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Recently, wide ranges of new functional nanomaterials have
been developed toward advancements in energy and environmental related issues. The motivation of this special issue is
to deliver the timely and emerging research activities on the
synthesis, structural manipulation, characterization, surface
modification, processing, and integration of nanomaterials
for green energy and environmental applications. This special
issue provides an in-depth exchange of research ideas from
various researchers, engineers, and scientists, in the domain
of interest around the world and design research activities on
above topics. The energy related nanomaterials for solar cells,
fuel cells, supercapacitors, lithium ion batteries, hydrogen
storage systems, and thermoelectric and renewable energy
systems were discussed. Further environmental remediation
systems such as detection and remediation of different contaminants/pollutants, catalysts for noxious and toxic gases,
sensor electrodes, immobilization matrices and selective gas
sensing probes, and waste/biomass to energy were also
included.
This special issue contains collection of papers on synthesis of nanomaterials for energy and environmental applications: the special issue contains articles related to photocatalyst, like 1D titanate nanotube for photocatalytic application
and the relation between performance of titanate nanotubes
with structural and chemical composite. One of the articles
describes the photoelectron catalysis degradation of landfill
leachate using Cu/N codoped TiO2 . The special issue also

covers article related to synthesis and characterization of
bio-oil. In an article, the authors describe the method of
synthesizing bio-oil from Quercus variabilis tree. The authors
also explored bio-oil’s performance with various catalysts
along with chemical changes. Another article related to biooil also describes synthesis of bio-oil from waste pepper
stems by fast pyrolysis method. The special issue also covers
nanomaterial for environmental pollution and pest control. In this section, biosynthesized silver nanoparticles are
explored for controlling plant pathogenic fungi. The authors
in their experiment exposed a land snail to synthesized silver
particles and observed reduction in the activity and viability
of land snail and surrounding fungus in the soil. Their
study also opens new avenue to use the snail as bioindicator
organism of environmental pollutions. Last but not least on
pest control application, an article describes synthesis of silver
nanoparticles through processing plant leaf extract method
and the authors report the effect of synthesized Ag nanoparticles in controlling the fruit fly pest.
Overall, we hope that readers of this special issue will find
updated articles about synthesis, optimization, and characterization of various nanostructured materials that finds emerging application in energy and environmental applications.
Ki-Joon Jeon
Wei-Chun Chin
Jong-Yeop Kim
Cheol-Min Park
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Recently, cellulose has much attention as an emerging renewable nanomaterial which holds promising properties having unique
piezoelectricity, insulating, and biodegradable nature for various applications. Also, the modified properties of cellulose by
appropriate chemical modifications in various functional groups with outstanding properties or significantly improved physical,
chemical, biological, and electronic properties will widen the way for it to be utilized in different usages. Therefore, in this paper,
cellulose-functionalized polyhedral oligomeric silsesquioxanes (POSS) based materials were considered an important class of highperformance hybrid nanocomposite materials. To functionalize the regenerated cellulose, amino functionalized POSS material
was synthesized via sol-gel covalent crosslinking process in presence of amino coupling agent. In this reaction, tetraethoxsilane
(TEOS) and 𝛾-aminopropyltriethoxy silane (𝛾-APTES) as coupling agent for metal precursors were selected. The chemical structure
of cellulose-amine functionalized bonding and covalent crosslinking hybrids was confirmed by FTIR and 1 H NMR spectral
analysis. From the TEM results, well-dispersed hybrid cellulose-functionalized POSS-silica composites are observed. The resulting
cellulose-POSS-silica hybrid nanocomposites materials provided significantly improved the optical transparency, and thermal and
morphological properties to compare the cellulose-silica hybrid materials. Further, antimicrobial test against pathogenic bacteria
was carried out.

1. Introduction
Cellulose is the primary component providing strength to
wood and other plant structures. Recently, cellulose based
smart material has received much attention due to its unique
material nature for possible sensors, actuators, and electronic
applications [1–3]. Similarly, silicon has been paid much
attention of potential flexible electronics as an abundant
semiconductor material for polymer functionality based
reaction process [4, 5]. For this reason, there are number of
studies on synthesis of the cellulose-polymer composites to
enhance the material performances such as thermal, mechanical, electrical, and morphological properties of the polymers
[6–8]. Generally, the composite processes with metal oxide
based materials are widely used in material design, fabrication, and applications in recent nanotechnologies [6–9]. It
is reported that nanofibers and nanoporous materials have
been used to obtain relatively large surface, unusual strength,

high surface energy, and high surface activity compared to its
volume ratio of existing material properties [8, 9].
In order to synthesize functional hybrid nanocomposites
based on cellulose, gel process has a great potential for
synthesis of polymer-metal oxide hybrid nanocomposites
with high degree of homogeneity and purity of molecular
level [10]. The sol-gel process has been already widely used
in the area of mesoporous, membrane, and intelligent hybrid
hydrogel materials [9, 10]. The sol-gel reaction involves the
hydrolysis of silica precursors and the condensation reaction
of hydroxyl groups to form a hybrid nanostructure. One
simple method is the mixing of organic compounds with a
metal alkoxide, such as tetraethoxysilane (TEOS). During the
sol-gel process the inorganic mineral is attached with in the
organic matrix forming hydrogen bonding or covalent bonds
between the organic phase and inorganic phase. Another one
is the introduction of triethoxysilyl prophy amine group into
the organic compounds prior to the sol-gel reactions with

2
tetraethoxysilane (TEOS). Many applications, particularly in
the biomedical applications, have been already studied for
these kinds of hybrid nanomaterials. Mainly, the dispersion
of inorganic metal oxides nanoparticles dispersed inorganic
particles imparts or enhanced the material properties such
as the hardness, brittleness, transparency, density, free volume, and thermal stability of polymer hybrids [11–13]. In
addition, the polyhedral oligomeric silsesquioxanes (POSS),
the smallest silica nanoparticles, have great attentions for
smart materials properties. The POSS molecule, a class of
compounds with inorganic silicon-oxygen core and bulky
organic substituents on the outer surface, is a monodisperse, and well-defined cubic nanoparticle consisting of
rigid structure and single crystal silica cores with eight
corners [13–15]. Due to the availability of POSS molecules
with a variety of both reactive and nonreactive substituent
functionalities, the reactive functional groups of the polymer composites were synthesized using copolymerization,
grafting, or blending methods [14, 15]. The POSS reactive
groups can be easily functionalized with a wide variety of
functional organic groups such as amino, thiol, hydroxyl,
and carboxylic acid groups functionalized into different
polymerization process. Therefore, POSS and functionalized
POSS nanocage molecules can play a significant role for
the synthesis of novel hybrid materials for various chemical
processes. The crystalline hybrid nanocomposites for highperformance electronic applications in this connection with
synthesized POSS [16–18] are reported. In order to increase
the possibility to use this metal oxides materials, the synthetic
silicates are frequently subjected to surface modification
process with different coupling agents. The surface properties
are a crucial factor which characterizes the nanoparticles
and some important parameters such as surface charge
density, spherical interactions, and dispersive properties of
colloid nanoparticles [17, 18]. Based on these properties,
organic-inorganic hybrid materials have been studied in past
decades due to good, thermal, magnetic, optical, electronic,
optoelectronic, mechanical, and biological properties [19,
20]. Therefore, the preparation of inorganic nanomaterials
that possess desired properties is a great challenging task
for hybrid nanocomposites. The cellulose molecular and
nanosilicon dioxide particles with organic groups need to be
further modified by sol-gel crosslinking process. Moreover,
the new hybrid material of silica-cellulose with uniform
sized, shape and composition has a feasibility to be used
in wide applications such as catalysis and photonics [21–
23]. Also, the immobilization of certain strains of bacteria to
withstand the effects of number of common antibiotics has
led us to find novel strategies for the treatment of infections
associated to antimicrobial properties and biomaterials [20–
24]. Therefore, the present study is focused on synthesis
of cellulose-POSS-amine/silica hybrid nanomaterials by solgel method in presence of metal precursors with coupling
agents. The chemical/physical structure and thermal, optical,
and biological properties of cellulose-POSS-silica hybrid
materials were characterized and explained in detail.
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2. Experimental
2.1. Materials. The synthesis of POSS-amine is from starting precursor’s materials: octaphenyl silsesquioxane (OPS),
phenyl trichlorosilane, and benzyl trimethyl ammonium
hydroxide (40% in methanol solution). The second step
is for nitration reaction, stepwise amine formation of
POSS compounds. N,N-dimethylacetamide (DMAc), N,Ndimethylsulfoxide (DMSO) triethylamine and some of coupling chemicals for sodium acetate were used for the synthesis
of POSS materials. Synthesis of cellulose-POSS-silica hybrid
materials requires cotton pulp (Buckeye), lithium chloride in
presence of sulfuric acid process in solution, tetraethoxysilane (TEOS), 𝛾-aminopropyl triethoxy silane (𝛾-APTES),
and hydrochloric acid (HCl). The antimicrobial test with
agar sol and pathogenic bacteria such as Bacillus cereus
(F4810/72) and Escherichia coli (ATCC 35150) was carried out
for antimicrobial test.
2.2. Synthesis of Cellulose-Amino Functionalized POSSSilica. Figure 1 shows the detailed synthesis process
of cellulose-POSS-silica nanocomposite materials. The
amino-functionalized POSS materials were synthesized
by three steps. In first step, the synthesis of octaphenyl
silsesquioxane (OPS) from phenyl trichlorosilane (66.13 g,
100 mL, 0.313 mol) was placed, along with 160 mL of benzene,
in a 2.5 L three-neck, round-bottom flask fitted with a
magnetic stirrer and a dropping funnel. The required
amount of water (330 g) was added dropwise, and the
reaction was carried out at room temperature during the
overnight. Then, the reaction mixture was washed with
water until it became neutral, and the aqueous layer was
removed. After that, 15 mL of 40% methanolic benzyl
trimethyl ammonium hydroxide was added to the organic
layer, and the reaction mixture was refluxed during 5 hrs.
Then, the reaction mixture was allowed to stand at room
temperature for 4 days and was again refluxed for 24 hrs. A
white, solid powder weight with a yield of 97.8% was obtained
by filtration. The first product was dried in a vacuum oven at
room temperature and then purified with ethanol solution.
The hybrid formation is shown in Figure 1(a). In second step,
the synthesis of octanitrophenyl silsesquioxane (ONPS) was
synthesized by following the reported method [25]. The same
three-neck round-bottom flask equipped with a mechanical
stirrer, 180 mL of fuming nitric acid, was placed to the flask.
The flask was cooled with ice bath conditions and then
OPS (30 g) were added in portions, and the flask was kept
in an ice bath for about a 1 hr. Then, the reaction mixture
was stirred during overnight at room temperature and the
reaction mixture was poured on to ice cold conditions and
kept for 4 hrs. The light yellow colored resulting product was
filtered, washed with deionized water until the condition of
pH = 6, and then washed with 120 mL of ethanol. Finally,
resulting product was obtained for solid powder and airdried at room temperature during overnight. In third step,
octa(aminophenyl) silsesquioxanes (OAPS)—the synthesis
from ONPS (5 g, 3.60 mmol) with 0.30 g (0.283 mmol) of
5 wt.% palladium/carbon (Pd/C)—were placed in a threeneck, round-bottom flask with a magnetic stirrer. A steady
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Figure 1: Synthesis schematics of (a) octa(aminophenyl) silsesquioxane (OAPS) and (b) POSS-amine bonded to cellulose-silica hybrid
nanocomposites.
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stream of nitrogen gas was passed continuously. The distilled
tetrahydrofuran (THF) (80 mL) and triethylamine were
added, the reaction mixture was heated to 60–70∘ C, and
then 6 mL (0.125 mol) of 85% formic acid was slowly added
at 60∘ C. After the evolution of carbon dioxide, the solution
was separated into two layers and the reaction was carried
out at this same temperature for overnight. After that, the
reaction mixture was filtered, and 50 mL of THF and 50 mL
of water were added to the black residue; the mixture was
again filtered. Then, 20 mL of THF and 20 mL of water were
added to dissolve the remaining portion of the black residue,
and the mixture was filtered. All the filtrate was mixed
together with 50 mL of ethyl acetate and washed with 100 mL
of water in four times. The organic layer was separated from
the aqueous layer with a separating funnel, and the organic
layer was kept in 5 g of magnesium sulfate in the overnight.
The organic layer was decanted and precipitated in 2 L of
hexane solvent. The precipitate was collected by filtration,
redissolved in 400 mL of an ethyl acetate/THF mixture
50 : 30 volume ratio (v/v), and precipitated again in 1.5 L of
hexane. The obtained powder was dried in an oven at room
temperature.
Synthesis of cellulose-OAPS/SiO2 hybrid materials was
performed by sol-gel crosslinking process. The stoichiometric
amount of cellulose (1.6 g) and the purified form of POSSamine (1.16 g) were dissolved in DMAc solvent and stirred
for 1 hr in presence of HCl; then, the mixture was stirred
for another 1 hr at 90∘ C condition until the homogeneous
solution was obtained. In the same temperature condition, calculated amount of 𝛾-APTES was added into the
homogenous solution and then 10 g of TEOS, 25 g of alcohol,
2.5 g of distilled water, and HCl (0.01 M) were added and
continuously stirred at 90∘ C. The resulting solution was a
bright yellow transparent color and kept the oven at 90∘ C, the
reaction mixture was transferred into pet dish and the solvent
was allowed to evaporate. Then the glassy cellulose-POSSsilica hybrid nanocomposites are obtained, which is shown
in Figure 1(b).
2.3. Synthesis of Cellulose-POSS-Silica Hybrid Nanocomposites
for Antimicrobial Test
2.3.1. The Agar Diffusion Test. The antimicrobial activity of
cellulose-POSS-silica nanoparticles was evaluated against B.
cereus and E. coli. The amount of 0.2 mL of fresh cultures of
organism was inoculated into 5 mL of sterile Luria Broth and
incubated for 3–5 hrs for the standard culture to McFarland
standards (106 CFU/mL). The calculated amount of 100 𝜇L
of revived culture was added on agar medium and poured
on two replicate plates having a diameter of about 8 mm,
50 𝜇L samples of cellulose-POSS-silica nanoparticles were
added, and 50 𝜇L antibiotic (ampicillin) was also added in the
separate standard. The Petri plates were incubated at 37∘ C for
20 and 24 hrs.
Colony-Forming Unit. The amount of 100 𝜇L of the serial
dilution 107 of the culture with and without cellulose-POSSsilica nanoparticles was inoculated on agar plate and was
spread over it. The plates were incubated for 20–24 hrs and
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observed for bacterial growth and viable count per 100 𝜇L for
a dilution occurred.
2.3.2. Antimicrobial Test of Cellulose-POSS-Silica Hybrid
Nanomaterial. The stock suspension of cellulose-POSS-silica
hybrid nanoparticles with concentrations of 1 mg/mL was
prepared by suspending them in ethanol solution and sonicated for 10 minutes to get the homogenous suspension,
for the homogeneous light was kept in UV for 30 min for
sterilization. The overnight culture of the Bacillus’s Cereus
(F481072) and E. coli (ATCC 35150) was added to Luria
Broth with different concentration of silica nanoparticles,
respectively, and incubated at 37∘ C for 20 and 24 h to study
the affected microbial activity of hybrid nanoparticles.
2.4. Characterizations. To analyze the synthesis of POSS
amine compound, FTIR spectra were recorded for cured
samples and ground with solid KBr by a FTIR spectrometer
(Perkin Elmer, RX1) spectrometer. 1 H and 13 C spectra of
the compounds were measured by (TEOL) nuclear magnetic
resonance (NMR) machine at 298 K with tetramethylsilane as
an internal standard. Differential scanning calorimetry (DSC,
TA Instruments, TA 2000 analyzer) and thermogravimetric
analysis (TAG) were used to study the thermal properties
of the hybrid nanocomposites. Surface and cross-sectional
structure of the nanohybrids were investigated by scanning
electron microscopy (SEM, JEOL-JSM model 6360). The
cellulose-POSS-silica hybrid samples were further characterized by FTIR spectrum analysis acquired using a Brucker
IF5-859 (ATR) mode spectrometer. The structure of hybrid
sample was investigated by SEM analysis, X-ray diffraction
(XRD, Riguku co D/max-3C), and transmission electron
microscopy (TEM, Hitachi HT7700).

3. Result and Discussion
3.1. Nature of Bonding. The OAPS was synthesized by chemical imidization reactions via an amic acid as an intermediate.
The sodium acetate was not used to cyclize the amic acid
because the POSS cage structure was not stable in sodium
acetate. In this study, the maleic anhydride was added
portionwise, whereas OAPS and maleicanhydride were taken
together. The stepwise synthesis and characterization of the
POSS functionalized materials were executed with FTIR and
NMR (not shown in here) in Figure 2(a). The elemental
analysis values seem to be agreed with the calculated values
of POSS materials. No peak is observed above 9 ppm in the
1
H NMR spectrum of ONPS and this confirmed an absence
of the dinitro compound. Furthermore, the formation of
an orthoisomer is ruled out due to the steric hindrance
and possible meta/para isomers which are only feasible.
Therefore, the two peaks at 79 and 83.3 ppm in the 29 Si
NMR spectra of ONPS confirm the existence of the metaand paraisomers, and this further supports the absence of
the orthoisomer [25]. The absence of a characteristic NO2
stretching vibration at 1535 and 1347 cm−1 in OAPS indicates
the completeness of the nitro reduction. The result indicates
that ONPS and OAPS are different from the calculated values
because of the differences in the hydrodynamic volume and
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Figure 2: FT-IR spectra of synthesized (a) octa-POSS amine, (b) cellulose-silica, and (c) cellulose-POSS-silica hybrid nanocomposites.

chain flexibility of the polystyrene calibration standards.
Moreover, the cellulose-POSS-amine/silica hybrid materials
modification was executed by taking FTIR spectra, resulting
clearly difference compared to the spectrum of starting
material (pulp). In Figure 2(b), the deformation band at
1641 cm−1 confirms the presence of bound water. The bands
at 691 and 662 cm−1 were detected in the hybrid material. The
third band expected at 1064 cm−1 is overlapped with a broad
band between 1000 and 1150 cm−1 which are attributed to O–
H bending of primary and secondary alcohol groups of cellulose. Typical bands of silica at the low wavenumber range is
associated with rocking, bending (or symmetric stretching),
and asymmetric stretching of SiO2 inter-tetrahedral oxygen
atoms and symmetrical vibrations at 1064 cm−1 (Si–O–C–)
and 1097 cm−1 (Si–O–Si–), which can be confirmed by silica
hybrid materials in the cellulose-POSS matrix. Therefore, the
POSS amine is bonded to cellulose molecule via coupling
agent such as 𝛾-APTES and TEOS bonded by sol-gel process.
In Figure 2(c), FTIR spectrum indicates the clear evidence of
crosslinking of cellulose-POSS-silica, which are observed at
3396 cm−1 (for broad NH bonding) and 2919 cm−1 (for C–
H2 ) starching frequency, 1658 cm−1 (for CH), 1062 cm−1 (for
Si–O–C), and 1097 cm−1 (for Si–O–Si). Therefore, the POSS–
NH2 bonded to cellulose molecule and also silica from 𝛾APTES and TEOS bonded by sol-gel process confirm that
the chemical bonding of cellulose-POSS-silica seems to be
relatively in good agreement with earlier reports [17].

3.2. Thermal Properties. The DSC and TGA results are shown
in Figures 3 and 4, which are for observing the thermal
properties of cellulose-POSS-silica hybrid nanocomposites
materials. DSC curves of the pure cellulose fiber and grafted
polymer nanocomposites were already reported elsewhere
[18, 26, 27]. From TGA and the DSC analysis, thermal
stability of hybrid materials contains two stages due to the
degradation temperature. It is noted that an obvious two
different stages may stem from the presence of residual silanol
group and secondary amino group present in the cellulosesilica hybrids. In Figure 3, the first and second stages of
degradation temperature are also observed by DSC measurement of cellulose, where the curve contains first endothermic
peaks at temperatures of 74.1∘ C, 74.2∘ C, and 71.0∘ C, respectively. These endothermic peaks are probably associated with
the water removal from cellulose and cellulose-POSS/silica
hybrid materials. The same effect also studied for suitable
temperature between 200 and 400∘ C, which corresponds
to the scission of the glycosidic bonds with laevoglucose
formation. This is due to the fact that thermal degradation
reaction starts in the amorphous domain of the cellulosic
materials by statistical degradation reaction of cellulose. It
was reported that the two the lower peak areas obtained in
the DSC plot of areas can explain the decrease of the amount
of cationic groups in cellulose chains, which are mainly due to
the lower concentration of chemical modifiers. For cellulose,
the second endothermic peak initiates at the temperature
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process, microstructure of the fractures surface was observed
by optical images and SEM analysis.
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Figure 3: Differential scanning calorimetry (DSC) analysis of
cellulose-silica and cellulose-POSS-silica hybrid nanocomposites.
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Figure 4: Thermogravimetric analysis (TGA) of cellulose-POSSsilica hybrid nanocomposites.

of 340∘ C and finishes at 371∘ C. The endothermic change of
cellulose obtained in the DSC plot is associated with decomposition processes, which may occur within the fabric during
heating process. For cellulose-silica and cellulose-POSS-silica
hybrid nanocomposites in Figure 3, the second endothermic
peaks initiate at 236∘ C and 219∘ C and finish at 285∘ C and
272∘ C, respectively. The endothermic peaks are estimated that
there are the interactions between organic components and
inorganic components. DSC plots of cellulose/silica hybrids
also indicate that the two endothermic peaks are small.
Therefore, the endothermic changes obtained in DSC and
TGA plots (in Figure 4) may be associated with the decomposition of a part of inorganic/organic hybrids. Moreover,
the endothermic peaks are also small. This indicates that
the decomposition of cellulose-POSS-amine/silica hybrids
may take place in the organic phase. This phenomenon
shows that thermal properties of organic/inorganic hybrids
can be improved due to the strong interfacial interaction
between the organic and inorganic materials. Due to the
association with thermal, optical, and mechanical properties, the microphase compatibility has a great influence on
morphological changes of the hybrid materials. In order to
find the distributions of silica particles prepared via sol-gel

3.3. Structural Observations of Hybrid Cellulose-POSS-Silica
Nanocomposites. The XRD data indicate the influence of
POSS nanoparticles on the intensity and structure of patterns.
The POSS amine has typical nanosilica hybrid nanocomposites at 7.9∘ and 21∘ associated with nanohybrid composite
structure. In addition, the cellulose-silica hybrid materials
are the relative intensity and peak values studied in the
cellulose matrix [18, 26, 27]. The main peaks of cellulosePOSS at 14.6∘ , 16.5∘ , and 22.7∘ also associate with cellulose
structure and POSS-copolymerized with polymers. This may
be due to the decomposition of the amorphous zone during
the acid digestion resulting in crystallinity peaks. From the
observation of cellulose/silica hybrids, due to the formation without coupling agent, the surface of cellulose-silica
crosslinking hybrid seems to be rough. Also the samples show
a turbid nature due to the phase separation [28]. However, the
surface of cellulose-POSS/silica hybrid fiber with coupling
agent is rather smooth as shown in Figure 5. The cellulosePOSS/silica covalent crosslinking hybrid also has heterogeneous structure with well-defined nanostructure. Therefore,
the nanoparticles are well dispersed and also form a good
surface condition as well as film quality of hybrid materials
in Figure 5(c). Similarly, the fractured surfaces of the ONPSmodified an epoxy hybrid system also indicate homogeneous
morphology without any apparent phase separation. TEM
images of POSS amine and 𝛾-APTES and TEOS using acid
catalyst were also characterized, where the particle size of
the hybrids is about 20–100 nm, as shown in Figure 6. This
lowest particle size from TEM observations may be due to
very strong cohesive interaction between the organic and
inorganic materials via coupling agent. The polymer and
metal oxide is clearly well dispersed and makes homogeneous
structures. The polymer hybrid prepared in the absence of 𝛾APTES shows the phase separated turbid coarse product due
to nonpossibility of Michael addition reaction, whereas the
transparent homogeneous polymer hybrid with particles size
is less than 50 nm.
3.4. Optical Transparent Properties. The transparent cellulose-POSS-silica hybrid using Michael addition reaction
shows a clear dispersion of the POSS into the silica matrix,
that is, molecular level dispersion, where it is clearly seen in
the SEM images in Figure 5 and optical image in Figure 7.
The hybrid prepared in the absence of 𝛾-APTES shows
phase separated turbid coarse product due to nonpossibility of Michael addition reaction, whereas the transparent
homogeneously dispersed POSS-silica with particle sizes less
than 1 𝜇m is obtained when 𝛾-APTES is incorporated within
the cellulose matrix. Therefore, the 𝛾-APTES incorporated
along with POSS-amine SiO2 is effective combination of
Michael addition reaction via sol-gel process. Figure 7 shows
the optical images of pure POSS-amine and cellulose-silica
hybrid materials are produced with the addition of 0.04%
and 0.02% of TEOS contents, respectively. From the preparation of POSS-silica and cellulose-POSS-silica hybrid materials, transparent hybrids were obtained in the absence of
𝛾-APTES. It is found that the 𝛾-APTES are only active at the
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(a)

(b)

(c)

Figure 5: Surface images of cellulose-POSS amine-silica hybrid nanocomposite by SEM measurement with different magnifications.

(a)

(b)

Figure 6: TEM images of (a) cellulose-silica and (b) cellulose-POSS-silica hybrid nanocomposites.

temperature condition above 50∘ C, where they can induce
the transparent hybrid formation. However, below 50∘ C, only
turbid materials resulted due to the particles agglomeration
[28]. Therefore, the favorable experimental conditions for
the preparation of transparent hybrid lie between 60 and
90∘ C in the presence of 𝛾-APTES. By adapting the above
experimental conditions to cellulose-POSS-silica process,
organic and inorganic domains sizes can be controlled in
the molecular level. However, in microsized reinforcement
composites, the refractive indices of reinforcements and
resins must be matched at least to the third decimal place
to prevent light scattering, which is a critical disadvantage.
Even if the refractive indices of resins and reinforcements
are accurately matched, the temperature dependency of the

resin’s refractive index makes the composites opaque or
nontransparent as a result of temperature variations.
3.5. Antimicrobial Activity of Hybrid Nanoparticles. Figure 8
shows the population growth of bacteria with increasing
concentration of silica nanoparticles to inhibit the Bacillus’s
cereus and E. coli growth which was confirmed by measuring
turbidity. The purpose of plate counting is to estimate
the number of cells present based on their ability to give
rise to colonies under specific conditions of agar medium,
temperature, and time. Both images in Figure 8 show that
the number of viable colony decreases from the sample of
cellulose-POSS-silica nanoparticles, as compared. For testing
the silica nanoparticles susceptibilities of B. cereus and E. coli,
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(a)

(b)

Figure 7: Optically transparent cellulose-POSS-silica hybrid nanocomposite materials. The sol-gel process was performed at the temperature
condition of (a) 60∘ C and (b) 90∘ C.

(a)

(b)

Figure 8: Antimicrobial activity of standard sample (left) versus cellulose-POSS-silica hybrid nanocomposites (right) with (a) B. cereus (+)
and (b) E. coli (−) for 24 h incubation at 37∘ C.

we used disc diffusion assay test. As it is evident from the
results, cells were highly sensitive to all tested concentration
of silica nanoparticles, which was also confirmed from the
size of the zone of inhibition. According to several research
studies, it is accepted that the metal oxides carry the positive
charge and the microorganism contains negative charge, due
to the electromagnetic attraction between the microorganism
and metal nanooxides. This leads to oxidization and finally
death of the microorganism. The silica nanoparticles have
been found to be a potent bactericidal compound, although
compared to the established antibacterial compound such as
ampicillin, but can be studied for superficial application as
well as for combinational therapies. The inhibition growth
of E. coli in the presence and absence of silica nanoparticles has been done, which shows effect of subinhibitory
and inhibitory concentration of silica nanoparticle against
the both B. cereus and E. coli till 24 h of incubation. The
antimicrobial effect is greater than 5 mm and E. coli for 8 mm
incubation studies. Therefore, the compression effect of both
bacteria is greater for E. coli than for the B. cereus [29, 30].

from new molecular structures containing POSS nanosilica
particles. The POSS amine particles are well dispersed into
cellulose host matrix by bonding through covalent bonds
with nanometer scale. The thermal properties of the POSS
amine bonded to cellulose hybrids are greatly improved.
The homogeneity was influenced by the rate of gelation
and hydrolysis of alkoxysilanes and also the occurrence
of Michael addition reaction between the amino group
groups. At above 90∘ C, cellulose-POSS amine and silica are
mixed homogeneously by crosslinking reaction between the
cellulose-POSS-amine and inorganic oxides through covalent bond. The cellulose-POSS-silica hybrid materials were
greatly improved by obtaining optical transparency, thermal
stability, and antimicrobial effect against the pathogenic bacteria. Therefore, the cellulose-POSS-silica hybrid materials
may find wide applications such as optoelectronics, sensor,
biosensor, and also medical applications.
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4. Conclusions
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through sol-gel method. The cellulose-silica and cellulosePOSS-silica were developed in presence of 𝛾-APTES hybrids
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One-dimensional (1D) titanate nanotubes (TNT) were successfully synthesized using alkaline hydrothermal treatment of
commercial TiO2 nanopowders in a Teflon lined stainless steel autoclave at 150∘ C. The minimum time required for the formation of
the titanate nanotubes was 9 h significantly. After the hydrothermal processing, the layered titanate was washed with acid and water
in order to control the amount of Na+ ions remaining in the sample solutions. In this study, the effect of different reaction durations
in a range of 3 h to 24 h on the formation of nanotubes was carried out. As the reaction duration is extended, the changes in structure
from particle to tubular shapes of alkaline treated TiO2 were obtained via scanning electron microscope (SEM). Also, the significant
impact on the phase transformation and crystal structure of TNT was characterized through XRD and Raman analysis. Indeed, the
photocatalytic activity of TNT was investigated through the degradation of methyl orange aqueous solution under the ultraviolet
light irradiation. As a result, TNT with reaction duration at 6 h has a better photocatalytic performance than other samples which
was correlated to the higher crystallinity of the samples as shown in XRD patterns.

