradation mechanism.
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Table 2
Applied parameter comparison with other studies

Parameter Best Value Parameter range Reference

Inlet concentration (ppm) 1 1–4 In this study

2 2–10 (Tsaiand et al., 2008)

Temperature (℃) 45 25–45 In this study

35 15–35 (Tsaiand et al., 2008)

Relative humidity (%) 0 0–80 In this study

20 0–50 (Mamaghani et al., 2018)

Residence time (s) 30 5–30 In this study

20 8.5–20 (Tsaiand et al., 2008)

3. Results And Discussion

3.1 Photocatalyst Properties
Crystallite properties of synthesized photocatalyst was analyzed using XRD, and the results were shown in Fig. 1a, supported by Table 1. The presence of rGO
can be noticed with a wide peak at around 25.5°. Moreover, the disappearance of the (0 0 2) plane of graphite oxide at 11.1° also indicates the reduction of
graphite oxide to rGO by the solvothermal method [18]. the peaks located at 25.3 °, 36.9 °, 37.8 °, 48.0 °, 53.9 °, 55.1 °, 62.7 °, 68.8 °, 70.3 ° and 75.0 ° can be
indexed to the (1 0 1), (1 0 3), (0 0 4), (2 0 0), (1 0 5), (2 1 1), (2 0 4), (1 1 6), (2 2 0) and (2 1 5) crystal planes, respectively, of the anatase TiO2. However, the
diffraction patterns of rGO/TiO2 composites almost coincide with that of bare TiO2. This is because of the overlap of characteristic peak (002 plane) of rGO at
around 25 ° with 101 plane re�ection of TiO2 at around same 2θ value [19, 20]. Moreover, XRD pattern reveals no sulfur phase or S containing compounds in
the S-doped samples owing to the low content of sulfur. The particle sizes of S, N, and graphene doped TiO2 vary with various doping amounts. However, the
lattice parameters a and c remain constant. It indicates that dopants in TiO2 do not affect the photocatalytic properties of the nanoparticles and charge
balance in the anatase lattice [21].

 
Table 1. XRD, raman, and BET analyses results for the characterization of crystal, band gap, and pores.

Sample XRD Raman BET

crystal
phase

Particle
size

Crystallite
size

Lattice parameter Absorbance Spectra Re�ectance Spectra Surface
area

(m2/g)

Pore
volume

(cm3/g)a

Pore
size

(nm)bAnatase
(%)

D (nm) d (nm) a (Å) c (Å) c/a Band
gap

(eV)

Band edge
wavelength

(nm)

Band
gap

(eV)

Band edge
wavelength

(nm)

    TiO2 100 10.45 0.3494 3.771 9.373 2.486 3.19 389 2.55 486 155.1 0.297 7.64

S0.05N0.1TiO2 100 10.47 0.3498 3.776 9.374 2.483 3.06 405 2.54 488 169.2 0.283 6.68

 0.01wt%rGO/
S0.05N0.1TiO2

100 10.60 0.3498 3.778 9.437 2.498 3.03 410 2.53 490 149.0 0.288 7.73

0.1wt%rGO/
S0.05N0.1TiO2

100 10.55 0.3494 3.779 9.431 2.495 2.95 420 2.52 492 161.7 0.297 7.35

0.5wt%rGO/
S0.05N0.1TiO2

100 10.11 0.3502 3.780 9.410 2.489 2.76 450 2.51 494 160.7 0.289 7.19

1wt%rGO/  

S0.05N0.1TiO2

100 11.11 0.3490 3.773 9.388 2.488 2.73 455 2.50 496 143.4 0.276 7.70

a Total pore volume of pores at P/Po = 0.99 for single point adsorption

b Average pore width (4V/A by BET)

 
According to the FTIR spectra results in Fig.1b, the peak at 1,650 cm−1 arises from the C=C stretch of alkenes. In the case of photocatalysts containing TiO2

nanocomposites, a Ti-O-Ti vibration correlated to the slope between 500 and 1,000 cm−1 can be recognized, which is attributed to the TiO2 nanoparticles. A

peak around 793 cm−1 should be likely owing to the vibration of Ti-O-C bond which con�rms the formation of chemical bond between the rGO and TiO2

nanoparticles. Therefore, the large range of Ti-O-Ti vibration and the vibration of Ti-O-C are hard to distinguish [19, 22]. The FTIR peaks observed at 1,257 cm−1
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and 1,049 cm−1 are assigned to the SO stretching mode and S–O stretching vibration, respectively [23]. However, after solvothermal process the bands related
to oxygen-functional groups of graphene oxide are still present in the photocatalysts spectra suggesting that reduction of graphite oxide is not complete [24,
25].

