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Abstract

Titanium dioxide (TiO,) photocatalysis can degrade air pollutants into
nontoxic substances but it can only be excited by UV light. To eliminate this
limitation, silver (Ag) and/or graphene oxide (GO) doped TiO; are applied to
enhance visible light photocatalytic activity. In this study, Ag-TiO; (0.5%,
1%, 2% w/w), GO/TiO, and GO/Ag-TiO, were synthesized and then coated
on stainless steel mesh. Crystalline and molecule structures, chemical
compositions and optical properties of the prepared photocatalyst samples
were characterized with X-ray diffraction spectroscopy, X-ray fluorescence
spectroscopy, Raman spectroscopy, UV-visible diffuse reflectance
spectroscopy, Fourier-transform infrared spectroscopy, and Scanning
electron microscopy equipped with Energy dispersive X-ray spectroscopy
techniques. The photocatalytic performances of the various doped catalysts
were evaluated according to their abilities to degrade gaseous formaldehyde
(HCHO) under visible light. The effect of operational parameters on the
photocatalytic degradation of HCHO including layer numbers of photocatalyst,
powers of fluorescent lamp and flow rates of HCHO were observed. The
results indicated that the presence of Ti, O and Ag elements in Ag-TiO, and
Ti, O, Ag and C elements in GO/Ag-TiO, was confirmed. Proper dispersion
of the photocatalyst on the wire mesh was exhibited. Under visible light, the
incorporation of Ag and GO in TiO; photocatalysts produced higher
degradation rates of HCHO than pure TiO,. The optimum operating
conditions of HCHO degradation at initial concentration of 108.7+1.15 ppm
over visible light irradiation for 30 min were 5 layers of 0.5% Ag-TiO,, 72
W fluorescent light and 300 ml/min of HCHO flow rate. Under these
conditions, the removal efficiency of gaseous HCHO was 76.70+0.73%.
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1. Introduction

Titanium dioxide (TiO,) photocatalysis has been extensively used for the destruction of indoor
volatile organic compounds (VOCs) because of its efficient photo-activity, high stability, non-
toxicity and low cost [1, 2]. However, there are some limitations due to its low light-harvesting
capacity, high energy band gap (about 3.0 eV for rutile and 3.2 eV for anatase) and the high
recombination rate of photo-generated electron-hole pairs [3, 4]. In the photocatalytic process, the
surface of TiO, can be commonly activated by UV radiation, which is harmful to human health
causing cataract and skin cancer [5]. In order to overcome these drawbacks, TiO has been modified
by doping transition metal particles (i.e. platinum (Pt) [2], zirconium (Zr) [6], nickel (Ni) [7], iron
(Fe) [8], silver (Ag) [9, 10], etc.) onto its surface. This leads to a narrow band gap of energy for
visible light absorption. In addition, the combination of TiO, with graphene oxide (GO) or reduced
graphene oxide (rGO) can improve the transfer of photo-generated electrons, and thus reduce the
recombination of photo-generated electron-hole pairs (e /hw') as well as increase the
photocatalytic reaction area [11-15].

Formaldehyde (HCHO) is known as one of the highly toxic volatile organic compounds
found in indoor air. It is released through off-gassing from building materials and household
products, burning of fuels during cooking including tobacco smoking [16]. Many research findings
reported that indoor levels of HCHO were significantly higher than the outdoor concentrations [16].
Moreover, they often found levels exceeding the World Health Organization (WHO) guideline of
0.1 mg/m?> (80 ppby) [17]. Inhalation of HCHO can potentially cause coughing, wheezing, nausea,
and have other adverse effects on the respiratory tract and so on. Long-term exposure to HCHO is
associated with increased risk of certain types of cancer [18]. International Agency for Research on
Cancer has classified HCHO as a human carcinogen (Group 1) [19]. Several HCHO removal
technologies such as adsorption technology [20], plasma technology [21], biological treatment [22],
and advanced oxidation process [2, 6, 11, 13], have recently gained attention. Although adsorption
technology is widely used, it has various disadvantages, i.e. limited adsorption capability, short-
lifetime, and possibility of pollutant desorption during regeneration [23]. Plasma technology may
generate harmful by-products during the degradation process [24] while toxicity of HCHO may
inhibit the use of biological treatment methods. Presently, TiO,-based photocatalysis is regarded as
a promising and practical technology to degrade formaldehyde in gas streams. The hydroxyl (*OH)
and superoxide (*Oy") radicals are generated on the surface of a photocatalyst. Subsequently, HCHO
is completely oxidized to carbon dioxide (CO,) and water (H,O) which are non-toxic compounds
[10, 25]. However, the use of TiO, powder leads to high aggregation tendency and difficulty in
separation and recovery. The immobilization of TiO» onto different support materials was suggested
to overcome these limitations [10, 25-27]. Previous studies reported that immobilization techniques
and types of support material used in catalyst preparation significantly influenced the photocatalytic
properties of the catalyst [26].

