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Environmental pollution and energy shortage are two current
major global challenges faced by human beings. In the past
two decades, the evolution of nanotechnology represents an
ever improving process in the design, discovery, creation, and
novel utilization of artificial nanoscale materials. To meet the
major challenges in environmental sustainability, these nano-
materials in various hierarchical fashions are stimulating
various important practical applications in the environmental
sector. The rapid development in materials and catalysis
science has led to significant advances in understanding the
controlled synthesis and structure-activity relationship of the
nanomaterials. The design, synthesis, and modification of
novel nanomaterials allow for enhanced performance for
environmental related applications.

This special issue contains 19 papers, which are mainly
related to environmental materials synthesis, photocatalysis,
and pollutant removal. The purpose of this special issue
is to provide readers with current advances in the use of
nanomaterials for environmental applications and apprise
themof the progress, challenges, and promises. Among them,
11 papers are related to organic pollutant degradation, heavy
metal removal, and NO reduction with NH

3
. One paper is

about biodiesel production through harvesting microalgae.
Furthermore, there are 4 papers devoted to morphological
control of environmental materials, 2 papers related to
adsorption optimization, and 1 paper dealing with power
transformer with nanomodified cellulose insulation paper.
We would like to express our sincere thanks to all the authors

for submitting their interesting works to this special issue. A
brief summary of all 19 accepted papers is provided below.

The paper entitled “Removal of hazardous pollutants from
wastewaters: applications of TiO2-SiO2 mixed oxide materials”
reviewed the different removal techniques employed for
wastewater treatment and the factors that influence the
degradation efficiency. The application of TiO

2
-SiO
2
binary

mixed oxidematerials for wastewater treatment is extensively
covered. This literature survey indicated that these mixed
oxide materials have enhanced abilities to remove a wide
variety of pollutants. This paper also pointed out that even
though these binary mixed oxides show better activity than
pure TiO

2
materials inmost instances, the utilization of these

TiO
2
-SiO
2
mixed oxides is limited for the mineralization of

selected pollutants.
The review article entitled “Chitosan and its derivatives

applied in harvesting microalgae for biodiesel production: an
outlook” is aimed to describe and summarize current re-
searches on the application of chitosan and chitosan-derived
materials for harvesting microalgae. Biodiesel requires an
efficient low-energy harvesting strategy so as to make bi-
odiesel production economically attractive. Chitosan has
emerged as a favorable flocculating agent in harvesting of
microalgae. This offers a starting point for future studies able
to invalidate, confirm, or complete the actual findings and to
improve knowledge in this field.

In the review article entitled “Study of modern nano
enhanced techniques for removal of dyes and metals,” a range
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of wastewater treatment technologies have been introduced
which can efficiently reduce both Cr(VI) and azo dyes simul-
taneously to less toxic form such as biodegradation, biosorp-
tion, adsorption, bioaccumulation, and nanotechnology. Rate
of simultaneous reduction of Cr(VI) and azo dyes can be
enhanced by combining different treatment techniques. As
illustrated in this review, a range of nanomicrobiological tech-
niques have been proposed or are under active development
for treatment of polluted soil and wastewater, but many tech-
niques are still at experimental or pilot stage.This review also
evaluated the removal methods for simultaneous removal
of Cr(VI) and azo dyes by surface engineered nanoparticles
and nanophotocatalyst. Potential microbial strains capable
of simultaneous removal of Cr(VI) and azo dyes have been
summarized in some detail as well.

In the paper entitled “The use of bioflocculant and bio-
flocculant-producing bacillus mojavensis strain 32A to synthe-
size silver nanoparticles,” an organismwas successfully used to
produce more than one product at the same time. This study
has investigated the ability of bioflocculant-producing Bacil-
lus mojavensis strain 32A as a nanosilver synthesizer beside
bioflocculant production. Three media, such as nutrient
broth, bioflocculant-producing medium, and pure biofloc-
culant, were tested. The results emphasized that purified
bioflocculant has the ability to produce anisotropy clusters of
nanosilver ranging in size from 6 to 72 nm proving that the
bioflocculant functioned as a reducing and stabilizing agent
in nanosilver synthesis.

The paper entitled “Preparation and characterization of
lecithin-nano Ni/Fe for effective removal of PCB77” described
that a kind of combined material lecithin-nano-Ni/Fe is
obtained by combining lecithin and nanoscale Ni/Fe bimetal
via microemulsion method. The efficacy of such an original
material was tested using PCB77 as target pollutant. A
microemulsion system was optimized as template to pre-
pare Ni/Fe nanoparticles, which was followed by an in situ
loading process with the deposition of lecithin carrier. The
Ni/Fe nanoparticles can be uniformly dispersed and closely
combined with lecithin carrier. The constitution of lecithin-
nano-Ni/Fewas a beneficial attempt to acquire the synergistic
effect for intensified removal of environmental contaminants.
It seems promising that the original system and the facile
method described in this work will facilitate the development
of the organic-inorganic hybrid materials.

The paper entitled “Quantitative fractal evaluation of
herbicide effects on the water-absorbing capacity of super-
absorbent polymers” introduced that 100-mesh sieves, elec-
tron microscopy, and fractal theory can be used to study
swelling and water absorption in SAPs in the presence of
three commonherbicides (atrazine, alachlor, and tribenuron-
methyl). 2.0mg/L atrazine reduces the capacity by 9.64–
23.3% at different swelling points and no significant diminu-
tion was observed for the other herbicides or for lower
atrazine concentrations. They also found that the hydrogel
membrane pore distributions have fractal characteristics
in both deionized water and atrazine solution. A linear
correlation was observed between the fractal analysis and
the water-absorbingmass.Multifractal analysis characterized

the membrane pore distribution, which is superior to single-
fractal analysis that uses the fractal dimension.

In the paper entitled “Application of a novel semiconductor
catalyst, CT, in degradation of aromatic pollutants in wastew-
ater: phenol and catechol,” a novel semiconductor catalyst,
CT, was for the first time employed in the present study
to degrade phenol and catechol. The phenolic compounds
(initial concentration of 88mg L−1) were completely min-
eralized by the CT catalytic nanoparticles (1%) within 15
days under acidic condition and with the presence of mild
UV radiation. The pollutants were adsorbed on the CT’s
surface and oxidized via charge-transfer and hydroxyl radical
generation by CT. Given the low initial concentrations,
a circumstance encountered in wastewater polishing, the
current set-up should be an efficient and less energy- and
chemical-consumptive treatment method.

The paper entitled “Phenol removal by a novel non-photo-
dependent semiconductor catalyst in a pilot-scaled study: effects
of initial phenol concentration, light, and catalyst loading”
reported that a novel non-photo-dependent semiconductor
catalyst (CT)was fabricated and employed to degrade phenol.
The effect of operational parameters such as phenol initial
concentration, light area, and catalyst loading on phenol
degradation was investigated. CT catalyst exceeded titanium
dioxide in treating and mineralizing low-level phenol, under
both mild UV radiation and cloudy conditions. The results
suggest that CT catalyst could be applied in circumstances
when light is not easily accessible in pollutant-carrying
media.

In the paper entitled “A novel nanomodified cellulose
insulation paper for power transformer,” a novel cellulose
insulation paper handsheet has successfully been modified
with various contents of montmorillonite (MMT). Relative
permittivity and breakdown strength were investigated. The
microstructure of MMT in Kraft paper was investigated.
The relative permittivity of the immersed oil Kraft-MMT
handsheets (K-MMT) decreased with the increasing amount
of MMT. For MMT concentration of 9wt%, K-9% MMT
possessed the lowest relative permittivity of approximately 2.3
at 50Hz.The breakdown voltage of the paper-oil-paper com-
posite insulation system increased from 50.3 kV to 56.9 kV.

In the paper entitled “SO2 poisoning behaviors of Ca-
Mn/TiO2 catalysts for selective catalytic reduction of NO with
NH3 at low temperature,” the sulfur tolerance of Ca modified
MnO
𝑥
/TiO
2
catalysts was investigated in low-temperature

selective catalytic reaction (SCR) process. Experimental
results revealed that the durability of developed catalysts in
the presence of SO

2
could be improved by Ca modification.

After being subjected to a range of analytical techniques, it
was found that the surface Ca species could act as a SO

2

trap by preferentially reacting with SO
2
to form bulk-like

CaSO
4
, inhibiting the sulfation of active phase. Furthermore,

the introduction of SO
2
had also preserved part of Lewis sites

over the MnO
𝑥
. Both of these are conducive to NH

3
adsorp-

tion and activation at low temperature, hence improving the
sulfur tolerance of Ca doped catalysts.

In the paper entitled “The poisoning effect of Na dop-
ing over Mn-Ce/TiO2 catalyst for low-temperature selective
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catalytic reduction of NO by NH3,” sodium carbonate, sodium
nitrate, and sodium chloride were chosen as the precursors
to prepare the Na salts deposited Mn-Ce/TiO

2
catalysts

through an impregnation method. The influence of Na
doping on the performance of the Mn-Ce/TiO

2
catalyst for

low-temperature selective catalytic reduction of NO
𝑥
by NH

3

was investigated. Experimental results showed that Na salts
had negative effects on the activity of Mn-Ce/TiO

2
and the

precursors of Na salts also affected the catalytic activity.
Significant changes in physical and chemical properties of
Mn-Ce/TiO

2
were observed after Na was doped on the

catalysts. The decreases in surface areas and NH
3
adsorption

amounts were observed after Na was doped on the catalysts,
which could be considered as the main reasons for the
deactivation of Na deposited Mn-Ce/TiO

2
.

In the paper entitled “The key role of pH value in the
synthesis of titanate nanotubes-loaded manganese oxides as
a superior catalyst for the selective catalytic reduction of
NO with NH3,” alkaline titanate nanotubes TNTs (TNTs-
AL), acidic TNTs (TNTs-AC), and neutral TNTs (TNTs-
NE) were synthesized by controlling the washing pH value.
When these TNTs were utilized as the catalyst supports
for manganese oxides (Mn/TNTs-AL, Mn/TNTs-AC, and
Mn/TNTs-NE), the key role of pH value was found. Titanate
nanosheets, titanate nanorods, and titanate nanotubes were
dominated in Mn/TNTs-AL, Mn/TNTs-AC, and Mn/TNTs-
NE, respectively. MnO

2
crystal was observed when using

TNTs-AC or TNTs-NE as the support. By contrast, Mn
3
O
4

and NaNO
3
were observed when using TNTs-AL as the

support. Mn/TNTs-NE showed the best selective catalytic
reduction (SCR) of NO with ammonia due to the largest
surface area, the best dispersion, and the most active redox
property of manganese oxides.

The paper entitled “The research of nanoparticle and
microparticle hydroxyapatite amendment in multiple heavy
metals contaminated soil remediation” documented that a pot
trial was conducted to evaluate the efficiency of two particle
sizes of hydroxyapatite (HAP) induced metal immobiliza-
tion in soils: nanometer particle size of HAP (nHAP) and
micrometer particle size of HAP (mHAP). Both mHAP and
nHAP were assessed for their ability to reduce lead (Pb),
zinc (Zn), copper (Cu), and chromium (Cr) bioavailability
in an artificially metal-contaminated soil. Furthermore, both
mHAP and nHAP were efficient in covering Pb, Zn, Cu,
and Cr from nonresidual into residual forms. The mHAP
was superior to nHAP in the immobilization of Pb, Zn, Cu,
and Cr in metal-contaminated soil and reducing the Pb, Zn,
Cu, and Cr utilized by pakchoi. The results suggested that
mHAPhad the better effect on remediation ofmultiplemetal-
contaminated soils than nHAP and was more suitable for
applying in in situ remediation technology.

In the paper entitled “Effects of surfactants on high regular-
ity of 3D porous nickel for Zn2+ adsorption application,” three-
dimensional porous nickel (3D-PN) film with large specific
surface area (As) and high porosity has been successfully
prepared by hydrogen bubble dynamic templatemethod.This
work presents the effects of PEG 10000 and 1,4-butynediol
as new additive combination on surface morphology of

the PN film. Meanwhile, the application of 3D-PN in Zn2+
adsorption was investigated in the paper. The surface area is
determined to be as large as 166.7 cm2/mg and the porosity is
0.762 cm3/g when the concentration of PEG 10000 and 1,4-
butynediol was 0.3 g/100mL and 0.1 g/100mL, respectively.
The adsorption capacity of PN for Zn2+ is observed to be
9.145mg/g.

In the paper entitled “Photodegradation of methyl orange
using magnetically recoverable AgBr@Ag3PO4/Fe3O4 photo-
catalyst under visible light,” a novel magnetically recov-
erable AgBr@Ag

3
PO
4
/Fe
3
O
4

hybrid was prepared by a
simple deposition-precipitation approach. The results
revealed that the photocatalytic activity and stability of
AgBr@Ag

3
PO
4
/Fe
3
O
4

composite towards decomposition
of methyl orange (MO) dye were superior to those of pure
Ag
3
PO
4
under visible light irradiation. The photocatalytic

activity enhancement of AgBr@Ag
3
PO
4
/Fe
3
O
4
is closely

related to the efficient separation of electron-hole pairs
derived from the matching band potentials between Ag

3
PO
4

and AgBr, as well as the good conductivity of Fe
3
O
4
.

Moreover, the photocatalyst could be easily separated by
applying an external magnetic field due to its magnetic
property. The quenching effects of different scavengers
proved that active holes (h+) and superoxide species (∙O

2

−)
played the major role for the MO degradation. This work
would provide new insight for the construction of visible
light responsible photocatalysts with high performance,
good stability, and recoverability.

The paper entitled “Tuning the morphological structure
and photocatalytic activity of nitrogen-doped (BiO)2CO3 by the
hydrothermal temperature” described that various nitrogen-
doped hierarchical (BiO)

2
CO
3
nanosheets architectures were

synthesized by a facile one-step template-free hydrothermal
method through controlling the hydrothermal temperature
(HT). It was found that HT acted as a crucial factor in
determining the morphology of the samples. The Rosa chi-
nensis-like, red camellia-like, and lamina-like of nitrogen-
doped (BiO)

2
CO
3
(N-BOC) micro-/nanostructures can be

selectively fabricated under hydrothermal temperatures of
150, 180, and 210∘C. The thickness of the nanosheets was in
direct proportion to the increasing HT.The red camellia-like
N-BOC-180, especially, exhibited the highest photocatalytic
performance, superior to the well-known visible light photo-
catalyst C-doped TiO

2
and N-doped TiO

2
.

The paper entitled “Photocatalytic degradation of 2-
chlorophenol using Ag-doped TiO2 nanofibers and a near-
UV light-emitting diode system” reported the photocatalytic
degradation of 2-chlorophenol using TiO

2
nanofibers and

Ag-doped TiO
2
nanofibers synthesized using the sol-gel and

electrospinning techniques. The crystallite size of the Ag-
doped TiO

2
nanofibers was smaller than that of the TiO

2

nanofibers because silver retrained phase transformation not
only controls the phase transformation but also inhibits the
growth of anatase crystallites.The photocatalytic degradation
rate followed a pseudo-first-order equation. The rate con-
stants (𝑘) of the TiO

2
nanofibers and the Ag-doped TiO

2

nanofibers were 0.056 and 0.144min−1, respectively.
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In the paper entitled “Mechanical and morphological
properties of poly-3-hydroxybutyrate/poly(butyleneadipate-co-
terephthalate)/layered double hydroxide nanocomposites,” the
nanocomposites of poly-3-hydroxybutyrate/poly(butylenead-
ipate-co-terephthalate)/layered double hydroxide (PHB/
PBAT/LDH) were prepared from a binary blend of PHB/
PBAT and stearate-Zn

3
Al LDH via a solution casting

method using chloroform as solvent. The pristine Zn
3
Al

LDH was synthesized from nitrate salts solution using
coprecipitation technique and then was modified by stearate
anions surfactant via ion exchange reaction. As a result, the
basal spacing of the LDH was increased from 8.77 to 24.94∘.
The infrared spectrum of stearate-Zn

3
Al LDH exhibited the

existence of stearate anions in the synthesized Zn
3
Al LDH.

Mechanical properties with 2wt% stearate-Zn
3
Al LDH

loading nanocomposites showed 56wt% improvements in
elongation at break compared to those of the blend.

In the paper entitled “A novel synthesis method of porous
calcium silicate hydrate based on the calcium oxide/polyethy-
lene glycol composites,” a novel method was developed to
prepare porous calcium silicate hydrate (CSH) using the
calcium oxide/polyethylene glycol (CaO/PEG

2000
) compos-

ites as precursors. The reactivity of silica materials (SiO
2
)

was enhanced by increasing the pH value. Ca2+ could not
sustain the release from CaO/PEG

2000
and reacted with

SiO
3

2− caused by silica to form CSH until the hydrothermal
temperature reached 170∘C, avoiding the hardly dissolved
intermediates formation efficiently. The as-prepared CSH,
due to the large specific surface areas, exhibited excellent
release capability of Ca2+ and OH−. This porous CSH has
potential application in reducing the negative environmental
effects of continual natural phosphate resource depletion.

We hope that these papers provide the reader with
knowledge in this topical area and directions for future
research.
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The direct release of untreated wastewaters from various industries and households results in the release of toxic pollutants to
the aquatic environment. Advanced oxidation processes (AOP) have gained wide attention owing to the prospect of complete
mineralization of nonbiodegradable organic substances to environmentally innocuous products by chemical oxidation. In
particular, heterogeneous photocatalysis has been demonstrated to have tremendous promise in water purification and treatment
of several pollutant materials that include naturally occurring toxins, pesticides, and other deleterious contaminants. In this work,
we have reviewed the different removal techniques that have been employed for water purification. In particular, the application of
TiO
2
-SiO
2
binary mixed oxide materials for wastewater treatment is explained herein, and it is evident from the literature survey

that these mixed oxide materials have enhanced abilities to remove a wide variety of pollutants.

1. Introduction

The energy demand is expected to be greater than 25 TW by
the year 2050.This increase is expected to pose undue burden
on natural resources and create challenges for sustaining
our environment and quality of human life. In addition to
energy, the demand for clean water is also expected to rise
rapidly due to increasing global population. In addition,
with the expeditious pace of industrialization, the disposal
of industrial effluents poses threats to the environment
and is becoming the biggest concern for the sustainable
development of human society. Wastewater reclamation and
recycling are essential goals to protect the global ecosystem
and improve the quality of the environment. Several meth-
ods have been utilized for the removal of pollutants from
contaminated water sources [1–9]. Among them, advanced
oxidation processes (AOP) have emerged to be promising,
efficient, economic, and reliable for the removal of pollutants
from aquatic environments [4, 9, 10]. Among the various
AOP methods, heterogeneous photocatalysis, using titanium
dioxide (TiO

2
) based photocatalysts, has emerged as a viable

process for degrading a wide variety of pollutants [11–13].

Although TiO
2
has several important properties, such as

ease of synthesis, excellent photostability, nontoxicity, and
valence bands that are located at high positive potentials,
there are several drawbacks that impair the performance of
TiO
2
in photocatalytic processes. The absorbance of TiO

2
is

limited to the UV region, and, thus, only a small fraction of
the solar spectrum is utilized. The fast recombination of the
photoinduced electron-hole pairs impedes the efficiency of
the overall photocatalysis reaction. In addition, the relatively
low surface area of TiO

2
limits the number of adsorptive

sites of the target pollutant molecule. To overcome these
aforementioned challenges, researchers have developed TiO

2

based mixed oxide materials that can provide large number
of adsorptive sites by dispersion of TiO

2
species into a

porous support with large surface area. Silica has been
widely employed as a robust and stable mesoporous sup-
port for immobilizing photoactive TiO

2
species. The TiO

2
-

SiO
2
mixed oxide photocatalysts have shown significantly

enhanced activities compared to pure TiO
2
for a number

of photocatalytic reactions for environmental remediation.
The improved photocatalytic performance over TiO

2
-SiO
2

mixed oxide materials can be accredited to the presence of

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2014, Article ID 617405, 42 pages
http://dx.doi.org/10.1155/2014/617405

http://dx.doi.org/10.1155/2014/617405


2 Journal of Nanomaterials

highly dispersed TiO
2
species in the SiO

2
support, the better

adsorption of the pollutant, and the presence of Ti-O-Si
bonds that favor the activation of the organic pollutant [14].

In this review, we will first discuss the different types
of aqueous pollutants followed by a discussion of selected
removal techniques and their basic principles. Then, a brief
overview of the synthesis methods of titania-silica (TiO

2
-

SiO
2
) mixed oxides is presented. This is followed by an

extensive description of available characterization techniques
of periodic and aperiodic titania-silica catalysts. Following
this, the heterogeneous photocatalytic degradation of several
pollutants, in particular, organic materials in aqueous phase,
is discussed. Finally, the factors that influence the degradation
reactions are critically reviewed.

1.1. Aquatic Pollution. Clean water is the most important and
indispensable resource that maintains the demands for the
daily activities of every aspect of human society, such as
drinking, cleansing, industrial manufacture, and farm irriga-
tion. However, the squandering of clean water at discretion
and careless handling of wastewater to aquatic systems from
households and industries severely contaminate the quality
of natural aquatic environments. In general, the sources that
result in water pollution can be classified as point and non-
point sources [15].The former one contains pollutants that are
discharged from industries, septic materials, animal feedlots,
mines and oil industries, and so forth into water sources [16].
The latter one includes runoffs from agriculture, sediment,
animal wastes, and so forth [17]. Nonpoint sources, due to
their irregularity, aremore difficult to be tracked compared to
point sources [18]. However, according to the Environmental
Protection Agency (EPA), nonpoint sources are claimed to be
the major cause of aqueous pollutants. The existence of these
pollutants in water systems can cause serious environmental
issues and pose threat to public hygiene and health. For
instance, the contamination of groundwater by pesticides can
endanger aquatic ecosystems. As the fertilizer is discharged
into water sources, it can boost the multiplication of algae,
which interrupts the oxygen level and upsets the ecological
balance in the water system. Moreover, close contact or
drinking of the contaminated water can cause skin rashes and
other severe diseases like typhoid fever and stomach illness
in humans. Waste inorganic and/or organic chemicals, in
particular heavy metal ions, in the water may be ingested
by fish and may also cause infection in humans, who catch
and consume it. In the following section, themost commonly
occurring hazardous pollutants alongwith their effectswill be
discussed.

1.2. Hazardous Pollutants. The most commonly observed
hazardous wastes that threaten the global aquatic system can
be divided into four groups according to the classification
by the EPA: (i) hazardous wastes from nonspecific industrial
processes, (ii) hazardous wastes from specific industrial
sources, (iii) commercial chemical products, and (iv) toxic
wastes. The EPA estimates that the above-mentioned pollu-
tants have been increasingly detected during the past few
decades in rivers, lakes, and oceans. In the following part, we

will discuss the some important inorganic and organic wastes
in water.

1.2.1. Inorganic Wastes

Anionic Wastes. Phosphates (PO
4

3−
) and nitrates (NO

3

−
) are

the most prevalent pollutants in contaminated surface water
[19, 20]. Phosphorus (P) and nitrogen (N) are indispensable
elements used in fertilizers for agriculture. Application of
extensive amounts of P and N containing fertilizers on
arable lands causes extensive accumulation of the phosphate
(PO
4

3−
) and nitrate (NO

3

−
) in the soil. Due to the use of

manual irrigation and/or natural rainfall, phosphates and
nitrates can leach into ground and surfacewater sources, such
as rivers and lakes. In addition to the P and N containing
fertilizers, the manure from livestock is also a major source
of phosphate and nitrate contaminants in water systems.

The contamination of water by nitrates poses a threat to
the health of humans and other animals. Nitrate is found
to be extremely toxic at high concentrations in water. It has
been postulated to be the origin of methemoglobinemia in
infants and it can cause toxic effects on livestock. Although
phosphorus is not as toxic as nitrate in water, it can stimulate
the growth of algae in water along with nitrate pollutants.
Their excessive discharge to the surface water sources can
lead to severe eutrophication in surface water sources.
Eutrophication is the most widespread water contamination
in global aquatic systems and it brings about numerous
negative aftermaths to the environment and ecosystem. The
most commonly observed consequence of eutrophication is
that it causes the multiplication of algae and aquatic weeds,
which give bad odor and taste of water in the aquatic systems,
and prevents the use of such polluted systems as sources
for clean water for industry, agriculture, and humans. In
addition, eutrophication can induce the growth of phyto-
plankton and zooplankton in various aquatic environments.
Besides, eutrophication is considered to be the cause for the
disappearance of coral reefs and the extinction of several fish
species.

Cyanides are another important class of anionic pollu-
tants. Cyanides, which can be generated from either anthro-
pogenic or natural sources, commonly exist in the form
of cyanide salts, such as sodium cyanide and potassium
cyanide, or in gaseous phase as hydrogen cyanide. Cyanides
can be discharged into aquatic system from carelessly treated
industry sewage, coal gasification, electroplating operations,
and incomplete combustion of fuels. Cyanides cause severe
threat to human life as the cyanide anion (CN−) is recognized
to be highly toxic.The ingestion and/or inhalation of cyanide
anion (CN−) by humans can lead to low vitamin B

12
levels in

the human body and can be lethal.

CationicWastes.Themost commonly seen inorganic cationic
wastes in aquatic systems are heavy metal ions, such as
lead (Pb2+) [21], arsenic (As3+/5+) [22], mercury (Hg2+) [23],
chromium (Cr6+) [24], nickel (Ni2+) [25], barium (Ba2+), cad-
mium (Cd2+) [26], cobalt (Co3+) [27], selenium (Se2+) [28],
and vanadium (V5+) [25]. These above-mentioned heavy
metal ions can be introduced into aquatic system via diverse
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means [29]. For example, large amounts of heavy metal ions
are produced from natural processes, such as weathering,
volcano activities, and crustal movement. As in the modern
society, the major sources of heavy metal pollutants are from
human/industry activities, for instance, printed board and
semiconductor manufacturing, metal finishing and plating,
industrial dyeing processes, and so forth. Many heavy metal
ions, for example, Fe3+, Zn2+, Cu2+, Mn2+, Co3+, Ni2+, and
so forth, are actually essential trace elements (required in less
than 100mg per day) to maintain the daily metabolism of the
human body. However, these heavy metal ions exhibit fatal
toxicity and can poison humans and animals under excessive
exposure and close contact. The indication of heavy metal
poisoning in humans can be divided into acute and chronic
symptoms. Acute symptoms include fatigue, hallucinations,
headache, nausea, numbness, and abdominal pain. Chronic
symptoms contain anxiety, dyslexia, lack of concentration,
migraines, and so forth. Therefore, the removal of heavy
metal ion pollutants from aquatic system is indispensable.

1.2.2. OrganicWastes. Organic pollutants are toxic molecular
compounds and can cause significant diseases in humans,
when exposed to high concentration levels. These organic
compounds originate from a variety of industrial products
such as detergents, petroleumhydrocarbons, plastics, organic
solvents, pesticides, and dyes, and they can be found in
diverse environments. In addition, these organic pollutants
are a threat to wildlife and human, due to long-term
deleterious effect and chemical complexity. In particular,
thousands of persistent organic pollutants (POPs) are a
family of chemicals consisting of a diverse group of organic
substances, which are toxic, bioaccumulative, and prone to
long range of transport [30–33]. It was reported elsewhere
that POPs mainly differ in the level of chlorine substitutions
and persist in the environment with long lives particularly
in soils, sediments, and air [34]. They are released into the
environment via municipal and industrial wastes, landfill
effluents, agricultural practices, and so forth and undergo
various reactions that validate their prevalence. There are
a wide number of pollutants listed under the toxic and
hazardous categories and some of the main types are detailed
here.

Aliphatic organic compounds aremainly runoffs from the
surface and are particularly seen in urban areas. In addition,
the petroleum oils and the byproducts from the combustion
of oil also are mostly aliphatic compounds. A variety of
aliphatic organic compounds, that include alkenes, alkynes,
dichlorodifluoromethane, 1,2-dichloroethane, 2-propanol,
and tetramethylammonium ions, have been reported as
toxic pollutants from aquatic environment mainly from
surface runoffs. Polycyclic aromatic hydrocarbons (PAH)
are another type of organic substances released to the
environment from the incomplete combustion of organic
substances including wood, carbon, and oil.They are neutral,
nonpolar organic molecules consisting of two or more fused
benzene rings and reported as a priority pollutant by the EPA
[35]. The extensive use of polychlorinated biphenyls (PCBs)
in numerous industrial processes, electrical transformers,

capacitors, carbonless copy paper, and plastics increases their
penetration into the environment.

Surfactants are among themost versatile group of organic
compounds utilized in industrial, household, personal care,
and health products [36]. Owing to their existence in anionic,
cationic, nonionic, and amphoteric forms, they have the
ability to alter the physicochemical state of the natural habitat.
At high concentrations, they can form complexes in water
and cause harmful effects to microorganisms. Pesticides are
another type of organics found in diverse chemical structures
and are used for various agricultural and nonagricultural
applications such as herbicides, insecticides, fungicides, and
germicides. Dyes are colored substances that have strong
affinity for the substrate to which it is being applied. Dyes
are applied to numerous substrates such as textiles, leather,
plastic, and paper. Dyes can be classified under different
categories according to their application method, chemical
structure, usage, or the type of chromophore present in them
[37].

Phenol and phenolic compounds byproducts formed
from many industrial processes, such as the manufacturing
of herbicides, plastics, polymer precursors, photographic
developers, dyes, drugs, and pulp and paper industry [38].
In addition, incomplete mineralization of the phenolic com-
pounds ends up with natural organic byproducts that include
humic substances, lignins, and tannins, which are prevalent
in our environment. The toxicity of phenols and phenol
derivatives is mainly attributed to the ease of donation of
free electrons, forming phenoxy radicals and intermediates.
These phenoxy radicals can penetrate the cell and damage
membranes of endoplasmic reticulum, mitochondria, and
nucleus and also their components like enzymes and nucleic
acids. Furthermore, exposure to phenol may damage the skin
through its reaction with amino acids in the epidermis [39].

2. Removal Techniques

Continuous increase of pollutants in water bodies has
necessitated the need to develop cost-effective methods for
their removal. Destroying the pollutants to benign chem-
icals and/or removing these pollutants from contaminated
water is imperative for a green environment. There are
numerous treatment processes that have been applied for
pollutant removal from wastewater, such as electrochemical
oxidation [40], biodegradation [41, 42] membrane process
[43], coagulation [44, 45], adsorption [46–49], precipitation
[50], sonochemical degradation [51, 52], micellar enhanced
ultrafiltration, and AOP [4, 9, 10]. Though these methods
are considered as efficient methods for pollutant removal,
each method has its own benefits and drawbacks. In this
section, we will explain some of the most common methods
that are frequently used for pollutant removal and their basic
principles.

2.1. Electrochemical Oxidation. Electrochemical oxidation is
an efficient and economicmethod, suitable when the wastew-
ater contains nonbiodegradable organic pollutants. This
method poses several advantages since it does not require
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auxiliary chemicals, high pressures, or high temperatures.
In addition, owing to its versatility and cost-effectiveness,
electrochemical techniques have gained great attention for
the removal of pollutants. The process of electrochemical
oxidation mechanism is mainly based on the generation of
the hydroxyl radicals at the electrode surface.

Two different types of mechanisms have been elaborated
for electrochemical oxidation, such as direct and indirect
oxidation methods [53]. In direct electrochemical oxidation,
the degradation of organic compound occurs directly over
the anode material, where the hydroxyl radical ( ∙OH) or the
reactive oxygen species reactwith the organic compound.The
pollutants are first adsorbed at the surface of the anode and
are then degraded by an anodic electron transfer reaction as
given by

M + H
2
O → M (

∙OH) + H+ + e− (1)

In the indirect electrochemical oxidation, the organ-
ics are treated in the bulk solution by oxidants, such as
∙OH, Cl

2
, hypochlorite (ClO−), peroxodisulfate (S

2
O
8

2−),
and ozone (O

3
), which are electrochemically generated at

the electrode surface. Even though high removal efficiencies
are achieved by both the direct and indirect electrochemical
oxidation processes, their effectiveness strongly depends
on the treatment conditions including pH, current density,
types and concentration of pollutants, supporting electrolyte,
flow rate, electrode preparation method, and nature of the
electrode materials. Several electrode materials that include
Pt, PbO

2
, Ti-SnO

2
, Ti/Pt, Ti/Pt–Ir, Ti/PbO

2
, Ti/PdO–Co

3
O
4
,

Ti/RhO
𝑥
–TiO
2
, Ti coated oxides of Ru/Ir/Ta, IrO

2
, Ti/RuO

2
,

SnO
2
, PbO

2
, and so forth, and boron doped diamond (BDD)

[6, 54–73] have been listed as efficient electrodes for the
degradation of organics by electrochemical oxidation. Apart
from these anode materials, graphite anodes are also con-
sidered as efficient materials for anodic oxidation of several
organic pollutants [6, 62]. Particularly, the high oxygen over-
potential, high electrocatalytic activity, chemical stability,
long lifetime, and cost-effectiveness have been credited for
the high efficiency of these graphite electrodes. In a recent
publication, Govindaraj et al. investigated the electrochem-
ical oxidation of bisphenol A (BPA) from aqueous solution
using graphite electrodes [6]. The effect of the supporting
electrolyte (type and concentration), initial pH, and applied
current density on the performance was discussed in their
work. The oxidation of polyhydroxybenzenes was conducted
using a single-compartment electrochemical flow cell as
illustrated in Figure 1 [56]. Diamond-basedmaterial was used
as the anode and stainless steel was used as the cathode.

The effectiveness of this electrode was evaluated by
monitoring the concentration of BPA. Chemical oxygen
demand (COD) removal of 78.3%was obtained, when 0.05M
NaCl was used as the electrolyte at an initial pH of 5 and a
current density of 12mA/cm2. In a different study, the effect of
different types of supporting electrolytes in the degradation of
phenol using BDD electrode was studied by Alencar de Souza
and coworkers [70]. The electrochemical performance was
examined by measuring COD and the concentrations of all
phenolic compounds formed during the electrolysis process.

The oxidation kinetic constants using different electrolytes
were found to be in the following order: 𝑘Na

2
SO
4

≈ 𝑘Na
2
CO
3

>

𝑘H
2
SO
4

> 𝑘H
3
PO
4

. However, the addition of chloride ion to
the electrolyte solution caused a major change in the reaction
kinetics, and the rate constants were found to be in the
following order: 𝑘H

2
SO
4

> 𝑘Na
2
SO
4

> 𝑘Na
2
CO
3

.The difference in
the reaction kinetics was explained by the oxidationmediated
by the chloride ions, which was formed at low pH values.
Though the concentration of chloride ions helped to rapidly
increase the reaction rate, increment in the supporting
electrolyte concentration also assisted to improve the reaction
kinetics. Apart from the above-mentioned studies, there are
several reports describing the utilization of BDD for oxida-
tion of several organics such as salicylic acid [68], nitrophenol
[73], nitrobenzene [72], and tetracycline [66]. A brief review
regarding the application of BDD for incineration of synthetic
dyes towards environmental application [67] and another
review article by Mart́ınez-Huitle and Ferro providing clarity
for the electrochemical oxidation of organic pollutants are
available [53].

2.2. Biological Process. In the 1990s, biological processes were
used for the removal of heavy metal due to the reactive
ability of microorganisms with a variety of pollutants that
include organic and inorganic species. It was recognized that
the microorganisms influence the mobility of the metal by
modifying the chemical and physical characteristics of the
metals [93]. Recently, Lu et al. investigated a novel biological
filter with bacterial strain of P. putida immobilized in Ca-
alginate granules for removal of formaldehyde in the gas
phase [94]. The effects of inlet concentration, empty bed
residence time, and nutrient feeding rate on the performance
of the system were examined in their study. It was found
that the removal efficiency of the dripping biofilter system
increased from 68.6% to 93.5%, when the inlet formaldehyde
concentration was in the range of 0.2 to 1.34mg/m3. Among
the various technologies, such as adsorption [95], chemisorp-
tion, photocatalytic oxidation [96], and botanical filtration
[97], that have been tried for the removal of formaldehyde,
the complete removal is still a challenging problem due to
low kinetics, byproduct formation, and low efficiency using
any of the above-mentioned methods. However, biological
degradation technology with high removal efficiency has
been successfully applied in industries for effluents and
waste gas treatments. Even though biological processes have
been used for several applications that include heavy metal
ion removal and indoor air purification, its application has
not been intensely investigated for numerous reasons. Thus,
researchers have combined biological process with other
techniques such as chemical processes [98, 99], photocatal-
ysis [100], and AOP [74, 101, 102].

Combined biological and chemical degradation methods
were carried out to evaluate the effectiveness of mature
municipal landfill leachate in laboratory scale by Di Iaconi
and coworkers. The biological treatment was followed by
chemical oxidation for further removal of COD [98]. Higher
removal efficiency was obtained due to the use of chemical
treatment. In another study, a combined AOP and biological
process was carried out to remove pesticides in aqueous
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Figure 1: The pilot plant arrangement and illustration of electrochemical cell (reprinted with permission from [56]).
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Figure 2: Experimental setup for combined chemical and biological degradation: (1) chemical oxidation tank, (2) peristaltic pump, (3)

diffuser valve, (4) ozone generator, (5) UV emitting device, (6) excess KI trap, (7) ozone destruction device, (8) neutralizer, (9) biological
treatment tank, and (10) air sparger (reprinted with permission from [74]).

solution [74]. The experimental setup for their study is
illustrated in Figure 2. The chemical oxidation process was
carried out in the tank labeled as 1. The UV emitting device
(labeled as 5) consists of a stainless steel tube with a coaxial
mercury vapor lamp. Ozone was produced from air by an
ozone generator and was continuously fed into the oxidation
tank. Finally, the pH of the systemwas adjusted to 7, and then
the pollutant was fed to the biological treatment tank labeled
as 9.

It was found that O
3
and O

3
/UV oxidation treatment

was able to achieve 90 and 100% removal of the pesticide
deltamethrin, in a period of 210min. Utilization of ozone
with UV irradiation was found to enhance the degrada-
tion of pesticides. It has been well documented elsewhere
that the rate of pesticide removal mainly depends on both
the chemical nature of the pesticides being treated [103]
and the treatment conditions [104]. In a different study, a
sequential UV and biological degradation of a mixture of

4-chlorophenol, 2,4-dichlorophenol, 2,4,6-trichlorophenol,
and pentachlorophenol were tested with an initial concen-
tration of 50mg/L [105]. Under their reaction conditions,
pentachlorophenol degraded faster compared with other
phenolic compounds and 4-chlorophenol degraded the slow-
est. A combined biological and chemical procedure was also
used as an ecologically and economically favorable remedia-
tion technique for 2,4,6-trinitrotoluene (TNT) reduction in
contaminated ground and surface water [106, 107]. It was
observed that the anaerobic transformation process resulted
in a faster reduction of TNT due to significant change in
the redox potential of the solutions under both aerobic and
anaerobic conditions. Biodegradation of organic pollutants
by halophilic bacteria was carried out by Le Borgne and
coworkers [108].

In a very recent study, wastewater from a pharmaceutical
formulation facility in Israel was treated with a biolog-
ical activated-sludge system followed by ozonation [101].
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This work was aimed at reducing the concentrations of
carbamazepine (CBZ) and venlafaxine (VLX), before their
discharge into themunicipal wastewater treatment plant, and
they achieved efficient removal of the drugs by this collective
method. The byproducts identified from the incomplete
oxidation of ozonation were likely to be more biodegradable
than the parent compounds; thus, a postozonation biological
treatment was endorsed for the efficient removal of these
toxic pharmaceuticals from the wastewater. A recent review
has discussed the chemical and biological treatment tech-
nologies for leather tannery chemicals and wastewaters [109].
It was concluded from the review that there has not been a
full scale application of emerging technologies using AOP
to remove xenobiotics present in tannery wastewater, and,
thus, there is an opportunity for researchers to explore this
aspect. In addition, adsorption process has been widely used
as an efficient technique for the removal of a variety of toxic
pollutants and this is discussed in Section 2.3.

2.3. Adsorption. Adsorption is an effective and well-known
process and has been widely explored as an alternate tech-
nique compared with the other waste removal methods due
to the lower cost, flexibility and simplicity of design, and
ease of operation. Moreover, adsorption does not result in
production of any harmful substances. Discharge of several
types of pollutants that include household wastes, phenolic
wastes [46], dyes [110–112], pesticides [113], herbicides, and
metal ions [114, 115] into the water body causes health issues
not only for humans but also for aquatic life.

Dyes have been identified as a major contaminant in
wastewater. Many industries, such as textile, leather, paper,
plastics, food, and cosmetics, use several dyes as coloring
materials [49]. Most of these dyes are very toxic, and when
released into the environment, they can be transported over
long distances in water sources resulting in their widespread
dispersal. More than a million tonnes of dyes and coloring
materials are produced annually, and the drinking water
quality is greatly affected by the unsafe release of these dyes
into the water body [44, 45]. In addition, the presence of
even very small amounts (<1 ppm) of dyes, in particular
the synthetic dyes, in water is undesirable. Therefore, the
presence of dyes in wastewater is a major concern for
toxicological and esthetical reasons.

Adsorption is a method that is capable of removing
nondegradable waste pollutants.There are several adsorbents
that include clayminerals [46, 116], activated carbon [82, 117],
coal [111], wood, fly ash [118, 119], and biomaterials [108, 120–
122] that have been listed for the removal of industrial wastes.
However, due to the lack of effective adsorbate-adsorbent
interactions, some of the above-mentioned materials are
found to be noneffective for the adsorption of pollutants.
Consequently, oxide materials, which are considered as
an important class of adsorbents, have been explored for
adsorption. In this regard, silica gels [123], zeolites [116, 124],
Al
2
O
3
[110], SiO

2
[81, 125, 126], and TiO

2
[14, 127] have

been studied as adsorbents for removal of color effluents.The
materials used and the factors influencing the adsorption will
be extensively discussed in this section.

First, a brief discussion about the principle and equa-
tions related to some of the adsorption isotherms is made.
Generally, the equilibrium adsorption capacity 𝑞

𝑒
(mol/g) is

estimated by using

𝑞
𝑒

=
(𝐶
𝑜

− 𝐶
𝑒
) 𝑉

𝑚
, (2)

where 𝐶
𝑜
is the initial concentration of the pollutant (ana-

lyte); 𝐶
𝑒
is the equilibrium concentration of the pollutant

(analyte); 𝑉 is the volume of the analyte solution; 𝑚 is the
adsorbent mass.

A wide variety of equilibrium isotherm models that in-
clude Langmuir, Freundlich, Dubinin-Radushkevich, Tem-
kin, Flory-Huggins, and Hill isotherms that have been clas-
sified under two parameter isotherms, and Redlich-Peterson,
Sips, Toth, Koble-Corrigan, Khan, and Radke-Prausnitz
isotherms grouped under three parameter categories [114,
128–130] are available. Among these, Langmuir, Freundlich,
andRedlich-Peterson isotherms are themost commonly used
models in adsorption studies and are detailed here.

The Langmuir isotherm has been applied to a variety
of pollutant sorption processes, which involve homogeneous
surfaces and negligible interaction between the adsorbed
molecules. In addition, monolayer adsorption on the adsorp-
tive site is the main assumption, in the Langmuir adsorption
process, and the saturatedmonolayer adsorption capacity can
be obtained using the following formula [128]:

𝑞
𝑒

=
𝑞
𝑚

𝐾
𝐿
𝐶
𝑒

1 + 𝐾
𝐿
𝐶
𝑒

, (3)

where 𝑞
𝑒
is the amount adsorbed per unit mass of adsorbent;

𝑞
𝑚
is the saturated monolayer sorption capacity; 𝐾

𝐿
is the

sorption equilibrium constant (Langmuir constant); 𝐶
𝑒
is

the equilibrium concentration of the solution. The above
Langmuir isothermequation can be arranged in four different
linear forms which are named as Langmuir-1, Langmuir-2,
Langmuir-3, and Langmuir-4. Among these, Langmuir-1 and
Langmuir-2 are widely used to find the adsorption capacity
[130]. The relevant equations are as follows:

𝐶
𝑒

𝑞
𝑒

= (
1

𝑞
𝑚

) 𝐶
𝑒

+
1

𝐾
𝐿
𝑞
𝑚

Langmuir-1,

1

𝑞
𝑒

= (
1

𝐾
𝐿
𝑞
𝑚

)
1

𝐶
𝑒

+
1

𝑞
𝑚

Langmuir-2,

𝑞
𝑒

= 𝑞
𝑚

− (
1

𝐾
𝐿

)
𝑞
𝑒

𝐶
𝑒

Langmuir-3,

𝑞
𝑒

𝐶
𝑒

= 𝐾
𝐿
𝑞
𝑚

− 𝐾
𝐿
𝑞
𝑒

Langmuir-4.

(4)

Freundlich expressed an empirical equation, known as
the Freundlich adsorption isotherm, in 1906.The relationship
between the concentration of the solute in equilibrium, 𝐶

𝑒
,

and the amount adsorbed, 𝑞
𝑒
, is a constant, 𝐾

𝐹
, and is

expressed as follows:

𝑞
𝑒

= 𝐾
𝐹

𝐶
𝑒

1/𝑛
. (5)
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The constants 1/𝑛 and 𝐾
𝐹
are calculated using the linearized

form by taking the logarithm of the Freundlich isotherm as
shown in the following equation:

log 𝑞
𝑒

= log𝐾
𝐹

+
1

𝑛
log𝐶
𝑒
. (6)

The Freundlich isotherm can be applied for nonideal adsorp-
tion as well as multilayer adsorption processes.

The Redlich-Peterson equation is another popular model
and has three different parameters commonly named as 𝐴,
𝐵, and 𝑔. The combination of the Langmuir and Freundlich
models is given by the Redlich-Peterson isotherm, and
the mechanism does not obey the monolayer adsorption.
Several authors suggest that this model is appropriate for the
sorption of metal ions over wide range of concentrations.
At high concentration, the Redlich-Peterson approaches the
Freundlich isotherm, and, at lower concentration, it follows
the Langmuirmodel.The Redlich-Petersonmodel is given by
the following equation:

𝑞
𝑒

=
𝐴𝐶
𝑒

1 + 𝐵𝐶
𝑔

𝑒

. (7)

By using the subsequent linearized form of the above equa-
tion, the constants 𝐴, 𝐵, and 𝑔 can be obtained:

𝐶
𝑒

𝑞
𝑒

= 𝐶
𝑔

𝑒

𝐵

𝐴
+

1

𝐴
. (8)

A large number of materials have been employed as
adsorbents for removal of pollutants and they include natural
materials, such as clays, coal, fly ash, zeolites and other
siliceous materials, biomaterials, agricultural and industrial
solid wastes, activated carbon, oxides, and mixed oxide
materials.

Natural materials are well known as adsorbents from the
beginning of recorded human development. In particular,
clays have been utilized as an adsorbent and as an ion-
exchange material for the removal of ions and organics
due to their low cost, natural abundance, high adsorption
capacity, and ion-exchangeable property [49, 131–134]. In the
past decades, clay minerals such as bentonite, diatomite, and
kaolin have garnered increasing interest due to their ability
to adsorb both inorganic and organic materials. In particular,
the adsorption of methylene blue (MB) dye molecule has
been extensively studied over different clay minerals [131,
133, 135–138]. Apart from these clay minerals, zeolites and
siliceous materials, such as silica, glass fibers, and perlite,
deserve specific attention for wastewater treatment, as a result
of their high availability and stability.

Fly ash is another type of natural material, which is
relatively abundant and inexpensive and is currently being
explored as an adsorbent for the removal of various organic
pollutants that are present in wastewater, such as phenolic
compounds, pesticides, and dyes. It has been documented
elsewhere that these contaminants can be effectively removed
by using fly ash as an adsorbent [49, 118, 119, 139]. In addition,
the efficiency of fly ash is improved by converting the fly ash
into zeolites [140] and mesoporous materials, such as MCM-
41 and MCM-42 [141].

Biomaterials are another type of natural materials, which
are mainly used for adsorption and degradation for water
treatment applications. A few publications have discussed the
adsorption of hazardous and toxic pollutants using biological
materials [142–144]. The use of biomass for water treatment
is gaining attention due to their availability in large quantities
at low cost, in particular, for the removal of heavy metals [93,
142, 143], dyes [145–148], and phenols [149]. Srinivasan and
Viraraghavan have examined various biosorbents including
fungi, bacteria, algae, chitosan, and peat for decolorizing dye
wastewaters and the mechanism(s) involved. In addition, the
effects of various factors that influence dye wastewater decol-
orization and also themethods for increasing the biosorption
capacity of the adsorbents are critically examined in this
review [5]. The removal efficiency of pollutants by these
biomaterials was enhanced by the attachment of polymers
[150].

Activated carbon is another important, efficient, and
commercially availablematerial that consists of a wide variety
of pores in it. Even though the adsorption process proceeds
through a sequence of diffusion steps from the bulk phase
into themesopores followed by diffusion into themicropores,
the major adsorption sites on activated carbon were reported
to be located in the micropores [151, 152]. The studies on the
adsorption of dyes using activated carbon and its derivatives
have been widely discussed, and the ability of intake on the
activated carbon was found to be increased, when adsorbates
with relatively higher molar mass and lower water solubility
were used [2, 151, 153, 154]. Annadurai and coworkers utilized
activated carbon for the adsorption of rhodamine 6G (R6G)
molecule [117]. The effects of particle size, temperature, and
solution pH on the adsorption were examined in their study,
and a maximum dye adsorption of 44.7mg/g was obtained
under their operating condition (temperature of 60∘C, pH of
7, and particle size of 0.5mm). It was observed that increasing
the temperature and decreasing the particle size influenced
the amount adsorbed, whereas little impact was noticed from
changes in the solution pH towards adsorption. In addition,
it has been noted that the intraparticle diffusion of dye
molecules within the adsorbents was the rate limiting step in
the adsorption process.

In a recent literature, Prola et al. used multiwalled carbon
nanotubes (MWCNT) and powder activated carbon (PAC)
for the adsorption of direct blue 53 dye from aqueous solution
[155]. The isothermmodel was best fit with the Sips isotherm
model and themaximumadsorption capacities were found to
be 409.4 and 135.2mg/g for MWCNT and PAC, respectively.
In addition to the dye molecules, adsorption of metal ions
was also achieved by using activated carbon as an adsor-
bent. Adsorption of copper ions [156, 157] and chromium
ions [158], from aqueous solutions by activated carbon, has
been documented in recent publications. Furthermore, the
influence of surface chemistry of activated carbon on the
removal of nitrate ions from water was analyzed by Ota
and coworkers [159]. Additionally, the removal of surfactants
was also carried out over the activated carbon surface [36,
160]. Apart from the applications of pure activated carbons,
modification methods and effects of activated carbon for
water treatment have been extensively clarified in some
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review articles suggesting the importance of activated carbon
for the uptake of pollutants from the water environment [161,
162]. Even though the above-mentionednaturalmaterials and
activated carbon have been used as adsorbents, owing to the
lack of effective adsorbate-adsorbent interactions, a number
of the above-mentionedmaterials are found to be inactive for
the adsorption of organics in the polluted water. Thus, only
moderate adsorption capacity can be achieved by using some
of these adsorbents.

Oxides constitute an important class of adsorbents, and,
in this regard, zeolites [163], silica gels [123, 164], SiO

2
[92,

165], Al
2
O
3
[110], and TiO

2
[166–170] have been established

as effective adsorbents for the removal of several water
pollutants. Microporous aluminosilicate materials (zeolites)
are three-dimensional structures with negatively charged
lattice. Owing to their high ion-exchange capability, relatively
high surface area, and low cost, zeolite materials are good
adsorbents and their usefulness has been reviewed by Gho-
barkar et al. [171]. Another naturally abundant oxidematerial,
silica, has earned much attention for pollutant removal due
to the presence of silanol groups [172, 173]. In addition to
high surface area and mechanical stability, the porous nature
of silica makes it attractive for decontamination applications.
However, due to its low resistivity towards the alkalinemedia,
the application of silica is limited below pH level of 8 [173].
Furthermore, the acidic silanol groups provide strong and
irreversible adsorption, in comparison with other surface
functional groups. Even though the silica materials have this
limitation, their high adsorption capacity for the removal
of pollutants compared with other oxide materials, TiO

2
,

Al
2
O
3
[14], and ZrO

2
[174] makes them attractive. Although

adsorption is viewed as a promising water treatment method
for industrial applications, it does not degrade the pollutant
since the adsorption process merely removes pollutants from
the aqueous phase and transfers them onto a solid matrix
[175]. Thus, AOP have emerged as efficient methods for the
mineralization of organic pollutants.

2.4. Advanced Oxidation Processes (AOP). AOP is an oxi-
dation technique, which typically uses ambient conditions
(room temperature and atmospheric pressure). Several AOP
techniques such as ozonation, H

2
O
2
photolysis, Fenton pro-

cess, photo-Fenton process, and heterogeneous photocatal-
ysis have been explored for the elimination of pollutants,
particularly from water sources. These AOP techniques
destroy the pollutants by chemical oxidation or reduction. In
particular, AOP relies on the production of hydroxyl radicals
(
∙OH), which are short-lived, extremely highly reactive

species and attackmost organicmolecules with rate constants
of 10
−6

− 10
−9M−1 s−1. Moreover, the versatility of AOP is

enhanced by different possible ways for the production of
hydroxyl radicals. It is beyond the scope of this review to
provide a review of all the AOP techniques in depth and the
methods and materials used. Instead, we will cover the basic
principles of selected AOP methods and their applications.
Our focus is directed towards the use of TiO

2
-SiO
2
materials

for pollutant removal, in this review.

2.4.1. Ozonation. Ozone is unstable inwater and the chemical
properties of ozone rely on the experimental conditions.
The molecular ozone can react as a dipole, electrophile, or
nucleophile due to the two different resonance structures.
In addition, depending on the pH, temperature, and con-
centration of organic and inorganic compounds in water,
the half-life of ozone varies from a few seconds up to a few
minutes. Ozone is a powerful oxidant and it can oxidize
a large number of organic and inorganic materials. Ozone
reacts either directly or indirectly with aqueous compounds.
In the direct reaction, the molecular ozone directly reacts
with the compounds, whereas the ∙OH radicals resulting
from the decomposition of ozone (expressed in the following
equations [12–15]) react with the compounds in the indirect
reactions [176]:

−OH+O
3

→ O
2

−
+ HO

2
(9)

O
2

−
+ O
3

→ O
3

−
+ O
2

(10)

O
3

−
+ H+ ←→ HO

3
(11)

HO
3

→
∙OH+O

2
(12)

The direct reactions are very slow and solute selective,
whereas the indirect radical reactions are fast and nonse-
lective. Additionally, the direct reactions are dominant in
acidic solutions, while the indirect reactions occur mostly
at basic pH values. It was reported elsewhere that catalytic
ozonation significantly enhanced the rate of oxidation more
than noncatalytic ozonation [177], and, thus, catalytic ozona-
tion has received much attention in wastewater treatment for
removal of pollutants, such as phenolic compounds [177, 178].
Turhan and Uzman have reported the removal of phenol
from water using ozone [179]. Ozonation of phenol gave
catechol, hydroquinone, 𝑝-benzoquinone, 𝑜-benzoquinone,
maleic acid, and oxalic acid as the ring cleavage intermediate
products and it was noticed that some of the intermediates
such as catechol, hydroquinone, and 𝑝-benzoquinone can be
destroyed completely using ozone to CO

2
andH

2
O.However,

destruction requires long ozonation time and high dosage
of ozone. It was reported by Hoigné and coworkers that the
hydroxyl radicals are the active species in the decomposition
of organics. Furthermore, they have reported that the amount
of ∙OH radicals determined the ozonation efficiency and the
effect of these ∙OH radicals in the reaction kinetics during
ozonationwas examined by utilizing ∙OH radical scavengers.
However, studies towards the direct determination of the
amount of ∙OH radical produced during the ozonation
process are scarce [180].

Einaga and coworkers carried out catalytic oxidation of
benzene with ozone over several support materials, such as
Al
2
O
3
, SiO
2
, TiO
2
, and ZrO

2
, and they found that the surface

area of the catalysts is one of the important factors that
affect the reaction. In addition, they carried out oxidation of
benzene with ozone over several Mn ion-exchanged zeolite
catalysts, such as Mn-Y, Mn-b, Mn-MOR, and Mn-ZSM-5 to
investigate the effect of catalyst support on the reaction [181].
Mn-Y catalyst exhibited high activity for complete oxidation
of benzene and formed COx without release of any organic
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byproducts under moderate conditions. However, formic
acid was formed with supported manganese oxide catalysts,
Mn/SiO

2
and Mn/SiO

2
-Al
2
O
3
[182]. Recently, Einaga et

al. have reported the effect of catalyst composition and
preparation conditions on catalytic properties of Mn-based
oxides for benzene oxidationwith ozone. In their studies, they
have compared the catalytic properties of several Mn oxides,
from the standpoint of activity, product distribution, and
efficiency of ozone utilization [183]. Even though chemical
oxidation with ozone is considered as one of the effective
techniques for treatment of wastewater, in some cases, ozone
is used in combination with other treatments, particularly
with biological treatment, to improve the degradation rate of
pollutants [74, 101, 102, 104, 184, 185].

2.4.2. UV/H
2
O
2
Treatment. H

2
O
2
treatment in AOP also

involves the formation of ∙OH radicals generated by the
photolysis of H

2
O
2
in the presence of UV irradiation and

is very effective for the degradation of most of the organic
pollutants. Owing to the higher molar absorption coefficient
of the peroxide anion, the photolysis rate has been found to
be pH dependent and increases at high pH values [186–188].
It was documented elsewhere [186] that the generated ∙OH
radicals react with the organic substrate by three different
mechanisms as listed below:

Hydrogen abstraction HO∙ + RX → R∙ + H
2
O (13)

Electrophilic addition HO∙ + RX → HORX (14)

Electron transfer HO∙ + RX → XR∙ + HO− (15)

Owing to the commercial availability, thermal stability, infi-
nite solubility in water, storage, and ease of formation of
hydroxyl radical, the use of hydrogen peroxide as an oxidant
has received significant attention for water purification.
However, the rate of formation of hydroxyl radicals influences
the oxidation of organic contaminants and this has been
noted as the main disadvantage of the UV/H

2
O
2
treatment

process. Several studies have utilized the UV/H
2
O
2
process

for degrading organic compounds in aqueous media. Cater
et al. used UV/H

2
O
2
treatment to remove methyl tert-butyl

ether (MTBE), a pollutant commonly found in gasoline
contaminated in groundwater [187]. In their study, they have
examined the effectiveness of UV/H

2
O
2
treatment in the

oxidation of MTBE. The degradation of MTBE was found to
obey pseudo-first-order kinetics and showed good efficiency
with the figure-of-merit electrical energy per order (EEO)
in the range of 0.2–7.5 kWh/m3/order. In another study,
removal of naproxen, a nonsteroidal anti-inflammatory drug,
was carried out by UV/H

2
O
2
process by Felis et al. [189].

A 93% removal of naproxen was achieved after 3min. of
treatment with UV/H

2
O
2
at pH = 6. In addition, they

have obtained lower rate, when naproxen was subjected
to aerobic or anaerobic treatment prior to the UV/H

2
O
2

treatment. Wu et al. achieved a 100% removal of dimethyl
sulfoxide (DMSO) when used with H

2
O
2
/UV treatment after

3 hours of degradation at pH = 3 [190]. In this study, the
DMSO concentration was kept at 1,000mg/L, and the H

2
O
2

concentration was kept the same as that of DMSO with
5.5mW/cm2 UV irradiation intensity at a temperature of
25∘C. In contrast, a lower decomposition (83%) was attained
at a pH of 10, at the same temperature and the same period
of time. According to this study, an acidic medium is more
effective for the degradation of DMSO.

There are a large number of organic pollutants, such as
phenols and phenolic compounds, benzene and substituted
benzene, salicylic acid, proline, pyridine, and dyes [191],
that have been degraded or mineralized using UV/H

2
O
2

treatment. However, this treatment method is not the focus
of this study. In addition to the UV/H

2
O
2
treatment for

oxidation of pollutants, another process involves the use of
O
3
/UV. Even though H

2
O
2
increases the generation of ∙OH

radicals in the ozone process, the cost of this process is
too high due to the combination of two different processes,
O
3
/UV and O

3
/H
2
O
2
. Shu and Chang utilized this combined

process for the decoloration of textile dye C.I. Direct Black
22 [191, 192]. From their findings, it was noticed that the
ozonation process took less time to remove the color than the
H
2
O
2
/UV process. The H

2
O
2
/UV method removed 99% of

total organic carbon (TOC) from the effluent. Consequently,
a combination of both methods was proposed in order to
achieve good efficiency. It has been noted that this combined
method is mainly used for the removal of color effluents from
wastewater due to its high efficiency for removal of both TOC
and color [193].

2.4.3. Fenton Reaction. Fenton reaction is a homogeneous
catalytic oxidation process that uses a mixture of hydrogen
peroxide (H

2
O
2
) and ferrous ions. Due to its simplicity and

the availability of chemicals, this oxidation is considered as
an advanced technique for waste removal. In acidic envi-
ronment, H

2
O
2
and Fe2+ ions in the contaminated solution

produce hydroxyl radicals expressed as follows:

H
2
O
2

+ Fe2+ → Fe3+ + OH− + HO∙ (16)

The decomposition of H
2
O
2
is initiated by the ferrous ion

and results in the formation of hydroxyl radical (HO∙). These
hydroxyl radicals, which are powerful oxidizing agents, then
attack substrates and chemically decompose them. However,
these hydroxyl radicals can be scavenged by reaction with
Fe2+ and/or H

2
O
2
, by the following equations:

HO∙ + Fe2+ → OH− + Fe3+ (17)

HO∙ + H
2
O
2

→ H
2
O + HO

2

∙ (18)

In addition, Fe3+, which is formed during the reaction,
regenerates Fe2+ ions by reacting with H

2
O
2
as per the

following equations:

Fe3+ + H
2
O
2

←→ Fe − OOH2+ + H+ (19)

Fe − OOH2+ → HO
2

∙ (20)

Fe2+ + HO
2

∙
→ Fe3+ + HO−

2
(21)

Fe3+ + HO
2

∙
→ Fe2+ + H+ + O

2
(22)
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An extended Fenton reaction, named photo-Fenton reac-
tion, takes advantage of UV irradiation for the formation
of hydroxyl radicals in addition to the above-mentioned
equations and is described by (23) and (24). Under these
irradiation conditions, Fe2+ is regenerated by the photolysis
of the Fe3+ ions/complex. Consider

H
2
O
2

+ UV → HO∙ + HO∙ (23)

Fe3+ + H
2
O + UV → HO∙ + Fe2+ + H+ (24)

There are several reports that have examined the appli-
cations of Fenton and photo-Fenton reactions. For example,
Gutowska et al. studied the degradation mechanism of
Reactive Orange 113 in aqueous solution by using H

2
O
2
/Fe2+

[194]. In another report, a comparative study of Fenton
and photo-Fenton oxidative decolorization was carried out
against Reactive Black 5 (RB5). The pH, H

2
O
2
, and Fe2+

dosage, dye concentration, and initial concentration ratios
between [Fe2+] : [H

2
O
2
] : [RB5] were varied in their study.

The optimal ratios were found to be [H
2
O
2
]/[RB5] of 4.9 : 1

and [H
2
O
2
]/[Fe2+] of 9.6 : 1, with pH of 3. Even though both

the Fenton and photo-Fenton reactions effectively decol-
orized the RB5 dye with 97.5 and 98% efficiency, the TOC
removal rates were found to be significantly different. A
significant removal (46.4%) was obtained with photo-Fenton
reaction, whereas only 21.6% TOC removal was observed
with the Fenton reaction. This result indicates that UV
irradiation plays an important role in the mineralization of
the RB5 dye. Elmolla and Chaudhuri degraded antibiotics
amoxicillin, ampicillin, and cloxacillin in aqueous solution
by the photo-Fenton process and examined the effects of
UV irradiation, H

2
O
2
/(COD) and H

2
O
2
/Fe2+ ratios, pH,

and the initial concentration of antibiotics. They obtained
complete degradation within 2min., under the following
optimal conditions:H

2
O
2
/CODmolar ratio of 1.5,H

2
O
2
/Fe2+

molar ratio of 20, and pH of 3 [195]. Even though there
are several reports that acknowledge the applicability of the
Fenton and photo-Fenton oxidation for a variety of organics,
large-scale industrial operations seem to be lacking; however,
pilot plant studies show promise.

2.4.4. Heterogeneous Photocatalysis. Heterogeneous photo-
catalysis is a process, which embraces a large variety of
reactions such as oxidation, dehydrogenation, metal depo-
sition, organic synthesis, water splitting, photoreduction,
hydrogen transfer, isotopic exchange, disinfection, anticancer
therapy, water detoxification, and gaseous pollutant removal
[196, 197]. Heterogeneous photocatalysis is considered as
an effective AOP technique, particularly for air and water
purification treatment. Heterogeneous photocatalysis can be
carried out in gas or liquid phases, and the overall process
can be explained by five different reactions: (i) transfer of the
reactants in the fluid phase to the surface, (ii) adsorption of
at least one of the reactants, (iii) reaction in the adsorbed
phase, (iv) desorption of the product(s), and (v) removal
of the products from the interface region [75]. Commonly,
the heterogeneous photocatalysts are semiconductors, such
as titanium dioxide (TiO

2
), which can produce electron-hole

Volume recombination
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h�
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⊖
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Figure 3: Recombination of electrons and holes within a semi-
conductor particle in the presence of acceptor (A) and donor (D)
(reprinted with permission from [75]).

pairs by the illumination with photons whose energy is equal
to or greater than the bandgap of the semiconductor as shown
by

TiO
2

h]
→ e−CB + h+VB (25)

The electron-hole pairs then dissociate into free photoelec-
trons in the conduction band and holes in the valence band
are produced [75, 196, 198, 199]. The photoefficiency can
be reduced by the surface or volume recombination of the
electron-hole pairs either in the bulk or at the surface as
depicted in Figure 3. Thus, recombination is undesirable and
is detrimental to the photocatalytic activity.

In this photocatalysis process, the contaminant molecule
gradually breaks down by its reaction with highly reactive
oxidative species (ROS), such as HO∙, O

2

∙−, and HOO∙,
which can be generated during the illumination process by
the following equations [197, 200–203]:

h+VB + OH−ads → HO∙ads (26)

h+VB + H
2
O → HO∙ + H+ (27)

2HO∙ → H
2
O
2

(28)

2H+ + O
2

+ 2e− → H
2
O
2

(29)

2H
2
O + 2h+VB → H

2
O
2

+ 2H+ (30)

H
2
O
2

h]
→ 2HO∙ (31)

e−CB + O
2(ads) → O

2

∙− (32)

O
2

−
+ 2H+ + e−CB → H

2
O
2

(33)

O
2

∙−
+ H
2
O
2

→ HO∙ + HO− + O
2

(34)
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O
2

∙−
+ H+ → HOO∙ (35)

O
2

∙−
+ h+VB → O

2
(36)

O
2

∙−
+ HOO∙ + H+ → O

2
+ H
2
O
2

(37)

Among all these ROS, it has been widely noted that hydroxyl
radicals are the most potent and important species respon-
sible for the degradation of pollutants. Table 1 shows a
comparison of the various removal techniques.

Frank and Bard have reported the heterogeneous pho-
tocatalytic oxidation of cyanide and sulfite in the presence
of several semiconductors that include TiO

2
, ZnO, CdS,

Fe
2
O
3
, and WO

3
, in aqueous medium under sunlight [204].

It was noticed that TiO
2
, ZnO, and CdS showed good activity

for cyanide oxidation, and no oxidation was seen using
Fe
2
O
3
and WO

3
. In addition, the rates of the photocatalytic

oxidation were found to be greater for sulfite than cyanide.
Among these oxides, titanium dioxide (TiO

2
) is an effective

semiconductormaterial that has been explored for numerous
applications including adsorption [168, 169], heterogeneous
photocatalysis for splitting of water [205, 206], solar cell
applications [207], and degradation of pollutants.

The removal of inorganic anions that include cyanide
[208–210], nitrite [211], and sulfite [204] has been studied in
the presence of TiO

2
. In addition, the degradation of variety

of pollutants that include several dye molecules [11, 13, 212–
216], phenol and phenol derivatives [12, 46, 217, 218], and
salicylic acid [219, 220] has also been researched.

Even though TiO
2
has been utilized as a photocatalyst

for the degradation of a number of pollutants, its efficiency
towards degradation is partly limited owing to its poor
adsorptive property. In order to improve the efficiency of
titania, researchers have prepared mixed oxide materials that
can provide greater number of adsorptive sites; furthermore,
by generating highly porous structures with large surface
areas, effective dispersion of titania can also be achieved
[221, 222]. Among the variousmixed oxides, titania-silica has
met the expectations of several researchers, due to the high
surface area and the hydrophobic nature of silica [14].

3. Titania-Silica (TiO2-SiO2) Mixed Oxides

As discussed in the previous section, the presence of various
inorganic and organic hazardous pollutants in the aquatic
system poses a huge threat to public hygiene and human
health. Hence, effective and economic means of remediating
the polluted water sources need to be developed. Several
conventional methods for removal of hazardous materials
from wastewater, such as physical adsorption, condensation,
biofiltration, and catalytic destruction [7], show varying
degree of efficiencies in wastewater treatment. However,
these above-mentioned traditional wastewater treatment
techniques face several drawbacks or limitations: (i) physical
adsorption method only immobilizes the pollutants onto
solid adsorbent instead of degrading them into harmless
materials, (ii) the condensation and/or biofiltration methods
show relatively low efficiency and only a limited number of
pollutants can be treated in this manner, and (iii) catalytic

destruction processes are normally carried out under harsh
conditions, such as extremely high temperatures (sometimes
as high as 900∘C). Therefore, an improved technique that
presents high remediation efficiency that can be carried
out under moderate conditions is desired. AOP, which are
applicable at ambient temperature and pressure conditions,
are recognized to be an ideal technique for environmental
remediation. Extensive research interest has been devoted
into heterogeneous photocatalysis and promising results
have been obtained for the removal of highly toxic and
nonbiodegradable pollutants that are commonly found in
industrial wastewaters.

The following sections will briefly provide an overview
of the synthesis of TiO

2
-SiO
2
mixed oxides and an extensive

discussion about the applications of TiO
2
-SiO
2
mixed oxide

materials towards the degradation of aquatic pollutants will
also be carried out. A variety of synthetic methods have
been reported for the preparation of periodic mesoporous
materials, which are materials with uniform, regular, and
well-arranged pores, and aperiodic TiO

2
-SiO
2
mixed oxide

materials that have randomly arranged pores. Thus, some
of the main preparation methods followed by the structural
characterization of titania-silica are presented here. Finally,
the photocatalytic activity of these TiO

2
-SiO
2
materials will

be elaborated in great depth. Consequently, the factors that
influence the photocatalytic activity such as the structural
properties of the photocatalysts, pollution type and concen-
tration, and pH will also be reviewed.

3.1. Periodic TiO
2
-SiO
2

Mixed Oxide Materials. Among
numerous semiconductormaterials, there has been consider-
able interest in the use of TiO

2
as a photocatalyst to degrade

a variety of pollutants in water [196, 223–225]. However,
the photocatalytic performance of TiO

2
is significantly con-

strained by the fast recombination of the photogenerated
electron-hole pair. In addition, its large bandgap energy
(3.2 eV in anatase), low adsorption efficiency, surface area,
and porosity restrict the widespread application of TiO

2

photocatalysts.
In order to promote AOP in practical applications, TiO

2

based photocatalysts with large specific surface area and
porosity that is conducive to adsorption of aquatic pollutants
need to be developed. A common strategy is to incorporate
TiO
2
into periodic mesoporous support materials such as

SiO
2
. Periodic mesoporous SiO

2
materials possess high

surface area, tunable pore size, and large pore volume that
facilitate good dispersion of TiO

2
and adsorption of pollutant

molecules as well.
In recent years, TiO

2
has been incorporated into highly

ordered mesoporous siliceous materials such as SBA-15,
MCM-41, and MCM-48. These periodic mesoporous sili-
ceous supports with very high surface area and long-range
ordered array of mesopores are recognized to be robust and
stable supports for immobilizing TiO

2
species. In addition,

the large surface area of mesoporous SiO
2
enables the high

dispersion of TiO
2

species. With the above-mentioned
merits, TiO

2
containing periodic mesoporous materials are

expected to achieve markedly enhanced efficiencies for the
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Table 1: Different removal techniques and its advantage(s) and disadvantage(s).

Removal techniques Advantage(s) Disadvantage(s)

Electrochemical oxidation Does not require auxiliary chemicals, high
pressures, or high temperatures. Low selectivity and low reaction rates.

Biological process Ecologically favorable process.
High capital and operational cost.
Handling and disposing the secondary sludge
pose problems.

