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1. Introduction

Environmental remediation, particularly, in the field of
wastewater treatment, has gained utmost importance in
recent years. There is no alternative except to make use of
Advanced Oxidation Processes (AOPs) for the treatment of
wastewater with high degree of pollution. Hence, the recent
research is mainly focused on the efficient, cost-effective,
and ecofriendly AOPs in the degradation of any kind of
pollutants. This is reflected by the publication of this second
special issue in this journal. This special issue contains 18
original research articles and a review article entitled “Recent
developments in homogeneous advanced oxidation processes
(AOPs) for water and wastewater treatment.”

The review article by M. Muruganandham et al. reports
on recent development of AOPs, such as O

3
, UV/O

3
,

UV/O
3
/H
2
O
2
, UV/H

2
O
2
, Fe2+/H

2
O
2
, and UV/Fe2+/H

2
O
2
,

on the degradation of pollutants. The influence of various
experimental processes such as solution pH, temperature,
concentration of the oxidants, and dosage of the light source
on the process efficiency is also discussed.

2. A Brief Outline of All the Accepted Papers Is
Provided Below

Y. Haldorai and J.-J. Shim reported that the chitosan-
encapsulated CuO hybrid material exhibited significant pho-
tocatalytic activity on methylene blue degradation and excel-
lent antibacterial activity against E. coli. Ultrasonic degra-
dation of fuchsin basic in aqueous solution and effects of
operating parameters and additives have been investigated

by R.-J. Lan et al. X. Zhao et al. prepared the modified PAN
nanofiber Fe complex by the amidoximation and Fe coor-
dination of PAN nanofiber and used for the heterogeneous
Fenton degradation of textile dyes as a novel catalyst.

C. W. Lai synthesized well-aligned anodic tungsten tri-
oxide (WO

3
) nanotubes and investigated their photocatalytic

ability by the degradation of methyl blue (MB) dye.
“Solar photo-Fenton degradation of electro-optical industry

wastewater by a pilot-scale Fresnel lens assisted IPCC reactor”
was studied by W.-S. Kuo et al. Z. S. Seddig et al. investigated
the effect of particle size on the photodegradation of aqueous
methyl tert-butyl ether using zinc oxide. Zinc oxide of
particle size of 421 nm was found to be the most effective in
degrading MTBE in an aqueous solution.

G. Trovó et al. studied the treatment of pint industry efflu-
ent using solar light assisted photo-Fenton process.The effect
of H
2
O
2
, iron dosages, and light intensity was investigated.

Reactive Black 5 dye degradation using porous phosphate
heterostructures-Fe (Fe-PPH) catalysts was analyzed by M.
S. Lucas et al. Removal of polyvinyl alcohol using photoelec-
trochemical oxidation processes based on hydrogen peroxide
electrogeneration has been reported by K.-Y. Huang et al.
Renovation and reuse of reactive dyeing effluent by a novel
heterogeneous Fenton systembased onmetal-modifiedPTFE
fibrous catalyst/H

2
O
2
was investigated by B. Li et al. Hu et

al. studied the application of response surface methodology
on COD removal by simultaneous anodic oxidation and
cathodic electro-Fenton oxidation.

V. Romero et al. studied the adsorption and photocat-
alytic degradation of the 𝛽-blocker metoprolol in aqueous
titanium dioxide as photocatalyst. They have studied effect
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of various experimental parameters, kinetics, intermediates,
and degradation pathways. P. Ellappan and L. R. Miranda
synthesized cerium-doped titanium dioxide photocatalyst
and used the catalyst for nitrobenzene degradation under
visible light irradiation. The synthesized photocatalyst was
characterized by using the suitable analytical methods. They
have optimized the experimental parameters.TheTiO

2
lattice

defects on the photocatalytic processes was investigated by V.
Romero et al.They have concluded that the oxygen vacancies
and Ti-related defects are the main lattice defects in TiO

2

and that electronic driven forces are vitally necessary for pho-
tocatalysis. G.-J. Lee et al. synthesized nitrogen-doped ZnS
with camellia brush field yellow nanostructures and studied
its photocatalytic activity under visible light irradiation.They
have prepared photocatalysts with different amount of dopant
and studied the influence of the amount of dopant on the
photocatalytic activity. S. Liu et al. investigated microbial
fuel cell (MFC) (CW-MFC) to convert solar energy into
electricity based on the principles of photosynthetic MFC by
utilizing root exudates of Ipomoea aquatica as part of fuel.
The mineralization of tetramethyl ammonium hydroxide in
aqueous solution was studied using ozone-related processes
by C.-S. Chiou et al. The degradation efficiencies of various
processes were compared and it was concluded that the cat-
alyst combined with ozone and peroxide was more efficient
than other processes tested for mineralization. “Ozonation of
indigo carmine catalyzed with Fe-pillared clay” was reported
by M. Bernal et al. The synthesized clay was characterized
by suitable analytical methods. The process conditions for
efficient removal of dye were reported.
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Cerium doped catalyst was synthesized using Titanium isopropoxide as the Titanium source. The metal doped nanoparticles
semiconductor catalyst was prepared by sol-sol methodwith the sol of Cerium.The synthesized catalyst samples were characterized
by powder X-ray diffraction, BET surface area, thermogravimetric analysis (TGA), scanning electron microscopy (SEM), and
UV-vis diffuse reflectance measurements (DRS) and compared with undoped TiO

2
catalyst. The photocatalytic activity of the

sample was investigated for the decomposition of nitrobenzene (NB) using visible light as the artificial light source. Cerium doped
catalyst was found to have better degradation of nitrobenzene owing to its shift in the band gap from UV to visible region as
compared to undoped TiO

2
catalyst. The operational parameters were optimized with catalyst dosage of 0.1 g L−1, pH of 9, and

light intensity of 500W. The degradation mechanism followed the Langmuir Hinshelwood kinetic model with the rate constant
depending nonlinearly on the operational parameters as given by the relationship 𝐾app (theoretical) = 2.29 ∗ 10−4∗ Intensity0.584∗
Concentration−0.230∗ Dosage0.425∗ pH0.336.

1. Introduction

The mechanism of photocatalysis using a semiconductor is
by charge carrier generation resulting in the formation of
holes, charge carrier trapping to form hydroxyl radicals, and
recombination of electrons and holes where heat is generated.

Heterogeneous photocatalytic systems based onTiO
2
cat-

alysts show some limitations that reduce their impact in the
domain of environmental protection. Important limitations
are low photonic yield and little efficiency under visible light.
These limitations have recently been the source of great devel-
opment in the area of the production and characterization of
TiO
2
-based photocatalysts, capable of being efficiently used

under visible irradiation or showing a higher photochemical
yield in the near UV region.

Any semiconductor material could be activated using a
light whose wavelength greatly depends on the band gap of
the semiconductor catalyst. Apart from the band gap,
there have been other properties like surface area, crystal

composition, particle size distribution, and porosity which
have an influential effect on the degradation of the com-
pound. Band gap reduction could be done by dye sensiti-
zation, doping, bimetallic semiconductor, and surface modi-
fication. By reducing the band gap, use of visible light could
be employed as an alternative to UV light whichmay result in
better economics. Various nonmetal elements, such as B [1], C
[2], N [3], V [4], and S [5], have been successfully doped into
TiO
2
nanomaterials. Surface area, crystal composition, and

particle size distribution can be varied by varying the prepa-
rationmethods like preparation using solgel method wherein
uniform crystal structure with better properties could be
achieved. Several researchers have modified TiO

2
with

transition metals. Deposition of noble metals Ag, Au, Pt, and
Pd [6, 7] on the surface of TiO

2
enhances the photocatalytic

efficiency by acting as an electron trap, promoting interfacial
charge transfer and therefore delaying recombination of the
electron-hole pair. Another technique involves TiO

2
doping

with transition metals such as Fe, Cu, Co, Ni, Cr, V, Mn,
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Mo, Nb, W, Ru, Pt, and Au [8, 9]. The incorporation of
transition metals in the titania crystal lattice may result in
the formation of new energy levels between valence band and
conduction band, inducing a shift of light absorption towards
the visible light region. Photocatalytic activity depends on the
nature and the amount of doping agent. Possible limitations
are photocorrosion and promoted charge recombination at
metal sites. Choi et al. [10] has made an extensive study by
doping with Fe3+, Mo5+, Ru3+, Os3+, Re5+, V4+, and Rh3+ and
concluded that there was an increase in the photoreactivity
for both oxidation and reduction of the organic compound.

Cerium, among the lanthanides, has a band gap of ∼3 eV.
Hence, it has strong absorption and shows better optical
properties. Ce (III) and Ce (IV) have the high oxygen
storage capacity which enhances the catalytic potential, also
its oxidation ability of Ce3+ toCe4+ states leads to high oxygen
mobility resulting in better catalytic performance [11, 12]. It
has also been demonstrated by many researchers that there
are many advantages because of Cerium doping [13]. Chen et
al. [14] and Liu et al. [15] have also established that there was
a shift towards visible region due to doping of titania with
Cerium.

Nitrobenzene, an aromatic compound used in the manu-
facture of aniline, has moderate to low water solubility. This
nitroaromatic compound has been listed as a carcinogen by
the National Institute of Environmental Health Sciences. The
maximum permissible limit for Nitrobenzene in drinking
water is 17 ppm as recommended by the U.S. EPA. Nitroben-
zene has been widely used as solvent and in manufacture
of dye intermediates and pesticides. Due to its carcinogenic
and mutagenic properties, it has to be eliminated from the
water streams. Prolonged exposure causes damage to lung by
irritation, anaemia, and liver damage. A number of workers
illustrate the removal or degradation of this compound by
different biologicalmethods like bioaugmentation and oxida-
tive reduction by bioremediation.Works has been carried out
on the degradation of nitrobenzene using white root fungus
and glow discharge plasma. Owing to the disadvantages of
these procedures due to noneconomical degradation time
and complicated equipment designs leading to increased cost,
there has been extensive research in identifying techniques
which would show better performance. One such technique
found to be effective over the years is the use of advanced
oxidation process, photocatalysis. Authors like Tayade et
al. [6], Priya and Madras [7], and Bhatkhande et al. [16]
have worked on the degradation of Nitrobenzene using
semiconductor catalysts and an artificial light source.

The main objectives of the present research work are (i)
synthesis and characterization of TiO

2
doped with Cerium

photocatalysts, (ii) photocatalytic degradation of Nitroben-
zene pollutant in aqueous suspensions using the doped
catalyst and undoped catalyst under visible light, (iii) opti-
mization of operational parameters, and (iv) detailed kinetic
study using Langmuir Hinshelwood model.

2. Experimental Procedures

2.1. Chemical Reagents and Apparatus. All chemicals used
in this experiment were of analytical grade. Titanium

isopropoxide, Titanium dioxide, Cerium oxide, ethanol, and
glacial acetic acid are supplied by SRL chemicals, Mumbai,
India. In all the experiments double distilled water was used.

2.2. Catalyst Characterization. X-ray diffraction (XRD)
(Siemens D5000) was performed on fresh synthesized
catalyst. The X-ray powder diffraction pattern of the powder
sample was measured employing CuK𝛼 radiation. The data
were collected over diffraction angle of 5∘ to 80∘ in 2𝜃 with
a step scanning. The accelerating voltage and the applied
current were 40 kV and 40mA, respectively.

The surface chemical analysis of the samples was made
by X-ray Photoelectron Spectroscopy (AXIS His; Kratos
Analytical) using MgK𝛼 X-ray source (ℎ𝜐 = 1253.6 eV)
and an analyzer pass energy of 40 eV. The physical adsorp-
tion of nitrogen was performed on a NOVA 1000 system
(Quantachrome) at 77K. Surface areas of the samples were
calculated based on the BET model.

The DRS spectra of all the samples were recorded to
determine the sample’s UV-VIS light absorption capacity,
on a Jasco-V650 diode array, computer controlled (with
SpectraManager software) spectrophotometer equipped with
an ILV-724 integration sphere. The recorded spectral data
was acquired in the 220–800 nm range, with 0.5 nm data
pitch and 100 nm/min scan speed. When higher resolution
of the spectra was needed (usually in the 400–525 nm) the
data pitch was changed to 0.05 nm and the scan speed to
50 nm/min.

SEM-EDX analysis was performed to evaluate the mor-
phology of the amorphous starting material and the obtained
well crystallized catalysts on a Hitachi S-4700 Type II cold
field emission scanning electron microscope equipped with
a Röntec QX2-EDS spectrometer.

2.3. Photoreactor. The experiments were performed in an
annular photoreactor with a separate immersion well for the
visible lamp. The lamps were cooled using circulating water.
The reactorwas of 500mL capacity.The sampleswere taken at
known intervals of time and absorbance was measured using
UV-spectrophotometer.

2.4. Preparation of Catalyst. Titanium dioxide was prepared
by solgel method using Titanium isopropoxide as precursor.
Titanium dioxide sol was prepared using Titanium iso-
propoxide as precursor. 8mL of Titanium isopropoxide was
mixed with 42mL of ethanol and stirred well. To this 100mL
of 50% ethanol was added slowly and continuously stirred for
30min at a temperature of 80∘C for the hydrolysis reaction
to take place, a method modified and adopted from Saif and
Abdel-Mottaleb [17]. A modified method was adopted for
Cerium sol preparation from Alouche [18]. 65 g of Cerium
nitrate was dissolved in 1 L of glacial acetic acid.This solution
was added to 1 L of 10% ammonia. This is the sol of Cerium.
This sol was then added to TiO

2
sol and stirred uniformly and

continuously. It was then left for ageing for 24 hours and then
calcined at 400∘C for 4 hours. This catalyst is referred to as
TiO
2
-Ce.
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Figure 1: XRD analysis of TiO
2
and TiO

2
-Ce.

2.5. Degradation Experiment. The batch degradation exper-
iment was performed in an annular photoreactor by taking
a known quantity of catalyst to aqueous solution of concen-
trations ranging between 25 and 200mg L−1. Visible light of
150W, 300W, and 500W was used for degradation and the
solution was irradiated for 7 hours. Samples were collected
at different intervals of time and the solution was analysed
for concentration of nitrobenzene by reading the absorbance
at 264.5 nm in an UV spectrophotometer. The percentage
degradation was the reduction in concentration compared to
the original concentration as given in

Percentage degradation =
𝐶
0
− 𝐶

𝐶
0

∗ 100, (1)

where 𝐶
0
is the initial concentration of the aqueous solution

and 𝐶 is the concentration at any time 𝑡. The unknown
concentration of the solution at any time can be predicted
from the standard plot of absorbance and concentration of
the solution.

3. Results and Discussion

3.1. Catalyst Characterization. XRD patterns were recorded
for the prepared and calcined samples on a graphite crystal
monochromator, operating with a Cu anode and a sealed
X-ray tube as shown in Figure 1. For the range of 20–80∘
with 0.05∘ step size, the 2𝜃 scans were recorded at several
resolutions using CuK

𝛼
radiation of wavelength 1.54 Å. Aver-

age particle size was determined by using full width at half
maximum (FWHM) data. Scherer’s formula (2) was used to
determine average particle size as follows:

𝐷 =
𝑘𝜆

𝛽Cos 𝜃
, (2)

where 𝐷 is the diameter of the particle, 𝑘 is a constant equal
to 0.89, 𝜆 is the X-ray wavelength equal to 0.154 nm, 𝛽 is
the full width at half maximum, and 𝜃 is the half diffraction
angle [4]. The XRD pattern of solgel-TiO

2
showed primary

Table 1: Physical characterization of the catalysts.

Catalyst 𝑆BET,
m2 g−1

Pore volume,
cm3 g−1

Paricle diameter, nm
Scherer’s
formula Using 𝑆BET

TiO2 (solgel) 102 0.34 13.21 14.01
TiO2-Ce 92 0.20 19.14 20.04

anatase peaks at 25.06∘, 47.54∘, 54.46∘, and 61.72∘. The rutile
phase of solgel-TiO

2
was indicated by the peaks 37.4∘ and

53.63∘. Titanium dioxide in the anatase form is generally
accepted to be the most active polymorph [19]. This better
efficiency is attributed to a higher degree of hydroxylation
of anatase when compared with that of the rutile phase. The
XRDpatterns ofCe dopedTiO

2
samples almost coincidewith

those of pure solgel-TiO
2
but show diffraction peaks due to

cerium doping. The average particle sizes of solgel-TiO
2
and

TiO
2
-Ce were calculated and tabulated in Table 1.

The particle size was also calculated using surface area
calculated fromBET isotherms determined using BETQuan-
tachrome instruments as given in (3). The surface area,
average pore area, and particle size calculated are shown in
Table 1. Consider the following:

Particle Diameter 𝐷 = 6000
𝑆BET
, (3)

where 𝑆BET is the surface area (cm2 g−1) and 𝜌 is the density
of the catalyst which is approximately 4.2 gcm−3 for titania
based particles. The ionic radii of Ce3+ and Ti2+ are 0.101 nm
and 0.068 nm, respectively. Ce3+ could not be incorporated
into the lattice of TiO

2
and hence there was an increase in

particle size. As the particle size increases, the surface area
decreases as seen from Table 1.

The valence state of Cerium in the TiO
2
-Ce sample was

examined by XPS. The XP spectrum in Figure 2 shows
the characteristic Ce 3d peak that has a binding energy of
887.3 eV; XPS peaks corresponding to Ce4+ ion were not
found. This result confirms the presence of Cerium deposits
on the TiO

2
surface of the TiO

2
-Ce sample. The binding

energies for Ti 2p were 458.3 eV and 464.1 eV as shown
in Figure 2. Combined with the XRD analysis, it could be
understood that the doping cerium atoms presented in the
forms of Ce

2
O
3
and were distributed on the surface of titania.

Figure 3 shows SEM photograph of the typical samples
of TiO

2
(a) and TiO

2
-Ce (b). From the image, the sample

TiO
2
-Ce existed approximately in the form of spherical

particle and presented porous structures similar to those of
TiO
2
. According to the statistical estimation, the average

size was about 14.5 nm, which was in accordance with the
value determined by XRD (19.14 nm). The morphological
study shows that for both TiO

2
and TiO

2
-Ce catalyst, the

surface looked almost the same with slightly whitish portion
indicating the deposition of Ce. On the basis of the SEM
results, the Ti Ka-fluorescence signals for the pure TiO

2
and

TiO
2
-Ce samples were also obtained by EDX analysis and the

spectra are shown in Figure 4, which gave both qualitative
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Table 2: Catalyst composition using EDX analysis of TiO2 and
TiO2-Ce catalyst.

Element Compound %
TiO2 TiO2-Ce

O 11.83 19.65
Ti 88.17 76.56
Ce — 3.79

and quantitative information about the elemental and atomic
percentages in the TiO

2
and TiO

2
-Ce samples, as presented

in Table 2.
In order to estimate the band gap distance, UV-vis

spectroscopy was employed. An Oriel Instruments spec-
trometer with an integrating sphere was used for UV-Vis
spectrometry measurements to analyze the red-shifts in the
absorption regions.TheUV-Vis transmittancemeasurements
were taken and converted into absorption readings as given in
Figure 5. For pure TiO

2
, the band gap energy correpsonding

to 388.8 nm indicates 3.18 eV which was found to be in
accordance with that of other researchers [20–22], while for
TiO
2
-Ce, the band gap energy reduced due to the shift of

absorbance further away from UV region. The band gap
energy corresponding to the wavelength of 551.4 nm was
determined to be 2.25 eV. The results show that cerium does
improve visible light absorbance of TiO

2
due to cerium

plasmon absorption.

3.2. Control Experiment. Photocatalytic degradation studies
were performed using TiO

2
-Ce and compared with undoped

TiO
2
. The catalyst dosage was uniformly taken to be 0.1 g L−1

for all the experiments with solution concentration to be
50mg L−1, pH of 6.8, and different light intensities (150, 300,
and 500W). From Figure 6, it could be seen that using TiO

2
-

Ce and 500W light, the degradation achieved was 79.09%
whichwas higher than the other catalysts studied. Addition of
Cerium to TiO

2
has increased the percentage of degradation

by 14% when compared to TiO
2
. The photolytic degradation

of nitrobenzene was performed in the absence of the catalyst
varying the intensity of the visible light for comparing the
performance of cerium doped catalyst as shown in Figure 6.
The degradation using 150, 300, and 500W was found to be
23, 25, and 29%, respectively. This was much lower than the
degradation using Cerium doped catalyst.

Though the particle size of TiO
2
-Ce was higher than

TiO
2
(solgel), it showed better degradation because, in photo-

catalysis, doping a semiconductor changed the photocatalytic
process by suppressing electron-hole recombination and
when the electron formed due to excitation migrates to the
metal, it gets trapped within.The organic compound diffuses
to the free hole on the semiconductor surface and oxidation
of nitrobenzene occurs. The presence of cerium species on
TiO
2
influences the photoreactivity by altering the electron-

hole pair recombination rate through the following equations
(4)–(7). The reduction in band gap energy from 3.2 eV to
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Figure 5: UV-DRIFT analysis of TiO
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and TiO
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-Ce catalyst.
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Figure 6: Degradation % of NB for different catalysts at different
intensities (Conc.: 50mg L−1, pH: 6.8, and catalyst dosage: 0.1 g L−1).

2.25 eV also contributed to this increase in degradation.
Consider

Ce3+ +O
2
→ ∙O−2 + Ce4+ (4)

Ce4+ + e− → Ce3+ (5)

Ce3+ + TiO
2
+ ℎ] → e− + h+ (6)

Ce
2
O
3
+ ℎ] → e− + h+ (7)

The present study revealed that the cerium doped TiO
2
in

sol-sol method could be effectively used as compared to other
catalysts as discussed in Table 3. Better shift of the catalyst
towards visible region has resulted in 100% degradation at
a pH of 9 and catalyst dosage of 0.1 gL−1 (as summarized in
Section 3.3.5).
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Table 3: Comparison of the performance of the present work with other published works.

Catalyst Properties Light source % degradation Reference

Ce doped TiO2

Particle size: 10.8 nm
Surface area: 89.6m2g−1

Band gap: 368 nm
Visible 5% for 50mgL−1 of

NB solution
Alouche (2008)

[18]

H3PW12O40-TiO2 Visible 94.1% of 20mgL−1 of
NB solution in 6.5 hrs

Tayade et al.
(2007) [19]

Fe-ETS-10 Surface area: 191m2g−1
Band gap: 3.13 eV UV 43% of 50mgL−1 of

NB solution in 4 hrs
Shen et al.
(2009) [20]

Nanocrystalline
TiO2

Particle size: 12 nm
Surface area: 166m2g−1

Band gap: 3.28 eV
Visible 96% of 50mgL−1 of

NB solution in 8 hrs
Tayade et al.
(2006) [6]

Silver metal
exchanged ETS-10
Zeolite

Surface area: 205m2g−1
Band gap: 3.16 eV UV light (267 nm) 57% 50mgL−1 of NB

solution in 4 hrs
Shen et al.
(2009) [20]

N-Ce doped TiO2

Particle size: 10.8 nm
Surface area: 152m2g−1

Band gap: 2.19 eV
Visible (300W xenon lamp) 53% 50mgL−1 of NB

solution in 4 hrs
Alouche (2008)

[18]

The TOC removal % was studied for different intervals
of time. The photomineralization of the compounds were
measured using Total Organic Carbon analyzer (Shimadzu
TOC 5000A). The extent of TOC removal % was compared
with the undoped and Cerium doped TiO

2
catalyst.The TOC

removal % was maximum using Cerium doped catalyst at an
intensity of 500W.

3.3. Optimization of Operational Parameters

3.3.1. Effect of Solution Concentration. The most important
operational parameter to be studied is the influence of initial
concentration of the solution. NB photocatalytic degradation
studies were carried out using 25–200mg L−1 initial concen-
tration of NB and 0.1 g L−1 of catalyst loading. The plot of
degradation % for different solution concentration was made
and from Figure 7 it could be inferred that as concentration
increased, percentage degradation decreased. This may be
due to the fact that with the increase in initial concentration
of NB, while the irradiation period and catalyst dose are
kept constant, more NB molecules are present on the surface
of TiO

2
. Thus, an increase in the number of substrate ions

accommodating in interlayer spacing inhibits the action of
the catalyst, which thereby decreases the number of reactive
∙OH and O∙−

2
free radicals attacking the NB molecules, and,

hence, lowers the photodegradation efficiency [23].

3.3.2. Effect of Light Intensity. The influence of light intensity
on the degradation efficiency has been examined at constant
Nitrobenzene concentration (50mg L−1), at pH (6.5) and
catalyst loading (0.1 g L−1). It is evident that the degradation
rate increases with increase in the light intensity as shown
in Figure 6. The photons required for the electron transfer
were generated by UV irradiation which results in electron
transfer fromvalence band to conduction bandof the catalyst.
The degradation % increases when more radiations fall on
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Figure 7: Effect of solution concentration on degradation % (light
intensity: 500W, pH: 6.8, and catalyst dosage: 0.1 g L−1).

the catalyst surface and hence more hydroxyl radicals are
produced [24].

3.3.3. Effect of Catalyst Dosage. Photocatalyst dosage added
to the reaction vessel is a major parameter affecting the
photocatalytic degradation efficiency. The aqueous solution
of 50mg L−1 of solution was degraded using different catalyst
dosages (0.025, 0.05, 0.1, 0.15, and 0.2 g L−1). From Figure 8
it can be seen that maximum degradation was achieved for
the catalyst dosage of 0.1 g L−1. It could also be inferred that
further increase in catalyst dosage did not yield an increase
in degradation percentage.
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The increase in degradation percentage for 0.025 to
0.1 g L−1 may be due to an increase in the amount of active
sites on the surface of the photocatalyst particles.The number
of NB molecules adsorbed as well as the number of photons
absorbed increase with the increase in catalyst concentration
thereby enhancing the rate of degradation. Addition of
catalyst beyond 0.1 g L−1 leads to decrease in the degradation.
Aggregation of TiO

2
particles occurs at higher dosage causing

decrease in the number of surface active sites and also there is
an increase in the opacity of the solution and light scattering
of TiO

2
particles at high dosage through the solution [25].

3.3.4. Effect of pH of the Solution. pH of the solution greatly
influences the degradation rate. It tends to change the surface
property of the catalyst. The effect of change in initial pH
(2, 4, 6.5, 8, 9, 10, and 11) of 50mg L−1 of the nitrobenzene
solution was studied by adding 0.1 g L−1 of catalyst. The plot
of % degradation against pH (Figure 9) showed that as pH
increased the degradation increased. A maximum of 100%
degradation was achieved at pH 9.The degradation was lower
in lower acidic and higher alkaline pH.

pH of the catalyst dispersions majorly affects the surface
properties on the particles, agglomerate size formed, and
the conductance and valence bands positions [26]. The
nitrobenzene solution was degraded by hydroxyl attack and
direct oxidation at the holes and reduction at the conduction
band. In alkaline pH, the surface of TiO

2
-Ce acquires a

negative charge leading to greater adsorption and hence
increasing the degradation rate in the alkaline media.

3.3.5. Kinetic Modelling Using Langmuir Hinshelwood Model.
The degradation percentage was calculated and for hetero-
geneous catalyst, the Langmuir Hinshelwood model was
used to calculate the apparent rate constant. The Langmuir
Hinshelwoodmodel, derived based on themonolayer activity
assumption, was used to estimate the kinetic parameters in
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Figure 9: Effect of solution pH on degradation% (Conc.: 50mg L−1,
catalyst dosage: 0.1 g L−1, and intensity: 500W).
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terms of reaction rate constant (𝑘
𝑟
) and Langmuir Hinshel-

wood adsorption constant (𝐾LH) which is as given in

𝑟 =
𝑘
𝑟
𝐾LH𝐶

1 + 𝐾LH𝐶0
= 𝑘app𝐶, (8)

where is rate of disappearance of organic substrate,
mg L−1min−1, and 𝐶 is concentration of organic substrate,
mg L−1,

𝑘app =
𝑘
𝑟
𝐾LH

1 + 𝐾LH𝐶0
. (9)

Linearization of (8) yields an equation from which a plot
of ln (𝐶

0
/𝐶) against time will result in a linear relation-

ship resulting in zero intercept and apparent rate constant
(𝑘app) derived from the slope of the line. Figure 10 is the
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representation of the plot from which the apparent rate
constant was determined using slope of the line. Similarly
for all the conditions of pH (2–11), concentration (25–
200mg L−1), catalyst dosage (0.025–0.2 g L−1), and intensity
of visible light (150–500W), the plot of ln (𝐶

0
/𝐶) against

time was evaluated. The apparent rate constant was found
to increase with light intensity and decrease with solution
concentration.Themaximum degradation could be achieved
at the following parameter condition: pH: 9, dosage: 0.1 g L−1,
solution concentration: 25mg L−1, and light intensity: 500W.
The nonlinear fit between the apparent rate constant and the
operational parameters was determined and were found that
the experimental values when compared with the theoretical
values as in Figure 11, the theoretical values had less than 3%
error and hence the following equation (10) could be chosen
for approximating the experimental conditions. Equation
(10) could be used for a condition of pH 2 to 9, dosage
of 0.05 to 0.1 g L−1, light intensity of 150, 300, or 500W,
and concentration of solution from 25 to 200mg L−1. The
nonlinear equation was

𝑘app (theoretical)

= 0.000229 ∗ Intensity0.584 ∗ Concentration−0.230

∗ Dosage0.425 ∗ pH0.336.
(10)

4. Conclusion

The undoped and cerium doped titania photocatalyst was
prepared through the sol-gel route. The cerium doped pho-
tocatalyst could absorb the visible light and showed high
photoactivity in the visible region because of the band gap
narrowing. Cerium atoms existed in the state of Ce

2
O
3

and were dispersed on the surface of titania, suppressing
the recombination of electron-hole pairs and increasing the
photoactivity as confirmed using XPS and DRIFT analysis.

The average crystal size and the surface area were deter-
mined and compared between two types of catalysts. The
operational parameters were optimized and the following
condition was suggested to obtain maximum degradation:
pH: 9, dosage: 0.1 g L−1, solution concentration: 25mg L−1,
and light intensity: 500W. The kinetic study revealed that
the degradation followed Langmuir Hinshelwood model.
The apparent rate constant was determined and evaluated
theoretically using the nonlinear fit which depends on the
operational parameters. Based on the previously mentioned
experiments and characterization it could be concluded that
Ceriumdoped TiO

2
catalyst prepared by solgelmethod could

be efficiently used for degradation of Nitrobenzene using
visible light.
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Oxygen vacancies andTi-related defects (OTDs) are themain lattice defects of TiO
2
, which have great influence on its photocatalytic

activity. To understand the relationship between the defects and photocatalytic activities, detailed discussions based on the
electronic driven force provided by these defects are carried out during the three commonly accepted processes in photocatalytic
reactions. It is found that these defects inevitably (i) influence the energy structure of the pristine TiO

2
as the isolate acceptor/donor

level or hybrid with the original orbital, (ii) provide a disordered short-range force that confuses the charge carriers transferring to
surface active sites, (iii) act not only as the surface active sites for trapping the charge carriers but also as the main chemisorption
sites for O

2
, H
2
O, and organic species. These effects of the defects make them one of the key factors that determine the efficiency

of heterogeneous photocatalysis. Clarifying the role of the defects will further facilitate the exploration and the construction of
high-performance photocatalysts for practical applications.

1. Introduction

The construction of photocatalysis system provides a promis-
ing strategy to solve energy and environmental issues by
converting solar energy to hydrogen/electric energy and
oxidizing the organic compounds to reduce the chemical oxy-
gen demand (COD) in the environment. Titanium dioxide
(TiO
2
) has been studied extensively due to its fundamental

properties and wide range applications [1–4]. As light can go
as deep as about 1 𝜇m down to the surface [5], photocatalytic
reaction automatically occurs on the surface/subsurface.
Attentions were paid intensively to surface science of TiO

2

and other oxide photocatalysts, and an expectation for the
surface properties insights into the molecular level is in
urgent need. The surface properties are largely influenced by
the defects, and the dominant defects in TiO

2
surfaces are

oxygen vacancies and Ti-related defects (OTDs) [6–11].
OTDs can be created during the diverse workable syn-

thesis strategies (e.g., doping [12–14], loading [15, 16], and
constructing Z-scheme photocatalytic system [17]) and can
also be found in many kinds of efficient photocatalysts (e.g.,

solid solution [18], heterostructure composites [17, 19], and
multilayer films [20]). During these systems, the enhanced
photocatalytic activities are always attributed to the structure
[21], composition, particle size [22], or surface area [23],
which do not seem to have direct relationship with defects.
However, during the deep discussion of the intrinsic factor
for photocatalysis, the importance of the defects in reactions
is gradually recognized and commonly accepted as the
dominant limitation of photocatalytic efficiency nowadays.

It is the energy structure that makes TiO
2
a semiconduc-

tor photocatalyst. And OTDs have been widely concerned
to the so-called “self-doping” effect [24]. Pristine TiO

2
is

traditionally thought to be inert under visible light for its
broad band gap (𝐸

𝑔
≈ 3.2 eV). To narrow the band gap,

foreign anion elements (e.g., N [12, 25], C [13], F [26], S
[27]) and cation elements (e.g., Fe3+ [28], Cr3+ [29], and Ce4+
[16]) are frequently introduced into TiO

2
lattice, forming

new energy state in solids. Defect state caused by OTDs was
also found to influence the electronic structure of pristine
TiO
2
, and visible light response was clearly observed in

reduced TiO
2−𝑥

specimens [11, 30]. OTDs were found to



2 International Journal of Photoenergy

be the active response sites from the scanning tunneling
microscopy (STM), which came out to be one of the powerful
techniques in detecting surface configuration in materials
[31–33]. The formation of OTDs is called “self-doping.” The
effect of narrowing the band gap is proved to exist not
only in TiO

2
but also in other metal oxides [34]. Avoiding

introducing excess foreign elements, OTDs self-doping is
recognized as a green and promising strategy for exploring
environmentally friendly photocatalysts.

When an electron in the ground state absorbs a photon
which possesses sufficient energy larger than 𝐸

𝑔
of the

semiconductor, it can be excited from the valence band to the
conduction band, leaving a hole behind. Once the electron-
hole (e-h) pair is generated, the charge carriers may imme-
diately start the journey to the surface active sites, mainly
to the OTDs. Reduced TiO

2
OTDs surface is found to have

enhanced photocatalytic efficiency than defect-free surface.
The efficiency may rise when increasing the concentration of
OTDs in a moderate range on surface [35, 36]. Density func-
tional theory (DFT) calculation, photoemission spectroscopy
(PL), atomic force microscopy (AFM) [37, 38], and STM
reveal that lattice distortion induced electronic density varia-
tion at OTDs accumulates the spontaneous charge migration
to the surface, where the OTDs act as the trap center. They
serve to promote the separation of e-h pair and prolong the
life time of charge carriers in TiO

2
[39]. OTDs at subsurface

are recognized more as the e-h recombination center, also
caused by the trapping effect. Kong et al. [40] found from
STM and positron annihilation lifetime spectroscopy (PALS)
[41, 42] that the larger the proportion of surface defects was
in the whole defects of TiO

2
, the higher the photocatalytic

activity was. This competitive relationship between surface
OTDs and subsurface OTDs on trapping charge carriers
should be attributed to their electronic properties.

Owning to the feature electronic density, OTDs can
not only gather charge carriers but also function as the
absorbing sites for external species (e.g., O

2
, H
2
O, CO

2
,

and plenty of organic substances) [43, 44]. The adsorption
of these species toward OTDs may occur in the form of
dissociative adsorption (chemical adsorption).This is of vital
importance formediating the transfer of charges, undergoing
from the surface → OTDs → dissociated species →
further redox reaction [45]. For instance, H

2
O can dissoci-

ate at bridging oxygen vacancy, forming two neighbouring
hydroxyls (−OH).This hydroxyl facilitates the photocatalytic
reactions by lowering the charge transfer barrier, assisting
the adsorption of organic substances, and further catalyzing
the decomposition of them. Besides, the −OH was deduced
to have an effect on the redistribution of subsurface OTDs.
The dissociating mechanisms of species at OTDs active sites
remain very rough, and the function of these dissociated
species in photocatalysis still needs further investigation.

This review focuses on the understanding of the function
of OTDs in photocatalytic reactions, from the view of the
electronic driven force toward neutralizing.The generation of
OTDs is always followed by the redistribution of electronic
density. This variation has compact relationship with the
photocatalytic efficiency. Upon the three basic photocatalytic
processes, further discussion was carried out and the effects

of OTDs were provided. The findings of this work would
facilitating the design and exploration of high-performance
green photocatalysts in the molecule level.

2. General Issues of Photocatalysis

The general mechanism of heterogenous photocatalysis is
always described as Figure 1. When the photon energy is
sufficient to promote the electrons in the valence band to
jump to the conduction band, three main steps can happen
successively: (i) photon absorption and electron-hole pair
generation, (ii) charge separation and migration to surface
reaction sites or to recombination sites, and (iii) surface
chemical reaction at active sites containing donor oxidation at
valence-band hole and acceptor reduction at electron center.
Upon these three photocatalytic processes, several defects-
related photocatalytic issues should be clarified.

2.1. Photoexcited Location. The process of heterogenous pho-
tocatalysis starts by irradiation. That is, photoexcitation of
electron at ground state is the prerequisite. It should be
noticed that the excitation step of electron under irradiation
may not only occur in the semiconductor but also occasion-
ally happen in the substance adsorbed on its surface, like
the reaction happening in dye-sensitized solar cell [22]. The
charge carriers may experience different pathways in these
two situations. Hence in this review, we focus on the cases
that initial excitation happens in the semiconductor itself.

2.2. Point Defects and Standard Specimen. The concept of
defects initially lies in the solid state physics description of
lattice distortion. Such distortion can be in the form of point
defect, liner defect, two-dimensional flaw or interface and
three-dimensional valley or heteroimpurity. Among these,
point defect is the most investigated case and provides the
primary realization of properties of lattice defects, including
energetic, thermal, electrical, optical, and magnetic features
in solids [46–49]. OTDs are generally recognized as point
defects. The analysis of OTDs and OTDs-related clusters in
photocatalytic reactions is usually carried out by performing
the point trap model.

Lattice defects are inevitably generated during synthe-
sis procedure and are thermal- and preparation-dependent
products [50]. Intrinsic point defects exist automatically in
lattice as vacancies, interstitials, and atomic impurities which
are frequently observed in doping materials. It was observed
by STM images that these defects distributed scatteredly
on the flat surface or centralized violently at the terrace
boundaries which are proved to be responsible for the
increased photocatalytic efficiency. However, the existence of
the incoordinate and disordered defects in different samples
makes it hardly possible to compare the photocatalytic
properties precisely even in the same photocatalytic system.
The well-defined particles hardly exist at room tempera-
ture under ambient conditions. As a result, to simplify the
analysis in molecule scale, a hypothesis about well-defined
samples is made in the vast majority of researches, and point
defects are well-distributed ignoring the boundary defects.
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Thus, preparation of comparable standard specimen is in
urgent need for better understanding the nature of photocat-
alytic reaction.

2.3. Energy Structure. As is known, ground state energy
structure of a pure semiconductor is composed by valence
band (VB), conduction band (CB), and the band gap between
them. Light absorption for photocatalytic reaction is deter-
mined by the range of band gap (𝐸

𝑔
). When the photon

energy is sufficient to excite an electron in valence band
to overcome 𝐸

𝑔
to the conduction band, photocatalytic

reactions may occur.
The point defects as impurities are recognized to have a

“self-energy” in short range, creating a variation in the host
electronic structure.There are two general identifiedmanners
on the influence of defect energy level to the host energy
structure: (i) to introduce an isolated mid gap as the accep-
tor/donor level, leaving the primary structures unchanged,
and (ii) to hybrid with the host VB or CB, narrowing
or broadening the band gap. These two phenomena were
proposed in N-doped TiO

2
samples by Irie et al. [51] and

Asahi et al. [52]. OTDs also have been found to undergo these
two manners favorably in oxide semiconductors. It is crucial
to study the energy structure of defects, for the long-range
force of charge transfer is provided by the position of valence
band/conduction band versus the redox potential of the
adsorbed substance on the external surface of photocatalyst,
which determines whether the photocatalytic reaction with
special substances would happen or not (see Figure 1).

2.4. 𝑛/𝑝-Type. TiO
2
is one of the most extensively studied

photocatalysts. Pure TiO
2
samples synthesized from con-

ventional preparation methods are mostly oxygen-deficient
nonstoichiometric compound or a solid solution of oxygen
into TiO

2−𝑥
lattice [5]. In consequence, oxygen vacancies as

well as Ti interstitials in TiO
2
make it an 𝑛-type property of

dominant materials, precisely written as TiO
2−𝑥

[13]. How-
ever, the formation of metal-deficient TiO

2
can be obtained

under strong oxidation at elevated temperatures [9, 53, 54]
and relatively a 𝑝-type behavior is found.

It should be clear that, in the nonstoichiometric 𝑛-type
TiO
2
, the charge carriers not only are the electrons but also

may be the holes during the photocatalytic procedure. As
the transfer rate of the holes is several orders of magnitudes
slower than electrons, the dominating charge carriers are
electrons and thus the TiO

2
is called an 𝑛-type semiconduc-

tor. When the proportion of O atom in TiO
2
rises, the TiO

2

may be identified as the 𝑝-type semiconductor taking holes
as the main charge carriers. The coexistence of 𝑛- and 𝑝-type
in TiO

2
is shown in Figure 2 [8], as a result of distribution of

OTDs.
To simplify the model of photocatalytic reactions in

particles, it is hypothesized that 𝑛-/𝑝-type can counteract
with each other during the long routes to the surface; thus a
conception of “surplus 𝑛-type” or “surplus 𝑝-type” is usually
introduced as there are only photoelectrons in 𝑛-type TiO

2

and vice versa. When TiO
2
is used as an electrode, the

electrons and holes move efficiently toward the opposite

direction and the relationship between them seems more to
be the coworker than to be the competitor.

The ability of intrinsic defects to influence the transfer
of charge carriers can be judged by electrical conductivity
[55], considering the cooperation of both the 𝑛-type and
the 𝑝-type aspects. The resistance of TiO

2
can be influenced

by the trapping of the charge carriers in ionic defects and
overcome the barriers in the distorted bond. An increase
of the electrical conductivity with the increase of oxygen
vacancies was observed by Nowotny et al. when changing the
oxygen partial pressure [48]. Accordingly, it is revealed by the
enhanced electrical conductivity that the surface investigated
is an 𝑛-type dominant surface and oxygen vacancies facilitate
the charge transfer.

2.5. Main Characterization Methods of Defects. Based on
the first principles computation, the modified local density
approximation (LDA) and the related generalized method
as well as some other computational modelings are used
to calculate the ground state energy structure of the host
semiconductor, despite of the error [56, 57]. As to the energy
level of the defects and the excited states, however, it becomes
more complicated to choose the most suitable calculation
method/model and confirm the initial settings of the parame-
ters. Estimations are always handled by empirical adjustment
without precise specifications. Among these modeling prin-
ciples, density functional theory (DFT) provides the relatively
acceptable data and is widely used in the calculation of
electronic structure of TiO

2
[58–62].

Several experimental methods for OTDs are listed in
Table 1 and they are always used together to get the defects
information.

2.6. Transient Local Heat. As has been reported, the kinetic
rate of photocatalytic reactions can be varied from different
temperature and light intensity [63], and heat is one problem.
For the sake of practical application of photocatalysts in ambi-
ent environment, a set of coolers (mostly condensate water)
is usually equipped to provide moderate temperature for
laboratory-scale tests. However, ambient temperature could
not prevent the transient local heat that comes from (i) the
released nonradiative thermal energy form recombination
and (ii) the slow diffusion of the adsorbed radiative infrared
light of the light source (solar or specially theXe lampwith the
power of 300W or 500W) in some lattice distortions. Here a
hypothesis ismade that such heat do not or has little influence
on the separation and migration of charge carriers.

3. Generation of OTDs in TiO2

3.1. Removal of Oxygen in TiO
2
. Ideal structure model of

bridging oxygen vacancy in TiO
2
(110) surface lattice is

shown in Figure 3(a). Figure 3(b) gives a direct picture for the
position of oxygen vacancies by STM, and it can be found
that the bridging oxygen vacancies (Ob-vacs) are the main
surface defects. Figure 3(c) represents the electronic density
scattering around a single oxygen vacancy [64] and it could
be seen that the potential field of the neighbouring Ti is
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Table 1: Common characterization techniques for defects.

Technique Characterization Evidence References
Colour of the materials Different from pristine TiO2 The defects maybe exist [123]
High-resolution transmission electron
microscopy (HR-TEM) The atomic lattice is blurred Maybe exists [72, 123]

Ultraviolet-visible spectroscopy (UV-vis) An optical absorption band above 400
nm Maybe exists [30]

Photoemission spectroscopy (PL) The emission position and intensity Type, relative concentration
of defects [124]

Raman spectroscopy Variation in vibration of O and Ti-related
region Type of defects [30, 38, 72]

X-ray photoelectron spectroscopy (XPS) Valence state variation Type of defects mainly Ti3+ [30, 37, 72, 89]

Electron paramagnetic resonance (EPR) 𝑔 factor calculated from the position of
the sharp signal

Type of paramagnetic
defects [35, 123, 125, 126]

Positron annihilation lifetime spectroscopy
(PALS) The lifetime of the positrons Size, type, and relative

concentration of defects [68]

Scanning tunneling microscopy (STM) Light dot in pictures The type, position of defects [31, 113, 120]
Atomic force microscopy (AFM) Comparison of pictures The type, position of defects [38]

Temperature programmed deoxidation (TPD) A narrow peak related to partial oxygen
loss according to temperature.

Rough concentration of
oxygen defects [112, 123, 125]

Electron energy loss spectroscopy (EELS) Energy loss Electronic change in defects [112]
Synchrotron radiation X-ray absorption fine
structure spectroscopy (XAFS) Peak position Geometrical structure of

active sites [127]
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Donor

TiO2
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−
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Figure 1:Main steps occurring in the photoelectrochemicalmechanism. ((i) Photon absorption and electron-hole pair generation. (ii) Charge
separation andmigration (a) to surface reaction sites or (b) to recombination sites. (iii) Surface chemical reactions at surface active sites, donor
oxidation at valence-band hole, or acceptor reduction at electron center.)

the most influenced site whereas the variations die largely in
distance. It reveals thatOTDs canwork as short-range traps in
capture charge carriers, which is crucial for charge migration
in photocatalytic reactions. The formation processes of these
defects assist in the understanding of Figure 3(c).

In an ideal defect-free lattice of TiO
2
, the removal of

an oxygen atom in lattice is usually accompanied with the
exposure of the neighbouring metal atoms and the material
would tend to maintain electrostatic balance according to the
following reactions:

2Ti4+ +O2− ←→ 2[Ti4+] + 2𝑒/VO
 +Oa (1)

[Ti4+] + 𝑒 ←→ [Ti3+] (2)

VO
 + 𝑒 ←→ VO

 (3)

[Ti4+] + VO
 ←→ [Ti3+] + VO

 (4)

where Oa represents the oxygen atom that is taken away from
the lattice, VO

 represents the corresponding empty position
(1), and VO

 also represents the empty position which origi-
nated from the removal of oxygen but with a localized single
electron (3). [Ti4+] represents the exposed neighbouring Ti4+
at oxygen vacancy (1) and [Ti3+] represents the exposed Ti
reduced by the excess electron (2) from O removal.

It can be seen from (1) that the removal of oxygen from
the lattice generates VO

 and further causes the formation of
VO
 (3) and the reduction of the neighbour metals (4) [6, 65].

Liu et al. [7] showed the relationship between the formation
of VO

 and the corresponding existence of Ti3+ during
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Figure 2: Oxygen vacancies and Ti-related defects (OTDs) related
𝑛/𝑝-type TiO

2
at 1073K [8].

H
2
treatment up to 700∘C (Figure 4). As the temperature

increased, more Oa were removed by H
2
. Magnetic Ti3+

defects generation followed the VO
 formation, indicating

the reaction of the trapped localized single electron of VO


with the near Ti4+ (4). This process was mainly controlled
by temperature [66]. Besides, temperature has great influence
on the transition of the crystalline structures of TiO

2
, and

the formation energy order of oxygen vacancies on surfaces
is brookite (5.52 eV) > anatase (5.58 eV) > rutile (5.82 eV),
whichmay result in the different concentration of OTDs [67].

The control of ambient O
2
concentration/pressure can

also adjust the concentration and the distribution of defects
in a feasible range [8]. The occurrence of VO

 may suffer the
reverse reaction under a wide range of oxygen activities and
Ti vacancies can be obtained from the prolonged oxidation of
TiO
2
at elevated temperatures [9]. Under ambient condition

at room temperature, the VO
 in TiO

2
dies out gradually,

and this usually causes weakened photocatalytic efficiency in
TiO
2
.

Considering the oxygen activity and temperature, surface
treatment methods (e.g., annealing in vacuum condition
[68], thermal treatment under reducing atmosphere (H

2
,

CO, NO), and bombardment using electron beam [69,
70], neutron, or 𝛾-ray) are introduced to obtain defective
surfaces. The bulk ODTs can be directly obtained from
sputteringmethodwithout furthermodifications on the TiO

2

samples.

3.2. Light-Induced Defects in TiO
2
. Another way generating

OTDs came out of the application of TiO
2
in photocatalytic

reactions under light irradiation.Once photoinduced e-h pair
is generated, the subsequent reactions could happen:

TiO
2

ℎV
→ 𝑒−CB + ℎ

+

VB (5)

𝑒−CB + Ti
4+ → Ti3+ trapped electron (6)

ℎ+VB +O
2− → O− trapped hole (7)

4ℎ+VB +O
2− → Oa + VO

 (8)

The photoinduced electrons and holes should also be
identified as defects [71]. Accordingly, the recombination
of electrons and holes may be also called the reaction of
“electron defects” with “hole defects” in photocatalysts.

The excited electrons could react with lattice Ti4+ and
thenTi3+ is generatedwith a trapped electron (6). At the same
time, a hole could oxidize a nearby lattice O2−, leaving an O−
in lattice (7). Further, oxygen vacancywould be created under
strong oxidizing conditions, generating atomO (Oa) in lattice
(8). Thus, the photoinduced defective surface/subsurface is
performed under irradiation, and light energy can be stored
as the form of electronic energy during this process.

3.3. Doping-Induced Defects in TiO
2
. Foreign elements are

usually introduced to pristine TiO
2
to make full use of

solar light. The formation of dopant defects is frequently
accompanied by the generation of OTDs [72].

Anion Doping. Di Valentin et al. [73] found from DFT
calculation thatN dopingwas likely to be accompanied by the
formation of oxygen vacancy, because the energy consumed
by oxygen vacancy was substantially reduced by N doping.
Chen et al. [74] obtained an N-doped TiO

2
samples in NH

3
,

and OTDs were found to be coexisted on the surface with
N impurities. Recent work of Di Valentin and the coworkers
[75] revealed that oxygen vacancies generated when doping F
in TiO

2
. The formation of Ti3+ occurred when doping B due

to the charge compensation, while C and N did not donate
excess electrons to lattice oxygen.

Cation Doping. It is found by Jing et al. [76] that doping of Zn
increased the concentrations of oxygen vacancies and oxygen
vacancies also served to assist the formation of Zn-doped
TiO
2
samples. Following the static equilibrium, the Zn atoms

would

ZnO←→ ZnTi
 +Oa + VO

 (9)

where ZnTi
 represents Ti substituted by Zn in lattice, Oa is

also theO atom removed, andVO
 represents theZn-doping-

induced generation of oxygen vacancy, or according to the
charge neutrality,

Ti4+ +O2− ←→ Zn2+ + VO
 (10)

The introduction of Cr [77] and Fe [78] as the acceptor-
type defects in TiO

2
practically undergoes the similar way in

generating oxygen vacancy:

Cr
2
O
3
←→ 2CrTi

 + 3Oa + VO
 (11)
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Figure 3: (a) Pseudospace-filling model of ideal bulk-terminated TiO
2
(110) with a bridging oxygen vacancy. Blue (red) spheres are oxygen

(titanium) atoms. (b) STM image of (1 × 1) TiO
2
(110) surface. The bright rows correspond to surface Ti

5c sites (red ball in (a)). Black row
is bridging oxygen (Ob) and Ob-vacs are marked as the bright protrusions in the black row [43]. (c) Redistribution of the surface electronic
density caused by single oxygen vacancy [64].
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Figure 4: EPR intensity of oxygen vacancies and Ti3+ generation
under thermal treatment with H

2
[7].

or

Cr
2
O
3
+ 6Tii

 ←→ 2CrTi
 + 6Tii

3+ +
3

2
O
2
(gas) (12)

The Tii
 in (12) presents the interstitial Ti. It could be

seen from (11) and (12) that Cr atomswould undergo different
reaction pathways. Besides the oxygen activity, the chromium
concentration was found to be another factor to influence
these two reactions [77]. When the chromium concentration
was lower than 3 atom%, itmainly underwent (12), producing
interstitial Ti3+ in lattice. When the chromium concentration
was in the range of 4-5 atom%, oxygen vacancies were mainly
created by (11), balancing the charge variation during Cr-
doping as the acceptor defect center.

When it comes to the donor-type Nb-doped TiO
2
, the

reactions are [79–81]

Nb
2
O
5
←→ 2NbTi

 + 5Oa + 2𝑒 (13)

2Nb
2
𝑂
5
←→ 4NbTi

 + 𝑉Ti +O
a (14)

𝑉Ti is Ti vacancy in (14).The occurrence of (13) and (14) is
also controlled by the doping condition, commonly the oxy-
gen activity. It can be seen in (13) that electron can be released
by Nb doping under the reduced conditions [81]. The excess
electrons result in the remarkably enhanced conductivity, and
this metallic-type property may be helpful to promote the
migration of the charge carriers in photocatalytic reactions.

It could be found that chemical valence states of the
dopants play an important role on the formation of defects
under preparation conditions. Besides, it was also reported
that the doping of anions and cations in pristine TiO

2
was

all accompanied by the formation of oxygen vacancies [82].
At the same time, the formation of the corresponding color
centers (e.g., F, F+, F++ [83], and Ti3+) revealed the probable
effects of defects in photocatalytic reactions [84].

4. The Function of Defects in Photocatalysis

The function of OTDs in photocatalysis can mainly be
(1) to modify the band energy structure of the pristine

TiO
2
as the defect states,

(2) to trap charge carriers in the migration pathways as
the electron pool or recombination center,

(3) to influence the adsorption of reactants (e.g., H
2
O,

O
2
, CO
2
, and organic pollutants) as the active sites.

4.1. Function of OTDs on Energy Structure. The host energy
structure of pristine TiO

2
is constructed by valence band

(O 2p orbitals) and conduction band (Ti4+3d orbitals). The
energy level of TiO

2
as well as other outstanding photocata-

lysts is shown in Figure 5 [85].
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Figure 5: Band structures of TiO
2
and other popular semiconduc-

tors [85].

The energy level of OTDs is recognized to aid band gap
narrowing and the formation of the main active sites in favor
of visible light adsorption [34, 46, 66, 86]. Figure 6 gives
the STM images of defective TiO

2
surface before and after

visible light irradiation.These images provide a clear evidence
of oxygen vacancies function as the visible light response
sites [87], which can be attributed to the electronic structure
of OTDs. Accurate calculation of the defect state of OTDs
in TiO

2
energy structure is in urgent need, because energy

structure of photocatalyst will influence light absorption and
charge carriers migration.

