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Abstract

Toluene is one type of common volatile organic compounds that is harmful to human health. Therefore, the degrada-
tion of toluene is critical to improving air quality value. Performance improvement of TiO,, a typically applied photo-
catalyst, has advantages in light absorption and electron transfer process. In this study, the TiO, catalyst was improved
by the doping of reduced graphene oxide (rGO), sulfur, and nitrogen (S, N) elements. The highest toluene photocata-
lytic degradation was performed under the composition of Twt%rGO/S, 45N, TIO,. Improvement in photocatalytic
activity was achieved by higher specific surface area, formation of oxygen-containing functional group, and chemi-
cal 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 influence the photocatalytic activity through
the competitive adsorption or increase the collisions frequency, respectively. During the photocatalytic degradation
using 0.1wt%rGO/S 45N 1 TIO,, toluene will be converted into benzyl alcohol, benzaldehyde, benzoic acid, water, and

carbon dioxide.
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1 Introduction

An average 86—87% of human activities were spent in
the indoor environment, thus the quality of air environ-
ment is important [1]. Various types of volatile organic
compounds (VOCs), including toluene, have the potency
to reduce the indoor air quality. Toluene as an aromatic
hydrocarbon is commonly generated in various coal-
burning products (from liquefaction process or coal
aromatics) and other products like catalytic reform-
ing products or the petroleum fractions after the steam
cracking process [2]. Moreover, common daily human
activities and materials like fuel combustion, application
of cooking gas, wood furniture, cleaning agent, carpet, or
pesticide also can be the source of toluene [3]. Toluene is
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considered a carcinogenic agent and also harmful to the
nervous system, liver, kidneys, and lungs, therefore, its
removal is critical for human health [4].

Various strategies have been involved in the VOC
control technologies like thermal, biological, or cata-
lytic oxidation, condensation, adsorption, and absorp-
tion. However, most of the strategies have the potency
to create the secondary pollutant, require high cost and
energy, or are not effective for the low concentration
pollutant [3, 5]. Photocatalytic degradation is a poten-
tial strategy for the removal of indoor air pollution with
low cost and energy consumption, efficient for the low
pollutant concentration. A widely applied photocata-
lyst, TiO,, has been implemented for the decomposition
of organic compounds or even in the water remedia-
tion, super capacitor, porous adsorbent supports, and
sensor devices [6]. However, under the visible-light
irradiation, TiO, application was limited along with its
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issue on the rate of photogenerated electron-hole pairs
recombination. TiO, has a wide bandgap of 3.2 eV, thus,
the photocatalytic activity was driven by the UV illumi-
nation under the wavelength below 388 nm. Moreover,
during the reaction, reduction of photocatalytic activ-
ity may occur due to the high recombination rate in
electron-hole pairs that leads to the low electron con-
centration in conduction band. Therefore, interest has
been gained for the improvement in TiO, photocata-
lytic activity through modification [6].

Metal element doping on the TiO, surface increases
the capability to absorb visible lights through the for-
mation of traps for photo-induced electron or holes
that leads the electron to a reduction state during the
photocatalytic process [7]. On the other hand, recom-
bination inhibition for the TiO, photogenerated elec-
tron-hole pair will be carried out by the non-metallic
element doping [8]. Replacement of TiO, lattice oxy-
gen can be carried out by sulfur element as an anion.
Furthermore, new energy states in TiO, band gap may
occur with the carbon element doping which will sub-
stitute the oxygen [9]. Moreover, the surface oxygen
vacancies is achieved by the nitrogen element doping
on TiO, photocatalyst material [10].

TiO, doping with carbon material is a promising
strategy due to its low cost, good conductivity prop-
erty, and high absorbance of light that will improve
the efficiency of pollutant photocatalytic degrada-
tion [11]. Furthermore, graphene has been observed
for its enhancement on TiO, photocatalyst through
high electron mobility. The lower Fermi level of gra-
phene compared to the minimum conduction band of
TiO, provides suitable utilization as the electron sink.
Therefore, the interface charge separation and the inhi-
bition of photogenerated electron-hole recombina-
tion will be facilitated by graphene. Moreover, in the
TiO,-graphene photocatalyst, the electron transfer
from TiO, surface to graphene causes a visible-light
absorbance extension and the recombination inhibition
of charge carrier [12].