In this study, the photocatalytic degradation of gaseous HCHO using different modified
TiO; photocatalysts was investigated under visible light irradiation compared with UV-C irradiation
and dark conditions. Silver-doped TiO: photocatalysts with different metallic contents (0.5% Ag-
TiO,, 1% Ag-TiO,, 2% Ag-TiO,), graphene oxide-doped TiO, (GO/TiO,), GO/Ag-doped TiO,
(GO/Ag-Ti0,) and pure TiO, were prepared and coated on stainless steel wire meshes. The physical
and chemical properties of the prepared photocatalysts were characterized by X-ray diffraction
(XRD), X-ray fluorescence spectrometer (XRF), scanning electron microscope (SEM) equipped
with energy dispersive X-ray spectroscopy (EDS), UV-visible diffuse reflectance spectroscopy
(UV-vis DRS), Raman spectroscopy and Fourier-transform infrared (FTIR) spectroscopy.
Influencing factors on the decomposition of HCHO such as amount of photocatalyst, light intensity,
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flow rate of HCHO were examined using the optimum photocatalyst and light source obtained from
this study.

2. Materials and Methods

2.1 Chemicals and reagents

Degussa P25 TiO, (80:20, Anatase (A)/Rutile (R)) was obtained from Jebsen & Jessen Ingredients
(T) Ltd. Graphite powder with an average particle diameter of <20 pum (99 % purity) was purchased
from Aldrich Chemistry (USA). Silver nitrate (AgNO;), formaldehyde (HCHO, 36.5-38%),
sulfuric acid (H2SOs, 96 wt %), hydrochloric acid (HCI, 37 wt %), sodium nitrate (NaNOs), acetyl
acetone (CsHsO2, 99.5 wt%), potassium permanganate (KMnQy), and hydrogen peroxide (H>O, 30
wt%) were purchased from Carlo Erba Reagents (Italy). Acetic acid (CH;COOH, 99.85%) was
purchased from Duksan Pure Chemical (The Republic of Korea). Ammonium acetate
(CH3COONHa4, 98%) was purchased from Laboratory Reagents & Fine Chemicals (India). All
chemical reagents (except ethanol) were analytical grade and used without further purification.
Ethanol (C,HsOH, 95%) was purchased from the Liquor Distillery Organization, Excise
Department, Thailand. Deionized (D.I.) water, produced by a Milli-Q water purification unit
(ROM-250-100T, Treat Chemical Co., Ltd), was used for preparation of the solutions.

2.2 Preparation of photocatalyst substrate

50 mesh stainless steel screen, used as a support material, was cut in circle with a diameter of 10
cm. It was initially rubbed with sandpaper. After scrubbing, it was immersed in ethanol for 30 min
and then soaked in D.I. water for 10 min to remove oxide and other impurities. The clean screen
was dried in a hot air oven at 80°C for 1 h and then kept in a desiccator for further use.

2.3 Preparation of photocatalysts

In this study, titanium dioxide (TiO,) was used as a photocatalyst. Silver (Ag) and graphene oxide
(GO) were applied as co-catalysts on TiO, to enhance the photocatalytic activity under visible light.
The preparation of the photocatalysts is described as follows:

2.3.1 Preparation of TiO; photocatalyst

A TiO; photocatalyst was prepared by mixing 4 g of TiO, powder with 150 ml of ethanol followed
by sonication in an ultrasonic bath for 1 h. The resulting paste was fully spread on the clean disc
and then dried in a hot air oven at 80°C for 1 h.

2.3.2 Preparation of Ag-TiO; photocatalyst

Silver (Ag), at various contents (0.5%, 1% and 2% w/w), was the metal used for doping TiO,. The
Ag-TiO, photocatalysts were prepared by solvothermal process using a modified method of Khalid
et al. [8, 28]. The AgNO; solution was dropped into the TiO, solution prepared as mentioned in
2.3.1. After stirring for 2 h, the suspension was placed in a 250 ml Teflon-sealed autoclave reactor
and then heated in a hot air oven at 150°C for 4 h. The resulting composite was washed with ethanol
followed by rinsing with D.I. water twice to remove impurities. Subsequently, it was evaporated to
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a volume of 50 ml. The composite paste was fully spread on the clean disc and then dried in a hot
air oven at 70°C for 12 h.