1. Introduction
Nowadays, various kinds of environmental contaminants are
around all of us, especially organic and inorganic pollutants
from industrial textile [1]. In fact, textile industry with
the discharge of synthetic dyes-containing effluents into the
water system can cause considerable environmental pollution
which would gravely impact the quality of life of humans
[2–4]. For instance, methyl orange acts as one of the major
chemical classes of azo dyes that is normally carcinogenic,
toxic, and mutagenic in nature [5, 6]. Thus, the treatments of
such wastewater have become a major concern and it is urgent
to develop a sustainable and cost-effective treatment technology to solve the discharge of toxic chemicals into water
systems [6–8]. Lately, photocatalytic oxidation treatment has
attracted much attention from science community as one of
the effective treatments applied for dye removal from textile
effluents [9, 10].
In this case, titanium dioxide (TiO2 ) based nanomaterials
have been studied extensively as a cheap and promising
photocatalyst for environmental remediation [2, 4, 6]. The

reason for using TiO2 is mainly attributed to its ability
to break down complex molecules in the pollutant into
simple and non-toxic substances during the photocatalytic
oxidation treatment; thus, no second treatment was involved
for processing the sludge. Furthermore, the catalyst remains
unchanged and can be reused which results in a significantly
lower operating expense [7–9].
To date, designing one-dimensional (1D) nanostructure
assemblies with precisely controllable nanoscale features
has gained significant scientific interest, such as nanotubes,
nanowires, and nanorods [11–15]. Of such properties, the
large surface-to-volume ratio, good ion-changeable ability,
and the tube-like structures of TNT have become the major
interest of study [3, 8, 16–18]. In addition to this, a few
studies showed that TNT exhibits a better photocatalytic
activity than the titania nanopowders which have been
summarized in Table 1. TNT consists of edge- and cornersharing TiO6 octahedral with the Na+ ions that existed
between the TiO6 layers which are capable of good ionchangeable ability effective for photocatalysts applications
[7, 9, 11].

2

Journal of Nanomaterials

Table 1: Comparison of photocatalytic performance between TiO2
nanopowders and TNT.
Types of
photocatalyst
TiO2
TNT
TIO2
TNT
TIO2
TNT
TIO2
TNT

Applications

Efficiency

References

Degradation of
methylene blue
Degradation of
tobacco smoke
Degradation of
methyl orange
Degradation of
methylcyclohexane
(MCH)

65%
95%

[9]

0.5 : 1

[10]

46.8%
57.2%

[11]

72%
95%

[12]

Throughout the studies, alkaline hydrothermal method
provides a relatively simple, easy, low energy consuming, and
cost-effective method for attaining TNT with high purity
in terms of phases and morphology [19–21]. Essentially,
this method also allows for the green synthesis of TNT in
the fact that the reaction was carried out in an autoclave
under controllable temperature and pressure within a closed
system. Therefore, the as-prepared TNT in this manner
was considered as an attractive material for photocatalytic
systems [22, 23].
Up to now, most of the studies performed on titanate
nanotubes have focused on hydrothermal temperature and
concentration of NaOH, and most of the experiments were
carried out under the same reaction duration, typically at
24 h. However, information on the effects of reaction duration
on the rapid formation of TNT is still lacking in the literature.
In this work, systematic studies and analytic approaches
on the transformation of TiO2 nanoparticles into nanotubular
structure TNT were carried out by using a chemical treatment
with highly concentrated NaOH under hydrothermal conditions. In general, hydrothermal durations played a crucial
factor influencing morphological characteristics of the TNT.
At this point, the effect of various reaction durations in a
range of 3 h to 24 h on the formation of nanotubes and their
photocatalytic activity upon methyl orange was studied. With
respect to this, the yield of nanotubes increased with the
hydrothermal duration and the rapid formation of nanotubes
at only 9 h.

2. Materials and Methods
2.1. Materials. Commercial titania nanopowders (97%),
hydrochloric acid, HCl (37%), sodium hydroxide, NaOH
(97%), and methyl orange (85%) with the molecular formula
of C14 H14 N3 NaO3 S (Figure 1) were purchased from SigmaAldrich, USA. All chemicals were used as received without
further purification. Deionized water was used throughout
the whole experiment.
2.2. Hydrothermal Treatment of TNT. In a typical synthesis,
TNT was prepared via an alkaline hydrothermal treatment
and commercial TiO2 nanopowders were used as a starting
material. An appropriate amount of TiO2 nanopowders
was mixed with 10 M NaOH in Teflon lined stainless steel

O
S

ONa

O
N

H3 C

N

N
CH3

Figure 1: Structural formula of methyl orange.

autoclave and heated at 150∘ C for 24 h [24]. Ou and Lo (2007)
reported that higher inner diameter and specific area of TNT
were produced at 150∘ C. After hydrothermal processing, the
mixture was first cooled to room temperature. Then, the white
precipitate obtained was separated through centrifugation
and washed with diluted HCl aqueous solution followed
by deionized water until a pH 7 of washing solution was
obtained. The purpose of acid treatment after the hydrothermal process is to control the amount of Na+ ions remaining in
the sample solution. Finally, the sample was dried overnight
in an oven at 100∘ C. Moreover, the reaction durations of
TNT at 3, 6, 9, and 21 h were prepared by following the same
procedure as stated above. The schematic diagram of TNT
formation was represented in Figure 2.
2.3. Characterization. X-ray diffraction (XRD) was used to
study the crystal structure and the degree of crystallinity of
TNT. The XRD was performed at 40 kV and 30 mA at a scanning rate of 0.01∘ /s with a Cu K𝛼 radiation (𝜆 K𝛼1 = 1.5406 Å)
on a Bruker axs D8 Advance diffractometer from 10∘ to 80∘ .
The morphology and particle size were determined by using
a scanning electron microscope (SEM) operating at 5.00 kV
and high vacuum with a magnification of 30 000x, using a
Hitachi Tabletop Microscope. Raman spectra were used for
determining the changes in the phase and morphology of the
TNT using Raman spectroscopy (Renishaw in Via) with a
514.5 nm Ar+ laser as an excitation source.
2.4. Photocatalytic Activity of Alkaline Treated TNT. Photocatalytic degradation of methyl orange was evaluated under
ultraviolet (UV) light irradiation of a 96 W UV lamp. Typically, 0.05 g of TNT photocatalysts was added into 100 mL
of methyl orange aqueous solution (concentration: 15 mg/L).
Initially, the solution was stirred in darkness for 30 minutes
to reach adsorption before UV lamp was switched on to
initialize the photodegradation of methyl orange solution.
The solutions were collected at certain time intervals and then
centrifuged to separate the photocatalyst from the solution.
The concentration of methyl orange was then determined by
using a UV-Vis spectrophotometer.

3. Results and Discussions
3.1. Morphological Studies and Elemental Analysis. Figure 3
shows the FESEM images of the starting material, commercial
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Figure 2: A schematic representation on the preparation of TNT.

TiO2 nanopowders, and the as-prepared TNT with different
time durations. From Figure 3(a), it can be seen that the
as-received TiO2 nanopowders with spherical shape have
an average particle size of 10–20 nm. Figure 3(b) displays a
partial formation of hollow tubular structure and a micronsized titanate in sheets forms after the hydrothermal treatment at 150∘ C for 3 h. The FESEM images revealed that TiO2
particles were not fully transformed into nanotubes and some
parts of TiO2 particles were transformed into nanosheets.
Generally, the reaction formation of nanotubes involves the
delamination of TiO2 nanoparticles in an alkali solution followed by the exfoliation of layered sodium titanates to form
TiO2 nanosheets [5, 6]. The nanosheets were curled, rolled
up, and scrolled into nanotubes. Eventually, the formation
of TNT was primarily due to the hydrothermal treatment
with strong NaOH aqueous solution which breaks the TiO-Ti bond and forms the Ti-O-Na and Ti-OH bond [24–
26]. As the reaction duration is longer, an increase in the
number of randomly tangled TNT formed was observed.
This finding is in agreement with the findings of [20] (2010)
which indicated the yield of nanotubes increased with the
hydrothermal duration [27]. The average diameter size of the
TNT is in a range of 15–30 nm.
Basically, two reaction steps were involved during the
hydrothermal treatment, namely, (i) formation of layered
titanate and (ii) dissolution-crystallisation along with the ion
exchange that occurred. At first, TiO2 reacts with concentrated NaOH forming layered titanate and then was followed
by washing with HCl and distilled water. During the washing
process, ion exchange occurred with the small radius of H+

acting as a free proton and it reacts chemically with the
exchanged Na+ [9, 11]. The overall hydrothermal reactions
can be elucidated as follows:
3TiO2 + 2NaOH → Na2 Ti3 O7 + H2 O

(1)

Na2 Ti3 O7 → 2Na+ + Ti3 O7 2−

(2)

2Na+ + Ti3 O7 2− + H+ + Cl−
→ H+ + Ti3 O7 2− + 2Na+ + Cl−
2H+ + Ti3 O7 2− → H2 Ti3 O7

(3)
(4)

where the first step is the formation of layered titanate, while
the second step corresponds to the dissolution of layered
structure and the following steps represent the ion exchange
reaction and finally the crystallization of titanate formation.
Further observation on the morphology of the asobtained material is carried out through TEM as shown in
Figure 3(b). The TNT are hollow tube-like structure with
the diameter being about 10 nm and length in the range of
micrometres.
Figure 4 shows one of the EDX spectra of TNT with the
confirmation of the elements present which included Ti and
O. From the EDX spectra, the impurities such as Na and CI
do not exist which reveal that they have been removed and
exchanged with hydrogen ions during the washing process
[12]. The effect of reaction durations does not show any
significant impacts on the EDX spectra. This may be due
to all samples being equally reacted with 10 M NaOH and
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Figure 3: FESEM images of (A) starting material, TiO2 nanopowders, and formation of nanotubes with different reaction duration: (B) 3 h,
(C) 9 h, and (D) 24 h; (b) TEM image of the as-prepared TNT.

completely washed with HCl and distilled water until the pH
reached 7.
3.2. Phase Studies. Powder X-ray diffraction (XRD) is used
to characterize the crystal structure and the degree of
crystallinity of the nanotubes. The XRD patterns of the asprepared TNT with different reaction durations are shown in
Figure 5. When the TiO2 nanopowders were hydrothermally
treated with NaOH, the anatase phase of TiO2 disappeared
and the XRD diffraction peaks at 2𝜃 = 24∘ , 28∘ , and 48∘
corresponded to (110), (211), and (020) phases of the layered
titanate, respectively [3, 5, 7]. It was interesting to observe

that, as the reaction duration increases, the peak width
becomes broader along with the decreasing of the intensity
of the characteristic peaks. This indicated that the TNT have
poor crystallinity and a very small crystallite size. This might
be due to the completely disappeared anatase crystallinity and
is replaced by the formation of layered protonic titanates [9].
3.3. Raman Studies. Raman spectroscopy is an important
characteristic tool used to further confirm the changes in
the phase and morphology of TNT. Figure 6 illustrates the
Raman spectra of TNT with various reaction durations. From
the study, the TiO2 nanopowders show the four main peaks
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Figure 7: The photocatalytic activity of nanotubes with different
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the degradation of methyl orange.
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Figure 5: XRD patterns of hydrothermal formation of nanotubes
with different reaction duration: (a) 3 h, (b) 6 h, (c) 9 h, (d) 21 h, and
(e) 24 h.
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form TNT. The Raman peaks at 280.87 cm−1 were typically
belonging to the phonon mode of titanate structure. In
addition, the peaks at 449.76 cm−1 were assigned for Ti-O
bending vibration in the layered titanate structure while the
peaks at 654.18 cm−1 are believed to be attributed to the TiO-H vibration [11, 13, 28]. Mostly, the nanotubes samples
will consist of minor variations in terms of peaks shifts and
intensities which represent the sample phases. Hereby, some
study found out that the changes in the Raman spectra are
so-called titanate-influenced [9]. As a conclusion, the Raman
results in this study were in accordance with the XRD results
obtained.
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Figure 6: Raman spectrum of hydrothermal formation of nanotubes with different reaction duration: (a) 3 h, (b) 6 h, (c) 9 h, (d)
21 h, and (e) 24 h.

(141.85, 396.53, 517.12, and 641.86 cm−1 ) which indicated the
presence of anatase mode as Eg (1), B1g (1), A1g, and Eg
(2), respectively [8, 10]. However, for TNT with different
reaction durations, three main peaks exist (280.87, 449.76,
and 654.18 cm−1 ) in Raman spectrum which determined the
presence of layered titanate structure. The absence of anatase
phase within the samples indicated that TiO2 nanopowders
have been reacted with the NaOH aqueous solution to

3.4. Photocatalytic Activity. The effect of the reaction duration on the TNT photocatalytic activity was studied through
the methyl orange dye photodegradation by using UV-Vis
spectroscopy with 𝐶 being the concentration of methyl
orange after different light irradiation times and 𝐶0 being the
initial concentration of methyl orange before light irradiation. Methyl orange with a major absorption peak at 464 nm
was considered as one of the major organic contaminants in
wastewater [11]. Figure 7 displays the photocatalytic activity
of TNT with different reaction duration. As can be observed,
all the TNT samples show photocatalytic activity. It was
obvious that the TNT with reaction duration at 6 h has a
better photocatalytic performance than other samples. This
finding can be attributed to the higher crystallinity of the
samples as shown in XRD patterns which can lead to the
lower recombination rate of electron-hole pairs and, hence,
increase the photocatalytic performance of TNT.
The kinetics of photocatalyzed degradation of MO is
illustrated in Figure 8. The linearity of the curves suggests that
the photocatalytic decolorization of MO can be described by
the first-order kinetic model, ln(𝐶0 /𝐶) = 𝑘𝑡, where 𝐶0 is the
initial concentration and 𝐶 is the concentration at time 𝑡. The
plots of the concentration data gave a straight line. The results
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Figure 8: Pseudo-first-order kinetics for methyl orange photodegradation using nanotubes with different reaction duration.
Table 2: Rate constants for catalytic photodegradation of MO.
Reaction duration
3h
6h
9h
21 h
24 h

Rate constant (𝑘)
0.0132
0.0172
0.0109
0.0073
0.0061

𝑅2
0.9941
0.9836
0.9911
0.9869
0.9823

of fitting experimental data to pseudo-first-order kinetics are
given in Table 2.
The rate constant firstly increases with increasing TiO2
nanotubes reaction duration up to 6 hours but then decreases
with further increasing reaction duration. This shows that the
TiO2 nanotubes with 6 hours reaction duration demonstrated
the best photocatalytic activity for the degradation of MO
among the samples produced.

4. Conclusions
A hollow tube-like TNT has been successfully synthesized
using alkaline hydrothermal method. The effect of reaction
durations on the formation of TNT has been carried out. The
changes in phase, surface morphology, and elemental determination of hydrothermally treated TNT were investigated
through XRD, FESEM, EDX, and Raman analysis.
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The land snail Eobania vermiculata is an important crop pest causing considerable damage in agriculture. The aim of the present
work is to evaluate the possibilities of using silver nanoparticles (AgNPs) to control the land snail. The AgNPs have been
synthesized biologically using white radish (Raphanus sativus var. aegyptiacus). The biosynthesis was regularly monitored by UVVis spectroscopy. X-ray diffraction spectra revealed peaks of crystalline nature of AgNPs and the transmission electron micrographs
further confirmed the size of the synthesized nanoparticles ranging from 6 to 38 nm. The exposure of the snails and soil matrix to
AgNPs in a laboratory experiment reduced the activity and the viability of the land snail (20% of AgNPs treated snails died) as well
as the frequency of fungal population in the surrounding soil. Moreover histology and ultrastructure alterations have been found
in both kidney and the digestive gland of AgNPs treated land snails. The synergistic effect of synthesized AgNPs as antifungal was
evaluated and clearly revealed that AgNPs can be effectively used against various plant pathogenic fungi. The present study results
may open a new avenue to use the snail as bioindicator organism of environmental pollution.

1. Introduction
The synthesis of metallic nanoparticles is an active area of
academia and, more importantly, in nanotechnology. Metallic nanoparticles have drawn a lot of attention due to their
unusual physical and chemical properties, which largely differ
from their bulk properties [1, 2]. The modification of properties was observed due to size effects, modifying the catalytic,
electronic, and optical properties of the nanoparticles [3–5].
In the last years, biosynthesis of nanoparticles have received
considerable attention due to the growing need to develop
clean, nontoxic chemicals, environmentally benign solvents,
and renewable materials [6, 7]. Biological processes that are
based on bacteria, fungi, bioderived chemicals, and plant
extracts are extensively investigated due their eco-friendly
protocol and better morphological control [8–10].
Recently, plant (leaf, flower, seed, tuber, and bark)
extract mediated biological process for the synthesis of

silver nanoparticles has been extensively explored and compared to other bioinspired processes [11–13]. Haverkamp
and Marshall, 2009 [14], have demonstrated the uptake and
conversion of metal salts like AgNO3 , Na3 Ag(S2 O3 )2 , and
Ag(NH3 )2 NO3 to metal silver nanoparticles when treated
with Brassica juncea. Present research has prompted further
exploration in the use of plant extracts for the synthesis of
silver nanoparticles from white radish extract.
Radish (family Brassicaceae) is widely grown all over the
world and commonly seen as a small-rooted, short-season
vegetable [15]. Different parts of radish including roots, seeds,
and leaves are used for medicinal purposes [16].
Land snails are considered as crop pest which cause
damage to agricultural crops or decrease their quality and
also may transmit parasites to humans, animals, and plants
[17]. The nanotechnology-based pesticides differ from the
other synthetic pesticide in surface character and size.
Nanomaterials could be useful in biological researches and
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applications due to their size which is similar to that of
most biological molecules [18] so they can diffuse through
cell membranes [19]. Nanomaterials have a toxic effect on
gastropods [20]. El-Hommossany and El-Sherbibni, 2011 [21],
used nanomaterials to control the freshwater snail Biomphalaria alexandrina by reducing its fertility. Jo et al., 2013 [22],
used silver nanoparticles as a safe and eco-friendly pesticide.
The digestive gland is the main organ for detoxification,
nutrient absorption, and metabolism and heavy metals cause
alteration of its tissue [23, 24]. Also, kidney of mollusca plays
a vital role in metal detoxification and reabsorption [25, 26].
Synthetic chemical fungicides are widely used in conventional agriculture to control plant diseases. Environmental
hazards caused by excessive use of pesticides pose health
problems as modern society is becoming more healthconscious [27]. Therefore, scientists in the agricultural field
are searching for alternative eco-friendly and less capital
intensive approaches to control plant diseases. As an alternative to chemically manufactured pesticides, use of silver
nanoparticles as antimicrobial agents has become more common as technological advances make their production more
economical [28]. So, the objective of this study was to evaluate
the possibilities of using biosynthesized silver nanoparticles
to control the land snail and plant pathogenic fungi.

2. Materials and Methods
2.1. Biological Synthesis of Silver Nanoparticles. Fresh leaves
(5 grams) of white radish (Raphanus sativus var. aegyptiacus)
were washed and boiled in 100 mL distilled water for 5 min.
Further, the extract was filtered with Whatman number
1 filter paper and stored at 4∘ C for further experiments
[29]. The AR grade silver nitrate (AgNO3 ) was purchased
from Sigma-Aldrich Chemicals. Aqueous solution of AgNO3
(1 mM) was added dropwise into 50 mL of plant leaf extract.
The mixture was incubated for 18 hours at room temperature.
Control without the AgNO3 was also kept at the same
conditions.
2.2. Characterization of Silver Nanoparticles. The synthesized
silver nanoparticles were characterized by ultraviolet-visible
spectroscopy, transmission electron microscopy, and X-ray
diffraction. Concentration of silver in the solutions was
assayed using atomic absorption spectrophotometer (AAS).
2.3. Ultraviolet-Visible Spectroscopy (UV-Vis). The bioreduction of silver nitrate solution and formation of silver nanoparticles by white radish leaf extract were scanned in the 300–
900 nm wavelength rang using a double beam spectrophotometer (Perkin-Elmer lambda 750 spectrophotometer) [30].
A strong absorption of electromagnetic waves was exhibited
by metal nanoparticles in the visible range due to the surface plasmon resonance. The stability of stored biologically
synthesized AgNPs was also performed by UV-Vis spectral
analysis.
2.4. Transmission Electron Microscope (TEM). The silver nanoparticles formed by the white radish leaf extract were
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prepared by placing a drop of synthesized AgNPs on a negative carbon coated copper grids and dried in air. The shape
and size of the AgNPs were analyzed and TEM micrographs
of the sample were taken using the JEOL TEM 100 CXII
(Electron Microscope Unit, Assiut University, Egypt).
2.5. X-Ray Diffraction (XRD). The formation of silver nanoparticles was checked by X-ray diffraction technique using an
X-ray diffractometer (Shimadzu XD-3A).
2.6. Snail Experiments. The land snails (Eobania vermiculata)
were collected from the Assiut University Farm. The snails
were acclimatized for several weeks under laboratory conditions (25–28∘ C with a 12 h light : 12 h darkness). Snails fed
on lettuce and were kept in plastic containers full with soil.
Two groups of ten snails were used for the main experiment.
One group was used as a control (untreated snails). Snails
of the second group and their food were exposed with an
AgNPs solution (30 ppm) for five successive days. Every day
snails were examined and died animals were eliminated. At
day 5, after four hours of treatment, five snails of each group
were dissected. The soil under the snails was collected and
examined for the mycological diversity.
2.7. Histological Studies. To detect the histological and structural alteration in AgNPs treated snails relative to the
untreated snails, digestive glands and kidneys were taken
from both groups and fixed in kahle’s solution. Paraffin
sections (6-7 microns) were prepared and slides were stained
with haematoxylin and eosin and examined with light microscope. The other was stained with periodic acid Schiff (PAS).
Sections were oxidized in 1% periodic acid for 5 minutes,
washed in running tap water for 3 minutes, and then stained
in Schiff reagent for 15 minutes. Sections were washed for 10
minutes in running tap water, dehydrated, and then mounted
according to Pearse, 1972 [31].
2.8. Preparation for Transmission Electron Microscopy. Tissues were fixed in 2% glutaraldehyde, postfixed in osmium
tetroxide, and dehydrated in an ascending ethanol. The
samples embedded in Epoin 812 according to protocol of the
Electron Microscope Unit, Assiut University. Ultrathin sections (60–90 nm) were cut with an ultramicrotome (Reichert
Ultracut s), contrasted with uranyl acetate and lead citrate,
and examined with a transmission electron microscope
(JEOL TEM 100 CXII) at 80 Kv and photographed.
2.9. Energy Dispersive X-Ray (EDX) Spectra. To detect the
element composition and the existence of AgNPs in the complex tissues of both digestive gland and kidney, JEOL JSM5400 L.V. scanning electron microscope (SEM) equipped with
a Tractor Northern 5200 energy dispersive (EDX) analysis
system was used. Thin film of the sample was prepared on a
holder and then allowed to dry by putting it under a mercury
lamp.
2.10. Isolation and Identification of Soil Fungi. The fungal
community structure of control and treated soil under
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the snails were examined by the serial dilution method
on potato dextrose agar (PDA) medium. After 7 days of
incubation at 25∘ C, the colony forming units were counted
and expressed as CFU/g of soil. All the fungal isolates were
morphologically identified.
2.11. Assessment of Antifungal Assay In Vitro. Four pathogenic
fungi were isolated and identified as Fusarium graminearum
(cause head blight of wheat), Fusarium oxysporum (cause
tomato wilt), Fusarium solani (cause potato rot), and Penicillium expansum (cause apple rot). Antifungal activity of
silver nanoparticles synthesized by white radish was performed by the agar dilution method. The agar medium was
supplemented with two concentrations of biogenic AgNPs
(15 & 30 ppm). A disc (1.5 cm) of mycelial growth of the
tested fungi, taken from the edge of 6-day-old fungal culture,
was placed in the center of each plate. The plates with the
inoculums were then incubated at 25∘ C. The efficacy of
AgNPs treatment was evaluated after 8 days by measuring the
radial growth of fungal colonies [32]:
Inhibition rate (%) =

𝑅−𝑟
,
𝑅

(1)

“where 𝑅 is the radial growth of fungal hyphae on the control
plate and 𝑟 is the radial growth of fungal hyphae on the plate
supplements with AgNPs”
2.12. Statistical Analysis. Statistical analysis was performed
by SPSS software. Paired-sample 𝑡-tests have been used to
determine if there are significant differences between treated
and untreated snails. Obtained values of 𝑃 < 0.05 were
considered significant.

4

3
A

2

1

0

400

500

600
𝜆 (nm)

700

800

900

Figure 1: UV-Visible spectrum of silver nanoparticles synthesized
by radish leaf extract.
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3. Results and Discussion
There are several physical and chemical methods for synthesis
of metallic nanoparticles [33]. However, development of
simple and eco-friendly biological systems would help in
the synthesis and application of metallic nanoparticles. The
feature of using plants for the synthesis of silver nanoparticle
is that they are easily available and safe to handle and possess
a broad variability of metabolites that may help in reduction.
The leaves extract of white radish (Raphanus sativus var.
aegyptiacus) was found to be suitable plant source for the
green synthesis of silver nanoparticles. The plant extract
was incubated with silver ion (1 mg). Rapid appearance of a
yellowish-brown colour in the reaction mixture suggested the
formation of colloidal silver nanoparticles [34]. The synthesis
process of silver nanoparticles was quite fast and formed
within 10 minutes of silver ion. The colour noted by visual
observation increased in intensity giving brown colour after
24 h of incubation. This increase in intensity could be due to
the formation of more nanoparticles.
The UV-Visible absorption spectra of the aqueous component of radish leaves extract were measured in the range 300–
900 nm, using a double beam UV-Vis spectrophotometer.
Figure 1 shows a strong broad absorption band located
between 405 and 430 nm for silver nanoparticles prepared by

100 nm

Figure 2: TEM micrograph of silver nanoparticles synthesized by
radish leaf extract.

radish leaves extract. The silver nanoparticles band remaining
around 420 nm indicates that the particles were well dispersed without aggregation. This beak, assigned to a surface
plasmon resonance (SPR) typical of silver nanoparticles, is
well-documented for various metal nanoparticles with sizes
from 2 to 100 nm [35, 36]. Figure 2 shows TEM micrograph
of silver nanoparticles. TEM analysis is performed to examine
the size and shape of synthesized AgNPs. There is a variation
in particle sizes from 6 to 38 nm with an average size
approximately 21 nm. Most particles are smaller than 15 nm.
TEM micrograph clearly reveals that these particles were
separated and are not aggregated. Most synthesized AgNPs
were spherical.
The XRD pattern of silver nanoparticles powder is shown
in Figure 3. The XRD analysis confirmed the presence of
Ag nanocrystals and no extra diffraction peaks of oxidation or other crystalline phases present, indicating that the
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(b) Treated Active Snails Group. In treated active snails, the
size and the lumen of many digestive tubules increased and
the cells lining the tubules are irregularly arranged. The apical
part of some cells separated to form blebs which are signs of
cell death (Figure 4(b)) [43].
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Figure 3: XRD pattern of crystalline silver nanoparticles synthesized by radish leaf extract.

pure silver nanoparticles are crystalline in nature. The XRD
pattern shows four diffraction peaks at 2𝜃 values equal to
38.02∘ , 46.12∘ , 64.6∘ , and 77.26∘ due to reflection from the
crystallographic (111), (200), (220), and (311) planes of facecentered cubic silver, respectively. The obtained data was
matched with the Joint Committee on Powder Diffraction
Standards (JCPDS files number 03-0921).
3.1. Snail Experiment. After characterization of biosynthesized silver nanoparticles (AgNPs) using leaf extract of white
radish (Raphanus sativus var. aegyptiacus), the effect of
AgNPs on land snails was studied. The activity of treated
snails decreased and two out of ten snails died. Gastropods
have the ability to accumulate metals in their tissues [37]
especially the digestive gland and the Kidney [38]. So they
are used as target organs to study the response of their tissues
to metals absorbed [39, 40].
The digestive gland of molluscs is the organ responsible
for metabolism, absorption, and detoxification [38]. So, the
digestive gland was used in this study to illustrate the effect of
AgNPs. The hazard effect of NPs is due to their high reactivity,
large surface area, and small size [39].
3.1.1. Digestive Gland
(1) Light Microscopy
(a) Untreated Snails (Control Group). Examination of sections
of untreated snails showed that the digestive gland consists
of many tubules. Each tubule is lined by four types of cells
laying on a basement membrane. These cells are digestive
cell (the most common cell type), calcium cell, excretory
cell, and thin cell (sometimes could not be distinguished).
In such tubules the different cell types are arranged around a
narrow lumen (Figure 4(a)). The same results were obtained
when studying the digestive gland of Eobania vermiculata and
Monacha cartusiana [41, 42].