Adsorption

Cost-effective method.
Easy availability and operation.
Most profitable process and more efficient than
the conventional methods (i.e., precipitation,
solvent extraction, membrane filtration, etc.).

Merely removes the pollutants from one phase
(aqueous) to another (solid matrix).
Expensive process for regeneration especially if
the pollutants are strongly bound to the
adsorbents.

Advanced oxidation processes (AOP)

(i) Ozonation Powerful oxidation technique oxidizes a large
number of organic and inorganic materials.

More complex technology and requires high
capital/operational cost.
High electric consumption.

(ii) UV
An effective method that typically does not
leave any byproducts which are harmful to the
environment.

Less effective if the wastewater has high
amounts of particulates which can absorb UV
light.

(iii) UV/H2O2

An effective technique in the oxidation and
mineralization of most organic pollutants.
Ease of formation of ∙OH radicals.

Less effective, when the wastewater has high
absorbance.
High operational cost.

(iv) O3/UV/H2O2

Most effective process due to the fast
generation of ∙OH radicals.
Can treat a wide variety of contaminants.

Needs to compete with high turbidity, solid
particles, and heavy metal ions in the aqueous
stream.
High operational cost.

(v) Fenton reaction Simple process.
Easy availability of chemicals.

Production of sludge iron waste and handling
the waste pose logistical problems.

(vi) Photo-Fenton reaction
Reduction of sludge iron waste compared to
original Fenton reaction.
Effective and fast degradation.

Needs a controlled pH medium for better
performance.

(vii) Heterogeneous photocatalysis

Long-term stability at high temperature.
Resistance to attrition.
Low-cost and environmentally benign
treatment technology.

Could form byproducts that can be harmful to
the environment.
Requires efficient catalysts that can absorb in
the visible region.

photocatalytic degradation of aqueous wastes in comparison
with nonsupported TiO

2
.

In this section, the commonly conducted synthetic meth-
ods for the preparation of TiO

2
containing periodic SiO

2

mesoporous materials will be discussed. In addition, typical
characterization techniques along with examples in which
TiO
2
containing periodic SiO

2
mesoporous materials are

used as photocatalysts for degradation of aqueous pollutants
will also be covered.

3.1.1. Ti-SBA-15. SBA-15 is an important mesoporous mate-
rial that is prepared by the using of triblock copolymers as
structure directing agents. Because of its relatively large pore
size (>6 nm) and thick pore walls, it has been used as a
support to disperse TiO

2
.

Synthesis. The synthetic methods for the incorporation of
TiO
2
into SBA-15 mesoporous materials are mainly based on

sol-gel reactions that include the hydrolysis, condensation,
and precipitation of both titania and silica sols. A variety

of synthetic procedures have been designed and developed.
Several experimental variables that include solvent, pH, tem-
perature, nature of silica and titania precursor, and surfactant
type have been varied with a purpose of obtaining TiO

2

species in different phases and/or immobilizing them in
different locations in SBA-15 support. These are discussed in
the following section.

(1) Coprecipitation Method. In this synthetic route, the
titania and silica precursors are introduced to the synthesis
pot and they undergo hydrolysis simultaneously. In a
typical synthesis, desirable amounts of silica precursor,
for instance, tetraethyl orthosilicate (TEOS) or trimethyl
orthosilicate (TMOS) along with titania precursor, such
as tetraethyl orthotitanate, tetraisopropyl orthotitanate, or
tetrabutyl orthotitanate, are added to a solution containing
a triblock copolymer such as Pluronic P-123 (poly(ethylene-
oxide)

20
-poly(propylene-oxide)

70
-poly(ethylene-oxide)

20
).

After sufficient stirring, the suspension is transferred to
a Teflon-lined autoclave and subjected to hydrothermal
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reaction at temperatures ranging from 100 to 250∘C for as
long as 24 h. Compared to the synthesis procedures under
ambient conditions, the use of higher temperature and
pressure in the hydrothermal synthesis ensures the complete
hydrolysis of both the silica and titania precursors as well
as the successful formation of the hexagonal phased SBA-15
material. In addition, the hydrothermal synthesis also results
in the homogeneous distribution of the titania species in the
SBA-15 siliceous support and often leads to the establishment
of Ti-O-Si heterolinkages that are reported to be highly active
in various photocatalytic reactions. After the hydrothermal
reaction, a washing procedure is necessary to remove any
unreacted precursors. Eventually, the materials are calcined
in order to eliminate the surfactant.

(2) Postimpregnation Method. Compared to coprecipitation,
the postimpregnation method has been studied more fre-
quently. The merits of utilizing the postimpregnation syn-
thetic method for the preparation of titania incorporated
SBA-15 can be summarized as follows. First, the hexagonal
phase of SBA-15 is more robust to withstand the conditions
utilized for the coprecipitation method. Second, by postim-
pregnation method, titania species can be grafted onto the
pore wall or surface of the mesopores of the SBA-15 meso-
porous materials rather than to the framework positions.The
anchored titania species on the pore walls have a greater
probability to interact with reactant molecules that infiltrate
the pores of SBA-15. In addition, via the postimpregnation
method, a relatively large amount of titania can be loaded in
the preformed SBA-15 mesoporous support. Therefore, more
available active sites can be generated with higher loadings of
titania.

The synthesis of SBA-15 mesoporous materials has been
established and well documented [226]. In a typical syn-
thesis route, an appropriate amount of triblock copoly-
mer Pluronic P-123 (poly(ethylene-oxide)

20
-poly(propylene-

oxide)
70
-poly(ethylene-oxide)

20
) is added and dissolved in a

mixture solution of water and hydrochloric acid. After the
addition of silica precursor, for instance, tetraethyl orthosil-
icate (TEOS), the mixed solution is transferred to Teflon-
lined autoclave and subjected to hydrothermal synthesis.The
solid product then undergoes filtration, washing, and drying
steps and is finally calcined in air to decompose the triblock
copolymer to obtain SBA-15. During the postimpregnation
synthesis, a variety of titania precursors can be immobilized
into the preformed SBA-15 hexagonal structuredmesoporous
material. A certain amount of preformed SBA-15 is sonicated
in isopropanol and this is followed by the addition of the
required amount of titania precursor with stirring. Water is
then added slowly to the resulting mixture to initiate the
hydrolysis of the titania precursor. After the completion of
the hydrolysis of titania precursor, the solid is recovered by
centrifugation and calcined in the presence of air to give Ti-
SBA-15.

3.1.2. Ti-MCM-41 and Ti-MCM-48. MCM-41 and MCM-
48 belong to the M41S series of mesoporous materials
that were originally developed by Mobil research scientists.

These mesoporous materials have been widely employed as
supports to disperse TiO

2
.

Synthesis. Compared to Ti-SBA-15, the syntheses of titania
incorporated into MCM-41 and MCM-48 periodic meso-
porous materials require careful control of experimental
conditions.The relatively small pore diameters (1.8 to 2.5 nm)
and thin pore walls (1.2 to 2 nm) in MCM-41 and MCM-
48 make the synthesis of these materials a little challenging.
The successful formation of the hexagonal phased mesopores
of MCM-41 and the cubic phased mesopores of MCM-48
is extremely sensitive to experimental conditions such as
reaction temperature, time, surfactant concentration, pre-
cursor concentration, pH, and solvent used in the reaction.
The syntheses of titania loaded MCM-41 and MCM-48
mesoporous materials are also based on sol-gel chemistry
and can be mainly divided into two categories including
coprecipitation and postimpregnation method.

(1) Coprecipitation Method. The coprecipitation method of
synthesis of Ti-MCM-41 and Ti-MCM-48 is performed
similar to Ti-SBA-15. However, instead of using triblock
copolymer Pluronic 123, the structure directing agent used in
the MCM-41 and MCM-48 synthesis is a cationic surfactant
such as cetyltrimethyl ammonium bromide (CTAB). In a
typical synthesis, a certain amount of CTAB is dissolved in
a solution of water and alcohol. The synthesis gel contains
titania and silica precursor, cationic surfactant, ethanol, and
aqueous ammonia. Under basic conditions (pH > 8), the
silica species exist as polyanions. The cooperative interaction
between the silicate anionic species (I−) and the cationic
surfactant (S+) induces a phase separation. With time, the
silicate moieties undergo polymerization which decreases
their charge density. Concurrently, the surfactant molecules
undergo rearrangement to match the charge density at the
surfactant-inorganic interface. The final mesophase formed
is based on the structure having the lowest interface free
energy or chemical potential. Meanwhile, the titania precur-
sor undergoes hydrolysis and condensation to form either
Ti-O-Ti or Ti-O-Si linkages. The gel is then transferred to a
Teflon-lined autoclave and is typically held at 110∘C to carry
out the hydrothermal synthesis for as long as 48 h. After
filtration, washing, and calcination to remove the surfactant,
titania incorporated in MCM-41 or MCM-48 is obtained.

(2) Postimpregnation Method. Apart from the coprecipita-
tion method, postimpregnation method is widely conducted
for the synthesis of titania modified MCM-41 and MCM-
48 mesoporous materials. The postimpregnation method is
favored in the preparation of Ti-MCM-41 and Ti-MCM-48
photocatalysts for the ease of synthesis and the preservation
of highly ordered hexagonal (MCM-41) or cubic (MCM-
48) mesoporous structures. The method is similar to that
discussed previously for Ti-SBA-15.

3.1.3. Structural Characterizations. The important techniques
to characterize the titania containing mesoporous materials
are discussed in this section.



14 Journal of Nanomaterials

Powder X-Ray Diffraction (XRD). Powder X-ray diffraction
(XRD) is an informative technique to verify the periodic
nature of themesoporous structures in SBA-15,MCM-41, and
MCM-48 materials and, additionally, the crystallinity and
phases of the embedded titania species may also be inferred
from powder XRD studies.

Figure 4 shows the low-angle XRD patterns of a series
of titania loaded SBA-15 mesoporous materials [76]. In all
of the XRD patterns for the TiO

2
/SBA-15 samples, it can

be observed that, in the range of 2𝜃 between 0.8∘ and 2∘,
three well-resolved peaks are observed. These are ascribed to
the reflections due to 𝑑

100
, 𝑑
110

, and 𝑑
200

and demonstrate
the characteristic hexagonal space group P6mm in SBA-15
periodic mesoporous materials. With the addition of various
amounts of titania, the intensity of the peaks due to intrinsic
reflections in SBA-15 materials decreases subtly. This small
decrease in the peak intensity in the titania loaded samples
can be explained by the incorporation of titania in the
mesopores of the SBA-15 that results in the less scattering
contrast between the pores and pore walls. However, the
relatively inappreciable change in the 𝑑

100
, 𝑑
110

, and 𝑑
200

reflections indicates that the SBA-15 is a robust and stable
support for immobilizing titania species.

Apart from the low-angle XRD, long-range XRD analysis
was also carried out to investigate the nature of the titania
species in the Ti-SBA-15 mesoporous materials. Figure 5
presents the wide-angle XRD patterns for a series of titania
incorporated SBA-15 samples and a pure SBA-15 as reference
[77]. It can be seen that the pure SBA-15 sample shows a
broad peak at around 2𝜃 = 25

∘. This peak is due to the
presence of amorphous silica that is the predominant phase
in SBA-15. In addition, at relatively low loadings of titania
(from 7% to 22%), as shown in Figures 5(b) to 5(e), the
XRD patterns only show a broad peak at 2𝜃 = 25

∘ due
to SBA-15. This phenomenon is most likely due to the high
dispersion of the titania species in the large surface area SBA-
15 mesoporousmaterials. Titania clusters are confined within
the mesosized pores of SBA-15 and/or maybe amorphous in
nature. However, with further increase of the titania loading
(26% to 31%), peaks due to bulk TiO

2
can be perceived. This

indicates that, in the materials at these two loadings, titania
clusters have aggregated to form larger particles on the SBA-
15 support.

Similar observations can also be found from the powder
XRD analysis for titania incorporated into MCM-41 and
MCM-48 mesoporous materials. Kasahara et al. performed
powder XRD analysis for titania incorporated MCM-41
mesoporous materials [227]. Typical Bragg reflections of
the MCM-41 mesoporous materials with P6mm hexagonal
symmetrywere observed from the low-angle XRDpatterns in
all samples. In the wide-angle XRD plot, a characteristic peak
due to only amorphous silica located at 2𝜃 = 25

∘ was found.
This indicates the high dispersion of titania in the MCM-41
mesoporous support.Thus, low- andhigh-angle powderXRD
experiments are useful in identifying themesoporous and the
titania phase (at high loadings).

Nitrogen Physisorption. In order to investigate the textural
properties, such as surface area, pore volume, and pore size
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Figure 4: Small-angle XRD patterns of TiO
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/SBA-15 samples
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Figure 5: Wide-angle XRD patterns of TiO
2
/SBA-15 mesoporous

samples with different loadings of TiO
2
: (a) bare SBA-15, (b) 7%

TiO
2
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, (d) 18% TiO
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, (e) 22% TiO

2
, (f) 26% TiO

2
, and

(g) 31% TiO
2
(reprinted with permission from [77]).

of titania incorporated into periodic mesoporous materials,
nitrogen physisorption studies are carried out.

Figure 6(a) depicts the nitrogen adsorption-desorption
isotherms for a series of titania containing MCM-41 meso-
porous samples [78].

All the isotherms indicate type IV classification that
is typical for mesoporous materials. In addition, a steep
inflection that occurs at relative pressure values from 0.2 to
0.4 is an indication of the periodic array of the mesopores in
the samples. Figure 6(b) presents the pore size distribution
plots of the same batch of samples. The plots exhibit a very
narrow pore size that is centered at around 28 Å indicating
their uniformity.
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(reprinted with permission from [78]).

Inductively Coupled Plasma-Atomic Emission Spectrometry
(ICP-AES).Depending on the various synthetic and process-
ing methods, the amount of the titania species in the final
mesoporous materials may be different from the amount
added or expected. This may be due to some unreacted
titania precursor or due to loss of weakly adsorbed titanyl
species during thewashing process. It is important to estimate
the actual amount of titania retained in the final meso-
porous material. ICP-AES is a commonly adopted analytical
technique to accurately determine the actual contents of
titania species in the final titania loaded periodicmesoporous
materials. Tian et al. performed the ICP-AES analysis for a
series of titania loaded MCM-41 samples with variable Ti
concentrations [228]. The results indicate that only about
one-tenth of the titania content was preserved in the final
materials compared with the initially introduced Ti pre-
cursors in the synthesis gel. Since there can be significant
differences between the amount of titania actually retained
in the mesopore matrix and the amount added, it is crucial to
estimate the real titania loading in the sample and ICP-AES
analysis is an important technique in this regard. It should
be pointed out that atomic absorption spectroscopy (AAS) is
less useful in comparison to ICPmethod for determination of
titania since refractorymaterials such as titania are difficult to
be quantified by the AAS method.

UV-Vis Diffuse Reflectance Spectroscopy (DRS). DRS is a
sensitive tool in understanding the optical properties and the
local environment and coordination of Ti4+ ions in titania
containing periodic mesoporous materials. Also, one can
estimate the bandgap and particle sizes of TiO

2
by the DRS

method. Figure 7 shows theDRS of a set of Ti-SBA-15 samples
that contain different Ti amounts [79]. It can be seen that
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Figure 7:Diffuse reflectanceUV-Vis spectra of Ti-SBA-(x)materials
with varying titania loadings corresponding to (a) Ti-SBA-(6), (b)
Ti-SBA-(9), and (c) Ti-SBA-(12) (reprinted with permission from
[79]).

the Ti-SBA-15 samples exhibit absorption only in the UV
region (<400 nm). Besides, the absorption onset shifts to
higher wavelength with an increase of the titania content
in the sample. This is due to the formation of the relative
large clusters of titania at higher loadings. Apart from the
absorption onset, there is an extra band near 214 nm in the
sample with the least amount of TiO

2
. This band is due to

the ligand-to-metal charge-transfer (LMCT) from the O2– to
Ti4+ due to the presence of spatially isolated and tetrahedrally
coordinated Ti4+ in the Ti-SBA-15 sample. With an increase
of TiO

2
content in the sample, this band also displays a red
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Figure 8: FT-IR spectra of Ti-MCM-41 with different Si/Ti ratios (reprinted with permission from [80]).

shift, which indicates that a portion of Ti4+ undergoes poly-
merization to form octahedrally coordinated Ti4+. Hence,
by conducting the DRS study, a better understanding of the
optical properties and chemical environment of the titania
species in the mesoporous materials can be obtained.

Fourier Transform-Infrared (FT-IR) Spectroscopy. FT-IR spec-
troscopy is widely applied to elucidate the surface environ-
ment of the titania containing periodic mesoporous mate-
rials. Figure 8 presents the FT-IR spectra of a series of Ti-
MCM-41 samples with different Si/Ti ratios [80]. From the
FT-IR spectra, an absorption peak appearing at 960 cm−1 is
observed that may be assigned to the vibration of Ti-O-Si.
With an increase of Ti content in the Ti-MCM-41 sample,
the peak is observed to be more conspicuous. However, one
should be careful in assigning this peak to Ti-O-Si since this
vibration is also widely attributed to the presence of Si-O-
H group. Thus, the use of FT-IR spectroscopy to infer the
presence of Ti-O-Si bond is challenging.Other than this peak,
three additional peaks at 440, 800, and 1060 cm−1 are due to
the stretchings from the Si-O-Si support.

Raman Spectroscopy. The crystal phase of titania plays a
critical role in photocatalytic reactions. Hence, Raman spec-
troscopy has been largely conducted to investigate the phase
of titania in the periodic mesoporous materials. Figure 9
illustrates the Raman spectra of a series of Ti-SBA-15 samples
[77]. In the samples with 26 and 31 wt.% of TiO

2
and pure

TiO
2
, Raman bands at 640, 520, 400, and 150 cm−1 with an

additional shoulder at 200 cm−1 can be observed. The peaks
at 640, 200, and 150 cm−1 can be assigned to 𝐸

𝑔
symmetric

mode, the peak at 520 cm−1 is due to the combination of both
B
1 g and A

1 g symmetry, and the peak at 400 cm−1 is due to
B
1 g symmetry. The Raman spectra indicate that titania exists

in the anatase phase in these materials. For the Ti-SBA-15
samples with the TiO

2
loading lower than 22wt.%, the peak

intensities drop significantly indicating the presence of small
sized and/or amorphous titania species. This is caused by the
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with permission from [77]).

high dispersion of the titania species in the high surface area
SBA-15 support at relatively low TiO

2
content.

X-Ray Photoelectron Spectroscopy (XPS). XPS is a useful tech-
nique to elucidate the oxidation states of the titania and silica
species and to also identify the presence of Ti-O-Si linkages
from the peak positions of the binding energies. Figure 10
shows the XPS spectra of O 1s core-level of TiO

2
/SBA-15

mesoporous samples [77]. As can be seen, all of the samples
show a clear peak at a binding energy of 532.8 eV. This peak
can be assigned to oxygen in bulk silica (Si-O-Si). Apart from
the peak appearing at the binding energy of 532.8 eV, an extra
peak in the range of 530.0–530.6 eV can also be observed in all
studied samples. This peak can be ascribed to the presence of
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oxygen from Ti-O-Ti bonds. In addition, the intensity of the
oxygen peak in the Ti-O-Ti species increases with the loading
of titania in the samples.

Transmission Electron Microscope (TEM). TEM studies are
widely conducted to illustrate the degree of the periodicity
and morphologies of the mesoporous structures in various
support materials, such as SBA-15, MCM-41, and MCM-48.
Although powder XRD and nitrogen adsorption isotherms
provide clues regarding the degree of periodicity of the pores,
TEM studies can provide unequivocal evidence regarding the
uniformity of the pores. Also, TEMcan be used to identify the
crystallinity and the phase of the titania species within the
ordered mesoporous silica support. Figure 11 shows the TEM
images of a representative Ti-SBA-15 mesoporous material
[83]. Figures 11(a) and 11(b) indicate the highly periodic
nature of the SBA-15 mesoporous materials indicating hexag-
onal phased pores in the materials after the incorporation
of titania species. In order to elucidate the nature of titania
species, high resolution transmission electron microscopy
(HRTEM) and selected area electron diffraction (SAED)
studies were carried and the results are shown in Figures
11(c) and 11(d). The 𝑑-spacings were determined to be 3.5122,
2.4000, 1.8947, and 1.7561 Å, which correspond to 𝑑

101
, 𝑑
103

,
𝑑
200

, and 𝑑
202

planes of anatase phase, respectively. Hence,
the TEM results indicate that titania is in the form of anatase
within the pores of SBA-15 periodic mesoporous materials.

Field Emission-Scanning Electron Microscope (FE-SEM). FE-
SEM is an instructive instrument to understand the surface

morphologies of the titania loaded periodic mesoporous
materials. Figure 12 presents the SEM images of a sequence
of titania incorporated SBA-15 materials with two different
morphologies [83]. As can be clearly seen from the SEM
images, the sample labelled Rod-SBA-15 exhibits uniform rod
shaped materials and the length of the rods is fairly similar
(∼1mm). However, the Normal-SBA-15 shows “wheat” like
shape. After the incorporation of titania, both types of SBA-15
samples preserve their original morphologies. This indicates
that SBA-15 is a very stable and robust support material for
accommodating titania species.

3.1.4. Photocatalytic Reactions. In this section, we will discuss
the photocatalytic reactions explored using titania incorpo-
rated into periodic mesoporous materials.

Photocatalytic Degradation of Dyes. Photocatalysis is an effec-
tive way to decompose dyes, which constitute an important
class of pollutant. Among them, the degradation of MB
dye has been explored extensively. During the photocatalytic
processes, MB can be converted into gaseous CO

2
and

inorganic ions such as SO
4

2−, NH
4

+, and NO
3

−. Yang et
al. investigated the photocatalytic performance of the Ti-
SBA-15 mesoporous materials for the degradation of MB
[229].The removal efficiency of MB was correlated with their
adsorption on TiO

2
/SBA-15 mesoporous materials. The dark

adsorption study indicated that the uptake amount of MB
increased with the surface area of TiO

2
/SBA-15 materials. In

addition, the samplewith higher surface area presented better
photocatalytic performance in the degradation of MB. It is
well known that, besides the surface area of the catalyst, other
factors, such as crystal phase, crystallite size, and crystallinity
of the titania species, also impact the photocatalytic activity.
However, the photocatalytic activity is a balance between the
surface area and crystallinity. Thus, the TiO

2
/SBA-15 sample

with 30% loading of TiO
2
showed the highest photocatalytic

activity among all samples due to the high surface area
without sacrificing too much crystallinity of TiO

2
. Similar

observations can be seen from the works reported by Sahu
et al. [226], Zhu et al. [79], and Acosta-Silva et al. [77], in
which the anatase TiO

2
nanospecies were incorporated in

SBA-15 mesoporous materials to realize the photocatalytic
decomposition of MB. The photocatalytic activity of TiO

2
-

SBA-15 was shown to be significantly higher than that of pure
TiO
2
.

In addition to the structural properties of the photo-
catalysts, the experimental conditions also had a dramatic
influence on the photocatalytic decolorization of MB. Suraja
et al. investigated the effect of the reaction time, concentra-
tion of MB, and the pH environment over the photocatalysis
process [8]. With time, the photocatalytic degradation rate
of MB increased due to the larger exposure under the light
source. Regarding the concentration of MB, the photocat-
alytic degradation capacity stayed more or less identical at
relatively low (<25mg/L) initial dye concentration. However,
after the initial concentration of MB exceeded 25mg/L,
a sudden decrease in the activity was noticed. This can
be explained by the fact that, at high concentrations of
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Figure 11: TEM images of (a) SBA-15 along [81] direction, ((b) and (c)) TiO
2
/SBA-15 along [81, 82] direction (inset shows the SAED pattern),

and (d) a typical HRTEM image of TiO
2
nanoparticle encapsulated in the channel of SBA-15 (reprinted with permission from [83]).

MB, irreversible adsorption of MB takes place. The lack of
desorption of MB molecules from the surface prevents MB
molecules in solution to adsorb at the surface and, thus,
the degradation is low at high concentrations of MB. The
pH of the solution in the photocatalytic reaction showed a
significant impact on the MB degradation efficiency. Either
acidic or basic conditions were proven to be detrimental
for the MB degradation. The highest efficiency was achieved
under neutral conditions.

Besides the hexagonal SBA-15 mesoporous materials,
TiO
2
containing cubic MCM-48 mesoporous materials have

also been studied for MB photodegradation. Liou and Lai
developed TiO

2
/MCM-48 composite materials and evalu-

ated their performance for photocatalytic decomposition
of MB [230]. Their results indicate that lower loadings of
TiO
2
enhanced both adsorption of MB and photocatalytic

activities. This was mainly due to the fact that, at high
loadings, aggregation of TiO

2
caused clogging of the pores in

MCM-48 and brought down their uptake of MB molecules.

At lower TiO
2
contents, high dispersion of titania in the

MCM-48 mesoporous materials enabled more efficient con-
tact and reaction with MB molecules.

Rhodamine dyes (R6G and B (RhB)) are also commonly
seen as pollutants in the aquatic environment and they can
be decomposed by titania incorporated into periodic meso-
porous materials. De Witte et al. tested the photocatalytic
performance of titania loaded SBA-15 for the photodecom-
position of R6G [231]. The TiO

2
/SBA-15 sample with larger

pore diameters presented superior photocatalytic activity
compared to the rest of the samples. This can be explained
by the fact that the larger pore sized material facilitated
better diffusion of R6G molecules and ensured good contact
with TiO

2
. Beyers et al. also confirmed the observation that

large pore sizes in TiO
2
/SBA-15 sample are conducive for

the photocatalytic degradation of R6G [232]. In addition, the
location (inside or outside of the SBA-15 channels) of the
TiO
2
species in the TiO

2
/SBA-15 samples and its influence

on the photocatalytic activity were studied as well. Tian
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(a) (b)

(c) (d)

Figure 12: SEM images of (a) Rod-SBA-15, (b) TiO
2
/Rod-SBA-15, (c) Normal-SBA-15, and (d) TiO

2
/Normal-SBA-15 (reprinted with

permission from [83]).

et al. examined the photocatalytic degradation of RhB by
using titania loaded MCM-41 mesoporous materials [228].
It was suggested that the photocatalytic performance was
based on both the loading and the position of the titania
species. Compared with the pure TiO

2
sample, TiO

2
/MCM-

41 exhibitedmarked enhanced photocatalytic activity for RhB
degradation.

Li et al. investigated the photocatalytic properties for
methyl orange (MO) degradation over the TiO

2
/SBA-15

mesoporous materials with different morphologies [83]. The
rod-like SBA-15 supported sample presented higher photo-
catalytic activity than that of regular TiO

2
/SBA-15. It was

proposed that the rod-like SBA-15 mesoporous materials
possessed smaller particle size and shorter channel than the
regular SBA-15. In addition, the rod-like SBA-15 particles
were arrayed in an ordered manner compared to the ran-
dom distribution in the regular SBA-15 particles. All these
properties in the rod-like SBA-15materials facilitated the high
dispersion of small particles of TiO

2
. Hence, the TiO

2
/SBA-

15 with rod-like structure exhibited better photocatalytic
activity for MO degradation.

Anandan conducted the photocatalytic degradation of
MO by using titania incorporated MCM-41 mesoporous
materials and the role of peroxomonosulphate (PMS), per-
oxodisulphate (PDS), and H

2
O
2
as electron accepters was

examined in the photocatalytic reaction [233]. Ti-MCM-
41 photocatalysts presented dramatically higher activity for
MO degradation compared with bare TiO

2
. The enhanced

efficiency can be ascribed to the large surface area ofMCM-41

support that realized the high dispersion of TiO
2
photoactive

species and facilitated the adsorption of MO. Among the
electron accepters, PMS displayed the best performance in
photodegradation of MO. It was proposed that the presence
of PMS effectively brought down the photoinduced electron-
hole recombination in TiO

2
and realized the enhanced

formation of hydroxyl radicals (OH∙) for the decomposition
ofMO. PDS showed lower activity due to its limited reactivity
with only photogenerated electrons onTiO

2
. H
2
O
2
was found

to be inert in the photocatalytic process for MO degradation
due to its scavenging of hydroxyl radicals (OH∙).

Ding et al. observed that Ti-SBA-15 exhibited enhanced
photocatalytic activity for the degradation of indigo carmine
(IC) than anatase titania [234]. The enhanced photocatalytic
activity in Ti-SBA-15 sample was mostly due to its high
porosity and specific surface area and presence of more
accessible photooxidative sites. Jyothi et al. developed titania
incorporated into hexagonal MCM-41 and cubic MCM-48
mesoporous materials as photocatalysts for the photodecol-
oration of IC [235]. It was found that the hexagonal Ti-MCM-
41 sample showed higher activity for the photodegradation of
IC than that over the Ti-MCM-48 sample. This was ascribed
to the smaller pore size (2.3 nm) in the MCM-41 mesoporous
materials that confined the titania species into relatively small
sizes. In contrast, the larger pore size (4.1 nm) of the MCM-
48 support resulted in the growth of relatively large titania
species. Hence, the MCM-41 sample with smaller titania
clusters possessed higher dispersion of titania, which resulted
in better photocatalytic performance.
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Bhattacharyya et al. applied Ti-MCM-41 materials for
the photocatalytic decoloration of Orange II dye [236]. The
optimal loading of titania was determined to be 50wt.%, at
which the best adsorption capacity for Orange II dye and
appropriate crystallinity and particle size of TiO

2
can be

reached. Tseng et al. evaluated the activity of TiO
2
/SBA-15

for the photodecomposition of Acid Red 1 (AR1) dye [237].
The photocatalytic results indicated that TiO

2
/SBA-15 was

an effective catalyst for the photodegradation of AR1 and
improved overall photocatalytic efficiency can be found over
TiO
2
/SBA-15 compared with pure TiO

2
. The highest activity

was achieved from the sample with 30wt.% loading of TiO
2
.

The nanoscale sized TiO
2
clusters that were confined by the

pores of SBA-15, the Ti-O-Si linkages, and the strong surface
acidity of SBA-15 were considered to be the threemain factors
for an enhancement in the photocatalytic decolorization of
AR1.

Photocatalytic Degradation of Phenolic Compounds. Phenols
constitute another important class of pollutants. Alvaro et
al. compared the photocatalytic activity of TiO

2
/MCM-

41 and TiO
2
/SBA-15 for phenol degradation [238]. In the

TiO
2
/MCM-41 series of materials, the photocatalytic activity

increased with increasing content of titania in the samples.
However, in the SBA-15 based samples, the photocatalytic
activity was maximum at an optimal concentration of titania
and then decreased with an increase in titania loading.
Comparing the phenol degradation efficiencies between
TiO
2
/MCM-41 and TiO

2
/SBA-15 sample, it was observed

that, in general, MCM-41 based samples showed higher
activities than the SBA-15 based samples for the same loadings
of titania. This can be attributed to the higher surface area
of the MCM-41 support that enabled efficient dispersion of
titania specieswhen compared to SBA-15.Wang et al. assessed
the phenol degradation efficiency by using TiO

2
/SBA-15

mesoporous materials [76]. It was found that the photocat-
alytic efficiency improved with the loading of TiO

2
in the

sample. The higher activity of the TiO
2
/SBA-15 sample than

that of commercial TiO
2
was attributed to the high specific

surface area of the SBA-15 support that favored the diffusion
of phenol as well as its good contact with the catalyst.

Adams et al. designed TiO
2
/SBA-15 catalysts in different

morphologies (thin film and powder form) to study their
activity for the photodegradation of 2,4-dichlorophenol (2,4-
DCP) [239]. Under identical experimental conditions, the
thin films were able to degrade 2,4-DCP approximately half
as fast as compared to the suspension form. The lower
activity from the thin film sample was rationalized by its
lower absorption of light compared to the powder sample.
Despite inefficient photon capture, the thin film sample
presented a promising prototype for the design for highly
active photocatalysts. Orlov et al. tested the activity of
a series of TiO

2
/SBA-15 samples for p-chlorophenol pho-

todegradation [240]. Among all of the catalysts, the one
containing the highest concentration of spatially isolated,
tetrahedrally coordinated Ti4+ ions showed the best activity
for p-chlorophenol degradation.This can be explained by the
generation of long-lived photoinduced electron-hole pairs in

the tetrahedrally coordinated Ti4+ ions that enhanced the
overall photocatalytic efficiency.

Do et al. developed a set of Ti-MCM-41 sampleswith vari-
able TiO

2
loading for the photodegradation of 4-nitrophenol

(4-NP) [80]. It was observed that, initially, the photocatalytic
activity increased with an increase of the TiO

2
loading in

the Ti-MCM-41 sample. The highest activity was achieved
from the sample with Si/Ti ratio of 20. Further increase in
the TiO

2
loading in the sample caused a drop in the activity.

The decrease in the activity was attributed to the aggregation
of TiO

2
in nonframework positions of the MCM-41 support.

Artkla assessed the photocatalytic degradation of poly-
phenols (gallic acid) by using TiO

2
/MCM-41 catalysts [78].

Several parameters, such as the loading of TiO
2
and the pH,

were investigated to establish a structure-activity relationship.
It was observed that using MCM-41 as support for titania
significantly enhanced the photocatalytic activity for gallic
acid degradation. Increase of the TiO

2
loading (>10 wt.%)was

found to be detrimental for the photocatalytic reaction. This
was explained by the formation of bulk TiO

2
(anatase) that

caused pore clogging and precluded efficient contact between
reactants and active sites in the MCM-41 mesoporous mate-
rials.

Photocatalytic Removal of Inorganic and Minor Organic
Wastes. Aguado et al. prepared titania incorporated MCM-
41 and SBA-15 mesoporous materials for photooxidation
of free cyanides and iron (III) cyanocomplexes [241]. The
TiO
2
/MCM-41 and TiO

2
/SBA-15 samples presented higher

activity than that of pure TiO
2
(anatase) for photooxidation

of CN−. TiO
2
/SBA-15 was found to be almost as active

as commercial Degussa P25, which exhibited the highest
activity. TiO

2
/SBA-15 was further adopted and studied for

photooxidation of iron (III) cyanocomplexes. The efficient
photocatalytic performance from TiO

2
/SBA-15 can be ratio-

nalized by reduction of screening effect compared to bare
titania particles, the prevention of the formation of Fe(OH)

3
,

and the presence of silica support that provided adsorption
sites for the iron species resulting from the breakage and
reaction of the complex. A similar observation can also be
found from a work reported by López-Muñoz et al., who
developed a series of TiO

2
/SBA-15 for photooxidation of free

cyanide and hexacyanoferrate (III) [242].
Artkla et al. assessed the activity for photocatalytic

degradation of tetramethylammonium (TMA) ions over
TiO
2
/MCM-41 mesoporous materials [243]. TiO

2
/MCM-41

presented enhanced activity for photodegradation of TMA
compared to bareTiO

2
sample. Among all of theTiO

2
/MCM-

41 with various TiO
2
contents, the sample with 10wt.% of

TiO
2
exhibited the highest activity. In addition, the optimal

photocatalytic efficiency was attained under neutral pH envi-
ronment. Xu andLangford incorporated titania intoMCM-41
mesoporous support to study the photocatalytic degradation
of acetophenone [244]. It was established that the preparation
method used for immobilizing titania species into MCM-41
support had a significant impact on the performance of the
catalysts. The crystallinity of TiO

2
was an overriding factor

that governed the photocatalytic activity of TiO
2
/MCM-41 in
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this study. The sample with more crystalline titania species
showed higher activity.

3.2. Aperiodic TiO
2
-SiO
2
Mixed Oxide Materials. Aperiodic

titania-silica binary mixed oxides are commonly synthesized
using the sol-gelmethod.Aperiodicmesoporousmaterials do
not possess uniform and periodic arrangement of pores. Sev-
eral reported methods of preparation that include coprecip-
itation, impregnation, hydrothermal, flame hydrolysis, and
chemical vapor deposition (CVD) have been implemented to
tune the structural features of themixed oxides by optimizing
the synthetic procedures. In a recent review article, we have
successfully discussed the different synthetic methodologies
to prepare TiO

2
-SiO
2
mixed oxidematerials [245]. To provide

better transition and clarity to the readers, a brief discussion
of the synthesis methods and the characterization techniques
is elaborated herein.

3.2.1. Synthesis of Aperiodic TiO
2
-SiO
2
Mixed Oxides. The

sol-gel synthesis of TiO
2
-SiO
2
materials usually involves the

hydrolysis and condensation of titanium and silicon alkoxide
precursors that lead to the formation of polymeric gels.
By changing the experimental conditions, that include the
amounts and types of precursors and solvents, water, pH,
and temperature, the structural properties of the materials
can be tailored. Furthermore, the porosities of the materials
can be tuned by using an appropriate drying method. In a
typical synthesis of xerogels materials, appropriate amounts
of silica precursors and titania precursors are mixed with
an alcoholic solvent, that include ethanol, methanol, or
isopropanol, under vigorous stirring at ambient conditions.
The sol is allowed to gel at ambient conditions and the
solvent is allowed to evaporate. The dry powder obtained
is then calcined. Generation of homogeneous gel is critical
due to the unequal hydrolysis and condensation rates of the
two different titanium and silicon alkoxide precursors. The
unequal hydrolysis rates of these two alkoxide precursors
can be explained by the differences in the partial charge
of Si (+ 0.32) and Ti (+ 0.61). Due to their higher partial
charge, titanium alkoxides undergo more rapid hydrolysis
than silicon alkoxides, and this may lead to inhomogeneous
distribution of titania in the mixed oxide materials. Thus,
prehydrolysis of silicon alkoxides is necessary [246].

Preparation of TiO
2
/SiO
2
nanomaterials was attained

from the hydrolysis and polycondensation of tetrabutyl
orthotitanate and tetraethyl orthosilicate via a sol-gel process
by Cheng et al. [165]. Various amounts of silica doped
with nanocrystalline titania powders were prepared and the
influence of dopant concentration on the phase transition
and grain growth was analyzed in their work. In addition,
a constant dopant concentration of the sample was utilized
to investigate the effect of calcination temperature on the
photoactivity of titania. Spherical titania/silica particles with
higher surface area, ranging from 400 to 700m2/g, and pore
volume of 0.9–1.4 cm3/g were prepared via the combination
of emulsion and gelation of mixed sols [247]. The emulsion
and gelation processes were carried out in the presence of
dodecanol or hexane to the acid mixed sols prepared by
mixing the prehydrolyzed silicon and the titanium alkoxides.

The polar nature of dodecanol provides suitable equilibrium
composition of the biphasic system and controls the hydroly-
sis rate, whereas direct emulsion formation took place in the
presence of hexane.

Homogeneous hydrolysis and condensation can also
be achieved as discussed thereafter. The silicon alkoxide
is hydrolyzed in an alcohol solution in the presence of
concentrated acid, for example, HNO

3
, HCl, or H

2
SO
4
, and

water with vigorous stirring to create silanol groups [248–
251], or the silicon alkoxide can be refluxed at 80∘C in the
presence of HCl or acetic acid [252, 253]. Then, these silanol
groups undergo condensation process with the titanium
alkoxide in the presence of water and form the active Ti-O-Si
heterolinkages. Furthermore, acetic acid (AcOH) is utilized
as a modifying agent to decrease the hydrolysis of titanium
alkoxide in aqueous solutions via bridging of the acetate
ligand with the terminal isopropoxyl groups present on the
titanium alkoxide precursor [254, 255]. Acetylacetone (acac)
has also been utilized to modify titanium alkoxides in several
studies. acac can form chelated titanate species and decreases
the hydrolysis rate of titanium alkoxide by increasing the
coordination of titania from four to five [256–260]. 2-
Methoxyethanol, a polar protic alcoholic solvent, was used as
solution medium by Pirson et al. and can serve as a stabilizer
of the titanium alkoxide towards the hydrolysis and conden-
sation reactions [261]. In another study, isoamyl alcohol was
used as a stabilizer for tetraisopropyl orthotitanate to reduce
its rate of hydrolysis. Even though enhanced homogeneity
of the gel was achieved by prehydrolysis of silicon alkoxides,
the hydrolysis and condensation reactions were found to be
slow and incomplete under ambient conditions. In addition,
the ambient procedure requires long processing time to form
a gel (a week to a month period of time) [91, 262]. Hence,
reaction conditions, such as temperature and pressure, have
been modified to overcome these challenges.

The hydrothermal treatment has been utilized by several
researchers to achieve complete hydrolysis and condensation
of the silica and titania precursors in a short period of
time [263]. In this method, the reaction mixture containing
the silica and titania precursors is placed in an autoclave
reactor and heated to temperatures typically in the range of
100 to 200∘C for a period of up to 24 h. Even though the
hydrothermal synthesis method has been found to be a facile
synthetic method to prepare crystalline and relatively stable
materials, additional steps of washing, filtering, and drying
are unavoidable.These additional steps can be avoided by the
use of a supercritical dryingmethod. Supercritical drying has
been attempted to produce aerogels materials with enhanced
porosities and high surface areas [263, 264]. Although these
hydrothermal and supercritical drying methods result in
materials with high crystallinity of the titania phase and high
surface area, these are energy-intensive methods that require
either extra processing steps or the use of expensive high-
pressure equipment.

Different synthetic recipes have been attempted for the
preparation of TiO

2
-SiO
2
materials in order to attain desir-

able structural properties that are responsible for enhanced
photocatalytic activity. Use of appropriate solvents, acids,
or bases, and effective metal precursors in the synthesis
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procedure leads to the formation of materials with enhanced
porosities and surface area. TiO

2
-SiO
2
xerogel materials with

different pore sizes and surface areas have been prepared
with a constant 1 : 4 molar composition of Ti : Si by simply
changing the amounts of water, acids, or bases and hydrolysis
procedure [265]. Gels formed in basic conditions possessed
larger mesopores and lower surface area in comparison to
the gel prepared in acid conditions due to lower pore collapse
during drying. The partial hydrolysis of the silicon alkoxide
in basic medium followed by the mixing of titanium alkoxide
produced microporous xerogels owing to the high collapse
of pores. However, even after the treatment in air at 600∘C,
the titania phase was amorphous. Pirson and coworkers have
reported the synthesis of SiO

2
-TiO
2
xerogels by a sol-gel

method in the presence of polar protic solvents [261]. It
was noticed that the alcoholic solvents act as stabilizers for
titania and control the reactivity of the titania precursor.
The gels were found to be microporous, and calcination at
temperatures above 350∘C diminished the pores in these
materials.

Avendaño and coworkers developed an experimental
strategy to obtain mesoporous ZrO

2
-SiO
2
and TiO

2
-SiO
2

mixed oxides via the sol-gel process [174].The surface acidity
was examined by adsorbing pyridine. A simple acid-catalyzed
sol-gel process without the addition of any chelating agents
or prehydrolysis step was utilized to synthesize microporous
titania-silica mixed oxides [266, 267]. The materials showed
a narrow unimodal pore size distribution centred near
0.7 nm. A high dispersion of titania in the silica matrix was
obtained by first mixing titanium alkoxide with TEOS in
alcoholic solution and aqueous hydrochloric acid followed
by calcination of the resulting solid material. However,
the resulting materials were found to be amorphous. The
surface area varied as a function of Si/Ti ratio. Budhi et al.
synthesized a series of TiO

2
-SiO
2
xerogels [268]. Addition of

nonpolar cosolvents, such as toluene, p-xylene, and mesity-
lene, resulted in materials with enhanced gelation rates and
enlarged pores. The resulting materials have been utilized
for phenol degradation and the TiO

2
-SiO
2
xerogels showed

higher activity in comparison to a sample prepared by the
hydrothermal method due to better adsorptive and highly
reactive TiO

2
sites.

It has been postulated that, by improving the hydrophobic
nature of titania-silica, one can enhance the adsorption of
organic compounds on them compared to bare TiO

2
. Larsen

and coworkers tried to enhance the hydrophobicity of titania-
silica materials using noncyclic silicon precursors [269].
These materials were prepared by acid prehydrolysis of TEOS
and dimethyldimethoxysilane in ethanol medium, followed
by the addition of TiCl

4
in isopropanol [270]. In another

study, Mariscal et al. enhanced the hydrophobic nature of
TiO
2
-SiO
2
xerogels bymixing the titanium and silicon alkox-

ides with a hexane solution of trimethylchlorosilane (TMCS)
inN
2
atmosphere [271]. Dagan and coworkersmodified silica

with methyl and phenyl moieties to control the polarity,
hydrophobicity, ion-exchange capacity, and concentration of
silanol groups on the surface of TiO

2
-SiO
2
xerogels [272].The

resultant modified silica sols were mixed with ethanol and
addition of titanium alkoxide formedmixed oxide gels.These

methyl and phenylmoieties provide better adsorptive sites on
the TiO

2
-SiO
2
mixed oxide materials.

TiO
2
/SiO
2

composite nanoparticles were prepared
directly from the acidic precursor solutions of TiOSO

4

and TEOS by hydrolysis under hydrothermal conditions
by Hirano et al. [273]. An increasing surface area with
increasing silica content was attained with the materials
prepared in their study. Enhanced photocatalytic activity
was obtained with these materials in comparison to
pure TiO

2
for the removal of NO gas. In another study,

nanophase silica-titania particles were prepared by sol-gel
and hydrothermal processing [250]. The textural properties
of these materials such as surface area, particle size,
crystallinity, and crystallographic phases were controlled
by varying the calcination temperature and the molar
ratio of Si and Ti. It was noticed that the crystallite sizes
of SiO

2
-TiO
2
decreased when the mole fraction of silica

increased and this behaviour was explained by the fact
that the silica suppresses the growth of titania [89, 274].
In a following study, a similar method has been utilized
by the same group, for the preparation of silica embedded
nanocrystalline TiO

2
powders [89]. The crystal phase of

titania was found to be strongly dependent on the silica
content and the solvent composition. In addition, the silica
embedded titania materials exhibit a strong inhibition
for the formation of rutile phase. Thus, these materials
show efficient photocatalytic activity, about 1.2 times better
than the commercially available Degussa P25. The role of
crystallinity of the titania phase in TiO

2
-SiO
2
prepared

by a cosolvent induced gelation method was examined
towards the degradation of phenol by our group [84]. It
was found that addition of cosolvents enhanced the gelation
process and the crystallinity of the titania phase, resulting
in the formation of mesoporous TiO

2
-SiO
2
with higher

photocatalytic activities for the degradation of phenol.
Li and coworkers synthesized silica-modified TiO

2
by

utilizing hydrothermal methods [275]. Formation of Ti-O-
Si bond with strong interaction between SiO

2
and TiO

2
in

the materials was proven by XPS and FT-IR analysis. The
silica content in thematerials affected the crystallinity and the
nature of the titania phase. Furthermore, these mixed oxide
materials showedbetter photocatalytic activity in comparison
to pure TiO

2
.

Another approach to significantly enhance the porosities
and surface area is preparation of aerogels under supercritical
conditions. In this method, the wet gel prepared by the
same procedures explained above is slowly heated to critical
temperature (Tc) and critical pressure (Pc) of the solvent
employed. The solvent is then removed once the appropriate
supercritical conditions of temperature and pressure are
attained. Removal of solvent under such conditions prevents
the formation of both the liquid-vapormeniscus and capillary
pressure in the pores.Thus, pore collapse is prevented and the
final materials possess relatively large pores.

Dutoit et al. synthesized mesoporous titania-silica aero-
gels with highly dispersed titania by a sol-gel process [276,
277]. An acidic hydrolysant (doubly distilled water and
hydrochloric acid, 37 wt.%) was added to the solution of
acetylacetonate modified tetraisopropyl orthotitanate and
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tetramethyl orthosilicate in isopropanol solvent. The gel
formed was subjected to different drying conditions includ-
ing conventional drying, high-temperature supercritical dry-
ing, and supercritical CO

2
drying. It was noticed that the

textural properties were affected by the drying conditions
employed and the pH used for initiating the hydrolysis
reactions [278]. A drop in mesoporosity and surface area
was noticed in the materials, which contained low amounts
of titania. In addition, it has been noted that the use of
acidic conditions for sol-gel method leads to materials with
substantial amounts of micropores [279].

Deng et al. synthesised TiO
2
-SiO
2
aerogel materials with

different TiO
2
contents [263]. Anatase microcrystallites were

obtained after supercritical drying in ethanol. In addition, the
photocatalytic degradation of phenol using these aerogels was
examined andmaximum activity was observed at molar ratio
of TiO

2
/SiO
2
= 1. Crack-free titania-silica aerogels with high

titanium content, Ti/Si = 1, were successfully prepared by Cao
and coworkers by simply adjusting the hydrolysis rate of the
titanium and silicon alkoxide precursors [280]. Tailoring the
interconnectivity of the pore network in the aerogel materials
was found to improve the physicochemical characteristics of
these materials. In their work, well-dispersed, nanometer-
sized anatase crystal domains were crystallized by high-
temperature supercritical drying in ethanol medium. In
addition, the crystalline domains contained Ti-O-Si bonds.

Kim et al. synthesized titania-silica binary aerogel with
1 : 1 molar ratio of Ti to Si by first modifying tetrabuty-
lorthotitanate (TBOT) with acetylacetone in methanol solu-
tion followed by the addition of TEOS [281]. In addition,
a nonalkoxide sol-gel route for the synthesis of TiO

2
-SiO
2

aerogelmaterials was also done by addition of TiCl
4
and SiCl

4

in a methanol medium. High surface area titania and titania-
silica aerogels were obtained by the nonalkoxide sol-gel route
and by a subsequent carbon dioxide supercritical drying step.
However, the surface area of the resulting aerogel was found
to be similar to that of the aerogel prepared by alkoxide sol-gel
route.

The influence of the preparation method on the physic-
ochemical properties of titania-silica aerogel materials was
assessed by Brodzik and coworkers [222] using four different
synthesis procedures: (i) modified titania precursor, (ii)
fully hydrolyzed silica precursor, (iii) titanium and silicon
precursors that were hydrolyzed and gelled without any
modification, and (iv) impregnation of a preformed silica
gel by a modified titania precursor. Anhydrous ethanol and
methanol were used as solvents and the gel formation was
induced by adjusting the pH of the system with ammonia.
Finally, highly porous aerogels were obtained and the pres-
ence of anatase crystallites was inferred fromXRD studies. In
addition, the amount of water present in the reactionmixture
was found to play a key role in formation of titania-silica
lattice and strongly influenced the resulting photocatalytic
activity. Furthermore, the impregnation and simultaneous
hydrolysis methods resulted in highly active photocatalysts.

In summary, the synthetic routes for preparation of
the binary aperiodic mixed oxide materials significantly
influence the structural properties of the materials, which
ultimately affect their photocatalytic activity. The following

section will provide a brief discussion of several characteri-
zation techniques.

3.2.2. Characterization of Aperiodic TiO
2
-SiO
2
Mixed Oxides

Powder X-Ray Diffraction. X-ray diffraction (XRD) is a
nondestructive analytical technique that is routinely used
for the structural characterization of titania-silica materials.
A typical peak near 2𝜃 = 25

∘ in the wide range XRD
profile indicates the presence of TiO

2
anatase phase in the

mixed oxide materials due to 𝑑
101

crystallographic plane. In
addition, peaks at 2𝜃 near 36∘, 37∘, 39∘, 48∘, 54∘, 55∘, 63∘, 69∘,
70∘, 75∘, and 76∘ that corresponded to 𝑑-spacings of 𝑑

103
,

𝑑
004

, 𝑑
112

, 𝑑
200

, 𝑑
105

, 𝑑
211

, 𝑑
204

, 𝑑
116

, 𝑑
220

, 𝑑
215

, and 𝑑
301

,
respectively, are due to anatase phase of TiO

2
and peaks at

2𝜃 = 27
∘, 37∘, 39∘, 41∘, 54∘, 55∘, 63∘, 68∘, 70∘, 75∘, and 76∘

correspond to 𝑑-spacings of 𝑑
110

, 𝑑
101

, 𝑑
200

, 𝑑
111

, 𝑑
211

, 𝑑
220

,
𝑑
002

,𝑑
301

,𝑑
112

,𝑑
320

, and𝑑
202

, respectively, for the rutile phase
of TiO

2
. However, addition of silica prevents the formation of

rutile peaks [165].
In most of these TiO

2
-SiO
2
mixed oxide materials the

X-ray patterns show a broad amorphous peak due to the
presence of silica. However, with an increase in the calcina-
tion temperature and/or use of cosolvents, the crystallinity
can be modulated as depicted in Figure 13. It can be clearly
seen that the crystallinity of the peaks is improved either
by the addition of aromatic cosolvents or by the increase in
the calcination temperature. Furthermore, different phases of
TiO
2
may be obtained by adjusting the pH of system or by

changing the ethanol (solvent) to water ratio [89].

Raman Spectroscopy. Raman spectroscopy is widely used to
identify the phase of titania along with XRD. The Raman
study of a TiO

2
-SiO
2
mixed oxide showed peaks near 638,

519, 399, 197, and 144 cm−1 corresponding to E
1 g, B1 g, B1 g,

E
1 g, and 𝐸

𝑔
symmetry modes, respectively [282]. A

1 g, B1 g,
and 𝐸

𝑔
modes are the active modes for anatase crystals [267].

Fourier Transform-Infrared (FT-IR) Spectroscopy. FT-IR tech-
nique is utilized for analyzing the stretching and bend-
ing vibration frequencies in the mixed oxide materials. In
addition, this technique provides information regarding the
presence of surface hydroxyl groups. The FT-IR spectrum of
the titania-silica composites shows mainly four peaks with
thewavenumbers of 780, 970, 1090, and 1200 cm−1 as depicted
in Figure 14 [85]. The peaks at the wavenumbers of 1090 and
780 cm−1 are assigned to the symmetric and asymmetric
stretching vibration of Si-O-Si in silica, respectively.The peak
in the range of 920–970 cm−1 is commonly attributed to Ti-
O-Si vibrations [257]. However, these bands also overlap with
vibration involving Si-O-H bonds. Thus, FT-IR cannot be
used to infer the presence of Ti-O-Si linkages and other
techniques such as XPS spectroscopy need to be performed
for the quantitative calculation of Ti-O-Si linkages. The peak
near 400 cm−1 is commonly assigned for Ti-O-Ti bending.

N2 Physisorption. Textural properties that include sur-
face area, pore volume, and pore diameter of the mixed
oxide materials are commonly investigated using nitrogen
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Figure 13:The wide-angle XRD patterns of TiO
2
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2
materials: (a) prepared in the ratio of solvent: cosolvent = 1 : 1, in which the cosolvents
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Figure 14: The FT-IR spectra of (a) calcined mesoporous silica, (b)
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5 (reprinted with permission from [85]).

physisorption studies. The typical isotherms show a slow
increase with the amount of N

2
adsorbed at low relative

pressure values due to monolayer adsorption. As the relative
pressure value increases, multilayer adsorption occurs and
this is followed by capillary condensation. The mesoporous
materials show type IV isotherms as evidenced by a hysteresis
loop [283].

The nitrogen physisorption patterns of a series of mate-
rials with different Ti/Si amount are illustrated in Figure 15
and are compared with the isotherms of pure titania and
silica synthesized under similar conditions. The materials
labelled as X-Ti-01 and X-Si-06 contain only titania or silica,
respectively, and show H2 type hysteresis loops, which are
usually found inmaterials with a cross-linked porous system.

The isotherm of the titania-silica mixed oxide material with
Ti/Si ratio of 1 (X-Ti-02) also showsH2 type of hysteresis with
a relatively low surface area and pore volume in comparison
with the rest of the mixed metal oxides.

On the other hand, the mixed oxide xerogels with higher
silica contents, such as 1 : 2, 1 : 3, and 1 : 4 ratios of Ti : Si (X-
TiSi-03, X-TiSi-04, and X-TiSi-05), exhibit H3 type loops that
are not leveled off at relative pressure that are very close to
that of saturation vapor pressure. The pore size distribution
plots for the corresponding mixed oxide materials are shown
in Figure 16. The pure silica material shows a broader pore
size distribution than pure titania. In addition, a narrow
unimodal distribution of pore sizes is observed with the
mixed oxide materials that contain lower amounts of silica.

UV-Vis Diffuse Reflectance Spectroscopy (DRS). DRS has been
widely employed in the characterization of aperiodic titania-
silica mixed oxide materials. Bandgap estimates of the mixed
oxides are derived from DRS studies. The electron transition
from valence band to conduction band is mainly attributed
to the absorption of the materials below the wavelength of
400 nm and it is well documented that the absorption near
the band edge follows the expression of 𝛼ℎ𝜗 = 𝐴(ℎ𝜗 − 𝐸

𝑔
)
𝑛/2,

where 𝛼, ℎ, 𝜗, 𝐴, 𝐸
𝑔
, and 𝑛 are the absorption coefficient,

Planck’s constant, light frequency, constant, bandgap energy,
and integer, respectively [284]. The bandgap values reported
for TiO

2
anatase in TiO

2
-SiO
2
mixed oxide materials differ

due to use of different preparation methods, the presence
of trace amounts of impurities or dopants in the crystalline
network, or the particle size of TiO

2
. The bandgap energies

are commonly calculated from the plot of Kubelka-Munk
function versus the energy as illustrated in Figure 17. How-
ever, some reports also determine the bandgap energies from
the Tauc plot, which is the derivation of the Kubelka-Munk
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Figure 15: Nitrogen physisorption properties of TiO
2
-SiO
2
xerogel materials: (a) pure titania (X-Ti-01) and pure silica (X-Si-06) and (b)

TiO
2
-SiO
2
mixed oxides with Ti/Si ratio of 1 : 1 (X-Ti-02), 1 : 2 (X-Ti-03), 1 : 3 (X-Ti-04), and 1 : 4 (X-Ti-05) prepared in ethanol-toluene solvent

system (reprinted with permission from [86]).
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Figure 16: Pore size distribution of TiO
2
-SiO
2
xerogel materials: (a) pure titania (X-Ti-01) and pure silica (X-Si-06) and (b) TiO

2
-SiO
2
mixed

oxides with Ti/Si ratio of 1 : 1 (X-Ti-02), 1 : 2 (X-Ti-03), 1 : 3 (X-Ti-04), and 1 : 4 (X-Ti-05) prepared in ethanol-toluene solvent system (reprinted
with permission from [86]).

function. Aguado et al. used the Kubelka-Munk function
(Figure 17) to calculate the bandgap energy of titania in their
mixed oxide materials [87].

As the content of Si in themixed oxides increases, the UV
absorption edge shifts to higher energies. Furthermore, a blue
shift was observed in the titania-silica mixed oxides prepared
using different cosolvents and this shift was explained by

changes in the crystallite size of the anatase TiO
2
[84]. In

addition to the bandgap the particle size of TiO
2
can also be

determined by DRS studies using the Brus equation.

Scanning Electron Microscopy (SEM). The information
regarding the morphology of the materials can be obtained
from SEM studies. Due to the irregular arrangements of
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Figure 18: Typical scanning electron micrographs of (a) silica particles and (b) titania coated silica particles (reprinted with permission from
[88]).

the pores in the aperiodic mixed oxide materials, the diffe-
rences in the size and the morphologies are best obtained
from SEM studies rather than TEM. Alaoui et al. and
Cetinkaya et al. prepared TiO

2
-SiO
2
particles with different

sizes respectively [285, 286]. SEM studies indicate that
TiO
2
powder is randomly distributed in the silica matrix.

Wilhelm and Stephan utilized SEM technique to characterize
silica spheres that were coated with titania as illustrated in
Figure 18 [88].

The SEM image illustrates that the silica particles have
spherical shape and smooth surface. The coating was carried
out by the gradual addition of titania sol into the aqueous

dispersion of silica which resulted in the attachment of
small titania particles on the silica surface. The SEM image
illustrates that, after coating, there is a loss in the smoothness
of the silica surface.

Transmission Electron Microscopy (TEM). TEM is a powerful
technique for structural characterization. The TEM image of
TiO
2
-SiO
2
mixed oxide materials prepared with 20 mole%

silica embedded with TiO
2
is illustrated in Figure 19.The size

of the silica embedded TiO
2
particle prepared in the ethanol-

rich solvent was found to be 7 nm and the high resolution
TEM image shows the lattice fringes of TiO

2
[89]. The high
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Figure 19: TEM images of TiO
2
nanoparticles prepared with different silica content and solvent composition: (a) pure TiO

2
(ethanol to water

= 4 : 1), (b) pure TiO
2
(ethanol to water = 1 : 8), (c) 0.2 SiO

2
-0.8 TiO

2
(ethanol to water = 4 : 1), and (d) high resolution TEM (HRTEM) image

of (c) (reprinted with permission from [89]).

resolution TEM analysis offers information regarding the
phase of titania via providing the 𝑑-spacing values from
the presence of lattice fringes in the mixed oxide materials.
However, it was noted that it is very challenging to obtain
the TiO

2
lattice fringes in the materials with higher silica

loadings.

X-Ray Photoelectron Spectroscopy (XPS). XPS studies provide
information on the binding energies of the titania and
silica species in the mixed oxide materials. In addition,
the interaction between SiO

2
and TiO

2
species can also be

understood by comparing the peak positions of Si and Ti
in the TiO

2
-SiO
2
mixed oxide with pure titania and silica.

The XPS spectra obtained for themixed oxides prepared with
different Ti : Si ratios show a peak at the binding energy of
459.2 eV due to Ti (2p3/2), which is slightly higher than that
observed in TiO

2
anatase (458.8 eV). In addition, a shift in

the Ti (2p3/2) peak positions towards lower binding energies

was observed, when the silica amount increases in the mixed
oxide (Figure 20) [90].

In a different study, the O 1s peak was found to be shifted
to the lower binding energy with an increase in the TiO

2

content (Figure 21) in a TiO
2
-SiO
2
material. At higher TiO

2

contents, two O 1s bands were observed at around 530.5 and
532.5 eV indicating phase separation with titania-rich regions
(Ti-O-Ti) and silica-rich regions (Si-O-Si) [91]. A further
study evaluated the effect of calcination temperature to better
understand the interaction between silica and titania species
in the mixed oxide materials [287]. Li et al. experimentally
found that the binding energies of Ti (2p1/2), Ti (2p3/2),
and O 1s of titania-silica mixed oxide were shifted to higher
values in the mixed oxide materials in comparison to pure
TiO
2
[275]. This behavior was attributed to a decrease in

the coordination number of Ti and a shortening of the Ti-O
bond. The bond shortening resulted in the insertion of Ti4+
cations into the tetrahedral sites of the silica network to form
Ti-O-Si linkages.
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3.2.3. Photocatalysis. Semiconductor binary mixed oxides
have emerged as promising materials for photocatalytic
degradation of pollutants and photosplitting of water and,
among them, TiO

2
-SiO
2
has been quite well studied.

Various types of aquatic pollutants that include inorganic
ions, aliphatic hydrocarbons, such as alkanes and alkenes and
their substituted derivatives, benzyl compounds, dyes, phe-
nolic compounds, and pesticides were experimented using
advanced oxidation process. This section will review the

various photocatalytic reactions that have utilized aperiodic
TiO
2
-SiO
2
materials.

Photocatalytic Degradation of Inorganics. A comparative
study using titania-silica xerogels and aerogels was carried
out for the photocatalytic degradation of cyanides from the
wastewater by Ibrahim and coworkers [288]. A decrease in
the cyanide removal efficiency from80% to 70%was obtained
with an increase in the calcination temperature from 100 to
400∘C. A removal of 82% was achieved at the calcination
temperature of 500∘C. Further increase in the calcination
temperature reduced the removal efficiency. The decrease in
activity was explained by the formation of greater amounts
of rutile phase. In contrast, higher removal efficiency (∼98%)
was attained with the aerogel materials and the efficiency has
been credited to the larger surface area of aerogel materials.
In addition, the supercritical drying time was not found
to be a major factor in the photocatalytic performance of
the aerogel materials since all the materials showed similar
activity when subjected to different drying times. However,
the heating time in the drying process was found to affect the
photoactivity, since the crystallinity of the titania phase in the
aerogel materials was found to vary.

Removal of cyanide ions using TiO
2
-SiO
2
aerogel as

photocatalysts has been examined in a separate study by
Ismail et al. [289]. The molar ratio of Ti : Si was varied to
find the optimum removal efficiency and the best degradation
efficiency of 98% was achieved for the catalyst with the molar
ratio of Ti : Si equivalent to 6 : 1. The higher efficiency of this
material was explained by the larger specific surface area
value of 850m2/g that allowed for effective dispersion of the
photoactive titania species. Even though the cyanide removal
in the wastewater has been carried out for water treatment,
a survey of the literature indicates no reports for removal of
other inorganic ions using TiO

2
-SiO
2
aerogels.

Photocatalytic Degradation of Aliphatic Compounds. Photo-
catalytic reactions of alkenes and alkynes in water were inves-
tigated byAnpo et al. over titania-silica oxides photocatalysts.
The photocatalytic activity in the mixed oxide system was
found to be higher at low TiO

2
content due to a decrease

in the radiationless energy transfer between titania and silica
[290]. In a different study, the photocatalytic decomposition
of dichlorodifluoromethane was carried out on various metal
oxides that include CaO, zeolite, silica-alumina, and titania-
silica [252]. Among these, titania-silica exhibited the best
performance due to the presence of strong acid sites which
enhanced the decomposition of dichlorodifluoromethane. It
was found that deactivation of the catalyst occurred rapidly
due to the attack of fluorine on silicon in titania-silica.
In addition, a combined mixture of titania-silica and CaO
reacted with fluorine more readily in comparison to silica
and protected the titania-silica catalyst from corrosion by
fluorine, and it was found that the lifetime of this catalyst
was longer than that of the bare titania-silica. The presence
of acidic sites on titania-silica mixed oxide was found to be
favorable for the decomposition of 1,2-dichloroethane [291].
Titania coatings have been deposited on silica by hydrolysis of
titanium alkoxide precursors and examined as photocatalysts
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for the dehydration of 2-propanol [292]. Preformed silica was
used as the support for titania and the nature of titania coating
was controlled by the ratio of titanium alkoxide to water. 2-
Propanol dehydration was used as a probe reaction. Propene
formationwas found to be directly correlatedwith the anatase
surface area. However, when the titania-silica samples were
heated to temperatures less than 400∘C, no correlation was
obtained between the surface area and propene formation.
This may be due to the presence of amorphous titania.

Photocatalytic degradation of tetramethylammonium
(TMA) ions in water was studied with pure TiO

2
and silica-

loaded TiO
2
[293]. An improved activity was attained with

the catalyst of Si/Ti atomic ratio of 18%. In addition, the cal-
cination temperature was noted as one of the factors affecting
the degradation. The increased thermal stability of TiO

2
in

themixed oxide prevents the formation of the less active rutile
phase, and thismay be the reason for the higher photoactivity
of silica-loaded TiO

2
. Loading silica onto titania created a

highly negative surface and this enhanced the adsorption of
cations such as TMA and, as a result, its degradation was
enhanced.

Catalytic reactions that include epoxidation of olefins
and selective oxidation of saturated hydrocarbons have been
carried out by utilizing amorphous microporous titania-
silica mixed oxide materials by Klein and coworkers [266].
The materials show catalytic activity for selective oxidation
reactions and also for selective epoxidation of olefins due
to their distinct microporosity. A decrease in epoxidation
activity was observed with an increase of TiO

2
in the

materials. However, the hydrophilicity of these amorphous
binary oxides was found to be different in comparison
to their zeolitic analogues. This was proven by adsorption
experiments of water and octane.

Photocatalytic Degradation of Benzyl Compounds. Photo-
catalytic decomposition of 1,4-dichlorobenzene was mon-
itored using TiO

2
/SiO
2
nanoparticles [89, 250]. The rate

constant for the degradation reaction was found to be higher
for TiO

2
/SiO
2
than that of Degussa P25. However, it was

found that 20mol% of silica was the optimum loading.
Various adsorbent supports were evaluated for the mineral-
ization of 3,5-dichloro-N-(3-methyl-1-butyn-3-yl)benzamide
(propyzamide) in aqueous solution [294]. Zeolite, silica, and
activated carbonwere used as adsorbent supports for dispers-
ing TiO

2
. It was found that the TiO

2
/SiO
2
system showed

better adsorptive properties and increased themineralization
of propyzamide in comparison with bare TiO

2
.

Decomposition of benzyl trimethyl ammonium chloride
(BTMA) and propionic acid was carried out over SiO

2
loaded

TiO
2
under UV irradiation. Propionic acid showed lower

degradation rate due to the presence of more negative charge
on the surface of TiO

2
-SiO
2
at pH 6 [295]. The influence

of pH on the surface charge of silica-loaded TiO
2
materials

was studied by Vohra and Tanaka for the photocatalytic
activity of cationic, neutral, and anionic pollutants [296].
An enhanced photocatalytic activity was achieved with the
cationic pollutants due to the presence of silica that increased
the surface area and introduced Si–O− groups, which facili-
tated the adsorption of the cationic pollutant species on the

surface of the catalyst. However, due to the occlusion of the
active sites, the efficiency of the supported catalysts was found
to decrease with an increase in the substrate concentration.
Furthermore, it was interesting to note that anionic and
nonionic compounds such as acetate and phenol remained
unaffected during the degradation process.

Photocatalytic Degradation of Phenols. Phenols and phenolic
compounds are released into the aquatic environment along
with several industrial wastes and have gained attention
from researchers for their removal from water bodies.
Photocatalytic degradation of phenol over silica supported
titania catalysts was carried out by Alemany et al. and
the intermediates and products formed during the process
were also identified in their study [297]. Hydroquinone and
maleic acid were found to be the two major intermediates
that were later oxidized to acetic acid and formic acid
on prolonged irradiation. A high selectivity to the partial
oxidation products was observed for the catalysts containing
0.5 and 1.0 monolayers of titania which were formed by the
homogeneous precipitation of titania on the silica support.
CO
2
was found to be the dominant final product for all

the catalysts. The study also focused on finding the optimal
titanium content, and it was found that there should be an
optimal particle size for the effective photodegradation of
phenol. Higher loadings greater than 30% of titania on the
silica materials limit the photoefficiency due to the presence
of larger sized titania particles.

The utilization of TiO
2
-SiO
2
aerogels for the photocat-

alytic degradation of phenol pollutant was investigated by
Deng and coworkers and it was noticed that the aerogels
contained anatase microcrystallites after supercritical drying
in ethanol [263].These binary aerogel materials showedmore
superior activity than the commercial TiO

2
and the pure

TiO
2
aerogels. The aerogel with 1 : 1 molar ratio of TiO

2

and SiO
2
showed optimum photocatalytic performance. The

photocatalytic activity of the aerogels increased with the SiO
2

content at first and came to a maximum at molar ratio = 1 : 1.
Malinowska and coworkers chose three different phe-

nol para-derivatives, such as p-chlorophenol, p-nitrophenol,
and 4-hydroxybenzoic acid, as model compounds for the
photodegradation processes over TiO

2
-SiO
2
aerogel mate-

rials synthesized by a sol-gel technique [298]. Even though
the aerogels prepared in their studies showed reasonable
photocatalytic activity, it was comparatively less than that
of TiO

2
aerogels. This was explained by the segregation of

titania and silica phases and their poor contact that hindered
the photocatalytic activity. The photocatalytic degradation
of phenol over a series of TiO

2
-SiO
2
mixed oxide mate-

rials prepared by sol-gel hydrothermal treatment has been
reported recently [299]. The higher photocatalytic activities
of the binary mixed oxide materials prepared using nonpolar
solvents were attributed to a combination of factors such as
higher apparent surface coverage of Ti-O-Si heterolinkages,
larger pore sizes, and higher crystallinities of the titania
phase. In particular, high crystallinity of the titania phase
seemed to be critical for the complete mineralization of
phenol in this study. Larger pore sizes permitted better
transport of phenol and photodegradation products that were
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formed during the mineralization to and from the active sites
and higher crystallinity of TiO

2
enhanced the degradation

efficiency by minimizing the electron-hole recombination in
these photocatalysts.

Photocatalytic Degradation of Dyes. The runoffs from several
industries such as textile, leather, and paper are a major
contributor to this type of pollutants in the water body. In
particular, removal of dyes from several colored effluents
involves processes that produce compounds that are very
toxic to the environment [285].Thus, it is necessary to remove
these colored pollutants from the environment. Anderson
and Bard have studied the effect of incorporation of SiO

2

on TiO
2
photocatalyst prepared by a sol-gel technique [14].

It has been well documented that the efficiency of TiO
2
can

be improved by preventing the recombination of the photo-
generated electrons (e−) and holes (h+) pairs by the addition
of charge-transfer catalysts on the TiO

2
surface. Alternately,

one can increase the photocatalytic activity by incorporation
of effective adsorption sites on the photocatalyst surface. The
second approach has been espoused in their studies in the
preparation of TiO

2
/SiO
2
composites with different ratios of

Ti/Si.
The application of photocatalysts with different Ti/Si

ratios for the photodecomposition of R6G has been inves-
tigated and it has been noted that a Ti/Si ratio of 30/70
produces a catalyst about three times more active than
commercially available Degussa P25 due to the enhanced
adsorption of the dye. However, it has been noticed that the
presence of larger amounts of SiO

2
decreases the activity.

