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Nanoporous materials are well known to be technologi-
cally useful for a wide spectrum of applications such as
energy storage and conversion in fuel cells, solar cells, Li-
ion batteries, hydrogen storage and supercapacitors, catalysis,
sorption applications, gas purification, separation technolo-
gies, drug delivery, cell biology, environmental remediation,
water desalination, purification, separation, sensors, optical,
and electronic and magnetic devices. Typical examples of
natural and synthetic nanoporous solids are zeolites, acti-
vated carbon, metal-organic frameworks, covalent organic
frameworks, ceramics, silicates, nonsiliceous materials, aero-
gels, pillared materials, various polymers, and inorganic
porous hybrid materials. However, the applicability of the
porous nanomaterials depends on their targeted design at the
atomic and molecular level which controls their porosity and
surface area. The nanoporous materials can be synthesized
in the laboratories using organic or inorganic templates.
The self-assembly of organic templates or the existing pore
size of the inorganic templates controls the porosity of
the final product. In addition, the nanometer-size pores
can be utilized to impregnate nanoparticles/proteins/ions
to create multifunctional hybrids of practical and scientific
interests. Considering the widespread applications of these
nanoporous materials, uncovering their recent synthesis

approaches, structure-dependent properties and potential
applications in various disciplines of science and engineering
are necessary and urgent.

This special issue focuses on the recent advances in
synthesis approaches, newer properties, and environmental
applications of nanoporous materials. A total of 6 research
articles reporting on the synthetic design, characterization,
property, analysis, and applications are presented in this
special issue.The articles cover diverse nanoporous materials
and morphologies such as anodic CaO-TiO

2
nanotubes (C.

W. Lai), novel silica nanowires with intrawire lamellae (M. Z.
Hu et al.), Fe nanoparticles (S.-H. Chaung et al.), montmo-
rillonite with 7–9 nm pores (Y. Li et al.), chitosan polymer
membrane (Y.-J. Chuang et al.), and a model SiC with
C-terminated surface (M. Calvino et al.). The preparation
techniques such as rapid-anodic oxidation electrochemical
anodization (C. W. Lai), evaporation-induced self-assembly
inside 50–200 nm diameter channels of anodized aluminum
oxide and polycarbonate (M. Z. Hu et al.), borohydride
reduction (S.-H. Chaung et al.), ball milling (Y. Li et al.),
and desolvation (Y.-J. Chuang et al,) have been extensively
presented.The electronic properties of porous SiCwere inves-
tigated by ab initio DFT method (M. Calvino et al.). Most
importantly, these articles cover wide application prospects,
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namely, CO
2
adsorption (C. W. Lai), sulfide removal from

water and wastewater (S.-H. Chaung et al.), adsorption of
zearalenone, mycotoxin found in cereals (Y. Li et al.), and in
vitro sampling of biomolecules (Y.-J. Chuang et al.). All the
6 contributions represent significant advances in the modern
research directions on nanoporous materials. We hope that
this issue will further promote developments in the synthesis
protocols, characterization techniques, property analysis, and
applications of advanced nanoporous materials.
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In this article, a nanoporous chitosan polymer membrane was successfully produced and applied as microdialysis membrane for in
vitro sampling of biomolecules.With the use of nanoparticle leaching technique, porogenic gelatin nanoparticles formed nanopores
in the chitosan-based membrane to create a secure implantable nanoporous membrane for biomolecule sampling. The gelatin
nanoparticles size was in the range of 45 to 70 nm, and the pore size of the chitosan membrane was around 40 to 100 nm. The
porosity of membrane was found to be dependent on the mixing ratio of chitosan solution and gelatin nanoparticles solution. The
results of diffusion study showed that we can alter the mixing ratio of porogen to achieve size-selective molecular diffusion, which
means that the porosity and cut-off size of porous membrane can be controlled. The recoveries of the probe fabricated from the
chitosan-based membrane were examined for four different model compounds of different molecular weights: 2-NBDG, substance
P, TNF-𝛼, and FITC-BSA.The microdialysis probes showed linear responses and substantial recovery to various concentrations of
biomolecules. These results indicated that the microdialysis probe constructed by chitosan nanoporous membrane could sample
and monitor the biomolecules in vitro and has the potential for the application in vivo.

1. Introduction

Microdialysis perfusion is a minimally invasive method for
sampling of biomolecules from organ extracellular fluids in
anesthetized or awake animals and human subjects [1]. Such
perfusion technique has been a valuable tool for in vivo inves-
tigations in the fields of neuroscience, pharmacology, and
physiology [2]. The permeable membranes of an implanted
microdialysis probe are mainly made of nanoporous mate-
rials constructed from polycarbonate, regenerated cellulose,
polyethersulfone, or polysulfone. These membranes usually
having molecular weight size cut-off ranging from a few
5 kD to 400 kD should ensure appropriate transport of
biomolecules while excluding interferents [3]. In addition,
the membranes are usually biocompatible and elastic which
minimizes the host immune response and exerts flexible
and mechanical property. Most of the materials that are
used in concurrent home-made or commercial microdialysis
probes are nonbiodegradable or reabsorbable. Microdialysis
membrane made of biodegradable or reabsorbable materials

may have the advantages of long-term in vivo sampling and
no additional surgical removal is needed.

Among all of the materials, chitosan was one of the
biopolymer conformed foregoing essentials. Chitosan, (1-4)-
2-amino-2-deoxy-𝛽-D-glucan, is the N-deacetylated deriva-
tive of chitin and is low cytotoxic, hydrophilic, elastic, bio-
compatible, and biodegradable materials [4–9].These unique
properties make it an attractive material for biomedical
applications.

Porosity of the microdialysis membrane plays a critical
role for the efficient diffusion of biomolecules crossing
the membrane; several fabrication techniques of porous
materials have been developed such as salt leaching, rapid
prototyping, electrospinning, and two-phase liquid system
[10]. Solvent casting and particulate leaching were widely
used in the manufacturing of porous polymer scaffolds. Salt
and gelatin submicropowder are the most commonly used
particulate for this method because they are known bio-
compatible and noncytotoxic materials [11]. All of the above
techniques produced porous materials only in micrometer
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Figure 1: Illustration of enzyme digested nanoporous chitosan membrane for long-term implantable biosensing. The gelatin nanoparticle
was added in chitosan solution to prepare a thin film and then digested by gelatinase to form a nanoporous membrane.

scale, and the pore size in microdialysis application was too
large to exclude interferents.

In this study, we employed nanoparticle leaching tech-
nique. The gelatin nanoparticles were designed as porogen
to form nanopores in chitosan film. Figure 1 shows a
schematic diagram of the formation of nanoporous chitosan
membrane. Gelatin nanoparticles were doped into chitosan
film, were subsequently etched away by collagenase, and
thus leave nanometer sized pores for increasing porosity of
the chitosan membrane. The gelatin particle size distribu-
tion was determined by particle size analyzer and TEM.
The pore size and porosity of membrane were examined
by SEM and porosity test, respectively. The permeability
and cut-off size characteristics were determined by diffu-
sion study with different molecular weight size of dextran.
Also, the nanoporous chitosan membrane was successfully
applied to fabricate a microdialysis probe, and in vitro
sampling of biomolecules with different molecular weights,
2-NBDG (0.3 kDa), FITC-BSA (65 kDa), TNF-𝛼 (17.3 kDa),
and substance P (1.347 kDa), was performed for validation
of microdialysis probe constructed by chitosan nanoporous
membrane.

2. Materials and Methods

2.1. Preparation of Gelatin Nanoparticles. Gelatin nanopar-
ticles were prepared by two-step desolvation method [12].
The size of gelatin nanoparticles can be affected by using
different molecular weight of gelatin. In the studies of Saxena
et al. [13], the size of the nanoparticles produced by 75 bloom
(22 kDa) gelatin is smaller than 300 bloom (87.5 kDa).There-
fore, gelatin sample of 75 bloom was chosen for preparing
nanoparticles.

Gelatin of 1.25 g (75 bloom, type B, from bovine skin,
Sigma Co., USA) was dissolved in 25mL water at 35–37∘C
temperature. In order to achieve the desolvation and rapid
sedimentation of the gelatin, 25mL of acetone was added to
this solution. The supernatant consisted of some desolvated
gelatin as well as gelatin in solution and was discarded.
The remaining sediment was redissolved in 25mL of water
under 35–37∘C temperature and the pH value of solution was
adjusted to 2.5.

The gelatin was then desolvated again by addition of
25mL acetone dropwise. After 10min of stirring, glutaralde-
hyde 500𝜇L (8%) was added to cross-link the particles. After
stirring for another 8 hrs, the dispersion was centrifuged at
10,000 g for 30min. The particles were purified by threefold
centrifugation and redispersion in 35mL of acetone/water
(30/70). After the last redispersion, the acetone was evapo-
rated on a water bath at 50∘C.

2.2. Preparation of Nanoporous Chitosan Membrane. Chi-
tosan used for preparing nanoporous membrane was pur-
chased from C&B Co., Taiwan. The molecular weight of
chitosan is 300 kDa, purity is 95%, degree of deacetylation is
more than 95%, and ash content is lower than 0.5%. 2wt%
chitosan solution (M.W. 300,000 Da) was prepared in 0.1M
acetic acid (pH = 2.8). Adding various volumes of gelatin
nanoparticle to chitosan solution formed chitosan/gelatin
mixed solution with four mixing ratios (CG 0, CG 25, CG
35, and CG 50). The CG 0 was nonporous membrane and
used as the control group and CG 25, for example, was
the membrane prepared with 75wt% chitosan and 25wt%
gelatin nanoparticles. The chitosan/gelatin mixed solution
was cast in Petri dish and then dried by heat in oven. Heat-
dried membranes were prepared by allowing the solvent
(water) to evaporate at 50∘C for 24 hrs. Then, all of the dried
samples were immersed into 1M of NaOH solution for 2 hrs.
These membranes were removed from NaOH solution and
completely washed by distilled water. Then these membranes
were transferred into 0.2% gelatinase solution at 37∘C for
24 hrs. Finally, the nanoporous chitosan membranes were
lyophilized overnight.

2.3. Equilibrium Water Content and Porosity. Porosity of the
porousmembraneswas estimated from the equilibriumwater
content. Porosity, 𝜀, is defined by the following equation [14]:

𝜀 =

(𝑉
𝑡
− 𝑉mem)

𝑉
𝑡

, (1)

where 𝑉
𝑡
is the total volume of membrane and 𝑉mem is the

volume of nonporous phase.
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The equilibrium water content, 𝑄, is defined as

𝑄 =

(𝑊
𝑤
−𝑊
𝑑
)

𝑊
𝑤

, (2)

where𝑊
𝑤
is the weight of swollen porous membrane and𝑊

𝑑

is the weight of dry porous membrane.
If one assumes thatmost of water is present in pores when

themembrane is in equilibrium swelling, the apparent poros-
ity of porous membrane, 𝜀, is represented as in (1). However,
the water molecules present in the nonporous phases must
be considered. Thus, the porosity of the membrane, 𝜀, was
estimated as [14]

𝜀

=

(𝑊
𝑤
−𝑊
𝑑
−𝑊
𝑚⋅H
2
O)

𝑊
𝑤

, (3)

where𝑊
𝑚⋅H
2
O is the amount of water in the nonporous phase.