(c) Treated Inactive Snails. The feeding capacity of these snails
decreased. The snails lose their activity and stay in the bottom
of the container. The excretory cells (ex.c.) increased in number (Figure 4(c)). Some cells changed in their morphology.
Hemocytes infiltration was detected. Many of the epithelial
cells became vacuolated (Figure 4(d)).
An increase in the calcium cells number, swelling, and
abnormal apices of the digestive cells in Marisa cornuarietis
treated with copper and lithium was reported [37]. Also, the
vacuolization in the digestive cells was recorded by Ünlü et al.,
2005 [44], in the study of the effect of Thiodan on Lymnaea
stagnalis.
In the study of the effect of Pt (platinum) on the tissues
of the digestive gland of Marisa cornuarietis many alterations were recorded such as the irregular shape of cells
(cells became flattened) dilatation of the intertubular spaces,
enlarged tubule lumen, destruction of tubules, necrosis of
digestive, and basophilic cells and vacuoles increased in
number [45].
(2) Electron Microscopy. Transmission electron microscopy
of the digestive gland of inactive treated snails showed a
decrease in the size of calcium cells in comparison with the
untreated snails (Figures 5(a) and 5(b)). Also, the size and
number of calcium granules decreased in the inactive treated
snails (Figure 5(b)). The structure of the mitochondria of
the digestive cells appeared small and spherical of moderate
electron density (Figure 6(a)), while in the inactive treated
snails become vacuolated with the presence of small electron
dense particles in the cytoplasm and homogenous light
electron dense granules with variable size (g) (Figure 6(b)).
Excretory cells had large vacuoles that occupied most of the
cell (Figure 6(a)). The presence of altered compartments in
the digestive gland of Marisa cornuarietis treated with copper
and lithium was reported [45].
In the present study the nucleus of the cell situated
peripherally and is surrounded by small amounts of cytoplasm containing cell organelles and the nuclear chromatin
condensed against the nuclear envelope (Figure 7). These
results are signs of cell death [43]. The damage of the digestive
gland may alter its functions of absorption, digestion, excretion, and secretion.
3.1.2. Kidney
(1) Light Microscopy
(a) Untreated Snails (Control Group). Light microscopic study
of untreated kidney showed that the epithelial cells have
central nuclei. Some epithelial cells contain large apical
vacuole and their cytoplasm faintly was stained with Periodic
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Figure 4: (a–d) Light micrographs: (a) the digestive gland showing a digestive tubule lined with four types of cells: digestive cell (d.c.), calcium
cell (c.c.), excretory cell (ex.c.), and thin cell (t.c.). Narrow lumen (l). (b) The digestive gland of active treated snails showing presence of cellular
blebs (arrows) with wildness of the lumen of the digestive tubules. (c) The digestive gland of inactive treated snails showing increases of the
number of the excretory cells (ex.c.). (d) The digestive gland of inactive treated snails showing hemocytic infiltration (h) and vacuolation of
the epithelial cells (v) (scale bar = 20 𝜇m).
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Figure 5: (a, b) TEM micrographs: (a) the normal calcium cells of untreated snails (g = granules). (b) The calcium cells showing decrease in
the size in the inactive treated snails with decrease in size and number of calcium granules (g.).

acid-Schiff stain (PAS); the other cells with no vacuoles and
their cytoplasm and granules are deeply stained with PAS
(Figures 8(a) and 8(b)). The two types of epithelial cells of
molluscan kidney have a great role in accumulation of metals,
excretion and may have the ability of reabsorption [26].

(b) Treated Inactive Snails. Many pyknotic peripheral nuclei
were detected (Figure 8(c)). Most of the epithelial cells of
the kidney of treated snails contain large vacuole and the
cytoplasm was faintly stained with PAS (Figure 8(d)). The
presence of granules that stained with PAS in the kidney cells
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Figure 6: (a, b) TEM micrographs: (a) the digestive gland of untreated snails showing digestive cell (d.c.) containing small spherical
mitochondria (arrows), excretory cell (ex.c.), and nucleus (n). (b) The digestive cells containing vacuolated mitochondria, small electron
dense particles and homogenous light electron dense variable size granules (g), and nucleus (n).

aggregation of organelles may be due to alteration in the
excretory activity due to exposure to NPs.

2 𝜇m

Figure 7: TEM micrograph: excretory cells with peripheral cytoplasm (c), large vacuole (v), peripheral nucleus (n), aggregation of
organelles beside the nucleus (o), and nucleus (n).

also detected in Mya arenaria that collected from polluted
sediments [46].
(2) Electron Microscopy. In the untreated kidney the
organelles in the epithelial cells present mostly in the lower
portion of the cell where the situation of the nucleus is in
the upper portion (Figure 9(a)). While the epithelial cells
of inactive treated snails contain a spherical nucleus and
marked vacuolization of cytoplasm with marked decreases
of the cell organelles (Figure 9(b)).
The alteration in the structure of the kidney was also
reported in the study that made evaluating the effects of the
sublethal exposure to cadmium on the kidney of the Littorina
littorea [40]. Vacuolization of the epithelial cells detected and

3.2. The EDX Analysis. The EDX analysis (energy dispersive
X-ray analysis) is an analytical method for complex samples;
it is very useful tool to identify the existence of AgNPs.
It was performed and represented in Figures 10 and 11 to
investigate the elemental composition of the sample. The EDX
analysis exhibits various intense peaks associated with Ag
atoms peaks, Na, Mg, Al, P, S, Cl, K, Ca, Fe, Cu, and Zn. The
accumulation of Ag was detected only in treated kidney and
digestive gland. The concentration of K in the digestive gland
significantly increased (𝑃 = 0.05), the concentration of Ca in
the kidney decreased (𝑃 = 0.02), and the concentration of Fe
in the kidney increased (𝑃 = 0.04).
The result obtained from the elemental spectra demonstrated the accumulation of Ag in both digestive gland and
kidney tissues. It also revealed an alteration in the element
composition of these organs which mean alteration in their
function [47].
3.3. Soil Fungi. The results of our present investigation
depict biologically synthesized AgNPs induced decrease in
frequency of fungal population in treated soil. Data in
Table 1 revealed that 13 species belonging to 8 genera were
isolated from untreated soil under the snails, whereas 10
species belonging to 7 genera were isolated from soil treated
with AgNPs. The total counts of soil fungi were 105.7 ×
103 CFU per g dry soil, of which untreated soil was the richest
in the fungal population giving rise to 66.7 × 103 CFU/g
dry soil. Remarkably, the genera Aspergillus, Penicillium,
and Trichoderma were the most common genera. Complete
inhibition of Aspergillus fumigatus, Cochliobolus specifier, and
Fusarium solani was noted with treated soil, while comprising

Journal of Nanomaterials

7

20 𝜇m

20 𝜇m

(a)

(b)

20 𝜇m

20 𝜇m

(c)

(d)

Figure 8: (a–d) Light micrographs: (a) kidney of untreated snail showing (I) epithelial cells with large apical vacuole, (II) cells with no
vacuoles, and central nuclei (n). (b) Kidney of untreated snail showing (I) cells with faint PAS staining, (II) cells with deeply stained cytoplasm,
and granules. (c) Kidney of treated snail showing pyknotic peripheral nuclei (arrows). (d) Kidney of treated snail showing (I) cells with greatly
decreased number of cells, (II) cells with deeply stained cytoplasm, and granules increased in number (scale bar = 20 𝜇m).
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Figure 9: (a, b) TEM micrographs: (a) untreated kidney showing: (I) cell contain large vacuole and (O) the cytoplasm, (II) cell with aggregated
organelles (arrows). (b) Epithelial cells of treated kidney with small amount of organelles aggregated within the vacuolated cytoplasm (arrow).

4.8%, 3.4%, and 1.2% of total fungi isolated from untreated
soil.
In the present study the biosynthesized silver nanoparticles showed excellent fungicide and that the green metal
silver nanoparticles could be efficacy control pathogenic soil
fungi. Fungicides have broad spectrum antimicrobial activity,

but it is reasonable to state that the smaller particles having
the larger surface area available for interaction will give
more fungicidal effect than the larger particles. It has been
suggested that the toxicity of AgNPs is primarily due to the
free silver ions released by the NPs [48]. While antimicrobial properties of ionic silver have long been known, the
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Figure 10: (a, b) EDX Photographs: (a) untreated digestive gland. (b) Treated digestive gland.
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Figure 11: (a, b) EDX Photographs: (a) untreated kidney. (b) Treated kidney.

Table 1: Colony forming unit (CFU) of fungal species isolated from
soil, amended with or without AgNPs.
Fungal species
Aspergillus flavus
Aspergillus fumigatus
Aspergillus japonicus
Aspergillus niger
Cladosporium cladosporioides
Cochliobolus spicifer
Epicoccum nigrum
Fusarium oxysporum
Fusarium solani
Penicillium funiculosum
Penicillium duclauxii
Rhizopus stolonifer
Trichoderma harzianum

CFU/g soil × 103
Without AgNPs
With AgNPs
8.4
3.6
3.2
0
3.5
2.1
18.5
12.6
5.1
4.7
2.3
0
1.2
0.5
1.6
1.2
0.8
0
6.7
5.3
5.4
1.3
3.9
1.9
6.1
5.8

complexities encountered in various environments combined
with the unique properties and behaviors of AgNPs (and
nanoparticles in general) complicate estimations of the fate
of released AgNPs and their organismal interactions [49, 50].
3.4. Antifungal Assay In Vitro. The inhibitory effect of biologically synthesized AgNPs of different concentrations (15

and 30 ppm) was analyzed in PDA (Figure 12). All tested
pathogenic fungi were inhibited to various extents by AgNPs.
The lowest level of inhibition was observed against Fusarium
oxysporum on PDA treated with a 15 ppm concentration of
AgNPs, while the highest level of inhibition was observed
against Fusarium solani treated with a 30 ppm concentration of AgNPs (91%). The results clearly demonstrated
that biologically synthesized AgNPs are hopeful antifungal
agents against the plant pathogenic fungi. The use of silver
nanoparticles as antimicrobial agents has become more
common as technological advances make their production
more economical.
One of the potential applications in which AgNPs can be
utilized is in management of plant diseases. Since AgNPs display multiple modes of inhibitory action to microorganisms
[51], they may be used for controlling various plant pathogens
in a relatively safe way compared to synthetic fungicides
[51]. The antifungal mechanism of AgNPs may be due to the
fact that the formation of free radicles produced from the
nanoparticles could disturb the membrane lipids and then
finally spoil the membrane functions [52, 53]. Stoimenov et al.
[54] and Sondi and Salopek-Sondi [55] have depicted a new
finding that the membrane could be deteriorated by the
formation of pits on the surface of the cell wall membrane
of microorganisms. The formation of pits on the membrane
leads to increase in the permeability and irregular transport
that result in the death of the cells. So, the green-synthesized
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Figure 12: Inhibitory rate (%) of biologically synthesized AgNPs on
some plant pathogenic fungi.

silver nanoparticle is a good source, which is easily produced
and extensively useful in agricultural applications.
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Catalytic rapid pyrolysis of Quercus variabilis, a Korean native tree species, was carried out using Py-GC/MS. Mesoporous MFI,
which has both nanopores and micropores, and three nanoporous materials, Al-MCM-41, Al-SBA-15, and 𝛾-Al2 O3 , were used as
the catalyst. The acid sites of mesoporous MFI were strong Brønsted acid sites, whereas those of nanoporous materials were mostly
weak acid sites. The composition of the product bio-oil varied greatly depending on the acid characteristics of the catalyst used.
Phenolics were the most abundant species in the bio-oil, followed by acids and furanics, obtained over Al-MCM-41 or Al-SBA-15
with weak acid sites, whereas aromatics were the most abundant species produced over mesoporous MFI with strong acid sites,
followed by phenolics. Aromatics, phenolics, and furanics are all important chemicals contributing to the improvement of bio-oil
quality.

1. Introduction
Due to global warming, CO2 reduction has become a major
issue over the world [1–3]. In this regard, biomass has been
regarded as one of the possible solutions to reduce atmospheric CO2 . Although biomass is distributed much more
evenly throughout the world than fossil fuels, the biomass
resources are less abundant in Korea than in other parts of
Asia, for example, Southeast Asia. The most common biomass
found in Korea is forest biomass, amounting to approximately
6,369,000 ha in 2010. Cork oak (Quercus variabilis) accounts
for the largest fraction of Korean forest biomass reserves,
24.17%; therefore, active use of Quercus variabilis is needed
for the effective energy production from Korean forest
biomass. However, most researches on biomass-to-energy
conversion conducted in Korea have used wood biomass
imported from foreign countries, while the application of

representative Korean native trees to the production of biofuels or biochemicals has been rarer. Therefore, the research
on the biofuel production using representative Korean native
trees is crucial for national bioenergy independence and the
diversification of bioenergy resources. Among the processes
that produce biofuels from biomass, rapid pyrolysis aims at
producing liquid-phase biofuel, called bio-oil [4–10].
In particular, catalytic rapid pyrolysis, in which a catalyst
is additionally employed in a rapid pyrolysis process, can
remarkably reduce the oxygen content in bio-oil, enabling
the production of high-quality bio-oil (with high heating
rate, low acidity, low O/C ratio, etc.). There are two types
of catalysis processes used for rapid pyrolysis: high-pressure
catalysis and atmospheric-pressure catalysis. Compared to
the high-pressure catalysis that requires expensive hydrogen
gas, the atmospheric-pressure catalysis can be conducted
more economically using zeolite-derived catalysts.
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2. Experimental
2.1. Quercus variabilis. Quercus variabilis cultivated in Korea
Forest Research Institute was used for this study. Proximate
analysis performed following a procedure described in a
previous study [12] showed that Quercus variabilis consisted
of 1.1 wt% of moisture, 83.2 wt% of volatile matter, 12.3 wt% of
fixed carbon, and 3.5 wt% of ash. Quercus variabilis contains
71.8% of holocellulose and 28.2% of lignin.
2.2. Thermogravimetric Analysis (TGA). TGA was performed
to examine the decomposition behavior of Quercus variabilis.
About 2 mg of sample was pyrolyzed for analysis. Nitrogen
gas with a flow rate of 40 mL/min was used as the purge
gas, while nitrogen gas at a flow rate of 20 mL/min was used
as the sample gas. During the analysis, the temperature was
increased from room temperature to 800∘ C at a heating rate
of 30∘ C/min.
2.3. Synthesis and Characterization of Catalysts. Al-SBA-15
and Al-MCM-41, which are representative regular mesoporous materials, were synthesized using the methods suggested previously [21, 22]. Mesoporous MFI, which has both
mesopores and micropores, was also synthesized using a
method reported in a previous study [23]. 𝛾-Al2 O3 was purchased from Sigma-Aldrich. BET surface area analysis and
NH3 TPD were performed to investigate the pore structure
and acid characteristics of the catalysts [21–23].
2.4. Rapid Pyrolysis Experiments. The noncatalytic pyrolysis
of Quercus variabilis was carried out using a fixed-bed reactor.
One can refer to a previous study [12] for detailed procedure.
On the other hand, the noncatalytic and catalytic pyrolyses
of Quercus variabilis were conducted using Py-GC/MS to
examine the effects of catalytic reforming on the product
distribution quickly. The reaction temperature and ratio of
biomass/catalyst were 530∘ C and 1/1, respectively. One can
refer to a previous report [12] for detailed procedure.

3. Results and Discussion
3.1. Thermal Analysis of Quercus variabilis. Figure 1 shows
the thermal decomposition behavior of Quercus variabilis.
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A number of papers on catalytic rapid pyrolysis of wood
over porous materials have recently been published over the
world [11–20]. Various characteristics of porous materials,
for example, quantity and strength of acid sites, surface area,
pore size, and crystallinity, have been shown to influence
the reforming of bio-oil. As was mentioned above, however,
researches on the rapid pyrolysis or catalytic pyrolysis of
Korean native Quercus variabilis have never been reported.
In this study, the rapid pyrolysis of Quercus variabilis was
carried out for the first time. The catalytic pyrolysis of Quercus
variabilis was also performed over various mesoporous materials. The effects of the properties of mesoporous materials on
the bio-oil reforming were investigated.
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Figure 1: TG/DTG curves of Quercus variabilis.
Table 1: Physical properties of catalysts.
Material
𝑆BET (m2 /g)
Mesoporous MFI
460
Al-MCM-41
848
Al-SBA-15
531
𝛾-Alumina
70

𝑉Total (cm3 /g)
3.8
0.64
0.63
0.12

Pore size (nm)
4.9
2.8
6.1
8.3

A shoulder peak indicating the decomposition of hemicellulose appeared around 300∘ C, whereas a peak representing
the decomposition of cellulose appeared around 390∘ C. A
wide peak for the decomposition of lignin is shown above
400∘ C. Generally, hemicellulose, which is amorphous with
low crystallinity, is decomposed earlier than more crystalline
cellulose [24]. Lignin is decomposed at higher temperature
than hemicellulose and cellulose because of its characteristic
aromatic network. The shoulder peak shown in Figure 1
indicates a considerable amount of hemicellulose contained
in the biomass sample, suggesting significant production of
acetic acid from its pyrolysis via the detachment of acetal
functional groups [25].
3.2. Characterization of Catalysts. The physical properties of
the catalysts used in this study were summarized in Table 1.
The specific surface areas of mesoporous MFI, Al-MCM41, Al-SBA-15, and 𝛾-Al2 O3 were 460, 848, 531, and 70,
respectively, whereas their pore sizes were 4.9, 2.8, 6.1, and
8.3, respectively. NH3 -TPD analysis showed that the order of
acid site quantity was mesoporous MFI > Al-SBA-15 ≒ AlMCM-41 ≒ 𝛾-Al2 O3 (Figure 2). Mesoporous MFI showed a
peak representing strong acid sites at a high temperature of
400∘ C, whereas the other catalysts were shown to have only
weak acid sites (represented by low-temperature peaks). This
result indicates that mesoporous MFI is superior to the others
in terms of the acid characteristics.
3.3. Rapid Pyrolysis of Cork Oak. Figure 3 shows the results of
noncatalytic rapid pyrolysis of Quercus variabilis. Among the
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Figure 2: NH3 TPD of catalysts.

3.4. Catalytic Rapid Pyrolysis of Quercus variabilis Using PyGC/MS. The results of catalytic rapid pyrolysis obtained
using Py-GC/MS are shown in Figure 5. Hundreds of
species contained in the product bio-oil were divided into
6 groups: acids (including acetic acid), oxygenates (including levoglucosan and ketones), furanics (including furfural
and furans), (monocyclic) aromatics (including toluene and
xylene), PAHs (including naphthalene and branched naphthalenes), and phenolics (including phenol, methoxy-phenol,
and benzenediol). As shown in Figure 5, catalytic pyrolysis
led to significantly different product distribution from that
obtained from noncatalytic pyrolysis. In particular, mesoporous MFI, which has strong acid sites, led to a huge
increase of the fraction of aromatics, which were hardly
produced from noncatalytic pyrolysis. The fractions of PAHs
and furans were also increased by catalysis, whereas those of
oxygenates and phenolics, which were the main products of
noncatalytic pyrolysis, were decreased by catalysis. Another
product group whose fraction was reduced by catalysis was
acids. The product compositions obtained over Al-MCM-41

Gas

425∘ C
475∘ C
530∘ C

Al-SBA-15
𝛾-Al2 O3

Figure 3: Yield of pyrolysis of Quercus variabilis.

80
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results obtained within the temperature range of 425–530∘ C,
the results obtained at 530∘ C showed the largest bio-oil yield
with the gas yield of about 20%. The char yield decreased
with increasing temperature. This result implies that the
decomposition of biomass to small-molecular-mass species
is dominant over the biomass-to-char conversion at high
temperature because of enhanced heat transfer to biomass
sample particles. Figure 4 compares the gas compositions
obtained at different pyrolysis temperatures. CO2 was the
most abundant gas species at all temperatures tested, whereas
the fraction of hydrocarbon was the lowest. The fraction
of CO2 decreased with increasing temperature, whereas
those of CO and C1 –C4 hydrocarbons increased, indicating that decarbonylation, demethoxylation, and dealkylation
are promoted at high temperature but decarboxylation is
suppressed.
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Figure 4: Gas components during pyrolysis of Quercus variabilis.

and Al-SBA-15, which have only weak acid sites, were quite
different from that obtained over mesoporous MFI. They
also reduced the fractions of oxygenates and phenolics and
increased the fraction of furanics but they did not promote
the production of aromatics and PAHs. The fraction of acids
was rather increased by catalysis over Al-MCM-41 or Al-SBA15. Meanwhile 𝛾-Al2 O3 showed decrease of oxygenates. The
difference between mesoporous MFI and the two nanoporous
materials (Al-MCM-41 and Al-SBA-15) is attributed to the
difference in their acid characteristics because their pore
structure is not different a lot in that all of them have
mesopores. However, the different activity of 𝛾-Al2 O3 may
be due to its irregular pore geometry, low surface area, and
acid characteristics. More detailed examination of the effects
of acid characteristics of catalysts on the product composition
follows.
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Figure 6 shows the detailed species distribution of oxygenates. The main oxygenate species obtained from noncatalytic rapid pyrolysis was levoglucosan. Upon catalytic
pyrolysis over any of the catalysts used in this study, however,
levoglucosan was removed completely. All the catalysts used
in this study had mesopores larger than 2 nm, into which
levoglucosan (kinetic diameter: 0.67 nm [26]) can diffuse
easily and undergo dehydration reaction on the acid sites.
Apparently, this conversion of levoglucosan does not need
strong acid sites because Al-MCM-41, Al-SBA-15, and 𝛾Al2 O3 , which have only weak acid sites, also removed
levoglucosan completely. Conversely, HZSM-5, whose pores
are smaller (ca. 0.56 nm) than levoglucosan molecule, did
not remove levoglucosan in spite of its strong acid sites
(private result). This demonstrates that the pore size is a more
important factor than the strength of acid sites, determining
the conversion of levoglucosan.
Figure 7 shows the detailed species distribution of furanic
compounds. Compared to noncatalytic pyrolysis, catalytic
pyrolysis resulted in higher fractions of alkyl furans and
furfural. In particular, Al-SBA-15 and Al-MCM-41, which
have only weak acid sites, led to a larger increase of the
fraction of furanic compounds than mesoporous MFI with
strong acid sites and 𝛾-Al2 O3 with irregular mesopores
and lowest surface area. Increased production of furanic
compounds is beneficial because they are important chemical
intermediates. Therefore, in order to maximize the yield
of furanic compounds, the pyrolysis process needs to be
optimized using weak acid sites catalysts. Further researches
are needed for this issue.
Figure 8 shows the detailed species distribution of aromatics. Aromatics are known to be produced from the
reaction intermediates, such as furanics, phenolics, aldehydes, and esters, via dehydration, cracking, decarbonylation,

Al-SBA-15
𝛾-Alumina

Figure 7: Product distribution of furans via catalytic pyrolysis of
Quercus variabilis over nanoporous catalysts.

decarboxylation, oligomerization, and aromatization [27].
Because these reactions tend to take place more easily on
strong Brönsted acid sites [27], mesoporous MFI led to the
largest fraction of aromatics. Because of their weak acid sites,
Al-SBA-15, Al-MCM-41, and 𝛾-Al2 O3 could not promote
sufficiently the conversion of reaction intermediates (e.g.,
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furanics) to aromatics, resulting in high fraction of furanics
and low fraction of aromatics.
The reduction of phenolics was also more profound in the
case of mesoporous MFI because cracking, deoxygenation,
and demethylation reactions required for the conversion of
phenolics were promoted on strong acid sites.

4. Conclusions
Rapid pyrolysis and catalytic pyrolysis of Quercus variabilis
were carried out for the first time. In the case of noncatalytic pyrolysis, the bio-oil yield increased with increasing
temperature, which was attributed to enhanced heat transfer
to biomass particle surface at high temperature. In the case
of catalytic pyrolysis, the pore size and acid characteristics
imposed large effects on the bio-oil composition. Mesoporous
MFI, which has the highest strength and quantity of acid
sites among the catalysts tested, showed the highest selectivity
toward aromatics because dehydration, cracking, dealkylation, deoxygenation, oligomerization, and aromatization
reactions were promoted on its strong acid sites. On the
other hand, Al-SBA-15, Al-MCM-41, and 𝛾-Al2 O3 , which
have only weak acid sites, showed high selectivity toward
furanic compounds.
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In recent years, nanotechnology has become one of the most promising new approaches for pest control. In our screening
program, laboratory trials were conducted to determine the effectiveness of five sources of silver nanoparticles (Ag NPs) and
sulfur nanoparticles (S NPs) on larval, pupal, and adults of the fruit fly Drosophila melanogaster. Nanoparticles of silver and sulfur
were synthesized through reducing, stabilizing, and capping plant leaf extracts method and different concentrations (10, 50, 100,
200 ppm) were tested on D. melanogaster. Results showed that silver nanoparticles (Ag NPs) were highly effective on larvae, pupae,
and adults’ mortality and egg deterrence. On the contrary, none of the tested nanoparticles has a significant effect on pupae longevity.
The results also showed that silver nanoparticles can be used as a valuable tool in pest management programs of D. melanogaster.

1. Introduction
Pests are frequently mentioned as a major constraint to
improved food production and higher agricultural productivity [1]. Insects, diseases, and weeds destroy more than
40% of the potential world food production [2]. It has been
estimated that up to 15% of crops worldwide are lost because
of insect damage alone [3]. In 2006 and 2007, the world
used approximately 5.2 billion pounds of pesticides, with
insecticides constituting the second biggest part of the world
pesticide use at 17%. Moreover, for the global market of
crop protection products, market analysts forecast revenues
of over 52 billion US dollars in 2019 [4]. Furthermore,
there were more than 1055 active ingredients registered as
pesticides [5]. The World Health Organization and the UN
Environment Programme estimate that each year 3 million
workers in agriculture in the developing world experience
severe poisoning from pesticides, about 18000 of whom die
[6]. In addition, pesticide use reduces biodiversity, reduces
nitrogen fixation [7, 8], contributes to pollinator decline [9],

destroys habitat [10], and threatens endangered species [6].
Pests can develop a resistance to the pesticide, necessitating a
new pesticide [11]. Alternatively a greater dose of the pesticide
can be used to counteract the resistance, although this will
cause a worsening of the ambient pollution problem. On
average, overall effectiveness of pest control is only 33% and
is the lowest for insect [12]. L. A. Lacey and C. M. Lacey
[13] recommended using alternatives to pesticides including
the use of metal nanoparticle (NPs) [14, 15]. This method
is becoming increasingly popular and is often safer than
traditional chemical pesticides [14, 15]. The advantage of
using plants for the synthesis of nanoparticle is that they are
easily available, safe to handle, and possess a broad variability
of metabolites that may aid in reduction [16]. A number of
plants are being currently investigated for their role in the
use of nanoparticle. Gold nanoparticles with a size range of
2–20 nm have been synthesized using the live alfalfa plants
[17]. Nanoparticles of silver, nickel, cobalt, zinc, and copper
have also been synthesized inside the live plants of Brassica
juncea L. (Indian mustard), Medicago sativa L. (Alfalfa), and
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Helianthus annuus L. (Sunflower). Of the plants investigated,
Brassica juncea had better metal accumulating ability compared to other plants [18]. Silver (Ag NPs) and sulfur (S NPs)
nanoparticles have attracted researchers due to their potential
properties and applications in the fields of biology, biotechnology, chemistry, agriculture, physics, and medicine [14].
Various approaches were developed for synthesis of these
nanoparticles such as thermal decomposition, electrochemical, microwave assisted process, chemical reduction, sol-gel,
hydrothermal synthesis, ultrasonic technique, microemulsion, and precipitation method [8, 18–24]. These methods
have many disadvantages due to the difficulty of scaling up
the process, hazardous chemicals, low material conversion,
and high energy requirements. Therefore, there is a growing need to develop environmentally friendly methods for
nanoparticles synthesis without using hazardous materials.
Green synthesis of silver nanoparticles using plant extracts
could be more advantageous than other methods. Recent
researches reported using different plant leaf extracts for
synthesizing silver nanoparticles such as Pine, Persimmon,
Ginkgo, Magnolia and Platanus [25], Coriandrum sativum L.
[26], Nicotiana tobaccum L. [27], Ocimum sanctum L. [24],
Stevia rebaudiana Bert. [23], Arbutus unedo L. [28], Ficus
benghalensis L. [29], Ocimum tenuiflorum L. [22], Gloriosa
superba L. [30], Syzygium aromaticum L. [31], Citrus limon L.
[21], Annona squamosa L. [32], Ixora coccinea L. [33], Sesbania
grandiflora L. [34], Loquat [35], Mulberry [16], Carob [36],
Alternanthera dentata Moench [19], and Tephrosia purpurea
L. [20].
The fruit fly Drosophila melanogaster Meigen (Diptera:
Drosophilidae) is one of the most valuable organisms in
biological research, particularly in genetics and developmental biology [37]. D. melanogaster has been used as a model
organism for research for almost a century [38]; it is easy to
handle, a small animal with a short life cycle, and cheap and
easy to keep at large numbers [39].
The main objectives of this study were to design a
simple, rapid, and environmentally synthesized methods of
silver (Ag NPs) and sulfur (S NPs) nanoparticles at ambient
temperature using reducing, stabilizing, and capping plant
leaf extracts and to investigate the toxicity effect of those
nanoparticles on different stages of D. melanogaster.