Figure 1 also displays the raman spectra of the synthesized photocatalyst. Raman spectra exhibits two characteristic Raman bands, D band at 1,350 cm− 1

and G band at 1,600 cm− 1. The D band is assigned to edge or in-plane sp3 defects and disordered carbon, whereas the G band arises from the in-plane
vibration of ordered sp2-bonded carbon atoms [26]. The ID/IG intensity ratio of reduced graphene oxide increases compared with that of graphite oxide, which
suggests the structural change due to the removing of functional groups [27]. Furthermore, all photocatalysts exhibiting a Raman peak pattern similar to the
characteristic feature of anatase structured TiO2. The peaks at 144, 398, 515, and 633 cm− 1 can be assigned as the Eg1, B1g, A1g, and Eg2, respectively. These
are arising from the external vibration of the anatase structure, which indicates that an anatase phase was formed in the photocatalysts [26]. Moreover,
according to the supportive raman result in Table 1, the value of ID/IG increases when rGO content increases.

Table 1 also presented the porous structure of synthesized photocatalyst using BET analysis. The pore sizes of all photocatalysts are in the range of 6–7 nm,
within the range of the mesoporous (2–50 nm). In addition, all photocatalysts can be attributed to the type IV curve and are tended to hysteresis loops [20].
The BET surface area of the different weight percent of rGO/S0.05N0.1TiO2 samples signi�cantly decreases from 161.7 to 143.4 m2 g− 1 with increasing rGO

content. However, the BET surface area of the 0.01wt% rGO/S0.05N0.1TiO2 is relatively low compared to that of bare TiO2 (155.1 m2 g− 1). Thus, surface area
and porosity are mainly dominated by the TiO2 component [28].

The surface properties of synthesized photocatalyst were analyzed using SEM and TEM as displayed in Fig. 2. TiO2 composites are dispersed on the surface
of rGO and some TiO2 composites enter into the interlayers of rGO [29], this structure support the e�cient electron collectrion through rGO sheets during the
process [30]. TiO2 and S doped TiO2 nanoparticles have a quasi-spherical shape like morphology with an average size of 10–15 nm, which is in agreement
with the calculated results from the Scherrer’s equation [31]. Increasing rGO content in the photocatalyst form bigger aggregate.

XPS instrument was applied to observe the chemical and electronic states of the elements and chemical bonding on the surface of photocatalysts as shown
in Fig. 3. Ti 2p XPS spectra for TiO2 indicate the peaks centered at 458.4 and 464.0 eV corresponding to Ti 2p3/2 and Ti 2p1/2, respectively. These peaks are

occurred due to spin-orbital splitting photoelectrons in the Ti4+ valence state suggesting a normal state of Ti4+. In addition, Ti-C bond can be attributed to the
formation of a bond between Ti and C atoms on the TiO2 composites as con�rmed by analysis of the XPS core level of C 1s [32]. Under the C 1s spectra
identi�ed signals at 284.5, 285.1, 286 and 288.6 eV were related to C = C, C-C, C-O and -COOH bonds, respectively [33]. The O 1s core level peaks can be
observed at 529.7 eV (Ti-O-Ti/ Ti-O-C), 530.2 eV (C = O), 531.5 eV (C-O) and 532.7 eV (O-H) [34], while the carbon materials has oxygen-containing species at
531.6 eV (-C(= O)-). The S 2p peaks at 168.3 and 169.3 eV are due to Ti-S and C-S bonds, respectively. The N 1s peak at 400.2 eV is associated with Ti-N
bonding, which clearly demonstrates that nitrogen atoms were doped into the anatase lattice and replaced a small portion of oxygen atoms during the
solvothermal process. Hence, the XPS results clearly con�rm the presence of co-doped N and S on the lattices of rGO/TiO2 photocatalysts [34].