This study observed the enhancement of TiO, photo-
catalytic activity through doping of non-metallic ele-
ments (S, and N), and various concentrations of reduced
graphene oxide (rGO). Toluene was chosen as the tar-
geted pollutant for the study of indoor air pollution
control using photocatalytic degradation. Moreover, the
study of influence from various environmental conditions
was also carried out along with the kinetic study and pro-
posed degradation mechanism. Thus, this study provides
comprehensive explanation including properties, perfor-
mance, kinetics, and pollutant degradation mechanism of
the TiO, photocatalyst improvement via doping of non-
metallic elements and low-cost material.
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2 Experiments
2.1 Production of nanocomposite photocatalyst
Graphite oxide was prepared previously using the Hum-
mer method [13]. Continuous stirring was applied for the
mixture of graphite flakes (1 g), NaNOj; (0.5g), and H,SO,
(23mL) under ice bath conditions for 1h. 3g KMnO, was
then slowly added under the stirring and the temperature
that kept at below 20°C for 30 min before moving to the
higher temperature water bath 35°C and continuing the
stirring process for 24 h. Subsequently, water (46 mL) was
added into the above mixture at 95°C during a period of
1h. Finally, the suspension was diluted by adding 130 mL
water and 12 mL H,0, (35wt%) at room temperature and
stirring was continued for another 30 min. The removal of
un-exfoliated graphite oxide was carried out by repeated
centrifugation-rinsing cycle using 5-10% HCI and water.
The final product was then freeze-dried for storage.
Photocatalyst was prepared under the solvother-
mal method where titanium (IV) isopropoxide (TTIP)
as the Ti-precursor, thiourea (CH,N,S) as the sulfur-
nitrogen-precursor (S, and N), and graphite oxide were
used. S, and N elements were prepared with the amount
of 5mol% and 10mol%, respectively for all various of
observed graphite oxide concentration. Under the ultra-
sonic oscillation for 1h, prepared graphite oxide (0.039g)
was added into ethanol (20mL) for the formation of gra-
phene oxide. Various concentrations of graphite oxide
will be added in the ratio in the range of 0.01-1wt%.
Separately, 15mL TTIP and 0.186 g thiourea were added
into 20mL ethanol. Both graphene oxide and TTIP-thi-
ourea solution will be further mixed and supplemented
by 100mL deionized water under 30min continuous
stirring. Afterward, an adequate amount of nitric acid
(65wt%) was added to let the pH of the sol remain at 2
and be further stirred until the gel formed at 70°C for
30min. The produced gel will be treated in Teflon-lined
stainless steel and autoclaved for 12h at the temperature
of 180°C. Drying process at 70°C was applied as the final
step in photocatalyst preparation before the storage and
further application in photocatalytic activity test.

2.2 Characterization of photocatalyst
Various analyses to observe the 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) under controlled temperature and heat-
ing rate in the range of 50-850°C and 10°Cmin %,
respectively.

Determination of the dominant crystalline phase was
observed with X-ray powder diffraction spectroscopy
(XRD) (Rigaku X-ray Diffraction Model D/MAS IIIV).
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Detailed information of crystal structures was analyzed
by MDI Jade 5.0. XRD analysis was carried out using
Cu Ka radiation in the range of 5-80° with a scan rate
of 2° min~!. Estimation of the particle sizes and inter-
planar distance of the photocatalyst were calculated by
the Scherrer equation and Bragg’s law. Furthermore, to
support the crystallite properties analysis, Raman spec-
troscopy (Tokyo Instruments, Nanofinder 30) was also
applied for the determination of degree ordering and
crystallinity.

Porous properties and specific surface area analysis
were observed using Brunauer-Emmet-Teller (BET) anal-
ysis using nitrogen multilayer adsorption method. Scan-
ning electron microscopy (SEM) (JEOL JSM-6700F) was
used for the photocatalyst surface properties and trans-
mission electron microscopy (TEM) (JEOL-2100F CS
STEM) was used to analyze the crystal structure through
its diffraction pattern.

The 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 pho-
tocatalyst band gap was carried out by the UV-Visible
spectrometry (Lamda 35, Perkin Elmer) equipped with
an integrating sphere. Analysis was carried out at room
temperature and the standard atmospheric air pres-
sure with the wavelengths range of 250-700nm was
set. Furthermore, an X-ray photoelectron spectroscopy
(XPS) (ULVAC-PHI 500 Versa Probe ESCA) with the Al
Ka-radiation (1486¢€V) as the source was used for the
observation of the binding energy analysis with the cali-
bration reference of C 1s at 285¢€V.

2.3 Synthesized photocatalyst for the degradation
of toluene

Photocatalytic degradation study was carried out in
the plug flow reactor system under the temperature of
25°C, 60% relative humidity (RH), 30s resident time, and
2.0 ppm initial toluene concentration as the targeted pol-
lutant. Toluene was supplied in a simulated gas system
that consist of a mixer, cylinders, and syringe pump with
the air (O4:N, =21:79) for the purging process.

Synthesized photocatalyst (0.5g) mixed with 10mL
anhydrous alcohol under continuous stirring for 24h
before coated on the inner surface of a pyrex glass reac-
tion tube with the size of 15.5cm length, 7.5cm inte-
rior diameter, and 0.5cm thickness. The oven-drying
process will be applied to the pyrex tube with a temper-
ature of 20°C and installed in the plug flow reactor sys-
tem. In order to create a firm reactor setup and prevent
the leakage or interference from the other light source,
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the reactor was placed in a stainless-steel structure.
Vaporized toluene was supplied to be photocatalytic
degraded by the synthesized photocatalyst using a com-
mercial fluorescent lamp (FL-10D, 10 W, wavelength
range of 360-700nm with a peak A=436nm and the
light intensity was 2.5mW cm™2) as the light source in
the middle of pyrex tube. Light intensity was measured
using a luciferase spectrometer (Jasco FP-6200). The
concentration of toluene was monitored online using
gas chromatography-flame ionization detector during
the photo-degradation process.