2. Materials and Methods
2.1. Preparation of the Silver and Sulfur Nanoparticles
2.1.1. Materials. The AR grade silver nitrate (AgNO3 ),
sodium thiosulfate (Na2 S2 O4 ⋅5H2 O), and hydrochloric acid
(HCl) were purchased from Sigma-Aldrich chemicals. Fresh
olive (Olea europaea), fig (Ficus carica), loquat (Eriobotrya
japonica), citrus (Citrus limon), pistachio (Pistacia vera), and
mulberry (Morus nigra) plant leaves were collected locally
from the campus of Royal Scientific Society, El Hassan
Science City, Amman, Jordan. Deionized water was used for
all solution preparations. Glassware was washed in dilute
nitric acid (HNO3 ), rinsed thoroughly with distilled water,
and dried in hot air oven prior to use.
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2.1.2. Preparation of Plant Leaves Extract. Fresh plant leaves
of olive, fig, loquat, citrus, pistachio, and mulberry were
washed several times with distilled water to remove the dust
particles and then sun dried to remove the residual moisture.
The leaf extracts used for synthesis of nanoparticles were
prepared by placing 5 gram of the washed, dried, and fine
cut leaves in 200 mL glass beaker along with 100 mL of sterile
distilled water. The aqueous mixture was then boiled for 5–10
minutes until the color of aqueous solution changes to light
yellow or brown. Then the aqueous extracts were cooled to
room temperature and filtered with Whatman filter paper No.
1 filter paper before centrifugation at 1200 rpm for 5 minutes
to remove the heavy biomaterials. The leaf extracts were
stored at room temperature in order to be used for further
experiments.
2.1.3. Synthesis of Silver Nanoparticles. In a typical reaction
procedure, 5 mL of plant leaf extract was added to 100 mL
of 1 mM of aqueous solution of silver nitrate (AgNO3 ) with
stirring magnetically at room temperature or heating at 20–
80∘ C. The resulting solution became brown and then changed
to grey-black in color, indicating the formation of silver
nanoparticles (Ag NPs). The concentrations of silver nitrate
solutions, the quantity of plant extract, and temperature were
also varied at 1–4 mM, 5–10% by volume and at temperature
20–80∘ C. The UV-vis spectra showed strong surface plasmon
resonance (SPR) band at 420–425 nm, thus indicating the
formation of silver nanoparticles. The silver nanoparticles
obtained by the plant leaf extracts were centrifuged at
15,000 rpm for 5 minutes and subsequently dispersed in sterile distilled water to get rid of any uncoordinated biological
materials.
2.1.4. Synthesis of Sulfur Nanoparticles. In a typical reaction synthesis, sulfur nanoparticles (S NPs) synthesized
as follows: an appropriate amount of sodium thiosulfate
(Na2 S2 O3 ⋅5H2 O) was dissolved in 100 mL of sterile deionized
water in a 250 mL beaker under mild stirring with magnetic
stirrer at room temperature and atmospheric pressure. 10 mL
of aqueous solution of citrus leaf extract acidified with dilute
hydrochloric acid (HCl) was added to the aqueous solution of
sodium thiosulfate with rate 1 mL/min with mild stirring for
allowing the sulfur precipitations uniformly. The suspended
sulfur particles obtained were separated by centrifugation at
1000 rpm/min for 5 minutes and then repeatedly washed with
sterile distilled water to remove any biological materials. The
sulfur nanoparticles are divided into two parts. In the first
part, the sulfur nanoparticles remained in the sterile distilled
water without any additives added. In the second part, the
sulfur nanoparticles after purification were dried in a vacuum
at 80∘ C for 2 h. The product was a light yellow powder used
for SEM and FT-IR analysis.
2.1.5. Characterization of Synthesized Nanoparticles. UV-vis
absorption spectra were measured using a Shimadzu UV-1601
spectrophotometer (Kyoto, Japan). Crystalline metallic silver
nanoparticles were examined using an X-ray diffractometer
(Shimadzu, XRD-6000) equipped with Cu K𝛼 radiation
source using Ni as filter at a setting of 30 kV/30 mA. All
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X-ray diffraction (XRD) data were collected under the
experimental conditions in the angular range 3∘ ≤ 2𝜃 ≤
50∘ . Fourier transform infrared (FT-IR) spectra for leaves
extracts powders and silver nanoparticles were obtained
in the range from 4,000 to 400 cm−1 with an IR-Prestige21Shimadzu FT-IR spectrophotometer by KBr pellet method.
Scanning electron microscopy (SEM) analysis of synthesized
silver nanoparticles was done using a Hitachi S-4500 SEM
machine (Chiyoda-ku, Japan). Concentration of silver ions
was analyzed by Atomic Absorption Spectroscopy (AAS; AA6300, Shimadzu).
2.2. Toxicity against Drosophila melanogaster
2.2.1. Rearing Drosophila melanogaster for Bioassay Tests.
About 100 D. melanogaster adults were obtained from an
available colony at the Biotechnology Laboratory at Al-Balqa’
Applied University and were introduced into new culture
bottles to breed. The contents of the Drosophila artificial diet
used per one liter were 700 mL distilled water, 48 gm sucrose,
18 gm bacteriological agar, 18 gm yeast, 4 mL propionic acid,
and 54 gm wheat cream.
2.2.2. Silver and Sulfur Nanoparticles Treatments for Insecticidal Activity. The silver nanoparticles of olive, fig, loquat,
pistachio, and mulberry at concentrations of 10, 50, 100,
and 200 ppm for each were bioassayed for toxicity against
Drosophila melanogaster. The sulfur nanoparticle of citrus at
the same concentrations of 10, 50, 100, and 200 ppm was also
assayed.
(1) Silver and Sulfur NPs Toxicity against Larvae and Pupae.
Volumes of 400 𝜇L of each of the above mentioned nanoparticles were spread on the surface of the artificial diet in 3 cm
in diameter Petri dishes. Each treatment was repeated three
times. Also, diet was treated with distilled water in five repetitions for control treatment. Ten freshly hatched Drosophila
larvae were transferred to each Petri dish containing the
nanoparticle impregnated in the diet. The Petri dishes were
incubated at 25∘ C, 60% relative humidity and 16: 8 lights
to dark period. Larvae mortality was recorded after 72 hr.
In addition, pupal mortality was recorded to those larvae
that succeeded in pupation. Larval and pupal development
periods were also checked every 6 hours and recorded. The
larvae that succeeded in pupation were numbered on the
outside surface of the Petri dish opposite to the pupation site
with permanent marker in order to follow its development
period. Moreover, abnormalities in morphology, color, and
weight of the emerged flies were noticed, if present.
(2) Silver and Sulfur NPs Toxicity to Pupae. Groups of ten larvae prior to pupation were transferred to empty Petri dishes.
Larvae were left to pupate inside the dishes. Volumes of 0.5 𝜇L
of each concentration of both silver and sulfur nanoparticles
were applied to pupae using the droplet-imbibing assay. Each
treatment was repeated 3 times and the control treatment was
repeated 5 times. Pupal mortality was recorded ten days later
in order to investigate the NPs toxicity during the early pupal
stage without previous feeding of larvae on NPs.
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(3) Silver and Sulfur NPs Toxicity against Adults and Number of Hatched Eggs. Groups of flies of five (3-days) old
females were anesthetized using carbon dioxide and released
inside Petri dishes containing media impregnated with the
nanoparticles at the concentrations mentioned above. Each
treatment was repeated three times and the water treatment
was repeated five times as control. The flies were left without
food for 12 hours before releasing them into the Petri dishes
to enhance their feeding. Female mortality was recorded
every day until the flies in the control treatment were dead.
The number of hatched larvae from eggs laid by females in
each treatment was counted to investigate the NPs egg-laying
deterrence effect.
(4) Statistical Analysis. Hatched eggs, pupae, and adults’
mortality were analyzed using GenStat 16 software followed
by Repeated Measures Analysis of Variance and Least Significance Difference tests to compare effects among treatments.
The results were expressed as means of untransformed data
and considered significantly different at 𝑃 < 0.05. Data
from larvae and pupae development were analyzed using a
one-way ANOVA and Least Significance Difference tests to
compare effects among treatments.

3. Results and Discussion
3.1. UV-Vis Absorbance Studies. The addition of plant leaf
extracts of olive, fig, loquat, pistachio, and mulberry to silver
nitrate solution resulted in color change of the solution
from transparent to dark yellow or dark brown due to the
formation of silver nanoparticles. These color changes arise
due to the excitation of surface plasmon vibrations of the
silver nanoparticles. The Surface Plasmon Resonance (SPR)
of silver nanoparticles produced peaks centered around 425–
430 nm indicating the formation of silver nanoparticles.
3.2. XRD Analysis of Silver Nanoparticles (Ag NPs). The crystalline nature of Ag NPs synthesized by using olive, fig, loquat,
pistachio, and mulberry leaf extracts was confirmed from
the XRD patterns by the characterization peaks observed in
the XRD image, Figure 1. XRD analysis showed four distinct
diffraction peaks at 𝜃 values of 38.12∘ , 43.98∘ , 64.09∘ , and
77.58∘ which correspond to crystal facets of (111), (200), (220),
and (311) of face-centered cubic silver. No extra diffraction
peaks of other phases are detected indicating the phase purity
of Ag NPs. The average crystallite size of the synthesized silver
nanoparticles was calculated using Debye-Scherrer equation
[35, 36]:
𝐷=

𝐾𝜆
,
𝛽 cos 𝜃

(1)

where 𝐷 is the crystallite size of silver nanoparticles, 𝜆
represents wavelength of X-ray source 0.1541 nm used in
XRD, 𝛽 is the full width at half maximum of the diffraction
peak, 𝐾 is the Scherrer constant with value from 0.9 to
1, and 𝜃 is the Bragg angle. The average particles size of
the synthesized silver nanoparticles by different plant leaf
extracts and calculated by Scherrer equation are shown in
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Plant leaf extract
Fig
Mulberry
Olive
Pistachio
Loquat

64.09

77.58

500
43.98

Intensity (a.u.)

38.12

Table 1: Average particle size diameter of the synthesized silver
nanoparticles using different plant leaf extracts.
Average diameter size
8 nm
18 nm
10 nm
22 nm
5 nm

0
80

3.3. XRD Analysis of Sulfur Nanoparticles (S NPs). The XRD
analysis of sulfur nanoparticles synthesized is illustrated in
Figure 2. The 2𝜃 peaks at 15.4∘ , 23.08∘ , 25.8∘ , 27.76∘ , 31.45∘ ,
37.02∘ , and 42.08∘ are attributed to the crystal planes of sulfur
at 113, 222, 040, 313, 044, 422, and 319, respectively. The sulfur
nanoparticles are well-crystalline and the position and the
relative intensity of the diffraction peaks match well with
the standard monoclinic phase sulfur diffraction pattern. The
average particle sizes of the synthesized sulfur nanoparticles
were calculated using Debye-Scherrer equation. It was found
that the average size of sulfur nanoparticles calculated from
XRD data is approximately 8 nm. The presence of structural
peaks in XRD pattern illustrates that S NPs synthesized by
this novel approach were nanocrystalline in nature. Scanning
electron microscopy (SEM) analysis revealed that the sulfur
nanoparticles were spherical in shape. The unassigned peaks
in XRD pattern are thought to be related to crystalline and
amorphous organic phases of citrus leaf extract.
3.4. Fourier Transform Infrared Spectroscopy Analysis (FT-IR)
3.4.1. FT-IR Analysis of Plants Leaves Extract. The FT-IR
spectrum obtained for plant leaf extracts displays a number
of absorption peaks reflecting its complex nature. The FTIR data for olive, fig, loquat, pistachio, and mulberry leaf
extract are shown in Figure 3. Strong absorption peaks at
3429 cm−1 –3336 cm−1 result from stretching of the –NH
band of amino groups or are indicative of bonded –OH
hydroxyl group. The absorption peaks at about 2920 cm−1
and 2850 cm−1 could be assigned to stretching vibrations
of –CH2 and CH3 functional groups. The peaks at about
1647 cm−1 , 1755 cm−1 , and 1543 cm−1 indicate the fingerprint
region of CO, C–O, and O–H groups. The intense band at
about 1037 cm−1 –1022 cm−1 could be assigned to the C–N
stretching vibrations of aliphatic amines. The FT-IR spectrum
also shows bands at 1543 cm−1 and 1435 cm−1 identified
as amide I and amide II which arise due to carbonyl
(C=O) and amine (–NH) stretching vibrations in the amide
linkages of the proteins, respectively. FT-IR indicates that

0
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40

47.98
51.34

25.98
27.86
15.42

Table 1. It was observed that loquat leaf extract gave the
smallest nanoparticles.

Intensity (a.u.)

Figure 1: XRD of silver nanoparticles synthesized by loquat leaf
extract.
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Figure 2: XRD pattern of synthesized sulfur nanoparticles using
citrus leaf extract.

the carboxylic group (–C=O), hydroxyl (–OH), and amine
(N–H) groups in olive, fig, loquat, pistachio, and mulberry
leaf extract are mainly involved in reduction of Ag+ ions
to Ago nanoparticles. The FT-IR spectroscopic study also
confirmed that the protein present in plant leaf extracts acts as
a reducing agent and stabilizer for the silver nanoparticles and
prevents agglomeration. The carbonyl group of amino acid
residues has a strong binding ability with metal suggesting the
formation of a layer covering silver nanoparticles and acting
as a stabilizing agent to prevent agglomeration in the aqueous
medium.
3.4.2. FT-IR Analysis of Synthesized Ag NPs. Figure 4 shows
the FT-IR of silver nanoparticles synthesized using E. japonica leaf extract. The peaks at 3344 cm−1 and 1639 cm−1 in plant
leaf extracts were shifted to 3417 cm−1 and 1616 cm−1 in the
synthesized silver nanoparticles. The results indicate that the
amine (–NH), hydroxyl (–OH), and carboxyl (–C=O) groups
of plant leaf extracts are mainly involved in fabrication of
silver nanoparticles.
3.4.3. FT-IR Spectrum Analysis of Citrus Leaf Extract. Citrus
leaf extract was analyzed by FT-IR. The powder of citrus leaf
extract displays a number of absorption peaks, reflecting its
complex nature, Figure 3(f). The band at 3371 cm−1 could be
ascribed to the stretching absorption band of amino (–NH)
and hydroxyl (–OH) groups. The bands at 2920 cm−1 and
2850 cm−1 could be assigned to –CH stretching vibrations of
–CH2 and –CH3 functional groups. The peak appears as a
shoulder at 1701 cm−1 is due to carbonyl stretching vibration
of the acid groups of fatty acids present in citrus leaf extract.
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Figure 3: FT-IR spectra of plants leaves extract: (a) loquat, (b) fig, (c) olive, (d) pistachio, (e) mulberry, and (f) citrus.

The band at 1612 cm−1 is characteristic of amide I and amide
II. The amide band I is assigned to the stretch mode of
the carbonyl group coupled to the amide linkage while the
amide II band arises as a result of the N–H stretching modes
of vibration in the amide linkage. The band at 1408 cm−1
is assigned to the methylene scissoring vibrations from the
proteins. The peak at 1311 cm−1 can be due to C–O vibrations
of alcohols, phenols, and C–N vibrations of amides. The
strong band at 1026 cm−1 assigned to the C–O stretching

vibrations of alcohols. Additional peaks at 755 cm−1 , and
509 cm−1 can be assigned to bending modes of aromatic
compounds.
3.4.4. FT-IR Spectrum Analysis of Sulfur Nanoparticles (S
NPs). Figure 5 shows the FT-IR spectrum of the synthesized
sulfur nanoparticles. It is observed that every sulfur character
peak of S NPs is present in the FT-IR spectra of monoclinic
sulfur and the shapes of the peaks are identical with those of
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Table 2: Mortality of larvae of Drosophila melanogaster due to 72-hour feeding on different concentrations of the silver and sulfur
nanoparticles of plant origin and subsequent mortality to pupae succeeded in development.
Nanoparticle

Plant

Silver (Ag)

Fig
Loquat
Mulberry
Olive
Pistachio

10
0.0a
0.0a
0.0a
43.3b
0.0a

Sulfur (S)

Citrus

0.0a

% Mean larval mortality
Concentration (ppm)∗
50
100
200
13.3bc
13.3b
93.3b
6.7ab
13.3b
20.0a
20.0c
26.7c
100.0b
73.3d
93.3d
100.0b
0.0a
6.7ab
10.0a
0.0a

0.0a

% Total mean larval
mortality1 per treatment

% Total mean pupal
mortality1 per treatment

30.0b
10.0a
36.7b
77.5c
4.2a

49.2d
46.7cd
40.8b
42.5b
21.7abc

0.0a

19.2ab

0.0a

Control (water)
LSD

11.77

1.7a

0.0a

20.0

26.55

∗
1

Values followed by the same letter within a row are not significantly different (𝑃 < 0.05).
Values followed by the same letter within a column are not significantly different (𝑃 < 0.05).
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Figure 4: FT-IR of silver nanoparticles synthesized by loquat leaf
extract.

Figure 5: FT-IR of the synthesized sulfur nanoparticles using citrus
leaf extract.

the monoclinic sulfur. The FT-IR spectra of S NPs indicate a
new chemistry linkage on the surface of sulfur nanoparticles.
This suggests that citrus leaf extract can bind to sulfur
nanoparticles through free amine groups in the protein of
citrus leaf extract, therefore acting as stabilizer and dispersing
agent for synthesized sulfur nanoparticles.

Table 3: Development period of larvae of Drosophila melanogaster
at different concentrations of the silver and sulfur nanoparticles of
plant origin and subsequent development of pupae succeeded in
pupation.
Nanoparticle

3.5. Toxicity against D. melanogaster
3.5.1. Silver and Sulfur NPs Toxicity against Larvae and Pupae.
Olive, fig, and mulberry Ag NPs have the strongest effect on
larvae mortality (𝐹6,71 = 14.81, 𝑃 < 0.001), whereas loquat
and pistachio Ag NPs and citrus S NPs have no significant
effect (Table 2). As the concentration of the nanoparticles
increased, the mortality of the larvae increased (𝐹3,48 =
137.84, 𝑃 < 0.001) (Table 5b); olive appeared to be the
strongest mortality factor in all tested concentrations (𝐹15,48 =
24.74, 𝑃 < 0.001) (Table 2).
Olive, fig, and mulberry and loquat Ag NPs have a
significant effect on pupae mortality(𝐹6,71 = 2.74, 𝑃 = 0.019),

Silver (Ag)

Mean larval
development
period (days)

Mean pupal
development
period (days)

Fig

4.7c∗

5.3a∗

Loquat

4.4b

5.3a

Mulberry

4.7c

5.2a

Olive

4.9c

4.8a

Pistachio

4.3b

5.2a

Citrus

4.2a

5.2a

Control (water)

4.0a

5.0a

LSD

0.25

0.56

Sulfur (S)

∗

Plant

Values followed by the same letter within a column are not significantly
different (𝑃 < 0.05).
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Table 4: Contact toxicity of the silver and sulfur nanoparticles of plant origin at different concentrations to Drosophila melanogaster pupae
during its early pupation without previous experience with NPs.
Nanoparticle

Plant

Silver (Ag)

Fig
Loquat
Mulberry
Olive
Pistachio

10
0.0a
3.3a
10.0b
23.3c
0.0a

Sulfur (S)

Citrus

0.0a

% Mean pupal mortality
Concentration (ppm)∗
50
100
46.7d
50.0c
20.0b
30.0b
33.3c
46.7c
40.0cd
53.3c
0.0a
3.3a
0.0a

3.3a

200
53.3d
43.3bc
46.7cd
63.3e
36.7b
10.0a

Control (water)

% Total mean pupal
mortality1 per treatment
37.5c
24.2b
34.2bc
45.0c
10.0a
3.3a
0.0a

LSD

9.67

12.56

∗
1

Values followed by the same letter within a row are not significantly different (𝑃 < 0.05).
Values followed by the same letter within a column are not significantly different (𝑃 < 0.05).

Table 5: Drosophila melanogaster flies oral mortality to silver and sulfur nanoparticles at different concentrations after 7 days of exposure.

Silver (Ag)

Fig
Loquat
Mulberry
Olive
Pistachio

10
0.0a
0.0a
0.0a
0.0a
0.0a

% Mean adult mortality
Concentration (ppm)∗
50
100
0.0a
0.0a
0.0a
26.7b
0.0a
0.0a
33.3b
60.0c
0.0a
0.0a

Sulfur (S)

Citrus

0.0a

0.0a

Nanoparticle

Plant

0.0a

Control (water)
LSD

200
3.3a
53.3c
0.0a
73.3d
20.0b
0.0a

% Total mean adult
mortality1 per treatment
0.8a
20.0b
0.0a
41.7c
5.0a
0.0a
0.0a

27.60

12.21

∗

Values followed by the same letter within a row are not significantly different (𝑃 < 0.05).
1
Values followed by the same letter within a column are not significantly different (𝑃 < 0.05).

whereas pistachio silver and citrus S NPs have no significant
effect (Table 2).
Olive, fig, and mulberry and loquat Ag NPs have
decreased larval longevity significantly (𝐹6,61 = 7.82, 𝑃 <
0.001) except citrus S NPs and pistachio Ag NPs compared
with control (Table 3). On the other hand, none of the tested
nanoparticles have a significant effect on pupae longevity
(𝐹6,61 = 0.50, 𝑃 = 0.80) (Table 3).
3.5.2. Silver and Sulfur NPs Toxicity to Pupae. All tested
nanoparticles have increased pupae mortality significantly
(𝐹6,77 = 15.91, 𝑃 < 0.001) except citrus S NPs and pistachio
Ag NPs compared with control, olive, and fig Ag NPs which
have the strongest effect followed by mulberry and loquat
Ag NPs (𝐹15,48 = 8.18, 𝑃 < 0.001) (Table 4). As the
concentration of the nanoparticles increased, the mortality
increased linearly (𝐹3,48 = 119.51, 𝑃 < 0.001) (Table 4).
3.5.3. Silver and Sulfur NPs Toxicity against Adults and
Number of Hatched Eggs. All tested nanoparticle have no
significant effect on adults’ mortality except olive and loquat
Ag NPs compared with control (𝐹6,77 = 13.40, 𝑃 <

0.001) (Table 5). As the concentration of the nanoparticles
increased, the mortality increased linearly (𝐹3,48 = 91.04,
𝑃 < 0.001) (Table 5). Olive Ag NPs have significant effect
on adult mortality even with lower concentrations (50 ppm)
while loquat Ag NPs began to be effective at (100 pm) and
pistachio Ag NPs at 200 ppm (𝐹15,48 = 8.18, 𝑃 < 0.001)
(Table 5).
All tested nanoparticles have reduced the hatched larvae
number significantly (𝐹6,71 = 131.24, 𝑃 < 0.001) and fig Ag
NPs has the strongest effect followed by olive, mulberry, and
loquat Ag NPs and then citrus Ag NPs. The minimum effect
was for pistachio Ag NPs (Table 6). As the concentration of
the nanoparticles increased the number of hatched larvae
decreased (𝐹3,48 = 8.49, 𝑃 < 0.001) (Table 6). Fig Ag NPs
appeared to be the strongest inhibitor of hatching in all tested
concentrations (𝐹15,48 = 1.47, 𝑃 = 0.16) (Table 6).

4. Conclusions
Silver nanoparticles (Ag NPs) were successfully obtained
from bioreduction of silver nitrate solutions using fresh
olive, fig, loquat, and mulberry leaf extracts, while sulfur
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Table 6: Egg-laying deterrent of the silver and sulfur nanoparticles of plant origin at different concentrations to Drosophila melanogaster.

Silver (Ag)

Fig
Loquat
Mulberry
Olive
Pistachio

10
3.7a
12.3c
9.0b
8.3b
17.3d

Mean number of larvae
Concentration (ppm)∗
50
100
3.7a
2.3a
12.7c
12.3c
9.0b
7.7b
8.0b
7.0b
16.7d
15.3d

Sulfur (S)

Citrus

13.7c

13.0c

Nanoparticle

Plant

12.0c

Control (water)
LSD

200
0.3a
10.3c
10.0c
4.7b
16.0d
11.7c

Total mean number of
larvae1 per treatment
2.5a
11.9d
8.9c
7.0b
16.3e
12.6d
20.2f

2.13

1.30

∗

Values followed by the same letter within a row are not significantly different (𝑃 < 0.05).
1
Values followed by the same letter within a column are not significantly different (𝑃 < 0.05).

nanoparticles (S NPs) were successfully obtained from bioreduction of sodium thiosulfate using citrus leaf extracts.
Owing to varying properties of these six plant species, Ag NPs
and S NPs obtained from them also varied in size, the smallest
being yield using loquat leaf extracts. Ag NPs and S NPs have
been appropriately characterized using UV-vis spectroscopy,
XRD, FT-IR, and SEM analysis. Results indicated loquat leaf
extract to be a better reducing agent in comparison to the rest
of leaf extracts. FT-IR analysis revealed the efficient capping
and stabilization properties of these Ag NPs and S NPs.
All tested nanoparticles have reduced the D. melanogaster
hatched larvae number significantly. Also, olive, mulberry,
and fig Ag NPs have a significant effect on larvae, pupae,
and adult mortality and they have decreased larval longevity
significantly. Hence, due to their benign and stable nature
and insecticidal property, these Ag NPs and S NPs may be
well utilized in business and curative purposes. However,
plant uptake and utilization of Ag NPs and S NPs require
more detailed research on many issues like uptake potential
of various species, translocation, and the activities of the Ag
NPs and S NPs at the cellular and molecular levels.
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The photoelectrocatalytic (PEC) oxidation degradation of landfill leachate rejected by reverse osmosis (RO) using a Cu/N codoped
TiO2 /Ti photoelectrode was kinetically investigated in terms of COD concentration. The key factors affecting the reaction rate
of PEC oxidation and the removal efficiency of COD concentration were studied, including the COD concentration of landfill
leachate, potential bias applied, pH value of landfill leachate, and the reaction temperature of photoelectrocatalytic reactor. The
apparent kinetic model was applied to describe the photoelectrocatalysis reaction. The results showed that the kinetic equation for
photoelectrocatalytic oxidation of landfill leachate was fitting well with the experimental data (𝑅2 = 0.967∼0.998), with average
activation energy 𝐸𝑎 = 6.35 × 104 J⋅mol−1 . It was found that there was an optimal bias voltage of 20 V and low pH value was
favorable for COD removal in landfill leachate. The reaction order of initial COD concentration (1.326) is higher than that of
potential bias (1.102) and pH value (0.074), which indicates that the reaction rate can be controlled efficiently through adjusted
initial concentration. The experiments demonstrated that potential bias would approach its statured value with increasing potential
bias.

1. Introduction
Leachate generated from landfill is heavily loaded wastewater
presenting acute and chronic toxicity, which contains various types of organic and inorganic contaminants. Landfill
leachate is one of the major environmental problems concerning water pollution [1, 2]. Different kinds of treatments
for landfill leachate have been reported in recent years.
Among these treatments, biological methods are typically
applied for the treatment of landfill leachate as a result of
low cost, prior to its discharge. However, a single biological
process has not proven efficient to eliminate the large amount
of nonbiodegradable organic substances and the refractory
organic pollutants to the required discharge standards [3, 4].
Hence, an increasing number of leachate treatment
plants have adopted reverse osmosis (RO) technology [5, 6].

In recent years, the experimental works [7] have demonstrated the feasibility of using reverse osmosis technology
for leachate disposal. In particular, RO can purify both
organic and inorganic compounds, and the effluent can meet
effluent discharge criteria, but the chemical oxygen demand
(COD) and the concentration of organic contaminants are
still high in intercepted leachate treated by membranes. The
effluent contains a large number of humic substances that
inhibited the biomass activity and/or were recalcitrant to
biodegradation. Thus, growing interests have been focused
on advanced oxidation process (AOP) of landfill leachate as
either a post- or pretreatment to improve its biodegradability
and treatability [8, 9]. Photoelectrocatalytic (PEC) process
is one of the advanced oxidation process technologies for
leachate treatment, which is applying an electrical bias using
a TiO2 film electrode. Compared to other semiconductor
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Table 1: Average composition of the landfill leachate rejected by RO.

Items
pH
COD (mg/L)
DOC (mg/L)

Value
7.8
4378
2583

Standard deviation (SD)
0.071
186.68
82.73

Items
BOD5 /COD
HS (mg/L)
Electrical conductivity (mS/cm)

photocatalysts such as CdS, ZnO, and SnO2 , titanium dioxide
(TiO2 ) plays the most important role due to its excellent
photostability, relatively low cost, and its ability to photooxidatively destroy most organic pollutants. However, the
high recombination rate of photoinduced electron-hole pairs
and the low utilization efficiency of visible light are the
main factors that generally hold back its application in the
wastewater treatment field. TiO2 film electrodes coupled
with other semiconductors (such as CdS, ZnO, and SnO2 ),
sensitized with dyes, and doped with metal or nonmetal
ions can extend the photoresponse range of TiO2 to visible
spectral area and reduce the recombination of photogenerated electron-hole pairs. In particular doping TiO2 film
electrodes offer a highly effective way to improve PEC degrading efficiency of recalcitrant organic pollutants. By means
of photoelectrocatalytic (PEC) processes, the separation of
electron-hole pairs is promoted by electron transfer under
the control of an external circuit, significantly enhancing the
photocatalytic efficiency. PEC process has been proven to
be an efficient method in removing organic contaminants
compared with individual electrolysis and photocatalysis
process [10, 11]. At present, PEC process has been widely
applied to the degradation of refractory organic pollutants,
because the introduction of electrochemical technology into
photocatalytic reactions increases the efficiency of processes
and it expands the degradation capacity of the recalcitrant
organic pollutants [12, 13].
In general, the PEC reaction can be described by the
Langmuir-Hinshelwood (L-H) kinetic model [14–18]. The
PEC degradation of organic pollutants using TiO2 film
electrodes is seen to follow the first-order or pseudo-firstorder kinetics [19–23]. However, some groups reported that
the PEC degradation of organic pollutants did not fit with
pseudo-first-order kinetics. The PC and PEC removal of HA
was found to follow zero-order kinetics [24] and PC and PEC
TOC removal did not fit zero- or first-order kinetics, owing
to a 45 min lag phase where TOC removals were insignificant.
After this lag phase, the TOC removal agreed with the firstorder kinetic model and the first-order rate constant for the
PEC process (2.4 × 102 min−1 ) was 2.4 times higher than that
for the PC process (1.0 × 102 min−1 ). The PEC degradation of
a mixed dye followed pseudo-first-order kinetics, while the
TOC removal proceeded with pseudo-second-order kinetics
[25]. The apparent rate constant of pretreated textile effluents
was 2.71 × 102 min−1 , while that for raw textile effluents
was 2.1 × 102 min−1 [26]. These results indicate that the
photoelectrocatalytic degradation of real organic pollutants
is quite complicated, as evidenced by some of the proposed
kinetics found in the literature. The dependencies between
the organic pollutant concentrations and the PEC reaction
rates have been well described. However, the dependencies

Value
0.01
1337.4
39.2

Standard deviation (SD)
0.0014
14.78
3.11

on other important parameters such as pH, bias potential,
light intensity, and additional electrolytes need to be further
explored.
In our previous work [27], our research group successfully prepared innovative Cu/N codoped TiO2 photoelectrodes by anodising a Cu/N codoped TiO2 film on Ti sheet
for PEC degradation of humic acid. This electrode achieved
a great degradation of refractory organic pollutants. In this
paper, we report an investigation on photoelectrocatalytic
treatment of concentrated landfill leachate rejected by reverse
osmosis (RO) under various conditions. The COD removal
of landfill leachate was used as a model to conduct the
PEC oxidation experiments using the Cu/N codoped TiO2
photoelectrode. The aim of the study was to determine
the photoelectrooxidation efficiency of this Cu/N codoped
TiO2 photoelectrode for the removal efficiency of landfill
leachate at different reaction conditions and the dependencies
between the reaction parameters affecting the COD removals
(such as initial pH, potential bias, initial temperature, and
initial concentration of leachate). The PEC reaction rates
have been quantitatively discussed, to set up a kinetic model
to describe the effects of main factors in order to optimise
its reaction condition. This study can help to find the
optimal conditions for concentrated leachate treatment with
photoelectrocatalytic process in a cost-effective way.