2.3.3 Preparation of GO/TiO; photocatalyst

Graphene oxide (GO) was synthesized by oxidizing graphite powder with H,SO4 and KMnOj4
through a modified Hummers method as described in Phrompet et al. [29]. A GO/TiO,
photocatalyst was synthesized with 0.75% of GO to TiO, weight ratio, according to the study of
Sriwong ef al. [14]. Initially, the prepared TiO, suspension was adjusted to about pH 4 with 1%
HCI. Then, 0.75% of GO to TiO, weight ratio was gradually added to the TiO, suspension while
stirring. After the addition, the mixed suspension was further agitated for 1 h at room temperature.
The resulting product was washed several times with deionized (D.I.) water and then separated by
centrifugation until the supernatant reached pH 7. Afterwards, it was dehydrated to a volume of 50
ml. The resulting paste was fully spread on the clean wire mesh disc and then dried in a hot air oven
at 80°C for 8 h.

2.3.4 Preparation of GO/Ag-TiO; photocatalyst

In this study, a GO/Ag-TiO, photocatalyst was synthesized with 0.09% of Ag to GO/TiO, weight
ratio (obtained following the result of Khalid and co-workers [30]). Four grams of TiO, powder was
added to a mixture of D.I. water (70 ml) and ethanol (70 ml) under agitation for 15 min. Later, 400
mg of the synthesized GO was slowly added to the mixture and stirred continuously for an additional
3 h. The resulting mixture was equilibrated by sonication for 1 h. AgNO; was dissolved in a mixture
of acetic acid (5 ml), ethanol (25 ml) and D.I. water (5 ml). The AgNOs3 solution was slowly dropped
into the synthesized GO/TiO; while stirring for another 1 h. Subsequently, the suspension was
placed in a 250 ml Teflon-sealed autoclave reactor and heated at 120°C for 3 h in a hot air oven.
The GO/Ag-TiO, composite was washed with ethanol and then separated by centrifugation followed
by rinsing with D.I. water several times. Later, it was dehydrated to a volume of 50 ml. The resulting
paste was fully spread on the clean wire mesh disc and then dried in a hot air oven at 70°C for 5 h.

2.4 Characterization

The crystalline structures of TiO, (Degussa P25) and Ag-TiO; coated on the wire mesh discs were
measured using an X-ray diffractometer (XRD-6100, Shimadzu, Japan) with Cu-Ka radiation (40
kV, 30 mA) (A = 1.5406 A). Data were taken in the 20 scan range of 5° to 80° with a step of 0.02°
and 0.6 s per step. Diffraction patterns of both anatase and rutile phases of TiO, photocatalyst were
confirmed with reference to JCPDS database. The element compositions of the prepared
photocatalysts were determined with an X-ray fluorescence spectrometer (XRF) (SRS 3400, Bruker
AXS, Germany).

The chemical compositions were analyzed by a Raman spectrometry (DXR SmartRaman,
Thermo Scientific, USA) using a laser wavelength of 532 nm with power 10 mW. The infrared (IR)
spectra of the samples were obtained with a Fourier-transform infrared spectrometer (FTIR) (Nicolet
6700, Thermo Scientific, Germany) using the KBr pellet method. The spectra were recorded in the
wavenumber range of 4,000-400 cm™! with a resolution of 4 cm™!. The absorption characteristics
were measured on a UV-visible diffuse reflectance spectrometer (UV-vis DRS) (UV-2600,
Shimadzu) over the range of 200-800 nm.

A scanning electron microscope (SEM) (Leo 1455 VP, Leo, Germany) equipped with an
energy dispersive X-ray spectrometer (EDS) (Xmax50, Oxford, UK) was used to investigate the
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surface morphologies of the prepared photocatalyst samples. The energy of the beam was in the
range of 5-7 keV. The images were obtained from backscattered electrons.

2.5 Experimental
2.5.1 Photocatalytic reactor

A self-made photocatalytic reactor was composed of a reactor column and a light source housed in
a wooden box. The reactor column consisted of 6 clear cylindrical acrylic tubes (internal diameter
of 9 cm with the height of 10 cm). Two tubes, used as top and bottom tubes, were closed on top
with acrylic lids. An inlet valve was positioned in the bottom tube whereas an outlet valve was
placed in the top tube. The reactor column was assembled by placing a stainless steel disc coated
with the synthesized photocatalyst between two rubber o-rings followed by two acrylic tubes. These
two tubes were connected by tightening with screw knots. The reactor column was tested for gas
leak by applying a soap solution to each connection while blowing air through the column. The
reactor column was placed in a rectangular wooden box (45 cm length x 50 cm width x 80 cm
height) covered with white paper inside to prevent light adsorption. Four sets of 18-W fluorescent
lamps and UV-C lamps (Narwar, India) were used as the light source of visible and UV-C radiation,
respectively. The lamp was positioned on each side of the box wall.