According to (1)–(4), once oxygen atom is removed, and
VO
, VO

, and Ti3+ are left behind. The defect states of these
defects are different in the band gap, as has been reported
by Janotti et al. [88] and Zou et al. [89]. Janotti and the
coworkers [88] found that oxygen vacancies were shallow
donor and VO

 defect state presented lower energy than VO


for all Fermi-level positions in the band gap. Zou et al. [89]
introduced VO

 in TiO
2
by calcining TiO

2
precursor with

imidazole and hydrochloric acid at the elevated temperature.
The paramagnetic oxygen vacancies VO

 were proven to form
mid gap electronic state within the band gap of TiO

2
, and

thus visible light photocatalytic activity was performed by the
electron transition from the VO

 mid gap to the conductor
band of TiO

2
. Here the VO

 acts as the donor.This conclusion
is the same with the results that were previously reported by
Serpone [90] and Chen et al. [83]. As to oxygen vacancies
VO
, Zou and the coworkers [89] believed that they could

serve as an acceptor as well as Ti3+, forming an unoccupied
state below the bottom of the conduction band. The energy
levels of OTDs in TiO

2
were summarized by Nowotny and

his group as in Figure 7 [5].
However, the isolate electronic band fails to explain the

contradiction of the strongly localized small polarons versus
the delocalized free polarons in experiments. Hence, hybrid
function is introduced appropriately and serves as a workable
theory. Janotti et al. [91] proposed that there exist two
kinds of hybrid functions in the electronic band: (i) between
the electrons and the conduction band in the presence of
delocalized free electrons and (ii) between the electrons
and the oxygen vacancies as the form of oxygen vacancies
complexes and the ionized shallow-donor impurities. This
reveals the influence of the defect states on shifting the
position of the lowest unoccupiedmolecular orbital (LUMO)

and the highest occupied molecular orbital (HOMO), from
the crystal field theory point of view.

More discussion of the relationship between OTDs states
and the crystal field arguments was carried out by Morgan
and Watson [65]. They used an on-site correction DFT
calculation to study the oxygen vacancies in rutile (110),
(100), (101), and (001) reduced surfaces, and it was found that
the oxygen vacancy of the reduced (110) surface introduced
an occupied defect state of 0.7 eV below the bottom of the
conduction band. The defect states were also shown in the
other three reduced surfaces and varied from each other.
However, the defect states seem more important than the
exposed surface or crystal form in photocatalytic reactions.
Liu et al. [92] compared the oxygen vacancies in anatase,
rutile, and brookite obtained from helium pretreatment in
moderate temperature. The characterization results revealed
that the oxygen vacancies were created in anatase and
brookite, which led to a remarkable increase in photocatalytic
CO
2
reduction ability. On the contrary, the treated defect-

free rutile and the untreated TiO
2
samples did not have

photocatalytic activity in this reaction. Liu et al. [92] also
examined the intermediates/radical and the corresponding
final products and found that the reduction of CO

2
may

undergo different pathways. It is deduced that OTDs are
crucial to such difference, for the reactants (CO

2
, H
2
O,CO

2

−,
and CO) are all tend to adsorb on these surface active sites,
which are about to discuss later in this review.

4.2. Function of OTDs on Charge Transfer. When irradi-
ated with light, an excited single electron moves rapidly in
response to an applied electric field (i.e., voltage supplied
by power source or difference of potential between energy
structure of TiO

2
and the redox potential of the adsorbed

species) by HOMO-LUMO promotion. Franck-Condon fac-
tors of this process are usually very small as a result of little
lattice distortion when creating an electron.

The transfer of charge carriers follows the band model
and the hopping model [93] and is limited by the vanishing
reorganization of energy according to Marcus-Hush electron
transfer theory. The energy initially provided by a photon to
an electron can be consumed by the lattice distortion, and
if the remaining energy is sufficient to overcome the surface
barrier, the charge could be utilized by the adsorbed species.
The annihilation at the recombination center is another quick
vanishing approach for the charge carriers. Yu et al. [94] pro-
posed three recombination mechanisms in semiconductors:
(i) band-to-band recombination, which happens between the
excited electron and the hole lying in the empty VB, and this
reaction is limited by the production of available electrons
and holes and is a second order to the concentration of
charge carrier (ii) trap-assisted recombination, which directly
happens between the excited electrons and holes in the
VB under the aid of “trap” state, and this reaction is also
limited by the concentration of charge carriers described
as Shockley-Read-Hall Model (SRH model); (iii) Auger
recombination, which happens when the excited electron and
hole recombine, releasing the energy to enhance the energy
of another electron or hole. It is discovered by Zhang et al.
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Figure 6: STM images of oxygen deficient TiO
2
surface before (a) and after (b) visible light irradiation [87].
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Figure 7: The energy levels of OTDs in TiO
2
[5].

[95] that charge transfer follows the first order kinetic model
on surface under UV irradiation, because of the abundant
OTDs serving as trap-assisted recombination centers. In the
subsurface, charge transfer mainly follows the second order
kinetic model for the OTDs.

The exciting sites are widely distributed among the solid.
Under light irradiation, the excitation mainly occurs around
theOTDs as shown in Figure 6, and the recombinationwould
be in the form of SRH model. However, exact dynamic
behavior of a single charge carrier remains unclear. The
scope into themolecular level and the study on defect-related
characterization techniques are urgently needed.

From the molecular point of view, short-range electronic
driven forces provided by bulk OTDs can work efficiently
only in the distance of several angstroms in bulk.This force is
weaker than that provided by surface OTDs as a result of the
broken symmetry in lattice. Despite working in short range,
the effect of OTDs cannot be ignored but taken into account
seriously.

As calculated by Janotti et al. [91], VO
 primly acts as

the acceptor but when it receives one electron, then VO
 was

formed and it acts more as a donor than an acceptor, in
the photocatalytic reaction. If the prime VO

 is located in

(2O2−
)(latt )

Ti4+

Ti4+ Ti4+ Ti4+ Ti4+ Ti4+ Ti4+
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Figure 8: The Ti vacancy functions as the active site [96].

the subsurface of an 𝑛-type TiO
2
, it can be deduced that this

one excess electron in VO
 would subsequently

(i) meet the h+ and recombine,
(ii) reduce one Ti4+ to Ti3+ hindering the entrance of

other electrons into this Ti-site,
(iii) transfer along the surrounding Ti4+ to the surface

active sites, maybe as the form of neutralized state,
(iv) enter into another VO

.

By this mean, the original VO
 is regenerated and

this process repeats until photocatalytic reaction ends. This
reiteration behavior not only prolongs the migration routes
for the electron to the surface but also highly increases the
recombination opportunity of e− with h+. If the prime VO

 is
located on the surface, the entered electrons can be given to
the dissociative adsorbed species here. Besides, if the arrival
of electrons on the surface occurs along Ti atoms, the finally
formedTi3+ can also serve as the active sites toward adsorbing
O
2
scavenger. The transfer of the charge carriers to the active

sites are shown in Figure 8.
Except for these defects, Ti vacancy reported by Nowotny

et al. [96] also assisted the transfer of electrons to the
adsorbed species, as shown in Figure 9. OTDs on the surface
can enhance the separation of photogenerated electrons
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Figure 9: The Ti vacancy functions as the active site [96].

and holes by acting as the electron pools on surface and thus
prolong the lifetime of both the electrons and holes.

In a typical reaction procedure, the photogenerated
charge carriers experience different procedures between the
photocatalytic reactions and the photogeneration of elec-
tricity when TiO

2
is used as the electrode. Photocatalytic

excitation mainly happens in surface and subsurface, and the
charge carriers must conquer these blockings as

(i) localization or trapping in the recombination centers,

(ii) consuming of migration energy in the distorted Ti–O
bond caused by lattice defects in the subsurface,

(iii) localization or trapping in the surface ionic defects,

(iv) consuming of migration energy in the distorted Ti–O
bond caused by lattice defects on the surface,

(v) surface barriers caused by the binding of the dissocia-
tive adsorbed molecules with surface active sites such
as oxygen vacancies and Ti-related defects.

Photocatalytic reaction (i.e., degradation of organic com-
pounds and water splitting) processes mainly suffer the
surface/subsurface OTDs, whereas the photovoltaic reaction
must bear the OTDs in bulk. Here the movement of charge
carriers can be delayed [97] by trapping or localizing in the
lattice of bulk OTDs and the migration energy can is reduced
by the bulk lattice distortion. Furthermore, in the interface
with large amount of lattice defects (e.g., the connected
interface of the layered electrode/film be constructed by
multilayeredmaterials), the bond distortionmay cause a large
problem [98, 99] because of the chemical tension. However,
the defects, which function as donor or acceptor in the
interfaces, could promote the charge transfer by chemical
adsorption, which is of vital importance in the photovoltaic
cells.

4.3. Function of OTDs on Adsorption. Oxygen, water, or
organic compounds with electron-rich functional groups
can adsorb at OTDs by the electronic driven force toward
electrostatic equilibrium. The adsorption behavior of OTDs
promotes the charge transfer efficiency from solids to external
reactants, and thus makes OTDs flexible active sites on the
surface.

4.3.1. Adsorption of Oxygen. The introduction of O
2
is of

significant importance in photocatalytic reactions, such as
photoinduced refractory organics degradation systems and
water splitting. Experimental results have proven that the
existence of O

2
can significantly enhance the degradation

efficiency, and the addition of O
2
with different dosages

is widely investigated in water treatment processes. During
these processes, the adsorbed O

2
at the active sites can

serve as the electron scavenger [100]. These scavengers can
facilitate the charge separation, prevent the electron-hole
recombination, and generate the ∙O

2

− for deep oxidation of
the organic specials. Figure 10 shows the subsequent reactions
of ∙O

2

−.
It can be seen that the intermediate products are hydroxyl

radical ( ∙OH) and other oxidation species, which further
promote the mineralization of organic pollutants. The half
reaction led by photogenerated electrons is equally important
to the reaction led by photogenerated holes, for these two
pathways have a synergistic effect. However, during water
splitting, the existence of O

2
in water tends to assist the

generation of O
2
gas but not the H

2
. By consequence,

the experimental tests or comparisons of the H
2
evolution

activity of photocatalysts are always performed in vacuum
or inert gases (i.e., N

2
, Ar). Besides, the adsorption of

oxygen by the active sites can also be capable of causing
upward band bending, which is of great importance in
many of the applications of TiO

2
(i.e., as the film elec-

trodes). Thus it is necessary to study the oxygen adsorp-
tion behavior and its distribution feature on the TiO

2

surfaces.
It is mostly accepted that adsorbed O

2
species occur at

oxygen vacancies in an idealized model, and the bridge-
bonded oxygen vacancies are believed to be the most pre-
ferred sites for oxygen chemisorption on the surface [101].
Xu et al. [102] investigated the interaction between O

2
and

reduced TiO
2
(110) surface by DFT calculations, and the

results showed oxygen interaction with oxygen vacancies as
the dissociative configuration form of O–O complex between
in-plane oxygen and Ti atoms in room temperature. Other
reports proposed that surface Ti-related defects (mainly
interstitial Ti and Ti3+) were also the active adsorption sites
for oxygen [34].

The OTDs on the surface can act as the charge donor for
the transfer of charge carriers from TiO

2
to oxygen atoms.

Except for the surface OTDs, bulk OTDs like Ti3+ ion can
also provide excess electrons to the adsorbed O

2
at ∼410K

and the desorption of O
2
occurs when the surface interstitial

Ti and Ti3+ act as the electron acceptor in the same condition.
These two models are shown in Figure 11. Aschauer and the
coworkers [103] further proposed that O

2
wasmore favorable

to adsorb at shallow subsurface interstitial Ti. The bulk
defects were also estimated to have more pronounced effect
than lower-lying interstitials at providing excess electrons
and contributing to O

2
adsorption. Zhang and Yates [95]

proposed that desorption of oxygen could happen when
photoinduced holes reactedwith adsorbedO

2

−. However, the
molecular-scale mechanism of desorption of the oxygen and
its subsequent reaction with other adsorbed substances is still
unclear.
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[103].

4.3.2. Adsorption of Water. The efficiency of photocat-
alytic degradation of gas phase organic compounds can
be improved by moderating the dosage of water [104]. In
aqueous solution, the hydrophilic surfaces tend to possess
higher photocatalytic activity than hydrophobic surfaces. It
is proposed that water serves as a vital media to promote
the fast diffusion of OH radicals from TiO

2
surface to the

near-surface region and thus remarkably improve the pho-
tocatalytic efficiency. Another reason for this improvement is
attributed to the tendency of organic contaminant adsorption
toward the OTDs (the adsorption of organic compounds
by surface defects is illustrated in the next section). The
importance of the application of water inwater splitting as the
reactant and in photovoltaic cell as the electrolyte solution is
very clear and needs no further illustration.

The occurrence of H
2
O adsorption on TiO

2
surface

can be in the forms of molecular absorption, dissociative
adsorption, and the transition state between them (Figure 12).
Molecular adsorption as physical absorption occurs mostly
at surface radical groups as −OH and surface defects, and
this kind of H

2
O serves more as solution or media than

as reactant. The vast majority of dissociative adsorption

Ob

Ob-vac

Ti5c

Adsorption
of water

Dissociation
of water

Figure 12: The dissociation of water in bridging oxygen vacancy.
Green spheres denote O atoms with two H pink spheres [122].

happens at OTDs [105–108], mainly at the bridge-bonded
oxygen vacancies, where H

2
O dissociates leaving one pair of

neighbouring –OH groups (Figure 12). The newly formed –
OH can assist the redistribution of the defect electrons which
are originally trapped at subsurface sites to its neighboring
surface Ti4+ sites [109, 110], and thus the excess electrons (e.g.,
the photogenerated electrons) can be forced onto exposed
surface and undergo further reactions. Further, Aschauer
et al. [111] proposed that subsurface defects could promote
the binding between water and surface defects by lowering
the desorption energy of adsorbed water at OTDs. The
water adsorption energy to the defect-free stoichiometric
surface is higher than defective surfaces [111] (shown in
Figure 13), implying a less effective photocatalytic activity on
the stoichiometric TiO

2
.
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Table 2: Possible reaction pathways for defective TiO2.

Phase CO2 photoreduction with H2O vapor

Defective TiO2 anatase and brookite

H2O + h
+ → H+ +OH∙ (1) CO

2
+ Ti3+ → Ti4+ + CO

2

− (2)
OH∙ + CO

2

+ → HCO
3

− (3) CO
2

− +H+ + 𝑒− → CO +OH− (4)
CO
2

− + CO
2

− → CO + CO
3

2− (5) CO
2

− + [Ti3+ − Vo − Ti4+] ↔ CO + [Ti4+ −O2− − Ti4+] (6)

CO,HCO
3
− ,HCOOH 𝑒

−

→ C(ads)⋅ H
∙

→ CH
3
⋅

H∙
→ CH

4
(7)

Defective TiO2 brookite
CO
2
+ 2H+ + 2𝑒− → HCOOH (8) CO

2

− + 2H+ + 𝑒− → HCOOH (9)

HCOOH → CO +H
2
O (10) CO,HCOOH 𝑒

−

,H+
→ CH

4
(11)

It is interesting that the electronic structure of surface
oxygen vacancies can hardly be affected viawater dissociation
at these sites [112], not influencing the subsequent physical
adsorption of O

2
toward these oxygen vacancies [113] and the

bridging hydroxyls [114]. Henderson and the coworkers [112]
also explained the negative effect of excess water in gas-phase
photocatalysis. It is proposed that the second-layer H

2
O is

sufficient to inhibit O
2
adsorption towards the active sites. As

the effect of O
2
scavenger was weakened, the photocatalytic

efficiency would be lowered.

4.3.3. Adsorption of Organic Species. Degradation of organic
compounds by heterogeneous photocatalysts starts by
adsorbing organic specials, the rate of which is commonly
recognized to determine the overall photocatalytic efficiency.
The adsorption behavior of the organic compounds follows
the single molecule adsorption to the surface active sites
and can be described by Langmuir adsorption isotherm.
The adsorption mass of the substrate by TiO

2
particles is

usually very small due to the limitation of surface active
sites. TiO

2
nanostructures with high surface area have

been widely studied in the adsorption of organic species.
However, the surface area can hardly essentially change the
adsorption behavior of the organic substrates, moving from
the near-surface region to the surface active sites. It can be
supposed by the deduction from O

2
and H

2
O adsorption

that surface defects as OTDs are the main sites for the
dissociative adsorption/chemical adsorption whereas the
subsurface disordering defects tend to assist the physical
absorption on the surface. On the other hand, the chemical
adsorption of organic compounds and their by-products in

different defects may cause different degradation pathways
[45, 115, 116]. This variation would result in the change of the
reaction kinetic, adsorption-desorption completion toward
surface active sites with O

2
and H

2
O [117], mineralization

degree, photocatalytic quantum yield, and catalyst poisoning
degree as well [118]. Therefore, it is still necessary to discuss
this problem in the view of microcoscopic view. Zhang et
al. [119] studied the adsorption behavior of methanol on
TiO
2
and found that the methanol molecules are mainly

distributed on bridging oxygen vacancies (Figure 14).
The adsorption of organic species to TiO

2
surface defects

is widely studied by modeling of the process and theoretical
calculation. However, it is hard to build the adsorptionmodel
because of the complexity of the various organic compounds.
There exist no generally acceptable results even for a single
alcohol molecule. Zhang et al. [120] introduced an in situ
STM to study the methanol adsorption on TiO

2
surface.

O−H bond scission on oxygen vacancies was found to be
the dominant manner for methanol dissociation, prior to
C−O bond scission. This result is of great importance for the
exploration of the mechanisms in the methanol reforming
and organic species degradation. Farfan-Arribas et al. [69]
compared the adsorption behavior of ethanol, n-propanol,
and 2-propanol. It is found that the coverage of these com-
pounds increased and they tended to undergo decomposition
with the increased concentration of oxygen vacancies. Table 2
also provides an evidence for altering the reaction pathways
by surface defects as OTDs in photocatalytic reactions. This
reveals a surface defects-related change in reaction pathways
which is occurring, and it is important to understand the
mechanism of photocatalytic reactions.
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(a) (b)

Figure 14: STM images of the methanol molecules and oxygen vacancies distribution on TiO
2
surface. (a) Before methanol exposure, BBOv

represents the bonding bridging oxygen in the shallow bright color. (b) After methanol exposure, the strong bright dots reveal the methanol
adsorption sites [119].

5. Conclusion Remarks

Oxygen vacancies and Ti-related defects are the main lattice
defects in TiO

2
. The formation of oxygen vacancies, VO

 and
VO
, and the related Ti3+ defects are described. It provides

an internal relationship between the defects, which is vital
for understanding the behavior of the charge carriers in
photocatalysis. Once the defects are introduced, HOMO-
LUMO orbital can be reconstructed and the electronic cloud
density of pristine TiO

2
can be redistributed. Such electric

properties directly result in the narrowing of band gap
and the trapping of photoinduced charge carriers in sur-
face/subsurface. OTDs in the subsurface mainly serve as the
recombination center, and the concentrated lattice distortion
would largely consume the motion energy of excited charge
carriers. Both of them would deadly lower the life time of
the photogenerated charge carriers. OTDs in surface tend to
function as the electron pool favoring the e-h separation and
serve to adsorb active species as a result of the electronic force
toward electrostatic neutralization. Surface OTDs would also
mediate the charge transfer between the solid and the external
reactants. Moreover, the selective dissociated adsorption of
substance onto different kinds of OTDs is probably decisive
to the exploration of the reaction mechanism. To study the
behavior of defects caused by electronic driven forces is
vitally necessary for photocatalysis, and it will promote the
construction of environmentally friendly high-performance
photocatalysts for diverse specific applications.
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This study reports the photocatalytic degradation of the 𝛽-blocker metoprolol (MET) using TiO
2
suspended as catalyst. A series of

photoexperiments were carried out by a UV lamp, emitting in the 250–400 nm range, providing information about the absorption
of radiation in the photoreactor wall. The influence of the radiation wavelength on the MET photooxidation rate was investigated
using a filter cutting out wavelengths shorter than 280 nm. Effects of photolysis and adsorption at different initial pH were studied
to evaluate noncatalytic degradation for this pharmaceutical. MET adsorption onto titania was fitted to two-parameter Langmuir
isotherm. From adsorption results it appears that the photocatalytic degradation can occur mainly on the surface of TiO

2
. MET

removed by photocatalysis was 100% conditions within 300min, while only 26% was achieved by photolysis at the same time. TiO
2

photocatalysis degradation of MET in the first stage of the reaction followed approximately a pseudo-first-order model. The major
reaction intermediates were identified by LC/MS analysis such as 3-(propan-2-ylamino)propane-1,2-diol or 3-aminoprop-1-en-2-
ol. Based on the identified intermediates, a photocatalytic degradation pathway was proposed, including the cleavage of side chain
and the hydroxylation addition to the parent compounds.

1. Introduction

The presence of pharmaceutical drugs and endocrine disrup-
tors in surface, ground, and drinking waters is a growing
environmental concern [1–9]. This pollution is caused by
emission from production sites, direct disposal of surplus
drugs in households, excretion after drug administration to
humans and animals, wastewater from fish and other animal
farms, and industry [3, 10, 11]. Some of these drugs, as 𝛽-
blockers, have been detected in the order of ng L−1 to 𝜇g L−1
in the water [3–9, 12]. As an example, metoprolol tartrate salt
(MET), which is usually prescribed as antihypertensive or
antiarrhythmic, has been quantified up to 2 𝜇g L−1 in sewage
treatment plant (STP) effluents and to 240 ng L−1 in rivers
[13]. Metoprolol and atenolol together account for more than
80% of total 𝛽-blockers consumption in Europe [6]. During
the last years, metoprolol usage increased by a factor of 4,
probably due to a change in human behavior [6]. Although
full ecotoxicity data are not available [13, 14], it has been

shown that they can adversely affect aquatic organisms, even
at low concentration [2]. Due to its widespread occurrence
and potential impact, MET must be removed from treated
water before discharge or reuse.

Several treatments for the removal of these compounds
have been reported in the literature, including membrane
filtration [15], activated carbon adsorption [16], and reverse
osmosis [17, 18]. However, the conventional water treat-
ment processes are relatively inefficient in treating these
compounds [4, 19]. These pharmaceuticals can undergo
abiotic degradation (hydrolysis, photolysis) [13] and most of
them are photoactive because their structural compositions
consist of aromatic rings, heteroatoms, and other functional
groups that can absorb solar radiation [20]. Thus, sunlight
induced photochemical treatments should be considered as
an alternative to traditional treatment. Several researches
have demonstrated that MET shows slow direct phototrans-
formation and/or hydrolysis [13, 21, 22]. In this context,
advanced oxidation processes (AOPs) appear as a good
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Figure 1: Absorbance spectrum of MET for aqueous concentration
of 10mg L−1 (left axis) and lamp spectrum (right axis), where 𝑓(𝜆)
represents the spectral distribution of the lamp.

alternative for its degradation due to their versatility and
ability to increase biodegradability [23, 24]. Among the
different advanced oxidation processes, heterogenous photo-
catalysis has been a potential alternative for the degradation
of hazardous pollutants. Oxidation of organic compounds by
means of TiO

2
was achieved by hydroxyl radical generation

through the 𝑒−/ℎ+ pair generated when the semiconductor is
exposed to UV radiation [11, 14].

The main objective of this investigation is to undertake a
study on the heterogeneous photocatalytic degradation and
mineralization of MET in aqueous suspensions with TiO

2
.

In addition, the contribution of the degradation of MET
by direct photolysis and the adsorption of the metoprolol
onto TiO

2
were studied. In this way, the effect of different

initial pH values on the photodegradation rate and the
adsorption isotherms of metoprolol in TiO

2
suspensions

were determined. The contribution of direct photolysis in
photocatalysis was also examined in detail by using different
wavelengths and glass type photoreactors. Additionally, an
attempt has been completed to estimate the kinetic param-
eters and to identify the main intermediates formed during
the photocatalytic degradation of MET.

2. Materials and Methods

2.1. Chemicals and Reagents. Metoprolol tartrate (MET) salt
was purchased fromSigmaAldrichChemical Co. (Spain) and
used as received (1-[4-(2 methoxyethyl)phenoxy]-3-(propan-
2-ylamino)propan-2-ol tartrate (2:1), CAS no 56392-17-7,
(C
15
H
25
NO
3
)
2
C
4
H
6
O
6
, MW 684.81). Solutions of 50mg L−1

of MET were prepared using deionized water to assure
accurate measurements of concentrations, to follow the
TOC, to secure identification of intermediates, and to make
predictions about possible mechanisms of photocatalysis.
For pH adjustment, 0.1mol L−1 sulphuric acid or 0.1mol L−1
sodium hydroxide was used. All chemicals were HPLC grade,

and they were used without further purification. Titanium
dioxide (TiO

2
) Degussa P-25 (commercial catalyst ∼70%

anatase,∼30% rutile, surface area 50± 5.0m2 g−1, and 300𝜇m
particle size [25]) was used as received. This TiO

2
is a

photochemical stable material [6, 26, 27].

2.2. Analytical Instruments. The target compounds con-
centrations were monitored by a high-performance liquid
chromatograph (HPLC) from Waters using a SEA18 5 𝜇m
15 × 0.46 Teknokroma column and Waters 996 photodiode
array detector using Empower Pro software 2002 Water Co.
The mobile phase was composed by water and acetonitrile
(20 : 80), injected with a flow-rate of 0.85mLmin−1, and
detected at maximum metoprolol (221.9 nm). Total organic
carbon (TOC) was measured in a Shimadzu TOC-V CNS.
pH was measured by a Crison GLP 22 instrument. UV-
VIS spectra of MET (Figure 1) were obtained for 10mg L−1
aqueous solution on a PerkinElmer UV/vis Lambda 20 (200–
400 nm range) spectrophotometer.

2.3. Experimental Procedure. Photodegradation experiments
were conducted in a Solarbox (CO.FO.MEGRA,Milan, Italy)
and equipped with a Xenon lamp (Phillips XOP, 1000W)
and a tubular-horizontal photoreactor (0.084L illuminated
volume) located at the axis of a parabolicmirror in the bottom
of the Solarbox. The photon flux inside the photoreactor
was evaluated by o-nitrobenzaldehyde actinometry [28, 29],
being 2.68𝜇Einstein s−1. A stirred reservoir tank (1.0 L) was
filled with the pharmaceutical-TiO

2
(suspended) aqueous

solution. The solution was continuously pumped (peristaltic
pump Ecoline VC-280 II, Ismatec) to the equipment and
recirculated to the reservoir tank with a flow of 0.65 Lmin−1.
In order to keep the solution at 25∘C, the jacket temperature of
the stirred tank was controlled with an ultrathermostat bath
(Haake K10). Samples were taken every 30 minutes during
300 minutes and quickly analyzed. Before HPLC analysis,
samples were filtered through 0.20𝜇m PVDF membrane to
separate TiO

2
. All the experiments were duplicated and the

results presented were the mean values.
According to the literature [13], metoprolol stability

in aqueous solution was previously verified, by storing
50mg L−1 during 3 days in the dark at room temperature, and
no degradation was observed.

MET adsorption of TiO
2
was also measured. Thus, MET

solution (0 to 50mg L−1) was prepared with TiO
2
in suspen-

sion (0.4 g L−1) and placed into 25mL hermetic closed flasks,
adjusting the pH with NaOH solution (0.1mol L−1). The
conical flasks were shaken at a constant speed of 100 rpm and
at room temperature (25 ± 0.5∘C). Samples were taken every
24 h, assuming that adsorption equilibrium was reached.

For the identification of byproducts, the final sample
mixture, at 300 minutes, was analyzed by electrospray ion-
ization/mass spectrometry using a PerSeptive, TOF Mariner
Jascoo AS-2050 plus ISmass spectrometer into the𝑚/𝑧 range
of 50–1000. The experiments were carried out in replicate.
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Figure 2: MET photodegradation removal (I) and TOC/TOCo (∙)
under simulated UV.

3. Results and Discussion

3.1. Effect of UV Radiation Photolysis on Metoprolol Degra-
dation. When studying photocatalysis, it is very important
to be able to separate the influence of photolysis, since it is
expected to tackle the degradation of the substances mainly
induced by the action of the catalyst. For this purpose, a
series of experiments was done with UV illumination, and
without catalyst to highlight the metoprolol ability to absorb
the radiation reaching the system.

Figure 2 shows the results obtained after applying sim-
ulated sunlight. As observed, MET is not fast enough to be
photodegraded in water by direct photolysis [30]; only 26%
of MET in 300 minutes was degraded under simulated UV.
Moreover, it shows that direct photolysis was not able to
produce MET mineralization at the experimental conditions
tested. This behavior can be explained because the MET
absorption spectrum overlaps only slightly the spectrum of
the incoming radiation (Figure 1).

The UV-VIS absorbance was used to calculate the molar
absorption coefficient (𝜀) of the metoprolol at a wavelength
of 221.9 nm (Figure 1), assuming that Beer-Lambert’s law is
followed:

𝐴 = − log (𝑇) = 𝜀 × 𝑙 × 𝐶, (1)

where 𝐴 is the absorbance (measured directly by the spec-
trophotometer),𝑇 is the transmittance, 𝜀 is themolar absorp-
tion coefficient, 𝑙 is the distance that the light travels through
the material, and 𝐶 is the concentration of pollutant. The
molar absorption coefficient (𝜀) was 281 Lmol−1 cm−1; this
value is very similar to other reported values [12, 13].This low
value explains the MET stability in direct photolysis condi-
tions. Nevertheless, different studies [12, 13, 31] show a high
photoability of some 𝛽-blockers, for example, propranolol,
nadolol, and alprenolol. The rapid photodegradation of these
compounds was supported by a high molecular absorption
coefficient (𝜀 > 800 Lmol−1 cm−1). This confirmed the
hypothesis that photoinitiated reactions contribute to the
degradation of naphthalene backbone (i.e., propranolol) [32],
whereas the metoprolol, having a benzoic skeleton, is not
sensitive to direct photolysis when dissolved in deionized
water [33].
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Figure 3: Effect of pH on adsorption of MET over TiO
2
at 25∘C, pH

9 (∙), and free pH (I).

The efficiency of the photochemical transformation pro-
cess depends on many factors such as the irradiation setups,
the characteristics of the light source, the water matrix
used, the initial concentration, and the pH of the solutions
[31]. Tests were carried out using different photoreactors,
a borosilicate Duran, and quartz glass reactor, cutting out
wavelengths shorter than 290 and 320 nm, respectively. Other
experiments have been done with and without glass filter for
restricting transmissions of light below 280 nm.

In this study, the effect of borosilicate Duran and quartz
glass material reactor has been investigated under UV radi-
ation. It was observed that MET removal was 25% and 28%
and the TOC reduction was 3.60% and 1.62%, for reactors
made with borosilicate Duran and quartz, respectively. Thus,
although the mineralization was not significant, there is a
small photodegradation of MET for the two tested reactors,
after 300 minutes of reaction. Moreover, the effect of a filter
glass cutting out wavelengths shorter than 280 nm has been
investigated. As a result, only 19% ofMET in 300 minutes has
been removed with the glass filter; however, MET removal
of 25% can be achieved without filter glass. TOC conversion
was 6.37% and 3.60%with andwithout filter, correspondingly
after 300 minutes, thus confirming that the mineralization is
very low in both cases.

Summarizing, UV irradiation in the absence of TiO
2

achieved an MET degradation lower than 30% after 300
minutes of irradiation, confirming that the direct photolysis
is not fast enough to be considered as an adequate technology.

3.2. The Role of the Adsorption on the Photocatalytic Degrada-
tion. Since the adsorption can play an important role in the
evolution of the photodegradation, adsorption experiments
at constant temperature (25 ± 0.5∘C) were carried out. The
adsorption capacity of MET, 𝑞

𝑒
(mg g−1), was calculated

from the difference in MET concentration in the aqueous
phase before and after adsorption at different initial MET
concentrations (0, 6.2, 12.5, 25, 37.5, and 50mg L−1). The
variation in adsorption of MET onto TiO

2
was studied at two

pHs: 9 and free pH (pH ≈ 5.8). Figure 3 presents the obtained
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Table 1: Isotherm parameters for MET adsorption onto TiO2 obtained by linear method at 25∘C.

Two-parameter model Parameters pH
Free 9

Langmuir

𝑞
𝑒
=

𝑞
𝑚
𝐾
𝑎
𝐶
𝑒

1 + 𝐾
𝑎
𝐶
𝑒

𝑞
𝑚
(mol g−1) 0.0014 0.0250

𝐾
𝐿
(Lmol−1) 0.0930 0.0817

𝑅2 0.987 0.998

Freundlich
𝑞
𝑒
= 𝐾
𝐹
𝐶
𝑒

1/𝑛

1/𝑛 0.244 0.670
𝐾
𝐹
(Lmol−1) 0.00042 0.00129

𝑅2 0.105 0.147

Temkin

𝑞
𝑒
=
𝑅𝑇

𝑏
ln (𝐾
𝑇
+ 𝐶
𝑒
)

𝑅𝑇/𝑏 0.00024 0.00508
𝐾
𝑇
(Lmol−1) 2.718 0.962

𝑅2 0.604 0.982
Dubinin-Radushkevich

𝑞
𝑒
= 𝑞
𝐷
exp(−𝐵

𝑑
[𝑅𝑇 ln(1 + 1

𝐶
𝑒

)])

𝑞
𝐷
(mol g−1) 0.0013 0.0233

𝐵
𝐷
× 10−3 (mol2 kJ−2) 1.533 1.532

𝑅2 0.835 0.778
Three-parameter model

Redlich-Peterson

𝑞
𝑒
=

𝐾RP𝐶𝑒

1 + 𝑎
𝑅
𝐶
𝑒

𝛽

𝐾RP (Lmol−1) 0.00011 0.10
𝑎
𝑅
(Lmol−1) 0.051 18.040

𝛽 0.999 0.679
𝑅2 0.826 0.789

Langmuir-Freundlich

𝑞
𝑒
=

𝐾LF𝐶
𝑛LF
𝑒

1 + (𝑎LF𝐶𝑒)
𝑛LF

𝐾LF (Lmol−1) 0.000205 0.00809
𝑎LF (Lmol−1) 0.134 0.310
𝑛LF 0.779 0.92
𝑅2 0.211 0.734

results and indicates that the amount adsorbed increases
when pH does it.

The increase in the adsorption ofmetoprololwith increas-
ing pH can be elucidated by considering the surface charge of
the adsorbentmaterial (pHpzc ∼ 6.5) [13, 34].That is, titanium
dioxide surface is positively charged in acid media pH (pH ≤
7) whereas it is negatively charged under alkaline conditions
(pH ≥ 7) [29, 35]. Also, metoprolol can be transformed
to MET anion in the basic pH (pH ∼ 10) since the pKa
value of metoprolol is 9.7 [36]. Under free pH conditions,
close to the point zero charge of TiO

2
(6.5) [30], MET is

positively charged. A low adsorption was observed due to
no electrostatic attraction between the surface charge and
MET. A highest adsorption between MET and TiO

2
would

be observed at pH 9, because the negative charges of the
surface of the catalyst attract the protonated MET form. In
addition the photocatalytic degradation would be expected
on the surface of the catalysis.

Two-parameter isothermmodels (Langmuir, Freundlich,
Temkin, and Dubinin-Radushkevich) and three-parameter
isotherm models (Redlich-Peterson and Langmuir-
Freundlich) were tested in the fitting of the adsorption
data of MET onto titanium dioxide [37, 38].

𝐾
𝑎
, 𝐾
𝐹
, 𝐾
𝑇
, 𝐾RP, and 𝐾𝐿 are the Langmuir, Freundlich,

Temkin, Redlich-Peterson and Langmuir-Freundlich adsorp-
tion equilibrium constants (Lmol−1), respectively; 𝑎

𝑅
and

𝑎LF are also the Redlich-Peterson and Langmuir-Freundlcih

constants (L mol−1), respectively; 𝐶
𝑒
and 𝑞

𝑒
are the equilib-

rium concentration (mol L−1) and the adsorption capacity
(mol g−1), respectively; 𝑞

𝐷
is the Dubinin-Radushkevich

saturation capacity (mol g−1). The parameter 𝑞
𝑚
represents

the maximum monolayer adsorption capacity (mol g−1) and
1/𝑛 the adsorption intensity, which provides an indication of
favorability and capacity of the adsorbent/adsorbate system.
The parameter 𝑏 is related to the adsorption heat;𝐵

𝐷
gives the

mean adsorption free energy 𝐸
𝐷
(kJmol−1). The parameters

𝛽 and 𝑛LF are the Redlich-Peterson and Langmuir-Freundlich
exponents which lie between 0 and 1 [39]. And 𝑅2 is the
corresponding sum of squares error obtained in the fitting
experimental data of each model.

From Table 1, it was observed that the best fitting were
obtained for Langmuir isotherm (𝑅2 = 0.987 and 0.998 for
free pH and pH 9, respectively).Thus, these models represent
the equilibrium adsorption of MET on TiO

2
particles in the

range of concentration studied. Accordingly, the adsorption
mechanism may be interpreted as a monolayer coverage of
the catalyst surface.

For free pHMET adsorption (𝑞
𝑚
) was lower than for pH

9, 0.0014mol g−1, and 0.0250mol g−1, respectively. In these
cases, the adsorption does not play an important role in the
photocatalytic process. TheMET percentage removal in dark
conditions was 0.1% and 11% for free pH and pH 9.These low
adsorption values andMET percentage removals suggest that
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Table 2: Kinetics of metoprolol UV-C photodegradation under different conditions.

Glass material reactor Glass filter 𝜆 ≥ 280 nm pH 𝑡
1/2

(h)

Photolysis
Borosilicate with 5.8 ± 1 16.5 ± 0.5

without 5.8 ± 1 11.6 ± 0.6

Quartz without 5.8 ± 1 10.5 ± 0.5

Photocatalysis Borosilicate without 5.8 ± 1 0.81 ± 0.4

without 9.0 ± 1 0.58 ± 0.3

the most possible way of degradation could be reached by
migration of ∙OH radicals to the bulk of the suspension.

3.3. Degradation of MET by Photocatalytic Process. The pho-
tocatalytic degradation of MET solution (50mg L−1) was
carried out during 300 minutes, in the presence of 0.4 g L−1
of TiO

2
under UV-VIS light at room temperature. It is know

that, in heterogeneous photocatalysis, the rate of degradation
is not always proportional to the catalyst load [40]. An
optimal point exists where TiO

2
loaded shows a maximum

degradation rate. Previous studies carried out in our research
group reported that the optimum catalyst concentration was
0.4 g L−1 [41]. Over this value, scattering can appear, and
therefore increase in degradation rate does not occur.

Firstly, the solution mixture was stirred for 24 hours
without irradiation in order to get the equilibrium of MET
adsorption.

Figure 4 depicts the photocatalytic degradation of MET
at free pH and pH 9. Maximum conversions are achieved
at 240 and 300 minutes for pH 9 and free pH, respectively.
An important remark is that the initial removal rate for free
pH and pH 9 experiments is different, being higher at pH
9. The effect of pH on the conversion is a complex issue
related to the ionization states of the catalyst surface and the
substrate, as well as the rate of formation of radicals and other
reactive species in the reactionmixture [42].These effects can
be assessed since the action of the holes is favored at acidic
conditions, while hydroxyl radicals become the dominant
species at neutral and alkaline conditions [42].

As known, photocatalysis occurs through the energy
adsorption by the catalyst (light between 200 and 400 nm for
TiO
2
). Under excited condition, the valance band-electron is

transferred to the conduction band forming the hole-electron
pair (ℎ+/𝑒−) (2).The hydroxyl radicals are formed by cleavage
of adsorbed molecules of water [43]:

TiO
2
+ ℎ𝛾 → TiO∗

2
(
ℎ+

𝑒−
) (2)

ℎ+ +H
2
O → ∙OH +H+ (3)

If organic compounds are absorbed on the surface of the
catalyst, the ∙OH nonselective attack promotes the cleavage
of compounds bounds.The higher MET degradation and the
low MET adsorption on catalyst at a pH 9 suggest that the
∙OH attack in the bulk of solution can be responsible for the
MET degradation [40, 44].

The values of TOC during the photocatalytic degradation
of MET, at two different pHs, are given in Figure 4. The TOC
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and pH 9 in photocatalytic experiments.
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Figure 5: MS spectrum of major oxidation products of metoprolol.

increases with time, indicating the increasing mineralization
of the initial organic structures.

3.4. Kinetics of MET Degradation. The Langmuir-Hinshel-
wood (L-H) model is usually used to describe the kinetics of
photocatalytic degradation of organic pollutants [12, 13, 30,
31, 41, 45], being the kinetic equation expressed as

𝑟 = −
𝑑𝐶

𝑑𝑡
=
𝐾ads ⋅ 𝑘H-L ⋅ 𝐶

1 + 𝐾ads ⋅ 𝐶
, (4)
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Table 3: Intermediates proposed for the photocatalytic degradation of MET.

Detected
compound (DP)

Ret. time
(min) 𝑚/𝑧 (Da) Molecular

formula Proposed structure

Metoprolol 3.24 268 C15H25NO3

O

O NH

HO

CH3

CH3

H3C

1 2.59 74 C4H11N

OH

H2C
NH2

2 3.24 76 C3H9NO

HO

H3C
NH2

3 2.59 92 C3H9NO2 HO

HO

NH2

4 2.59 102 C5H11NO
NH

O

H
CH3

CH3

5 2.59 116 C6H13NO
NH

O

CH3

CH3

H3C

6 3.24 118 C6H15NO
NH

H3C

OH

CH3

CH3

7 2.59 120 C5H125NO2

NH

OH

CH3

CH3

HO

8 2.59 134 C6H15NO2

NH

OH

CH3

CH3
HO

9 3.23 161 C11H12O

O
CH3

H2C

10 3.23 193 C12H16O2

O

O

H3C
CH3
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Table 3: Continued.

Detected
compound (DP)

Ret. time
(min) 𝑚/𝑧 (Da) Molecular

formula Proposed structure

11 3.24 208 C12H17NO2

O

O

H3C

NH2

12 3.03 220 C13H17NO2

O

O

H

NH

CH3

CH3

13 3.03 226 C12H19NO3

O

O NH2

H3C

OH

14 4.71 238 C13H19NO3

O NH

O

H

CH3

CH3

OH

15 3.23 240 C13H21NO3

O NH CH3

CH3HO

OH

16 3.98 300 C15H25NO5

O

O NH

HO

(OH)2

H3C

CH3

CH3

17 3.98 316 C13H25NO6

NH

O

O

HO

(OH)3

H3C

CH3

CH3

18 3.23 332 C13H19NO7

O

O NH

HO

(OH)4

H3C

CH3

CH3

where 𝑟 is the degradation rate, 𝐶 is the reactant concentra-
tion, 𝑡 is the time, 𝑘H-L is the rate constant, and 𝐾ad is the
adsorption equilibrium constant.

Thismodel assumes that adsorption is a rapid equilibrium
process and that the rate-determining step of the reaction
involves the species present in amonolayer at the solid–liquid
interface. Furthermore if the adsorption of MET onto the

surface of the photocatalysts is very low, 𝐾ads ⋅ 𝐶 can be
neglected in the denominator simplifying the equation to a
pseudo-first-order equation as given by [46]

𝑟 = −
𝑑𝐶

𝑑𝑡
= 𝐾ads ⋅ 𝑘H-L ⋅ 𝐶 = 𝑘 ⋅ 𝐶. (5)
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Figure 6: Proposed pathways for the degradation of MET.

The integrated form of the above equation is represented by

ln(
𝐶
𝑜

𝐶
) = 𝑘app ⋅ 𝑡, (6)

where 𝐶
0
is the initial pollutant concentration and 𝑘app is the

apparent pseudo-first-order reaction rate constant.
The half-life was calculated with the following expression:

𝑡
1/2

=
ln 2
𝑘
. (7)

The values of 𝑡
1/2

in Table 2 verify that the direct photolysis
under simulated light was very low. The low photodegra-
dation of MET was also supported by a low molar absorp-
tion coefficient (281 Lmol−1 cm−1) measured at 221.9 nm
wavelength. However, an important increasing difference is
observed in the MET degradation when TiO

2
is present.

Also, when photocatalytic process is applied, results in
TOC conversion (63%) are notoriously improved, for initial
concentration of 50mg L−1 of MET and 0.4 g L−1 of catalyst.

If both processes are compared, photocatalytic process
is always much faster than the photolytic degradation of
MET. Therefore, the interest of using photocatalysis in the
treatment of this type of pollutant is obvious.

3.5. Intermediates during Reaction. The major by-products
formed during 6 hours of photocatalytic treatment of MET

were identified (Figure 5). The study was carried out using
HPLC/MS in positive electrospray model. The degradation
intermediates for MET are shown in Table 3.

The metoprolol has a molecular weight [M + H+] = 268.
Three intermediates corresponding to the binding of ∙OH
radicals in the aromatic ring were detected at 𝑚/𝑧 300, 316,
and 332, di-(DP (Detected Compound) 16), tri-(DP 17), and
tetrahydroxy (DP 18) DPs, respectively. After breaking the C–
C bond in the aliphatic part of theMETmolecule, amino-diol
(DP 8) was identified as one of the dominant intermediates
with𝑚/𝑧 = 134. Different fragments of the ethanolamine side
were also identified (DP 1, DP 2, DP 3, DP 4, DP 5, DP 6, and
DP 7), probably due to the loss of the hydroxyl group and the
loss of isopropyl moiety.

PD 15 can be formed probably by reactions which involve
attack on the ether side chain followed by elimination. On
the other hand, the oxidation of alcohols to aldehydes can
be explained by the formation of DP 14 with 𝑚/𝑧 = 238
[47]. The hydrogen abstraction and the water elimination
of DP 14 probably generate a carbonyl, followed by an
intermolecular electron transfer; it generates a double bond
and the consequent formation of DP 12.

Oxidative attack on the dimethylamine moiety results
in a DP 13 with 𝑚/𝑧 = 226. Following this, the hydrogen
abstraction and elimination of water of DP 13 generate a
carbonyl which followed by intermolecular electron transfer-
ence, generates a double bond and forming DP 11. The DP
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11 can generate DP 10 corresponding to a loss of ammonia
after the hydrogen abstraction. The intermediate 9 could be
formed by the loss of methanol combined with the attack of
∙OH on the C atom next to the ether oxygen in the aliphatic
part of DP 10.

A simplified fragmentation pathway ofmetoprolol degra-
dation is shown in Figure 6.

4. Conclusions

Langmuir isotherm fits very well the experimental data,
which indicates that the adsorption of the MET onto TiO

2

is by monolayer coverage of the catalyst surface. The results
confirmed that the degradation of MET is not able to
undergo by direct photolysis due to its lower absorption
coefficient. In contrast, the addition of TiO

2
photocatalyst

significantly increases its degradation rate and, after 240min
of irradiation, MET was totally eliminated for pH 9. The
experimental data indicates that TiO

2
photocatalysis allows

a fast and efficient removal of metoprolol, transforming
substrate into by-products that are more difficult to be
degraded by photocatalysis, as evidenced by the level of
mineralization achieved (63%). Disappearance of MET by
photocatalysis follows Langmuir-Hinshelwood model that
can be simplified as a pseudo-first-order equation, as usually
found in heterogenous photocatalysis at low concentration.
Photocatalytic degradation rate of MET depends on pH,
occurring the faster degradation at pH 9. At last, based on
the identified degradation intermediates at 6-hour reaction
time, a photocatalytic degradation pathway ofmetoprolol was
proposed. The main pathways involved in the photocatalytic
degradation process include hydroxilation of the aromatic
ring, shortening of methoxyl contained in the lateral chain,
and cleavage of or addition of ∙OH to the amine lateral chain.
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[27] M. Šcepanovic, B. Abramovic, A. Golubovic et al., “Photocat-
alytic degradation of metoprolol in water suspension of TiO

2

nanopowders prepared using sol-gel route,” Journal of Sol-Gel
Science and Technology, vol. 61, pp. 390–402, 2012.

[28] K. L. Willett and R. A. Hites, “Chemical actinometry: using o-
Nitrobenzaldehyde to measure light intensity in photochemical
experiments,” Journal of Chemical Education, vol. 77, no. 7, pp.
900–902, 2000.

[29] N. De la Cruz, V. Romero, R. F. Dantas et al., “o-
Nitrobenzaldehyde actinometry in the presence of suspended
TiO
2
for photocatalytic reactors,” Catalysis Today, vol. 209, pp.

209–214, 2013.
[30] F. J. Rivas, O. Gimeno, T. Borralho, and M. Carbajo, “UV-C

radiation based methods for aqueous metoprolol elimination,”
Journal of Hazardous Materials, vol. 179, no. 1–3, pp. 357–362,
2010.

[31] D. Fatta-Kassinos, M. I. Vasquez, and K. Kümmerer, “Trans-
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degradation of non-steroidal anti-inflammatory drugs with
TiO
2
and simulated solar irradiation,” Water Research, vol. 42,

no. 3, pp. 585–594, 2008.
[44] H. Yang, T. An, G. Li et al., “Photocatalytic degradation kinetics

and mechanism of environmental pharmaceuticals in aqueous
suspension of TiO

2
: a case of 𝛽-blockers,” Journal of Hazardous

Materials, vol. 179, no. 1–3, pp. 834–839, 2010.
[45] R. F. Dantas, O. Rossiter, A. K. R. Teixeira, A. S. M. Simões,

and V. L. da Silva, “Direct UV photolysis of propranolol
and metronidazole in aqueous solution,” Chemical Engineering
Journal, vol. 158, no. 2, pp. 143–147, 2010.

[46] C. Sahoo, A. K. Gupta, and I. M. S. Pillai, “Heterogeneous
photocatalysis of real textile wastewater: evaluation of reaction
kinetics and characterization,” Journal of environmental science
and health A, vol. 47, pp. 2109–2119, 2012.

[47] M. L. Wilde, W. M. M. Mahmoud, K. Kümmerer, and A. F.
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In this study, a pilot-scale Fresnel lens mounted inclined plate curvature channel (IPCC) solar photo-Fenton reactor was well
designed, established, and evaluated for the treatment of the electro-optical industry wastewater. Under an initial pH of 3.0, a
[H
2
O
2
]
0
/COD

0
ratio of 2, and a [H

2
O
2
]
0
/[Fe2+]

0
ratio of 7.5 for a reaction time of 60min, the COD of the wastewater could reach

a reduction of 85–90% which meets the effluent standard of EPA, Taiwan (COD < 100mg/L). In addition, it was found that solar
light could be concentrated, which resulted in an increase in UVa+b intensity for 1.89 to 3.76 times and the temperature of the
wastewater could be raised for 8 to 16∘C. Therefore, the residual COD of the electro-optical industry wastewater was also kept
under 100mg/L after a 60 min of treatment even in winter season. Furthermore, the microtoxicity of the wastewater was essentially
removed. Accordingly, these results illustrated that the IPCC reactor showed a synergistic effect on the solar photo-Fenton process
not only in effectively dealing with a large amount of industrial organic wastewater, but also in the sector of energy conservation in
terms of effective utilization of solar energy.

1. Introduction

Organic wastewater from the electro-optical industry gener-
ally contains so many residuals such as TMAH (C

4
H
13
NO),

PGMEA (C
6
H
12
O
3
), acrylic resin, and pigments and it is

variable in composition and strength at different stages
of process. The effluent is usually characterized as a high
chemical oxygen demand (COD) of wastewater. Therefore,
biological treatment processes are susceptible for treatment of
electro-optical industry wastewater. Instead, activated carbon
adsorption or coagulation is commonly used. However, new
environmental laws may consider the spent adsorbents or
sludge as hazardous waste and require further treatment.
Consequently, intensive research for novel technologies with
higher efficiency and less amount of waste generated has been
stimulated. For that reason, advanced oxidation processes
(AOPs) have been previously described as a promising option
to remove persistent pollutants from contaminated water
[1] when conventional water treatment processes are not
efficient enough. AOPs are able to produce a highly reactive,
nonspecific oxidant, mainly hydroxyl radicals ( ∙OH). The

hydroxyl radical possesses inherent properties that enable it
to attack refractory organic pollutants in water to achieve a
complete mineralization. However, the production of pho-
tons with artificial light sources requires significant electrical
energy demand andUV lamp consumption, leading in a high
operation cost in AOPs [2].

Alternatively, solar energy is essentially unlimited and
its utilization is ecologically benign. In the wastewater treat-
ment sector, solar technology has been extensively used as
alternative to UV lamps to reduce the operation cost in
AOPs [3]. In particular, photo-Fenton process (1)–(3) using
solar irradiation has been used as an economically viable
process and has attracted great interest in recent years [4].
However, solar photo-Fenton process was usually carried
out by using solar irradiation directly, resulting in a lower
absorption and utilization of solar energy [5]. To improve the
efficiency and actual practice of solar photo-Fenton process,
it is necessary to maximize the absorption of solar energy for
process reactor. Hence, a solar light concentrated compound
parabolic collector (CPC) was effectively used to treat landfill
leachate in the study of Vilar et al. [6]. Additionally, Fresnel
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(a) With Fresnel lens (b) Without Fresnel lens

Figure 1: Photograph of pilot-scale solar inclined plate curvature channel (IPCC) reactor.

lens has been proven as an appropriate concentrating device
for using in solar photo-Fenton process [7, 8]:

Fe2+ +H
2
O
2
→ Fe3+ + ∙OH+OH− (1)

Fe3+ +H
2
O → Fe(OH)2+ +H+ (2)

Fe(OH)2+ + ℎ] → Fe2+ + ∙OH (3)

In this study, a pilot-scale Fresnel lens mounted inclined
plate curvature channel (IPCC) reactor was well designed,
established, and evaluated for treatment of the electro-optical
industry wastewater in different seasons.

2. Material and Methods

2.1. Materials. The industry wastewater used in this study
was obtained from an electro-optical industry plant located
in Miao-Li, Taiwan, during 2010–2012. The characteristics
of electro-optical industry wastewater are shown in Table 1.
Basically, the wastewater has the properties of high pH
(10.7−11.2), COD (563−593mg/L), and TOC (174−180mg/L).
Hydrogen peroxide (H

2
O
2
) with a concentration of 35% was

supplied by Panreac Co., EU. FeSO
4
⋅ 7H
2
O (Panreac Co., EU)

with a purity of 99% was used as a source of ferrous ion. All
other chemicals used in this study were analytical grade and
used as received.

2.2. Procedures. All experiments were carried out in a pilot-
scale Fresnel lens (5 Fresnel lens, which was made of PMMA
with a thickness of 2mm, a pitch of 0.5mm, a facet depth
of 0.2mm, and Fresnel circles of 395 were used) mounted
inclined plate curvature channel (IPCC) reactor (Figure 1).
The distance between Fresnel lens and inclined plate is 16 cm.

Table 1: Characteristics of electro-optical industry wastewater.

Item Range
pH 10.76∼11.24
UV254 0.770∼0.801
COD, mg/L 563∼593
TOC, mg/L 174.1∼180.3
SS, mg/L 0.67∼2.17
Color (ADMI value) 507∼565

Table 2: Average light intensity and temperature of different seasons
in Miao-Li, Taiwan.