The𝑊
𝑚⋅H
2
O value of each sample is estimated as

𝑊
𝑚⋅H
2
O =
(𝑊
𝑤⋅non −𝑊𝑑⋅non)𝑊𝑑

𝑊
𝑑⋅non

, (4)

where𝑊
𝑤⋅non is the weight of swollen nonporous sample and

𝑊
𝑑⋅non is the weight of dry nonporous sample.
In order to determine the equilibrium water content and

porosity of porous membranes, each sample was lyophilized
and weighted. The dry samples were weighted first and then
immersed into a phosphate buffer (pH 7.4) until there was no
further weight increase. After the excess water on membrane
surface was removed by carefully blotting with filter paper,
the weights of swollen samples were measured.

2.4. Permeation Experiments. Permeation studies were per-
formed using side-by-side diffusion cells [15] and the exper-
imental setup is shown in Figure 2. Preswollen chitosan
membranes were mounted between the two half-cells of the
feed cell and receiver cell. A solution with a specific model
drug concentration was added to the feed cell, and fresh
buffer solution was added to the receiver cell. Fluorescence
spectrophotometer was used to measure the fluorescence
intensity of the samples taken from the receiver half-cell. The
solute concentration of each sample could be determined
using a calibration curve derived from the fluorescence of
the known concentration of the solute. 3 kDa, 10 kDa, and
40 kDa dextran fluorescein were used as model biomolecules
for permeation studies. The receiver compartment was filled
with 13mL of pH 7.4 PBS buffer, while the feed compartment
was filled with an equal volume of 0.1mg/mL dextran
fluorescein solution. At each time point, a 100 𝜇L sample
solution was taken from the receiver cell, analyzed, and then
returned to its compartment. Dextran fluorescein solution
was determined by using fluorescence spectrophotometer,
the excitation wavelength was 494 nm, and the emission
wavelength was 520 nm.

2.5. Fabrication of Microdialysis Probe. The prepared nano-
porous chitosanmembranewas applied as dialysismembrane
for the construction of microdialysis probe. First, the flat

Chitosan nanoporous membrane

Receiver cellFeed cell

RPM

Magnetic stirrer 

Figure 2: Schematic experimental setup for permeation study
of nanoporous chitosan membrane. The chitosan membrane was
clamped between two half-cells, feed cell and receiver cell. The
model biomolecules with specific molecular weight and concentra-
tionwere added to feed cell and the receiver cell was filledwith buffer
solution. After beginning of diffusion, the concentration of model
biomolecules solution taken from receiver cell was measured.

chitosan membrane was rolled up with a silica fiber to
form a hollow shape. The silica fiber acts as a template
and its outer diameter and length is 600𝜇m and 8mm.
The rolled-up chitosan membrane was glued on the side
and sealed at the tip with polyimide sealing resin (Alltech
Associates, Inc., USA). After the sealing resin was fully cured,
the silica fiber was drawn out and removed from chitosan
membrane, and the hollow shape microdialysis probe made
of nanoporous chitosan membrane was formed. Next, inlet
and outlet cannula (fused silica capillary) of the desired inner
and outer diameter (inner and outer radius are 75 and 180𝜇m,
resp.) were inserted into the microdialysis probe, advanced
to the glued tip. Two 10 cm pieces of Teflon FEP outflow
tubing (CMA/Microdialysis, Solna, Sweden) were attached to
the inlet and outlet ports of microdialysis probe to facilitate
infused perfusing fluid and dialysate collection, respectively.

2.6. In Vitro Microdialysis Experiments. The microdialysis
study was divided into two parts, fluorescence molecules and
nonfluorescence molecules.

In the in vitro microdialysis study of fluorescence
molecules, the microdialysis system was perfused with
50mM phosphate buffer solution (pH 7.4) by a CMA/100
syringe pump with a flow rate of 1 𝜇L/min while immersing
the microdialysis probe in analyte solution. The fluorescence
microdialysates were allowed to flow through a polyimide-
coated fused silica capillary (inner and outer diameter are
250m and 360m). A 2 cm segment of the capillary was
stripped off the polyimide coating to serve as the detection
window and placed inside a laser-induced fluorescence detec-
tor (LIF, Picometrics S. A., Ramonville, France) to analyze
the concentration of fluorescence analyte. The experimental
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setup of microdialysis system for fluorescence molecules was
shown in Figure 3(a). Two different molecular weight fluo-
rescence molecules, fluorescent glucose analogue (2-NBDG,
0.3 kD) and fluorescent bovine serum albumin (FITC-BSA,
65 kD), with three different concentrations were used as
analyte to evaluate the recovery. When the microdialysis
probe was placed in the analyte solution and perfused at
a flow rate of 1 𝜇L/min, the analyte concentration in the
dialysates gradually increased as a result of analyte crossing
the membrane of the microdialysis probe. The analyte con-
centration in the dialysate was detected and recorded. The
experimental procedure was 0–40min, and microdialysis
probes were placed in PBS buffer solution, at 40–80min in
31.25 𝜇M2-NBDG/9.6 𝜇MFITC-BSA solution, at 80–120min
in PBS, at 120–160min in 62.5 𝜇M 2-NBDG/19.2 𝜇M FITC-
BSA solution, at 160–200min in PBS again, at 200–240min in
125 𝜇M 2-NBDG/38.4 𝜇MFITC-BSA, and at 240–280min in
the PBS buffer solution. The recovery of an analyte is defined
as the concentration of this analyte in the dialysate divided
by the concentration of this analyte outside the microdialysis
probe.

In the in vitro microdialysis study of nonfluorescence
molecules, two different molecular weight nonfluorescence
molecules, substance P (1.3 kDa) and TNF-𝛼 (17.4 kDa), were
used as analytes. The experimental setup was shown in
Figure 3(b).Themicrodialysis probes were soaked for at least
40min in PBS prior to experimentation. Then the probes
were submerged in 2mL vial filled with 200 pg/mL TNF-𝛼 or
5 ng/mL substance P solution in PBS.The protein and peptide
microdialysis sampling were performed at a perfusate flow
rate of 1 𝜇L/min with PBS (pH 7.4) by a CMA/100 syringe
pump. The microdialysates were collected every 40min, till
at 200min of experiment the probes were put into PBS to
remove proteins and clean probes.The concentration of TNF-
𝛼 and substance P in the external solution and dialysate
was determined by enzyme-linked immunosorbent assay
(ELISA) against calibrated standard.

3. Results and Discussion

3.1. Structure Characterization of Gelatin Particles and
Nanoporous Chitosan Membrane. In this work, gelatin
nanoparticles were produced by desolvation method and
used as the porogen in particle leaching technique to pre-
pare chitosan nanoporous membrane. The particle size was
determined by particle size analyzer (90 Plus, Brookhaven
Instruments Co., USA).Themorphological assessment of the
nanoparticles was carried out by TEM. Figure 4(a) presents
the results of particle size analyzer, where 𝑑 is the diameter of
nanoparticles and𝐺(𝑑) is weighting factor that represents the
relative percentage contribution of the size range. The largest
group has the frequency of 100. The cumulative undersize
distribution, 𝐶(𝑑), is the percent of the size distribution at
or below the diameter 𝑑. It is calculated by dividing the sum
of the 𝐺(𝑑) values at and below 𝑑 by the total sum of 𝐺(𝑑).
The y-axis unit in the plot of 𝑑 versus 𝐺(𝑑) is arbitrary unit
and maximum of y-axis is 100.The y-axis unit in the plot of 𝑑
versus 𝐶(𝑑) is percentage. In the Figure 4(a), the results from

particle size analyzer showed that the sizes of gelatin particles
formed by desolvation are in the range of 48–68 nm. In the
TEM and SEM micrograph, shown in Figures 4(b) and 4(c),
the morphology of gelatin nanoparticle was observed to be
spherical and polydispersed, and the particle size is in the
range of 30 to 50 nm which is in coincidence with the results
from particles analyzer. Furthermore, the size distribution
of synthesized particles was narrow and the major size is
between 48 and 54 nm. The narrow size distribution can be
attributed to the use of twice desolvation that can greatly
reduce the production of nanoparticles with larger size.

Three kinds of mixing ratio of chitosan and porogen
(gelatin nanoparticles) were used to prepare porous chi-
tosan membrane with different porosity, CG 25, CG 35,
and CG 50. The scanning electron microscope images of
surface and cross section view of nanoporous membrane
with three different weight mixing ratios of chitosan and
gelatin nanoparticles were shown in Figure 5. The analyzed
results showed that the pore size of the nanoporous chitosan
membrane was around 40 to 100 nmwhich is coincident with
the size of gelatin nanoparticles. The pore size range was
much smaller than produced by other fabrication techniques
of porous materials. For example, Thomson et al. [16] used
solvent casting and particulate leaching to render porous
materials with 23–52𝜇m of pore diameter. In the Whang
et al. [17] studies, the pore size was in the range of 16–32 𝜇m
produced by emulsion freeze-drying method. The largest
pores, 125–150𝜇m, were fabricated by rapid prototyping
technique in Roy et al. [18] studies. The purpose of porosity
in microdialysis probe was to select cytokine transportation;
therefore, the microscale pores were too large to exclude
interferents. However, the number density of nanopores
showed that there is no significant difference between three
kinds of nanoporous chitosan membrane. This is due to
the dehydration of membrane during drying process and
then the pores of membrane were synaeresis. Therefore,
the demonstration of porosity and characteristics of the
nanoporous chitosan membrane should combine the results
of water content and the permeability evidence.

3.2. Equilibrium Water Content and Porosity of Nanoporous
Chitosan Membrane. When the membranes were totally
immersed in water, the spaces of pores were occupied by
water. Therefore, the water content was the simple technique
to evaluate the porosity ofmembrane.As shown inTable 1, the
water content was increased with the increase of proportion
of porogen. When the amount of gelatin nanoparticles was
arisen to 50%, the equilibrium water content was arisen to
82.37% on average.

Based on (3) and (4), the porosity of nanoporous mem-
brane was calculated and shown in Figure 6. The results
showed that the porosity was greatly affected by the amounts
of the gelatin nanoparticle. The porosity was arisen to 38%
when the mixing ratio of porogen was increased to 50%,
but in CG 35 and CG 25 there was no significant difference
in porosity evaluation. It may be because some gelatin
nanoparticles which situated at the inside of the membrane
failed to be digested when treated with collagenase.
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Figure 5:Themorphology of cross section (a), (b), and (c) and surface (d), (e), and (f) of the enzyme digested nanoporous chitosanmembrane
observed by SEM. (a) and (d) were CG 25; (b) and (e) were CG 35; (c) and (f) were CG 50.
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Figure 6: The porosity of enzyme digested nanoporous chitosan
membrane.