2.5.2 [Experimental procedure

In this study, HCHO was used as an indoor air pollutant to evaluate the photocatalytic activity of
the synthesized photocatalysts. The amount of HCHO was determined by the acetylacetone
spectrophotometric method [31]. The measurement procedure of initial concentration of gaseous
HCHO is illustrated in Figure 1(a). A batch experiment was conducted as follows: Firstly, 200 ml
of 1% (v/v) HCHO solution was placed in a 250 ml Erlenmeyer flask (flask no. 1). Secondly, it was
heated with a hot plate at a temperature of 70°C while air was blown through the solution at flow
rate of 500 ml/min for 30 min. The gaseous HCHO was passed through an empty flask (flask no.
2) to remove water vapor and then collected in a three-step sequential absorbing solution (flasks
no. 3, 4, 5) containing 200 ml of 1;1:1 mixture (by volume) of ammonium acetate (1.80 mol/l),
acetic acid (0.05 mol/l) and acetylacetone (0.02 mol/l). Thirdly, the air flow was passed through
the photocatalytic reactor containing three layers of stainless steel disc coated with the synthesized
photocatalyst. Fourthly, air flow rate was measured by a gas flow calibrator (Defender 520-H, Bios
International Corp., USA) after passing through activated carbon (flasks no. 6, 7) to remove
impurities. Finally, the amount of HCHO in the absorbing solution was immediately measured
using a UV-vis spectrophotometer (UH 5300, Hitachi, Japan) with a wavelength of 411 nm. The
initial concentration of gaseous HCHO was calculated from the sum of three absorbance values to
obtain one value. The experiment of HCHO degradation was conducted with a similar procedure
to the one mentioned above, but the gaseous HCHO was passed through the photocatalytic reactor
in the presence of visible light obtained from 72 W-fluorescent lamps before trapping in the
absorbing solutions as illustrated in Figure 1(b). Different types of synthesized photocatalysts (e.g.,
pure TiO,, 0.5% Ag-TiO,, 1% Ag-TiO,, 2% Ag-TiO,, GO/TiO,, GO/Ag-TiO,) were studied for
their ability to photodegrade HCHO. The same experimental procedures were performed using 72
W UV-C lamps. The adsorption capacity of the synthesized photocatalysts was also investigated
under dark conditions.

A series of experiments were also conducted to evaluate the factors influencing the
photocatalytic degradation of HCHO. The effect of photocatalyst dosage was examined by varying
layers of the photocatalyst disc (1, 3, 5 layers) under the following conditions: electric power 72
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W-fluorescent lamp, HCHO flow rate 500 ml/min, irradiation time 30 min. The optimum dosage
of photocatalyst was selected and then used for the subsequent set of experiments. Later, an
experiment was carried out to investigate the effect of light intensity by varying electric powers of
fluorescent lamp (18, 36, 72 W). The optimum photocatalyst dosage and light intensity from the
study were used to evaluate the effect of reaction time and HCHO concentration by varying flow
rates of HCHO (200, 300, 500 ml/min). All sample measurements were performed in triplicate. The
experiment was conducted in the fume hood under ambient conditions. The reuse of photocatalyst
was not evaluated in this study.

% Removal of HCHO was calculated by equation 1:

% Removal = (C"C—_C) x 100 (1)

(]

Where Cj is the initial concentration of HCHO (ppm) and C is the concentration of the remaining
HCHO (ppm).
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Figure 1. The experimental setup for photocatalytic degradation of HCHO
(a) measurement of initial concentration of HCHO, (b) measurement of the remaining HCHO
concentration after treatment; 1) 1% v/v HCHO, 2) Empty flask, 3-5) HCHO absorbents, and
6-7) Activated carbons
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2.5.3 Statistical analysis

The data were statistically analyzed by One-way and Two-way analysis of variance (ANOVA), with
Fisher’s Least Significant Difference (LSD) post hoc test at confidence level of 95%.

3. Results and Discussion

3.1 Characteristics of photocatalysts

XRD patterns confirmed the presence of both anatase (A) and rutile (R) phases of TiO; and 0.5%
Ag-TiO; photocatalysts coated on the wire supports as shown in Figure 2. According to JCPDS, the
strong diffraction peaks at 25.40° (101) and 48.08° (200) indicate anatase phase whereas the 20 peak
at 27.36° (110) confirms rutile structure [14, 30]. These confirmed the existence of both anatase and
rutile phases of the commercial TiO, (Degussa P25). It was noted that all the intensity diffraction
peaks of Ag-TiO, were lower than those of the pure TiO, photocatalyst. This result may be due to
the corporation of Ag particles into the TiO» surface to form the composite materials. This result
agreed with the EDS mapping images in Figures 3(c) and 4(b). Ag particles had been well-
incorporated and covered onto the TiO, particles. In addition, the diffraction peak at 20 around 45°
likely indicated the presence of Fe metal in the wire dish substrate [32].