2. Materials and Methods
2.1. Materials. Concentrated leachate rejected by RO was collected from Guangzhou Domestic Landfill Site (600 m3 /d),
South China, where combined process of up-flow anaerobic
sludge blanker (UASB), sequencing batch reactor (SBR),
continuous microfiltration (CMF), and reverse osmosis (RO)
was applied sequentially. The samples were stored in dark
at low temperature (4∘ C). The average composition of the
tested concentrated leachate effluent rejected by RO is listed
in Table 1.
The ratio BOD5 /COD was about 0.01, which indicated
that the concentrated leachate is difficult to treat biologically.
The raw concentrated landfill leachate was prefiltered through
a 0.45 𝜇m glass fiber filter to remove large particles and debris
and maintain uniformity of tested samples.
Graphite electrode was purchased from Guangzhou Jinlong Technology Co., Ltd. The photoelectrocatalytic oxidation was carried out at a constant current using a digital DC
power supply. Titanium sheets (0.2 mm × 50 mm × 50 mm,
99.6% purity) were polished by metallographic abrasive
paper and then degreased by sonicating process in acetone,
isopropanol, and methanol. After rinsing with water, the
materials were air-dried. Acetone, isopropanol, methanol,
HF, HNO3 , Cu(NO3 )2 , NH4 Cl, and the above-mentioned
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Figure 1: Diagram for the reactor system for the photoelectrocatalytic reaction.

chemicals and solvents were of analytical grade and used
without further purification.
2.2. Preparation of Cu/N-TiO2 /Ti Film Electrode. The anodic
oxidation was accomplished with a 33 V DC power source
using titanium sheet as anode and graphite as cathode.
The distance between two electrodes was set at 5 cm in all
experiments. The electrolyte contained 0.01 M HF and 0.1 M
HNO3 . The anodic oxidation was carried out under 20 V for
30 min. After electrolysis, titanium sheet was rinsed by water
and then air-dried.
The as-prepared TiO2 electrode (on Ti sheet) was used
as cathode and graphite as anode. The distance between two
electrodes was kept at 5 cm. The electrolyte was a mixture of
different volumes of 0.2 M Cu(NO3 )2 and 0.2 M NH4 Cl, and
the molar ratio of Cu2+ /NH4 + was adjusted to 1 : 1, 1 : 2, and
1 : 3, 2 : 1, 2 : 2, and 2 : 3, and 3 : 1, 3 : 2, and 3 : 3, respectively. The
entire electrochemical process was performed at 5 V for 1 h.
Finally, the titanium sheet with Cu/N codoped TiO2 surface
was taken out and rinsed with water and then air-dried.
Cu/N codoped TiO2 and nondoped TiO2 electrodes were
calcined in air for 2 hours at the temperature of 500∘ C. To
indicate the ratio of Cu2+ /NH4 + in electrolyte and calcination
temperature, codoped samples are expressed as the forms of
Cu1 N1 /TiO2 , Cu1 N2 /TiO2 , Cu1 N3 /TiO2 , and so forth, while
pure TiO2 electrodes are expressed as TiO2 .
2.3. Analytical Methods. COD and BOD5 determinations
were carried out in duplicate according to the standard
methods (APHA, 2005). Chemical oxygen demand (COD)

is one of the most commonly used measurable parameters
in assessing water quality and an important index for the
control of operation of wastewater treatment plants [28, 29].
DOC of the sample solution was measured with Liquid TOC
analyzer (Liquid TOC, Germany). pH of the sample solution
was measured with pH meter (pHS-25C, Jingke Co., Ltd.,
Shanghai), and the electrical conductivity was analyzed using
conductivity meter (DDS-11A, Leici Co., Ltd., Shanghai).
Zeta potential of the Cu/N codoped TiO2 was measured
using a Zeta potential meter (Zetasizer Nano ZS90, Malvern
Company, UK).
2.4. Experiments. To evaluate the kinetic model, the effects of
initial pH, the voltage, and temperature, as well as the initial
leachate concentration, were experimentally explored on the
COD removal kinetics. The photoelectrocatalytic process
experiment was performed in a batch photoreactor system as
shown in Figure 1.
Each test typically began with 500 mL of concentrated
landfill leachate. The photoelectrocatalytic oxidation experiments were conducted in a glass beaker. During these
experiments, the photoelectrocatalytic oxidation was carried
out at a different current using a digital DC power supply.
The plate anode materials were used: Cu/N-TiO2 /Ti film
plates and graphite plates using an active anode surface
during electrolysis. The electrodes were dipped into the
beaker containing 0.6 L leachates as working volume. A
50 W tungsten halogen lamp (EXZ MR16 SP, GE, USA) was
used as the visible light resource. The light intensity was
80.1 mWcm−2 (380 nm∼780 nm) measured by SpectraScan
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Figure 2: The adsorption capacity and visible light photocatalytic
(PC) degradation of landfill leachate over the Cu/N-TiO2 /Ti photoanodes.

Spectroradiometers (PR-705, Photo Research, USA). The
sample solution was agitated by a magnetic stirrer. Magnetic
stirring was kept all along with the reaction at a slow speed.
A constant temperature water bath equipment (HH501, Jingfeng Co., Ltd., Shanghai) controlling the required
temperature was used during the reaction. Initial leachate pH
was adjusted to the desired value with concentrated sulfuric
acid and sodium hydroxide.
For absorbance measurement, 10 mL of sample was taken
out from the reactor at given time intervals. The solutions
were then filtrated with 0.45 lm glass fiber filter and analyzed
COD. All chemicals were at least of analytical grade and used
as received, except as noted. Each data point was the mean
of two repeated measurements, and standard deviation (SD)
was used for descriptive error bars in this study.

3. Results and Discussion
3.1. Adsorption Capacity and Photocatalytic Activity of Cu/N
Codoped TiO2 Photoanodes. Adsorption capacity and visible
light photocatalytic (PC) degradation of landfill leachate
over the Cu/N-TiO2 /Ti photoanodes, doped with different
Cu2+ /NH4 + molar ratios codoped TiO2 , were evaluated. The
test of adsorption capacity was conducted in a dark condition
with the Cu/N-TiO2 /Ti electrodes but not connected with the
graphite counter electrode. These experiments demonstrated
a slight decrease of COD concentration only at the early
stage of experiment due to adsorption of leachate by the
Cu/N-TiO2 /Ti electrodes. Figure 2 also indicated that all
Cu/N codoped TiO2 photoanodes have PC activity toward
the reduction of COD concentration. Compared to codoped
TiO2 photoanode, the TiO2 electrode was not effective
in removing COD, regardless of illumination with high
intensity. The removal efficiency increased along with the
increased doping copper ion and ammonium ion amounts.

0
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Figure 3: Photocatalysis, electrolysis, and photoelectrolysis removal
efficiency of landfill leachate on Cu2 N3 codoped TiO2 electrodes.

The highest performance of photocatalytic was achieved on
the Cu2 N3 codoped TiO2 photoanode (Figure 2). However,
the removal efficiency of COD also decreased when the
doping copper content exceeded the optimum value (Cu3 N𝑥 ),
which suggested that the photocatalytic activity of Cu/NTiO2 /Ti electrodes decreased. These results demonstrated
that the presence of a greater amount of copper was essential
to promote the photocatalytic ability. After 150 min treatment, the Cu2 N3 codoped TiO2 photoanode shows about
21.7% PC degradation efficiency when there is only illumination.
Based on our previous work [27], we have successfully
prepared Cu/N codoped TiO2 electrodes, and we calculated
the band gap energies of Cu1 N1 , Cu1 N2 , and Cu1 N3 codoped
TiO2 are 2.55 eV, 2.65 eV, and 2.90 eV, respectively. Because
of the reduced band gap energy (𝐸𝑔 < 3.2 eV) in the Cu/N
codoped TiO2 photoanodes, photogenerated electrons can
easily be generated under the illumination. These photogenerated electrons take part in photocatalytic redox reactions.
Previous research [30] has shown that the holes react with
the electron donors to produce hydroxyl radicals. As the
generation of hydroxyl radicals, the organic compounds can
be oxidized directly by the hydroxyl radicals or holes on the
electrode surface.
3.2. Photocatalysis, Electrolysis, and Photoelectrocatalysis of
Landfill Leachate. Photoelectrocatalytic, photocatalytic, and
electrocatalytic degradation of landfill leachate in the presence of Cu/N codoped TiO2 film electrodes under visible light were evaluated. In Figure 3, compared with the
photocatalytic process, the PEC experiment showed greater
photocatalytic activity than that of the PC process. The Cu2 N3
codoped TiO2 electrode achieved COD removal efficiency of
68.7% in the photoelectrocatalysis at 210 min, while it was
only 21.7% in the photocatalysis. The removal efficiencies of
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3.3. Photoelectrocatalysis Degradation Reaction Kinetic Model.
Photoelectrocatalytic oxidation is an effective process in
treating water and wastewater. However, its reaction process
in removing contaminants is very complicated and its formulation is still controversial. In our previous work [32], landfill
leachate is a complex wastewater, which contains significant
quantities of humic acid, fulvic acid, and small molecule
hydrophobic organic pollutants. Contaminants were not
completely oxidized during the photoelectrocatalytic reactions but rather transformed to some intermediates with no
significant decrease of COD. The accumulation of intermediate and the concentration of hydroxyl radicals varied with
the reaction time due to their reaction, which influenced the
removal efficiency of COD. The initial rate technique was
employed in this study in order to eliminate any interference
from competitive reactions from the intermediates formed
during photoelectrocatalytic oxidation of landfill leachate.
The data which we used average values of several experiments
based on COD concentration(COD𝑡 )-time (𝑡). In order to
exclude the effect of intermediate products, a polynomial
regression model (𝑌 = 𝐴 + 𝐵1 𝑋 + 𝐵2 𝑋2 + 𝐵3 𝑋3 ) was
adopted via Origin 8.5 software, where initial reaction rate 𝑟0
is obtained by extrapolation of the reaction rate to time 𝑡 = 0.
The reaction parameters affecting the COD removals such
as COD concentration, the potential bias applied, pH value,
and the system temperature influence on the relationship
between the system COD concentration (COD𝑡 ) and time
(𝑡) have been quantitatively discussed. The third-degree
polynomial can perfectly fit the relationship of the system
COD concentration and reaction time. The fitting parameters
were summarized in Table 2.

COD0 = 4378 mg/L
Potential = 20 V
T = 303 K

1.0

0.8
Ct /C0

the pure photocatalysis and electrocatalysis by the Cu2 N3
codoped TiO2 electrodes were only 21.7% and 39.5%, respectively. These results suggested that photoelectrocatalysis had
a synergistic interaction with photocatalysis and electrocatalysis. These can be ascribed to the following: the externally
applied anodic bias drives away the photogenerated electrons
accumulated on Cu2 N3 codoped TiO2 electrode via the external circuit, reduced the recombination of photogenerated
electrons and holes, and promoted the oxidation efficiency of
landfill leachate.
These three processes are electric energy driven. Electric
energy per mass (𝐸EM ) can be necessary for describing
meaningful energy efficiencies. 𝐸EM is the electric energy in
kilowatt hours [kWh] required to bring about the degradation of a unit mass (e.g., one kilogram, kg) of contaminant
concentrations [𝐶] in polluted water or air. 𝐸EM values [usual
units, kWh/kg] can be calculated using the following formula:
𝐸EM = 𝑃𝑡106 /𝑉(𝛾𝑖 − 𝛾𝑓 ) [31]. This figure of merit is most
useful when organic concentration [𝐶] is high. 𝑃 is the rated
power [kW] of the advanced oxidation technologies system,
𝑉 is the volume [L] of water or air treated in the time 𝑡 [h],
and 𝛾𝑖 , 𝛾𝑓 are the initial (or influent) and final (or effluent)
concentrations [mgL−1 ] of 𝐶. The results indicated that the
electric energy per mass (𝐸EM ) of pollutant removal of PC,
EC, and PEC systems is 60.77, 141.58, and 193.93 kWh/kg,
respectively.
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Figure 4: The effect of initial pH on photoelectrocatalysis degradation of landfill leachate.

3.3.1. The Effect of Initial pH. The pH values of the different
wastewater are different, which influences the photoelectrocatalytic reactions for removal of the pollutants. Similarly, pH
plays an important role in the degradation of landfill leachate.
To study the effect of initial pH on the PEC degradation of
landfill leachate rejected by RO treatment, the first set of the
tests was carried out with the same light intensity, electrical
bias, and initial COD concentration but at different initial
pH values of 2, 4, 6, 8, and 10, respectively. The experimental
results are shown in Figure 4. The results demonstrated
that the COD concentration of landfill leachate decreased
much faster in acidic solution than that in the alkaline
solution. Li et al. [33] observed similar phenomenon from
the electrochemical assisted photocatalytic degradation of
humic acid. Many authors [24, 34–36] used the point of zero
charge (pHpzc ) to study the performance of photocatalytic
oxidation using TiO2 as photocatalyst. The TiO2 surface is
negatively charged when the pH is higher than the pHpzc
and an electrostatic repulsion toward anionic compounds
dominates. But the surface of TiO2 is positively charged
when it is lower. The pH of the point of zero charge (pHpzc )
for Cu2 N3 codoped TiO2 was 5.58. The polarity of TiO2 /Ti
electrode surface can be expressed by (2) and (3):
pH < pHpzc ,
pH > pHpzc ,

TiO2 + H2 O (H+ ) = TiO2 H+ + H2 O
TiO2 + H2 O (OH− ) = TiO2 (H)− + H2 O
(1)

It was reported that the distribution of TiOH is greater
than 80% when operation pH value is between 3 and 10,
whereas the distribution of TiO− and TiOH2 + is greater than
or equal to 20% for operation pH value above 10 or below 3,
respectively [37].
Secondly, hydroxyl radicals can be formed by the reaction
between hydroxide ions and positive holes. The positive
holes are considered as the major oxidation species at low
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Initial pH

20
20
20
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5
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20
20
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4378
4378
4378
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2189
1459
1059
876
4378
4378
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4378

COD0 /mgL−1
303
303
303
303
303
303
303
303
303
303
303
303
303
303
303
303
283
293
303
313
323

𝑇/K
𝐴
1.009
0.987
0.997
0.995
0.994
1.004
1.006
0.993
1.005
0.986
0.982
2189.8
1470.7
1112.8
874.8
725.8
1.004
0.994
0.984
0.994
0.999

Polynomial regression constant
𝐵1
𝐵2
𝐵3
−0.018
1.42𝐸 − 4
−3.8𝐸 − 7
−0.014
1.69𝐸 − 4
−6.5𝐸 − 7
−0.009
6.61𝐸 − 5
−1.8𝐸 − 7
−0.006
2.68𝐸 − 6
6.6𝐸 − 8
−0.005
4.8𝐸 − 5
−2.2𝐸 − 7
−0.004
1.28𝐸 − 5
1.6𝐸 − 8
−0.003
5.19𝐸 − 6
3.9𝐸 − 9
−0.003
−1.85𝐸 − 6
4.2𝐸 − 8
−0.004
−5.21𝐸 − 6
7.6𝐸 − 8
−0.019
2.06𝐸 − 4
−7.2𝐸 − 7
−0.021
2.57𝐸 − 4
−9.2𝐸 − 7
−17.6
0.2
−7.6𝐸 − 4
−16.7
0.1
−2.7𝐸 − 4
−4.8
−0.02
−2𝐸 − 4
−2.5
−0.03
−1.8𝐸 − 4
−5.0
0.02
−3.2𝐸 − 5
4.38𝐸 − 4
−7.0𝐸 − 5
3.1𝐸 − 7
−0.001
−3.7𝐸 − 5
1.3𝐸 − 7
−0.018
1.8𝐸 − 4
−5.9𝐸 − 7
−0.008
1.3𝐸 − 5
5.3𝐸 − 8
−0.010
7.1𝐸 − 5
−2.7𝐸 − 7
0.978
0.931
0.986
0.948
0.972
0.986
0.976
0.976
0.972
0.96
0.92
0.997
0.963
0.947
0.991
0.990
0.994
0.99
0.949
0.994
0.98

𝑅2
0.018
0.014
0.009
0.006
0.005
0.004
0.003
0.003
0.004
0.019
0.021
17.6
16.7
4.8
2.5
5.0
4.38𝐸 − 4
0.001
0.018
0.008
0.010

Initial 𝑟0 /mg⋅(Lm)−1

(4)
𝑦 = −7.643 × 103 𝑥 + 19.275(3)
𝑟2 = 0.967

(3)
𝑦 = 1.326𝑥 − 8.217
𝑟2 = 0.972

(2)
𝑦 = 1.102𝑥 − 7.292
𝑟2 = 0.998

(1)
𝑦 = 0.074𝑥 − 3.659(2)
𝑟2 = 0.978

ln 𝑟0 (𝑦) − ln 𝐶𝐵 (𝑥) equation(1)

(1) 𝐶𝐵 represents pH, potential bias, and initial COD concentration, respectively; (2) this equation only represents polynomial fitting under pH range from 2 to 10; (3) this equation represents ln 𝑟0 (𝑦)−1/𝑇 equation.

𝐻-1
𝐻-2
𝐻-3
𝐻-4
𝐻-5
𝑉-1
𝑉-2
𝑉-3
𝑉-4
𝑉-5
𝑉-6
𝐶-1
𝐶-2
𝐶-3
𝐶-4
𝐶-5
𝑇-1
𝑇-2
𝑇-3
𝑇-4
𝑇-5

Number

Table 2: Effect of various operating conditions on initial rate by photoelectrocatalysis process.
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Figure 5: The effect of potential bias on photoelectrocatalysis
degradation of landfill leachate.

pH whereas hydroxyl radicals are considered as the predominant species at neutral or high pH levels [34]. In the
photoelectrocatalytic process, many studies have showed the
maximum degradation rate of certain pollutants [38, 39]
is much faster in an acidic condition than in an alkaline
condition. In alkaline solution, the surface of Cu2 N3 codoped
TiO2 electrode is negatively charged and the ionization state
of the organic compounds can be changed. There is an
electrostatic repulsion between the negative charged surface
of the Cu2 N3 codoped TiO2 electrode and the hydroxide
anions. This fact could prevent the formation of hydroxyl
radicals and thus decrease the photooxidation.
3.3.2. The Effect of Bias Potential. Bias potential is a key factor to photoelectrocatalytic process efficiency, which draws
the photogenerated electrons to the counter electrode. The
effect of the bias potential on the PEC degradation rate of
landfill leachate was further investigated. Experiments were
conducted in a 1000 mL landfill leachate solution to find an
optimum potential. Potential bias ranged from 5 to +23 V
and COD removal was monitored over 150 minutes. As seen
in Figure 5, it is clearly demonstrated that the degradation
rate of landfill leachate (as represented by COD removal)
was increased as the bias potential increased and reached the
largest value at the bias potential of 20 V.
The potential variation from 5 to 20 V led to an increase of
landfill leachate degradation efficiency from 30.6% to 70.2%.
Further increasing of the applied potential has insignificant
effect on the degradation. It indicates that the most favorable
synergetic effect of the integrated photo- and electrochemical
catalysis occurs at the external potential of 20 V. This can be
explained by the fact that at the optimal potential bias the
electrons and holes are so well separated that further enhancing of the potential bias led to no significant improvement in
photoelectrocatalysis activity.
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Figure 6: The effect of temperature on photoelectrocatalysis degradation of landfill leachate.

The electron transfer in the photocatalytic oxidation
process involves two major processes. One is the electron
transition in the semiconductor film and the other is the
electron injection at the interface (photohole capture). At
low potentials the electron transport in the film controls the
overall photocatalytic process; as a result, the photocurrent
increases with potential. Since for a given compound of given
concentration the rate of electron injection or photohole
capture (determined by the concentrations of photohole
and organic compounds on TiO2 surface) is constant, the
photocurrent is saturated with respect to potential bias.
Overall, to maintain the progression of reaction at interface,
both photoelectrons and photoholes must be removed in
time. Otherwise, the build-up of either charge carrier would
accelerate the rate of photoelectrons/holes recombination,
resulting in a decrease in the overall reaction rate.
3.3.3. The Effect of Temperature. Temperature is one of the
important factors influencing photoelectrocatalytic oxidation
reaction. A series of experiments were conducted at different
working temperatures in the range of 283, 293, 303, 313 and
323 K, initial pH of 2, 4378 mg/L of initial COD concentration, and 20 V of potential bias. The results are shown in
Figure 6. As can be seen, temperature has a positive impact
on the oxidation degradation rate of landfill leachate. The
reaction rate of removal efficiency increases with the increase
of temperature. The photoelectrooxidation removal efficiency
increased from 47% to 76% linearly when the temperature
increased up to 313 K. Increasing the temperature from 313
to 323 K reduced the yield of the process. During 150 min
reaction time, as the reaction temperature rose up from 283
to 303 K, the reaction rate of oxidation increased rapidly from
0.000438 min−1 to 0.018 min−1 ; then the rate of oxidation
increased slowly; this suggested that temperature played an

8

3.3.4. The Effect of Initial Landfill Leachate Concentration. It
is important to study the dependence of the photoelectrocatalytic reaction rate on the substrate concentration from
both kinetic and application point of view. It is generally
noted that the degradation rate increases with the increase in
COD concentration to a certain level and a further increase
in dye concentration leads to decrease the degradation rate
of the COD [42, 43]. The rate of degradation relates to the
probability of ∙ OH radicals formation on the catalyst surface
and to the probability of ∙ OH radicals reacting with pollutant
molecules.
The effects of initial COD concentration on the initial
kinetic rate and maximum oxidation removal efficiency were
studied by varying the initial concentration of COD from
4378 mg L−1 to 730 mg L−1 , under the experiment conditions
of initial pH 2.0, potential bias 20 V, and temperature 303 K.
The influence of the initial landfill leachate concentration on
the photoelectrocatalysis degradation is shown in Figure 7. It
can be seen that the initial removal rate and the maximum
removal efficiency of COD decrease as the initial concentration of COD increases.
Generally, the degradation rate of organic pollutants
decreased with increased concentration. One possible reason
is that a relative lower concentration of hydroxyl radical
resulting from the increasing COD concentration (same
potential bias and pH) led to decreasing of the removal
efficiency. The degradation rate was enhanced by increasing
the concentration to a certain value and then decreased as the
concentration continued to increase. The high concentration
of the low transparency reduces the light intensity reaching
codoped TiO2 /Ti electrode surface, which leads to a reduction in the hydroxyl radicals generated on the TiO2 surface.
There is a large demand for hydroxyl radicals during the

2400

Potential = 20 V
T = 303 K
pH = 7

2000

Ct (mgL−1 )

important role in photoelectrocatalytic degradation of landfill leachate; the higher the temperature of the reaction system
is, the larger the average kinetic energy of the molecular is.
This could explain that increasing temperature had
two opposite effects on the reaction yield. On one hand,
higher temperature enhanced the generation rate of hydroxyl
radicals and therefore enhanced the photoelectrooxidation
efficiency of landfill leachate. On the other hand, extremely
high temperature over 323 K started to accelerate the recombination of excited electrons and holes and desorption process of adsorbed reactant species, resulting in decrease of
photocatalytic activity. This is in conformity with Arrhenius
equation, for which the apparent first-order rate constant 𝑘
increases linearly with exp(−1/𝑇) [40]. It is also necessary
to take into account that the solubility of oxygen decreases
with increasing temperature. Due to its availability in water,
adsorbed oxygen may not only serve as the electron acceptor
but also be involved in the formation of other oxidative
species (superoxide, hydrogen peroxide, and hydroxyl radicals) for preventing of reduction reactions and stabilizing
of radical intermediates in photocatalysis [41]. All these
reasons drastically reduced the photocatalytic activity when
the reaction temperature was greater than 313 K; thus the
removal efficiency of landfill leachate declined.
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Figure 7: The effect of initial concentration on photoelectrocatalysis
degradation of landfill leachate.

degradation of high concentration pollutants, but available
amount is insufficient.
3.4. Kinetics Modeling. Based on the pseudo-steady-state
assumption, at a certain time, the concentration of reactive
hydroxyl radicals will not vary with reaction time and its
change rate is normally considered to approach zero. The
overall photoelectrocatalysis degradation process of landfill
leachate could be expressed as
−

𝑑𝑐
𝑐
= 𝑘 [𝑐]𝑎0 = 𝑘0 [𝑐]𝑎0 [𝑉]𝑏0 [− log 𝐻+ ]0
𝑑𝑡
= 𝐴 exp (−

𝐸𝑎
𝑐
) [𝑐]𝑎0 [𝑉]𝑏0 [− log 𝐻+ ]0 .
𝑅𝑇

(2)

𝑘 is the total oxidation reaction rate constant [L⋅(g⋅min)−1 ],
𝐴 is preexponential factor [L⋅(mol⋅min)−1 ], 𝐸𝑎 is apparent
reaction activation energy [J⋅mol−1 ], 𝑅 is universal constant
[𝑅 = 8.314 J⋅(mol⋅K)−1 ], 𝑇 is temperature (K), 𝑘0 is reaction
rate which is under a certain temperature, and 𝑎, 𝑏, 𝑐 represent
reaction partial order of landfill leachate concentration (𝑐),
potential bias (𝑉), and pH (𝐻+ ), respectively.
Based on the double logarithm linear equation in the data
of Table 2, the reaction partial order of 𝑐, 𝑉, and − log 𝐻+
was 𝑎 = 1.326, 𝑏 = 1.102, and 𝑐 = 0.074, respectively. Also
it can result in straight slope −7.643 × 103 from ln 𝑟0 (𝑦) −
1/𝑇 equation, and it represents the value of −𝐸𝑎 /𝑅, 𝐸𝑎 =
63.5 kJ⋅mol−1 .
Consider the following:
ln 𝑘0 = −

𝐸𝑎 1
⋅ + [𝑏 ln (𝑉)0 + 𝑐 ln (− log 𝐻+ ) + ln 𝐴] ,
𝑅 𝑇
𝐴 = 2.61 × 105 L ⋅ (mol min)−1 , (3)
𝐸𝑎 = 63.5 kJ ⋅ mol−1 .
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It can be eventually expressed as
−

done by simply inputting the two predetermined initial leachate concentration and bias potential, which
made photoelectrocatalytic reaction design simpler
and more accurate.

𝑑𝑐
𝑑𝑡
= 2.61 × 105
⋅ exp [−

(4)

63500
0.074
[− log 𝐻+ ]0 .
] [𝑐]1.326
[𝑉]1.102
0
0
𝑅𝑇

The dynamic model is based on fitting data which
came from the initial reaction phase of the experiment,
according to the initial reaction stage of the degradation.
But for the oxidative degradation process, compared with
experimental value, model may be overestimating the initial
reaction rate. The low rate ∙ OH of regeneration, precipitation,
complexation, and the existence of intermediate hindered the
degradation process, these led to alleviate degradation speed.
In dynamic equation, the reaction partial of landfill leachate
is higher than the bias potential and pH, which shows that the
influence of landfill leachate concentration is larger than bias
potential during the oxidative degradation process. In addition, in the study of chemical dynamics, activation energy
is required to absorb energy for nonactivated molecules
turning into activated molecules, which can be measured
as the degree of difficulty reaction. The smaller the 𝐸𝑎 , the
faster the reaction is carried out. The initial activation energy
of photoelectrocatalytic degradation on landfill leachate is
63.5 kJ⋅mol−1 , meaning the reaction is not difficult to occur.
Since ∙ OH is a highly reactive free radical with an
extremely short lifetime of nanoseconds [43], its concentration is normally considered to be constant but at a low
level the residual concentration of hydrogen peroxide in the
reaction solution depends on its initial concentration and
consumption rate. They can be eventually expressed as (3)
and (4).

4. Conclusions
(1) Concentrated leachate rejected by RO is stable and
low biodegradable resulting in environmental issues.
In this study, the use of photoelectrocatalytic oxidation process treating concentrated landfill leachate
was found to be effective and practicable. Given
certain experimental conditions, the removal performances appeared primarily depending on the initial
leachate concentrations, bias potential, and initial pH.
Either too low or too high values would result in
the retardation because the scavenger reaction slowed
down the oxidation capability. Under the conditions
of 2.0 of pH value, 20 V of potential bias applied, and
313 K of temperature, the removal efficiency of COD
was 76.9%.
(2) In this work, for the experiments with different
initial pH, bias potential and temperature, and initial
leachate concentrations, it was found that the proposed model associated with the two characterized
constants had proven useful in quantifying the process to ensure the success of the process. This could be

(3) The activation energy of 63.5 kJ⋅mol−1 indicated that
the reaction was not difficult to occur.
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The generation, growth, and collapse of tiny bubbles are inevitable for a microelectrode working in aqueous environment, thus
resulting in physical damages on the microelectrode. The failure mechanisms of a microelectrode induced by tiny bubble collapsing
are investigated by generating tiny hydrogen bubbles on a gold microelectrode through deionized water electrolysis. The surface
of the microelectrode is modified with a thiol-functionalized arginine-glycine-aspartic acid peptide to generate perfectly spherical
bubbles in proximity of the surface. The failure of an Au microelectrode is governed by two damage mechanisms, depending on
the thickness of the microelectrode: a water-hammer pressure due to the violent collapse of a single large bubble, formed through
merging of small bubbles, for ultrathin Au microelectrodes of 40–60 nm in thickness, and an energy accumulation resulting from
the repetitive collapse of tiny bubbles for thick Au microelectrodes of 100–120 nm.