In a following study, Anderson and Bard have utilized two
different binary mixed oxides TiO

2
/SiO
2
and TiO

2
/Al
2
O
3

for the photodecomposition of salicylic acid and phenol
[92]. It was observed that the TiO

2
/Al
2
O
3
system gave

improved activity for the decomposition of salicylic acid
relative to bare TiO

2
. Moreover, TiO

2
/SiO
2
materials show

higher activity thanTiO
2
/Al
2
O
3
andTiO

2
towards the photo-

catalytic decomposition of phenol.The schematic diagram in
Figure 22 illustrates the photocatalysis mechanism of the two
mixed oxide catalysts TiO

2
/Al
2
O
3
and TiO

2
/SiO
2
that have

been utilized in their study.
It was noticed by Cheng and coworkers that the addition

of silica in the titania-silica mixed oxides increases the
photoactivity by suppressing the phase transformation of
titania from anatase to rutile, and this has been also reported
by several other researchers [165, 300, 301]. Also, the addition
of silica facilitates the formation of oxygen vacancies in
titania [165]. Yang and coworkers investigated the effect of
addition of silica to titania, on the crystalline growth and the
transformation of anatase to rutile phase [300]. It has been
observed that the suppression in the crystallite size enhanced
the surface area and resulted in a blue shift in the onset
of absorption edge in the mixed oxide materials compared
to pure titania. The photocatalytic activity of these silica-
modified materials was evaluated by decolorization of MO
solutions under UV-visible light irradiation and it was found
that the silica content, calcination temperature, H

2
SO
4
, and

presence of oxidants such as KIO
4
, (NH

4
)
2
S
2
O
8
, and H

2
O
2

greatly influenced the decolorizing process.
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Figure 22: Schematic representation of the TiO
2
/SiO
2

and
TiO
2
/Al
2
O
3
photocatalysts with no interaction between the TiO

2

and SiO
2
or Al
2
O
3
phases (reprinted with permission from [92]).

Photodegradation of two different dyes, reactive 15 (R15)
and cationic blue X-GRL (CBX), was carried out over differ-
ent surface bond conjugated TiO

2
/SiO
2
materials prepared

by impregnation method [302]. The material with 30wt.% of
TiO
2
/SiO
2
shows higher activity due to the smaller particle

size of TiO
2
on the sample. It was found that silica gel plays

a key role in dispersion of TiO
2
. In another study, pho-

tocatalysts were prepared by surface functionalization with
thiol, cyano, and thiocyano groups on silica and silica-titania
catalysts and these were investigated for the photocatalytic
degradation of MB [81]. The adsorption of MB on these cata-
lysts is significantly altered due to the surface modification
and varies with the type of functional group bound to the
surface. In addition, all these functional groups are very stable
to UV and the surface bond TiO

2
/SiO
2
materials provide

good photocatalytic activity for the decomposition of MB.
The photocatalytic degradation of a RhB with TiO

2
[303]

and TiO
2
/SiO
2
in aqueous dispersion was investigated by

several researchers under visible and UV irradiation [303–
305]. Rasalingam et al. studied the deethylation of RhB
dye molecule in the presence of both TiO

2
and TiO

2
/SiO
2

under visible and UV irradiation. The detailed mechanism
for the deethylation process of RhB was investigated by
high performance liquid chromatograph (HPLC) and liquid
chromatograph-mass spectrometry (LC-MS) techniques. It
was reported that RhB adsorbs on the surface of TiO

2
/SiO
2

particles by the positively charged diethylamino group,
whereas adsorption was achieved through the negatively
charged carboxyl group on TiO

2
at pH of 4.3. Similar

adsorption behavior of RhB dye molecule over TiO
2
-SiO
2

mixed oxide materials prepared under ambient conditions
was recently studied by our group and it was concluded that,
apart from the surface charge of the mixed oxide materials,
the pore volume of the material also plays a key role in the
adsorption of the dyemolecule over the catalytic surface [86].
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In addition, our group has investigated the influence of Ti-
O-Si heterolinkages on the TiO

2
-SiO
2
xerogel materials for

the degradation of RhB dye [305]. The active heterolinkages
(Ti-O-Si) were credited for the higher rate of degradation.
The effect of cosolvent in increasing the surface area of these
photocatalysts was reported by Budhi et al. [268]. Titania
coated silica spheres prepared by heterocoagulation method
were utilized as catalyst in the photodegradation of RhB dye
in aqueous solution [88]. The experiments showed complete
degradation of RhB without any photobleaching.

In another recent study, a series of aperiodic titania-silica
photocatalysts was prepared in ethanolic solutions of polar
aprotic cosolvents such as ethyl acetate (EtOAc), acetonitrile
(ACN), acetone (ACT), andN,N-dimethylformamide (DMF)
using sol-gel procedure by our group [304]. The use of polar
aprotic solvents was found to be a feasible approach tomodify
the textural properties of the materials, such as surface areas
and pore sizes, without the need to use expensive templates.
Dark adsorption and degradation of RhB dye molecules on
these titania-silica materials revealed that the pore volume
of the mixed oxide mainly influenced the adsorption, while
pore diameters enhanced the initial degradation rate. The
larger pores permit the organics to diffuse in and out of
the mesostructure to enhance their effective photocatalytic
degradation under visible light irradiation.

Degradation of acid orange 7 (AO7) using TiO
2
/SiO
2

composites, which were prepared by coating the SiO
2
surface

with nano-TiO
2
by hydrolysis of TiCl

4
, was examined by

Cetinkaya and coworkers [286]. An improved adsorption
of AO7 was attained with nano-TiO

2
on the surface of

SiO
2
under UV light. Furthermore, the effect of calcination

temperature on the photocatalytic degradation was also
examined. A degradation efficiency of 40% was achieved
with the sample calcined at 600∘C. The high activity of this
material was explained by the presence of a mixture of rutile
and anatase phase in the structure that minimized electron-
hole recombination.

Photocatalytic Degradation of Pesticides. Photocatalytic deg-
radation of organophosphorous pesticides that include dich-
lorvos, monocrotophos, parathion, and phorate was inves-
tigated by using floating TiO

2
/SiO
2
photocatalyst beads

prepared by dip coatingmethod [306]. Complete degradation
was attained after 420min. of sunlight irradiation. They
have found that the addition of small amount of electron
scavenger, Cu2+, escalates the photodegradation efficiency
of organophosphorus pesticides via reduced electron-hole
recombination and increased formation of hydroxyl radicals.
The formation of these hydroxyl radicals on the TiO

2
surface

is favored in acidic and alkaline solutions. Furthermore,
an effective conversion of phosphate ester into trimethyl
phosphate ester, formic acid, and acetic acid was achieved in
the presence of acids and bases.The trimethyl phosphate ester
is then photocatalytically degraded into PO

4

3− and formic
acid. Even though Cu2+ increases the degradation efficiency,
higher concentrations of Cu2+ lead to the formation of
[Cu(H

2
O)
4
]2+ complex ions that absorb UV light and reduce

the photoefficiency. Phanikrishna Sharma and coworkers

utilized titania-silica composite materials prepared using a
styrene-acrylic acid emulsion as a latex polymer template,
for the degradation of isoproturon (𝑁,𝑁-dimethyl-𝑁-[4-
(1-methylethyl)phenyl]), identified as a hazardous class III
herbicide. Effective degradation was obtained at an optimal
loading of 5 wt.% TiO

2
under solar light. Furthermore, a

similar approach was successfully used for the degradation of
commercially available pesticides such as imidacloprid and
phosphadium [307, 308]. In a recent study, remediation of
dimethyl phthalate, which is used in pesticides, plastics, safety
glasses, rubber coating agents, and insect repellants, using
hollow glass microsphere (HGM) coated with photocatalytic
TiO
2
has been carried out by Jiang and coworkers [309].

In their study, they have optimized the condition for the
formation of hydroxyl radicals by using terephthalic acid as
hydroxyl radical trapper. Three different variables, such as
the loading ofHGM-TiO

2
, concentration of terephthalic acid,

and irradiation time, were investigated on the photocatalysis.
It is worth mentioning here that the HGM-TiO

2
catalyst is

available in market for the removal of aqueous pollutants as
well as gaseous pollutants.

4. Factors Influencing Photocatalytic
Degradation Using TiO2-SiO2 Mixed Oxides

It is noted that the photocatalytic activity of TiO
2
-SiO
2

mixed oxides is closely related to their structural properties,
such as crystallinity and crystallite size of titania, crystal
composition, surface area, particle size distribution, porosity,
bandgap, surface hydroxyl density, dispersion of TiO

2
, and

Ti-O-Si linkages.The use of a high surface area silica support
provides good dispersion of titania. Also, the silica support
increases the hydrophobic nature of the mixed oxide. This
helps to adsorb a wide variety of organic pollutants and
concentrate them close to the reactive TiO

2
centre [272].

The crystallite or particle size of titania plays a key role in
degradation. Silica support confines the TiO

2
particles in the

nanosize range due to quantum size effect, and the smaller
titania particles in general show enhanced photocatalytic
activity. This is explained by a decrease in the rate of volume
charge carrier recombination of the electron-hole pairs in
smaller sized titania particles. The photocatalytic activity is
maximum at an optimal particle size at which the volume
and surface charge carrier recombination of the electron-
hole pairs is minimized. However, at very small particle
sizes, surface charge carrier recombination is enhanced, and,
thus, the resulting photocatalytic activity will decrease. In
addition to the particle size, the photocatalytic activity also
depends on the amount of titania.The photocatalytic activity
is usuallymaximumat an optimal loading of titania. At higher
loadings of titania, larger aggregates of titania are formed
that occlude the pores and limit the diffusion of the reactant
molecules, and, thus, the photocatalytic activity is lowered.
Also, the crystallinity and the nature (phase) of titania are
important factors that profoundly affect the photocatalytic
activity. Mixed oxide materials that contain highly crystalline
titania show enhanced activities. This is because amorphous
materials in general contain larger number of defects that
enhance electron-hole recombination. In the mixed oxide



32 Journal of Nanomaterials

material, the silica support prevents the phase transformation
of the more active anatase phase to rutile on calcination. In
addition to these factors, the chemical property of the TiO

2
-

SiO
2
binary oxide materials is modulated by the addition of

SiO
2
into the TiO

2
network, and the formation of Ti-O-Si

heterolinkages has been implicated to play an important role
in the photocatalytic activity.

The porous properties such as pore volume and pore size
of the mixed oxide materials influence the adsorption of the
pollutant. In particular, larger pore sized materials provide
better transport (molecular trafficking) of the pollutants and
the product(s), in and out from the active sites, and contribute
to enhanced degradation. It is generally observed that the
rate of degradation increases with an increase in the pollutant
concentration to a certain level. However, further increase
in the pollutant concentration results in a decrease in the
degradation rate. Among the various ROS, ∙OH radical is an
important species in the degradation processes and the rate of
degradation depends on both the probability of the formation
of ∙OH radicals on the catalyst surface and the reactivity of
∙OH radicals with the pollutants. Thus, the enhancement in
activity will rely on the probability of the reaction between
the pollutant and these oxidizing species. However, the
degradation efficiency decreases beyond a particular level
of pollutant concentration. This is due to the inhibition of
∙OH radical generation via the coverage of active sites on the
catalysts by the pollutantmolecules/ions. In addition, another
reason that was reported for the low activity particularly for
dye pollutants was the UV-screening effect by the dyes. At
high dye concentrations, a significant amount of UV light
may be absorbed by the dye molecules rather than by the
semiconductor particles and this reduces the efficiency of the
catalytic reaction by reducing the generation of ∙OH radical
and superoxide radical (O

2

∙−).
The characteristic features of the pollutant in the wastew-

ater differ with the variation in the solution pH [310].
The pH of the medium may lead to changes in solubility,
stability, hydrophobicity, and also the color of the substance
(applicable to dyes). In addition, the pH of the medium
can also change the surface charge of the photocatalysts and
degree of ionization of the organics. An organic compound
remains in the neutral state at pH below its pKa value and
is negatively charged when the pH exceeds the pKa value.
Furthermore, electrostatic interactions between the semicon-
ductor surface, solvent molecules, pollutant substrate, and
the ROS formed during photocatalytic oxidation vary with
solution pH.Thus, these variations in the pH play a vital role
in the photocatalytic degradation efficiency.

A comparative table is provided in the supplementary
section (in the Supplementary Material available online at
http://dx.doi.org/10.1155/2014/617405) to indicate the various
classes of compounds that have been examined for removal
for contaminants.

5. Conclusions

This review has attempted to cover awide range of wastewater
effluent removal techniques for water treatment. The reader
can get an idea about the various types of removal methods

and the basic principles behind each technique. Heteroge-
neous photocatalytic oxidation (HPO)has garnered extensive
attention due to its effective removal of toxic compounds
fromwaste effluents.TheHPO process employs several oxide
and mixed oxide catalysts, mainly for water purification.
Among these materials, TiO

2
-SiO
2
mixed oxides have been

found to be more active than the other mixed oxides for
the degradation of organics. In this work, we have covered
the degradation of organics by utilizing TiO

2
-SiO
2
binary

mixed oxide materials and the factors that influence the
degradation have been discussed. Furthermore, this review
briefly explains the synthetic procedures and the main char-
acterization techniques of the two main types of TiO

2
-SiO
2

binary mixed oxides, periodic and aperiodic oxides. Even
though these binary mixed oxides show better activity than
pure TiO

2
materials inmost instances, the utilization of these

TiO
2
-SiO
2
mixed oxides is limited for the mineralization of

selected pollutants.

Conflict of Interests

The authors declare no conflict of interests.

Acknowledgments

Thanks are due to the National Science Foundation Grants
NSF-CHE-0722632 and NSF-EPS-0903804 and the Depart-
ment of Energy Grant DE-EE0000270.

References

[1] L. G. da Silva, R. Ruggiero, P. D. M. Gontijo et al., “Adsorption
of Brilliant Red 2BE dye from water solutions by a chemically
modified sugarcane bagasse lignin,” Chemical Engineering Jour-
nal, vol. 168, no. 2, pp. 620–628, 2011.
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[109] G. Lofrano, S. Meriç, G. E. Zengin, and D. Orhon, “Chemi-
cal and biological treatment technologies for leather tannery
chemicals and wastewaters: a review,” Science of the Total
Environment, vol. 461–462, pp. 265–281, 2013.

[110] M. Desai, A. Dogra, S. Vora, P. Bahadur, and R. N. Ram,
“Adsorption of some acid dyes from aqueous solutions onto
neutral alumina,” Indian Journal of Chemistry A, vol. 36, no. 11,
pp. 938–944, 1997.

[111] T. A. Khan, V. V. Singh, and D. Kumar, “Removal of some basic
dyes from artificial textile wastewater by adsorption on Akash
Kinari coal,” Journal of Scientific and Industrial Research, vol. 63,
no. 4, pp. 355–364, 2004.

[112] J. X. Lin, S. L. Zhan, M. H. Fang, X. Q. Qian, and H. Yang,
“Adsorption of basic dye from aqueous solution onto fly ash,”
Journal of Environmental Management, vol. 87, no. 1, pp. 193–
200, 2008.

[113] K. Haarstad, H. J. Bavor, and T.Mæhlum, “Organic andmetallic
pollutants in water treatment and natural wetlands: a review,”
Water Science and Technology, vol. 65, no. 1, pp. 76–99, 2012.
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Anovel non-photo-dependent semiconductor catalyst (CT)was employed to degrade phenol in the present pilot-scaled study. Effect
of operational parameters such as phenol initial concentration, light area, and catalyst loading on phenol degradation, was compared
between CT catalyst and the conventional photocatalyst titanium dioxide. CT catalyst excelled titanium dioxide in treating and
mineralizing low-level phenol, under both mild UV radiation and thunder conditions of nonphoton. The result suggested that CT
catalyst could be applied in circumstances when light is not easily accessible in pollutant-carrying media (e.g., particles, cloudy
water, and colored water).

1. Introduction

Heterogeneous photocatalytic oxidation (HPO) can degrade
refractory organics through combination of semiconductor
photocatalyst (TiO

2
and ZnO), in the presence of energy-

provided light source (UV) and oxidant (oxygen or air). This
process largely depends on in situ generation of hydroxyl
radicals under ambient conditions [1]. Among different
semiconducting materials, titanium dioxide, a widely used
photocatalyst for oxidizing degradation of organics in the
wastewater [2–5], is always preferred for its strong oxidizing
ability, bulk nontoxicity, ready availability, and long-term
stability [6–8]. Anatase is the crystalline phase of TiO

2
with

the highest photocatalytic activity [9]. Generally speaking in
heterogeneous photocatalysis, oxidation reaction takes place
on the surface of catalyst, and the degradation rates of organ-
ics relate mainly to some important parameters including
substrate concentration, light intensity, catalyst loading, and
the solution pH [10, 11]. Also, photocatalytic oxidation of
phenol was usually investigated in a slurry reactor because of
the easy handling, less limitation on mass transfer, and more
efficiency than a reactor using immobilized catalysts [12].

A novel catalyst, charge transfer autooxidation-reduc-
tion-type semiconductor catalyst (CT catalyst), was devel-
oped by two Japanese scientists [13]. Our previous bench-
scaled research revealed that the CT catalyst could be used
for removal of low concentration phenolics under mild UV
radiation and total mineralization can be realized, better
than the conventional photocatalyst TiO

2
[14]. In general,

CT catalyst has two significant advantages: (1) low energy
consumption; (2) nonchemical consumption [14].

In the present pilot-scaled study, we aimed to investigate
influencing factors, including pollutant initial concentration,
lighting area, and catalyst loading, on phenol degradation
using CT catalyst. Upon data analysis, optimal operational
parameters for application of CT catalyst in wastewater
treatment were determined.

2. Materials and Methods

Phenol (analytic grade), chosen as the target pollutant, and
TiO
2
(mixture of rutile and anatase nanopowder, <100 nm,

99.5% tracemetals basis) as the photocatalyst were purchased
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Figure 1: (a) Regression of phenol concentration on phenol absorbance at 270 nm and (b) regression of hydroquinone concentration on
hydroquinone absorbance at 289 nm.
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Figure 2: Time-dependent phenol concentration under UV radiation with and without the presence of CT catalyst.

from Sigma-Aldrich Chemical Co. CT catalyst was purchased
from BOIS Ltd. The phenol solutions were adjusted to pH 3
using hydrochloride acid and sodium hydroxide solutions,
simulating the pH level in phenol-containing industrial
wastewaters.

The experiments were carried out in a 5 L glass immer-
sion photochemical reactor. The main body of reactor was
cylindrical with the radius of 10.5 cm bearing the structure
of double jackets. The outer layer of the reactor with running
water was for cooling and the inner layer was the reaction
space containing 3 L phenol solution. The axis position of
reactor was equipped with a stirrer, controlled at 180 rpm
to realize a complete mixing of the solution. A low-pressure
UV mercury lamp was set in a quartz tube immersed in
the solution. The main emission wavelength of the UV
lamp was 254 nm UV-C. Levels of the light intensity were
approximately 3400 𝜇W/cm2 outside of the quartz tube

and 335 𝜇W/cm2 near the inner wall of the inner reaction
cylinder, respectively. Initial concentrations of phenol were
5.0, 20.0, 50.0, and 100.0mg L−1, respectively. Lengths of
the UV lamp were used in the study, including 3.0, 6.0,
8.0, 8.8, and 18.5 cm, respectively. To study the effect of
catalyst loading, the phenol solution was first exposed to UV
irradiation for 2 h and then the rest of the reactions took place
in the dark.The catalyst loading was set at 0.03%, 0.1%, 0.2%,
0.5%, 1%, 2%, and 3%, respectively. In the experiment with
thunder condition of nonphoton, 0.1% of the catalyst loading
level for both CT and TiO

2
was adopted.

Samples were collected from the reactor during the
treatments and filtered through 0.45 𝜇m mixed cellulose
ester (MCE) membrane before chemical analyses. Con-
centrations of phenol and hydroquinone were analyzed
using a spectrophotometer at 270 nm and 289 nm, respec-
tively [15]. The relationships between absorbance readings
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Figure 3: (a) Effect of phenol initial load on photocatalytic degradationwith the presence of CT. (b) Time dependence of phenol concentration
upon exposure to UV radiation with different UV lamp lengths.
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Figure 4: Linear relationship between UV lamp length and phenol photocatalytic degradation rate.

and concentrations of phenol or hydroquinone were shown
in Figure 1.

3. Results and Discussions

3.1. Effect of Phenol Initial Concentration on Phenol Degrada-
tion by CT Catalyst and TiO

2
. Phenol degradation upon UV

radiation (18.5 cmUV lamp)with andwithout the presence of
1% CT was compared (Figure 2). It shows that UV radiation
alone (without the presence of CT) had ignorable effect on
phenol removal, while 1% CT achieved an 87% removal in
6 h.

Contribution of phenol initial concentration in phenol
degradation was shown in Figure 3. It seems that, under the
condition of UV radiation with the lamp length of 18.5 cm,
degradation rate by CT catalyst was maintained at a constant
level of 0.017min−1, regardless of different phenol initial
concentrations (5–100mg L−1). The result demonstrated that
phenol photocatalytic degradation by CTwas independent of
the phenol initial concentration. This is consistent with the
pseudo-zero-order kinetics of phenol photocatalytic degra-
dation by CT derived in our previous bench-scaled study
[14]. In comparison, the UV light intensity employed in this
pilot-scaled experiment (approximately 3400 𝜇W/cm2 near
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Figure 5: (a) Effect of CT loading on phenol degradation upon exposure to UV radiation for 2 h followed by a dark condition. (b) Effect
of CT concentration on phenol photocatalytic degradation rate (with UV radiation for 2 h, followed by a dark condition). (c) Effect of CT
loading on phenol degradation rate in the dark (treated in the thunder condition of nonphoton after UV radiation for 2 h).

the light tube) was much higher than that in the previous
bench-scaled experiment (<26 𝜇W/cm2) [14]. This probably
led to a higher rate constant𝐾 (0.017min−1) obtained in this
study than the previous value (𝐾bench-scale: 5.28 × 10

−3min−1)
[14].The result suggested that, within the range of initial phe-
nol concentrationwe set in the present study, reaction sites on
the surface of the CT catalyst were not fully occupied by the
phenol molecules/activated molecules. A possible process is
that the UV radiation activated the aromatic structure of the
phenolmolecules and subsequently these activatedmolecules
lost their stability due to anelectron change on the surface
of CT and eventually were decomposed due to nonaromatic
substances. The process is different from that of TiO

2
medi-

ated phenol degradations; phenol initial concentration played
important role in the reactions, most likely due to light
availability and therefore hydroxyl radical generation for the
oxidation of the phenol molecules [16]. In addition, the pro-
duced intermediates may lead to deactivation of active sites
on the surface of TiO

2
[17, 18]. For example, Silva and Faria

reported that photocatalytic oxidation followed pseudo-first-
order kinetic model ([PhOH] = [PhOH]0𝑒

−𝐾app𝑡;𝐾app was the
apparent first-order kinetic constant) [12]. Hong et al. also
reported that phenol photocatalytic degradation rate by TiO

2

decreased as phenol initial concentration increased from 50
to 400mg L−1 [19].

3.2. Effect of UV Light on Phenol Degradation by CT Cata-
lyst and TiO

2
. Figure 4 showed that phenol photocatalytic

degradation rate increased with the increase of UV tube
length under the condition of phenol initial concentration
of 5mg L−1 with 1% CT, and the pseudo-zero-order kinetic
rate constants were 0.0036, 0.0066, 0.0104, 0.0114, and
0.0139min−1, respectively. This phenomenon was expected
because the increase of UV tube length results in increase
of lighting area and then of UV energy. Figure 5 demon-
strated that there was a good linear relationship between UV
tube length and phenol photocatalytic degradation rate by
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Figure 6: (a) Effect of TiO
2
loading on phenol degradation upon exposure to UV radiation for 2 h followed by a dark condition. (b) Effect of

TiO
2
concentration on phenol photocatalytic degradation rate (with UV radiation for 2 h, followed by a dark condition). (c) Effect of TiO

2

loading on phenol degradation rate in the dark (treated in the thunder condition of nonphoton after UV radiation for 2 h).

CT (𝑦 = 0.0014𝑥 − 0.001, 𝑅2 = 0.9853), which verified the
photo-induced nature of the aromatic compounds [12].

For TiO
2
, Jafarzadeh et al. reported that photodegrada-

tion rate of phenol increased with the increasing medium-
pressure mercury UV lamps power from 125w to 250w [20].
Chiou et al. reported that the rate constants of different
UV power (20, 100, and 400w) were different (8.3 × 10−3,
0.012, and 0.031min−1, resp.) [21]. There was a good linear
relationship between the apparent rate constant and light
intensity, because of the increasing amount of hydroxyl
radicals.

3.3. Effect of Catalyst Loading on Phenol Degradation. After
2 h of UV irradiation, different CT loading degraded phenol
and the photocatalytic rates were higher than the corre-
sponding phenol reduction rates in the thunder condition
of nonphoton (Figure 6). Phenol photocatalytic degradation
rates increased as CT loading increased from 0.03% to 0.5%,
resulting from an increment of the active sites available
for phenol absorption and degradation. However, the rates

reduced as CT loading further increased from 0.5% to
3%. This may be because of a screen effect due to the
redundant dispersion of UV radiation and aggregation of
the catalyst particles with consequent decrease in the active
sites available to catalytic reaction [1]. Therefore, there was
photocatalytic degradation rate peak (14.815 × 10−3min−1)
at 0.5% CT, whereas different CT catalyst loadings had the
similar phenol removal rates without the presence of photon
(1.612 × 10−3min−1).

The optimal TiO
2
loadings in degrading phenol were

reported by the other researchers. TiO
2
concentrations in the

suspension varied from 0.1 to 1.5 g L−1. 𝐾app increased with
the mass of catalyst up to amount of 1.0 g L−1 but decreased
at 1.5 g L−1 [12]. The present study obtained a similar TiO

2

loading level; 1% was the optimum with a maximum 𝐾app
(31.54 × 10−3min−1) (Figure 7). However, different from CT,
phenol degradation by titanium in the thunder condition
peak (1.932 × 10−3min−1) occurred upon 0.1% loading of
TiO
2
.
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Figure 8: Comparison of (a) phenol reduction by CT catalyst and TiO
2
in the thunder condition of nonphoton and (b) generation of the

intermediate hydroquinone between CT catalyst and TiO
2
under the thunder condition of nonphoton.

Phenol photocatalytic degradation rate by TiO
2
was faster

than that by CT (Figure 8), probably due to the fact that
UV intensity (approximately 3400 𝜇W/cm2 near the light
tube) was sufficient to excite the valence electrons of TiO

2
.

In contrast, CT should have higher potential in phenol
removal under conditions when light is not easily accessible
in pollutant-carrying media (e.g., particles, cloudy water, and
colored water).

3.4. Phenol Degradation by CT and TiO
2
in the Thunder

Condition of Nonphoton. In the dark after a brief UV expo-
sure, both CT and TiO

2
removed phenol, and the efficiencies

at 47 h were 77% and 60%, respectively (Figure 8(a)). Pro-
duction of the intermediate hydroquinone was observed in
the treatments (Figure 8(b)). For CT catalyst, concentration

of hydroquinone increased with the decrease in phenol. In
contrast, hydroquinone was not detected in the treatments by
TiO
2
.This verified that CT catalyst could function in the dark

via charge transfer to destabilize phenol, a similar result to
that observed in the bench-scaled experiments [14]. For TiO

2
,

it is possible that phenol molecules were simply absorpted on
the surface, blocking further degradation. This phenomenon
was observed previously when using TiO

2
for degrading

methylene blue, and, with the increasing initial concentration
of methylene blue, the removal efficiency decreased [22].
Liu et al. also reported that nano-TiO

2
had good absorption

ability and the absorption rate was above 97% [23]. After all, it
is not unexpected that, at TiO

2
, positively charged, absorpted

phenol molecules at pH 3.0 and 0.1% TiO
2
showed the best

absorption ability.
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4. Conclusions

(1) Phenol photocatalytic degradation by CT catalyst was
independent of phenol initial concentration, following a
pseudo-zero-order kinetic model. In contrast, phenol pho-
todegradation by TiO

2
followed a pseudo-first-order kinetic

model, and the removal rate decreased with the increase in
phenol initial concentration.

(2) The increase in the length of the UV lamp led to an
increase in radiation area and energy and therefore enhanced
phenol degradation in both treatments by CT catalyst and
TiO
2
.

(3) For photocatalysis, the optimal loadings for CT
catalyst and TiO

2
treatments were 0.5% and 1%, respectively.

(4) For phenol removal under thunder condition of
nonphoton, CT catalyst mediated the degradation, leading to
the formation of hydroquinone, whereas the main function
of TiO

2
in the process seemed to be absorption.

Overall, CT catalyst excelled the conventional photocat-
alyst TiO

2
in polishing low concentration of phenol under

either mild UV radiation or thunder condition of nonphoton
and eventually realized mineralization. CT catalyst should
have enormous potential in phenol removal in wastewater,
especially in circumstances when light is not easily accessible
in pollutant-carrying media (e.g., particles, cloudy water, and
colored water).
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Industrial effluent often contains the significant amount of hexavalent chromium and synthetic dyes. The discharge of wastewater
without proper treatment into water streams consequently enters the soil and disturbs the aquatic and terrestrial life. A range
of wastewater treatment technologies have been proposed which can efficiently reduce both Cr(VI) and azo dyes simultaneously
to less toxic form such as biodegradation, biosorption, adsorption, bioaccumulation, and nanotechnology. Rate of simultaneous
reduction of Cr(VI) and azo dyes can be enhanced by combining different treatment techniques. Utilization of synergistic treatment
is receiving much attention due to its enhanced efficiency to remove Cr(VI) and azo dye simultaneously. This review evaluates the
removal methods for simultaneous removal of Cr(VI) and azo dyes by nanomicrobiology, surface engineered nanoparticles, and
nanophotocatalyst. Sorptionmechanismof biochar for heavymetals and organic contaminants is also discussed. Potentialmicrobial
strains capable of simultaneous removal of Cr(VI) and azo dyes have been summarized in some details as well.

1. Introduction

Azo dyes are widely used to dye various materials such as
leather, plastics, textiles, food, paper, and cosmetics. Overall
production of azo dyes in the world is estimated to be one
million tons annually. The use of azo dyes in modern world
represents a serious problem worldwide [1, 2]. Azo dyes are
synthetic compounds [1].These azo dyes can be differentiated
by the presence of one or more azo groups (–N=N–) as
a chromophore which linked different aromatic amines or
phenols by a double bond [1, 3]. More than 10–15% of applied
dyes are released into wastewater during dying process [4].
As fixation of dyestuff on the substrate is not an efficient
process, it varies depending upon the method of fixation or
level of affinity resulting in production of color water [5],
which reduces water quality [6]. As these azo dyes are water-
soluble, dyes such as sulfonated azo dyes finally enter into

the environment when released throughwastewater and have
many carcinogenic andmutagenic effects on various forms of
life [7]. It affects photosynthetic activity of plants by limiting
penetration of sunlight [6]. Moreover, toxic effects of dyes
result in formation of tumor, cancer, and allergies in human
and also inhibit growth of bacteria, protozoans, algae, plants,
and different animals [8].

Various technologies have been applied for removal
of azo dyes including physical, chemical, and biological
methods but microbial degradation of dye is an efficient
tool for removing pollution from environment [5]. Other
microorganisms like fungi and algae decolorize dye in waste
water by adsorption instead of degradation; as a result, dyes
remain in the environment. However, bacteria completely
degrade dyes under certain conditions [9]. Even bacteria can
degrade intermediate byproduct such as aromatic amines by
the hydroxylase and oxygenase enzyme [2].
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Textile industry effluents with organic pollution often
contain heavymetals aswell as free ionicmetals or in complex
form [10]. In biodegradation process, bothmicrobial biomass
and its activity are of prime importance. High concentration
of heavy metals like Pb, Cr, Cu, Zn, As, and Cd may have
adverse effect onmicrobial growth and activity [11].Microbial
community composition is sensitive to long term exposure
of heavy metals and may affect the decomposition property
of microbes [12]. However, toxicity of these metals depends
upon their availability or presence in wastewater [13].

Chromium (CrVI) is highly toxic metal that a slight
increase in its level results in various environmental and
health problems.TheUnited States Environmental Protection
Agency (US EPA) has added the Cr+6 in the list of 17
poisoning elements that are major threat to humans, plants,
and microorganisms [14]. Industrial effluents are frequently
cocontaminated with chromium ions and azo dyes [2].
Toxicity of chromium depends upon its oxidation state
chromium 6 which is carcinogenic and highly toxic to all
forms of life and it is more mobile and soluble in water
while its reduced form chromium 3 is comparatively less
toxic as it is insoluble in water [15]. Microorganisms have
ability to protect themselves against toxicity of heavy metals
by adopting certain mechanisms such as adsorption, uptake
methylation, oxidation, and reduction [16]. But excessive
concentrations of these metals may negatively influence the
microbial activity and its resistant potential to heavy metals.
Bacterial resistance to chromate is associated with plasmid or
arises from mutation in chromosomes [17].

Chromium constitutes an integral part of many complex
azo dyes which are used for dye fixation in wood leather, silk,
and paper dyeing industries [18]. The structure of chromium
complexes formed through chemical reaction betweenCr

2
O
3

and a variety of azo organic compounds that are very
stable and difficult to destroy [19]. Therefore, combining
existence of other azo dyes along with chromium is not only
addingmore contamination in wastewater but also rendering
bacterial population.

Shi et al. investigated that Cr and Pb have negative impact
on soil microbial activity [20]. The effects of Cr and Pb
were determined in terms of ratio of microbial biomass C to
soil organic C, basal respiration per unit microbial biomass
(𝑞CO

2
), and the ratio of substrate-response respiration to

microbial biomass C (substrate responsive 𝑞CO
2
). The ratio

of microbial biomass in Cr contaminated soil was 0.42%
and in Pb contaminated soil was 0.36%, while 𝑞CO

2
and

substrate-responsive values were high in Pb as compared to
Cr contaminated soil (𝑃 < 0.01) which indicates like other
heavy metals that Cr also has stress on bacterial biomass.

It was studied that sulphate reducing bacteria (SRB)
removed 25–30% of initial dye (reactive black B, Ramzol blue,
and reactive red RB) from medium in 72 h in the presence of
50mg L−1 chromium and approximately 95% of chromium
VI removal was achieved at the end of 24 h incubation period.
Results showed that decolorized dye amount was increased at
increasing dye concentration by SRB but decolorization yield
remained constant [21]. Such lower yield of dye decoloriza-
tion shows that chromium has inhibitory effect on bacterial

efficacy of removing dye. Similarly, Khalid et al. has reported
that at 250mg L−1 of chromium only 8% decolorization was
obtained after 24 h using Cr

2
(SO
4
)
3
whereas in case of CrCl

3

in the same time period at higher concentrations (150–
250mg L−1) the decolorization was in the range of 31 to 49%
only [22].

Recently, several microorganisms have been found which
have enzymatic system for individual or simultaneous remo-
val of azo dyes and hexavalent chromium (Cr VI) [2,
14, 22, 23]. Bacterial strains KI (Pseudomonas putida) and
SL14 (Serratiaproteamaculans) have great potential to reduce
simultaneously 93%CrVI and 100%decolorization of reactive
black-5 azo dye in 24 h at pH 7.2 and 35∘C in a batch
culture. Individually, 100% removal of CrVI and reactive
black-5 dye was obtained in 12 h by strains KI and SL14
[23].

Biodegradation is an effective cleanup technology used
for the removal of organic and inorganic contaminants from
soil [24]. Only few aerobic bacterial strains that can utilize azo
dyes and heavy metals simultaneously as growth substrates
have been isolated. Microbial population proliferates when
soil is amended with substances capable of sorption and
inactivation of growth inhibiting substances [25].

Biochar has adsorption property which can be produced
by thermal degradation of organic materials in the absence
of air (pyrolysis). As the pyrolysis temperature increases, the
surface area and pH of the char increase. Large surface area
and high cation exchange capacity increase the effectiveness
of the char to adsorb organic and inorganic contaminants
[26]. Biochar increases not only the sorption of toxic organic
and inorganic contaminants in soil but also the other
processes related to sorption such as leaching, dissipation,
and toxicity for plants [27]. Degradation of azo dye and
heavy metals can be obtained by adsorption, enzymatic
degradation, or combining both treatment processes [28].
Efficiency of simultaneous degradation treatment for azo dyes
and hexavalent chromium can be enhanced by combining
different treatment technologies.

Microbial nanotechnology that is a newly emerged
method to produce a nanoparticulate catalyst involves the
precipitation of transition metals such as palladium, gold,
and iron on bacterial cell wall, resulting in the formation of
bionano-Met, where Met = transition metal catalyst [29]. On
the base of catalytic nature, metal nanoparticles have been
applied in environmental remediation [30]. For example,
several studies have investigated the application of Fe(0)
nanoparticles to reduce organic and inorganic pollutants [31].

Precipitation of these nanoparticles on bacterial surface
increases their degradation potential for pollutants. On avail-
ability of electron donor, these nanoparticles tend to catalyze
the reduction of contaminants, so rendering them insoluble
[32]. A variety of inorganic pollutants such as carcinogenic
hexavalent chromium and hexavalent uranium are soluble in
their highly oxidized form and become sparingly soluble on
reduction (to trivalent chromium and tetravalent uranium
in the above case, resp.). On the other hand, several organic
compounds such as organic dyes, fertilizers, pharmaceutical
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compounds, and intermediates undergo reductive degra-
dation. In all these cases, the contamination levels in the
subsurface environment and their downstream flow can be
considerably controlled and managed. In this way, study of
various useful cleanup technologies is of major concern.

2. Azo Dyes

2.1. Classification of Azo Dyes. Dyes exhibit considerable
structural diversity and can be classified by their chemical
structure or their application to the fiber type. Dyes must
carry one or more functionalities giving the dye color,
called chromophores, as well as an electron withdrawing or
donating substituents that cause or intensify the color of the
chromophores, called auxochrome. The chromophore group
can be a base for dye classification. The most important
chromophores are azo (–N=N–), carbonyl (–C=O), methine
(–CH=), nitro (–NO2), and quinoid groups.Themost impor-
tant auxochromes are amine (–NH3), carboxyl (–COOH),
sulfonate (–SO3H), and hydroxyl (–OH) groups [33]. Based
on the origin and complex molecular structure, dyes can
be classified into three categories: (1) anionic: acid, direct
and reactive dyes; (2) cationic: basic dyes; and (3) nonionic:
disperse dyes [34]. Among the various classes of dyes, reactive
dyes are one of the prominent and most widely used types
of azo dyes and are too difficult to eliminate. They are
extensively used in different industries, including rubber,
textiles, cosmetics, paper, leather, pharmaceuticals, and food
[35–37]. The most common group reactive dyes are azo,
anthraquinone, phthalocyanine [38], and reactive group dyes
[39, 40]. Most of these dyes are toxic and carcinogenic [41].
Dyes may also be classified according to their solubility into
soluble dyes like acid, basic, metal complex, direct, mordant,
and reactive dyes or insoluble dyes including sulfur, azoic, vat,
and disperse dyes.

Almost 109 kg of dyes is produced annually in the world,
of which azo dyes represent about 70% by weight [42].
Because such large quantities of azo dyes are being produced
and used daily by leather tanning, textile, paper production,
food industry, and so forth, and they are known to transform
to carcinogenic aromatic amines in the environment, their
incorrect disposal is a major environmental concern and can
affect human and animal health [43].

2.2. Reduction of Azo Dyes. The detailed brief method for the
reduction of azo dyes is shown in Figure 1.

3. Simultaneous Removal Methods

Physicochemical processes were usually inefficient costly and
not feasible to a wide range of dye wastewater [44]. However,
biological processes, such as biodegradation, bioaccumula-
tion, and biosorption are more favorable due to cost effec-
tiveness, ability to produce less sludge, and environmental
benignity [44–46]. Biosorption and bioaccumulation are the
twomain technologies in biological process for of dye bearing
industrial effluents. They possess good potential to replace
conventional methods for the treatment of dyes industry
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Figure 1: Flow sheet diagram for reduction process of azo dyes.

effluents [47]. Biological process can be carried out in situ
at the contaminated site; these are usually environmentally
benign, that is, no secondary pollution, and they were cost
effective. These are the principle advantages of biological
technologies for the treatment of dye industry effluents.
Hence, in recent years, research attention has been focused
greatly on biological methods for the treatment of effluents
[36, 48]. The disadvantage of this degradation process is
that it suffers from low degradation efficiency or even no
degradation for some dyes [1, 5] and practical difficulty in
continuous process [36]. Biosorption can be defined as the
passive uptake of toxicants by dead or inactive biological
materials. The important advantage of biosorption over
bioaccumulation process is that the use of living organisms
is not advisable for the continuous treatment of highly toxic
effluents. This problem can be overcome by the use of dead
biomass, which is flexible to environmental conditions and
toxicant concentrations.

3.1. Simultaneous Removal by Biochar. Biochar is increasingly
receiving attention as a promising functional material in
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environmental and agricultural application. It refers to the
C-rich residues of incomplete combustion of biomass under
oxygen-limited conditions and at relatively low temperatures
(<700∘C). Various plant tissues and organic-rich wastes
includingwood chips, animalmanure, and crop residues have
been used for biochar production. Biochar is produced as
a soil amendment for agricultural and environmental gain,
which distinguishes it from other carbonaceous products
such as activated C (AC) and charcoal [49]. For example, AC
is produced from biomass at high temperatures followed by
an activation process to increase its surface area for use in
industrial processes such as filtration [50].

Extensive work has been done on biochar to slow global
warming by sequestering C from atmosphere into soil [33, 49,
51]. Plants absorb atmospheric CO

2
through photosynthesis

and store it in their biomass. By heating under oxygen limited
condition and at relatively low temperatures, 30–50% C in
the biomass is converted to stable biochar, which is primarily
composed of condensed aromatic C [49]. Incorporation of
biochar into soil has the potential to lock atmospheric C
in the solid phase for hundreds to thousands of years [46,
49]. Application of biochar to soil can also help improve
soil properties and enhance soil quality by retaining higher
moisture and nutrients and microbial activity and therefore
increasing crop production [52–54]. Application of biochar
to contaminated soils can also reduce the bioavailability of
organic contaminants to plants, microbes, and earthworms
in contaminated soils [55–57].The large surface area and high
microporosity of biochar are responsible for its high affinity
for organic contaminants and large P content is responsible
for removal of heavy metals as well (Table 1) [58].

Recently, several studies have been conducted which
shows that biochar affects the transport and fate of organic
contaminants in soils [55–60]. Hilton and Yuen were the
scientists who determined the sorption of pesticide by ashes
obtained from burning crop residue even after washing out
organic matter with H

2
O
2
in 1960s [61]. Addition of wheat

straw derived biochar to soil effectively sorbed diuron [56].
Yu et al. indicated that the biochar produced fromwood chips
was effective in immobilizing chlorpyrifos and carbofuran
insecticides in a soil [55].

A study conducted by Cao et al. represents that after 210
days of incubation, biochar (P-rich dairy manure) addition
reduced atrazine concentration in CaCl

2
extract by 66–81%

in both types of soil (Figures 2(a) and 2(b)) [58]. Similarly,
atrazine concentrations in the TCLP extract was reduced by
53–77% (Figures 2(c) and 2(d)).

A similar experiment was also performed by application
of Pb and biochar in both types of soil. After 120 days of
incubation biochar reduced Pb in CaCl

2
extracts by 65–75%

in the SR soil and by 57–68% in the BR soil (Figures 3(a)
and 3(b)). Similarly, Pb in the TCLP extract was reduced
by 72–89% in the SR soil and by 70–79% in the BR soil
(Figures 3(c) and 3(d)). Rate of reduction of atrazine and Pb
was amplified with increasing biochar level and duration of
incubation (Figures 2 and 3).

Mechanism for stabilization of Pb in soil involves the con-
version of less stable PbCO

3
into more stable Pb

5
(PO
4
)
3
OH

by P present in biochar, while adsorption of atrazine on
organic C in biochar may be responsible for immobilization
of atrazine in soil [56].

Phosphorus originally contained in the biochar induced
conversion of less stable PbCO

3
tomore stable Pb

5
(PO
4
)
3
OH

and is responsible for soil Pb immobilization, whereas
atrazine stabilization may result from its adsorption on
organic C in biochar (Figure 4) [60].

It was investigated byHan et al. that rice straw biochar has
great potential to adsorb cadmium (Cd) and sulfamethoxa-
zole (SMX) from cocontaminated water [62]. The calculated
maximumadsorption parameter (𝑄) of Cdwas similar in sin-
gle and binary systems (34129.69 and 35919.54mg kg−, resp.).
However, the 𝑄 of SMX in a binary system (9182.74mg kg−)
was much higher than that in a single system (1827.82mg
kg−).

3.1.1. Sorption Mechanism. The good fit of the Langmuir
adsorption isothermwas based onmonolayer coverage of the
adsorbate on the surface of the adsorbent, indicating that the
sorption of Cd on rice straw biochar is monolayer sorption
on a fixed number of surface sites on the biochar [63]. It
was investigated by several experiments that large surface
area (SA) is responsible for improving sorption capacity of
biochar for heavy metals such as As, Pb, Cu, Zn, and Cd,
which provides more surface sites for their adsorption. For
example, corn straw char produced at 600∘C has a larger SA
than hardwood char produced at 450∘C, leading to greater
adsorption capacities of corn straw char for Cu and Zn
[64]. However, in a study conducted by Han et al., different
diameters showed no significant effect on the sorption of
Cd on biochar, regardless of the presence of SMX (Figure 5)
[62]. Xu et al. stated that, in case of adsorbent having low
SA (5.61m2 g−), sorption may not be influenced by SA of
biochar [65].Therefore, the maximum adsorption capacity of
rice straw biochar for Cd calculated by the Langmuir model
was similar to the result of the study by Xu et al., which shows
that formation ofmetal-phosphate and carbonate precipitates
on the surface of biochar may be attributed to the large
adsorption capacity of dairy manure-derived biochar for Cd
(32036.85mg kg−) [66]. It was also described by Echeverŕıa
et al. that precipitation plays a vital role in the sorption of
Cd by adsorbents. In our study, the amount of adsorption
was also extraordinarily large [67], and the SEM images
(Figure 5) of rice straw biochar after Cd adsorption reveal the
precipitates on the surface of the biochar, which confirms that
precipitation was responsible for adsorption process.

It was suggested by Harvey et al. that Cd sorption
takes place through cation-exchange on biochars produced
at <350∘C, but primarily by two distinctive cation-𝜋 bonding
mechanisms on biochars produced at ≥350∘C [68]. Han
et al. produced the rice straw biochar at 400∘C, which
indicates that Cd2+-𝜋 bonding may contribute to sorption
[62]. Sorption of Cd may also be attributed to hydrogen-
bonding because of the presence of hydroxyl (–OH) in
biochar, indicated by the band at 3374 cm−1 [64]. Besides
electrostatic interaction, ion exchange could also contribute
to Cd sorption on rice straw biochar.
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Table 1: Adsorption of heavy metals and organic contaminants by biochar.

Type of biochar Organic
compounds

Heavy metals
Maximum adsorption capacity Time for maximum adsorption

(%)/mg kg− (days) References
O.C. Heavy metals O.C. Heavy metals

Rice straw Sulfamethoxazole
(SMX) Cd(III) 9182.74mg kg− 35919.54mg kg− — — [62]

Wheat straw Diuron — — — — — [56]
P-rich dairy
manure Atrazine Pb(II) 66–81% 72–89% 210 days 120 days [58]

Wood chip
Chlorpyrifos and

carbofuran
insecticides

— — — — — [55]

Corn straw — Cu(II), Zn(II) — — — — [74]

However, in case of organic contaminant SMX, a positive
correlationwas found between SA of biochar and the concen-
tration of SMX adsorbed on biochar and the biochar having
large diameter (150–250𝜇m) was found to attain maximum
adsorption capacity for SMX. Scanning electron microscopy
(SEM) and the Fourier transform infrared spectroscopy
(FTIR) showed that the removal of Cd and SMX by rice straw
biochar may be attributed to precipitation and the formation
of surface complexes between Cd or SMX and carboxyl or
hydroxyl groups.

Because of amino functional groups and 𝑁-heteroaro-
matic rings, SMX is a strong 𝜋-acceptor compound [69].
The mechanism of 𝜋-𝜋 electron donor-acceptor (EDA) [70]
facilitates the strong interaction between nitro aromatics and
black carbon (char) [71]. In the FTIR spectrum, the 𝜋-𝜋
EDA interaction between SMX and biochar is because of the
COO– groups (1587 cm−1) in rice straw biochar.

3.1.2. Effect of pH on Sorption of Heavy Metals. Heavy metal
sorption on biochar is positively correlated with pH of
medium [62]. Negative charge on the surface of the biochar
increases with the increase in solution pH from 3 to 5.
Thus, the enhanced electrostatic attraction could promote
adsorption of cationic heavymetals on the negatively charged
surface of the biochar. There is also competition between
protons and metal cations for sorption sites on the surface
of the biochar [72].

It was pointed out, in a study conducted by [62], that the
amount of Cd adsorption increased with increasing pH and
became stable after pH 5 in both single and binary systems.
As the pHzpc (zero point of charge) of biochar lies between
2.0 and 3.5 [73], the surface charge of biochar in the solution
wasmainly negative in the pH range (3, 4, 5, 6, and 7.5) in this
experiment. When the pH was above 5, adsorption capacity
started decreasing because of the formation of hydroxide
complexes [64]. Chen et al. and Liu and Zhang have revealed
similar outcomes, regardless of the original material of the
biochar [74, 75].

3.1.3. Effect of pH on Sorption of Organic Contaminants.
A negative correlation exists between sorption of organic
compounds and pH of solution. Increase in pH results in

the reduction of neutral species, whereas anionic species
increases, and it creates a strong electrostatic repulsion
between the negatively charged biochar surface and organic
anionic species. The cationic, neutral, and anionic species of
SMX dominate at pH values of <1.7, around 3.7, and >5.7,
respectively [76]. This is the most possible reason that the
amount of SMX sorption on biochar increased as pH value of
solution decreased and it was negatively correlated with the
pH values [62].

Moreover, there is strong negative correlation between
amount of organic pollutant on biochar and solubility of
that contaminant in solution. When pH rises, it may cause
less solubility of organic complex and results in reduction
of hydrophobic partitioning between organic complex and
biochar, supporting that mechanism of hydrophobic parti-
tioning plays a vital role for sorption of organic compounds
on biochar.Therefore, sorption of SMX on rice straw biochar
decreased on rising pH value (3–7.5) [62]. In addition, by
increasing pH value, the 𝜋-acceptor ability would increase
with protonation, resulting in weaker interaction of 𝜋-𝜋 EDA
between SMXandbiochar.This is the one possible reason that
sorption level was maximum at pH 3 [62].

3.1.4. Effect of Heavy Metals on Sorption Capacity of Biochar
for Organic Contaminants. Earlier studies revealed that
either antagonistic [77] or synergistic [78] interaction exists
between heavymetals and organic compounds. In the cocon-
taminated solution, positively charged heavy metals would
influence the sorption of organic compounds by altering the
biochar surface. Cations could first be adsorbed on the sur-
face of the biochar, and the negative charge on the surface of
the biochar would be diminished [79].Then, the electrostatic
repulsion between the biochar surface and anionic organic
compounds could be mitigated and therefore significant
promotion of adsorption of organic compound. Adsorption
of cations (Cd+2, Ca+2, Mg+2, and Cr+6) could lead to the
formation of a bridge on the surface of the biochar [80],
assisting the adsorption of organic compound. Deposition
of cations on biochar surface could reduce the competition
between organic compounds and water for sorption sites by
declining the hydrophobicity of the local region [81]. This
process not only altered the biochar surface but also formed a
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Figure 2: Atrazine concentration in the CaCl
2
and TCLP extract obtained from soils treated with different doses of biochar.

heavy metal-organic compound complex [82] with a higher
sorption affinity on biochar than SMX, based on the metal
complexes [83]. A significant increase of SMX sorption on
rice straw biochar by Cd was reported by Han et al. (Figure 5)
[62].

3.2. Simultaneous Removal by Nanotechnology. In order to
solve the problemofwater and soil pollution, quick andmajor

improvements in wastewater treatment have been conducted,
comprising photocatalytic oxidation, adsorption/separation
processing, and bioremediation; see Table 4 [83]. However,
these treatments have been constrained because of many
issues such as processing efficiency, operational method,
energy requirements, and economic benefit. Currently, nano-
materials (NMs) have been recommended as efficient, cost-
effective, and environmental friendly substitute to existing



Journal of Nanomaterials 7

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0

SR

2 14 35 210
Treatment duration (d)

Ca
Cl

2
ex

tr
ac

te
d 

at
ra

zi
ne

 (m
g L

−
1
)

(a)

0.8

0.7

0.6

0.5

0.4

0.3

0

BR

0.2

0.1

2 14 35 210
Treatment duration (d)

Ca
Cl

2
ex

tr
ac

te
d 

at
ra

zi
ne

 (m
g L

−
1
)

(b)

0

3000

2500

2000

1500

500

1000

2 14 35 210
Treatment duration (d)

TC
LP

 at
ra

zi
ne

 (m
g L

−
1
)

SR

0.0%
2.5% biochar

2.5% biochar
2.5% AC

(c)

60

50

40

30

0

BR

20

10

2 14 35 210
Treatment duration (d)

TC
LP

 at
ra

zi
ne

 (m
g L

−
1
)

0.0%
2.5% biochar

2.5% biochar
2.5% AC

(d)

Figure 3: Pb concentration in the CaCl
2
and TCLP extract obtained from soils treated with different doses of biochar.

treatment resources from the perspectives of both resource
conservation and environmental remediation [84].

Nanotechnology is a field of applied science, focused
on the design, synthesis, characterization, and application
of materials and devices on the nanoscale. Nanotechnology
holds out the promise of massive progresses in manufac-
turing technologies, electronics, telecommunications, health,
and even environmental remediation [24]. It involves the

manufacture and application of a miscellaneous variety of
NMs, which include structures and devices that range in
size from 1 to 100 nm and exhibit distinctive characteristics
not contained by bulk-sized materials [37]. Various types
of nanomaterials exist, such as carbon-based NMs [85],
TiO
2
NMs [86], and iron oxide NMs [66].
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Figure 4: Mechanism for Pb(II) precipitation and atrazine adsorp-
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Iron oxides are present in different forms in the universe.
Magnetite (Fe

3
O
4
), maghemite (𝛾-Fe

2
O
3
), and hematite (𝛼-

Fe
2
O
3
) are well known. In recent years, the production

and utilization of iron oxide NMs with innovative proper-
ties and functions have been extensively studied, because
of their size in nanorange, high surface area to volume
ratios, and superparamagnetism [87]. Predominantly, the
easy manufacturing, coating, or amendment and the ability
to control or manipulate matter on anatomic scale could offer
incomparable flexibility for utilization [88]. Furthermore,
iron oxide NMs with low harmfulness, chemical inert-
ness, and biocompatibility represent a remarkable potential
coupling with biotechnology because it has great potential
to reduce immobilization of microorganisms and in turn
provide greater bioavailability of contaminants. In addition,
stabilization of nanoparticles on cell surface can improve
its stability, reusability, mechanical strength, and the ease of
treatment [89].

3.2.1. Simultaneous Removal by Bionanocatalysis. A new bio-
logically inspired method to produce a nanoparticulate cat-
alyst involves the precipitation of transition metals such as
palladium, gold, and iron on bacterial surface, resulting in
the formation of bionano-Met [29] which have high poten-
tial to remove organic and inorganic contaminants from
soil and water [90]. Two gram negative model organisms
sulfate-reducing bacterium Desulfovibrio desulfuricans [91]
and metal-respiring bacterium Shewanella oneidensis [92]
have been primarily used to reduce Pd(II) and subsequently
induce precipitation of Pd(0) nanoparticles on bacteria and
formed the bio-Pd(0) nanoparticles. Ashraf et al. produced
a bio-Pd(0) nanocatalyst which successfully reduced the
hexavalent chromium (VI) [93].

Recently, Johnson et al. has prepared the bio-Pd(0) nano-
material by precipitating reduced Pd(0) on C. pasteurianum
(Figure 6) [29]. Bio-Pd(0) NMs efficiently reduced two azo
dyes methyl orange (MO) and Evan’s blue (EB). Ten ppm of
nano-Pd degraded MO almost 100% in 7 minutes (Figure 7)
whereas 5 ppm of bio-Pd(0) decolorized EB almost 100% in 7
minutes (Figure 8).

In another study, it was found that only 50mg L− of bio-
Pd(0) reduced seven highly toxic PCBs up to 27% of their
initial level.Whereas, 500mg L− of commercial Pd(0) powder

reduced the same concentration of PCBs [92]. Isolated
bacterial strains Pseudomonas aeruginosa and zerovalent iron
(Fe0) accelerated heavy metal reduction capacity for Cr(VI)
and cadmium, 72.97% and 87.63%, respectively [94].

Pang et al. developed a synergistic system by immobiliz-
ing the Saccharomyces cerevisiae on the surface of chitosan-
coated magnetic nanoparticles (SICCM) for adsorption of
Cu(II) from aqueous solution (Figures 9(a), 9(b), and 9(c))
[95]. After immobilization, magnetic adsorbent was pure
Fe
3
O
4
and it was without conglobation. Initial pH level

of Cu(II) solution, concentration of Cu(II) solution, and
application time were factors which influenced the final %
removal of Cu(II). Highest adsorption potential was obtained
at pH 4.5 (Figure 10). When initial dose of Cu(II) was
60mg L−, then highest adsorption capacity obtained was
96.8% and this % removal efficiency increased as initial dose
of Cu(II) increased (Figure 11). Equilibrium was obtained
in 1 hour. The highest adsorption capacity for Cu(II) was
assessed to be 144.9mg g−. The tremendous feature of CCM
for adsorption of heavy metals can be attributed to (1) high
hydrophilicity due to large number of hydroxyl groups of
glucose units, (2) presence of a large number of functional
groups (acetamido, primary amino, so that it can absorb
heavy metal ions in wastewater treatment and/or hydroxyl
groups), (3) high tendency of these functional groups to react,
and (4) flexible structure of the polymer chain.

Polyvinyl alcohol (PVA), sodium alginate, and mul-
tiwalled carbon nanotubes (MCNTs) were used by Pang
et al. to immobilize a bacterial strain Pseudomonas aerugi-
nosa. Prepared beads were kept at freezing temperature to
improve its mechanical strength [96]. At 80mg L− Cr(VI)
concentration, 50% Cr(VI) of its initial concentration was
reduced in 84 hours. However, bacterial cells which were
not immobilized became deactivate at this concentration.
The beads were applied nine times for removal at 50mg L−
Cr(VI) concentration. On first application, 90% removal
was achieved, while in the end 65% removal efficiency was
achieved (Table 2).

3.2.2. Reduction of HeavyMetals by Engineered Nanoparticles.
Among natural reductant of Cr(VI), zerovalent iron is an
alternative in the remediation of polluted sites, converting
Cr(VI) to essentially nontoxic Cr(III). At 0.4 g L− concen-
tration of zerovalent iron, 100% of Cr(VI) (20mg L−) was
reduced. Reduction potential of Cr(VI) suppressed markedly
as initial pH increased. It was concluded that in each case
Cr(OH)

3
should be the final product of Cr(VI) (1). In this

way, iron nanoparticles are best option for the remediation
of heavy metals in groundwater and soil [97]. Consider

CrO
4

2−
+ Fe0 + 8H+ → Fe3+ + Cr3+ + 4H

2
O

(1 − 𝑥) Fe3+ + (𝑥)Cr3+ + 2H2O

→ Fe
(1−𝑥)

Cr
𝑥
OOH

(S) + 3H
+
.

(1)

High removal efficiency of heavy metals and organic
contaminants can be achieved by making amendments to



Journal of Nanomaterials 9

C

1𝜇m

(a)

Cd

1𝜇m

(b)

SMX

1𝜇m

(c)

1𝜇m

Cd + SMX

(d)

Figure 5: ESEM images of rice straw biochar before and after treatment with solutions of Cd and SMX.

10𝜇m

Figure 6: SEM image of bio-Pd(0) nanoparticles.

0
0

50 100 150 200

225

150

75

300

375

525

450

Time (min)

0 ppm nano-Pd
10 ppm nano-Pd

M
O

 co
nc

en
tr

at
io

n
(𝜇

M
)

Figure 7: Concentration of methyl orange at different levels of bio-
Pd(0) nanoparticles.

0
0 400200 800 1200 1600

30

20

10

40

50

60

Time (min)
0 ppm nano-Pd

10 ppm nano-Pd
10 ppm nano-Pd

600 1000 1400

EB
 co

nc
en

tr
at

io
n 

(𝜇
M

)
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NMs. For example, a novel magnetic nanosorbent (MNP-
NH
2
) has been produced by the covalent binding of 1,6-

hexadiamine on the surface of Fe
3
O
4
nanoparticles for

the removal of Cu2+ ions from aqueous solution [98].
The chemisorptions occurred between Cu2+ and NH

2
groups

on the surface of MNP-NH
2
, as shown in

MNP-NH
2
+ Cu+2 → MNP-NH

2
Cu+2. (2)

In addition, the prepared nanosorbents had good reusa-
bility and stability, and the adsorption capacity of MNP-NH

2

was kept constant (about 25mg g−).
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Immobilized S. cerevisiae on the surface of chitosan-coated magnetic nanoparticles.
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Figure 10: Adsorption capacities of Cu(II) mg L− by S. cerevisiae
immobilized on chitosan-coatedmagnetic nanoparticles at different
initial concentrations of Cu(II)mg L−.

Various forms of Fe0 were compared in the same condi-
tions. The potential to degrade Cr(VI) was in the following
order: starch-stabilized Fe0 nanoparticles > Fe0 nanoparticles
> Fe0 powder > Fe0 filings (Figure 12). Figure 13 shows
the ESEM images of the alone Fe0 nanoparticles (a) and
starch stabilizer Fe0 nanoparticles (b). Much larger dendritic
flocs have been formed without starch whereas discrete Fe0
nanoscale particles have been formed in the presence of
starch (splinter-shaped crystalloid). The presence of starch
effectively prevents accumulation of the iron particles and
thus keeps high surface area and great reactivity [97].

Mesoporous gamma-Fe
2
O
3
nanoparticles possess super-

paramagnetic properties. It has comparatively great potential
to remove Cr(VI) ions from the aqueous solution to that
of pristine CMK-3 carbon. It was found that mesoporous
gamma-Fe

2
O
3
nanoparticles (10 nm) had large adsorption

capacity as compared to nonporous gamma-Fe
2
O
3
nanopar-

ticles under same experimental conditions and degradation
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strength of mesoporous gamma-Fe
2
O
3
nanoparticles for

Cr(VI) increased as pH level of solution decreased [99].
Montmorillonite-supported magnetite nanoparticles

were developed by coprecipitation and hydrosol method.
The average sizes of the magnetite nanoparticles without
and with montmorillonite support are around 25 and 15 nm,
respectively. Adsorption potential of montmorillonite-supp-
orted magnetite nanoparticles was significantly higher per
unit mass of magnetite (15.3mg g−) than that of unsupported
magnetite (10.6mg g−) for heavy metal [100]. Similarly,
bentonite-supported nanoscale zerovalent iron (B-nZVI)
was prepared using liquid-phase reduction. Electroplating
wastewater was treated with B-nZVI which exhibited higher
potential to remove Cr, Pb, and Cu > 90% [20].

Nanoscale zerovalent iron- (nZVI-) multiwalled car-
bon nanotube (MWCNT) nanocomposites were applied to
reduce Cr(VI) from wastewater. These were synthesized by
embedding nZVI particles onto MWCNTs by in situ reduc-
tion of ferrous sulfate. The nZVI-MWCNT nanocomposites
revealed around 36% higher reduction potential for Cr(VI)
removal than that of bare nZVI or nZVI-activated carbon
composites. Rate of removal of Cr(VI) increased at low pH
and initial Cr(VI) concentration. Anions, such as (SO

4
)2−,

NO
3

−, and HCO
3

−, exerted negative impacts on the removal
of Cr(VI), while the influence of PO

4

3− and SiO
3

2− was not
significant [101].

Li et al. developed silica fume-supported Fe(0) nanopar-
ticles (SF-Fe(0)) that were prepared using commercial silica
fume as a support [102]. The feasibility of using this SF-
Fe(0) immobilized the Cr(VI) by adsorption on its surface
following the reduction of Cr(VI) to Cr(III). The rate of
reduction of Cr(VI) could be explained by pseudofirst-order
reaction kinetics.

Surface engineered magnetic nanoparticles Fe
3
O
4
were

produced by facile soft-chemical approaches. Nanoadsor-
bents were functionalized with carboxyl (succinic acid),
amine (ethylenediamine), and thiol (2,3-dimercaptosuccinic
acid). It has been suggested that nanoparticles formed in
carboxyl, thiol, and amine functionalized Fe

3
O
4
have average

sizes of about 10, 6, and ∼40 nm, respectively. Rate of removal
for heavy metals (Cr3+), (Co2+), (Ni2+), (Cu2+), (Cd2+),
(Pb2+), and (As3+) and bacterial pathogens (Escherichia coli)
from water was highly efficient. Mechanism of removal of
heavy metals involves the formation of chelate complexes or
ion exchange process or electrostatic interaction depending
upon the surface functionality (COOH, NH

2
, or SH) of

magnetic nanoadsorbents [94].
It was explored byWei et al. that magnetically iron-nickel

oxide has great power for selective adsorption of Cr(VI) from
the wastewater having Cr(VI)-Ni (II) [103]. The maximum
adsorption capacity of Cr(VI) is about 30mg g− at pH 5.00
± 0.02, and it was negatively correlated with total dissolved
substance (TDS). Magnetic iron oxide nanoparticles were
synthesized by a coprecipitation method followed by mod-
ification with 3-aminopropyl triethoxysilane (APTES) and
acryloyl chloride (AC) subsequently. Then, the surface of
modified nanoparticles was amended by graft polymerization
with acrylic acid. The grafted magnetite nanoparticles exhib-
ited great potential to capture heavy metal cations such as
Cd2+, Pb2, Ni2+, and Cu2+. Their size was in range of 10 to
23 nm. Adsorption capacity was reported to be 57.1 emu g−
[104]. Nanoscale 𝛿-MnO

2
particles were embedded on the

surfaces of GNS. It was found that GNS/MnO
2
have efficient

capturing potential for Ni (II) from solution and it is 46.6 mg
g− at room temperature, which is 1.5 and 15 times higher than
those of pure 𝛿-MnO

2
and GNS, respectively [105].

Wastewaters often contain organics and heavy metals.
Several experiments have been conducted to remove organic
contaminants and heavy metals simultaneously using iron-
based NMs stabilized on a surface. Currently, Long et al.
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Figure 13: ESEM images of (a) alone Fe0 nanoparticles and (b) starch stabilizer Fe0 nanoparticles.

Table 2: Bio-nanocatalysts to remove heavy metals and organic contaminants.

Bionanocatalysts Organic
compounds

Heavy
metals

Initial
concentration of
bionanocatalysts
(ppm/mg L−)

Initial
concentration of
heavy metals
(mg l−)

Maximum reduction
(%)

Time for maximum
reduction (min/h) References

O.C. Heavy
metals O.C. Heavy

metals
[Bio-Pd(0) NMs]
Pd(0) precipitated
on C. pasteurianum

Methyl
orange (MO) — 10 ppm — 100% — 7min — [29]

Pd(0) precipitated
on C. pasteurianum

Evan’s blue
(EB) — 5 ppm — 100% — 7min — [29]

Bio-Pd(0) NMs PCBs — 50mg L− — 27% — — — [92]
P. aeruginosa
immobilized (Fe0) — Cr(VI) — — — 72.97% — — [95]

P. aeruginosa
immobilized (Fe0) — Cd(II) — — — 87.63% — — [92]

S. cerevisiae
immobilized on
chitosan-coated
magnetic
nanoparticles

— Cu(II) — 60mg L− — 96.8% — 1 h [95]

P. aerugi-
nosaimmobilized
on multiwalled
carbon nanotubes

— Cr(VI) — 80mgL− — 50% — 84 h [95]

synthesized chitosan-stabilized bimetallic Fe/Ni nanoparti-
cles (CS-Fe/Ni) which efficiently reduced the amoxicillin by
68.9% and absorbed Cd(II) by 81.3% from a cocontaminated
water [83], whereas separate reduction and adsorption rate
for amoxicillin and Cd(II) were 93.0% and 90.9%, respec-
tively, within 60 minutes. In this way, this remediation
technique involves the reduction chemically and adsorption
(Table 3).

3.2.3. Simultaneous Removal by Nanophotocatalysis. In this
synergistic system, N-F-codoped TiO

2
was used as a pho-

tocatalyst under visible light with enhanced photo efficiency
to reduce Cr(VI) and benzoic acid (BA). Ratio of Cr/BA

and concentration of N-F-codoped TiO
2
and pH were the

selected variables, which effected significantly the removal of
Cr(VI) and BA.Maximumdegradation of Cr(VI) and BAwas
achieved at pH = 4, ratio Cr/BA = 5, and N-F-codoped TiO

2

= 600mg L−. Reduction of Cr(VI) was suppressed as pH level
increased, because of the anionic-type adsorption on TiO

2

and its acid-catalyzed photocatalytic reduction and the same
trend was followed by BA. Figures 14 and 15 represent that, in
binary system, no degradation was observed in the presence
of only N-F-codoped TiO

2
after incubation for 240min,

whereas, in case of direct photolysis only, reduction of Cr(VI)
and BA occurred at very slow rate. On the other hand, in
single system, photocatalytic treatment completely reduced
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Figure 15: Photocatalytic reduction of benzoic acid (BA) in single
and binary system.

Cr(VI) and BA after 150 and 240min, respectively, while in
binary system photocatalytic reduction of Cr(VI) and BA sig-
nificantly boosted the oxidation/reduction of substrate and
complete reduction of Cr(VI)maximum reduction of BAwas
achieved after incubation for 90 and 180min, respectively.
Mechanism for enhanced degradation includes the coupled
oxidation of the BA that consumes photogenerated holes
and/or ∙OH radicals efficiently, blocking the electron-hole
recombination and, thus, increasing the total efficiency [38].

Moreover, the efficiency of (EDAS/TiO
2
-Au) (nps)

nanocomposite materials for photocatalytic oxidation and

reduction was assessed by applying them on Cr(VI) and
methylene blue (MB) dye under irradiation. Deposition
of Au nanoparticles on TiO

2
nanoparticles and then its

spreading over silicate sol-gel film (EDAS/(TiO
2
-Au))

(nps) enhanced the photocatalytic reduction for Cr(VI)
and oxidation of MB. Mechanism involves the most active
interfacial electron transfer from the conduction band of the
TiO
2
to Au (nps) by minimizing the charge recombination

process when compared to the TiO
2
and (TiO

2
-Au) (nps) in

the absence of EDAS [106].
Similarly, Doong et al. preparedmetal-depositedDegussa

P25 TiO
2
nanoparticles. Copper and silver ions were embed-

ded on TiO
2
to accelerate photocatalytic degradation of

methylene blue (MB) [107]. It was found that presence of
formate stimulated the photocatalytic reduction of heavy
metal ions by dropping its oxidation number and resulting
in fast rate of photoreduction. In case of Degussa P25 TiO

2

nanoparticles, rate constant (𝑘 (obs)) for MB photodegra-
dation was found to be 3.94 3.94 × 10−2min−, whereas rate
constant (𝑘 (obs)) increased by 1.4–1.7 times when metal-
deposited Degussa P25 TiO

2
nanoparticles were applied.

Concentration of heavy metal ions was also a factor which
prompted the photodegradation of MB. Therefore, the rate
constant reached up to 4.64–7.28 × 10−2min− for Ag/TiO

2

and to 5.14–7.61 × 10−2min− for Cu/TiO
2
. Furthermore, the

electrons released from TiO
2
may contribute to reducing

heavy metal ions and MB simultaneously.
Simultaneous degradation of Cr(VI) and di-n-butyl phth-

alate (DBP) by UV/TiO
2
treatment was carried out by Xu et

al. [65]. Concentration of Cr(VI) and DBP was significantly
reduced and Cr(VI) exerted positive effect on DBP degrada-
tion and vice versa.

Similarly, simultaneous photocatalytic reduction/oxi-
dation ofCr/salicylic acidwas reported byWang andLo [108].
Both Cr(VI) and salicylic acid were successively reduced.
It was investigated that when photocatalytic reduction of
Cr(VI) was carried out for long time, it resulted in deposition
of Cr(III) on the surface of TiO

2
particles, which in turn

deactivated the photocatalyst. However, this problem was
overcome by oxidation of salicylic acid at the same time.