The TG/DTA curves for the synthesized photocatalysts was presented in Fig. 4. In the range of 180 to 380°C, about 9.0 % weight is lost from TiO2 which is
attributed to the decomposition of organic compounds. The amorphous precursor is converted to the anatase phase as the temperature increases from 425 to
500 oC. It is observed that there is no weight loss above 500°C, indicating the onset of oxide formation and expected changes in the crystal. Above this
temperature the TGA and DTA curves no longer exhibit any peak. Moreover, S0.05N0.1TiO2, primary weight loss occurs at temperature range of 50°C to 140°C,
which can be associated with the vaporization of adsorbed/absorbed H2O and organics. The second region is in the range of 150–450°C, where the weight
loss is about 10 % due to the removal of strongly bound water or surface hydroxyl groups. The third stage is from 450°C to 800°C, where the mass loss is due
to oxidation of S and then mass the weight remains constant [35]. However, the photocatalyst with rGO has a higher weight loss than that without rGO in
temperature ranges of 150–250 ℃ and 600–730 ℃. The weight loss, between 200°C and 450°C, can be attributed to the decomposition of the remaining
organic compounds formed during the synthesis and partial oxygen-containing functional groups in the reduced graphene oxide. The weight loss in the range
of 450–650°C depicts the oxidation of carbon scaffold of the rGO [36].

Figure 5 displays the optical properties of photocatalyst as the result from UV-visible spectrometry analysis. The results show a noticeable shift of absorption
edge which are demonstrated in S, N-doped TiO2 samples compared with bare TiO2 [19]. For incident wavelengths in the range 200–800 nm,
rGO/S0.05N0.1TiO2 composites might be photocatalytically active under visible irradiation [37]. The band gap energies of the samples, estimated by converting
the re�ectance spectra to absorption Kubelka-Munk units. The result of bandgap calculation was shown in Fig. 5b and reveal that the energy gap decreases
with increasing wt% of rGO in the composites. This phenomenon occurred due to the Ti-O-C bonds of rGO/TiO2 nanocomposites between TiO2 nanoparticles
and rGO nanosheets are able to cause an intimate interaction and decrease the band gap [19].

3.2 Visible light-driven photocatalytic degradation of toluene
Toluene in the initial concentration of 2 ppm was supplied as the pollutant to be degraded by various synthesized photocatalyst under the relative humidity
value of 60 % at the temperature of 25 oC. Figure 6 displays the toluene conversion and reaction rate during the photocatalytic degradation. The results
indicate that 0.1wt%rGO/S0.05N0.1TiO2 has the best photocatalytic activity among all rGO doping ratios. It is found that co-doped nitrogen and sulfur (N, S)
would increase the conversion rate due to an increase in the absorption of visible light [38]. Additional rGO content in the photocatalyst enhance the
photocatalytic activity due to the promotion of surface •OH radicals and the interference in •O2

− radicals’ generation [38]. However, adding excessive or less
rGO may increase collision opportunities between electrons and holes which causes faster electron-hole pairs recombination [39]. According to the results,
0.1wt%rGO/S0.05N0.1TiO2 will be further implemented for the study of parameters in�uence, and kinetic analysis.
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3.3 Photocatalytic activity under various applied environmental conditions
Photocatalyst with the composition of 0.1wt%rGO/S0.05N0.1TiO2 was chosen for the parameters test under various initial toluene concentration (1–4 ppm),

temperature (25–45 oC), relative humidity (0–80 %), and retention time (5–30 s). The results of toluene conversion under various parameters were displayed in
Fig. 7. The toluene degradation e�ciency was reduced under the supply of higher initial pollutant concentration as seen in Fig. 7a and 7b. The relationship
between pollutant concentration and reaction rate may follow the Langmuir-Hinshelwood (L–H) model [40], and considering principles of catalytic reactions,
at low pollutant concentration, the reaction rate increases with pollutant concentration until it reaches a region where the reaction rate becomes independent
of concentration. However, at higher concentration due to the deposition of refractory reaction intermediates on photocatalyst surface and loss of active sites
the reaction rate dramatically drops [41]. Numerous studies observed the photocatalytic performance at low pollutant concentration and presented the
improvement of reaction rate at higher VOC concentration, but reduction of removal e�ciency and mineralization [41].

Moreover, higher relative humidity (RH) value reduced the photocatalytic activity for toluene degradation. The water vapor content in the gaseous e�uent
created competitive adsorption with toluene molecule on the photocatalyst active sites [42]. However, the presence of 1 % RH displayed higher conversion
compared to the 0 % and indicated that the water vapor also induces the photocatalytic activity due to the formation of hydroxyl radicals [41].