Photocatalyst with the best toluene degradation
performance will be further applied in the photocata-
lytic activity under various environmental conditions,
including initial toluene concentration (1.0-4.0 ppm),
temperature (25-45°C), resident time (5-30s), and RH
(5-80%). Due to the detection limitation in the FTIR
instrument, during the experimental study for photo-
catalytic performance, molecular analyzer (AGM 4000,
JSD131108-1) was applied for the CO, measurement
with the detection limit of 1%.

In the kinetics study, the Langmuir-Hinshelwood
kinetic models (Table 4) were applied for the determi-
nation of rate constants and adsorption equilibrium
constants followed by fitting experimental data using
polymath 6.10 software. The value from best fitted
model would be applied in the determination of reac-
tion rate constant under the effect of temperature using
Arrhenius equation according to the following formula:

/ Eﬂ
K =K exp ~RT (1)

where K’ is the temperature-independent rate constant
(molecm™3s™1), Ea is the activation energy (kJ mol~!), R is
the gas constant (kf mol~ 'K~ 1!), and T is the temperature
(K).

Moreover, under the assumption of (i) the tempera-
ture-dependent of the Langmuir adsorption constant
can be used to determine the monolayer adsorption
on a homogenous surface and (ii) the rate constant
exhibits a temperature dependence that follows the
Arrhenius law, therefore, the temperature dependent
adsorption constant can be determined according to
the following formula:

_ep (=)
K=K —VF (2)

where K is the adsorption equilibrium constant
(cm®mol™1), K is the temperature-independent adsorp-
tion equilibrium constant (K’2cm®mol~1), and AH is the
enthalpy change of reactants (k] mol™1).
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3 Results and discussions
3.1 Photocatalyst properties
Analysis of crystallite properties using XRD was pre-
sented in Fig. 1a and Table 1 along with supportive data
in Fig. S2. A wide peak at around 25.5° indicates the
presence of rGO. Moreover, the production of rGO via
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solvothermal method was also noticed by the disappear-
ance of the (0 0 2) plane at 11.1° [14]. 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 (10 1), (1 03), (004), (200),
(105),(211),(204),(116),(220) and (21 5) crys-
tal planes, respectively, of the anatase TiO,. However,

()

Intensity(a.u.)

©

TiO, (b)

Hydroxyl (-OH)
(3440 cm™)
(1623 cm")

Su,usNu,lTioz

Carboxyl (C-OH)
(1467 cm")

Carboxyl (COOH)
(1275 ecm™)

0.01wt%rGO/S, N, TiO,

S=0
(1257 em™)

S-0
(1049 cm™)

0.1wt%rGO/S, , N, TiO,

Transmittance(%)

Ii-O-Ti
Ti-O-(
(1000-400 cm™)

0.5Wt%rGO/S, N, TiO,

IWt%rGO/S, , N, TiO,

10 20 30 40 50 60 70 30 4000
20 (degree)

Intensity (a.u.)

1,1, =126

1,/1; =118

11, =1.17

1,/1,=0.11

(@)

3500 3000 2500 2000 1500 1000 500
st
‘Wavenumber (cm™)

Intensity (a.u.)

1000

T T T 1
1200 1400 1600 1800

Raman shift (cm")

Reduced graphene oxide
Graphene oxide
Graphite oxide

Graphite

Fig. 1 (a) XRD patterns, (b) FTIR spectra, and (c) Raman spectra of various synthesized photocatalyst

T T T T
300 600 900 1200 1500
Raman shift (cm-1)

— 1 wt%rGO/S (N,  TiO,

00No.
—— 0.5Wt%rGO/S, ;N TiO,
—— 0.IW%rGO/S, (N, TiO,
—— 0.01Wt%rGO/S, (N, TiO,
— SU USN\) VTiOZ

——TiO,




Page 5 of 18

(2022) 32:34

Winayu et al. Sustainable Environment Research

Pa129319p 10U O°'N

(139 A9 V/A¥) yipim a1od abesany q-uondiospe juiod 3|6uls 10} 66'0 = 0d/d 1e s210d Jo dwn|oA 3iod [e10]

T L
olL
0Lt 9/70 vl evl 96t 05T SSP €/T 88T 88€6 €//€ 06v€0 LUl 001 ONSO0g /ODa%IM L
NO_._.—.o
6L 6870 191 91l v 15T 0S¥ 9/T 68YT Ol¥6 08L€ 20S€0 Lol 00l  N59°s /0D19%Ims 0
o1'®
SeY 1670 91 aN 6V 454 (0% S6T S6VT LEV6 6LL€ Y6vE0 S50l 00l N°S/0D19%3ML°0
No_._.—.o
€LY 8870 6vl QN 06t €5 ol¥ €0€ 86T LEV6 8LL€ 860€0 0901 00l NS9%S/0D19%IM 100
899 €870 691 ‘aN 88y ¥ST SOk 90°C €8VT ¥LE6 9/L€ 86¥£0 (Y01 001 201N
Yo'/ 1620 SsL AN o8t 55T 68¢ 6l€ 98YT €/€6 LLL€ Y6rED Sy0l 00l ‘o1l
(wu) (wu)
yibusjpnem (A®) Yyibuspnem (A9)
9bpa pueg debpueg abpapueg debpueg ep (y)d (y)e (wu) p (wu)g (%) asereuy
gwu) o, _Boud) (-6 w) .
9zIs9l0d SWn|oOAdI0d easeddepns 2|/ ei)dads adueldspay enadsg sduequosqy  J9dwesed ad133e  3zis dM|jeIsAID) dzis 9pned aseyd eiskid
139 uewey Qaux adweg