Several studies have emphasized the need for high
porosity and high surface area-to-mass ratio for ensuring
uniform cell delivery and tissue ingrowth [19, 20]. Need has
also been expressed for polymeric scaffolds to possess an
open pore network for optimal diffusion of nutrients and
waste [21, 22]. However, Goldstein et al. [23] have cautioned
that polylactic-polyglycolic acid (PLG) scaffolds be prepared
with a porosity not exceeding 80% for implantation as it
would otherwise compromise the integrity of the scaffold.
Thus, in the case of polymeric scaffolds, there may be a
conflict between optimizing the porosity and maximizing
mechanical properties. Thus, in view of these contradictory
factors, there is a need to optimize materials based on their

Table 1:Thewater content of enzyme digested nanoporous chitosan
membrane with different porosity controlled by the mixing ratio of
chitosan and gelatin nanoparticle.

1 × 1 cm2 at 25∘C, pH 7.4 (the data were expressed as mean ± S.D.)
Dry weight (mg) Wet weight (mg) Water content (%)

Chit100/gel0 2.476 ± 0.134 7.846 ± 0.348 67.44 ± 5.64
Chit75/gel25 2.294 ± 0.163 10.370 ± 0.958 77.87 ± 11.81
Chit65/gel35 2.554 ± 0.064 10.598 ± 0.949 75.90 ± 11.26
Chit50/gel50 2.270 ± 0.089 11.604 ± 0.342 80.43 ± 3.86

specificmechanical requirements balanced with their desired
useful life and diffusion characteristics. One possible way of
achieving this would be to optimize porosity with respect
to biomolecules diffusion and match it with biomaterials
that can provide adequate mechanical properties. Particulate
leaching is a popular technique used for fabricating scaffolds,
wherein the pore size of the resulting scaffold is controlled
by the size of the porogen, and porosity is controlled by the
porogen/polymer ratio. However, natural porogen dispersion
allows little control over pore interconnectivity and this has
led to the modification of this technique to produce greater
pore interconnectivity.

3.3. Diffusion Characteristics and Cut-Off Size of Nanoporous
Chitosan Membrane. To determine the permeability of
3 kDa, 10 kDa, and 40 kDa dextran, the nanoporous chitosan
membrane was clamped in a diffusion cell, with a cross
sectional area for transport. In Figure 7(a), after diffusion
for 52 hrs, the results of permeability of 3 kDa, 10 kDa,
and 40 kDa dextran of nonporous chitosan membrane were
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Figure 7: Permeability of 3 kDa, 10 kDa, and 40 kDa dextran fluorescein molecules across porous chitosan membrane with different weight
mixing ratio of chitosan and gelatin nanoparticles. (a) CG 0; (b) CG 25; (c) CG 35; (d) CG 50.

only 0.395%, 0.323%, and 0.303% transported to accep-
tor compartment. Comparatively, the nanoporous chitosan
membranes, CG 25, CG 35, and CG 50, digested by 0.2%
collagenase overnight showed a fast diffusion of 3 kDa dex-
tran (Figures 7(b), 7(c), and 7(d)). There were 37.92% of total
dextran that diffused or traversed the CG 25 membrane after
28 hrs of permeation study. When the ratio of porogen arose
to 50%, the permeability of 3 kDa dextran could be up to
44.29% after 28 hrs.

In addition, we used the permeability in 600min to
evaluate the cut-off size of nanoporous membrane shown
in Table 2. After 600min of permeation study, the diffused
amount of 3 kDa dextran was reached not only to 12.2–13.5%
through nanoporous membrane, but also to 0.09% through
nonporous membrane. In cut-off size evaluation, 10 kDa
dextran could traverse the nanoporous chitosan membrane
when the porogen adding amount increased to 50%, but there
was significantly less dextran diffused through CG 35, CG 25,
and CG 0 membranes.

Table 2: Cut-off size in diffusion study (data were expressed as
mean± S.D.).

3 kD dextran 10 kD dextran 40 kD dextran
CG 50 12.48 ± 0.9% 4.53 ± 0.85% 0.65 ± 0.64%
CG 35 12.17 ± 0.84% 0.92 ± 0.74% 0.54 ± 0.44%
CG 25 13.55 ± 2.2% 0.95 ± 0.83% 0.73 ± 0.65%
CG 0 0.09 ± 0.01% 0.08 ± 0.01% 0.13 ± 0.02%

Permeation is the movement of molecules by diffusion
from high concentration to low concentration through a
semipermeable membrane. Only those molecules that are
small enough to fit through the membrane pores are able
to move through the membrane and reach equilibrium
with the entire volume of solution like 3 kDa dextran in
this system (Figure 7(d)). Once equilibrium is reached,
there is no further net movement of the substance because
molecules will be moving through the pores into and out of
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8 mm

(a)

(b)

Figure 8: (a)The photo image of microdialysis probe with inlet and outlet fused silica capillary and the length of microdialysis probe is about
8mm. (b) The cross section image of microdialysis probe observed by SEM. The inner diameter of the probe was about 650 𝜇m, the outer
diameter was about 720 𝜇m, and the thickness of membrane was about 10 𝜇m.

the membrane at the same rate. By contrast, large molecules,
such as 40 kDa dextran, that are less capable of passing
through the membrane pores will remain on the same side
of the membrane as they were when diffusion was initiated.
In addition, the pore interconnectivity in membrane must be
concerned with. An increase in porosity leads to an increase
in permeability when the pores are highly interconnected.

However, the dextran has the characteristic of water
absorption, and then the cut-off size evaluation in Table 2
was only proper for this kind of molecules diffused study.
Furthermore, water is such a small molecule that it is capable
of passing through the pores of virtually all dialysis mem-
branes. When dialyzing a high solute concentration or large
molecule against a dilute dialysis buffer, there will be a net
movement of water (and possibly salts) into the membrane.
Glycerol and some carbohydrates such as dextran are espe-
cially hygroscopic and also significantly affect the osmosis
of water across the membrane [24]. This phenomenon may
cause a change in volume of the sample and it is considerable
during permeation studies.

3.4. In Vitro Microdialysis Study. The chitosan nanoporous
membrane with 50/50 mixing ratio of chitosan/gelatin (CG
50) was successfully fabricated to become a microdialysis
probe. The photo image of fabricated microdialysis probe
was shown in Figure 8(a) and the length of microdialysis
probe is about 8mm. The SEM image of cross section view
of microdialysis probe was shown in Figure 8(b). From the
SEM image, we can find that the inner and outer diameter
of microdialysis probe are about 650 and 720 𝜇m and the
thickness of microdialysis membrane is about 10 𝜇m.

The sampling capability of our microdialysis probe for 2-
NBDG and FITC-BSA was validated by online laser-induced
fluorescence analysis system and the results were shown in
Figure 9.Three concentrations of 2-NBDGstandard solutions
were tested (31.25, 62.5, and 125 𝜇M) as shown in Figure 9(a).
When the microdialysis probe was placed in the standard
solution and perfused at a flow rate of 1 𝜇L/min, the 2-NBDG
concentration in the perfusates gradually increased as a result
of glucose crossing themembrane of the microdialysis probe.
Approximately 20min after the microdialysis, the 2-NBDG
concentration has reachedmaximum.Then themicrodialysis
probe was placed into PBS solution to wash the microdialysis
and the fluorescence intensities indicated that almost all 2-
NBDGwas washed out from the inside of probe. However, in
the FITC-BSA test as shown in Figure 9(b), the concentration
could not reach a plateau in the same interval because
the high molecular weight needed longer time to reach
equilibrium.Relatively, the FITC-BSAwasmore difficult than
2-NBDG to clean up in microdialysis probe. The recovery
of 10 microdialysis probes for 2-NBDG and FITC-BSA is
shown in Figures 9(c) and 9(d). The recovery of 2-NBDG
and FITC-BSA was 26.5% and 1.77% on average, respectively.
The large difference in recovery comes from two factors. First,
the molecular weight of FITC-BSA (65 kDa) is greatly larger
than 2-NBDG (0.3 kDa) and this also means that the size of
FITC-BSA is greatly larger than 2-NBDG. Second, the cut-
off size of CG 50 membrane is between 10 kDa and 40 kDa.
Therefore, the pores in microdialysis membrane allow the 2-
NBDG molecules to pass through easily than FITC-BSA.

In vitro validation of the constructed microdialysis was
also performed by selection of nonfluorescent biomolecules
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Figure 9: Online flow microdialysis of fluorescence molecules (a) for 2-NBDG and (b) for FITC-BSA. (c) and (d) are recovery of 10
microdialysis probes for 2-NBDG and FITC-BSA, respectively.

at two different sizes, TNF-𝛼 (17.3 kDa) and substance P
(1.347 kDa), through the offline analysis with ELISA system.
In Figure 10, the sampling capability of our microdialysis
membrane for TNF-𝛼 and substance P was validated in
vitro at various probes. When the microdialysis probe was
placed in 200 pg/mL TNF-𝛼 solution and perfused at a flow
rate of 1 𝜇L/min, the TNF-𝛼 concentration in the perfusates
gradually increased as a result of TNF-𝛼 crossing the mem-
brane of microdialysis probe. Approximately 120min after
the perfusion, the TNF-𝛼 concentration reached amaximum,
which reflected attainment of concentration equilibrium
between the inside and outside of the microdialysis probe.
The microdialysis probe was then placed in PBS to wash
it, and the decreased concentration indicated that almost
all TNF-𝛼 was displaced from the inside of microdialysis
probe. Moreover, different microdialysis probes made in
house have the similar performance in TNF-𝛼 dialysate. The

recovery rates of chitosan-based membrane were considered
prominent for both samples, especially for TNF-𝛼. The
recovery rates of TNF-𝛼 and substance P were 2.87% and
5.28% on average. Relatively, TNF-𝛼 was more difficult to
cross microdialysis membrane than substance P because of
the higher molecular weight. These results indicated that
the stability of the microdialysis probe made in house was
reliable, whether in TNF-𝛼 dialysate or in substance P.

Factors that affect the completeness of dialysis include (1)
dialysis buffer volume, (2) buffer composition, (3) time, (4)
temperature, and (5) particle size versus pore size. Substances
that are very much smaller than the pore size will reach equi-
librium faster than substances that are only slightly smaller
than the pores. The nanoporous membranes produced by
nanoparticle leaching technique contain convoluted pores,
not the tube-like pores often found in traditional dialysis
tubing. Convoluted pores allow small molecules to pass
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Figure 10: In vitromicrodialysis test for TNF-𝛼 (a) and substance P (b) with ten probes, respectively. The recovery of TNF-𝛼 and substance
P was 2.87% and 5.28% on average.

through the twists and turns of the pores with greater ease
than do larger molecules. However, some molecules form
large aggregates and so do not dialyze efficiently despite
having low molecular weights. In addition, some molecules
may stick to the dialysis membrane.This nonspecific binding
can result in sample loss [17]. Finally, the large standard
deviation of recovery in different microdialysis probe was
because the effective dialysis area of handmade probe was
difficult to maintain the same precisely.