Under the higher applied temperature, toluene photocatalytic degradation was also increased due to the exothermic and equilibrium reaction in elementary
steps and in�uenced the overall reaction rate [43]. Temperature not only affects the reaction kinetics but also the adsorption of the gas-phase compounds on
the photocatalyst and in�uenced the amount of adsorbed pollutants on the reaction surface thus it may lower the reaction rate under the mass transfer limit
process [40]. According to previous study, the optimum temperature was found in the range of 40–50 oC. Under low temperature, products desorption will be
occurred due to the slower reaction than the degradation on the surface or the reactants adsorption. Nevertheless, higher temperature, adsorption of toluene
on the photocatalyst surface also become a limitation [44].

The direct effects that �ow rates had on retention time indicate that mass transfer plays an important role and limits the rate of oxidation as seen on Fig. 7g
and 7h. Higher �ow rates in the reactor and the decreased retention time results in a decreased amount of photocatalytically decomposed pollutants [45]. The
results show that the conversion of toluene increases with an increase of retention time. As the air�ow rate increases, the residence time of VOC molecules
inside the reactor decreases which leads to a reduction in the adsorption of the pollutant and lower conversion [41]. However, the reaction rate decreases with
an increase of retention time. The importance of adsorption capacity increases as the residence time decreases, and adsorption may be more important than
photocatalytic activity at a short residence time [46].

Table 2 displays the comparison of possible applied parameters using the synthesized photocatalyst in this study and other study. The combination of
0.1wt%rGO/S0.05N0.1TiO2 in this study is applicable for the degradation of toluene even in low concentration. The wide range of RH value during the
photocatalytic activity also become another advantage compared to the other study.

3.4 Photocatalytic kinetic analysis
In this study, Langmuir-Hinshelwood models 1–7 were used to simulate data generated from the kinetic experimental set as shown in Table 3 along with the
simulation results after the �tting process with polymath software. The simulation results of model 4 are best suited to this study. Rate constant k of model 4
increases when the reaction temperature increases. However, adsorption constant Kw shows the opposite trend since a higher temperature would induce more
species desorption from the photocatalyst surface. It is worth noting that the photocatalytic degradation rate relates to both reaction and adsorption
constants, which have an impact on the �nal apparent reaction rate [47]. Therefore, the value of Kw is higher, the pollutant of toluene is more competitive with
water.
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Table 3
The results of reaction rate constants (k), formaldehyde adsorption equilibrium constants (KA) and water vapor

adsorption equilibrium constants (KW) for Langmuir-Hinshelwood models 1–7.

Model Reaction Rate Expression Tem.

(K)

k

(mol cm− 3s− 1)

KA

(cm3 mol− 1)

Kw

(cm3 mol− 1)

RSS R2

1   298 2.75E-10 1.02E + 08 - 3.62E-20 0.92

308 3.23E-10 9.89E + 07 - 3.37E-20 0.93

318 4.72E-10 8.30E + 07 - 3.12E-20 0.93

2   298 9.41E-02 1.59E + 00 1.36E + 03 2.87E-23 0.00

308 4.26E-01 7.18E + 00 6.16E + 03 9.26E-24 0.35

318 4.19E-01 7.06E + 00 6.05E + 03 4.70E-24 0.77

3   298 9.97E-06 2.34E + 03 1.87E + 05 1.37E-24 0.89

308 1.11E-05 2.58E + 03 5.99E + 04 9.90E-25 0.93

318 1.29E-05 3.01E + 03 7.24E + 03 1.34E-24 0.93

4   298 4.27E-09 3.60E + 07 1.25E + 06 1.36E-24 0.96

308 4.81E-09 3.30E + 07 1.15E + 06 1.68E-24 0.96

318 5.55E-09 3.05E + 07 1.08E + 06 1.12E-24 0.95

5   298 2.89E-09 1.00E + 07 1.06E + 07 9.13E-25 0.93

308 3.11E-09 1.05E + 07 3.06E + 07 8.93E-25 0.94

318 3.49E-09 1.16E + 07 1.66E + 07 1.27E-24 0.94

6   298 9.57E-10 1.08E + 07 3.02E + 07 9.05E-25 0.93

308 1.02E-09 3.07E + 07 3.22E + 07 8.93E-25 0.94

318 1.13E-09 1.67E + 07 3.58E + 07 1.27E-24 0.94

7   298 8.16E-09 1.84E + 04 6.19E + 05 3.76E-24 0.70

308 9.28E-09 1.89E + 04 6.36E + 05 4.76E-24 0.67

318 1.26E-08 1.53E + 04 6.35E + 05 6.98E-24 0.66

Furthermore, the calculation using model 4 are shown in Table 4 where The activation energy of this photocatalytic reaction is 10.3 kJ mol− 1, the enthalpy of
physisorbed toluene and water are − 5.3 and − 4.5 kJ mol− 1, respectively. The activation energy represents the dependence of the photocatalytic degradation
rate on the temperature, and it takes into account only surface adsorption − desorption phenomena [48]. These results were supported by the 3D surface mesh
diagram as shown in Fig. 8. According to Fig. 8, the model 4 can illustrate the experimental data well.