salod pue ‘debpueq ‘|eIsAID JO UOIeZIIRIDRIRYD 3U) JO) S} NSl sasA|eue | 3g pue ‘uewiey ‘QyX L d|qeL



Winayu et al. Sustainable Environment Research (2022) 32:34

the overlap characteristic peak (002 plane) of rGO at 25
© with 101 plane reflection of bare TiO, and rGO/TiO, at
around the same 20 value creates the almost coincident
diffraction patterns [15]. Moreover, no sulfur phase or S
containing compounds in the sample with S element in
XRD pattern was observed due to the small amount of
doping. The particle sizes of S, N, and graphene doped
TiO, vary with various doping amounts. However, the
lattice parameters a and ¢ remain constant. It indicates
that photocatalytic properties of the nanoparticles and
charge balance in the anatase lattice are not affected by
the dopant presence [16].

Figure 1b displays the FTIR spectra results with the
peak appearance at 1650cm™! due to the C=C stretch
of alkenes. The presence of TiO, can be indicated by
the slope between 500 and 1000cm™! due to a Ti-O-Ti
vibration. The chemical bond between rGO and TiO,
nanoparticles created a peak around 793cm™! due to
the vibration of Ti-O-C bond, thus, large range from
the vibration of Ti-O-Ti and Ti-O-C are hardly distin-
guished [15]. The stretching mode of S=O and stretch-
ing vibration of S-O formed the observed peaks at 1257
and 1049cm™ !, respectively [17]. However, the presence
of bands from the oxygen-functional groups of graphene
oxide in the photocatalyst spectra indicates the incom-
plete reduction of graphite oxide under the solvothermal
method [18].

The Raman spectra of the synthesized photocata-
lyst was displayed in Fig. 1c. In the Raman spectra, the
D band at 1350cm ™! is assigned to edge or in-plane sp?
defects and disordered carbon. On the other hand, the
in-plane vibration of ordered sp>-bonded carbon atoms
was presented as the G band at 1600cm™! [19]. Moreo-
ver, compared to graphite oxide, the elevation of I,/
I intensity ratio was detected in the reduced graphene
oxide sample due to functional groups removal which led
to the structural change [20]. Furthermore, the overall
photocatalyst presents a similar characteristic of anatase
structured TiO, with the Raman peak. The peaks at 144,
398, 515, and 633cm ™! can be assigned as Esi Big Agp
and E,, respectively which were presented by the exter-
nal vibration of the anatase structure. These peaks are
also applied as the indicator of anatase phase formation
in the photocatalyst [19]. Moreover, according to the
supportive Raman result in Table 1, the value of Ip/I
increases when rGO content increases.

Table 1 also presents the porous structure of syn-
thesized photocatalyst using BET analysis. The pore
sizes of all photocatalysts are in the range of 6-7nm,
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 [21].
Compared to bare TiO,, the BET surface area of the
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different weight percent of rGO/S ;;N,;TiO, samples
significantly decreases with increasing rGO content
start from the smallest introduction of rGO content
(0.01 wt%). Moreover, reduction of surface area is
detected from 162 to 143 m* g~ ! with the addition of
0.1 to 1.0 rGO wt%. However, compared to the other
rGO addition, low surface area of the 0.01wt%rGO/
S0.0sNo.1TiO, is detected. Thus, the dominancy of TiO,
component affecting surface area and porosity is indi-
cated by the BET results [22].

The surface properties of synthesized photocatalyst
were analyzed using SEM and TEM as displayed in Fig. 2.
TiO, composites are dispersed on the surface of rGO and
some TiO, composites enter into the interlayers of rGO
(supported in Fig. S1), this structure supports the effi-
cient electron collection through rGO sheets during the
synthesis process [23]. Moreover, the calculation results
from Scherrer’s equation is in accordance with the quasi-
spherical shape-like morphology in TiO, and S doped
TiO, nanoparticles with an average size of 10-15nm
[24]. Increasing rGO content in the photocatalyst forms
a larger aggregate.