1. Introduction
Bioelectronics creates innovative devices or processes for the
diagnosis, treatment, prognosis, and prevention of diseases
through the application of electrical engineering principles to
biology or medicine. For bioelectronics applications where a
microelectrode is commonly used in aqueous environment
to electrically stimulate biological tissues, the generation,
growth, and collapse of tiny bubbles by electrolysis of water
(or other solutions) are an unavoidable consequence. An
enormous concentration of energy resulting from bubble
collapse is known to be responsible for the occurrence of
microscopic damages on a microelectrode [1] and the deleterious effects on a biological system (e.g., hemolysis, renal
injury, etc.) [2, 3]. This phenomenon not only is restricted
to bioelectronics, but also frequently involves a variety of
macroscale engineering applications (e.g., pumps, turbines,
propellers, bearings, etc.) [4, 5] to nano-/microscale ones
(e.g., nano-/microelectromechanical systems (N/MEMS),
semiconductors, etc.) [6, 7].
Consequently, the physics in a tiny bubble (especially,
bubble collapsing) has been studied quite intensively for

many years to understand the bubble dynamics and to investigate the damage mechanism of solid substrates caused by
bubble cavitation [1, 8, 9]. Although the previous approaches
have been successful in theoretically understanding bubble
collapse, they fail to answer a number of basic questions
regarding the fundamental failure mechanisms involved. The
reason is that this problem is related to unsteady two-phase
flow combined with the reaction of the specific material of
which a substrate is made.
Here, we generate tiny hydrogen bubbles, through deionized (DI) water electrolysis, on a gold microelectrode whose
surface is modified with a thiol-functionalized arginineglycine-aspartic acid peptide (RGD peptide) for heterogeneous bubble nucleation in proximity of the surface. This
leads to the quantitative characterization of the failure mechanisms of an Au microelectrode due to tiny bubble collapsing
and establishes an empirical rule for evaluating the possibility
of cavitation damage on an Au microelectrode. Furthermore,
we provide experimental evidence both for supporting our
findings and for visualizing physical damages on an Au
microelectrode in nano-/microscale.
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Figure 1: An experimental sample for characterizing the failure
mechanisms of a gold electrode induced by tiny bubble collapsing.
The sample is composed of four identical Au microelectrodes
patterned on a Pyrex glass substrate, the surface of each of which
is modified with a thiol-functionalized RGD peptide for heterogeneous bubble nucleation in proximity of the surface.
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2. Materials and Methods
Experimental samples consisted of identical Au microelectrodes patterned on a Pyrex substrate, which made it possible to collect a lot of experimental results from a single
sample, as shown in Figure 1. The Au microelectrodes were
modified with a thiol-functionalized RGD peptide to make
the microelectrode surface hydrophilic and moderate (in
roughness). This was intended to achieve bubble generation
in proximity of the surface. The RGD peptide was tethered to
the Au microelectrodes via thiol compound by a spontaneous
chemisorption of R–S–H + Au → R–S–Au + (1/2)H2 , where
R is a substituent [10].
The preparation of the experimental samples began with
a Pyrex glass wafer. After piranha cleaning, a double-layer
resist stack composed of 1 𝜇m thick LOR resist (LOR 10 A,
MicroChem Corp.) and 2 𝜇m thick positive photoresist
(S1818, Rohm and Haas Corp.) was spin-coated and patterned, followed by the deposition of 5 nm thick Cr adhesion
layer and 40 to 120 nm thick Au layer through e-beam evaporation. Next, the double-layer resist stack was lifted off to
fabricate the experimental samples, each of which consisted
of four microelectrodes of 500 × 500 𝜇m2 square [11]. The
surface of the Au microelectrodes was treated with a thiolfunctionalized RGD peptide whose solution was synthesized by chemically combining cyclo (Arg-Gly-Asp-D-PheLys) [c(RGDfK), C27 H41 N9 O7 , Peptides International, Inc.]
with dithiobis(succinimidyl undecanoate) (C30 H48 N2 O8 S2 ,
Dojindo Molecular Technologies, Inc.). For the surface
modification, the experimental samples were incubated with
the solution for 1 hour at room temperature to promote a
spontaneous chemisorption between thiol and gold [12].
The failure process in Au microelectrodes was observed
with an experimental apparatus composed of a glass petri
dish containing the experimental sample and DI water [or 1X
Dulbecco’s phosphate buffered saline solution (DPBS, D8537,
Sigma-Aldrich Co. LLC.)], an upright microscope (BX51M, Olympus Corporation) with a color charge-coupled
device (CCD) camera (DP25, Olympus Corporation), and a
platinum tip coupled with a DC power supply (PWS2000,

DC
1.6–5.0 V

y
Sample

Figure 2: Experimental apparatus for observing the failure of the
Au microelectrode due to tiny bubble collapsing. Tiny hydrogen
bubbles are generated by electrolyzing DI water or 1X DPBS.

Tektronix, Inc.), as shown in Figure 2. We applied negative
DC voltage of −7.0 V to −1.6 V to the experimental samples to
generate hydrogen bubbles thereon, the nature of which was
controlled by adjusting the level of DC voltage. The changes
(especially failure) in the surface of the experimental samples
induced by tiny bubble collapse were observed and recorded
with the optical microscope.
The surface profile of the physical damages on Au microelectrodes was measured with an atomic force microscopy
(AFM) system (Park XE7, Park Systems Corporate). The
topography was made in a constant height mode and therefore the deflection of an AFM tip [ACL probe, 58.0 N/m
(nominal spring constant), Applied NanoStructures, Inc.]
under scanning reflected the topography of the Au microelectrode. The real spring constant of the AFM tip was
determined as 67.2 ± 0.2 N/m after calibration, which was
used in the AFM measurement.

3. Results and Discussion
3.1. Tiny Hydrogen Bubble Generation on Gold Microelectrode. An electrolysis of DI water produced tiny hydrogen
bubbles with an average radius of 19.1–38.9 𝜇m on the Au
microelectrode surface modified with a thiol-functionalized
RGD by electrolyzing when applied voltage was adjusted at
a range of 1.6 V to 7.0 V. As a first step, the mean (including
minimum and maximum) radius of the tiny bubbles was
measured as a function of applied voltage to characterize
the sensitivity of tiny bubble generation to variation in the
electrical input, as shown in Figure 3(a). It was observed that
the threshold voltage (i.e., the minimum voltage required to
generate noticeable tiny bubbles) was about 1.5-1.6 V, a little
higher than the decomposition potential of water (i.e., 1.2 V).
Next, while the bubble size increased as the voltage increased
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Figure 3: Tiny hydrogen bubble generation on the Au microelectrode through electrolyzing an electrolyte (i.e., DI water or 1X DPBS). (a)
The size of the electrolytically generated bubble as a function of applied voltage. An increase in the voltage to 3.0 V leads to an increase in
the bubble size and further increase in the voltage (i.e., higher than 3.0 V) results in decrease and saturation in the bubble size. No change
in the minimum size of all bubbles indicates no change in the size of bubble nucleation sites. ((b)-(c)) Top (b) and side (c) views of the tiny
hydrogen bubbles on the surface of the Au microelectrode. The microscopic images show the tiny hydrogen bubbles are formed into a perfect
sphere in proximity of the surface. Scale bars of (b) and (c) are 50 𝜇m.

from 1.6 V to about 3.0 V, it started to decrease and saturate
when the voltage was higher than 3.0 V. This is in contrast
to porous plate bubbler generation where an increase in gas
generation is closely associated with an increase in bubble
size [13]. This shows that an increase in the voltage leads to
an increase in both gas (i.e., hydrogen) production and the
degree of violence in the merging process of small bubbles.
An increase in the voltage from 1.6 V to 3.0 V at which there
is no or mild merging process of small bubbles into big one
leads to an increase in gas production, therefore resulting in
an increase in bubble size. A further increase in the voltage
(i.e., higher than 3.0 V) accompanying the violent merging
process of small bubbles, however, makes the bubble size
decrease and then saturate due to the instability in bubble
caused during the violent merging process. Noticeably, the
fact that the radius of the bubbles is less than 50 𝜇m shows
that an electrolysis of DI water is suited to be used as
a source of tiny bubble generation in characterizing the

failure mechanisms of microelectrodes (or micropatterns),
compared to conventional porous plate bubblers that produce
bubbles with a radius of much bigger than 100 𝜇m [13].
The electrolytically generated bubbles on the Au microelectrode had a perfectly spherical form in proximity of the
surface, as shown in Figures 3(b) and 3(c). The reason is
that the surface of the microelectrode is modified with a
thiol-functionalized RGD. This surface treatment is known
to make Au surface hydrophilic and moderate in roughness
[12], which are favorable conditions for bubble generation
in proximity of the surface. Meanwhile, for each tiny bubble
generated, heterogeneous nucleation (i.e., nucleation formation at an interface between any two phases of gas, liquid,
or solid) was seen. As might be expected, this is because the
energy barrier for homogeneous nucleation is higher than
that for heterogeneous nucleation. The top and side views
of the bubbles provide us with information about a standoff parameter, 𝛾. As a core nondimensional parameter in
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Figure 4: Single-bubble collapse on ultrathin Au microelectrodes with a thickness of 40 to 60 nm. The damage pits are induced by singlebubble collapse at an activation voltage of (a) 1.6 V, (b) 1.8 V, (c) 2.0 V, and (d) 5.0 V. The left and right of each image are the images before and
after single-bubble collapse, respectively. Scale bars of ((a)–(c)) are 100 𝜇m and that of (d) is 50 𝜇m.

calculating the pressure of tiny bubble collapse, a stand-off
parameter can be calculated by 𝛾 = 𝑑/𝑟0 , where 𝑑 is a distance
between a surface of interest and a bubble center of interest
and 𝑟0 is the radius of the bubble. Figure 3(c) shows that our
experimental conditions have a stand-off parameter of 1.0 at
which the impulsive stress resulting from bubble collapse is
directly delivered to Au microelectrodes (or micropatterns)
of interest without attenuation in liquid (i.e., DI water, DPBS,
etc.). Thus, our experimental samples can be most severely
damaged by bubble collapse.
3.2. Single-Bubble Collapse on Ultrathin Gold Microelectrode.
The failure mechanism caused by single-bubble collapse was
examined with the experimental sample I having a Cr/Au
layer (5 nm/50 ± 10 nm in thickness) modified with a thiolfunctionalized RGD on Pyrex glass. An applied voltage
was adjusted from 1.6 V to 5.0 V to control the size of the
electrolytically generated bubbles [see Figure 3(a)]. Figure 4
shows a variety of the failure shapes on the Au microelectrodes resulting from single-bubble collapse at a voltage of 1.6,
1.8, 2.0, and 5.0 V.
The experimental results demonstrate several remarkable
trends. First of all, the failures on ultrathin Au microelectrode
(having a thickness of less than 100 nm) caused by singlebubble collapse are observed as stress band formation in the
Pyrex glass substrate from the pressure load. Thus, the failures
due to single-bubble collapse are mainly generated on the
underlying Pyrex substrate (refer to Figure 5(a)) instead of on
the Au/Cr/Pyrex interface (delamination) [14].
Secondly, for the ultrathin Au microelectrodes having
a thickness of less than 100 nm, the physical damages are
mainly made by the collapse of a single large bubble formed

through the growth or merging process of small bubbles.
With an applied voltage higher than the decomposition
potential of water (i.e., 1.2 V), multiple small bubbles were
generated on the surface of the experimental samples, followed by the growth or mild merging of the small bubbles
into large ones. When the size of the grown or coalesced
bubbles reached unstable bubble equilibrium radius [15], the
collapse of the bubbles began and then exerted an impact
load (or pressure) on the experimental samples, thus resulting
in noticeable failures on the Au microelectrodes. A pressure
load generated by single-bubble collapse, 𝑃𝑏 , can be calculated
by the water-hammer pressure model [16]:
𝑃𝑏 =

𝜌𝑙 𝑐𝑙 𝜌𝑠 𝑐𝑠
V ,
𝜌𝑙 𝑐𝑙 + 𝜌𝑠 𝑐𝑠 imp

(1)

where 𝜌1 and 𝑐𝑙 are the density and sound speed of a liquid
media, 𝜌𝑠 and 𝑐𝑠 are the density and sound speed of a solid
surface, and Vimp is the impingement velocity of a water
hammer. Here, the impingement velocity can be expressed
as Vimp = 𝜉𝛾2 √Δ𝑃/𝜌𝑙 , where 𝜉 is an experimental parameter
determined by a stand-off parameter (e.g., 𝜉 = 9.0 at 𝛾 = 1.0)
[17] and Δ𝑃 is a pressure difference between the inside and
the outside of a bubble that is correlated to the radius of the
bubble, 𝑟0 , and the surface tension of a surface of interest, 𝜎,
given by Δ𝑃 = 2𝜎/𝑟0 . The pressure load in (1) can therefore
be rewritten as
𝑃𝑏 =

𝜌𝑙 𝑐𝑙 𝜌𝑠 𝑐𝑠
𝜌𝑐𝜌 𝑐
Δ𝑃
2𝜎
𝜉𝛾2 √
= 𝑙 𝑙 𝑠 𝑠 𝜉𝛾2 √
.
𝜌𝑙 𝑐𝑙 + 𝜌𝑠 𝑐𝑠
𝜌𝑙
𝜌𝑙 𝑐𝑙 + 𝜌𝑠 𝑐𝑠
(𝑟0 𝜌𝑙 )

(2)

Considering our experimental conditions (i.e., the generation, growth (or merging), and collapse of the tiny bubbles
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Figure 5: Repetitive bubble collapse on thick Au microelectrodes. (a) The damage pits on the thick Au microelectrodes at an activation voltage
of 7.0 V obtained at 10 minutes (left), 15 minutes (middle), and 20 minutes (right) after bubble collapse. (b) The surface profile of the damage
pits measured by AFM. (c) Percentage of the damaged area made by repetitive bubble collapse on 100 to 120 nm thick Au microelectrodes as
a function of activation time at an activation voltage of 7.0 V. The damaged area increases at 15 minutes after activation. Scale bars of (b) are
100 𝜇m.

in DI water at room temperature) where 𝜌1 = 998.2 kg/m3 ,
𝑐𝑙 = 1481.0 m/s, 𝜌𝑠 = 19300.0 kg/m3 , 𝑐𝑠 = 2030.0 m/s,
𝜉 = 9.0, 𝛾 = 1.0, 𝜎 = 72.0 mN/m, and 𝑟0 = 50–100 𝜇m,
the pressure load is calculated to be 21.8 (𝑟0 = 50.0 𝜇m)–
30.8 (𝑟0 = 25.0 𝜇m) MPa. To cause physical failures on the Au
microelectrodes, the pressure load produced by the collapse
of a single large bubble after growth or merging needs to be
higher than the tensile strength of a Pyrex glass wafer because

the ultrathin Au layer on the Pyrex substrate attenuates the
water-hammer pressure. This is in well agreement with the
well-known tensile strength of a Pyrex glass wafer [6.9 MPa
(without tempering), 20.7 MPa (with tempering)].
Thirdly, for the single large bubble that is finally formed
not through the growth process of a small bubble but through
the merging process of them, it is also important to note
that the shape of the damaged pits caused by single-bubble
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collapse is determined by the merging process. A direction
of the water-hammer pressure is normal to a direction of
the merging process. For example, the damage pit has a
triangular shape when a single large bubble, formed by the
merging of three small bubbles, collapses [see Figure 4(a)].
In short, our experimental observation clearly indicates that
the immediate failure of ultrathin Au microelectrodes (40
to 60 nm in thickness) under electrolysis is governed by the
collapse of a single bubble generated through the growth or
merging process of small bubbles.
3.3. Repetitive Bubble Collapse on Thick Gold Microelectrode.
For thick microelectrodes having a 100–120 nm thick Cr/Au
layer modified with a thiol-functionalized RGD on Pyrex
glass (sample II), similar experiments were performed at a
relatively high voltage of 7 V to observe the failure mechanism
of thick Au microelectrode under DI water electrolysis. This
voltage led to repetitive collapse of the large bubbles made
by the violent merging process of small bubbles, at which we
characterize the effect of the repetitive bubble collapse on the
damage pits of the sample II.
Figure 5(a) shows the microscope images of the damage
pits on the thick Au microelectrodes caused by repetitive
bubble collapse at 7 V, taken 15, 20, and 30 minutes after
bubble collapse. As might be expected, the size of the damage
pits was in direct proportion to activation time at a given
time. This is of course because an increase in the activation
time results in an increase in the number of repetitive bubble
collapses. Next, looking into the location of the damage
pits, the bubbles (or damage pits) were concentrated in the
edges of the Au microelectrodes rather than the middle.
This phenomenon is understood by the fact that the edges
have more surface density due to the height of the thick Au
layer than the middle, thus having relatively frequent bubble
formation and collapse thereon. To determine the position of
the damage pits in the depth direction, their surface profile
was measured with AFM for 5 thick gold samples, as shown
in Figure 5(b). It was observed that the depth of the damage
pits was larger than the thickness of Cr/Au layer. This means
that the failures are on the underlying Pyrex substrate instead
of on the Au/Cr/Pyrex interface, as explained above.
Figure 5(c) shows a percentage of the damaged area
induced by repetitive bubble collapse on 100 to 120 nm thick
Au microelectrodes at 7.0 V. There was another fact that drew
our attention, that is, a transition in the slope of the lines. This
indicates that the failure process of thick Au microelectrodes
is composed of two different stages. At the first stage (i.e.,
crack initiation corresponding to 0 to 15 minutes), almost no
damage pits observable with an upright microscope exist but
microcracks are believed to start to initiate and propagate at
the underlying Pyrex substrate by repetitive bubble collapse
(although the microcracks are unable to be observed due
to the opacity of gold). At the second stage (i.e., damage
expansion corresponding to 15 to 30 minutes), the energy
accumulated by repetitive bubble collapse inflicts noticeable
physical damages on the Au microelectrodes at 15 minutes
after bubble collapse and the physical damages dramatically
increase up to 30 minutes. Moreover, it was observed that,
after initial physical damages were formed on the Au layer,
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subsequently generated damages were mainly located near
the boundaries of the initial damages. This is because the
boundaries have more surface density due to the height of the
thick Au layer, like the location of the damage pits.
A cyclic fatigue stress caused by repetitive bubble collapse can be calculated as follows. The radius of tiny bubbles, 𝑟, is assumed to have a Gaussian distribution with a
mean radius, 𝑚, of 27.2 𝜇m and a standard deviation, 𝑠, of
4.4 𝜇m (see Figure 3(a)) which can be described as Φ(𝑟) =
1/(√2𝜋𝑠) exp(−(𝑟−𝑚)2 /2𝑠2 ), where Φ is a Gaussian function.
Together with (2), the cyclic fatigue stress, 𝑃𝑐𝑟 , is statistically
expressed as
𝑃𝑐𝑟 = ∫

𝑟max

𝑟min

Φ (𝑟) ⋅ 𝑃𝑏 (𝑟) 𝑑𝑟,

(3)

where 𝑟max and 𝑟min are the maximum and minimum radii of
the tiny bubbles at 7 V which are set as 44.3 𝜇m and 0.1 𝜇m,
respectively (see Figure 3(a)). The cyclic fatigue stress is
estimated as 29.7 MPa that is higher than the tensile strength
of a Pyrex glass wafer. However, single-bubble collapse fails
to cause damage pits on the Au microelectrodes due to the
thick Cr/Au layer of 100–120 nm thickness that attenuates
the water-hammer pressure induced by bubble collapse.
Instead, the accumulated energy (or loading) caused by
repetitive bubble collapse is responsible for physical damages
on the thick Au microelectrodes. In other words, the damage
mechanism of the thick Au microelectrodes (100 to 120 nm
in thickness) is governed by a fatigue process in which there
are repeated loading and unloading through multiple bubble
collapse.
Our experimental results give us clear guidelines for the
design and use of Au microelectrodes that are essentially
used in bioelectronics applications. An electrical input is
recommended to be lower than the decomposition potential
of water to prevent the Au microelectrodes from failing and
inhibit cells or tissues from being damaged. When the applied
voltage needs to be higher than the decomposition potential,
we need to increase the thickness of the Au microelectrodes
(e.g., more than 200 nm) or limit the total operating time of
the Au microelectrodes (e.g., less than 10 minutes). The last
and ultimate guideline is, if possible, to use substrate having
high mechanical strength and good adhesion to Cr/Au.

4. Conclusions
In summary, two failure mechanisms of Au microelectrodes
that are commonly used in bioelectronics applications have
been characterized by generating and collapsing tiny hydrogen bubbles in proximity of the surface of the Au microelectrodes through deionized water electrolysis. For ultrathin
Au microelectrodes having a thickness of 40 to 60 nm, the
water-hammer pressure induced by the collapse of a single
large bubble (generated through the growth or merging
process of small bubbles) causes physical failures on the
underlying Pyrex substrate, thus making permanent damage
pits. On the other hand, for thick Au microelectrodes having
a thickness of 100 to 120 nm, the accumulated energy caused
by repeated loading and unloading through multiple bubble
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collapse results in physical damages through fatigue process.
Extrapolation of this study to other microelectrodes used in
bioelectronics applications might help us to investigate the
physics behind bubble related phenomena such as cavitation
erosion and ultrasonic cleaning.
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Various types of mesoporous silica, such as continuous cubic-phase MCM-48, hexagonal-phase MCM-41, and layer-phase spherical
silica particles, have been synthesized at room temperature using cetyltrimethylammonium bromide as a surfactant, ethanol as
a cosurfactant, tetraethyl orthosilicate as a silica precursor, and ammonia as a condensation agent. Special care must be taken
both in the filtering of the resultant solid products and in the drying process. In the drying process, further condensation of the
silica after filtering was induced. As the surfactant and cosurfactant concentrations in the reaction mixture increased and the NH3
concentration decreased, under given conditions, continuous cubic MCM-48 and layered silica became the dominant phases. A
cooperative synthesis mechanism, in which both the surfactant and silica were involved in the formation of mesoporous structures,
provided a good explanation of the experimental results.

1. Introduction
Design and control of morphology and pore structure of
nanostructured materials and catalyst support are of great
importance for the green chemistry and renewable energy
production because bulk materials and conventional catalyst
support are not suitable for these aims. In 1992, scientists
working for Mobil reported pioneering work on the synthesis
of a series of ordered mesoporous silicas, M41S [1–3]. They
explained the synthesis of the mesoporous silica using a
liquid crystal template mechanism: an organic surfactant
formed liquid crystal micelles, and inorganic precursors were
subsequently polymerized on the template. These reports
stimulated many researchers to study mesoporous materials
because mesoporous silica was found to have many advantages, such as large pore size (3–10 nm), high surface area,
and narrow pore size distribution. After further studies, an
improved model was proposed, namely, a cooperative mechanism, in which inorganic precursors and organic surfactants

were cooperatively involved in the formation of mesoporous
silica [4, 5]. On the basis of this improved understanding,
researchers have tried to control mesoporous structures by
changing the molecular structures of the surfactants or by
using additives. Continuous cubic (Ia3d) MCM-48 was synthesized by adding ethanol as a cosurfactant or by changing
the type of surfactant from a mono-alkyl-chain quaternary
amine salt to a gemini surfactant, based on the conditions for
hexagonal (p6 mm) MCM-41 synthesis [6, 7]. As these types
of conventional hydrothermal synthesis typically take place at
higher temperatures, that is, close to 373 K, thermally stable
products can be obtained. Postsynthesis treatments, such as
filtering, washing, and drying at 373 K, therefore, do not affect
the structure of the mesoporous silica.
Various types of mesoporous silica thin films and spherical particles have recently been synthesized at room temperature by an evaporation-induced self-assembly (EISA) method
and by a modified version of the Stöber method. In the EISA
method, mesoporous silicas were synthesized under acidic
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conditions using cetyltriethylammonium bromide (CTEABr)
or cetyltrimethylammonium bromide (CTABr) as the surfactant [8–13]. The modified Stöber method was adopted for the
synthesis of mesoporous silicas with various pore structures,
such as MCM-41 and MCM-48, under basic conditions
[14–16]. Each of the studies focused on the synthesis of
either MCM-41 type or MCM-48 type mesoporous silica.
For example, Schumacher et al. synthesized MCM-48 and
Grün et al. controlled the porosity and morphology of MCM41 [14, 15]. There has been little research on the control
of pore structures by adjusting the preparation procedure.
There is therefore considerable scope for investigation of
mesoporous silica synthesis, particularly, in terms of porestructure control.
In this study, various types of mesoporous silica were
synthesized under a wide range of experimental conditions,
based on the modified Stöber method. Unlike hydrothermal
synthesis at high temperature, special care must be taken
after filtration of the resultant reaction product to set up a
reliable experimental procedure. Based on this procedure,
experimental factors, including the molar ratios of ethanol,
water, and ammonia, were investigated and correlated with
the product mesostructures. A good interpretation of the
experimental results was given by a cooperative synthesis
mechanism.

2. Experimental Section
2.1. Mesoporous Material Synthesis. This synthesis method
was a modification of the Stöber method used for the
preparation of nonporous silica spheres [17]. The mesoporous
silica samples were prepared using tetraethyl orthosilicate
(TEOS, Aldrich) as the silica source, cetyltrimethylammonium bromide (CTABr, Aldrich) as the surfactant, ethanol
(EtOH, Junsei) as the cosurfactant, ammonia solution (NH3 ,
28 wt%, Junsei) as the agent for silicate condensation, and
deionized water as the solvent.
In a typical synthesis, CTABr (0.9 g) was dissolved in
deionized water (57.5 g). EtOH (23.4 g) and TEOS (2.7 g)
were added to the solution. Finally, 28 wt% ammonia
solution (15.4 g) was added dropwise to the reaction
mixture, over a period of 30 min, with vigorous stirring.
The typical molar composition of the reaction mixture was
TEOS : CTABr : EtOH : NH3 : H2 O = 1.0 : 0.2 : 40 : 20 : 300.
When the addition of the ammonia solution was completed,
the reaction mixture was stirred for an additional 2 h, prior
to aging under static conditions for 2 h. After the aging
step, the reaction mixture was filtered and a solid product
was obtained, with or without washing. The solid product
was then dried in an oven for 72 h at 298 K. The molar
composition of the reactant mixture was as follows:
1.0TEOS : 𝑚CTABr : 𝑥EtOH : 𝑦NH3 : 𝑧H2 O
(𝑚 = 0.2–0.5, 𝑥 = 20–70, 𝑦 = 20–70, 𝑧 = 200–700) .

(1)

The as-synthesized mesoporous silica samples were calcined at 823 K for 4 h in an oxygen environment to provide
the final products.
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Figure 1: Effects of washing on the structure of mesoporous silica:
(a) without washing and (b) washing with water during or after
filtration of the reaction product.

2.2. Mesoporous Material Synthesis. X-ray powder diffraction
(XRD) patterns were obtained using Rigaku D/Max 2000
diffractometer with Cu K𝛼 radiation (𝜆 = 0.15418 nm, 30 kV,
and 20 mA) in the range 1.2∘ to 10∘ with a 0.01∘ step-size.

3. Results and Discussion
3.1. Sample Treatment Conditions for Ordered Mesoporous Silica. Figure 1 shows the effects of water washing after filtration
of the reaction mixture in mesoporous silica formation. The
two samples shown in Figure 1 have identical reactant compositions. They underwent identical synthesis procedures,
apart from washing. When the washing procedure was not
applied to the resultant silica product after filtration, wellordered MCM-48 phase (Ia3d) was obtained, as shown in
Figure 1(a). However, washing converted the well-ordered
mesoporous silica into poorly ordered one, as shown in
Figure 1(b). Unlike the product obtained by hydrothermal
synthesis, in which condensation of the silicate precursors is
accomplished during thermal treatment, the silica-surfactant
mesostructure obtained by room-temperature synthesis was
fragile enough to be destroyed by simple water washing, as a
result of the absence of heat treatment. This indicates that the
silicate condensation reaction did not reach the completion
stage, despite the use of ammonia as a silicate condensation
agent. This strongly suggests that additional reaction time
is necessary during room-temperature synthesis for further
silicate condensation.
In order to identify factors which would enhance the
condensation conditions for the filtered mesoporous silica,
the drying conditions were initially investigated. Figure 2(a)
demonstrates that drying at room temperature for 3 d in
an oven produced well-resolved peaks corresponding to the
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Figure 2: Changes in XRD patterns with drying conditions: dried
in an oven at (a) 298 K with saturated moisture, (b) 373 K, and (c)
298 K under ambient conditions.
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Figure 3: Changes in XRD patterns with drying time: (a) 30 min,
(b) 24 h, (c) 48 h, (d) 72 h, and (e) 168 h.

Figure 4: Change in XRD patterns with amount of water in the reactant mixture solution; compositions (TEOS : NH3 : EtOH : CTABr :
H2 O = 1 : 20 : 40 : 0.2 : 𝑋) are (a) 𝑋 = 200, (b) 𝑋 = 300, and (c)
𝑋 = 400.