Light range Summer—Sep. Winter—Feb. Spring—May
VIS, W/m2 749.8 711.2 817
UVa+b, W/m2 39.92 35.18 39.91
UVa, W/m2 39.58 36.54 38.16
UV365, W/m2 8.41 7.5 8
UV254, W/m2 5.14 3.54 3.8
Temp., ∘C 33.9 26 34.66

An 8 L of the electro-optical industry wastewater was used for
each experiment with an initial pH of 3.0, a [H

2
O
2
]
0
/COD

0

ratio of 2.0 g/g, and a [H
2
O
2
]
0
/[Fe2+]

0
ratio of 7.5 (i.e.,

an initial H
2
O
2
dosage of 1173mg/L (34.5mM); an initial

Fe2+ dosage of 256mg/L (4.6mM)) for a reaction time of
60min, which was on the basis of the results from a previous
study with 3∗3 RSM central composite design experiments
[9]. During the experiments, the pH of the solution was
monitored using a pH meter (SP-701LI 120, Suntex Co.,
Taiwan) equipped with a glass electrode. Samples were with-
drawn from the reactor at preset time intervals, quenched
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Table 3: Effect of Fresnel lens on the light amplification of IPCC in different seasons.

Light range Amplification of light intensity
Summer—Sep. Winter—Feb. Spring—May

VIS >2 >2 >2
UVa+b 3.76 1.89 2.55
UVa 3.86 1.74 2.64
UV365 3.28 1.74 2.76
UV254 3.35 1.83 2.74

Table 4: Effect of Fresnel lens on IPCC for treatment of the electro-optical industry wastewater in different seasons.

Condition a𝑘COD, min−1 c𝑟2 Fresnel lens effect b𝑘TOC, min−1 c𝑟2 Fresnel lens effect
With Fresnel lens
(Summer—Sep.) 0.056 0.958 1.7 0.018 0.964 1.20

Without Fresnel lens
(Summer—Sep.) 0.033 0.906 — 0.015 0.969 —

With Fresnel lens
(Spring—May) 0.046 0.944 1.44 0.015 0.975 1.07

Without Fresnel lens
(Spring—May) 0.032 0.915 — 0.014 0.955 —

With Fresnel lens
(Winter—Feb.) 0.024 0.907 1.04 0.007 0.937 1.4

With Fresnel lens
(Winter—Feb.) 0.023 0.900 — 0.005 0.962 —

∗Operation condition: pH0: 3.0, 2.0 gH2O2/g COD, [H2O2]0/[Fe
2+]0 = 7.5.

a
𝑘COD: pseudo-first order rate constant based on the degradation of COD in solution.

b
𝑘TOC: pseudo-first order rate constant based on the degradation of TOC in solution.

c
𝑟
2: coefficient of determination.

with sodium hydrogen sulfite to avoid further reactions,
then tested for H

2
O
2
consumption according to the method

reported by Sellers [10] and iron as Fe2+ ion is determined
by Fe(II)/1,10-phenanthroline complex at 510 nm [11] using
a Hitachi (Japan) U-2001 spectrophotometer instantly. The
remaining samples were then stored at 4∘C for the following
COD, TOC, and microtoxicity analysis.

The solar irradiation was measured with a LI-250 radia-
tion indicator (LI-COR Co., USA) of pyranometer LI-200SA
and a UV

280–400 nm detector of PMA 2100 (Solar Light Co.,
USA).

2.3. Analysis

2.3.1. Chemical Oxygen Demand (COD) Measurement. COD
of solution via a DR 4000 photometer (HACH Co., USA)
by using a K

2
Cr
2
O
7
as the reacting reagent was measured in

order to understand the changes of degree of oxidation for
color filter wastewater.

2.3.2. Total Organic Carbon (TOC) Measurement. TOC of
solution was measured by using a Shimadzu VCPH analyzer
(Shimadzu Co., Japan) in order to know the amount of
organics in color filter wastewater degraded to CO

2
during

oxidation.

2.3.3. Microtoxicity Measurement. The microtoxicity of each
sample was measured using an SDI M500 (SDI Co., USA)

analyzer. Microtoxicity is expressed as EC
50

(5min, 15∘C),
which was defined as the effective concentration of solution
for a 50% reduction of the luminescence of the bacterium
Photobacterium phosphoreum. A lower EC

50
value indicates a

higher amount of toxic constituent presented in the pollutant
solution. The EC

50
values are expressed as percentage (%

v/v) of the sample [12, 13]. In addition, EC
50

values could
be transformed to toxicity units (TU

50
), which was equal

to 1/EC
50
. The EC

50
of electro-optical industry wastewater

was measured and it was 300∼400%. Toxicity Unit (TU
50
)

was therefore in the range of 0.25∼0.33. In this study, the
TU
50

value was used to trace the change in toxicity of
the electro-optical industry wastewater due to solar photo-
Fenton treatment.

3. Results and Discussion

Table 2 showed the average light intensity and temperature
of different seasons in Miao-Li, Taiwan. Basically, it was
found that the solar light concentrating effect of Fresnel lens
for IPCC reactor could result in an increase of 1.89∼3.76
times of solar light irradiation (UVa+b) (Table 3), which is
higher than that (1.2 times) of CPC reactor [15], and a raising
heat irradiation in terms of 8∼16∘C increase of wastewater
temperature in this study. Figure 2 showed the effect of
Fresnel lens on the pH, H

2
O
2
consumption, and residual

Fe2+ concentration in the electro-optical industry wastewater
treated by solar IPCC reactor. The observed final pH of
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Figure 2: Effect of Fresnel lens on the pH, H
2
O
2
consumption, and residual Fe2+ concentration in the electro-optical industry wastewater

treated by solar IPCC reactor (initial pH: 3.0; [H
2
O
2
]
0
/COD

0
= 2.0 g/g; [H

2
O
2
]
0
/[Fe2+]

0
= 7.5).

Table 5: Comparisons of operation performance for compound parabolic collecting reactor (CPC), falling film reactor (FFR), and inclined
plate curvature channel (IPCC) reactor.

Reactor type Waste-water
type and vol. (L)

Radiation area
on reactor (m2)

Reaction
time (h)

Accumulation
irradiated

energy (kJ/L∗h)

Initial COD
(mg/L)

Final COD
(mg/L)

Operation
dosage

CPC [14] Olive mill
waste-water 30 L 3.08 12 11.42 3400 1700

[H2O2]0 =
5000mg/L
[Fe2+]0 = 5mM

FFR [14] Olive mill
waste-water 19 L 1 14 5.64 3000 1700

[H2O2]0 =
5000mg/L
[Fe2+]0 = 5mM

IPCC (this study)
Electro-optical

industry
waste-water 8 L

0.12 1 7.45 588 44

[H2O2]0 =
1173mg/L
[Fe2+]0 =
4.6mM
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the treated wastewater was around 2.6–2.8. With the assis-
tance of Fresnel lens, IPCC reactor had a higher H

2
O
2

consumption efficiency due to a higher residual Fe2+ con-
centration to react with H

2
O
2
. Moreover, Figure 3 showed

the effect of Fresnel lens on the COD and TOC degradation
efficiency of the electro-optical industry wastewater by solar
IPCC reactor in different seasons. As shown in Figure 3,
the COD of the wastewater could have a reduction of 85–
90% and reach the effluent standard of EPA, Taiwan (COD
< 100mg/L), within a reaction of 60min. An increase in
COD degradation of 6–20% and a TOC degradation of 5–
20% of the electro-optical industry wastewater were reached
with the assistance of Fresnel lens. Also, it was found that
the degradation efficiency of the electro-optical industry
wastewater with the use of Fresnel lens at a reaction time of
45min was higher than that without the assistance of Fresnel
lens at a reaction time of 60min in summer season (Sep.).
This could be due to a higher light irradiation and water
temperature increased the consumption of H

2
O
2
as shown

in Figure 4, that is, increasing the reaction rate between
hydrogen peroxide and any form of ferrous/ferric ion, thus
increased the rate of generation of oxidizing species such
as ∙OH radical [16]. Furthermore, the microtoxicity (TU

50
)

of electro-optical industry wastewater decreased almost to
0 as the reaction proceeded only 15min for each season,
indicating that the treated wastewater was essentially non-
toxic. A similar phenomenon was also found in the study of
Will et al. [17]. Its result indicated that the TOC degradation
efficiency of phenol wastewater was 45% and 55% for a
solar irradiation of 450W/m2 and 750W/m2, respectively.
In addition, Rodriguez et al. [18] also showed that the
degradation efficiency of textile wastewater increased, while
the temperature of water was raised obviously from 30∘C to
60∘C in photo-Fenton process.

To quantitatively analyze the effect of Fresnel lens on
the degradation rate of electro-optical industry wastewater
treated by solar IPCC reactor in different seasons, a pseudo-
first order model expressed by (4) was applied to obtain the
rate constants:

−
𝑑𝐶

𝑑𝑡
= 𝑘𝐶, (4)

in which 𝐶 is the concentration of COD or TOC in solu-
tion at time 𝑡 and 𝑘 is the pseudo-first order rate constant.
It was found that both COD and TOC degradation rate
of the electro-optical industry wastewater with or without
Fresnel lens followed the pseudo-first order reaction kinetics
as indicated by a high determination coefficient (𝑟2 >
0.90) (Table 4). It was found that an enhancement for the
degradation rate of electro-optical industry wastewater was
observed by the aid of Fresnel lens. In summer season,
the COD and TOC degradation rate of the electro-optical
industry wastewater was increased by a factor of 1.7 and 1.2,
respectively.

Furthermore, in order to evaluate precisely the operation
performance of IPCC, a comparison among IPCC, com-
pound parabolic collecting reactor (CPC) [14], and falling
film reactor (FFR) [14] was made as shown in Table 5. It was
found that IPCC had a greater COD degradation efficiency

as compared to CPC and FFR reactors even though the
accumulation irradiated energy per liter wastewater of IPCC
(7.45 kJ/L∗h) was lower than that (11.42 kJ/L∗h) of CPC.

4. Conclusions

With the treatment of Fresnel lens assisted solar IPCC reactor,
the COD of the wastewater could reach a reduction of
85–90% and meet the effluent standard of EPA, Taiwan
(COD < 100mg/L), after a 60min treatment even in winter
season.Moreover, the residual CODof the treatedwastewater
was below 100mg/L for a merely 45min treatment, and a
COD degradation efficiency of 93% and a mineralization
efficiency of 65% in summer/autumn season (September)
could be reached. Accordingly, these results illustrated that
the well designed Fresnel lens assisted IPCC reactor showed
a synergistic effect on the solar photo-Fenton process not only
in effectively dealingwith a large amount of industrial organic
wastewater, but also in the sector of energy conservation in
terms of effective utilization of solar energy.
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Cu-Fe bimetallic grafted polytetrafluoroethylene (PTFE) fiber complexes were prepared and optimized as the novel heterogeneous
Fenton catalysts for the degradation of reactive dyes under UV irradiation. Cotton fabrics were dyed with three reactive dyes,
namely, Reactive Red 195, Reactive Yellow 145, and Reactive Blue 222, in tap fresh water using exhaustion process.The spent dyeing
effluents were then collected and degraded with the optimized Cu-Fe bimetallic grafted PTFE fiber complex/H

2
O
2
system. The

treated dyeing effluents were characterized and reused for the dyeing of cotton fabrics through the same process. The effect of
reuse process number on quality of the dyed cotton fabrics was examined.The results indicated that the Cu-Fe bimetallic modified
PTFE fiber complex with a Cu/Fe molar ratio of 2.87 was found to be the most effective fibrous catalyst, which enhanced complete
decolorization of the treated dyeing effluents with H

2
O
2
in 4 h. However, the TOC removal for the treated dyeing effluents was

below 80%. The dyeing quality was not affected for three successive cycles. The increase in residual TOC value influences fourth
dyeing cycle. Further TOC reduction of the treated effluents is needed for its repeated reuse in more than three dyeing cycles.

1. Introduction

Textile dyeing is a significant consumer of water and pro-
ducer of contaminated aqueous waste streams because textile
dyeing processes are generally conducted in water-based
dyeing baths and the dyeing processes require the addition
of colorants and inorganic salts as dyeing promoter or
retardant. In a typical dyeing factory, about 0.2–0.5m3 of
water is needed to produce 1 kg of finished textiles [1]. Dyeing
wastewaters are known to present strong color and high COD
values since more than 15% of the textile dyes are generally
lost in wastewater stream during dyeing operation. It is a
well-known fact that reactive dyes have become one of the
major classes of colorants for dyeing of cellulose fiber because
over 50% of cotton products are colored with reactive dyes.
Besides, a large amount of salt is usually required when
the cellulose fiber is dyed with reactive dyes, which have
been one source of pollutant in dyeing wastewater. Moreover,
the reactive dye-containing effluent is often persistent and

recalcitrant to microbial degradation. In recent years, the
increasing cost of water and wastewater treatment as well
as government’s tighter restrictions on wastewater discharges
is forcing textile processors to reuse process water. A better
alternative is an attempt at renovating the dyeing wastewater
for reuse. Some works have been carried out to examine
the possibility of recycling dyeing effluents after decoloration
using ozonation, electrochemistry, or Fenton process [2–13].
Ozone has been often used as an effective oxidant for decol-
oration and reuse of the dyebath water, which can be recycled
in reactive or acid dyeing process [2–5]. However, the dyeing
quality was sometimes affected by the reuse of decolorized
dyebath water, possibly because the corresponding removal
of chemical oxygen demand (COD) was not significant [2].
The electrochemical treatmentwas also used to decolorize the
exhausted reactive dyebath andwashing effluents, the reuse of
which provided excellent red and yellow dyeing textiles [6, 7].
The oxidation technologies based on ZnO [8] and K

2
FeO
4

[9] were applied for dyebath water treatment and recycle.
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Scheme 1: Chemical structures of the three dyes.

Fenton and photoassisted Fenton technologies as the impor-
tant advanced oxidation processes (AOPs) have been widely
applied in textile wastewater treatments. But drawbacks in
the use of Fenton reactions are found to be the limitation
of pH value and the problem of separation and regeneration
at the end of the reaction [10, 11]. Moreover, Fenton and
photoassisted Fenton technologies generally combined with
biological processes for textile wastewater treatment and
reuse [12, 13] and thus, led to higher treating cost. In recent
years, the active heterogeneous Fenton catalysis is gradually
replacing the homogeneous system by immobilized Fe ions
on the polymer substrates. Fe (III)-fiber complexes represent
a kind of promising heterogeneous catalysts with unique
properties, such as lower cost, easy separation, large surface
area, suitable chemical and mechanical stability as well as
convenient utility [14–16]. However, very little research has
been focused on the treatment and reuse of dyeingwastewater
using a heterogeneous Fenton reaction system. The detailed
information about the impact of recycling on quality of the
dyed fabric is rare for this treating process. In this approach,
a series of Cu-Fe bimetallic grafted polytetrafluoroethylene
(PTFE) fiber complexes was prepared and investigated as
the effective heterogeneous Fenton catalysts for renovating
and recycling reactive dye effluents for dyeing of cotton
fabric. This is because PTFE fiber as the support material
has advantages including large specific surface area, excel-
lent chemical and mechanical stability, easy handling, and
convenient utility in various forms [17]. Three reactive dyes
containing multireactive groups were used for coloration of

cotton fabrics by an exhaustion process, due mainly to its
relatively high consumption rate in China for the dyeing of
cotton textiles.

2. Experimental

2.1. Materials and Reagents. Commercially scoured,
bleached, and mercerized cotton woven fabric was used in
this study. This fabric was further treated with a solution
containing 2.0 gL−1 Na

2
CO
3
and 2.0 gL−1 soap at the boil for

30 minutes, then thoroughly washed with cold water and
dried at ambient temperature. The commercial PTFE fibers
were purchased from Fuxin Sengfuli Polymer Materials Co.,
China. Acrylic acid, FeCl

3
⋅6H
2
O, CuSO

4
⋅5H
2
O, H
2
O
2
(30%,

w/w), Na
2
SO
4
, and Na

2
CO
3
were of analytical grade and all

purchased from the Tianjin Nankai Chemicals Co., China.
Three commercial grade reactive dyes including Reactive Red
195 (RR 195), Reactive Yellow 145 (RY 145), and Reactive Blue
222 (RB 222) were supplied by Tianjin Sanhuan Chemical
Co., China. These dyes were not purified prior to use. Their
molecular structures are presented in Scheme 1.

2.2. Reactive Dyeing Procedure. A laboratory dyeingmachine
with 12 stainless steel dyeing tubes of 500mL capacity was
used for dyeing. Known weight of pretreated cotton fabric
was dyed at 3.0% shade on weight of fabric (owf) with the
dyes selected using a fabric/liquor ratio of 1 : 50 at 60∘C for
40min. Dye bath consisted of necessary quantity of reactive



International Journal of Photoenergy 3

dye, 40.0 gL−1 Na
2
SO
4
, and tap fresh water. After dyeing, the

fixation of the adsorbed dye on cotton fabric was conducted
at 60∘C for 30min by adding Na

2
CO
3
into the dyeing bath.

The dyed fabric was then removed from the dye bath and
squeezed to fall back in the bath itself. Afterwards, the dyed
fabrics were rinsed thoroughly using water at the boil for
15min and air dried. Finally, the rinsing effluent was collected
and mixed with the exhausted dyebath water to form the
dyeing wastewater.

2.3. Preparation of Metal Modified PTFE Fibrous Catalysts

2.3.1. Graft Polymerization of PTFE Fibers. According to the
literatures [18], 5.0 g of the dried PTFE fibers was immersed
into the monomer solution containing 50mL acrylic acid
and 100mL deionized water in a 250mL flask. Ammonium
ferrous sulphate (3.0 wt%) was also used in the monomer
solution to minimize the homopolymerization of acrylic
acid during the reaction. The flask containing the monomer
solution and fibers was bubbled with nitrogen to remove
oxygen and was sealed. The mixture in the flask was directly
subjected to gamma rays of irradiation from a 60Co source at
a dose rate of 0.5 kGyh−1 for the given time. After irradiation,
the grafted PTFE fibers (denoted as PAA-g-PTFE) were taken
out, washed with hot water and acetone repeatedly and dried
in a vacuum oven at 50∘C for 24 h, and weighed.The grafting
degree of PTFE fibers was determined by the percentage
increase in weight to be 36.48%.

2.3.2. Metal PAA-g-PTFE Complexes. Five grams of PAA-g-
PTFE was placed into 150mL of mixed metal salt aqueous
solutions of FeCl

3
and CuSO

4
. In all cases, the concentrations

of the total metal ions were kept constant at 0.10molL−1.
The mixture was then treated at 50∘C and pH 2-3 for the
given time under continuous agitation. The resulting fibrous
metal complexes were filtered, washed with deionized water,
and dried under vacuum at 60∘C for 4.0 h to obtain Fe
graftedPTFEfiber complex (denoted as Fe-PAA-g-PTFE), Cu
grafted PTFE fiber complex (denoted as Cu-PAA-g-PTFE),
and Cu-Fe bimetal grafted PTFE fiber complex (Cu-Fe-PAA-
g-PTFE). The residual concentrations of Fe (III) and Cu (II)
ions in the solutions after coordination were determined
using a WXF120 atomic absorption spectrometry (Beijing
Rayleigh Analytical Instrument Corp., China) for calculating
the Fe content (𝑄Fe) and Cu content (𝑄Cu) of the complexes,
respectively.

2.4. Treatment and Recycle of Dyeing Effluent. The treating
system of dyeing effluent included filtration, degradation,
and active carbon fiber adsorption units. The dyeing effluent
was firstly filtrated to remove the fiber tows for obtaining
a better degradation. The dyeing effluent was degraded at
room temperature for the given time using a photoreaction
system consistmainly of chamber, UV lamp (400W, 365 nm),
electromagnetic valve, relay, water bath, and reaction vessels.
The schematic diagram of the photoreaction system was pre-
sented in our previous works [14, 16]. PAA-g-PTFE complex
was firstly fixed on small glass rack and then placed into the

Fresh water

Dyeing Exhausted
dyebath

Decolorization

Filtration

Active carbon
adsorption

Treated
wastewaterDrain

or

Rinsing bath
Rinsing

Wastewater

Figure 1: Schematic of degradation and reuse processes of reactive
dyeing effluent.

mixing solution of dyeing effluent and H
2
O
2
in reaction ves-

sels. The pH of the solution was adjusted with 0.10mmolL−1
HNO

3
and/or NaOH aqueous solution and measured using

DHS-25C digital pH meter (Shanghai Jingmi Instrumental
Co., China). Afterwards, the treated dyeing effluent was
further purified by the active carbon fibers (BET specific
surface area: 800–2000m2g−1) and then characterized for pH
value, electric conductivity, color, and total organic carbon
(TOC) value according to standard methods. Color of the
dyeing effluent was determined by the absorbance measure-
ments using UV-2401 Shimadzu spectrophotometer at the
𝜆max of each dye or 500 nm for the real dyeing effluent. The
decoloration percentage of the dye was expressed using

𝐷% =
𝐶
0
− 𝐶

𝐶
0

× 100%, (1)

where 𝐶
0
and 𝐶 are the initial and residual concentrations

of the dye (mgL−1), respectively. Meanwhile, TOC value was
measured in the process using a Phoenix 8000 TOC analyzer
(Tekmar-Dehrmann Inc., USA), and the TOC removal per-
centage of the dye was calculated by

TOC removal (%) =
TOC
0
− TOC

𝑡

TOC
0

× 100%, (2)

where TOC
0
and TOC

𝑡
are the TOC values (mgL−1) at reac-

tion times 0 and 𝑡, respectively. When the treated effluents
were reused, the same dyeing procedure given above was
employed through adjusting the concentration of sodium
sulfate to 40.0 gL−1 in the dyeing bath, and the dyed samples
were assessed for their quality. A schematic of the method-
ology for degradation and reuse of reactive dyeing effluent is
depicted in Figure 1.

2.5. Evaluation of Dyed Cotton Fabrics. Color strength (𝐾/𝑆)
of the dyed fabric was established with the aid of Kubelka-
Munk equation:

𝐾

𝑆
=
(1 − 𝑅)2

2𝑅
, (3)

where 𝑅 = fraction of light reflected, 𝐾 = absorption coeffi-
cient, and 𝑆 = scattering coefficient.

A Datacolor International SF-600 spectrophotometer in-
terfaced to a personal computer under D65 illuminant, using
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Table 1: Effect of Cu/Fe ratio on decoloration of three reactive dyes.

Samples Metal content (mmol L−1) Cu/Fe 𝐷
180

%
𝑄Fe 𝑄Cu Total RR195 RY145 RB222

Fe-PAA-g-PTFE 1.89 0.00 1.89 0 47.31 45.67 43.75
Cu-Fe-PAA-g-PTFE (i) 1.13 0.75 1.88 0.66 61.22 58.80 57.93
Cu-Fe-PAA-g-PTFE (ii) 0.54 1.55 2.09 2.87 84.65 79.18 78.55
Cu-Fe-PAA-g-PTFE (iii) 0.31 1.75 2.06 5.65 78.47 73.67 72.85
Cu-PAA-g-PTFE 0.00 1.98 1.98 / 51.90 45.79 44.86
[dye] = 0.05mmol L−1, [H2O2] = 6.0mmol L−1, catalyst = 5.0 g L−1, pH = 6.

a 10∘ standard observer, was used to measure𝐾/𝑆 values.The
wavelength measured ranged from 400 to 700 nm with an
interval of 10 nm. The greater the 𝐾/𝑆 value, the greater the
coloration of the fabric sample.Then a𝐾/𝑆 change percentage
(𝐾/𝑆max%) was calculated through

𝐾/𝑆max% =
𝐾/𝑆max−2 − 𝐾/𝑆max−1
𝐾/𝑆max−1

× 100%, (4)

where 𝐾/𝑆max−1 and 𝐾/𝑆max−2 are 𝐾/𝑆 values at the 𝜆max
of the dyed fabric using tap fresh water and the treated
dyeing effluent, respectively. Moreover, the effect of recycling
of treated dyeing water on color reproduction and lightness
on cotton fabric was also analyzed using DE∗ and DL∗
values, respectively, calculated with the help of CIE L∗, a∗,
and b∗ (CIELAB) equations. Level dyeing property of the
dyed cotton fabric was evaluated by relative unlevelness
index (RUI) value calculated using the equation proposed by
Senthilkumar andMuthukumar [2]. Color fastness to soaping
and rubbing were examined in accordance with Textiles
Test Specification for Color Fastness (GB3921.3-1997 and
GB3920-1997) based on ISO international standards, which
are included in the national standards of China.

3. Results and Discussion

3.1. Optimization of Metal Modified PTFE Fibrous Catalyst.
Our previous work [19] revealed that Fe modified PTFE
fiber complexes acted as an effective heterogeneous Fenton
catalyst for the dye degradation under UV or visible irradi-
ation. Moreover, the Cu-Fe bimetallic modified PTFE fiber
complexes exhibited the excellent catalytic activity because
of the existence of synergetic effect between Fe (III) and Cu
(II) ions. In order to meet the demands for rapid and stable
dye degradation in future commercial application, a series of
Cu-Fe bimetal PAA-g-PTFE complexes with different Cu/Fe
molar ratios were prepared and used in the degradation of
the three simulated dyeing effluents containing 0.05mmol/L
reactive dye studied, respectively. The influence of Cu/Fe
molar ratio on decoloration percentage of each dye within
180min (𝐷

180
%) was presented in Table 1.

The data in Table 1 indicate that 𝐷
180

% value of each
dyeing effluent in the presence of the bimetal PAA-g-PTFE
complexes is much higher than those in the presence of
the monometal PAA-g-PTE complexes, and the maximum
𝐷
180

% value is achieved for Cu-Fe-PAA-g-PTFE (ii). This
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Figure 2: Degradation of three dyes with varied initial concentra-
tion of H

2
O
2
.

confirms that catalytic activity of metal PAA-g-PTFE com-
plexes depends highly upon their Cu/Fe molar ratio, and Cu-
Fe-PAA-g-PTFE (ii) with a Cu/Fe molar ratio of 2.87 shows
the best catalytic activity at alkaline pH medium.

3.2. H
2
O
2
Initial Concentration. The degradation of each

reactive dye (0.05mmolL−1) was performed at pH 6 for
180min in the presence of 5.0 gL−1 Cu-Fe-PAA-g-PTFE
(ii) and varied H

2
O
2

initial concentration from 0 to
10.0mmolL−1. The𝐷

180
% values of three dyes were shown in

Figure 2.
Figure 2 shows that the 𝐷

180
% values of three dyes grad-

ually increase with increasing H
2
O
2
initial concentration,

and the increasing tendency levels at the concentration of
6.0mmolL−1. Moreover, their 𝐷

180
% values are higher than

95% when H
2
O
2
initial concentration reached 6.0mmolL−1.

These results indicate that almost all dyemolecules have been
degraded under this condition. Accordingly, 6.0mmolL−1
was considered to be the optimumH

2
O
2
initial concentration

for the degradation of 0.05mmolL−1 dye in solution.
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Figure 3: Relationship between pH and𝐷
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% value.

3.3. The Solution pH. Some works [20–22] revealed that the
heterogeneous Fenton catalysts exhibited the high catalytic
function for dye degradation over a wide pH range. In order
to determine the dependence of photocatalytic performance
of Cu-Fe-PAA-g-PTFE (ii) on the solution pH, Cu-Fe-PAA-
g-PTFE (ii) and H

2
O
2
concentration were set at 5.0 gL−1

and 6.0mmolL−1; respectively, the degradation of each dye
(0.05mmolL−1) was then conducted for 180min at different
pH levels, and the relationship between pH and 𝐷

180
% value

were given in Figure 3.
Figure 3 shows that𝐷

180
% values at pH 3 and 6 are much

higher than those at pH 9 for all the dyes. These results
demonstrated that Cu-Fe-PAA-g-PTFE (ii) showed excellent
catalytic performance at acid medium. It should be noticed
that the decreased 𝐷

200
% values were observed for all the

dyes; however, their𝐷
180

% values were still over 75% at pH 9.
This proved that Cu-Fe-PAA-g-PTFE (ii) could significantly
accelerate the dye degradation in a broad pH range, which
is similar to the photocatalytic activity of the heterogeneous
photocatalysts such as Fe alginate gel bead [20] and bimetallic
Cu/Fe clay [22].

3.4. Influence of Sodium Sulfate on Dye Degradation. In order
to accelerate absorption of reactive dyes onto cotton fibers in
water,Na

2
SO
4
are oftenused as the promoters in the dyeing of

cotton fabrics with reactive dyes [1]. However, the addition of
Na
2
SO
4
in the dyebath may have an effect on dyeing effluent

treatment processes. Hence, the degradation of the three
simulated dyeing effluents containing 0.05mmolL−1 reactive
dye studied using Cu-Fe-PAA-g-PTFE (ii)/H

2
O
2
system was

carried out in the presence or absence of Na
2
SO
4
, and the

results were shown in Figure 4.
Figure 4 shows that 𝐷% and TOC removal (%) values

of each dye increase with the prolonging of reaction time.
It should be noticed that the addition of Na

2
SO
4
leads to

little reduction in 𝐷% and TOC removal (%) for all the
dyes, suggesting that the degradation of the reactive dyes
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Figure 4: Effect of Na
2
SO
4
on degradation of three reactive dyes

([dye] = 0.05mmolL−1, [H
2
O
2
] = 6.0mmolL−1, catalyst = 5.0 gL−1,

[Na
2
SO
4
] = 10.05 gL−1, pH = 6).
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Table 2: Characteristics of raw and decolorized dyeing wastewater.

Numbers of
recycling processes Parameters Raw wastewater Treated wastewater Removal %

First

pH 8.48 6.22 /
Color (Abs) 0.502 0.008 98.41

Conductivity (mscm−1) 21.91 22.87 −4.38
TOC (mg L−1) 92.97 22.88 75.38

Second

pH 8.61 6.09 /
Color (Abs) 0.522 0.009 98.27

Conductivity (mscm−1) 23.55 25.19 −6.96
TOC (mg L−1) 104.2 38.02 63.51

Third

pH 8.78 7.02 /
Color (Abs) 0.533 0.010 98.12

Conductivity (mscm−1) 25.18 27.09 −7.60
TOC (mg L−1) 112.1 47.74 57.41

Fourth

pH 8.52 7.34 /
Color (Abs) 0.538 0.011 97.95

Conductivity (mscm−1) 29.35 32.38 −10.32
TOC (mg L−1) 126.1 69.09 45.22

The absorbance (Abs) at 500 nm is used to evaluate the color of real dyeing effluent. Color removal % equals𝐷% value for real dyeing effluent.

is almost not affected by Na
2
SO
4
in aqueous solution. This

may be due to the two competing factors. On one hand, it is
obvious that the presence of salt can increase the aggregation
degree of ionic dyes in water, inhabiting the dye degradation
[23].On the other hand, the reaction between sulfate ions
and hydroxyl radical produced by photo-Fenton reaction
can generate the higher oxidative sulphate radicals, which
increase the dye degradation efficiency [24].

3.5. Treatment of Real Reactive Dyeing Effluents. The raw
reactive dyeing effluents from coloration processes men-
tioned above were characterized with respect to pH, electric
conductivity, color, and TOC values prior to any treat-
ment and then treated using successive filtration, degra-
dation, and active carbon adsorption units presented in
Figure 1. The degradation process was conducted using a
heterogeneous Fenton system consisting of Cu-Fe-PAA-g-
PTFE (ii) and H

2
O
2
. The optimal conditions were deter-

mined as follows: Cu-Fe-PAA-g-PTFE (ii), 5.0 gL−1; H
2
O
2

concentration, 6.0mmolL−1; degradation duration, 4.0 h,
based on the results of optimization experiments. More
importantly, our previous work [25] reported that the
used Cu-Fe-PAA-g-PTFE (ii) could be reused five times
by thorough wash with mixed solution of 50/50 (v/v)%
water and ethanol under ultrasonication. The reason is that
this photocatalyst was developed with the intention of (a)
withstanding the corrosion due to the oxidative radicals
produced in solution and (b) fixing the metal ions on a
support in a stable way so as not to allow them to leach
out during the reaction. The treated effluent was reused
for the dyeing of cotton fabric after the characterization.
The quality of the raw and treated effluents after different
recycling processes was summarized in Table 2.

It is evident from the data in Table 2 that the color
removals of more than 97% for the dyeing effluents from dif-
ferent recycling processes can be obtained after the treatment.
However, the TOC removals of the treated dyeing effluents
gradually decrease as the number of recycling processes
increases.This suggests that although the dyeing effluents can
be almost completely decolorized using Cu-Fe-PAA-g-PTFE
(ii)/H

2
O
2
system, the mineralization of the dye molecules in

the effluents is limited possibly due to the partial oxidation of
organic substrates. Similar results have been reported in the
ozonation treatment of reactive and acid dyeing wastewaters
[2, 4]. It is observed from Table 2 that their pH value and
electric conductivity increase with the increasing number
of recycling processes. This is attributed mainly to fact that
addition of Na

2
SO
4
and Na

2
CO
3
during the recycling. It

should be noted that pH values decline after the treatment for
all the wastewaters from the recycling processes. This may be
owing to the generation of acidic by-products during the oxi-
dation makes the effluent acidic in nature [26]. Additionally,
the treatment leads to higher conductivity, indicating that
inorganic salt concentration increases in the treated effluent
because of the partial mineralization of the dyes in water.

3.6. Evaluation of Dyeing Quality. The quality of the cotton
fabrics dyed with three reactive dyes using the treated
dyeing effluent was evaluated with respect to their color
strength, color difference, fastness, and leveling proper-
ties, respectively. The effect of recycling process on the
dyeing quality was then examined in order to assess the
color reproduction in the treated dyeing effluent. Con-
sequently, the dyeing of cotton fabrics using tap fresh
water was regarded as the control experiment, and the
resulting dyed cotton fabric in the control experiment
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Figure 5: 𝐾/𝑆 curves and 𝐾/𝑆max% values of three dyed cotton fabrics compared to control samples.

was used as the control sample, bywhich dyeing reproducibil-
ity was judged.

3.6.1. Color Strength. 𝐾/𝑆 curves and 𝐾/𝑆max% values of the
dyed cotton fabrics obtained fromvarious recycling processes
and the control experiments were measured and calculated;
the experimental results were presented in Figure 5.

It is found, from Figure 5, that 𝐾/𝑆 curves of the dyed
cotton fabrics in the recycling processes, especially the first
and second recycling processes are similar to those of the
control samples. The 𝐾/𝑆max% values of the samples dyed
with three reactive dyes, particularly RY 145 and RB 222,
significantly increase with the increasing number of recycling
processes. In the case of RY 145, the 𝐾/𝑆max% value of
the dyed sample is slightly more than 5.0% in the fourth
recycling, implying that dyeing with RY 145 using the treated
effluent is limited in fourth recycling.

3.6.2. Color Differences. The DE∗, DL∗, Da∗, Db∗, DC∗,
and DH∗ values of three dyed cotton fabrics produced from
different recycling processes are given in Table 3.

It is clear, from Table 3, that, for three reactive dyes,
the DE∗ values of the dyed fabrics became higher with the
increasing number of recycling processes, while their DL∗
values exhibit a reverse trend. This proposes that the dyed
fabrics produced by recycling processes become gradually
darker in shade compared with the control samples because
of their negative DL∗ values. This may be mainly attributed
to the insignificant variation in inorganic salt concentration
and pH level of the treated dyeing effluents. The dyed fabrics
are generally acceptable when the DE∗ values are between
0 and 1.5 and the DL∗ values are between −0.7 and 0.4. If
the DL∗ values are less than −0.7, the samples are darker in
shade, and if they are greater than 0.4 the samples are lighter
in shade compared to that of control sample [2]. Therefore,
as seen from Table 3, in the case of RR 195 and RY 145,
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Table 3: Color differences of three dyed fabrics with respect to control samples.

Dyes Numbers of
recycling processes DE∗ DL∗ Da∗ Db∗ DC∗ DH∗

RR 195

First 0.475 0.343 0.121 −0.306 0.078 −0.320
Second 0.525 −0.182 −0.263 0.417 −0.205 0.448
Third 0.863 −0.584 −0.012 0.635 0.074 0.631
Fourth 1.301 −0.551 −0.265 1.148 −0.102 1.174

RY 145

First 0.112 −0.039 0.103 0.018 0.062 −0.084
Second 0.213 −0.034 −0.007 0.210 0.188 0.094
Third 0.681 −0.046 −0.101 −0.672 −0.653 −0.188
Fourth 0.680 −0.265 0.608 0.151 0.411 −0.473

RB 222

First 0.241 −0.216 −0.108 −0.007 0.028 −0.105
Second 0.583 −0.497 0.04 0.303 −0.305 −0.022
Third 0.963 −0.879 0.106 0.379 −0.393 0.033
Fourth 0.995 −0.954 0.002 0.285 −0.280 −0.053

The control samples were regarded as the references.

Table 4: Relative unlevelness index (RUI) values of dyed samples.

Dyed samples Reactive red 195 Reactive yellow 145 Reactive blue 222
Control 0.022 0.030 0.033
First recycle 0.046 0.055 0.052
Second recycle 0.067 0.081 0.070
Third recycle 0.091 0.099 0.102
Fourth recycle 0.137 0.158 0.149
RUI values: <0.2 (excellent levelness), 0.2–0.49 (good levelness), 0.5–1.0 (poor levelness ), and >1.0 (bad levelness) [2].

the DE∗ and DL∗ values fall in acceptable limits for all the
recycling process, suggesting that recycled effluents can be
used four times; whereas, for RB 222, the DE∗ values are
accepted in all the recycles; however, the DL∗ values are lower
than −0.7 in the last two recycling processes. This reveals
that the recycled effluents can be used only two times for
RB 222, which may be attributed to increasing amount of
the intermediates formed during Fenton-treatment in third
and fourth recycling processes. Also this mainly stems from
the difference in the dyeing characteristics and molecular
structure between these reactive dyes.

3.6.3. Level Dyeing Character. In order to accurately examine
the levelness of the dyed cotton fabrics obtained from various
recycling processes and control experiments, their RUI index
were calculated and provided in Table 4.

It is seen from Table 4 that the RUI indexes of the dyed
cotton fabrics using the treated effluents are higher than those
of control samples, and it shows a gradual increasing trend
as the number of recycling processes increases. But these
RUI indexes are still accepted according to the relationship
between RUI and visual appearance of levelness suggested by
Senthilkumar and Muthukumar [2].

3.6.4. Fastness Properties. The soaping fastness and rubbing
fastness of the dyed cotton fabrics obtained from various

recycling processes and the control experiments were tested
and summarized in Table 5.

The data in Table 5 indicate that the increase in number
of recycling processes is accompanied by an insignificant
reduction in the soaping fastness and rubbing fastness of the
dyed cotton fabrics. This demonstrates that the formation of
by-products during Fenton reaction may interfere with the
fixation of the reactive dye on cellulose fiber during the dyeing
procedure, thus, causing the insignificant reduction in color
fastness. However, it is believed that the soaping fastness and
rubbing fastness of the dyed cotton fabrics using the treated
dyeing effluent as the aqueous medium are still of practical
value in the future commercial application.

4. Conclusions

The Cu-Fe bimetallic modified PTFE fiber complex with a
Cu/Fe molar ratio of 2.87 as a novel heterogeneous Fenton
photocatalyst was successfully applied in the treatment and
reuse of reactive dyeing effluents under UV irradiation. A
complete decoloration and relatively high TOC removal can
be achieved within 4 h, when this catalyst was used. TOC
removal level ismainly dependent on the number of recycling
processes. Increasing the number of recycling processes
resulted in the dark shade, relatively big color differences,
and insignificant deteriorated fastness of the dyed cotton



International Journal of Photoenergy 9

Table 5: Soaping and rubbing fastness of dyed cotton fabrics in recycling processes.

Dyes Numbers of
recycling processes

Soaping fastness Rubbing fastness
Staining Fading Dry Wet

Reactive red 195

Control 4-5 4-5 4-5 4-5
First 4-5 4-5 4-5 4-5

Second 4-5 4 4-5 4
Third 4-5 4 4 4
Fourth 4 4 4 4

Reactive yellow 145

Control 4-5 4-5 4-5 4-5
First 4-5 4-5 4-5 4-5

Second 4-5 4-5 4-5 4
Third 4-5 4 4-5 4
Fourth 4 4 4 4

Reactive blue 222

Control 4-5 4-5 4-5 4
First 4-5 4-5 4-5 4

Second 4-5 4-5 4-5 4
Third 4-5 4-5 4-5 4
Fourth 4 4 4 4

fabrics using the treated dyeing effluence compared to those
of control samples. Quality of the dyeing effluents treated
by the resulting catalyst could comply with the criteria of
water quality for reuse in the reactive dyeing processes. The
number of recycled effluents is found to be highly determined
by quality of the treated dyeing effluent and dyeing properties
of the reactive dyes used. It should be pointed out that
the TOC removal for treated dyeing effluents was below
60% except first two recycling processes. The impact of the
significant increase in residual TOC value on fourth dyeing
cycle suggests that this novel heterogeneous Fenton catalyst
is feasible for decolorizing reactive dyebath waters for third
cycle of reuse. Further TOC reduction of the treated dyeing
effluent is needed for its repeated reuse in more than three
dyeing cycles.

Acknowledgments

The authors thank the Tianjin Municipal Science and Tech-
nology Committee for a Research Program of Application
Foundation andAdvanced Technology (11JCZDJ24600).This
research was also supported in part by a Grant from the
Natural Science Foundation of China (20773093).

References

[1] S. Yi, Y. Dong, B. Li, Z. Ding, X. Huang, and L. Xue, “Adsorption
and fixation behaviour of CI Reactive Red 195 on cotton woven
fabric in a nonionic surfactant Triton X-100 reverse micelle,”
Coloration Technology, vol. 128, no. 4, pp. 306–314, 2012.

[2] M. Senthilkumar and M. Muthukumar, “Studies on the possi-
bility of recycling reactive dye bath effluent after decolouration
using ozone,” Dyes and Pigments, vol. 72, no. 2, pp. 251–
255, 2007.

[3] M. Sundrarajan, G. Vishnu, and K. Joseph, “Ozonation of light-
shaded exhausted reactive dye bath for reuse,” Dyes and Pig-
ments, vol. 75, no. 2, pp. 273–278, 2007.

[4] S. V. Srinivasan, T. Rema, K. Chitra et al., “Decolourisation of
leather dye by ozonation,”Desalination, vol. 235, no. 1–3, pp. 88–
92, 2009.

[5] P. Colindres, H. Yee-Madeira, and E. Reguera, “Removal of
Reactive Black 5 from aqueous solution by ozone forwater reuse
in textile dyeing processes,” Desalination, vol. 258, no. 1–3, pp.
154–158, 2010.

[6] N. Mohan, N. Balasubramanian, and C. A. Basha, “Electro-
chemical oxidation of textile wastewater and its reuse,” Journal
of Hazardous Materials, vol. 147, no. 1-2, pp. 644–651, 2007.

[7] V. López-Grimau, M. del Carmen Gutiérrez-Bouzán, J. Vallde-
peras, and M. Crespi, “Reuse of the water and salt of reactive
dyeing effluent after electrochemical decolorisation,”Coloration
Technology, vol. 128, no. 1, pp. 36–43, 2012.

[8] L. S. Roselin and R. Selvin, “Photocatalytic treatment and
reusability of textile dyeing effluents from cotton dyeing indus-
tries,” Science of Advanced Materials, vol. 3, no. 1, pp. 113–119,
2011.

[9] I. Ciabatti, F. Tognotti, and L. Lombardi, “Treatment and reuse
of dyeing effluents by potassium ferrate,”Desalination, vol. 250,
no. 1, pp. 222–228, 2010.

[10] Z. Wang, W. Ma, C. Chen, and J. Zhao, “Light-assisted decom-
position of dyes over iron-bearing soil clays in the presence of
H
2
O
2
,” Journal of Hazardous Materials, vol. 168, no. 2-3, pp.

1246–1252, 2009.

[11] H. Jia, J. Zhao, X. Fan, K.Dilimulati, andC.Wang, “Photodegra-
dation of phenanthrene on cation-modified clays under visible
light,” Applied Catalysis B, vol. 123, pp. 43–51, 2012.



10 International Journal of Photoenergy

[12] F. Feng, Z. Xu, X. Li, W. You, and Y. Zhen, “Advanced treatment
of dyeing wastewater towards reuse by the combined Fenton
oxidation and membrane bioreactor process,” Journal of Envi-
ronmental Sciences, vol. 22, no. 11, pp. 1657–1665, 2010.

[13] J. Blanco, F. Torrades, M. De la Varga, and J. Garćıa-Montaño,
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Tetramethyl ammoniumhydroxide (TMAH) is an anisotropic etchant used in thewet etching process of the semiconductor industry
and is hard to degrade by biotreatments when it exists in wastewater. This study evaluated the performance of a system combined
with ultraviolet, magnetic catalyst (SiO2/Fe3O4) and O3, denoted as UV/O3, to TMAH in an aqueous solution. The mineralization
efficiency of TMAHunder various conditions follows the sequence: UV/O3 >UV/H2O2/O3 > H2O2/SiO2/Fe3O4/O3 > H2O2/O3 >
SiO2/Fe3O4/O3 > O3 > UV/H2O2. The results suggest that UV/O3 process provides the best condition for the mineralization
of TMAH (40mg/L), resulting in 87.6% mineralization, at 60min reaction time. Furthermore, the mineralization efficiency of
SiO2/Fe3O4/H2O2/O3 was significantly higher than that of O3, H2O2/O3, and UV/H2O2. More than 90% of the magnetic catalyst
was recovered and easily redispersed in a solution for reuse.

1. Introduction

The semiconductor industry is an important component
of the electronics industry, whose global market yield has
already exceeded that of the automobile industry. Anisotropic
chemical wet etching is widely used in the semiconductor
industry to fabricate microstructures on single crystal silicon
wafers [1]. Of all the anisotropic etchants, the inorganic KOH
(potassium hydroxide) and organic TMAH (tetramethyl
ammonium hydroxide) solutions are the most commonly
used [1, 2]. Moreover, TMAH solution has also attracted
attention because it is clean room compatible, nontoxic,
and easy to handle. It also exhibits excellent selectivity to
silicon oxide and silicon nitride masks [3, 4]. It has been
estimated that, for an 8 in wafer manufacturing facility with
a monthly production of 20,000 wafer units, TMAH is by far
the most concentrated chemical in wastewater [5]. Biological
processes are the most widely accepted treatment for organic
wastewater of both domestic and industrial origins; however,

available information on the biodegradability of TMAH
is scarce. Chemical oxidation involving various forms of
advanced oxidation processes (AOPs) can be employed as
preliminary treatment to convert the potentially biorefrac-
tory compounds into intermediate products that are more
amenable to biodegradation [6].

Ozone (O
3
) is a chemical agent widely used for theminer-

alization (i.e., transformation into CO
2
and inorganic ions) of

herbicides and related biorecalcitrant organic contaminants
in water [7]. Disadvantages of ozonation alone (O

3
system)

for water treatment are the high energy cost required for
its generation and very limited mineralization of refractory
COD in industrial effluents. Indeed, hydroxyl radical is a less
selective and more powerful oxidant than molecular ozone.
A common objective of AOPs is to produce a large amount
of radicals (especially ∙OH) to oxidize the organic matter.
Alternative procedures involving ozonation catalyzed with
H
2
O
2
[5], UV light [6], catalysts [1], and Fe2+ [8, 9] allow a

quicker removal of organic pollutants, because such catalysts
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improve the oxidizing power of O
3
yielding a significant

reduction of its economic cost.
The present study assessed the function of UV light,

magnetic catalyst (SiO
2
/Fe
3
O
4
), and H

2
O
2
on the enhancing

O
3
to mineralize TMAH. A concentration of total organic

carbon (TOC) was chosen as a mineralization index of
decomposition of TMAH.The effects of pH value of aqueous
solution and ionic strength, Cl−, on the mineralization of
TMAH were examined in this study.

2. Material and Methods

The batch experiments of mineralization reaction were con-
ducted in a 2.3 L glass flask reactor as illustrated in Figure 1.
The UV irradiation source was two 8W lamps encased in a
quartz tube with wavelengths of 254 nm. A UVX Radiometer
(UVP Inc., USA) was employed for the determination of
UV light intensity. The UV intensity of one 8W UV lamp
at 254 nm is 18.6mW/cm2. The ozone generator is from
Triogen with the capacity of 10 g/hr. The flow rate of ozone
air streamwas 4 L/min directed into the photoreactor, and the
inlet ozone concentration was 26mg/L. The concentration of
ozone was analyzed online by an ozone analyzer (Anseros,
Ozamat GM-6000-PRO). H

2
O
2
was added into the reactor

by a syringe pump at constant dosage rate. The pH value
of the solution was controlled by the addition of 0.01N
H
2
SO
4
/NaOH during the whole reaction time. The effects

of pH values, ionic strength, and the initial concentration
of Cl− on mineralization efficiency of the UV/O

3
process

were examined by varying one factor while keeping the other
parameters fixed.

2.1. Catalysts Preparation. Magnetite (Fe
3
O
4
) was purchased

from Sigma-Aldrich (St. Louis, MO, USA) and used without
any further purification. A total of 1.08 L of aqueous solution
containing 20 g of Fe

3
O
4
particles was held in a 2 L beaker

at 90∘C; the pH was maintained at 9.5 with 0.1 N NaOH,
while being stirred by a mechanic stirrer. An appropriate
amount of 20 g Na

2
O ⋅ 𝑛SiO

2
was dissolved in 100mL of

deionized water; the aqueous solution was then mixed with
the aqueous solution containing magnetite (Fe

3
O
4
) with a

mechanic stirrer for 30min. At last, the magnetic catalysts
(i.e., SiO

2
/Fe
3
O
4
) were dried at 105∘C, after the pH value of

the slurry solution was maintained at 8 with 5N H
2
SO
4
.

2.2. Instrumental Analysis. Tetramethyl ammonium hydrox-
ide, TMAH (C

4
H
10
NO, MW = 98), supplied by Aldrich

(USA) was used as the target compound in this study.
Hydrogen peroxide (H

2
O
2
) of 35wt.% supplied by Shimakyu

Co. (Japan) was injected into the reactor at a constant feed
rate by syringe pump. All chemicals from several suppliers
were reagent grade. The mineralization efficiency of TMAH
by this advanced oxidation process was determined by the
analytical results of a TOC analyzer (Tekmar, Dohrmann
Phoenix 8000). Na

2
SO
3
solution (1.0 g/L) and Spectroquant

Picco colorimeter test kit (Merck, Germany) was used to
quench and measure residual dissolved ozone in samples for
TOC analysis, respectively. This instrument utilizes the UV-
persulfate technique to convert organic carbon into carbon
dioxide (CO

2
), analyzed by an infrared CO

2
analyzer and

calibrated with potassium hydrogen phthalate. The magnetic
properties and the isoelectric point (IEP) of the catalysts were
determined by a vibrating samplemagnetometer (Lake Shore,
7407) and a Zetasizer (Nano ZS ZEN 3600), respectively.

3. Results and Discussion

3.1. Surface Characteristics of Magnetic Photocatalyst. Fig-
ure 2 showed the surface zeta potential versus pH for the
magnetic catalyst SiO

2
/Fe
3
O
4
, and this same process was

repeated two times. The pH of the isoelectric point (IEP) for
the magnetic catalyst SiO

2
/Fe
3
O
4
was 2.8. The IEP for SiO

2
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4
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particles and Fe
3
O
4
particles was previously determined by

other procedures and ranged from 2 to 3 and from 6.5 to 6.8,
respectively [10]. Therefore, the results observed that Fe

3
O
4

(core) was almost covered by SiO
2
(shell) because the IEP of

SiO
2
/Fe
3
O
4
was close to SiO

2
particles.

The magnetic properties of the SiO
2
/Fe
3
O
4
and Fe

3
O
4

core were measured with a vibrating sample magnetometer
(VSM), as shown in Figure 3. The M-H plots showed the
change inMs of the particles, after the incorporation of a SiO

2

shell. The saturation magnetization (Ms) was 39.2 emu g−1
and was observed in SiO

2
/Fe
3
O
4
. The results indicated that

the prepared samples exhibited paramagnetic behaviors at
room temperature [11].

3.2. Mineralization Efficiency of TMAH under Various Con-
ditions. To confirm the roles of O

3
, UV, and H

2
O
2
in the

mineralization reaction of TMAH, five sets of experiments
were performed to compare the mineralization efficiency of
TMAHunder various conditions as a function of time, which
is given as 𝜂TOC,TMAH = (TOC0−TOC)/TOC

0
, and the results

are shown in Figure 4. Condition (a) denotes a reaction
system with UV 254 nm, power density of 37.2mW/cm2, and
𝑑𝐶H

2

O
2

/𝑑𝑡 of 2.5 × 10−4mol/min (called UV/H
2
O
2
). The

obtained 𝜂TOC,TMAH was 38.5% after 60min of reaction time.
We also attempted to mineralize TMAH by H

2
O
2
alone, and

the result indicated that H
2
O
2
does not possess the ability

to mineralize TMAH. As is the case with UV, with H
2
O
2
,

theoretically, the photolysis of one mole H
2
O
2
leads to two

moles ∙OH according to (1), and the resulting ∙OH with
higher oxidation potential could mineralize TMAH (38.5%)
as follows:

H
2
O
2
+ ℎ𝜐 → 2 ∙OH (1)

Condition (b) represents a reaction system with only O
3
,

and the resulting percentage of 𝜂TOC,TMAH was approximately
49.2% after 60min of reaction time. There are two mech-
anisms through which O

3
can degrade organic pollutants,

namely, (i) direct attack and (ii) indirect attack through the
formation of hydroxyl radicals [12]. The observed 𝜂TOC,TMAH
is better than that for UV/H

2
O
2
. Under condition (c), using

H
2
O
2
and O

3
(denoted here as H

2
O
2
/O
3
), a better 𝜂TOC,TMAH

(approximately 58.1% at 𝑡 = 90 min) was achieved as
compared to the values under conditions (a) and (b), thereby
confirming the strong oxidation ability of H

2
O
2
/O
3
. The

oxidation potential of H
2
O
2
/O
3
is based on the fact that

the conjugate base of H
2
O
2
can catalyze ozone into the

formation of ∙OH(Gottschalk et al., 2000). Anoptimumdose
ratio of H

2
O
2
/O
3
has often been shown to be in the molar

range of 0.5–1 depending on the presence of promoters and
scavengers. H

2
O
2
itself can act as a scavenger as well as an

initiator, and therefore determining the optimum dose ratio
of H
2
O
2
/O
3
is important [7]. With the stoichiometric molar

ratio of H
2
O
2
/O
3
being 0.5, the overall reaction of H

2
O
2

catalyzes O
3
to produce ∙OH as shown in (2). In this study,

the dosage rates of O
3
and H

2
O
2
are 5.0 × 10−4mol/min and

2.5 × 10−4mol/min, respectively; consider the following

H
2
O
2
+ 2O
3
→ 2 ∙OH+3O

2
(2)

Condition (d), in which UV and O
3
(denoted as UV/O

3
)

were employed, yielded a value of approximately 87.6% for
𝜂TOC,TMAH after 60min of reaction time, which is far better
than conditions (a), (b), and (c). Due to the strong photolysis
of ozone in combination with UV radiation (𝜀

254 nm =
3300M−1cm−1 for O

3
), the decay rate of ozone for decay

resulting from the UV is higher than that resulting from
H
2
O
2
by a factor of approximately 1000 [7]; this results in the

production of more hydroxyl radicals according to (3) and
(4), which in turn results in higher mineralization efficiency,
as follows:

O
3
+ ℎ𝜐 → O ( 1D) +O∗

2
(3)

O ( 1D) +H
2
O → 2 ∙OH (4)

Condition (e), involving UV, O
3
, and H

2
O
2
(denoted as

UV/H
2
O
2
/O
3
), resulted in a poor efficiency (𝜂TOC,TMAH =

72.3% at 𝑡 = 60 min) as compared to condition (d). In the
UV/O

3
process, the amount of residual O

3
in the aqueous

solution was small due to the high decay rate of O
3
by UV

irradiation, and subsequently H
2
O
2
, when added, will react

with ∙OH instead of with O
3
as indicated in (5). Under this

condition, H
2
O
2
behaves as a scavenger of ∙OH and a small

value of 𝜂TOC,TMAH results. In this study, we also evaluated
the effect of the addition of H

2
O
2
on the mineralization

efficiency of UV/O
3
, and the experimental results (data not

shown) indicated that even the relatively low H
2
O
2
dosage

of 𝑑𝐶H
2

O
2

/𝑑𝑡 = 5.0 × 10−5mol/min causes the molar ratio
of H
2
O
2
/O
3
to have a value considerably below 0.5. The

mineralization efficiency of UV/O
3
with the addition of

H
2
O
2
is poorer than that without the addition of H

2
O
2
. This

result led to the conclusion that addingH
2
O
2
into theUV/O

3

process will result in a negative effect on 𝜂TOC,TMAH as follows:

H
2
O
2
+ ∙OH → H

2
O + ∙O

2
H (5)
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Condition (f), involving SiO
2
/Fe
3
O
4
, O
3
, and H

2
O
2

(denoted as SiO
2
/Fe
3
O
4
/H
2
O
2
/O
3
), resulted in a high effi-

ciency (𝜂TOC,TMAH = 69.0% at 𝑡 = 60 min) as compared to
condition (a). To evaluate the ability of catalyst adsorption,
the adsorption experiment at SiO

2
/Fe
3
O
4
= 0.2 g and

initial concentration of TMAH = 40mg/L revealed that
the adsorption of TMAH was less than 10% within 60 min-
utes. The mineralization efficiency of SiO

2
/Fe
3
O
4
/H
2
O
2
/O
3

was significantly higher than that of pure O
3
, possibly

because SiO
2
/Fe
3
O
4
and H

2
O
2
could react with the dis-

solved O
3
molecules to generate reactive oxidative species

(O
2

−, HO
2

∙, ∙OH, and O
3

−) via free-radical chain reactions.
The initiator (H

2
O
2
) could induce the formation of super-

oxide ions (O
2

−) from O
3
molecules, and ∙OH formed in

the chain reaction was used for the mineralization of organic
compounds [13]. Furthermore, the paramagnetic behaviors of
the prepared SiO

2
/Fe
3
O
4
gave rise to the magnetic catalyst

SiO
2
/Fe
3
O
4
, which could be separated more easily through

the application of a magnetic field. According to the experi-
mental results, >90% of the magnetic catalyst was recovered
and easily redispersed in a solution for reuse.