XPS instrument was applied to observe the chemi-
cal and electronic states of the elements and chemical
bonding on the surface of photocatalysts as shown in
Fig. 3. The spin-orbital splitting photoelectrons in the
Ti*" valence state caused the peaks centered at 458.4 and
464.0eV corresponding to Ti 2p;;, and Ti 2p,,,, respec-
tively in the Ti 2p XPS spectra for TiO,. Furthermore, the
XPS core level analysis of C 1s confirmed the Ti-C bond
[25]. In the C 1s spectra, the bonds of C=C, C-C, C-O
and -COOH were identified with the signals at 284.5,
285.1, 286 and 288.6 €V, respectively [26]. The O Is core-
level peaks can be observed at 529.7eV (Ti-O-Ti/ Ti-O-
C), 530.2eV (C=0), 531.5eV (C-O) and 532.7eV (O-H),
while the carbon materials has oxygen-containing spe-
cies at 531.6eV (—C(=0)-). The Ti-S and C-S bonds are
indicated with peaks at 168.3 and 169.3€V in the S 2p
spectra. Moreover, the doping of nitrogen atoms in the
anatase lattice which leads to the replacement of a small
portion of oxygen atoms through solvothermal process
was indicated by the peak at 400.2eV in the N 1s spectra.
Hence, the presence of co-doped N and S on the lattices
of rGO/TiO, photocatalysts is clearly confirmed by the
XPS results [27].

The TG/DTA curves for the synthesized photocata-
lysts was presented in Fig. 4. In the range of 180 to 380°C,
about 9.0% of weight is lost from TiO, due to the organic
compound decomposition. The conversion of amorphous
precursor into the anatase phase occurred as the temper-
ature increased from 425 to 500°C. No observed weight
loss above 500°C along with the disappearance of TGA,
DTA curves with the higher temperature was observed
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TEM images
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Fig. 2 The SEM and TEM images of various materials and synthesized photocatalyst
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and indicated the initial formation of oxide and the crys-
tal change.

The weight loss in the sample of S, ;N ; TiO, occurs
at a temperature range of 50 to 140 °C due to the
vaporization of adsorbed/absorbed H,O and organ-
ics. The removal of strong bonding of water of sur-
face hydroxyl groups causes the 10% weight loss in
the range of 150—450 °C in the second region. More-
over, the mass loss due to the S element oxidation
was detected in the temperature of 450-800°C and

followed by the stable value of the remaining weight
[28]. However, the photocatalyst with rGO has a
higher weight loss than that without rGO in tempera-
ture ranges of 150—-250 and 600-730°C. The decompo-
sition of remaining organic compounds formed during
the synthesis and partial oxygen-containing functional
groups in the rGO causes the weight loss, between 200
and 450 °C. Furthermore, the oxidation of carbon scaf-
fold of the rGO was described by the weight loss in the
range of 450-650°C [29].
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Figure 5 and Fig. S3 display the optical properties of
photocatalyst as the result from UV-Visible spectrometry
analysis along with the Table 2 for the direct and indirect
band-gap. Compared to bare TiO,, a noticeable shift of
absorption edge was demonstrated by the S, N-doped

Table 2 Direct and indirect bandgap of the samples from the
analysis of UV-Visible spectrophotometer data

Sample Bandgap (eV)
Indirect Direct

TiO, 228 3.03
S00sNo TIO, 242 319
0.01Wt%rGO/Sy 05Ny TIO, 253 317
0.1W19rGO/Sy 05Ny 1 TIO, 244 3
0.5W9%rGO/S, 05Ny, TIO, 247 3.09
Twt9rGO/S( 45N 1 TIO, 2.56 295
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TiO, samples [15]. The active photocatalytic activity of
rGO/Sy 5N, 1 TiO, composites might occur under vis-
ible irradiation with the incident wavelengths in the
range 200-800 nm [30]. Estimation of the band gap ener-
gies was calculated by reflectance spectra conversion to
absorption Kubelka-Munk units as shown in Table 2 and
reveal the reduction of energy gap under the higher rGO
content. This phenomenon occurred due to the Ti-O-C
bonds of rGO/TiO, nanocomposites between TiO, nano-
particles and rGO nanosheets [15].

3.2 Visible light-driven photocatalytic degradation
of toluene

Toluene in the initial concentration of 2ppm was
used as the pollutant to be degraded by various syn-
thesized photocatalyst under the RH of 60% at the
temperature of 25°C. Figure 6 and Table 3 present
the toluene conversion and reaction rate during pho-
tocatalytic degradation. The results indicate that

Conversion (%)

TiO,

—o— 545Ny, TiO,
0.01Wt%rGO-S, N, , TiO,
0.1Wi%rGO-S,, N, , TiO,
0.5wt%rGO-S (N, | TiO,
IWt%rGO-S, N, TiO,

0.05

Operating time (h)
b 380 2e-12
( ) C—3 Conversion
—e— Reaction rate —
F2e-12 7,
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—_
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N’ —
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=
2 g
g 40 A e
z bge-13 £
= =
© 2
20 4 3t
o 2 Fae-13 S
=4
0 - - : : :

TiO, 0 0.01 0.1 0.5

Amount of doped graphite oxide (wt%)
Fig. 6 (a) conversion and (b) reaction rate value during the toluene photocatalytic degradation

T 0
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Table 3 Conversion and the retention time during photocatalytic degradation study under various applied conditions