3.2. Change of Mesostructure with Synthesis Mixture Composition. Based on the synthesis procedures described above,
other synthesis conditions, in this case the molar ratio of H2 O
and EtOH with respect to TEOS, were investigated for the
formation of mesoporous silica.
Figure 4 shows the effect of the amount of water in
the solution on the formation of mesoporous silica. As the
H2 O : TEOS molar ratio in the reactant mixture increased
from 200 to 400, the silica mesostructure changed from
continuous cubic (Ia3d) MCM-48 to hexagonal MCM-41. It is

well-known that a decrease in the surfactant micelle concentration induces a structural transformation from continuous
cubic MCM-48 to hexagonal MCM-41 [5–7]. The present
experimental results are consistent with previously reported
results. A change in the surface curvature of surfactantsilica micelles may explain this result. The curvature of the
surfactant-silicate micelles in hexagonal MCM-41 is higher
than that for continuous cubic MCM-48. Thus, a decrease in
the surfactant-micelle concentration under a given condition

Intensity (a.u.)

MCM-48 structure. However, drying at a high temperature,
373 K, seems to induce a partial structural transformation
from continuous cubic MCM-48 to hexagonal MCM-41,
as peaks corresponding to 110 and 200 of MCM-41 were
apparent, as shown in the XRD pattern in Figure 2(b).
Figure 2(c) shows that the moisture-saturated atmosphere at
298 K was unsuitable for formation of the MCM-48 structure.
The water vapor in the environment may prevent further
condensation of silicate within the mesoporous structure.
The optimum drying time was chosen from the results
shown in Figure 3. All of the samples were dried under
ambient conditions. The peak intensity in the XRD pattern,
which is associated with the structural order of MCM-48,
increased as the drying time increased to 72 h. When the
total drying time was increased to 168 h (7 d), however, the
intensity of the XRD peak decreased slightly. Consequently,
the optimum drying time was fixed at 72 h under ambient
conditions. These experimental results indicate that filtered
mesoporous silica samples must be kept in a drying oven
at room temperature for at least 3 d, without washing, to
obtain reproducible synthesis of mesoporous silica at room
temperature.
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Figure 5: Changes in XRD patterns with amount of EtOH in
the reactant mixture solution: compositions (TEOS : NH3 : EtOH :
CTABr : H2 O = 1 : 20 : 𝑋 : 0.2 : 300) are (a) 𝑋 = 20, (b) 𝑋 = 40, (c)
𝑋 = 55, and (d) 𝑋 = 70.

increases the surface curvature, which results in a change
in the mesostructure from low-curvature MCM-48 to highcurvature MCM-41.
Figure 5 shows the effects of the EtOH molar ratio in the
reaction mixture on the formation of mesoporous silica. As
the molar ratio of EtOH in the reactant mixture decreased
from 40 to 20, the silica mesostructure changed from continuous cubic (Ia3d) MCM-48 to well-ordered hexagonal
MCM-41. If EtOH was used as the solvent in this reaction
mixture, the increase in the EtOH molar ratio would reduce
the surfactant-micelle concentration, and a mesostructural
transformation from MCM-41 to MCM-48 would normally
occur. However, the experimental results showed that an
increase in the EtOH molar ratio induced a transformation
from MCM-48 to MCM-41. This indicates that EtOH acted
not as a solvent but as a cosurfactant. Thus, EtOH appears
to be incorporated inside the hydrophobic region of the
micelle. The incorporated EtOH increases the volume of the
hydrophobic portion, and this volume increase induces a
decrease in the degree of micelle curvature. Bearing in mind
previous results, in which addition of EtOH to the reaction
mixture was a typical means of synthesizing MCM-48 in the
hydrothermal synthesis method [6], the transformation of
the mesostructure from MCM-41 to MCM-48 on addition
of EtOH, as shown in Figure 5, further illustrates the consistency of the present result with those in previous reports.
From the XRD patterns of Figure 5, the mesopore structure of sample (a) can be assigned to MCM-41 and that
of sample (b) can be assigned to MCM-48. To confirm
mesopore structures, TEM images of samples corresponding
to Figures 5(a) and 5(b) were obtained and displayed as
shown in Figure 6. As expected in the XRD pattern, sample
(a) shows well-aligned one-dimensional pores corresponding

(b)

Figure 6: TEM images of samples obtained compositions with
different molar compositions of EtOH in an initial reaction mixture
solution: compositions (TEOS : NH3 : EtOH : CTABr : H2 O = 1 : 20 :
𝑋 : 0.2 : 300) are (a) 𝑋 = 20 and (b) 𝑋 = 40.

to MCM-41 structure. TEM image of sample (b) displays 3dimensional pore structure corresponding to MCM-48. It
means that mesopore structures assigned by XRD patterns
were confirmed by TEM images.
N2 adsorption-desorption isotherms and their pore size
distributions by BJH method for sample (a) and sample
(b) were displayed in Figure 7. Typical type IV isotherms
without hysteresis and corresponding pore size distributions
indicate that these samples contain mesopores and their
pore size was around 3 nm. Considering the XRD patterns,
TEM images, and N2 adsorption-desorption isotherms, the
mesopore structure of each sample was clearly confirmed.
In addition to the experimental conditions displayed in
Figures 4 and 5, a wide range of EtOH and H2 O molar ratios
were investigated. These results are summarized in Figure 8.
At a low molar ratio of EtOH (∼20), the hexagonal MCM41 structure was dominant. As the EtOH ratio increased, a
low-curvature mesostructured silica, MCM-48 or a layered
structure (LS), was synthesized [4, 6, 16]. An increase in the
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Figure 7: N2 adsorption-desorption isotherms and their pore size distributions of samples obtained with different molar compositions of
EtOH in reaction mixture solution: compositions (TEOS : NH3 : EtOH : CTABr : H2 O = 1 : 20 : 𝑋 : 0.2 : 300) are (a) 𝑋 = 20 and (b) 𝑋 = 40.
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amount of H2 O and a decrease in the amount of EtOH tend
to change MCM-48 to MCM-41 or LS to MCM-48. These
types of transformation were mainly attributed to an increase
in the surfactant-silica curvature. In contrast, a decrease in
the amount of H2 O and/or an increase in EtOH reduces the
surface curvature of the silica micelle, turning MCM-41 into
MCM-48 and MCM-48 into LS.
In most cases, the as-synthesized mesoporous silica
retained its structure after calcination. However, in some
marginal conditions between MCM-48 and MCM-41, indicated as a coexistence zone between MCM-41 and MCM48, the as-synthesized MCM-48 became MCM-41 after calcination, as shown in Figure 9. This indicates that further

Figure 9: Changes in mesostructure before and after calcinations
for a reaction mixture composition of TEOS : NH3 : EtOH : CTABr :
H2 O = 1 : 20 : 40 : 0.2 : 400; (a) after calcination and (b) assynthesized.

silicate condensation occurred; the increased curvature of the
mesostructured silica probably produced MCM-41 instead of
MCM-48. This result may be one of the evidences supporting
the cooperative mechanism [4, 5].
Figure 10 shows the effects of the NH3 molar ratio on
formation of the silica mesostructure. As the molar ratio of
NH3 in the reaction mixture increased from 10 to 30, the
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Figure 10: Effects of NH3 molar ratio on formation of silica mesostructure: the molar composition of the reaction mixture was fixed as
follows: TEOS : NH3 : EtOH : CTABr : H2 O = 1 : 𝑥 : 40 : 0.2 : 400; the NH3 molar ratio was (a) 𝑥 = 10, (b) 𝑥 = 20, and (c) 𝑥 = 30.
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Scheme 1: The surface curvature change of the silica-surfactant micelle assembly depending on the EtOH amount and the silica particle size,
controlled by NH3 concentration.

silica mesostructure changed from undefined silica to MCM48 and finally to MCM-41. Although Figure 10(a) shows
an undefined mesostructure, Figure 10(b) displays a distinct
transformation from MCM-48 to MCM-41. As is the case
with H2 O, the increase in the NH3 molar ratio increases
the curvature of the surfactant-silica micelle. The role of
NH3 , however, appears to differ from that of H2 O. NH3 was
used as a silicate condensation agent, and its concentration is
closely related to the particle size of the silica incorporated in

the micelle. A high concentration of NH3 may increase the
silica particle size. Thus, the surface curvature of the micelle
increased and eventually caused transformation of MCM-48
to MCM-41.
All the present experimental results can be interpreted
by the proposed surfactant-silica micelle model shown in
Scheme 1. As EtOH was a cosurfactant, an increase in the
EtOH molar ratio resulted in a decrease in the micelle
curvature. The decrease in the silica particle size due to the

Journal of Nanomaterials
low NH3 concentration also reduced the degree of micelle
curvature. Thus, the surface curvature of the silica-surfactant
micelle in this case transformed the silica mesopore structure
from MCM-41 to MCM-48.

4. Conclusion
Mesoporous silica materials were synthesized at room temperature using TEOS as the silica source, CTABr as a
surfactant, ethanol as a cosurfactant, and ammonia as an
agent for silicate condensation. The pore structure of the
mesoporous material was controlled by changing the reaction
mixture composition. Unlike the case in conventional hightemperature synthesis of mesoporous silica, the drying process after filtration requires special care to assure reproducible
experimental results.
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Nanoporous catalysts Si-MCM-48 and Al-MCM-48 were applied for the first time to the catalytic pyrolysis of waste pepper stem.
Pyrolysis experiments were conducted at 550∘ C using Py-GC/MS to examine the product distribution rapidly. Phenolics were shown
to be the most abundant product species of noncatalytic pyrolysis, whereas aliphatic and aromatic hydrocarbons were produced
marginally. On the other hand, much larger quantities of furans and aliphatic and aromatic hydrocarbons were produced from
the catalytic pyrolysis over MCM-48, while the production of phenolics was suppressed significantly. Al-MCM-48 showed a much
higher catalytic activity than Si-MCM-48, which was attributed to its much higher acidity. The results of this study indicate that
valuable chemicals can be produced from waste pepper stem using catalytic pyrolysis over an acidic nanoporous catalyst.

1. Introduction
Bioenergy is one of the cheapest renewable energy sources
at the state-of-the-art technology level. A variety of types
of bioenergy, for example, biodiesel and bioethanol, are
widely developed and used over the world accounting for
about 15% of the current global energy use, while other
renewable energy sources, such as solar energy, cannot
compete with conventional fossil energy sources without
considerable government subsidy. This is particularly true in
South Korea. According to the plan of Korean government
for the energy supply in 2030, bioenergy accounts for 30%
of total renewable energy supply, following waste energy
(33.4%) which is also mostly comprised of organic wastes
[1]. Therefore, the effective recycling of waste biomass has a
crucial implication in South Korea in terms of both renewable
energy supply and waste reduction.
Another important advantage of using waste biomass as
a bioenergy source is that it does not cause typical problems
raised by energy crops: destruction of forest and reduction
of food production [2]. Therefore, a significant attention has

been paid to the development of technologies for effective use
of organic wastes in energy production [3–5].
Red pepper is widely cultivated over Jeonnam Province
of South Korea. The total production of red pepper in South
Korea was approximately 1.2 million tons in 2009. Most waste
pepper stems are burned or abandoned because it is difficult
to compost them or use them as forage.
The thermochemical process in which biomass is heated
under an oxygen-free condition to convert biomass to solid,
liquid and gaseous fuels is called pyrolysis [6]. Among
different pyrolysis techniques, fast pyrolysis refers to the
pyrolysis process where residence time in reactor is very
short and the temperature rising rate is high. Fast pyrolysis
is known to be effective in maximizing the yield of the liquidphase pyrolysis product, called biooil [7].
Recently we reported the results of a noncatalytic pyrolysis experiment of waste red pepper stem [8]. The most
abundant species in biooil obtained from the pyrolysis of
waste pepper stem was phenolics, indicating that it might
be possible to produce significant amount of aromatics
(aromatic hydrocarbons) if catalytic reforming of the biooil
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is conducted over adequate catalysts [4, 9]. This study was
motivated by the necessity of evaluation of the potential of
pepper stem for the production of valuable chemicals such as
aromatics by means of catalytic pyrolysis.
Al-MCM-48 is a nanoporous catalyst which is known
to be effective in converting large-molecular-mass organic
materials to biooil due to its large pore size [10]. In particular,
it is known to have high selectivity toward aromatics production [11]. In this study, the catalytic pyrolysis of waste pepper
stem over Al-MCM-48 was carried out for the first time. SiMCM-48 was also used to investigate the effect of the acidity
of the catalyst on the pyrolysis product distribution.

2. Experimental
Waste red pepper stems were collected in Jeonnam. The
collected biomass was dried and processed into uniform
size of 2 mm diameter. The sample particles were then dried
further in an oven controlled at 105∘ C for 24 h. It was
reported in a previous study that the waste red pepper stem
is composed of 46.4% O, 46.2% C, 5.6% H, and 1.8% N in
terms of elemental analysis and of 2.8% moisture, 68.1%
volatile matter, 23.3% fixed carbon, and 5.8% ash in terms of
proximate analysis.
Si-MCM-48 and Al-MCM-48 were prepared following
the method suggested previously [12, 13]. After their synthesis, the catalysts were calcined at 550∘ C for 3 h. Before each
experiment, all the catalysts were dried in a 110∘ C oven for at
least 2 hours.
The characteristics of the catalysts used in this study
were examined in a previous study [14]. Nitrogen sorption
analysis, X-ray diffraction (XRD), temperature programmed
desorption of ammonia (NH3 -TPD), and pyridine FT-IR
were used. The acidity of the catalysts was determined by
NH3 -TPD analysis. The nature of the acid sites was examined
using pyridine as the probe molecule. The surface area,
pore volume, and pore size of Si-MCM-48 were 1036 m2 /g,
0.85 cm3 /g, and 2.9 nm, respectively, whereas those of AlMCM-48 were 864 m2 /g, 0.81 cm3 /g, and 2.9 nm, respectively. The Si/Al ratio of Al-MCM-48 was 40. Al-MCM-48
was shown to have significant amount of Lewis acid sites,
whereas Si-MCM-48 had few acid sites.
Pyrolysis experiments were performed using pyrolysisgas chromatography/mass spectrometry (Py-GC/MS), which
is a combination of GC (HP 6890 N Gas Chromatography)/MS (HP 5973 inert Mass Spectral Detector, Agilent
Technologies Inc., Santa Clara, CA, USA) and a vertical furnace-type pyrolyzer (Py-2020D, Frontier-Lab Ltd.,
Fukushima, Japan), to analyze the pyrolysis product directly.
A sample cup containing well-mixed biomass-catalyst mixture of 1 mg of pepper stem and 1 mg of catalyst was inserted
into the pyrolyzer preheated to 550∘ C. As the carrier gas
that flows through the pyrolyzer, helium gas with the split
ratio of 50 : 1 was used. The pyrolysis reaction was allowed to
take place for 3 min. The analysis of the species distribution
of the vapor-phase pyrolysis product was performed using
GC/MS, whose interface temperature was 300∘ C. The GC
oven temperature was increased from 40∘ C to 300∘ C at a
rate of 5∘ C/min. Before and after the temperature rising,
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temperature was maintained at 40∘ C for 4 min and at 300∘ C
for 10 min, respectively. An HP-5 MS (30 m × 0.25 mm ×
0.25 m) capillary column was used for GC/MS. The peaks
appearing in the mass spectra were interpreted using the
NIST05 library.

3. Results and Discussion
For effective examination of the impacts of the catalyst on
the pyrolysis product composition, all the species detected
by GC/MS were divided into 8 categories: gas, acids, oxygenates, phenolics, aliphatics (aliphatic hydrocarbons), aromatics, PAHs, and N compounds. Figure 1 compares the
product distributions, in terms of the area%, obtained from
different catalysis conditions. When the pepper stem was
pyrolyzed without catalyst, phenolics were the most abundant
products, followed by oxygenates and acids. The production
of aliphatics and aromatics was insignificant. When the
pyrolysis was performed over MCM-48 catalysts, however,
the fraction of phenolics decreased dramatically. On the
other hand, the production of all other products, including
aliphatics and aromatics, was enhanced. This catalytic effect
was more profound for more acidic catalyst, Al-MCM-48. For
deeper understanding, the detailed species distributions of
oxygenates, phenolics, and aromatics were investigated.
Figure 2 compares the detailed species distributions of
oxygenates obtained from different catalysis conditions. It is
shown in this figure that levoglucosan, which accounted for
a significant fraction in the noncatalytic pyrolysis product,
disappeared completely in the catalytic pyrolysis products.
On the other hand, the fraction of furans increased dramatically. Because furans are high-value-added products used
as organic solvents for the production of medicines, resins,
and food and fuel additives, the enhanced production of
furans is beneficial [15, 16]. Furans are known to be produced
when carbohydrates, such as levoglucosan, are dehydrated
over an acidic catalyst [15]. If the acidity of the catalyst is
strong enough, furans may be converted further to aromatics
[17, 18], which was witnessed in the present study as well when
Al-MCM-48, with a higher acidity, led to a more enhanced
production of aromatics than that of Si-MCM-48 (Figure 1).
Phenolics were the most dominant product species from
the noncatalytic pyrolysis of pepper stem because of the high
lignin content of pepper stem (32% according to Won and
Oh [19]) but the catalytic reforming reduced the fraction of
phenolics to a large extent (see Figure 1). Figure 3 shows the
species distribution of phenolics produced under different
catalysis conditions. It is shown that the fractions of heavy
phenolics mostly decreased as a result of catalytic reforming,
while those of light phenols, such as phenol and methyl
phenols, rather increased, particularly when Al-MCM-48
was used. The reduction of the heavy phenolic fraction was
more significant when Al-MCM-48 was used because of its
higher acidity. This can be attributed to the cracking of heavy
phenols, produced by the decomposition of lignin, into light
phenols and other species, such as aromatics, in the presence
of a catalyst with high acidity. Based on their experimental
results on the catalytic pyrolysis of Laminaria japonica over
Al-MCM-48, Lee et al. [11] argued that phenolics were
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converted into aromatics on the acid sites of Al-MCM-48,
which is in agreement with the result of the present study.
Figure 4 compares the fractions of BTEX species (benzene, toluene, ethylbenzene, and xylene), the most important
aromatic compounds, produced under different catalysis
conditions. Because these compounds can be used as feedstock materials in petrochemical processes, their fraction
in biooil is an important factor determining the valueadded of the oil. The production of aromatics is a result of

complicated reaction pathways including cracking, dehydrogenation, oligomerization, and aromatization, which require
strong acid sites on the catalyst [4, 9]. The production of
BTEX was negligible in the case of noncatalytic pyrolysis,
whereas it was considerably enhanced when the product
oil was reformed over MCM-48 catalysts. In particular,
the catalytic effect was much stronger for Al-MCM-48
because of its much higher acidity than that of Si-MCM48.
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Nitric oxide (NO) biosensors are novel tools for real-time bioimaging of tissue oxygen changes and physiological monitoring
of tissue vasculature. Nitric oxide behavior further enhances its role in mapping signal transduction at the molecular level.
Spectrometric electron paramagnetic resonance (EPR) and fluorometric imaging are well known techniques with the potential for
in vivo bioimaging of NO. In tissues, NO is a specific target of nitrosyl compounds for chemical reaction, which provides a unique
opportunity for application of newly identified NO biosensors. However, the accuracy and sensitivity of NO biosensors still need to
be improved. Another potential magnetic resonance technique based on short term NO effects on proton relaxation enhancement
is magnetic resonance imaging (MRI), and some NO biosensors may be used as potent imaging contrast agents for measurement of
tumor size by MRI combined with fluorescent imaging. The present review provides supporting information regarding the possible
use of nitrosyl compounds as NO biosensors in MRI and fluorescent bioimaging showing their measurement limitations and
quantitative accuracy. These new approaches open a perspective regarding bioimaging of NO and the in vivo elucidation of NO
effects by magnetic resonance techniques.

1. Introduction
Nitric oxide (NO) as a metabolic nitrogen compound in
bound gas form plays an important role in physiological regulation of the cardiovasculature in our body [1, 2]. Since
endothelium-derived relaxing factor (EDRF) was first identified in 1980, biological and chemical evidence has suggested
that EDRF is nitric oxide (NO), a potent vasodilator [3].
NO is released through the intermittent catalytic action
of constitutive NO synthase (cNOS) [4]. In addition, large
transient production of NO at sites of inflammation is derived
from inducible NO synthase (iNOS) and related to host
defense against infection [5]. In vivo imaging of NO as a
biosensor is an emerging monitoring technique that employs
EPR, fluoroscopy, and MRI [6]. The success of this method
depends on visualizing free radical distribution of in vivo
spin-trapped NO. NO imaging techniques primarily utilize
magnetic resonance (MR), electron paramagnetic resonance
(EPR) spectrometry, and fluorometry. NO is a diatomic

free radical that contains one unpaired electron derived
from L-arginine via the catalytic action of NOS. The in situ
visualization of NO using bioimaging techniques provides
information pertaining to the production and diffusion
processes of NO [7, 8]. Real-time bioimaging techniques
using EPR, fluorescent indicators, chemiluminescence, realtime MRI, and functional MRI (fMRI) have recently been
introduced [9–11].
Physiological Basis of Bioimaging of NO. NO is synthesized
by neuronal NOS, endothelial NOS, which is commonly
referred to as cNOS, and other types of iNOS specific to
macrophages and microglia through stimulation by cytokines
and endotoxins at sites of inflammation. NOS isoforms are
generally classified as either cNOS (Ca2+ ) or iNOS (Ca2+
independent) [12]. NO is a highly unstable molecule that
is rapidly oxidized into nitrite (NO2− ) and nitrate (NO3− )
in the presence of oxygen, especially in the liquid phase.
Synthesized NO combines with oxygen within the membrane
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Figure 1: Proposed mechanism of NO production from epithelial cells. NO∙ is released by several isoforms of the enzyme, NOS, which
catalyzes the 5-electron oxidation of the guanidino nitrogen moiety of a nonaromatic amino acid (L-arginine) to citrulline via N𝜔 -hydroxyL-arginine. The enzyme utilizes O2 and NADPH as cosubstrates and thiol, tetrahydrobiopterin (BH4), FAD, and FMN as cofactors. NOS is
unique among eukaryotic enzymes in being a dimeric, calmodulin-dependent or calmodulin-containing isozyme.

and blood [13]. As shown in Figure 1, NO is released from Larginine via catalytic action of the membrane-bound enzyme,
NO synthase (NOS). NO is a physiologically important
mediator in metabolically active organs and tissues, as well
as in neurotransmitters in central and peripheral neurons in
vivo [14].
1.1. Bioimaging of NO in Cardiovascular System
1.1.1. Electrochemical Measurement of NO. NO biosensors
were initially developed for high resolution electrochemical
measurement methods of NO by several groups [15–17].
These NO biosensors enable evaluation of dynamic changes
in NO concentration in solutions and tissues in response
to agonists, NO-generating reagents, and physical stimuli
[18–20]. However, their electrochemical applications are
primarily limited to short term recording of NO sensitive
myocardial changes for monitoring the effect of cardiac
potassium channel blockers [21]. Use of this technique is also
limited due to its poor sensitivity.
1.1.2. NO Biosensing by Electron Paramagnetic Resonance
(EPR) Spectrometry. EPR spectroscopy is a specific technique
for measurement of in vivo NO free radicals by spin-trapping
compounds (spin-traps) [22]. A number of derived pyrroline
oxide and dithiocarbamate compounds have been shown to
be potential EPR spin-trap biosensors (Table 1).
1.1.3. NO Biosensing by Fluorometry. Recently reported fluorescent indicators allow real-time bioimaging of NO with

high spatial and temporal resolution. Diaminorhodamines
and diaminofluorescein compounds undergo specific reactions with NO in cardiovascular tissues and may serve as
potential biosensors in fluoroscopy [23, 24].
1.1.4. Spin-Trapping Technique in NO Biosensing. The presence of NO radicals at greater than the EPR detection limit
(0.1–0.01 𝜇M) can be detected by nitrone traps: 5,5-dimethyl1-pyrroline-𝑁-oxide (DMPO), 5-diethoxyphosphoryl-5methyl-1-pyrroline-𝑁-oxide (DEPMPO), 𝛼-phenyl-𝑁-tertbutylnitrone (PBN), and 𝛼-(4-pyridyl-1-oxide)-𝑁-tert-butylnitrone (POBN), as well as by nitroso traps: 2-methyl-2nitrosopropane (MNP) and 3,5-dibromo-4-nitrosobenzenesulfonic acid (DBNBS) [25–28].
1.1.5. In Vivo EPR Detection by Biosensing Free Radicals. EPR
spectrometers operating at S-band (1.6–4 GHz) and Lband (0.4–1.6 GHz) microwave frequency and at radio
frequency (0.2–0.4 GHz) are utilized for in vivo measurements of the whole body of small animals. The electronic
configuration of NO with 11 valence electrons is
(K2 K2 )(2s𝜎b )2 (2s𝜎∗ )2 (2p𝜋b )4 (2p𝜎b )2 (2p𝜋∗ )1 . NO is a free
radical with one unpaired electron in the antibonding
𝜋 orbital; therefore, EPR is considered to be the most
appropriate tool for its detection. The electronic ground
2
state of NO is expressed by the term symbol ∏1/2,3/2
[8, 22, 29]. EPR signals from large biological samples cannot
be detected with a conventional X-band spectrometer
due to its poor sensitivity and detection limit. However,
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Table 1: Various complexes as nitric oxide biosensors and NO bioimaging contrast applications and limitations.
Complexes bound with NO
(N-Methyl-D-glucamine)2-Fe(II)-NO complex
5-Diethoxyphosphoryl-5-methyl-1-pyrroline-N-oxide
5,5-Dimethyl-1-pyrroline N-oxide (DMPO)
5-Diethoxyphosphoryl-5-methyl-1-pyrroline-N-oxide
𝛼-Phenyl-N-tert-butylnitrone (PBN)
𝛼-(4-Pyridyl-1-oxide)-N-tert-butylnitrone
nitroso traps: 2-methyl-2-nitrosopropane (MNP)
3,5-Dibromo-4-nitrosobenzenesulfonic acid
3-Carbamoyl-2,2,5,5-tetramethylpyrrolidine-1-yloxyl
Dithiocarbamate derivatives (Fe-DTCs)
Pyrrolidine dithiocarbamate (PDTC)
N-Methyl-D-glucamine dithiocarbamate (MGD)
N-(Dithiocarboxy)sarcosine (DTCS)
N-Methyl-L-serine dithiocarbamate (MSD)
L-Proline dithiocarbamate (ProDTC)
Disulfiram (disulfide of DETC)
Diglutathionyl dinitrosyl iron complex, [DNIC-(GS)2 ]
Fe(III)(DTCS)3 and NO-Fe(II)(MGD)2
Fe-DETC trap
[14 N]ISDN or [15 N]ISDN
Dinitrosyl dithiolate iron complex
NO-Fe(DTC)2
(MGD)2-Fe(II)-NO complex
Diaminonaphthalene: DAN
Dichlorofluorescein: DCFH
Iron(II)-quinoline pendant cyclam
Co complex: [Co(NO)2 (R DATI)]
Cheletropic traps: FNOCTs
Diaminofluoresceins: DAFs
Diaminorhodamines: DARs

EPR spectrometers operating at lower frequency are
now applied to in vivo measurements of EPR signals
from the whole body of small animals. In this method, a
nitro-compound spin-trap generates a frequency sensitive
electron resonance signal due to the hydroxyl ion change
in spin-trap energy [30]. By application of a suitable analog
to digital simulation (Monte Carlo simulation), all digitized
simulations generate a colorful spot image at different
locations that results in a whole body in vivo animal image
[31]. In vivo EPR imaging experiments using 4-hydroxy2,2,6,6-tetramethylpiperidine-1-yloxyl(4-hydroxy-TEMPO)
and
3-carbamoyl-2,2,5,5-tetramethylpyrrolidine-1-yloxyl
(carbamoyl-PROXYL) have been extensively developed
as a promising approach to oximetry for noninvasive
measurement of tissue oxygen status. This technique also has
the possibility of physiological oxygen imaging application
to NO-based fMRI in the near future. For in vivo detection
of hydroxyl radical using a DEPMPO spin-trap in mice,
iron complexes with dithiocarbamate derivatives (Fe-DTCs)
were used as spin-traps for NO adduct [NO-Fe(DTC)2 ]
[32–34].