Condition (h), involving SiO
2
/Fe
3
O
4
and O

3
(denoted as

SiO
2
/Fe
3
O
4
/O
3
), resulted in a high efficiency (𝜂TOC,TMAH =

60.1% at 𝑡 = 60min) as compared to condition (a). The
mineralization efficiency of SiO

2
/Fe
3
O
4
/O
3
was significantly

higher than that of pure O
3
possibly because of the enhance-

ment of reactive oxidative species with the chain reaction of
SiO
2
/Fe
3
O
4
and the dissolved O

3
.

As a result, the mineralization efficiency of TMAH under
various conditions follows the sequence: UV/O

3
> UV/

H
2
O
2
/O
3
> H
2
O
2
/SiO
2
/Fe
3
O
4
/O
3
> H
2
O
2
/O
3
> SiO

2
/

Fe
3
O
4
/O
3
> O

3
> UV/H

2
O
2
. Figure 4 presents the

TO
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Figure 4: Dependence of mineralization of TMAH on time
at various conditions. Experimental conditions: case (a): UV
(𝜆
254
) = 37.2mWcm−2, dosing rate of H

2
O
2
(𝑑𝐶H

2

O
2

/𝑑𝑡) = 2.5×

10−4mol/min; case (b): dosing rate of O
3
(𝑑𝐶O

3

/𝑑𝑡) = 5.0 ×

10−4mol/min; case (c): 𝑑𝐶H
2

O
2

/𝑑𝑡 = 2.5×10−4mol/min, 𝑑𝐶O
3

/𝑑𝑡 =

5.0× 10−4mol/min; case (d): UV (𝜆
254
) = 37.2mWcm−2, 𝑑𝐶O

3

/𝑑𝑡 =

5.0 × 10−4mol/min; case (e): UV (𝜆
254
) = 37.2mWcm−2, 𝑑𝐶O

3

/𝑑𝑡 =

5.0 × 10−4mol/min, 𝑑𝐶H
2

O
2

/𝑑𝑡 = 2.5 × 10−4mol/min. The initial
concentration of TMAH (CTMAH,0) for all cases was 40mg/L;
case (f): SiO

2
/Fe
3
O
4
= 0.2 g, 𝑑𝐶O

3

/𝑑𝑡 = 5.0 × 10−4mol/min,
𝑑𝐶H
2

O
2

/𝑑𝑡 = 2.5 × 10−4mol/min. The initial concentration of
TMAH (CTMAH,0) for all cases was 40mg/L.

variations of TOC and pH of the TMAH solution under
the UV/O

3
process as a function of time. As shown in

Figure 4, the removal of TOC is close to 87.6% at 𝑡 = 60min,
indicating that the UV/O

3
process could mineralize TMAH

efficiently. Furthermore, the pH value of the reaction solution
without a buffer system decreased considerably from 10 to 4.5
during the entire reaction time, thereby revealing that acid
intermediates are formed before TMAH is converted into
CO
2
.

3.3. Effect of pH on the Mineralization Efficiency of UV/O
3
.

The direct attack on organic pollutants by molecular ozone
(commonly known as ozonolysis) occurs under acidic or
neutral conditions. At a high pH value, ozone decomposes
to nonselective hydroxyl radicals according to (6), which in
turn oxidizes the organic pollutants. Many researches [6, 12]
found that an increasing pH accelerates ozone decomposi-
tion to generate hydroxyl radicals, which destroy organic
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Table 1: The pseudo-first-order rate constant 𝑘obs, half-life t1/2,
and correlation coefficients for degradation of TMAH by UV/O3
at different pH values. (Experimental conditions: pH values were
adjusted by H2SO4 and NaOH and fixed at a constant value during
the whole reaction time; the other conditions were the same as in
Figure 4(d).)

pH 𝑘obs (1/min) 𝑅2

3.0 0.0315 0.942
5.0 0.0313 0.917
7.5 0.0312 0.973
10.0 0.0318 0.907

compounds more effectively than ozone. Therefore, the pH
of aqueous solution is an important factor that determines
the efficiency of ozonation since it can alter the degradation
pathways as well as kinetics. One has

O
3
+OH− → ∙OH+ ( ∙O

2
←→ ∙O

2
H) (6)

For the combined oxidation process, UV/O
3
, the effect

of pH on the mineralization efficiency is more complex. The
study [14] found that neither low pH values nor high pH
values of the UV/O

3
could provide a degradation rate better

than that obtained by the simultaneous application of UV/O
3

with neutral pH values.
The pH values of the aqueous solution were controlled

to stay between 3 and 10 to evaluate the pH effect on the
mineralization efficiency of TMAH by the UV/O

3
process,

as shown in Figure 5. As the pseudo-first-order kinetic
hypothesized, Table 1 reveals that the influence of the pH
value on the reaction rate is negligible at pH values in the
range from 3 to 10. It is clear from (6) that more hydroxyl
radicals were produced at high pH values, thus enhancing
the mineralization rate of TMAH. However, the production
of hydroxyl radicals by the UV/O

3
process also proceeds

according to (3) and (4), and it was not influenced by the pH
value of the aqueous solution. Furthermore, the highOH− ion
content of the system may trap the mineralization generated
CO
2
in the solution and, as a result, bicarbonates and carbon-

ates are formed in the alkaline system. Both bicarbonates and
carbonates are efficient scavengers of hydroxyl radicals due
to their very high reaction rate constants with the hydroxyl
radicals (𝑘 = 8.5 × 106M−1 s−1 for bicarbonates and 𝑘 =
3.9 × 108M−1 s−1 for carbonates). Thus, due to the influence
of the increase in hydroxyl radicals and the formation of
scavengers, the comprised results causing the pH effect on
the mineralization of TMAH by UV/O

3
are negligible for pH

values of the solution in the range from 3 to 10. Note that a
buffer system was not introduced in the later experiments,
except for the experiment relating to the pH effect.

3.4. Effect of Chloride Ion and Ionic Strength on the Min-
eralization Efficiency of UV/O3. The effect of chloride ions,
which are frequently present in industrial wastewater, on
the mineralization efficiency of TMAH with UV/O

3
was

evaluated, as shown in Table 2. The mineralization rate of
the TMAH solution containing chloride ion by the UV/O

3

process could not be expressed by the pseudo-first-order

Table 2: The mineralization efficiency of TMAH by UV/O3 at
different chloride concentrations. (Experimental conditions are as
shown in Figure 4(d).)

Cl− (mg/L) 𝜂TOC, TMAH (%)
0 87.56
100 80.08
200 78.58
300 76.05
500 74.73
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Figure 5: Time variation of TOC and pH using UV/O
3
process to

mineralize TMAH. Experimental conditions were the same as those
of case (d) in Figure 4.

kinetic. So, the mineralization efficiency shown in Table 2
was illustrated by 𝜂TOC,TMAH at the reaction time of 60min.
The experimental results indicate that 𝜂TOC,TMAH decreased
with an increase in the chloride ion concentration. Chloride
ions are likely to retard the efficiency of the mineralization of
TMAH by competing for the oxidizing hydroxyl radicals and
ozone molecules. Chloride ions can be oxidized by ozone as
per (7) and (8) [15], and they can be converted into ClO− and
Cl
2
. Thus, the effective concentration of ozone was decreased

by chloride ions, and the oxidation potential of the resulting
products, HOCl and Cl

2
, was lower than that of ozone.

Furthermore, chloride ions may also act as scavenger with
regard to the hydroxyl radical as per (9) [15]. One has

O
3
+ Cl− +H+ → HOCl +O

2
(7)

O
3
+ 2Cl− + 2H+ → Cl

2
+H
2
O +O

2
(8)

Cl− + ∙OH → HOCl∙− (9)

Ionic strength may affect the effective concentration of a
compound in a solution and this becomesmore significant in
the presence of polar compounds [16]. As noted, TMAH is a
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Figure 6: Reuse performance of magnetic catalyst.

Table 3: The pseudo-first-order rate constant 𝑘obs, half-life t1/2,
and correlation coefficients for degradation of TMAH by UV/O3
at different concentrations of K2SO4. (The other experimental
conditions were the same as in Figure 4(d).)

K2SO4 (mg/L) 𝑘obs (1/min) 𝑅2

0 0.0320 0.977
100 0.0309 0.948
300 0.0313 0.969
500 0.0307 0.981

quaternary ammonium compound. Its ammonium ions are
surrounded by anions in solutions, resulting in shielding off
oxidizing agents such as O

3
and hydroxyl radicals. Presum-

ably, it decreases the mineralization efficiency of TMAH by
the UV/O

3
process. The experimental study [16] examined

the effect of ionic strength on the solubility of O
3
for various

types of inorganic solutions. These researchers concluded
that there is no significant effect on the solubility of O

3

in sulfate solutions. Additionally, sulfates are not oxidized
by ozone molecules and hydroxyl radicals. In the present
study, attempts have been made to evaluate the effect of
ionic strength on the mineralization of TMAH in sulfate
solutions by the UV/O

3
process, and the results are shown in

Table 3. As can be seen in the table, the variation of the ionic
strength neither facilitates nor suppresses the mineralization
of TMAH. This indicates that, in the UV/O

3
process, the

inhibition of the mineralization of polar organic compounds
in an aqueous solution is not significant at high ionic
strengths.

The reuse experiments were carried out by evaluating
the stability of catalyst activity. In this experiment, 0.2 g L−1
of magnetic catalyst (SiO

2
/Fe
3
O
4
) was used at an initial

concentration of 40mg/L of TMAH. After the ozonation
process, the magnetic catalyst (SiO

2
/Fe
3
O
4
) was collected by

magnetic force. The clear solution was used for analytical
determination, and the magnetic catalyst was used directly
in the subsequent catalytic ozonation process. This same
process was repeated four times and the removal of TMAH
in the reuse experiment is shown in Figure 6. The catalytic
activity of SiO

2
/Fe
3
O
4
remained constant and no obvious

deactivation (<15%)was observed after being used four times.
From the results of the reuse and recovery experiments,
the magnetic catalyst SiO

2
/Fe
3
O
4
is considered to show

considerable promise in water treatment use.

4. Conclusions

Themajor results of applying the advanced oxidation process
to mineralize TMAH can be summarized as follows.

(1) The rank of treatment conditions based on the min-
eralization efficiency of TMAH has the sequence: UV/O

3
>

UV/H
2
O
2
/O
3
> H
2
O
2
/SiO
2
/Fe
3
O
4
/O
3
> H
2
O
2
/O
3
>

SiO
2
/Fe
3
O
4
/O
3
> O
3
> UV/H

2
O
2
.

(2) The experimental results of this study suggest that
UV irradiation 37.2mWcm−2 UV (254 nm) and O

3
flow rate

of 0.5 × 10−4mol/min provide the best condition for the
mineralization of TMAH (20mg/L), resulting in 95% min-
eralization, at 60min reaction time. Adding H

2
O
2
into the

UV/O
3
process will suppress the mineralization efficiency.

(3) The mineralization efficiency of SiO
2
/Fe
3
O
4
/

H
2
O
2
/O
3
was significantly higher than that of O

3
, H
2
O
2
/

O
3
UV/H

2
O
2
. More than 90% of the magnetic catalyst was

recovered and easily redispersed in a solution for reuse.
The addition of chloride ions in reaction solution will

suppress the mineralization efficiency of the UV/O
3
process.

Ionic strength and variable pH values (from 3 to 10) in reac-
tion solution show no effect on the mineralization efficiency
of the UV/O

3
process.
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[13] B. Kasprzyk-Hordern, M. Ziółek, and J. Nawrocki, “Catalytic
ozonation and methods of enhancing molecular ozone reac-
tions in water treatment,” Applied Catalysis B, vol. 46, no. 4, pp.
639–669, 2003.

[14] T. S. Müller, Z. Sun, M. P. Gireesh Kumar, K. Itoh, and M.
Murabayashi, “The combination of photocatalysis and ozonol-
ysis as a new approach for cleaning 2,4-dichlorophenoxyaceti-
cacid polluted water,” Chemosphere, vol. 36, no. 9, pp. 2043–
2055, 1998.

[15] J. de Laat and T. G. Le, “Effects of chloride ions on the
iron(III)-catalyzed decomposition of hydrogen peroxide and
on the efficiency of the Fenton-like oxidation process,” Applied
Catalysis B, vol. 66, no. 1-2, pp. 137–146, 2006.

[16] D.A. Skoog,D.M.West, F. J.Holler, and S. R. Crouch,Analytical
Chemistry, Thomson Learning, Singapore, 2000.



Hindawi Publishing Corporation
International Journal of Photoenergy
Volume 2013, Article ID 820165, 9 pages
http://dx.doi.org/10.1155/2013/820165

Research Article
Removal of Textile Dyes from Aqueous Solution by
Heterogeneous Photo-Fenton Reaction Using Modified PAN
Nanofiber Fe Complex as Catalyst

Xueting Zhao,1,2 Yongchun Dong,1 Bowen Cheng,1,2 and Weimin Kang1,2

1 School of Textiles, Tianjin Polytechnic University, Tianjin 300387, China
2 State Key Laboratory of Hollow Fiber Membrane Materials and Processes, Tianjin Polytechnic University, Tianjin 300387, China

Correspondence should be addressed to Bowen Cheng; chengbowen@tjpu.edu.cn

Received 10 July 2013; Revised 20 September 2013; Accepted 6 October 2013

Academic Editor: Meenakshisundaram Swaminathan

Copyright © 2013 Xueting Zhao et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The modified PAN nanofiber Fe complex was prepared by the amidoximation and Fe coordination of PAN nanofiber was obtained
using electrospinning technique and then used for the heterogeneous Fenton degradation of textile dyes as a novel catalyst. Some
main factors affecting dye degradation such as Fe content of catalyst, irradiation intensity, H

2
O
2
initial concentration, the solution

pH as well as dye structure, and initial concentration were investigated. UV-Vis spectrum analysis and TOCmeasurement were also
used to evaluate the dye degradation process. The results indicated that the modified PAN nanofiber Fe complex exhibited a much
better catalytic activity for the heterogeneous Fenton degradation of textile dyes than the Fe complex prepared with conventional
PAN yarns in the dark or under light irradiation. Increasing Fe content of catalyst or irradiation intensity would accelerate the dye
degradation. And the highest degradation efficiency was obtained with 3.0mmol L−1 H

2
O
2
at pH 6. Moreover, this complex was

proved to be a universal and efficient catalyst for degradation of three classes of textile dyes including azo dye, anthraquinone dye,
and triphenylmethane dye. Additionally, the dye mineralization was also significantly enhanced in the presence of this complex.

1. Introduction

Thedyeingwastewaters containing remarkable concentration
of organic dyes are often produced by the textile industry
around the world. It is well known that these dyes are toxic
and nonbiodegradable to aquatic animals and plant [1–4].
Therefore, the treatment of dyeing wastewaters has become a
research focus in the field of environment research in recent
years. Various physically or mechanically based techniques
(e.g., activated carbon adsorption, coagulation/flocculation,
or membrane separation) have been extensively utilized.
However, they only do a phase transfer of the pollutants.
Compared with these techniques, Fenton and photo-Fenton
processes as the advanced oxidation technologies can poten-
tially complete the mineralization of organic pollutants in
water. Moreover, the heterogeneous Fenton technology is
replacing the homogeneous system because of its special
advantages on a wide range of pH adaptability and easy

recycling use [5]. The heterogeneous Fenton catalysts can be
obtained by immobilizing Fe ions on the polymer substrates
such as Nafion membrane and fibrous materials. During
the past decade years, we have been devoted to exploring
the polyacrylonitrile (PAN) fiber supported Fenton cata-
lysts. And the resulting modified PAN fiber Fe complexes
have been considered as the effective heterogeneous Fenton
catalysts with low cost [6]. But this catalyst suffers from
some problems, such as low specific surface area and low
utilization stability. Therefore, it is necessary to explore new
heterogeneous catalysts with higher performance for the
dye degradation using the polymer materials with larger
surface area as the support substrates. On the other hand,
PAN nanofiber is regarded as one of the attractive fibrous
materials owing to its excellent characteristics including large
surface area, remarkably high porosity, and high permeability
compared with conventional fibers [7, 8]. It has been applied
widely in fine filtration [9, 10], enzyme immobilization
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[11–14], and adsorptive membranes [15–18]. However, the
detailed information regarding PAN nanofiber as the sup-
ported material for heterogeneous Fenton catalyst is very
limited. In the present work, PAN nanofibers were firstly
prepared by the electrospinning technique. PANnanofiber Fe
complex was then produced by its surface modification and
metal coordination. Moreover, the activity of this complex
was investigated as a heterogeneous Fenton catalyst for the
oxidative degradation of the dye with H

2
O
2
. Finally, some

factors affecting the dye degradation such as Fe content of
catalyst, light irradiation, H

2
O
2
initial concentration as well

as structure and initial concentration of the dyes used were
optimized and discussed.

2. Experimental

2.1. Materials and Reagents. PAN knitting bulky yarn
(PAN yarn) that consisted of twisted PAN fibers was ob-
tained from Shanghai Shilin Spinning Company. N,N-
dimethylformamide (DMF), hydroxylamine hydrochloride,
hydrogen peroxide (30%), and ferric chloride were of lab-
oratory agent grade. Three kinds of textile dyes including
Reactive Red 195 (RR 195), Reactive Blue 4 (RB 4), and Acid
Blue 7 (AB 7) were commercially available and purified by
reprecipitation method in this experiment. Their molecular
structures are presented in Figure 1. Double distilled and
deionized water was used throughout the study.

2.2. Electrospinning of PAN Nanofiber. According to [11, 19],
the 14wt% solution of PAN was prepared by dissolving PAN
yarn in DMF under constant stirring at room temperature
for 24 h. The obtained PAN solution was added to a 10mL
glass syringe with a blunt needle. The PAN solution flow rate
was controlled by a microinfusion pump to be 0.30mlh−1.
The high-voltage supplier was used to connect the grounded
collector and metal needles for forming electrostatic fields.
The used voltage was 20 kV and a piece of flat aluminum
foil on the grounded collection roller was placed about 15 cm
below the tip of the needle to collect the nanofiber. A jet of
PAN solution came out from the needle tip at a critical voltage
and was collected on the aluminum foil. The PAN nanofibers
were obtained after DMF evaporation.

2.3. Preparation of Modified PAN Nanofiber Fe Complex. On
the basis of our previous work [20], PAN nanofibers were
amidoximated using a mixed solution containing hydroxy-
lamine hydrochloride and sodium hydroxide in a 250mL
flaskwith a thermometer and agitator for at 1-2 h at 68∘C.And
then the resulting amidoximated PAN nanofiber (denoted as
AO-n-PAN) was washed several times with distilled water
and dried under vacuum at 50∘C. The degree of the conver-
sion from nitrile groups to amidoxime groups of the AO-n-
PAN was calculated to be 41.21% [19]. The obtained AO-n-
PANnanofiber was immersed in an aqueous solution of ferric
chloride under continuous agitation at 50∘C for 2 h in order
to produce the amidoximated PAN nanofiber Fe complex
(denoted as Fe-AO-n-PAN). The residual concentration of
Fe3+ ions in solution after coordinationwas determined using

a VISTA MPX inductively coupled plasma optical emission
spectrometer (ICP-OES, Varian Corp., USA) for calculating
the Fe content (𝑄Fe) of Fe-AO-n-PAN.

2.4. Characterization of Modified PAN Nanofiber Fe Complex.
The surface morphology of Fe-AO-n-PAN was examined
by a field emission scanning electron microscope (FE-SEM)
(S-4800, Hitachi Co., Japan). The average diameter of PAN
nanofibers was determined by analyzing the SEM images
with an image analyzing software (Image-Pro Plus, Media
Cybernetics Inc.) [21]. Composition of Fe-AO-n-PAN was
verified by using a Nicolet Magana-560 Fourier transform
spectrometer (Nicolet Instrument Co., USA).

2.5. Photocatalytic Reaction Setup. The photoreaction system
was particularly designed in this experiment and consisted
primarily of chamber, lamp, electromagnetic valve, relay,
and water bath [22]. Ten open Pyrex vessels of 150mL
capacity were served as reception receivers in water bath. A
400W high-pressure mercury lamp was used as illuminating
source for the photocatalytic reaction. The intensity of light
irradiation over the surface of the test solution was mea-
sured to be 8.42mWcm−2 (400–1000 nm) and 0.62mWcm−2
(UV 365 nm) using FZ-A radiometer and UV-A radiometer
(Beijing BNU Light and Electronic Instrumental Co., China),
unless otherwise stated.

2.6. Dye Degradation Procedure and Analysis. 0.20 g of Fe-
AO-n-PAN was immersed into the 50mL test solutions
containing 0.05mmol L−1 dye and the appropriate concen-
tration of H

2
O
2
in the vessel. The temperature in the vessel

was kept at 25 ± 1∘C. The solution in vessel was exposed
to the irradiation of lamp in photoreaction system. At the
irradiation time intervals, 1-2mL of the test solution was
taken off from the vessel and rapidly measured at the 𝜆max of
the dye used (522 nm forRR 195, 596 nm forRB4, and 630 nm
for AB 7) using a UV-2401 Shimadzu spectrophotometer.The
decoloration percentage of the dye was expressed as 𝐷% =
(1 − 𝐶/𝐶

0
) × 100%, where 𝐶

0
is the initial concentration of

the dye (mmol L−1) and 𝐶 is the residual concentration of
the dye (mmol L−1). In addition, total organic carbon (TOC)
of the test solution was measured by a Phoenix 8000 TOC
analyzer (Tekmar-Dohrmann Inc., USA), and TOC removal
percentage of the test solution was calculated as follows: TOC
removal % = (1 − TOC

𝑡
/TOC

0
)× 100%, where TOC

0
and

TOC
𝑡
are the TOC values (mgL−1) at reaction times 0 and 𝑡,

respectively.

3. Results and Discussion

3.1. Morphological Properties and Structure. Figure 2 shows
the random orientation and smooth surface of PAN nanofi-
ber, a and their average diameters are 319.8 nm. Moreover,
the surface of PAN nanofibers is rarely affected by the
modification and Fe coordination. However, the average
diameters of the resulting Fe-AO-n-PAN are 512.8 nm.

Figure 3(a) exhibited the FTIR spectrum of PAN nanofi-
ber. The typical characteristic bands due to the stretching
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Figure 1: Chemical structures of the three dyes.
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Figure 2: SEM images of (a) PAN nanofibers and (b) Fe-AO-n-PAN.

vibration of hydroxyl (3540 cm−1), nitrile (2248 cm−1), car-
bonyl (1738 cm−1), and ether (1250 and 1150–1040 cm−1) were
clearly observed [6, 16]. The intensity of CN group decreased
after modification with hydroxylamine. The characteristic
bands of the functional groups of PAN with additional
peaks appeared at 1662 cm−1 and 944 cm−1 which is due to
the stretching vibration of N–O, N–H and C=N groups in
amidoxime, respectively [16]. The intensity of these peaks
further decreased and two peaks at 1662 and 944 cm−1 shifted
to short position, separately after coordinating with Fe3+ ions
in the spectrumof Fe-AO-n-PAN.This demonstrated that the
Fe3+ ions were chemically attached to the AO-n-PAN.

3.2. Catalytic Activity of Fe-AO-n-PAN. To study the catalytic
property of Fe-AO-n-PAN as a heterogeneous Fenton pho-
tocatalyst, the degradation of RR 195 was conducted under
the various conditions. For comparison, a control experiment
was also performed in the presence of the amidoximated PAN
fiber Fe complex (denoted as Fe-AO-PAN) with the PAN

yarns using the samemethod described above, and the results
were given in Figure 4.

Figure 4 shows that the 𝐷% value is less than 4.0%
without Fe-AO-n-PAN or Fe-AO-PAN after 90min of the
reaction time under visible irradiation, demonstrating that
the decomposition of RR 195 is rather slow in the absence of
the catalyst. It is clearly found that when Fe-AO-n-PANor Fe-
AO-PANwas used, the𝐷% value increased significantly with
the prolongation of the reaction time. These results suggest
that Fe-AO-n-PAN or Fe-AO-PAN exhibits strong catalytic
activity on the dye degradation.This is because the Fe-AO-n-
PAN or Fe-AO-PAN can enhance the reduction of the loaded
Fe3+ to Fe2+ ions through the Fenton-like process, and the
generated Fe2+ ions are then oxidized immediately by H

2
O
2

to complete the Fe3+/Fe2+ ions and generate ∙OH radicals,
which is responsible for the dye degradation [23]. Addition-
ally, the photosensitization of the azo dyes can promote a
conversion of Fe3+ to Fe2+ ions during photoassisted Fenton
reaction [5, 24]. In this work, it is believed that RR 195 could
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Figure 3: The FTIR spectra of (a) PAN nanofiber, (b) AO-n-PAN,
and (c) Fe-AO-n-PAN.

act as the sensitizer of the Fe-AO-n-PAN or Fe-AO-PAN to
lead to a charge transfer with the concomitant quenching of
the excited dye∗ and the formation of dye+. These reaction
processes are described by

Fe3+/PAN +H2O2
ℎ]/dark
→ Fe2+/PAN +HO

2

∙ +H⊕

Fe2+/PAN +H2O2 → Fe3+/PAN +OH⊖ + ∙OH

Fe3+/PAN +HO
2

∙ → Fe2+/PAN +O2

Dye + Fe3+/PAN

ℎ]
→ Dye∗ − −Fe3+/PAN

→ Dye+∙ + Fe2+/PAN
∙OH+Dye+∙ or Dye → Products

(1)

More importantly, the𝐷% values in the case of Fe-AO-n-
PAN are much higher than those in the case of Fe-AO-PAN,
especially in the dark at the same conditions. Furthermore,
most of RR 195 molecules were completely decolorized in the
presence of Fe-AO-n-PANwithin 90min.These results imply
that the Fe-AO-n-PAN exhibits a more remarkable activity
for the dye degradation than Fe-AO-PAN. This is mainly
attributed to the great specific surface area (3.46m2 g−1) of
Fe-AO-n-PAN, which ismuch bigger than that (0.352m2 g−1)
of Fe-AO-PAN. Besides, the small diameter of the nanofibers
could result in a reduced diffusion resistance of the dye and its
degradation products due to the short diffusion path [11, 25],
thus providing convenient diffusion channels for dye solution
and more reaction sites for dye adsorption and degradation.

3.3. Fe Content of Catalyst. The degradation of RR 195 was
carried out at pH 6 by the addition of Fe-AO-n-PAN with
various Fe content (𝑄Fe) to the test solutions under light
irradiation. The influence of 𝑄Fe value on the 𝐷% values of
RR 195 within 45min and 90min was presented in Figure 5.
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0

20

40

60

80

100

(a)

(b)

(c)

(d)
(e)

D
(%

)

t (min)

Figure 4: Variations in 𝐷% values of RR 195 in different systems:
(a) RR 195 and H

2
O
2
under visible irradiation, (b) RR 195, Fe-AO-

PAN and H
2
O
2
under dark, (c) RR 195, Fe-AO-PAN, and H

2
O
2

under visible irradiation, (d) RR 195, Fe-AO-n-PAN, and H
2
O
2

under dark, and (e) RR 195, Fe-AO-n-PAN, and H
2
O
2
under visible

irradiation. The experiments were carried out under conditions:
[H
2
O
2
] = 3.0mmol L−1, pH = 6, Fe-AO-PAN (𝑄Fe = 3.42mmol g−1),

or Fe-AO-n-PAN (𝑄Fe = 3.38mmol g−1) = 0.20 g.

It is seen from Figure 5 that the relatively high𝐷% values
(40.2% for 45min and 58.4% for 90min) were obtained when
AO-n-PAN (𝑄Fe = 0.00mmol g−1) was used as a catalyst.
This is because AO-n-PAN has a big specific surface area,
leading to a strong adsorption of the dye molecules in
solution. Moreover, increasing 𝑄Fe values of Fe-AO-n-PAN
from 0.801mmol g−1 to 2.25mmol g−1 is accompanied with a
significant enhancement of𝐷% levels, which are higher than
those in the case of AO-n-PAN. This suggests that higher
𝑄Fe values can significantly accelerate the dye degradation.
Similar result was observed for the decomposition of azo dye
in the system of Fe-AO-PAN and H

2
O
2
in our previous work

[6]. The possible reason is that increasing 𝑄Fe values of the
catalysts may cause more active sites on their surface, which
can improve the H

2
O
2
decomposition and generate relatively

high concentration of ∙OH radicals in the solution by the
heterogeneous photo-Fenton reaction, thus promoting the
dye degradation. It is worth noting that little enhancement
was observed at 𝑄Fe being more than 2.25mmol g−1, espe-
cially for the 𝐷

90
% value. This may be owing to the reaction

of excess Fe3+ ion with H
2
O
2
producing less ∙OH radicals

[26]. Therefore, 2.25mmol g−1 of 𝑄Fe value is believed to
be optimum Fe content of Fe-AO-n-PAN for the highest
catalytic efficiency.

3.4. Initial Concentration of H
2
O
2
. RR 195 was decomposed

using Fe-AO-n-PAN (𝑄Fe = 2.25mmol g−1) and H
2
O
2
with

the initial concentration (𝐶H2O2
) varied from 0mmol L−1

to 9.00mmol L−1 at pH 6, and the results were shown in
Figure 6.

Figure 6 shows that 𝐷% value increased with the pro-
longation of reaction time in the absence or presence of
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Figure 5: Degradation of RR 195 by Fe-AO-n-PAN with different
𝑄Fe values.
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H
2
O
2
. And𝐷% value reached 35.6% after 90min without the

addition of H
2
O
2
, which is due to the adsorption effect of Fe-

AO-n-PAN with large specific surface area. Moreover, 𝐷%
values increased with 𝐶H2O2

increasing from 0mmol L−1 to
3.00mmol L−1, indicating that high𝐶H2O2

levels led to a grad-
ual increasing𝐷% values. However,𝐷% value unremarkably
increased when 𝐶H2O2

is above 3.00mmol L−1. The optimal
𝐶H2O2

level was found to be 3.00mmol L−1 in this experiment.
This is coincident with the results reported in [27]. According
to [28, 29], the role of H

2
O
2
in Fenton reaction is different

depending on its concentration.At the low𝐶H2O2
levels,H

2
O
2

molecules could not generate enough ∙OH radicals, resulting
in the limited decoloration of RR 195. When 𝐶H2O2

was over
the optimum value, surplus H

2
O
2
molecules may act as ∙OH

scavenger, thus reducing the ∙OH concentration in solution
[27, 30].

3.5. Irradiation Intensity. The degradation of RR 195 was
performed at pH 6 with Fe-AO-n-PAN (𝑄Fe = 2.71mmol g−1)
and 3.0mmol L−1 H

2
O
2
under different light irradiations,

and 𝐷% values within 45min and 90min were presented in
Table 1.

It is noticed from Table 1 that RR 195 molecules were
partially removed from the test solution in the dark (no light
irradiation), whichmay be attributed to the better adsorption
and catalytic capacity of Fe-AO-n-PAN. Moreover,𝐷% value
gradually increased as the irradiation intensity becoming
higher. This suggests that stronger light irradiation can
significantly enhance catalytic activity of Fe-AO-n-PAN, thus
resulting in an obvious improvement in the dye degradation.
A main reason is that the amidoximated PAN fiber Fe
complex is activated throughout the UV and visible wave-
lengths where light absorption occurs [6]. Consequently, Fe-
AO-n-PAN is regarded as an efficient Fenton photocatalyst
for dyeing wastewater. Another explanation is that higher
irradiation may increase the photosensitization of the dye
molecules on the surface of catalyst, which promotes a
conversion of Fe3+ to Fe2+ ions during the degradation.
Besides, higher irradiationmay be beneficial for photolysis of
H
2
O
2
and photoreduction of Fe3+ to Fe2+ ions in the solution

since both processes are strongly dependent on wavelength
and intensity of light irradiation [31]. Finally, it is possible
that powerful light irradiation may change the aggregation
equilibrium of dye molecules in solution, and reduce the
formation of dye aggregation units due to their weak stability
in aqueous solution [32].

3.6. Dye Structure Characteristics and Initial Concentration.
The comparative study was carried out for the degradation of
three kinds of textile dyes: azo dye, RR 195; anthraquinone
dye, RB 4, and triphenylmethane dye, AB 7 from aque-
ous solution by Fe-AO-n-PAN (𝑄Fe = 2.71mmol g−1) and
3.0mmol L−1 H

2
O
2
at pH 6 under light irradiation. The

UV-Vis spectrum analysis was adopted to investigate their
degradation and intermediate transformation during treat-
ments.The comparisons ofUV-Vis spectra of dye degradation
processes are given in Figure 7. Moreover,𝐷% values of three
dyes were also calculated and shown in Figure 7.

Figures 7(a)–7(c) show that three characteristic peaks
at 522 nm for RR 195, 596 nm for RB 4, and 630 nm for
AB 7 decreased gradually with prolonging irradiation time.
As shown in Figure 7(d), their 𝐷% values were above 90%
within 45min. These results suggest that chromophores of
three dyes have been almost completely destructed after the
degradation. Not only characteristic peaks of three dyes, but
also some peaks (296 nm for RR 195, 256 nm and 296 nm for
RB 4, and 307 nm for AB 7) in 200–400 nm also significantly
decreased during the degradation processes, which indicated
that the aromatic rings of three dye molecules studied
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Figure 7: Degradation of three dyes with different molecular structures.

Table 1: Degradation of RR 195 under increasing light irradiations.

Irradiation intensity Visible
(400–1000 nm) (mWcm−2) 0 8.42 11.3 15.4

UV
(365 nm) (mWcm−2) 0 0.62 0.72 1.04

D% 45min 61.04 79.47 88.82 98.40
90min 82.35 91.25 97.02 99.89

were destroyed by the photocatalysis of Fe-AO-n-PAN/H
2
O
2
.

Consequently, Fe-AO-n-PAN was proved to be a universal
and efficient catalyst for degradation of the three dyes with
different molecular structures.

In order to investigate the effect of dye initial concentra-
tion on its degradation, we performed the experiments with
four initial concentrations of RR 195 under light irradiation
while the other variables were kept constant. It is apparent
from Figure 8 that higher initial concentrations can cause a
dramatic reduction in 𝐷% values, proposing that the lower

the RR 195 initial concentration, the shorter the reaction
period needed to degrade RR 195 completely. 𝐷% values,
especially for low RR 195 initial concentration, increased
quickly in the first 20min and then obviously slowed down as
time goes on. This is because when the H

2
O
2
concentration

was kept constant for the solutions with different RR 195
initial concentrations, more H

2
O
2
molecules were consumed

in the beginning stage [33]. On the other hand, it is well
known that the aggregation equilibrium of dye molecules
in water is affected particularly by dye concentration
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[34, 35]. Higher dye concentration can generally enhance
the formation of dye aggregation units, which limits the dye
adsorption and degradation.

3.7. The Solution pH. The degradation of RR 195 with
3.0mmol L−1 H

2
O
2

catalyzed by Fe-AO-n-PAN (𝑄Fe =
3.71mmol g−1) at different solution pH was investigated
under light irradiation in order to ensure the stability of Fe-
AO-n-PAN as a photocatalyst over a wide pH range, and the
experimental result was presented in Figure 9.
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Figure 10: TOCR% values of RR 195 solution as a function of the
reaction time.

It was clearly observed from Figure 9 that 𝐷% values as
a function of the reaction time when initial solution pH is
varied. The dye degradation occurred over a wide range of
pH values from 3 to 9. 𝐷% value reached the maximum
value of 95.42% at pH 6 within 45min. 𝐷% value at pH
3 was higher than that at pH 9 at the same reaction time.
These results demonstrated that Fe-AO-n-PAN exhibited a
higher catalytic activity at acidic medium than at alkaline
medium, and its highest catalytic efficiency could be obtained
at pH 6. This optimum solution pH is higher than pH level
(about 3.0) at which homogeneous photoassisted Fenton
reaction was performed most easily [36]. On the other hand,
the change in the pH of the reaction system during the
degradation of RR 195 was obviously found. For instance,
the final pH value after 45min of reaction was about 2.6 for
an initial pH of 6. This may be owing to the acidity of the
intermediates produced during the degradation [33]. Some
similar phenomena were observed by Feng et al. [33] and
Dhananjeyan et al. [37].

3.8. Mineralization. Mineralization of the dye molecules in
solution should be examined since the degradation inter-
mediates may be longer-lived and even more toxic than
the parent dyes to aquatic animals and human beings. In
this work, mineralization of RR 195 was performed in the
presence of 3.0mmol L−1 H

2
O
2
and Fe-AO-n-PAN (𝑄Fe =

2.71mmol g−1) at pH 6 under light irradiation, and the result
is given in Figure 10.

Figure 10 shows that TOCR% value increases propor-
tionally as the reaction time goes on. A linear equation
between TOCR% value and reaction time (𝑡) also is also
provided. Moreover, TOCR% value reaches 63.28% within
60min under light irradiation. These results illustrates that
RR 195 molecules can be destructed and then converted into
H
2
O,CO

2
, and inorganic salts.This is in good agreementwith

the decoloration and degradation of the RR 195 mentioned
above.
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4. Conclusions

The modified PAN nanofiber Fe complex was prepared
through the amidoximation and consequent Fe coordination
of PAN nanofiber obtained using electrospinning technique.
This complex not only significantly catalyzed the oxidative
degradation of the textile dye in water as a novel heteroge-
neous Fenton photocatalyst, but also showed a better catalytic
performance than the Fe complex prepared with conven-
tional PAN yarns in the dark or under light irradiation. It was
found that Fe content of the complex, H

2
O
2
initial concen-

tration, irradiation intensity, and the solution pH were the
main factors that have strong impacts on the heterogeneous
Fenton degradation of the textile dye. Increasing Fe content
of the complex or irradiation intensity would accelerate the
dye degradation. The optimal H

2
O
2
molar concentration

is 3.0mmol L−1 in order to obtain the best decoloration
efficiency. Although this complex has a relatively better
catalytic activity over a wide pH range, the optimal pH
of the reaction solution is 6 for the fastest degradation of
the dye. Moreover, it was proved that the modified PAN
nanofiber Fe complex was a universal and efficient catalyst
for degradation of the three classes of textile dyes including
azo dye, anthraquinone dye, and triphenylmethane dye.
Besides, UV-Vis spectrum analysis and TOC measurement
indicated that the chromophore and aromatic rings of the dye
molecules were decomposed and then converted into H

2
O,

CO
2
, and inorganic salts in the presence of themodified PAN

nanofiber Fe complex and H
2
O
2
under light irradiation.
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The ozonation catalyzed by iron-pillared clays was studied.The degradation of dye indigo carmine (IC) was elected as test reaction.
Fe-pillared clays were synthesized by employing hydrolyzed FeCl

3
solutions and bentonite. The pillared structure was verified by

XRD and by XPS the oxidation state of iron in the synthesized material was established to be +2. By atomic absorption the weight
percentage of iron was determined to be 16. The reaction was conducted in a laboratory scale up-flow bubble column reactor.
From the studied variables the best results were obtained with a particle size of 60 microns, pH = 3, ozone flow of 0.045 L/min, and
catalyst concentration of 100mg/L. IC was completely degraded and degradation rate was found to be double when using Fe-PILCS
than with ozone alone. DQO reduction was also significantly higher with catalyzed than with noncatalyzed ozonation.

1. Introduction

A vast amount of water is employed by the textile industry.
Because of the dyeing process, the produced wastewater
contains strong color and this is reflected as well in a high
chemical oxygen demand (COD). It has been estimated
that 1–15% of the dye is lost during dyeing and finishing
processes and is released into wastewater [1, 2]. Even small
quantities (<0.005mg L−1) of dyes in water are unacceptable
since the discharge of effluents containing reactive dyes into
the environment can interfere with transmission of sunlight
into flowing liquid [3]. This causes perturbations in aquatic
life and the food web [4]. Thus, an effective and economical
technique for removing dyes from textile wastewaters is
needed [5]. In this sense, several conventional methods for
treating dye effluents have been studied, such as photodegra-
dation [6], adsorption [7], filtration [8], coagulation [9], and
biological treatments [10]. However, due to the stability of the
molecules of dyes some of these methods are not completely
effective and/or viable. In recent years, water treatment
based on the chemical oxidation of organic compounds by
advanced oxidation processes (AOPs) like ozonation has
drawn attention. Ozonation, which is effective, versatile, and
environmentally sound, has been tested as a goodmethod for
color removal [11]. Ozone is a strong oxidant (𝐸∘ = 2.07V)

and reacts rapidly with most of organic compounds [12]. It
oxidizes organic pollutants via two pathways: direct oxidation
with ozone molecules and/or the generation of free-radical
intermediates, such as the ∙OH radical, which is a powerful,
effective, and nonselective oxidizing agent [13, 14]. However,
the degree and rate of oxidation by ozonation is limited by
the chemical structure; that is, amines, linear chain alcohols,
and ketones are harder to be oxidized by ozone than some
aromatic compounds [15]. This has motivated the search for
more efficient ozonation processes. In this context, metal-
catalyzed ozonations have particularly drawn attention, but
water contamination bymetals turned out to be amajor prob-
lem [16, 17].The aimof thiswork is to evaluate the efficiency of
ozonation of carmine indigo catalyzed by an Fe-pillared clay.
The clay is expected to retain the iron within its structure so
that the solution is not contaminated with the metal.

Clays are natural abundant minerals that can be obtained
from somemines in high purity [18]. However, it is important
to modify them to obtain homogeneous materials that can
be used with reliable results. Furthermore, although clay
possesses large surface area, this is not accessible due to the
strong electrostatic interaction between sheets and charge
balancing cations. Thus, to gain access to the interlami-
nar area large cations (“pillars”) should be placed between
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sheets; as a result an increase in the surface area is obtained.
Pillared clays are microporous materials that are obtained
by exchanging the interlayered cations of layered clays with
bulky inorganic polyoxocations, followed by calcinations [19–
22]. After pillaring, the presence of this new porous structure
and the incorporation of new active sites present several
possible applications of these materials [23]. As described
by Catrinescu et al. [24], there are few examples where iron
containing synthetic clays have been tested as solid catalyst
to promote the Fenton reaction [24]. Some reports indicate
that pillared clays can be used as Fenton catalyst; these reports
refer to the catalytic activity imparted by the pillars, which
become the actual catalytic sites [25–27]. However, in all the
previous research the addition of hydrogen peroxide has been
the common reactive added to promote the Fenton reaction.
To the authors knowledge there are no reports of the effi-
ciency of ozonation of dyes catalyzed with Fe-pillared clays.

2. Materials and Methods

2.1. Reagents. Sulfuric acid, sodium hydroxide, and indigo
carmine dye of analytical grade were purchased from Sigma-
Aldrich Chemicals. The acid and the base were used without
further purification to adjust the solutions pH to 3. Purified-
grade bentonite was supplied by Fisher Scientific.

Ozone was generated in situ from dry air by an ozone
generator (Pacific Ozone Technology), with an average ozone
production of 0.005 g⋅dm−3.

2.2. Synthesis of Fe-PILCs. The Fe-pillared clay (Fe-PILC),
used as catalyst, was prepared by a purified-grade bentonite
supplied by Fisher Scientific. Fe-PILCs were prepared using
FeCl
3
⋅6H
2
O and NaOH solutions according to the method

of synthesis reported elsewhere [28]. The former was added
to the NaOH solution to obtain the required OH/Fe molar
ratio of 2.0. The initial concentration of the Fe salt was
0.2M and the suspension clay concentration was 0.10 wt.%.
In order to avoid precipitation of iron species, the pH was
kept constant at 1.78–1.80.Themixture was aged for 4 h under
stirring at room temperature. The pillaring solution was then
slowly added to a suspension of bentonite in deionized water.
The mixture was kept under vigorous stirring for 12 h at
room temperature. Finally, the solid was washed by vacuum
filtration with deionized water until it was chloride-free
(conductivity < 10 𝜇S/cm). Finally, the solid was air-dried
(70∘C) and calcined for 2 h at 400∘C.

2.3. Catalyst Characterization. X-ray diffraction (XRD) pat-
terns were obtained on a Bruker Advance 8 diffractometer
using CuK𝛼 radiation at 35 kV and 30mA. Data were collect-
ed over 2𝜃 range of 3–12∘ with a step of 0.04∘/min. X-ray dif-
fraction pattern suggests that the original bentonite was suc-
cessfully pillared since one peak corresponding to the (0 0 1)
reflection appeared at small 2𝜃 angles (2𝜃 ≈ 4∘). According to
[28] this result clearly indicates an enlargement of the basal
spacing of the clay as consequence of the pillaring process.

The total iron content incorporated into the catalyst was
determined by using a SpectrAA 240FS atomic absorption

1

2

3

4

5

67

8

Figure 1: Schematic apparatus for the ozonation reaction. (1) Up-
flow glass bubble column reactor, (2) porous glass (gas diffuser), (3)
KI solution trap, (4) ozone generator, (5) flowmeter, (6) dry air inlet,
(7) ozone output, and (8) air dryer.

spectrophotometer. Before analysis, the samples were dis-
solved in hydrofluoric acid and diluted to the interval of
measurement.

Specific surface area and pore-size distribution were
determined by N

2
adsorption at 77K in a static volumetric

apparatus (Micromeritics ASAP 2010 sorptometer). Pillared
clays were outgassed prior use at 180∘C for 16 h under vacuum
of 6.6 × 10−9 bar. Specific total surface area was calculated
using the Brunauer-Emmett-Teller (BET) equation, whereas
specific total pore volume was evaluated from nitrogen
uptake at N

2
relative pressure of 𝑃/𝑃

𝑜
= 0.99.

The chemical state of the Fe was analyzed by X-ray pho-
toelectron spectroscopy (XPS, Jeol JPS 9200) with a standard
Mg K𝛼 excitation source (1253.6 eV). Binding energies were
calibrated with respect to the carbon signal (C1s) at 285 eV.

2.4. Ozonation Experiments. The ozonation experiments
were conducted in an up-flow glass bubble column reactor
(Figure 1). The gas mixture ozone/air was continuously fed
with a flow rate varying from 0.02 to 0.06 L⋅min−1 through
a gas diffuser with a 2mm pore size at the bottom of the
reactor.The excess of ozone in the outlet gas was decomposed
and trapped in a KI solution. Samples were taken at specific
time intervals to be analyzed. Fe-pillared clays were crushed
and sieved to a particle size of 60 𝜇m. All the experiments
were carried out at room temperature (19∘C ± 2). pH was
adjusted at 3.0 with analytical grade sulfuric acid and sodium
hydroxide. In addition to ozone flow rate, the effect of mass
of catalyst was also studied in the range of 0–0.1% w/w. At
all experiments the initial concentration of ICwas 1000mg/L.
As control experiments, IC concentration profiles were estab-
lished by adsorption, ozonation plus bentonite (clay without
pillaring) and particles of Fe∘. For the adsorption experiment,
only clay without any ozone supplying was employed in
order to discard the removal of IC by physical means. The
experiment with only bentonite was conductedwith an ozone
flow rate of 0.045 L⋅min−1 and a bentonite loading of 0.1%. It
is worth clarifying that in this case the employed bentonite
was not pillared. For the experiment with Fe∘ particles,
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Figure 2: X-ray diffraction pattern of Fe-PILC.

a loading of 0.016% w/w was employed. This iron loading is
equivalent to that when using 0.1% w/w of Fe-pillared clay.
Fe∘ particles were synthesized in our laboratory by reducing
0.01M Fe(II) sulfate solution with NaBH

4
at pH 7 and room

temperature. pH was controlled by adding a 0.5M NaOH
solution.Thiswas carried out under nitrogen atmosphere and
with deaeratedwater to ensure the production of Fe∘ particles.

2.5. Chemical Analysis. Concentration of indigo carmine was
determined by UV-Vis spectrophotometry technique, using a
Perkin-Elmer Model Lambda 25UV-Vis spectrophotometer
with a wavelength range of 190–1100 nm. Samples absorb-
ance was scanned from 200 to 900 nm, and a maximum
absorbance at 611 nm was observed. The scan rate was
960 nm⋅s−1. The samples were scanned in a quartz cell with
1 cm optical path.

In order to establish the oxidation degree of indigo
carmine, chemical oxygen demand of samples was deter-
mined by means of the American Public Health Association
(APHA) standard procedures [29].

3. Results and Discussion

3.1. Fe-PILCs Characterization. The XRD pattern of Fe-PILC
after calcinations at 400∘C is shown in Figure 2. This pillared
material exhibits a peak at 2𝜃 ≈ 4∘ which is commonly
assigned to the basal (0 0 1) reflection (d(0 0 1)). The basal
spacing represents the distance between two clay layers,
including the thickness of one of the layers. The reflection
at low 2𝜃 values (2𝜃 ≈ 4∘) is a clear indication of the
enlargement of the basal spacing of the clay as consequence
of the pillaring process, as explained in a previous work [28].
In this pillared clay a broader peak in the range 2𝜃 ≈ 7–9∘
was observed. This can be ascribed to two overlapped peaks,
the (0 0 2) reflection of the pillared clay and the (0 0 1)
reflection corresponding to the intercalation of a proportion
of monomeric species of small size, thus leading to smaller
openings of the clay layers [30].

Table 1: Main characteristics of parent clay and Fe-PILC catalyst.

Sample 𝑑(0 0 1) (Å) Surface area
(m2/g)

Micropore
volume
(cm3/g)

Fe (wt.%)

Bentonite —, 9.6b 35 0.0028 2.7
Fe-PILC 24.22a, 11.6b 283 0.125 16
a1st peak (2𝜃 ≈ 4∘).
b2nd peak (2𝜃 ≈ 7–9∘).

Table 1 shows the main textural characteristics, the Fe
content of the samples prepared, and the basal spacing cor-
responding to both the parent clay and the Fe-PILC calcined
at 400∘C. As can be seen, the pillared process increases the
basal spacing of the clay. The surface area analysis indicates
that the pillaring process produces a significant increase in
the surface area of parent clay. This can be ascribed to the
micropores formation [31].

XPS analysis was performed in order to corroborate the
presence of iron and to identify its chemical state. The XPS
spectrum corresponding to the Fe 2p3/2 narrow scan region
of the Fe-PILC was observed (data not shown). According to
the National Institute of Standards and Technology (NIST),
this peak (≈710 eV) corresponds to FeO (Fe2+). This result
is coherent with TPR studies that indicated that Fe-pillared
clays present only one reduction peak that corresponds to the
Fe3+ → Fe2+ reduction process [28].

3.2. Ozonation Experiments

3.2.1. Effect of Ozone Flow Rate. In an up-flow bubble column
the gas flow rate is expected to affect, among other aspects,
the rising bubble velocity and therefore the contact time
of the gas with the solution. This is finally reflected in the
gas mass transferred to solution. Thus, gas flow rate is an
important variable in the study of any three-phase system. In
this case, to do so, this variable was studied only under the
presence of ozone in the range of 0.020–0.060 L/min. Figure 3
shows the obtained averaged results of two repetitions per
flow rate. It can be observed that at all experiments 100%
degradation of indigo carmine (IC) was achieved. The veloc-
ity at which this occurs, however, depends on ozone flow
rate. It can be observed that depletion of indigo carmine
concentration along time increases when increasing of flow
rate. Nevertheless, when flow rate is 0.06 L⋅min−1 the rate of
indigo carmine degradation becomes slower.This means that
a maximum of ozone in solution is achieved before this flow
rate, and this is observed to happen when a 0.045 L⋅min−1
is employed. Therefore, the rest of the experiments were
conducted at this flow rate.

3.2.2. Effect of Mass of Catalyst. In order to study the effect
of this variable four experiments with their corresponding
repetitions were conducted within the catalyst concentration
range of 0–0.1% w/w and with an initial concentration of
IC at all cases of 1000mg/L and an ozone flow rate of
0.045 L⋅min−1. All the experiments were carried out at pH 3



4 International Journal of Photoenergy

0

200

400

600

800

1000

1200

0 10 20 30 40 50 60 70

[IC
] (

m
g/

L)

Time (min)

0.02 L/min
0.03 L/min
0.04 L/min
0.045 L/min

0.05 L/min
0.055 L/min
0.06 L/min

Figure 3: Influence of gas flow rate on the indigo carmine concen-
tration.