Photocatalyst Toluene conc. Temp (°C) RH RT Conversion (%) Reaction rate
(ppm) (%) (s) (molcm—3s7")
Various photocatalyst types
TiO, 2+05 25 60 30 102+02 2.66E-13
S00sNo1 TiO, 403+£33 845E-13
0.01Wt%rGO/Sy 0sNo  TIO, 92408 272E-13
0.1Wt%rGO/Sy 5Ny, TIO, 58302 1.61E-12
0.5W9%rGO/S, 05Ny, TIO, 1594 0.1 3.95E-13
TWH%rGO/Sg sNg 1 TIO, 168412 4.09E-13
Various toluene concentration
0.1WH%rGO/Sy 05N, TIO, 1403 25 60 30 696+ 16 1.40E-12
2402 578+39 1.38E-12
4403 50.7 £5.1 2.64E-12
Various relative humidity
0.1W9%rGO/S, 05Ny, TIO, 2403 25 0 30 850406 2.60E-12
1 86.7 £ 0.1 2.64E-12
5 765+ 2.7 1.80E-12
10 706+ 1.8 1.58E-12
30 642 +£20 1.39E-12
60 586+ 16 1.17E-12
80 446+ 10 1.10E-12
Various temperature
0.1Wt9%rGO/Sy 05N, TIO, 2403 25 60 30 574413 1.86E-12
35 642+10 2.14E-12
45 740+ 06 2.53E-12
Various retention time
0.1W9%rGO/S; 05Ny TIO, 2402 25 60 5 385+ 13 6.50E-12
10 433+£1.1 3.35E-12
15 488 £0.0 2.15E-12
30 583+06 1.57E-12

0.1wt%rGO/S, 45N, ; TiO, 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 due to an increase in the absorption
of visible light [31]. The presence of additional rGO
content promotes the creation of «OH radicals and
the interference in «O,™ radicals which further lead to
the improvement of photocatalytic activity [31]. How-
ever, adding excessive or less rGO may increase colli-
sion opportunities between electrons and holes which
causes faster electron-hole pairs recombination [32].
According to the results, 0.1wt%rGO/S; 4sN, ; TiO, will
be further implemented for the study of influencing
parameters and kinetic analysis.

3.3 Photocatalytic activity under various environmental
conditions

Photocatalyst with the composition of 0.1wt%rGO/
S0.0sNo1TiO, was chosen for the parameters test under
various initial toluene concentrations (1-4ppm), tem-
perature (25-45°C), RH (0-80%), and retention time
(5—-30s). The results of toluene conversion under various
parameters are displayed in Fig. 7 along with the data in
Table 3. The toluene degradation efficiency was reduced
under the supply of higher initial pollutant concentra-
tion as seen in Fig. 7a and b. The relationship between
pollutant concentration and reaction rate may follow
the Langmuir-Hinshelwood model [33], and consider-
ing principles of catalytic reactions, at low pollutant
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concentration, the reaction rate increases with pollutant
concentration until it reaches a region where the reac-
tion rate becomes independent of concentration. How-
ever, the deposition of refractory reaction intermediates
on photocatalyst surface, the loss of active sites, and the
dramatic reduction of reaction rate were triggered by
the application of high pollutant concentration [34]. The
improvement of reaction rate occurred at higher VOC
concentration, but the reduction of removal efficiency
and mineralization also appeared [34].

Moreover, higher RH value reduced the photocatalytic
activity for toluene degradation. The water vapor content
in the gaseous effluent created competitive adsorption
with toluene molecules on the photocatalyst active sites
[35]. However, compared to 0% RH, the higher conver-
sion was detected under the condition of 1% RH which
indicated the induction of photocatalytic activity by
water vapor due to the hydroxyl radical formation [34].

Under the higher temperature, toluene photocata-
lytic degradation was also increased due to the exother-
mic and equilibrium reaction in elementary steps with
enhanced the overall reaction rate [36]. Besides the influ-
ence on reaction kinetics, higher operating temperature
also affects the adsorption of the gas-phase compounds
and lowers the amount of adsorbed pollutants on the sur-
face. Thus, the mass transfer might limit the process and
cause the lower reaction rate [33]. According to previous
study, the optimum temperature was found in the range
of 40-50°C. Under low temperature, products desorp-
tion will occur due to the slower reaction than the deg-
radation on the surface or the adsorption of reactants.
Nevertheless, the higher temperature also becomes a
limitation in the toluene adsorption process on the pho-
tocatalyst surface [37].

Figure 7g and h display the conversion and reaction
rate of the photocatalyst under various retention times.
These results indicate the important role of mass trans-
fer and the limitation on oxidation rate due to the direct
effect of flow rates on the retention time. The reduction
of pollutant’s photocatalytic decomposition occurred
under higher flow rates and the shorter retention time
[38]. The results show that the conversion of toluene
increases with an increase in retention time. Reduction
of VOC molecules residence time due to the higher air-
flow rate ignites the lower adsorption and conversion of
the pollutant [34]. However, the reaction rate decreases
with an increase in retention time. Therefore, the reduc-
tion of residence time raises the importance of adsorp-
tion capacity during the reaction [39].