Peng et al. synthesized the polymer-sensitized TiO
2
for

efficient reduction of Cr(VI) and oxidation of phenol simul-
taneously [109]. Poly(fluorene-co-thiophene) (PFT) showed
the ability to reduceCr(VI).When PFTwas joinedwith TiO

2
,

not only it increased electron donor efficiency of PFT, but
also it started to act as a sensitizer. This catalytic reduction
of Cr(VI) was enhanced by the phenol existence. It was
investigated by Tabassum et al. that the ultraviolet- (UVA-)
induced photocatalytic application reduced the azo dye acid
orange 20 (AO20) and Cr(VI) simultaneously [110]. The
complete reduction was obtained after 120min or 240min at
500 or 250mg l−concentration of catalyst UV-induced TiO

2

at neutral pH.The synergistic effect of TiO
2
under visible light

(𝜆 > 420 nm) to reduce the azo dye acid orange 7 (AO7) and
Cr(VI), simultaneously, was extraordinary. Presence of metal
ions enhanced the degradation rate of AO7. Similarly AO7
participated in increasing reduction rate of Cr(VI) [111].

A novel metal-semiconductor heterojunction with a
tube-in-tube structure was synthesized by Luo et al. [112].
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Table 3: Removal of heavy metals by surface stabilized nanomaterials (NMs).

Stabilized nanomaterials (NMs) Heavy metals Maximum removal
%/mg L−/emu g− References

Starch stabilizer Fe0 nanoparticles Cr(VI) — [97]
Mesoporous gamma-Fe2O3 nanoparticles Cr(VI) — [99]
Montmorillonite-supported magnetite nanoparticles — — [100]
Bentonite-supported nanoscale zerovalent iron (B-nZVI) Cr(VI), Pb(II), and Cu(II) >90% [28]
Nanoscale zerovalent iron (nZVI)-multiwalled carbon nanotube
(MWCNT) Cr(VI) — [101]

Silica fume supported-Fe(0) nanoparticles (SF-Fe(0)) Cr(VI) — [102]
Surface engineered Fe3O4 Cr(III), Co(II), and Ni(II) — [115]
Magnetically iron-nickel oxide Cr(VI) 30mg L− [103]
Iron oxide nanoparticles modified with
3-aminopropyltriethoxysilane (APTES) and acryloyl chloride (AC)

Ni(II), Cr(VI), Pb(II), and
Cu(II) 57.1 emu g− [104]

Nanoscale 𝛿-MnO2 embedded on graphene nanosheet Ni(II) 46.6mg L− [105]
Chitosan stabilized bimetallic Fe/Ni nanoparticles (CS-Fe/Ni) Cd(II) 90.9% [83]

Table 4: Simultaneous removal of heavy metals and organic contaminants by nanophotocatalysts.

Synergistic system Organic
contaminants

Heavy
metals

Maximum removal
(%) Removal method Time for maximum

removal (min) References

O.C. Heavy
metals O.C. Heavy

metals O.C. Heavy
metals

N-F-codoped TiO2 +
visible light Benzoic acid (BA) Cr(VI) Around

98% 100% Oxidation Reduction 90min 180min [38]

EDAS/(TiO2-Au) nps +
radiations Methylene blue (MB) Cr(VI) — — Oxidation Reduction — — [106]

Metal-deposited Degussa
(P25 TiO2) nps +
radiations

Methylene blue (MB) Cr(VI) — — Reduction Reduction — — [107]

UV/TiO2
Di-n-butyl phthalate

(DBP) Cr(VI) — — — Reduction — — [65]

UV/TiO2 Salicylic acid Cr(VI) — — Oxidation Reduction — — [108]
Polymer-sensitized TiO2
+ irradiations Phenol Cr(VI) — — Oxidation Reduction — — [20]

UV-induced TiO2
Acid orange 20

(AO20) Cr(VI) 100% 100% Reduction Reduction 120min 120min [110]

UV/TiO2 Acid orange 7 (AO7) Cr(VI) 100% 100% Reduction Reduction [111]
Gold nanotubes
embedded in pores of
TiO2 nanotubes +
radiations

Acid orange 7 (AO7) Cr(VI) — — Oxidation Reduction — — [112]

Gold nanotubes comprised of compressed and minute Au
particleswere deposited in the pores of anodic TiO

2
nanotube

arrays by a simple pulse electrodeposition technique. An elec-
tric potential difference created at the interface of Au/TiO

2

heterojunction assisted the availability of photodegraded
hole-electron, which in turn enhanced the photocatalytic
activity. In binary system, Cr(VI) and AO7 reduced very
rapidly because of synergistic effect of Cr(VI)-AO7 as well.

3.3. Simultaneous Biodegradation. Biological treatment is
usually considered as an effective method and can signif-
icantly reduce the quantity of heavy metals in aqueous
solutions. Few microbial strains have been isolated to reduce
the organic contaminants and adsorption of heavy metals
at the same time when cocultured. The most effective fun-
gal strain Phanerochaete chrysosporium has been isolated
by Chen et al. which can degrade the 2,4-dichlorophenol
and adsorb the cadmium simultaneously in a cocontami-
nated wastewater [74]. Highest removal (%) was obtained
at pH 6.5 of initial Cd(II) and 2,4-dichlorophenol doses
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(5 and 20mg L−), respectively. The reduction and sorp-
tion limit for 2,4-dichlorophenol and Cd(II) were 83.90%
and 63.62%, respectively. Furthermore, degradation of 2,4-
dichlorophenol was indicated by production of lignin per-
oxidase and manganese peroxidase in surplus amount
(i.e., 7.35UmL− and 8.30UmL−, resp.). However, production
of protein was suppressed as the Cd(II) level increased.

In another experiment, cocontaminated wastewater was
treated by combining two bacterial strains Pseudomonas
putida DMP-1 and Escherichia coli ATCC 33456. These two
bacterial strains rapidly reduced the Cr(VI) and phenol
simultaneously. Reduction ofCr(VI) occurred bymetabolism
of E. coli. At small population size of E. coli, phenol degra-
dation negatively affected the Cr(VI) degradation. Phenol
degradation by P. putida was highly sensitive to Cr(VI) even
at its low concentration, whereas phenol exerted inhibitory
effect on Cr(VI) reduction only when phenol concentration
was >9Mm [113]. Similarly, Nkhalambayausi-Chirwa and
Wang explored in an experiment that Cr(VI) and phenol
can be reduced simultaneously by two bacterial strains
Escherichia coli ATCC 33456 and Pseudomonas putidaDMP-
1, respectively, in a fixed-film bioreactor [114]. Almost 100%
reduction of Cr(VI) and phenol degradation were achieved
at initial concentrations (5–21mg L−) of Cr(VI) and (840–
3350mg L−) phenol. Metabolites of phenol detected were 1.
2-hydroxymuconic semialdehyde (2HMSA), succinate, and
acetate which contributed to increasing TOC by 13–23% in
the treated wastewater.

By the development in biodegradation technology, reme-
diation of Cr(VI) and organic contaminant simultaneously
from wastewater and soil can be achieved by application of
single microbial strain. Recently, simultaneous reduction of
Cr(VI) and phenol has been carried out by application of
only single strain for both contaminants. Song et al. isolated a
fungal strainPseudomonas aeruginosaCCTCCAB91095 [27].
Phenol served as a source of carbon and in turn energy pro-
duced was utilized for Cr(VI) reduction. Reduction of Cr(VI)
and degradation of phenol was negatively influenced when
Cr(VI) concentrationwas>20mgL− or phenol concentration
was<100mg L−. Nearly 100% reduction of Cr(VI) and phenol
occurred after 24 hrs. The most effective concentration of
inocula was 5% (v/v), at which Cr(VI) and phenol were
abruptly suppressed from 20 and 100 to 3.36 and 29.51mg L−
after 12 h.

Chromate Cr(VI) and azo dyes are common pollutants
whichmay coexist in some industrial effluents.Therefore, few
bacterial strains have been isolated which can reduce Cr(VI)
and decolorize the azo dye simultaneously. A bacterial strain
Brevibacterium casei was isolated from sewage sludge of a
dyeing factory. Reduction of Cr(VI) and decolorization of
azo dye acid orange 7 (AO7) simultaneously by application
of B. casei were under nutrient-limiting condition, at pH 7
and 35∘C. Chromate Cr(VI) and AO7 reduced by 83.4 ± 0.6
and 40.7 ± 1.7%, respectively. The mechanism of reduction
involves that AO7 reduced by reduction enzyme(s) released
from B. casei and AO7 served as an electron donor to reduce

Cr(VI) to Cr(III). In turn, Cr(III) formed a complex with
oxidized AO7 and purple color appeared [16].

Currently, two potential bacterial strains Pseudomonas
putida KI and Serratia proteamaculans SL14 were isolated
from wastewater and sludge of tannery industry, capable of
simultaneous reduction of Cr(VI) and decolorization of azo
dye reactive black-5 (RB5). Maximum reduction of Cr(VI)
and RB5 obtainedwas 93% and 100% after incubation for 24 h
at pH 7.2 and 35∘C. Individually, removal of Cr(VI) and RB5
was 100% after 12 h incubation (Table 5) [23].

4. Conclusions

Azo dyes and Cr(VI) most often coexist in industrial waste-
water. These contaminants enter the environment when
released through wastewater and exert many carcinogenic
and mutagenic effects on plants, animals, and human health.
Therefore, treatment of wastewater and its reuse is a practice
related not only to a number of benefits with regard to eater
balance and management but also to a number of question
marks. Immediate research must be launched towards the
direction so as to protect human health and environmental
ecosystem. Microorganism (bacteria, fungi) are the potential
source to remove these contaminants from soil and wastewa-
ter because they are cost effective and environmental friendly
and remediate contaminants at faster rate. However, their
immobilization can accelerate this treatmentmore efficiently.
In this regard, surface modified nanomaterial and biochar
have achieved much attention to remove heavy metals and
azo dyes simultaneously. As illustrated in this review, a range
of nanomicrobiological techniques have been proposed or are
under active development for treatment of polluted soil and
wastewater, but many techniques are still at experimental or
pilot stage. In conclusion, there is much recent interest in
the use of engineered nanomaterial combined with biotech-
nology as in in situ. In general, the attention in this field
is not enough and additional studies should be conducted
to increase the knowledge in this field. In addition, health
impacts and environmental fate of these nanomaterials need
to be addressed before their widespread application.
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[11] E. Bååth, “Thymidine incorporation into macromolecules of
bacteria extracted from soil by homogenization-centri- fuga-
tion,” Soil Biology and Biochemistry, vol. 24, no. 11, pp. 1157–1165,
1992.

[12] J. L. Bader, G. Gonzalez, P. C. Goodell, A. S. Ali, and S. D. Pillai,
“Chromium-resistant bacterial populations from a site heavily
contaminated with hexavalent chromium,” Water, Air, and Soil
Pollution, vol. 109, no. 1l–4, pp. 263–276, 1999.
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[21] D. Çetin, S. Dönmez, and G. Dönmez, “The treatment of
textile wastewater including chromium(VI) and reactive dye by
sulfate-reducing bacterial enrichment,” Journal of Environmen-
tal Management, vol. 88, no. 1, pp. 76–82, 2008.

[22] A. Khalid, M. Arshad, and D. E. Crowley, “Biodegradation
potential of pure and mixed bacterial cultures for removal of 4-
nitroaniline from textile dye wastewater,” Water Research, vol.
43, no. 4, pp. 1110–1116, 2009.

[23] S. Mahmood, A. Khalid, T. Mahmood, M. Arshad, and R.
Ahmad, “Potential of newly isolated bacterial strains for simul-
taneous removal of hexavalent chromium and reactive black-
5 azo dye from tannery,” Journal of Chemical Technology and
Biotechnology, vol. 88, no. 8, pp. 1506–1513, 2013.

[24] M. N. Moore, “Do nanoparticles present ecotoxicological risks
for the health of the aquatic environment?” Environment Inter-
national, vol. 32, no. 8, pp. 967–976, 2006.

[25] J. Lehmann and S. Joseph, Biochar for Environmental Manage-
ment: Science and Technology, Earthscan, London, UK, 2009.

[26] J. Lehmann, “A handful of carbon,”Nature, vol. 447, no. 7141, pp.
143–144, 2007.

[27] H. Song, Y. Liu, W. Xu et al., “Simultaneous Cr(VI) reduction
and phenol degradation in pure cultures of Pseudomonas
aeruginosa CCTCC AB91095,” Bioresource Technology, vol. 100,
no. 21, pp. 5079–5084, 2009.

[28] W. Shi, M. Bischoff, R. Turco, and A. Konopka, “Long-term
effects of chromium and lead upon the activity of soil microbial
communities,” Applied Soil Ecology, vol. 21, no. 2, pp. 169–177,
2002.

[29] A. Johnson, G. Merilis, J. Hastings, M. E. Palmer, J. P. Fitts,
and D. Chidambaram, “Reductive degradation of organic
compounds using microbial nanotechnology,” Journal of the
Electrochemical Society, vol. 160, no. 1, pp. 0013–4651, 2013.

[30] D. Chidambaram, T. Hennebel, S. Taghavi et al., “Concomitant
microbial generation of palladium nanoparticles and hydrogen
to immobilize chromate,” Environmental Science and Technol-
ogy, vol. 44, no. 19, pp. 7635–7640, 2010.

[31] J. Fan, Y. Guo, J.Wang, andM. Fan, “Rapid decolorization of azo
dye methyl orange in aqueous solution by nanoscale zerovalent
iron particles,” Journal of Hazardous Materials, vol. 166, no. 2-3,
pp. 904–910, 2009.

[32] M. Otto, M. Floyd, and S. Bajpai, “Nanotechnology for site
remediation,” Journal of Remediation, vol. 19, no. 1, pp. 99–108,
2008.

[33] K. Z. Elwakeel, “Removal of Reactive Black 5 from aqueous
solutions using magnetic chitosan resins,” Journal of Hazardous
Materials, vol. 167, no. 1–3, pp. 383–392, 2009.

[34] M. Greluk and Z. Hubicki, “Kinetics, isotherm and thermody-
namic studies of reactive black 5 removal by acid acrylic resins,”
Chemical Engineering Journal, vol. 162, no. 3, pp. 919–926, 2010.

[35] Z. Aksu andG.Dönmez, “Combined effects ofmolasses sucrose
and reactive dye on the growth and dye bioaccumulation
properties of Candida tropicalis,” Process Biochemistry, vol. 40,
no. 7, pp. 2443–2454, 2005.



18 Journal of Nanomaterials

[36] K. Vijayaraghavan and Y.-S. Yun, “Biosorption of C.I. Reactive
Black 5 from aqueous solution using acid-treated biomass of
brown seaweed Laminaria sp,” Dyes and Pigments, vol. 76, no.
3, pp. 726–732, 2008.

[37] F. Y. Wang, H. Wang, and J. W. Ma, “Adsorption of cadmium
(II) ions from aqueous solution by a new low-cost adsorbent-
Bamboo charcoal,” Journal of Hazardous Materials, vol. 177, no.
1–3, pp. 300–306, 2010.

[38] M. Antonopoulou, A. Giannakas, and I. Konstantinou, “Simul-
taneous photocatalytic reduction of Cr(VI) and oxidation of
benzoic acid in aquous N-F-Codoped TiO

2
suspension: opti-

mization and modeling using the response surface methodol-
ogy,” International Journal of Photoenergy, vol. 2012, Article ID
520123, 10 pages, 2012.

[39] R. Sanghi, A. Dixit, and S. Guha, “Sequential batch culture
studies for the decolorisation of reactive dye by Coriolus
versicolor,” Bioresource Technology, vol. 97, no. 3, pp. 396–400,
2006.

[40] N. Daneshvar, M. Ayazloo, A. R. Khataee, and M. Pourhassan,
“Biological decolorization of dye solution containing Malachite
Green by microalgae Cosmarium sp,” Bioresource Technology,
vol. 98, no. 6, pp. 1176–1182, 2007.

[41] E. Acuner and F. B. Dilek, “Treatment of tectilon yellow 2G by
Chlorella vulgaris,” Process Biochemistry, vol. 39, no. 5, pp. 623–
631, 2004.

[42] L. Ai, C. Zhang, and Z. Chen, “Removal of methylene
blue from aqueous solution by a solvothermal-synthesized
graphene/magnetite composite,” Journal of Hazardous Materi-
als, vol. 192, no. 3, pp. 1515–1524, 2011.
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It is preferable to use an organism to produce more than one product at the same time. So, the aim of this study was to investigate
the ability of bioflocculant-producing Bacillus mojavensis strain 32A as a nanosilver synthesizer beside bioflocculant production.
To achieve this target, threemedia, nutrient broth, bioflocculant-producingmedium, and pure bioflocculant, were tested. Produced
nanosilver was characterized by UV-vis, XRD, and TEM. In all cases, the results demonstrated that UV-vis showed a peak
at ∼420 nm corresponding to the plasmon absorbance of nanosilver. XRD spectrum exhibited 2𝜃 values corresponding to the
silver nanocrystal that is produced in hexagonal and cubic crystal configurations. TEM confirmed formation, size, shape, and
morphologies of nanosilver particles. The results emphasized that purified bioflocculant has the ability to produce anisotropy
clusters of nanosilver ranging in size from 6 to 72 nm proving that the bioflocculant functioned as reducing and stabilizing agent
in nanosilver synthesis.

1. Introduction

Nanotechnology, appearing abruptly in the 20th century, is
an area of science devoted to the manipulation of atoms
and molecules in the nanometer size range 1–100 nm [1].
Like many future areas of scientific exploration, nanoscience
and nanotechnology exist on the borders between disci-
plines including but not restricted to catalysis, electronic,
medicine, biotechnology, and environmental remediation
and agricultural research. Nanomaterials often show unique
and considerably changed physical, chemical, thermody-
namic, magnetic, and biological properties compared to their
macroscaled ones [2, 3]. Out of all kinds of nanoparticles,
silver nanoparticles (AgNPs) seem to have attracted the most
interests in terms of their potential application. Indeed, the
widespread use of this precious metal in nanosize form from
household paints to artificial prosthetic devices has imparted
significant effects on our daily lives [2, 4].

AgNPs can be prepared by two methods; the first one
is a physical approach that utilizes several methods such as

evaporation/condensation and laser ablation.The second one
is a chemical approach in which themetal ions in solution are
reduced in conditions favoring the subsequent formation of
small metal clusters or aggregates. Most of these techniques
are extremely expensive and capital intensive; they also
involve the use of toxic, hazardous chemicals whichmay pose
potential environmental and biological risks as well as ineffi-
ciency inmaterials and energy use [5].However, development
of simple and ecofriendly synthetic method would help
promoting further interest in the synthesis and applications
of metallic nanoparticles [6, 7]. Recently, biosynthetic meth-
ods employing naturally occurring reducing agents such as
polysaccharides, biological microorganisms such as bacteria
and fungus, or plants extract, that is, green chemistry, have
emerged as a simple and viable alternative to more complex
chemical synthetic procedures to obtain AgNPs. It provides
advancement over chemical and physical methods as it is of
slower kinetics, offers better manipulation, is cost effective,
is environmentally safe, and is easily scaled up for large scale
synthesis; in addition, there is no need to use high pressure,
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energy, temperature, and toxic chemicals to control crystal
growth and its stabilization [2].

Many microorganisms including bacteria [8], fungi [9–
11], actinomycetes [12, 13], and algae [14] can aggregate
inorganic materials and form nanoparticles (NPs) intracellu-
larly or extracellularly. Natural compounds such as microbial
biopolymers are also one of the resourceswhich could be used
for green synthesis of AgNPs. Recently, Sathiyanarayanan et
al. [15] reported that polysaccharides from microbial origin
such as bioflocculants are a promising alternative for the
synthesis and stabilization of nanoparticles. Indeed, this
is an interesting area of research where both biosynthetic
nanosilvers and bioflocculants are economically important.
Bioflocculants are biodegradable, safe, and ecofriendly bio-
polymers secreted by microorganisms [16, 17]. They are
used in the field of wastewater treatment for removing
suspended solids and metal ions, at which colloids come out
of suspension in the form of floc or flakes [18]. In this regard,
recently in our lab Bacillus mojavensis strain 32A was isolated
as an efficient bioflocculant producer [19]. In the present
study, synthesis of nanosilver particles using bioflocculant-
producing strain 32A and its extracted and purified biofloc-
culant was investigated. Produced nanoparticles were charac-
terized using transmission electron microscope (TEM) and
X-ray diffraction (XRD) techniques.

2. Material and Methods

2.1. Chemicals, Strain, and Cultural Conditions. Silver nitrate
(AgNO

3
) required for synthesis of AgNPs was obtained from

Sigma-Aldrich. Other required chemicals were purchased
fromMerck. Bacillus mojavensis strain 32A used in this study
was previously identified as an efficient bioflocculant pro-
ducer by Elkady et al. [19]. Culturing, media, and production
of bioflocculant and/or synthesis of silver nanoparticles were
performed as described elsewhere [5, 19]. The initial pH of
all media was adjusted to 7.2 to 7.5 with NaOH (1M) and
HCl (0.5M). Allmediawere preparedwith distilledwater and
sterilized at 121∘C for 20min.

2.2. Synthesis of AgNPs. The following three media were
examined to synthesize AgNPs using the bioflocculant and
bioflocculant-producing bacterial strain 32A.

2.2.1. In Nutrient Broth Medium. AgNPs were synthesized
as described by Zaki et al. [20]. Strain 32A was precul-
tured for overnight in LB medium at 30∘C in a rotary
shaker with 200 rpm. Subsequently, 10% of precultured
LB were transferred into 100mL nutrient broth medium
(NB) containing (w/v) 1% peptone, 0.5% yeast extract, and
0.5% beef extract supplemented with 3.5mM of AgNO

3

in 500mL flask. The mixture was incubated in darkness
for 7 days at 30∘C with 200 rpm shaking. The extracellular
synthesis of AgNPs was monitored by visual inspection
of the change in medium color from a clear light yel-
low to brown. The control was maintained without addi-
tion of AgNO

3
with the experimental flask containing NB

medium.

2.2.2. In Bioflocculant-Producing Medium. About 10% of the
precultured LB medium was used as a seeding medium of
the bioflocculant-producing medium (BP) as described by
Elkady et al. [19]. The BP medium contained (per liter) L-
glutamic acid 20 g, NH

4
Cl 7 g, K

2
HPO
4
0.5 g, MgSO

4
0.5 g,

FeCl
3
40mg, CaCl

2
150mg, and MnSO

4
140mg supple-

mented with 3.5mM of AgNO
3
, and 80mL sterile glyc-

erol was added just before the cultivation. Synthesis and
monitoring of AgNPs occurred as described above. The
control was maintained without addition of AgNO

3
with the

experimental flask containing BP medium.

2.2.3. In Purified Bioflocculant Solution. Purified biofloccu-
lant (PB) from strain 32Awas obtained as described byElkady
et al. [19]. The cell-free supernatant was concentrated to 0.2
volumes with a rotary evaporator and dialyzed overnight at
4∘C in deionized water. Three volumes of cold anhydrous
ethanol (4∘C) were added to the dialyzed broth. The precip-
itate obtained was redissolved in deionized water followed
by the addition of 10% cetylpyridinium chloride (CPC) with
stirring. After several hours, the resultant precipitate was
collected by centrifugation (5000 rpm, 15min) and dissolved
in 0.5M NaCl. Three volumes of cold anhydrous ethanol
(4∘C) were then added to obtain the precipitate, which was
then washed with 75% ethanol three times and lyophilized to
obtain purified biopolymer. The final concentration of 3mM
AgNO

3
was added into 200mL of 10% bioflocculant solution

in 500mL flask. The flasks were incubated in darkness for
2 days. The monitoring of AgNPs synthesis was performed
as described above. The control was maintained without
addition of AgNO

3
with the experimental flask containing

purified bioflocculant.

2.3. Characterization of AgNPs. The synthesized AgNPs
were first characterized by UV-visible spectrophotometer
(Labomed model UV-vis double beam spectrophotometer)
in the range of 200–600 nm. Quartz cuvettes with optical
path length of 10mm were used in the measurements.
One milliliter from each AgNPs production way was with-
drawn and the absorbance after centrifugationwasmeasured.
The produced AgNPs were collected by centrifugation at
10,000 rpm for 10min. The finely powdered samples were
dried in vacuum oven at 60∘C overnight. Subsequently,
the finely powdered samples were analyzed using X-ray
diffractometer (Schimadzu-7000, USA). Through packing
the dried samples into a flat aluminum sample holder, where
the X-ray source was a rotating anode operating at 30 kV and
30mA with a copper target, data were collected between 10∘
and 80∘ in 2𝜃. Transmission electronmicroscope (JEOL JEM-
1230, Japan) was utilized to confirm and detect morphology
of AgNPs under an accelerating voltage of 120 kV; samples
were prepared by placing a drop of hydrophobic nanosilver
colloid or its aqueous coordinate on carbon-coated copper
grids and drying at room temperature.

3. Results and Discussion

3.1. Visual Examination. In all cases, appearance of a stable
brown color indicates AgNPs formation in aqueous solution,
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(a) (b) (c) (d) (e) (f)

Figure 1: The optical photograph of three studied ways to produce
AgNPs: (a) 3.5mM AgNO

3
solution control without cells; (b) broth

with 3.5mMAgNO
3
solution and without culture; (c) culture broth

without AgNO
3
as a negative control; (d), (e), and (f) are the results

of AgNPs production in NB medium, BP bioflocculant-producing
medium, and PB purified bioflocculant, respectively, after 7 days of
incubation.

while there was no color change that could be observed in the
negative controls (Figure 1). However, the light yellow color
appearing with the control broth was due to the components
of NB medium which include yeast and beef extracts. It is
established that color change of solutions is due to excitation
of surface plasmon resonances (SPR) in metal nanoparticles
[21, 22].

3.2. UV-Vis Spectrophotometer Analysis. Previously, it has
been proved that UV-vis analysis is a very useful and quite
sensitive technique for the analysis of nanoparticles [23]. In
the present study, AgNPs were characterized by UV-vis after
7 days of incubation as described by Zaki et al. [20]. As
shown in Figure 2, it is clear that when we used NB and
BP media to produce AgNPs, a typical, sharp, strong, and
single plasmon peak at 400 nm was obtained. Shrivastava et
al. [24] reported that the AgNO

3
solution showed at about

300 nm; however, in the present study gradually underwent
red shift with appearance of a hump at 400 nm was observed
(Figures 2(a) and 2(b)). These results were consistent with
formation of small and narrow size distribution of the
spherical nanoparticles as described by Kumar et al. [25].
However, observation of such ideal bell, sharp plasmon band
which appeared to exhibit semisymmetric shape and the
absence of tailing at higher wavelength confirm that the
solution exhibits monodispersity and does not contain many
aggregated particles.

As shown in Figure 2(c), theUV-vis analysis of theAgNPs
produced in PB demonstrated that the optical absorption
spectrums of metal nanoparticles are dominated by surface
response plasmon (SRP) shifts to longer wavelengths with
increasing particle size [21]. In addition, about 2 SRP bands
were detected at 465 and 510 nm indicating the presence of
anisotropic large particles. Also, absorbance intensity pro-
vided indication on the reduction, productivity, and amount
of Ag+ ion [21]. This may be due to the availability of more
reducing biomolecules and concentrations of AgNPs. The
absence of symmetric SPR bands and presence of tailing at
high wavelength may be attributed to the agglomeration of
AgNPs with different size distribution [26].

3.3. TEM. TEM has been employed to characterize the size,
shape, and morphologies of the formed AgNPs and their
producing biofactory. As an electron beam passes through
the particles at a slower rate than through the carbon grid
due to the difference in atomic electron density, having an
increased chance of scattering, the electron sensor is able to
identify the high-density area from the overall background by
collecting the number of electrons. Particles with high density
will appear darker in the TEM [27]. In the NB medium used
to produceAgNPs, cells appeared to have normal characteris-
tics, their cell walls and cytoplasmic membranes were intact,
and the internal structure showed unanimous homogeneous
electron density cytoplasm. This suggested that cells are
in normal conditions without environmental disturbance
and DNA molecules distribute randomly (Figure 3(a)).
In addition, tiny biogenic nanoparticles less than 6 nm in size
were deposited as seeds like on the cytoplasmic membrane
which appeared as electron opaque. As illustrated in Fig-
ure 3(b), cell-free supernatant of NB medium indicates that
biosynthesized AgNPs were spherical, small, and monodis-
persed.

However, in the bioflocculant-producing medium (BP)
it seems that bacteria differ from the previous one due
to the difference in incubation media, where the glutamic
acid and ammonium chloride were usually used as carbon
and nitrogen sources, respectively, which are considered
being the precursor substrate for biopolymer production
[17, 28], while glycerol enhanced the polymer synthesis as
reported by [29]. So it exhibits enhancement for two types
of biopolymers that were defined by their cellular location,
as indicated in Figures 4(a) and 4(b). Firstly, intracellular
inclusion bodies that can be distinguished in TEMas electron
light granules reach more than 60% of cell volume and about
30 to 500 nm in diameter; such nanobiopolymers like lipid,
polyhydroxyalkanoates (PHAs), triacylglycerols, wax esters,
polyphosphates, and glycogen have been reported in many
bacteria [8]. Secondly, extracellular polysaccharides (EPSs)
which were secreted in the growth medium exhibiting floc-
culating properties cannot be distinguished easily with TEM
due to processing rupture. Contrary to AgNPs produced
in NB medium, small spherical silver nanoparticles were
not detected on the cytoplasmic membrane of the cell but
detected outside the cell in little agglomeration on ruptured
extracellular bioflocculant.

To explain biosynthesis of AgNPs in NB and BP media,
encoded proteins such as nitrate reductase appear to be the
choice of Bacillus mojavensis 32A strain to detoxify silver ions
by its reduction to less toxic oxidative state. It is known that
nitrate reductase enzyme shuttles the electron to the silver
ions in an aqueous solution and in the presence of NAD
and H+ ions that act as a reducing agent. Some of other
peptides/proteins may be responsible for the subsequent
stabilization of silver nanoparticles as well [30, 31].

TheTEMobservations of AgNPs produced in the purified
bioflocculant solution (PB) show several shapes of AgNPs in
varying sizes including nanospheres, hexagonal, polygonal,
nanoprisms, and uneven shapes (Figure 5). These nanopar-
ticles are polydisperse and aggregated, and their particle sizes
were ranging from6 to 72 nm; such variation in shape and size
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Figure 2: ((a)–(c))The UV-vis spectra of the silver nanoparticles obtained from all examined ways: (a) NBmedium, (b) BP medium, and (c)
PB solution, respectively.
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Figure 3: TEM images recorded from the drop-coated film of the AgNPs synthesized by strain 32A cells cultured in NB medium (a) and
cell-free supernatant of the same medium (b).
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Figure 4: TEM images recorded from the drop-coated film of the AgNPs synthesized by strain 32A cells cultured in BP medium (a) and
cell-free supernatant of the same medium (b).

11.8 nm

17.3nm

25.6nm

6.94nm

Figure 5: TEM image recorded from the drop-coated film of the
silver nanoparticles synthesized by the silver nitrate solution with
purified bioflocculant (PB).

of nanoparticles synthesized by biological systems is common
[32].

To date, most of the preparation methods published are
based on using organicmaterials due to the hydrophobicity of
the stabilizing agents used, such as natural polymers [33].The
purified bioflocculant was used as bioreductant for silver ion.
As reported by Elkady et al. [19], the chemical analysis of the
purified biopolymer demonstrates that it contains 1.6% (w/w)
protein and 98.4% polysaccharide. However, its amino acid
analysis indicates the presence of glutamic acid (38%), aspar-
tic acid, and glycine, respectively.In addition, FTIR spectrum

was used to reveal the functional groups of the biopoly-
mer which were hydroxyl, amino groups, aliphatic C–H,
C=O, and CH

3
CH
2
. Generally, the carboxyl groups in

aspartic and/or glutamine residues and the hydroxyl group in
tyrosine residues of the proteins were suggested to be respon-
sible for the Ag+ ion reduction and stabilization [3]. Firstly,
these silver ions oxidize the hydroxyl groups to carbonyl
groups, during which the silver ions are reduced to elemental
silver. Subsequently, the reducing end of polysaccharides
can be used to introduce an amino functionality that is
capable of complexion and stabilizing metallic nanoparticles
carbohydrates with such amino groups binding tightly to the
surface of the AgNPs giving them a hydrophilic surface [34].

Finally, both hydroxyl and carbonyl groups of biofloccu-
lant are involved in the synthesis of AgNPs and both amino
and carboxylate groups of it are involved in the capping
and stabilizing of AgNPs and that is in agreement with [15].
These results are in concurrence with an earlier biosynthesis
of AgNPs carried out with fungus Trichoderma asperellum
and gum kondagogu. It is known that proteins can bind
to nanoparticles either through free amino groups or by
electrostatic interaction of negatively charged carboxylate
groups.The gum tragacanth is known to contain protein, and
the protein content was reported to be in the range of 1.0–
3.6% [35], so Bacillus mojavensis 32A strain bioflocculant acts
as reducing and stabilizing agent in AgNPs synthesis.

3.4. XRD. The X-ray diffraction (XRD) technique was used
to establish the metallic nature of particles. X-rays are elec-
tromagnetic radiation with typical photon energies that can
penetrate deep into the materials and provide information
about the bulk structure. In all studied cases, XRD pattern
showed in-tense Bragg’s reflections that can be indexed on
the basis of the fcc structure of silver (Figure 6). The 2𝜃
values of the XRD pattern were ranging from 30∘ to 80∘ and
three strong peaks were observed at 38.1∘, 46.3∘, and 77.5∘ and
corresponded to the planes 111, 200, and 311 and exhibited that
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Figure 6: XRD patterns for the AgNPs produced by strain 32A.

the synthesized AgNPs were crystalline in nature. The values
agree well with those which are indexed to the face centered
cubic structures of silver nanoparticles [20].

4. Conclusion
In this study, the bioflocculant-producing Bacillus mojavensis
strain 32A and its pure bioflocculant were examined as
nanosilver producers; such a technique is important from
both the economic and the scientific points of viewwhere that
the knowledge of the way in which bioflocculant contributes
to convert silver nitrate to AgNPs still needs several succes-
sive researches. This understanding will help in the use of
biopolymers in general and bioflocculants, in particular in the
synthesis of AgNPs.The results showed that both bacteria and
their bioflocculant were able to synthesize AgNPs. However,
TEM studies show that there are differences in the shape and
size of nanoparticles manufactured by bacteria from those
manufactured by biopolymer. These results were confirmed
by the analysis of synthesized AgNPs spectrum as well as
XRD. In addition, it is speculated that Bacillus mojavensis
strain 32A has the ability to produce extracellular biofloc-
culant and intracellular nanobiopolymer and activate nitrate
reductase to produce AgNPs, as well. The study emphasized
that in addition to its ability in aggregation and precipitation
of suspended particles, the bioflocculant is acting as reducing
and stabilizing agent in AgNPs biosynthesis.
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A kind of combinedmaterial (named lecithin-nanoNi/Fe) that is composed of lecithin and nanoscaleNi/Fe bimetal was synthesized
via microemulsion method. The efficacy of such an original material was tested using 3,3,4,4-tetrachlorobiphenyl (PCB77) as
target pollutant. A microemulsion system was optimized as template to prepare Ni/Fe nanoparticles, which was followed by an
insite loading process with the deposition of lecithin carrier. It was proved by the characterization that subtle Ni/Fe nanoparticles
can be uniformly dispersed and closely combined with lecithin carrier. Lecithin was an environmentally compatible biosurfactant
that acted as both the component of the microemulsion and the functional material to accumulate organic contaminants. It was
expected that the combined material can integrate the functions of lecithin and bimetal. The effectiveness was exhibited through
the more rapid and sufficient removal of PCB77 by lecithin-nano Ni/Fe than that by blank carrier. Although requiring further
improvement, the constitution of lecithin-nano Ni/Fe was a beneficial attempt to acquire the synergistic effect for intensified
removal of environmental contaminants. It was promising that the original system and convenient method described in this work
will facilitate the development of the organic-inorganic combined materials.

1. Introduction

Polychlorinated biphenyls (PCBs) are a family comprised of
209 structurally related congeners which are listed as priority
chemicals for eventual elimination by 2025 [1]. Their long-
term heavy usage together with their high toxicity, chemical
stability, long distance transfer, biologic accumulation, and
persistence has resulted in their widespread distribution and
large environmental risk [2, 3]. Since the natural degradation
of PCBs is very difficult with a conspicuous low speed, PCBs
are able to affect the environment and the health of various
organisms in a long term. Both the damage of PCBs in the
environment and inability of natural degradation at a signifi-
cant rate highlight the requirement for effective treatment of
PCBs. Thus, 3,3,4,4-tetrachlorobiphenyl (PCB77), as a co-
planar congener (see Figure 1)with high level of toxicity [4], is
chosen to be the target compound for the research of contam-
inant removal.

Recently iron-based bimetallic nanoparticles, as a suc-
cessful modified material of traditional zerovalent iron, got

general attention and further research owing to the obvious
advantages including small particle diameter, large specific
surface area, and optimal reactive activity [5, 6]. It had been
proved that the iron-based bimetallic nanoparticles were
effective in removing chlorinated organic compounds such
as PCBs [7, 8]. While Fe acted as the reductant, Ni could
be a proper catalytic metal with good corrosion stability
and low cost [9]. But the insufficient activity of Ni/Fe
nanoparticles required the usage of the expensive catalytic of
Pd to remove PCBs, which affected the application potential
of the bimetallic material. To reinforce the removal efficacy of
Ni/Fe nanoparticles, a possible method was to combine them
with anothermaterial. In this paper, the lecithin carriers were
synthesized to load Ni/Fe nanoparticles. It was expected that
lecithin could contribute to the accumulation of PCB77
aroundNi/Fe nanoparticles.The great regional concentration
of PCB77 will facilitate its interaction with bimetal, which
correlated with a good removal efficacy.

The attempts of utilizing lecithin as accumulation mate-
rial were based on the existing studies about the usage of
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Figure 1: Structural formula of 3,3,4,4-tetrachlorobiphenyl
(PCB77).

surfactant to intensify the treatability of the organic contam-
inants. Such applications involving the washing process [10–
12] and the aids for biodegradation [13, 14] took advantage of
the effects including the solubilization and the emulsification
which were offered by surfactant to influence the distribution
of the contaminant molecules. The hydrophobic end of
the surfactant molecules clustered together inside with the
hydrophilic end exposed to the exterior in aqueous solution.
This structure can be called the micelle or emulsified droplet.
The interior of the micelles or droplets constitutes the dis-
persed phase wherein the hydrophobic organic contaminant
was compatible and accumulated. Therefore the mechanism
behind the great apparent solubility and good mobilization
of the contaminant was its accumulation in the micelles or
droplets.

Surfactants produced from chemically based materials
were known as synthetic surfactants and those from biologi-
cally basedmaterials were biosurfactants. In general synthetic
chemical surfactants were found to persist and exert toxic
effects [15–17]. In comparison with synthetic surfactants, bi-
osurfactants had the advantages including being easily pro-
duced on renewable resources, possible reuse by regenera-
tion, high specificity, less toxicity, and good biodegradability
[18–20]. They were better suited to environmental applica-
tions than synthetic ones due to better environmental com-
patibility and higher activity [21, 22].

Therefore lecithin, as a type of biosurfactant which was
low-cost by-product of oil seed industry [23], was a promising
accumulation material and expected to be effective in assist-
ing the contaminant removal by Ni/Fe bimetal. It was oil sol-
uble and thereby beneficial for the binding of the organic
contaminants such as PCBs. Indeed, it had been found that
lecithin was effective in interacting with PCBs and assisted
the removal process [24, 25]. However, the combined uti-
lization of lecithin and Ni/Fe bimetal had never been tested
and may be attractive. Additionally, it was reported that
lecithin has been used to generate w/o microemulsion with
the addition of coemulsifiers such as short-chained alcohols
[26, 27].The subtle water droplets that dispersed into the mi-
croemulsion were able to dissolve metallic salt and accord-
ingly become the templates for the preparation of Ni/Fe
nanoparticles. If such a hypothesis was ensured, the synthesis
and loading of Ni/Fe nanoparticles can be accomplished in
one step before the insite generation of lecithin carrier. It
was promising to prepare the combined material with con-
venient technology and to synthesize Ni/Fe nanoparticles

with advanced character including small particle size, good
dispersion, and high activity.

The present work was undertaken to synthesize lecithin
carriers loadingNi/Fe bimetal to remove PCB77.Thematerial
efficacywas investigated through the removal of PCB77 in 50/
50 (v/v) ethanol/water solution. Lecithin acted not only to
accumulate PCB77 but also to constitute a microemulsion
system which was the template for the insite generation of
Ni/Fe nanoparticles with advanced character. The combined
material was expected to integrate the function of lecithin and
bimetal. To the best of our knowledge, this was the first work
in which (a) the microemulsion containing lecithin was pro-
duced to be the template for the generation of Ni/Fe nanopar-
ticles, (b) lecithin carriers loading Ni/Fe bimetal were
synthesized, and (c) such a type of combined material was
tested to remove PCBs. It was offered by this research that
an innovative method to design and prepare functional
material for the environmental decontamination. Although
requiring further improvement, the method was valuable be-
cause the combined material can be prepared conveniently
utilizing the stuff including the metallic salt and lecithin
which were abundant, low cost, and environmentally com-
patible.

2. Materials and Methods

2.1. Materials. Soybean lecithin powder was purchased from
Tianjin Boshuai Industrial & Trading Co., Ltd. Tween 80 was
purchased from Tianjin Guang Fu Chemical Reagents Fac-
tory. Analytical grade FeSO

4
⋅7H
2
O, analytical grade NiCl

2
⋅

6H
2
O, and superior grade NaBH

4
were all purchased from

Kemiou Chemical Reagent Co., Ltd. The water used to pre-
pare the solution in the experiment was distilled water. The
standard substance of 3,3,4,4-tetrachlorobiphenyl (PCB77)
was provided by AccuStandard Inc. with a purity of >99.5%.
Unless otherwise stated, all other chemicals were of analytical
grade and used without further purification prior to use.

2.2. Formulation Studies for the Microemulsion. Five-com-
ponent system consisting of oil/surfactant (comprised of le-
cithin and Tween 80)/cosurfactant and water can be de-
scribed with pseudo ternary phase diagram.Themass ratio of
lecithin to Tween 80 was determined to be 0.8 : 1 for the sta-
bilization of the system and the solubilization of more con-
tents of water. According to the preliminary experiments, iso-
propanol was chosen as the cosurfactant while cyclohexane
was chosen to be the oil phase with the advantages that they
were abundant, low cost, and relatively low toxic. Amixture of
emulsifiers containing equal quantities of the surfactant and
the cosurfactant was blended with oil phase at determined
mass ratios. The resulting mixture was titrated with distilled
water. The volume of water added was recorded while the
turbid system turned clear and vice versa. The procedure
based on visual inspection was repeated several times at dif-
ferent mass ratios of cyclohexane to emulsifiers. The pseudo
ternary phase diagram was constructed by plotting the
amounts of oil, surfactant/cosurfactant, and water to identify
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the microemulsion region and thereby define the template
formulation for the preparation of Ni/Fe nanoparticles.

2.3. Preparation of Lecithin Carriers Loading Ni/Fe Nanopar-
ticles. After the content of each constituent was determined,
the premixed solution of lecithin, Tween 80, isopropanol, and
cyclohexane was stirred while a freshly prepared solution of
NaBH

4
was dropped in the mixture to form the microemul-

sion template. The microemulsion system was treated using
the ultrasound and then transferred into four-necked bottle.
Under a nitrogen gas, required amount of the solution of
FeSO
4
was slowly added into the aforementioned systemwith

high speed stirring at room temperature. Solution color was
observed to change to black, which indicated that the ferrous
iron was reduced. The generation of Fe0 can be interpreted
through the following reaction:

Fe(H
2
O)
6

2+
+ 2BH

4

−
→ Fe0 + 2B(OH)

3
+ 7H
2

(1)

Subsequently, after a session for the accomplishment
of the reduction, an aqueous solution of NiCl

2
⋅6H
2
O was

dropped in the system with stirring to react with the wet Fe0
nanoparticles according to the following equation:

Fe0 +Ni2+ → Fe2+ + Ni0 (2)

When the Ni/Fe nanoparticles were synthesized in the
microemulsion, the demulsifier of tetrahydro furan was
slowly added to acquire the uniformdeposition of the lecithin
carriers with the Ni/Fe nanoparticles loading on them. As-
prepared combined material was collected by the high speed
centrifugation and rinsed with acetone and ethanol that
were both precooled at 4∘C. The products were dried under
vacuum before further experiments. Blank lecithin carriers
were prepared according to the procedure above except that
there was no addition of NaBH

4
and metallic salts.

2.4. Characterization of LecithinCarriers LoadingNi/FeNano-
particles. The morphology of lecithin carriers loading Ni/Fe
nanoparticles (in short lecithin-nano Ni/Fe) was investigated
using the transmission electronmicroscopy (TEM, Tecnai G2
F20, Holland) with EDS mapping to study the distribution
and the loading ensemble of bimetal component on the
carrier. For TEM analysis operated at an acceleration voltage
of 200 kV, the samples were dispersed by an ultrasonicator
in acetone and dropped to a copper grid with a lacy carbon
layer. The scanning electron microscopy (SEM, SUPRA
55VP, Germany) was employed to precisely reflect the size,
structure, and surface morphology of lecithin-nano Ni/Fe for
which the samples were dried under vacuumat 50∘Cand then
affixed onto adhesive tapes.

The character analyses involving the nitrogen Brunauer-
Emmett-Teller (BET) surface areas, the X-ray diffraction
(XRD), and the Fourier transform infrared spectropho-
tometer (FT-IR) were performed for lecithin-nano Ni/Fe
with that for soybean lecithin powder and blank lecithin
carriers (nanolecithin) as comparisons. BET surface areas
were obtained by nitrogen adsorption using Quadrasorb SI
analyzer (Quantachrome, USA). XRD analysis was carried

out using XRD diffractometer (Rigaku, Japan) at 40 kV and
100mA over the sanning range of 10∘–90∘ 2𝜃. Samples for
FT-IR (NICOLET6700, USA) measurement were prepared
by mixing specimens with KBr powder and then pressing
the mixtures into a sheer slice for analysis in the range of
400–4000 cm−1. An average of 9 scans was collected for each
measurement with a resolution of 2 cm−1.

2.5. Removal of PCB77 in Solution. The abilities to remove
PCB77, respectively, by lecithin-nano Ni/Fe and nanolecithin
were determined. The working solution of 50/50 (v/v)
ethanol/water containing about 5 𝜇g⋅mL−1 PCB77 was pre-
pared from the stock solutions. For each sample, about
0.5 g of the target material was measured and added into a
50mL conical flask. Each system was then filled with 40mL
working solution that had been sufficiently deoxygenated
and admixed. The blank system only containing the working
solution was simultaneously prepared. The flasks were sealed
after their headspace was filled with nitrogen gas and then
placed on an orbital shaker. Constant temperature of 30∘C
and rotation speed of 200 rpm were selected as the identical
condition for all experiments. At specific reaction time inter-
vals, small amounts of solution were withdrawn to acquire
the supernatant phase following centrifugation. For each
sample, 600𝜇L of the supernatant phase was transferred into
a 2mL screw cap bottle and extracted with n-hexane. PCB77
was quantitatively analyzed by GC-ECD (Agilent 7890A GC
coupled with a 𝜇-ECD detector) using a DB-1701 column.
The injection port was set at 250∘C and detector temperature
was set at 280∘C. A split-splitless injector in the splitless
mode was used with 2 𝜇L of injection volume for each sample
and nitrogen as the carrier gas. The column temperature
was programmed as follows: initial temperature at 120∘C and
temperature program rate at 20∘C⋅min−1 to 210∘C and then
25∘C⋅min−1 to 260∘C.

3. Result and Discussion

3.1. Formulation Studies for the Microemulsion. A phase dia-
gramwas required to determine the extent of themonophasic
area that corresponds to w/o microemulsion. Before the
description, the optimized mass ratio of lecithin to Tween 80
(0.8 : 1) and that of surfactant to cosurfactant (Km, 1 : 1) were
determined to profit the water incorporation with the fixed
composition of the other factors. The w/o area for the five-
component systems that consisted of cyclohexane, lecithin,
Tween 80, isopropanol, and water was visualized in the
pseudo ternary phase diagram (Figure 2). With the narrow
feasible region, it was essential to select the appropriate
point for preparing the formulation which was consistent
with the maximum water incorporation. The existence of
sufficient water in w/o microemulsion was beneficial for the
good template efficacy through the high loading efficiency
and effective dispersion of the metallic components. The
optimized mass ratio of cyclohexane/lecithin/Tween 80/iso-
propanol/water was 73.5 : 7 : 8.75 : 15.75 : 27. The addition of
required concentration of NaBH

4
was tested and did not

obviously affect the stabilization of the w/o microemulsion.
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Figure 2: Pseudo ternary phase diagram of the w/o microemulsion.

Therefore such a composition of microemulsion was deter-
mined to be the template condition for the further synthesis
of target materials.

3.2.Morphological Analysis of Lecithin-NanoNi/Fe. Themor-
phology and state of lecithin-nano Ni/Fe were observed by
TEM. It was revealed that lots of small spherical nanoparticles
were uniformly dispersed on the substrate (Figure 3(a)). The
dispersion state of the nanoparticles was consistent with the
distribution of the elements of nickel and iron according
to the mapping of energy dispersive spectroscopy (EDS)
(see Figure 3(b)). Under close inspection of a portion of the
carrier, it can be found that the subtle dark-colored nanopar-
ticles had identical size in the range of several nanometers
(Figure 3(c)). Based on these results, it was signified that
the Ni/Fe nanoparticles were reliably synthesized and had a
widespread loading state on the carriers.The accurate surface
morphology can be obtained from the SEM photogram
which presented the dispersion state more clearly (Figure 4).
While the lecithin carrier was roughly spherical in overall
shape with the size range of 600–700 nm, its surface with
abundant interstices was sufficiently covered by the small
Ni/Fe nanoparticles which were about 10 nm. The structure
feature corresponded with the larger surface area and more
active sites which will facilitate the effectiveness of lecithin-
nano Ni/Fe in removing PCB77.

3.3. Analysis of BET Surface Area. The data from the analysis
of BET surface area were summarized and displayed in Table
1. It was obvious that the values of the surface area, the
pore volume, and the pore diameter for both the lecithin-
nano Ni/Fe and nanolecithin were significantly larger than
that for raw material powder, which was attributed to the
influence of nanoscale. The slightly larger values for lecithin-
nanoNi/Fe than that for nanolecithinwere possibly dedicated

Fe-K Ni-K

HAADF detector(a)

(b)

(c)

Figure 3: TEM micrograph (a) and correlated EDS mapping (b) of
lecithin-nano Ni/Fe, and (c) closely TEM inspection of a portion of
the carrier.

Figure 4: SEM micrograph of lecithin-nano Ni/Fe.
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Table 1: Data arose from the analysis of BET surface area.

Sample 𝑆BET (m
2/g) Pore volume

(cm3/g)
Pore diameter

(nm)
Lecithin-nano Ni/Fe 16.24 0.0694 17.10
Nanolecithin 15.38 0.0542 14.10
Lecithin powder 1.725 0.00201 4.66
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Figure 5: FT-IR spectra of (a) lecithin powder, (b) nanolecithin, and
(c) lecithin-nano Ni/Fe.

by the interstices from the loading of bimetallic nanopar-
ticles, which will profit the interaction between lecithin-
nano Ni/Fe and PCB77 during removal process. However,
the inconspicuous difference represented the insufficiently
loading amount of bimetallic nanoparticles which resulted
in only a thin loading layer on the surface. This problem
was possibly caused by the limited content of water for the
microemulsion which was difficult to solve and probably
affected the efficacy of the designed material in removing
PCB77.

3.4. FT-IR Spectroscopy. The typical adsorption bands of var-
ious functional groups, respectively, for lecithin-nano Ni/Fe,
nanolecithin, and lecithin powder were shown in Figure 5.
From the spectrum of nanolecithin, it was observed that the
notable absorbance peaks at 1620 cm−1 and 1418 cm−1 corre-
spond to the asymmetrical and symmetrical stretching vibra-
tions of C=O groups [28].The absorbance peaks at 2926 cm−1
and 2854 cm−1 were assigned to the asymmetrical and sym-
metrical stretching vibrations of CH

2
groups. The broad

band at 3419 cm−1 was attributed to the presence of water.
The characteristic peaks at 1138 cm−1 and 1072 cm−1 were
typical of PO

2

− group which was attributed to the P=O
and P–O stretches. Considering the neat composition of
nanolecithin, all of the peaks above represented the character
of lecithin. Although the spectrum of raw powder presented
relative absorbance as aforementioned involving the peaks at
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Figure 6: XRDpatterns of (a) lecithin powder, (b) nanolecithin, and
(c) lecithin-nano Ni/Fe.

3406 cm−1, 1236 cm−1, and 1065 cm−1, it had some differences
in the regions in carbonyl stretching and methylene stretch-
ing. The asymmetrical and symmetrical stretches of C=O
groups had shifted to 1622 cm−1 and 1426 cm−1 with a spilt
peak at 1739 cm−1, while those of CH

2
groups intensified with

spilt peaks at 2956 cm−1 and 3010 cm−1 [29]. It was predicted
that the complex composition of the raw powder was purified
through the deposition procedure, which correlated with
the unitary adsorption bands of the nanocarrier with neat
lecithin composition. The significant differences of spectra
between lecithin-nano Ni/Fe and nanolecithin revealed the
notable influence of the loading of Ni/Fe bimetal. Although
the carbonyl stretches in lecithin-nano Ni/Fe were similar to
those in nanolecithin, the characteristic peaks of PO

2

− group
innanolecithin had been obscured in lecithin-nanoNi/Fe due
to the entity of a broad and intense band of the C–O ester at
1138 cm−1. The presence of this new band was indicative of a
change in the dielectric constant of the environment of the
ester groups which was likely ascribed to the association of
the lecithin carrier with the Ni/Fe nanoparticle. It was signi-
fied by the FT-IR spectra that there was notable interaction of
bimetal with lecithin which promoted the stable combination
and effective loading of nanoparticles on the carrier.

3.5. XRD Patterns. The XRD patterns of all samples were
displayed in Figure 6. The patterns of both nanolecithin and
raw powder showed the same main diffraction peak appear-
ing at 2𝜃 value near 22∘. While such a sole peak certainly
corresponded to lecithin, it was more broad in the pattern
of nanolecithin probably due to the broadening effect of the
nanoscale.The loading of Ni/Fe nanoparticles afforded abun-
dant diffraction peaks in the pattern of lecithin-nano Ni/Fe.
Apart from the characteristic peak of lecithin, themain peaks
at 2𝜃 values of 28∘, 32∘, 38∘, 44∘, 52∘, and 56∘ were related
to the metallic component. It was suggested that lecithin-
nano Ni/Fe had significantly distinguishing structure from
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Figure 7: Removal of PCB77 in 50/50 (v/v) ethanol/water solution
by lecithin-nano Ni/Fe and nanolecithin.

the other samples through the effective loading of metallic
particles. However, the characteristic peaks of metallic oxide,
especially the intensity peak at 32∘, exhibited the apparent
oxidation extent of iron. The oxidation was possibly ascribed
to the exposure of the active nanoparticles andwill affect their
reductive ability.

3.6. Removal of PCB77. The efficacy of different materials
in removing PCB77 in 50/50 (v/v) ethanol/water solution
was depicted in Figure 7. Approximately 67% of PCB77 was
removed from the solution in 48 h by lecithin-nano Ni/Fe,
while 39% of PCB77 was removed by nanolecithin. Since
parallel experiment of laboratory blank indicated insignifi-
cant leakage, it was confirmed that nanolecithin had a certain
activity to remove PCB77 as the blank carrier. The removal
efficacy will further be improved by the Ni/Fe nanoparticles
loading on the carriers. Compared to nanolecithin, lecithin-
nano Ni/Fe was able to decrease the concentration of PCB77
to a lower level in the same short period, which finally re-
sulted in the lower residuary ratio.The synergistic effect of bi-
metal and lecithin apparently contributed to the rapid re-
mov-al of PCB77 at the beginning. However, the favorable
trend for the removal was slowed down after 4 h of experi-
ment to achieve an almost constant concentration of PCB77.
The limited loading content and difficultly escapable oxida-
tion of the small bimetallic particles that had been revealed
by part of the characterization presumably caused the rapid
exhaustion of the activity. Although the function of the
lecithin-nano Ni/Fe still required to be improved, the rapid
removal process at the beginning indicated the potentiality
for the research of such an original combined material. Con-
sidering that the preliminary effectiveness of the combined
material was proved in this work, the constitution should be
optimized in the future for the better stabilization and loading

efficiency of Ni/Fe nanoparticles on the carrier, which will
make the further researches about lecithin-nano Ni/Fe more
attractive.

4. Conclusion

In this literature, lecithin carriers were loading Ni/Fe
nanoparticles through microemulsion method to generate
a kind of combined material named lecithin-nano Ni/Fe. Le-
cithin participated in the composition of the microemulsion
template that directed the synthesis of subtleNi/Fe nanoparti-
cles and then formed the carrier through the deposition with
the insite loading of bimetal. Besides the above role, lecithin,
as an environmentally compatible biosurfactant, had a certain
ability to accumulate organic contaminants, which was ben-
eficial for the removal of the contaminants by Ni/Fe nanopar-
ticles. It was proved by the characterization that Ni/Fe
nanoparticles can be uniformly dispersed and closely com-
bined with lecithin carrier which indicated the successful
generation of lecithin-nano Ni/Fe. The synergistic effect of
lecithin and Ni/Fe nanoparticles was examined through the
removal experiment of PCB77, while parallel test for the blank
carrier of nanolecithin was operated as comparison.The pre-
liminary functionality of lecithin-nano Ni/Fe was supported
by the more rapid removal of PCB77 at the beginning.
Although it still required improvement owning to the exhaus-
tion of activity in a relatively short period, lecithin-nano
Ni/Fe represented a beneficial attempt to acquire the com-
bined material with the advantages of both the biosurfactant
and the bimetal. The original synthetic method described in
this paper was convenient with the stuff that was abundant,
inexpensive, and relatively low toxic. It was prospective that
this work can be the evocation for the development of innova-
tive decontaminant and similar organic-inorganic combined
material.
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The water absorption capacity of superabsorbent polymers (SAPs) is important for agricultural drought resistance. However,
herbicides may leach into the soil and affect water absorption by damaging the SAP three-dimensional membrane structures. We
used 100-mesh sieves, electronmicroscopy, and fractal theory to study swelling andwater absorption in SAPs in the presence of three
common herbicides (atrazine, alachlor, and tribenuron-methyl) at concentrations of 0.5, 1.0, and 2.0mg/L. In the sieve experiments
it was found that 2.0mg/L atrazine reduces the capacity by 9.64–23.3% at different swelling points; no significant diminution was
observed for the other herbicides or for lower atrazine concentrations. We found that the hydrogel membrane pore distributions
have fractal characteristics in both deionized water and atrazine solution. The 2.0mg/L atrazine destroyed the water-retaining
polymer membrane pores and reduced the water-absorbing mass by modifying its three-dimensional membrane structure. A
linear correlation was observed between the fractal analysis and the water-absorbing mass. Multifractal analysis characterized the
membrane pore distribution by using the range of singularity indexes Δ𝛼 (relative distinguishing range of 16.54–23.44%), which is
superior to single-fractal analysis that uses the fractal dimension D (relative distinguishing range of 2.5–4.0%).

1. Introduction

Superabsorbent polymer (SAP) hydrogels are three-dimen-
sional, crosslinked, linear, or branched polymers with a
considerable number of hydrophilic groups that can absorb
water, saline solutions, or physiological fluids in amounts
as high as 10–1000 times their own weight [1, 2]. SAPs are
ideal for use in water absorption applications in agriculture,
forestry, construction, sanitation, biology, and medicine
[3–6]. Their rapid and reversible water absorbency and bio-
compatibility enable usage in arid and semiarid environments
for holding rain and irrigation water for plants in sandy or
loamy soils that perform poorly in drought conditions [7, 8].
They also improve plant growth [9]. Agricultural polymers
are usually applied at the root zone, and the retained water
is not released from the network structure under normal
physical pressure. However, when the soil is dry, the water is
slowly released by root pressure, ensuring normal growth.

Large quantities of herbicides are introduced into farm-
land ecosystems every year; the global herbicide market
accounted for half of the total pesticide market in 2010 [10].

Herbicides that migrate deep into the soil because of irriga-
tion water and rainfall [11] may affect the water-absorbing
capacity of SAPs by damaging their hydrogel membrane
structure and micromorphology. Previous studies indicate
that nutrient ions may reduce the absorbency of SAPs,
and highly charged ions may modify SAP structures to the
point of losing water-retaining capacity [12, 13]. Despite the
concerns, there have been few reports concerning herbicide
effects on the water-absorbing capacity, and the mechanisms
are not clear.

After water absorption and swelling of the SAP, the three-
dimensional hydrogel network is wrapped in a membrane
structure to hold the water. The water is retained because
of osmotic pressure and molecular forces. During swelling,
the three-dimensional network unfolds continuously until it
reaches equilibrium and stops absorbing water [14]. When
the membrane structure is destroyed, the water stored in the
internal network will be released, the SAP absorbency will be
reduced, and the hydrogel will have a complex distribution
of membrane pores. Therefore, to reveal the water-absorbing
mechanism, studies on the hydrogel membrane pore
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Figure 1: The formula and surface micromorphology of SAPs.

distributions of SAPs after absorption and swelling are very
important [15]. However, themembrane pores are distributed
randomly and have complicated shapes, making it difficult
to correctly reveal the geometrical characteristics.

Fractal theory describes complex, natural, and nonlinear
phenomena [16] and is used for shape structure characteri-
zation in non-Euclidean geometrical systems with complex
structures and chaotic phenomena. Previous studies [15, 17,
18] show that, after water absorption and swelling in SAPs,
the distribution of hydrogel membrane pores has fractal
characteristics that can be described quantitatively. Here,
fractal theory is used to characterize the micromorphol-
ogy characteristics of the hydrogel and the mechanism of
herbicide-induced deterioration of the SAP water-absorbing
capacity. An agricultural SAP and three common herbicides
are studied in 100-mesh sieve experiments, and images of the
hydrogel membrane pore distribution are obtained with an
environmental scanning electronic microscope (ESEM). The
results provide a better understanding of thewater absorption
mechanisms of SAPs and enable future enhancements.

2. Materials and Methods

2.1. Experimental Materials. SAPs produced by HuaYe New
Material Co., Ltd. (Shandong Province, China) were organic-
inorganic composites of attapulgite clay in polyacrylamide-
acrylic crosslinked polymers. They were faint yellow, 1.0-
2.0mm solid particles, with amoisture content ≤8%, a deion-
ized water uptake of 100–700 g/g, and a 0.9% NaCl uptake
≥32 g/g. Its constitutional formula is shown in Figure 1(a)
and the surface micromorphology of dry glue is shown in
Figure 1(b).

Herbicides produced by American Standard Co.,
Ltd. (New Haven, CT, USA) were atrazine (C

8
H
14
ClN
5
,

100% purity), alachlor (C
14
H
20
ClNO

2
, 99.4% purity), and

tribenuron-methyl (C
15
H
17
N
5
O
6
S, 99.5% purity).

2.2. Experimental Methods

2.2.1. Swelling Curves and Water Absorption Characteristics.
The water absorption characteristics of SAPs were tested

by 100-mesh filtering. Solutions (0.5, 1, and 2mg/L) of
atrazine, alachlor, and tribenuron-methyl were prepared, and
deionized water (0mg/L) was used as a control. There were
three replicas for each treatment. SAP (0.30 g) was added into
0.5 L solutions for swelling and filtering at time intervals of 2,
4, 6, 8, 10, 15, 20, 25, 30, and 40min (every 10min afterward)
until equilibrium was established as determined by pretests.
Themass of the SAP hydrogels was determined at the elapsed
times to obtain the amount of water absorption.

2.2.2. Scanning InternalMicromorphology. AFEIQuanta 200
ESEMwas used to characterize the SAP structures. A cutting
blade was used to obtain the middle portion of the SAP
hydrogels after the water absorption tests were performed.
They were imaged in low-vacuum conditions (130 Pa) and
with an acceleration voltage of 20 kV. Each 1024 × 678-pixel
image was stored as eight-bit grayscale files.

2.3. Analysis Methods

2.3.1. Fractal Dimension of Surface Topography. The fractal
dimension𝐷 is a characteristic parameter that quantitatively
describes the complex degree [12]. Slit island analysis [16]
was used to calculate the fractal dimensions of the cross-
sectional internal pore structure of SAP hydrogels, which can
be formulated as

𝛼
𝐷
(𝜀) =
𝐿
1/𝐷
(𝜀)

𝐴1/2 (𝜀)
, (1)

where 𝐿 denotes the pore perimeter (𝜇m);A denotes the pore
area (𝜇m2); and 𝐷 denotes the fractal dimension 𝜀 = 𝜂/𝐿

0
,

where 𝜂 is the absolute measurement scale, 𝐿
0
is the initial

perimeter of the image with constant scale of 𝜂, and 𝛼
𝐷
(𝜀) is

a constant and is only a function of the selected scale and not
the image size. The logarithm for both sides of (1) is

log 𝐿 (𝜀) = 𝐷 log𝛼
𝐷
(𝜀) +
𝐷

2
log𝐴 (𝜀) . (2)

Image-Pro Software was used to analyze each ESEM image
after digitizing and then used to measure the area and
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perimeter of each pore. D is twice as large as the slope of the
double-log curve between the area and the perimeter.

2.3.2.Multifractals and Singularity Spectra. Multifractal anal-
ysis takes a certain area or volume and decomposes it into a
series of subdomains according to the singularity, and every
subdomain forms a fractal. Multifractals not only have fractal
dimensions but also have a singularity for eachmeasurement.
A multifractal singularity spectrum is the main parameter
to quantitatively describe the nonuniformity, which can be
expressed by 𝛼 ∼ 𝑓(𝛼) and 𝑞 ∼ 𝐷(𝑞). The relationship
between 𝛼 ∼ 𝑓(𝛼) and 𝑞 ∼ 𝐷(𝑞) is obtained by the Legendre
transform. The probability for the 𝑖th grid can be calculated
from

𝜇
𝑖 (𝜀) =
𝑁
𝑖
(𝜀)

𝑁
𝑡

, (3)

where 𝜀 is a set of different grids with square cells that
is superimposed on the whole field studied, 𝑁

𝑖
(𝜀)is the

measurement of i, and 𝑁
𝑡
is the total measurement of the

fractal set.
For multifractal distributed measurements, the partition

function 𝜒
𝑞
(𝜀) = ∑

𝑁(𝜀)

𝑖=1
𝜇
𝑖
(𝜀)
𝑞

scales with the cell size as

𝜒
𝑞 (𝜀) ∝ 𝜀

𝜏(𝑞)
, (4)

where 𝜏(𝑞) is the mass exponent of the order q and can
be estimated from the slope of best-fit line. The generalized
fractal dimension 𝐷(𝑞) of uniformly distributed soil pores
can be defined as

𝐷(𝑞) =
𝜏 (𝑞)

(𝑞 − 1)
= lim
𝜀→0

1

𝑞 − 1

log [∑𝑁(𝜀)
𝑖=1
𝜇
𝑖
(𝜀)
𝑞
]

log 𝜀
(𝑞 ̸=1) ,

𝐷
1
= lim
𝜀→0

∑
𝑁(𝜀)

𝑖=1
𝜇
𝑖
(𝜀) log𝜇

𝑖
(𝜀)

log 𝜀
(𝑞 = 1) .

(5)

From the Legendre transform, we obtain

𝛼 (𝑞) =
𝜕

𝜕𝑞
𝜏 (𝑞) ,

𝑓 (𝛼 (𝑞)) = 𝑞𝛼 (𝑞) − 𝜏 (𝑞) ,

(6)

where 𝑞 = 0, 1, 2 and𝐷(𝑞) corresponds to the fractal capacity
dimension, the information dimension, and the correlation
dimension, respectively [18]. The range of 𝐷(𝑞) increases
with the slope 𝑞 ∼ 𝐷(𝑞) and indicates that the distribution
ranges of different singularity strengths of fractal structures
are wider, and the nonuniformity and complexity of the
measured physical quantity are increased. From the above,
it can be found that 𝑞 ∼ 𝐷(𝑞) and 𝛼 ∼ 𝑓(𝛼) are equivalent
for describing multiple fractals, and the subset of different
exponents can be discerned by changing the iterative order 𝑞.
The span of singularity indexes Δ𝛼 = 𝛼max − 𝛼min of multiple
fractal singularity spectra can be used to characterize the
degree of nonuniformity of SAP hydrogel pores distributions
[19].

The calculations have the following steps. (1) Select a grid
size 𝜀 and then measure and calculate the probability for
each grid. (2) Choose a different 𝑞 and calculate the partition
function𝜒

𝑞
(𝜀). (3)Change the grid size 𝜀 and repeat the above

process to calculate a series of 𝜒
𝑞
(𝜀). (4) Trace the graph of

ln(𝜒
𝑞
(𝜀)) ∼ ln(𝜀). (5) For each q, calculate 𝜏(𝑞) by straight

line fitting of 𝜒
𝑞
(𝜀) ∼ 𝜀. (6) Trace the graph of 𝜏(𝑞) ∼ 𝑞

and calculate 𝐷
𝑞
. (7) Calculate 𝛼(𝑞) and 𝑓(𝛼) with Legendre

transforms and obtain the final multifractal spectrum 𝛼 ∼
𝑓(𝛼).

2.3.3. Data Analysis. SPSS software (15.0, one-way analysis of
variance) was used for correlation and significant structure
analysis.

3. Results and Analysis

3.1. Swelling and Absorbency of Superabsorbent Polymers.
Figure 2 plots the dynamic change of hydrogel weight after
water absorption by SAPs in deionized water and in three
different herbicide solutions. The “parabolic” shapes of the
plots indicate that the absorbency is constantly changing and
that the rate gradually reduces to a swelling equilibrium point
(150min) where absorption stops. From the significance tests
in Table 1, there is no appreciable reduction of the water-
absorbingmass for the SAPs (𝑃 > 0.05) for the three solutions
of alachlor and tribenuron-methyl and for two of the atrazine
solutions (0.5, 1mg/L) at the equilibrium point. Only for the
2mg/L atrazine solution is the water-absorbing mass of the
SAP significantly reduced (𝑃 < 0.05).

Therefore, we examined the effect of the 2mg/L atrazine
on the SAP. In Figure 2, we can see that, for the 2mg/L
atrazine solution at 10, 40, 70, 100, and 150min, the water-
absorbing mass is reduced by 17.8%, 23.3%, 15.5%, 10.4%,
and 9.64%, respectively. Thus the effect of atrazine is greater
during the initial phase of absorption, that is, during the first
10–40min. The effect is reduced with continued absorption
and swelling (Table 2).

3.2. Micromorphology Characteristics of Hydrogel after Water
and Atrazine Absorption. Figures 3(a)–3(e) are images of the
SAP hydrogel surface micromorphology after 10, 40, 70, 100,
and 150min of swelling in deionized water, respectively. We
can see that, with the SAP water absorption and swelling,
the overlapping surface is a hydrogel with water stored in
its three-dimensional, crosslinked membrane structure. At
longer absorption times, the membrane structure is more
pronounced. When the swelling membrane pore structure
increases uniformly, the SAP can hold more water. In Figures
4(a)–4(e), the same development of hydrogel micromorphol-
ogy is observed in 2mg/L atrazine. However, in the atrazine,
the SAP membrane pores are not uniformly enlarged with
the swelling. Large pores develop after 40min and increase
steadilywith swelling. Comparedwith the hierarchical, three-
dimensional, crosslinked membrane structure (Figure 3(e))
in deionized water at the swelling equilibrium, there are
damaging large pores in the hydrogel (Figure 4(e)) in the
2mg/L atrazine solution.
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Table 1: Water-absorbing mass (WAM) of SAP (0.3 g) at swelling equilibrium.

Mass concentration/(mg⋅L−1) Water-absorbing mass/g
Atrazine Alachlor Tribenuron-methyl

0 67.27a 67.27a 67.27a

0.5 63.55ab 65.23a 65.76a

1.0 63.49ab 66.19a 66.04a

2.0 60.79b 65.66a 65.55a

Within the columns, values followed by the same letter are not significantly different at the 0.05 probability level.

Table 2: Water-absorbing mass (WAM) of SAP (0.3 g) in deionized water and atrazine solution at different swelling times.

Swelling time/min
Atrazine mass concentration/mg⋅L−1

0 2.0
WAM/g SD WAM/g SD

10 18.45 ±0.46 15.16 ±0.30
40 48.21 ±2.46 37.00 ±1.82
70 57.80 ±1.41 48.83 ±1.45
100 62.11 ±1.99 55.63 ±0.45
150 67.27 ±1.43 60.79 ±1.11
SD means the standard deviation.

