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Abstract. Microsphere SnyOy4 flower-like structure has been successfully synthesized using a
novel microwave-assisted hydrothermal method and comprehensively characterized by X-ray
diffraction (XRD), field emission gun scanning electron microscope (FEG-SEM) and UV Vis
spectrophotometer equipped with diffuse reflectance spectroscopy (UV-Vis DRS). In order to
examine its photocatalytic performance, two synthetic azo-based dyes, acid yellow 17 (AY17)
and direct blue 71 (DB71), have been used as organic pollutant models degraded under visible-
light illumination. The results show that the negative charges of Sn;O; produce higher
efficiency photocatalytic activity on DB71 degradation compared to that on AY17 degradation.
Further investigation has confirmed that the adsorption capacities played the main role in
determining photocatalytic performance and differentiated the quantum yield of dye
degradation. Moreover, the different adsorption capacities are generated by the formation of
electrostatic interaction and repulsion between surface charge of Sn,O, and dyes functional
groups.

1. Introduction

Photocatalytic treatment is well known as a green technology process because of its potential to
harvest and convert the photon energy to chemical energy and use it to degrade and mineralize most of
organic pollutants [1]. Theoretically, the main mechanism of photocatalytic treatment began by
activating the catalyst through light irradiation which has higher energies than the semiconductor band
gap energy. The higher photon energies excite an electron from valence band to conduction band
leaving a hole behind in valence band. The photo-generated hole has the electrophilic behavior which
is naturally extract its surrounding electrons such as electrons of organic molecules, resulting in
degradation or produce hydroxyl radical by oxidizing water molecules to directly oxidize the organic
molecule.

Recently, studies on photocatalytic treatments have focused on designing the photocatal

material which could effectively harvest the visible-light photon energy. It is based on the potential of
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visible-light driven photocatalyst to harvest the visible-light photon energy from sunlight as the most
abundant carbon and energy sources in the universe [2].

Many efforts have been conducted to explore the new functional metal oxides or semiconductor as
photocatalytic materials [3]. The electronic properties of UV-based photocatalytic material have been
also modified to harvest visible light spectrum instead of utilizing UV-light photon energy [4].
Flower-like structure of Sn;Oy igeported as a semiconductor which has photo-responses in UV and
visible wavelength region [5]. Due to its relatively narrow band gap (2.5 to 2.9 eV), Sn;0, can
potentially utilize the energies of visible-light photon from sunlight [6]. In terms of applications,
Sn;04 has been widely reported to be used as a gas sensor [7], chemical sensor [8], anode material [9]
and photocatalytic material [10]. To be more specific in photocatalytic oxidation, Sn;O, has also been
successfully used to oxidize the organic molecules such as methyl orange [10,11], rhodamine B [12]
and 4-phenylazo-phenol [13].

Herein, the present study is designed to instigate the photocatalytic performance of as-prepared
Sn;04 to degrade the hydrophilic azo dyes of acid yellow 17 (AY 17) and direct blue 71 (DB71). The
study about photocatalytic oxidation of these azo dye is based on several facts about azo dyes. For
example, azo dyes are the most used dyes worldwide, azo dyes consist of ~80% azo chromogen and
around 52-57% of azo dye groups which is chemically stable and non-biodegradable compound [14].
The successful degradation of those dyes using Sn;O;4 in a visible light region could offer an effective
way of textile dye wastewater treatments. The effect of adsorption process and dyes complexity in the
photocatalytic performance of Sn;O, are comprehensively investigated. Moreover, the results are
expected to give some point of views of some main parameters which play important roles in
determining the photocatalytic performance of Sn;0,.

2. Experimental Section

2.1. Preparation and characterization of Sn;O,4

Sn;04 used in this study was synthesized through a microwave-assisted hydrothermal method by
dissolving 6 mmol of SnF> (Sigma-Aldrich, 299.9% of purity) as the precursor in the mixture solvent
of absolute ethanol and distilled water with the volume ratio of 1:2. The suspended solution was
slowly stirred for 30 minutes in room temperature. The solution pH was carefully adjusted to 6 by
dropping 1 mol L sodium hydroxide (NaOH) solution and transferred into a Teflon-lined autoclave.

e synthesis process was hydrothermally heated at 150°C for 120 minutes with a heating rate of 10°C
and then naturally cooled down to room temperature. The Sn;O, powder was obtained by
centrifugation at 10.000 rpm and cleaned with distilled water for several times and finally with
absolute ethanol. The powder was dried at 70°C overnight befochamcterization‘

The as-prepared catalyst Sn;O, was characterized using X-ray diffractometer (XRD) (Rigaku,
model D-Max 2500) using Cu-Kua radiation to determine the crystal structure, phase and composition.
The catalyst surface morphology was confirmed by field-emission gun scanning electron microscopy
(FEG-SEM) (JEOL, model JSM-7500F). The photoresponse properties ofaatalyst were measured
using Ultraviolet-visible spectrophotometer supported diffuse reflectance spectroscopy (Shimadzu
UV-2600 series). In addition, the surface charge of catalyst as a function of pH was investigated by
Zeta analyzer (Malvern Zetasizer Nano Series).