4. Conclusions

In summary, this study has clearly demonstrated the feasibil-
ity of the preparation of nanoporous membrane by gelatin
nanoparticles leaching technique. The gelatin nanoparticles
were designed as porogen to form nanopores in chitosan
polymer membrane. The gelatin nanoparticles were subse-
quently digested by collagenase and thus leave nanosized
pores for increased porosity of the chitosan membrane. The
pore size of the chitosanmembrane was less than 100 nm, and
the porosity could attain to 38%.The results of diffusion study
demonstrated that we can alter the mixing ratio of porogen
to achieve size-selective substance diffusion that means that
the porosity and cut-off size of porous membrane can be
controlled.

The microdialysis probes were constructed through the
use of nanoporous chitosan polymer membrane.The dialysis
results demonstrated the feasibility of chitosan nanoporous
membrane for in vitro sampling of biomolecules. Further-
more, the nanoporous membrane is composed of chitosan
and gelatin; both are known biocompatible and noncyto-
toxic material for biomedical applications. Therefore, this
nanoporous chitosan membrane has great potential to be
applied on implantable microdialysis probe that provided
a chamber to monitor biomolecule when injured tissue

secreted or to react with allochthonous chemicals in an
animal model after ischemia.
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A study of the dependence of the electronic structure and energetic stability on the chemical surface passivation of cubic porous
silicon carbide (pSiC) was performed using density functional theory (DFT) and the supercell technique. The pores were modeled
by removing atoms in the [001] direction to produce a surface chemistry composed of only carbon atoms (C-phase). Changes in the
electronic states of the porous structures were studied by using different passivation schemes: one with hydrogen (H) atoms and the
others gradually replacing pairs of H atoms with oxygen (O) atoms, fluorine (F) atoms, and hydroxide (OH) radicals. The results
indicate that the band gap behavior of the C-phase pSiC depends on the number of passivation agents (other than H) per supercell.
The band gap decreased with an increasing number of F, O, or OH radical groups. Furthermore, the influence of the passivation of
the pSiC on its surface relaxation and the differences in such parameters as bond lengths, bond angles, and cell volume are compared
between all surfaces.The results indicate the possibility of nanostructure band gap engineering based on SiC via surface passivation
agents.

1. Introduction

Silicon carbide (SiC) has been identified as an alternative
power semiconductor material because of its chemical inert-
ness, high thermal conductivity and stability, low thermal
expansion coefficient, and wide band gap [1, 2]. In particular,
the 𝛽-SiC polytype is suitable for high-frequency power
devices due to its high electron mobility and high electron
saturation velocity, which make it a leading alternative to Si
for applications in harsh environments [3, 4].

Cubic SiC can be synthesized in a variety of nanostruc-
tures, such as pores or nanowires. In particular, porous 𝛽-
SiC (pSiC) has attracted considerable attention because this
type of nanostructure provides a large highly reactive internal
surface area, leading to its potential application as a sensing
material [5]. pSiC can be used as an ideal solid-state gas-
sensing material under harsh conditions due to its chemical
stability at corrosive temperatures [5]. Furthermore, pSiC has
been experimentally shown to display photoluminescence
(PL), the intensity and stability of which are dependent on

its surface composition, which may extend its application
to optoelectronics, communications, sensing applications,
ultraviolet detection, and luminescent probes for medical
imaging [6–8], specially hydroxide groups on the pore
surface which have been shown to reduce the energy band
gap thus decreasing the intensity of the lower energy PL
peaks in comparison with the H case [9]. Furthermore it has
been observed in porous Si that Si–O–Si or Si=O bonds can
produce trap states in the band gap generating PL pinning
and enhancing [10, 11].These effects are produced by electrons
from the conduction band minimum retained by the trap
states in gap, and thus the population inversion between the
top of the valence band and the trap states is possible due to
the longer lifetime of the trapped electrons [11].

For such applications, it is critical to understand the
effects of surface modifications on the electronic band struc-
ture of pSiC; however the theoretical characterization of the
effects of chemical agents on the electronic structure of C-
terminated SiC is nonexistent (to the best of our knowledge);
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Figure 1: Top view of pSiC with (a) full H, (b) H + F, (c) H + OH, and (d) H + O surface passivation. The dotted line represents the atoms
removed from the 32-atom SiC supercell.

hence, this work discusses the effects of different surface
passivation species on the structure and electronic properties
of pSiC. We performed a study of porous structures that
exhibit a surface exclusively composed of C atoms and
analyzed the changes in its electronic states using different
passivation agents, including hydrogen (H), fluoride (F),
oxygen (O), and hydroxide (OH).

2. Methods

The nanopores were modeled with the supercell technique
[12, 13] by removing columns of atoms in the [001] direction
of an otherwise perfect SiC crystal; this direction was chosen
due to the experimental evidence of porous semiconductors
such as silicon and germanium being synthetized in this par-
ticular direction and some works with pSiC grown on (001)
Si substrates [14, 15]; furthermore, in the [001] direction, the
3C-SiC can be viewed as being built up from successive Si and
C layers. The (001) surface can be different stoichiometries,
depending on whether the last plane is Si- or C-terminated
[16]. To this end, a supercell of 32 atoms was created by
attaching four eight-atom unit cells of SiC, each with a lattice
parameter of 𝑎 = 4.3596 Å. Due to the binary nature of SiC,
it is possible to obtain various surface configurations in the
porous structures. In particular, the pores to be analyzed in
this paper have a morphology that allows for a surface that
is composed only of carbon atoms (C-phase). The selected
porosity (ratio between the atoms removed and total atoms
in the supercell) was 𝑝 = 40.6%, corresponding to 13
removed atoms (9 Si and 4C atoms) froma 32-atom supercell,

thus achieving the C-phased surface. This configuration was
chosen based on the experimental evidence that the surface of
pSiC ismainly composed of aC-rich phase [7, 17]. All surface-
dangling bonds were initially saturated with H atoms. To
study the effects of different chemical passivation agents on
the electronic and structural properties of pSiC, the hydrogen
atoms of the surface were gradually replaced with F (H + F),
OH radicals (H+OH), andO (H+O) atoms.The investigated
limit cases were the replacement of four H atoms in the H+F
and H + OH passivations at the pore corners as shown in
Figures 1(b) and 1(c), whereas eight H atoms were replaced
for the H +O case, as shown in Figure 1(d).

The electronic properties of the pSiC were calculated
using the first-principles density functional theory scheme
through the CASTEP code [18] based on a generalized
gradient approximation with a revised version of the Perdew-
Burke-Ernzerhof (RPBE) exchange-correlation functional
[19] and norm-conserving pseudopotentials [20]. The cutoff
energy used was 850 eV with the Monkhorst-Pack [21] grids
up to 3 × 3 × 6. All structures were relaxed using the BFGS
scheme [22] to obtain their minimum energy configuration,
thus resulting in structural changes in the surface of the
nanopores, where the maximum internal forces in the struc-
tures were 0.02 eV/Å.

3. Results and Discussion

Figure 2 presents the electronic band structures of pSiC with
different chemical passivation schemes alongside the bulk
crystalline SiC calculated on a 32-atom supercell; notice that
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Figure 2: Electronic band structures of (a) bulk 3C-SiC 32-atom supercell and the C-phase pSiC surfaces with (b) full H, (c) H+F, (d)H+OH,
and (e) H +O passivation at the surface. The respective optimized structures are shown in the top panel.

the gap is direct due to the folding of the Brillouin zone.
The materials with full H and partial F and OH saturations
(Figures 2(a), 2(b), and 2(c), resp.) feature a direct band gap,
whereas that featuring double-bonded O terminal groups
on the surface are characterized by an indirect band gap.
Furthermore, the F, OH, and O cases exhibit decreases in
the band gap energy of 18.61, 32.23, and 76.36%, respectively,
compared to the full H-terminated pSiC band gap. The
decrease in band gap energy in theH+F case can be attributed
to theC–F bond, which is highly stable due to the electrostatic
attraction between the polarized C and F atoms, thus reduc-
ing the charge transfer between Si and C, which reduces the
band gap energy [23].This situation can be understood either
in terms of electrostatic interactions or by considering the
stereoelectronic interactions with neighboring bonds or lone
pairs. For the OH passivation, the lower band gap could be a
result of the higher reactivity of the C–OH bond compared
to the C–F bond. The C–OH bond has only two lone pairs,
which causes an increased repulsion between the electrons
due to the high electric charge, hence creating additional
states in the band gap. The drastic reduction of the band gap
energy and the indirect feature in the H + O case could be
due to the trap-like states in the band gap energy caused by
the change from an sp3 to an sp2 hybridization of the C bond
and the additional p orbitals introduced by the C=O, where
the C gains amore positive partial charge and theO possesses
a partial negative charge [24, 25].

Figure 3 presents the evolution of the band gap energy
with respect to the number of passivation agents other than
H per supercell. In all cases, the energy gap of the C-phase
pSiC decreased with the addition of the different passivation
agents. The decrease of the band gap energy for the H + F

case can be explained in terms of the nature of the C–F
bond, where the high electronegativity of F (which is the
most electronegative element in the periodic table) provides
the C–F bond with a significant polarity. When F is attached
to C, the resulting bond is strong and unreactive [26]. The
C–F bond is 43% ionic [27], and thus it is highly polarized
(with C𝛿+ and F𝛿−); this high polarity suppresses the fluorine
lone pair donation [28]. The electron density was observed
to accumulate in the regions near F, thus establishing the
highly ionic character of this bond. A similar behavior can be
observed in the H + OH case. Increasing the number of OH
radicals reduces the band gap energy, illustrating the polar
nature of the C–OH bond.

The evolution of the H + O case exhibits an increased
reduction in the band gap energy compared to the H + F and
H + OH cases; this trend can be caused by the replacement
of C–H

2
for C=O, which involves a hybridization change

of the C atom, as mentioned previously. This typically
unsatisfactory substitution is based on the shape and smaller
bonding-antibonding splitting due to the weaker C=O bond;
therefore, it is considered a defect at the surface.

To verify the most stable surface passivation, formation
energies calculations were performed using the following
expression [29]:

𝐸F = 𝐸pSiC − ∑
𝑖=Si,C,O,H,F

𝑛
𝑖
𝜇
𝑖
, (1)

where 𝐸pSiC is the total energy of the passivated pSiC and 𝑛
𝑖

and𝜇
𝑖
are the number of atoms per supercell and the chemical

potential of the different chemical species used (Si, C, O, H,
and F), respectively. The chemical potentials were calculated
using the bulk fcc structures of Si and C and molecular O,
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Table 1: Calculated optimized bond lengths and angles of the full H passivated pSiC with 40.6% porosity compared to the H + F and H +
OH passivation (bond length in Å, bond angles in ∘).