Table 4
Model 4 reaction rate constant and adsorption
equilibrium constants from the suitable kinetic

model.
Parameters Units Model 4

k' mol cm− 3 s− 1 3.15E-07

K'A K0.5 cm3 mol− 1 7.46E + 07

K'W K0.5 cm3 mol− 1 3.52E + 06

Ea kJ mol− 1 10.3

ΔHA kJ mol− 1 -5.3

ΔHW kJ mol− 1 -4.5

3.5 Mechanism of toluene photodegradation
Generated byproducts analysis during the photocatalytic degradation of toluene under 0 and 60 % RH using 0.1wt%rGO/S0.05N0.1TiO2 for 8 h was shown in

Fig. 9 along with the mineralization e�ciency. As shown in Fig. 9, The peaks of 3,076 and 3,037 cm− 1 can be attributed to the C–H stretching vibration of
aromatic ring, while 2,937 and 2,881 cm− 1 could be ascribed to the symmetric and asymmetric C–H stretching vibrations of methyl groups, respectively. The
bands at the range of 1,000–1,260 cm− 1 are corresponding to C-O stretching vibration. In addition, the vibration of aromatic ring is associated with bands at
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1,609 and 1,496 cm− 1. Upon irradiation, the two bands at 2,360 and 2,338 cm− 1 corresponding to CO2 increase obviously. However, some intermediate

products also form in the progress of photocatalytic reaction under visible-light irradiation. The bands at around 1,685 and 1,671 cm− 1, referred to the
stretching vibration of the aldehydes, demonstrate the formation of benzaldehyde. Furthermore, the stretching vibrational (C = O) of carbonyl compounds in
benzaldehyde are discovered in the bands which located at 1,541 and 1,508 cm− 1. The peaks centered at 1,653 and 1,636 cm− 1 are related to the C = C
stretching vibrations for benzoic acid. And the asymmetric stretching vibration modes of the carboxylate group COO− from benzoic acid are observed at 1,558
and 1,521 cm− 1. Moreover, the bands appeared at 1,473 and 1,457 cm− 1 are belong to the characteristic peaks of benzyl alcohol [38, 49, 50].

At 0% RH, C-H group, CO2 and C-O binding can be found. However, these peaks cannot be found obviously. It's suggested that toluene may not be converted
completely to CO2 at high relative humidity, and the toluene conversion decreases with an increase of relative humidity. A higher humidity results in a lower
toluene conversion due to the competitive adsorption of water with toluene. However, a dry condition can early convert toluene to CO2, preventing the
deactivation of photocatalysts, which is widely observed under higher humidity due to the partially oxidized species of toluene (such as benzaldehyde and
benzoic acid) remaining on the catalyst surfaces.

For the analysis of mineralization ratio, the experiments were carried out at the retention time of 30 s, the inlet concentration of toluene 1 ppm, relative
humidity 60 %, and ambient temperature 25 ℃. It can be found that the conversion and mineralization e�ciency gradually increase with decomposition time
until a steady state occurs, which indicates that toluene is oxidized into CO2 and H2O. However, the conversion of toluene to CO2 and H2O is not 100 %, some
intermediate products also form in the progress of photocatalytic reaction [51]. Nevertheless, the FTIR instrument could not detect the low concentration of
CO2 functional groups due to the incomplete conversion.

According to the result of FTIR and mineralization ratio analyses along with the previous study of Sleiman, Conchon [52], therefore the predicted
photodegradation mechanism was illustrated in Fig. 10. The electrons and holes would react with O2 and H2O to generate a series of reactive oxygen species

(•OH, O2
−) to partake photocatalytic reaction. Therefore, with the existence of OH and O2

−, it is speculated that gaseous toluene could be photo-oxidized to
benzaldehyde initially, which proved in the FTIR results stretching vibrational (C = O) of carbonyl compounds in benzaldehyde. With the irradiation time
increases, the benzaldehyde could be further photo-oxidized into benzoic acid, which proved in the FTIR results the asymmetric stretching vibration modes of
the carboxylate group COO− from benzoic acid. Finally, they will be degraded into CO2 and H2O to decrease the toxicity of toluene [53].