2.2. Photocatalytic test

The photocatalytic activities of Sn;0, were evaluated using a suspended system (Figure 1). 25 mg of
as-prepared Sn;Ogvere suspended onto 10 ppm dye solution in 250 mL of distilled water. Prior to
illumination, the suspended solution (catalysttdye solution) was stirred in dark condition for 30
minutes to study the adsorption capaci of Sn;0,. After 30 minutes, the suspended solution was
illuminated with 125 W High-Pressure Hg-Lamp (Osram) equipped with a cylindrical glass tube to
ensure that the irradiation was only irradiated by a visible light source (=390 nm) [15]. The
photocatalytic activities were determined by measuring the discolceion performance as a function of
irradiation time at the maximum wavelength of dye solution using UV -Vis spectrophotometer (Philips
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US5300). To study the effect of light irradiation to dyes the discoloration, the photolysis experiments
were conducted using a similar procedure and condition in the presence of catalyst [16].
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Figure 1. Experiment set up of Figure 2. XRD patterns of as-prepared Sn; 04 flower-like
photocatalytic test. structure

3. Results and Discussion

3.1. Material characterization

The XRD pattern in Figure 2 proves that all as-prepared catalyst powder corresponds to triclinic Sn;0y
material (JCPDS No. 16.0737). The peaks of Sn;O,4 has been identified at 27.36° 32.32°, 33.04°,
37.47°, 50.42°, 52.73°, 61.00° and 66.13". Inside limitation of XRD technique, there is no residual
contaminants or impurities such as SnO, SnO, or the other intermediate phase observed which
indicates high efficiency of microwave-assisted hydrothermal method.

In order to study the catalyst morphologies, Field Emission Gun Scanning Electron Microscopy
(FEG-SEM) were employed. Figure 3 shows typical images of Sn;0O, flower-like structure which is in
accordance with the previous reported work [17]. The high magnification image shows that flower-
like structure were self-assembled by thin nano-sheets with sharp edges and smooth surfaces. The
flower-like sphere presents the diameter distribution of 0.2 — 0.7 pm and the nano-sheets thickness of
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Figure 3. SEM images of as-prepared Sn;0, with different magnifications
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The optical properties of Sn;04 were investigated using a UV-visible spectrophotometer equipped
with diffuse reflectance spectroscopy (UV-VIS DRS). As shown in Figure 4, Sn;O, presented the
photoabsorption ability as % reflectance from UV-light to visible light wavelength region from 400
nm to 550 nm. However, the wavelength above 550 nm will not activate Sn;O4 as photocatalytic
material. The further investigation using Kubleka-Munk approach is used to estimate the optical band
gap of Sn; 0, and provides the minimum light irradiation wavelength to activate the catalyst [18].
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The calculation of optical band gap was conducted by plotting the Kubelka-Munk function
multiplied by energy [F(R)*hv] versus photon energy in eV shown ianset of Figure 4. The band gap
energy was evaluated as around 2.73 eV. Furthermore, the minimum energy band gap was determined
by substituting the calculated-band gap energy (eV) based on equation (1). As a result, the minimum
band gap to activate the catalyst was obtained in 455 nm meaning longer wavelength (A>455 nm)
radiation will not excite the electron of catalyst.

1240

E (el) = T (1)