3.3. Single Fractal Feature of Surface Micromorphology of
Superabsorbent Polymers. Table 3 lists the single fractal char-
acteristic parameters (or single fractal dimension) D and the
correlation coefficients 𝑅2 from the correlative analysis of
log 𝐿(𝜀) ∼ log𝐴(𝜀) on the SAP hydrogel membrane pore
distributions in deionized water and in the 2mg/L atrazine
solution at different swelling points. A significant correlation
(𝑃 < 0.01) is observed, which indicates that it is valid to use
fractal theory in the analysis of hydrogel micromorphology.
In addition, we can see that, for both the deionized water and
atrazine solutions,D increases gradually with SAP absorption
and swelling. At various swelling points, the atrazine solution
reduces 𝐷 relative to that in deionized water. In Figure 5,
there is a linear correlation (𝑃 < 0.05) between 𝐷 and the
SAPwater-absorbingmass, which indicates that𝐷 can reflect
the change in water-absorbing mass.

Thewater held by SAPs ismainly stored in the crosslinked
membrane pore structure. The membrane structure and its
pore have a direct effect on the water-absorbing capacity.
Small values of the 𝐷 index indicate less complexity in the
membrane pore distribution and less water-absorbing mass.
However, we find that the use of 𝐷 to quantitatively char-
acterize the micromorphology and the SAP water-absorbing
capacity is limited. Comparing the different atrazine concen-
trations at the same state of swelling, we see that the relative
discrimination is only 2.5–4.0%, while for the same atrazine
concentrations at different swelling times, the accumulated
relative discrimination is 7.0–8.5%. All of them indicate
that the membrane pore distribution characteristics of the
hydrogels, as analyzed by single fractal theory, are close and
need a more sensitive characteristic index.

3.4. Multifractal Characteristics of Surface Micromorphology
of Superabsorbent Polymer. Table 4 lists the general multi-
fractal dimensions Dq and the correlation coefficients 𝑅2 for

the correlative analysis of ln(𝜒
𝑞
(𝜀)) ∼ ln((𝜀)) for hydrogel

membrane pore distributions in deionized water and the
2mg/L atrazine solutions at different swelling points. A
significant correlation (𝑃 < 0.05) is observed and indicates
that multifractal theory is also valid in the analysis on
hydrogel micromorphology. Table 5 lists the multifractal
characteristic parameters (the singularity index span) Δa for
the hydrogelmembrane pore distributions in deionizedwater
and atrazine solutions at different swelling points. The linear
correlation (𝑃 < 0.05) indicates that Δamore clearly reflects
(relative to D) the change in SAP water-absorbing mass
(Figure 6). For different atrazine concentrations at the same
swellings, the relative discrimination is 16.54–23.44%, while
for the same atrazine concentrations at different swellings, the
accumulated relative discrimination is 25.02–33.04%. Both
are higher than those obtained from the𝐷 index (above).

4. Discussion

The key factors for the absorbency and swelling charac-
teristics of SAPs are the additive compounds. Liang et al.
[20] examined the effect of wheat straw in SAPs and found
that the highest water absorbency was obtained with 20%
wheat straw in the feed. Wang et al. [21, 22] reported
that the SAPs containing 15 wt% sodium humate had the
highest water absorbency with natural guar gum, partially
neutralized acrylic acid, and sodium humate as the raw
materials; moreover, the absorbency was improved further
by adding cation-exchanged vermiculite. Here, the SAP was
produced by adding attapulgite clay to the polyacrylamide-
acrylic crosslinked polymer. The absorbency in deionized
water is 224 g/g, which is less than that of SAPs using
attapulgite clay as reported by Liu et al. [23]. That is because
the SAP here is an agricultural water absorbent that requires a
stable crosslinked structure to enhance reversible absorbency,
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Figure 2: Swelling curves of SAP in three herbicide solutions.

Table 3: Single fractal dimension𝐷 of SAP hydrogel microtopography at different swelling times.

Swelling time/min
Atrazine mass concentration/mg⋅L−1

Relative discrimination/%0 2
𝐷 𝑅

2
𝐷 𝑅

2

10 1.072 0.962∗∗ 1.029 0.951∗∗ 4.0
40 1.091 0.947∗∗ 1.047 0.957∗∗ 4.0
70 1.115 0.952∗∗ 1.081 0.924∗∗ 3.0
100 1.139 0.954∗∗ 1.109 0.950∗∗ 2.6
150 1.151 0.939∗∗ 1.122 0.956∗∗ 2.5
Accumulated relative discrimination/% 7.0 8.5
Correlation is significant at the 0.01 level “∗∗” (two-tailed).
Relative discrimination = (𝑥2 − 𝑥0)/𝑥0; accumulated relative discrimination =∑(𝑥𝑖+1 − 𝑥𝑖)/𝑥𝑖.
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(a) 10min (b) 40min (c) 70min

(d) 100min (e) 150min

Figure 3: Hydrogel microtopography of SAP in deionized water.

Table 4: Generalized multifractal dimension𝐷𝑞 for SAP hydrogel microtopography at different swelling times.

Atrazine/mg⋅L−1 Swelling/min 𝑞

1 3 5 7 9 0 −1 −3 −5 −7 −9

0

10 Dq 1.919 1.902 1.898 1.897 1.898 1.953 2.047 2.223 2.311 2.356 2.383
𝑅
2 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.98∗∗ 0.90∗∗ 0.87∗∗ 0.85∗∗ 0.84∗∗

40 Dq 1.987 1.981 1.981 1.981 1.982 2.008 2.103 2.314 2.413 2.463 2.494
𝑅
2 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.98∗∗ 0.93∗∗ 0.91∗∗ 0.90∗∗ 0.89∗∗

70 Dq 1.993 1.984 1.983 1.983 1.983 2.013 2.104 2.337 2.446 2.503 2.536
𝑅
2 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.94∗∗ 0.92∗∗ 0.91∗∗ 0.90∗∗

100 Dq 2.059 2.055 2.053 2.052 2.052 2.068 2.116 2.366 2.500 2.569 2.609
𝑅
2 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.97∗∗ 0.95∗∗ 0.94∗∗ 0.94∗∗

150 Dq 2.078 2.071 2.068 2.067 2.067 2.089 2.137 2.399 2.541 2.614 2.657
𝑅
2 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.95∗∗ 0.92∗∗ 0.91∗∗ 0.91∗∗

2

10 Dq 1.806 1.800 1.803 1.805 1.808 1.838 1.927 2.063 2.125 2.157 2.176
𝑅
2 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.95∗∗ 0.83∗ 0.79∗ 0.77∗ 0.76∗

40 Dq 1.821 1.814 1.816 1.819 1.821 1.853 1.949 2.102 2.170 2.203 2.223
𝑅
2 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.96∗∗ 0.86∗∗ 0.83∗ 0.82∗ 0.81∗

70 Dq 1.941 1.934 1.933 1.932 1.932 1.962 2.040 2.219 2.301 2.343 2.369
𝑅
2 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.97∗∗ 0.90∗∗ 0.88∗∗ 0.87∗∗ 0.86∗∗

100 Dq 2.006 2.001 2.002 2.003 2.004 2.023 2.096 2.282 2.380 2.430 2.460
𝑅
2 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.98∗∗ 0.90∗∗ 0.87∗∗ 0.85∗∗ 0.84∗∗

150 Dq 2.008 2.005 2.004 2.005 2.005 2.023 2.106 2.329 2.433 2.486 2.518
𝑅
2 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.99∗∗ 0.93∗∗ 0.92∗∗ 0.91∗∗ 0.90∗∗

Correlation is significant at the 0.01 level “∗∗” and 0.05 level “∗” (two-tailed).
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Table 5: Multifractal characteristic parameter Δ𝑎 of SAP hydrogel microtopography at different swelling times.

Swelling time/min
Atrazine mass concentration/mg⋅L−1

Relative discrimination/%0 2
𝑎(𝑞)max 𝑎(𝑞)min Δ𝑎 𝑎(𝑞)max 𝑎(𝑞)min Δ𝑎

10 2.491 1.898 0.593 2.254 1.800 0.454 23.44
40 2.616 1.980 0.636 2.306 1.814 0.492 22.64
70 2.671 1.982 0.689 2.470 1.932 0.538 21.92
100 2.775 2.052 0.723 2.582 2.001 0.581 19.64
150 2.834 2.066 0.768 2.646 2.004 0.642 16.54
Accumulated relative discrimination/% 25.02 33.04

(a) 10min (b) 40min (c) 70min

(d) 100min (e) 150min

Figure 4: Hydrogel microtopography of SAP in 2mg/L atrazine solutions.

rather than attapulgite clay. The absorbency of SAPs is
influenced by many other factors, such as particle size,
temperature, soil texture [24, 25], and other soil conditions.
Electrolytes in soils can have appreciable impact on SAP
absorbency, depending on ion type and concentration [26,
27]. Because SAPs have hydrophilic groups, they may have a
stronger interaction with polar molecules and thus make the
absorbencymore sensitive.Here, the 2mg/L atrazine solution
significantly reduces the water-absorbing mass of the SAP.
ESEM imaging reveals that, relative to those structures in
deionized water, damagedmembrane structures are observed
in 2mg/L atrazine solution. These are caused by hydrogen
bonding and Van der Waals interactions among the atrazine
and the hydroxyl and carboxyl groups of the SAP [28]. These
interactions induce large-scale damage to the membrane,
resulting in reduced water-absorbing mass.

In the fractal analysis, Δa becomes larger with SAP water
absorption and swelling. At various swelling points in 2mg/L
atrazine, all Δa indices for the hydrogel microtopography are
smaller relative to deionized water.This correlates with the𝐷
index observations and with the change in water-absorbing
mass. In contrast to the 2.5–4.0% relative discrimination
for the 𝐷 index, that of Δa is 16.54%–23.44%. Thus fractal
analysis over multiple scales is more sensitive than that in
a single scale. In addition, multifractal analysis can reveal
specific structures and characteristics induced by different
local conditions or levels. It will reveal overall features
from part of the system, which is more accurate than a
single fractal describing complex morphology [19, 29, 30].
Moreover, no other quantification methods are effective in
evaluating the hydrogel membrane pore distribution. The
fractal analysis supports the notion that the membrane pore
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three-dimensional structure unfolds continuously during
water absorption and swelling [14]. Both the 𝐷 and Δa
indices in the 2mg/L atrazine solution are less than those in
deionized water, which confirms the notion that the forces
between the atrazine and the hydroxyls and carboxyls in
the SAP reduce the complexity of the membrane structure
[28]. All of these conclusions are strongly supported by the
SAP water-absorbing mass data. We can conclude that the
combination of image analysis and fractal theory can be
used to quantitatively evaluate the water-absorbing capacity
of SAPs and could be applied to other areas in environmental
and materials science. Fractal theory could also be used for
evaluating nonlinear processes, such as soil pore distributions

for soil permeability and complex crystal structures. Finally,
it could be used to design structures for materials fabrication
that would have unique features.

5. Conclusions

(1) Alachlor and tribenuron-methyl herbicides at con-
centrations of 0.5, 1, and 2mg/L have no observable
effects on the water-absorbing capacity of SAPs. Sim-
ilarly, 0.5 and 1.0mg/L solutions of atrazine have no
effect. Only at 2mg/L atrazine concentration will the
SAP water-absorbing mass be significantly reduced.
The effect gradually weakens with swelling of the SAP,
and the relative reduction is 9.64%–23.3%.

(2) The micromorphology of the hydrogel is changed to
a hierarchical, three-dimensional, crosslinked mem-
brane structure following SAP swelling in deion-
ized water. The membrane pores grow uniformly
with water absorption and swelling. However, in the
2.0mg/L atrazine solution, larger pores are observed
during swelling tales and the membrane structure is
destroyed at the swelling equilibrium point.

(3) Fractal analysis reveals clear differences in the hydro-
gel membrane pore distributions formed during
water absorption and swelling in deionized water
versus 2.0mg/L atrazine.The single fractal dimension
𝐷 index gradually increases less with swelling in
atrazine solution relative to that in deionized water.
Along with the micromorphology characteristics of
the hydrogel, the 2.0mg/L atrazine solution may
destroy the membrane structure that retains the
water. This reduces both the complexity of the three-
dimensional membrane structure and the water-
absorbing mass of the SAP.

(4) Compared with single fractal analysis, multifractal
analysis enables a more detailed characterization
of the hydrogel membrane pore distribution and
improves the ability to distinguish effects of the
atrazine on the SAP water-absorbing mass from 2.5–
4.0% to 16.54–23.44%. Furthermore, both the 𝐷 and
Δa indices exhibit a significant linear correlation with
the water-absorbing mass.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgment

This work was financially supported by the National Natural
Science Foundation of China (51379210).

References

[1] M. J. Ramazani-Harandi, M. J. Zohuriaan-Mehr, A. A. Yousefi,
A. Ershad-Langroudi, and K. Kabiri, “Rheological determina-
tion of the swollen gel strength of superabsorbent polymer
hydrogels,” Polymer Testing, vol. 25, no. 4, pp. 470–474, 2006.



Journal of Nanomaterials 9

[2] A. Pourjavadi, M. Ayyari, andM. S. Amini-Fazl, “Taguchi opti-
mized synthesis of collagen-g-poly(acrylic acid)/kaolin com-
posite superabsorbent hydrogel,”EuropeanPolymer Journal, vol.
44, no. 4, pp. 1209–1216, 2008.

[3] F. L. Zhang, M. Z. Liu, M. Y. Guo, and L. Wu, “Preparation of
superabsorbent polymer with slow-release phosphate fertilizer,”
Journal of Applied Polymer Science, vol. 92, no. 5, pp. 3417–3421,
2004.

[4] A. Hüttermann, L. J. B. Orikiriza, and H. Agaba, “Application
of superabsorbent polymers for improving the ecological chem-
istry of degraded or polluted lands,”Clean—Soil, Air,Water, vol.
37, no. 7, pp. 517–526, 2009.

[5] M. A. Molina, C. R. Rivarola, and C. A. Barbero, “Study on
partition and release of molecules in superabsorbent ther-
mosensitive nanocomposites,” Polymer, vol. 53, no. 2, pp. 445–
453, 2012.

[6] A. Hebeish, M. Hashem, M. M. El-Hady et al., “Development
of CMChydrogels loaded with silver nano-particles formedical
applications,”Carbohydrate Polymers, vol. 92, no. 1, pp. 407–413,
2013.

[7] J. Akhter, K. Mahmood, K. A. Malik, A. Mardan, M. Ahmad,
and M. M. Iqbal, “Effects of hydrogel amendment on water
storage of sandy loam and loam soils and seedling growth of
barley, wheat and chickpea,” Plant, Soil and Environment, vol.
50, no. 10, pp. 463–469, 2004.

[8] V. Arbona, D. J. Iglesias, J. Jacas, E. Primo-Millo, M. Talon, and
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Water-soluble phenol and phenolic compounds were generally removed via advanced oxidation processes. A novel semiconductor
catalyst, CT, was the first-time employed in the present study to degrade phenol and catechol. The phenolic compounds (initial
concentration of 88mg L−1) were completely mineralized by the CT catalytic nanoparticles (1%) within 15 days, under acidic
condition and with the presence of mild UV radiation (15 w, the emitted wavelength is 254 nm and the light intensity <26 𝜇w/cm2).
Under the same reaction condition, 1% TiO

2
(mixture of rutile and anatase, nanopowder, <100 nm) and H

2
O
2
had lower removal

efficiency (phenol: <42%; catechol: <60%), whereas the control (without addition of catalysts/H
2
O
2
) only showed <12% removal.

The processes of phenol/catechol removal by CT followed pseudo-zero-order kinetics. The aromatic structures absorbed the UV
energy and passed to an excited state, which the CT worked on.The pollutants were adsorbed on the CT’s surface and oxidized via
charge-transfer and hydroxyl radical generation by CT. Given low initial concentrations, a circumstance encountered in wastewater
polishing, the current set-up should be an efficient and less energy- and chemical-consumptive treatment method.

1. Introduction

Phenol and phenolic substances, such as catechol and hydro-
quinone, are widely used as raw materials in petrochemical,
chemical, and pharmaceutical industries [1]. They also occur
in various common phenolated industrial effluents, with
concentrations ranging between 35 and 8000mg L−1 [2].
These highly water-soluble and stable compounds are toxic,
carcinogenic, mutagenic, and teratogenic [3] and potentially
may lead to adverse effects in human and aquatic organisms
[4]. Therefore, their concentrations in the industrial effluents
are usually regulated. For example, in China, phenol at
concentrations above 0.3mg L−1, respectively, is not allowed

to be discharged to the natural water bodies, according to the
Integrated Wastewater Discharge Standard [5].

Treatment processes for phenolic wastewater include
physical, biological, and chemical methods. High concentra-
tion phenolic wastewaters refer to those with phenol more
than 1000mg L−1, which are recycled via methods such as
adsorption or solvent extraction [6–8]. Intermediate con-
centration phenolic wastewaters are those with phenol levels
between 5 and 500mg L−1, which are treated by biological
methods [9] or chemical oxidation [10]. Generally speaking,
it is practically impossible to remove phenol and phenolic
substances simply by using conventional biologic treatment
[11]. Advanced oxidation processes (AOPs) have been widely
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used for the treatments over the last few decades. Particularly,
AOPs combining oxidants (e.g., ozone and H

2
O
2
), UV radi-

ation, catalysts (e.g., TiO
2
and V

2
O
5
), and ultrasound have

received most of the attention [12]. For example, Gurol and
Vatistas [13] treatedmixtures of phenol, p-cresol, 2, 3-xylenol,
and catechol by ozone, UV light, and a combination of ozone
and UV light (photolytic ozonation). They observed that the
photolytic ozonation removed more than 95% of the total
organic carbon (much higher than the <30% of the removal
by ozonation and UV radiation alone). Li et al. [14] observed
that phenol was oxidized rapidly by a Ti/SnO

2
-Sb anode, and

its concentration decreased from around 490mg/L to 0 after
the electrolysis for 5 hr. Ŭgurlu and Karaoğlu [15] reported
that more than 90% phenol was degraded within 24 hr using
UV/H

2
O
2
and UV/H

2
O
2
/TiO
2
/Sepiolite, much greater than

by simply using UV or H
2
O
2
alone.

Despite the progress in AOPs research, it seems that
practical applications of these AOPs have some limitations
such as consumption of large amounts of chemicals (e.g.,
ozone and H

2
O
2
) and energy (UV and electrochemical

oxidation) [16]. In this regard, we attempted to employ a
novel catalyst, charge transfer auto oxidation-reduction type
semiconductor catalyst (CT catalyst), for the degradation
of phenol and phenolic substances. This nanosized (around
70 nm) material/crystal was developed by one of the authors,
Dr. Shoji Ichimura, via sintering of a mixture of MnO, CoO,
and TiO

2
in Pt and Pd complex powder at 1350∘C [17]. CT is

a crystal with an 8-phased perovskite form inside a 6-phased
spinel structure.The core of the crystal has the base composi-
tion formwith arranged electron donor and acceptor pair and
electron carrier chain and oxidation/reduction center, which
allows electron chain reactions to take place and bemediated.
It simply relies on thermal energy to vibrate the crystal
and cause electron transfer [17], which is different from
photocatalysts, function with the presence of UV radiation
[18]. With enough thermal energy, electron donor in CT
produces electron (e−) and positive hole (h+). h+ moves to
oxidation centre in CT to oxidize the pollutant in solution
motivated by oxidation activator. The electron moves to the
electron acceptor in CT by electron carrier and then reaches
the reduction centre in CT to reduce substances like oxygen
in water motivated by reduction activator. This catalyst has
been widely used in tiles in Japan (>8000 buildings as an
environmentally friendly material for odor removal), but not
in any other applications such as water/wastewater treatment.
Yet, according to CT’s remarkable characteristic that it can
function in the dark, CT should have enormous potential in
pollutant removal/degradation, especially in circumstances
when light is not easily accessible in pollutant-carryingmedia
(e.g., particles, cloudy water, and colored water). However,
such chemical- and energy-saving applications have not been
attempted previously.

In this study, we conducted experiments to degrade
phenol and catechol in water using CT catalytic nanoparti-
cles. A mild UV radiation (15 w, the emitted wavelength is
254 nm and the light intensity <26𝜇w/cm2), not sufficient to
induce effective photocatalysis in pure TiO

2
catalyst [1], was

provided.The hypothesis was that, following exposure to UV

radiation, aromatic compounds would absorb the UV energy
and reach excited state [19], upon which the CT catalysts
could react (causing electron transfers).This eventuallymight
lead to decomposition of these compounds. Compared with
TiO
2
, we expected that CT might need low energy (mild UV

radiation). Compared with H
2
O
2
, CT catalyst might be more

efficient, because hydroxyl radicals released by H
2
O
2
should

be depleted with a short period of time, not be sufficient to
support the mineralization of these phenolic compounds.

Overall, the objectives of this study were as follows: (1)
to identify whether CT catalyst can be applied in treat-
ing/removing phenolic compound in water; (2) to determine
kinetics of the catalysis process; and (3) to understand
catalytic mechanisms of the CT catalysts. We hope that the
data would provide fundamental information for a future
design of reactors in phenolic wastewater treatment using CT
catalyst.

2. Materials and Methods

The CT catalyst is invented by one of the authors, Dr.
Shoji Ichimura, and is commercially available. CT in this
study was provided by FIRAC International Co., Ltd. (Dr.
Shoji Ichimura owned company) for free. Phenol, catechol,
hydrogen peroxide (30%w/w), and TiO

2
(mixture of rutile

and anatase, nanopowder, <100 nm) were of analytic grade
(Sigma-Aldrich Chemical Co.). Phenol and catechol were
chosen as the target pollutants, and the initial concentrations
were chosen at 88mg L−1 (chemical oxygen demand (COD):
179mg L−1; total organic carbon (TOC): 54mg L−1) and
91.8mg L−1 (COD: 164mg L−1; TOC: 57mg L−1), respectively.
The pH level of 3, simulating phenol-containing indus-
trial wastewater, was adjusted using hydrochloride acid and
sodium hydroxide solutions.

Four treatments, namely, pollutant + UV, pollutant +
UV + 1% CT, pollutant + UV + 1% TiO

2
, and pollutant +

UV + H
2
O
2
(60 𝜇L H

2
O
2
added into 200mL phenolic

solution), were applied to the solutions containing phenol
and catechol. Each treatment has 2 replicates. The choice of
the level of CT (1%) was based on our preliminary tests. H

2
O
2

amount, as hydroxyl radical generator and scavenger, was
chosen according to previous reports [20]. Flasks (250mL)
with the phenolic solutions were placed in a shaker, which
located between two mercury UV lamps (15 w, the emitted
wavelength is 254 nm and the light intensity <26𝜇w/cm2).
Positions of the flasks were rotated in order to prevent an
uneven exposure of the UV radiation. The experiments were
conducted at room temperature (20∘C) and had lasted for
10–15 days until complete elimination of TOC in the flasks
occurred in any treatment.

To further investigate mechanism of CT catalyst in
degrading phenolic compounds, the role of CT and UV
radiation in reacting with the phenol was compared. One
treatment involved that a phenol solution (initial concentra-
tion of 76mg L−1) was exposed to UV radiation for 4 days
followed by 1%CT treatment in the dark.The other treatment
involved a reversed sequence of the treatments in which a
solution (initial concentration of 76mg L−1) was subjected
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Figure 1: Time-dependent degradation of phenol by CT catalyst compared with TiO
2
, H
2
O
2
((a) phenol concentration; (b) COD; (c) TOC).

to 1% CT treatment and then followed by the UV radiation.
The comparison of the outcome allowed for an identification
of difference between functions of UV radiation and CT
catalyst.

During the experiments, the flasks were withdrawn from
the shaker at predetermined time and the solutions were cen-
trifuged at 3000 r/min for 30min using a centrifuge (Allegra
6R). Concentrations of phenol, catechol, total organic carbon
(TOC), chemical oxygen demand (COD), and pH were ana-
lyzed. Briefly, the phenol concentration was measured using
the 4-aminoantipyrine method as described in Standards
Methods [21], while that of catechol was measured according
to Liu et al. [22]. Level of TOC was analyzed using a TOC
analyzer (TOC-VCPH) based on the combustion-infrared
method [23]. Level of COD was measured using open reflux
method [21]. Level of pH was determined using a pH meter.

High performance liquid chromatography (HPLC, Agi-
lent 1200), equipped with a ZORBAX column (Eclipse XDB-
C18 ID = 4.6mm, length = 150mm) and a UV detector
(used at working wavelength of 215 nm), was used to analyze

the intermediate compounds of catechol, hydroquinone, and
benzoquinone from the treatments of UV +CT + phenol and
UV + TiO

2
+ phenol, respectively. A ratio of 1/3 (V/V) of

methanol/5% orthophosphoric acid was used as the mobile
phase at a flow rate of 1.0mLmin−1.The injection volumewas
10 𝜇L, while the column temperature was set at 25∘C. Before
HPLC analysis, each sample was filtered through a 0.22𝜇m
membrane filter (water phase filter, polyethersulfone).

3. Results and Discussion

3.1. Removal of Phenolic Compounds by CT Catalyst. Het-
erogeneous photocatalytic oxidation process generally is not
suitable for high concentration phenolic wastewater. Instead,
it is used as the pretreatment or the posttreatment combined
with the biological treatment to achieve acceptable concen-
tration efficiently and economically feasible [16, 24] (Table 1).

Time-dependent degradation of phenol and catechol
was shown in Figures 1 and 2, respectively. Phenol was
completely removed in the treatment of phenol +UV+ 1%CT
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Figure 2: Time-dependent degradation of catechol by CT catalyst compared with TiO
2
, H
2
O
2
((a) catechol concentration; (b) COD; (c)

TOC).

after 10 days (Figure 1(a)), with residues of COD (10.0mg L−1)
and TOC (0.206mg L−1) (Figures 1(b) and 1(c)). In contrast,
the control (phenol + UV) only had a slight degradation
(<12% phenol reduction), while TiO

2
and H

2
O
2
showed

similar phenol removal efficiencies (34–41% phenol reduc-
tion) (Figure 1). Pattern of the removal of catechol was
similar to that of phenol (Figure 2), but a longer reaction
time was required for a complete removal by CT (15 d).
Additionally, TiO

2
was more potent than H

2
O
2
in treating

catechol (Figure 2(a)) that up to 57.8% of the catechol removal
occurred in the treatment by TiO

2
, much higher than the

treatment by H
2
O
2
(19.3%) and the control (8.9%).

The processes of phenol/catechol removal followed
pseudo-zero-order kinetics (Figure 3), whereas correlation
coefficients for the pseudo-first-order kinetic model were
generally low. This suggested that mass transfer was not a
rate controlling process in the experiments [23]. However,
the result was different from previous studies that phenol
removal mostly followed pseudo-first-order kinetics [16, 28–
30]. Further investigation is needed in order to understand

more of the mechanisms. UV+TiO
2
for phenol and catechol

and UV + H
2
O
2
for phenol and catechol follow pseudo-

first-order kinetics, and the calculated rate constant k values
were 0.03 × 10−3/min, 0.04 × 10−3/min, 0.03 × 10−3/min,
and 0.01 × 10−3/min, respectively. But UV + CT follows
pseudo-zero-order kinetic calculated rate constant k values
(for phenol and catechol) were 5.28 × 10−3mol L−1min−1
and 4.59 × 10−3mol L−1min−1, according to slopes of the
regression models (Figure 3) (slope = k/initial concentration
of phenol/catechol).

The result demonstrated that CT catalyst could be used
for a complete removal of phenolic compounds inwastewater,
with the presence of mild UV radiation (15 w, the emitted
wavelength is 254 nm and the light intensity <26𝜇w/cm2).
Comparedwith previous reports onphenol degradation, such
as employing sono-/photo-Fenton reactions [11], immobi-
lized TiO

2
photodegradation [31], or electrochemical oxi-

dation [28], the present treatment using CT catalyst had
notably advantage of (1) less energy consumption and (2)
no chemical consumption. Further comparison of the UV
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Figure 3: Degradation kinetics of (a) phenol: (i) 𝑦 = 7 ∗ 10−5𝑥 − 0.0288, 𝑟2 = 0.9761; (ii) 𝑦 = 3 ∗ 10−5𝑥 + 0.0349, 𝑟2 = 0.9767; (iii)
𝑦 = 2 ∗ 10

−5
𝑥 + 0.0628, 𝑟2 = 0.9902; and (b) catechol: (i) 𝑦 = 4 ∗ 10−5𝑥 + 0.0951, 𝑟2 = 0.9686; (ii) 𝑦 = 3 ∗ 10−5𝑥 + 0.0426, 𝑟2 = 0.9831; (iii)

𝑦 = 7 ∗ 10
−6
𝑥 + 0.0432, 𝑟2 = 0.7685.

Table 2: Comparison of UV intensity adopted by varied studies in photodegradation of phenol.

Treatment Reaction condition Performance Study

UV + H2O2 + TiO2 supported on
sepiolite

UV intensity 17 w; pH 5.5; solid/liquid
0.5 g L−1; H2O2: 30ml L−1

𝑘 = 0.87 × 10
−3/min, within

24-25 h, conversion >90%

Ŭgurlu and
Karaoğlu 2011
[15]

UV + TiO2/perlite

UV intensity 250w, pH 10.7; initial
phenol concentration 0.5mmol L−1;
TiO2/perlite dosage, 6 g L

−1; reaction
temperature 27∘C

Experimental conversion (%): 97.3 Jafarzadeh et al.
2011 [1]

Sono-photo-Fenton

UV intensity 250w, emitting radiation
between 300–420 nm; pH 3; Fe2+
20mg L−1, H2O2 700mg L−1, room
temperature

93% phenol reduction, 84.6% COD
reduction within 60min,
𝑘 = 0.1186/min

Babuponnusami
and
Muthukumar
2011 [11]

UV/H2O2
UV intensity 5000w output; H2O2
concentration: 7.08mmol L−1

Within 50min, 50mg L−1 phenol
degraded into 10mg L−1

Huang and Shu
[33]

UV/TiO2 supported
on fiberglass cloth

a UV/Vis mercury lamp: 6Kw, 330Wm−2
initial phenol Concentration: 25mg L−1 80% phenol reduction within 15 h Mozia et al. 2012

[32]

UV/CT

UV intensity 15 w, the emitted wavelength
is 254 nm and the light intensity
<26 𝜇w/cm2; pH 3, initial phenol
concentration 88mg L−1
(0.936mmol L−1), 1% CT nanoparticles;
room temperature

Within 10 day, 100% degradation,
𝑘 = 5.28 × 10

−3mol L−1 min−1 This study

intensity among varied photodegradation of phenol (Table 2)
demonstrated that CT catalyst required low UV radiation
(15 w, the emittedwavelength is 254 nm and the light intensity
<26𝜇w/cm2).This suggested that the present set-up usingCT
catalysis could be applied in removing wastewater containing
low levels of phenol. Although it took CT 10 and 15 days to
mineralize phenol and catechol (both with the initial con-
centration of 88mg L−1), respectively, CT/UV followed zero-
order kinetics, suggesting the reaction rate constant was not

a function of phenol concentration. If CT/UV is applied for
posttreatment, with much lower concentrations (<5mg L−1)
of phenol or catechol, less removal time is expected. Nev-
ertheless, our follow-up experiments verified our hypothesis
(unpublished). The band gap energy of TiO

2
is up to 3.2 eV.

Usually TiO
2
absorbs light with the wavelength less than

385 nm. Previous reports by other researchers showed that
the UV intensity is a critical parameter in order to allow TiO

2

to function efficiently [16, 32]. Compared with TiO
2
/UV,
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Figure 4: Sequential degradation of phenol: (A) four days of UV
radiation followed by 1% CT treatment in the dark; (B) four days of
1% CT in the dark followed by UV radiation.

CT has the advantage that it works better under mild UV
intensity. Further investigation will be needed for treating
water with higher phenol level; the pollutants treatment
efficiency also needs to be improved and optimized.

The result of the treatments ofUV+H
2
O
2
andUV+TiO

2

was expected. For the former treatment, the one-time spiking
of H
2
O
2
limited a continuous supply of hydroxyl radicals,

leading to an incomplete mineralization of the phenolic
compounds. For example, we observed that the solution in
the treatment of phenol + UV + H

2
O
2
turned from colorless

at the start of the experiment to dark brown at the end (10
days). For the latter, due to the low UV intensity provided,
TiO
2
did not absorb enough photon energy to form sufficient

holes (h+) and hydroxyl radicals [34], which are the most
important species for oxidation organic compounds [31]. As
a result, low levels of phenolic compounds were decomposed.

3.2. Mechanism of CT Catalyst in Degrading Phenolic Com-
pounds. Although complete removal of phenol was achieved
with the copresence of CT and UV (Figure 1), sequential
degradations of phenol (treatment by UV followed by CT
(A) and treatment by CT followed by UV (B)) showed much
lower efficiency (Figure 4). For example, both treatments (A
and B) at 4 days showed <10% phenol removal (Figure 4),
whereas the treatment with the copresence of CT andUV at 4
days removed 26.8% phenol (Figure 1(a)). It took 40 days for
a complete removal of phenol in treatment A (Figure 4), but
10 days in the copresence of CT and UV (Figure 1(a)). This
indicated that the copresence of CT and UV had a synergistic
effect in degrading phenol.

Moreover, remarkable difference was observed between
treatments A and B (Figure 4). At 26 days, treatment A
started to show a remarkable increasing removal percentage
(>6%/day), and eventually at 40 days phenol was completely
removed (100%). In contrast, the increase in the removal
percentage of treatment B was not significant (<40%) during
the whole treatment period (40 days). This proved that CT
and UV did not play an equal role in phenol degradation. For

treatment B, the slight decrease in phenol in the treatment
B (by CT and then UV) most likely was due to residue CT
catalyst in the filtrate after filtration. However, for treatment
A, it is more probable that the phenolic compounds absorbed
the UV energy and passed to the higher state of energy
(excited state) first, and then in the dark the unstable
excited-state phenolic compounds underwent charge transfer
processes mediated by the CT catalyst. In particular, under
acidic condition, electron donor ofCTgenerated holes, which
moved towards the oxidation center, and pulled electrons out
from the phenolic compounds, and therefore the phenolic
compounds were oxidized. The reduction center of the CT
accepted those electrons and sent them to electron acceptors,
such as oxygen in the water. In this regard, whether the
pseudo-zero-order kinetic model derived from the present
kinetic study reflected a rate limiting influence by the charge
transfer process remained to be investigated. Another expla-
nation can be that hydroxyl radicals were generated from CT
in the solution [35] that the phenolic compounds adsorbed on
the surface of CT were oxidized and mineralized. However,
concentration of the hydroxyl radicals was not measured in
the present study, but should be examined in the future.
The contrast of the result of treatments A and B partially
supported our hypothesis on the functions of UV and CT
and the associated mechanism, which indicates that CT has
the potential for degrading organics in the dark condition,
although uncertainties remained to be clarified in our future
work.

Probable pathway of phenol degradation in water
was established according to previous studies, that is,
phenol–catechol or hydroquinone/benzoquinone–maleic
acid–acrylic acid/succinic–malonic acid–acetic acid–CO

2
+

H
2
O [14, 36–38], and the identified and quantified inter-

mediates in the present phenol degradations (UV + CT
and UV + TiO

2
) were shown in Figure 5. Furthermore, levels

of TOC calculated based on the carbon concentrations in
the intermediates (Figure 5) were also compared with the
corresponding measured TOC concentrations using a TOC
analyzer (Figures 1(c) and 2(c)) (Table 3). For the treatment
of UV + CT, it seems that the three measured compounds
(catechol, hydroquinone, and benzoquinone) were the
predominant intermediates, accounting for more than 95%
of the measured TOC (Figure 5(a)). Concentrations of
catechol and hydroquinone reached the maxima (catechol:
0.826mg L−1; hydroquinone: 4.43mg L−1) at 2 d, while that
of benzoquinone only peaked at 6 days (1.02mg L−1). At
10 days, a complete mineralization occurred, in which all
intermediates were transformed into the end products (CO

2

and H
2
O). However, varied acids as intermediates between

benzoquinone and the end products were not detectable.
Based on mass balance, these compounds accounted for
<5% of the TOC (Table 3). Similarly, acids were not detected
in the treatment of UV + TiO

2
, accounting for <10% of the

TOC (Table 3), whereas only catechol and hydroquinone
were identified and quantifiable (Figure 5(b)). The difference
between these two treatments was expected as the UV
intensity was low and TiO

2
could not generate adequate

energy and radicals for the degradation.
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Figure 5: Degradation intermediates of phenol from the treatment of (a) UV + CT and (b) UV + TiO
2
.

Table 3: Levels of TOC calculated from carbon contents in phenol and its intermediates compared with TOC concentrations measured by a
TOC analyzer.

TOC (mg L−1) Time (day)
0 2 4 6 10

UV + CT
Phenol 67.4 49.0 42.6 29.3 ND
Catechol ND 0.541 ND ND ND
Hydroquinone ND 2.90 1.69 2.07 ND
Benzoquinone ND ND 0.125 0.683 ND

Total calculated value 67.4 52.4 44.4 32.0 ND
Measured value 54.3 50.5 43.2 36.3 0.206
UV + TiO2

Phenol 67.4 46.7 46.7 44.2 36.7
Catechol ND 1.40 1.63 1.78 1.72
Hydroquinone ND 2.14 2.45 2.53 2.73

Total calculated value 67.4 50.3 50.8 48.5 41.1
Measured value 54.3 50.5 46.7 47.1 37.3
ND: undetectable; method detection limits (MDLs) of phenol, catechol, hydroquinone and benzoquinone were 0.0158, 0.0240, 0.0124 and 0.0190mgCL−1,
respectively.

4. Conclusions

This is the first report on employing CT catalyst, a novel
charge transfer auto oxidation-reduction type of semicon-
ductor, in degrading aromatic compounds in water. Phenolic
compounds (initial concentrations, phenol: 88mg L−1 and
catechol: 91.8mg L−1) were completely mineralized by the
CT catalytic nanoparticles (1%) within 15 days, under acidic
condition and with the presence of mild UV radiation (15 w,
the emitted wavelength is 254 nm and the light intensity
<26𝜇w/cm2). The reaction condition allowed CT to be
applied in pollutant removal in wastewater that light transfer
was quite often a challenge if photocatalysis was attempted.
Phenol elimination followed pseudo-zero-order kinetics with
a rate constant of 5.28 × 10−3mol L−1min−1 under the present
treatment condition. It seems that, given low initial phenol

concentration, a circumstance encountered in wastewater
polishing, the current set-up should bemore efficient and less
energy-/chemical-consumptive.

A probable mechanism of the CT’s functions related to a
synergistic performing between UV radiation and the CT. In
particular, the aromatic structures in phenol absorbed theUV
energy andpassed to an excited state.TheCTworked on these
excited compounds by absorbing pollutants on the surface,
oxidizing the pollutants via charge transfer, and producing
hydroxyl radicals and eventually completely transformed all
the pollutants to CO

2
and H

2
O. Analysis of the degradation

intermediates of phenol showed that the reaction in the
CT’s treatment followed general pathway observed by other
researchers. In the practical application, CT can be separated
from the effluent through nanofiltration.
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[15] M. Ŭgurlu and M. H. Karaoğlu, “TiO
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Although oil-accumulating microalgae are a promising feedstock for biodiesel production, large-scale biodiesel production is not
yet economically feasible. As harvesting accounts for an important part of total production cost, mass production of microalgae
biodiesel requires an efficient low-energy harvesting strategy so as to make biodiesel production economically attractive. Chitosan
has emerged as a favorable flocculating agent in harvesting of microalgae. The aim of this paper is to review current research on
the application of chitosan and chitosan-derived materials for harvesting microalgae. This offers a starting point for future studies
able to invalidate, confirm, or complete the actual findings and to improve knowledge in this field.

1. Introduction

Fossil fuels currently account for about 80% of global energy
production. As demand for energy continues to increase, oil
prices will rise and fossil fuels will be exhausted at some point
in the future. Meanwhile, extensive utilization of fossil fuels
has led to adverse effects including global climate change,
environmental pollution, and public health problems [1].

Therefore, many countries have started to take series of
measures to resolve this problem [2]. Identifying alternative
renewable sources of fuel that are carbon neutral is impor-
tant for many countries. Among the potential sources of
renewable energy, biodiesel is of particular interest. Major
advantages of biodiesel include mitigation of carbon dioxide
emissions and potential use as a substitute for petroleum [3].
Biodiesel also has a higher energy density than competing
biofuels measured in kilojoules per unit of mass. Further-
more, widespread adoption of biodiesel could improve urban
air quality as emissions of carbon monoxide and volatile
organic compounds are significantly lower than petroleum-
derived diesel. Biodiesel may become a primary energy
source for sustainable development and could play a crucial
role in the global energy infrastructure in the future. Energy

security may drive biodiesel production as nations attempt to
reduce their reliance on petroleum imports.

More than 95% of biodiesel sources are first generation
agricultural edible crop oils [4] such as palm oil, oilseed rape,
and soybean. However, these vegetable oils are also used for
human consumption, which may lead to an increase in price
of food-grade oils. Meanwhile, any transition to biodiesel
production based upon these cropswould require arable land,
with a corresponding drop in other forms of agricultural
productivity. In theory, it should be possible to produce
low-cost biodiesel using nonedible oils (second generation
biofuels), such as frying oils, animal fats, soap stocks, and
grease. However, these nonedible oils are rarely available in
quantities suitable for industrial-scale biodiesel production
[5]. As a consequence, there is renewed interest in methods
of producing biodiesel from microalgae.

As a promising feedstock for biodiesel production,
microalgae offers compelling advantages compared to other
oil crops: (1) the cultivation of microalgae does not need
much land as terraneous plants [6]; indeed, biomass growth
might not require any arable land at all if offshore farming
proves feasible [7]; (2) microalgae have much higher biomass
productivities than land plants; (3) some microalgae species
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are rich in oils; they can accumulate up to 20–50% (w/wDW)
triacylglycerols [8] and certain strains may have content as
high as 85% lipid under limited condition [9]; (4) microalgae
utilize CO

2
from the atmosphere via photosynthesis, offset-

ting greenhouse gas emissions; (5) microalgae require less
freshwater for cultivation than terrestrial crops. Microalgae
growth effectively removes nutrients, such as nitrogen and
phosphorus, and heavymetals fromwastewater; (6) biodiesel
produced from microalgal oil has advantageous properties
compared to standard biodiesel. These advances suggest that
industrial production of biodiesel from microalgal oils may
be feasible in the near future.

2. Microalgae Harvest Strategy

Although oil-accumulating microalgae are a promising feed-
stock for biodiesel production, large-scale biodiesel produc-
tion is not yet economically feasible. This is mainly due to
the high-energy inputs required for harvesting [10]. However,
as microalgae’ diameters are often as small as 3–30mm,
harvesting the microalgae is a significant problem. In some
commercial production systems, the culture broths are below
0.5 kg/m3 dry biomass, which means that huge volumes need
to be handed before algae oil can be extracted. Molina et al.
estimated that harvesting can account for 20–30% of the total
production cost [11]. Chisti even reported that the cost of the
recovery process in his study contributed about 50% to the
final cost of oil production [6].

Consequently, mass production of microalgae biodiesel
acquires efficient low-energy harvesting strategy so as to
make biodiesel production economically feasible. Microalgae
can be harvested by centrifugation, filtration, flotation, sedi-
mentation, and electrophoresis techniques [12].

Centrifugation can recovermost microalgae from the liq-
uid broth and is used inmany commercial systems. Although
centrifugation is effective, this process is energy intensive
[13], which reduces the net energy return on investment
(EROI) from the biodiesel produced from the microalgae,
making this option less attractive both in financial and
environmental terms. Norsker et al. calculated centrifugation
required as much as 50% of the available energy in the
recovered biomass [14]. From an energetic point of view,
harvesting a large amount of microalgae using centrifugation
is time consuming and costly [15]. Filtration is another option
for harvesting cells, but this technology is only useful for the
harvest of large species such as Spirulina but fails to recover
small microalgae such as Chlorella or Scenedesmus [10].

Coagulation/flocculation processes offer highmicroalgae
biomass recovery at reasonable costs [16]. These harvest-
ing techniques have been successfully used in aquaculture,
wastewater treatment, and removal of microalgae [10] and
also reduce the net energy input required to produce biodiesel
from microalgae feedstock.

Several flocculants have been developed to induce floccu-
lation of microalgae cells that can be applied to the treatment
of large amount of microalgae. According to their chemical
compositions, there are two classifications of flocculants:
inorganic flocculants and organic flocculants/polyelectrolyte
flocculants [1].

The commonly used inorganic flocculants include ferric
chloride (FeCl

3
), aluminum sulfate (Al

2
(SO
4
)
3
), and ferric

sulfate (Fe
2
(SO
4
)
3
) [17]. These multivalent metal salts are

effective flocculants or coagulants and have been widely
used to flocculate algal biomass. prepolymerized metal salts
(such as polyaluminium chloride and polyferric sulfate) have
proved to be efficient over a wider pH range [18]. However,
flocculation by metal salts is not an appropriate method
for cheap and sustainable harvesting of microalgae in large-
scale microalgae culture.This is because these flocculants are
expensive and may produce large amounts of sludge, which
can kill or prevent the growth of the microalgae and leave
a residue in the water, and the excess cationic flocculant
needs to be removed before it can be reused [19]. Another
disadvantage ofmetal salts as flocculants is the concern about
the human health, such as involvement inAlzheimer’s disease
and carcinogenesis [20–22].

The organic flocculants, such as synthetic polymeric
flocculants and modified natural polymers, have also been
applied to the microalgae harvesting process. In the last
few decades, chitosan has emerged as a favorable flocculat-
ing agent in harvesting microalgae. Chitosan is becoming
increasingly important as a natural biopolymer due to its
unique combination of properties like biodegradability, bio-
compatibility, renewability, bioactivity, and ecological accept-
ability, in addition to attractive physical and mechanical
properties [23]. It also has variety of current and potential
applications in wastewater treatment [24], biomedical engi-
neering [25], food processing [26], and so forth. In particular,
chitosan has also been examined to formulate nanoparticles
to facilitate targeting drug to specified organ [27].

3. General Aspects of Chitosan

Chitosan, poly-𝛽(1-4)-2-amino-2-deoxy-d-glucopyranose, is
a cationic polyelectrolyte obtained by deacetylation of chitin.
Chitin and chitosan are both aminoglucopyrans composed
of N-acetylglucosamine (GlcNAc) and glucosamine (GlcN)
residues. The chemical structures of chitin and chitosan are
shown in Figure 1 [28]. Acetamide group of chitin can be
converted into amino group to give chitosan, when the degree
of deacetylation of chitin reaches about 50% (depending on
the origin of the polymer). Chitosan is also polyelectrolyte
which has several million Daltons. The average molecular
weight of commercially available chitosan ranges between
3800 and 20,000Daltons and is 66% to 95% deacetylated.The
chitosan toxicity tests showed that the toxicity was negligible
[29]. Because chitosan can be produced in various forms such
as powder, paste, film, and fiber, it is more widely applied in
industry than chitin [30].

Due to the presence of three different polar functional
groups (–OH, –NH

2
, and C–O–C), chitosan has high water

capacity [28]. Chitosan has the special quality of gelling
upon contact with anions, forming beads under very mild
conditions [31]. And the presence of amino groups makes
chitosan a cationic polyelectrolyte (pKa = 6.5), one of the
few found in nature [32]. Ordinary chitosan is insoluble
in water at near neutral pH and most common organic
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Figure 2: (a) SEM of C. vulgaris before harvesting. (b) SEM of C. vulgaris after harvesting [38].

solvents (e.g., DMSO, DMF, NMP, organic alcohols, and
pyridine), which is attributed to extensive intramolecular
and intermolecular hydrogen bonding between the chains
and sheets, respectively [33]. Chitosan can be soluble in
some diluted organic acids (such as acetic, formic, and lactic
acids) and some inorganic acid. Although the distribution of
acetyl groups along the chain may modify solubility [34], the
solubilization ismainly due to the protonation of NH

2
groups

on the C
2
position of the 𝛽-glucosamine unit.

4. Chitosan Applied in Harvesting Microalgae

Chitosan not only has been proved highly effective for water
treatment and environmental protection, but also shows
interesting properties in removing both freshwater algae and
marine algae.

The most likely mechanisms involved in this coagulation
are adsorption and charge neutralization. Chitosan has a
net positive charge because of the high charge density of
the chitosan. As the overall charge of microalgae cells is
negative, the positively charged chitosan is strongly adsorbed
on microalgae cells, which results in most of the charged
groups being close to the surface of the cells [35] and effect-
ively destabilize the microalgae [36]. Chitosan first neutral-
izes charges on themicroalgae cells, weakens the electrostatic
repulsion between the microalgae cells, and then reduces the
interparticle repulsion. Such effect is called charge neutraliza-
tion [37].

Some authors report chitosan as an effective algal floccu-
lant. Figure 2 shows the scan electron microscope (SEM) of
Chlorella vulgaris before and after flocculation by chitosan.
After flocculation, C. vulgaris algae were surrounded by
chitosan, and the surface became fibrillar. This change of
surface was observably caused by chitosan, which possesses
heterogeneous surface structure [38].

Using life cycle assessment (LCA), Beach compared the
chitosan method to centrifugation and filtration/chamber
press methods [39]. Figure 3 showed the system used as a
basis for the comparison, where the cultivation and down-
stream were assumed to be equivalent among all methods.
LCA showed that flocculation by chitosan for harvesting N.
oleoabundans is the least energy intensive and had the best
profile across all other categories of environmental impacts.

4.1. Effect of Chitosan Dosage on Flocculation Efficiency. In
general, chitosan can effectively flocculate algal species at
5mg/L to 200mg/L. Divakaran and Sivasankara Pillai [40]
reported that chitosan successfully removed 90% of turbidity
with chitosan concentration of 5mg/L. Ahmad et al. [41]
reported a 99.0 ± 0.4% of Chlorella sp. removal at 10 ppm of
chitosan. In order to obtain 95–100% flocculation efficiency,
chitosan concentration was about 20mg/L for Chlorella and
2mg/L for S. Costatum [16]. Chitosan is required in low
dosage in freshwater but its flocculating power is reduced in
salt water.
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Figure 3: Overview of the system used as a basis for the comparison [39].

Chitosan’s ability to remove microalgae effectively at
low dosage is partly caused by its’ properties. Chitosan not
only acts as an adsorbent, but also spontaneously coagulates
to agglomerate the microalgae cells. However, when using
overdose of chitosan, the percentage of microalgae cells
removed declined sharply, which may be caused by charge
neutralization and bridging phenomena. During the floc-
culation, cationic charge of chitosan attracts the negatively
charged microalgae, reducing the electrostatic repulsion
among microalgal cells and then forming the flocs. Excess
amino group led to restabilization of the microalgae and
decreasing of separation efficiency [38].

4.2. Effect of pH on Flocculation Efficiency. The importance
of pH on flocculation ofmicroalgae was investigated bymany
researchers [41–44].The influence of pH on chitosan’s molec-
ular structure can be due to differences in the protonation
of the biopolymer amine groups and variations in the con-
formation of the macromolecule chain and in the structure
of the flocs [37]. In alkaline solutions, the positive charge
gradually disappeared and chitosan is able to produce large
and dense flocks. When the pH increases to neutralization
point, the algal cells have the highest negative charge, and
the flocculation efficiency is enhanced as the electrostatic
interaction between the algal cells and chitosan, whereas, in
acidic solutions, chitosan becomes a more extended chain
and therefore produces smaller looser flocs [20]. In the
study of Divakaran and Sivasankara Pillai [40], maximum
clarification was obtained at pH 7 for the freshwater species.
Cheng et al. reported that a higher pH at 8.5 was optimal for
Chlorella sorokiniana [42]. In the study of an even higher pH
at 9.9, 90% of Phaeodactylum tricornutumwas harvested with
20 ppm chitosan [18].

Morales suggested that chitosan activity and flocculation
efficiency were increased as the viscosity and the mean
surface charge of algal cells were decreased when pH was
below 7 [16]. While Xu et al. reported that when the working

pH was at 6 or 5, half the amount of chitosan was needed to
induce effective flocculation compared to pH 7 [43].

These differences in response to pH can be explained by
difference in culture media, growth conditions, and unique
strain properties, such as cell morphology, extracellular
organic matter, and cell surface charge [44].

4.3. Effect of Algae Species on Flocculation Efficiency. The
flocculation efficiency of algal suspension is different from
one algal species to another. Chlorella vulgaris reached 99.7%
removal rate at 200mg/L chitosan [45]. While 150mg/L of
chitosan was required for optimal flocculation of Chaetoceros
muelleri [46]. For Skeletonema costatum 2mg/L of chitosan
was needed when 95% flocculation efficiency was obtained.
Optimal flocculation of some species was list in Table 1.

5. Chitosan Modified Flocculants and
Their Flocculation Efficiency

Chitosan exhibits limitations in its reactivity and process
ability. For a breakthrough in utilization of chitosan in floc-
culation of microalgae, chitosan modification to introduce a
variety of functional groups will be a key point. Chitosan can
be modified by chemical or physical processes to improve
the mechanical and chemical properties. The efficiency of
adsorption depends on physicochemical properties, mainly
surface area, porosity, and particle size of adsorbents. As such
procedure would not change the fundamental skeleton of
polymers, chitosan would keep its original physicochemical
and biochemical properties and finally would bring new or
improved properties [47]. A great number of chitosan deriva-
tives have been obtained by grafting new functional groups
on the chitosan backbone to increase adsorption capacity.
The new functional groups are incorporated to increase the
density of sorption sites, to change the pH range for sorption,
and to change the sorption sites in order to increase sorption.
The chemical modification affords a wide range of derivatives
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Figure 4: SEM images of algae treated with chitosan modified adsorbent [53].

Table 1: Optimal flocculation of some microalgae.

Species Chitosan dosage Parameters Flocculation efficiency References
Chaetoceros calcitrans 80mg/L pH 8.0 80% [46]
Chaetoceros muelleri 150mg/L pH 8.0 95% [46]
Chlorella 5.0mg/L pH 7.0, 90% [63]

Chlorella consortium 25mg/L Stirring for 1min, settling for
10min 58 ± 8 [10]

Chlorella sorokiniana 10mg/gram algal dry weight pH 6 99% [43]

Chlorella sorokiniana 25mg/L Stirring for 1min, settling for
10min 30 ± 11 [10]

Chlorella sp. 10 ppm
Mixing for 20min, mixing at
150 ppm, and sedimenting for
20min

99.0 ± 0.4% [41]

Chlorella vulgaris 200mg/L In a logarithmic growth phase 99.7% [45]

Chlorella vulgaris 30mg/L pH 8.7,
300 rpm, and settling for 10min. 92% [38]

Chlorella vulgaris andMicrocystis sp. 214mg/L Fish-processing wastewater,
agitation speed of 131 rpm 91.9% [64]

Chlorococcum sp. 25mg/L Stirring for 1min, settling for
10min 38 ± 1 [10]

Nannochloropsis sp. 100mg/L pH 9.0 92% [62]

Neochloris oleoabundans 100mg/L Mixing time for 10min, mixing
rate of 350 rpm 95% [39]

Pavlova lutheri 80mg/L pH 8.0 80% [46]

Phaeodactylum tricornutum 20mg/L pH 9.9
Settling time of 10min 92% [18]

Scenedesmus costatum 2mg/L pH 7 95–100% [16]

Scenedesmus obliquus 25mg/L Stirring for 1min, settling for
10min 20 ± 15 [10]

Scenedesmus quadricauda 10mg/L pH 8.0; SDS was used as the
collector 90% [65]

Skeletonema costatum 80mg/L pH 8.0 70% [46]
Synechocystis 15mg/L pH 7.0 >90% [63]
Tahitian Isochrysis 40mg/L pH 8.0 90% [46]
Tetraselmis chui 40mg/L pH 8.0 80% [46]
Thalassiosira pseudonana 40mg/L pH 8.0 90% [46]
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Figure 5: Flocculation character of CMK andM. aeruginosa NIES-
843 at different CMK loading levels [54].

with modified properties for specific use and applications in
diversified areas mainly of pharmaceutical, biomedical, and
biotechnological fields [32]. Such modification can also be
applied to harvesting microalgae.

5.1. Chitosan Modified Soils. Chitosan modified by soil
particles (including the silica sand and local soil) showed
highly effective in flocculating algae cells [48–52]. Pan and
coworkers found that local soil particles including sand were
critical for speeding up the kinetic processes of flocculation
and sedimentation of algal flocs. The polymeric netting and
bridging function of chitosan were the key mechanisms that
allowed local soil particles to quickly flocculate algal biomass.
Chitosan modified adsorbent has the functions of both
flocculation and adsorption. Figure 4(a) shows the function
of bridging, while Figure 4(b) illustrates the function of
adsorption [53]. The chitosan made a “net” that captured the
algae cells and other particles, and the soils provided the
ballast ormass to carry the aggregates to the bottom.Chitosan
was also important in inhibiting the escape of cells from the
flocs. Chitosan and polyaluminium chloride used together
as modifiers make it possible to use local beach sand for
harvesting microalgae in seawater [50].

Shao et al. studied the physiological responses of Micro-
cystis aeruginosa under the stress of chitosan modified kaoli-
nite (CMK).When flocculatedwith CMK, Chl a, carotenoids,
phycocyanin, and allophycocyanin weremuch lower than the
control. The results indicated that high level of CMK could
cause cellular membranes damage and then the intracellular
substances leakage and finally could cause the death of M.
aeruginosa NIES-843 cell. Figure 5 showed that the strain
can be effectively flocculated by CMK at 80 and 160mg/L.
However, the Microcystis cultures turned to be bluish at that
time, which indicated the leakage of phycobilins [54].

5.2. Aluminum Chloride and Aluminium Sulphate
Modified Chitosan Used as Flocculants

5.2.1. AluminumChlorideModified Chitosan. Chitosan could
enhance the flocculation performance of polyaluminium
chloride (PAC), when the high algae-laden water was
treated by coagulation/flocculation/dissolved air flotation
(C/F/DAF) [55].The removal rate of algae cells was increased
apparently compared with adding PAC alone. The structure
and strength of flocs were improved when less than 1.0mg/L
chitosan was added, which significantly reduced the residual
aluminum concentration.

Zhang et al. reported a composite coagulant (PACl-CTS),
which was made of polyaluminum chloride and chitosan.
When 21.0mg/L of the coagulant is added, 98.15% turbidity,
67.78% COD, and 84.05% TP can be removed.This coagulant
can be applied in the pretreatment of blue algae biogas
slurry [56]. Figure 6 showed the SEM of PACl-CTS. PACl
with certain crystal structure was embedded in chitosan,
which enabled the composite coagulant to possess much
more positive charge. When the PACl-CTS was added to the
algal water, it can decrease the negative charge on the surface
of microalgae and enhance the flocculation by polymer
bridging.

5.2.2. Aluminium Sulphate Modified Chitosan. Wang et al.
used aluminium sulphate and chitosan as coagulants to
treat the high algae-laden water. The compound action of
aluminium sulphate and chitosan can reduce dosage of
aluminum salt coagulant for meeting the treatment require-
ments, which in turn reduces the residual aluminium in
treated water. Moreover, with the coagulation aid of chitosan,
the algae flocs were larger andmore compact and had a faster
settling velocity [57].

5.3. Fly AshModified Chitosan. Theperformance of activated
fly ash modified chitosan (FA-MC) as a flocculant to remove
Microcystis aeruginosa was reported by Qiao et al. [58].
90% of algae can be removed at the dosage of 0.25mg/L
chitosan within 1 h or at the dosage of 0.35mg/L chitosan
within 40min. The authors found that the algal extracellular
organic matter had a priority to consumption of floccu-
lant in initial period of flocculation. In the late stage of
flocculation, extracellular organic matter can decrease the
adsorption bridging and entrapping-weeping functions of fly
ash modified chitosan.

5.4. Magnetic Chitosan. Ferroferric oxide modified with
chitosan was used to remove algal in freshwater [59]. This
magnetic polymer could remove over 99% algal cells, which
is much more effective when comparing with chitosan or
Fe
3
O
4
alone. The author found that the high algal removal

efficiency of magnetic polymer is due to the cooperation
between chitosan and Fe

3
O
4
particles. Chitosan can enhance

the function of netting and bridging in flocculating algal cells,
while the Fe

3
O
4
could separate the flocculated algal cells

from water by its high magnetic response in the presence
of magnetic field. Figure 7 showed the SEM of algal cells
that was captured by magnetic polymer. The network bridge
of chitosan and the magnetic Fe

3
O
4
agglomerated the cells.

After flocculation, the algae cells were still kept in original
shape, which indicated that the flocculant did not destroy the
cells.

This technique has been successfully applied to pilot
experiments in Chaohu Lake, China.

5.5. Nanochitosan. Nanoscaled chitosan particles are pre-
pared by some researchers. Such chitosan-coated nanopar-
ticles have overcome the limitation of microscaled particles
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Figure 6: SEM of PACl-CTS [56].

Figure 7: SEM images of the floccules of magnetic polymer algal
cells (×8,000) [59].

by providing larger surface area. Owning to high adsorp-
tion capacity and stability, these particles can be used as
adsorbents for food dyes adsorption [60], protein [61], and
microalgae.

Farid et al. prepared chitosan nanopolymer using ionic
gelation method, which added sodium tripolyphosphate to
chitosan solution [62]. The average of particle size was
13.7 nm.

When nanochitosan was used as flocculant agent, the
dosage of flocculant consumption decreased to 60mg/L,
while the optimumchitosan dosagewas 100mg/L for harvest-
ing. The removal efficiency was about 98%, which increased
by 9% when nanochitosan instead of chitosan was used.
The author figured out that the nanochitosan had high
harvesting rate because its particle had ions cross-linked
with sodium tripolyphosphate. When chitosan is dissolved
in water at acidic pH, it gives both hydrated amino group and
–NH
3

+ ions.The sodium tripolyphosphate (STPP, Na
5
P
3
O
10
)

presents both hydroxyl and phosphoric ions in water. These
phosphoric ions of STPP can interact with –NH

3

+ ions of
chitosan, lead to crosslinking between chitosan and STPP,
and result in big network of polymers, which adsorbmicroal-
gae and create a greater degree of bridging. In addition, the

nanosize particles increase the adsorption ability and contact
surfaces.

The author also analyzed the cost of harvesting process.
For production of 1 kg of dry biomass, harvesting process
would cost about $0.0246, which showed the feasibility of
using nanochitosan as flocculation agent.

6. Conclusions

Flocculation using chitosan is becoming a promising alter-
native to replace conventional flocculants in removing/har-
vesting microalgae. Although chitosan itself can flocculate
algae, the use of some modification process may improve
the properties of chitosan. Arguments on which flocculant is
better in harvestingmicroalgae are still going on as each of the
flocculants has its own advantages and disadvantages. Due to
the different experimental conditions, such as pH,microalgae
species, and ionic strength, it is different to compare the low-
cost flocculants. Meanwhile, more studies should transfer to
industrial scale.
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A novel magnetically recoverable AgBr@Ag
3
PO
4
/Fe
3
O
4
hybrid was prepared by a simple deposition-precipitation approach and

characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM), and UV-Vis diffuse reflectance spectroscopy
(DRS).The results revealed that the photocatalytic activity and stability of AgBr@Ag

3
PO
4
/Fe
3
O
4
composite toward decomposition

of methyl orange (MO) dye were superior to those of pure Ag
3
PO
4
under visible light irradiation. The photocatalytic activity

enhancement of AgBr@Ag
3
PO
4
/Fe
3
O
4
is closely related to the efficient separation of electron-hole pairs derived from thematching

band potentials between Ag
3
PO
4
and AgBr, as well as the good conductivity of Fe

3
O
4
. Moreover, the photocatalyst could be easily

separated by applying an external magnetic field due to its magnetic property. The quenching effects of different scavengers proved
that active h+ and ∙O

2

− played the major role for the MO degradation. This work would provide new insight for the construction
of visible light responsible photocatalysts with high performance, good stability, and recoverability.

1. Introduction

As a promising way to meet the challenges of environmental
pollution, photocatalysis has attracted considerable interest
over the past few decades [1–4]. With the shortage of energy
sources becoming severe, significant efforts have now been
directed toward the exploitation of highly efficient visible
light responsible photocatalysts which can potentially utilize
solar energy [5–8]. Very recently, Ag

3
PO
4
has been put

forward as a novel photocatalyst with excellent oxidative
capability for the purification of water under visible light irra-
diation, which thus inspired great enthusiasm [9–13]. It seems
to be a promising material for efficient photodecomposition
of organic contaminants. Nevertheless, it should be noted
that, in the present Ag

3
PO
4
photocatalytic system, Ag

3
PO
4

is prone to be photochemically decomposed to Ag if no
sacrificial reagent is involved [14], which inevitably becomes
a main obstacle for Ag

3
PO
4
in practical application.

Recent reports indicated that epitaxial growth of an AgX
(X = Br, I) nanoshell on the surface of Ag

3
PO
4
could greatly

enhance the chemical stability and activity of Ag
3
PO
4
[15–

17]. For instance, Bi et al. introduced AgX (X = Cl, Br, I) for
the modification of Ag

3
PO
4
by a simple in situ ion-exchange

method and revealed the enhanced photocatalytic proper-
ties and stability [16]. Cao et al. successfully synthesized
AgBr/Ag

3
PO
4
as highly efficient and stable photocatalyst [17].

This is mainly because AgX and Ag
3
PO
4
have matching band

potentials, which could promote the transfer and separation
of photoexcited carriers through their heterojunctions. Other
researchers also confirmed the enhancement in AgBr-based
composites [16].Thus, combiningAg

3
PO
4
withAgX is amore

promising and fascinating visible light response photocatalyst
than pure Ag

3
PO
4
.

For nano- or microsized photocatalysts, another problem
that restrains their application is how to effectively separate
the used photocatalysts from the mixed system in a simple
way [18, 19]. Immobilizing catalysts on magnetic substrates
by feasible methods is proven to be an effective approach for
removing and recycling particles [20–23]. Moreover, Fe

3
O
4

has excellent conductivity. Thus, Fe
3
O
4
could act as an
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electron-transfer channel and acceptor, which would sup-
press the photogenerated carrier recombination [24]. There-
fore, given the magnetic separation ability and conducting
properties of Fe

3
O
4
, it can be foreseen that fabrication of

AgBr@Ag
3
PO
4
/Fe
3
O
4
heterostructures could combine the

advantages of activity ofAgBr@Ag
3
PO
4
with themerit of easy

separation due to the incorporation of Fe
3
O
4
.

Nowadays, toxic organic dyes and their effluents are
among the largest groups of water pollutants. The removal of
these nonbiodegradable dyemolecules from the environment
is a crucial ecological problem, for their toxicity and potential
carcinogenicity. To solve such pollution, the methyl orange
(MO), which is a typical azo dye for textile industry, is chosen
as the targeted pollutant in this paper. Herein, we prepared
a novel magnetically separable AgBr@Ag

3
PO
4
/Fe
3
O
4
com-

posite via a simple deposition-precipitation approach. The
catalysts can be easily recovered by applying an external mag-
netic field. Furthermore, we demonstrate that this composite
favors the separation of electron-hole pairs and exhibits the
enhancement of stability and activity in the photocatalytic
decomposition of MO under visible light.

2. Experimental

2.1. Materials. All chemicals were of analytical grade and
used as received without purification. Nano Fe

3
O
4
(particle

size <50 nm) was purchased from Sigma-Aldrich.

2.2. Sample Preparation. Firstly, the Fe
3
O
4
nanoparticles

were dispersed in distilled water (20mL, 7.5mM) and then
added to theAgNO

3
solution (10mL, 0.1M).The solutionwas

sonicated for 10min. Subsequently, Na
2
HPO
4
aqueous solu-

tion (5mL, 0.5mM) was added dropwise to the above sus-
pension. After sonicating for 10min, a definite concentration
of NaBr solution was added slowly into the above mixture.
The theoretical molar percentage of added Br/original P was
controlled to be 80%. The reaction was allowed to proceed
for 10min under sonication. Finally, the obtained precipitate
was separated by an external magnetic field, washed with
deionized water for several times, and then dried in a vacuum
oven at 60∘C for 12 h. The final sample was labeled as
AgBr@Ag

3
PO
4
/Fe
3
O
4
.

For comparison, pure Ag
3
PO
4
particles were prepared

by a simple precipitation method according to the previous
study [14]. Ag

3
PO
4
/Fe
3
O
4
and AgBr@Ag

3
PO
4
were also

prepared by the same conditions by replacing the NaBr or
Fe
3
O
4
solution with water.

2.3. Characterization. For XRD studies, the samples were
recorded onX’Pert Pro PANalytical automatic diffractometer,
using Cu-K𝛼 radiation (𝜆 = 0.154 nm) in the 2𝜃 range
of 10∘–80∘. TEM images were taken on a JEM-1200 (JEOL)
microscope with an acceleration voltage of 80 kV. The UV-
Vis diffuse reflectance spectra in the range of 230–700 nm
were recorded on a Pgeneral TU-1901 PC spectrometer, using
BaSO

4
as a standard.

2.4. Photocatalytic Tests. The photocatalytic activity of the
sample was evaluated by photodegradation of MO at room
temperature. Briefly, 60mg of photocatalyst was added to an
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Figure 1: XRD patterns of (a) Ag
3
PO
4
, (b) Fe

3
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4
, and (c)

AgBr@Ag
3
PO
4
/Fe
3
O
4
.

aqueous solution of MO (100mL, 20mg/L). The suspension
was mechanically stirred for 45min in dark conditions to
reach complete adsorption-desorption equilibrium. Then, it
was irradiated with a 150w Xe lamp with a 400 nm light
filter. During the illumination, at given time intervals, about
3mL aliquots were sampled, magnetically separated, and
centrifuged at 10,000 rpm for 5min to remove the remaining
particles. The concentrations of MO were analyzed on a UV-
Vis spectrophotometer at 461 nm.

Additionally, the recycling experiments were performed
for three consecutive cycles to test the stability and reusability
of the as-prepared AgBr@Ag

3
PO
4
/Fe
3
O
4
composite. After

each cycle, the photocatalyst was separated by an external
magnetic field, washed thoroughly with deionized water, and
then dried at 60∘C for the next test.

3. Results and Discussion

3.1. Structural Characterization. XRD was used to investi-
gate the different crystalline structures of the as-prepared
photocatalysts. As shown in Figure 1(a), all the characteristic
diffraction peaks can be readily indexed as the different
crystalline planes of Ag

3
PO
4
(JCPDS, card number 06-0505).

From Figure 1(b), the diffraction peaks can be well indexed
to magnetite Fe

3
O
4
(JCPDS, card number 19-0629). For

the pattern of AgBr@Ag
3
PO
4
/Fe
3
O
4
(Figure 1(c)), besides

the peaks of Ag
3
PO
4
and Fe

3
O
4
, the diffraction peaks of

AgBr at 26.6∘, 30.9∘, 44.3∘, and 64.4∘ corresponding to
the (111), (200), (220), and (400) have also been detected,
confirming that AgBr have been formed on the Ag

3
PO
4

surface after reaction with NaBr. The diffraction peaks of
Fe
3
O
4
at 35.5∘, 43.2∘, and 62.8∘ correspond to the (311), (400),

and (440). However, as shown in Figures 1(b) and 1(c), the
diffraction peaks from Fe

3
O
4
turn weaker in the as-prepared

AgBr@Ag
3
PO
4
/Fe
3
O
4
composite due to the low content of

Fe
3
O
4
. These observations indicate the successful synthesis

of AgBr@Ag
3
PO
4
/Fe
3
O
4
heterostructure.
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(a) (b)

(c) (d)

Figure 2: TEM images of (a) Fe
3
O
4
, (b) Ag

3
PO
4
, and (c, d) AgBr@Ag

3
PO
4
/Fe
3
O
4
at different magnification.

The morphological and microstructural details of the
AgBr@Ag

3
PO
4
/Fe
3
O
4
composite were then examined by

TEM measurement. As shown in Figure 2(a), the Fe
3
O
4

exhibits regular spherical shape with diameter of about 20–
40 nm. Figure 2(b) reveals that the Ag

3
PO
4
possess an irreg-

ularly spherical morphology with diameter of 100–500 nm.
Some big particles can be attributed to the agglomeration of
small particles. In the case of AgBr@Ag

3
PO
4
/Fe
3
O
4
hybrid,

as can be seen from Figures 2(c) and 2(d) in different
magnification, it is evident that, alongside the Ag

3
PO
4
, the

Fe
3
O
4
nanoparticles are firmly anchored. This suggests a

good combination between Ag
3
PO
4
and Fe

3
O
4
particles.

Unfortunately, we failed to obtain TEM images of the
AgBr@Ag

3
PO
4
/Fe
3
O
4
samples, because AgBr nanoshells

were easily destroyed by the high-energy electron beam
during the measurements, as Wang et al. reported [25].