—— Ag-TiO,

—— TiO,

A 215)

A(101)
R (101)
S o
o
— A (200)

AU

R (110)

®
Mo mpimptniigs! Wbttt

(a)
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2 Theta (degree)

Intesity (a.u.)

Figure 2. XRD patterns of (a) TiO,, and (b) 0.5% Ag-TiO, photocatalyst coated on wire mesh discs

The element compositions of the synthesized photocatalysts were determined using an
energy dispersive X-ray spectrometer, and the results are shown in Figure 3. Si, Mn, Ni, Cr, P, and
O atoms were found in the pristine wire disc (Figure 3a). This finding is in alignment with the result
of XRF presented in Table 1. Ti and O atoms confirmed the presence of TiO; (Figure 3b) whereas
Ti, O and Ag atoms confirmed the existence of Ag-TiO; (Figure 3c). Ti, O and C were detected in
the GO/Ti0O, photocatalyst (Figure 3d). The appearance of Ti, O, C and Ag atoms was confirmed
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the presence of GO/Ag-TiO, (Figures 3(e). The EDS spectra in Figure 4(c) clearly confirmed the
existence of the elements Ti, O and Ag in the 0.5% Ag-TiO, photocatalyst.

Table 1 illustrates the element compositions of the synthesized photocatalysts determined
by XRF. Titanium (Ti) and oxygen (O) elements were found in all synthesized photocatalysts,
confirming the existence of TiO,. The modified TiO, contained lower amounts of Ti compared to
pure TiO,. This may be due to the deposition of co-doping materials on the TiO, surface. Silver
(Ag) was not detected in Ag-TiO, and GO/Ag-TiO, whereas carbon (C) was not identified in the
GO-TiO; and GO/Ag-TiO, photocatalysts. This was probably because a very small amount of
AgNO; precursor and GO was doped onto TiO; during the preparation. The absence of GO and Ag
peaks in the photocatalyst composite was also reported in previous work [30]. However, both C
atom and Ag atom were identified by EDS technique, as shown in Figures 3 and 4. Additionally, a
major element, iron (Fe), and minor elements such as chromium (Cr), nickel (Ni), manganese (Mn),
silicon (Si), copper (Cu) and aluminum (Al) were observed in the synthesized photocatalysts. This
may be due to the compositions of stainless steel wire mesh used as a substrate.

Table 1. Element components of the synthesized photocatalysts determined by XRF

Element components (%)

Type of

photocatalyst 1, o ¢cr Mn Fe Co Ni Cu Al Si
Pure TiO, 123 323 145 0804 352 0.139 350 0.193 0586 0385
2% Ag-TiO, 11323 151 0990 321 0.151 355 0.149 0713 0.650
GO-TiO; 948 31.8 153 1.08 372 0153 379 0198 nd 059