3.2. Photocatalytic activity

The study of photocatalytic activity began by investigating the adsorption-desorption capacities of
catalyst. The adsorption-desorption test was conducted by directly mixing the catalyst and dye solution
(AY17 and DB71) in a dark condition. The result showed that Sn;0, exhibited the different adsorption
capacities between both dyes, in which the adsorption capacity through DB71 was higher compared to
that on AY 17 adsorption. [t expected that the difference of adsorption capacities was influenced by
the interaction between the catalyst surface and the functional group of dyes. In this experiment, all
system used pH 5-6 as a natural pH of dyes in H,0O, indicating Sn;0, has a negative surface charge
(pHzpe = 2-3) [19]. Furthermore, the lower adsorption-desorption capacity of AY 17 removal is affected
by the formation of electrostatic repulsion between the anionic functional group of AY17 such as CI'
and OH" and the negatively charged of catalyst surface. The phenomenon of electronic repulsion and
interaction was supported by Ratnamala, M (2017) who reported that the negatively charged surface
site on the adsorbent did not favor the adsorption of anionic dyes due to electrostatic repulsion [20].
Compared to the AY17 adsorption, the color removal of DB71 through adsorption process showed
higher percentages because DB71 had the cationic functional groups such as NH; and three azo groups
which easily formed the electrostatic interaction with catalyst surface resulting in the high adsorption
removal capacities. Moreover, the adsorption-desorption process is seen as the initial stage of
photocatalytic degradation and assumed as an important parameter before measuring the
photocatalytic performance.
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After measuring the adsorption capacity, the photolysis test has been done by irradiating both dyes
using 125W Hg-lamp in the absence of Sn;0,4. The result showed that approximately 14% of AY17
and 5% of DB71 were decomposed after 30 minutes of photolysis test indicating that DB71 is
relatively more stable under light irradiation than AY17. The light stability of both dyes was
differentiated by the numbers of azo group contained in the dye chemical structure. In the photolysis
test, the m-bonds of azo group easily abstracted the surrounding hydrogen atom, resulting in the
breakage of azo group molecules [21]. The breakage of azo group as chromophore group gave the
photoresponse as decreasing color adsorption. However, the high number of azo group of DB71
generates a conjugated system which exhibits electron resonance flowing from one azo dye to the
other azo functional group, resulting in high stability dyes through light irradiation [22]. Thus, the
DB71 has lower color removal percentages during photolysis compared to that on AY17. Figure 6
shows the photolysis result of AY17 and DB71.

100
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—e— Photolysis DB71
801 —a— Photocatalysis AY17
—¥— Photocatalysis DB71

Degradation (%)
&

20 0 20 40 B0 80 100 120 140 160  Figure 6. Photodegradation of AY17 and DB71
Light irradiation time (minutes) in photolysis and photocatalysis process

The study was continued through photocatalytic experiment. Figure 6 showed that the percentages
of DB71 and AY 17 degradation slightly increased reaching 89.209% and 62.418%, respectively after
switching on the light source. It is interesting that the degradation of triazo dye group of DB71 which
had more molecular complexity exhibited higher percentages of degradation than monoazo AY17
degradation. Furthermore, the different photocatalytic performances between both dyes were assumed
by the contribution of adsorption capacities as the initial stage of photocatalytic degradation. The
adsorption process determines the possibilities of contact between the active surface of catalyst and the
dyes. The electrostatic interaction provides the interfacial charge between the active site of Sn;0, and
dyes resulting in the spontaneous reaction. This phenomenon facilitates higher possibilities of contact
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between the active site of Sn;0, and dyes, indicating higher photocatalytic oxidation yield. On the
other hand, the presence of a carbonyl group in DB71 structure possibly enhanced the photocatalytic
performance due to easily reacting H' and carbonyl group via photo Kolbe reaction resulting in the
improvement of the photocatalytic degradation [23].

However, the electrostatic repulsion occurred during AY17 degradation generates less contact
between catalyst and dyes and initiate the phenomenon of electron-hole recombination. The
recombination process is generated because the photogenerated-electron do not spontaneous contact
with the dyes, resulting in falling the electron from the conduction band to valence band. These
condition makes the empty active site of Sn;O and generates low photocatalytic performance.
Moreover, the result becomes the important information that shows the role of adsorption process in
the photocatalytic reaction. However, the results exhibited that the pollutant complexity or molecular
complexity does not give a significant effect in determining of photocatalytic activity.
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Light irradiation time (minutes) photocatalytic reactions.

The photodegradation has been further studied by determining the kinetics constant of each
process. Before measuring the kinetic rates of photocatalytic degradation, it should be well explained
that the photocatalytic reaction is a reaction conducted by the light-absorbing species in which light
becomes the key parameter to initiate the reaction. Thus, there is no reaction without light irradiation
even the catalyst has high purity, excellent properties and photo-response. The environmental
parameters such as temperature and pressure which commonly influence the kinetic rate of reaction
could not contribute to the photocatalytic degradation [24]. In general, as a homogeneous reaction, a
reaction could be written as:

S ->P (2)
where in thermal reaction, the disappearance rate of substrates (S) to produce products (P) as a

function of reaction time could determine the kinetic rate of reaction (2). The detail expression to
determine the kinetic rate (k) is shown below.

dls] _
—= = kx[S] 3)
dls] _
G k xdt (4)
Integration equation (4) generates equation (5)
In[S] _
5 kxt (5)

By plotting the In[S]/[Sy] conducted by controlling the dyes absorbance at absorption maximum
wavelength of 405 nm and 588 nm for AY17 and DB71, respectively, versus time, the linear plot
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could be determined as the first order kinetic rate of equation (2). In photochemical reaction (equation
6), light irradiation involves into the reaction and determines the kinetic rate of reaction. The kinetic
constant rate in the photochemical reaction is given by some equation below [24].