0

200

400

600

800

1000

1200

0 10 20 30 40

[IC
] (

m
g/

L)
 

Time (min)

0%
0.01%
0.01%
0.10%

Adsorption
Bentonite
Fe particles

Figure 4: Effect of Fe-PILC concentration (% w/w) and type of
catalyst (Fe-PILC, clay without pillaring, and Fe particles) on Indigo
carmine concentration.

to avoid the precipitation of Fe [32]. From Figures 4 and 5, the
positive effect of the Fe-pillared clay is evident. The presence
of the catalyst enhances the ozonation process, and the mass
of catalyst has a strong influence over the dye degradation.
This increases when mass of Fe-pillared clays increases and
this is also an indication of the liquid-solid mass transfer
resistance being negligible. It is observed in Figure 4 that by
only adding 0.1% w/w of catalyst the IC degradation rate is
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Figure 5: Effect of catalyst concentration on chemical oxygen
demand (COD).

doubled.Moreover, Figure 5 shows that the use of catalyst not
only affects IC degradation rate but also its oxidation degree.
Three other plots can be observed in Figure 4.The adsorption
experiment confirmed the role of Fe-PILC as catalyst rather
than as sorbent. It was found that only 2.9% of IC is removed
by this phenomenon during the time of reaction (60min).
Also, in Figure 4, the experiment labeled as bentonite further
highlights the effect of pillaring since it can be observed
that the bentonite alone does not have a significant effect on
ozonation rate, which came out to be practically the same
when using only ozone. It is worth clarifying that in this case
the employed bentonite was not pillared and that its iron
content (by nature) was determined by atomic absorption
to be 2.7%. Regarding the effect of Fe particles, it can be
observed that the initial IC degradation rate is noticeably
improved by the presence of this solid. This improvement,
however, is not constant and the degradation rate becomes
relatively slower after few minutes of reaction. This behavior
can be ascribed to the ready availability of Fe for reactions (4)
and (5) to occur. It seems, however, that in this case, reaction
(4) occurs more rapidly than reaction (6), which implies that
after few minutes of reaction Fe3+ species may prevail thus
limiting degradation rate.

Figure 5 indicates that the oxidation degree depends on
catalyst concentration. To elucidate the species that became
resistant to each treatment the UV-Vis spectra of the reacting
solution as function of time were analyzed and these are
depicted in Figure 6. It can be observed in this figure that
the corresponding spectrum to IC presents two absorption
bands with maxima at 600 and 340 nm. The former band
is characteristic of indigo and the latter is ascribed to aux-
ochromes (N, SO

3
) joined to the benzene ring. When ozone

is applied to the IC solution, it can be observed in Figure 6(a)
that the maximum absorbance at 600 nm decreases and this
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Figure 6: Effect of degradation type and time on UV-Vis spectra. (a) Ozonation alone; (b) ozonation + Fe-pillared clay.

indicates that the characteristic blue color is diminishing also.
This may be due to the loss of sulphonate group since this
works as auxochrome and therefore increases color intensity.
After 40 minutes of reaction a new absorption band appears
at 403 nmand this can be ascribed to a degradation product of
IC.This product was identified as isatine by comparison with
the absorption spectra of the corresponding standard. After
120 minutes of ozonation treatment only isatine is identified
in the solution and no further degradation with ozone only
was detected.

Unlike with ozonation alone, it can be observed in
Figure 6(b) that when using ozonation + Fe-PILC not only
the loss of color is improved but also the degradation of
isatine. Until minute 30, both treatments are very similar.
When using Fe-PILC, the absorption band attributed to the
IC completely disappears and then the band related to isatine
is observed.This diminished up to 72% of that at 60 minutes.

These results suggest that when only ozone is used the dye
is degraded mainly by the direct action of ozone molecules.
This, however, does not rule out the production of ∙OH radi-
cals bymeans of reaction (1).These radicalsmay be consumed
by reaction (2) rather than by oxidizing the IC. The product
of this reaction may be reacting further to obtain H

2
O
2
[33]:

O
3
+H
2
O → 2OH∙ +O

2
(1)

O
3
+OH∙ → O

2
+HO∙

2
←→ O∙

2
+H+ (2)

2OH∙
2
→ O

2
+H
2
O
2

(3)

When the ozone is combined with Fe-PILC the intensifi-
cation of OH production is expected according the following
reaction [34]:

FeO2+ +H
2
O
2
→ Fe3+ +OH∙ +OH− (4)

The ferrous species involved in reaction (4) may be
produced by the ferrous species in the pillared clay by means
of the following reactions:

6H+ +O
3
+ FeO → FeO2+ + 3H

2
O (5)

Fe3+ species may be going back to Fe2+ by means of the
following reaction:

Fe3+ +H
2
O
2
→ Fe2+ +HO∙

2
+H+ (6)

Therefore, when adding the Fe-PILC to the ozonation
process, the oxidation reactions are intensified and so the
degradation of IC to isatine and other products is plausible
to occur according to Scheme 1 [35].

Figure 7 shows the evolution of pH with time. It is
observed that pH slightly rises at the beginning of the reaction
and this may be ascribed to the expected production of HO∙
radicals. After the initiation period, pH drops down to 2 and
this may be due to the acid products shown in scheme of
reaction (1).

XPS analysis was made to determine the oxidation state
of the Fe present in the clay at the end of reaction and it was
demonstrated to be 2+. It is worth noticing that iron leaching
was not observed at any point of reaction.

4. Conclusions

The degradation of indigo carmine by ozonation and cat-
alyzed ozonation with Fe-pillared clay was studied. The
role of the Fe-pillared clay as catalyst was demonstrated. A
small amount of the clay allows substantially enhancing the
degradation and mineralization of indigo carmine. In the
catalyzed ozonation process the reaction occurs faster than
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in the noncatalyzed system doubling the reaction rate. The
reutilization of the catalyst is feasible since neither leaching
or Fe oxidation state changes were detected.
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Ultrasonic degradation is one of the recent advanced oxidation processes (AOPs) and proven to be effective for removing low-
concentration organic pollutants from aqueous solutions. In this study, removal of fuchsin basic from aqueous solutions by
ultrasound was investigated. The effects of operating parameters such as ultrasound power (200W–500W), initial pH (3–6.5),
and temperature (15, 22, 35, and 60∘C) on the ultrasonic degradation were studied. The degradation of fuchsin under ultrasound
irradiation basic was found to obey pseudo first-order reaction kinetics. Addition of catalyst Fe(II) had amarkedly positive effect on
degradation. 84.1% extent of degradationwas achieved at initial dye concentration 10 𝜇mol L−1, ultrasoundpower 400W, ultrasound
frequency 25 kHz, dosage of Fe(II) 4mg L−1, initial pH 6.5, and temperature 22∘C. But addition of heterogeneous catalyst TiO

2

affected degradation slightly. Addition of radical scavenger suppressed fuchsin basic degradation significantly.

1. Introduction

Dyes are classified into various groups, such as azo, phthalo-
cyanine, xanthene, and arylmethane, on the basis of their
chemical structure. At present, approximately 10,000 differ-
ent dyes and pigments are utilized in industry, with total
estimated annual global consumption of 7 × 105 tonnes
[1]. People are aware that cationic dye molecules are more
toxic than anionic dye molecules [2]. Furthermore, most of
these dyes are biorefractory and do not undergo effective
degradation using conventional biological techniques [3].

Advanced oxidation processes (AOPs) are very efficient
methods for degradation of recalcitrant organic compounds
in industrial and agricultural effluents [4, 5].They act through
the use of free radicals, especially reactive ∙OH attack.
Sonolytic oxidation is one of the AOPs techniques and has
proven to be an effective method for degrading organic
effluents into less toxic compounds [6–9]. Sonochemistry is a
complex process, which depends on physical parameters and
also on the process conditions. All efforts have been devoted
to the optimization of physical parameters and the process
conditions [10, 11]. Some efforts have been devoted to improve

the degradation efficiency in sonochemical processes by
adding various kinds of catalysts [12–15].

Fuchsin basic, a cationic triphenylmethane dye, was
chosen as a typical representative pollutant. Fuchsin basic
is traditionally used as colorant in dyeing textiles such as
cotton, artificial fiber, leather, and paper [16].When someone
is exposed to fuchsin dye by the physical contact, ingestion, or
inhalation, it may cause severe eye and skin irritation, nausea,
vomiting, diarrhea, irritation to the respiratory tract, and
damage to the organs such as blood, liver, and thyroid [17].

To the best of our knowledge, there is no report on
the degradation of fuchsin basic using ultrasonic irradiation.
The aim of this work was to investigate the effects of some
sonochemical parameters such as ultrasonic power, pH,
and temperature on the degradation of fuchsin basic dye.
Additionally, effects of additives such as ferrous iron, titanium
dioxide, and radical scavenging agents were also studied.

2. Experimental

2.1. Materials and Apparatus. Fuchsin basic (biological pure,
SCRC, CAS no. 632-99-5) was not purified before use.
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NH

NH2

Cl−

H3N
+

Figure 1: Chemical formula of fuchsin basic.

The chemical structure of fuchsin basic is shown in Figure 1.
FeSO
4
⋅7H
2
O, NaOH, and H

2
SO
4
were of analytical grade.

Titanium dioxide (Degussa P25) was used as the heteroge-
neous catalyst.

An ultrasonic processor (XH-2008DE, Xianghu, China)
with a 18mm diameter probe was used for sonication. The
energy output was controlled by setting the amplitude of the
sonicator probe.

2.2. Procedure. Sixty milliliters of fuchsin basic solution was
put into a three-necked flask. The ultrasound probe was
submerged to a depth of 10mm in the solution.A temperature
sensor was also immerged in the solution to measure the
temperature.Three-necked flask was placed in the water bath
whose temperature was controlled by refrigeration compres-
sor system or heating system (Figure 2). The initial concen-
tration of fuchsin basic was 10 𝜇mol L−1 for all experiments.
Ultrasonic power was adjusted at 400W, excluding runs
conducted to investigate the influence of power. Aqueous
samples were taken from the fuchsin basic solution, and
the concentrations of dye were determined using a UV-vis
spectrophotometer (UV-2550, Shimadzu). Chemical oxygen
demand (COD) determinations were conducted according
to ISO 6060 [18]. Hydrogen peroxide concentrations were
determined using the iodometric method [19].

Experiments were performed at pH 6.5, which resulted
from dissolution of fuchsin basic in distilled water without
further adjustment. When the effect of pH was investigated,
the solution pH was adjusted using dilute H

2
SO
4
aqueous

solutions.
In the research of adding TiO

2
, mixture of fuchsin basic

solution and TiO
2
was stirred for one hour in the dark to

obtain adsorption equilibrium before ultrasonic irradiation.
The concentration of fuchsin basic after adsorption equi-
librium was taken as 𝐶

0
for calculating degradation ratio.

Each experiment was performed in triplicate. The standard
deviations of the values were calculated and used as error bars
in the figures.

2.3. Analyses. Absorbance values of the solutions were mea-
sured at a wavelength of 542 nm, which corresponds to the

Sampling Temperature sensor

Water bath

Ultrasonic probe

Cooling lines and
heating lines

Temperature sensor

Stirring

Figure 2: Schematic diagram of the experimental apparatus.

maximum absorbance of fuchsin basic.The percentage of dye
degradation was calculated as follows:

Extent of degradation (%) = (1 −
𝐶
𝑡

𝐶
0

) × 100%, (1)

where 𝐶
0
is the initial dye concentration and 𝐶

𝑡
is the dye

concentration at measurement time.

3. Results and Discussion

3.1. Effect of Operating Parameters

3.1.1. Effect of Power. The effect of power on the degradation
of fuchsin basic was studied by varying the ultrasonic power
at 200W, 300W, 400W, and 500W, which corresponds to
the actual acoustic power density injected into the sam-
ple solution at 0.042W/mL, 0.084W/mL, 0.14W/mL, and
0.224W/mL, respectively, by calorimetry [20]. According
to Andaluri et al. [10] and Capocelli et al.’s [11] research,
power density is an essential factor for ultrasonic degra-
dation of organic pollutants. This agrees with our research
result, as depicted in Figure 3; the extent of degradation
of fuchsin basic increased markedly with an increase in
the ultrasonic power. For example, extent of degradation
75.4% was obtained at 500W whereas only about 38.3% was
observed at 200W after 60min irradiation. The increase
in fuchsin basic degradation with an increase in ultrasonic
power may be explained by the increase in the number of
active cavitation bubbles. In other words, at higher power
intensity the concentration of hydroxyl radicals and the mass
transfer are higher which lead to the more degradation of
fuchsin basic [21, 22]. However, the efficiency of energy
transfer to solution can also decrease with higher power
intensities which are mostly due to the coalescence of the
cavities at higher intensities [23]. Because 500W is the upper
limit of this ultrasonic equipment, it is not recommendable to
use this power during all the ultrasonic processes. And in the
following experiments, ultrasonic power was fixed at 400W.

The degradation of fuchsin basic in aqueous solution
under stirring condition (without sonication) was examined
as a control experiment. As shown in Figure 3, in the absence
of ultrasound irradiation the degradation did not take place
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Figure 3: Effect of ultrasonic power on the degradation of
fuchsin basic (initial dye concentration = 10𝜇mol L−1, ultrasonic
frequency = 25 kHz, tempetature = 22∘C, pH = 6.5).

at all. It is apparent that the ultrasound can accelerate the
degradation of fuchsin basic from aqueous solution. The
effects of ultrasound during reactions are due to cavitation
which can induce instantaneous high local temperatures and
pressures. Under such extreme conditions, the solvent water
and/or dye molecular suffers hemolytic bond breakage to
generate reactive species, for example, radicals, which then
undergo a series of reactions resulting in the degradation of
fuchsin basic rapidly [24].

3.1.2. Formation of Hydrogen Peroxide during Ultrasonic Irra-
diation. Under the sonic degradation of dye, watermolecules
suffer hemolytic bond breakage to generate H∙ and ∙OH
radicals, which then undergo a series of reactions resulting
in the production of H

2
O
2
[24]. The rate of H

2
O
2
formed

reflects the active ∙OH generation in the sonic process and
also affects the extent of the sonic degradation of fuchsin
basic. The iodometric method [19] was employed for detect-
ing H

2
O
2
in the absence and presence of fuchsin basic.

As shown in Figure 4, the formation of hydrogen per-
oxide was found to increase linearly with time of ultrasonic
irradiation. It is noteworthy that in the presence of dye,
the hydrogen peroxide production was lower than that in
the substrate free water. The reaction of hydroxyl radicals
with fuchsin basic competes with ∙OH radical combination;
consequently, the presence of dye will decrease the hydrogen
peroxide formation.

3.1.3. Effect of Initial pH. The effect of the initial pH on the
degradation of fuchsin basic was investigated. The solution
pH value could have important implications on the chemical
structure of the substrate and therefore also affected the
performance of the sonochemical process [25, 26].The typical
range considered to study the effect of initial pH in this
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Figure 4: Formation of hydrogen peroxide during ultrasonic degra-
dation of fuchsin basic (dye concentration = 10𝜇mol L−1, ultrasonic
power = 400W, ultrasonic frequency = 25 kHz, pH = 6.5, and
tempetature = 22∘C).

research was from pH 3 to pH 6.5. Because of keeping
increasing pH to about 9, the structure of fuchsin basic
changes and results in fading and red sediment.

As shown in Figure 5, the extent of degradation follows
the order: pH 6.5 > pH 5 > pH 4 > pH 3. Fuchsin basic is a
nonvolatile compound, and the region of degradation would
be at the exterior of the cavitation bubbles.Thus, the reaction
between the radicals generated and fuchsin basic would be
enhanced if its hydrophobicity is enhanced. Fuchsin basic has
a superior hydrophobic character when its structure is in the
molecular state which occurs at higher pH value. Under this
condition, fuchsin basic is accumulated in the interface of the
cavitation bubbles, and highest degradation rate is reached.
However, at low pH values the amino group of fuchsin basic
reaches the ionized state and its hydrophilicity and solubility
are enhanced, and thus, the degradation is carried out in the
bulk of the solutions, where there is a lower concentration of
∙OH because only about 10% of the ∙OH generated in the
bubble can diffuse into the bulk solutions [27] and thereby
results in lower decomposition of fuchsin basic in aqueous
solutions.

3.1.4. Effect of Temperature. The effect of temperature on
the sonolytic degradation of fuchsin basic was observed,
and the results are shown in Figure 6. The raise in tem-
perature from 15∘C to 22∘C resulted in a slight increase
of extent of degradation from 62.7% to 66.5%. However,
as the temperature continued to increase to 35∘C, extent
of degradation declined to 57.8%. With further increase to
60∘C, the degradation was reduced obviously. Similar results
were found in Emery et al.’s research [28]: the liquid bulk
temperature of 5 and 20∘C almost led to the same extent of
degradation of triphenylphosphine oxide. However, further
increase up to 70∘C led to severely reduced degradation.

The effect of temperature on sonochemical degradation
rate is complicated [27]. Increasing the reaction temperature
will raise the equilibrium vapour pressure and lead to easier
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Figure 5: Effect of pH on the degradation of fuchsin basic (initial
dye concentration = 10 𝜇mol L−1, ultrasonic power = 400W, ultra-
sonic frequency = 25 kHz, and tempetature = 22∘C).

cavitation, which will afford an increase in sonochemical
effects. But at higher temperature a large number of cavitation
bubbles are generated and will act as a barrier to sound
transmission and dampen the effective ultrasonic energy
from the source to the solution [24], which will lead to a
decrease in sonochemical effects. Thus, there is no com-
pletely consistent report on the impact of temperature on
the decomposition of organic compounds in the literature.
Bhatnagar and Cheung [29] and Wu et al. [30] reported
that the degradation of trichloroethylene and carbon tetra-
chloride remained constant between −7–20∘C and 20–60∘C,
respectively. Whereas Destaillats et al. [31] indicated that
the sonochemical degradation efficiency of trichloroethylene
increased with increasing temperature.

3.1.5. Kinetics of Degradation and COD Removal by Ultra-
sound. In order to study the kinetics of the ultrasonic degra-
dation of fuchsin basic in aqueous solution, the degradation
rate constants were determined assuming pseudo first-order
reaction kinetics as follows:

−
𝑑𝐶

𝑑𝑡
= 𝑘𝑐 ⇐⇒ ln

𝐶
0

𝐶
𝑡

= 𝑘𝑡, (2)

where 𝑘 is the pseudo first-order rate constant and 𝐶
0
and

𝐶
𝑡
are the dye concentrations at time zero and 𝑡, respectively.

If the results of Figure 6 are plotted in the form of (2), 𝑘
values can be computed from the slopes of the straight lines.
These values are shown in Table 1. The highest value of 𝑘
at temperature 22∘C was obtained. Similar results have been
reported in previous studies [11, 32, 33], where the ultrasonic
degradation was found to obey pseudo first-order reaction
kinetics.

Table 2 shows the degradation and the COD removal
percentages under ultrasonic irradiation. It can be observed
from the table that the fuchsin basic aqueous solution was
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Figure 6: Effect of temperature on ultrasonic degradation of fuchsin
basic (initial dye concentration = 10 𝜇mol L−1, ultrasonic power =
400W, ultrasonic frequency = 25 kHz, and pH = 6.5).

Table 1: Pseudo first-order rate constants of fuchsin basic degra-
dations (initial dye concentration = 10𝜇mol L−1, ultrasonic power =
400W, ultrasonic frequency = 25 kHz, and pH = 6.5).

Temperature (∘C) 𝑘 (min−1) 𝑅

15 0.0169 0.9921
22 0.0180 0.9972
35 0.0141 0.9983
60 0.0097 0.9967

Table 2: Degradation and mineralization percentages after ultra-
sonic irradiation (initial dye concentration = 10 𝜇mol L−1, ultrasonic
power = 400W, ultrasonic frequency = 25 kHz, temperature = 22∘C,
and pH = 6.5).

Irradiation time
(min)

Extent of degradation
(%) Mineralization (%)

60 66.5 35.2
120 94.1 40.3

decolorized within 120min, but the mineralization was a
relatively slow process with COD decrease. And the miner-
alization was found to be 35.2% and 40.3% after 60min and
120min radiation, respectively. These results underline that
degradation products of fuchsin basic are recalcitrant toward
ultrasonic treatment [34].This may be due to the fact that the
intermediate products have very low probabilities of making
contact with ∙OHradicals, which reactmainly at the interface
of the bubble [35].

3.2. Effect of Various Additives

3.2.1. Effect of Fe(II). Figure 7 depicts the influence of bivalent
iron on the sonolytic degradation of fuchsin basic. In these
systems, the ultrasonic degradation of fuchsin basic was



International Journal of Photoenergy 5

0 10 20 30 40 50 60

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

 Without ferrous iron                           

Time (min)

c t
/c
0

2mg/L
4mg/L
6mg/L

Figure 7: Effect of Fe(II) on ultrasonic degradation of fuchsin basic
(initial dye concentration = 10𝜇mol L−1, ultrasonic power = 400W,
ultrasonic frequency = 25 kHz, tempetature = 22∘C, and pH = 6.5).

enhanced by Fe(II) addition. In the presence of Fe(II), the
extent of degradation increased to 73.5%, 84.1%, and 83.1%
for Fe(II) concentrations of 2, 4, and 6mg/L, respectively.
As discussed in this and other researches [36, 37], hydrogen
peroxide can be formed from the combination of ∙OH and
∙OOH radicals in the process of sonolysis. The enhance-
ment of degradation by Fe(II) addition was due to the
decomposition of H

2
O
2
and hydroxyl radical generation in

the Fenton (Fe(II)/H
2
O
2
) and Fenton-like (Fe(III)/H

2
O
2
)

processes (reactions (3)–(7)):

Fe2+ +H
2
O
2
→ Fe3+ + ∙OH +OH− (3)

Fe2+ + ∙OH → Fe3+ +OH− (4)

Fe3+ +H
2
O
2
→ Fe −OOH2+ +H+ (5)

Fe −OOH2+ → Fe2+ +HOO∙ (6)

Fe3+ +HOO∙ → Fe2+ +O
2
+H+ (7)

The slight decrease of degradation for 6mg/L Fe(II)
may be attributed to the addition of H

2
SO
4
in preparing

FeSO
4
solution, which prevented the hydrolysis of Fe(II).The

addition of H
2
SO
4
caused the decline of solution pH and the

lower degradation ratio, which was described in the research
of pH effect.

3.2.2. Effect of TiO
2
. The effect of TiO

2
on the sonolytic

degradation of fuchsin basic was also investigated, and the
results are shown in Figure 8. When the dosage of TiO

2

was 1.2 g/L and 1.5 g/L, the extent of degradation reached
73.1% and 71.6%, respectively. Compared to thatwithout TiO

2

(66.5%), the extent of degradation increased by 6.6% and
5.1%. While for the dosage of 0.6 g/L, the extent of degrada-
tion even decreased slightly. These results show no obvious
enhancement of degradation by adding TiO

2
. The researches
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Figure 8: Effect of TiO
2
on ultrasonic degradation of fuchsin basic

(initial dye concentration = 10𝜇mol L−1, ultrasonic power = 400W,
ultrasonic frequency = 25 kHz, tempetature = 22∘C, and pH = 6.5).

of Madhavan et al. [14] andWang et al. [38] showed that TiO
2

can accelerate the sonolytic degradation of dye pollutants
markedly. TiO

2
in sonocatalytic degradation may play the

role like photocatalyst on the surface of which ∙OH radicals
can form. However, it can also lead to screening effect, that is,
shielding fuchsin basic molecules from receiving sonic waves
to result in a drop of degradation. Furthermore, TiO

2
can also

play as an adsorbent for dye molecules, so roles of adsorbent
and catalyst should be distinguished. Differences of the type
(i.e., anatase or rutile) and diameter of TiO

2
catalyst may also

lead to these discrepant findings between this research and
others.

3.2.3. Effect of Radical Scavenging Agents. To study the role
of ∙OH in ultrasound degradation of fuchsin basic, the effect
of ∙OH scavenging agents (DMSO, methanol, and mannitol)
on the degradation of fuchsin basic under ultrasound irradi-
ation for 60min was examined [39]. As shown in Figure 9,
the addition of the radical scavenging agents methanol
(1%), DMSO (1%), and mannitol (5𝜇mol L−1) significantly
suppressed the degradation of fuchsin basic, possibly by
quenching the ∙OH. Among the scavengers, DMSO was the
most effective. The results demonstrate that ∙OH plays an
important role in the ultrasounddegradation of fuchsin basic,
and the degradation process follows free radical mechanism.

4. Conclusions

The conclusions drawn from this study are summarized as
follows. (1) Fuchsin basic can be readily eliminated by the
ultrasound process, but the complete mineralization of dye
did not occur. Ultrasonic degradation of fuchsin basic was
found to obey pseudo first-order reaction kinetics. (2) The
use of suitable catalysts (e.g., Fe(II)) that behave as radical
promoters can improve process efficiency. (3) The radical
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Figure 9: Effect of radical scavenging agents on ultrasonic degrada-
tion of fuchsin basic (initial dye concentration = 10𝜇mol L−1, ultra-
sonic power = 400W, ultrasonic frequency = 25 kHz, temperature =
22∘C, and pH = 6.5).

scavengers reduced the extent of degradation,which indicates
that ∙OH plays an important role in the degradation of
fuchsin basic, and the degradation process follows free radical
mechanism.
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We evaluated the use of Fenton reactions induced by solar radiation in the treatment of effluent froma factory of paints for buildings,
after prior removal of the suspended solids. The increase of H

2
O
2
concentration from 100 to 2500mg L−1 for a [Fe2+] = 105mg L−1

contributed to the reduction of DOC, COD, and toxicity. Our best results were achieved using 1600mg L−1 H
2
O
2
, with 90% of

DOCandCOD removal and a complete removal of the toxicity with respect toArtemia salina. Additionally, through increasing Fe2+
concentration from 15 to 45mg L−1, the DOC removal rate increased 11 times, remaining almost constant in the range above 45 until
105mg L−1. Under our best experimental conditions, 80% of DOC removal was achieved after an accumulated dose of 130 kJm−2 of
UVA radiation (82±17min of solar irradiation under an average UVA irradiance of 34.1±7.3Wm−2), while 40% of DOC removal
was reached after 150min under only thermal Fenton reactions. The results suggest the effectiveness of implementation of solar
photo-Fenton process in the decontamination and detoxification of effluents from factories of paints for buildings.

1. Introduction

Wastewaters containing toxic compoundsmay originate from
household and personal care activities as well as from
industrial processes. Most of the compounds present in these
wastewaters are not treatable by conventional technologies
due to the high stability, toxicity, and/or low biodegradability
[1, 2].

Having regard to the above information, many studies
aimed at the elimination of toxic and recalcitrant compounds
are based on the application of advanced oxidation processes
(AOPs) [3–8], since the nonselective attack of the hydroxyl
radicals usually converts toxic compounds into carbon diox-
ide, water, and inorganic ions [9]. However, the main disad-
vantage of AOPs is high cost of maintenance of the artificial
sources of radiation and equipment for ozone production.
On the other hand, solar radiation can be used as radiation
source in heterogeneous photocatalysis and photo-Fenton
process, reducing the energetic costs [10–13]. The photo-
Fenton process has the advantage to be a homogeneous
process, favouring a better contact between reagent species

and also avoiding an additional step for removal of catalyst,
which is usual when dealing with heterogeneous processes.

Although the photo-Fenton process has been applied
in the treatment of wastewaters of different compositions
(containing pesticides, pharmaceuticals, petroleum, dyes,
and colorants, among other compounds), no attempts have
been published concerning the use of the photo-Fenton
process combined with solar radiation as an alternative to the
treatment of effluent from factories of paints for buildings,
searching its decontamination and detoxification.Most of the
articles published concerning the treatment of wastewaters
containing dyes and pigments involve the study of synthetic
effluents containing one or more target compounds in ultra-
pure water and/or using artificial irradiation, a situation far
from the reality [14–18]. Few studies have been reported using
real effluents [10, 11, 19, 20].

Therefore, the aim of the present work is to evaluate
at lab scale the influence of H

2
O
2
concentration on the

soluble fraction of the organic load (dissolved organic carbon
(DOC) and chemical oxygen demand (COD)), as well as
on the toxicity removal during the application of the solar
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photo-Fenton process in the treatment of a real effluent,
seeking to meet discharge standards and/or reuse in the
manufacturing process or in other activities inherent to the
industrial plant. Under the best concentration defined in this
study for H

2
O
2
, the influence of Fe2+ on the kinetics of DOC

removal was evaluated, aiming to know the time of treatment
and estimate its potential of application.The evaluation of the
concentration of Fe2+ and H

2
O
2
is determinant to establish

the process efficiency. This information is necessary for an
economic and operational evaluation before scaling up to a
large scale. In addition, the knowledge about the behaviour of
the effluent toxicity during application of the photocatalytic
process allows us to make the necessary adjustments so that
the process is feasible in large-scale applications.

2. Materials and Methods

2.1. Reagents. All solutions, except the effluent, were prepared
using ultrapure water.

FeSO
4
⋅7H
2
O (Vetec) was used to prepare aqueous

0.25mol L−1 Fe2+ stock solution; H
2
O
2
(30% w/w), H

2
SO
4
,

NaOH, and Na
2
SO
3
, all from Vetec, were used as received. A

solution of ammoniummetavanadate (Vetec) was prepared at
a concentration of 0.060mol L−1 in 0.36mol L−1 H

2
SO
4
and

used for H
2
O
2
quantification.

The effluent was kindly provided by a factory of paints
for buildings, whosemain activity is the production of acrylic
paints.The composition of the effluentwas notmade available
by the company. In general, this kind of effluent must contain
acrylic resin, organic and inorganic pigments (titanium
dioxide, phthalocyanines, etc.), charges (carbonates, silicates,
etc.), additives (dispersants, humectants, surfactants, etc.),
and organic and inorganic salts, among others [21].

2.2. Photodegradation Procedure and Solar Irradiance Mea-
surements. All experiments were carried out between 10 am
and 14 pm, in a range of temperatures varying between 27
and 33∘C, during autumn using a batch reactor located in
our lab, in Uberlândia, Brazil (18∘5508S; 48∘1637W). The
solutions containing reagents and effluent, after adjustment
of pH and filtering, were exposed to sunlight under clear
sky conditions, in open vessels of dark glass (same deep, but
with different surface area), and maintained under constant
magnetic stirring. Three types of glass containers were used:
the first one with 0.21 × 0.21m (volume of 3.3 L and surface
area of 0.044m2), the second with 13 cm of diameter (volume
of 0.98 L and surface area of 0.013m2), and the third with
diameter of 6 cm (volume of 0.21 L and surface area of
0.0028m2), all with 7.2 cm of depth. Each glass container was
filled with the effluent, resulting in a depth of 7 cm.

Two sets of experiments involving the photo-Fenton
treatment were performed. One is controlled dosing of H

2
O
2

(ranging from 100 up to 2500mg L−1), monitoring Fe2+ and
Fe3+ concentrations, the removal of DOC and COD as well
as the toxicity. The second set is evaluating the effect of
different iron concentrations (15, 45, 75, and 105mg L−1) on
the kinetics of DOC removal and consumption of H

2
O
2
.

The first one was done using containers of 0.21 × 0.21m
and 105mg L−1 Fe2+. For these experiments, H

2
O
2
was added

to the containers in small portions, in the order of a few
mg L−1. The consumption of H

2
O
2
was monitored during

solar exposure without control of the dose of the incident
UVA radiation. After consuming all H

2
O
2
, an aliquot was

taken for analyses. A new portion of H
2
O
2
was added, and

another sample was taken after consumption of all the H
2
O
2
.

This cycle was repeated until a cumulative concentration
of 2500mg L−1 of H

2
O
2
has been added. The procedure

described as “addition, total consumption, sample collection,
and new addition” is important as it prevents the occurrence
of reactions in the dark during storage after collection of
the sample and possible interference in toxicity tests and
the analysis of COD. In these experiments, aliquots (70mL)
of the photolysed solution were collected immediately after
the confirmation of the total consumption of the added
H
2
O
2
. Considering this procedure, it is recommended that

the experimental data must be expressed in terms of H
2
O
2

consumption and not on the basis of the accumulated
radiation dose or even the reaction time.

In the second set of experiments (kinetic experiments),
containers of 13 cm diameter were used. Two sets of experi-
ments were performed: the first one involves the correlation
between reaction time and accumulated dose of UVA, and
the other relates the reaction directly to the dose of UVA
radiation. In the first set of experiments, aliquots of 30mL
were collected at intervals of 20min up to 60min of reaction
and at very 30min above 60min of reaction up to 150min.
For the second, aliquots were collected after exposure to the
same dose of UVA radiation. This procedure was done to
facilitate the comparison of results, since for the same dose
of UVA, the same amount of photons is obtained, providing
the same level of degradation for a similar exposition [10,
11, 22]. The measurements of UVA irradiance and dose were
done using a solar light PMA2100 photometer/radiometer,
equipped with a UVA detector (320–400 nm).

We used an initial concentration of H
2
O
2
equal to 1600

mg L−1, determined in previous experiments, which is able to
induce an almost complete reduction in DOC and COD. Due
to the fast consumption of H

2
O
2
, new additions were done

at each 78.3 kJm−2 accumulated, in the experiments when
45mg L−1 Fe2+ were used, and at each 47.1 kJm−2 of UVA,
when 75 or 105mg L−1 Fe2+ were used.

Before photo-Fenton experiments, the initial pH of the
effluent was adjusted between 2.5 and 2.8, the optimum pH
range for Fenton reactions [23, 24], using a solution ofH

2
SO
4
,

which caused the precipitation of the suspended solids. The
suspended solids in the effluent were, then, removed by
filtration, using membranes with mean pore size of 0.45𝜇m,
after a previous decantation. An aqueous solution containing
Fe2+, acidified with sulfuric acid, was added to the filtered
effluent. Acidification of this solution was to prevent the
oxidation of Fe2+ to Fe3+. Shortly after the addition of Fe2+,
a new adjustment of pH to the range between 2.5 and 2.8 was
done. So, before exposing the solution to sunlight, the H

2
O
2

was added.
After sampling and before analysis, for the experi-

ments involving the controlled dosage of H
2
O
2
, the pH of

the aliquots was adjusted to the range between 6 and 8
before filtration through membranes with mean pore size
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Table 1: Composition of the studied effluent.

Parameter Value
Dissolved organic carbon (mgCL−1)b 307
Dissolved organic carbon (mgCL−1)c 237
Dissolved inorganic carbon (mgCL−1)b 83.5
Dissolved inorganic carbon (mgCL−1)c 6.2
Chemical oxygen demand (mgO2 L

−1)b 1232
Chemical oxygen demand (mgO2 L

−1)c 672
Toxicity (A. salina) (%)c 100
pHa 7.6
Solids in suspension (mg L−1)a 2040
Total dissolved iron (mg L−1)b 0.05
Total chloride (mg L−1)b 8.2
Total chloride (mg L−1)c 4.1
Total phosphorus (mg L−1)c 3.2
Total N (mg L−1)b 34.9
Total N (mg L−1)c 28.1
N-NH

4

+ (mg L−1)b 28.5
N-NH

4

+ (mg L−1)c 26.9
Colora Lilac
Colorb Lilac
Colorc Colorless
Odora Fetid
Odorb Fetid
Odorc Similar but less intense
aRaw effluent.
bRaw effluent, after filtration using 0.45 𝜇mmean pore size membranes.
cAfter pH adjustment between 2.5 and 2.8, precipitation, and filtration using
0.45𝜇mmean pore size membranes.

of 0.45𝜇m, while for the kinetics experiments, an excess of
a 2.0mol L−1 solution of Na

2
SO
3
was added to the samples

before pH adjustment and filtration, ensuring the removal of
the remaining H

2
O
2
and stopping the Fenton reactions. For

the kinetics experiments, only DOC and H
2
O
2
analyses were

done, since the presence of sulfite does not cause interference
in these analyses.

Control experiments (direct photolysis, H
2
O
2
/solar,

H
2
O
2
dark, Fe2+/solar, and Fenton) were also performed in

containers with 6 cm diameter using 1600mg L−1 H
2
O
2
and

105mg L−1 Fe2+.

2.3. Analytical Determinations and Toxicity Bioassays. The
efficiency of the photo-Fenton process was evaluated bymon-
itoring the following experimental parameters: electronic
absorption, consumption of H

2
O
2
, amount of Fe2+ and Fe3+,

COD, DOC, and toxicity, evaluated using Artemia salina.
The DOC decay was followed using a TOC analyser (Shi-

madzu TOC-VCPH/CPN) equipped with an ASI-V autosam-
pler. COD determinations were carried out according to
the 5220D Standard Methods [25]. The H

2
O
2
concentration

was estimated using a photometric method proposed by
Nogueira et al. [26]. The absorbance values were obtained
from UV-Vis spectra in the range between 190 and 800 nm,
using a Shimadzu UV-1650 PC spectrophotometer. The Fe2+

content was determined directly, using a methodology based
on the reaction between Fe2+ and 1,10-phenantroline [25].
The concentration of Fe3+ was estimated by the difference
between the total iron, determined after reduction with
hydroxylamine, and the content of Fe2+. The toxicity tests
were done evaluating the immobilization of A. salina [27].

3. Results and Discussion

3.1. Characterization of the Effluent. Paints for buildings can
be considered as a stable mixture, in basic medium, of solids
in a volatile component (water or organic solvent, in this
case, water). A third group of components is the additives.
Although they represent a small fraction of the composition,
they are responsible for important features for the paints, as
wetting and dispersing action for pigments and charges and
corrosion protection, among others.

A brief characterization of the effluent used in this study is
presented in Table 1. The raw effluent, a mixture of different
dyes, is opaque with a milky appearance and a slightly lilac
color, possessing an expressive amount of suspended solids
(2040mg L−1) and a pH close to neutrality. The soluble
fraction has a moderate organic load (DOC = 307.0mgCL−1
and COD = 1232mgO

2
L−1).

Considering that the optimum pH range for Fenton
reactions occurs between 2.5 and 2.8 [23, 24], the pH of
the effluent was adjusted to this range before performing
the photo-Fenton experiments. However, after acidification,
the equilibrium that kept the solids suspended due to the
dispersant action of the additives, was compromised, leading
to a rapid precipitation. Simultaneous to precipitation, a
complete color removal was observed, most likely due to
the adsorption of the pigments on the surface of the solids.
With the removal of the suspended solids, a partial but
expressive DOC and COD reduction, respectively, from
307 to 237mg L−1 and from 1232 to 672mg L−1 (Table 1),
was quantified. Similar behavior was also observed for the
inorganic fraction (total chloride and nitrogen and nitrogen
as ammonium). In addition, the pH adjustment contributed
to the elimination of carbonates and bicarbonates, reducing
the dissolved inorganic carbon from 83.5 to 6.2mgCL−1
(Table 1), which is extremely advantageous since these species
act as scavengers of hydroxyl radicals [28]. On the other
hand, although a complete color removal was reached after
pH adjustment and filtration of solids, much of the organic
load remained in solution, which presented 100% of toxicity
to A. salina (Table 1).

From this point, the authors decided to apply the photo-
Fenton process as an alternative to degrade only the soluble
fraction of the organic load to discharge standards and/or its
reuseain, and not the solid phase. So, before all photodegra-
dation experiments and after pH adjustment, the effluent was
submitted to decantation and filtration using 0.45𝜇m mean
pore size membranes.

The UV-Vis absorption spectrum of the effluent after
pretreatment reveals a high absorbance only in theUV region
(190–400 nm), probably due to the presence of aromatic
compounds (Figure 1(b)).
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Figure 1: Influence of the H
2
O
2
concentration on the soluble fraction of the (a) organic load DOC and COD, (b) UV absorbance removal

of the effluent, obtained during solar photo-Fenton reaction, using different H
2
O
2
concentrations. Experimental conditions: initial DOC =

237mgCL−1; initial COD = 672mgO
2
L−1; Fe2+ = 105mg L−1; and pH = 2.5–2.8.

3.2. Application of Photo-Fenton Process Mediated by
Solar Radiation

3.2.1. Influence of the H
2
O
2
Concentration. The H

2
O
2
con-

centration is an important operational parameter for Fenton
reactions, since an excess of this reagent, or its absence, tends
to reduce drastically the efficiency of the process. The excess
ofH
2
O
2
favors self-decomposition reactions (1) and reactions

that consume hydroxyl radicals without however promoting
the degradation of organic matter (2)–(4), committing the
efficiency of the process [27, 29–32]. In view of this, in the first
part of this study, a set of experiments was carried out aiming
to find the best H

2
O
2
concentration in the range from 100

to 2500mg L−1, in the presence of 105mg L−1 Fe2+, capable
to maximize DOC and COD removal (Figure 1). In addition,
the toxicity of the effluent was monitored throughout the
process in order to assess the viability and the potential use
of photo-Fenton reactions in the treatment of this kind of
effluent. In these experiments, the dose of UVA radiation was
not controlled the solutionswere exposed to the sunlight until
the total consumption of the H

2
O
2
was added:

H
2
O
2
+H
2
O
2
→ 2H

2
O +O

2 (1)

H
2
O
2
+HO∙ → H

2
O +HO

2

∙ 𝑘 = 3.3 × 107M−1 s−1 (2)

HO
2

∙ + ∙OH → H
2
O +O

2
𝑘 = 0.71 × 1010M−1 s−1 (3)

HO∙ + ∙OH → H
2
O
2
𝑘 = 5.2 × 109M−1 s−1 (4)

For the experiments with controlled H
2
O
2
dosage, after

addition of the first dose of 100mg L−1 of this reagent, the
color of the effluent changed from light orange to dark gray,
suggesting the formation of dark colored intermediates. New
additions of H

2
O
2
up to 2500mg L−1 were done. Although

there has not been a complete removal of color of the solution,
there was a significant reduction in its intensity.This suggests
the persistence of the colored intermediates. Despite that
the color of the effluent can limit the action of the incident
radiation, a fast COD decay from 672 to 250mgO

2
L−1

was achieved using 400mg L−1 H
2
O
2
, and 105mg L−1 Fe2+,

under solar irradiation. Using 1600mg L−1 H
2
O
2
a COD of

70mgO
2
L−1 was reached (Figure 1(a)).

Only a slight improvement inCODremoval was observed
when increasing the H

2
O
2
concentration from 1600 up to

2500mg L−1, respectively, 70 to 57mgO
2
L−1, probably due

to the formation of acids of low molecular weight, refractory
to oxidation [33, 34]. Similar behavior was observed for DOC
removal (Figure 1(a)) and for the absorption maxima at 224
and 272 nm (Figure 1(b)). Using 1600mg L−1H

2
O
2
, 90% of

DOC removal and 100% of removal of the absorbance peaks
at 224 and 272 nm were obtained (Figure 1), suggesting a
high efficiency of the photo-Fenton process in removing the
organic load and decontamination of this class of effluent.
Therefore, the use of H

2
O
2
concentrations higher than
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1600mg L−1 is not justifiable (Figure 1). The H
2
O
2
concen-

tration defined as the best in this study (1600mg L−1), is very
near to the stoichiometric ratio of H

2
O
2
(1428mg L−1), con-

sidering that 1 g COD ≡ 0.03125molO
2
≡ 0.0625molH

2
O
2
=

2.125 gH
2
O
2
[35].

Parallel to DOC, COD, and absorbance analysis, the
concentrations of Fe2+, Fe3+ and the total dissolved iron (Fe2+
+ Fe3+) were also evaluated for different concentrations of
H
2
O
2
(Figure 2). These are also important parameters to

determine the efficiency of the photo-Fenton process in the
degradation of the organic load, since in most cases part of
the iron added tends to be complexed by degradation of by-
products [19]. In view of this, new additions of iron ions
could be required to reach adequate degradation efficiency.
In addition, it is important to know the changes in the
concentration of Fe2+ and Fe3+, since the amount of hydroxyl
radicals generated by reactions mediated by Fe2+ (5) is higher
than that generated by Fe3+, once the regeneration of ferrous
ions from ferric ions ((6) and (7)) is the limiting step in the
catalytic cycle of iron:

Fe2+ +H
2
O
2
→ Fe3+ +OH− + ∙OH 𝑘 = 63.0M−1 s−1

(5)

Fe3+ +H
2
O
2
 FeIII(HO

2
)
2+
+H+ 𝑘 = 3.1 × 10−3 (6)

FeIII(HO
2
)
2+
→ Fe2+ +HO

2

∙ 𝑘 = 2.7 × 10−3 s−1 (7)

As before mentioned, the presence of colored inter-
mediates was observed for concentrations of H

2
O
2
up to

2500mg L−1. This tends to affect the photochemical regen-
eration of ferrous ions since the absorption of photons by
Fe3+ complexes is more difficult in strongly colored solutions,
even under stirring (Figure 2) [36]. Considering this, we
can consider that at the beginning of the experiments, the
thermal Fenton process probably prevails over the photo-
Fenton. Therefore, the regeneration of ferrous ions probably
should occur, in this case, by the action of H

2
O
2
((6)-(7)).

As presented in Figure 2, between 75 and 90% of the
initial concentration of Fe2+ was converted to Fe3+, when
the H

2
O
2
added resulted in an initial concentration between

1000 and 1600mg L−1. As discussed before, the increase in
the initial concentration of H

2
O
2
from 1600 to 2500mg L−1

contributed only to a minimal improvement in COD and
DOC removal. Besides the formation of carboxylic acids of
low molecular weight, the low COD and DOC removal may
also be associatedwith the low concentration of Fe2+ and high
concentration of Fe3+ in the reaction medium after adding
H
2
O
2
, giving an initial concentration between 1000 and

1600mg L−1 (Figure 2), which helps to reduce the efficiency
of generation of hydroxyl radicals ((5)–(7)). In other words,
once the regeneration of ferrous ions is very slow ((6)-(7)),
the degradation of the organic load will depend on the rate of
regeneration of Fe2+ from Fe3+, mediated by H

2
O
2
((6)-(7)).

A probable consumption of H
2
O
2
(Figure 1(a)) without

apparent contribution in the removal of COD and DOC
could have occurred due to the regeneration of Fe2+ ((6)-
(7)) [31, 32] as well as self-decomposition reactions and
scavenging of hydroxyl radicals ((1)–(4)).

The role of H
2
O
2
concentration in the toxicity during the

photo-Fenton process was also evaluated, once the soluble
fraction of the effluent presented 100% toxicity to A. salina
(Figure 3). After the photo-Fenton process using H

2
O
2
in

the range of 100 up to 1600mg L−1, the toxicity was reduced
to 0%. On the other hand, for an H

2
O
2
concentration of

2500mg L−1, the reduction of toxicity was from 100 to 23%
(Figure 3). It is probable that this effect is related to the
formation of carboxylic acids, that tend to be toxic toA. salina
[33], as also reported in studies involving Daphnia magna in
the degradation of sulfamethoxazole and amoxicillin [37, 38].

As presented and discussed above, the results demon-
strate the feasibility and potential of photo-Fenton pro-
cess both in decontamination (Figure 1) and detoxification
(Figure 3) of effluent from factories of acrylic paints for
buildings. Considering using concentrations of H

2
O
2
of

1600mg L−1, COD, DOC, and toxicity removal between
90 and 100% were obtained, an initial concentration of
1600mg L−1 H

2
O
2
was used for the kinetics experiments,

evaluating the iron ions concentration.

3.2.2. Influence of the Fe2+ Concentration. The initial Fe2+
concentration is important in two aspects, one is related to
the penetration of light through the solution, and the other
is related to the efficiency of the photo-Fenton process in
generating hydroxyl radicals since Fe2+ catalyzes the decom-
position of H

2
O
2
, generating hydroxyl radicals (5). However,
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it is known that an excess of Fe2+ can act as scavenger of
hydroxyl radicals (8), compromising the efficiency of the
process [31]:

Fe2+ +HO∙ → Fe3+ +HO− 𝑘 = 3.2 × 108M−1 s−1 (8)

The effect of the iron concentration on Fenton and photo-
Fenton processes was evaluated in previous studies. It was
observed that the rate of degradation increases with a given
concentration of iron ions, regarded as the concentration that
results in the best experimental conditions, which, on the
other hand, is dependent on the composition of the effluent
and type of reactor [10, 11, 19, 27, 39, 40].

In this study, four sets of experiments using different
iron concentrations (15, 45, 75, and 105mg L−1) were done
using an initial H

2
O
2
concentration of 1600mg L−1. As the

initial dose of H
2
O
2
was rapidly consumed, new additions

were done at each 78.3 kJm−2 of accumulated dose of UVA
radiation in the assays done with 45mg L−1 Fe2+ and at each
47.1 kJm−2 of accumulated dose of UVA radiation in the
assays done with 75 and 105mg L−1 Fe2+. Using the lower iron
concentration (15mg L−1), a low rate for DOC removal was
verified when compared to the other iron concentrations (45,
75, and 105mg L−1) (Figure 4(a)).

It can be observed in Figure 4(a), the occurrence of an
induction period in the reactions is induced by the lowest
iron concentration. For the largest concentrations of iron,
induction periods were not observed, suggesting that the
limiting step of the reaction for the lower iron concentrations
must be the regeneration of Fe2+ [39, 40], once these exper-
iments also showed an initial darkening of the effluent, in

general attributed to the formation of reaction intermediates
[8, 34, 37]. However, after a period between 5 and 50minutes,
there was a complete removal of the dark color, which occurs
faster (5–10min) when the larger concentrations of Fe2+ were
employed.

The curve of DOC removal can be divided into two parts
(up to 78.3 kJm−2 and above 78.3 kJm−2), Figure 4(a), with
exception of the experiment in the presence of 15mg L−1 Fe2+.
In the first part, the curve of DOC removal presents appar-
ent pseudo first-order kinetics (𝑘 = 0.014, 0.16, 0.18, and
0.20 kJ−1m2, resp., for the initial dose of Fe2+ of 15, 45, 75, and
105mg L−1).The second part of the curve is characterized by a
slow DOC removal rate, due to formation of carboxylic acids
of lowmolecular weight, refractory to oxidation, and because
they are able to form complexes with dissolved iron ions [39],
reducing the efficiency of the Fenton reactions.

An increase in the rate of DOC removal by a factor
of 11 was achieved when the Fe2+ concentration increased
from 15 to 45mg L−1, considering an accumulated dose of
78.3 kJm−2 of UVA radiation (Figure 4(a)). On the other
hand, in increasing the Fe2+ concentration from 45 to 75
and 105mg L−1 no significant improvement was obtained in
DOC removal (Figure 4(a)). These results suggest that an
iron concentration of 45mg L−1 is enough to trigger the
photocatalytic process induced by solar irradiation. So, using
45mg L−1 Fe2+, the photocatalytic regeneration of ferrous
ions from ferric was fast enough (Figure 4(b)), ensuring the
availability of ferrous ions to consume H

2
O
2
and produce

more hydroxyl radicals.
After an accumulated dose of 130 kJm−2 of UVA (82 ±
17min of solar irradiation, equivalent to an average intensity
of UVA radiation of 34.1 ± 7.3Wm−2), in the presence
of 45mg L−1 of Fe2+, 80% of DOC removal was reached
for a consumption of 1650mg L−1H

2
O
2
(Figure 4(a)). This

result reinforces the results obtained in experiments using
controlled dosing of H

2
O
2
, in which 90% of DOC removal

was achieved using 1600mg L−1 H
2
O
2
(Figure 1(a)). In addi-

tion, an increase in the time of exposure to solar radiation
did not result in significant improvement in DOC removal
(Figure 4(a)), probably due to at least three factors: the forma-
tion of carboxylic acids of low molecular weight, recombina-
tion reactions ((2)–(4)), and scavenging of hydroxyl radicals
by Fe2+ (8).

Control experiments using the soluble fraction of the
effluent were also carried out under the following conditions:
(a) absence of Fe2+ and H

2
O
2
(direct photolysis at pH

2.5–2.8); (b) photolysis without adding Fe2+, in presence
of 1600mg L−1H

2
O
2
at pH 2.5; (c) photolysis involving a

hydrated complex of iron, using 45mg L−1 Fe2+ at pH 2.5–
2.8, without H

2
O
2
; and (d) Fenton process in the dark using

105mg L−1 Fe2+ and 1600mg L−1H
2
O
2
. These experiments

were important to assure that the results found during the
photocatalytic assays were consistent and not due to direct
photolysis and/or thermal Fenton reactions (Fenton reactions
in the dark). No degradation was observed in the conditions
from (a) to (c), while 40% of DOC removal was reached in
the thermal Fenton reaction in the presence of 105mg L−1
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Figure 4: Influence of Fe2+ concentration on (a) kinetics of DOC removal of the effluent (solid symbols) and consumption of H
2
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(open

symbols); (b) dissolved iron species (solid symbols: Fe2+ concentration, open symbols: Fe3+ concentration) during the solar photo-Fenton
treatment of the soluble fraction of the effluent under study. Experimental conditions: DOC = 247mgCL−1; H

2
O
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= 1600mg L−1 replaced

in 78.3 kJm−2 to 45mg L−1 Fe2+ and 47.1 kJm−2 to 75 and 105mg L−1 Fe2+; and pH = 2.5–2.8. Irradiation time: 128 ± 23min (238 kJm−2) and
solar light average intensity: 39.6 ± 5.6Wm−2.

Fe2+, after 150min of reaction (data not shown), equivalent
to the period required to accumulate a dose of UVA radiation
of 238 kJm−2 in the experiments under solar irradiation.The
lowerDOC removal obtained in the thermal Fenton reaction,
(d), when compared to the photo-Fenton process induced by
solar radiation (90% of DOC removal), suggests a synergetic
effect caused by both Fenton processes.

For thermal Fenton reactions, the concentrations of
Fe2+ and Fe3+ and total dissolved iron (Fe2+ + Fe3+) were
also monitored. During the reaction interval (150min), the
concentration of Fe2+ decreased from 102 to 20mg L−1 after
a consumption of 1260mg L−1H

2
O
2
. At the same time, no

increase in the concentration of Fe2+ has been observed
(data not shown). This agrees with the results obtained using
controlled dosing of H

2
O
2
(Figure 2).

4. Conclusions

Although, respectively, 62 and 75% of DOC and COD
removal were reached using 800mg L−1 H

2
O
2
and [Fe2+] =

105mg L−1, no reduction in the toxicity was observed. This
suggests that the earliest intermediates of oxidized pretreated
effluent obtained using a lowdose ofH

2
O
2
(up to 800mg L−1)

still present acute toxicity to A. salina. A photo-Fenton pro-
cess involving a H

2
O
2
concentration over 1000mg L−1 tends

to produce oxidized intermediates with low toxicity (below
20%). Our best results were obtained using a concentration

of H
2
O
2
of 1600mg L−1 and [Fe2+] = 105mg L−1. Under these

conditions, a removal of 90% of DOC and COD and of 100%
of toxicity was obtained. Only a slight improvement in DOC
and COD removal could be observed when increasing the
H
2
O
2
concentration above 1600 up to 2500mg L−1 (decay

from 26 to 19mgCL−1 and from 70 to 57mgO
2
L−1, resp.)

probably due to the formation of carboxylic acids, refractory
to oxidation.

The curve of DOC removal is consistent with appar-
ent pseudo first-order kinetics (𝑘 = 0.014, 0.16, 0.18, and
0.20 kJ−1m2, resp., for the initial doses of iron of 15, 45, 75,
and 105mg L−1 Fe2+), and an improvement of 11 times on the
DOC removal rate was reached when the iron concentration
increased from 15 to 45mg L−1, keeping almost constant from
45 up to 105mg L−1. Under our best experimental conditions
([Fe2+] = 45mg L−1 and [H

2
O
2
] = 1600mg L−1), 80% of DOC

removal was achieved after exposure to 130 kJm−2 (82 ±
17min of solar irradiation and average UVA irradiance of
34.1 ± 7.3Wm−2), while 40% of DOC removal was reached
under only thermal Fenton reaction ([Fe2+] = 105mg L−1 and
[H
2
O
2
] = 1600mg L−1), after 150min, suggesting a synergetic

effect for the combination among the reactions of Fenton and
irradiation in the ultraviolet.