Full H passivated H + F passivated H + OH passivated
Bond length Bond angle Bond length Bond angle Bond length Bond angle

H1–C1 1.088 Si5–C1–H1 104.564 F4–C1 1.504 Si5–C1–F4 95.478 (OH)4–C1 1.515 Si5–C1–(OH)4 97.403
Si1–C1 1.967 Si1–C1–H1 108.264 Si1–C1 2.131 Si1–C1–F4 120.533 Si1–C1 2.158 Si1–C1–(OH)4 122.176
H6–C4 1.088 Si4–C4–H6 104.564 F1–C4 1.504 Si4–C4–F1 95.478 (OH)1–C4 1.515 Si4–C4–(OH)1 97.403
Si1–C4 1.967 Si1–C4–H6 108.264 Si1–C4 2.131 Si1–C4–F1 120.533 Si1–C4 2.158 Si1–C4–(OH)1 122.176
H11–C7 1.088 Si7–C7–H11 104.564 F3–C7 1.504 Si7–C7–F3 95.478 (OH)3–C7 1.515 Si7–C7–(OH)3 97.403
Si1–C7 1.967 Si1–C7–H11 108.264 Si1–C7 2.131 Si1–C7–F3 120.533 Si1–C7 2.158 Si1–C7–(OH)3 122.176
H16–C10 1.088 Si7–C10–H6 104.564 F2–C10 1.504 Si7–C10–F2 95.478 (OH)2–C10 1.515 Si7–C10–(OH)2 97.403
Si1–C10 1.967 Si1–C10–H6 104.564 Si1–C10 2.131 Si1–C10–F2 120.533 Si1–C10 2.158 Si1–C10–(OH)2 122.176
— — Si3–C3–Si4 119.137 — — Si3–C3–Si4 121.515 — — Si3–C3–Si4 121.608
— — Si4–C3–H5 109.153 — — Si4–C3–H5 106.965 — — Si4–C3–H5 107.574
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Figure 3: Changes of the band gap energy with respect to the
number of passivation agents other than H at the surface per
supercell.The circles represent H+O, the squares represent H+OH,
and the diamonds represent H+F passivation. In the inset, the limit
case models for the H + X passivation (where X represent F, O, or
OH) are shown.

H, and F. The results are summarized in Figure 4, where
gradual F passivation increases the formation energy to a
positive value of 2 eV, thus indicating destabilization of the
structure, whereas the O and OH passivations exhibit a
gradual decrease in the formation energy with respect to the
full H case, indicating that the structure is further stabilized
by the insertion of O in either radical (OH) or atomic (=O)
form. All of the pores withH+OHandH+Opassivation have
negative formation energy values indicating energetically
favorable structures, with the four double-bonded O atoms
per supercell being the most stable configuration. These
results are of great importance in the characterization of pSiC,
as it is expected that a C=O bond would be favored over an
OH or an F substituent in an O-rich environment.

We performed a geometry optimization of all structures
to study the changes in the structure of pSiC due to the
insertion of the different passivation agents. Figures 5(a),
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Figure 4: Evolution of the formation energy of pSiC with H + O
(circles), H + OH (squares), and H + F (diamonds) passivations
with respect to the number of passivation agents other than H per
supercell.

5(b), and 5(c) present the structural changes of pSiC with
the limit cases of full H, H + F, and H + OH passivation,
respectively; the most relevant structural parameters, bond
lengths, and bond angles are reported in Table 1.

Table 1 indicates that a similar structural deformation is
observed in the H+F and H+OH cases; the C1–Si1 bond has
an expansion of 8.33% for theH+F passivation, whereas it has
an expansion of 9.7% for the H + OH passivation compared
to the same bond in the full H passivation. Additionally, the
expansion of the C1–F4 bond length is 38% in the H + F
passivation, whereas it is 39.24% in the C1–(OH)4 bond with
respect to the C1–H1 bond in the full H passivation. A small
deviation in the bond angle with respect to the ideal angle of
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Figure 5: Structural changes of pSiC with the limit cases of (a) full H, (b) H + F, (c) H + OH, and (d) H + O passivation are depicted. Each
atom is labeled to more clearly visualize the data in Tables 1 and 2.

sp3 hybridization (109.5∘) was observed, for instance, in the
full H structure, the angles between Si3–C3–Si4 (119.137∘) or
Si4–C3–H5 (109.153∘). This divergence could be due to the
different atomic radii of the atoms that formed these bonds
(Si = 1.17, C = 0.77, andH = 0.32 Å).Thebond angles for the
H + F passivation also presented some variation, particularly
the Si1–C1–F4 bond angle, which increased by 11.3%, whereas
the Si5–C1–F4 bond angle decreased 8.6% compared to the
Si1–C1–H1 bond of the full H case; furthermore, for the
H + OH material, the corresponding Si1–C1–(OH)4 angle
increased by 16.8% and the Si5–C1–(OH)4 decreased by 6.8%.

According to the previously discussed observations, the
bond length appears to depend on the difference between the
electronegativities of the bonded atoms; the bond is shorter if
the difference is large, as is the case for C–F, C=O, and C–
OH [30]. The electronegative nature of F generates a high
polarity in the C–F bond; it also causes the three lone pairs
of the F to be held tightly near the nucleus of the atom,
which hinders their ability to act as charge donors. The C–
F bond interacts with its environment through electrostatic
interactions (dipole-dipole or charge-dipole) [26], forming

weak intermolecular bonds with nearby H atoms [28]. Thus,
the bond angles and bond length modifications of the C
atoms and their attached passivation agents can be explained
using valence shell electron pair repulsion (VSEPR) theory
[30]. In the H + F case, the C–F bond has three lone pairs
of electrons, which cause great accumulation of the charge
density around the F atom, producing a strong electrostatic
repulsion between the electrons that constitute the C–F bond
and forcing the atoms to approach each other. This behavior
is especially apparent in the C1–F4 bond, which has a smaller
bond length than the C1–Si1 bond. The H + OH case is
analogous to the H + F case because the O atoms have two
lone pairs of electrons, and thus the C1–(OH)4 bond length
is smaller than that of the Si1–C1 bond.

Table 2 summarizes the structural changes of the pSiC
with H + O passivation (Figure 5(d)) compared to the full H
case.

The H + O passivation illustrates that the C3 changes to
an sp2 hybridization, being bonded to three different atoms,
forming two single bonds with two surrounding Si (Si3 and
Si4) and a double bond with O (C3=O1). This double bond
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Table 2: Calculated optimized bond lengths and angles of the H + O passivated pSiC with 40.6% porosity compared to the full H passivated
case (bond length in Å, bond angles in ∘).

Full H passivated H + O passivated
Bond length Bond angle Bond length Bond angle

Si3–C3 1.92 Si3–C3–Si4 119.137 Si3–C3 1.995 Si3–C3–O1 120.648
Si4–C3 1.938 Si3–C3–H4 111.512 Si4–C3 2.026 Si4–C3–O1 118.59
H4–C3 1.095 Si3–C3–H5 105.623 O1–C3 1.225 Si3–C3–Si4 119.878
Si3–C9 1.92 H5–C3–H4 103.874 Si3–C9 1.995 Si6–C6–O3 120.55
Si2–C9 1.938 Si4–C3–H4 106.512 Si2–C9 2.026 Si7–C6–O3 118.744
H14–C9 1.095 Si7–C6–Si6 119.137 O2–C9 1.225 Si6–C6–Si7 119.856
Si7–C6 1.938 Si7–C6–H10 109.153 Si6–C6 1.994 Si3–C9–O2 120.648
H9–C6 1.095 H9–C6–H10 103.874 Si7–C6 2.026 Si2–C9–O2 118.59
H10–C6 1.078 Si7–C6–H9 106.512 O3–C6 1.225 Si2–C9–Si3 119.878
Si6–C12 1.92 Si2–C9–Si3 119.137 Si6–C12 1.994 Si6–C12–O4 120.55
Si5–C12 1.938 Si3–C9–H14 111.512 Si5–C12 2.026 Si5–C12–O4 118.744
H19–C12 1.095 Si3–C9–H15 105.623 O4–C12 1.225 Si5–C12–Si6 119.856

is formed by the overlap of the sp2 orbitals of C and O, thus
forming a sigma bond and pi bond; this result is confirmed by
the angles between Si3–C3–O1 (120.6∘), Si4–C3–O1 (118.6∘),
and Si3–C3–Si4 (119.8∘), which are close to the ideal angle
of sp2 hybridization (120∘). This pi bond produces a highly
reactive region because it has a lower energy than sigma
bonds.

Another important feature is that the bond length
between C and Si increases with respect to the full H case,
being greater than that of the C=O bond. The two lone
electron pairs of O justify this difference in bond length.

Finally, Figure 6 presents the volume evolution with
respect to the number of different passivation agents other
than H per supercell. With respect to the H passivation, the
H + F and H + OH cases have a volume expansion that
increases almost linearly with the addition of F and OH.This
observation can be explained by the increase in the length of
the Ci–Fj (𝑖 = 1, 4, 7, 10 and 𝑗 = 1, 2, 3, 4) bonds and the
increase in the length of the Ci–Si1 bonds (𝑖 = 1, 4, 7, 10),
whereas the analogous bonds undergo a similar expansion in
the H +OH case. Compared to the H + F and H +OH cases,
the H+O passivation has a relatively low expansion, possibly
due to the lower number of H atoms per supercell and the
change of hybridization of the C=O bonds, which creates a
planar triangular structure.

4. Conclusions

In summary, we have studied the structural and electronic
properties of porous silicon carbide through a first-principles
density functional theory scheme. The results demonstrate
that the electronic properties of pSiC are greatly influenced
by the surface passivation of the porous structure. The H +
O passivation exhibits a drastic reduction in the band gap
energy compared with the full H and H + F and H + OH
passivations due to the different hybridization of the C=O
bond. However, the formation energy calculations indicate
that the most stable configuration is the H + O passivation
with four oxygen atoms per supercell. The structural analysis
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Å
3
)

425

420

415

410

405

400

Figure 6: The volumes of the C-phase pSiC with respect to the
number of passivation agents other than H per supercell are shown.
The circles, squares, and diamonds represent H + O, H + OH, and
H + F passivation, respectively.

indicates a great dependence of the bond characteristics on
the electronegativity of the bonded atoms, where amore polar
bond produces shorter bond lengths, as seen in theH+F case.
Furthermore, the H + O passivation had the lower volume
expansion rate. All of the structural and electronic changes
could be explained usingVSEPR theory, where the number of
lone pairs on the surface changes the reactivity of the bonds.
These results could be important in the characterization of
pSiC because they provide insight into themost stable surface
configurations and their electronic structures.
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A novel one-dimensional anodicCaO-TiO
2
nanotubes composite filmwas prepared using a rapid-anodic oxidation electrochemical

anodization technique for low temperature CO
2
absorption application. This study aims to determine the optimum concentration

of Ca(NO
3
)
2
⋅4H
2
O used as the CaO precursor for loading CaO species on TiO

2
nanotubes. In this study, an optimum content

of CaO on TiO
2
nanotubes (0.15 at% of Ca element) could enhance the CO

2
adsorption capacity up to 2.45mmol/g at 400∘C.