S+hv - P (6)
—% =@(D)sx I, (7)

Substitute —d[S]/dt in equation (3) generate equation (8).
k+[S]= @Q)sxl, (8)

where k is the first order kinetic rate constant, @(4)s is the quantum yield conducted in the reaction at
the wavelength (L) which generate the disappearance of substrate, and /, is the number of a photon of
wavelength A absorbed per second and volume (photon flux).

Utilizing the equation 8 result that quantum yield becomes the key parameter to be compared
during the photocatalytic process in which followed the basic assumption in photocatalytic
degradation, Quantum yield is determined as

number of molecule degrade per area per second

Quantum yield (@) =

9)

Rearrangement equation (8) represents the equation (9) and obtains the equation (10) in which the
number of molecule degrade equals to the first order kinetic rate constant and the number of incident
photon is the number of photon flux.

number of incident photon per area per second

Quantum yield (9) = I (10)

The photon flux could be calculated using the equation (11) given below.

Power density (gz—)* A

Iy, = —/— (11)

Energy (eV)
Rearrangement equation (10) with equation (11) generates the equation (12).

Ic [S]+#Energy (eV)

Quantum ylﬁ'fd (G) - Power density (gz)*ﬁ

(12)
where the number of molecule degrade equals to the first order kinetic rate constant of photocatalytic
degradation (second™), and the number of incident photon is the photon flux irradiated during the
photochemical reaction at the minimum wavelength () to activate semiconductor. As the result, Table
1 shows the first order kinetic rate and the quantum yield of each photodegradation process.

Table 1. The first order kinetic rate constant and decay quantum yield of
AY17 and DB71 in photolytic and photocatalytic degradations.

Conditions kinetic rate constant (min”) Quantum yield (&)
Photolysis AY17 9.32x 107 3.52x 10°
Photolysis DB71 2.67x 10" 1.01x 10°

Photocatalysis AY17 6.5x 107 2.45x 107
Photocatalysis DB71 4.6x 107 1.74x 10*

Table 1 shows that the quantum yield of photolytic degradation of both dyes was relatively very
low as the presence of catalyst increases the efficiencies. The result of quantum yield measurement
also indicates that the quantum yield is correlated with their kinetic constant of each process. The
improvement of quantum yield could be contributed by the highly oxidative agent from activated-
catalyst which help to degrade the dyes. As the catalyst receives an exposure of photon energy from
the light source, it absorbs the photon energy (hv) and promotes an electron from valence band to
conduction band, leaving photogenerated holes behind in valence band [25]. The photogenerated holes
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with its electrophilic behavior could extract electrons from its surrounding which has a high number of
electron such as azo group of dye. The electron can break down the m-bond of azo group resulting in
the degradation of dyes. The photodegradation was not only breaking down the bond but also breaking
other organic molecules through some process such as de-ethylation or de-methylation which produces
benign products, ideally COs, as the result of complete oxidation. On the other hand for photolytic
case, the degradation was generated by the light irradiation which potentially breaks the bond of
chromophore group through abstracting the surrounding hydrogen. All degradations could happen
only if the illuminated-photon energies are higher than the binding energy of dye molecules. In this
study, it can be assumed that only the light which has the wavelength less than 455 nm could be used
to degrade the dyes for calculating in the quantum vyield.

4. Conclusion

In summary, the study proved that single flower-like structure of Sn;0, has visible light photoresponse
with calculated band gap of 2.73 eV. The photocatalytic results shows that Sn;0, effectively degrades
DB71 dye compared to that on AY17 dye. The further invea'gation successfully found that presence
of electrostatic interaction and repulsion between the Sn;0, surface and the functional group of AY17
and DB71 dyes is attributed to the different percentages of photodegradation of both dyes. The results
also indicate that the molecular complexity do not affect the performance of Sn;O,, whereas the
adsorption process plays the crucial role in determining the efficiency of photocatalytic degradation.
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