Figure 3 shows the UV-Vis diffuse reflectance spectra
of Ag

3
PO
4
, Fe
3
O
4
, and the related complex photocatalysts.

Pure Ag
3
PO
4
shows a sharp fundamental absorption edge

at about 520 nm, in accordance with the previous observa-
tion [26]. In contrast to pure Ag

3
PO
4
, the absorption of

AgBr@Ag
3
PO
4
/Fe
3
O
4
sample toward the visible light region

is remarkably enhanced. It could be mainly attributed to the
introduction of Fe

3
O
4
nanoparticles, which is a well-per-

forming light harvesting material as we can see in Figure 3.

3.2. Photocatalytic Performance. The photocatalytic activ-
ity of the as-prepared AgBr@Ag

3
PO
4
/Fe
3
O
4
was evaluated
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by the degradation of MO under visible light irradiation.
Figure 4 gives the absorption spectra of an aqueous solution
ofMO exposed to visible irradiation for various time periods.
In the reaction process, the color of the MO solution gradu-
ally diminished (as the inset shows), and the typical absorp-
tion peak at 461 nm disappeared after 15min, indicating
that the chromophoric structure of the dye was completely
destroyed assisted by AgBr@Ag

3
PO
4
/Fe
3
O
4
.
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Figure 4: Absorption spectral changes of MO over AgBr@Ag
3
PO
4
/

Fe
3
O
4
composite as a function of irradiation time. The inset

shows the color changes of the MO solutions corresponding to the
degradation times.
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Figure 5: Photocatalytic degradation curves of MO over different
photocatalysts under visible light irradiation.

For comparison, the photodegradation of MO was also
performed with photolysis, pure Ag

3
PO
4
, Fe
3
O
4
, Ag
3
PO
4
/

Fe
3
O
4
, and AgBr@Ag

3
PO
4
.

As can be seen from Figure 5, negligible degradation was
detected under photolysis or using Fe

3
O
4
as photocatalyst.

Similar to the previous reports, the pure Ag
3
PO
4
sample

reveals a nice photodegradation performance under visi-
ble light (47.7% in 15min). For comparison, after epitaxial
growth of AgBr nanoshell on the surface of Ag

3
PO
4
, the

AgBr@Ag
3
PO
4
show much higher photocatalytic activity for

the degradation of MO dye (94% in 15min). This is mainly
due to the effective coupling where the conduction band and
valence band potentials of AgBr semiconductor are more
negative than that of Ag

3
PO
4
, which could promote the
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Figure 6: (a) Cycling runs in the photocatalytic degradation of MO
over AgBr@Ag

3
PO
4
/Fe
3
O
4
under visible light irradiation. (b) Mag-

netic separation tests for AgBr@Ag
3
PO
4
/Fe
3
O
4
via a cubic Nd-Fe-

B magnet (3mm∗20mm∗10mm), revealing that the photocatalyst
can be recycled with an external magnetic field within 3min.

transfer and separation of photoexcited electron-hole pairs
[16]. In addition, the combination of Fe

3
O
4
with Ag

3
PO
4

also achieved good degradation efficiency (87.3% in 15min).
As Xi et al. explained, because of the excellent conduc-
tivity, the charge transport is improved after introduction
of Fe

3
O
4
into the composite, which would enhance the

separation of electron-hole pairs [24]. Furthermore, just as
the experimental results confirmed, once integrating the
conductivity of Fe

3
O
4
and the structural match of AgBr

withAg
3
PO
4
particles, theAgBr@Ag

3
PO
4
/Fe
3
O
4
exhibits the

highest photocatalytic efficiency.

3.3. Stability and Recyclability of AgBr@Ag
3
PO
4
/Fe
3
O
4
. The

stability of a photocatalyst is one of the most important
parameters for its application. As our previous study demon-
strated [27], Ag

3
PO
4
is quite unstable at repeated use.

However, as Figure 6(a) presents, the MO solution is quickly
bleached after every MO decomposition experiment, and
photocatalyst ternary AgBr@Ag

3
PO
4
/Fe
3
O
4
is stable enough

during the three repeated experiments without exhibiting any
obvious loss of photocatalytic activity. Besides, the magnetic
separation ability of the photocatalyst is impressive. As shown
in Figure 6(b), the as-prepared AgBr@Ag

3
PO
4
/Fe
3
O
4
can be
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conveniently collected from the solution by applying an exter-
nal magnetic field within 3min. This desirable property is
what other conventional powder photocatalysts lack. There-
fore, the as-prepared AgBr@Ag

3
PO
4
/Fe
3
O
4
composite can

work as an effective photocatalyst for pollutant degradation
with good stability and recoverability.

3.4. Involved Active Species in the Photocatalysis. In order
to investigate the photocatalytic degradation mechanism of
AgBr@Ag

3
PO
4
/Fe
3
O
4
, it is necessary to verify the active

species involved in the photocatalysis. Generally, photoin-
duced active species including h+, ∙OH radicals, and ∙O

2

−

are expected to be involved in the photocatalytic process.
Herein, i-PrOH was added to the reaction system as an ∙OH
scavenger, EDTA-Na

2
was introduced as a scavenger of h+,

and BQ was adopted to quench ∙O
2

− [28].
Figure 7 shows that, in the presence of EDTA, the

photodegradation of MO was drastically inhibited with the
degradation efficiency less than 5%. However, the employ-
ment of i-PrOH in the same photocatalytic system made a
minor change caused in the photocatalytic degradation of
MO. Furthermore, when the ∙O

2

− radical scavenger (BQ)
was introduced, an evident decreasing photocatalytic activity
of the AgBr@Ag

3
PO
4
/Fe
3
O
4
composite was observed. These

results indicate that active species h+ and ∙O
2

− contribute
most to the photocatalytic system, and the presence of ∙OH
radicals is considered to be of less importance to the reaction.
Thus, we can anticipate the possible mechanism for the
photocatalytic degradation of MO by AgBr@Ag

3
PO
4
/Fe
3
O
4

composites. Under visible light irradiation, Ag
3
PO
4
andAgBr

can be simultaneously excited to form electron-hole (h+)
pairs. As is known, AgBr and Ag

3
PO
4
have matching band

potentials; the photoinduced electrons can transfer from the
CB bottom of AgBr to that of Ag

3
PO
4
, further migrate to

Fe
3
O
4
particles, and react with the adsorbed oxygenmolecule

to yield ∙O
2

−. At the same time, the holes also move in the
opposite direction from theVB top ofAg

3
PO
4
to that ofAgBr.

The separated h+ then mainly participate in the degradation
of MO by direct oxidation, which would be together with
∙O
2

−. However, a small number of h+ can still react with
water to produce ∙OH radicals to degrade MO.

4. Conclusions

In summary, we reported an investigation on the preparation
and photocatalytic activity of a novel magnetically recov-
erable AgBr@Ag

3
PO
4
/Fe
3
O
4
hybrid. Because of the mag-

netism of Fe
3
O
4
and the matching band between AgBr and

Ag
3
PO
4
, the as-synthesized AgBr@Ag

3
PO
4
/Fe
3
O
4
nanopar-

ticles exhibited efficient photocatalytic activity, good stability,
and recyclability toward decomposition of MO under visible
light irradiation. In addition, the quenching effects of dif-
ferent scavengers proved that reactive h+ and ∙O

2

− played
the major role for the MO degradation. We expected that
this kind of magnetically separable AgBr@Ag

3
PO
4
/Fe
3
O
4

composite would provide new insight for the design and
fabrication of high performance photocatalysts toward envi-
ronmental protection.
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A novel cellulose insulation paper handsheet has successfully been modified with various contents of montmorillonite (MMT).
Relative permittivity and breakdown strength were investigated. The microstructure of MMT in Kraft paper was observed with
scanning electron microscopy (SEM) and X-ray diffraction. The relative permittivity of the immersed oil Kraft-MMT handsheets
(K-MMT) initially decreased with the increasing amount of MMT. For MMT concentration of 9 wt%, K-9% MMT possessed the
lowest relative permittivity of approximately 2.3 at 50Hz.Thebreakdown voltage of the paper-oil-paper composite insulation system
increased from 50.3 kV to 56.9 kV. The tensile strength of the paper handsheet was also measured.

1. Introduction

Kraft paper is widely used as a form of cellulose insulation
in oil-filled transformer equipment [1–5]. For very long time,
it has been made from wood fiber. However, Kraft paper
is the preferred insulation for all oil-filled transformers for
its low price and reasonably good performance. The relative
permittivity of immersed oil Kraft is about 4.4 or more
than twice that of oil (about 2.1 at 50Hz). Thus, the oil
gap shares higher electric field strength [6]. The electric
field strength of the oil gap would become lower, when the
relative permittivity of Kraft paper was reduced. Uniform
electric field distributions can be achieved in paper-oil-
paper composite insulation systems.Therefore, the insulating
distance in transformers can also be decreased, which means
the miniaturization of transformer and the reducedamount
of cellulose insulation paper.

In my previous work of our group, low relative permittiv-
ity polyimide (PI)-SiO

2
films andKraft-SiO

2
paper handsheet

were successfully prepared using SiO
2
hollow spheres with

different weight percentages [7–9]. The relative permittivity
of all the composites has been decreased, and electric field
strength has been improved at the same time.

In the present work, Kraft-montmorillonite insulation
paper handsheets (K-MMT) were obtained successfully with
different contents of MMT. The distribution of the MMT in
the handsheet was observed by scanning electronmicroscopy
(SEM). The effect of the content of the MMT on the relative
permittivity of the oil-immersed handsheet was investigated
by broadband dielectric spectroscopy. Breakdown tests of the
paper-oil-paper composite insulation system with different
relative permittivity papers were performed. The tensile
strength of the paper handsheet was also measured.

2. Material and Methods

The pulp was coniferous wood pulp from Russia, purchased
byQingdao Xinhaifeng Co., Ltd. (Qingdao, China). A natural
montmorillonite (Nanomer I.31PS, Nanocor) clay surface
modified with octadecylamine and silane coupling agent was
used as the reinforcement filler. The nanocomposite was
prepared by physical blending.

The dielectric property was measured by a Novo Control
Broadband Dielectric Spectrometer with the films dipped in
oil over the frequency varying from 1Hz to 10MHz at room

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2014, Article ID 510864, 6 pages
http://dx.doi.org/10.1155/2014/510864

http://dx.doi.org/10.1155/2014/510864


2 Journal of Nanomaterials

(a) (b)

Figure 1: SEM images of the cross-sectional surface of K-MMT composites (a) the dispersed condition of MMT and (b) MMT nanoparticle.

temperature. The morphology of the cross-sectional surface
of K-MMT paper handsheet was observed on an NOVA400
field emission scanning electron microscope (SEM) (FEI,
USA) with a working voltage of 10 KV. The composites
were fractured first in liquid nitrogen and mounted on
conductive glass by means of a double-sided adhesive tape;
then, a thin layer of gold is sputtered onto the cross-sectional
surface before SEM observation. The condensed structure is
analyzed from the figure on a Empyrean X-ray Diffraction
Equipment (PANalytical Corporation, Almelo, Netherland),
with 2𝜃 changes from 2∘ to 30∘, a scan speed of 2∘/min, and
CuK𝛼 radiation (𝜆 = 0.154 nm) as the X-ray source. The
thermal property was measured by Q50 thermogravimetry
analysis instrument with heating rate 10∘C/min. Meanwhile,
the tensile strength was characterized by AT-L-1 tensile
machine (ANMTCorporation, Jinan, China) using ISO 1924-
2:1994 method.

3. Results and Discussion

3.1. Preparation of Kraft-Montmorillonite (K-MMT) Paper
Handsheet. The MMT were dissolved in deionized water
(1 : 100wt%) and the slurry was homogenized by vigorous
agitation with a magnetic stir bar for 10min. MMT powder
with different weight percentages were added to Kraft pulps.
The mixtures were stirred for 3min at 3000 r/min in a fiber
disintegrating device andwere used to prepare the handsheet.
Each wet handsheet was pressed at 15MPa for 5min at 80∘C
and dried at 105∘C for 7min under a vacuum. Handsheet
with a target basis weight of 120 g/m2 was produced. MMT
with a low content were uniformly dispersed with increased
concentration (Figure 1(a)). The MMT locally aggregated as
almost individual particles in the matrix (Figure 1(b)).

The structures of the Kraft, K-MMT, and MMT were
characterized by X-ray diffraction. Figure 2 presented the X-
ray diffraction spectrum of Kraft, K-MMT, and MMT. From
the figure, both K-MMT and MMT have obviously peaks at
about 4∘, and Kraft did not have any sharp peak but a broad
peak. This clearly proved the successful modification of the
K-MMT composite.
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Figure 2: X-ray diffraction spectrum for (a) Kraft; (b) K-MMT; (c)
MMT.
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The contents of MMT nanoparticles in the handsheets
were 0%, 3%, 6%, 9%, and 12%; they were thus designated
as Kraft, K-3% MMT, K-6% MMT, K-9% MMT, and K-12%
MMT, respectively.

3.2. The Tensile Strength of Kraft-Montmorillonite (K-MMT)
Paper Handsheet. The tensile strength of Kraft (immersed
oil) modified ofMMTnanosheet wasmeasured following the
ISO 1924-2:1994 method. Figure 3 contained the mechanical
property of the series of modified K-MMT. From the figure,
the tensile strength had a tiny decrease with the increase
of the MMT content from 0 to 9%. However, the tensile
strength exhibited a dramatic reduction when the MMT
content exceeded the 9%. So K-12% MMT would not be
discussed for its poor mechanical property.

3.3. The Relative Permittivity of Kraft-Montmorillonite (K-
MMT) Paper Handsheet. The relative permittivities of Kraft
(immersed oil) modified of MMT nanosheet was tested at
different frequencies ranging from 10−2Hz to 107Hz at 25∘C.
Figure 4 possessed the relative permittivity spectrum of the
K-MMT. It showed that the variation trends of the four sam-
ples were similar. The changes in the relative permittivities
decreased moderately in the range from 1Hz to 107Hz and
dramatically from 0.01Hz to 1Hz.

The relative permittivity of the K-MMT (K-3% MMT, K-
6% MMT, and K-9% MMT) composite was lower than that
of Kraft at different frequencies. The relative permittivity of
air is 1.0. Thus, air voids stored in MMT nanosheet were a
cause of reduced relative permittivity [10]. The existence of
MMT nanosheet improves the distance of fiber chains. The
oil content of handsheet increased due to air voids in the
composite [11]. Therefore, the relative permittivity decreased
[12–15]. Noticeably, the relative permittivity (at 50Hz) of
the handsheet decreased from 2.55 (Kraft) to 2.30 (K-9%
MMT). K-9%MMTexhibited the lowest relative permittivity.

b

a

2

1

3

3

5 4

(1) HV electrode
(2) Ground electrode

(4) Paperboard
(5) Mineral oil

(3) Handsheet

Figure 5: Computational domain.

A low content of MMT nanosheet (<9%) improved the
distance of fiber chains. The order of permittivity was Kraft
> K-3% MMT > K-6%MMT > K-9%MMT.

3.4. Breakdown Electrical Strength of a Paper-Oil-Paper Com-
posite Insulation System. A uniformly distributed electric
field between two test electrodes was proven by simulation
analysis. Figure 5 depicts the computational domain for the
dielectric test electrode. Line ab is the symmetry axis of elec-
trode.Thedevelopedmodelwas built under two-dimensional
axial symmetry configurations and implemented using
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a COMSOLMultiphysics package based on the finite element
method. A sinusoidal voltage of 50Hz with a peak value of
100 kV was applied to the dielectric test setup.

The electric field distribution between the two test
electrodes was shown in Figure 6. The two test electrodes
(Figure 5) had a range from 25mm to 28.3mm (Figure 6(a))
and −9.5mm to 9.5mm (Figure 6(b)). The electric field of
paper or oil was uniform along the direction of line ab
between the two test electrodes (Figure 6(a)). The curve
(Figure 6(b)) shows the electric field distribution of oil along
the vertical direction of line ab. The electric field distribution
of paper along the vertical direction of line ab was in
accordance with that in Figure 6(b).Thus, the electric field of
paper or oil was also uniform in the vertical direction of line
ab between the two test electrodes.Therefore, the electric field
distribution between the two test electrodes was uniform.

The diagram of the electrodes for measuring the break-
down voltage of the handsheet was shown in Figure 7. The
diameter and height of the high-voltage (HV) and ground
electrodes were both 25mm. A copper bar was used to
connect the HV electrode with the HV AC current power. In
this test, mineral oil was used for the dielectric in the stainless
steel box.

The focus of the experiment was the effect of the relative
permittivity on the breakdown voltage of the composite
insulation system. Therefore, the thickness of the oil gap was
only 3mm. The oil gap was formed in the 3 cm diameter
hole of the 3mm thick paperboard. The external diameter
of the paperboard was 6 cm. The thickness of the four kinds
of experimental handsheet papers (Kraft, K-3% MMT, K-6%
MMT, and K-9% MMT) were 0.15mm in this experiment.
Their relative permittivity at 50Hz was 2.55, 2.51, 2.48, and
2.30, respectively. The handsheet paper was cut into 4 cm
diameter circles. All samples were put into the vacuum
chamber and were dried at 90∘C for 48 h, and then the
mineral oil at 40∘C was infused into the glass bottles in the
vacuum chamber to immerse samples for 24 h. The moisture

HVAC power
supply

25mm
2
5

m
m

HV
electrode

Ground
electrode

Mineral oil

R: 3mmMineral oil
dielectric

Stainless
steel box

Figure 7: Diagram of electrodes.

content of oil impregnated paper was 0.4% through such
processing. MMT was a kind of phyllosilicate with wide
specific surface area. As a very good barrier, MMT nanosheet
could certainly resist the current going through the insulating
paper. Figure 8 presented the mechanism of MMT resisting
the current. It seemed to increase the growth path for the
electrical tree; thereby the breakdown electrical field strength
has been improved.

The effect of the relative permittivity of the handsheet on
the breakdown voltage of the composite insulation system is
shown in Figure 9. The breakdown voltage of the paper-oil-
paper composite insulation system increased from 50.3 kV to
56.9 kVwith decreased relative permittivity of the paper from
2.55 to 2.30.

4. Conclusions

Kraft-montmorillonite insulation paper handsheets (K-
MMT) are obtained successfully with different contents of
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Figure 9: Effect of MMT content on the breakdown voltage of oil
immersed K-MMT handsheet.

MMT. The MMT was uniformly dispersed in the handsheet.
The effect of the content of the MMT on the relative
permittivity of the oil-immersed handsheet was investigated
by broadband dielectric spectroscopy. In the paper-oil-paper
composite insulation system, the electric field strength of the
oil gap decreased with decreased relative permittivity of the
paper. Simulation analysis indicated that the electric field
distribution between the two test electrodes was uniform.
The breakdown voltage of the paper-oil-paper composite
insulation system increased as well as the MMT content
in the handsheet. The breakdown voltage of the composite
insulation system increased from 50.3 to 56.9 kV when the
relative permittivity of the paper decreased from 2.55 to
2.30. The experimental results were also consistent with the
theoretically calculated data. The study has great significance
for transformer miniaturization and reducing consumption
of the cellulose insulation paper.
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The sulfur tolerance of Ca modified MnO
𝑥
/TiO
2
catalysts in low-temperature SCR process was investigated. Experimental results

revealed that the durability of developed catalysts in the presence of SO
2
could be improved by Ca modification. After being

subjected to a range of analytical techniques, it was found that the surface Ca species could act as a SO
2
trap by preferentially

reacting with SO
2
to form bulk-like CaSO

4
, inhibiting the sulfation of active phase. Furthermore, the introduction of SO

2
had also

preserved part of Lewis sites over the MnO
𝑥
. Both of these are conducive to NH

3
adsorption and activation at low temperature,

hence improving the sulfur tolerance of Ca doped catalysts.

1. Introduction

Selective Catalytic Reduction (SCR) of NOx with NH
3
in

excess O
2
is one of the most effective ways to eliminate

NOx emissions from stationary sources [1]. However, by
using commercialized V

2
O
5
/TiO
2
-based catalysts, the SCR

reactors have to be located upstreamof the particulate control
device due to their high operation temperature. This brings
inherent problems like SO

2
oxidation, installation difficulty,

and high deactivation risk. Therefore, the development of
low-temperature SCR catalysts has attracted great research
interests in recent years [2].

Up to now, lots of transitional metal modified low-
temperature catalysts have been reported, among which,
manganese oxides have been studied extensively due to their
superior low-temperature SCR activity [3–9]. However, the
Mn-based catalysts still suffer from SO

2
poisoning due to

the presence of residual SO
2
(even after desulphurization),

whose deactivation mechanism has been reported due to the
sulfation of active phase or/and the blockage of catalysts’
micropores by the deposition of (NH

4
)
2
SO
4
and NH

4
HSO
4

[10]. As such, improvement of sulfur tolerance of the low-
temperature SCR catalysts was also needed towidely concern.

One of the effective ways is themodifications by adding some
metal oxides into the catalysts. Chang et al. [6] had reported
that the addition of Sn into MnOx-CeO2 catalysts could
greatly enhance the SO

2
resistance owing to the enhanced

Lewis acid sites. Shen et al. [11] concluded that the iron doping
would improve SO

2
tolerance of Mn-Ce/TiO

2
due to the

inhibition of surface sulfate formation. Our previous work
had demonstrated that adding Ce to Mn/TiO

2
could inhibit

the active phase sulfation, contributing to the promotion in
SO
2
resistance [12].
In our previous study [13], we reported that the Ca doping

could greatly improve the low-temperature SCR activity
of Mn/TiO

2
catalysts due to its positive effects on MnOx

dispersion and adsorptive capacity of NOx, but the work
did not look insightfully into the reaction behaviors of these
catalysts in the presence of SO

2
. As an alkali earth metal, Ca

might have stronger chemical affinity to SOx, which could
lessen the sulfation of MnOx, thereby enhancing the sulfur
tolerance of catalysts. Similar findingwas also observed byDu
et al. [14] for Cu-Ce/TiO

2
system.Therefore, in this paper, the

effects of Ca doping on SO
2
tolerance of Mn/TiO

2
catalysts

were performed and the detailed mechanisms were analyzed
by using XRD, BET, XPS, and DRIFT.
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2. Experimental

2.1. Catalyst Preparation. The Ca-modified Mn/TiO
2
cata-

lysts were prepared via a sol-gel method using butyl tetrati-
tanate (0.1mol), ethanol (0.8mol), water (0.6mol), acetic acid
(0.3mol), manganese nitrate (0.04mol), and certain amount
of calcium nitrate as we reported in the previous work [13].
The catalysts were hereafter denoted by Ca(x)Mn(0.4)/Ti,
where x, 0.4 represented the molar ratio of CaO to TiO

2
and

MnOx to TiO2, respectively.

2.2. Catalytic Activity Measurements. SCR activity measure-
ments were carried out in a fixed-bed, quartz tubular flow
reactor within the 60–200∘C range of temperature. The
typical reactant gas composition was NO of 600 ppm, NH

3

of 600 ppm, SO
2
of 50 ppm, O

2
of 3%, and balanced N

2
, and

the GHSV (gas hourly space velocity) was 40,000 h−1. The
concentrations of NO, NO

2
, and N

2
O were monitored by

nondispersive infrared- (NDIR-) based gas analyzer (Photon-
PGD-100 Madur Electronics).

2.3. Characterization. X-ray diffraction patterns (XRD) were
recorded on a Rigaku D/Max-RA powder diffractometer
using Cu K𝛼 radiation (40 kV and 150mV). X-ray photoelec-
tron spectroscopy (XPS) was recorded with Al K𝛼 X-rays
(Thermal, ESCALAB250). FT-IR spectrawere acquired using
an in situDRIFT cell equippedwith a gas flow system (Nicolet
6700 FTIR spectrometers). Samples were pretreated at 400∘C
in a He environment for 2 h and then cooled to 160∘C. The
background spectrumwas recorded with flowing He and was
subtracted from the catalyst spectrum.

3. Results and Discussion

3.1. Catalytic Activity in the Presence of SO
2
. The effects

of SO
2
on the SCR activities of Mn/TiO

2
and Ca doped

Mn/TiO
2
catalysts were illustrated in Figure 1, which showed

that SO
2
had obvious poisoning effect on SCR activity over

all the catalysts. The Mn(0.4)/TiO
2
catalyst was much more

susceptible to SO
2
than the Ca doped ones, where the NO

conversion of Mn(0.4)/TiO
2
catalyst declined from 100% to

30% after introducing 50 ppm SO
2
over 4 h, but about 80%

NOconversionwas preserved over theCa(0.1)-Mn(0.4)/TiO
2

catalyst. This indicated that the Ca doping could enhance the
SO
2
tolerance of Mn/TiO

2
catalyst to some extent. However,

the deactivation of catalysts could not be avoided in long-
term running.

3.2. XRD and XPS Results

3.2.1. XRD Analysis. Figure 2 showed the XRD spectra of
Mn(0.4)/TiO

2
and Ca(0.1)-Mn(0.4)/TiO

2
catalysts before

and after SO
2
poisoning (fresh catalysts and used catalysts

after SCR reaction in the presence of SO
2
). After SO

2
poison-

ing, no obvious differences were observed on Mn(0.4)/TiO
2

catalyst, but peaks for CaSO
4
(PDF-no. 30-0279) were

detected on Ca(0.1)-Mn(0.4)/TiO
2
catalysts, indicating the

formation of bulk-like CaSO
4
during the SCR reaction.There
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Figure 1: SCR activities of Mn/TiO
2
and Ca-Mn/TiO

2
prepared by

a sol-gel method in the presence of SO
2
at 160∘C ([NH

3
]=[NO]

= 600 ppm, [O
2
] = 3%, [SO

2
] = 50 ppm, N

2
balance, GHSV =

40,000 h−1).
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Figure 2: XRD patterns of Mn/TiO
2
and Ca(0.1)-Mn/TiO

2
before

and after SCR reaction in the presence of SO
2
: Δ, anatase; ◻, rutile;

I, MnO
2
; ◼, CaSO

4
.

were no peaks for (NH
4
)
2
SO
4
and NH

4
HSO
4
that existed

for both catalysts, suggesting that the deactivation under SO
2

atmosphere could be due to the sulfation of active phase. The
BET results (see Table S1) also confirmed this assumption as
only minor changes of pore volume and surface area were
detected.

3.2.2. XPS Analysis. The photoelectron spectra of Mn 2p
for different catalysts before and after SO

2
poisoning were

displayed in Figures 3(a) and 3(b), respectively. After being
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Figure 3: XPS spectra ofMn/TiO
2
and Ca(0.1)-Mn/TiO

2
before and after SCR reaction in the presence of SO

2
((a)Mn 2pMn/TiO

2
, (b)Mn2p

Ca(0.1)-Mn/TiO
2
, (c) Ca 2p, and (d) S 2p).

pretreated by SO
2
, Mn 2p3/2 peak of Mn(0.4)/TiO

2
obvi-

ously shifted to about 0.5 eV higher binding energy, which
indicated that some new surface species were formed. Similar
phenomena were reported that the XPS peaks of metal-
oxides catalysts could migrate to higher binding energy due
to the active phase sulfation [15, 16]. Therefore, we could
conclude that the MnOx was sulfated during the SCR in
the presence of 50 ppm SO

2
. In contrast, for Ca doped

Mn(0.4)/TiO
2
catalyst, there were no noticeable changes in

the binding energy of Mn 2p3/2 being observed after SO
2

introduction, which illustrated that the Ca addition could
efficiently restrain the sulfation of MnOx on catalysts surface,
shielding the active phases. Figure 3(c) revealed the binding
energies of Ca 2p photoelectron peaks. For fresh Ca(0.1)-
Mn(0.4)/TiO

2
, the binding energy of Ca 2p3/2 was 346.8 eV,

which was close to the value of CaO (347.2 eV) reported
in the literature [17]. After SO

2
treated, the XPS peaks of

Ca 2p3/2 shifted to higher binding energy range. Combined
with the XRD results, the shift in binding energy was mainly
ascribed to the formation of sulfated calcium (Ca 2p peaks for
CaSO

4
at about 348.1 eV) [18]. Figure 4(d) also represented

the photoelectron spectra of S 2p for Mn/TiO
2
and Ca(0.01)-

Mn/TiO
2
after SO

2
poisoning.Thepeaks at 168.9 and 169.8 eV

all could be attributed to the S(VI), indicating the formation
of sulfate species after SO

2
poisoning [19, 20].

Additionally, it can be also observed that the surface
sulfur content of Ca(0.1)-Mn(0.4)/TiO

2
was lower than that

of Mn(0.4)/TiO
2
after SCR reaction (see Table S2), which

suggested that the deposition of sulfate species on catalyst
surface was inhibited after Ca doping. The possible reason is
that Ca dopants would preferentially react with SO

2
to form

CaSO
4
and thereby weaken the sulfation of MnOx. However,

it should be noted that the sulfate species could also migrate
into the bulk phase as CaSO

4
(see XRD results) would also

lead to the decline of surface sulfur content.

3.3. In Situ DRIFT Study

3.3.1. SO
2

Adsorption on Mn/TiO
2

and Ca-Mn/TiO
2
.

Figure 4 showed the DRIFT spectra of adsorbed species
over Mn(0.4)/TiO

2
and Ca(0.1)-Mn(0.4)/TiO

2
catalysts in
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Figure 4: DRIFT spectra of Mn/TiO
2
and Ca(0.1)-Mn/TiO

2
exposed to SO

2
at 160∘C.
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Figure 5: DRIFT spectra of Mn/TiO
2
and Ca(0.1)-Mn/TiO

2
exposed to NH

3
after SO

2
pretreated at 160∘C.

flowing SO
2
+ O
2
/He at 160∘C as a function of time. As

shown in Figure 4(a), several bands at 1166, 1250, 1350, 1442,
and 1626 cm−1 were attributed to adsorbed sulfate species.
The bands at around 1200 cm−1 (1166 and 1250 cm−1) were
caused by bulk-like sulfated species and assigned to the
vibrations of S–O and S=O [21–23], and the bands at 1442
and 1350 cm−1 were caused by the bonds vibrations of surface
sulfate [22]. Moreover, the bands around 1626 cm−1 were
assigned to the adsorbed H

2
O due to the reaction between

SO
2
and surface hydroxyl groups [24]. In contrast, the IR

spectra of Ca(0.1)-Mn(0.4)/TiO
2
were somewhat different

from that of Mn(0.4)/TiO
2
as shown in Figure 4(b), which

is the characterized peaks of bulk sulfate [22]. According to
the XRD and XPS results, these bulk sulfate species should
be attributed to bulk-like CaSO

4
. This indicated that after Ca

addition, the sulfate species tended to form in bulk rather
than on surface, protecting the active phases of the catalysts.

3.3.2. NH
3
Adsorption after SO

2
Pretreatment on Catalysts’

Surface. DRIFT spectraof NH
3
adsorption onMn(0.4)/TiO

2

and Ca(0.1)-Mn(0.4)/TiO
2
catalysts at 160∘C after SO

2
pre-

treatment for 30min were presented in Figures 5(a) and 5(b),
respectively. And as a comparison, the spectra of the fresh
catalysts treated with NH

3
for 30min were also shown in

Figure 5 as the first curve. As shown in Figure 5(a), the spec-
trum taken after 30min of NH

3
adsorption onMn(0.4)/TiO

2

was characterized by bands at 930, 964, 1160, and 1598 cm−1
[3]. The bands located in 930 and 964 cm−1 were attributed
to the weakly adsorbed NH

3
or gas phase NH

3
. In the
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NH stretching region, the bands at 1160, 1598 cm−1 were
indicative of coordinative adsorbed NH

3
on Lewis sites [25–

27]. As for SO
2
treated catalyst, new bands at 1430, 1342, and

1105 cm−1 emerged. According to the reports [8, 28], the band
at 1430 cm−1 could be attributed to the bending vibrations
of NH

4

+ ions formed on Brönsted acid sites and the band
at 1105 cm−1 could be assigned to the hydrogen bonds of
adsorbed NH

3
[21]. Compared with the fresh sample, SO

2

pretreatment would significantly promote the formation of
Brönsted acid sites, where the Lewis acid sites almost disap-
peared after introducing SO

2
. Moreover, the negative peak at

1342 cm−1 was ascribed to S=O band, which tended to bond
with NH

3
on catalyst surface according to the previous study

[10].
As for Ca(0.1)-Mn(0.4)/TiO

2
catalysts (Figure 5(b)), sim-

ilar bands were observed for NH
3
adsorption after SO

2
pre-

treatment. The band at 1103 cm−1 was assigned to hydrogen-
bonded NH

3
adspecies. The band at 1440 cm−1 was due

to the NH
4

+ ions formed on Brönsted acid sites. The
negative peaks at 1294 cm−1 could be attributed to (S=O)
bond due to the interaction between sulfate species and
NH
3
. However, the IR spectra also showed some differences

with that for Ca-free catalyst. It was found that the band
at 1598 cm−1 due to NH

3
adsorption on Lewis acid sites

was preserved although the intensity was reduced, and the
peak at 1160 cm−1 (NH

3
adsorption on Lewis acid sites)

still can be detected, which was probably overlapped by
the bands at 1103 cm−1. Thus, since the NH

3
adsorption

and activation on Lewis acid sites played a critical role in
the low-temperature SCR process [25, 29], we can conclude
that the lessen in MnOx sulfation and the preservation of
part of Lewis acid sites could be the key reason for the
great enhancement in SO

2
tolerance of the catalysts after Ca

addition.

4. Conclusion

Ca modifications of MnOx/TiO2 catalysts using a sol-gel
method would bring an obvious enhancement in SO

2
toler-

ance for low-temperature SCR of NO with NH
3
. Experimen-

tal results showed that around 80% NO conversion could be
remained for Ca(0.1)-Mn(0.4)/TiO

2
catalyst in the presence

of 50 ppmSO
2
for 4 h,while thatwas less than 30% forCa-free

catalyst. Based on the characterizations by XRD, XPS, and
IR, it was concluded that the sulfation of MnOx was greatly
inhibited by Ca doping, which was assumed to be due to the
fact that the Ca dopants would preferentially react with SO

2

to form bulk-like sulfate species. Furthermore, DRIFT results
also indicated that part of Lewis acid sites could be preserved
on Ca doped catalysts that was pretreated with SO

2
, which

was beneficial to the fulfillment of the low-temperature SCR
cycle.
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Sodium carbonate (Na
2
CO
3
), sodium nitrate (NaNO

3
), and sodium chloride (NaCl) were chosen as the precursors to prepare the

Na salts deposited Mn-Ce/TiO
2
catalysts through an impregnation method. The influence of Na on the performance of the Mn-

Ce/TiO
2
catalyst for low-temperature selective catalytic reduction of NO

𝑥
by NH

3
was investigated. Experimental results showed

that Na salts had negative effects on the activity of Mn-Ce/TiO
2
and the precursors of Na salts also affected the catalytic activity.

The precursor Na
2
CO
3
had a greater impact on the catalytic activity, while NaNO

3
had minimal effect.The characterization results

indicated that the significant changes in physical and chemical properties of Mn-Ce/TiO
2
were observed after Na was doped on

the catalysts. The significant decreases in surface areas and NH
3
adsorption amounts were observed after Na was doped on the

catalysts, which could be considered as the main reasons for the deactivation of Na deposited Mn-Ce/TiO
2
.

1. Introduction

The selective catalytic reduction (SCR) of nitrogen oxides
(NO
𝑥
) with NH

3
is an effective process for cleaning NO

𝑥

from stationary sources [1]. Low-temperature SCR technol-
ogy is a promisingmethod to removeNO

𝑥
in flue gas because

the unit can be placed downstream of the particle control
device and desulfurization system, and the temperature at
this point is below 160∘C [2, 3]. Some researchers have
recently reported that manganese-cerium (Mn-Ce) mixed
oxides supported on TiO

2
catalysts showed high SCR activity

and good SO
2
resistance at low temperature [4–7]. It has been

found that the manganese oxides (MnOx) contain various
kinds of labile oxygen and the ceria (CeO

2
) owns high oxygen

storage and redox capacity, which are proved to be very active
in catalyzing the NO reduction by NH

3
[8, 9]. And the TiO

2

as the supporter also can provide large surface area, high
thermal stability, strongmechanical strength, and high sulfur
resistance [10].

Although the low-temperature SCR unit is commonly
arranged after particulate control device, there is still a small
amount of dust which contains many physical and chemical

deactivating species such as alkali/alkaline earth metals in
flue gas. It could reduce catalytic activity when the catalyst
is exposed in this complex flue gas for long time [11, 12]. In
addition, when the low-temperature SCR technology is used
to remove the NO

𝑥
emission from some industrial furnace,

such as cement kiln and glass kiln, the Mn-Ce/TiO
2
catalyst

could be subjected to greater influence by deposition of
alkali/alkaline earthmetals [13, 14].Therefore, it is valuable to
investigate the effects of alkali/alkaline earth metals on Mn-
Ce/TiO

2
for low-temperature SCR, which few researchers

have concerned about. In this study, we try to investigate the
impact of deposited sodium (Na) on the physical and chem-
ical properties of Mn-Ce/TiO

2
catalysts. Sodium carbonate

(Na
2
CO
3
), sodium nitrate (NaNO

3
), and sodium chloride

(NaCl) were chosen as the sodium-containing precursors to
prepare the Na deposited Mn-Ce/TiO

2
catalysts.

2. Experimental

2.1. Catalyst Preparation. All chemicals used in this study
were of analytical grade andwere usedwithout further purifi-
cation. In this experiment, the molar ratio of Ce :Mn : Ti
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was 0.07 : 0.4 : 1, which has been reported by Wu et al.
[15] with high SCR activity. The Na deposited Mn-Ce/TiO

2

catalysts were prepared by impregnation of TiO
2
(Degussa

P25) with Mn(NO
3
)
2
, Ce(NO

3
)
3
, and three kinds of sodium

salts (Na
2
CO
3
, NaNO

3
, and NaCl). 4.0 g TiO

2
powder was

dispersed into 100mL aqueous solution. Then 0.02mol of
Mn(NO

3
)
2
, 0.0035mol of Ce(NO

3
)
3
, and a certain amount of

Na salts were added into the solution. The loading amounts
of sodiumwere 0.05, 0.1, 0.2, 0.5, 1, and 2wt.%.The slurry was
then stirred for 48 h. After that, it was heated at 105∘C for 12 h.
The solid samples were crushed and sieved to 60–100 mesh
and then calcined at 400∘C for 2 h in air. The Na

2
CO
3
, NaCl,

and NaNO
3
depositedMn-Ce/TiO

2
catalyst were denoted by

Mn-Ce/TiO
2
(C), Mn-Ce/TiO

2
(Cl), and Mn-Ce/TiO

2
(N),

respectively.

2.2. Catalyst Characterization. The structures of the sam-
ples were determined by X-ray diffraction patterns (XRD)
obtained on a Bruker D8 Advance diffract meter. The surface
areas of catalysts were calculated by using the Brunauer-
Emmett-Teller (BET)method, withMicromeritics ASSP 2020
equipment by N

2
physisorption at 77K. The surface atomic

states of the catalysts were analyzed by X-ray photoelectron
spectroscopy (XPS) with Thermo Escalab 250Xi. Transmis-
sion electron microscopy (TEM) images were examined by
JEM 2010. Temperature programmed desorption (TPD) was
carried out on a custom-made TCD setup in a conventional
flow system at atmospheric pressure using 100mg catalysts
(40–60mesh). After being pretreated in He at 400∘C for 1 h,
the samples were saturated with a stream of 4% NH

3
and

He balance at a flow rate of 30mL/min for 30min. The NH
3

desorptionwas carried out by heatingNH
3
-adsorbed samples

from 100 to 900∘C at the rate of 5∘C/min in He (30mL/min).

2.3. Activity Tests. The SCR activity measurements were
carried out in a fixed-bed reactor at 60–160∘C containing
4 g catalyst with a gas hourly space velocity (GHSV) of
24,000 h−1.The typical reactant gas consisted of 500 ppmNO,
500 ppm NH

3
, 5 vol.% O

2
, and balance N

2
. NO, NO

2
, and

O
2
were measured by a flue gas analyzer (MRU Vario Plus,

Germany). NH
3
was analyzed with a portable NH

3
analyzer

(Nantong Water Environmental Protection Technology Co.
Ltd., Model MOT 400).

3. Results and Discussion

3.1. Catalytic Activity. The activity of the prepared catalysts
with the variation of temperature is presented in Figure 1. It
can be seen from Figure 1(a) that the NO conversion of all
samples increased with the increasing temperature. The Mn-
Ce/TiO

2
catalyst showed high catalytic activity for the low-

temperature SCR of NO with NH
3
. Over 99% of NO con-

version was obtained when the temperature reached 100∘C.
The SCR activities of 1% Mn-Ce/TiO

2
(C), Mn-Ce/TiO

2

(Cl), and Mn-Ce/TiO
2
(N) all declined when Na salts were

deposited on the catalysts. Figure 1(a) also shows that the SCR
activity decreased in the following sequence: Mn-Ce/TiO

2
>

Mn-Ce/TiO
2
(N) > Mn-Ce/TiO

2
(Cl) > Mn-Ce/TiO

2
(C).

It is indicated that Na salts had a negative effect on the
activity ofMn-Ce/TiO

2
and the precursors of Na also affected

the catalytic activity. The precursor Na
2
CO
3
had a greater

impact on the catalytic activity, while NaNO
3
had minimal

effect. The deposited NaNO
3
could decompose to NaNO

2

and O
2
after calcination at 400∘C for 12 h, while Na

2
CO
3

and NaCl could not decompose at 400∘C. Therefore, the
massive agglomeration of Na

2
CO
3
and NaCl could block the

micropores and covered the active sites, which is considered
as the reason for the deactivation of Na doped Mn-Ce/TiO

2

catalyst [11]. The NO
𝑥
conversions of Mn-Ce/TiO

2
(C) and

Mn-Ce/TiO
2
(N) were shown in the Figures 1(b) and 1(c).

The catalytic activity of samples declined with the increasing
amounts of Na doped from 0 to 2%. 2% Mn-Ce/TiO

2
(C)

showed the lowest activity and only 17.8% of NO conversion
was obtained at 160∘C. The results demonstrated that the
Mn-Ce/TiO

2
catalyst could be gradually deactivated as the

loading amounts of Na salts increased.

3.2. Catalyst Microstructure. The XRD patterns of Na doped
Mn-Ce/TiO

2
catalysts with different Na precursors were

shown in Figure 2. For the undoped Mn-Ce/TiO
2
catalyst,

the XRD pattern only existed as a mixing form of anatase
and rutile [14]. And the peaks of manganese or cerium
oxides were not detected, which indicated that manganese
or cerium oxides were well dispersed on the TiO

2
carrier.

After different Na salts were deposited, two extra peaks
around 28.72∘ and 33.02∘ were detected. It has been reported
that the two peaks were identified as Mn

3
O
4
and Mn

2
O
3

[14, 15]. The results implied that Na salts doping could
induce the crystallization ofMnOx phases, which had adverse
effect on catalytic activity due to the transformation of the
amorphous manganese oxides to crystal phase [16]. On the
other hand, the Mn-Ce/TiO

2
(N) catalyst had peaks of weak

intensity for Mn
3
O
4
and Mn

2
O
3
, which could be considered

as one of the reasons that NaNO
3
had weaker impact on

the deactivation of Mn-Ce/TiO
2
catalyst. In particular, for

all Mn-Ce/TiO
2
samples, characteristic peaks of anatase and

rutile with similar position, intensities, and widths were
detected, which implied that the phase structure and the
crystallite size of TiO

2
particles in as-prepared samples had

no obvious changes after Na doping.
Themorphology of 2%Mn-Ce/TiO

2
(C) catalyst was fur-

ther investigated by TEM and HR-TEM images as shown in
Figure 3. From the insert image of Figure 3, it can be seen that
primary particles have the diameters predominantly ranged
from 10 to 20 nm. From the HR-TEM image illustrated in
Figure 3, four kinds of clear lattice fringes could be observed
for 2% Mn-Ce/TiO

2
(C) catalyst. The spacing distances

between the lattice planes of 0.352 nm and 0.32 nm matched
with the anatase (101) phase and rutile (110) phase [17]. And
the lattice fringes with lattice plane distances observed about
0.384 nm and 0.492 nm corresponded to Mn

2
O
3
(211) and

Mn
3
O
4
(101) planes [14], which were in agreement with the

information obtained from the XRD results.
The specific surface areas, pore volumes, and pore sizes

of the Mn-Ce/TiO
2
catalysts prepared with different Na

precursors are summarized in Table 1. Significant decreases
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Figure 1: Variations of NO conversion efficiency with temperature for prepared Mn/Ce-TiO
2
catalysts. (a) Comparison of catalytic activity

over the Na dopedMn-Ce/TiO
2
prepared by different Na precursors. (b) Comparison of catalytic activity overMn-Ce/TiO

2
(C) with different

Na doping amounts. (c) Comparison of catalytic activity over Mn-Ce/TiO
2
(N) with different Na doping amounts. Operating conditions:

500 ppm NO, 500 ppm NH
3
, 5% O

2
, and balance N

2
, GHSV = 24,000 h−1.

in surface areas and pore volumes were observed after Na
deposited on the catalysts. This could be caused by the
massive agglomeration of Mn-Ce/TiO

2
due to the Na salts

deposited, which blocked the micropores in Mn-Ce/TiO
2

lattice and increased average pore size. It was also observed
that the surface area and pore volume of Mn-Ce/TiO

2
(N)

were larger than those of Mn-Ce/TiO
2
(Cl) andMn-Ce/TiO

2

(C). It is indicated that the precursor NaNO
3
has little effect

on pore structure of the catalyst. The variations in specific
surface areas of catalysts were in good agreement with the
catalytic activities. Mn-Ce/TiO

2
(N) with the larger specific

surface area showed better SCR activity.

3.3. Catalyst Composition Analysis. In order to identify the
states of surface species on the prepared catalysts, the samples
were examined by XPS high-resolution scans over Ti 2p, Mn
2p, Ce 3d, O 1s, and Na 1s spectra regions. And the atomic
compositions of Ti, Mn, Ce, and O on the surface are shown
in Table 2.

The Ce 3d XPS spectra are presented in Figure 4(a). The
XPS spectra reveled that Ce 3d orbit was composed of two
multiplets (v and u). The peaks labeled u and v were due to
3d
3/2

and 3d
5/2

spin-orbit states, respectively. The u, u, and
u and v, v, and v peaks were attributed to Ce4+ species,



4 Journal of Nanomaterials

10 20 30 40 50 60 70 80 90

In
te

ns
ity

 (a
.u

.)

2𝜃 (∘)

Mn-Ce/TiO2

Mn-Ce/TiO2 (C)

Mn-Ce/TiO2 (Cl)

Mn-Ce/TiO2 (N)

Figure 2: XRD patterns of Na doped Mn-Ce/TiO
2
catalysts pre-

pared by different Na precursors (◻ TiO
2
-anatase, X TiO

2
-rutile, ∇

Mn
3
O
4
, and ⬦Mn

2
O
3
).

d = 0.492nm

d = 0.384nm

d = 0.32nm

0.352nm
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sample.

Table 1: Physical properties of the catalysts prepared with different
Na precursors.

Catalysts
BET surface

area
(m2/g)

Pore volume
(×10−2 cm3/g)

Average pore
diameter
(nm)

Mn-Ce/TiO2 44.52 28.39 25.51
2% Mn-Ce/TiO2 (C) 31.48 22.04 30.85
2% Mn-Ce/TiO2 (Cl) 32.42 25.65 31.64
2% Mn-Ce/TiO2 (N) 36.58 27.58 28.61

while u and v were assigned to Ce3+ species [15]. No obvious
difference was observed from the Ce 3d XPS spectra for Mn-
Ce/TiO

2
and Na doped Mn-Ce/TiO

2
samples.

As shown in Figure 4(b), the Mn 2p region consists of a
spin-orbit doublet with Mn 2p

1/2
having binging energy of

about 653 eV and Mn 2p
3/2

with binging energy of 642 eV,

Table 2: Surface atomic concentrations of Mn-Ce/TiO2 catalysts
with different sodium oxides.

Catalysts Surface atomic concentrations (%)
Mn Ti Ce O

Mn-Ce/TiO2 8.32 26.5 3.23 61.95
2% Mn-Ce/TiO2 (C) 3.57 24.77 1.56 42.14
2% Mn-Ce/TiO2 (Cl) 4.59 15.43 1.44 66.82
2% Mn-Ce/TiO2 (N) 7.17 25.7 2.97 58.9

which are characteristic of a mixed-valence manganese sys-
tem [18, 19]. The Mn 2p

3/2
spectra could be split into three

peaks at binging energy of 642.8, 641.2, and 646.5 eV, which
were ascribed to Mn4+, Mn3+, and Mn-nitrate, respectively
[20, 21]. For undoped Mn-Ce/TiO

2
, the Mn-nitrate could

be originated from Mn(NO
3
)
2
, as one of the precursors for

the preparation of Mn-Ce/TiO
2
. It can be clearly seen from

Figure 4(a) that the atomic concentration of Mn-nitrate on
Mn-Ce/TiO

2
(N) is much higher than that on undoped Mn-

Ce/TiO
2
, which may be attributed to the decomposition of

Mn(NO
3
)
2
restrained with the Na salts doping. The decrease

of Mn3+ and Mn4+ on Na salts deposited Mn-Ce/TiO
2
could

be considered as one of the reasons for the decrease of catalyst
activity [22].

3.4. NH
3
-TPD Analysis. The surface acidity properties of

the catalysts were analyzed by NH
3
-TPD. The NH

3
-TPD

curves of Mn-Ce/TiO
2
and 2% Mn-Ce/TiO

2
(N) are shown

in Figure 5. As shown in Figure 5, one broad peak spanned in
the temperature range of 100–300∘C was observed for both
samples, attributed to NH

3
desorbed by weak and medium

acid sites. For undoped Mn-Ce/TiO
2
, the desorption peaks

centered at 552 and 663∘C could be ascribed to the nature
of Brønsted acid and Lewis acid, respectively [23]. At the
temperature around 743∘C, the strong peak observed was
probably due to the N

2
desorption [24]. The shape of the

NH
3
-TPD curve obtained from 2% Mn-Ce/TiO

2
(N) was

very different.The peak at 670∘C disappeared, while the peak
of N
2
desorption increased greatly. It is indicated that the

Lewis acid sites of Mn-Ce/TiO
2
were reduced after Na salts

were deposited. It is known that the strong acidity on catalyst
could play an important role in the adsorption capacity of
NH
3
for the sample [25]. The decrease of Lewis acid sites

could be considered as the main factor for decrease of NH
3

adsorption amount on Na deposited Mn-Ce/TiO
2
.

4. Conclusions

The catalytic activity experiments showed that Na salts had
strong poisoning influence on Mn-Ce/TiO

2
catalyst, which

seriously reduced the low-temperature SCR activity. The
precursor Na

2
CO
3
hadmore negative impact on the catalytic

activity, while NaNO
3
had minimal effect. XPS results indi-

cated that the atomic content of Mn3+ and Mn4+ on catalyst
surface could decrease with the addition of Na. BET and
NH
3
-TPD results showed that the significant decreases in

surface areas and NH
3
adsorption amounts were observed
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after Na salts were deposited on the catalysts, which could
be considered as the main reasons for the deactivation of Na
doped Mn-Ce/TiO

2
.
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It was believed that when hydroxyapatite (HAP) was used to remediate heavy metal-contaminated soils, its effectiveness seemed
likely to be affected by its particle size. In this study, a pot trial was conducted to evaluate the efficiency of two particle sizes of HAP:
nanometer particle size of HAP (nHAP) andmicrometer particle size of HAP (mHAP) inducedmetal immobilization in soils. Both
mHAP and nHAP were assessed for their ability to reduce lead (Pb), zinc (Zn), copper (Cu), and chromium (Cr) bioavailability in
an artificially metal-contaminated soil. The pakchoi (Brassica chinensis L.) uptake and soil sequential extraction method were used
to determine the immobilization and bioavailability of Pb, Zn, Cu, and Cr. The results indicated that both mHAP and nHAP had
significant effect on reducing the uptake of Pb, Zn, Cu, and Cr by pakchoi. Furthermore, both mHAP and nHAP were efficient in
covering Pb, Zn, Cu, and Cr from nonresidual into residual forms. However, mHAP was superior to nHAP in immobilization of
Pb, Zn, Cu, and Cr in metal-contaminated soil and reducing the Pb, Zn, Cu, and Cr utilized by pakchoi. The results suggested that
mHAP had the better effect on remediation multiple metal-contaminated soils than nHAP and was more suitable for applying in
in situ remediation technology.

1. Introduction

Heavy metal pollution in the soil has become a serious
environmental problem in China, particularly following the
rapid industrialization of the nation. Heavy metal in soil
readily accumulates in plants and is then transported through
the food chain, thus becoming amajor threat to humanhealth
[1]. A number of remediation methods have been developed
in an attempt to control heavy metal pollution, including the
use of organic manure, soil amendment addition, cultivation
of heavy metal hyperaccumulator plants, and the application
of agroecological engineering techniques [2, 3].

Supplementation of phosphate-based materials has been
found to have a great effect on immobilizing Pb in contam-
inated soil and has recently become a commonly used tech-
nique due to its cost-effectiveness and decreased disruptive
nature [4, 5]. Hydroxyapatite (HAP) is considered to be the
most effective supplement among P-based materials and is

commonly used in Pb-contaminated soil. It has been reported
that HAP not only facilitates the remediation of Pb, but it is
also quite effective in immobilizing other heavy metals, such
as Zn, Cd, and Cu [6, 7]. However, the overall effectiveness of
using phosphate to immobilize metals and its mechanisms of
action remain unknown.

With the rapid development of nanotechnology there
has been an increased usage of HAP nanoparticles put into
use in wastewater and for soil remediation. Nanometer size
particle HAP (nHAP) has a larger specific surface area than
micrometer sized particle HAP (mHAP). Moreover, theoret-
ically nHAP has larger reactivity and sorption capacities than
that of common size of HAP [8, 9]. However, few studies have
focused on the remediation differences between mHAP and
nHAP. Furthermore, little work has been done identifying the
effectiveness of the effect of nHAP on a number of different
heavymetals.Therefore, the aim of this study was to compare
the effectiveness/differences between mHAP and nHAP to
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reduce the uptake of multiple heavy metals (Pb and Zn, Cu
and Cr) by plants and to immobilize these heavy metals in
contaminated soil.

2. Material and Methods

2.1. Soil Sample Properties. The soil samples were derived
fromvegetable gardens. After being air-dried, the soil samples
were grounded to pass through a 10mm sieve for the pot
trial. Soil pH was measured in 1 : 2.5 soil water suspensions
with a combination pH electrode. Soil organic matter was
determined by wet digestion with K

2
Cr
2
O
7
and H

2
SO
4
;

available N, P, and K were determined according to standard
methods recommended by Lu [10]. Some basic physiochem-
ical properties of the soil and the concentrations of Pb, Zn,
Cu, and Cr in this soil were listed in Table 1.

2.2. Pot Experiments. Two soil amendments were used in
this study: mHAP (micrometer hydroxyapatite, bought from
Nanjing Emperor Nano Material Co., ltd., China, average
particle diameter = 12 𝜇m) and nHAP (nanometer particle
hydroxyapatite, bought from Nanjing Emperor Nano Mate-
rial Co., ltd., China, average particle diameter = 60 nm). No
Pb, Zn, Cu, and Cr were detected in these two materials.
Both soil amendments were applied at two levels, 15 g⋅kg−1
and 30 g⋅kg−1. The Pb, Zn, Cu, and Cr were supplied to soil as
solutions of PbSO

4
, CuSO

4
⋅5H
2
O, ZnSO

4
⋅7H
2
O, and KCrO

4
.

The four soil treatments were T0 (without metals added), T1
(250/100mg⋅kg−1 Pb/Zn added, resp.), T2 (500/200mg⋅kg−1
Pb/Zn added, resp.), T3 (100/25mg⋅kg−1 Cu/Cr added, resp.),
and T4 (200/50mg⋅kg−1 Cu/Cr added, resp.). Altogether,
each metal level has mHAP and nHAP treatments. There
were four replications in each treatment. The concentration
of Pb, Zn, and Cu supplied to the soil exceeded those of the
soil environmental quality standards in China, so the metal
amended soil can be regarded as slightly metal contaminated
(T1 and T3 treatment level) and heavy metal contaminated
(T2 and T4 treatment level), respectively. Soil amendments
were thoroughly mixed with soil prior to potting nitrogen
(6 g⋅pot−1 soil as NH

4
NO
3
) and potassium (6 g⋅pot−1 soil

as KCl). Pots containing 3.0 kg of soil were used in this
experiment. Deionized water was supplied to keep the soil
water content to about 60% of maximum water holding
capacity.

The soil was left to equilibrate for 20 days before planting
pakchoi (Brassica chinensis L.). Ten pregerminated seeds
were sown in each pot. At seven days after emergence,
seedlings were thinned to six per pot.The pakchoi was grown
in a greenhouse with temperatures between 25 and 30∘C.
Pakchois were harvested 60 days after emergence.

2.3. Metal Analysis. After harvest, the pakchois were
removed from the pots and cut into two parts: shoots and
roots. The shoots and roots were washed three times by
deionized water, then put into the oven to dry at 70∘C,
and passed through 2mm sieve for further experiment.
The soil samples were taken from the pots after harvesting

the vegetables and were air-dried at room temperature,
followed by passing through 0.149mm sieve.

Pb, Zn, Cu, and Cr in pakchoi were extracted by using
acid digestion mixture (HNO

3
and HClO

4
). The pakchoi

samples were heated with HNO
3
and HClO

4
mixture until

the color became clear, filtered, reconstituted to the desired
volume, and measured by the inductively coupled plasma
optical emission spectrometry (ICP-OES) for Pb, Zn, Cu,
and Cr content. For the analysis of Pb, Zn, Cu, and Cr in
soil, 0.3 g of homogenized soil samples was digested with
HNO

3
, HClO

4
, and HF. The samples were heated until the

color became clear, dissolved with several drops of 1%HNO
3
,

filtered, diluted to a volume of 50mLwith distilled water, and
analyzed for the content of Pb, Zn, Cu, and Cr [6].

2.4. Sequential Extraction of Soil Samples. The method of
sequential extraction developed by BCR sequential extrac-
tion procedure [11] was employed in this study. Each of
the chemical fractions was operationally defined as follows:
acid soluble fraction: 1 g soil (dry wt) was extracted with
40mL 0.1mol⋅L−1 HOAc, shaking for 16 h; reducible fraction:
residue from the acid soluble fraction was extracted with
40mL 0.5mol⋅L−1 NH

2
OH–HCl (pH 1.5) shaking for 16 h;

oxidizable fraction: residue from the reducible fraction was
extracted with 10mL H

2
O
2
for 1 h at 85∘C and an additional

10mLH
2
O
2
for 1 h at 85∘C, and then 50mL 1mol⋅L−1 NH

4
Ac

was added, shaking for 16 h; residual fraction: residue from
the oxidizable fraction was digested with HNO

3
–HClO

4
–

HF. After each extraction, separation was performed by
centrifugation at 10,000 rpm for 20min. Metal concentration
in the soil solutions was determined by ICP-OES.

2.5. Statistical Analysis. The means and standard deviations
(SD)were calculated by Excel 2003. Statistical analysis includ-
ing the analysis of variance was conducted using SPSS version
17.0 software (SPSS Inc., USA) and differences (𝑃 < 0.05)
between means were determined using the Duncan test. The
figures were plotted by origin 7.5.

3. Results and Discussions

3.1. Effect of mHAP and nHAP on the Biomass of the Pakchoi.
Thebiomass of the pakchoi shoots and roots was significantly
decreased by metal application at T2 and T4 treatment
levels but increased at T1 and T3 treatment levels compared
to the control treatment (Table 2). This result corresponds
with Chen and Cui [12], who reported that, at low metal
contaminated treatment level, the growth of plant can be
promoted while, at high metal contaminated treatment level,
the growth of plant can be stunted down. Excessive heavy
metals, such as Pb, Zn, Cu, and Cr contents in soil, have been
reported to inhibit the development of root system of plant,
block down the photosynthesis, and led to the decrease of
plant yield [13]. The application of mHAP and nHAP both
increased the shoots and roots biomass of the pakchoi at all
the treatment levels. The result showed that, by supplement
of 30 g⋅kg−1 mHAP, the increment of shoots biomass was
21.98% in T2 treatment level and 25.62% in T4 treatment
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Table 1: Basic properties of the soil.

pH Organic matter (g⋅kg−1) Available (mg⋅kg−1) Total (mg⋅kg−1)
N P K Pb Zn Cu Cr

4.95 14.5 88.9 11.2 95.0 42.0 60.7 23.8 55.2

Table 2: Biomass of pakchoi (Brassica chinensis L.) grown in the uncontaminated soil and contaminated soil with mHAP and nHAP (dry
weigh).

Treatment Shoot (g⋅pot−1 DW) Root (g⋅pot−1 DW)
T0 (CK) 3.61 ± 0.26

efg
0.62 ± 0.04

bc

T0 + 1.5% mHAP 3.96 ± 0.28
ij

0.63 ± 0.08
cd

T0 + 3% mHAP 3.64 ± 0.17
fgh

0.62 ± 0.18
cd

T0 + 1.5% nHAP 3.83 ± 0.22
hi

0.64 ± 0.09
cde

T0 + 3% nHAP 3.60 ± 0.31
efg

0.62 ± 0.11
bc

T1 (250/100mg⋅kg−1 Pb/Zn) 3.96 ± 0.25
ij

0.62 ± 0.06
bc

T1 + 1.5% mHAP 4.20 ± 0.10
kl

0.69 ± 0.18
efgh

T1 + 3% mHAP 4.31 ± 0.53
l

0.82 ± 0.09
k

T1 + 1.5% nHAP 4.04 ± 0.16
ij

0.65 ± 0.13
cdef

T1 + 3% nHAP 4.15 ± 0.14
jkl

0.66 ± 0.10
cdef

T2 (500/200mg⋅kg−1 Pb/Zn) 3.23 ± 0.12
bc

0.56 ± 0.11
ab

T2 + 1.5% mHAP 3.39 ± 0.18
cde

0.65 ± 0.07
cdef

T2 + 3% mHAP 3.94 ± 0.27
ij

0.76 ± 0.21
ij

T2 + 1.5% nHAP 3.40 ± 0.43
cde

0.61 ± 0.11
bc

T2 + 3% nHAP 3.59 ± 0.15
efg

0.69 ± 0.15
dgh

T3 (100/25mg⋅kg−1 Cu/Cr) 3.81 ± 0.34
hi

0.66 ± 0.17
cdef

T3 + 1.5% mHAP 4.01 ± 0.18
ijk

0.80 ± 0.09
jk

T3 + 3% mHAP 4.06 ± 0.16
jk

0.82 ± 0.11
k

T3 + 1.5% nHAP 3.97 ± 0.49
ijk

0.74 ± 0.15
hij

T3 + 3% nHAP 4.04 ± 0.59
ijk

0.78 ± 0.08
ijk

T4 (200/50mg⋅kg−1 Cu/Cr) 2.81 ± 0.10
a

0.51 ± 0.12
a

T4 + 1.5% mHAP 3.27 ± 0.25
bc

0.64 ± 0.11
cdef

T4 + 3% mHAP 3.53 ± 0.24
ef

0.71 ± 0.18
gh

T4 + 1.5% nHAP 3.08 ± 0.11
b

0.64 ± 0.06
cdef

T4 + 3% nHAP 3.31 ± 0.19
cd

0.67 ± 0.13
cdef

Mean values denoted by the same letter in a column do not differ significantly according to the Duncan test.

level as compared to control. As to the nHAP, it was showed
that when treated with 30 g⋅kg−1 nHAP, the increment of
shoots biomass was 11.14% in T2 treatment level and 17.79%
in T4 treatment level when compared to that of control. It
can be found that the application of mHAP and nHAP both
increased the shoots and roots biomass of the pakchoi in all
treatment levels. This result may be due to the fact that the
mHAP and nHAP can release the toxic effect on pakchoi
caused by heavy metal treatment, resulting in the increment
of the biomass of pakchoi. Another reason may lie in the fact
that more phosphate nutrition supplement after phosphate
amendments addition can promote the growth of the pakchoi
[6]. Furthermore, in this study, mHAP appeared to be more
efficient in increasing the biomass of pakchoi in T2 and T4
treatment levels.

3.2. Effect of mHAP and nHAP on the Uptake of Pb, Zn, Cu,
and Cr by Pakchoi. The application of mHAP and nHAP

significantly reduced the concentration of Pb, Zn, Cu, and
Cr in the shoots and roots of the pakchoi grown in the
contaminated soil (Tables 3 and 4). However, the addition of
mHAP has better effect than nHAP in heavy metal treatment
levels (T2 and T4). The result showed that, by the addition of
the 30 g⋅kg−1 mHAP, the concentrations of Pb, Zn, Cu, and
Cr in shoots decreased by 58.1%, 47.3%, 49.4%, and 38.9%
in T2 and T4 treatment level, respectively, while the roots
reduction was 53.0%, 45.5%, 47.5%, and 44.6% compared
to the control. As to the 30 g⋅kg−1 nHAP application, the
reduction in concentration of Pb, Zn, Cu, and Cr in the
shoots was 53.4% for Pb, 32.1% for Zn, 32.2% for Cu, and
30.9% for Cr in T2 and T4 treatment levels, respectively,
whereas roots Pb, Zn, Cu, and Cr decreased by 42.2% for Pb,
39.3% for Zn, 39.6% for Cu, and 37.5% for Cr when compared
with that of control. The result showed that both the mHAP
and nHAP can significantly influence Pb, Zn, Cu, and Cr
concentrations in the pakchoi vegetable shoots and roots.
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Table 3: Concentration of Pb and Zn in pakchoi (Brassica chinensis L.) grown in Pb-Zn multiple metal-contaminated soil in pot culture
receiving mHAP and nHAP amendments (dry weigh).

Pb Zn
Shoot (mg⋅kg−1) Root (mg⋅kg−1) Shoot (mg⋅kg−1) Root (mg⋅kg−1)

T0 (CK) 0.40 ± 0.02
a

2.93 ± 0.15
a

28.05 ± 1.66
bcd

38.29 ± 1.94
f

T0 + 1.5% mHAP 0.34 ± 0.02
a

2.62 ± 0.12
a

24.54 ± 0.99
b

31.88 ± 1.87
d

T0 + 3% mHAP 0.32 ± 0.03
a

2.25 ± 0.10
a

18.45 ± 1.24
a

24.90 ± 1.99
a

T0+ 1.5% nHAP 0.34 ± 0.01
a

2.43 ± 0.09
a

24.90 ± 1.02
bc

31.22 ± 2.93
cd

T0 + 3% nHAP 0.30 ± 0.02
a

2.22 ± 0.07
a

20.35 ± 1.73
a

27.23 ± 2.17
b

T1 4.45 ± 0.23
d

26.92 ± 0.76
de

40.91 ± 2.36
f

48.53 ± 2.05
g

T1 + 1.5% mHAP 3.48 ± 0.11
c

20.20 ± 1.54
c

30.47 ± 1.41
de

32.91 ± 1.07
d

T1 + 3% mHAP 1.80 ± 0.08
b

15.08 ± 0.88
b

22.52 ± 0.23
a

29.31 ± 2.44
bc

T1 + 1.5% nHAP 3.42 ± 0.21
c

22.14 ± 1.32
c

32.24 ± 2.00
e

35.53 ± 2.82
e

T1 + 3% nHAP 2.16 ± 0.08
b

16.39 ± 1.00
b

25.80 ± 1.25
bc

31.39 ± 1.63
cd

T2 12.15 ± 0.77
h

53.94 ± 2.69
h

51.02 ± 3.58
g

86.84 ± 5.85
k

T2 + 1.5% mHAP 7.21 ± 0.62
g

28.25 ± 1.36
e

31.63 ± 1.97
e

59.50 ± 2.55
i

T2 + 3% mHAP 5.09 ± 0.39
e

25.35 ± 1.82
d

26.89 ± 1.55
bc

47.37 ± 3.43
g

T2 + 1.5% nHAP 7.59 ± 0.56
g

37.67 ± 2.04
g

38.44 ± 1.61
f

63.83 ± 5.01
j

T2 + 3% nHAP 5.66 ± 0.50
f

31.20 ± 1.91
f

31.59 ± 1.26
e

52.70 ± 3.38
h

Mean values denoted by the same letter in a column do not differ significantly according to the Duncan test.

Table 4: Concentration of Cu and Cr in pakchoi (Brassica chinensis L.) grown in Cu-Cr multiple metal-contaminated soil in pot culture
receiving mHAP and nHAP amendments.

Cu Cr
Shoot (mg⋅kg−1) Root (mg⋅kg−1) Shoot (mg⋅kg−1) Root (mg⋅kg−1)

T0 (CK) 6.32 ± 0.36
a

9.72 ± 0.54
a

1.94 ± 0.08
b

3.54 ± 0.14
a

T0 + 1.5% mHAP 5.90 ± 0.20
a

9.51 ± 0.77
a

1.58 ± 0.06
ab

2.89 ± 0.09
a

T0 + 3% mHAP 4.78 ± 0.29
a

7.68 ± 0.64
a

1.45 ± 0.06
a

2.53 ± 0.07
a

T0 + 1.5% nHAP 5.84 ± 0.41
a

8.60 ± 0.26
a

1.75 ± 0.05
ab

2.96 ± 0.20
a

T0 + 3% nHAP 5.32 ± 0.35
a

7.94 ± 0.81
a

1.51 ± 0.11
ab

2.67 ± 0.18
a

T3 17.16 ± 0.76
f

33.75 ± 1.53
d

4.25 ± 0.20
e

15.25 ± 0.78
e

T3 + 1.5% mHAP 13.20 ± 0.79
cd

23.89 ± 1.44
c

3.07 ± 0.26
d

10.34 ± 0.65
c

T3 + 3% mHAP 10.06 ± 0.42
b

19.61 ± 0.86
b

2.65 ± 0.15
c

9.44 ± 0.53
b

T3 + 1.5% nHAP 14.04 ± 1.38
de

24.19 ± 0.99
c

3.28 ± 0.23
d

13.17 ± 0.10
d

T3 + 3% nHAP 12.14 ± 0.74
c

20.98 ± 1.30
b

2.99 ± 0.17
cd

9.49 ± 0.04
b

T4 30.39 ± 1.90
i

76.00 ± 4.11
h

6.76 ± 0.48
h

34.54 ± 1.87
j

T4 + 1.5% mHAP 20.64 ± 1.36
h

53.22 ± 2.76
g

5.02 ± 0.17
fg

22.66 ± 2.33
h

T4 + 3% mHAP 15.37 ± 0.85
e

39.92 ± 2.53
e

4.13 ± 0.26
e

19.14 ± 0.86
f

T4 + 1.5% nHAP 22.06 ± 1.03
h

54.90 ± 3.53
g

5.30 ± 0.32
g

25.35 ± 1.92
i

T4 + 3% nHAP 18.77 ± 1.12
g

45.88 ± 1.92
f

4.67 ± 0.35
f

21.60 ± 2.90
g

Mean values denoted by the same letter in a column do not differ significantly according to the Duncan test.

Similar to the result of pakchoi biomass, themHAPhas better
effect on reducing the Pb, Zn content in T2 treatment and
Cu, Cr content in T4 treatment in pakchoi shoots and roots.
However, it can be observed that the application of 30 g⋅kg−1
mHAP can significantly reduce the T1 and T3 concentration
level of metals in pakchois and therefore produce vegetable
with Pb, Zn, Cu, and Cr concentrations under the Chinese
national food safety standard (GB2762-2005, in China) level.

3.3. Effect of mHAP and nHAP on the pH of the Soil. Some
researchers [14] suggested that the pH was one of the most

important parameters affected metal bioavailability to plants.
In the low pH (pH < 5) condition, the metal in soil has higher
solubility. As a result, more metal ion released to the soil
solution. The metal therefore was more bioavailable to the
plants. The application of HAP amendment can increase the
soil pH and reduce the metal bioavailability, especially in the
low pH soil conditions. This study indicated that the supple-
ment of mHAP and nHAP both significantly increased the
soil pH compared to the unamended metals contaminated
soil (Table 5). However, it can be observed that the mHAP
had better effect than nHAP in increasing the pH of each
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Table 5: pH value in the tested soil as affected by mHAP and nHAP
amendments.