These results demonstrate the viability of application of
Fenton reactions to the decontamination and detoxification
of effluent from factories of paints for buildings, using solar
radiation.
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In the present study, a new technology that coupled constructed wetland (CW) with microbial fuel cell (MFC) (CW-MFC) was
developed to convert solar energy into electricity on the principles of photosynthetic MFC by utilizing root exudates of Ipomoea
aquatica as part of fuel.Themaximumpower density of 12.42mWm−2 produced from the CW-MFCplanted with Ipomoea aquatica
was 142% higher than that of 5.13mWm−2 obtained from the unplanted CW-MFC. The maximum power output for the planted
CW-MFC could be divided into two parts: the maximum power yield fromCOD

𝑅
in the water body was 66.05 KJ Kg−1 COD

𝑅
, and

themaximumpower transformation from plant photosynthesis was 2.31 GJ ha−1 year−1.The average COD removal efficiencies were
92.1% and 94.8% in the unplanted CW-MFC and planted CW-MFC, respectively; the average TN removal efficiencies amounted to
54.4% and 90.8% in the unplanted CW-MFC and planted CW-MFC.This research demonstrates that planting Ipomoea aquatica in
the CW-MFC achieved a higher power density and nutrient removal of nitrogen simultaneously.

1. Introduction

A microbial fuel cell (MFC) is a bioelectrochemical system
making use of biocatalyst for converting chemical energy into
electricity, and it has been considered as one of the promis-
ing and sustainable technologies for power generation as
well as waste management [1–3]; especially, in the past
decade, there has been a remarkable promotion of MFC
performance through a large variety of methods, including
advancement of fuel cell configuration [4, 5], selection and
modification of electrode material [6–8], and adoption of
cheap proton exchange membrane with high conductivity
efficiency [9, 10]. Besides, novel technologies in generating
power by integrating photosynthesis with microbial fuel cells
(photosynthetic MFC) have been researched and significant
progress has been made [11–14]. The photosynthetic MFC
operates to generate sufficient electric current from sunlight
with either electrocatalysts or heterotrophic bacteria on the
anode to convert photosynthetic products indirectly [15], and
the photosynthesis could be carried out by plants, algae, or

some photosynthetic bacteria. The photosynthetic MFC can
produce electricity without the external input of exogenous
organics or nutrients, but it is often restricted by sunlight and
its power density is still too low for practical applications.

Wetland treatment of wastewater has been widely prac-
ticed in several countries for many years due to its easy
maintenance, low cost, and good self-purification capacity;
moreover, it provides great quantities of biomass production
by photosynthesis [16]. A well-designed microbial fuel cell
inside a constructed wetland systemmay combine the advan-
tages of the photosynthesis of wetland plants and electricity
generation of electroactive microorganisms to transform
solar energy into electricity. The first lab-scale CW-MFC was
designed and operated to evaluate the effect of configuration
on power production [17], and it also showed good wastew-
ater treatment effect with simultaneous power generation.
As the constructed wetland has the ability of degradation
of refractory organic matter, the CW-MFC system had great
advantages in treating dye containing wastewater [18].
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The concept of CW-MFC is based on constructedwetland
and plant MFC (one form of photosynthetic MFC), of which
all contain plants. The role of plants is important in the
CW-MFC system, including their role in excreting oxygen
and organic matter into the rhizosphere [19], supporting
a wide range of microbes and providing a surface for
bacterial attachment [20]. These unique characteristics may
make the CW-MFC system an ideal approach to generate
electricity at sites and reduce globing warming as they can
decrease methane emissions. However, the effect of plant
photosynthesis and plant rhizospheremicroorganisms on the
power enhancement for the CW-MFC has not been studied
fully yet.

In this study, we built a single-chamber, membrane-
free, continuously feeding upflow microbial fuel cell coupled
with constructed wetland, in which the cathode is located
in overlying water to use oxygen from air for reduction
reactions, and the anode is submerged in a support matrix
near the rhizosphere to obtain organic substrates in the
influent or deprived fromwetland plants root as fuel.The aim
of this study was to evaluate whether or not the wetland plant
(Ipomoea aquatica) can improve power generation in a CW-
MFC system and to explore the bacterial population in the
electrode biofilm in response to MFC performance. Mean-
while, investigations of the removal efficiencies of chemical
oxygen demand (COD) and total nitrogen (TN) were carried
out.

2. Experimental

2.1. CW-MFC Construction. As schematically shown in
Figure 1, two CW-MFC reactors were constructed in the
same way using a polycarbonate plastic cylinder (30 cm in
diameter and 50 cm inheight).Thebottom20 cmwas support
matrix composed of gravel (gravel diameter 3–6mm), and
then upwards it consisted of anode, support matrix (20 cm
gravel), and cathode. The anode was constructed from 10 cm
thick granular activated carbon (GAC, a diameter of 3–5mm,
the specific area of 500–900m2 g−1 and the filling density
of 0.45–0.55 g cm−3). GAC was pretreated by soaking in 1M
NaOH and 1M HCl to eliminate possible oil stain and metal
ion contamination, respectively. The cathode was made from
stainless steel mesh (a diameter of 25 cm, thickness of 0.3 cm,
12 mesh) buried in 2 cm thick layer of activated carbon
particle.The electrode spacingwas 25 cm (center of the anode
to the face of the cathode). Electrodes were connected to a
circuit using titanium wires across an external resistance of
1000Ω, and epoxy was used to seal metals exposed to the
solution. Nine adult plants of Ipomoea aquatica were planted
through the upper layer of one CW-MFC device (planting
density about 32 plants m−2), and the other CW-MFC was
a control with no plants. The volume of the whole container
was 35.3 L with a total liquid volume of 12.4 L.

2.2. CW-MFC Operation. The CW-MFCs were inoculated
with the anaerobic sludge from a wastewater treatment
plant located in Jiangning Development Zone (Nanjing,
China) and operated by continuous feeding at a flow

GAC/cathode

GAC/anode

Gravel

Water distribution

Effluent

Influent

Load

Figure 1: Schematic of the CW-MFCs used in the experiment.

rate of 4.31mLmin−1 corresponding to a hydraulic reten-
tion time (HRT) of 2 d. The feed solution consisted
of 50mM phosphate buffer solution (PBS) with pH 7.4,
glucose (0.20 g L−1), NH

4
Cl (0.15 g L−1), KCl (0.13 g L−1),

NaHCO
3

(3.13 g L−1), and 1mLL−1 trace essential ele-
ments solution (contained per liter: 5.6 g (NH

4
)
2
SO
4
, 2 g

MgSO
4
⋅7H
2
O, 200mg MnSO

4
⋅H
2
O, 3mg H

3
BO
3
, 2.4mg

CoCl
2
⋅6H
2
O, 1mg CuCl

2
⋅2H
2
O, 2mgNiCl

2
⋅6H
2
O, 5mg

ZnCl
2
, 10mg FeCl

3
⋅6H
2
O, and 0.4mg Na

2
MoO
4
⋅2H
2
O). All

experiments were carried out in a 12:12-h light/dark cycle at
26 ± 2∘C under greenhouse conditions. The ambient light
was provided by artificial illumination using (light-emitting
diode LED) Grow Lights (14W, GC-ZW225S-P, Gechuang
Electronics Co., Ltd, Shenzhen, China), and the average light
intensity was 1000 lux during the light phase.

2.3. Fluorescent In Situ Hybridization (FISH). FISH analysis
was applied to investigate the quantity of microorganisms
on the anode and cathode in our study. Granular activated
carbon with attached biofilm (wet weight of 0.5 g) was mul-
tisampled (parallel samples) and suspended in 5mL sterile
deionized water, and microorganism cells were detached
from the GAC and uniformly dispersed in the solution with
ultra-sonic oscillations treatment. About 0.5mL supernatant
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Table 1: Probe name and probe sequence used for FISH analysis.

Probe Target microflora Probe sequence References
EUB338 Bacteria GCTGCCTCCCGTAGGAGT [21, 22]
GEO2 Geobacter sulfurreducens GAAGACAGGAGGCCCGAAA [23]
HGEO2-1 Helper probes for GEO2 GTCCCCCCCTTTTCCCGCAAGA [23]
HGEO2-2 Helper probes for GEO2 CTAATGGTACGCGGACTCATCC [23]
BET42a Betaproteobacteria GCCTTCCCACTTCGTTT [24]

after ultrasonic oscillations was shifted and suspended in
phosphate-buffered saline solution (PBS, pH 7.4) consisting
of 8 g L−1 NaCl, 0.2 g L−1 KCl, 1.44 g L−1 Na

2
HPO
4
, and

0.24 g L−1 K
2
HPO
4
in distilled water. Then the samples were

fixed with 4% paraformaldehyde (in PBS) at 4∘C for 24 h.The
fixed samples were washed twice with PBS, and suspended in
a solution of 50% PBS, and 50% ethanol and stored at −20∘C.
For FISH, 10 𝜇L of the fixed sample was applied on a glass
slide dried for 2 h at 37∘C and subsequently dehydrated with
ethanol at 50, 80, and 96% (v/v, in 10mM Tris-HCl, pH 7.5)
during 3min at each concentration. To start hybridization,
24𝜇L of hybridization buffer and 1 𝜇L of fluorescently labeled
probe (50 ngmL−1) were added. The hybridization was con-
ducted for 5 h at 46∘C in a humidified chamber. Slides were
then washed in a buffer solution (60mM NaCl, 20mM Tris-
HCl, pH 8.0, 0.1% SDS) at 45∘C for 20min.

In the FISH procedure, target microflora and oligonu-
cleotide probes used were shown in Table 1. Hereinto, Geo-
bacter sulfurreducens andBetaproteobacteriahave been evalu-
ated for the potential for current production.Microscopy was
performed on an Olympus BX50 microscope, equipped with
filters HQ-CY3 (Analysentechnik AG, Tübingen, Germany).
The bacterial number on each image was counted, and
then the bacterial density (𝐷

𝑏
) of each biofilm cathode was

calculated from the following equation:

𝐷
𝑏
=
1000𝑁𝑆

1

𝑀𝑆
2

, (1)

where 𝑆
1
, 𝑆
2
, and 𝑀 represent the coating area, the image

area, and the sample weight (g), respectively, and 𝑁 is the
average bacterial number on each image (cells). All cell
density data shown in this paper were statistical average
values.

2.4.Measurement andAnalysis. Thecell voltagewas recorded
every 30min by a data acquisition system (USB120816,
HytekAutomation, Inc., Shanghai, China).The cell potentials
were measured against a saturated Ag/AgCl (S) electrode.
Polarization curves were obtained in the daytime (high peak
voltage) by varying the external resistor over a range from 5Ω
to 105Ω (105, 4000, 3000, 2000, 1000, 800, 600, 400, 200, 100,
75, 50, 25, 10, and 5Ω) to monitor the output voltage. The
current (𝑖) was calculated from Ohm’s law as shown in (2),
and the power density (𝑃, area power density) was calculated
as shown in (3), where 𝐸 is the voltage, 𝑅 is the external
resistance, and𝐴 is the anode area.The ohmic resistance (𝑅

Ω
)

of each system was determined using the current interrupt
technique [25], and 𝑅

Ω
was calculated as shown in (4).

𝐸
𝑅
is a steep potential rise when the current is interrupted,

and 𝐸OCV is the open circuit voltage:

𝑖 =
𝐸

𝑅
, (2)

𝑃 =
𝐸2

𝑅𝐴
, (3)

𝑅
Ω
=
𝐸
𝑅

𝑖
=
(𝐸OCV − 𝐸)𝑅

𝐸
. (4)

Chemical oxygen demand (COD), ammonia nitrogen
(NH
4

+-N), nitrite nitrogen (NO
2

−-N), and nitrate nitrogen
(NO
3

−-N) were performed in accordance with the Standard
Methods of American Public Health Association (APHA,
1998), and all the samples for chemical analysis were filtered
through a 0.45𝜇m pore diameter syringe filter to remove
particles. Total nitrogen (TN) concentration was calculated
as the sum of NH

4

+-N, NO
2

−-N, and NO
3

−-N. Dissolved
oxygen (DO) concentration was measured in situ by the DO
probe (ORION 3 STAR, Thermo Co., USA). All measure-
ments were made at least three times and the average values
with standard deviations are presented in the figures.

Specific power yield (SPY) was obtained by dividing
power generated (𝑃

𝑉
, volume power density) with the sub-

strate (COD) removed as shown in (5) [26], where 𝑉 is the
total liquid volumeof theCW-MFC,CODin the influentCOD
and CODout the effluent COD. The power yield (PY) was
calculated as shown in (6), and it implicates the power output
per kilogram of organic substrate (COD

𝑅
) in the water body:

SPY =
𝑃
𝑉

COD
𝑅

=
𝐸2

(CODin − CODout) 𝑅𝑉
, (5)

PY = SPY ×HRT. (6)

3. Results

3.1. Power Output. The two CW-MFCs were operated for
more than 1 month to obtain a stable performance before
the determination of cell voltage. Figure 2(a) shows voltage
outputs from the planted CW-MFC and unplanted CW-MFC
electricity-generating systems from May 3 to June 10. At the
initial stage (1–8 days), the trough voltages of the planted
CW-MFC (0.51–0.53V) were close to the mean voltage of
the unplanted CW-MFC (0.50V). As Ipomoea aquatica was
adapted to the experimental environment, the peak and
trough voltages of the planted CW-MFC increased gradually
(8–26 days) and remained stable (26–40 days).
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Figure 2: Continuous records of voltage with a fixed external load of 1000Ω for the planted CW-MFC and unplanted CW-MFC. (a) A daily
record of voltages at 0:00 (night through time) and 12:00 (day peak time) fromMay 3 to June 10; (b) half-hourly records of voltages from June
12 to June 16.

As shown in Figure 2(b), the voltage for the planted CW-
MFC was characterized by diurnal oscillations with clear
fluctuations, but no such circadian oscillation was observed
for the unplanted CW-MFC. As temperatures were relatively
stable throughout the experiments, the observation implied
that the cyclical fluctuation of voltage for the planted CW-
MFCwas closely related to the sunlight. From June 12 to June
16, the electric output was stable, and the average voltages
in the planted CW-MFC and unplanted CW-MFC were 0.64
and 0.49V, respectively. Therefore, it was calculated that
the average power outputs for the planted CW-MFC and
unplanted CW-MFC were 0.129 and 0.076GJ ha−1 year−1,
respectively. Taking into account the consistency of the
influent condition and the culture environment in the two
CW-MFCs, the power output about 0.053GJ ha−1 year−1 was
generated from plant photosynthetic products in the planted
CW-MFC.

3.2. Fuel Cell Behavior. The performance of the planted CW-
MFC was depicted and compared with the unplanted CW-
MFC in terms of power density curves and polarization
curves. It can be seen from Figure 3 that planting Ipomoea
aquatica in CW-MFC effectively enhanced the electricity
generation.Theopen circuit voltages of the plantedCW-MFC
and unplanted CW-MFC were 0.74 and 0.62V, respectively,
and the maximum power density of the planted CW-MFC
was 12.42mWm−2, 2-folds more than that of the unplanted
CW-MFC (5.13mWm−2). Maximum power outputs of the
planted CW-MFC and unplanted CW-MFC were 3.92 and
1.61 GJ ha−1 year−1, respectively. According to (3), the internal
resistances of the planted CW-MFC and unplanted CW-MFC
were 156 and 256Ω, respectively.

3.3. Relation of Electrode Potentials and Cell Density on the
Electrode. It was demonstrated that the catalytic activity of
the electrode positively correlates with biomass [27]. To
verify the hypothetical inference, electrode potentials and cell
densities in various GAC electrodes zone were determined
(Figure 4). The average cathode potential (299mV) of the
planted CW-MFC was higher than that of the unplanted
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Figure 3: Polarization curves of the planted CW-MFC and
unplanted CW-MFC (solid symbols for the cell voltage and open
symbols for the power density).

CW-MFC (202mV) (Figure 4(a)), and the average anode
potential (−341mV) of the planted CW-MFC was lower than
that of the unplanted CW-MFC (−288mV) (Figure 4(b)).
As shown in Figure 4(a), the average bacteria density in
cathodic biofilms of the planted CW-MFC (3.85 ± 0.61 × 107
cells g−1) was higher than that of the unplanted CW-MFC
(2.43 ± 0.40 × 107 cells g−1). From Figure 4(b), it was clearly
observed that cell densities of bacteria, G. sulfurreducens,
and Betaproteobacteria in anodic biofilms of the planted
CW-MFC (8.66 ± 1.01 × 107 cells g−1, 1.22 ± 0.18 × 107
cells g−1, and 0.91 ± 0.13 × 107 cells g−1) were also higher
than that of the unplanted CW-MFC (5.13 ± 0.86 × 107
cells g−1, 0.67 ± 0.11 × 107 cells g−1, and 0.48 ± 0.09 × 107
cells g−1). The results indicated that the cathode potential
showed a positive correlation with the microbial amount,
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Figure 4: Electrode potential and cell density in electrodes zone for the planted CW-MFC and unplanted CW-MFC: (a) cathode zone and
(b) anode zone.

but a negative correlation between the anode potential and
microbial amount was observed.

3.4. Waste Treatment. Throughout the experimental stage,
the influent chemical oxygen demand (COD) and total
nitrogen (TN) reached to the ranges of 193–205mg L−1 and
31–39mg L−1, respectively. More or less, the same COD
removal efficiency (planted CW-MFC, 94.8%; unplanted
CW-MFC, 92.1%) was noticed with both the CW-
MFCs, but SPY (planted CW-MFC, 0.178WKg−1 COD

𝑅
;

unplanted CW-MFC, 0.107WKg−1 COD
𝑅
) and PY (planted

CW-MFC, 30.67 KJKg−1 COD
𝑅
; unplanted CW-MFC,

18.51 KJ Kg−1 COD
𝑅
) showed that the CW-MFC planted

with Ipomoea aquatica had higher power productivity
efficiency. Unlike the COD removal efficiency, a great
difference in the TN removal efficiency (planted CW-MFC,
90.8%; unplanted CW-MFC, 54.4%) was observed.

In order to ascertain the reason for the difference of TN
removal efficiencies between the CW-MFCs, the concentra-
tion of DO and various forms of nitrogen along the reactor
height were investigated in the day time. DO had a “V”
type change in both the planted CW-MFC and unplanted
CW-MFC (Figure 5). The concentration of DO decreased
gradually with the increasement of reactor height till it
reached 30 cm due to the consumption of O

2
, and then it

increased with the increasement of reactor height because
of the reoxygenation. The lowest concentrations of DO were
in the anode zone, and they were 0.15–0.38mg L−1 and
0.11–0.31mg L−1 for the planted CW-MFC and unplanted
CW-MFC, respectively. The maximum differentiation of DO
occurred at height of 40 cm, and the concentrations of
DO were 3.10mg L−1 and 1.37mg L−1 for the planted CW-
MFC and unplanted CW-MFC, respectively.The effluent had
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Figure 5:The change of DO in the planted CW-MFC and unplanted
CW-MFC.

the highest DO of 4.56mg L−1 and 3.79mg L−1, respectively,
for the planted CW-MFC and unplanted CW-MFC. Further-
more, diurnal variation ofDO in cathode zone for the planted
CW-MFC was higher (4.31 ± 0.18mgL−1) in the day and
lower (3.85 ± 0.14mgL−1) at night.

Figures 6 and 7 present the change curves of different
forms of nitrogen in the planted CW-MFC and unplanted
CW-MFC, respectively, over a period of 13 days. The con-
centration of TN and NH

4

+-N declined continuously with
water flows in both the two CW-MFCs. TN concentrations
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Figure 7:The change of different forms of nitrogen in the unplanted
CW-MFC.

decreased drastically from 35.00mg L−1 to 3.22mg L−1 in
the planted CW-MFC, but there was a less decrease from
35.00mg L−1 to 15.96mg L−1 in the unplanted CW-MFC.
Comparing the change curve of TN for the two CW-MFCs,
there were similarities that TN removal was less in the
bottom region (0–20 cm) andmore in the central region (20–
30 cm), but there was a great difference in the top region
(30–50 cm) that TN removal in the planted CW-MFC (from
22.50mg L−1 to 3.22mg L−1) was much higher than that in
the unplanted CW-MFC (from 21.70mg L−1 to 15.96mg L−1).
The removal efficiencies of NH

4

+-N for the planted CW-
MFC and unplanted CW-MFC were 96.51% and 64.86%,

respectively. In the planted CW-MFC, there were two sharp
descending regions for NH

4

+-N removal: NH
4

+-N decreased
from 35.00mg L−1 to 26.30mg L−1 at the bottom of 0–10 cm
and from 19.80mg L−1 to 4.30mg L−1 at the top of 30–
40 cm. However, in the unplanted CW-MFC, NH

4

+-N only
decreased sharply from 35.00mg L−1 to 25.60mg L−1 at the
bottom of 0–10 cm, and then it began to descend smoothly.

In the planted CW-MFC, the accumulated NO
2

−-N con-
centration gradually increased from 0mgL−1 in the influent
to themaximal 6.30mg L−1 at height of 10 cm, but it decreased
slowly to 0.70mg L−1 in the effluent. The same change rules
of NO

2

−-N were observed in the unplanted CW-MFC, but
the concentration of NO

2

−-N in the effluent was slightly
higher about 1.56mg L−1. The change of NO

3

−-N can be
divided into four stages in the planted CW-MFC, taking on
the trend of rising first, dropping, then rising and dropping,
namely, two inverse “V” type curves, and the maximal
NO
3

−-N concentrations were 3.5mg L−1 and 5.7mg L−1 at
the height of 20 cm and 40 cm, respectively. However, only a
flush of NO

3

−-N concentration from 0mgL−1 to 3.70mg L−1
was observed in the bottom region in the unplanted CW-
MFC, and then the concentration gradually decreased to
1.70mg L−1 at the height of 30 cm, and it changed little in the
top region.

Under aerobic conditions, NH
4

+-N could be oxidated to
NO
2

−-N and NO
3

−-N by nitrococcus and nitrobacteria, and
the increase in NO

𝑥

−-N concentration (sum of NO
2

−-N and
NO
3

−-N) and the decrease in the NH
4

+-N concentration
were significantly correlated with DO in the bottom region
both in the two CW-MFCs (𝑃 < 0.01). But the increase
in NO

𝑥

−-N concentration and the decrease in the NH
4

+-N
concentration at height of 30–40 cm in the planted CW-MFC
were generally correlated with DO (𝑃 < 0.05).

4. Discussion

4.1. Comparison of Power Output of the Planted CW-MFC and
Unplanted CW-MFC. When Ipomoea aquatica was planted
in CW-MFC, the bacteria density in anode and cathode
both increased, cathode potential became larger, and anode
potential become more negative (Figure 4), thus generating
more power. Here, the grown Ipomoea aquatica is generally
very important feature because it can improve the catalytic
activity of anode and cathodemainly due to the enhancement
of the microbial density, activity, and diversity in the plant’s
rhizosphere [28]. Furthermore, root exudates that comprise
carbohydrates, carboxylic acids, and amino acids are highly
degradable to microorganisms and the most responsible for
electron donation [29]. In addition, the internal resistance
of the planted CW-MFC accounted for only 61% of the
unplanted CW-MFC, and the cause of such difference may
lie in the quantity of current-producing bacteria (such as
G. sulfurreducens and Betaproteobacteria), which are able to
generate electrically conductive pili or nanowires that assist
the microorganism in reaching more distant electrodes. The
power densities in the two CW-MFCs were consistent with
the change of the internal resistances. It is generally known
that the maximum power output occurs when the internal
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resistance is equal to external resistance [25]; thus, the
decrease in internal resistance is one reason for the improve-
ment in power generation performance for the planted CW-
MFC. The improvement in power generation for the planted
CW-MFC resulted from three different factors: increased
biomass in anode and cathode, a decrease in the internal
resistance, and more available fuel secreted from plant
roots.

4.2. High Nitrogen Removal in the Planted CW-MFC. The
removal of nitrogen (including nitrate, nitrite, and ammonia)
in MFC has been reported in recent years. In a MFC, nitrate
and nitrite can be removed as electron acceptors in the
cathode through electrochemical reduction or autotrophic
denitrification [30–32]. A high level of ammonia removal
from 198 ± 1 to 34 ± 1mgL−1 (83% removal) was obtained
from swine wastewater in a single-chamber air cathode MFC
system [33]. However, subsequent research demonstrated
that the removal of ammonia occurred primarily by physical-
chemical mechanisms due to ammonia volatilization with
conversion of ammonium ion to the more volatile ammonia
species as a result of an elevated pH near the cathode [34].
In this study, effective TN removal efficiency obtained in the
planted CW-MFC might be attributed to Ipomoea aquatica
uptaking of NH

4

+ or NO
3

− as their N source for growth and
yield [35]. In this experiment, the influent N was sufficient
and dominated by NH

4

+. Many researches indicate that
aquatic plant roots can release oxygen (O

2
) in constructed

wetland [36, 37]; thus, the rhizosphere was aerated and
the nitrification process was promoted by microbial activity,
and the NH

4

+ was converted into NO
3

− via NO
2

− by

the ammonia oxidizing bacteria and nitrite oxidizing [38],
whereas the produced NO

3

− (𝐸𝜃NO
3
/N
2
= 0.74V) could be

used as the final electron acceptor in the cathode (Figure 8).
Although the electric production of MFC with nitrate as
electron acceptor is inferior to other types ofMFC (e.g., O

2
as

the electron acceptor), realizing the biological denitrification
in the cathode is crucial and significant for the total nitrogen
removal in the CW-MFC system.

4.3. Comparison of the Planted CW-MFC with Similar Pub-
lished MFCs. Because of the alternating phases of light and
dark, the electric output generated from plant photosynthetic
products may show diurnal oscillations with clear fluctu-
ations between the trough and the peak values [39, 40].
Similarly, in this study, the voltage outputs of the plantedCW-
MFC were cyclically fluctuant depended on the day/night
cycle. In the planted CW-MFC system, the fuel source
consisted of glucose fed from waste water and a certain
amount of organic compounds released by Ipomoea aquatica
roots (Figure 8). Generally, the photosynthates produced
during the daymay have led to increased exudates production
availability for the anode in the planted CW-MFC. When
operated in the light, the CW-MFC could use photosynthates
and glucose as fuel generating more electricity. Moreover,
roots of Ipomoea aquatica (20 ± 2 cm length but most
distributed in the upper part) releasedmore oxygen in the day
and created more suitable aerobic conditions in the cathode
zone, which induced the improvement of electric output. So
the high peak voltages for the planted CW-MFC in the day
were attributed to sufficient fuel available in the anode and
favorable oxygen condition in the cathode.
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The CW-MFC system can utilize the organic substrate
in the influent and plant photosynthate as fuels, so its
power output could be divided into two parts: power yield
from COD

𝑅
in the water body and power transformation

from plant photosynthesis. In current study, the maximum
power output for the planted CW-MFC was 3.92GJ ha−1
year−1 (12.42mWm−2), the maximum power yield from
COD
𝑅
in the water body was 66.05KJKg−1 COD

𝑅
, and the

maximum power transformation from plant photosynthe-
sis was 2.31 GJ ha−1 year−1. A maximum power density of
15.73mWm−2 for a CW-MFC system planted with canna
indica was achieved during the treatment of wastewater
containing 1000mg L−1 methylene blue [18], and it was about
26% higher than that generated in this study. Our CW-MFC
device is constructed with a large anodic geometric surface
area about 706.50 cm2, that is, 17 times higher than the CW-
MFC planted with canna indica (40.93 cm2); moreover, the
substrate concentration (200mg L−1 glucose) in the influ-
ent is relatively low in our CW-MFC, so these differences
may make the power density slightly less. Besides, many
similar MFCs generated power from plant photosynthate
have been reported, and the maximum power outputs vary
in different systems, such as 1.89GJ ha−1 year−1 of plant-
MFC in a rice paddy field [39], 4.55GJ ha−1 year−1 of rice-
paddy MFC [41], 0.41 GJ ha−1 year−1 of sediment MFC with
a biocathode in the rice rhizosphere [19], 70.01 GJ ha−1 year−1
of plant MFC planted with Spartina anglica [42], 119.83 ±
5.99GJ ha−1 year−1 of Direct Photosynthetic Plant Fuel
Cell by using Lemna minuta duckweed [43], and 0.98 ±
0.06GJ ha−1 year−1 of vascular plant biophotovoltaics planted
with Oryza sativa [40]. Through comparison and analysis
for the previously reports, the power outputs were mainly
affected by plant species, plant area (anode surface area), and
internal resistance. As MFC tests have been demonstrated
that increasing the anode surface area resulted in a slight
increase in volumetric power density [4], there would be a
huge drop in area power density if the anode surface area
were too large. Our device had relatively large anode surface
area (706.50 cm2) and high internal resistance (156Ω), so the
power output was much lower than some of the plant MFCs
(for instance, 119.83 ± 5.99GJ ha−1 year−1 of Direct Photo-
synthetic Plant Fuel Cell with anode area only 15.75 cm2 and
interresistance 91Ω). The current power generated by CW-
MFC is not competitive; however, the CW-MFC technology
possesses potential advantages in removing contaminants in
wastewater and reducing greenhouse gas emission,whichwill
attract attention andmay worth applying in the future. In this
study, the CW-MFC system operatingwith cheapGAC anode
and cathode with no use of precious metals was low cos and
had large volume (35 L), so its application is more possible in
the future.

5. Conclusions

Conversion of solar energy into electricity can be fulfilled
by coupling wetland plant photosynthesis with the microbial
conversion of organics to electricity in CW-MFC system.

The CW-MFC planted with Ipomoea aquatica produced a
much higher power than that from unplanted CW-MFC,
because plant root can improve electrode activity and provide
more organic compounds available for fuel. Moreover, the
root of aquatic plants could uptake ammonia nitrogen and
part of the pollutants to promote the degradation of con-
taminants in the wastewater and reduce the greenhouse gas.
These results show that developing CW-MFC could provide
significant prospects for wastewater treatment and bioenergy
recovery. Further studies are necessary to investigate the
impact of CW-MFC on the rhizospheric environment and
aquatic plant physiology as well as the microbial community.
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Zinc oxide of different average particle sizes 25 nm, 59 nm, and 421 nm as applied in the photodegradation of MTBE. This study
was carried out in a batch photoreactor having a high pressure mercury lamp. Zinc oxide of particle size of 421 nm was found to
be the most effective in degrading MTBE in an aqueous solution. On using this type of ZnO in a solution of 100 ppm MTBE, the
concentration of MTBE has decreased to 5.1 ppm after a period of five hours. The kinetics of the photocatalytic degradation of
MTBE was found to be a first order reaction.

1. Introduction

Fuel oxygenates like methyl tert-butyl ether (MTBE) are usu-
ally added for the complete combustion of gasoline. MTBE
has low vapor pressure, high octane rate, very good blending
compatibility with gasoline, and low production cost [1, 2].
The speed of migration of MTBE resembles that of water
and it has high resistance to biodegradation [3, 4]. MTBE
has been found to be a potential carcinogen; thus it poses
serious health threats. The presence of MTBE can be easily
detected in water even at very low concentrations from its
characteristic smell which in turn lowers the quality of water.
The serious hazardous effects of MTBE have attracted the
attention of many researchers to develop efficient techniques
that can be applied for the remediation/elimination of MTBE
from water [5, 6]. Those techniques include adsorption using
activated carbon, biodegradation, and air-stripping; however,
the results obtained were not satisfactory. For instance, the
removal of MTBE by adsorption on activated carbon has
been found to be ineffective because of the low adsorption of
MTBE on the activated carbon. The adsorption process has

been found to be costly because carbon has to be changed
frequently [4]. Moreover, ethers are generally resistant to
biodegradation because the presence of the bulky tertiary
methyl group renders MTBE nonbiodegradable by the tra-
ditional methods [7–9].

Recently, advanced oxidation processes (AOPs) have
been applied for the remediation of different contaminants
in water. Complete oxidation of organic pollutants into CO

2

and H
2
O can be achieved by applying AOPs. The application

of AOPs in heterogeneous photocatalysis is highly promising
and good results have been obtained when this type of
photocatalysis was applied to treat nonbiodegradable toxic
organic molecules that exist in water [10, 11]. The heteroge-
neous photocatalytic reaction performed to degrade organic
pollutants requires electromagnetic radiation of specific wave
length, a catalyst (i.e., semiconducting metal oxide), and
oxygen. The photocatalyst usually plays a very important
role in carrying out the photochemical reaction. Being
semiconductors in nature, photocatalysts have the tendency
to promote their valence band electrons to conduction bands
when they are subjected to an electromagnetic radiation of
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appropriate energy. The photoexcited electrons create holes
when they jump to their corresponding conduction bands;
therefore, the electron-hole pairs are generated in the semi-
conducting metal oxide photocatalyst. These photogenerated
electrons/holes react with water/oxygen/hydroxyl ions to
produce OH∙ radicals. The resulting OH∙ radicals react with
the contaminant molecules adsorbed on the surface of the
photocatalyst and act through a series of possible reactions
to degrade those molecules to give CO

2
and H

2
O [12–14].

The selection of an appropriate catalyst that will efficiently
degrade the molecules of a certain pollutant is considered an
important step. TiO

2
and ZnO have attracted the attention

of many researchers who have studied their applications as
photocatalysts. This is due to the fact that these two catalysts
are nontoxic, friendly with the environment, relatively inex-
pensive and their photogenerated holes are highly oxidizing
in nature. However, in certain cases, ZnO has been found
to be more effective than TiO2. ZnO has more active sites
on its surface, as a result it will be more efficient in the
photodegradation of dyes and more effective in generating
H
2
O
2
[14–17]. Recently, ZnO has been applied to treat water

contaminated with MTBE [18].
This work reports, for the first time, the effect of the

particle size of zinc oxide on the photodegradation of MTBE
in aqueous medium. Zinc oxide of three different particle
sizes having the averages of 420 nm, 59 nm, and 25 nm were
applied in this work.

2. Materials and Methods

2.1. Materials. Methyl tert-butyl ether (MTBE) of 99.9%
purity was obtained from Sigma-Aldrich.

A stock solution of 100 ppm of MTBE was prepared in
distilled water.

Zinc oxide of different average particle sizes as used in
this work. ZnO-1 of an average particle size of 421 nm was
supplied by J.T. Baker, USA. Zinc oxide (ZnO-2) of an average
particle size of 25 nm was prepared by mixing the aqueous
solution of the zinc nitrate hexahydrate and ammonium
carbonate in a molar ratio of 1 : 1. This mixture was stirred
at room temperature for a period of two hours. A precipitate
was formed and separated by centrifugation. Zinc oxide of
an average particle size of 59 nm was supplied by Nanoscale
Materials Inc., USA. Samples of the three types of the zinc
oxide were thoroughly washedwith deionized water and then
with ethanol and dried overnight at a temperature of 100∘C.
The dried ZnO precursors were then calcined at 500∘C for
a period of six hours at a heating rate of 1∘C/min to obtain
nano-ZnO particles. These particles were characterized by
XRD, SEM, and TEM.

2.2. Photocatalytic Reaction Procedure. Methyl tert-butyl
ether (MTBE) (reagent grade) fromAldrichwas usedwithout
further purification in the photodegradation experiments. A
photoreactor made of quartz and equipped with a cooling
jacket and a specified tubular space for the UV lampwas used
to perform the photodegradation experiments (Figure 1).
A 125W high pressure mercury UV lamp was placed in the

Teflon rod

Water supply

Hg lamp
Reaction chamber
Magnet
Hot plate

Stirrer

Figure 1: Photocatalytic experimental setup.

reactor in its specified space using a special rod. Cold water
(16 ± 1∘C) was continuously supplied through the cooling
jacket to cool the reaction mixture. A volume of 350mL of
100 ppmMTBE solution and an amount of 100mg of each of
the ZnO photocatalysts were added to the reactor and stirred
for 30min. Stirring is essential in order to achieve uniform
dispersion of the ZnO particles at room temperature. The
oxygen gas was passed at a moderate flow rate through the
reaction mixture for a period of 30min. After this time, the
oxygen flow was stopped and the UV lamp was turned on.
The reaction setupwas coveredwith an aluminum foil and the
samples were collected every hour for a period of five hours.

3. Results and Discussion

3.1. X-Ray Diffraction Studies. The XRD profiles of the three
types of the ZnO photocatalysts used are shown in Figure 2.
The XRD peaks observed in each spectrum indicate that
the crystalline structures of the three types of the ZnO
nanoparticles represent hexagonal wurtzite structure. X-ray
diffraction pattern of different ZnOnanoparticles as obtained
by X-ray diffractometer (X’pert PRO PANalytical) using
CuK
𝛼
radiation (1.5406 ́Å) in the range 2𝜃 = 10–80∘ with

0.02 as step size at 25∘C. The existence of several peaks
around 31.77525, 34.41348, 36.2, 47.5, 56.5, 62.8, 67.9, and
69.1 corresponding to (100), (002), (101), (102), (110), (103),
(112), and (201) planes can be observed. It is obvious from
Figure 2 that the peaks are sharp and strong in nature, which
indicates that the effect of the impurities is negligible [19,
20]. The average calculated sizes of the nanoparticles are
in good agreement with the data obtained from the TEM
micrographs.

3.2. Morphology of Photocatalysts. The morphology of each
of the three types of the zinc oxide nanoparticles has been
examined by means of the Field Emission Scanning Electron
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Figure 2: XRD spectrum of ZnO photocatalysts used.

Microscope (FESEM) and the Transmission Electron Micro-
scope (TEM). The surface morphology and the crystallite
structure of each powder of the photocatalysts used were
analyzed using FESEM. Figure 3 shows that the three types
of the ZnO nanoparticles used have different morphologies.
Figure 3 also shows that the ranges of the sizes of the particles
of these photocatalysts are different. It can be seen that
the ZnO-1 nanoparticles (Figure 3(a)) have cube or cuboid
shapes of size ranges that are higher than the size ranges
of the other two types and the ZnO-3 (Figure 3(b)) has a
spherical shape with the lowest size range and it is uniformly
dispersed. The ZnO-2 nanoparticles prepared (Figure 3(c))
have different morphologies and can be seen as clusters of
nanoparticles which have high size ranges compared to that
of the ZnO-3.This is supported by the XRD data. It is evident
that the properties of the ZnO nanoparticles depend on the
conditions applied during their preparations. Such conditions
will also affect the efficiency of the photocatalyst during the
degradation process.

The activity of the photocatalyst increases with the
number of the active sites available. The latter depends on
the size and the shape of the particles of the photocatalyst
employed [19]. The shapes and the sizes of the ZnO nanopar-
ticles photocatalysts used were examined by Transmission
Electron Microscope (TEM). Figure 4 illustrates the TEM
micrographs of the different types of the ZnO photocatalysts.
It can be seen that the particles of these photocatalysts are
generally round in shape with different sizes. The sizes of
these particles are in nanometer range and they are uniformly
distributed; however, some aggregation can also be seen.
Regarding the sizes of the particles they have the order ZnO-1
>ZnO-2 >ZnO-3.TheXRDdata shows a similar trend of the
sizes of the particles of these photocatalysts.

3.3. Kinetic Studies of Photodegradation of MTBE. The three
photocatalysts ZnO-1, ZnO-3, and ZnO-2 were used for the
photocatalytic degradation of MTBE in water. ZnO-1 was
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Figure 3: FESEM of photocatalysts (a) ZnO-1, (b) ZnO-2, and (c) ZnO-3.

found to be more effective in the degradation of MTBE
as can be seen from Figure 5. The photocatalytic efficiency
was found to be in the order ZnO-1 > ZnO-2 > ZnO-3.
From the TEM micrographs, the ZnO-3 having particles
of smaller sizes was expected to have better photocatalytic
efficiency compared to the other two catalysts. However,
it was found that the photocatalytic efficiency of ZnO-1 is
higher than the efficiencies of the other two catalysts as can
be seen from Figure 4. This can be attributed to the higher
number of oxygen vacancies available in the structure of the
ZnO-1 which depends on the conditions applied during its
preparation [20–22]. Thus, it may be assumed that in case
of photocatalytic degradation of aqueous MTBE, the effect
of the oxygen vacancies available in the catalytic structure is
considered to be more important than the morphology and
the surface area of the catalyst.

Most of the photocatalytic reactions follow the kinetic
model proposed by Langmuir-Hinshelwood, which relates
the rate of photochemical reactions which are proportional to
the surface coverage of the photocatalyst [22]. Accordingly,

Rate = −(𝑑𝐶
𝑑𝑇
) = 𝑘

𝑟
𝜃 = (
𝑘
𝑟
𝐾𝐶

1
+ 𝐾𝐶) . (1)

For a very low concentration when 𝐾𝐶 ≪ 1

− ln( 𝐶
𝐶
0

) = 𝐾appt, (2)

where 𝑘
𝑟
is the rate constant, 𝐾 is the adsorption coefficient

of the reactant on the surface of the catalyst, and 𝐶 is the
concentration of the reactantMTBE.When the concentration
𝐶 is very low, 𝐾𝐶 becomes negligible compared to 1. There-
fore, the equation represents a first order kinetics [19, 22].
By plotting − ln(𝐶

0
/𝐶) versus irradiation time for the three

catalysts, straight lines were obtained as is shown in Figure 6.
This indicates that the kinetics of the photodegradation of
MTBE is a first order type. The rate constants obtained from
the slopes of the lines in Figure 6 in case of no catalyst,
ZnO-1, ZnO-3, and ZnO-2 are 0.021, 0.544, 0.337, and 0.181,
respectively (Table 1).

3.4. Effect of pH on the Photocatalytic Degradation of MTBE
Using ZnO-1. Photocatalysts like ZnO and TiO

2
which are

commonly used in the photocatalytic degradation reactions
aremainly semiconductingmetal oxides of amphoteric prop-
erties. As a result, the properties of these metal oxides will
be affected by variations in the pH of the reaction medium.
The pH of the medium will also affect the size of the particle
aggregates and the distribution of the charges on the surfaces
of the particles. Moreover, the dispersion of the particles
of the photocatalyst in the medium and the adsorption of
MTBE on the surface of the photocatalyst will also be affected
by the pH [23]. The photocatalytic degradation reaction of
MTBE using ZnO-1 nanoparticles was performed at different
pH values. The effect of the pH on the efficiency of the
photocatalytic degradation ofMTBE is illustrated in Figure 7.
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Figure 4: TEMmicrographs of (a) ZnO-1, (b) ZnO-2, and (c) ZnO-3.
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Figure 5: Photodegradation of MTBE in water using various ZnO
as photocatalysts.

It is obvious from this figure that the pH has insignificant
effect on the efficiency of the photocatalytic degradation of
MTBE. However, it has been noted by other researchers that
the pH of the reaction medium plays an important role in
the photocatalytic process. For instance, an optimum pH of
6 was applied during the photodegradation of vanillin using
ZnO as a photocatalyst [24]. In case of the photocatalytic
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Figure 6: First order kinetics of MTBE degradation in presence of
ZnO nanoparticles of different origins photocatalysts.

degradation ofMTBE using ZnO or TiO
2
, an optimum pH of

7was applied [18, 25]. Hu et al. [12] have reported an optimum
pH of 3 for the degradation of MTBE in UV/TiO

2
system.

Fu et al. [26] found slightly better degradation efficiency
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Table 1: Kinetic data ofMTBE photodegradation onUV irradiation
in presence of catalysts.

S. number Catalyst 𝑘 𝑅2

1 No catalyst 0.021 0.917
2 ZnO-1 0.544 0.973
3 ZnO-2 0.181 0.996
4 ZnO-3 0.337 0.996
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Figure 7: Effect of pH on photodegradation efficiency of ZnO-1.

of methylene blue when the pH was changed from acidic
to the neutral value. However, in the alkaline region the
efficiency of degradation has increased by many folds. In
solutions of higher pH values, the recombination of the
photoexcited electron-hole pair is reduced, and as a result
the photodegradation efficiency increases.This efficiency also
increases at higher pH values due to the fact that more
OH− and ∙OH will be available. However, in case of TiO

2
, a

decrease in the photocatalytic efficiency has been observed at
higher pH values. This could be attributed to the repulsion
phenomenon between the hydroxyl ions and the negatively
charged surface of TiO

2
[27, 28]. It seems that the effect of pH

on the photocatalytic degradation of MTBE requires further
investigations to be undertaken.

4. Conclusions

The potentialities of the ZnO nanoparticles of different parti-
cle sizes in the photocatalytic degradation of MTBE in water
were investigated. ZnO-1 nanoparticles were found to be very
effective in the photocatalytically degrading of MTBE even at
different pH values. Oxygen vacancies are expected to play a
dominating role over the morphology and the surface area.
The photocatalytic degradation of aqueous MTBE catalyzed
by ZnO nanoparticles was observed to follow Hinshelwood
first order kinetics.
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Well-aligned anodic tungsten trioxide (WO
3
) nanotubes were successfully synthesized by anodization of W foil at 40V in a

bath with electrolyte composed of 1M of sodium sulphate (Na
2
SO
4
) and 0.5 wt% ammonium fluoride (NH

4
F). The effect of

electrochemical anodization times on the formation mechanism of anodic WO
3
nanotubular structure was investigated. It was

found thatminimumof 15min is required for completing transformation fromWfoil toWO
3
nanotubular structurewith an average

diameter of 50 nm and length of 500 nm.Thephotocatalytic ability of the samples was evaluated by degradation ofmethyl blue (MB)
dye.The results indicate that the surfacemorphology of anodicWO

3
affected the photocatalyticMBdegradation significantly under

solar illumination.

1. Introduction

Nowadays, global warming poses one of the most serious
threats to the global environment ever faced in humanhistory
[1, 2]. Over the past ten years, titanium dioxide (TiO

2
) photo-

catalyst has become one of the most studied materials for
photocatalytic studies [3–8]. However, TiO

2
photocatalyst

has wide band gap (3.0–3.2 eV), which exhibits poor respon-
sive to visible light region [9–12]. Nevertheless, much litera-
tures has reported that visible light driven TiO

2
photocatalyst

could be achieved by doping sufficient content of cations or
anions into the lattice of TiO

2
to create certain states within

the band gap energy of TiO
2
[5, 9–15]. However, modification

of TiO
2
photocatalyst has several drawbacks, such as ther-

mal instability, and recombination centers for photoinduced
charge carriers, which decrease the photocatalytic ability sig-
nificantly [16–18]. These issues are still far from being solved.
In line with this objective, many efforts and studies have been
devoted to small band gap metal oxide semiconductor for
strong absorption within solar spectrum [19–22].

Recently, WO
3

has gained much scientific interest
because WO

3
is one of very few metal oxide semiconductor

response to visible light illumination [19–25]. In addition, it
exhibits a broad range of functional properties, such as its
small band gap energy (2.4 eV to 2.8 eV), deeper valence
band (+3.1 eV), stable physicochemical properties, and strong
photocorrosion stability in aqueous solution [19–28]. In this
manner, design and development of nanostructure of WO

3

assemblies have gained significant interest in recent years,
especially one-dimensional nanotubular structure. However,
several studies have reported that growth of well-aligned
and uniformity of anodic WO

3
nanotubular structure was a

difficult task andmost of the studies only able to grow anodic
WO
3
into nanoporous instead of nanotubular structure [19–

25, 27]. To the best of our knowledge, the literature about the
formation of well-aligned anodic WO

3
nanotubes in shorter

time is still lacking. Therefore, considerable efforts have been
devoted to grow the high uniformity and well-aligned anodic
WO
3
nanotubes via electrochemical anodization technique.

Such a mechanistic understanding is very important for the
controlled growth of ordered WO

3
nanotubular structures,

which may be used in several environmental applications to
realize a green economy in our future.
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2. Experimental Procedure

2.1. Preparation of AnodicWO
3
Nanostructures. AnodicWO

3

nanostructures were synthesized via electrochemical anodi-
zation of W foil (99.95% purity, 0.1mm in thickness, Alfa
Aesar, USA) in a bath with electrolytes composed of 100mL
of 1M of sodium sulfate (Na

2
SO
4
, Merck, USA) solution with

0.5 wt% of ammonium fluoride (NH
4
F, Merck, USA) at 40V

with sweep rate of 1 V/s. Anodization process was performed
in a two-electrode cell with W foil as the anode and the plat-
inum rod as the counter electrode. The effect of anodization
times on the formation of anodic WO

3
nanostructures was

investigated (e.g., 2min; 5min; 10min; 15min; 30min; and
60min). After anodization process, anodized W foils were
cleaned using acetone (J. T. Baker, Nederland) and dried in
nitrogen stream.

2.2. Characterization of Anodic WO
3
Nanostructures. The

morphologies of anodic WO
3
nanostructures were observed

by field emission scanning electron microscopy (FESEM),
using a FEI Quanta 200 (FESEM model, USA) at a working
distance of around 1mm.The cross-sectional observationwas
carried out onmechanically bent samples to get the thickness
of the oxide layer. The chemical stoichiometry of the sample
was characterized using energy dispersive X-ray (EDX) anal-
ysis, which is equipped in the FESEM. The morphologies of
anodic WO

3
nanotubular structure were further confirmed

by transmission electron microscope (TEM), using FEI CM
12 transmission microscope.

2.3. Photocatalytic MB Dye Degradation Studies. The photo-
catalytic MB dye degradation studies were conducted by dip-
ping 4 cm2 of anodic WO

3
nanostructures samples into a

100mL of custom-made photoreactor consisting of quartz
glas tube containing 30 ppm of MO dye solution. A blank
sample (without anodic WO

3
) was also prepared in order to

eliminate the effect of the light towards the degradation ofMB
dye solution. Both samples were left in the reactor for 30min
in dark environment to achieve the adsorption/desorption
equilibrium. It was then photoirradiated at room temperature
by using a 150W Xenon solar simulator (Zolix LSP-X150,
China) with intensity of 800W/m2. 5mL of MB dye solution
was withdrawn for every 1 h from both quartz tubes to
monitor the degradation ofMBdye after irradiation.The con-
centration of the degraded MB dye solution was determined
using UV-Vis spectrometer (PerkinElmer Lambda 35, USA).

3. Results and Discussion

In this part of the experimental study, the effect of anodiza-
tion time on the morphology of anodic WO

3
oxide is dis-

cussed. Figure 1 shows FESEM images of the surface mor-
phologies of anodized W foils in different anodization times.
As shown in these FESEM images, the appearance of anodic
oxides was dependent on the anodization times. Prior to the
anodization process, the W foil was degreased by sonication
in acetone and analyzed via FESEM. It could be observed that
the W surface was relatively smooth and without any pits

Table 1: Average elemental compositions (at%) of pure W foil and
anodic WO3 nanostructures obtained in 1M Na2SO4 electrolyte
containing 0.5 wt% NH4F for 15min at 40V obtained from EDX
analysis.

Sample W (at%) O (at%)
Pure W foil (prior anodization) 100 —
Anodic WO3 foil (15min anodized) 54 46

or pores on its surface (Figure 1(a)). As determined through
EDX analysis, the pure W foils consisted of 100 at% of W
(Table 1), which indicate that only W element was present
without any impurities. The FESEM images of anodized W
foils for different anodization times are shown in Figures 1(b)
to 1(j).The inset of FESEM images showed the higher magni-
fication of oxide layer on the surface ofW foil. Interestingly, it
was found that randomly small oxide pits were started to form
on theW surface for 2min of anodization (Figure 1(b)). Upon
increasing the time to 5min, these randomly small oxide
pits were grown into larger pits (Figure 1(c)). For the sample
anodized in 10min, similar morphology of anodic WO

3

nanostructure was observed as compared to the sample
anodized for 5min (Figure 1(d)). However, these randomly
oxide pits started to turn into larger pores structure and con-
nect to each other to form a layer. This compact oxide
nanoporous layer became more interconnected and eventu-
ally formed a uniform nanotubular structure as presented in
Figure 1(e). The uniform nanotubular structure with an
average diameter of ∼50 nm and length of ∼500 nm was
successfully synthesized at minimum of 15min (Figure 1(f)).
Further increase in anodization time to 30min and 60min,
the anodic WO

3
nanotubular structure was disappeared

and only irregular nanoporous structure with thickness of
∼100 nm could be observed (Figures 1(g)–1(j)). Representa-
tive samples (15min anodized) were selected for the EDX and
TEM analyses. The EDX analysis was employed to examine
the chemical stoichiometry of the anodic WO

3
nanostruc-

ture. It was found that the atomic percentage of W element
was about 54 at% whereas O element was about 46 at%
(Table 1). Furthermore, the TEM image showed that hollow
tube opening was obtained after electrochemical anodization
process (Figure 2). It was found that the existence of the
nanotubular structure with diameter of approximately 50 nm
is further confirmed using TEM. Besides, the nanotubular
wall thickness of approximately 10 nm could be observed.

In order to obtain the electrochemical information, a
curve of current density versus time transient was plotted
and presented in Figure 3. Such transient plot is important to
explain the formationmechanism of anodicWO

3
nanostruc-

tures. In addition, the schematic illustrations on the possible
stages undergone by the anodic oxide for the formation of the
WO
3
nanotubular structure are shown in Figure 4. In this

early stage of anodization, small oxide pits were started to
form on theW surface randomly.These small oxide pits were
formed through the hydrolysis process of W foil. The field-
assisted migration of O2− ions within the electrolyte through
the W surface towards the W/WO

3
interface induce further

growth of the oxide pits under applied voltage and longer
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Figure 1: FESEM images of anodic WO
3
nanostructures obtained in 1M Na

2
SO
4
electrolyte containing 0.5 wt% NH

4
F for different

anodization times at 40 V: (a) pure W foil before anodization; (b) 2min; (c) 5min; (d) 10min; (e) 15min; (f) cross-sectional view for 15min
anodization; (g) 30min; (h) cross-sectional view for 30min anodization; (i) 60min; (j) cross-sectional view for 60min anodization. Insets
show the higher magnification of the surface morphology.

anodization times [19, 23]. In this case, the resultant oxide pits
will grow continuously until forming a compact oxide layer
onW foil.The chemical reaction occurred is depicted as [W6+
+ 3H
2
O → WO

3
+ 6H+]. Based on the current density curve,

a dramatic decrease in current density mainly attributed
to the poor electrical conductivity caused by the randomly
oxide pits (stage A) [23, 25]. Meanwhile, the high elec-
tric field across the small oxide pits will subsequently induce
the polarization of W–O bonding, which is strong enough to

migrateW6+ ions and leave behind voids or pores [24, 27, 29].
These W6+ ions will dissolve into the electrolyte and eventu-
ally cause the porosification on the compact oxide layer.These
pores or voids will be attacked by the tungsten fluorocomplex
ions in the electrolyte, which induce chemical dissolution to
enlarge and deepen pores and voids. It is a well-known fact
that those fluorocomplex ions are the key factor in achieving
regular nanostructure formation on valve metals via elec-
trochemical anodization [8, 20–25, 27, 29–31]. The chemical
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Figure 2: TEM image of anodic WO
3
nanostructures obtained in

1M Na
2
SO
4
electrolyte containing 0.5 wt% NH

4
F for 15min at 40V.
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Figure 3: Current density versus duration response during the
electrochemical anodization for 60 minutes at 40V in 1M Na

2
SO
4

containing 0.5 wt% NH
4
F.

reaction occurred in stage is depicted as [WO
3
+ 6H+ +

8F− → (WF
8
)2− + 3H

2
O]. From the current density curve,

the slight decrease in current density was due to the chemical
dissolution by fluorocomplex ions as marked in Figure 3
(stage B).The small pores and voids on the compact oxide lay-
ers will grow inwards and eventually will form self-organized
nanotubular structure. This is a result of equilibrium estab-
lished between the electrochemical formation of WO

3
and

its simultaneous chemical dissolution in fluoride containing
electrolyte [22, 27]. Interestingly, the current density was
increased slowly when the electrochemical anodization times
prolonged (stage C). The reason might be attributed to the
concentration of fluorocomplex ions in the electrolyte was
decreased slowly for prolonging electrochemical anodization.
In this manner, the balance between chemical dissolution
and field-assisted dissolution and field-assisted oxidation will
be interrupted and eventually will collapse the nanotubular
structure and form nanoporous structure [19, 22]. In the
present study, 15min was found to be the optimum duration
for the formation of self-organized circular nanotubular
structure with lengths of approaching 500 nm.