Based on the FTIR analysis of generated byproducts (please refer to Fig. 9), two competitive reaction pathways appear to occur depending on the RH level.
The occurrence of two different pathways might be related to the competition of different active species and the adsorption modes of toluene on the TiO2

surface. Under the absence of water vapor, the reaction is mainly initiated via an electron transfer from toluene to TiO2 with the formation of an aromatic
radical cation and a benzyl radical. Benzyl radical can then react with O2 to form a benzylperoxy radical which decomposes thermally on the surface to give
benzaldehyde and hydroxyl radical ( OH). Meanwhile, the aromatic radical cation can also react with oxygen and form an aromatic bridged peroxo
intermediate. Benzaldehyde can be further oxidized to benzoic acid which in turn decomposes on the TiO2 surface giving rise to benzene and CO2. The

reaction proceeds by a series of oxidation steps by holes (h+), oxygen and OH radicals at lesser extent, leading �nally to the formation of CO2.

4. Conclusion
The modi�cation on TiO2 photocatalyst was carried out by the addition of rGO and non-metal elements (S, and N). The particle TiO2 attached to the rGO
surface and interposed between the layers which promoted the elevation of speci�c surface area. Improvement of photocatalytic activity from the synthesized
photocatalyst was achieved by the formation of chemical defects and bonding which introduce the oxygen-containing functional groups during the process.
Moreover, the absorption spectra result of UV-visible analysis performed the improvement of visible light absorption intensity and reduction of bandgap from
the addition of S and N elements. The rGO content itself also plays important role in the electron transport process with great capacity. However, excess rGO
content will inhibit the light absorption, and in this study, 0.1 wt% of rGO is considered as the optimum composition for the addition in the photocatalyst
material. The photocatalytic degradation of toluene is highly dependent on the RH value. A higher RH value will reduce photocatalytic degradation due to the
competitive adsorption between water and toluene molecules on the photocatalyst surface. Higher collision frequency in the operation using higher
temperature also enhanced the photocatalytic activity. The suitable kinetic modeling was achieved by the L-H model 4. During the photocatalytic degradation
of toluene, the molecules will be converted into benzyl alcohol, benzaldehyde, benzoic acid, and carbon dioxide.
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Figures

Figure 1

(a) XRD patterns, (b) FTIR spectra, and (c) raman spectra of various synthesized photocatalyst.
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Figure 2

The SEM and TEM image of (a, b) TiO2, (c, d) S0.05N0.1TiO2, (e, f) 0.1wt%rGO/S0.05N0.1TiO2, and (g, h) 1wt%rGO/S0.05N0.1TiO2
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Figure 3

XPS spectra of various photocatalyst
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Figure 4

(a) TiO2, (b) S0.05N0.1TiO2, (c) 0.01, (d) 0.1, (e) 0.5, (f) 1, (g) 5wt%rGO/S0.05N0.1TiO2 TG-DTA curves.
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Figure 5

(a) absorbance spectra vs. wavelength and (b) diffuse re�ectance spectra (F(R)´hn)0.5 vs. energy for various photocatalysts.

Figure 6

(a) conversion and (b) reaction rate value during the visible light-driven photocatalytic degradation process of toluene using synthesized photocatalyst.
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Figure 7

Photocatalytic degradation of toluene using 0.1wt%rGO/S0.05N0.1TiO2 under various (a, b) initial concentration, (c, d) relative humidity (RH), (e, f)
temperature, and (g, h) retention time.
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Figure 8

The predicted values and experimental values of reaction rate in 3D surface mesh using Langmuir-Hinshelwood models 4 at (a) 298, (b) 308 and (c) 318K.
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Figure 9

FTIR spectra of byproducts from toluene photocatalytic degradation under (a) 0% RH and (b) 60% RH by 0.1wt%rGO/S0.05N0.1TiO2 in the wavelength of
4,000-500 cm-1 during 8 hours along with the (c) mineralization e�ciency.

Figure 10

Predicted photocatalytic degradation oftoluene under (a) 0%RH or (b) 60%RH.