This behavior was attributed to the large active surface area of CaO species were covered on the surface of TiO
2
nanotubes. The

conversion of CaO into CaCO
3
could be achieved effectively for CO

2
absorption during the carbonate looping process.

1. Introduction

Nowadays, carbon dioxide (CO
2
) has become the focus of

attention as the primary greenhouse gas in the atmosphere
which leads to the global warming [1]. The increasing of
CO
2
emission in atmosphere is leading to global warming

and climate change [1, 2]. The fossil fuels supply more than
98% of the world’s energy needs and the combustion of the
fossils fuels is one of the major sources of the greenhouse
gas [3]. It is necessary to reduce the emission of this gas.
Several options are available to reduce these CO

2
emissions,

including substitution of nuclear power and natural gas for
fossil fuels and coal, separating and capturing CO

2
prior to

emission into atmosphere [4].Nowadays, theCO
2
emission is

almost 390 parts per million (ppm) which is above the safety
limit of 350 ppm [2, 5]. Therefore, developments of carbon
capturing work have become very significant option to stop
and reduce the CO

2
emission. Malaysia as one of the ASEAN

countries had agreed to reduce the CO
2
emission up to 40%

by year of 2020. In fact, there are several advance technologies
to capture CO

2
, such as chemical (gas-liquid) adsorption,

adsorption, cryogenic separation, membrane separation, and
biological fixation [6]. Among all of these listed technologies,
adsorption is a promising heterogeneous process that can

separate CO
2
from the fuel gases of coal-fired power plants

effectively [6, 7].These CO
2
molecules can be captured on the

surface of the sorbents effectively because of the interaction
between sorbent and CO

2
gas [5]. In general, CO

2
adsorption

process is very stable and has high cyclic capture capacities
and low energy consumption for regeneration in comparison
to aqueous systems. The adsorption kinetics depend on
temperature, pressure, interaction energy between sorbent
and CO

2
on the surface, and pore size or surface area of the

adsorbents [2, 5, 6].
Nevertheless, the conventional CO

2
adsorbents used suf-

fer severe degradation during their operations of sorption and
desorption [8]. These conventional CO

2
adsorbents usually

can only run several tens of cycles before showing obvious
degradation. The deactivation primary resulted from the
formation of thin CaCO

3
layer surrounding the CaO surface.

Once a certain thickness of 20 nm CaCO
3
is reached, the

diffusion of CO
2
will be hindered to react with CaO inner

core [6, 8].Thus, continuous efforts have been exerted to fur-
ther improve the CaO texture and structure by designing its
architecture in one-dimensional nanoscale for high efficiency
in capturing the CO

2
. Recent studies have indicated that one-

dimensional nanotubular structure is able to provide a higher
active surface area (inner and outer surface) for carbonate

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2014, Article ID 876571, 6 pages
http://dx.doi.org/10.1155/2014/876571

http://dx.doi.org/10.1155/2014/876571


2 Journal of Nanomaterials

looping process [9–11]. However, the literature regarding the
formation of one-dimensional CaO nanoarchitecture was
limited. Thus, innovative new approaches and synthesis of
a high quality one-dimensional CaO-TiO

2
nanoarchitecture

are crucial for determining the potential of the material as
efficient CO

2
adsorbents. The CaO-TiO

2
nanoarchitecture

composite film is believed to have its own unique charac-
teristics, such as high selectivity and adsorption capacity for
CO
2
, fast adsorption and desorption kinetics, stable cyclic

adsorption capacity, and low energy needs for regeneration
of pure CO

2
[2].

Herein, we report the formation of CaO-TiO
2
nanoar-

chitecture composite film using a simple electrochemical
anodization method for high CO

2
adsorption capacity. The

electrochemical anodization method is a compromising syn-
thetic technique to grow the one-dimensional nanoarchitec-
ture because of its low cost, mild conditions, and accurate
process control [12]. Thus, the controlled growth of CaO-
TiO
2
nanoarchitecture composite film is our innovation to

further improve CO
2
adsorption capacity and adopted for

large-scale industrial production. Meanwhile, the ultimate
aim of the present work is to form well-aligned CaO-TiO

2

nanotubes composite film, which is able to perform CO
2

adsorption at low temperature of 400∘C.

2. Experimental Procedure

Theself-organizedTiO
2
nanotubes filmwas synthesized from

a rapid-anodic oxidation electrochemical anodization of a
high purity Ti foil (99.6%, Strem Chemical, USA) with a
thickness of 127𝜇m with surface area of about 10 cm2. This
process was conducted in a bath with electrolytes composed
of ethylene glycol (C

2
H
6
O
2
, >99.5%, Merck, USA), 5 wt%

ammonium fluoride (NH
4
F, 98%, Merck, USA), and 5wt%

hydrogen peroxide (H
2
O
2
, 30% H

2
O
2
and 70% H

2
O, J.T.

Baker, USA), as well as different concentrations of calcium
nitrate tetrahydrate (Ca(NO

3
)
2
⋅4H
2
O, Merck, USA). The

concentrations of Ca(NO
3
)
2
⋅4H
2
O were varied from 0.01M

up to 0.10M. This process was carried out for 60 minutes
at a constant potential of 60V using a Keithley DC power
supply. When the circuit was closed, external potential bias
was generated and then the current moved from the positive
terminal (platinum rod) to the negative terminal (Ti foil).
Before synthesis, the distance between anode and cathode
was fixed at 30mm. After the anodization process, as-
anodized samples were cleaned using distilled water and
dried under a nitrogen (N

2
) stream. The resultant samples

were then thermally annealed at 400∘C in argon atmosphere
for 4 h.

The morphologies of the resultant samples were charac-
terized using field emission scanning electron microscopy
(FESEM, Zeiss SUPRA 35VP, Germany) operating at 5 kV.
The elemental analysis, that is, atomic percentage of sam-
ples, can be determined by energy dispersion X-ray (EDX),
which is equipped in the FESEM. The crystal structure
and phase present in samples were determined using X-ray
diffraction (XRD). The thermogravimetric analysis (TGA)
was used to investigate the CO

2
adsorption using CaO-

TiO
2
composite film. The CO

2
adsorption capacity could be

identified through the carbonation/regeneration process via
TGA curves (STA 6000, Perkin Elmer, USA). The carbon-
ation process can be defined as CaO + CO

2
→ CaCO

3

(400∘C), whereas the regeneration process can be defined as
CaCO

3
→ CaO + CO

2
(300∘C). A N

2
gas flow at a rate of

10∘C/min from room temperature to 400∘C, and then hold
for 30min in CO

2
, finally cool down to 300∘C by N

2
gas. The

carbonation is set to be 400∘C because TiO
2
nanotubes will

collapse due to the effects of high temperature (above 500∘C)
and phase transition heat problems [13].

3. Results and Discussion

A preliminary experiment was carried out by adopting
optimized laboratory conditions to grow TiO

2
nanotubes in

C
2
H
6
O
2
electrolyte containing 5wt% of H

2
O
2
and 5wt%

of NH
4
F. The electrochemical anodization voltage was kept

at 60V for 60 minutes and the pH of this electrolyte was
maintained at 6.5. Based on our preliminary studies, this
selected composition of electrolyte was favored to form the
highly ordered and well-aligned nanotubular structure [14–
16].The top and cross-sectional view of pure TiO

2
nanotubes

before incorporating with Ca(NO
3
)
2
⋅4H
2
O dopants are illus-

trated in Figure 1(a).The vertical growth of TiO
2
nanotubular

structure on Ti substrate could be observed clearly. The
nanotubular structure has an average diameter of 110 nm and
an average length of 10 𝜇m. Then, the experimental works
were continued by implementing the optimized condition
to form CaO-TiO

2
nanotubes composite film with addition

of different concentrations of Ca(NO
3
)
2
⋅4H
2
O to electrolyte.

In this case, the calcium ions (Ca2+) within the electrolyte
were deposited on TiO

2
nanotubes. These Ca2+ ions were

then converted into calcium oxide (CaO) for the formation of
CaO-TiO

2
nanotubes, where dissolvedCa2+ ions reactedwith

oxygen species. The FESEM images of the synthesized CaO-
TiO
2
nanotubes composite film with different concentrations

of Ca(NO
3
)
2
⋅4H
2
O are presented in Figures 1(b) to 1(d).

All of these FESEM images showed that the appearance of
the nanotubular structure was dependent on the concen-
tration of Ca(NO

3
)
2
⋅4H
2
O. The morphology of CaO-TiO

2

nanotubes composite film synthesized in 0.01M presented
similar appearance to the pure TiO

2
nanotubes (Figure 1(b)).

This observation manifested that the small Ca2+ ions might
be diffused into the lattice of TiO

2
significantly. Generally,

amorphous TiO
2
has several defects such as oxygen-deficient

defects, point defects (cationic vacancy), impurities, and
microvoids to provide a better side for deposition of Ca2+
ions [17, 18]. Next, the average atomic percentage (at%) of
the elements in the pure TiO

2
nanotubes was determined

using EDX analysis. The numerical EDX analyses of the
samples are listed in Table 1. The pure TiO

2
nanotubes were

mainly composed of 35.37 at%Ti, 56.48 at%O, and 8.15 at%C.
Notably, the incorporation of the carbon species into the nan-
otubular structure was identified from the pyrogeneration
of organic electrolyte (ethylene glycol, C

3
H
6
O
2
) during the

electrochemical anodization stage [19]. As the concentration
of Ca(NO

3
)
2
⋅4H
2
O was increased to 0.05M, most of the

TiO
2
pore entrances were clogged with the CaO species

as indicated in Figure 1(c). Moreover, a different surface
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Figure 1: (a) Top view and cross-sectional view (inset) of FESEM images of pure TiO
2
nanotubes obtained; CaO-TiO

2
composite film

synthesized in the electrolyte composed of different concentrations of Ca(NO
3
)
2
, (b) 0.01M, (c) 0.05M, and (d) 0.1M.

morphology was observed for the sample synthesized in
high concentration of 0.1M Ca(NO

3
)
2
⋅4H
2
O. All nanotubes

formedwere collapsed and completely clogged with excessive
CaO species. Then, these excessive CaO species started to
accumulate on the surface of TiO

2
nanotubes. This observa-

tion indicated that the content of Ca2+ ions that diffused into
the lattice of TiO

2
reached saturation condition and started

to form independent CaO layers on the surface of nanotubes.
The presence of an additional peak of Ca at 3.69KeV was
identified from EDX spectra for the CaO-TiO

2
nanotubes

composite film. The intensity of the Ca peak increased with
increasing concentration of Ca(NO

3
)
2
⋅4H
2
O as presented in

Figure 2. The atomic percentages of the Ca element within
CaO-TiO

2
composite film synthesized in 0.01M, 0.05M, and

0.1M Ca(NO
3
)
2
⋅4H
2
O were 0.15 at%, 0.25 at%, and 0.42 at%,

respectively.
In the present study, XRD analysis was used to identify

the crystallographic structure and the changes in the phase
structure of CaO-TiO

2
composite film. The XRD patterns

of pure TiO
2
nanotubes and CaO-TiO

2
composite film as a

function of the concentration of Ca(NO
3
)
2
⋅4H
2
O are shown

in Figure 3. The obvious diffraction peaks from the XRD
pattern are attributed to the anatase phase and titanium
phase. Titanium phase is originated from the substrate.
The diffraction peaks at 25.32∘, 38.42∘, 48.02∘, and 55.09∘

Table 1: Average elemental composition (at%) of pure TiO2 nano-
tubes and CaO-TiO2 composite film synthesized in different con-
centrations of Ca(NO3)2⋅4H2O.