3.4 Photocatalytic kinetics analysis
In this study, L-H models 1-7 (Table 4) were used to sim-
ulate data generated from the kinetic experimental set
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along with the simulation results after the fitting process
with polymath software. The simulation results of model
4 are best suited to this study. Under the implementa-
tion of higher temperature, the elevation of rate con-
stant k of model 4 and reduction of adsorption constant
K,, were detected. This phenomenon might occur due to
the induction of higher temperature on the species des-
orption from the surface of photocatalyst. Therefore, the
final apparent reaction rate was impacted by the relation-
ship of photocatalytic degradation to both reaction and
adsorption constant [40]. Moreover, when the value of
K,, is higher, the pollutant of toluene is more competitive
with water.

Table 5 presents the reaction rate constant and adsorp-
tion equilibrium constant from the calculation using
Arrhenius equation using the values from model 4.
The value of reaction rate constant (k') in this study is
3.15x 10" “molecm™3s~ 1. Furthermore, the adsorption
equilibrium constant for toluene (K’,) and water (K'y)
are 7.46 x 107 and 3.52 x 10°K*°cm®mol ™!, respectively.
The dependency of photocatalytic degradation rate on
the temperature was represented by the activation energy
value (10.3kJ mol™!) and created the possibility of surface
adsorption—desorption phenomena [41]. Moreover, in
this study, the enthalpy value of physisorbed toluene and
water are —5.3 and—4.5kJmol™!, respectively. These
results were supported by the 3D surface mesh diagram
as shown in Fig. 8 which presented the well fitted data
with the model 4.

3.5 Mechanism of toluene photocatalytic degradation

Generated byproduct analysis during the photocata-
lytic degradation of toluene under 0 and 60% RH using
0.1wt%rGO/Sy (5N, TiO, for 8h is shown in Fig. 9
along with the mineralization efficiency curve. The C-H
stretching vibration of aromatic ring created the bands
at 3076 and 3037 cm™ 1. On the other hand, the presence
of symmetric and asymmetric C—H stretching vibrations
of methyl groups form the bands at 2937 and 2881 cm ™%,
respectively. The bands at the range of 1000-1260cm™*
are corresponding to C-O stretching vibration. In addi-
tion, the vibration of aromatic ring is associated with
bands at 1609 and 1496cm™! [42]. Upon irradiation, the
two bands at 2360 and 2338 cm ™! corresponding to CO,
increase obviously. However, some intermediate prod-
ucts also form in the progress of photocatalytic reaction
under visible-light irradiation. The stretching vibration
of the aldehydes forms the bands at 1685 and 1671 cm™*
which also indicates the generation of benzaldehyde [43].
Furthermore, the bands located at 1541 and 1508 cm™*
were formed by the stretching vibrational (C=0) of
carbonyl compounds in benzaldehyde. For the benzoic
acid case, C=C stretching vibration was related with
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Table 4 The calculation results for Langmuir-Hinshelwood models 1-7
Model Reaction Rate Expression Temp k Kp K, RSS R?
(K) (molcm™3s7") (em*mol™") (em*mol™")
1 —r = kil 298 2.75E-10 1.02E+08 - 3.62E-20 092
308 3.23E-10 9.89E+07 - 3.37E-20 0.93
318 4.72E-10 8.30E+07 - 3.12E-20 093
2 r= kx% 298 9.41E-02 1.59E4+00 1.36E403 2.87E-23 0.00
308 4.26E-01 7.18E400 6.16E403 9.26E-24 035
318 4.19E-01 7.06E+00 6.05E+03 4.70E-24 0.77
3 —r= kx% 298 9.97E-06 2.34E4+03 1.87E4+05 1.37E-24 0.89
308 1.11E-05 2.58E+03 5.99E+04 9.90E-25 093
318 1.29E-05 3.01E+03 7.24E4+03 1.34E-24 093
4 —r= kx% 298 4.27E-09 3.60E407 1.25E4+06 1.36E-24 0.96
308 4.81E-09 3.30E+07 1.15E406 1.68E-24 0.96
318 5.55E-09 3.05E407 1.08E+06 1.12E-24 0.95
5 —r = kAl x 298 2.89E-09 1.00E+07 1.06E+07 9.13E-25 093
308 3.11E-09 1.05E+07 3.06E4-07 8.93E-25 0.94
318 3.49E-09 1.16E4+07 1.66E+07 1.27E-24 0.94
6 —r= Kx% 298 9.57E-10 1.08E+07 3.02E+07 9.05E-25 093
308 1.02E-09 3.07E+07 3.22E407 8.93E-25 0.94
318 1.13E-09 1.67E4+07 3.58E+07 1.27E-24 0.94
7 rkx (KaCaKi Ca)'? 298 8.16E-09 1.84E+04 6.19E+05 3.76E-24 0.70
[1+(KACA)*/2 F(Kn )2 ]2
308 9.28E-09 1.89E+4 04 6.36E+405 4.76E-24 0.67
318 1.26E-08 1.53E4-04 6.35E+05 6.98E-24 0.66

Note: k= reaction rate constant (molcm~3s~"); K, =toluene adsorption equilibrium constants (cm3mol~"); Ky =water vapor adsorption equilibrium constants