Treatment pH
T0 (CK) 4.95
T0 + 1.5% mHAP 5.46
T0 + 3% mHAP 5.99
T0 + 1.5% nHAP 5.20
T0 + 3% nHAP 5.76
T1 5.08
T1 + 1.5% mHAP 5.76
T1 + 3% mHAP 6.07
T1 + 1.5% nHAP 5.42
T1 + 3% nHAP 5.83
T3 5.11
T3 + 1.5% mHAP 5.60
T3 + 3% mHAP 5.99
T3 + 1.5% nHAP 5.18
T3 + 3% nHAP 5.74
T2 5.16
T2 + 1.5% mHAP 5.72
T2 + 3% mHAP 6.24
T2 + 1.5% nHAP 5.45
T2 + 3% nHAP 5.74
T4 4.97
T4 + 1.5% mHAP 5.68
T4 + 3% mHAP 6.19
T4 + 1.5% nHAP 5.39
T4 + 3% nHAP 5.87

treatment level, especially in 30 g⋅kg−1 application rate. The
result showed that when compared with the contaminated
soil without adding amendment, after applying for 30 g⋅kg−1
mHAP, the pH value was raised by 0.99 in T1 treatment level,
1.08 in T2 treatment level, 0.88 in T3 treatment level, and 1.22
in T4 treatment level. As to the nHAP, the enhancement of
pH value was 0.75 in T1 treatment level, 0.58 in T2 treatment
level, 0.63 inT3 treatment level, and 0.90 inT4 treatment level
when compared with the contaminated soil without adding
amendment.

pH was an important parameter which affected metal
immobilization and dissolution in soil [15]. The metal sol-
ubility and mobility increased with the decrease of pH. In
contrast, when the soil pH increased, the solubility and
mobility of metal in soil went down. Bolisson et al. [16]
reported that the application of HAP can increase the soil
pH value. This was attributed to the fact that the dissolution
of HAP in soil solution can consume H+, resulting in the
increase of soil pH:

Ca
10
(PO
4
)
6
(OH)
2
+ 14H+ = 10Ca2+ + 6H

2
PO
4

−
+ 2H
2
O
(1)

It was reported thatwhenHAPwas dissolved in deionized
water and 0.1mol/L KNO

3
solution, the dissolution rate of

HAP mainly depended on pH [17, 18]. Soil solution was
more complicated when compared with deionized water or

single electrolyte solution. Generally speaking, in low pH
soil condition, the dissolution rate of HAP was more faster
than in neutral and alkali soil. As in the acidic soil condition,
the PO

4

3− in hydroxyapatite had higher efficiency to dissolve
and release to the soil solution. In this study, the application
of mHAP had better effect in increasing the soil pH than
nHAP, suggesting that mHAP has a larger dissolution rate
than nHAP.

3.4. Speciation of Soil Pb, Zn, Cu, and Cr. The distribution
of Pb, Zn, Cu, and Cr in the uncontaminated soil and
metal-contaminated soil as analyzed by the BCR sequential
extraction method was shown in Figure 1. Themetal (Pb, Zn,
Cu, and Cr) in the treatments without mHAP and nHAP
was mainly associated with the nonresidual fraction. The
percentage of Pb, Zn, and Cu bound with the nonresidual
fraction (including acid soluble fraction, reducible fraction,
and oxidizable fraction) accounted for over 74.1% for Pb and
76.3% for Zn in T1 treatment level and 79.72% for Pb and
62.96% for Zn in T2 treatment level, 88.1% for Cu and 60.73%
for Cr in T3 treatment level, and 88.12% for Cu and 56.47%
for Cr in T4 treatment level, respectively.This indicated that a
substantial fraction of Pb, Zn, Cu, andCr in the contaminated
soil without amendment may be available for pakchoi to
uptake. As to the HAP amended soil, both mHAP and nHAP
translocated nonresidual fractions of Pb, Zn, Cu, and Cr to
the residual fraction. For instance, by addition of 30 g kg−1
mHAP, the reduction in the nonresidual fraction was 36.0%
for Pb and 34.9% for Zn in T1 treatment level, 36.1% for Pb
and 27.5% for Zn in T2 treatment level, 32.5% for Cu and
26.8% for Cr in T3 treatment level, and 26.6% for Cu and
20.0% for Cr in T4 treatment level. The reduction in the
nonresidual fraction was 29.8% for Pb and 29.4% for Zn in T1
treatment level, 20.7% for Pb and 27.5% forZn inT2 treatment
level, 23.1% for Cu and 21.9% for Cr in T3 treatment level, and
17.1% forCu and 14.8% forCr inT4 treatment level by addition
of 30 g kg−1 nHAP treatment.

The result showed that nonresidual fraction of Pb, Zn,
Cu, and Cr decreased with the increase of soil pH, hinting
that the pH values play an important role in decreasing the
nonresidual fraction. The increase of pH values induced by
HAP favored the precipitation of heavy metals. In addition,
Gray et al. [19] found that the increase of soil pH values
increased the negative charges of variably charged colloids in
soil, such as organic matter, clays, Fe and Al oxides, and sili-
con oxides, resulting in stronger sorption and precipitation of
heavy metals and hence lower soluble metal concentrations
in soil. In this study, it can be found that mHAP has better
effect on transforming metals from the nonresidual to the
residual fraction, which was consistent with the result of soil
pH changed by mHAP and nHAP, indicating that larger soil
pH values with mHAP addition than nHAP were the main
reason for the superior ability of immobilization Pb, Zn, Cu,
and Cr in soil of mHAP.

In this paper, we identified the effectiveness of mHAP
and nHAP to reduce the amounts of heavy metals in con-
taminated soil. The efficiency of in situ remediation of metal-
contaminated soils can be evaluated by using fractionation
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Figure 1: Relative percentages of Pb, Zn, Cu, and Cr in each fraction of the soils from the CK, mHAP, and nHAP treated pots.

procedures; the more effective the treatment, the greater
the amount of metals transferred from the nonresidual to
the residual fraction [20, 21]. BCR sequential extraction
procedures were widely used to assess the bioavailability
and mobility of heavy metals in soils as well as the effi-
cacy of decontamination amendment.The nonresidual metal
fractionation, which includes acid soluble (weakly bound

with organic matter and carbonates fraction), reducible (iron
and manganese oxides fraction), and oxidizable (organically
bound and sulfide fraction) fractions, is more mobile and
is considered to have a higher bioavailability as compared
with the residual fraction [22, 23]. In the current study, both
mHAP and nHAP were highly capable of modifying Pb,
Zn, Cu, and Cr in contaminated soils, with a concurrent
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increase in the residual fractionation and a decrease in the
nonresidual fractionation, especially the acid soluble frac-
tionation. Moreover, mHAP and nHAP were more effective
in transforming the nonresidual fractionation of Pb than
the other three heavy metals, as expected. One of the most
important effects of HAP modification is the formation of
pyromorphite from Pb, thus resulting in the transformation
of Pb from nonresidual fractions to the residual fraction
[24]. This study confirmed that the supplementation of
both mHAP and nHAP significantly enhanced the residual
fraction of Pb in soils, corresponding to a reduction of Pb in
pakchoi shoots and roots.

We also found that the addition of mHAP and nHAP
decreased the nonresidual fraction of Cu, Zn, and Cr in
the soil. However, the immobilization efficacy was lower
than Pb. We hypothesized two reasons for this phenomenon.
Firstly, the solubility products of Cu, Zn, and Cr phosphate
are known to be much greater than that of Pb phosphate.
However, hopeite [Zn

3
(PO
4
)
2
], Cu
3
(PO
4
)
2
, and Cr

2
(PO
4
)
7

are much more soluble than pyromorphite. As such, Cu, Zn,
and Cr phosphate may not control the solubility of these
heavy metals in this case [6]. And secondly, we believe
that the primary mechanism is likely due to the adsorption
potential of the surface of HAP. For instance, Cao et al. [25]
reported that the application of HAP in Pb, Cu, and Zn
contaminated soil and showed that 78% of Pb that reacted
with HAP was formed of pyromorphite. Meanwhile, only
25% of Cu and 5% of Zn were formed of Cu

2
(PO
4
)
3
and

Zn
2
(PO
4
) and 75% Cu and 95% Zn were adsorbed upon the

surface ofHAP.Results from this study confirmed thatmHAP
and nHAP had great ability for reducing Pb bioavailability
and also for inhibiting the uptake of Pb to a greater degree
than Zn, Cu, and Cr. However, mHAP was more capable
of decreasing the overall amount of metals taken up by the
pakchoi plant.

The reduction of Pb content in the pakchoi shoots and
roots can be attributed to the formation of pyromorphite in
the soil. As to the decrease of Zn,Cu, andCr in pakchoi shoots
and roots, themain reason involved of Zn, Cu andCr adsorp-
tion on the HAP and the higher solubility of [Zn

3
(PO
4
)
2
],

Cd
3
(PO
4
)
2
and Cr

2
(PO
4
)
7
than pyromorphite. Moreover, the

reduction of Pb, Zn, Cu, and Cr content in the pakchoi shoots
and roots was as follows: Pb>Zn≈Cu>Cr. These results are
consistent with the sequence in the reduction of Pb, Zn, Cu,
and Cr of the nonresidual fraction found in contaminated
soil, suggesting that the nonresidual fraction of heavy metals
can readily be taken up by the pakchoi plant and also shows
the highest levels of bioavailability for the pakchoi.

Many studies have been conducted in recent years
focused on the heavy metal remediation potential of nano-
materials in contaminated soil [26, 27]. Phosphate-based
nanoparticles have been found to be one of the most
effective nanomaterials for the reclamation of heavy metal
contaminated soil. For instance, Liu and Zhao [28] reported
that the application of iron phosphate nanoparticles in Pb-
contaminated soil can effectively reduce the leachability
and bioavailability of Pb2+ in soil. Moreover, Liu [29] also
reported an effective reclamation of a lead-contaminated soil

using synthesized apatite nanoparticles. Their experimental
results clearly showed that the apatite nanoparticles solution
could significantly reduce the TCLP-leachable Pb fraction
in Pb-contaminated soil by 9.56% to 66.43%. Many studies
have suggested that nanomaterials are superior to traditional
modifications using commonly particle sizes for soil reme-
diation due to nanomaterials having a higher reactivity and
a greater ability for absorption and for its relatively easy
delivery methods.Theoretically, in this study a larger amount
of Pb, Zn, Cu, and Cr was able to be immobilized by nHAP,
likely due to its smaller particle sizes yet larger surface area,
as compared to mHAP. However, we found that mHAP was
more effective than nHAP in immobilizing Pb, Zn, Cu, and
Cr. Furthermore, the pH value of the soil was more greatly
enhanced by mHAP. Gilbert et al. [30] and Cui et al. [18]
suggested that nanomaterials can easily aggregate, leading to
an alteration to their surface sorption and ability to migrate
while decreasing their dissolution rates. mHAP has a larger
particle size, as compared to nHAP making it much more
difficult for mHAP to aggregate. Therefore, we hypothesized
that the higher dissolution rate was the primary reason for the
increases in the pHvalue and for its increased immobilization
effects. Nevertheless, further studies are needed in order to
verify this hypothesis.

4. Conclusions

The effectiveness of two different sizes of HAP particle,
nanometer size particle of HAP (nHAP) and micrometer
size particle of HAP (mHAP), was assessed for their ability
of reducing the bioavailability of Pb, Zn, Cu, and Cr. The
results showed that both mHAP and nHAP had significant
effect on reducing the uptake of Pb, Zn, Cu, and Cr by
pakchoi. Furthermore, both mHAP and nHAP were efficient
in covering Pb, Zn, Cu, and Cr from nonresidual into
residual forms. However, mHAP was superior to nHAP
immobilization of Pb, Zn, Cu, and Cr in metal-contaminated
soil and reducing the Pb, Zn, Cu, and Cr by pakchoi. In
addition, mHAP and nHAP were both more efficient in
transferring bioavailable Pb into less bioavailable form than
Zn, Cu, and Cr. This may be due to the fact that more Pb
was formed into insoluble pyromorphite like minerals after
treatedwithHAP.However, in this study, it was suggested that
HAPwithmicrometer sizewasmore effective immobilization
soil metals than nanometer size HAP, possibly due to its
higher dissolution rate.
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Three-dimensional porous nickel (3D-PN) film with large specific surface area (𝐴
𝑠
) and high porosity has been successfully

prepared by hydrogen bubble dynamic template (HBDT) method. This work presents the effects of PEG 10000 and 1,4-butynediol
as new additive combination on surface morphology of the PN film. Meanwhile, the application of 3D-PN in Zn2+ adsorption was
preliminarily investigated in the paper. The surface area is determined as large as 166.7 cm2/mg and the porosity is 0.762 when
the concentration of PEG 10000 and 1,4-butynediol was 0.3 g/100mL and 0.1 g/100mL, respectively. The adsorption capacity (𝑄

𝑡

and 𝑄 (%)) of PN for Zn2+ is observed to be 9.145mg/g and 0.691 for Zn(NO
3
)
2
⋅6H
2
O. The morphology and the microstructure,

the product formation, the 𝐴
𝑠
the concentration of the metal ions were characterized by scanning electron microscopy (SEM),

X-ray powder diffraction (XRD), electrochemical impedance spectroscopy (EIS), and atomic absorption spectrometry (AAS),
respectively.

1. Introduction

Three-dimensional (3D) porous metals (Ni, Cu, Sn, etc.)
[1–4], with highly porous dendritic walls and numerous
nanoparticles, are considered as promising nanomaterials
due to their importance to both academic study and tech-
nological applications in separation systems [5], sensors [6,
7], fuel batteries [8, 9], electrochemistry [10, 11], electronic
materials [12], and high performance supercapacitors [13].
Many researchers have successfully developed the 3D porous
metal films electrode materials by template-directed synthe-
sis method. And commonly used templates are considered
such as liquid crystal, high internal phase emulsion (HIPE),
photonic crystals, porous polycarbonate membranes [14,
15], anodic alumina membranes [16], colloidal crystals [17],
and echinoid skeletal structures [18]. Compared with other
approaches, hydrogen bubble dynamic template (HBDT)
with hydrogen bubbles as the template on the cathode at high
current densities is the green and promising one with lots

of advantages: low-cost equipment, controllable structure,
facile one-step synthesis process, and easy elimination of the
template [11, 19].

Recently, many efforts have been devoted to improving
the morphology and developing performance of porous
metal films, especially preparation of high surface area of
three-dimensional porous nickel (3D-PN) films and appli-
cation of their alloys in catalysis aspect and electrochemical
pseudocapacitors. For example, Šimpraga et al. obtained a
very high roughness factor value of the order of 2800 for Ni-
Fe composite electrode prepared by simple electrochemical
co-deposition process [20]. Rausch and Wendt described
the high surface area sintered Ni and Raney Ni for their
electrocatalytic properties [1, 21]. This mesoporous material
was used as a positive electrode in hybrid supercapaci-
tors/battery systems. Recently, the preparation of a highly
porous large surface area nickel has been reported by Brown
and Sotiropoulos [22]. Moreover, the nickel foam-supported
porous Ni(OH)

2
/NiOOH composite film application for
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advanced pseudocapacitormaterial was studied by Yuan et al.
[23]. However, how to control the bubble size to easily obtain
attractive structure is still a great challenge.

The treatment of metal-contaminated wastewater has
always been a serious issue in mining, electroplating, and
the chemical and electronic industries. The impact of toxic
heavy metal ions on health and on the environment has
been widely reported. Metal ion treatment by adsorption
into porousmaterials has attracted considerable attention due
to their high efficiencies and economic feasibility [24, 25].
For instance, active carbon is often used to adsorb heavy
metal ions and other toxic chemicals [25, 26]. Since the
adsorption ability of porous materials can to a large extent be
attributed to their high porosity, the adsorption ability of PN
should be improved if there are suitable additives or additive
combination. However, there are few studies on depollution
of environment by the 3D-PN.

In electroplate industry, surfactants have been widely
used as stabilizers in aqueous media to alter the surface ten-
sion of the sol/gas and protect the bubbles from coalescence.
Therefore, a highly stable, well-dispersed bubble template
can be obtained [27, 28]. However, there has been very little
research on the effects of additive on the surface of PN
film. Meanwhile, the mechanism of additive is not yet fully
understood.

The research objectives of this study include first, fab-
ricating 3D-PN film by HBDT method; second, developing
3D-network structure of PN film with the novel additive
combination (PEG 10000 and 1,4-butynediol) and undertak-
ing preliminary exploration of the impacting mechanism of
additives on the morphology of PN films. In addition, the
application of 3D-PN film for Zn2+ adsorption has been
investigated in this paper, which is built upon previous
respectable attempts.

2. Materials and Methods

2.1. Materials and Reagents. The electrolyte consisted of
nickel sulfate, ammonium chloride, concentrated sulfuric
acid, and boric acid, with the new additive combination
of PEG 10000 and 1,4-butynediol. Zinc nitrate hexahydrate
(Zn(NO

3
)
2
⋅6H
2
O) was prepared for Zn2+ adsorption. All

the regents mentioned were of analytical grade. Cooper
plate and nickel plate were purchased from Shanghai Jinan
Metal Product Co., Ltd. (Shanghai, China), respectively. In
the process of deposition, the solution was kept stationary.
Deionized water was used throughout the experiment.

2.2. Electrode Preparation. In the study, a thin sheet of copper
(99.99%) was selected for the cathode substrate material,
which was repeatedly polished to highlight by numbers 400,
600, 800, and 1000 metallographic sandpaper in flowing
water, cut into an area of 0.01m × 0.05m, and then sealed by
insulating epoxy resin; only a 0.01m× 0.01m surface exposed
to the electrolyte was kept, and a nickel plate (99.99%) with
more than 0.03m2 acted as anode material. The distance
between the two electrodes was 1 cm. Before electrodeposi-
tion, the copper substrate was dried in ovens at 150∘C for

Table 1: Optimal compositions and operating conditions of the
basic electrolyte.

Principal element Optimum conditions
NiSO4 (mol/L) 0.2
NH4Cl (mol/L) 1.5
Concentrated H2SO4 (mL/100mL) 0.9
H3BO3 (mol/L) 1.2
𝐽
𝑘
(A/cm2) 4.0
𝑡 (s) 25

10min, cooled to room temperature, and weighed; then the
thickness of the area to be electroplated by micrometer screw
was measured. And both cathode and anode were washed
with deionized water in the CNC ultrasound and successively
treated in the 45 g/L Na

2
CO
3
, 45 g/L NaOH, and 45 g/L

Na
2
SO
4
to remove oil; then they were immediately etched

in hydrochloric acid for rough surface and then washed with
deionized water. Deposition was performed in a stationary
electrolyte solution (without stirring or N

2
bubbling). And

it should be stressed that 3D-PN film was soaked in water
for 2min at 30∘C after rinse for 1min with deionized water.
Then it was left to dry to remove residual impurities and
water in constant temperature oven at 80∘C for 90min; the
film was used for Zn2+ adsorption. All the experiments and
measurements were carried out at room temperature (25 ±
1∘C).

2.3. Electrolyte and Operating Conditions Preparation. In this
paper, the optimal process conditions were determined by
previous experience and orthogonal test with six factors of the
concentration of nickel sulfate, ammonium chloride, sulfuric
acid, boric acid, cathode current density, and deposition
time. In order to express easily and intuitively, the six
factors above were successively referred to as 𝐶NiSO

4

, 𝐶NH
4
Cl,

𝐶H
2
SO
4

, 𝐶H
3
BO
3

, 𝐽
𝑘
, and 𝑡, which were generally considered

to be the most important factors. Optimization of the
suitable 3D-network structure can be carried out by a giant
amount of research.Andoptimal compositions and operating
conditions of the basic electrolyte were shown in Table 1.
However, it was found that 3D structure of PN film was
not obvious enough without additives. As shown in Table 2,
different concentrations of additives (thePEG 10000 and 1,4-
butynediol) were considered to be added to the electrolyte
and thismodificatory PNfilmwas obtainedwith high specific
surface area and porosity. Meanwhile, the schematic diagram
of formation of PNF supported on Cu substrate was shown in
Scheme 1.

2.4. Porosity and Surface Area Measurements

2.4.1. Porosity Measurements. The analytical balance was
used to weigh the mass of copper substrate before deposition
of the PN film and after electrodeposition process. The film
was dried in oven and then reweighed. With micrometer
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e electrodeposition process

Scheme 1: A schematic diagram of formation of PNF supported on Cu substrate.

Table 2: Optimal combination and variation range of additive agent.

PEG 10000 (a) and 1, 4-butynediol (b) Variation range (g/100mL) Optimal combination
Level 1 a: 0.01∼0.07, b: 0
Level 2 a: 0, b: 0.01∼0.05
Level 3 a: 0.05, b: 0.01∼0.05
Level 4 a: 0.01∼0.05, b: 0.01 a: 0.03 g/100mL, b: 0.01 g/100mL

screw, we can determine the thickness of PN film and ana-
lyze mass variation of electrodeposition process to calculate
porosity of the sample preparation. The formula was

𝜔 =
Δ𝑚

𝜌 × Δℎ × 𝑠
, (1)

where Δ𝑚 is the mass specimen weight (mg), 𝜌 is the density
of nickel (g/cm3), Δℎ is PN film thickness (cm), and 𝑠 is the
contact area of the test piece and the bath (cm2).

2.4.2. Surface Area Measurements. In the study, the 𝐴
𝑠
(spe-

cific surface area of the electrode) was performed by using
electrochemical impedance spectrum (EIS) on CHI660B
electrochemical workstation. Originally, the working elec-
trode was held at −1.50V (versus SCE) for 30min in order to
reduce the film on the electrode surface and a reproducible
electrode surface could be obtained. A three-electrode test
cell was used with the As-prepared PN film as working elec-
trode, platinum foil as the counter, and a saturated calomel
electrode (SCE) as the reference electrode. The sulfuric acid
solution (0.5mol/L) was used as the test solution. The EIS
measurement was carried out in the frequency range from
100 kHz to 0.01Hz under AC stimulus with 5mV of ampli-
tude and no applied voltage bias, which was performed on
CHI660B electrochemical workstation. Subsequently, using
Z-view software to fit initial EIS data, we can calculate the
differential capacitance 𝐶

𝑑
. Therefore, specific surface area of

the electrode is [29]:

𝐴
𝑠
=
𝐶
𝑑

𝐶
𝑁
𝐴Δ𝑚
, (2)

where 𝐴 is the surface area of specimen and 𝐶
𝑁
= 20 𝜇F.

2.4.3. Environmental Applications of 3D-PN Film. Zinc
nitrate solution (50mg/L) was prepared to simulate the heavy
metal ions (Zn2+) in sewage. As-prepared PN film fabricated
under identical optimal conditions was added into 100mL
zinc nitrate solution stirred at 120 r/min by ITCES (intelligent

Table 3: Significant factors of adsorption processes of the Zn2+ by
the PN.

Elements Control value
𝐶
0
𝐶
0
(Zn(NO)3⋅6H2O) (mg/L) 5

𝐶
0
(Zn2+) (mg/L) 1.099
𝑇 (min) 0.5, 2, 5, 10, 30, 40, 70, 120
𝑚 (g) 0.0083
𝑉 (L) 0.1
Temperature (∘C) 25 ± 1

Note: the𝑚 is themass of adsorbent-porous nickel by electrodeposition after
25 s under the optimal condition.

temperature control electromagnetic stirrer) at 25 ± 1∘C.
After the adsorption process, the flame atomic absorption
spectrometry was used to determine the concentration of
the metal ions with a standard calibration curve [30]. The
mass of adsorbent could be determined by weighing the
mass of cathode substrate before and after electrodeposition,
respectively. Significant factors of porous nickel on the sewage
purification treatment were shown in Table 3. Purification
effect can be calculated by the following formulas:

𝑄
𝑒
=
𝑉 (𝐶
0
− 𝐶
𝑒
)

𝑚

𝑄
𝑡
=
𝑉 (𝐶
0
− 𝐶
𝑇
)

𝑚

𝑄 (%) =
(𝐶
0
− 𝐶
𝑒
)

𝐶
0

× 100%,

(3)

where 𝑄
𝑡
(mg/g), 𝑄

𝑒
(mg/g), 𝐶

0
(mg/L), 𝐶

𝑒
(mg/L), 𝐶

𝑇

(mg/L), 𝑚 (g), 𝑄 (%), and 𝑉 (L) represent the adsorption
capacity after a certain period of time, the equilibrium
adsorption capacity, the initial concentration, adsorption
equilibrium concentration of ions, concentration of ions after
a certain period of time, the sorbent mass, purifying rate, and
solution volume separately.
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Figure 1: SEM morphology of PN film under different concentrations of PEG 10000 (0.01 (a, d), 0.05 (b, e), and 0.07 (c, f) g/100mL).

2.4.4. SEM, XRD, and AAS Measurements. The surface mor-
phology of as-prepared electrodes was investigated by scan-
ning electron microscopy (SEM) (TESCAN VEGA II LMU).
Crystallographic structure was studied by X-ray diffraction
(XRD) using an X-ray diffraction using an automatic XRD
analyzer (XRD-6000 Lab X SHIMADZU) with monochro-
matic Cu K

𝛼
radiation (𝜆 = 0.15405 nm) from 10∘ to 80∘

at a speed of 4∘/min. Additionally, the accelerating voltage
and emission current of the XRD were, respectively, 40 kV
and 30mA. And the concentration of the zinc ion after the
adsorption process was determined by atomic absorption
spectrometry (AAS, 180-80 atomic absorption spectropho-
tometer, Hitachi, Japan) with detection wavelength of 214 nm
and width of slit of 1.3 nm, respectively.

3. Results and Discussion

3.1. Effect of the PEG 10000. Figure 1 showed the surface
morphology figures of PN film obtained in the electrode
position of 25 s under different concentrations of PEG 10000
and fixed current density (4A/cm2) at the room temperature
(25 ± 1∘C). Meanwhile, the constituents of the electrolyte
were illustrated in Table 1. And Figure 1 showed the porous
structure obviously formed on the surface of the as-prepared
nickel filmwhen the concentration of the additive PEG 10000
was 0.01 g/100mL in the electrolyte. However, the structure
of hole wall of the PN film significantly changed when the
concentration of that increases gradually to 0.05 g/100mL.
The diameter of main holes increased to about 10 microns
and hole wall thickness decreased. Meanwhile, the grains
were refined, hole density increased gradually, and surface
area calculated by formula (2) also increased according to
Figure 2. It should be noted that membrane structure of
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Figure 2: Effect of PEG 10000 on surface area and porosity of PN
film.

the prepared PN was transformed into a 3D structure one.
However, relatively more amount of additive to some extent
gradually destroyed 3D structure while the concentration
of PEG 10000 exceeded 0.07 g/100mL; this could be the
reason of a certain effect of nickel ions and hydrogen ions
reduction reaction. And Figure 2 showed that porosity had
a trend of decreasing sharply along with the increase of
PEG 1000 concentration. When the amount of additive was
0.05 g/100mL, PN filmwith the uniform distribution reached
maximum specific surface area with relatively high porosity
(Figures 1(b) and 1(e)). Therefore, the required optimization
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Figure 3: SEM morphology of PN film under different concentrations of 1,4-butynediol (0.01 (a, d), 0.03 (b, e), and 0.05 (c, f) g/100mL).

characteristics of PN film should be prepared by controlling
the amount of additive PEG 10000.

3.2. Effect of the 1,4-Butynediol. Figure 3 presented the
surface morphology outline of PN film in the base
plating solution of 0.2mol/L nickel sulfate, 1.2mol/L
boric acid, 0.9mL/100mL concentrated sulfuric acid, and
1.5mol/L ammonium chloride with different concentrations
(0.01∼0.05 g/100mL) of 1,4-butynediol. The temperature
and current density were the same as above. When
adding 0.01 g/100mL of 1,4-butynediol into electrolyte,
3D porous structure was obviously seen in Figures 3(a)
and 3(d). Figure 4 showed that the porosity decreased
with the concentration of 1,4-butynediol increasing (from
0.01 g/100mL to 0.05 g/100mL). Meanwhile, the variation
tendency of porosity in Figure 4 was similar to that affected
by PEG 10000 as well. However, new complex structure
similar to the leaves emerged on the PN film surface with
increasing concentration. Meanwhile, hole wall became
thicker and sedimentary layer of dendrite coarsened. The
smaller aperture was associated with the fast release rate of
hydrogen bubble, resulting in an acceleration of reduction
of Ni2+ speed-up, which also explained why dendrite of
the coating coarsened. However, network structure of
3D-PN film will disappear (Figures 3(c) and 3(f)) when
the concentration of additive 1,4-butynediol increases to a
certain extent. Therefore, 1,4-butynediol could be also the
optional additive to obtain the 3D-PN film with high surface
area and appropriate porosity.

3.3. Synergy Effect of PEG 10000 and 1,4-Butynediol. Top-
view SEM images of the synergy effect of 1,4-butynediol and
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Figure 4: Effect of 1,4-butynediol on surface area and porosity of
PN film.

PEG 10000 on PN film were shown in Figure 5. The con-
centration of 1,4-butynediol was controlled at 0.01 g/100mL.
With the concentration of PEG 10000 continuing to increase
(from 0.01 to 0.05 g/100mL), the hole wall of as-prepared
PN film became thicker anddendrites of deposits coarsened,
whichwas similar to the complex structure of the leaves. If the
concentration of PEG 10000 was larger than 0.05 g/100mL,
a mesh and irregular structure came into being in PN film,
which was largely because of some inhibitory effect of PEG
10000 on reduction reaction of nickel ions and hydrogen
ions. It can be obviously seen from Figures 5(b)–5(f) that
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Figure 6: Effect of 1,4-butynediol and PEG 10000 simultaneously
on PN film, and the concentration of 1,4-butynediol is controlled at
0.01 g/100mL.

the aperture can increase to 12 microns (then decrease) and
relatively homogeneous distribution. On the other hand, 𝐴

𝑠

at level 3 reached a maximum of 140.8mg/cm2 with sharp
decline and 3D structure will be gone by continuously adding
the 1,4-butynediol. The 3D-PN film with a maximum of
𝐴
𝑠
(166.7 cm2/mg > 140.8 cm2/mg) and porosity (0.762) was

obtained when the concentration of PEG 10000 and 1,4-
butynediol was 0.03 g/100mL and 0.01 g/100mL (Figure 6).
As mentioned, tracing changes of concentration of PEG
10000 or 1,4-butylglycol could adjust and control porous
structure of nickel film. And similar study about 3D porous
structure with the additive was reported by Huang et al.
[31]. Moreover, the more ideal 3D-PN film was fabricated by
HBDT with the additive combination of PEG 10000 and 1,4-
butynediol added into electrolyte. In this paper, the additive
PEG 10000 with certain adsorption of metal cations [32] and
good hydrophilicity because of hydrogen bond can decrease
interfacial tension between the hydrogen bubble and the
cathode plate (Scheme 1) and directionally align in the form
of meandering structure

O

O

O O

OC
C C

C C
C C

C

in the solution. And as a kind of gemini surfactant, the 1,4-
butynediol with ideal solution interface adsorption capac-
ity could depress rapid accumulation of hydrogen bubble
(Scheme 1) and bubble size increase and largely promote
the migration rate of the hydrogen bubble from cathode
plate to the solution interface. Meanwhile, the additives PEG
10000 and 1,4-butynediol with a certain concentration ratio
(PEG 10000: 1,4-butynediol = 3 : 1) appeared to have optimal
activity to regulate the surface photography of 3D-PN film
instead of mixing them together randomly. Bernardes et al.
[33] observed that a cosurfactant such as decanol can induce
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Figure 7: Typical XRD spectra of the PN film at different depo-
sition times in optimized plating solution with additives (the
concentration of nickel sulfate, ammonium chloride, concentrated
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0.9mL/100mL, 1.2mol/L, 0.3 g/100mL 0.1 g/100mL, 4.0 A/cm2, and
25 s, resp.).

a lamellar structure. Polymer surfactant could effectively
block mutual adsorption among particles, mainly relying
on the solvation layer of polymer. It was worth mentioning
that there was no reaction between PEG 10000 and 1,4-
butynediol. Meanwhile, when the additives (PEG 10000 and
1,4-butynediol) influenced the structure of PN film simulta-
neously, the final effect was better than the simple individual
effect, which was the key reason why the 3D structure of
PN film was optimized by changing their concentrations
at different levels. Therefore, the reticular 3D structure of
PN film was prepared by HBDT method by controlling the
concentration of the novel additive combination (Table 2).

This result was further supported by XRD spectrum. As
shown in Figure 7, all of the diffraction peaks were indexed
at different temperatures. The characteristics of the face-
centered cubic (fcc) nickel crystal structure was evident as
indicated by the orientations along the Ni (111), Ni (200),
and Ni (220) directions. It was obvious that the feature peak
of the copper in the X-ray diffraction pattern was caused
by the copper substrate, and both the crystalline and the
intensity ratios of nickel can vary with temperature. These
results indicated that dentritic nickel is abundant in {111}
facets. It has been known that more facets with a slower
growth rate would be exposed on the crystal surface and
consequently exhibit relatively stronger diffraction intensity
in the corresponding XRD pattern [34]. The intensity ratio
between the (111) and (200) diffraction peaks was higher than
the ratio of other peaks, especially at 25∘C. These strong
and sharp peaks indicated that the obtained Ni crystals
were highly crystalline. No detectable diffraction peaks of
impurities such as copper oxide or nickel oxide signified the
high purity and stability of the as-obtained products.

2.5 𝜇m

(a)

2.5 𝜇m

(b)

Figure 8: Top-view SEM images of before and after adsorption of
heavy metal ions. (a) Adsorption of zinc; (b) porous nickel without
zinc.

3.4. Adsorption Behavior of PN Film for SimulatedWastewater
(Zn2+). The PN film with high specific surface area prepared
under optimal conditions exhibited certain advantages in
sewage purification. Figure 8 showed surface morphology
of before and after adsorption of heavy metal ions (Zn2+).
Compared with Figure 8(b), rough and glistening areas in
the direction of arrows in Figure 8(a) were confirmed as
the adsorbed Zn2+. At the same time, the reliability of
the zinc absorption was further demonstrated by AAS.
Time-variation tendencies of 𝑄

𝑡
and 𝑄 (%) of adsorption

process of Zn2+ were clearly shown in Figures 9 and 10.
Meanwhile, Figure 10 presented the concentration changes
of Zn2+ during the adsorption process. The purification
effect was continuously improved with the increase of time,
especially in the first dozens of seconds. As time increased,
the concentration of Zn2+ had reached equilibrium value.
Meanwhile, 𝑄

𝑡
gradually increased until maximum value

(𝑄
𝑒
) of 9.145mg/g for Zn(NO

3
)
2
⋅6H
2
O concentrations over

5mg/L and𝑄 (%) 0.691, concentration of the purified sewage
basically to tend stable limited to surface effective adsorption
sites when the adsorption time continued to increase. The
adsorption rate of PN with large specific surface area and
porous structure of overlapping layers was more rapid than
that of granular porous adsorbent in adsorbing heave metal
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ions, contributing to reaching adsorption equilibrium within
a short time. It is needed to be emphasized that the time
elapsed for the Zn2+ adsorption to reach its maximum was
about 10min for the PN and there was no nickel ions in the
zinc nitrate solution after adsorption equilibrium detected by
AAS.

4. Conclusions

The PN film with reticular 3D network structure has been
successfully fabricated by HBDT, adding novel additive com-
bination (PEG 10000 and 1,4-butynediol) into the electrolyte.
Meanwhile, the PN film with high specific surface area (𝐴

𝑠
=

166.7 cm2/mg) and high porosity (0.762) had open inter-
connected macroporous walls. The experiment conditions
were optimized such that the concentration of nickel sulfate,
ammonium chloride, concentrated sulfuric acid and boric
acid, PEG 10000, 1,4-butynediol, cathode current density, and
deposition time were 0.2mol/L, 1.5mol/L, 0.9mL/100mL,
1.2mol/L, 0.3 g/100mL, 0.1 g/100mL, 4.0 A/cm2, and 25 s,
respectively, which were determined by SEM microscopic
image analysis and extensive explorations. Meanwhile, the
sewage (Zn2+) purification of 3D-PN was investigated in
this study. Adsorption capacity (𝑄

𝑒
and 𝑄 (%)) of PN for

Zn2+ can reach 9.145mg/g and 0.691 for Zn(NO
3
)
2
⋅6H
2
O

concentrations over 5mg/L, which provided the possibility of
the novel application of 3D-PN or other porous metals.
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Various nitrogen-doped hierarchical (BiO)
2
CO
3
nanosheets architectures were synthesized by a facile one-step template-free

hydrothermal method through controlling the hydrothermal temperature (HT). The as-synthesized samples were characterized
by XRD, SEM, FT-IR, XPS, and UV-vis DRS. The photocatalytic activity of the samples was evaluated towards degradation of NO
at ppb level in air under visible light (VIL). It was found that HT acted as a crucial factor in determining the morphology of the
samples.The rosa chinensis-like, red camellia-like, and lamina-like of nitrogen-doped (BiO)

2
CO
3
(N-BOC)micro-/nanostructures

can be selectively fabricated under hydrothermal temperatures of 150, 180, and 210∘C.The thickness of the nanosheets was in direct
proportion to the increasing HT. Nitrogen-doping can extend the light absorption spectra of (BiO)

3
CO
3
to visible light region

and enhance the VIL photocatalytic activity. Especially, the red camellia-like N-BOC-180 exhibited the highest photocatalytic
performance, superior to the well-known VIL-driven photocatalyst C-doped TiO

2
and N-doped TiO

2
. The high photocatalytic

performance of N-BOC was attributed to the synergetic effects of enhanced visible light absorption, multiple light-reflections
between the nanosheets, and accelerated transfer of reactants and product. This research could provide new insights to the
development of excellent photocatalyst with efficient performance for pollution control.

1. Introduction

Over the past decades, photocatalysis technology has attra-
cted tremendous attention due to its great potential in solving
energy and environmental problems [1]. Generally, photo-
catalysts were semiconductor materials, among which, TiO

2

bears tremendous hope in helping ease the energy crisis and
environment pollution [2, 3]. However, the shortage of dema-
ndingUV light in the solar energy severely impedes the scale-
up application of TiO

2
[4–6]. Therefore, it is imperative to

explore novel photocatalyst with enhanced visible light (VIL)
absorption. Generally, two strategies were applied to deve-
lop visible-light-driven photocatalysts. One is chemical mod-
ification on the UV-driven photocatalysts, such as TiO

2
,

willing to narrow the band gap [7]. The other is to fabricate

new types of semiconductor with narrow band gap working
directly under visible light [8].

Bismuth compounds, such as BiVO
4
, Bi
2
MoO
6
, Bi
2
WO
6
,

and BiOX (X = Cl, Br, I), have received considerable attention
due to their high visible light photocatalytic activity [9–13].
A typical “Sillén” phase was reported by Grice’s group [14].
(BiO)

2
CO
3
belongs to the Aurivillius-related oxide family

and owns an intergrowth of Bi
2
O
2

2+ layers and CO
3

2− lay-
ers, with the plane of the CO

3

2− group orthogonal to the
plane of the Bi

2
O
2

2+ layer. Although bismuth subcarbonate
(BiO)

2
CO
3
was first used for medical and healthcare appli-

cation, it also joined the photocatalyst family because of its
semiconductor properties. For example, Zheng et al. reported
the photocatalytic activity of the (BiO)

2
CO
3
, and discovered

that samples with {001} plane exposed demonstrate the best

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2014, Article ID 192797, 10 pages
http://dx.doi.org/10.1155/2014/192797

http://dx.doi.org/10.1155/2014/192797


2 Journal of Nanomaterials

photocatalytic activities [15]. Liu et al. obtained (BiO)
2
CO
3

nanoflowers at relatively low temperature of 60∘C, exhibiting
high photocatalytic efficiency towards the degradation of
wastewater dyes under UV-vis light irradiation [16]. Chen
et al. synthesized (BiO)

2
CO
3
with different morphology

which exhibited enhanced antibacterial properties [17]. Zhou
et al. prepared nanostructured Bi

2
O
2
CO
3
by an environmen-

tally friendly method and applied the material in humid-
ity sensing [18]. Besides, photocatalysts with microsphere
structure demonstrated fascinating photocatalytic activity.
For example, Zhao et al. fabricated hierarchical rose-like
(BiO)

2
CO
3
microspheres with superior photocatalytic prop-

erty under sunlight [19]. Dong et al. prepared rose-like
monodisperse bismuth subcarbonate hollow microspheres
through one-pot template-free method, accompanied with
high NO degradation under modulated solar light irradi-
ation [20]. Also, Madhusudan et al. fabricated hierarchi-
cal (BiO)

2
CO
3
microstructures with decent photocatalytic

activities in degradation of organic dyes under visible light
[21]. Recently, Dong et al. have prepared uniform (BiO)

2
CO
3

hierarchical hollow microspheres with outstanding photo-
catalytic activities under both UV and visible light [22].
The formation of hollow hierarchical inorganic micro- and
nanostructures can be ascribed to the synergetic effects of the
well-known physical phenomena, such as, Ostwald ripening
[23], Kirkendall-effect, and oriented attachment [24, 25].
Furthermore, the enhanced photocatalytic activity of flower-
like microsphere nanostructures can be ascribed to the stre-
ngthened light absorption due to the multiple reflections
between the nanosheets and hierarchical microstructures
which is beneficial to improve light-harvesting efficiency
[26].

Hierarchical hollow structured materials were usually
synthesized based on templating approaches, which contain
hard templates and soft templates [27–35]. Template synthesis
usually suffers from tedious processes, including template
modification, precursor attachment, and core removal [36,
37], which may lead to a cumbersome process and reluctant
overexpenditure, limiting the potential applications. Hence,
development of facile template-free methods for obtaining
inorganic hierarchical architectures is highly desirable. Facile
template-free methods could obviously simplify the fabri-
cation process, cut down the production expenditure, and
promote large-scale applications of hierarchical materials.

Following a breakthrough that Asahi et al. firstly discov-
ered that nitrogen doping can promote theVIL photocatalytic
activity of TiO

2
by reducing the band gap of TiO

2
, various

types of nonmetal-doped TiO
2
have been explored [38, 39].

Among them, N-doped TiO
2
is the most representative

and has been on the focus of intensive investigation [39].
Although nitrogen doping is still under dispute, the concept
of nitrogen doping has been successfully applied to narrow
the band gap of various types of photocatalyst, such as
Bi
3
NbO
7
, SrTiO

3
, and Sr

2
Ta
2
O
7
[40–42]. Inspired by the

convenient scale-up N-doping processes to gain favourable
VIL activity, it is potentially feasible to apply this strategy to
(BiO)

2
CO
3
with large band gap, aiming to narrow the band

gap of (BiO)
2
CO
3
. Recently, Dong et al. have synthesized

N-doping of (BiO)
2
CO
3
(N-BOC) hierarchical microspheres

self-assembled with nanoplates using bismuth citrate and
ammonia as precursors [43, 44]. It was found that the content
of ammonia and the hydrothermal temperature imparted
significant effects on the microstructure and activity of N-
BOC [43, 44]. Though some advances have been made on
the fabrication of N-BOC nanostructured materials, current
knowledge about physical chemical properties and formation
mechanisms on N-BOC architectures is still limited. It is
necessary to explore and systematically unravel the influence
factors that determine the potential growth pattern, physical
chemical properties and, photocatalytic activity of the sam-
ples.

Herein, we implement a temperature-dependent research
to explore the influence of hydrothermal temperature (HT)
onmorphology and photocatalytic activity of N-BOCmicro-
/nanostructures. We synthesized novel N-BOC materials via
a template-free hydrothermal method based on aqueous
solution of bismuth citrate and concentrated ammonia with
HT changing from 150, 180 to 210∘C, respectively. As a
result, diversemorphology of N-BOCmicrostructures can be
selectively fabricated upon different HT. Besides, HT plays
a crucial role in determining the photocatalytic activity of
N-BOC. Furthermore, it is worthy to note that N-BOC-180
exhibited enhanced photocatalytic activity compared with
samples proceeded in 150∘C and 210∘C, exceeding that of
other typical VIL photocatalysts C-doped TiO

2
and N-doped

TiO
2
.

2. Experimental

2.1. Fabrication of (BiO)
2
CO
3
Nano-/Microstructures. All

chemicals were analytical grade (sigma Aldrich) and were
used without further purification. In a typical fabrication,
appropriate amounts of bismuth citrate (1.6 g) were dissolved
in concentrated ammonia solution (28wt%) of 7.6mL. The
acquired transparent solution was stirred for 5min. Distilled
water was added to the obtained solution to make the total
volume of 75mL.Themixture was transferred to an autoclave
Teflon vessel of 100mL and stirred for 30min. The aqueous
precursor suspension was then hydrothermally treated under
different HT for 24 h. After the hydrothermal reaction, the
solid product was collected by filtration, washedwith distilled
water and ethanol four times, and dried at 60∘C to get the final
N-doping of (BiO)

2
CO
3
without further disposal. Depending

on the HT (150, 180, and 210∘C), N-doped (BiO)
2
CO
3

with different morphologies can be fabricated and labeled
as N-BOC-150, N-BOC-180, and N-BOC-210, respectively.
Comparing to the photocatalytic activity, N-doped TiO

2
and

C-doped TiO
2
were used as reference samples [45, 46].

2.2. Characterization. The crystal phase was analyzed by X-
ray diffraction with CuK𝛼 radiation (XRD: model D/max
RA, Japan). The morphology was characterized by scan-
ning electron microscope (SEM, JEOL model JSM-6490,
Japan). The UV-vis diffuse reflection spectra were obtained
using a Scan UV-vis spectrophotometer (UV-vis DRS: UV-
2450, shimadzu, Japan) equipped with an integrating sphere
assembly, using BaSO

4
as reflectance sample. FT-IR spectra

were recorded on a Nicolet Nexus spectrometer on samples
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Figure 1: XRD patterns of N-BOC-150, N-BOC-180, and N-BOC-210 samples (a) and enlarged view of (103) and (110) diffraction region
(b).

embedded in KBr pellets. X-ray photoelectron spectroscopy
with Al K𝛼X-rays (ℎ] = 1486.6 eV) radiation operated at
150W (XPS:ThermoESCALAB 250, USA)was used to inves-
tigate the surface properties. Nitrogen adsorption-desorption
was conducted on a nitrogen adsorption apparatus (ASAP
2020, USA) to determine the specific surface areas. All the
samples were degassed at 150∘C prior to measurements.

2.3. Evaluation of Photocatalytic Activity. The photocatalytic
activity was investigated by removal of NO at ppb levels in a
continuous flow reactor at ambient temperature. The volume
of the rectangular reactor, which was made of polymethyl
methacrylate plastics and covered with Saint-Glass, was 4.5 L
(30 cm×15 cm×10 cm). A 100W commercial tungsten halo-
gen lamp (General Electric) was vertically placed outside the
reactor above the reactor. Fourminifans were used to cool the
flow system. Adequate distance was also kept from the slamp
to the reactor for the same purpose to keep the temperature
at a constant level. For the visible light photocatalytic activity
test experiment, UV cutoff filter (420 nm) was adopted to
remove UV light in the light beam. For each photocatalytic
activity test, two sample dishes (with a diameter of 12.0 cm)
containing 0.1 g of photocatalyst powder were placed in the
center of reactor. The photocatalyst samples were prepared
by coating aqueous suspension of the samples onto the glass
dishes. The coated dish was pretreated at 70∘C to remove
water in the suspension and then cooled to room temperature
before photocatalytic test. The NO gas was acquired from
a compressed gas cylinder at a concentration of 100 ppm
of NO (N

2
balance, BOC gas) with traceable National

Institute of Standards and Technology (NIST) standard. The
initial concentration of NO was diluted to about 630 ppb
by the air stream supplied by a zero air generator (Thermo
Environmental Inc., model 111).The desired relative humidity
(RH) level of the NO flow was controlled at 70% by passing
the zero air streams through a humidification chamber.

The gas streams were premixed completely by a gas blender,
and the flow rate was controlled at 2.4 Lmin−1 by a mass
flow controller. After the adsorption-desorption equilibrium
was achieved, the lamp was turned on. The concentration of
NOwas continuouslymeasured by a chemiluminescence NO
analyzer (Thermo Environmental Instruments Inc., model
42c), which monitors NO, NO

2
, and NOx (NOx represents

NO+NO
2
) with a sampling rate of 0.7 Lmin−1. The removal

ratio (𝜂) of NO was calculated as

𝜂 (%) = (1 − 𝐶
𝐶
0

) × 100%, (1)

where 𝐶 and 𝐶
0
are concentrations of NO in the outlet steam

and the feeding stream, respectively.

3. Results and Discussion

3.1. Phase Structure. XRD was used to investigate the phase
structure of the obtained powders. Figure 1(a) shows the
XRD patterns of all as-prepared samples. All the diffraction
peaks can be indexed to the tetragonal phase of (BiO)

2
CO
3

compared with standard PDF card (JCPDS-ICDD Card
No. 25-1464). The growth tendency of (110) peak always
rises up gradually as HT increases from 150, 180 to 210∘C,
compared with that of (103) peek initially increases as HT
increases from 150∘C to 180∘C but subsequently decreases as
HT increases from 180∘C to 210∘C. The above results also
suggest that HT has a significant effect on the crystallinity
of all samples and the relative higher temperature benefits
the preferred crystal growth along the (110) planes. Further
observation in the enlarged view of XRD in Figure 1(b)
indicates that the dominant (103) diffraction peak exhibits
higher diffraction angles with HT increasing from 150, 180 to
210∘C.These results implied that the distance between crystal
planes slightly decreased under higher HT, demonstrating
that the crystal structure tends to be more stable.
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(a) (b)

Figure 2: SEM images for N-BOC-150 ((a), (b)).

(a) (b)

Figure 3: SEM images for N-BOC-180 ((a), (b)).

(a) (b)

Figure 4: SEM images for N-BOC-210 ((a), (b)).

3.2. Morphological Evolution. Figures 2, 3, and 4 show
typical SEM images of the as-prepared products, where
large quantity of uniform (BiO)

2
CO
3
hierarchical microf-

lowers composed of 2D nanosheets can be observed. No
other morphologies could be found, which demonstrates
the high yield of the hierarchical microstructures. The
SEM images with higher magnification (Figures 2(b), 3(b),
and 4(b)) give more detailed structural information of the
microstructures, which are closely related to the photocat-
alytic activity.

ForN-BOC-150 sample, a large number of rosa chinensis-
like hierarchical microspheres, with a concavity in the center,
were shown in the typical SEM images in Figure 2(a). The
higher magnification SEM image (Figure 2(b)) reveals that
these monodisperse rosa chinensis-like microspheres have
average diameter of about 1.2 𝜇m with a concavity in the
center of about 0.5 𝜇m. The special nanostructures are self-
assembled by many thin nanosheets in a hierarchical form.
The nanosheets are arranged at progressively increasing
angles to the radial axis and highly directed to form arrays in
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Table 1: Morphology, average microsphere diameter, average concavity diameter, and nanosheets thickness of N-BOC-150, N-BOC-180, and
N-BOC-210 samples.

Samples Morphology Average microsphere diameter Average concavity diameter Nanosheets thickness
(𝜇m) (𝜇m) (nm)

N-BOC-150 Rosa chinensis-like 1.2 0.5 27
N-BOC-180 Red camellia-like 3.0 1.1 36
N-BOC-210 Lamina-like — — 47

a hierarchical fashion, which is advantageous for promoting
the photocatalytic activity by enhancing the photo-energy
harvesting and strengthening reactants transfer to the inte-
rior space.

For N-BOC-180 sample, the morphology of nitrogen-
doped (BiO)

2
CO
3
is transformed into large numbers of

red camellia-like hierarchical microspheres (Figure 3(a)).
The average diameter of the microspheres is increased to
about 3.0 𝜇m and the average diameter of the concavity is
increased to about 1.1 𝜇m (Figure 3(b)). The red camellia-
like microspheres are also organized by hierarchically self-
assembled nanosheets. When the HT increases from 150 to
180∘C, the thickness of the nanosheets is increased from 27
to 36 nm (Table 1). According to above observations, the as-
prepared nitrogen-doping of (BiO)

2
CO
3
microstructures can

be classified as hierarchical microflowers obtained through
the oriented self-assembly of nanosheets. Although the
nanosheets do not pack densely, the (BiO)

2
CO
3
microflowers

cannot collapse into dispersed nanosheets, even after long-
time ultrasonication.

For N-BOC-210 sample, the microstructure of nitrogen-
doped (BiO)

2
CO
3
consists of large numbers of irregular

aggregated lamina-like nanosheets (Figure 4(a)), which is
obviously different from N-BOC-150 and N-BOC-180. The
average thickness of the nanosheets is about 47 nm, which
is further increased compared with that of others under
HT of 150 and 180∘C (Figure 4(b)). The SEM image with
higher magnification (Figure 4(b)) shows that the obtained
compound consists of plentiful different sizes of nanosheets
with irregular shape.

The SEM images in Figure 2-4 imply that the HT plays
a crucial role in forming various morphology of N-doped
(BiO)

2
CO
3
nano/microstructures. As HT increases, thick-

ness of the nanoplates augments correspondingly. At low
temperatures of 150 and 180∘C, the nanosheets could self-
assemble to construct hierarchical microspheres. Neverthe-
less, the nanosheets could not be self-assembled as the HT
increases to 210∘C, due to the accelerating hydrothermal
reaction and the increasing thickness, forming randomly and
irregularly arranged lamina-like nanoplates. The 𝑆BET values
of as-prepared N-BOC obtained at 150, 180, and 210∘C were
22, 21, and 13m2/g, respectively, which is consistent with
microstructures of the samples (Table 2). Dong has revealed
the effect of hydrothermal temperature on themorphological
structure of N-BOC from bismuth citrate (1.6 g) and con-
centrated ammonia solution (1.9mL). However, the present
investigation increased the content of concentrated ammonia

Table 2: BET surface areas, reaction constants, and NO removal
ratio of N-BOC-150, N-BOC-180, and N-BOC-210.

Samples 𝑆BET Reaction constants Removal ratio
(m2/g) (k/min−1) (%)

N-BOC-150 22 0.6570 24.7
N-BOC-180 21 1.2698 44.1
N-BOC-210 13 0.6022 23.6

solution to 7.8mL and found that the hydrothermal temper-
ature has different effects on the morphological structure.
Especially when the temperature was increased to 210∘C,
the microspheres were destroyed (Figure 4(b)), which was
different from the previous report [44].

3.3. Chemical Composition by FT-IR and XPS. The samples
were further analyzed by FT-IR, as shown in Figure 5(a).
The “free” CO

3

2− group (point group symmetry D3h) had
four internal vibrations, including 1067 cm−1 (symmetric
stretching mode ]

1
), 846 and 820 cm−1(out of plane bending

mode ]
2
), 1468 and 1391 cm−1 (anti-symmetric vibration ]

3
),

and 670 cm−1 (in-plane deformation ]
4
). Besides, vibration

peaks of 1756 and 1730 cm−1 (]
1
+ ]
4
) are observed for both

samples [20]. Figure 5(a) also shows that the peak intensity
associated with CO

3

2− group increases with HT increasing
from 150, 180 to 210∘C. The broad peak at 1500–1600 cm−1
can be assigned to the characteristic stretching vibrations of
hydroxyl groups, derived from the absorbed water molecule
[20]. When the ammonia solution was not added during
synthesis, the bismuth citrate would not be decomposed and
CO
3

2− group would not be produced [47]. Hence, a potential
conclusion may be postulated that bismuth citrate was first
hydrolyzed by the ammonia, followed by decomposition of
citrate ions to produce CO

3

2− ions during hydrothermal
treatment.

The XPS measurements were applied to determine the
chemical state of the doped nitrogen, as shown in Figure 5(b).
The N1s peak centers at 400.4 eV, which indicates that nitro-
gen was in situ doped into the (BiO)

2
CO
3
structure during

the hydrothermal reaction. The doped nitrogen atomic ratio
of N-BOC-180 samples wasmeasured to be 0.55%.The doped
nitrogen must be derived from the ammonia solution added
in the precursor solution. The ammonia acts as a dual role
in the synthesis of N-doped (BiO)

2
CO
3
. One is to hydrolyze
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Figure 5: FT-IR spectra of N-BOC-150, N-BOC-180, and N-BOC-210 samples (a) and XPS spectra of N-BOC-180 for N1s (b).
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Figure 6: UV-vis DRS of BOC, N-BOC-150, N-BOC-180, and N-
BOC-210 samples.

bismuth citrate and the other is to engage in nitrogen doping
sources [48]. The N1s peaks approximately at 400.4 eV have
been observed in the widely used N-doped TiO

2
, where

nitrogen substituted for oxygen in TiO
2
and subsequently

narrowed the band gap value due to the hybridization of N
and O orbital in valence band [48, 49]. Under this mecha-
nism, the doped nitrogen may also substitute for oxygen in
(BiO)

2
CO
3
molecular, which could subsequently modify the

band structure and enhance light absorption proficiency of
(BiO)

2
CO
3
(Figure 6). Nevertheless, on account of the pres-

ence of two different kinds of oxygen atoms in (BiO)
2
CO
3

(Bi–O andC–O), current investigations are far from sufficient
to reveal which oxygen atom is substituted significantly by

the doped nitrogen. Further theoretical investigation about
potential mechanisms on this issue is underway.

3.4. UV-Vis DRS Analysis. The UV-vis DRS spectra of
N-BOC-150, N-BOC-180, N-BOC-210, and the undoped
(BiO)

2
CO
3
are shown in Figure 6. Utilizing VIL to stimulate

photocatalytic reactions is a key challenge since lots of
oxide photocatalysts mainly absorb UV light. Compared to
undoped (BiO)

2
CO
3
, the three nitrogen-doped (BiO)

2
CO
3

samples exhibit enhanced visible light absorption. Besides,
the absorption edges shift from 330 nm to 350 nm. Further-
more, the as-prepared N-BOC-180 demonstrates the most
intensity of VIL absorption, which could be the crucial
factor for VIL photocatalytic activities. Combining with the
XPS result, the doped nitrogen has made a vital effect on
enhancing the VIL absorption.The changes of the absorption
spectra were also suggested by the color variation of samples
from white for undoped (BiO)

2
CO
3
to yellow for N-doped

(BiO)
2
CO
3
.

Meanwhile, the light absorption in the UV region indi-
cates that the absorption intensity decreases as the HT
increases from 150, 180 to 210∘C.ComparedwithN-BOC-210,
the enhanced UV absorption of BOC-150 and BOC-180 can
be attributed to the self-assembled hierarchical microstruc-
ture (Figures 2(a)and 3(c)). As conceivable illustration, the
absorbed UV light can be multiply reflected between the
interconnected nanosheets, subsequently enhancing the light
absorption and utilization [25].

3.5. Photocatalytic Activity under Visible Light Irradiation.
The photocatalytic performance of as-prepared N-doped
(BiO)

2
CO
3
was further evaluated by removal of NO in

a continuous gas phase reactor in order to demonstrate
their potential ability for air purification using visible
light (Figure 7). There are four reactions related to the
photocatalytic reactivity, in which NO reacted with the
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Figure 7: Photocatalytic activity of the as-prepared N-BOC-150, N-BOC-180, N-BOC-210 and undoped (BiO)
2
CO
3
samples for removal of

NO under visible light irradiation (𝜆 > 420 nm) (a), and reaction rate constant at room temperature (b).

photo-generated reactive radicals and produced HNO
2
and

HNO
3
displayed in (2)–(5) [50]:

NO + 2 ∙OH → NO
2
+H
2
O (2)

NO
2
+ ∙OH → NO

3

−
+H+ (3)

NO +NO
2
+H
2
O → 2HNO

2 (4)

NO + ∙O
2

−
→ NO

3

− (5)

Figure 7(a) shows the variation of NO concentration
(𝐶/𝐶
0
%) with irradiation time 𝑡 over the samples under

VIL irradiation (𝜆 > 420 nm). Here, 𝐶
0
presents the

initial concentration of NO, and 𝐶 represents the instant
concentration of NO during the photocatalytic reaction. NO
could not be degraded without photocatalyst or without
light irradiation. Under the irradiation of visible light and
presence of photocatalyst, the as-prepared photocatalytic
materials, NO reacts with the photo-generated reactive
radicals to produce final NO

3

− product [51]. The undoped
(BiO)

2
CO
3
showed negligible VIL activity due to its UV

absorption [44]. As shown in Figure 7(a), NO concentration
decreases rapidly for all N-doped (BiO)

2
CO
3
in the first

5min. The initial reaction rate constants of N-BOC-150,
N-BOC-180, andN-BOC-210 were 0.6570, 1.2698, and 0.6022
min−1 (Table 2, Figure 7(b)), which were much higher than
those of undoped (BiO)

2
CO
3
[44]. The improved visible

light photocatalytic activity may be ascribed to the nitrogen
doping (Figures 2, 3, and 4) and hierarchical structures
(Figures 2 and 3) compared with that of pure BOC [43, 44].

However, after about 6min, the removal ratio of NO
decreases slightly, which should be ascribed to the inter-
mediates and final products, occupying the active sites of
photocatalyst. After about 35min irradiation, the removal

rates of N-BOC-180 (44.1%) are higher than those of N-BOC-
150 (24.7%) and N-BOC-210 (23.6%) (Table 2). Besides, the
NO removal ratio reaches about 20.3% over C-doped TiO

2
,

which is well known as a good VIL-driven photocatalyst [22].
Also, theN-doped TiO

2
demonstrated goodVIL activities, by

which the NO removal rates could reach to about 36% from
well published articles [52]. Inspiringly, the as-prepared N-
BOC-180 hierarchical microspheres exhibit superior photo-
catalytic activity with NO removal rates highly reaching up
to 44.1% under VIL irradiation, much higher than that of C-
doped TiO

2
and N-doped TiO

2
.

Nevertheless, the 𝑆BET of N-BOC-180 is much lower
than that of C-doped TiO

2
(122.5m2/g) (Table 2) [20],

from which we can draw a conclusion that 𝑆BET could
not be the dominant factor for the outstanding photocat-
alytic activity of N-BOC-180. Furthermore, recent reports
have demonstrated that the hierarchical and hollow struc-
tures have significant advantages in enhancing the photo-
catalytic activity. A novel0020BiVO

4
/Bi
2
O
2
CO
3
hierarchi-

cal micro/nanoarchitecture prepared by Madhusudan et al.
exhibited wonderful photocatalytic performance due to the
inhibition of electron/hole pair recombination [26]. The
hollow NiO microspheres fabricated by Song and Gao have
showed notably enhanced photocatalytic activity over NiO
rods due to the increasing number of surface active sites and
enhanced surface charge carrier transfer rate [53]. Thus, the
conspicuously outstanding VIL photocatalytic activity of N-
BOC-180 could mainly be ascribed to the special hierarchical
and hollow structure. With nanoplates self-assembled hier-
archical structure, multiple light reflections were extraordi-
narily strengthened between the interconnected nanosheets,
thus enhancing light-harvesting and increasing the quantity
of photogenerated electrons and holes available to partic-
ipate in the photocatalytic redox reaction. Furthermore,
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the extremely decent activity of N-BOC-180 samples is much
higher than that of N-BOC-150. This result can be ascribed
to the following potential factors. The larger surface areas
(Table 1) and more smooth nanosheets (Figures 2(b) and
3(b)) can both successfully accelerate immediate transfer
for intermediates and final products; in spite of that both
of them have the same hierarchical morphology with a
hollow in the center. Therefore, the remarkable photocat-
alytic activity may be dominated mainly by the synergy
effects of the two factors mentioned above. The present
work not only gains deeper understanding of temperature-
dependent morphology-controlling mechanisms for N-BOC
fabrication, but also paves the way for further modification
of (BiO)

2
CO
3
with higher performance for environmental

pollution control.

4. Conclusion

In summary, we have developed a one-pot template-free
method to synthesize N-doped (BiO)

2
CO
3

hierarchical
microspheres based on hydrothermal treatment of bismuth
citrate and concentrated ammonia solution in water. N-
BOC with different morphologies (rosa chinensis-like, red
camellia-like and lamina-like nanostructures) was fabricated
based on different HT ranging from 150, 180 to 210∘C. The
rosa chinensis-like N-BOC-150 and red camellia-like, N-
BOC-180 was hierarchically self-assembled by nanosheets,
while the lamina-like N-BOC-210 was randomly com-
posed of abundant irregular nanosheets. The thickness of
nanoplates was augmentedwith the increasingHT.Moreover,
the as-prepared N-BOC-180 exhibited the highest photocat-
alytic activity, which was ascribed to the special hierarchical
morphology and the enhanced visible light absorption. This
work not only elucidates the mechanism of temperature-
dependent morphology control on (BiO)

2
CO
3
fabrication,

but also opens new avenue for the design of optimized
photocatalysts with enhanced visible-light-driven activity.
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This report investigated the photocatalytic degradation of 2-chlorophenol using TiO
2
nanofibers and Ag-doped TiO

2
nanofibers,

synthesized using the sol-gel and electrospinning techniques, and an ultraviolet light-emitting diode (UV-LED) system as a UV
light source. The crystallite size of the Ag-doped TiO

2
nanofibers was smaller than that of the TiO

2
nanofibers, because silver

retrained phase transformation not only controls the phase transformation but also inhibits the growth of anatase crystallites. The
activation energies for the grain growth of the TiO

2
nanofibers and the Ag-doped TiO

2
nanofibers were estimated to be 20.84 and

27.01 kJ/mol, respectively. The photocatalytic degradation rate followed a pseudo-first-order equation. The rate constants (𝑘) of the
TiO
2
nanofibers and the Ag-doped TiO

2
nanofibers were 0.056 and 0.144min−1, respectively.

1. Introduction

TiO
2

is the most widely used photocatalyst owing to
its photostability, nontoxicity, ow cost, and insolubility in
water under most environmental conditions [1]. Excitation
of TiO

2
generates highly reactive electron-hole pairs that

subsequently produce highly potent radicals (such as ∙OH
and O

2
∙
−) that oxidize organic and inorganic pollutants.

However, the optimal design of the reactor and the various
operational conditions are major concerns in the develop-
ment and potential applications of photocatalytic processes.
Virtually all previous work on photocatalytic degradation
with respect to the removal of pollutants fromwastewater has
been carried out using broad spectral radiation sources, such
as UV lamps, and TiO

2
as the photocatalyst. The traditional

UV source is a mercury vapor high-pressure lamp, which is
also a source of gas discharge [2, 3]. The mercury used in this
UV lamp is specified as a hazardous air pollutant by the U.S.
Environmental Protection Agency and can damage the brain
and kidneys. Ultraviolet light-emitting diodes (UV-LEDs) are
a new, safer, and energy efficient alternative to traditional

gas discharge sources. LEDs are a directional light source,
in which the maximum emitted power is in the direction
perpendicular to the emitting surface. A typical lifetime of
100,000 h is another advantage of UV-LEDs, whereas the
lifetime of gas discharge sources is approximately 1000 h.The
electrospinning technique has been recognized as a versatile
and effective method for the preparation of nanofibers with
small diameters and high surface-to-volume ratios [4–7], and
the fabrication of TiO

2
nanofibers by electrospinningwas first

reported in 2003 [8]. Some researchers have already prepared
pure inorganic fibers comprised of TiO

2
[9–11]. Based on

these previous reports, TiO
2
fibers were fabricated from a

mixture of titanium isopropoxide (TiP) and a polymer using
electrospinning techniques. After thermal treatment, TiO

2

(anatase and/or rutile phase) fibers were obtained. Bender
et al. [12], Alves et al. [13], and Ding et al. [14] studied
the electrospun TiO

2
nanofibers as a photocatalyst to be

applied to the degradation of dye pollutants. However, there
has been very little research on photocatalytic degradation
using metal-doped (Ag, Pd, and Pt) TiO

2
nanofibers. Some

metal materials, such as Ag, Pd, and Pt, supported on
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Figure 1: FE-SEM images of (a) TiO
2
nanofibers and (b) Ag-doped TiO

2
nanofibers. (c) EDX spectrum of Ag-doped TiO

2
nanofibers.

the TiO
2
surface can greatly accelerate the decomposition

rate of organic compound by effectively consuming the
photoproduced electrons in the reduction of oxygen, thereby
reducing the recombination of electrons (e−) and holes (h+)
[15–18].

Recently, some researchers have demonstrated the photo-
catalytic degradation of organic materials using the TiO

2
and

UV-LED system [19–21]. The TiO
2
nanofibers photocatalyst

is illuminated by the near-UV-LED light source in order to
activate its band gap energy and to produce subsequently
electron-hole pairs that act as oxidizing and reducing agents.

In this work, Ag-doped TiO
2
nanofibers were prepared

using the electrospinning method in order to prevent recom-
bination, which causes the relatively low photocatalytic
efficiency. TiO

2
presents the relatively high electron-hole

recombination rate which is detrimental to its photoactivity.
In this sense, Ag-doped TiO

2
could make a double effect:

(1) Firstly, it could reduce the band gap energy, thus shifting
the adsorption; (2) secondly, Ag could provoke a decrease
in electron-hole recombination rate, acting as electron traps
[18]. The photocatalyst samples (TiO

2
nanofibers and Ag-

doped TiO
2
nanofibers) were characterized using field-

emission scanning electron microscopy (FE-SEM), X-ray

diffraction (XRD), and Brunauer-Emmett-Teller (BET) sur-
face area. The activation energy for the grain growth of the
TiO
2
nanofibers was calculated by the Arrhenius equation,

based on the XRD results. The photocatalysts were evaluated
for the photodecomposition of 2-chlorophenol under the
UV-LED system.

2. Experimental

TiO
2

nanofibers and Ag-doped TiO
2

nanofibers were
fabricated using the method described by Park et al.
[7]. Electrospun nanofibers were prepared using TiP and
polyvinylpyrrolidone (PVP) as precursors. 6mL of TiP was
first mixed with 12mL of acetic acid and 12mL of ethanol.
After 60min, this solution was added to 30 g of ethanol,
which contained 10wt% PVP and 1.986mL of 0.5N AgNO

3

(5% of the molar amount of TiP), followed by magnetic
stirring for 24 h. The mixture was immediately loaded into a
glass syringe equipped with a 21 G stainless steel needle, and
the needle was then connected to a high voltage supply (DC
power supply PS/ER 50R06 DM22, Glassman High Voltage
Inc., USA). A voltage of 20 kVwas applied between the needle
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Figure 2: XRD patterns of (a) TiO
2
nanofibers and (b) Ag-doped

TiO
2
nanofibers.

and the collector, and the distance between the needle and the
target was 15 cm. The flow rate was maintained at 50 𝜇L/min
using a syringe.

The prepared electrospun TiP/PVP nanofibers were cal-
cined at 500∘C. The morphology of the electrospun TiO

2

nanofibers was observed using FE-SEM (Hitachi, S-4800)
with the energy dispersive X-ray (EDX). XRD patterns were
recorded using a Philips (X’Pert PR O MPO) diffractometer
(Cu K𝛼 radiation) at a scanning rate of 0.01∘/sec in the 2𝜃
range of 10∘ to 90∘.

The photo-reactor consists of a planar cell comprised
entirely of SS 316 L glass. The planar reactor contained two
hollow fillisters that were 205mm long and 45mm wide
at the top and bottom fixtures, respectively. The UV-LED
system, which was used as the UV light source, consisted of
a 3 × 11 array of UV-LEDs (3.3 V, 8mW, and 365 nm). The 2-
chlorophenol (99.9% trace metal basis, Aldrich) was analyti-
cal grade, and deionized water was used in all decomposition
experiments.The concentrations of the 2-chlorophenol aque-
ous solutions were analyzed by HPLC (Sykam S210) with an
ODS C18 column (150mm × 4.6mm). The eluent was 65%
acetonitrile, the flow rate was 1mL/min, and the absorbance
was monitored at 280 nm.

3. Results and Discussion

Figures 1 and 2 show FE-SEM images and XRD patterns,
respectively, of the TiO

2
nanofibers and the Ag-doped TiO

2

nanofibers, at a calcination temperature of 500∘C. After
calcination of the TiP/PVP composite nanofibers, the TiO

2

nanofibers were fabricated by removing the PVP during cal-
cination. TiO

2
nanofibers (Figure 1(a)) and Ag-doped TiO

2

nanofibers (Figure 1(b)) with a diameter of 100 to 150 nm
were obtained after calcination at 500∘C. Figure 1(c) showed
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Figure 3: Plot of ln(𝐷) versus 1/𝑇. The slope provides information
about the activation energy for the grain growth of (a) TiO

2

nanofibers and (b) Ag-doped TiO
2
nanofibers.

EDX spectrum at a calcination temperature of 500∘C. An Ag
doping amount of 0.35 wt.% was estimated from the EDX
analysis. According to Park et al. [7], the Ag controlled the
phase transformation temperature of the TiO

2
nanofibers.