Element
Ca(NO3)2⋅4H2O
concentration

Ti (at%) O (at%) Ca (at%) C (at%)

0 35.37 56.49 — 08.15
0.01 33.73 54.56 00.15 11.57
0.05 47.29 48.31 00.25 04.14
0.10 34.61 60.47 00.42 04.50

correspond to (101), (112), (200), and (211) crystal plane for
the anatase phase by referring to the JCPDS number 21-
1272 which has tetragonal crystal system. The intensity XRD
peaks of anatase phase decreased after depositing with CaO
dopants. These results indicated that incorporation of Ca2+
ions hindered the crystallization of anatase TiO

2
significantly.

Interestingly, no obvious CaO phases could be detected from
the XRD patterns. There could be some possible reasons,
such as insensitivity of XRD instrument to identify the small
content of CaO (<1 at%) or formation of amorphous CaO
layer on TiO

2
nanotubes [20].
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Figure 2: EDX spectra of (a) pure TiO
2
and CaO-TiO

2
composite film with different concentrations of Ca(NO

3
)
2
, (b) 0.01M, (c) 0.05M, and

(d) 0.10M.
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Figure 3: XRD patterns of (a) pure TiO
2
nanotubes and CaO-TiO

2

composite filmproducedwith different concentrations ofCa(NO
3
)
2
,

(b) 0.01M, (c) 0.05M, and (d) 0.10M (A: anatase phase; T: titanium
phase).

Next, the resultant anodized CaO-TiO
2
composite film

was used in the characterization of sorption CO
2
using

TGA analysis. A N
2
gas flow at a rate of 10∘C/min from

room temperature (27∘C up to 400∘C), and then hold for
30min in CO

2
atmosphere following by cooling down to

300∘C by N
2
gas was carried out. In the present study, the

carbonation stage was conducted at a lower temperature of
400∘C due to the damage of nanotubular structure and phase
transition at a higher temperature of 500∘C [18]. The phase
transition problem from anatase to rutile phase resulted
in rapid growth of crystal size within the thin tube wall
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Figure 4: TGA curve of the anodized CaO-TiO
2
composite film

with different concentrations of Ca(NO
3
)
2
.

and eventually spoiled the nanotubular structure [21]. The
TGA curves of the CaO-TiO

2
composite film with different

concentrations of Ca(NO
3
)
2
⋅4H
2
O are presented in Figure 4

and the CO
2
adsorption results are summarized in Table 2.

It could be noticed that the CO
2
adsorption capacity is

in the range from 1.89 to 2.45mmol/g. The carbonation of
CaO is through the following reaction: CaO + CO

2
→

CaCO
3
. This reaction is reversible. A schematic illustration

of basic principal CO
2
absorption using anodized CaO-TiO

2

nanotubes composite film at operating temperature of 400∘C
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Table 2: CO2 adsorption capacity of the anodized CaO-TiO2
composite film.

Ca(NO3)2⋅4H2O concentration CO2 adsorption capacity
(mmol/g)

0.01M 2.45
0.05M 1.89
0.10M 2.36

CO2 CO2 CO2

CO2

CaO + CO2 → CaCO3; 400∘C

TiO2

CaO

Ti substrate

Figure 5: Schematic illustration of basic principal CO
2
absorption

using anodized CaO-TiO
2
nanotubes composite film at operating

temperature of 400∘C.

is presented in Figure 5. In addition to that, it could be noticed
that the CaO-TiO

2
nanotubes composite film (0.15 at%)

synthesized in 0.01M of Ca(NO
3
)
2
⋅4H
2
O showed better CO

2

adsorption capacity of 2.45mmol/g among the samples. This
result inferred that the controlled concentration of Ca2+ ions
within the anodization electrolyte for the formation of large
active surface area of CaO-TiO

2
nanotubes is a crucial step

in the improvement of CO
2
absorption. This finding might

be attributed to the larger active surface area of CaO to
absorb more CO

2
and simultaneous formation of CaCO

3
.

Interestingly, the sample synthesized at high concentration
of 0.1M Ca(NO

3
)
2
⋅4H
2
O showed unusual patterns in TGA

curve. The reason might be attributed to the fact that the
nanotubular structure was collapsed and eventually formed
a precipitate-like layer. Consequently, the CO

2
adsorption

capacity was decreased significantly at the initial stage of
carbonation process.The carbonation reaction was inhibited.
This phenomenon resulted in lowerweight percentage during
the initial stage. However, it was found that the weight
percentage was increased back at temperature of 100∘C after
20 minutes of carbonation process. This result inferred that
absorption of CO

2
molecules was started on anodic CaO-

TiO
2
nanotubes composite film as the adsorbent weight was

abruptly increased.

4. Conclusion

In summary, CaO-TiO
2

nanotubes composite film was
successfully formed using rapid-anodic oxidation elec-
trochemical anodization technique. The concentration of
Ca(NO

3
)
2
⋅4H
2
O played a critical role in the morphological

control and content ofCaO species loaded onTiO
2
nanotubes

as well as CO
2
absorption ability. Well-aligned CaO-TiO

2

nanotubes composite film (0.15 at% of Ca element) enhanced
the CO

2
absorption up to 2.45mmol/g. The well distribution

of CaO species throughout the TiO
2
nanotubular structure

acted as an efficient CO
2
absorbent at 400∘C.
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Evaporation-induced self-assembly (EISA) of silica sol-gel ethanol-water solution mixtures with block-copolymer were studied
inside uniform micro/nano-channels. Nanostructured mesoporous silica wires, with various intrawire self-assembly structures
including lamellae, were prepared via EISA process but in space-confined channels with the diameter ranging from 50 nm to
200 nm. Membranes made of anodized aluminum oxide (AAO) and track-etched polycarbonate (EPC) were utilized as the arrays
of space-confined channels (i.e., 50, 100, and 200 nm EPC and 200 nm AAO) for infiltration and drying of mixture solutions; these
substrate membranes were submerged inmixture solutions consisting of a silica precursor, a structure-directing agent, ethanol, and
water. After the substrate channels were filled with the solution under vacuum impregnation, the membrane was removed from the
solution and dried in air. The silica precursor used was tetraethyl othosilicate (TEOS), and the structure-directing agent employed
was triblock copolymer Pluronic-123 (P123). It was found that the formation of the mesoporous nanostructures in silica wires
within uniform channels were significantly affected by the synthesis conditions including (1) preassemble TEOS aging time, (2) the
evaporation rate during the vacuum impregnation, and (3) the air-dry temperature. The obtained intrawire structures, including
2D hexagonal rods and lamellae, were studied by scanning transmission electron microscopy (STEM). A steric hindrance effect
seems to explain well the observed polymer-silica mesophase formation tailored by TEOS aging time. The evaporation effect, air-
drying effect, and AAO versus EPC substrate effect on the mesoporous structure of the formed silica wires were also presented and
discussed.

1. Introduction

Nanostructured porous silica has numerous applications,
such as in the area of catalysis, adsorption, molecular
separation, and templating in the syntheses of a variety of
inorganic wires [1, 2]. In bulk phase of solutions, there have
been extensive investigations on the synthetic parameters and
processing conditions affecting the architecture of the self-
assembled porous domains. The research has been focused
on identifying the fundamental self-assembly mechanisms
involving both inorganic components and organic surfac-
tants as structure-directing agents. One of the mechanisms

proposed is the so-called nanocasting [3, 4], in which sol-
gel syntheses of inorganic solids take place in ordered envi-
ronments formed by the self-assembly of organic surfactants.
Another mechanism, called cooperative self-assembly [5], is
based on the idea that the inorganic precursors and organic
surfactants are self-assembled simultaneously. The final self-
assembled nanostructures are affected by the amount of the
inorganic precursor and the surfactant, as well as many other
synthetic process parameters.

The cooperative organic-inorganic self-assembly is a
unique approach to synthesize nanostructured silica with
various porous structures and morphologies. In the past
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ten years, amphiphilic block copolymers, such as diblock
polystyrene-block-poly(ethylene oxide) (PS-b-PEO) and
triblock poly(ethylene oxide)-block-poly(propylene oxide)-
block-poly(ethylene oxide) (PEO-b-PPO-b-PEO), have been
used as soft structure-directing agents in the synthesis of
nanostructured porous inorganic solids with controlled
porous structures and morphologies [5]. Microphase
separation phenomena during evaporation of triblock
copolymer-solvent solutions could generate various
mesoscale phases and patterns in gelled/dried polymer.
The polymeric microphase evolution can serve as the
fundamental templating mechanism for guiding the self-
assembly formation of inorganic structures if the sol-gel
inorganic reactant precursors are mixed homogeneously
with the block copolymer. In fact, sol-gel reaction occurs
to precipitate out inorganic solids while the polymeric
microphase evolves. During evaporative drying process, the
precipitated inorganic solid distributes selectively in one of
the two polymer phases in the microphase pattern, one of
which phases is hydrophobic and the other is hydrophilic.
After burning off the polymer, the remained inorganic
solids take the self-assembled mesoporous structures that
correspond to the polymer microphase pattern.

There have been some literature reports on the synthe-
sis of nanostructured mesoporous silica wires by the self-
assembly of silica precursors with the triblock copolymer
or surfactant inside space-confined channels of substrate
membranes such as anodized aluminum oxide (AAO) [5–9].
We have previously reported the STEM study of mesoporous
silica wire formation inside the channels of AAOmembranes
[9]. Our previously reported nanostructured mesoporous
silica wires have intrawire structures of only hexagonally-
arranged cylindrical mesophases [9]. For those silica wires
prepared in the AAO channel, two orientations of the
cylindrical pores were reported [6, 9]: one had a columnar
orientation with the long axes of cylindrical nanopores
aligned along the long axes of the AAO channel and the
other had circular orientation with the cylindrical nanopores
aligned in the axial direction of the AAO channel. These
intrawire nanostructures depend sensitively on the silica-
to-surfactant ratio [10], the humidity condition of the sol-
gel process [11], the concentration of the surfactant [12],
and the synthetic temperature [13]. For those self-assembled
copolymer-silica wires made in the 400 nm track-etched
polycarbonate membranes (EPC) channels, the parallel-
packed 2D hexagonal cylinders were perpendicular to the
wire axis; the copolymer used was PEO(20)-b-PPO(70)-b-
PEO(20) (Pluronic, P123) [14]. No mesoporous silica wires
with intrawire nanostructure of lamellae were reported. In
this paper, we utilize the smaller EPC channels to provide
space confined channels (50, 100, and 200 nm) as a study tool
and a 200 nmAAO to see the effect of substrate characteristic.