GO/Ag-TiO, 2.89 309 156 125 434 0.196 496 0.198 nd. 0917

Figure 5(a) shows the Raman spectra of all synthesized photocatalysts. It can be observed
that a strong intensity peak located at 148.14 cm™! (E,) and a low intensity peak placed at 397.88
cm’! (By,) related to bridge oscillation of O—Ti—O bending. Meanwhile, peaks at 516.96 cm™! (A1)
and 639.42 cm™! (E,) indicated Ti—O strain oscillation. This result confirmed the presence of Raman
active modes of TiO, material which were similar to those reported by Castrejon-Sanchez and
Camacho-Lopez [33]. Moreover, two typical peaks of G-band around at 1,594 cm’! and D-band at
1,368 cm™! were detected in GO-TiO, and GO/Ag-TiO». The G-band indicated graphitic sp? carbon
structure whereas the D-band showed disordered sp® carbon atoms, all of which suggested the
presence of graphitic materials [12]. It can be noted that the peaks of G and D bands in GO/Ag-TiO,
were slightly shifted from those of GO-TiO,. This was probably due to the effect of Ag addition
[34]. Besides, the broad peaks of TiO; active modes in GO/Ag-TiO, were also observed. This may
be because of the interaction of Ag, GO and TiO, particles. The FTIR spectra of the photocatalysts
in the range of 4,000-400 cm™! are shown in Figure 5(b). The appearance of the broad bands around
800-500 cm™ in all photocatalysts corresponded to the stretching vibrations of Ti-O-Ti bond. These
results confirmed the formation of metal oxygen bonding [35]. Small peaks at around 1,600 ¢cm'!
observed in GO/Ag-TiO,, GO-TiO, and Ag doped TiO, indicated the O-H bending vibration of
absorbed water molecules. Meanwhile, the O-H stretching vibration at wave number around 3,400
cm! of water molecules was also observed. During photocatalysis, the hydroxyl groups (-OH) of
the water molecules can act as scavengers of photogenerated electrons and holes, leading to the
formation of OH radicals (*OH), a process that results in high photocatalytic activity of the
photocatalyst [35, 36]. The optical absorption properties of the synthesized photocatalysts
investigated by UV-vis DRS absorption at wavelengths of 200-800 nm are shown in Figure 5(c). It
was seen that the UV light absorption (<400 nm) of GO-TiO; and pure TiO, was obviously stronger
than that of Ag-doped TiO, and GO/Ag-TiO,. On the contrary, the visible light absorption of pure
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TiO, (400-700 nm) was weaker than that of the modified TiO, photocatalysts. The spectrum of
GO/TiO; displays higher absorption intensity in the range of both UV light and visible light than
that of pure TiO: due to the formation of Ti-O-C bond through an interaction between the unpaired
n-electrons of GO and O atoms of TiO, [37, 38]. GO has relatively narrow band gaps; thus, it
enhances the long wavelength response [38]. The spectra of Ag-doped TiO, and GO/Ag-TiO,
exhibit lower absorption intensities of UV irradiation but they indicate higher absorption intensities
of visible light than those of pure TiO,. The absorption band edges of pure TiO,, Ag-TiO,, GO-
TiO,, and GO/Ag-TiO, photocatalysts appeared in the range of 392-433 nm, and corresponded to

r— e
S e

SlRlels] - |
— sopm

Figure 3. Surface morphologies of the synthesized photocatalysts coated on wire discs measured
by EDS (a) wire disc (without coating), (b) TiO», (c) 0.5% Ag-TiO,, (d) GO/TiO,, and
(e) GO/Ag-TiO,
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Figure 4. Surface morphologies of the synthesized photocatalysts coated on wire discs measured
by EDS (a) TiO,, (b) 0.5% Ag-TiO,, and (c) EDS spectra of 0.5% Ag-TiO,

the band gap energies of 3.16, 3.08, 2.99, and 2.86 eV, respectively. When compared with the pure
TiO,, the absorption band edges of Ag-doped TiO, and GO/Ag-TiO; shifted to longer wavelengths.
This suggested that these photocatalysts were more effective in absorbing the visible light region
owing to their smaller band gaps. Meanwhile, the increased absorption in visible light region likely
originated from the strong interaction between TiO, and GO particles. The incorporation of Ag or
GO in TiO; nanoparticles resulted in a reduction of band gap energy, enhancing the ability of these
photocatalysts to degrade gaseous HCHO with visible light irradiation.
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3.2 Photocatalytic degradation

Figure 6 shows the effect of different photocatalyst types (pure TiOa, 0.5% Ag-TiO,, 1% Ag-TiO,,
2% Ag-TiO,, GO/TiO,, Ag-TiO»/GO) and light sources (UV-C, visible light, without light) on the
photodegradation of gaseous HCHO. The analysis of data using Two-way ANOVA with Fisher’s
Least Significant Difference (LSD) post hoc test reveals that variation of both photocatalyst type
and light source significantly affected the photocatalytic degradation of gaseous HCHO (p<0.05).

Under dark condition, the amounts of gaseous HCHO adsorbed on pure TiO,, 0.5% Ag-
TiO,, 1% Ag-TiO,, 2% Ag-TiO,, GO/TiO,, GO/ Ag-TiO, were 35.56+0.89%, 34.72+1.03%,
34.46+1.87%, 33.96+2.10%, 30.53+0.88% and 28.53+0.60%, respectively. There was no significant
difference in the adsorption capacity between pure TiO, and Ag-doped TiO, with different metallic
content (0.5%, 1% and 2% w/w) at 95% confidence level. The amount of gaseous HCHO adsorbed
on GO/Ti0O; and GO/ Ag- TiO; was slightly less than that of pure TiO, and Ag-doped TiO,. It was
clearly found that gaseous HCHO was adsorbed on the surface of TiO, photocatalyst. Doping with
Ag and GO may have slightly restricted the surface area of TiOs.