Table 2: Selected samples forMBdye degradation based ondifferent
surface morphologies of anodic WO3 samples via electrochemical
anodization.

Sample Anodization
time Morphological

A 10min Compact oxide layers with randomly pits
B 15min Nanotubular structure
C 30min Nanoporous structure

Stage A

Stage B 

Stage C 

Continuous growth of compact oxide pits to 
oxide layer with pores 

+

W foil

Formation of compact oxide pits

Formation of nanotubular structure

+

W foil

+

W foil

+

W foil

Figure 4: Schematic illustration of formation andmechanistic stud-
ies of anodic WO

3
nanostructures obtained in 1M Na

2
SO
4
elec-

trolyte containing 0.5 wt% NH
4
F for 15min at 40 V.

The photocatalytic ability of selected anodic WO
3
sam-

ples formed via electrochemical anodization was evaluated
by exposing MB organic dye under solar illumination as
shown in Table 2. The changes in concentration of MB dye
were analyzed as a function of exposure time (Figure 5).
It was found that the concentration of the MB dye was
decreased as the solar irradiation exposure time prolonged.
The experimental results indicate that degradation of MB
dye could be achieved in the present works. Based on the
photocatalytic degradation results, the degradation rate in the
presence of anodic WO

3
nanotubular structure (sample B) is

much faster than the other samples. In addition, it could be
noticed that theMB concentration was reduced from 30 ppm
to ∼7 ppm after 5 h solar irradiation assisted by sample B.
It could be postulated that sample B has uniformity and
apparent pore diameter throughout the photocatalyst surface;
thus, more photocatalytic reactions could be triggered at
the surface of the nanotubes (inner and outer wall surface)
[7, 9, 12, 32]. Whereas, sample A has compact oxide layers
with random pits on the surface of W foil. It showed
lower photocatalytic degradation of MB organic dye among
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Figure 5: Photocatalytic degradation of MB dye solution under
solar illumination, (a) blank sample (without anodic sample); (b)
sample A (10min); (c) sample C (30min); and (d) sample B (15min).

the samples. This result manifested that the irregular thin
compact oxide layers offer the small surface area for photons
absorption from the solar irradiation. As a consequence, the
generation of photoinduced charge carriers (electrons/holes
pairs) from the anodic WO

3
was significantly decreased [7,

29, 30]. On the other hand, sample C has nonuniformity
of nanoporous structure and exhibited slightly poor photo-
catalytic performance as compared to sample B. The reason
mainly attributed to the numerous defects on the nanoporous
structure, which could result in more recombination centers
for electrons/holes pairs [5, 29]. Furthermore, the absorption
of the photons from the solar illumination was limited
in irregular nanoporous structure. Therefore, the number
of photoinduced electrons/holes pairs was decreased and
eventually leaded to poor photocatalytic degradation of MB
dye.

In the present studies, MB molecule possesses a thiazine
structure which contains polar atoms such as nitrogen,
positively charge sulfur atom, and negatively charge chloride
as counter ion [33, 34]. In this manner, anodic WO

3
pho-

tocatalyst possesses significantly higher surface acidity, thus,
attractingmoreMBmolecules for photocatalytic degradation
reaction [21, 27]. In addition, the photocatalytic performance
of a photocatalyst strongly depends on the ability to gen-
erate electrons/holes pairs, which will generate free radicals
(hydroxyl radicals ∙OH) that are able to undergo secondary
reactions [3, 4, 12]. A simple schematic illustration of basic
principal in photocatalytic degradation of MB organic dyes
is presented in Figure 6. In theoretical perspectives, anodic
WO
3
photocatalyst generates two types of charge carriers

(electrons/holes pairs) when absorption of high energy pho-
tons from solar illumination. The photons energy must be
higher than band-gap energy of anodic WO

3
in order to

generate electrons/holes pairs effectively [4, 9]. In ordinary
substances, most of the electrons/holes pairs will recombine
very fast by releasing energy in the form of unproductive
heat or photons [18]. Based on the results obtained, anodic
WO
3
nanotubular structure has a notable feature of strong

oxidative decomposing power (positive holes) among the
samples, which plays an important role in degrading the
MB molecules. In the photocatalytic degradation studies,

W foil
nanotubes

Solar illumination

Hydroxyl 

Toxic MB 
organic dyes

Harmless 
substances

Anodic WO3

H2O

CO2

radicals

Figure 6: Schematic illustration of basic principal photocatalytic
degradation of MB dye under solar illumination assisted by anodic
WO
3
nanotubes.

the oxidative decomposing power of positive charge holes is
stronger than the reducing power of negative charge elec-
trons. The strong oxidative process creates strong oxidation
agent from the surface of photocatalyst in the presence of
solar illumination and water [2–4, 22, 32]. This strong oxida-
tion agent is released from the positive charge holes (valence
band) after oxidizing the water molecules into hydroxyl
radicals (∙OH). Then, these ∙OH radicals will react with MB
molecule and eventually decompose the toxic MB molecules
into the harmless substances, carbon dioxide, and water [4,
32]. In conclusion, a novel anodicWO

3
nanotubular structure

with high active surface area could generate more ∙OH
radicals, which enhance the photocatalytic degradation of
MB molecules under solar irradiation.

4. Conclusion

The present experimental work shows a strongly beneficial
effect of anodic WO

3
nanotubular structure in enhancing

the photocatalytic activity. It was found that a minimum of
15min at 40V via electrochemical anodization was required
to form uniformity nanotubular structure in the electrolyte
composed of 1M of Na

2
SO
4
and 0.5 wt% of NH

4
F. The

irregular anodicWO
3
nanoporous structure will be favored if

the anodization time exceeded 15min. A novel anodic WO
3

nanotubular structure is a cornerstone of green economy
because it could degrade toxic MB organic dye effectively in
the presence of solar illumination and water (renewable
resources).
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Nitrogen modified zinc sulfide photocatalysts were successfully prepared and characterized by X-ray diffraction (XRD),
field emission scanning electron microscopy (FE-SEM), high-resolution transmission electron microscopy (HR-TEM), X-ray
photoelectron spectroscopy (XPS), and surface area analysis. Thermal decomposition of the semisolid was carried out under
nitrogen conditions at 500∘C for 2 hours, and a series of nitrogen-doped ZnS photocatalysts were produced by controlling inflow
flow rate of nitrogen at 15–140mL/min. Optical characterizations of the synthesized N-doping ZnS substantially show the shifted
photoabsorption properties from ultraviolet (UV) region to visible light.The band gaps of nitrogen-doped ZnS composite catalysts
were calculated to be in the range of 2.58∼2.74 eV from the absorptions edge position. The 15N/ZnS catalyst shows the highest
photocatalytic activity, which results in 75.7% degradation of Orange II dye in 5 hrs by visible light irradiation, compared with
pristine ZnS and higher percentage N-doping ZnS photocatalysts.

1. Introduction

The photocatalytic degradation of organic pollutions present
in water and wastewater has been comprehensively investi-
gated with the use of photocatalysts and a solar light simulat-
ing source [1]. Since zinc sulfide (ZnS) is an important II–VI
semiconductor with a large band gap, it has been extensively
studied not only for its application as a photocatalyst but also
as a device material for other purposes, such as light-emitting
diodes, cathoderay tubes, thin film electroluminescence,
reflector, dielectric filter, chemical/biological sensors, and
window layers in photovoltaic cells [2]. In addition, zinc
sulfide has the direct band gap of 3.68 eV (zinc blend) and
3.80 eV (wurtzite) at 300K [3]. However, its wide band gap
restricts light absorption specifically to the wavelength of
UV less than 340 nm, where it can only take advantage of
ultraviolet irradiation constituting only 4% of the incoming
solar light [4]. Therefore, the development of visible-light-
driven photocatalysts by using less energy butmore abundant

visible light (𝜆 ≥ 420 nm), which accounts for about 43%
of the solar spectrum, has recently become a very important
topic of research [5]. As visible-light-driven photocatalysts
by doping nonmetal ions can provide more active sites and
mechanisms on photocatalysts, those have been widely used
to improve the visible-light-driven photocatalytic activity [6].
Therefore, in this paper, we attempted to prepare nitrogen-
doped ZnS nanostructures using thermal decomposition
methods to degrade Orange II dye under visible light
irradiation.

2. Materials and Methods

2.1. Preparation andModification of Nitrogen-Doped ZnS Pho-
tocatalysts. Zinc chloride and potassium thiocyanate were
used as the source of zinc and sulfur, respectively. 12.51 g
of anhydrous ZnCl

2
(Merck) was dissolved in 25mL of

water, and then 50mL of ethanol (95%) was added by
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constant stirring (solution A); 20.07 g of potassium thio-
cyanate (Merck) was separately dissolved in another 25mL
of water (solution B). Under magnetic stirring, solution B
was then added drop by drop (30min) into solution A.
The clear solution was stirred for another 30min, and the
solvents were evaporated on a hot plate until they became
a semisolid, which was then transferred into a crucible
for decomposition. Thermal decomposition of the semisolid
was carried out under nitrogen conditions at 500∘C for
2 hours. A series of nitrogen-doped ZnS photocatalysts
prepared by controlling the inflow flow rate of nitrogen at
15, 30, 70, and 140mL/min denoted as 15N/ZnS, 30N/ZnS,
70N/ZnS, and 140N/ZnS, respectively, were prepared under
nitrogen atmospheric conditions at 500∘C. After thermal
decomposition at the desired temperature (500∘C), the sam-
ples were washed with plenty of water and methanol to
eliminate the impurities and finally dried in an oven at 60∘C
overnight.

2.2. Characterizations and Instruments. The X-ray diffrac-
tion (XRD) patterns were recorded using RigakuUltima III
diffractometer (Japan) with Cu-K𝛼1 radiation, in the scan
angle range from 10∘ to 80∘.Themorphologies of the catalysts
were examined by using JEOL, JSM-7401F field emission
scanning electron microscope (FE-SEM). High-resolution
transmission electron microscopic (HR-TEM) images were
recorded using JEOL JEM-2010 model. Elemental analysis
(EA) was conducted using a PerkinElmer CS02010 elemental
analyzer. X-ray photoelectron spectroscopy (XPS) measure-
ments were carried out using Physical Electronics PHI 5600
XPS instrument with monochromatic Al-K𝛼 as (1,486.6 eV)
excitation source. The UV-visible diffuse reflectance spectra
were recorded by a Shimadzu UV-2600 spectrophotometer
equipped with an integrated sphere attachment using barium
sulfate as a reference. The concentration of the Orange II
dye was also determined by UV-2600 spectrophotometer
equipped with a universal liquid cell attachment at the
wavelength of 485 nm.

2.3. Photocatalytic Activity. The photocatalytic experiments
of the synthesized composite catalysts were performed in
a 500mL tubular quartz reactor. Catalyst dose and initial
dye concentration were maintained at 0.5 g/L and 40mg/L,
respectively. The experiments were carried out at neutral pH
under ambient condition. Prior to experiment, the catalyst
and dye mixtures were stirred in the dark for 1 hr to achieve
adsorption equilibrium of Orange II dye on the surface of
the catalysts. For light irradiation, the photocatalytic reactor
was illuminated with a 350W xenon light source, which has
a cutoff filter at wavelength 400 nm allowing visible light to
pass.

3. Results and Discussion

3.1. Characterization of Nitrogen-Doped ZnS Photocatalysts.
The crystallinity and crystal phase of pure ZnS and nitrogen-
doped ZnS photocatalysts were characterized by XRD as
shown in Figure 1. The major diffraction peaks of the ZnS
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Figure 1: XRD patterns of nitrogen-doped and bare ZnS.

(JCPDS card number 36-1450, the lattice parameters of 𝑎 =
3.820 Å and 𝑐 = 6.257 Å) with (100), (002), (101), (110),
(103), and (112) planes were apparent for hexagonal wurtzite
crystal structure. The (002) peak intensity is stronger than
the (100) peak when the nitrogen-doped ZnS composite
catalysts were prepared under different conditions. This is
due to the change in the stacking sequence of the close
packed planes of the ZnS crystal [7]. This observation is sup-
ported by the TEM results, and it indicates that nanosheets
preferential growth occurs along the 𝑐-axis. The remaining
peaks are generally broad and probably indicate relatively
small dimensions of the materials [8]. The (100), (002),
and (101) peaks strongly overlap, implying the formation of
well-crystallized ZnS. At the same time, the atmospheric
conditions have not influenced the crystal structure of ZnS
[7].

HR-TEM images (Figure 2(a)) of the as-synthesized cat-
alysts can further confirm the flowery structure of the
microspheres. The clear lattice fringes (Figure 2(b)) also
indicate the polycrystalline nature of the petals. The inter-
planar spacing is 0.31 nm, which corresponds to the (002)
plane of wurtzite ZnS. The corresponding selected area
electron diffraction (SAED) patterns (Figure 2(c)) with a
regular and clear ring diffraction spot array reveal that each
petal is polycrystalline. Moreover, the major diffraction ring
matches (100), (002), (101), (110), and (112) planes of ZnS
phase.

To better understand chemical states of the elements
within the catalysts, XPS analyses were performed in this
study. The typical XPS results are shown in Figure 3. The
peaks of S and Zn can be clearly seen in the survey spectra of
all catalysts used (Figures 3(b) and 3(c)).The binding energies
of S2p

3/2
and S2p

1/2
at 161.1 eV and 160.2 eV (Figure 3(b)) are

consistent with the binding energy values in the literature
[9]. Moreover, the binding energy of Zn2p

3/2
and Zn2p

1/2
is

1020.3 eV and 1043.3 eV (Figure 3(c)), belonging to the Zn2+
oxidation state in ZnS [9]. As for N, the binding energy
of N1s at 395.9 eV belongs to atomic 𝛽-N (396 eV) [10].
According to the references, N1s peak at 396 eV is attributed
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Figure 2: (a) HR-TEM images, (b) lattice fringes, and (c) the corresponding SAED pattern of 15N/ZnS.
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Figure 3: The survey XPS spectra of (a) 15N/ZnS photocatalysts and the high-resolution XPS spectra of (b) S2p, (c) Zn2p, and (d) N1s of
15N/ZnS photocatalysts.
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Figure 4: UV-Vis absorption spectra of as-synthesized photocata-
lysts.

to a characteristic peak of substitutional N, resulting from the
nitrogen substitution of sulfur in the ZnS lattice [10–12]. In
addition, the substitutional doping of N is thought to be the
most pronounced because its 𝑝 states contribute to the band
gap narrowing by mixing with S2p states [10]. From the UV-
Vis absorption spectra results as shown in Figure 4, the band
gap of bare ZnS was calculated as 2.95 eV. The band gap of
nitrogen-doped ZnS composite catalysts is between 2.58 and
2.74 eV. Therefore, the redshift in UV-Vis absorption spectra
is enhanced by the nitrogen-doped ZnS composite catalysts,
which implies the potential absorption to effectively harvest
visible light.

The morphology of nitrogen-doped ZnS composite cat-
alysts was characterized by FE-SEM as shown in Figure 5.
The zinc isothiocyanate complex thermal decompositions
have been carried out at 500∘C under nitrogen conditions.
The ZnS photocatalysts consist of irregular spheres with
an average diameter of 1 𝜇m and seem to facilitate micro-
sphere aggregation. The images in Figures 5(a)–5(e) show
that the nitrogen-doped ZnS Camellia Brushfield Yellow-
like structure comprises numerous ZnS particles (petals) and
the nitrogen-doped ZnS crystallites are self-organized into
spherical assemblies, or a Camellia Brushfield Yellow-like
morphology, with a puffy appearance. The nitrogen-doped
ZnS products are all in this morphology with diameters
ranging from 300 to 700 nm. The gap between particles
(petals) was observed in the average range of 100 nm. The
nitrogen-doped ZnS flower is quite open and puffy with
ZnS particles (petals) that have good crystallinity [13]. When
the nitrogen flowrate was increased from 15 to 140mL/min,
the morphology of the nitrogen-doped ZnS nanoparticles
became more rough as seen in Figures 5(a)–5(e). Figure 5(f)
clearly indicates that the flowery structures, from which
one can see that dozens of 2D sheets are intercrossed with
each other, have been formed throughout their self-assembly
mechanisms.

Furthermore, based on the experimental results, we con-
sidered that the formation mechanism of the as-synthesized
product of nitrogen-doped ZnS Camellia Brushfield Yellow-
like structure could be explained by a synergic effect
of Ostwald ripening and the self-assembled mechanism
as proposed in Figure 6. In the first stage, tiny crystalline
nuclei are generated in the mixed solution and grow into
nanoparticles. These nanoparticles are built and aggre-
gated into spheres to minimize their surface area through
the process known as Ostwald ripening [14, 15]. In the
second stage, the thiocyanate ion (SCN−) coordinates with
a variety of metal ions. It can form isothiocyanate (M-NCS)
complexes that are further decomposed into metal sulfides
with high purity [9]. The thermal decomposition of the
Zn(SCN)

2
complex at 500∘C results in weakening of the

coordination of Zn-NCS complex, and SO
2
, CO

2
, and

N
2
will be released gradually [15]. Then the crystallized

particles grow along the 2D direction, resulting in the
formation of nanosheets as shown in Figure 2(a1). As the
mass diffusion and Ostwald ripening process proceed, the
nanosheets can grow until all the nanoparticles are con-
sumed, accompanied by their self-organization into the
Camellia Brushfield Yellow-like structure. In addition, the
increase of inflow flowrate of nitrogen until 140mL/min has
resulted in the increase of N atoms in the ZnS structure.
According to the energy dispersive system (EDS) results
on the catalyst surface, the nitrogen atom concentration
of 15N/ZnS, 30N/ZnS, 70N/ZnS, and 140N/ZnS is 5.31%,
7.88%, 12.57%, and 17.98%, respectively. To quantify the
impurities of carbon in the ZnS structure, elemental anal-
ysis (EA) was used and the carbon impurities were found
to be 7.0 ± 0.14% (w/w) in all as-synthesized ZnS pow-
ders, which implies that the thermal decomposition at
500∘C cannot remove the carbon impurities perfectly in the
ZnS structure, but the residual carbon concentration is
relatively low. The different morphology of 140N/ZnS can
be ascribed to the production of more decomposed pro-
ducts, including SO

2
, CO
2
, NO
2
, and N

2
, to go off readily

from the catalyst surface during the decomposition process
[16].

3.2. Photocatalytic Activity. The photocatalytic activities of
the prepared nitrogen-doped ZnS nanoparticles were eval-
uated for the degradation of Orange II dye under visible
light irradiation. Figure 7(a) shows the removal percentage
of Orange II dye as a function of reaction time using bare
and nitrogen-doped ZnS catalysts.TheOrange II dye concen-
tration was removed around 5.0% and 5.1% after 300 minutes
of visible-light irradiation in the presence of commercial
ZnS and as-synthesized bare ZnS, respectively. The opti-
mal degradation ratio of Orange II dye using 15N/ZnS
photocatalyst was found to be 75.7% after 300-minute irra-
diation. However, the increase of nitrogen-doped amount
on the ZnS photocatalyst would result in the decrease
of dye removal. The efficient removal of Orange II dye
using visible-light photocatalysis by nitrogen-doped ZnS can
be attributed to the response from occupied N2p locali-
zed states slightly above the valence band edge [11]. The
decrease in photocatalytic activity observed in the higher
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Figure 5: FE-SEM images of (a) ZnS, (b) 15N/ZnS, (c) 30N/ZnS, (d) 70N/ZnS, and (e) 140N/ZnS photocatalysts.

nitrogen-doping ZnS, such as 140N/ZnS powder, may be
attributed to a change in the crystal structure of the sample
caused by the high doping of N in the crystal, though we
did not find a noticeable change in XRD. As a result, such
a surface roughness can function as traps for photogenerated
electrons and holes, reducing the efficiency of photocatalysis
[17].

Furthermore, the decomposition process is modeled as
a pseudo-first-order reaction with the kinetics expressed
by the equation ln(𝐶

0
/𝐶
𝑡
) = 𝑘𝑡, where 𝐶

0
represe-

nts the initial concentration, 𝐶
𝑡
denotes the concentra-

tion at a given reaction time (𝑡), and 𝑘 is the reaction
rate constant. From the linear extrapolations as shown in
Figure 5(b), the reaction rate constants were calculated as
4.63 × 10−3min−1, 3.04 × 10−3min−1, 1.41 × 10−3min−1,

1.09 × 10−3min−1, and 1.80 × 10−4min−1, respectively, using
15N/ZnS, 30N/ZnS, 70N/ZnS, 140N/ZnS, and bare ZnS pho-
tocatalysts.The results indicate that the N-doping ZnS shows
better photocatalytic activity than bare ZnS under visible
light irradiation due to the shorter band gap. However, the
increase of N-doping will negate the efficiency by its surface
roughness.

4. Conclusions

In summary, we have successfully synthesized nitrogen-
doped ZnS composite catalysts with the Camellia Brush-
field Yellow-like structure. The obtained surface and optical
characteristics demonstrate that the nitrogen-doped ZnS can
act as a good visible-light-driven photocatalyst. Their visible
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light assisted photocatalytic ability has been shown by the
degradation of azo dye Orange II. The effect of nitrogen-
doped amount on the photocatalytic on the removal of
Orange II dye suggests that 15N/ZnS is the optimum loading
for better photocatalytic ability.
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Chitosan (CS) anchored copper oxide (CuO) hybrid material was prepared by chemical precipitation method. Fourier transform
infrared spectroscopy (FT-IR) and X-ray diffraction (XRD) confirmed the formation of CS-CuO hybrid. Transmission electron
microscopy (TEM) analysis showed the immobilization of CuO nanoparticles on the surface of CS. The hybrid was also
characterized by thermogravimetric analysis (TGA) and zeta potential.The hybrid exhibited high photocatalytic activity as evident
from the degradation of methylene blue (MB) dye.The result revealed substantial degradation of theMB dye (84%) under UV-light
illumination. The antibacterial activity of hybrid against Escherichia coli was examined by colony forming units. It was proved that
the CS encapsulated CuO hybrid exhibited excellent antibacterial activity.

1. Introduction

In general, nanotechnology can be understood as a technol-
ogy of design, fabrication, and applications of nanostructures
and nanomaterials. Nanometer size structures are an inter-
mediate form of matter which exhibit exotic physical and
chemical properties different from those observed in bulk
three-dimensional materials. Nanoscale oxides of transition
metals are gaining continuous importance for various appli-
cations such as catalysts, passive electronic components, and
ceramic materials [1, 2]. From an environmental standpoint,
heterogeneous photocatalysis is a significant cutting-edge
technology for application inwater purification [3].The inter-
est in the study of biopolymer has witnessed a steady increase,
because they are environmentally friendly alternatives to
synthetic, nonbiodegradable polymers. However, the poor
regeneration and reuse of biopolymers have limited their
adsorption properties, which may be improved by adding
reinforcing compounds (fillers) and forming composites
[4]. The immobilization of an appropriate catalyst onto
the surface of a natural biopolymer provides a number of
additional advantages including low-cost, high adsorption,
high catalytic activity, and extensive potential for reuse [5].

In this regard, chitosan (CS), a linear cationic, pH sensi-
tive, nontoxic, biodegradable, biocompatible polysaccharide

obtained from deacetylation of chitin seems to offer numer-
ous distinct advantages [6]. CS is a super high-capacity
adsorbent for contaminant removal in water with adsorption
capacity of 1000–1100 gKg−15 which is higher than the acti-
vated carbon [7]. This high adsorption of CS is due to the
binding ability of CS with contaminants through hydroxyl
and amino groups on the surface. The regeneration of CS
by acid or base is a simple and cost effective, but the appli-
cation of acid or base for CS regeneration is not technically
advantageous. The large amount of wastewater generated
from regeneration process needs further treatment making
the process unsustainable [8, 9]. So, the immobilization of
photocatalyst onto the CS aids in removal of contaminants
adsorbed by the CS and also gives antibacterial materials with
improved functional properties.

Cupric oxide (CuO), a p-type semiconductor with mon-
oclinic structure is an interesting multifunctional material
due to its promising applications in magnetic storage, solar
energy transformation, electronics, sensors, batteries, and
catalysis [10]. CuO crystal structure possesses a narrow band
gap due to which it has useful photocatalytic or photovoltaic
properties as well as photoconductive functionalities [11].
CuO nanoparticles with various morphologies have been
developed by numerous methods like oxidation of copper at
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high temperature, reverse micelle, surfactant templates, solid
state reactions, hydrothermal and thermal decomposition
method [10, 12–15]. The immobilization of CuO onto CS
resolves the recollection and reuses limitation of CuO to
remove the contaminants adsorbed by CS in situ without
use of acid or base and generating secondary pollutants
and sterilizes pathogens. Recently, Gouda and Hebeish [16]
prepared chitosan/CuO nanocomposite and investigated its
antibacterial activity.

In this study, we synthesized a multifunctional mate-
rial CS-CuO to meet the need of high adsorption, self-
regeneration, easy separation, and cost-effective dye removal
fromaqueous solutionwith enhanced antimicrobial property.
The CS-CuO hybrid synthesized by precipitation method is
characterized by FT-IR, XRD, zeta potential, and TEM. The
CS-CuO hybrid as a reusable photocatalyst was examined
through photodegradation of MB dye. The high antibacterial
activity of CS-CuO hybrid against E. coli is explored. Thus
this novel CS-CuO hybrid has great potential to be used as an
economic, environmental friendly, and sustainable material
for dye removal with enhanced antimicrobial activity.

2. Experimental

2.1. Materials. Chitosan (CS) with degree of acetylation
85% and molecular weight 2.6 × 105 was purchased from
Aldrich. Copper nitrate trihydrate (Cu(NO

3
)
2
⋅3H
2
O), so-

dium hydroxide (NaOH), acetic acid (CH
3
COOH), and

methylene blue (MB) were of analytical grade and purchased
from Aldrich. Beef extract, peptone, and agar powder were
of bacteriological grade, and Escherichia coli (E. coli) (KCCM
12119) was used as a model organism for evaluation of the
antibacterial activity. Deionized water was used throughout
the studies.

2.2. Preparation of CS-CuO Hybrid. TheCS-CuO hybrid was
prepared according to the procedure given in the literature
[17]. In a typical experiment, 1 g of CuO nanoparticles
prepared by thermal decomposition of Cu(NO

3
)
2
⋅3H
2
O at

350∘C for 2 h was dispersed in 100mL of 1% (v/v) acetic acid,
where CuO changed into copper cations. To this, 1 g of CS
was added and sonicated for 30min and stirred continuously
until the clear sol was obtained. NaOH solution (1M) was
then added dropwise until the solution attained pH 10. The
precipitate obtained was heated at 80∘C for 5 h and then
filtered, washed with excess of water and dried in a vacuum
oven at 60∘C for overnight.

2.3. Photocatalytic Degradation of MB Dye. Methylene blue
(MB) dye was used as a probe molecule to evaluate the
photocatalytic activity of hybrid. The photocatalytic reaction
was conducted at room temperature under UV light at a
wavelength of 365 nm. In a typical experiment, 0.4mg of CS-
CuO hybrid was added into the water (10 mL) containing
0.2mg of MB dye, followed by the addition of 1mL H

2
O
2
.

Prior to the irradiation, the suspension was magnetically
stirred in the dark for 30min to establish the adsorp-
tion/desorption equilibrium ofMB. A 2mL of the sample was
withdrawn for every 10min. Before analysis, the suspension

was centrifuged to remove any suspended solid catalyst. The
residual concentration of dye was measured using a Jasco V-
650 UV-visible spectrophotometer.

2.4. Antibacterial Activity. E. coliwas grown in a nutrient agar
(DIFCO 0001) containing 3 g/L beef extract, 5 g/L peptones,
and 15 g/L agar in distilled water. pH of the medium was
adjusted to 7.0. The antibacterial activity of the CS-CuO
hybrid was evaluated through colony forming units (CFU)
count method. Freeze-dried sample of hybrid was sliced into
small pieces and sterilized at 121∘C for 15min. 9mL of the
growth medium for E. coil was added to separate test tubes,
and 0.03 g/mL of finely sliced solid hybrid samples was added
to each of the test tubes.The tubeswere then seededwith 1mL
fresh culture of E. coli and incubated at 37∘C for 12 h. Samples
were taken after 6, 12, 18, and 24 h for CFU determination.
The sample was diluted with saline water and cultured on
agar plates for 12 h.The CFUwas determined by counting the
colonies on agar plates, andmean values were presented from
at least 3 experiments.

2.5. Characterization. Fourier transform infrared (FT-IR)
spectroscopy was performed using a Jasco FT/IR-620 FT-IR
spectrometer. The phase and crystallinity were characterized
by using a Rigaku D/max-2500 X-ray diffractometer (XRD)
with CuK𝛼 radiation in the 2𝜃 range of 10–80∘.Thermogravi-
metric analysis (TGA) was performed on a Setaram thermal
analyzer (TGA-DSC EVO, France) from 20 to 800∘C at a
heating rate of 10∘C/min under nitrogen atmosphere. Zeta
potential analysis was measured using a Malvern Zetasizer
Nano instrument with a laser light of wavelength 633 nm at
25∘C under the Smoluchowski approximation. Microscopic
images were obtained using a Hitachi H-7600 transmission
electron microscope with an accelerating voltage of 100 kV.
Ultraviolet-visible spectra (UV-vis) were recorded using a
Jasco V-650 spectrophotometer.

3. Results and Discussion

Scheme 1 shows the proposed mechanism for the formation
of CS-CuO hybrid. The process involved two steps. The
first step is the dispersion of CS and CuO nanoparticles in
acetic acid solution, where CuO dissolved and changed into
copper cations (Cu2+). The Cu2+ ions immediately formed
coordination bondswith –OHand –NH

2
groups of CS chains

[18]. In the second step, pH of the solutionwas increased to 10
by the dropwise addition of NaOH. The precipitate obtained
was heated at 80∘C for 5 h, where the Cu2+ ions transformed
into CuO.The possible formation reactions of CuO are given
below [19, 20].Thehomogeneous dispersion ofCu2+ in theCS
sol aids in the generation of homogeneous CS-CuO hybrid.
Consider

Cu2+ +OH− → Cu–O–H+

Cu–O–H+ +OH− → CuO +H
2
O

(1)

Figure 1 shows the FT-IR spectra of pure CS and CS-
CuO hybrid. The spectrum of pure CS exhibited a band
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Scheme 1: Schematic representation for the synthesis of CS-CuO hybrid.

at 3370 cm−1 was due to the stretching vibrations of –OH
and –NH groups. The peak at 2876 cm−1 was attributed
to the asymmetric stretching of –CH group in polymer,
1650 cm−1 indicated the amide I group (C–O stretching
along the N–H deformation), 1578 cm−1 was due to –NH
deformation, 1424 cm−1 showed the C–N axial deforma-
tion (amine group), 1375 cm−1 was attributed to the COO–
group in carboxylic acid salt, 1152 cm−1 showed the special
peak of 𝛽(1-4) glycosidic bond in polysaccharide unit, and
1047 cm−1 was assigned to the stretching vibration of C–
O–C in glucose circle [21]. The CS-CuO hybrid displayed
the characteristic bands of both CS and CuO. The band at
520 cm−1 was ascribed to the stretching mode of Cu–O [22].
When compared to the pure CS, the bands corresponding
to the hydroxyl, amino and amide groups in the spectrum
of hybrid were shifted. The shift of IR bands confirmed the
interaction between the CS and CuO nanoparticles.

Figure 2 shows the X-ray diffraction patterns of CS and
CS-CuO hybrid.The broad peak at 19.77∘ in the XRD pattern
of CS showed that the polymer is amorphous [23]. In the
hybrid, we observed both the CS and CuO diffraction peaks.
The peaks that appeared at 32.8, 35.9, 36.25, 39.1∘, 49.1, 53.5,
58.4, 62.0, 66.4, 68.3, 72.5, and 75.4∘ in the hybrid were
assigned to (110), (111), (111), (202), (020), (202), (113), (311),
(220), (311), and (004) planes of CuO with high crystallinity
[24]. The diffraction peaks of CuO are in good agreement
with the monoclinic CuO (JCPDS card 05-0661). The result
proved the successful formation of CS-CuO hybrid.

The thermal stability of CS and CS-CuO hybrid was
examined by TGA from 20–800∘C under N

2
atmosphere, as

illustrated in Figure 3. The two samples followed a similar
decomposition trend.The as-synthesized polymer exhibited a
two-step weight loss. The first weight loss (around 10%) step
in the TGA curve below 100∘C was attributed to the loss of
water. The second rapid major mass loss step in the range
of 200–500∘C was assigned to the complex dehydration of
the saccharide rings, depolymerization, and decomposition
of the acetylated and deacetylated units of the polymer [25].
However, it was found that the thermal stability of hybrid was
higher than the pure CS which was obviously related to the
existence of thermally stable CuO. The residual mass left at
800∘C was found to be 30.4% and 61.5% for the CS and CS-
CuO hybrid, respectively.

Zeta potential, that is, surface charge, can greatly influ-
ence the particle stability in suspension through electrostatic
repulsion between particles. Zeta potential measurement is
used to analyze the nanoparticle interaction with the cell
membrane of bacteria, which is negatively charged. Figure 4
shows the zeta potential measurement of CS-CuO hybrid.
The hybrid has a positive surface charge of about 51.5mV,
while that of CuO has a negative surface charge of −32.1mV.
For CS, the positive zeta potential results from the presence
of protonated amine groups. When negatively charged CuO
reacts with the positively charged CS, the net zeta potential
decreases.The shiftmay be attributed to the blockage of active
sites on the surface of CuO nanoparticles by the adsorption
of polymer chain.
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Figure 1: FT-IR spectra of CS and CS-CuO hybrid.

The direct evidence for the immobilization of CuO
nanoparticles on the surface of CS was analyzed by TEM
(Figure 5). The image showed that the spherical CuO
nanoparticles exist on the CS surface with almost uni-
form distribution. The dark areas represent the crystalline
CuO nanoparticles, while the bright areas represent the
amorphous CS, owing to the high electron density of the
CuO nanoparticles. The interaction between CS and CuO
enhanced the properties of CS-CuO hybrid.

As a demonstration of application of such CS-CuO
hybrid, MBwas chosen as a representative organic dyestuff to
evaluate the photocatalytic performance. Figure 6(a) shows
the typical time-dependent UV-vis absorption spectra of the
MBdye solution during the photodegradation in the presence
of CS-CuO hybrid with the aid of H

2
O
2
. It is seen that dye

exhibited a maximum absorption peak at around 653 nm.
Note that color of the dye solutions becomes less intense, and
the intensity of absorption spectra decreases gradually with
increasing the irradiation time, indicating that a strong oxi-
dation of dye has occurred in the presence of CS-CuO hybrid
under UV irradiation. All these observations indicated that
CS-CuO hybrid exhibited excellent performance for the
degradation of dye. Figure 6(b) shows the photocatalytic
performance of various catalysts for the degradation of MB
dye in the presence of H

2
O
2
. Approximately 84% of the dye

was degraded by the hybrid within 30min. In the absence
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Figure 2: X-ray diffraction patterns of CS and CS-CuO hybrid.
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Figure 3: TGA curves of CS and CS-CuO hybrid.

of a photocatalyst, the dye was degraded slowly by H
2
O
2

(20%). It is seen that the degradation of the dye was greatly
enhanced in the presence of photocatalyst, indicating the
excellent photocatalytic activity of CS-CuO hybrid. However,
the hybrid exhibited no obvious photocatalytic activity in the
absence of H

2
O
2
(data not shown). According to the previous

report [26], the possible mechanism for the degradation of
MBdyemay be proposed as follows: the photodecomposition
of H
2
O
2
forms a certain amount of OH radicals in the

presence of CuOfirst, and then theseOH radicals degrade the
MB dye into CO

2
, H
2
O, and other mineralization through a

series of redox reactions.
On the other hand, there is a possibility of dye degra-

dation by a Fenton-like process. Generally, the Fenton-
like process (Cu2+/H

2
O
2
) showed lower dye degradation

than the conventional Fenton reaction (Fe2+/H
2
O
2
) [27]. In
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Figure 5: TEM images of CS-CuO hybrid (a) long view and (b) close inspection.

this system, the Cu2+ ions present in the aqueous solution
immediately form coordination bonds with –OH and –NH

2

groups of CS chains. Therefore, the Cu2+ ions were not
available for Fenton-like reaction. In other words, there was
no direct reaction between Cu2+ and H

2
O
2
.

Furthermore, the photostability of the CS-CuO hybrid
was examined based on its photocatalytic performance
under UV-light irradiation with three cycles, as shown in
Figure 6(c). After three recycles, the catalyst did not exhibit
any significant loss of activity, indicating its high stability
during photodegradation process.

In general, the kinetics of photocatalytic degradation of
organic pollutant on the semiconducting oxide has been
established and can be described well by the apparent first
order reaction:

ln(
𝐶
0

𝐶
) = 𝑘app × 𝑡, (2)

where 𝑘app is the apparent rate constant, 𝐶
0
is the initial

concentration of the dye, and 𝐶 is the concentration of dye
at time t.
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Figure 6: (a) UV-visible spectra of theMB solution in the presence of CS-CuO hybrid at different UV-irradiation time, (b) photodegradation
of the MB dye, (c) photostability of the hybrid after three cycles, and (d) first order kinetic model for the photodegradation of MB.

Figure 6(d) shows the apparent rate constant of MB dye
in the presence of photocatalyst under UV-light irradiation.
The linear correlation of the plot of ln(𝐶

0
/C) versus time

suggested a pseudo-first-order reaction for the dye. The
apparent rate constant (𝑘app) was determined as 0.059min−1.

The collective results of the viability of E. coli after being
treated with CS and CS-CuO hybrid are presented in Table 1.
The viable bacteria were monitored by counting the number
of CFU. As witnessed from Table 1, it is clear that the control
CS sample inactivated the E. coli strain by 7% after 24 h of
treatment which showed that almost all bacteria were alive
after 24 h. On the other hand, the CS-CuO hybrid inactivated
the E. coli strain by 99% after 6 h of treatment. Under the
same conditions only 0.7% of survivors were found after 12 h,
and complete reduction was observed at 24 h. To visualize the

Table 1: Antibacterial activity of CS-CuO hybrid against E. coli.

Incubation
time (h)

CS CS-CuO
CFU
(mL−1)

Reduction in
viability (%)

CFU
(mL−1)

Reduction in
viability (%)

0 28 × 105 0 28 × 105 0
6 6.9 × 105 75.36 27 × 103 99.0
12 1.1 × 106 60.72 19 × 103 99.3
18 1.9 × 106 32.15 11 × 103 99.6
24 2.6 × 106 7.15 2 × 102 99.9

result, the digital photographs of control and E. coli treated
with CS-CuO hybrids for 12 h (since the bacteria grow in
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(a) (b)

Figure 7: Digital photographs of E. coli (a) without and (b) with CS-CuO hybrid for 12 h.

12 h) are shown in the Figure 7. The result indicated that
the excellent reduction in the growth of bacteria confirmed
the enhanced antibacterial activity of the hybrid. The E. coli
tended to be inactivated in a similar manner regarding the
time of treatment. The antimicrobial mechanism of the CS
was attributed to the interaction with the strongly electroneg-
ative microbial surface [16]. The CS doped with CuO showed
enhanced antibacterial activity which perhaps attributed to
the synergistic effect of the CS and CuO nanoparticles. The
Gram-negative bacteria have a thin layer of peptidoglycan
and more complex cell wall with two cell membranes and
outer membrane and a plasma membrane. The positively
charged CS-CuO hybrid interacts with negatively charged
lipidic bacterial membrane and thus changes its permeability,
blocking the cells from nutrient intake, and thus ultimately
affecting the cell growth and viability. It is also worth noting
that the potential antibacterial activity of CS-CuO hybrid
could be due to reactive oxygen species generation by the
nanoparticles attached to the bacterial cells, which in turn
provoked an enhancement of intracellular oxidative stress
[10]. Therefore, our system showed much more efficient
bactericidal activity for the sterilization of E. coli in an
ordinary living space.

4. Conclusion

In this study, the CS-CuO hybrid was prepared by chemical
precipitation method. The FT-IR spectrum endorsed the
formation of hybrid. The thermal stability and crystallinity
of the hybrid were studied by XRD and TGA. Zeta potential
and TEM analysis confirmed the immobilization of CuO
nanoparticle on the surface of CS.The hybrid catalyst showed
a high photocatalytic activity of 84% for the photodegrada-
tion of the MB dye under UV-light irradiation for 30min.
The result showed that the repeated use of recycled CS-CuO
hybrid (three times) did not affect its photocatalytic activity
significantly. In addition, the hybrid material exhibited a
superior antibacterial activity of 99% within 6 h of treatment
against E. coli which was measured by CFU.
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The photodecolourization of Direct Yellow 9, a member of the group of azo dyes which are commonly used in the various branches
of the industry, was investigated. The photostability of this dye was not previously examined. Photocatalytic degradation method
was evaluated. Solar simulated light (𝐸 = 500W/m2), titanium dioxide, and zinc oxide were used as irradiation source and
photocatalysts, respectively. Kinetic studies were performed on a basis of a spectrophotometric method. Degradation efficiency
was assessed by applying high performance liquid chromatography. Disappearance of a dye from titanium dioxide and zinc oxide
surfaces after degradation was confirmed by thermogravimetry and Raman microscopy. Direct Yellow 9 was found to undergo
the photodegradation with approximately two times higher efficiency when zinc oxide was applied in comparison with titanium
dioxide. A simple and promising way to apply the photocatalytic removal of Direct Yellow 9 in titanium dioxide and zinc oxide
suspensions was presented.

1. Introduction

Wastewater from industry contains various organic com-
pounds such as dyes, surfactants, excipients, and many
others. Among all of them dyes are widely used in various
branches of the textile industry, cosmetics, and paper pro-
duction, in food technology, and so forth [1]. The amount of
dyes produced in the world is estimated to be over 10,000 tons
per year. Exact data on the quantity of dyes discharged in the
environment are not available. However, it is assumed that
a loss of 1-2% in production and 1–10% loss in use are a fair
estimate [2].

Those substances enter the ecosystemmodifying the envi-
ronment and becoming a major threat for all forms of life [3].
Removing dyes is more important than colorless compounds,
because even at a low concentration (below 1 ppm), they
can change the color and the transparency of water [4].
Their presence in an aqueous environment decreases the
sunlight penetration and consequently reduces an activity of
a photosynthesis and a solubility of gases [5]. Furthermore,
some dyes are toxic or potentially carcinogenic. In this
connection, it is necessary to protect the environment against
that pollution and decontaminate the sewage treatment

plant effluents or industrial aquatic waste. Therefore, there
is a necessity to apply efficient degradation techniques by
factories and industrial plants where dyes are being created
or applied during manufacturing process [6].

Traditional techniques such as biodegradation, adsorp-
tion, coagulation, reverse osmosis, and the others are ineffec-
tive for complete destruction of dyes [7]. Biodegradation, for
instance, does notwork efficiently because of a high resistance
of dye molecules. Therefore, it can lead to the generation of
hazardous aromatic amines [4]. Most of above-mentioned
methods are nondestructive. They only transfer contami-
nations from solution to another phase, thus producing a
large amount of sludge with a secondary pollution, which is
difficult to remove [8]. Therefore, it is essential to consider
other, more efficient and less invasive methods [9].

Recently, Advanced Oxidation Processes (AOPs) seem to
be an alternative to conventional treatment and can be suc-
cessfully used to destruct dyes and other organic substances
[10]. AOPs have employed photocatalysts, Fenton reagents,
ozone, hydrogen peroxide, and ultraviolet or solar light,
separately or combining some of them [11]. The mechanism
is based on a generation of hydroxyl radicals which have one
of the highest oxidative potential (𝐸

0
= +2.8V) [12]. Hence,
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Scheme 1: Chemical structure of Direct Yellow 9.

they are useful in a complete mineralization of organic water
pollutants to carbon dioxide, water, and inorganic anions [13].
Among AOPs, heterogeneous photocatalysis with the usage
of a semiconductor as a photocatalyst is a promising method
for color removal from water [14].

In performed studies two semiconductors, namely, TiO
2

and ZnO, were used. Both of them are cheap, nontoxic, pho-
tochemically stable, environmentally friendly [13], and water
insoluble [15], and they have similar energy of band gaps
[16, 17]. Those catalysts were applied in a photodegradation
of Direct Yellow 9 (DY9, Scheme 1), also known as Titan
Yellow, Clayton Yellow, and Thiazole Yellow G, a dye which
photostability was not previously examined.

DY9 is used as a stain and fluorescent indicator in
microscopy. What is more, it was successfully applied in
analytical methods of magnesium determination in serum
[18], tissue [19], plant material [20] and rocks [21]. It was
also used for estimation of beryllium in waste water [22],
commercial aminoglycoside antibiotics in serum samples
[23], and tetracycline antibiotics in chook serum and human
urine samples [24].

2. Materials and Methods

2.1. Materials. TiO
2

(anatase, Sigma-Aldrich) and ZnO
(Sigma-Aldrich), Direct Yellow 9 (Riedel-de-Haën AG), and
ammonium reineckate-NH

4
[Cr(SCN)

4
(NH
3
)
2
]⋅H
2
O (BDH

Chemicals Ltd, England) were used. All above-mentioned
chemicals were analytical grade reagents and used without
further treatment. HPLC-grade acetonitrile was purchased
from Merck. All solutions were prepared using deionized
water, which was obtained by Polwater apparatus.

2.2. Apparatus. UV spectrophotometric analyses were per-
formed with a HITACHIU-2800AUV-VIS spectrophotome-
ter equipped with a double monochromator and double
beam optical system (190–700 nm). UV studies were done
using 1 cm quartz cell. Optical density was recorded in
the range of 190–560 nm, and the maximum absorption
wavelength experimentally registered at 𝜆 = 408 nm was
used for the calibration curve and further DY9 concentration
measurements.

Photolytic as well as photocatalytic degradation experi-
ments were carried out in a solar simulator apparatus, namely
SUNTEST CPS+ (ATLAS, USA). The photon flux of solar
simulated radiation was measured by chemical method—
Reinecke’s salt actinometer [25]. The photon flux of solar
simulated light of 500W/m2 was 2.32 × 10−6 Einstein/s.

A Renishaw Raman InVia Microscope equipped with a
high sensitivity ultralow noise CCD detector was employed.
The radiation from an argon ion laser (785 nm) at an incident
power of 1.15mW was used as the excitation source. Raman
spectra were acquired with 3 accumulations of 10 s each,
2400 L/mm grating, and using 20x objective.

Differential scanning calorimetric (DSC) and thermo-
gravimetric (TGA) analyses were performed by a Thermal
Analyzer TGA/DSC 1 (METTLER TOLEDO) with a heating
rate of 15∘C/min under nitrogen environment with flow
rate = 20mL/min. All runs were carried out from 25∘C to
1550∘C. The measurements were made in alumina crucibles
with lids.

The chromatographic experiments with HPLC-UV sys-
tem were carried out on a Thermo Separation liquid chro-
matograph.The chromatographic columnWaters Spherisorb
ODS-2 150mm × 4.6mm packed with 5 𝜇m particle size was
used. Separationwas achieved using an isocraticmethod.The
mobile phase consisted of an acetonitrile : water (60 : 40 v/v).
The flow rate of the mobile phase was 1mL/min, and the
injection volume was 100 𝜇L. The column was maintained at
a room temperature. The eluent was monitored at 322 nm.

2.3. Photocatalytic Degradation Experiment

2.3.1. Direct Photolysis. All experiments were done using
50mL glass cell. 20mL of the working solution of Direct Yel-
low 9 (DY9) at the concentration 80𝜇mol⋅L−1 was subjected
to irradiation by Solar Light simulator SUNTEST CPS+,
ATLAS USA emitting radiation in the range 300–800 nm
with intensity 500Wm−2 for two hours. pH of aqueous
solution was adjusted with 0.1mol⋅L−1 H

2
SO
4
or 0.1mol⋅L−1

NaOH. pH was measured with an Elmetron CP-501 pH-
meter (produced by ELMETRON, Poland) equipped with a
pH-electrode EPS-1 (ELMETRON, Poland).The temperature
of samples room was adjusted to 35∘C. The spectra of
irradiated solutions were recorded every 15min.

All tested samples were prepared in triplicate.
The photocatalytic degradation experiments were per-

formed in 50mL glass cell. The reaction mixture consisted
of 20mL of Direct Yellow 9 (DY9) sample (80 𝜇mol⋅L−1)
and a photocatalyst (1.5 g⋅L−1). Prior the irradiation the dye-
catalyst suspension was kept in the dark with stirring for
1 hour to ensure an adsorption-desorption equilibrium. To
determine the DY9 degradation, the samples were collected
at regular intervals (15min) and centrifuged to remove the
photocatalyst.
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3. Results and Discussion

3.1. The Primary Studies. As presented in Figure 1, the
absorption spectra of DY9 differ when registered at different
pH. DY9 spectrum in neutral environment is characterized
by three bands, namely, at 202, 322, and 408 nm. The band
at 408 nm was applied for monitoring changes in DY9
concentration. It was observed that the shape and intensity of
absorption bands depend on pH of solution. The native pH
of aqueous solution of Direct Yellow 9 is 5.8. The increase in
pH causes the increase in intensity of the band at 408 nm and
decrease of bands intensity at 202 and 322 nm. The lowering
in pH causes reduction of intensity of all peaks and small
bathochromic shift of the band at analytical wavelength. The
stability of examined dye under simulated solar radiation
was checked. For this purpose solutions of DY9 at pH 2, 7,
and 10 were prepared and subjected to irradiation in solar
simulator chamber for 2 hours. The first-rate model of kinet-
ics was assumed. The acquired experimental data showed
that studied dye is photochemically stable. The changes in its
concentration at pH 7 and 10 were negligible. The observed
rate of reactions was 4 × 104min−1. Slight reduction of DY9
concentration was observed at acidic pH. The observed rate
of this process was 3.2 × 10−3min−1.

3.2. Adsorption Studies. Adsorption studies were performed
in order to estimate whether the adsorption of DY9 on the
TiO
2
and ZnO surface has physical or chemical character.

It is well known that physisorption is well described by
the Freundlich isotherm (1), whereas chemisorption by the
Langmuir isotherm (2) is as follows:

𝑥

𝑚
= 𝑘𝐶1/𝑛
𝑡
, (1)

𝑥

𝑚
=
(𝑥/𝑚)

∞
𝑘𝐶

1 + 𝑘𝐶
, (2)

where 𝑥 is mass of DY9 adsorbed on the photocatalyst
surface,𝑚 ismass of TiO

2
/ZnO,𝐶

𝑡
is concentration ofDY9 in

the solution after 1 h of adsorption in the dark, 𝑘 is adsorption
constant, 𝑛 is constant characteristic for an exact system.

Experimental data were fitted to the plot of 𝑥/𝑚 versus𝐶
𝑡

and presented in Figure 2. Relationships shown in Figure 3(a)
(TiO
2
) and Figure 3(b) (ZnO) are typical for the adsorption

process. It is clear that with an increase inDY9 concentration,
there is also, to some point, an increase in mass of dye
which is adsorbed on the photocatalyst surface. However,
after crossing enough high concentration value, no more
adsorbate is able to be adsorbed on the adsorbent surface.
Unfortunately, presented charts do not directly indicate the
adequate adsorption character. In order to determine that,
linear relationship is crucial. With the aim of doing that, the
linear transformations of (1) and (2) were expressed by the
following equations:

log 𝑥
𝑚
= log 𝑘 + 1

𝑛
log𝐶
𝑡
,

𝐶
𝑡

(𝑥/𝑚)
=
1

𝑘(𝑥/𝑚)
∞

+
𝐶
𝑡

(𝑥/𝑚)
∞

.

(3)
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Figure 1: Absorption spectra of aqueous solution of DY9 (80
𝜇mol⋅L−1) at different pH.

To established the adsorption character, experimental
data were fitted to both of previous equations (3) and shown
in Figure 2. On the basis of the higher value of correlation
coefficients in case of Langmuir isotherm (𝑅2 = 0,9926
for TiO

2
, 𝑅2 = 0,9784 for ZnO) in comparison with those

obtained from Freundlich isotherm (𝑅2 = 0,9910 for TiO
2
,

𝑅2 = 0,9389 for ZnO), the chemical character of DY9 adsorp-
tion on the both photocatalysts surface was established.

3.3. Photodegradation Studies. Photodegradation of DY9was
monitored spectrophotometrically. According to Figure 3,
UV-Vis spectra taken during irradiation in the presence of
both photocatalysts clearly depict the decreasing concentra-
tion of examined dye, which is due to its decomposition. On
the basis of these studies the kinetics of the photocatalytic
degradation was evaluated (described in Section 3.4).

Ramanmicroscopy, thermogravimetry, andHPLC analy-
ses were applied to reveal whether the photodegradation with
the usage of TiO

2
or ZnO is sufficiently destructive method

to degrade DY9. Therefore, data before and after irradiation
experiment (2 hours of irradiation) were presented.

Raman spectra were registered to compare the adsorbed
species present on the photocatalyst surface. Figure 4 shows
the spectra of the examined samples taken by Raman micro-
scope. In case of both semiconductors, after adsorption,
without exposition to the solar light, in the region of 1100–
1700 cm−1 certain bands appear. While after photodegrada-
tion almost no bands indicating DY9 presence on the surface
can be seen. Moreover, on the images (taken by Raman
microscope) of the semiconductors surface, yellowish spots
present after adsorption were not found after irradiation
treatment.Those results indicate that DY9 is adsorbed on the
surface of both applied photocatalysts, and what is more, that
the complete degradation of DY9 takes place.

In order to confirm Raman spectroscopic results ther-
mochemical characterization was performed. Thermogravi-
metric curves were presented in Figure 5. They indicate
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Figure 2: Isotherms of the adsorption process of DY9 on the TiO
2
(a.A) and ZnO (b.A) surface. Linear Freundlich ((a.B) and (b.B) for TiO

2

and ZnO, resp.) and Langmuir ((a.C) and (b.C) for TiO
2
and ZnO, resp.) adsorption isotherm of DY9 on the photocatalyst surface.

that after degradation a weight loss on the photocatalysts
surface took place. This is due to the decomposition of a dye.
This observation is true for both of used semiconductors.
However, a slightly bigger weight loss was observed when
TiO
2
(2.2%) was applied in comparison with ZnO (1.9%).

It could be influenced by the higher adsorption of DY9 on
the TiO

2
surface (8%) than on ZnO (5.8%).