At the Bragg angle (2𝜃) of 25.2∘, the anatase ratio of the
corresponding plane (101) (extracted from XRD pattern) was
calculated from the Spurr equation against corresponding
plane (101) [22]. TiO

2
nanofibers were observed in both the

46% anatase phase and the 54% rutile phase, and the Ag-
doped TiO

2
nanofibers were only observed in the anatase

phase.
The grain growth is a thermal activation process, satisfy-

ing the well-known Arrhenius equation:

𝐷 = 𝐴 exp(
−𝐸
𝑎

𝑅𝑇
) , (1)

where 𝐷 is the average grain size, 𝐴 is preexponential factor,
𝐸
𝑎
is the activation energy for the atomic diffusion near the

grain boundary,𝑅 is the gas constant, and𝑇 is temperature in
Kelvin. Figure 3 shows the plot of ln(𝐷) as a function of 1/𝑇
in Kelvin. The activation energy for the grain growth of TiO

2

nanofibers was estimated to be 20.84 kJ/mol from the slope
of ln(𝐷) versus 1/𝑇, which is lower than the 27.02 kJ/mol
value of the Ag-doped TiO

2
nanofibers. The lower activation

energy for the growth of nanograins is a result of the chemical
potential of the atoms in the nanosize grains being much
higher, which leads to more active growth.

Figure 4 shows nitrogen-adsorptionmeasurements of the
sample. The Brunauer-Emmett-Teller (BET) surface area of
TiO
2
nanofibers and Ag-doped TiO

2
nanofibers was 215.2

and 219.9m2/g, respectively. The pore volume and pore size
of the sample were determined using the DFT method. For
the TiO

2
nanofibers and the Ag-doped TiO

2
nanofibers,
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Figure 4: Nitrogen adsorption-desorption isotherms and the calculated pore-size distribution.

the pore volumes were 0.136 and 0.410 cm3/g and the pore
sizes were 45.40 and 13.85 Å, respectively.

Figure 5 shows the changes in 2-chlorophenol concen-
tration with respect to irradiation time during the UV-
LED process. In the case of Ag-doped TiO

2
nanofibers,

photodegradation of 2-chlorophenol was increased, which
may have been attributed to the following four reasons. (1)
Appropriate amount of the doped and deposited Ag species
on the surface layer of TiO

2
nanofibers effectively captured

the photoinduced electrons and holes. (2) Photoinduced
electrons were quickly transferred to the oxygen adsorbed on
the surface of TiO

2
nanofibers. (3)The amount of the surface

hydroxyl was increased. (4) The response range to light
was expanded to the visible region [15]. These advantages
of the Ag-doped TiO

2
nanofibers remarkably improved its

photocatalytic performance.
We calculated the kinetic constant using a pseudo-first-

order equation (2) and a simplified version of the Lagergren
equation (3). Based on the adsorption capacity, Lagergren
[20] proposed a rate equation for the sorption of a solute from
a liquid solution. The Lagergren equation is the most widely
used rate equation in liquid-phase sorption processes, and
this kinetic model is expressed as

𝑑𝑞
𝑡

𝑑𝑡
= 𝑘
1
(𝑞
𝑒
− 𝑞
𝑡
) . (2)

Integrating the above equation for the boundary condi-
tions 𝑡 = 0 to 𝑡 = 𝑡 and 𝑞

𝑒
= 𝑞
𝑡
yields

ln (𝑞
𝑒
− 𝑞
𝑡
) = ln (𝑞

𝑒
− 𝑘
1
𝑡) . (3)
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Figure 5: Photocatalytic degradation of 2-chlorophenol with the
UV-LED system.

The kinetic constant 𝑘
1
(min−1) can be determined

by plotting ln(𝑞
𝑒
− 𝑞
𝑡
) against 𝑡 or ln(𝑞

𝑒
− 𝑞
𝑡
)/𝑞
𝑒
versus

𝑡. It is important to note that the correlation coefficients
(𝑅2) of the pseudo-first-order model for the linear plots
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Table 1: First-order rate constants of the photocatalytic degradation
of 2-chlorophenol.

Sample name Rate constant 𝑘 (min−1)
TiO2 nanofibers 0.056
Ag-doped TiO2 nanofibers 0.144

of TiO
2
nanofibers are very close to 1. This result implies that

the photocatalytic degradation kinetics can be successfully
described by this model. The values of the rate constant
(𝑘) are listed in Table 1. The rate constants (𝑘) of the TiO

2

nanofibers and theAg-dopedTiO
2
nanofibers were 0.056 and

1.144min−1, respectively.

4. Conclusions

TiO
2
nanofibers and Ag-doped TiO

2
nanofibers were fab-

ricated by applying the sol-gel and electrospinning tech-
niques. TiO

2
nanofibers and Ag-doped TiO

2
nanofibers were

applied as a photocatalyst system with UV-LEDs in order to
measure the photocatalytic degradation of 2-chlorophenol.
The crystallite size of the Ag-doped TiO

2
nanofibers was

smaller than that of the TiO
2
nanofibers, because silver

is restrained in this phase transformation. The activation
energies for the grain growth of the TiO

2
nanofibers and

the Ag-doped TiO
2
nanofibers were 20.48 and 27.02 kJ/mol,

respectively. These photocatalysts were evaluated based on
the photodecomposition of methylene blue under UV-LEDs.
The photocatalytic degradation rate followed a pseudo-first-
order equation.The rate constants (𝑘) of the TiO

2
nanofibers

and Ag-doped TiO
2
nanofibers were 0.056 and 0.144min−1,

respectively.
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Titanate nanotubes (TNTs) synthesized by hydrothermal method were increasingly used as the catalyst support for the selective
catalytic reduction (SCR) of NO with ammonia. This paper reports the critical process of postwashing to prepare satisfactory
TNTs for the uses of SCR catalysts. Herein, alkaline TNTs (TNTs-AL), acidic TNTs (TNTs-AC), and neutral TNTs (TNTs-NE)
were synthesized by controlling washing pH value. When these TNTs were utilized as the catalyst supports for manganese oxides
(Mn/TNTs-AL, Mn/TNTs-AC, andMn/TNTs-NE), the key role of pH value was found. Titanate nanosheets, titanate nanorods and
titanate nanotubes were dominated in Mn/TNTs-AL, Mn/TNTs-AC, and Mn/TNTs-NE, respectively. MnO

2
crystal was observed

when using TNTs-AC or TNTs-NE as the support. By contrast, Mn
3
O
4
and NaNO

3
were observed when using TNTs-AL as the

support. Mn/TNTs-NE showed the best SCR activity, in line with the largest surface area, the best dispersion, and the most active
redox property of manganese oxides. Mn/TNTs-AL showed negligible SCR activity, resulting from the minimum surface area, the
Mn
3
O
4
-dominating crystal structure, and the bad dispersion of manganese oxides.

1. Introduction

In recent years, particular interest has been given to the cat-
alytic application of nanotubular materials including carbon
nanotubes (CNTs) and titanate nanotubes (TNTs) [1, 2]. The
tubular channels of these materials act as confined places
for both the growth of active particles and catalytic reaction
[3, 4]. In confined circumstances, the redox property of
active particles can be tuned and a unique metal-support
interaction may occur [5–7]. Furthermore, the interaction
between reactants and products within the confined places
is enhanced [1, 3, 4]. All these unique properties make nano-
tubular materials be promising supports for catalysts.

TiO
2
, mostly nanoparticles, has been one of the most

popular supports for both photocatalysts and thermocatalysts
[8]. With respect to DeNOx catalysts, which are catalysts for
the selective catalytic reduction (SCR) ofNO

𝑥
with ammonia,

TiO
2
is preferable to other commonly used supports, for

example, Al
2
O
3
and SiO

2
due to the reversible combination

with SO
2
, which is beneficial to preventing SO

2
deactiva-

tion [9]. The catalyst system V
2
O
5
–WO
3
/TiO
2
or V
2
O
5
–

MoO
3
/TiO
2
is world widely used for removing NO

𝑥
from

stationary sources. In the meantime, the existing problems
including toxicity of vanadium pentoxide, relatively high
operation temperature, and N

2
O formation become huge

concerns [10–12].Therefore nonvanadium SCR catalysts have
been a hot area of research. Since the successful synthesis
by hydrothermal method, titanate nanotubes were promptly
used as supports for DeNOx catalysts [2, 13]. Wang et al.
found that ceria confined in TNTs showed a superiority in
SCR of NO due to the improved redox potential and special
adsorption of NH

3
[14, 15]. Nian et al. synthesized Cu loaded

TNTs with high activity for the SCR of NO and believed
that the specific feature and layered structure of TNTs facili-
tated the Cu dispersion and the formation of solid solution
Cu
𝑥
Ti
1−𝑥

O
2
[16]. Yao et al. investigated the performance
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of manganese supported on titanate nanotubes for the low-
temperature SCR of NO and confirmed the superiority of
TNTs to TiO

2
nanopowder [17]. These TNTs-supported

DeNOx catalysts are good attempts to explore non-vanadium
SCR catalysts [18].

The hydrothermal synthesis of titanate nanotubes is
typically divided into four steps: pretreatment of reagent,
hydrothermal reaction, posttreatment washing, and drying
[13, 19]. It is worth noting that the posttreatment washing
process is one of the key steps affecting the structure and
the composition of the final products [20]. It was proved by
Tsai and Teng and Yang et al. that Na+ → H+ substitution
occurred during the washing process and the structural
transformation of titanate nanosheets → titanate nanotubes
→ anatase TiO

2
could be observed, together with the change

of elementary composition [20–22]. So it is reasonable that
the posttreatment washing process will greatly affect the final
property of the TNTs-supported DeNOx catalysts, including
the structure, the chemical state of active species, and the SCR
activity.

Herein, three different types of TNTs named alkaline
TNTs (TNTs-AL), acidic TNTs (TNTs-AC), and neutral TNTs
(TNTs-NE) are synthesized and used as catalyst supports
for manganese. These catalysts are characterized systemat-
ically by SCR activity test, X-ray diffraction (XRD), trans-
mission electron microscopy (TEM), X-ray photoelectron
spectroscopy (XPS), and so on. Afterwards, the variation
of physicochemical property and catalytic performance are
discussed systemically.

2. Experimental

2.1. Support Preparation. Commercial available P25 TiO
2

(Degussa, Germany) was chosen as precursor for the syn-
thesis of TNTs by hydrothermal method. P25 was mixed
with 10mol/L NaOH solution and then transferred to a
Teflon lined autoclave. Then, hydrothermal treatment was
conducted at 140∘C for 24 h. Following the hydrothermal
reaction, the filtered precipitate was washed according to the
special requirements. TNTs-AL were washed with 0.1mol/L
HCl solution to pHvalue near 12. TNTs-ACwerewashedwith
0.1mol/L HCl solution to pH value near 2. TNTs-NE were
washed firstly with 0.1mol/L HCl solution to pH value near
2 and secondly with distilled water to pH value near 7. After
the postwashing process, the mixture was filtrated and then
dried in oven at 80∘C for 12 h.

2.2. Catalyst Preparation. Mn/TNTs catalysts with different
TNTs supports were prepared by a wetness impregnation
technique. Mn(NO

3
)
2
⋅4H
2
O was selected as the precursor

for manganese oxides. 5mL aqueous solution of 50wt.%
Mn(NO

3
)
2
⋅4H
2
O was diluted with 100mL deionized water,

in which 4 g of the prepared TNTs was impregnated. The
mixture was dried at 80∘C for 12 h and then calcined at 400∘C
in air for 3 h.

2.3. Catalyst Characterization. The specific surface areas of
the Mn/TNTs catalysts were measured by using a nitrogen

adsorption apparatus (ASAP 2020, USA). The samples were
degassed at 200∘C for 6 h under vacuum. Total pore size dis-
tributions were measured from the N

2
desorption isotherm

using the cylindrical pore model. X-ray photoelectron spec-
troscopy with Al K𝛼 X-ray (hm = 1486.6 eV) radiation
operated at 150W (XPS: Thermo ESCALAB250, USA) was
used to investigate the surface properties of the samples. The
shift in the binding energy due to relative surface charging
was corrected using the C 1s level at 284.8 eV as an internal
standard.

The crystalline phase of the samples was characterized by
using anX-ray diffractometer (RigakuCo., Japan)withCuK𝛼
radiation (𝜆 = 0.15418 nm). The scattering angle was 2𝜃 =
10
∘–80∘ with step size of 0.02∘/s. The morphology, structure,

and grain size of the samples were examined by TEM (JEM-
2010, Japan).

Temperature programmed reduction (TPR) and tem-
perature programmed desorption (TPD) experiments were
carried out using a TP-5085 supplied by Tianjin Xianquan
Industry and Trade Development Co. Ltd, China. 0.05 g of
sample was placed in the middle of quartz tube and held
in position with silica wool. Prior to TPR experiments, the
sample was heated to 400∘C with a dwelling time of 1 h and
then cooled to 100∘C. The process was operated with purge
of flowing N

2
gas at the rate of 28.5mL/min−1. The TPR runs

were then carried out with the linear heating rate 10∘C/min in
pure N

2
containing 4% H

2
at flow rate of 28.5mL/min. With

respect to TPD experiments, 0.1 g of sample was pre-treated
at 400∘C for 1 h, cooled to room temperature like TPR, and
then saturated with anhydrous NH

3
(4% in N

2
) at flow rate

of 10mL/min for about 30min. Desorption was carried out
by heating the sample in N

2
from 70 to 800∘C with heating

rate at 10∘C/min.

2.4. Catalytic Activity Tests. Catalytic experiments were car-
ried out between 150 and 470∘C using a fixed-bed quartz
reactor with an 8mm inner diameter under atmospheric
pressure. The feed streams were as follows: 700 ppm NO,
700 ppm NH

3
, 4% O

2
, and balanced with N

2
as the carrier

gas with a total flow rate of 1.8 L/min. After crushing and
sieving, 500mg of catalyst in the range of 40–60 mesh
was used in each experiment. NO, NO

2
, N
2
O, and O

2

concentrations were monitored by an infrared gas analyzer
(Photon II, Madur Electronics, Austria). All measurements
were repeated three times.

3. Results and Discussion

3.1. Crystal Structure. Figure 1 shows the XRD patterns of the
three catalysts.The authors reported that the TiO

2
crystallites

were exfoliated into layered crystalline sheets when the raw
P25 was treated in NaOH aqueous [23]. In the meantime,
Na–O–Ti bonds were created on the two sides. During the
washing process, Na+ → H+ substitution and imbalance
of H+ or Na+ ion concentration on two different sides of
nanosheets occurred, giving rise to excess surface energy
and resulting in bending [2]. From the XRD pattern of the
Mn/TNTs-AL sample, strong diffraction peaks for NaNO

3
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Figure 1: XRD patterns of the Mn/TNTs-AL, Mn/TNTs-AC, and
Mn/TNTs-NE catalysts.

(PDF#01-070-1518) were observed.This finding indicates that
a large number of Na+ still remained in the Mn/TNTs-AL
sample. It is because only a part of Na+ was substituted by
H+ if the precipitate was washed with 0.1mol/L HCl solution
to pH value just near 12. The residual Na+ in titanate struc-
ture combined with NO

3

− groups from manganese nitrate
solution. With respect to the manganese oxides, diffraction
peaks for Mn

3
O
4
were observed, whereas those for MnO

2

were absent.
Compared with the Mn/TNTs-AL sample, the crystal

phase of Mn/TNTs-AC had two obvious changes. Firstly,
strong diffraction peaks for anatase (PDF#01-083-2243)
appeared, but most of the diffraction peaks for NaNO

3

disappeared (only the peak situated at 31.90∘ still remains).
These findings indicate that the number of residual Na+
in titanate structure was greatly reduced by washing the
precipitates with HCl solution from pH value near 12 to pH
value near 2. In this substitution process, the sodium titanate
transformed to anatase [20]. Secondly, diffraction peaks
for Mn

3
O
4
were hardly observed, but diffraction peaks for

MnO
2
were clearly observed. This phenomenon suggests the

different metal-support interaction occurring in Mn/TNTs-
AL and Mn/TNTs-AC.

The crystal phase of Mn/TNTs-NE was very similar to
that ofMn/TNTs-AC; only small differences on peak intensity
could be observed. The diffraction peak situated at 31.90∘
for NaNO

3
became weaker, but the diffraction peaks for

MnO
2
got enhanced, which means the residual Na+ in the

structure of TNTs-AC was further removed by washing with
distilled water to pH value near 7, and strongermetal-support
interaction occurred in the Mn/TNTs-NE sample.

3.2. Morphology and Microstructure. TEM micrographs
shown in Figure 2 expressed visual impressions of the mor-
phologies of the catalysts. FromFigure 2(a), it can be seen that
sodium titanate of the Mn/TNTs-AL sample mainly existed

Table 1: Surface area, total pore volume, andmean pore diameter of
the Mn/TNTs-AL, Mn/TNTs-AC, and Mn/TNTs-NE samples.

Sample BET surface area
(m2/g)

Pore volume
(cm3/g)

Pore size
(nm)

Mn/TNTs-AC 97.1 0.35 11.74
Mn/TNTs-NE 122.4 0.53 16.45
Mn/TNTs-AL 8.3 0.06 19.46

in the form of nanosheets. Nanotubes were hardly observed.
This finding indicates that Na+ → H+ substitution was
inadequate, and perhaps the driving force for bending was
insufficient. It is reported that almost all the sodium titanate
nanosheets will bend to form nanotubes after washing with
dilute acid to pH value reaching 7 [19]. However, most of
titanate structure will transform to anatase TiO

2
by further

washing with dilute acid to pH value reaching 0–2, and
part of the nanotubular morphology was lost [24, 25]. In
addition, calcination treatment will accelerate the speed of
transforming into anatase TiO

2
[26]. This is the reason why

the assumed nanotubular morphology of the Mn/TNTs-AC
sample was absent (Figure 2(b)). Notably, the transformation
between titanate nanotube and anatase TiO

2
was reversible

[24, 25]. So it is reasonable that the Mn/TNTs-NE sample,
which was obtained after washing TNTs-AC with distilled
water to pH value near 7, impregnating with manganese
nitrate and annealing at 400∘C for 3 h, still maintained
nanotube-dominating morphology (Figure 2(c)).

3.3. Physical Characteristics and Chemical Composition. The
surface area, total pore volume, and mean pore diameter of
the three catalysts are given in Table 1. The surface areas
of Mn/TNTs-AC and Mn/TNTs-NE are large, but that of
Mn/TNTs-AL is especially low due to the smooth surface of
nanosheets. Large-surface-area feature for titanate materials
is advantageous for dispersion of active species [16]. So
the dispersion of manganese oxides might be the best in
Mn/TNTs-NE and the worst in Mn/TNTs-AL. The pore
volume of nanosheets or nanorods is mainly contributed by
the interstices between the nanocomposites.The pore volume
of nanotubes, on the other hand, is contributed by the internal
volume inside the tubes as well as the interstices between
the tubes. The Mn/TNTs-NE sample showed the largest pore
volume, accordingwell with its best nanotubularmorphology
among the three catalysts. The pore volume of Mn/TNTs-
AL was negligibly low, indicating the serious agglomeration
of the nanosheets. The pore size, which corresponds to
the interstice width, would increase with the size of the
constituting nanocomposites. The pore sizes of the three
catalysts follow the order Mn/TNTs-AC < Mn/TNTs-NE <
Mn/TNTs-AL, in line with the size of their constituting nano-
composites (see Figure 2).

As shown in Figure 3(a), typical pore distribution of
mesoporous materials could be confirmed in the three cata-
lysts, with most pores concentrating in 2–50 nm. N

2
adsorp-

tion/desorption isotherms demonstrated in Figure 3(b) gave
further information for the pore composition. The hysteretic



4 Journal of Nanomaterials

(a) (b)

(c)

Figure 2: TEMmicrographs of (a) Mn/TNTs-AL, (b) Mn/TNTs-AC, and (c) Mn/TNTs-NE.
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Figure 3: Pore size distribution (a) and N
2
adsorption/desorption isotherms (b) of the three catalysts.

loops of Mn/TNTs-AC could be recognized as type H1,
whereas those of Mn/TNTs-NE and Mn/TNTs-AL could be
recognized as type H3. Type H1 was always associated with
porous materials with uniform shapes and pore size distri-
butions [27, 28]. By contrast, type H3 was always associated

with porous materials with nonuniform shapes and pore size
distributions [28]. In fact, these findings accord well with
the TEM results. According to the TEM images, Mn/TNTs-
AC showed nanorod-dominating morphology. The accumu-
lation of nanorods resulted in uniform mesoporous pores.
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Figure 4: NH
3
-TPD of the Mn/TNTs-AL, Mn/TNTs-AC, and

Mn/TNTs-NE samples.

Mn/TNTs-NE showed nanotube-dominating morphology.
The nanotubes were arranged randomly, giving rising to the
hollow channels in the tubes and the interstices between
the tubes. The inner diameter of TNTs was ca. 2 nm, but
the size of the interstices was tens of nanometers [14, 15].
Mn/TNTs-AL showed nanosheet-dominating morphology.
These comparatively large nanosheets accumulated to form
slits with different sizes.

XPSwas utilized to identify the surface nature and atomic
concentration of the three catalysts.The atomic concentration
of each element was obtained by peak area integral of its
narrow spectrum. Previous reports have revealed that the
surface atomic concentration of the doped metal obtained
with XPS was lower once the metallic species entered the
nanotubes [15, 29]. Since the thickness of the wall of titanate
nanotubes was 2-3 nm, which was close to the penetration
depth of XPS analysis, manganese located in the tubular
channels could only be partially detected. In this paper, the
loading amount of manganese for all the three catalysts was
designed as the same weight percentage to support, which is
equal to Mn/Ti molar ratio between 0.28 and 0.39. However,
their atomic concentration shown in Table 2 differed greatly.
Mn/Ti molar ratio for Mn/TNTs-NE was observed at 0.20,
indicating that lots of manganese in Mn/TNTs-NE entered
the tubular channel of titanate nanotubes. By contrast,
Mn/Timolar ratios forMn/TNTs-AC andMn/TNTs-ALwere
observed at 0.97 and 1.96, respectively, far exceeding the
design value. This is an evidence for the bad dispersion and
agglomeration of manganese oxides in Mn/TNTs-AC and
Mn/TNTs-AL (especially bad in the latter sample). It is also
worth noting that the Na/Ti molar ratio of Mn/TNTs-AL
reached up to 3.57, exceeding the other two catalysts by 5–8
times.This finding that indicates the quantity of residual Na+
in the Mn/TNTs-AL catalyst was much larger than the other
two samples. This result accords well with the XRD results
revealing the formation of NaNO

3
crystal in Mn/TNTs-AL.

Table 2: Atomic concentration obtained with XPS.

Sample Ti (%) O (%) Mn (%) Na (%) Mn/Ti Na/Ti
Mn/TNTs-AC 9.92 73.57 9.59 6.92 0.97 0.70
Mn/TNTs-NE 21.36 64.14 4.24 10.26 0.20 0.48
Mn/TNTs-AL 5.58 63.56 10.94 19.92 1.96 3.57

3.4. NH
3
Adsorption. As shown in Figure 4, the NH

3
-TPD

profiles of the three catalysts have a common peak situated
from 100∘C to 300∘C. This peak always appeared in the
profiles of titanate compounds, belonging to the desorption
of ammonia adsorbed at weak acid sites [14]. The intensity of
this peak forMn/TNTs-ALwasmuchweaker thanMn/TNTs-
AC and Mn/TNTs-NE. The Mn/TNTs-AC and Mn/TNTs-
NE samples also have another two common peaks centered
at ca. 550∘C and 750∘C, respectively. The former peak could
be ascribed to the desorption of chemisorbed ammonia at
strong acid sites, and the later peak was generated by the
decomposition of residual NaNO

3
and Mn-nitrate [30]. As

to the NH
3
-TPD profile of theMn/TNTs-AL sample, a strong

peak ranging within 350–710∘C was observed. The decom-
position of Mn-nitrate and the desorption of chemisorbed
ammonia at strong acid sites might contribute to this peak.
Considering the large quantity of residuary NaNO

3
, the

continued decomposition of NaNO
3
also contributed to this

peak greatly.

3.5. Redox Property. The H
2
-TPR profiles of the three cata-

lysts are shown in Figure 5. According to the previous reports,
MnO
2
and Mn

2
O
3
always reduced firstly to Mn

3
O
4
in the

lower temperature range, and secondly to MnO at higher
temperature range [30, 31]. With respect to the H

2
-TPR

profiles of the Mn/TNTs-AC andMn/TNTs-NE catalysts, the
two-step reduction was obviously observed. The two reduc-
tion peaks for Mn/TNTs-NE centered at 462∘C and 528∘C
appeared earlier than those for Mn/TNTs-AC centered at
507∘C and 566∘C.This result suggests that manganese oxides
of Mn/TNTs-NE were more active than those of Mn/TNTs-
AC. Indeed, according to the physical characteristics, a better
dispersion of manganese oxides was expected in the surface
of Mn/TNTs-NE, leading to the easier reduction at lower
temperatures.

Unlike the other two samples, the H
2
-TPR profile of

Mn/TNTs-AL only showed a strong and broad reduction
peak. Due to the small surface area of Mn/TNTs-AL, a bad
dispersion of manganese oxides trended to occur, giving rise
to formation of bulk MnO

𝑥
. So the reduction peak which

appeared in the H
2
-TPR profile of the Mn/TNTs-AL was in

all probability ascribed to the reduction of bulk MnO
𝑥
.

3.6. SCR Activity. The NO conversion as a function of
reaction temperature over the Mn/TNTs-AC, Mn/TNTs-NE,
and Mn/TNTs-AL catalysts is shown in Figure 6. It can
be seen that these three catalysts showed entirely different
activity for the SCR of NO. Mn/TNTs-NE showed a good
SCR activity even though the activity tests were conducted
with a high GHSV at about 100,000 h−1. The NO conversion
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Mn/TNTs-NE samples.
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Figure 6: Effect of reaction temperature on NO conversion of the
Mn/TNTs-AC,Mn/TNTs-NE, andMn/TNTs-AL catalysts. Reaction
conditions: [NO] = [NH

3
] = 600 ppm, [O

2
] = 3.5%, balanced N

2
,

catalyst 0.5 g, and GHSV about 100,000 h−1.

for Mn/TNTs-NE at 300∘C to 350∘C reached 90%. The SCR
activity ofMn/TNTs-AC is worse in comparison. Even worse,
the NO conversion ofMn/TNTs-AL was negligibly low in the
main reaction temperature range of 200∘C to 400∘C.

Based on the above discussions, the composition, dis-
persion, and redox property of manganese oxides might
have affected the SCR activity. Two types of crystal phase
for manganese oxides were formed due to different metal-
support interaction. MnO

2
was observed in Mn/TNTs-

AC and Mn/TNTs-NE, whereas Mn
3
O
4
was observed in

Mn/TNTs-AL. It was reported that the SCR activity of MnO
2

was better than Mn
3
O
4
[32]. Mn/TNTs-NE possessed the

maximum surface area, resulting in the best dispersion of
manganese oxides. In addition, partial manganese oxides of
Mn/TNTs-NE entered into the tubular channels; thus the
redox property of manganese oxides might be tuned and a
unique metal-support interaction might occur [5–7], leading
to the enhancement of activity. By contrast, Mn/TNTs-AL
showed especially low surface area, thus giving rise to the
worse dispersion of manganese oxides.

4. Conclusion

Alkaline TNTs, acidic TNTs, and neutral TNTs were synthe-
sized by hydrothermal method with controlled postwashing
treatment.Manganese oxides were loaded on these TNTs and
used for the SCR of NOwith ammonia. TEM images revealed
that titanate nanosheets, titanate nanorods, and titanate
nanotubes were dominated in Mn/TNTs-AL, Mn/TNTs-AC
and Mn/TNTs-NE, respectively. MnO

2
crystal was observed

inMn/TNTs-AC, andMn/TNTs-NE.Mn
3
O
4
andNaNO

3
, on

the other hand, were observed in Mn/TNTs-AL. Among the
three catalysts,Mn/TNTs-NE showed the largest surface area,
the best dispersion of active species, and themost active redox
property of manganese oxides, and thus had the best SCR
activity. By contrast, Mn/TNTs-AL showed especially low
surface area, Mn

3
O
4
-dominating crystal structure, and bad

dispersion of manganese oxides and unsurprisingly showed
negligible SCR activity.

Acknowledgments

This research was financially supported by the National Nat-
ural Science Foundation of China (NSFC-51306068), the Key
Laboratory for Water and Air Pollution Control, Guangdong
Province (no. 2011A060901002), the Central-Level Nonprofit
Scientific Institutes for Basic R&D Operations (PM-zx021-
201211-106), and the National High Technology Research and
Development Program (863) of China (2012AA062505).

References

[1] X. Pan and X. Bao, “Reactions over catalysts confined in carbon
nanotubes,” Chemical Communications, no. 47, pp. 6271–6281,
2008.

[2] D. V. Bavykin, J. M. Friedrich, and F. C. Walsh, “Protonated
titanates and TiO2 nanostructured materials: synthesis, prop-
erties, and applications,” Advanced Materials, vol. 18, no. 21, pp.
2807–2824, 2006.

[3] X. Pan, Z. Fan,W.Chen, Y.Ding,H. Luo, andX. Bao, “Enhanced
ethanol production inside carbon-nanotube reactors contain-
ing catalytic particles,” Nature Materials, vol. 6, no. 7, pp. 507–
511, 2007.

[4] Q. Fu,W.-X. Li, Y. Yao et al., “Interface-confined ferrous centers
for catalytic oxidation,” Science, vol. 328, no. 5982, pp. 1141–1144,
2010.

[5] W. Chen, X. Pan, M.-G. Willinger, D. S. Su, and X. Bao, “Facile
autoreduction of iron oxide/carbon nanotube encapsulates,”



Journal of Nanomaterials 7

Journal of the American Chemical Society, vol. 128, no. 10, pp.
3136–3137, 2006.

[6] W.Chen, X. Pan, andX. Bao, “Tuning of redox properties of iron
and iron oxides via encapsulation within carbon nanotubes,”
Journal of the American Chemical Society, vol. 129, no. 23, pp.
7421–7426, 2007.

[7] W. Chen, Z. Fan, X. Pan, and X. Bao, “Effect of confinement
in carbon nanotubes on the activity of Fischer-Tropsch iron
catalyst,” Journal of the American Chemical Society, vol. 130, no.
29, pp. 9414–9419, 2008.

[8] H. G. Yang, C. H. Sun, S. Z. Qiao et al., “Anatase TiO2 single
crystals with a large percentage of reactive facets,” Nature, vol.
453, no. 7195, pp. 638–641, 2008.

[9] G. Busca, L. Lietti, G. Ramis, and F. Berti, “Chemical and
mechanistic aspects of the selective catalytic reduction of NO

𝑋

by ammonia over oxide catalysts: a review,” Applied Catalysis B,
vol. 18, no. 1-2, pp. 1–36, 1998.

[10] W. Shan, F. Liu, H. He, X. Shi, and C. Zhang, “Novel cerium-
tungsten mixed oxide catalyst for the selective catalytic reduc-
tion of NO

𝑋
with NH3,” Chemical Communications, vol. 47, no.

28, pp. 8046–8048, 2011.
[11] F. Liu, H. He, and C. Zhang, “Novel iron titanate catalyst

for the selective catalytic reduction of NO with NH3 in the
medium temperature range,” Chemical Communications, no. 17,
pp. 2043–2045, 2008.

[12] G. Qi and R. T. Yang, “A superior catalyst for low-temperature
NO reduction with NH3,” Chemical Communications, no. 7, pp.
848–849, 2003.

[13] T. Kasuga, M. Hiramatsu, A. Hoson, T. Sekino, and K. Niihara,
“Formation of titanium oxide nanotube,” Langmuir, vol. 14, no.
12, pp. 3160–3163, 1998.

[14] H. Wang, X. Chen, X. Weng, Y. Liu, S. Gao, and Z. Wu,
“Enhanced catalytic activity for selective catalytic reduction of
NO over titanium nanotube-confined CeO2 catalyst,” Catalysis
Communications, vol. 12, no. 11, pp. 1042–1045, 2011.

[15] X. Chen, H. Wang, Z. Wu, Y. Liu, and X. Weng, “Novel
H2Ti12O25-confined CeO2 catalyst with remarkable resistance
to alkali poisoning based on the ‘shell protection effect’,” The
Journal of Physical Chemistry C, vol. 115, no. 35, pp. 17479–17484,
2011.

[16] J.-N. Nian, S.-A. Chen, C.-C. Tsai, and H. Teng, “Structural
feature and catalytic performance of Cu species distributed over
TiO2 nanotubes,” The Journal of Physical Chemistry B, vol. 110,
no. 51, pp. 25817–25824, 2006.

[17] Y. Yao, S.-L. Zhang, Q. Zhong, and X.-X. Liu, “Low temperature
selective catalytic reduction of NO over manganese supported
on TiO2 nanotubes,” Journal of Fuel Chemistry and Technology,
vol. 39, no. 9, pp. 694–701, 2011.

[18] P. Forzatti, “Present status and perspectives in de-NO
𝑋
SCR

catalysis,” Applied Catalysis A, vol. 222, no. 1-2, pp. 221–236,
2001.

[19] X. Sun and Y. Li, “Synthesis and characterization of ion-
exchangeable titanate nanotubes,” Chemistry, vol. 9, no. 10, pp.
2229–2238, 2003.

[20] C.-C. Tsai and H. Teng, “Structural features of nanotubes
synthesized fromNaOH treatment on TiO2 with different post-
treatments,” Chemistry of Materials, vol. 18, no. 2, pp. 367–373,
2006.

[21] C.-C. Tsai and H. Teng, “Regulation of the physical char-
acteristics of titania nanotube aggregates synthesized from
hydrothermal treatment,”Chemistry of Materials, vol. 16, no. 22,
pp. 4352–4358, 2004.

[22] J. Yang, Z. Jin, X. Wang et al., “Study on composition, structure
and formation process of nanotube Na2Ti2O4(OH)2,” Dalton
Transactions, no. 20, pp. 3898–3901, 2003.

[23] B. D. Yao, Y. F. Chan, X. Y. Zhang, W. F. Zhang, Z. Y. Yang, and
N. Wang, “Formation mechanism of TiO2 nanotubes,” Applied
Physics Letters, vol. 82, no. 2, pp. 281–283, 2003.

[24] H. Y. Zhu, Y. Lan, X. P. Gao et al., “Phase transition between
nanostructures of titanate and titaniumdioxides via simplewet-
chemical reactions,” Journal of the American Chemical Society,
vol. 127, no. 18, pp. 6730–6736, 2005.

[25] H. Zhu, X. Gao, Y. Lan, D. Song, Y. Xi, and J. Zhao, “Hydrogen
titanate nanofibers coveredwith anatase nanocrystals: a delicate
structure achieved by the wet chemistry reaction of the titanate
nanofibers,” Journal of the American Chemical Society, vol. 126,
no. 27, pp. 8380–8381, 2004.

[26] D. V. Bavykin, M. Carravetta, A. N. Kulak, and F. C. Walsh,
“Application of magic-angle spinning NMR to examine the
nature of protons in titanate nanotubes,”Chemistry ofMaterials,
vol. 22, no. 8, pp. 2458–2465, 2010.

[27] J. Liu, Y. Liu, Z. Wu, X. Chen, H. Wang, and X. Weng,
“Polyethyleneimine functionalized protonated titanate nan-
otubes as superior carbon dioxide adsorbents,” Journal of
Colloid and Interface Science, vol. 386, no. 1, pp. 392–397, 2012.

[28] K. S. W. Sing, “Reporting physisorption data for gas/solid
systemswith special reference to the determination of surfance-
area and porosity,” Pure and Applied Chemistry, vol. 54, no. 11,
pp. 2201–2218, 1982.

[29] X. Chen, S. Cao, X. Weng, H. Wang, and Z. Wu, “Effects
of morphology and structure of titanate supports on the
performance of ceria in selective catalytic reduction of NO,”
Catalysis Communications, vol. 26, pp. 178–182, 2012.

[30] M. Pourkhalil, A. Z. Moghaddam, A. Rashidi, J. Towfighi, and
Y. Mortazavi, “Preparation of highly active manganese oxides
supported on functionalizedMWNTs for low temperatureNO

𝑋

reduction with NH3,” Applied Surface Science, vol. 279, pp. 250–
259, 2013.

[31] K. Zhuang, J. Qiu, F. Tang, B. Xu, and Y. Fan, “The structure
and catalytic activity of anatase and rutile titania supported
manganese oxide catalysts for selective catalytic reduction of
NO by NH3,” Physical Chemistry Chemical Physics, vol. 13, no.
10, pp. 4463–4469, 2011.

[32] L. Wang, B. Huang, Y. Su et al., “Manganese oxides supported
on multi-walled carbon nanotubes for selective catalytic reduc-
tion of NO with NH3: catalytic activity and characterization,”
Chemical Engineering Journal, vol. 192, pp. 232–241, 2012.



Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2013, Article ID 621097, 8 pages
http://dx.doi.org/10.1155/2013/621097

Research Article
Mechanical and Morphological Properties of
Poly-3-hydroxybutyrate/Poly(butyleneadipate-co-terephthalate)/
Layered Double Hydroxide Nanocomposites

Yen Leng Pak,1 Mansor Bin Ahmad,1 Kamyar Shameli,1,2 Wan Md Zin Wan Yunus,3

Nor Azowa Ibrahim,1 and Norhazlin Zainuddin1

1 Department of Chemistry, Faculty of Science, Universiti Putra Malaysia, 43400 Serdang, Selangor, Malaysia
2 Nanotechnology and Advance Department, Materials and Energy Research Center, Meshkin-Dasht Road,
Karaj 3177983634, Iran

3 Faculty of Defence Science and Technology, National Defence University of Malaysia, Sungai Besi Camp,
57000 Kuala Lumpur, Malaysia

Correspondence should be addressed to Mansor Bin Ahmad; mansorahmad@gmail.com and
Kamyar Shameli; kamyarshameli@gmail.com

Received 1 September 2013; Revised 1 November 2013; Accepted 5 November 2013

Academic Editor: Haiqiang Wang

Copyright © 2013 Yen Leng Pak 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.

Nanocomposites of poly-3-hydroxybutyrate/poly(butyleneadipate-co-terephthalate)/layered double hydroxide (PHB/PBAT/LDH)
were prepared from a binary blend of PHB/PBAT and stearate-Zn

3
Al LDH via a solution casting method using chloroform

as solvent in this study. The pristine Zn
3
Al LDH was synthesized from nitrate salts solution at pH 7 by using coprecipitation

technique and then was modified by stearate anions surfactant via ion exchange reaction. As a result, the basal spacing of the
LDH was increased from 8.77 to 24.94 Å after the modification. Intercalated nanocomposites were formed due to the presence of
diffraction peak in XRD diffractograms. The infrared spectrum of stearate-Zn

3
Al LDH exhibited the existence of stearate anions

in the synthesized Zn
3
Al LDH. Mechanical properties with 2wt% stearate-Zn

3
Al LDH loading nanocomposites showed 56wt%

improvements in elongation at break compared to those of the blend.

1. Introduction

Great contributions have beenmade by introducing polymers
into the market to enhance the grade of living and lifestyle.
Plastics are being used throughout the world. Plastics are
extremely important to the job market especially packaging
field. Production of ecofriendly plastics that are more com-
patible with the environment is needed since plastics created
ecological concern due to the lack of deprivation. Therefore,
biodegradable plastics began being of sparking interest.
Creating of biodegradablematerials drawhigh attention as oil
prices increased and they are considered to assist in reducing
the waste issue.

Poly-3-hydroxybutyrate (PHB) is produced by controlled
bacterial fermentation [1]. It is a high melting temperature
and a high degree of crystallinity of semicrystalline polymer.
It is not soluble in water and 100% biodegraded. PHB has a
few points of weakness that limited its applications such as
inefficient and high cost of the fermentation and extraction
process, poor mechanical properties, and poor formability.
Cracking and brittleness properties of PHB are because of
the large spherulites in its structure. Efforts have been made
by worldwide researchers to overcome those problems and
to improve different properties. The most cost effective and
generally used method is blending of PHB with another kind
of polymers, [2–5] such as starch, polycaprolactone (PCL),
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poly (vinyl acetate) (PVAc), and cellulose derivatives which
have been studied to modify the properties and expand its
practical application [6–8].

Poly (butylene adipate-co-terephthalate) (PBAT) is eco-
friendly polymers which totally biodegraded with the assist
of naturally occurring enzymes in a few weeks. It has the
same properties as low density polyethylene (LDPE), but
with superior mechanical properties. Its excellent physical
properties give high flexibility when blended with other
biodegradable resins. As a result, PBAT is an excellent
candidate for toughening polymers such as poly (lactic acid)
and PHBV [9].

Inorganic-organic nanocomposite materials with func-
tional organic compounds immobilized into a layered inor-
ganicmatrix have a potential to offer scientific and technolog-
ical advantages since the organized two-dimensional arrays
of organic species between the interlayers can result in novel
functions that are different from the typical functions of the
individual organic species [10–17].

An electrostatic layer-by-layer assembly technique that
employs inorganic nanocomposites as building blocks is a
possible means of forming a well-orderedmultilayered archi-
tecture containing the arrays because the nanocomposites
have ultimate two-dimensional anisotropy with nanoscale
thickness and microscale length in the plane of sheet [18].
It is known that some smectite clay minerals like mont-
morillonite, metal phosphates, and layered oxides can be
exfoliated into negatively charged nanosheets [19]. In con-
trast, positively charged nanosheets are a minority among
exfoliated nanosheets. Recently, the exfoliation of layered
double hydroxides (LDHs) has been studied as a method
of preparing such positively charged nanosheets [20]. LDH
nanosheets have high potential for being used as building
blocks to integrate negatively charged organic molecules into
restricted arrays, due to their high stability and compatibility
with many functional molecules [21–24].

Layered double hydroxide (LDH) is one of the attractive
choices as nanofiller which have significantly improved the
physicochemical properties of polymer matrix. In contrast
to either neat polymer or the conventional composites,
polymer nanocomposites are characterized by improved
mechanical, thermal, and barrier properties, reduced gas
permeability, and flame retardancy [25–28]. Improvement in
properties of the nanocomposites is related to their unique
phase morphology that maximizes the interfacial interaction
between the well-dispersed nanometer size domains and the
matrices. LDH has received world-wide attention because
they are useful to be incorporated in many applications,
such as catalysis, stabilizer, flame retardantmaterials, medical
materials, adsorbents, ion exchangers, and in environmental
chemistry [29].

In this research, our aims are to investigate the influences
of stearate-Zn

3
Al LDH nanolayers on the tensile properties

and morphology of PHB/PBAT blends.

2. Experimental Section

2.1. Materials. Poly [(r)-3-hydroxybutyric acid] was pur-
chased from Sigma-aldrich, Germany, in powder form.

Poly (butylenes adipate-co-terephthalate), PBAT, trade name
ECOFLEX, F BX 7011, was supplied by BASF Plastic Tech-
nologies, USA. Zinc nitrate (Zn (NO

3
)
2
⋅6H
2
O) was supplied

by Bendosen Laboratory Chemicals, Norway. Aluminium
nitrate (Al(NO

3
)
3
⋅9H
2
O) was supplied by Hmbg Chemicals,

Germany. All the chemicals were used as received without
further purification process.

2.2. Synthesis of Zn
3
Al LDH. The Zn

3
Al LDH was syn-

thesized via coprecipitation by adding dropwise a solu-
tion of NaOH (1M) into a 250mL solution of 22.30 g
Zn (NO

3
)
2
⋅6H
2
O and 9.38 g Al (NO

3
)
3
⋅9H
2
O with the mole

ratio of 3 : 1 until pH 7 was obtained.The solution was stirred
vigorously under nitrogen atmosphere in order to minimize
any contamination of carbonate from the air. At 100 rpm and
70∘C, the resulting suspension was shaken for 16 hours. The
slurry was filtered and washed several times with deionized
water.The Zn

3
Al LDHwas obtained after being dried at 60∘C

for 24 hours.

2.3. Preparation of Stearate-Zn
3
Al LDH. The stearate-Zn

3
Al

LDHwas prepared by replacing nitrate ions in the LDH layers
with stearate ions using the following method. One gram of
dry Zn

3
Al LDH was dispersed into 1 L of 0.003M sodium

stearate solution. The solution was stirred for 24 hours and
aged at 70∘C inwater bath.The slurry was filtered andwashed
several times with deionized water and dried at 60∘C. The
dried samplewas ground and sieved into particles whichwere
less than 100micrometer.This chemicalmodificationmethod
already reported by Costantino et al. [30].

2.4. Preparation of PHB/PBAT/Stearate-Zn
3
Al LDH Nano-

composites. The nanocomposites of PHB/PBAT blend and
stearate-Zn

3
Al LDH were prepared by a solution casting

method. The blend composition was kept constant (PHB
90wt% + PBAT 30wt%) whereas the stearate-Zn

3
Al LDH

content was varied between 0wt% and 5wt%. Desiredmount
of stearate-Zn

3
Al LDH and blend were measured and trans-

ferred into 50mL of choloform. Both mixtures were stirred
for 1 h, mixed, and stirred for another 1 h. The mixture was
casted in a petri dish and left in fume cupboard for few days
to obtain the sample sheets.

2.5. Characterization Techniques. X-ray diffraction (XRD)
measurement for LDHs andnanocompositeswere carried out
by using Shimadzu XRD 6000 diffractometer at 30 kV and
30mA with Cu-Ka radiation of the wavelength of 1.5405 nm
in 2𝜃 range from 2 to 30∘. Fourier-transform infrared (FTIR)
spectra of the materials were recorded using a Perkin Elmer
Spectrum 1000 series Spectrophotometer equipped with
attenuated total reflectance (ATR). The infrared spectra of
the samples were recorded in the range of frequency of 400–
4,000 cm−1. Scanning electron microscopy (SEM) images
were obtained using a Philips XL30 ESEM scanning electron
microscope operated at 20 kV. The samples were coated with
gold by a Bio-Rad coating system before viewing. Tensile tests
were carried out by a Universal Testing Machine, Instron
4302, according to ASTMD638-5. The samples were cut into
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dumbbell shape and the average of thickness and width were
measured. The average of at least 5 measurements of tensile
test was used in calculation.

3. Results and Discussion

3.1. Characterization of Zn
3
Al LDH and Stearate-Zn

3
Al LDH.

Figure 1 illustrates the XRD patterns for the pristine and
stearate-Zn

3
Al LDH in the range of 2𝜃 from 2 to 30∘. Both

LDHs were crystalline in nature with definite and distinct of
layered structure. By using Bragg’s equation, 𝑛𝜆 = 2𝑑 × sin 𝜃,
the first diffraction peak from both pristine and stearate-
Zn
3
Al LDH was used to calculate the basal spacing (d).

The clay interlayer spacing was increased from 8.77 Å in
pristine LDH (corresponding 2𝜃 value of ⟨003⟩ peak is 10.08∘)
to 24.94 Å in stearate-Zn

3
Al LDH (2𝜃 = 3.54∘) after the

modification of pristine LDHwith stearate ions.The increase
of the basal spacing indicates that the stearate anions were
intercalated into the interlayers of LDH successfully [25].

FTIR spectra of the pristine Zn
3
Al LDH and stearate-

Zn
3
Al LDH are exposed in Figure 2. The broad absorption

peak observed was at around 3398 cm−1 in pristine LDH for
O–H stretching of both hydroxide layers and interlayer water
molecules [26]. An intense peak observed at 1340 cm−1 is
due to the asymmetric and symmetric vibration of the nitrate
anions in Figure 2(a) [27]. At about 1639 cm−1, the interlayer
water of stretching vibration (H–OH) can be obtained. The
lattice vibration bands of the M–O and O–M–O (M =Mg or
Al) bonding are present at below 800 cm−1 region.

At the same time, the stearate-Zn
3
Al LDH spectrum

(Figure 2(b)) shows the peak at around 2850 and 2917 cm−1
which exhibits the C–H stretching vibration due to appear-
ance of the –CH

3
and –CH

2
group in the chain of

stearate anions [29]. Carboxylate asymmetric and symmetric
stretching is represented by two intense absorption peaks
at 1546 cm−1 and 1409 cm−1, respectively [31]. It can be
concluded that spectrum of the stearate-Zn

3
Al LDH and

pristine Zn
3
Al LDH contains many similar major peaks.

Surfacemorphology of the pristine Zn
3
Al LDH andmodified

stearate-Zn
3
Al LDH particles are shown in Figure 3. As

shown in Figure 3, the clay is received as porous particles in
the existence of the organic anions [26].

3.2. Characterization of PHB/PBAT/Stearate-Zn
3
Al LDH.

XRD patterns for pure PHB, pure PBAT, PHB/PBAT blend,
andPHB/PBAT/LDHnanocomposites are shown in Figure 4.
The peaks obtained in the diffraction patterns of the pure
films of PHB and PBAT also appeared in PHB/PBAT blends.
The diffraction pattern of polymer blend displayed dis-
tinct peaks (2𝜃) at 13.18∘, 16.48∘, 19.76∘, 21.96∘, 25.36∘, and
26.90∘, which correspond to the (020), (110), (101), (111),
(121), and (002) reflections of the orthorhombic crystalline
lattice, respectively. The diffraction peaks remain practically
unchanged in PHB/PBAT nanocomposites diffractograms
can be observed. This observation suggested that the polymer
blend crystalline lattice is not modified appreciably in the
existence of LDH [32].
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Figure 2: FTIR spectra for (a) pristine Zn
3
Al LDH and (b) stearate-

Zn
3
Al LDH.

The presence of the diffraction peak in the PHB/
PBAT/LDH nanocomposites with 1.0, 2.0, 3.0, 4.0, or 5.0 wt%
of the LDH indicated that the stearate-Zn

3
Al LDH layerswere

completely intercalated in the blend matrix. The interlayer
spacings for 1.0, 2.0, 3.0, 4.0, or 5.0 wt% of the LDH in
polymer blend were 41.25 Å, 43.70 Å, 40.87 Å, and 40.49 Å,
respectively.

The FTIR spectra of PHB, PBAT, PHB/PBAT blend,
and PHB/PBAT/stearate-Zn

3
Al LDH nanocomposites are

shown in Figure 5. The C=O stretching bands of PHB are
located at 1719 cm−1, with shoulders at about 1740 cm−1,
which are representative of PHB crystalline and amorphous
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(a) (b)

Figure 3: Scanning electron micrographs of (a) pristine Zn
3
Al LDH and (b) stearate-Zn

3
Al LDH.
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Figure 4: XRD pattern for (a) pure PBAT, (b) pure PHB, (c)
PHB/PBAT blend, and nanocomposites of 1.0, 2.0, 3.0, 4.0, and
5wt% of stearate-Zn

3
Al LDH (d–h).

zone. Meanwhile, the major peak observed was at 1712 cm−1
for C=O stretching and 1475 cm−1 for aromatic C=C stretch-
ing in PBAT chains. The spectra of PHB/PBAT blend and
PHB/PBAT/stearate-Zn

3
Al LDH are consistent with the

combination of PHB and PBAT. No major peak shifting and
no new peak formation in the blend and nanocomposites
spectra indicate that there is no strong interaction among
PHB, PBAT, and stearate-Zn

3
Al LDH.

The tensile properties of PHB, PHB/PBAT blend, and
PHB/PBAT/LDH nanocomposites were shown in Figures
6 and 7. The tensile strength of neat PHB was 25.54MPa
and decreased to 23.10MPa with the addition of 10wt% of
PBAT. The tensile strength decreased again as the PBAT
contents increase up to 50wt%. This observation was shown
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Figure 5: FTIR spectra for (a) pure PHB, (b) pure PBAT, (c)
PHB/PBAT blend, and nanocomposites of PHB/PBAT with 1.0, 2.0,
3.0, 4.0, and 5wt% of stearate-Zn

3
Al LDH (d–h).

in Figure 6(a). The effect of the amount of PBAT on tensile
modulus and elongation at break for PHB/PBAT composites
were shown in Figures 6(b)-6(c), respectively. The tensile
modulus and elongation at break increased with the loading
of 10 wt% of PBAT content as compared to neat PHB.
However, they were decreased thereafter as shown in Figures
6(b)-6(c). It was indicated that PBAT is able to enhance
the elasticity of PHB. However, incorporation of more than
20wt% PBAT content deteriorates the properties of the final
products. As a result, PHB/PBAT blend with 90/10 ratio was
chosen as the best ratio among others.

Figure 7(a) shows that addition of 1 wt%of stearate-Zn
3
Al

LDH into PHB/PBAT blend decreased the tensile strength
to 19.62MPa. Further increase in the stearate-Zn

3
Al LDH

decreased the tensile strength too as compared to that blend.
The tensile strength for 2.0, 3.0, 4.0, and 5.0 wt% of the
LDH in polymer blend was 18.17, 18.13, 18.70, and 19.60MPa,
respectively. It may be due to the extended aggregation of
LDH layer into the blend matrix [31]. Figure 7(b) shows
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Figure 6: Tensile strength, tensile modulus, and elongation at break for PHB/PBAT blends (a–c).

that tensile modulus for nanocomposites also decreased as
compared to the blend.

Adding 2.0 wt% LDH into the polymer blend increased
the elongation at break from 35.03% up to 54.58%, with
an improvement of 56% compared to that of the unfilled
PHB/PBAT blend in Figure 7(c). The significant increase in
the flexibility of the nanocomposites may be due to the pres-
ence of the long chain hydrocarbon parts of stearate anions
in the modified LDH that act as a plasticizer. The elongations
at break for 1.0, 3.0, 4.0, and 5.0 wt% nanocomposites were
38.55, 25.15, 10.10, and 9.53%, respectively. Decreasing trend
of elongation at break can be observed after further addition
of 3.0 to 5.0 wt%of LDH. Itmay be due to the presence of large
agglomerates which make the nanocomposites more brittle,
decrease of elongation at break consequently.

Figure 8 shows SEMmicrographs obtained from the ten-
sile fracture surfaces of PHB/PBAT blend and its nanocom-
posites containing 2.0wt%of stearate-Zn

3
Al LDH.The image

of the fractured surface of the PHB/PBAT blend sample
(Figure 8(a)) shows a relatively compact solid surface indicat-
ing that the sample is brittle while the images of the 2.0 wt%
nanocomposites (Figure 8(b)) show the rough and stretched
surfaces which support the reduction of the rigidity of the
samples.

The dispersion of stearate-Zn
3
Al LDH in the compos-

ites was observed by TEM as shown in Figure 9 which
presented PHB/PBAT nanocomposites with 2.0 wt% loading
of stearate-Zn

3
Al LDH. The dark parts of the micrograph

were the stearate-Zn
3
Al LDH while PHB/PBAT matrix was

represented by the clear parts. The TEM images of 2.0 wt%
of LDH/PHB/PBAT nanocomposites confirmed that the
intercalated silicate layers that were well distributed can be
observed in PHB/PBAT as suggested by XRD diffractogram.
The figures clearly show that the stack consists of several
silicates layers, which indicated the formation of intercalated
nanocomposites. The result supported by basal reflection in
XRD diffractogram which confirmed the intercalated type
of nanocomposites was formed. The TEM image revealed
that the LDH layers are in intercalated but not well-ordered
structure form and dominantly distributed in the PHB/PBAT
matrix.

4. Conclusions

Stearate-Zn
3
Al LDH was successfully prepared via ion

exchange reaction. The presence of alkyl group in
FTIR spectrum indicated that the stearate anions were
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Figure 7: Tensile strength, tensile modulus, and elongation at break of PHB/PBAT blends with different stearate-Zn
3
Al LDH content (a–c).
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Figure 8: Scanning electron micrograph of (a) PHB/PBAT blend and (b, c) 2.0 wt% nanocomposites with low and high resolutions.

successfully intercalated into pristine LDH. The X-ray
diffraction (XRD) patterns showed that the basal spacing
of stearate-Zn

3
Al LDH was higher than that of the pristine

LDH. PHB/PBAT nanocomposites were successfully
prepared with modified stearate-Zn

3
Al LDH through

solution casting method. The XRD and TEM showed that
the PHB/PBAT/stearate-Zn

3
Al LDH formed intercalated

structure as the modified stearate-Zn
3
Al LDH content

increased thus facilitating better compatibility of PHB/PBAT
between the galleries of LDH. Mechanical analyses of
nanocomposites showed that adding 2.0 wt% SLDH into the
polymer blend increases the elongation at break from 35.03%
up to 54.58%, with an improvement of 56% compared to that
of the neat PHB/PBAT blend.
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Figure 9: TEMmicrographs of PHB/PBAT/2.0 wt% stearate-Zn
3
Al LDH.
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This paper proposed a novel method to prepare porous calcium silicate hydrate (CSH) based on the calcium oxide/polyethylene
glycol (CaO/PEG

2000
) composites as the calcium materials. The porosity formation mechanism was revealed via X-ray diffraction

(XRD), field-emission scanning electron microscopy (FESEM), Brunauer-Emmett-Teller (BET), and Fourier transformed infrared
spectroscopy (FT-IR).The reactivity of silicamaterials (SiO

2
) enhanced by increasing pH value. Ca2+ could not sustain release from

CaO/PEG
2000

and reacted with SiO
3

2− caused by silica to form CSH until the hydrothermal temperature reached to 170∘C, avoiding
the hardly dissolved intermediates formation efficiently. The as-prepared CSH, due to the large specific surface areas, exhibited
excellent release capability of Ca2+ and OH−. This porous CSH has potential application in reducing the negative environmental
effects of continual natural phosphate resource depletion.

1. Introduction

Phosphate, as an irreplaceable and nonrenewable resource,
has an important contribution to industry and agriculture [1–
4]. But this precious resource will be exhausted as a result of
increased consumption in the near future [5–8]. The sustain-
able utilization of phosphate has become a severe challenge
for human beings. Calcium silicate hydrate, due to the unique
release capability of Ca2+ and OH−, has caused international
extensive concern in the field of “recovery of phosphate from
wastewater” [9–14]. This is because the released Ca2+ and
OH− can react with the phosphate ions to form hydroxya-
patite (HAP) on the surface of CSH when the concentration
of these ions reached to the supersaturated conditions [15–
17].Therefore, the release capability of Ca2+ and OH− of CSH
plays a key role in the field of phosphate recovery.

It is worthy to notice that the release capability is related to
the specific surface area (𝑆BET) and pore structure. Large 𝑆BET
and porous structures are beneficial to enhance the solubility
of CSH [18, 19]. The current CSH samples were prepared by
dynamic hydrothermal synthesis using CaO materials and
SiO
2
materials [20–23]. However, there two critical problems

that affect the solubility of CSH. On the one hand, the reac-
tivity of SiO

2
was too poor to participate in the formation of

CSH. The residual SiO
2
precipitated on the surface of CSH

is easy to block the pore structure and decrease the solu-
bility of CSH. According to the previous study, the proper
temperature to synthesize CSH was 170∘C [18, 19]. However,
there were abundant hard dissolve intermediates such as
calcium silicate, formed during the heating process. These
intermediates coated on the surface of CSH and affected the
solubility of CSH [24, 25].Therefore, enhancing the reactivity
of SiO

2
materials and avoiding the formation of intermediates

are the critical factors for the formation of CSH with porous
structure.

A synthesis strategy based on calcium oxide/polyethylene
glycol (CaO/PEG

2000
) composites was developed for the

formation of porous CSH. Under the dynamic hydrothermal
condition, massive SiO

3

2− (released from the SiO
2
materials

due to the increased pH values) reacted with Ca2+ (sustained
released from CaO/PEG

2000
composites) at a proper tem-

perature to form CSH efficiently. Compared with previously
reported synthesis methods, this new synthesis method
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Table 1: Chemical components of carbide residue.

Chemical composition (%)
CaO SiO2 Al2O3 SO2 MgO Fe2O3 SrO NaOH CuO H2O

Carbide residue 79.34 3.57 2.14 1.22 0.62 0.21 0.26 — — 12.64
Silica 0.08 97.46 0.16 1.82 — 0.03 — 0.29 0.02 0.14

herein avoided the formation of the hardly dissolved inter-
mediates. Thus, the as-prepared CSH with porous structure
exhibited excellent release capabilities of Ca2+ and OH−. In
addition, a novel porosity formationmechanismwas revealed
in the present paper.

2. Materials and Methods

2.1. Raw Materials. The CaO material (carbide residue,
content of CaO > 75%) and SiO

2
material (Silica, content

of SiO
2
> 98%) were obtained from Chongqing Changshou

Chemical Co. Ltd. PEG
2000

(the chemical formula is
HO(CH

2
CH
2
O)nH) and NaOH were obtained from

Chengdu Kelong chemical Co. Ltd. The Chemical compo-
sition of the carbide residue and silica is presented in Table 1.
The above materials and chemicals were placed into sealed
bottles for storage.

2.2. DynamicHydrothermal Synthesis of Porous CSH. Prior to
CSH synthesis, PEG

2000
was put into 300mL deionized water

with strong stirring to obtain the PEG solution, and the mass
fraction of PEG

2000
was 2%w/v. Subsequently, 6mgof carbide

residue was added into the PEG solution with strong stirring
and reacted 60min at 80∘C. Then, the solid segments were
centrifugal separated from the PEG solution and were dried
at 105∘C for 2 h to obtain the CaO/PEG

2000
composites.

Subsequently, CaO/PEG
2000

composites and CaO mate-
rials were mixed with SiO

2
material to form a 300 mL slurry

(liquid/solid mass ratio is 30/1; Ca/Si molar ratio is 1.75/1),
respectively. 1mol/L of NaOH was used to maintain the pH
values of the slurry at 13.0. Mixtures were agitated at 90 rpm,
and the resulting slurry was put into a high-pressure kettle
for hydrothermal synthesis at 170∘C for 6 h. The as-prepared
CSH samples obtained from CaO/PEG

2000
composites and

CaOmaterials were labeled as CSH (CaO/PEG
2000

) and CSH
(CaO), respectively.

2.3. Dissolution Experiment. The release of Ca2+ and OH−
from CSH was investigated via a series of batch experiments.
For each experiment, 1 g of CSHwas poured into 1 L of deion-
izedwater in glass bottles, thus leading to a sample to solution
ratio of 1 g/L. The bottles were then placed on an agitation
table and mixed at 40 rpm at 20∘C for 5, 10, 15, 20, 40, 60, 80,
and 100min. The resulting Ca2+ concentration was deter-
mined using the EDTA coordination titration method (the
relative derivation of data is 0.05%). Solution pH value was
measured (±0.1) using precise pH paper (pH 7.0–10.0, San-
ai-si reagent Co., Ltd., Shanghai, China). The accuracy of pH
measurement is 0.1.

2.4. Experiments on Phosphate Recovery from Synthetic Solu-
tions. Phosphate recovery property of the as-synthesized
samples were investigated in a series of batch experiments.
The pH values of phosphate-content solution were in the
range of 7.0–7.5 before the CSH samples was added into
this solution. For each one, one glass bottle containing 1 L
of a synthetic solution with initial phosphate concentration
(100mg/L) was prepared. Then 1 g of synthesized sample was
put into this bottle, thus leading to a sample-to-solution ratio
of 1 g/L. The bottle was placed on an agitation table and
shaken at 40 r/min under given temperature conditions
(20∘C) for 60min.The solid samples after reaction were then
separated from the removed synthetic solution, and were
added again to synthetic solution with initial phosphate con-
centration of 100mg/L. This experiment was repeated for six
times until the phosphate concentration was kept unchanged
with the addition of samples. The content of phosphate in
the recovered products was identified with atomic absorp-
tion spectrophotometry (Atomic Absorption Spectrometer,
AA800, USA).

2.5. Characterization Instruments. Thephase component and
crystal structure of CSH are determined using X-ray diffrac-
tion with Cu 𝐾

𝛼
radiation (XRD, model XD-2 instru-

ment, China). The morphology was observed by field-
emission scanning electron microscopy (FESEM, IUE, Hita-
chi, Japan) and transmission electron microscope (TEM,
JEOL JEM-2010, Japan). The 𝑆BET and pore structure was
investigated using adsorption-desorption measurements.
Nitrogen adsorption-desorption isotherms were obtained on
a nitrogen adsorption apparatus (ASAP-2010, USA). The
microstructures are evaluated by Fourier transformed infra-
red spectroscopy (FT-IR, IR Prestige-21FT-infrared spec-
trometer, Shimadzu, Japan).

3. Results and Discussion

3.1. The Effect of pH on the Reactivity of SiO
2
. In the water

solution, themain existence forms of silicon are different with
the changes of pH values. Silicon exists in the form of SiO

3

2−

when the pHvalue is over 13.0 [26–28].This result can be veri-
fied according to the fraction formula of H

2
SiO
3
, HSiO

3

− and
SiO
3

2− under the given pH value as follows:

𝛿H
2
SiO
3

=
[H+]2

[H+] + 𝐾
𝛼1
[H+] + 𝐾

𝛼1
𝐾
𝛼2

,

𝛿HSiO
3

− =
𝐾
𝛼1
[H+]

[H+]2 + 𝐾
𝛼1
[H+] + 𝐾

𝛼1
𝐾
𝛼2

,
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𝛿SiO
3

2− =
𝐾
𝛼1
𝐾
𝛼2

[H+]2 + 𝐾
𝛼1
[H+] + 𝐾

𝛼1
𝐾
𝛼2

,

(1)

where [H+] is the concentration of hydrogen ions and 𝐾
𝛼1

and 𝐾
𝛼2

are the first and second dissociation constants,
respectively. When pH = 12.0, the distribution coefficients of
H
2
SiO
3
, HSiO

3

−, and SiO
3

2− are 0%, 39%, and 61%, respec-
tively. When pH = 13.0, these coefficients are 0%, 6%, and
94%, respectively, [29].This trend indicated that silicon exists
only in the form of SiO

3

2− that is beneficial to the formation
of CSH.

3.2. Complexation between CaO and PEG2000. The reaction
mechanism between CaO and PEG

2000
was revealed via FT-

IR analysis. Figures 1(a) and 1(b) show the FT-IR spectra
of neat CaO and CaO/PEG

2000
composites, respectively. As

shown in Figure 1(a), a broad and sharp peak at 1402∼
1546 cm−1 and 870 cm−1 can be attributed to the character-
istic peak of CaO.The stretching vibration band of C–O–C at
1090 cm−1 and the characteristic absorption band occurred at
about 2270 cm−1 due to a bent oscillation peak of C–H bond
in Figure 1(b) can be assigned to bands of PEG

2000
, and the

absorption peak of C–O–C moves to a low band. This phe-
nomenon indicated that the asymmetric stretching vibration
frequency of C–O–C group of PEG

2000
decreased due to the

effect of Ca2+. Furthermore, this result demonstrated that
Ca2+ reacted with oxygen atom in PEG molecule to form
complexation structure; that is, CaO and PEG

2000
existed

together in the form of complex.

3.3. The Porosity Formation Mechanism of CSH

3.3.1. Morphological Structure. The surface morphology of
CSH (CaO) and CSH (CaO/PEG

2000
) was examined by

FESEM, as shown in Figures 2(a) and 2(b). It can be seen that
CSH (CaO) possessed a dense surface and compact structure
(Figure 2(a)). In contrast, pore size of CSH (CaO/PEG

2000
)

tended to be larger (Figure 2(b)). The morphological struc-
ture of CSH (CaO) and CSH (CaO/PEG

2000
) was further

examined by TEM, as shown in Figures 2(c) and 2(d). The
TEM image shows that the surface of CSH (CaO) was com-
pact (Figure 2(c)) consistent with the FESEM observation. In
contrast, CSH (CaO/PEG

2000
) possesses hollowmicrospheres

due to the absence of the hardly dissolved intermediates
(Figure 2(d)).

3.3.2. Specific Surface Area and Pore Structure. The 𝑆BET
and pore structure of the as-prepared samples were inves-
tigated by adsorption-desorption measurements. As shown
in Table 2, the 𝑆BET of CSH (CaO/PEG

2000
) increased to

133m2/g compared to CSH (CaO) (62m2/g). In compari-
son to CSH (CaO) (0.16 cm3/g), the pore volume of CSH
(CaO/PEG

2000
) increased to 0.36 cm3/g.

Figure 3(a) shows the N
2
adsorption-desorption iso-

therms of the CSH samples. According to the Brunauer-
Deming-Deming-Teller (BDDT) classification, the majority
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Figure 1: FT-IR spectra of CaO (a) and CaO/PEG
2000

composites
(b).

Table 2: Specific BET surface areas and pore parameters of CSH
samples.

CSH samples Total volume
(cm3/g)

Peak pore diameter
(nm) 𝑆BET (m

2/g)

CSH (CaO) 0.16 13.57 62
CSH
(CaO/PEG2000)

0.36 5.8 133

of physisorption isotherms can be grouped into six types.The
isotherms of all the samples belonged to type IV, including
the pore-size distributions in the mesoporous regions [30].
The shapes of hysteresis loops were of the type H3, which
was associated with mesopores formed due to aggregation of
plates-like particles [31].

Figure 3(b) shows the corresponding PSD of the samples.
For the CSH (CaO), the PSD curve is bimodal with smaller
(∼2.54 nm) and larger (∼45.42 nm) mesopores. For CSH
(CaO/PEG

2000
), the PSD curve exhibits small (∼6.52 nm)

mesopores. The small mesopores and larger ones came from
the aggregation of primary particles and secondary particles,
respectively. This result was consistent with the result of N

2

adsorption-desorption isotherms. A large number of small
mesopores contribute to the large 𝑆BET.

3.3.3. Phase Structure. Figure 4 shows the XRD patterns
of CSH (CaO) and CSH (CaO/PEG

2000
). Multiple phases,

such as Jennite (PDF card 18-1206, chemical formula
Ca
9
Si
6
O
18
(OH)
6
⋅ 8H
2
O), xonotlite (PDF card 23-0125,

chemical formula Ca
6
Si
6
O
17
(OH)
2
), and Ca

3
Si
2
O
7
(PDF

card 11-0317), appear in the XRD pattern of Figure 4(a). By
comparison, the phase of CSH (CaO/PEG

2000
) was only

Jennite (Figure 4(b)). Combined with the above analysis, the
as-preparedCSH (CaO/PEG

2000
) (i.e., Jennite), without inter-

mediates, exhibited large 𝑆BET and porous structure.
Theporosity formationmechanism can be revealed as fol-

lows: (1) during the heating process, SiO
3

2− was released from
SiO
2
materials due to the increased pH value (13.0), and Ca2+

cannot be released from CaO/PEG
2000

composites due to
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) (d).
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Figure 5: Concentration of Ca2+ released from CSH samples (a) and pH in deionized water kept by CSH samples (b).

the coating of PEG
2000

below the hydrothermal temperature
(170∘C); (2) when the hydrothermal temperature reached
to a proper condition (170∘C), the molecular chain broke
between CaO and PEG

2000
. At this time, Ca2+ released from

CaO/PEG
2000

composites and reacted with SiO
3

2− quickly to
form CSH (CaO/PEG

2000
). To the synthesis of CSH (CaO),

massive Ca2+ was released from neat CaO materials during
the heating process before the hydrothermal temperature
reached to 170∘C, leading to formation of abundant hardly
dissolved intermediates. By comparison, the new synthesis
method herein avoided the formation of the hard dissolve
intermediates.

3.4.The Enhanced Solubility of CSH. Figure 5 shows the vari-
ations of concentration of Ca2+ and OH− released from the
as-synthesized CSH samples and pH-values in deionized
water. According to Figure 5(a), CSH (CaO/PEG

2000
) releases

more Ca2+ than CSH (CaO). Compared with the CSH (CaO)
(2.83mg/L), the concentration of Ca2+ was released from
CSH (CaO/PEG

2000
) and increased to 5.74mg/L. Figure 5(b)

shows that the pH value of the solution can be kept at 9.5 by
CSH (CaO/PEG

2000
); however, CSH (CaO) can onlymaintain

the pH value at 8.2. The as-prepared CSH (CaO/PEG
2000

)
with porous structure exhibited enhanced release capability
of Ca2+ and OH−.
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3.5. The Enhanced Phosphate Recovery Property of CSH.
The phosphate content of the product recovered by CSH
(CaO/PEG

2000
) increased to 117.6mg/g, compared with CSH

(CaO) (84.5mg/g). This result indicated that the as-prepared
porous CSH, without the hardly dissolved intermediates,
exhibited highly enhanced phosphate recovery property.
Meanwhile, the recovered phosphate products, due to their
abundant phosphate content, can be reused as phosphate rock
or phosphate fertilizer.

4. Conclusion

Porous CSH was prepared based on the CaO/PEG
2000

com-
posites as the calcium materials; Ca2+ could not sustain
release from CaO/PEG

2000
and reacted with SiO

3

2− caused
by silica to form CSH until the hydrothermal temperature
reached to 170∘C, avoiding the formation of hardly dissolved
intermediates compared with previously reported synthesis
methods. The as-prepared CSH, due to the large specific
surface areas, exhibited excellent release capability of Ca2+
and OH−. Thus, the phosphate recovery property of CSH
enhanced. The recovered phosphate products, due to their
abundant phosphate content, can be reused in industry and
agriculture instead of phosphate rock. Therefore, the as-
prepared porous material has potential application value in
recovering phosphate from wastewater to solve the envi-
ronmental problems caused by the shortage of phosphate
resource.
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