0 = Without light
mwov-C
ab,c ab a ® Visible light
70 -

2

&

Removal efficiency of HCHO (%)
= & =

[
=]

(LLIEEELLREECEED e =
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Figure 6. Comparison on removal efficiencies of HCHO by different types of photocatalysts with
UV-C irradiation, visible light and without light

Under UV-C irradiation, the removal efficiencies of gaseous HCHO by pure TiO, 0.5%
Ag-TiO,, 1% Ag-TiOs, 2% Ag-TiO,, GO/TiO,, GO/Ag-TiO; were 64.20+1.38%, 43.01£1.41%,
32.68+0.95%, 33.62+1.39%, 62.65+1.21% and 45.50+1.10%, respectively. The photocatalytic
activity of pure TiO, was similar to that of GO/TiO; (p<0.05). The HCHO removal efficiencies of
both pure TiO, and GO/TiO; photocatalysts were about 20% greater than those of GO/Ag-TiO; and
0.5% Ag-TiO,. Pure TiO, and GO/TiO, showed the highest photocatalytic degradation of HCHO
due to their stronger UV absorption (see in Figure 5¢) which is corresponding to the work of Yoon
and co-workers [39]. When TiO, is excited with ultraviolet (UV) irradiation, the valence electrons
can transit to the conduction band across the band gap producing electrons (eq") in the conduction
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band and positive holes (hy,") in the valence band, as shown in reaction (1). A photo-induced
electron (e.) is trapped by oxygen (O,) forming a superoxide radical anion (*O5") as illustrated in
reaction (2) while the photo-induced positive hole (hyw") is captured by a water (H>O) molecule
generating hydroxyl radical (*OH) as presented in reaction (3) [40]. Then, HCHO is oxidized by
*OH and/or *O5" resulting in the formation of formic acid (HCOOH) as an intermediate (reactions
(4)-(6)). Subsequently, the HCOOH is oxidized to carbon dioxide (CO,) and water (H>O), which
are non-toxic substances as illustrated in reactions (7)-(8) [10, 27].

TiO, + hv - hf, + eg (1)

0, + ey — 05 ©)

H,0 + h}, —  eOH+ HY 3)

HCHO + OH —  HCO*+ H,0 4)

HCO®+ «OH — HCOOH (5)

HCO*+ 005 — HCO;r 5 Hycos 2% Hcoow + Heos (6)
HCoOH 5 Hcoo- ™3 H*+ oCO; ()

[olloH] [, (8)

o0, + H¥t = ———— (0, +H,0

There was no significant difference in the removal of HCHO with 1% Ag-TiO, and 2%
Ag-TiO; during photocatalysis under UV-C radiation and adsorption under dark conditions. This
may be because the higher content of Ag may cover the surface of TiO», resulting in a reduction of
TiO; photocatalytic activity.

Under visible light, the removal efficiencies of gaseous HCHO by pure TiO», 0.5% Ag-
TiO,, 1% Ag-TiO,, 2% Ag-TiO,, GO/TiO,, Ag-TiO»/ GO were 33.6342.32%, 66.23£2.58%,
67.08+0.49%, 58.00+£0.53%, 45.64+1.17% and 69.26+1.06%, respectively. The removal ability was
in the following order: GO/Ag-TiO, = 0.5% Ag-TiO, = 1% Ag-TiO; > 2% Ag-TiO, > GO/TiO; >
pure TiO,. These results are likely to comply with the absorbance intensity of the photocatalysts in
visible region except in the case of GO/TiO; as shown in Figure 5¢c. GO/ Ag-TiO, and Ag-doped
TiO, with different metallic content (0.5% and 1% w/w) exhibited greater photocatalytic activity
under visible light compared to UV-C irradiation. When doping Ag on TiO,, the absorption edge
might shift from lower wavelength (UV irradiation) to higher wavelength (visible light) owing to
the decreased band gap energy of TiO [9, 10]. Thus, the ability of these photocatalysts to degrade
gaseous HCHO under visible light irradiation can be enhanced. Moreover, the introduction of Ag
and GO onto the interface of TiO; particles clearly increased photocatalytic activity under visible
light. This can be explained that doping with GO could enhance the separation of photogenerated
electron-holes pairs of TiO; particles due to its excellent electron acceptor and mobility, leading to
the improved photocatalytic efficiency. Doping with Ag can reduce band gap energy of TiO, and
then shift the absorption band to the visible region [7, 35]. In addition, Ag can produce oxygen anion
radicals (Oy") and reactive center (Ti*") to prevent recombination of electrons-holes pairs, as shown
in reactions (9)-(11) [41].
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e"+Ag —» Ag” )
Ag™—+ 0, —  Ag+ 07 (10)
Ag~ +Ti** —>  Ag+ Ti3* (11)