NO bioimaging contrast applications and limitations
EPR low contrast and MRI high contrast
NMR imaging with good possibility
EPR spin-trap with possibility of EPR imaging
EPR spin-trap with possibility of EPR imaging
EPR spin-trap with possibility of EPR imaging
EPR spin-trap with possibility of EPR imaging
EPR spin-trap with possibility of EPR imaging
EPR spin-trap with possibility of EPR imaging
EPR spin-trap with possibility of EPR imaging
EPR spin-trap with possibility of EPR imaging
EPR spin-trap with possibility of EPR and MRI
EPR spin-trap with possibility of EPR imaging
EPR spin-trap with possibility of EPR imaging
EPR spin-trap with possibility of EPR imaging
EPR bioimaging
EPR bioimaging
EPR bioimaging
MRI, EPR, and chemiluminescence bioimaging
EPR imaging of cultured alveolar cell
EPR-CT bioimaging
EPR-CT bioimaging
EPR-CT bioimaging
MRI, NMR, and EPR bioimaging
Fluorescent biosensor
Fluorescent biosensor
Heme fluorescent reporter biosensor
Fluorescent biosensor
ESR and fluorophobic bioimaging
Fluorometry
Fluorometry

1.1.6. Trapping Target Complexes of Nitric Oxide. The complex
form of NO (e.g., nitrosothiol) has a relatively longer half-life
than free NO. NO is rapidly oxidized into nitrite or nitrate in
the presence of oxygen, especially in the liquid or tissue phase,
and must be trapped by chemical NO biosensors to monitor
its physiological concentration. In previous studies, different
levels of NO concentrations were measured in different
organs or tissues as tissue specific NO targets (Table 2).
Figure 2 shows the different levels of effector molecules
or free radical induced cyclic guanosine monophosphate
(cGMP), which are proportional to NO concentration. We
previously reported guanylate and adenylate cyclase activity
and intracellular levels of cGMP proportional to NO concentration in alveolar epithelial cells and hepatocytes [35,
36]. NO concentration is proportional to the intracellular
specific tissue responses that reflect the measurable physical
properties of tissue metabolic state detectable using routine
spin-trap imaging modalities of CT, EPR, MRI, and optical
techniques. NO concentration in cardiovascular tissue is in
the range of nanomoles and picomoles. These new biosensor
approaches have opened a new realm of nanomolar and
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Table 2: In tissues, concentrations of NO are shown in different
organs or tissues up to the level of nanomol/L and picomol/L.
Specific organs/tissues

Mean concentrations

Brain
Postischemic muscle
Breast cancer tissue
Serum
Liver
Endothelium
Alveoli
Erythrocytes
Articular cartilage
Subchondral bone
Trabecular bone

250 pmol/L
227 nmol/L
36–70 mmol/L
22.5 nmol/L
600 nmol/L
120–68 nmol/L
1500 pbb
4.38 to 14.60 mmol/L
20–140 nmol/mg protein
0.45–2.9 𝜇mol/mg protein
0.5–0.75 𝜇mol/mg protein

References
[112, 113]
[109]
[103]
[116]
[104]
[106]
[117]
[118]
[105]
[105]
[105]

NO biosensors

Hormone
Receptor

Effector molecules
(high levels of NO
derived from iNOS)

Guanylate
cyclase GTP
GTP

G𝛼
G𝛽 G cGMP
𝛾

Second messenger

GDP
Response
(detected by EPR, MRI, and optical
imaging techniques)

Figure 2: Nitric oxide-induced cascade with a role of guanylate
cyclase to generate physiological response detectable by NO bound
biosensor compounds (modified from the reference) [115]. GTP:
guanosine triphosphate, GDP: guanosine diphosphate, cGMP: cyclic
guanosine monophosphate, G𝛼 : G protein alpha, G𝛽 : G protein beta,
and G𝛾 : G protein gamma.

picomolar scale molecular imaging that has yet to be fully
developed.
1.2. NO Specific Spin-Trapping and Biosensing Active Groups
in Bioimaging. Different types of NO biosensors have active
chemical groups that capture nitric oxide at various levels of
sensitivity in the body. The ability to capture NO depends on
the active chemical structure of nitrone or cheletropic groups
and the oxidation state of inorganic iron elements present in
the biosensing molecule. The oxidation state of nitric oxide
is crucial to its capturing property and its sensitivity as a
bioimaging target. Accordingly, various trapping chemicals
are routinely used.
1.2.1. NO-Trapping Reagents. The major classes of compounds are nitrone (DMPO) and nitroso (MNP, DBNBS)

spin-traps, NO cheletropic traps (NOCTs), o-quinodimethane, 2-phenyl-4,4,5,5-tetramethylimidazoline-1-yloxyl3-oxide (PTIO), ferrous iron complexes such as Hbs and
Fe-DTC complexes, Fe(III) hemoproteins, and porphyrin
complexes [37–40]. Consider
Fe (III) (Heme) + 2NO → NO − Fe (II) (Heme) + NO+
(1)
Cytochromes 𝑐 are hemoproteins common in denitrifying
and photosynthetic bacteria that have high affinity for NO
and can be used as biosensors for NO. Recently, NO-selective
photometric or electrochemical biosensors have been developed using cytochrome 𝑐 immobilized on an optical fiber or
electrode or encapsulated in sol-gel glass [41].
1.2.2.
Dithiocarbamates. Pyrrolidine
dithiocarbamate
(PDTC), N-methyl-D-glucamine dithiocarbamate (MGD),
N- (dithiocarboxy)sarcosine (DTCS), N-methyl-L-serine
dithiocarbamate (MSD), L-proline dithiocarbamate
(ProDTC), disulfiram (disulfide of DETC), N,N-diethyldithiocarbamate (DETC), and diglutathionyl dinitrosyl iron
complex [DNIC-(GS)2 ] are major nitric oxide biosensor
com pounds. Pyrrolidine dithiocarbamate (PDTC) inhibits
oxidative activation of nuclear transcription factor 𝜅B (NF𝜅B) to develop immunity, stress responses, inflammation,
glial and neuronal function, and the inhibition of apoptosis.
Therefore, inhibition of NF-𝜅B activation by PDTC and
DETC causes various biological phenomena, including
inhibition of iNOS expression, inhibition of apoptosis
in thymocytes, leukemic cells, and L929 fibroblasts, and
induction of heme oxygenase-1 gene expression [42–49].
1.2.3. Iron-Dithiocarbamate Complexes as NO-Trapping
Reagents. NO-Fe(II)(DTCS)2 (>100 mM) and NO-Fe(II)
(MGD)2 (<1 mM) showed specific ability for NO-trapping
of NO-Fe(II)(MGD)2 and NO-Fe(II)(DTCS)2 complexes
[50–52].
1.2.4. Reactions of NO, NO+ , NO− , and NO2 − with FeDTC Complexes. NO reacts with disulfiram derivative
Fe(II)(DTC)2 complex to form NO-Fe(II)(DTC)2 as the primary product and Fe(III)(DTC)3 as a secondary product as
shown below. Consider
NO + Fe (II) (DTC)2 → NO − Fe (II) (DCT)2
Fe (III) (DETC)3 + NO → NO − Fe (II) (DETC)2
+ DETC∗

(2)
(3)

Basically, there are three mechanisms responsible for the
reductive nitrosylation of Fe(III)(DETC)3 complexes to form
Fe(III)(DETC)2 [53]. Consider
2DETC∗ → bis (DETC)

(4)
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The reductive nitrosylation of Fe(III)(MGD)3 in the presence
of thiols generates NO-Fe(III)(MGD)2 , which is further
oxidized into NO-Fe(II)(MGD)2 products. Consider
H2 O(∗ OH)
2NO + Fe (III) (MGD)2 → NO − Fe (II) (MGD)2

+ NO2 −
(5)

1.3.1. In Vitro Detection of NO from Cultured Cells Using
Chemiluminescence Method. NO is highly unstable in the
presence of oxygen and is rapidly converted into NO2 − and
NO3 − in the liquid phase. To detect NO, both NO2 − and
NO3 − were converted into NO using a reducing agent (vanadium (III) chloride). In cultured cells, NO was measured
based on the chemiluminescence (Model 280 NOA, Sievers,
Inc., Boulder, CO). To achieve high conversion efficiency, the
reduction was performed at 90∘ C [4, 5].

Reducing Equivalent

NO + Fe (III) (MGD)2 → NO

(6)

− Fe (II) (MGD)2
The reducing equivalent refers to endogenous reducing
agents such as ascorbate, hydroquinone, and thiol. MRI,
EPR, optical, and chemiluminescence, LC-electrospray mass
spectroscopy showed that bioimaging of NO could be
accomplished using Fe(III)(DTCS)3 and NO-Fe(II)(MGD)2
[54]. In another mechanism, unreacted Fe(III)(DTCS)3
donates an electron to the NO-Fe(III) complex to form NOFe(II)(DTCS)2 and Fe(IV)(DTCS)3 in the presence of ascorbate and glutathione, suggesting that Fe-DTC complexes are
efficient as NO traps in vivo and should be suitable for in vivo
real-time measurements of NO [55]. Consider
3−

[Fe (III) (DTCS)3 ]

3−

+ NO → [NO − Fe (III) (DTCS)3 ]

(7)
[NO − Fe (III) (DTCS)3 ]

3−

+ [Fe (III) (DTCS)3 ]

→ [NO − Fe (II) (DTCS)2 ]
+ [Fe (IV) (DTCS)3 ]
2−

[Fe (IV) (DTCS)3 ]

2−

2−

(8)

+ DTCS2−

+ DTCS2− → [Fe (III) (DTCS)3 ]

3−

(9)

The overall reaction is as follows:
3−

2−

+ NO → [NO − Fe (II) (DTCS)2 ]

1
+ [bis (DTCS)]2−
2

1.4. In Vivo EPR Detection and Imaging of NO in Living Small
Animals. In vivo EPR bioimaging is used for visualization
of iron bound nitrone and dithiocarbamates. NMR imaging provides higher resolution than EPR imaging, enabling
observation of spatial distribution of nitrone free radicals
due to NMR sensitivity to iron paramagnetic behavior in the
body.

3−

1
+ [bis (DTCS)]2−
2

[Fe (III) (DTCS)3 ]

1.3.2. Detection of NO in Resected Tissues and Organs. In
the last decade, Fe-DETC traps have also been applied to
measure NO concentrations in the liver, kidney, intestine,
spleen, heart, and lung, as well as in regenerating rat liver,
mouse stomach during adaptive relaxation, and rat jejunum
and ileum under ischemia reperfusion [57–59]. The Fe-MGD
trap detected NO formation from nitrovasodilators including
glyceryl trinitrate, isosorbide dinitrate (ISDN), and SNP [60,
61].

(10)

The oxidized NO− nitroxyl ion donor molecule with Fe-MGD
complex and Fe(II)(MGD)2 complex is EPR, which can be
used to visibly distinguish NO and reduced to molecular
NO2 − under low pH conditions such as tissue ischemia [56].
1.3. In Vitro and Ex Vivo EPR Detection of NO Using FeDTC Traps. Current studies of nitric oxide bioimaging are
mainly focused on detection of NO in cultured cells and using
EPR and fluoroscopy methods to generate images of small
animals. The following sections provide an account of both
detection and bioimaging of NO in cultured cells, tissues, and
organs.

1.4.1. Instrumentation and Imaging Techniques for In Vivo EPR
Measurements. The three-dimensional EPR image (i.e., EPRCT) was constructed based on Lauterbur’s method [62]. In
this method, a pair of magnetic field gradient coils for the 𝑥-,
𝑦-, and 𝑧-axes are attached to the surface of the main magnet
to obtain one set of EPR-CT images. The microwave circuit
was constructed with a signal source, a VSWR bridge, a
phase shifter, a preamplifier, and a double-balanced mixer for
homodyne detection. The projection spectra were obtained
by changing the angles of the field gradient sequentially under
a fixed gradient intensity in one plane. The direction of the
field gradient was rotated in 20∘ steps, and projections were
collected. The obtained data for nine spectra of each twodimensional projection constituted a three-dimensional set
of images. Arbitrary slice planes (i.e., CT images) can be cut
from the three-dimensional data. Thus, data on 81 projection
spectra were needed under the selected field gradients to
obtain one set of EPR-CT images [63, 64].
1.4.2. In Vivo EPR Detection of Endogenous NO. In vivo realtime detection of NO in the mouse tail was reported using a
Fe-MGD trap and a Fe-DETC trap with an L-band (1.14 GHz)
EPR spectrometer. In vivo NO detection at the head region
models of sepsis and bacterial meningitis by the Fe-DETC
trap for NO-Fe(DETC)2 suggested that the NO-Fe(DETC)2
signal is dependent on iNOS induced by IFN-𝛾 [65–71].
1.4.3. In Vivo EPR Imaging of Endogenous NO. In vivo EPR
imaging was used by applying the Fe-DTC traps for threedimensional EPR imaging of NO in ischemia-hypoxia. EPR
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images from the frozen resected brain were obtained by
employing a Fe-DETC trap and an EPR imaging system with
a microwave frequency of 1.2 GHz [72]. An in vivo EPR
imaging system with 700 MHz microwave unit was designed
for bioimaging with a two-gap and loop-gap resonator using
NO-Fe(DTC)2 complexes as a spin probe or an imaging
agent [73]. Our continued interest in in vivo EPR and MRI
imaging of endogenously produced NO in the abdominal
region in a mouse encouraged us to use a NO-Fe-DTCS trap
to image free radicals. Another approach focused on using
[14 N]ISDN or [15 N]ISDN to image the liver and kidney. A
more complex multimodal imaging set of EPR-CT images in
the 𝑧-𝑥 plane showed the upper abdomen of a mouse due to
15
N substitution in the liver [74].
1.5. EPR Detection and Imaging of Endogenous
NO-Relevant Complexes
1.5.1. Nitrosylheme Complexes Produced from Infused Nitrite.
An approach employing a combination of nitrite compound
and a Fe-MGD trap to detect NO in ischemia using L-band
(1.3 GHz) EPR imaging of a heart subjected to cardiopulmonary arrest was reported [8].
1.5.2. Dinitrosyl Dithiolate Iron Complex Administered as
a Spin Probe. Dinitrosyl dithiolate iron complex (DNIC)
consists of paramagnetic molecules that exhibit a characteristic EPR spectrum in both the solution state at room
temperature and the frozen state in tissues at low temperature.
Physiologically, DNIC and nitrosothiol (RSNO) compounds
stabilize and transport NO in biological systems. In vivo
real-time detection and three-dimensional EPR-CT imaging
of DNIC-(GS)2 in the abdomen in a 700 MHz EPR system
showed NO in blood and NO delivery to the abdomen and
liver [75].
1.5.3. NO-Fe(DTC)2 Complexes as Spin Probes and Imaging
Reagents. Paramagnetic NO-Fe(DTC)2 complexes serve as
spin probes or imaging reagents for in vivo EPR imaging.
Using these compounds, a 700 MHz EPR-CT system generated a two-dimensional image of blood circulation in the
coronal section of the rat head (spatial resolution = 6.0 mm)
in which the high-intensity area (ventral side) was clearly
distinguished from the low-intensity area (dorsal side) [73].
EPR-CT imaging in the mouse abdomen was accomplished
using NO-Fe(DTCS)2 , NO-Fe(MGD)2 , and NO-Fe(DETC)2
complexes as spin probes with the 700 MHz EPR system.
EPR-CT images showed the utility of NO-Fe(DTCS)2 and
NO-Fe(DTC)2 complexes (spatial resolution, 3.6 mm) [73].
1.6. Approaches to NO Evaluation by Magnetic Resonance
Imaging (MRI) Techniques. Recently, EPR-NMR techniques
employing a proton-electron-double-resonance-imaging
(PEDRI) hybrid technique showed enhancement of proton
NMR signal intensity in the presence of radicals through
the Overhauser effect or relaxation of neighboring protons
such as the nitrosyl iron complex. This method may be
useful as a functional MRI contrast agent specific for NO in

Journal of Nanomaterials
living organisms [76–79]. L-Arginine increased the cerebral
blood volume in hypertensive rats, while ISDN increased
both tumor blood flows on the NO images via magnetic
resonance techniques [11]. We propose that another use of
NO exposure to hemoglobin may be capturing fMRI BOLD
signal hyperintensities on T1-, T2-, and T2∗ -weighted images
due to the addition of aqueous NO, nitrite, or dithionite and
nitrite to the hemoglobin in the blood, that is, metHb and
NO-Hb. However, additional studies are needed to confirm
this.
Multimodal In Vivo NO Spin-Trapping MRI-EPR Experiments.
In Vivo MRI imaging of Fe(II)-chelate spin-trapped nitric
oxide by N-methyl-D-glucamine dithiocarbamate- (MGD-)
NO mapping revealed radical distribution to localize nitric
oxide in liver [80, 81]. Synthase (iNOS) is the main source of
NO. At the optimal concentration of (MGD)2 -Fe(II) [MGD:
100 mM, Fe: 20 mM], MR images on a GE 2-T CSI and IBM
PC20 MiniSpect measured millimolar relaxivity of (MGD)2Fe(II)-NO at parameters of TR 500 msec, TE 10 msec, NEX
2, 4 mm slice thickness, 1 mm slice gap, field of view 12 ×
3 × 12 cm, and matrix 256 × 256. A 20 MHz Jeol JES-FG2XG
EPR spectrometer (microwave frequency, 9.4 GHz; incident
microwave power, 20 mW; 100 kHz modulation amplitude,
2 G; sweep width, 100 G; scan time, 2 min) was used for EPR
imaging.
Several assumptions were made regarding multimodal
in vivo NO spin-trapping MRI-EPR experiments: (1) spintrapped NO is stable in vivo, (2) its contrast enhancement
properties in MRI have been assessed, and (3) simultaneous
visualization and mapping of free radicals are possible by
MRI. The NO complex (MGD)2 -Fe(II)-NO is stable in
tissues and organs for MRI imaging and subsequent L-band
EPR measurements. The liver is the most sensitive to NO
complex upon X-band EPR [80, 81]. The (MGD)2 -Fe(II)NO complex shows remarkably strong proton relaxation
enhancement because of its paramagnetic properties. The
strong magnetic moment of the unpaired electron promotes
both spin lattice and spin-spin relaxation of the surrounding water protons, resulting in a decrease in their spinlattice (T1) and spin-spin (T2) relaxation times. These effects
can be exploited to enhance signal intensity in T1 or T2
weighted MR images in vivo in areas in which NO is trapped
[78, 79].
The NO complex acts as an effective intrinsic contrast
agent, enhancing its contrast in the images of several organs.
MRI analyses have shown that the NO complex can be a
potentially useful NO specificcontrast agent. Mapping the site
of NO generation is possible by L-band EPR, combined with
MRI spin-trapping, for the direct detection of NO radicals in
vivo. Here, we propose a multimodal MRI-EPR-fluorometry
approach to map NO radicals within tissues and organs at
much higher spatial resolution. The spin-trapped adduct,
(MGD)2 -Fe(II)-NO, a NMR contrast agent, has the potential
to provide much higher spatial resolution than with EPR. NO
is known to bind to iron compounds to form generally stable
complexes such as (MGD)2 -Fe(II)-NO. In vivo, hemoglobin
is normally a natural NO spin-trap. Specifically, NO tends to
bind with hemoglobin or to oxidize the hemoglobin, after
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which it was converted to nitrosyl-hemoglobin or methemoglobin, both of which are paramagnetic species. When the
brain is stimulated to generate NO, it is quite possible that
(paramagnetic) nitrosyl-hemoglobin and methemoglobin are
formed. Signal intensity enhancement in functional MRI
(fMRI) is believed to result from changes in blood flow.
However, for blood flow independent effects in MRI, the
paramagnetic relaxation from spin-trapped NO might provide a new fMRI contribution using 5-diethoxyphosphoryl5-methyl-1-pyrroline-N-oxide (DEPMPO). This multimodal
methodology not only is suitable for mapping NO, but also
might be valid for other important free radicals in vivo when
combined with appropriate spin-trapping reagent techniques
[11, 82, 83].
1.7. Fluorometric Imaging of NO by Fluorescent Probes for NO
1.7.1. Diaminonaphthalene (DAN). NO is readily oxidized
into NO2 − and NO3 − as final products in the presence
of O2 . The fluorometric assay for the quantification of
NO2 − /NO3 − up to 10 nM excited at 375 nm and emitted
at 415 nm is based on the reaction of NO2 − with 2,3diaminonaphthalene (DAN) to form the fluorescent product
1-(H)-naphthotriazole (NAT). This method can serve as a
tool for defining the role of NOS in both normal and
pathophysiological processes. However, the method cannot
be adapted for NO bioimaging because it causes serious
damage to living cells [84].
1.7.2. Dichlorofluorescein (DCFH). 2,7-Dichlorofluorescein
(DCFH) is oxidized by NO to dichlorofluorescein. This
compound is a nonfluorescent species that may be used in
monitoring of intracellular NO formed in neuronal cells but
is not suitable for bioimaging [85]. DCFH has been shown
to readily react with all reactive oxygen species. Hence, the
overall fluorescence level of DCFH would be specific to all
levels of reactive oxygen species and not exclusive to any
individual of them [86].
1.7.3. Iron Complexes. The iron(II)-quinoline pendant cyclam, a fluorescent probe for NO, is not convenient for
NO detection in biological systems. This probe mimics the
activation site of guanylate cyclase if used as a fluorescent
biosensor of NO. The iron(II) complex further showed poor
fluorescence emission at 460 nm, which was quenched by NO
from NO releasing agents. 2,2,6,6-Tetramethylpiperidine-Noxyl (TEMPO) labeled with acridine and Fe(II)(DTCS)2
complex can be used to monitor direct production of NO in
biological systems but has not yet been applied in bioimaging
[87, 88].
1.7.4. Heme Domain with Fluorescent Reporter Dye. Cytochrome 𝑐 labeled with a fluorescent reporter dye containing
fluorescent microspheres can serve as a ratiometric sensor
of intracellular macrophage NO levels in phagocytosis. NOselective sensors were reported as a heme domain of guanylate cyclase (sGC) labeled with a fluorescent reporter dye.
The fluorescence intensity indicated the sGC heme domain’s
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characteristic binding of NO. The formation of NO from NOS
in endothelial cells has a detection limit of 8 𝜇M NO [89, 90].
1.7.5. Cobalt Complex: [Co(NO)2 ( R DATI)]. Aminotroponiminates (H R ATIs) with a dansyl fluorophore serve as a fluorescent NO biosensor, and paramagnetic Co2+ complexes
quench the fluorescence. The [Co(NO)2 ( R DATI)] increases
fluorescence intensity, which is ideal for fluorescent NO
sensing but not for bioimaging [91].
1.7.6. Fluorescent NO Cheletropic Trap (FNOCTs). FNOCTs
react with NO in a formal cheletropic reaction. NO was
detected by this method in alveolar macrophages [92].
1.8. Fluorescein Biosensors as NO Bioimaging Probes
1.8.1. Diaminofluoresceins (DAFs). Diaminofluoresceins
(DAFs) are used as novel probes for NO. DAFs change to
triazole forms (DAF-Ts) with changes in the absorbance
maxima of NO fluorescence intensity due to the conversion
of DAF-2 to DAF-2 T by NO in the presence of O2 . Major
compounds include DAF-4 M1, 4 M2, 5 M1, and 5 M2
fluorinated fluorescein derivatives. These compounds are
derived amino acids (DAN) with aromatic groups. However,
use of these compounds in NO bioimaging is in its infancy
because DAN leaks easily through cell membranes after
loading. Nevertheless, the use of esterified DAN has shown
promise in studies of NO bioimaging [93, 94]. DAF has
emerged as a reliable fluorophore for real-time NO detection
in live cells. However, DAF is highly cytotoxic. Thus, DAFbased measurements are only accurate if measured within
first 15–20 minutes. Beyond that it significantly affects the
viability of the cells. In some of the research studies, to
overcome the cytotoxicity of DAF, DAF was coincubated
with serum. This approach significantly improved the quality
of cells following DAF incubation. However, most of the
DAFs had reacted with serum to form fluorescent product,
which imposed limitations related to reproducibility of the
measurement.
1.8.2. Diaminorhodamines (DARs). Fluorescent rhodamine B
fluorophore imaging with DAR-1 AM, DAR-1 EE, DAR-M,
DAR-M AM, and DAR-4 M has shown little success [95].
1.8.3. Emission Mechanism. DAF shows the photoinduced
electron transfer (PET) process of fluorescence quenching
or reduced fluorescence of the fluorophore. The mechanism
was reported using 9-[2-(3-carboxy) naphthyl]-6-hydroxy3H-xanthen-3-one (NX) and 9-[2-(3-carboxy) anthryl]-6hydroxy-3H-xanthen-3-one (AX). NX is highly fluorescent,
whereas AX is almost nonfluorescent [96].
1.9. Biological Applications of DAFs and DARs
1.9.1. Cardiovascular Tissue. Current studies are focusing
on fast real-time nitric oxide biosensing by electrochemical
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methods, as recently reported by electron transfer across multiassembly of hemoglobin-montmorillonite with polymer as
biosensors with high reproducibility [97]. Low nitric oxide
levels are considered potent markers of sickling and major
factors responsible for the inability of red blood cells to relax
arteries and oxygen deprivation. Nitric oxide is now on the
market as a nutrient supplement. Nitric oxide levels were
elevated following in vivo correction of cardiac ischemia,
and NO capture was detected by a nanobiosensor (Nafion,
m-phenylenediamine and resorcinol) based amperometric
technique [98]. The nitric oxide content in arteries was
determined by measuring superoxide anion from superoxide
dismutase enzyme at levels of up to 10 nM nitric oxide by
using an enzyme biosensor based amperometric method.
Nitric oxide is an organically produced signaling molecule that regulates blood pressure, clots that cause stroke and
heart attack, and atherosclerosis. This molecule penetrates
across membranes with biological signals and messages,
influencing every organ, including the lungs, liver, stomach,
genitals, and kidneys. New technological developments such
as nanotechnology have led to great advances in nitric oxide
biosensing through use of fiber optic chemical sensing,
carbon nanotubes, and metalloporphyrin biosensors [99–
102].
1.9.2. Breast Cancer Tissue. Recently, nitric oxide was evaluated as an angiogenesis marker in breast cancer patients with
the potential for generation of a biomarker of prognosis [103].
1.9.3. Liver. The major application of liver bioimaging was
established by nitric oxide and asymmetric dimethylarginine
in human alcoholic cirrhosis [104]. The mouse abdomen
was imaged in three dimensions by localization of NO-rich
regions in the liver [74].
1.9.4. Bone and Cartilage. The use of NO biosensor in bone
and cartilage application is still in its infancy and limited. A
recent report indicated the possibility of using NO biosensors
as a method of detection of NO in bone and for cartilage
characterization [105].
1.9.5. Endothelial Cells. DAF-FM is a useful tool for visualizing the temporal and spatial distribution of intracellular NO.
Endogenous ATP plays a central role in HTS-induced NOS
in BAEC. Endothelial cNOS, a Ca2+ /calmodulin-dependent
enzyme, is critical to vascular homeostasis and generates a
detectable basal level of NO production at low extracellular
Ca2+ . Actin microfilaments in PAEC regulate L-arginine
transport, which can affect NO production by PAEC. DAR4 M should be useful for bioimaging of samples that have
strong autofluorescence [106, 107].
1.9.6. Smooth Muscle Cells. DAF-2 DA and DAF-FM T
enhance fluorescence intensity [108]. This sensitive method
enables their use for detection of spontaneous and substance
P (active coronary artery protein) induced NO release from
isolated porcine coronary arteries. This NO release was
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entirely dependent on the NOS activity in vascular endothelial cells. Furthermore, fluorescence images of cultured
smooth muscle cells in the rat urinary bladder were captured
after loading with DAF-FM DA [109]. In cells pretreated with
cytokines, the fluorescence intensity increased with time after
DAF-FM loading.
1.9.7. Brain. DAF-2 DA was used for direct detection of NO
in the CA1 region of the hippocampus by imaging techniques.
DAF-FM DA was also applied to imaging of NO generated
in rat hippocampal slices [110, 111]. Recently, the use of NO
bioimaging for assessment of cortical impact injury was
evaluated and physiological concentrations of target NO were
monitored [112, 113].
1.9.8. Ion Channels. Voltage-gated Na+ channels and the
mechanisms by which they enable signaling across cardiac
tissue are not well understood. However, NO is an endogenous regulator of persistent Na+ current. NMDA-receptor(NMDAR-) associated ion channel has been reported to be
modulated by exogenous and endogenous NO. Endogenous
S-nitrosylation may regulate ion channel activity [114].
New Emerging Information Regarding Nitric Oxide. Nitric
oxide plays a unique role in the body, and its rapid real-time
biosensing and measurement may reveal a great deal of new
information in time. In the body, nitric oxide is known to
(i) fight bacteria, viruses, and parasites,
(ii) suppress proliferation of some types of cancer cells,
(iii) prevent serious complications in diabetic patients,
particularly in association with impaired blood flow,
(iv) play a major role in memory,
(v) act as a neurotransmitter,
(vi) increase sexual functioning,
(vii) act as a powerful antioxidant, deactivating free radicals that contribute to cancer, diabetes, heart disease,
and stroke.
NO plays important roles in inflammatory processes.
For example, increased expression of iNOS mRNA causes
increased NO production at sites of inflammation. Drosophila
utilizes components of the NO/cGMP signaling pathway,
and chemical sensors are specific to endothelial nitric oxide
and nitric oxide synthase enzyme systems. A new class of
biosensors that are multifunctional and multimodal has the
ability to perform as nitric oxide detectors and to monitor
tissue response to nitric oxide synthase biochemical mechanisms. Recently, DAF-2 DA has been reported as a useful
biosensor of hypoxia. Adenovirus-mediated gene transfer of
eNOS in adrenal zona glomerulosa (ZG) cells results in the
expression of active endothelial NOS enzyme, decreasing
aldosterone synthesis. Moreover, 𝛾-irradiation at doses of 2–
50 Gy stimulates the expression of iNOS, which is accompanied by an increase in the fluorescence of DAF-2. NO
production by mitochondrial NOS plays a role in respiration,
as well as apoptosis in PC 12 and COS-1 cells. DAF-2 can

Journal of Nanomaterials
be used to image real-time intracellular NO production in
retina specific synapses. Kalanchoe daigremontiana and Taxus
brevifolia showed NO-induced apoptosis upon application of
DAF-2 DA, while L-NMMA suppressed NO production and
apoptosis [114].

2. Conclusion
This review highlights the biosensing of NO by multimodal
in vivo EPR/MRI/fluorometry based on the potential use
of NO biosensors. Fluorescent biosensors such as DAFs
and DARs visualize the production of intracellular NO and
enable observation of the temporal and spatial distribution
of intracellular NO as a nitric oxide map. Additionally, the
currently available data indicate that more attention should
be given to in vivo real-time imaging of NO, which could
be developed based on a combination of EPR and NMR
techniques as NO sensitive fMRI. Amperometric and electrochemical methods using nanotechnology and advanced
electronics appear to be a breakthrough in nitric oxide realtime measurement. Currently, DAFs and DARs are good
candidates for bioimaging of NO in terms of specificity, sensitivity, and handling. Therefore, the NO detection method
depends on reactive oxygen species such as NO2 − , NO3 − ,
ROS, superoxide, hydrogen peroxide, and ONOO− to yield
any fluorescent product. Ratiometric probes are other options
for intensity measurements. Overall, further studies on the
development of novel ratiometric NO bioimaging probes are
warranted.
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