(cm®mol~"); r=reaction rate (molcm~3s~"); C, =toluene concentration (mol cm™~?); C,, = water concentration (molcm~3)

suggested that toluene may not be converted completely
to CO, at high RH, and the toluene conversion decreases
with an increase of RH. The presence of water content in

Table 5 The reaction rate constants and adsorption equilibrium
constants of Langmuir-Hinshelwood model 4 using Arrhenius

equation higher humidity conditions creates competition in the
Parameters Units Model4  adsorption process toluene on the photocatalyst surface.
% molem=3s=! 3156-07 Therefore, the partially oxidized of toluene species (such
K, KOS crmd ol 746e407 s benzaldehyde and benzoic acid) were widely observed
Ky KOS cm3 mol~ ! 350406 under higher humidity conditions and remained on the
E, K mol~' 103 photocatalyst surface. As reported by Li et al. [44] the
AH, Wmol-! _53 generated intermediate products are capable to build
AH,, W mol-! —45 complexation with photocatalyst surface and may lead to

the deactivation. However, under the dry condition, the
early conversion of toluene to CO, was detected and the
deactivation of photocatalyst was prevented.

1 .
the peaks centered at 1653 and 1636 cm™ " while peaks For the analysis of mineralization ratio, the experi-

at 1558 and 1521 cm™! were the indicators of carboxy-
late group COO- asymmetric stretching vibration modes.
Moreover, the characteristic peaks of benzyl alcohol were
indicated by the bands at 1473 and 1457 cm™ ! [31].

At 0% RH, C-H group, CO,, and C-O bindings were
detected, however, these peaks cannot be found. It is

ments were carried out at the retention time of 30s, the
inlet concentration of toluene 1 ppm, RH 60%, and ambi-
ent temperature 25°C. It can be found that the conver-
sion and mineralization efficiency gradually increase
with decomposition time until a steady-state occurs,
which indicates that toluene is oxidized into CO, and
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H,O. However, the conversion of toluene to CO, and
H,O is not 100%, some intermediate products are also
formed in the progress of photocatalytic reaction [45].
Nevertheless, the FTIR instrument could not detect the
low concentration of CO, functional groups due to the
incomplete conversion, therefore the detection of CO,
content was measured by the CO, molecular analyzer.

According to the result of FTIR and mineralization
analyses along with the previous study of Sleiman et al.
[45], the predicted photodegradation mechanism is illus-
trated in Fig. 10. The reaction between O, or H,O with
the electron and hole generates reactive oxygen species
(¢OH and «O,”) which take part in the photocatalytic
reaction. Thus, the photocatalytic oxidation of toluene
to benzaldehyde at the beginning of reaction. This result
is also supported by the FTIR spectra that display the
stretching vibrational (C=0) of carbonyl compounds
in benzaldehyde. Under longer irradiation time, fur-
ther conversion of the benzaldehyde into benzoic acid
was achieved and proved by the benzoic acid asymmet-
ric stretching vibration modes of the carboxylate group
COO™ in the FTIR result. Final conversion of toluene
into CO, and H,O reduced its toxicity [46].

Based on the FTIR analysis of generated byproducts
(Fig. 9), RH controls two competitive reaction pathways
which is related to the different active species that affect
the adsorption mode of toluene on photocatalyst surface.
An electron transfer process from toluene to TiO, initiates
the formation of a benzyl radical in the absence of water
vapor. The generated benzyl-peroxyl radical from the reac-
tion of benzyl radical with O, will be further thermally
disintegrated on the surface. Furthermore, the formation
of an aromatic bridged peroxo intermediate was related
to the reaction of aromatic radical cation with O,. Further
conversion of benzaldehyde to benzoic acid and followed
by the decomposition on the TiO, surface elevates the ben-
zene and CO, content. The reaction will be completed by
a sequence of oxidation reactions by holes, oxygen, and
*OH radicals at a lesser extent which will lead to the final
product (CO,). Moreover, the accumulation of generated
water content also involved in the possibility of competitive
adsorption with the contaminant molecules and further
reduced the photocatalytic activity performance [47].

4 Conclusions

The modification on TiO, photocatalyst was carried out by
the addition of rGO and non-metal elements (S, and N).
The particle TiO, attached to the rGO surface and inter-
posed between the layers which promoted the elevation
of specific surface area. Photocatalytic activity improve-
ment was achieved by the formation of chemical defects
and bonding which introduces the oxygen-containing
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Fig. 10 Predicted photocatalytic degradation of toluene under (a) 0% RH or (b) 60% RH

functional groups during the process. Moreover, the
absorption spectra result of UV-Visible indicated a greater
absorption intensity of visible light along with the reduc-
tion of bandgap with the addition of S and N elements.
The rGO content itself also plays an important role in the
electron transport process. However, excess rGO content
will inhibit the light absorption, and in this study, 0.1wt%
of rGO is considered as the optimum composition for the
addition in the photocatalyst material. RH value also plays
an important role in the photocatalytic activity which
relates to the competitive adsorption between water and
toluene molecules on the photocatalyst surface. Higher col-
lision frequency at 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 car-
bon dioxide.
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