A possibility of photocatalytic mechanism pathway of Ag-TiO, photocatalyst for HCHO
degradation under visible irradiation is shown in Figure 7. According to the small band gap of Ag-
TiO; photocatalyst, electron-hole pairs are generated when visible light hits the Ag-TiO, surface. A
positive hole (h") in the valence band (VB) can react with HO or OH, transforming them to *OH
whereas a negative electron (¢7) in the conduction band (CB) can directly react with oxygen or Ag
particles producing oxygen anion radical (O,) and Ag" ion, respectively. This result prevents the
recombination of electrons-holes pairs [40]. After the *OH radical is produced, it can directly attract
HCHO molecule forming both H,O and CO, molecules as the final products. However, the
photocatalytic activity of 2% Ag-TiO, photocatalyst significantly decreased under visible light. This
can be explained that the high recombination of photoexcited electrons-hole pairs may occur when
excess Ag was doped on TiO», resulting in reduced photocatalytic activity [30]. In this study, the
photocatalytic capabilities of GO/Ag-TiO», 0.5% Ag-TiO; and 1% Ag-TiO, were not significantly
different (p<0.05). Therefore, 0.5% Ag-TiO, was used as the effective photocatalyst under visible
light in the next study. The results showed that these photocatalysts exhibited both photocatalytic
activity and adsorption properties, a result which was consistent with the findings of Noguchi and
co-workers [42].

C

cg/ € e ¢ ©

Visible light H,0,

activated
OH® Degradation

V + .+ v
B bmh"‘ Wl OH" —O-HZO + CO,
(Ag-TiO,) Il

H,0/OH- C
2 H™ “H

formaldehyde

Figure 7. A schematic diagram showing a possible photocatalytic mechanism for Ag-TiO»
photocatalyst of HCHO degradation under visible light irradiation

Figure 8(a) shows that the removal efficiency of HCHO at 1, 3 and 5 layers of the discs
coated with 0.5% Ag-TiO; under visible light were 25.62+0.75%, 65.20+£2.66% and 75.74+1.09%,
respectively. The photocatalytic degradation efficiency of 0.5% Ag-TiO; tended to increase with
increasing layers of the photocatalyst discs due to the increased number of photocatalytic active
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Figure 8. The factors influencing the removal of HCHO: (a) effect of layer number of
photocatalyst disc, (b) effect of light intensity, and (c) effect of flow rate of HCHO by 0.5% Ag-
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sites. The removal efficiencies of HCHO under energy power of 18, 36 and 72 W were
24.03+1.31%, 45.03+1.38% and 75. 74+1. 09%, respectively, as shown in Figure 8(b). The
photocatalytic degradation efficiency of 0.5% Ag-TiO- tended to increase with increasing intensity
of light. This was probably because the increased fluorescent power resulted in a stronger energy
that could separate the electron-hole pairs. The removal efficiency of HCHO at flow rates of 200,
300 and 500 ml/min was 78.99+1.52%, 76.70+£0.73% and 72.22+1.41%, respectively (Figure 8(c)).
The removal efficiency of HCHO tended to decrease with increasing flow rate of HCHO. This was
probably due to the decreased irradiation time as well as the increased loading dose of the pollutant.
The evaluation of data using one-way ANOVA with Fisher’s Least Significant Difference (LSD)
post hoc test shows that the number of layers of the discs coated with 0.5% Ag-TiO,, energy power,
and flow rate of HCHO affected the removal efficiency of HCHO. In this study, there was no
significant difference between the removal efficiencies of HCHO at 200 ml/min and 300 ml/min.
Thus, the flow rate of HCHO at 300 ml/min was used as the optimum condition because the loading
amount of HCHO at flow rate of 300 ml/min was much higher than that of 200 ml/min.

4. Conclusions

Ag doped TiO» with different metallic content (0.5%, 1% and 2% w/w), GO/TiO, and GO/Ag-TiO,
photocatalysts coated on wire dish stainless steel substrates were able to improve the photocatalytic
activity in the visible light region. These photocatalysts could be applied onto the stainless steel
substrate without adding any binder. In this study, 0.5% Ag-TiO, was successfully used as an
effective photocatalyst with high activity on the degradation of HCHO under visible light. The
optimum operating conditions for HCHO photodegradation at initial concentration of 108.7£1.15
ppm over visible light irradiation for 30 min were 5 layers of the stainless steel disc coated with
0.5% Ag-TiO,, fluorescent power 72 W, and flow rate of HCHO 300 ml/ min. Under these
conditions, the removal efficiency of gaseous formaldehyde was 76.70+0.73%.
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