HPLC analyses (Figure 6) were performed in order to
study whether any intermediate products after photocatalytic
degradation of DY9 remained in the solution. It was found
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Figure 3: Normalized UV-Vis spectra of DY9 with the increasing irradiation time during application of TiO
2
(a) and ZnO (b) as

photocatalysts.

100 300 500 700 900 1100 1300 1500 1700

Ra
m

an
 in

te
ns

ity
 (a

.u
.) 14

2
19

9 39
8

51
7

64
0

11
72

12
27

13
08 14

00
14

78

16
04

14
5

19
9 39

8

51
8 64
0

(A)

(B)

Wavenumbers (cm−1)

(a)

Ra
m

an
 in

te
ns

ity
 (a

.u
.)

100 300 500 700 900 1100 1300 1500 1700

14
3 33
2

44
0

14
41 14

81
15

12
16

03

14
3 33

2 44
0

14
00

13
07

12
25

11
75

Wavenumbers (cm−1)

(A)

(B)

(b)

Figure 4: Raman spectra of TiO
2
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that even same photolysis of DY9 led to a slight decomposi-
tion of a dye since a tiny change in a peak shape was observed.
However, only after addition of a photocatalyst a significant
decrease in a peak height was noticed.HPLC analyses showed
that photodegradation efficiency was more than two times
bigger when ZnO was applied in comparison with the results
obtained with TiO

2
.

HPLC analyses are in a good agreement with Raman
microscopy as well as thermogravimetry results. They all
indicate that ZnO leads to the higher photodegradation
efficiency in comparison with TiO

2
.

3.4. Optimalisation of the Studied Process

3.4.1. Effect of Dye Concentration. Many reports [26, 27]
have indicated that the kinetic model for heterogeneous
photocatalysis follows the Langmuir-Hinshelwood kinetic
expression:

−
𝑑 [TitY]
𝑑𝑡
=
𝑘𝐾TitY[TitY]0
1 + 𝐾TitY[TitY]0

= 𝑘app[TitY]0, (4)

where [DY9]
0
is the initial concentration of DY9 [mol/L],

𝐾DY9 is Langmuir-Hinshelwood adsorption equilibrium con-
stant [L/mol], 𝑘 is rate constant of the surface reaction
[mol/L⋅min], 𝑘app is pseudofirst-order rate constant.

A linear expression can be conventionally obtained by
plotting the reciprocal initial rate constant against initial
concentration:

1

𝑘app
=
1

𝑘𝐾DY9
+
[DY9]0
𝑘
. (5)

The effect of initial DY9 concentration on the initial rate
of degradation is shown in Figure 7. The figure indicates that

Table 1: Pseudofirst-order rate constants 𝑘app and half-live times 𝑡
1/2

for photocatalytic degradation of DY9 upon irradiation with solar
simulated light (500W/m2) at varying DY9 concentration.

DY9 concentration/
𝜇mol⋅L−1

TiO2 (1.5 g⋅L
−1) ZnO (1.5 g⋅L−1)

𝑘app/min−1 𝑡1/2/min 𝑘app/min−1 𝑡1/2/min
10 0.0758 9 0.0989 7
30 0.0314 22 0.0669 10
50 0.0312 22 0.0491 14
80 0.0226 31 0.0300 23
100 0.0180 39 0.0250 28

Table 2: Pseudofirst-order rate constants 𝑘app and half-live times
𝑡1/2 for photocatalytic degradation of DY9 (80 𝜇mol⋅L−1) upon irra-
diation with solar simulated light (500W/m2) at varying catalysts
loading (g⋅L−1).

Catalyst loading/g⋅L−1 TiO2 ZnO
𝑘app/min−1 𝑡1/2/min 𝑘app/min−1 𝑡1/2/min

0.1 0.0032 217 0.0049 141
0.5 0.0059 117 0.0124 56
1.0 0.0109 63 0.0138 50
1.5 0.0226 31 0.0300 23

for both photocatalysts, the rate of decomposition increases
with the increasing initial concentration of DY9 which
corresponds to Langmuir-Hinshelwood adsorption model.
According to (5), 1/𝑘app versus [DY9]0, as shown in the inset
in Figure 7, gives a linear relationship. From the values of
the slope 1/𝑘 and the intercept 1/𝑘𝐾DY9, 𝑘 and 𝐾DY9 values
for the photocatalytic degradation of DY9 were found to be,
respectively, mol/L⋅min and L/mol.

Integration of (4) (with the restriction of 𝐶 = 𝐶
0
at 𝑡 = 0)

will lead to the following relation:

ln
𝐶
0

𝐶
𝑡

= 𝑘app𝑡. (6)

The plot of ln(𝐶
0
/𝐶
𝑡
) versus 𝑡was used for the estimation

of the pseudofirst-order rate constant, 𝑘app, and the half-
life, 𝑡
1/2

, of the photocatalytic degradation of DY9 (Table 1).
The decrease of 𝑘app and increase of 𝑡

1/2
were observed,

while DY9 concentration was rising. All the subsequent
photolytic as well as photocatalytic degradation experiments
were performed using 80 𝜇MDY9 solutions.

3.4.2. Effect of Catalyst Loading. The influence of the catalyst
loading on the photodegradation processwas studied. Kinetic
values (𝑘app and 𝑡

1/2
) at varying catalysts loading were

calculated and presented in Table 2. An increase of 𝑘app with a
decrease of 𝑡

1/2
values was observed when the catalysts load-

ing was increased. Following these observations, the amount
of TiO

2
and ZnO was kept constant at the optimal load

of 1.5 g/L in all the subsequent photocatalytic degradation
experiments.

3.4.3. Effect of pH. The influence of initial pH on the rate
of photocatalytic degradation was studied in the pH 2, 7,
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Figure 7: Effect of initial DY9 concentration on the initial rate of degradation with the usage of TiO
2
(a) and ZnO (b). The inset represents

the plot of 1/𝑘app versus initial concentration of DY9. The photocatalysts loading was kept constant (1.5 g⋅L−1).

and 10 at constant dye concentration (80𝜇mol⋅L−1) and
catalyst amount (1.5 g⋅L−1). The results presented in Table 3
showed that the pH significantly affected the degradation
efficiency for both semiconductors. It was observed that the
rate of degradation decreased with an increase in pH when
TiO
2
was applied, whereas in the case of ZnO, it was observed

reversely. The rate of degradation increased with an increase
in pH, exhibiting maximum rate constant at pH 10. Findings
of others [28] also showed this trend. Differences between
TiO
2
and ZnO may result from different zero point charge

(zpc) values, which are equal to 4.5 [29] and 9.0 [30] for TiO
2

andZnO, respectively.ThepH is related to the ionization state
of the surface in the following way:

M–OH +H+ ←→ M–OH
2

+

M–OH +OH− ←→ MO− +H
2
O

(7)

Therefore photocatalysts surface is positively charged
below pHzpc, whereas it is negatively charged when pH >
pHzpc. This phenomenon strongly affects the adsorption
process, which for anionic compounds is maximum in acidic
conditions,while for cationic ismaximum inbasic. SinceDY9
belongs to the anionic dyes, it should be strongly attached
to the positively charged photocatalyst surface. However,
photocatalytic degradation efficiency of ZnO was observed
to be the highest at alkaline pH, even though the adsorption
of DY9 should be lower in this conditions. Nevertheless, this
relation was also observed by others [16, 31] when another
anionic dye (Acid Brown 14) was examined. It is thought that
in alkaline pH, where a large amount of OH− ions is present,
OH∙ radicals are favorably created and can significantly
enhance the photocatalytic degradation of a dye.

3.4.4. Effect of 𝐻𝐶𝑂
3

− and 𝐶𝑂
3

2− Anions. The content of
carbonate and bicarbonate ions in an aqueous environment
of performed photocatalytic experiments was examined and
found to have a negative influence on a decomposition of
DY9. As presented in Table 4, rate constants decreased and
half-live times increased when carbonate buffer was present

Table 3: Pseudofirst-order rate constants 𝑘app and half-live times 𝑡1/2
for the photocatalytic degradation of DY9 (80 𝜇mol⋅L−1) at different
initial pH.

pH TiO2 ZnO
𝑘app/min−1 𝑡1/2/min 𝑘app/min−1 𝑡1/2/min

2 0.0282 25 0.0133 52
7 0.0226 31 0.0300 23
10 0.0183 38 0.0349 20

Table 4: Influence of an addition of carbonate buffer on pseudofirst-
order rate constants 𝑘app and half-live times 𝑡1/2 of the photocatalytic
degradation of DY9 (80 𝜇mol⋅L−1).

Addition of carbonate buffer 𝑘app/min−1 𝑡1/2/min

TiO2
− 0.0226 31
+ 0.0147 47

ZnO − 0.0300 23
+ 0.0172 40

in the irradiated suspension of DY9 and photocatalyst. The
possible reason for this behaviour is that carbonate and
bicarbonate ions react with HO∙ forming less active radicals,
as follows:

CO
3

2− +HO∙ → CO
3

∙− +HO−

HCO
3

− +HO∙ → HCO
3

∙ +HO−
(8)

4. Conclusions

DY9 was found to be resistant to the photolytic decomposi-
tion in aqueous environment, but it undergoes the photocat-
alytic degradation in suspension of both examined photocat-
alysts, namely TiO

2
, and ZnO. Two hours of irradiation upon

solar simulated light led to the total decomposition of DY9
when ZnO was applied. In summary, we revealed the poten-
tial application of heterogeneous photocatalysis for DY9
removal from aquatic environment. Therefore, the current
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research can be considered as a step towards the commer-
cialization of the photocatalytic removal of DY9 from the
aqueous environment.
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“Heterogeneous photocatalytic degradation of reactive dyes in
aqueous TiO

2
suspensions: decolorization kinetics,” Chemical

Engineering Journal, vol. 149, no. 1–3, pp. 215–220, 2009.

[12] E. Bizani, K. Fytianos, I. Poulios, andV. Tsiridis, “Photocatalytic
decolorization and degradation of dye solutions and wastewa-
ters in the presence of titanium dioxide,” Journal of Hazardous
Materials, vol. 136, no. 1, pp. 85–94, 2006.

[13] W. Lin, W. Yang, and S. Jheng, “Photocatalytic degradation of
dyes in water using porous nanocrystalline titanium dioxide,”
Journal of the Taiwan Institute of Chemical Engineers, vol. 43,
no. 2, pp. 269–274, 2012.
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This study investigates the removal efficiency of PVA from aqueous solutions using UV irradiation in combination with the
production of electrogenerated hydrogen peroxide (H

2
O
2
) at a polyacrylonitrile-based activated carbon fiber (ACF) cathode.

Three cathode materials (i.e., platinum, graphite, and ACF) were fed with oxygen and used for the electrogeneration of H
2
O
2
. The

amount of electrogenerated H
2
O
2
produced using the ACF cathode was five times greater than that generated using the graphite

cathode and nearly 24 times greater than that from platinum cathode. Several parameters were evaluated to characterize the H
2
O
2

electrogeneration, such as current density, oxygen flow rate, solution pH, and the supporting electrolyte used.The optimum current
density, oxygen flow rate, solution pH, and supporting electrolyte composition were found to be 10mA cm−2, 500 cm3min−1, pH
3, and Na

2
SO
4
, respectively. The PVA removal efficiencies were achieved under these conditions 3%, 16%, and 86% using UV,

H
2
O
2
electrogeneration, and UV/H

2
O
2
electrogeneration, respectively. A UV light intensity of 0.6mWcm−2 was found to produce

optimal PVA removal efficiency in the present study. A simple kinetic model was proposed which confirmed pseudo-first-order
reaction. Reaction rate constant (𝑘ap) was found to depend on the UV light intensity.

1. Introduction

Advanced oxidation processes (AOPs) have become very
common for the treatment of industrial wastewater contain-
ing organic compounds. AOPs are based on the generation
of highly reactive radicals such as hydroxyl (∙OH), a strong
oxidant with 𝐸 of 2.8 V, which can be strong enough to non-
selectively oxidize most organic compounds through chain
reactions at ambient temperature and pressure. Among these
AOPs, electrochemical oxidation is thought to be one of
the most promising methods for wastewater treatment; it is
friendly to the environment, easy to control, and efficient
for oxidation [1]. The electrochemical oxidation of organic
pollutants is generally accompanied by side reactions such as
oxygen or chlorine evolution due to the high voltage required
to destroy the organic compounds in aqueous solutions.

Thus, it may prove more efficient to combine electrochem-
ical oxidation with other processes [2, 3]. Ultraviolet (UV)
photolysis is another effective process. UV-based AOPs are
characterized by the generation of strong oxidizing species,
principally hydroxyl radicals, using combinations of strong
oxidizing agents, such as ozone and hydrogen peroxide
(H
2
O
2
) with UV radiation in the 200–280 nm range [4, 5].

Hydrogen peroxide (H
2
O
2
) is an environmentally friend-

ly chemical, because it leaves no hazardous residues. It is a
powerful and versatile chemical, because it reacts as both a
reductant and an oxidant [6]. However, the oxidative power
of hydrogen peroxide is not strong enough to degrade organic
compounds in some cases. Application in conjunction with
UV irradiation and a metal catalyst can effectively increase
the oxidative power of hydrogen peroxide due to the pro-
duction of hydroxyl free radicals. The putative mechanism
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for the photolysis of H
2
O
2
is the cleavage of the molecule

into hydroxyl free radicals, which can then oxidize organic
compounds (RH), yielding organic radicals that can in turn
carry out further oxidation.The reactions that are accepted to
occur during the UV/H

2
O
2
oxidation process are as follows

[7]:
H
2
O
2
+ UV → 2 ∙OH (1)

RH + ∙OH → H
2
O + R∙ → further oxidation (2)

Employing H
2
O
2
with UV radiation for the removal

of aqueous estrogens is one example of a homogeneous
advanced oxidation process. The in situ electrochemical
production of H

2
O
2
via the reduction of oxygen on a cathode

can reduce the costs andhazards associatedwith the transport
and handling of concentrated H

2
O
2
. In recent years, some

combinations of electrochemical oxidation and photolysis
had been reported by various researchers [8, 9]. Most of
these researchers concentrated on electro-Fenton technology
in combination with UV irradiation, which may facilitate
the photodecomposition of organic compounds, increase the
generation of hydroxyl free radicals, and regenerate Fe2+ from
Fe3+ species through a photoreduction mechanism [10–13].
However, there is little research on the combination of H

2
O
2

electrogeneration with direct photolysis in the absence of
added catalysts such as Fe2+ and TiO

2
.

Electrochemical production of H
2
O
2
has traditionally

used graphite electrodes because of their low cost [14].
However, the poor solubility of oxygen in aqueous solutions
causes mass transfer limitation, resulting in lower oxidation
efficiency. Recently, activated carbon fiber (ACF) has been
recognized as a promising carbon material with excellent
characteristics for adsorption, conductivity, and catalysis [15].
Because of its large surface area, ACF also exhibits a high
adsorption capacity and high adsorption rates. The excellent
mechanical integrity of ACF makes it easy to configure as
a stable electrode at which electrosorption processes can be
conducted for the purpose of adsorptive removal of various
organic pollutants in aqueous solutions. Furthermore, ACF
electrodes may be used for the electrogeneration of H

2
O
2

via the two-electron reduction of oxygen on its surface
[16, 17]. The H

2
O
2
electrogeneration rate significantly affects

the treatment efficiency of any electro-Fenton technology.
Several series processes affect the electrogeneration rate of
H
2
O
2
[15–17]. Oxygen gas must first be dissolved in solution.

Second, it must be transferred to cathode surface, adsorbed
onto the cathode, and finally reduced electrochemically to
produce H

2
O
2
in acidic media. Possible side reactions may

occur simultaneously at the cathode and thus decrease the
electrogeneration rate of H

2
O
2
[14].

Polyvinyl alcohol (PVA) is frequently used in the textile
industry in blends with nylon and as a raw material for
the production of PVA fibers. In addition, PVA is used
as an ophthalmic lubricant in the pharmaceutical industry
and is also widely used in the adhesives, emulsion paints,
paper coating, and detergent-based industries. It is generally
recognized that PVA is a high-k polymer with interesting
properties such as good surface alignment effects, compati-
bility with water, low cost, and inexpensive processing [18].

The large amount of PVA discharged in industrial effluents
is harmful to human health and to the environment [19].
It is often difficult to clean wastewaters containing PVA
and to generate harmless end products such as water and
carbon dioxide; thus, PVA adversely affects the ecosystem
and accumulates in the human body through the food chain.
PVA also creates environmental issues due to its ability to
prevent the sedimentation of heavy metals in lakes and
streams. Conventional biological technologies do not provide
effective treatment of PVA because the degradation capacity
of most microorganisms towards PVA is extremely low and
specific to PVA [20]. The formation of foam in biological
equipment for the treatment of wastewater containing PVA
also makes stable operations and acceptable performance
very difficult. A large number of scientific studies on the
removal of PVA have been carried out, most of which have
focused on photochemically initiated degradation processes
[21]. Other physicochemical studies on the removal of PVA
have focused on methods such as ultrasonic techniques
[22], radiation-induceddegradation [23], electro-Fenton [17],
adsorption by activated carbon [24], and electrocoagulation
[25, 26].

To our knowledge so far, very little work, if any, has
been reported in the literature to date on PVA removal by
photoelectrochemical oxidation processes based on H

2
O
2

electrogeneration. The main purpose of this study was to
investigate the efficiency of H

2
O
2
electrogeneration in acidic

solutions using different cathodes fed with oxygen and to
elucidate the removal efficiency of PVA via photoelectro-
chemical oxidation using an ACF cathode. The influences of
several operating parameters such as current density, oxygen
flow rate, solution pH, and different supporting electrolytes
on the H

2
O
2
electrogeneration were investigated. The effects

of different processes (UV, H
2
O
2
electrogeneration, and

UV/H
2
O
2
electrogeneration), and UV irradiation intensity

on the rate of PVA removal from aqueous solutions were
also investigated. In addition, a simple kinetic model for PVA
removal by photoelectrochemical oxidation was proposed to
calculate the reaction rate constant.

2. Experimental

2.1.Material andChemical Reagents. Polyvinyl alcohol (PVA,
molecular weight in the range of 13,000 to 23,000 gmol−1)
was obtained from Sigma-Aldrich (Saint Louis, MO 63103,
USA) with a hydrolysis degree ranging from 98 to 99%.
Na
2
SO
4
, NaNO

3
, and NaCl were purchased from Merck

(Darmstadt, Germany) and used as supporting electrolyte in
the aqueous solutions. Titanium(IV) sulfate [Ti(SO

4
)
2
] was

purchased from SHOWA (Tokyo, Japan). Potassium iodide
(KI) was obtained from Union Chemical Work Ltd. (Hsin-
Chu, Taiwan), and iodine (I) was obtained from Toyobo Co.
Ltd. (Osaka, Japan). Boric acid (H

3
BO
3
) was purchased from

Merck (Darmstadt, Germany). Sulfuric acid (H
2
SO
4
, 3M)

was used to adjust the pH of the solution. All chemicals
were analytical grade reagents and prepared by dilution with
deionized water to the desired concentrations. The activated
carbon fiber (ACF), PAN-based rigid composite carbon felt
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Figure 1: Schematic diagram of the photoelectrochemical oxidation equipment.

series, was obtained fromTaiwan carbon Technology Co. Ltd.
(Taichung, Taiwan).

2.2. Apparatus. Figure 1 is a schematic diagram of the pho-
toelectrochemical system and the electrode assembly used
in this work. The electrolytic reactor was a 1.0 L Pyrex glass
vessel equipped with a water jacket and a magnetic stirrer.
A magnetic stirrer bar (Suntex, SH-301, Taiwan) was spun at
the center of the bottom of the reactor. The temperature of
the electrolytic cell was controlled by continuously circulating
water through the water jacket from a temperature controlled
bath (Model BL-720, Taiwan).The assemblywas connected to
a direct current power source (PSM-6003, Taichung, Taiwan).
A UV lamp (8W, UV-C, 𝜆max = 254 nm, manufactured
by Sankyo Denki, Tokyo, Japan) was used as a radiation
source and placed above an electrolytic reactor.The UV-light
intensity was measured by a Digital Ultraviolet Radiometer
(Rixen Technology, Taipei, Taiwan).

2.3. Experimental and Analysis. The experiments were con-
ducted in a close, and undivided glass vessel. For each test
run, a circular container with 0.5 L of synthetic wastewater
containing polyvinyl alcohol was used as the reactor. The
ACF, graphite plate, and platinum were used as the cathodes
and a platinum flat with an area of about 7.5 cm2 as the
anode. The two electrodes were approximately 2 cm apart.
The magnetic stirrer was turned on and set at 300 rpm.
The ACF felt was saturated with 1000mg L−1 PVA solution
for 24 h to exclude the adsorption reaction of PVA on the
ACF felt. During the electrolysis experiments, the cathode
surface was fed with O

2
for electrochemical reactions. Before

the photoelectrochemical treatment, the pH of aqueous
solution containing PVA was measured with pH meter.
The photoelectrochemical treatment run lasted 120min in
all experiments. The H

2
O
2
concentration was determined

using the Ti(SO
4
)
2
titration method and spectrophotometric

analysis at 𝜆 = 410 nm [27]. The PVA concentration in the
aqueous solutions was determined using a HACH Model
DR2800 spectrophotometer (HACH Company, USA) after
addition of boric acid and iodine solutions according to the
procedure described by Finley [28]. In order to calculate
the normalized PVA concentration was performed using the
following formula:

Normalized PVA = 𝐶
𝐶
0

, (3)

where 𝐶
0
is the initial concentration in mg L−1, 𝐶 is the

concentration value at time 𝑡 in mg L−1. All samples were
measured in duplicate to ensure data reproducibility, and an
additional measurement was carried out if necessary.

3. Results and Discussion

3.1. Comparison of Electrogeneration of H
2
O
2
on Different

Electrodes. H
2
O
2
is often used in the oxidation of organic

pollutants because of its high oxidation reduction potential
(ORP), which can facilitate the degradation of organic pol-
lutants. The previous literature reports that electrodes made
from carbon materials have been used to generate H

2
O
2

with good yields, for example, graphite [29], gas diffusion
electrodes [30], carbon felt [31], carbon nanotube-PTFE [32],
glassy carbon mesh [33], and activated carbon fiber [34]. The
amount of H

2
O
2
generated by the two-electron reduction of

O
2
on the cathode surface is an important parameter in the

electrogeneration process. Apparently, the cathode material
strongly affects the rate of formation of hydrogen peroxide.
Therefore, it is necessary to investigate the yield of H

2
O
2

in photoelectrochemical oxidation processes using different
cathode materials. To evaluate their comparative perfor-
mance for H

2
O
2
generation, several cathode materials were
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500 cm3min−1, and current density = 10mA cm−2).

used, including ACF, graphite, and platinum. Figure 2 shows
a comparison of the H

2
O
2
generation rates achieved using

different electrode materials. As shown in this figure, H
2
O
2

production rates of 1mg L−1, 4.9mg L−1, and 24.3mg L−1
were achieved after 120min of electrolysis using platinum,
graphite, and ACF electrodes, respectively. This finding is
likely explained by the fact that the ACF electrode has a
large specific surface area and a great number of mesopores,
so that oxygen can be rapidly adsorbed and reduced on the
cathode surface, thereby generating H

2
O
2
at high rates. This

observation was in agreement with another previous study
[34].

3.2. Effect of Operational Parameters on
the Generation of H

2
O
2

3.2.1. Effect of Current Density. To confirm the effect of
current density on the electrochemical generation of H

2
O
2

on the ACF cathode, several current densities were used in
acidic solutions containing 0.05MNa

2
SO
4
. Figure 3 shows

the effect of the current density on the generation of H
2
O
2

for various electrolysis durations. As the duration of the elec-
trolysis increased, concomitant increases in H

2
O
2
generation

were observed for all current densities (4):

O
2
+ 2H+ + 2e− → H

2
O
2

(4)

After 120min of electrolysis, the H
2
O
2
concentration

gradually rose for all of the current densities, eventually
reaching a steady state, as shown in Figure 3. An inspection
of these results shows a clear maximum in the concentration
of H
2
O
2
generated at a current density of 10mA cm−2. In

the cases where current densities lower than 10mA cm−2
were applied, theH

2
O
2
concentration increasedwith increas-

ing current density, likely because increasing the applied
current density can enhance the production rate of H

2
O
2
.

However, the findings indicated that the H
2
O
2
concentration

underwent a dramatic decrease when the current density
reached 12.5mA cm−2. This finding can be ascribed to the
fact that higher applied current density reflects higher applied
voltage on the electrochemical system, which induces the
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Figure 3: Effect of current density on the H
2
O
2
electrogeneration as

a function of time. (Na
2
SO
4
= 0.05M, pH = 3, and oxygen flow rate

= 500 cm3min−1).

decomposition of H
2
O
2
, either on the electrode or directly

in the solution (5) [35]. In addition, the electrode surface
reactions such as the production of oxygen and hydrogen also
retard the reactions generating H

2
O
2
[36]. Furthermore, a

portion of the H
2
O
2
produced can be anodically oxidized to

yield intermediateHO∙
2
radicals [37]. Consequently, a current

density of 10mA cm−2 was chosen as the optimum current
density for the subsequent experiments:

H
2
O
2
+ 2e− → 2OH− (5)

H
2
O
2
→ HO∙

2
+H+ + e− (6)

HO∙
2
→ O

2
+H+ + e− (7)

3.2.2. Effect of Oxygen Flow Rate. The rate of H
2
O
2
genera-

tion via oxygen reduction at the cathode significantly affects
the treatment efficiency of photoelectrochemical oxidation
processes. The effect of the oxygen flow rate on the rate
of H
2
O
2
electrogeneration was studied by varying the flow

rate between 300 and 900 cm3min−1 while keeping the
current density, the initial pH, and supporting electrolyte at
10mA cm−2, 3, and 0.05MNa

2
SO
4
, as shown in Table 1. A

significant increase in the H
2
O
2
electrogeneration rate was

observedwith increases in the oxygen flow rate. After 120min
of electrolysis, the oxygen flow rate increased from 300 to
500, 700, and 900 cm3min−1, and the H

2
O
2
concentration

increased from 13.7mg L−1 to 24.3mg L−1, 25.4mg L−1, and
26.1mg L−1, respectively. Table 1 illustrates that increasing
the oxygen flow rate can increase the amount of dissolved
oxygen in the solution, thereby accelerating the generation
of hydrogen peroxide. Namely, increasing the oxygen flow
rate can increase the dissolved oxygen concentration and the
mass transfer rate of dissolved oxygen and finally increase
the production of H

2
O
2
. However, above an oxygen flow

rate of 500 cm3min−1, the dissolved oxygen and hydrogen
peroxide concentration followed a steady trend. The results
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Table 1: Effect of the oxygen flow rate and initial pH value on the H2O2 electrogeneration.

Oxygen flow rate (cm3 min−1) pH
300 500 700 900 2 3 4 5

H2O2 generation concentration (mg L−1) 13.7 24.3 25.4 26.1 22.2 24.3 14.4 11

implied that the electrochemical kinetics of the hydrogen
peroxide production correlated well with the amount of
oxygen solubility dissolved in aqueous solutions, in which
the saturated solubility of oxygen in aqueous solutions was
nearly achieved at the oxygen flow rate of 500 cm3min−1
[38]. According to these results and economic considerations,
an oxygen flow rate of 500 cm3min−1 at an applied current
density of 10mA cm−2 was adequate for further study in the
present work.

3.2.3. Effect of Initial pH. In an electrochemical oxidation
process, the solution pH is a crucial factor for the electro-
generation of H

2
O
2
. In H

2
O
2
production, a low pH is the-

oretically favorable for the production of H
2
O
2
because the

conversion of dissolved oxygen toH
2
O
2
consumes protons in

acidic solution. However, a low pH also promotes hydrogen
evolution, reducing the number of active sites for generating
H
2
O
2
. Therefore, the existence of an optimal solution pH

might be expected. The effect of the initial pH value of the
solution on the rate of H

2
O
2
electrogeneration was investi-

gated by varying the initial pH between 2 and 5 while keeping
the current density, oxygen flow rate, and supporting elec-
trolyte at 10mA cm−2, 500 cm3min−1, and 0.05MNa

2
SO
4
,

as shown in Table 1. From this table, it was shown that the
maximum concentration ofH

2
O
2
(24.3mg L−1) was obtained

at an initial pH = 3 after 120min of electrolysis. However,
the accumulated concentration of H

2
O
2
fell to 22.2mg L−1 as

the initial pH decreased to 2.This finding could be explained
by the fact that the oxonium ion (H

3
O+
2
) can enhance the

stability ofH
2
O
2
(8) [39]. At the same time, two side reactions

occur at the cathode: the reduction of H
2
O
2
to H
2
O (9)

and hydrogen gas production (10) [40]. Therefore, these
side reactions decreased the accumulation of H

2
O
2
in the

solution at lower pH values. Based on these results, a pH
value of 3 was found to be the optimal condition for H

2
O
2

electrogeneration:
H
2
O
2
+H+ → H

3
O
2

+ (8)

H
2
O
2
+ 2H+ + 2e− → 2H

2
O (9)

2H+ + 2e− → H
2

(10)

3.2.4. Effect of Different Supporting Electrolytes. In electro-
chemical processes that consist of heterogeneous ion and
electron transfer reactions, the conductivity of the solution
to be treated is a significant parameter. The most common
method of adjusting this parameter is to add a supporting
electrolyte, which increases the solution conductivity and
thus reduces energy consumption during the electrochemical
process. To investigate the effect of the supporting elec-
trolyte species on the generation of H

2
O
2
, Na
2
SO
4
, NaNO

3
,

NaNO3

Na2SO4

NaCl
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Figure 4: Effect of supporting electrolyte on the H
2
O
2
electro-

generation as a function of time. (pH = 3, oxygen flow rate =
500 cm3min−1, and current density = 10mA cm−2).

and NaCl were used as supporting electrolytes under the
same conditions, as shown in Figure 4. After 120min of
electrolysis, we observed that 24.3mg L−1, 23.4mg L−1, and
9.72mg L−1 of H

2
O
2
were generated using Na

2
SO
4
, NaNO

3
,

and NaCl, respectively. As it can be seen from Figure 4,
the concentration of electrogenerated H

2
O
2
produced in

NaCl solution was lower than the concentrations produced
in NaNO

3
and Na

2
SO
4
. This observation could likely be

explained by the fact that Cl
2
formation was observed as a

result of chlorine oxidation at high anodic potentials during
the electrolysis process, and further oxidation of chlorine
can also occur to form HOCl [38]. Therefore, these side
reactions likely decreased the accumulation of H

2
O
2
in the

solution. Furthermore, the electrical conductivities of SO
4

2−

and NO
3

− solutions were greater than that of equivalent-
strength Cl− solution [41]; thus, these solutions yielded
greater amounts of electrogeneratedH

2
O
2
. In addition, Zhou

et al. reported higher concentrations of sodium sulfate, which
could accelerate the generation of H

2
O
2
and increase the

pollutant removal efficiency [39]. Consequently, Na
2
SO
4
was

considered to be the most suitable electrolyte tested for the
generation of H

2
O
2
.

3.3. Removal of PVA by Photoelectrochemical Oxidation

3.3.1. Effect of UV Irradiation in the Presence of H
2
O
2
. Figure

5 shows the PVA removal efficiency as a function of time
for experiments conducted with UV irradiation only, H

2
O
2
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electrogeneration without UV irradiation, and H
2
O
2
electro-

generation plus UV irradiation. It can be seen that there was
no significant removal of PVA with UV irradiation alone or
with H

2
O
2
electrogeneration in the absence of UV irradia-

tion; the removal efficiencies for these conditions were 3%
and 16%, respectively. In the case of H

2
O
2
electrogeneration

with UV irradiation, the PVA removal efficiency increased to
86%. These results reveal that the electrogeneration of H

2
O
2

in the presence of UV irradiation can form hydroxyl radicals
capable of remediating solutions containing PVA. Conse-
quently, this result proves that the photoelectrochemical
oxidation method can effectively remove PVA from aqueous
solutions.

3.3.2. Effect of UV Irradiation Intensity. UV light intensity
determines the concentration of hydroxyl radicals generated.
To evaluate the influence of UV light intensity on the removal
efficiency of PVA, reaction rates were measured for various
UV light intensities from 0 to 0.6mWcm−2. Figure 6 shows
the effect of UV light intensity on the PVA removal efficiency.
It appears that increasing UV light intensity increases the
PVA removal efficiency. This result can be explained by the
fact that higherUV light intensity can enhance the generation
of hydroxyl radicals to remove PVA from the solution (1)
[42, 43]. On the other hand, at lowUV light intensity, the rate
of photolysis of H

2
O
2
is limited, resulting in decreased PVA

removal efficiency.
The pseudo-first-order reaction constant is linearly cor-

related with UV light intensity (𝑅2 = 0.9923), which is
also directly proportional to the proposed model (18), as
shown in Figure 7. Therefore, the intensity of UV light is
linearly correlated with the efficiency of PVA removal in this
study.
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3.3.3. PVA Removal Kinetics of Photoelectrochemical Oxida-
tion. The overall kinetics of PVA removal by photoelectro-
chemical oxidation is described by a pseudokinetic model in
which the rate constant depends on the initial concentration
and the UV light intensity. This model provides preliminary
data for evaluating the reaction rate constant which is
an important index. This constant is calculated using the
following model [42]:

PVA +OH∙
𝑘
1

→ product (11)

𝑆
𝑖
+OH∙

𝑘i
→ product

𝑖
(12)

where 𝑆
𝑖
are scavenger molecules such as intermediates,

excess H
2
O
2
, OH∙, and HO∙

2
[44].
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The corresponding kinetic equations for PVA and OH∙
are

𝑑 [PVA]
𝑑𝑡
= −𝑘
1
[OH∙] [PVA] , (13)

𝑑 [OH∙]
𝑑𝑡
= 𝜙𝐼
𝑎
− 𝑘
1
[OH∙] [PVA] − ∑𝑘𝑖 [OH

∙] [𝑆
𝑖
] .

(14)

The steady state concentration of hydroxyl radicals can be
described by (14), which is obtained by solving (13):

[OH∙]ss =
𝜙𝐼
𝑎

𝑘
1 [PVA] + ∑𝑖 𝑘𝑖 [𝑆𝑖]

,

𝐼
𝑎
= 𝐼
0
𝑓H
2

O
2

[1 − exp (−2.3𝑙 (𝜀H
2

O
2

[H
2
O
2
] + 𝜀PVA [PVA]))],

𝑓H
2

O
2

=
𝜀H
2

O
2

[H
2
O
2
]

𝜀H
2

O
2

[H
2
O
2
] + 𝜀PVA [PVA]

,

(15)

where 𝐼
0
is the incident UV light intensity, 𝑙 is the optical

path length of the system, and 𝜀H
2

O
2

and 𝜀PVA are the molar
extinction coefficients for H

2
O
2
and PVA, respectively. As

PVA and H
2
O
2
have high absorbances in the early stages of

the process, we can write

1 − exp (−2.3𝑙 (𝜀H
2

O
2

[H
2
O
2
] + 𝜀PVA [PVA])) ≈ 1,

[OH∙]ss =
𝜙𝐼
0
𝑓H
2

O
2

𝑘
1 [PVA] + ∑𝑖 𝑘𝑖 [𝑆𝑖]

.

(16)

By inserting the previous expression into (13), the follow-
ing overall rate law is deduced:

−
𝑑 [PVA]
𝑑𝑡
=
𝑘
1
𝜙𝐼
0
𝑓H
2

O
2

𝑘
1 [PVA] + ∑𝑖 𝑘𝑖 [𝑆𝑖]

[PVA] . (17)

If the concentration of the substrate is high, so that
𝑘
1
[PVA] ≫ ∑

𝑖
𝑘
𝑖
[𝑆
𝑖
], the overall rate expression simplifies

to a zero order reaction rate:

−
𝑑 [PVA]
𝑑𝑡
= 𝜙𝐼
0
𝑓H
2

O
2

. (18)

However, in the present study, the concentration of PVA
is lower than that of H

2
O
2
; thus, ∑

𝑖
𝑘
𝑖
[𝑆
𝑖
] ≫ 𝑘

1
[PVA], and

the overall rate expression simplifies to a pseudo-first-order
reaction rate:

−
𝑑 [PVA]
𝑑𝑡
=
𝑘
1
𝜙𝐼
0
𝑓H
2

O
2

∑
𝑖
𝑘
𝑖
[𝑆
𝑖
]
[PVA] (19)

or

−
𝑑 [PVA]
𝑑𝑡
= 𝑘ap [PVA] . (20)

The previous equation corresponds to a pseudo-first-
order reaction. The semilogarithmic graphs of PVA con-
centration versus time thus can be fitted with a straight

Table 2: Pseudo-first-order rate constants for PVA removal at
various UV-light intensity.

UV-light intensity (mWcm−2) Pseudo-first-order
𝑘ap 𝑅2

0 0.0024 0.9
0.2 0.0094 0.992
0.4 0.0152 0.994
0.6 0.0248 0.998

line to obtain the apparent reaction rate constant (𝑘ap).
The conformity between experimental data and the model
values was evaluated by calculating correlation coefficients
(𝑅2). The apparent reaction rate constants and corre-
lation coefficients calculated from the pseudo-first-order
model are listed in Table 2. Table 2 also shows that as
the UV light intensity is increased, the reaction rate con-
stant increases, and thus, the removal efficiency of PVA
increases.

4. Conclusions

In this study, the removal of PVA from aqueous solution
via photoelectrochemical oxidation was investigated in a
closed batch system. We compared the electrogeneration of
H
2
O
2
using three cathode materials (i.e., platinum, graphite,

and activated carbon fiber (ACF)) fed with oxygen. The
accumulation of electrogenerated H

2
O
2
using the ACF elec-

trode was greater than the concentrations obtained using
other cathode materials. Several parameters were evaluated
to characterize the H

2
O
2
electrogeneration, such as current

density, oxygen flow rate, solution pH, and the type of
supporting electrolyte used. The results indicated that the
optimal conditions forH

2
O
2
electrogenerationwere a current

density of 10mA cm−2, an oxygen flow rate of 500 cm3min−1,
and pH = 3. The addition of 0.05MNa

2
SO
4
as a supporting

electrolyte also resulted in rapid H
2
O
2
electrogeneration.The

PVA removal efficiencies achieved under these conditions
were 3%, 16%, and 86% using UV, H

2
O
2
electrogeneration,

and UV/H
2
O
2
electrogeneration, respectively. A UV light

intensity of 0.6mWcm−2 was found to produce the high-
est rate of PVA removal in the present study. A simple
kinetic model was proposed which confirmed the suitability
of pseudo-first-order reaction. Reaction rate constant (𝑘ap)
was dependent on the UV light intensity, and the pseudo-
first-order constant was also directly proportional to UV
light intensity. Under these conditions, the maximum PVA
removal efficiency was found to be 91%.
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Fenton’s reaction is often used to decompose stable substances in wastewater. In this study, experiments based on the effect of
porous phosphate heterostructures as catalyst sorbent of Fe2+ synthesised by different procedures were planned. The examined
PPH-Fe/H

2
O
2
as oxidant in a heterogeneous process under mild conditions at pH 5 was found to be very efficient for discoloration

of a simulated wastewater containing 50mg L−1 of a commercial azo dye (Reactive Black 5) reaching 95% of decolourization. Under
the described conditions total visual decolourization was achieved after 360min. This study can provide a simple, effective, and
economic system ideal for the treatment of toxic and nonbiodegradable azo dyes.

1. Introduction

Synthetic dyes are extensively used for textile dyeing, paper
printing, color photography, and as additives in petroleum
products [1]. In the textile manufacturing industry, up to
10–25% of the dyes are lost after the dyeing process and
about 2–20% of them are directly discharged to the aqueous
effluents in different environmental components [2]. Azo and
triphenylmethane dyes are primarily produced and used in
the textile industry and cause pollution if not properly treated
before discharge to the environment [3, 4]. In this context,
the textile industry is concerned with these xenobiotics
compounds to improve the existing technologies to treat
the dye containing wastewater, because they pose lethal,
mutagenicity, genotoxicity, and carcinogenicity effects [5].

Conventional treatment processes have long been estab-
lished such as chemical precipitation, coagulation, adsorp-
tion, and flocculation [6], but they have their own dis-
advantages, mainly used for insoluble dyestuff wastewater.
Bioremediation techniques are considered unsatisfactorily
because they need further processes. The chemical methods
are based in the oxidation of the organic materials by

oxidizing agents, such as O
3
[7–9], H

2
O
2
[10, 11], UV light

[12], or combination of such oxidants [13, 14], known as
advanced oxidation processes (AOPs).

Among these, the Fenton reaction, iron-based photo-
catalytic systems via hydroxyl radicals produced by H

2
O
2

under UV, has attracted much attention for wastewater
treatments because of their efficient, low cost, and benignity
to environment [15, 16]. This catalytic system decolourizes
completely and partially mineralized textile dyes in short
reaction time [17]. Common Fenton processes involve the
application of ferrous or ferric salts and hydrogen peroxide in
order to produce hydroxyl radicals (HO∙). However, despite
the high efficiency, the process generates a high amount of
sludge in the coagulation step for the elimination of the
iron added. For this reason, in the last years, an important
effort has been done in the field of heterogeneous catalysis to
facilitate the elimination and reuse of iron [18, 19].

Advanced oxidation processes (AOPs) have been devel-
oped in the last decades to environmental applications,
mainly focused on the removing by mineralization of refrac-
tory organic compounds. For this, Fenton reaction catalysed
by Fe2+ is usedwith hydrogen peroxide as oxidizing agent and
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for photo-Fenton process with the UV irradiation. Normally,
Fenton and photo-Fenton are homogeneous processes where
Fe2+ cations are in solution; however some limitations related
with the eventually precipitation of insoluble ferric hydrox-
ides, which require an acidification of solution and by their
use the materials of reactor must be resistant to corrosion.
Furthermore, in homogeneous processes, an additional step
of separation must be made for recovering the catalyst.
Because of these limitations heterogeneous catalyst can be
an alternative, and several solid catalysts which incorporate
Fe2+ are tested in Fenton or photo-Fenton reactions.Thus, has
been tested as heterogeneous catalyst iron-containing zeolites
[20], clay pillared by Fe hydroxo complexes or by Fe2+ cationic
exchange, or wet impregnation with a Fe2+ solution of an
adequate support.

On the other hand, porous phosphate heterostructures
(PPH) are a new kind of versatile porous materials, which
are application as catalyst and sorbent. The synthesis of
this material combines the methodologies of pillared layered
structures (PLS) and silica mesostructured with surfactant as
MCM-41 type.Thus, into interlayer space of zirconium phos-
phate, silica galleries are formedusing surfactantmolecules as
templates. After surfactant removing a mesoporous material
is obtained with high specific area (600m2 g−1) and a cationic
exchange capacity (CEC) of surface 1.7meq g−1 due to the
presence of PO-H and SiO-H surface groups [21]. Because of
these properties, this material has been tested as solid acid
catalyst and as support of metallic species as Ru or Cu in
the synthesis of catalysts [22, 23]. Also, hybrid PPH are also
synthesized adding an organosilane derivate together with
tetraethyl orthosilicate (TEOS) as silica precursor.Thus, pro-
pionitrile, aminopropyl, or mercaptopropyl groups are incor-
porated on the surface of silica galleries, and surface chemical
and physics properties can be modified for specific appli-
cations [24–31]. In this line, mercaptopropyl groups can be
oxidized to sulfonic acid increasing the acidity and CEC [27].

High specific surface area and CEC are two parameters
interesting for the synthesis of Fe2+ exchanged PPH or
Fe2+ supported PPH using as well PPH pure silica or a
hybrid sulfonic-PPH obtained by oxidation of the respective
mercaptopropyl-PPH precursor, obtaining new materials
with potential use as heterogeneous catalyst for Fenton and
photo-Fenton reactions.

In the presentwork, Fe2+-PPHmaterials were synthesized
by different procedures, and the decolourization of Reactive
Black 5, a textile azo dye, was achieved by means of heteroge-
neous Fenton reagent process. Colour and iron leaching were
followed along experiments.

2. Experimental

2.1. Materials. Azo dye Reactive Black 5 (RB5, CI 20505)
was obtained from Dystar Anilinas Texteis Lda (Portugal)
and used without any further purification. H

2
O
2
(Perhydrol,

30% w/w) and FeSO
4
⋅7H
2
O were purchased from Merck

(Darmstadt, Germany) and Sigma-Aldrich Spain, respec-
tively, and other chemicals were at least analytical grade
reagents. Solutions were prepared by dissolving the dye

in deionized Millipore water accordingly to desired final
concentrations (w/v). The pH was monitored in initial and
treated samples (Denver Instrument Company).

2.2. Preparation of the Catalyst. Porous phosphate hetero-
structures (PPH) were synthesized according to previously
reported procedures [21]. Thus, to a solution of CTMA-
Br in 1-propanol and H

3
PO
4
(85%), zirconium(IV) propox-

ide (70%) is added with a respective molar ratio CTMA-
Br :H

3
PO
4
: Zr-oPr 1,5 : 1 : 0,5. After 3 days under stirring,

the obtained cetyltrimethylamonium-ZrP (CTMAZrP) was
centrifuged and washed three times with 1-propanol and
suspended in water (10 g L−1). Next, a solution of hexadecy-
lamine in 1-propanol (35 g L−1) was added as a cosurfactant.
After one day of stirring, a solution (50%, v/v in 1-propanol)
of tetraethylorthosilicate (TEOS) is added. After three days
under stirring the solid is recovered by filtration, washed
three times with deionised water, and dried 1 day at 60∘C in
air. The solid was calcined at 550∘C for 5 hours (1.5 K min−1
heating rate) and PPH is obtained.

Hybrid S-PPH was obtained by a similar process [25],
but mercaptopropyltrimethoxysilane (MPTMS) was added
together with TEOS at 5 : 1 TEOS :MPTMS molar ratio. In
this case, it is not possible to remove surfactant molecules
by calcination, and an acid extraction was carried out with
an HCl : ethanol solution (1 : 10 v/v). To oxidize thiol group to
sulfonate, S-PPH (1 g) was suspended in methanol (10mL),
and H

2
O
2
(33%, 1mL) was added. After 1 day under stirring,

the solid is filtered and washed with water, ether and acidified
with a solution ofH

2
SO
4
0.2M [27].The solid is dried in air at

60∘C, and SO
3
-PPH is obtained.Thus, with the incorporation

of sulfonic acid on the surface of silica galleries, the CEC
is increased from 1.7 to 3.10meq g−1 for PPH. Fe exchanged
materials were obtained by adding PPH and SO

3
-PPH to

an adequate volume of solution, which contains 10 times
the respective CEC. The solid was washed three times with
deionised water and dried in air at 60∘C. These solids were
named Fe-PPH (exc) and FeSO

3
-PPH (exc), respectively. Fe

impregnated PPH material, PPH-Fe (imp), was prepared by
wet incipient impregnation of the PPH support using an
aqueous solution FeCl

2
(0.2M) which contains 2 times the

CEC. After impregnation the sample was dried at 60∘C in air.

2.3. Fenton’s Reagent Experiments. Batch experiments for
Fenton oxidationwere performed in a cylindrical borosilicate
glass reactor of 800mL of capacity, with sampling ports at
the top. The reaction temperature was kept at the desired
value within ±5∘C using a thermostatically controlled outer
water jacket. For every experiment performed, the reactor
was initially loaded with PPH (1 gL−1) and 500mL of RB5
(50mgL−1) aqueous solution, and continuous mixing was
maintained bymeans of a magnetic stirrer. In all experiments
necessary quantities of freshly RB5 and H

2
O
2
(2 × 10−3M)

were prepared from stock solutions. Experiments were car-
ried out, at an initial pH 5 because the nonbuffered solutions
used in the reaction of Fenton suffer a pH decrease during
the reaction time to a pH range around 3-4 [23]. Absorbance
readings at visible maximum peak (𝜆max = 595 nm) were
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Figure 1: N
2
adsorption-desorption isotherms at 77K: (a) Fe-PPH (exc), (b) FeSO

3
-PPH (exc), and (c) PPH-Fe (imp).

performed using a Jasco V-530 spectrophotometer. Na
2
SO
3

was used to quench the oxidation before the spectropho-
tometer analysis. The iron lixiviation from PPH support was
followed by atomic absorption spectroscopy (AAS) using a
Unicam ICE 3000 Series. All values presented are the means
of at least three independent assays unless otherwise stated.
The observed standard deviation of experimental data was
always less than 6% of the reported value. The concentration
of residual RB5 was calculated by Beer-Lambert law, after
dilution when necessary, using the optical density and the
molar extinction coefficient observed at the characteristic
wavelength and expressed as

Dye decolourization = (1 − 𝐶dye,𝑡 =
𝐶dye

𝐶dye,𝑡=0
) × 100%,

(1)
where 𝐶dye,𝑡 and 𝐶dye,𝑡=0 are the concentrations of RB5 at
reaction time 𝑡 and initial, respectively.

2.4. Characterization Methods. Powder X-ray diffraction
(XRD) patterns were recorded on a Siemens D5000

diffractometer, equipped with a graphite monochromator
and using Cu K

𝛼
radiation. The specific surface areas of the

solids were evaluated from the N
2
adsorption-desorption

isotherms at −196∘C in a MICROMERITICS ASAP 2020
apparatus, after degassing at 200∘C and 1.3.10-2 Pa for 24 h.
Fe content was determined using inductively coupled plasma
spectrometry (ICP) Optima 7300 DV. For this, the solids
were dissolved in 0.2mL of hydrofluoric acid (40%, v/v) at
room temperature and diluted to an adequate concentration
for ICP measurements.

3. Results and Discussion

3.1. Characterization of Catalyst. Allmaterials prepared show
a diffraction peak at low angle centered around 40 Å,
which indicates that galleries’ structure is preserved after
cationic exchange as well as after the impregnation. Also,
no peak is observed at high angle, even for Fe2+ sup-
ported material that evidences high dispersion of Fe2+ ions
and the possible aggregates of Fe2+ salt was not formed,
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Table 1: Textural parameters of the different substrate used in RB5 decolourization.

Material 𝑑
001

(Å) 𝑆BET (m2 g−1) 𝑉
𝑝

∗ (cm3 g−1) 𝑑
𝑝

∗ (Å) mmol Fe g−1

FeSO3-PPH (exc) 42 372 0.448 28.9 1.39
Fe-PPH (exc) 40 490 0.610 37.3 0.8
PPH-Fe (imp) 40 462 0.677 114 1.17
∗Porous volume and porous diameter using Cranston and Inkley method.

and due to the small size or amorphous structure, no
sharp diffraction peaks are produced (see Supplementary
Information in Supplementary Material available online at
http://dx.doi.org/10.1155/2013/658231).

Textural parameters were obtained from the N
2

adsorption-desorption isotherms at 77K. These isotherms
were of type IV (Figure 1), corresponding to mesoporous
type materials, and reflected their porosity due to the
presence of silica galleries in the materials as is noted above
in XRD characterization (Table 1).

In all cases, a decrease in the Brunauer-Emmett-Teller
(BET) surface area was achieved with respect to the pure
silica PPH material (620m2 g−1) [20]. The BET surface area
decreases with the incorporation of the Fe species.

This decreasing is more evidenced on FeSO
3
-PPH,

because this solid requiresmore steps in its formation and the
hybrid startingmaterial (S-PPH) has low surface (472m2 g−1)
[24] than PPH. Here the Fenton’s reaction with RB5 leads
to the decrease in aromaticity which eventually results in an
increase in biodegradability and color removal of dye.

3.2. The Fenton Process in the Decolourization of RB5.
Figure 2 presents the results obtained with the Fenton’s
reaction in the experiments using as source of iron three
PPH catalysts. FeSO

3
-PPH (exc) and Fe-PPH (exc) revealed

to be ineffective in promoting the Fenton process. The
decolourization achieved with these two PPH catalysts was
small, 15.3 and 20.8%, respectively. This can be explained by
the low iron available to catalyse the generation of hydroxyl
radicals and consequently decolourize the RB5 solution.
For other side, PPH-Fe (imp) showed an excellent capacity
to catalyse the production of hydroxyl radicals. This PPH
catalyst allowed reaching an RB5 decolourization of 95%, for
the same reaction time, 360 minutes.

Themechanism of reaction can be described as presented
in Figure 3. The iron present in the PPH-Fe (imp) structure
(Fe2+) reacts with the H

2
O
2
to generate HO∙ radicals, which

will break the azo bonds (–N=N–) and promote the RB5
decolourization.

Figure 4 presents the UV-Vis spectra and the RB5 colour
evolution along the Fenton experiment with the PPH-Fe
(imp) catalyst. The RB5 UV-Vis spectra (𝑡 = 0) consist in two
main characteristic absorption bands: one in the UV region
(at 310 nm) and other in the visible region, at 595 nm.

The UV band is characteristic of two adjacent rings,
whereas the visible band is owing to long conjugated𝜋 system
linked by two azo groups [32]. The RB5 decolourization
spectra show that the intensity of the visible band (at 595 nm)
starts to decrease faster. The UV band (at 310 nm) also
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Figure 2: RB5 decolourization through heterogeneous Fenton’s
reaction using three different PPH with Fe2+. [RB5] = 50mg L−1;
[PPH] = 1 g L−1; [H

2
O
2
] = 2.0 × 10−3mol L−1.

vanishes but at a lower rate than the visible band. Thus,
the spectra suggest that HO∙ radicals generated first attacks
azo groups, through transfer of one electron, and open the
–N=N– bonds, destructing the long conjugated 𝜋 systems
and degrading it efficiently.

Afterwards, the aromatic rings elimination also took
place but needs a relative longer period of time [33]. From
Figures 4(a) and 4(b) it is also possible to observe a fast color
disappearance in the first minutes. This behavior reveals that
iron is available to react with hydrogen peroxide as long as the
experiment started, taking into account that any adsorption
step was performed before Fenton’s experiment, H

2
O
2
and

Fe2+ generating hydroxyl radicals immediately, when Fe2+
belongs to the PPH structure. Thus, it is possible to assume
that Fenton’s process starts without any iron leaching from
PPHcatalyst. Nonetheless, the concentration of Fe in solution
was monitored at the end of each Fenton’s process.

The experiment performed with FeSO
3
-PPH (exc)

revealed an iron concentration of 0.81mg Fe L−1, the Fe-PPH
(exc) 1.58mg Fe L−1 and the PPH-Fe (imp) 4.92mg Fe L−1,
after a reaction time of 360 minutes. Therefore, although
apparently at the beginning of each experiment iron is linked
to the PPH, throughout the Fenton’s experiment its leaching
occurs and influences the RB5 color removal. Moreover, the
highest RB5 decolourization occurs precisely with the PPH
catalyst that releases more iron to the solution. PPH-Fe (imp)
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presented the best results regarding RB5 decolourization,
although its application as iron source did not avoid the
presence of iron on the final treated solution.

4. Conclusions

In summary, PPH revealed to be useful as Fe2+ support in
the Reactive Black 5 decolourization through Fenton reagent,
although PPH ability to promote a heterogeneous Fenton

reaction without iron leachate, under the experimental con-
ditions used, seems to be inefficient. In order to overcome the
drawback of the fixation of Fe2+ onto PPH supports avoiding
the iron leaks, subsequent studies are planned to improve the
system proposed to be applicable to water treatment.
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