Here, we report scanning transmission electron
microscopy (STEM) results of a novel intrawire nano-
porous structure, with its lamellar discs perpendicular to
the wire axis. The porous silica wire with such a novel
nanostructure was prepared in the space-confined EPC
channel by evaporation-induced self-assembly with P123
as the structure-directing agent. Experimental results on

structural dependence on various processing conditions
are also reported here in this paper. Instead of the 400 nm
channel diameter [14], this work used the EPC membranes
of smaller channel diameters ranging from 50 nm to 200 nm.
To investigate the structural dependence on the substrate,
AAO membranes were also used with channel diameters
on the order of 200 nm. These substrate membranes were
immersed in a solution consisting of a silica precursor,
a structure-directing agent, ethanol, and water. Vacuum
impregnation, as described in our previous paper [9], was
performed to fill the substrate channels with the mixture
solution. After impregnation, the membrane was removed
and dried in air, followed by calcination to obtain the porous
silica wires with intrawire nanostructures of cylinders or
lamellae. Tetraethyl orthosilicate (TEOS) was used as the
silica precursor while triblock copolymer Pluronic-123
(P123) was the structure-directing mesophase-forming
agent. Both synthesis and processing conditions were varied
to fine-tune the intrawire nanoporous structures. These
include preassembled TEOS aging time, the evaporation
rate during the vacuum impregnation, and the air-dry
temperature. STEM was used to study the nanostructures
prepared including 2D hexagonal rods and lamellae. The
nanostructured mesoporous silica wires with intrawire
lamellar disc perpendicular to the wire axis is reported in
this paper.

2. Experimental Section

2.1. Materials. All chemicals were used as received. Silica
precursor Si(OC

2
H
5
)
4
(i.e., TEOS) was from J. T. Baker Inc.,

and absolute ethanol (C
2
H
5
OH or EtOH) was from AAPER

Alcohol Chemical Co. (absolute-200 proof). Hydrochloric
acid (HCl) (6.000 ± 0.030N) was provided by VWR, and
aqueous solution of HCl with pH of 2.00 was prepared by
diluting HCl (6.000 ± 0.030N) with deionized water. The
pH of the solution was regulated via a pH meter. Triblock
copolymer PEO(20)-b-PPO(70)-b-PEO(20) (Pluronic, P123),
as a mesophase-forming “soft template” (i.e., polymeric
microphases), was from BASF Corporation. AAO and EPC
membranes, in forms of micro/nano scale channels, were
used as “hard templates” (i.e., array of uniform cylindrical,
parallel tubular channels) to confine the cooperative self-
assembly of P123 and the silica precursor. The AAO mem-
brane (Anodisc 13) with channels around 200 nm in diameter
was purchased from WHATMAN, while the PVP-treated
standard white membrane EPC with channels ranging from
50 nm to 200 nm in diameter was from SPI SUPPLIES.

2.2. Synthesis. Nanostructured mesophased P123-silica com-
posite wires were prepared inside the uniform channels
of AAO or EPC membranes via evaporation-induced self-
assembly. Removal of EPC (by calcination at 60∘C/h to 550∘C
for 5 h) or removal of AAO (by dissolution in 5M HCl at
60∘C for 1 h) results in architectured mesoporous wires. The
formation of these nanowires by the sol-gel and polymer
microphase forming process was space-confined within EPC
or AAO channels.
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Precursor solution

Mixed solution

(usually stirring for 3 hours, except for aging time effect experiments)

High VER
Substrate and solution in Petri dishes

Calcinations to remove P123 template and EPC substrate

STEM samples for silica wires in EPC: 
dispersed in EtOH by sonication  

STEM samples for silicawires in AAO:  

and then dispersed in EtOH by sonication   

Surfactant solution

Vacuum impregnation
AAO or EPC substrates merged in the solution for an hour

Low VER
Substrate and solution in vials

Air-dry solution-filled substrates

Dry in ambient environment

2.6 g : 1.35g : 3g

2.6 g : 0.6875g : 1.35g : 5g

0.6875g : 2g

AAO: 600∘C/hr to 600∘C for 0.5hr, then 600∘C/hr cooling down
EPC: 60∘C/hr to 550∘C for 5hr, then 550∘C/hr cooling down

dissolved AAO by 5M HCl at 60∘C for an hour

Dry with 60∘C air blow

TEOS : HCl (pH=2) : EtOH

TEOS : P123 : HCl (pH=2) : EtOH

P123 : EtOH

Figure 1: Schematic diagram showing the experimental and characterization procedures in the STEM study of the nanostructured
mesoporous silica wires.

Figure 1 is the schematic diagram showing the synthetic
procedure of mesoporous silica wires as well as the prepa-
ration of STEM sample grids. Two stock solutions were
prepared. For the silica precursor solution, 2.6 g TEOS in an
ethanol (3 g) solution mixed with 1.35 g diluted hydrochloric
acid (pH ∼2) was prehydrolyzed at room temperature for
typically about 10 minutes. For the templating polymer
surfactant solution, ca. 0.69 g triblock copolymer P123 was
dissolved in 2 g ethanol for at least 30 minutes to become
homogeneous at molecular level. Afterwards, the copolymer
ethanol solution was added into the acidic TEOS ethanol
solution, and the mass ratio of the mixed solution was 2.6
TEOS : 0.6875 P123 : 1.35 HCl (0.01M, pH ∼2) : 5 EtOH. This
resulting mixture was stirred at room temperature (∼22∘C)
for three hours. However, for some experiments, the mixture
was stirred for 0.03, 1.5, 3, and 48 hours at room temperature.
These will be later referred as TEOS aging time experiments.

The mixed solution was loaded into the substrate AAO
or EPC channels by vacuum impregnation with the substrate
membranes submerged into the mixed solution for one hour
at room temperature (∼22∘C). The channels-loaded AAO
or EPC membranes were subsequently ambient air-dried
overnight or hot air-dried. Both glass vials (about 40mLwith
∼1.37—in diameter opening) and plastic Petri dishes (about

2—in diameter opening) were used as solution containers
for the loading of the mixture into the membrane channels.
Two solution evaporation rates (VER: high and low) under
vacuum condition were achieved, due to the significant
difference in the diameter of the liquid-air interface between
the vials and dishes. The relative VER value was measured,
with the dish-to-vial VER ratio of ca. 1.46. Regarding the air
drying after vacuum impregnation, it was carried out either
under the ambient condition or at 60∘C with air blowing by a
hair dryer.The condition of the air drying process could have
some impacts on the intrawire structure of the silica/P123
wire.

In the last step to get the wires out of the matrices of
membrane channels, the copolymer template P123 and EPC
membrane were removed by calcination at 60∘C/h to 550∘C
for 5 hours.TheAAOmembrane was dissolved by 5MHCl at
60∘C for approximately one hour or by calcination at 600∘C/h
to 600∘C for 0.5 hour.

2.3. Characterization. To prepare the specimen for scan-
ning transmission electron microscopy (STEM), the free-
stand mesoporous silica wires were redispersed in EtOH
with ultrasonication for 1-2 minutes. One drop of the wire
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(a)

(b)

100nm

100nm

Figure 2: (a) A STEM image (Z-contrast mode) of one silica
wire containing mesostructures of parallel-packed lamellar discs
perpendicular to the wire axis. (b) A STEM image (SE mode) to
reflect the surface morphology of the same wire.

suspension was then deposited onto a TEM copper grid (holy
carbon-coated), followed by air drying at room temperature
for at least 1 h before STEM examination. For each sample
grid loaded with the prepared silica wires, at least three
different observing spots were randomly chosen, with eight
to ten STEM images taken per spot to study the intrawire
morphology and structure of the mesoporous silica wires.
Both volume percentage and the size of the mesopores were
estimated by the STEM image evaluation.

3. Results and Discussion

3.1. Nanostructured Mesoporous Silica Wires with Parallel-
Packed Lamellae Perpendicular to the Wire Axis. Figure 2(a)
shows a typical STEM image (Z-contrast transmissionmode)
of the mesoporous silica wire with its intrawire structure
of parallel-packed lamellar “discs” perpendicular to the wire
axis. This mesoporous silica wire was synthesized in 100 nm
EPC channels with the processing condition of 3 h TEOS
aging time, high VER, and air drying in an ambient envi-
ronment. The scanning mode image (Figure 2(b)) shows the
surface morphology of the same silica wire, indicating the
possible intrawire structure of parallel-packed discs with a
circular orientation.These stacked layers of discs are typically
characterized by being perpendicular to the long axis of
the wire. A previously published P123/water/ethanol ternary
phase diagram [15] for bulk solution system suggested a
possible mixture of multiple phases consisting of a cubic
structure, the 3D hexagonal close packed spheres (HCPS), a
2Dhexagonal, and lamellar. However, in Figure 2(a), the side-
view of the porous silica wire clearly indicates a single phase
of parallel-packed lamellae. As can also be seen in Figure 2(a),
the packed lamellar discs exhibit a uniform interspacing. A
careful evaluation based on several STEM images showed that
the silica-layer thickness is on the order of 5 nm to 7 nm and
the edge-to-edge distance between two nearest neighboring
silica layers is 2.5 nm to 4.5 nm. Note that the perpendicular

lamellar structure was also observed for wires from 200 nm
EPC channels (1.5 h), as shown later in Figure 5; however,
those lamellar structures are not as ordered and oriented as
the one in 100 nm EPC.

It was found that the orientation of parallel-packed discs
had significant processing condition dependence. As shown
in Figure 3, some of these discs have different angles to the
wire axis instead of perpendicular. However, the lamellar
orientation appears to have no influence on the silica-layer
thickness as well as the interlayer spacing. It was also found
that there is a close relationship between the orientation of the
lamellar and the 2D hexagonal cylinder arrays as the former
actually transforms from the latter. Thus, it is essential to
establish the relationship between the disc orientations and
the processing conditions for both fundamental understand-
ing of the basic operationalmechanism and structural control
in the materials development.

3.2. Synthetic Conditions Affecting the Intrawire Structures.
Three synthetic conditions are addressed in the sequence of
the synthetic procedure shown in Figure 1. Typically, 50 nm
and 200 nm EPC membranes were used in the TEOS aging
experiments and air-drying experiments. The selection of a
relatively small and a relatively large channel diameters is to
see the space-confinement effect (if any) from 50 to 200 nm
scale).

3.2.1. TEOS Aging Time. As indicated in the Experimental
Section, the mixture of the two stock solutions was stirred
at room temperature. The stirring period for the mixture
solution is referred to as TEOS aging time, during which the
early-stage hydrolysis and condensation reaction of TEOS
start to occur. This aging affects the nucleation and growth
rate of amorphous silica solid formation and distribution
in the hydrophilic microphases of the block copolymer. The
silica solid will take the mesostructure patterns of the block-
copolymer microphases. EPC membranes of 50 nm and
200 nm in channel sizes are used for this study, respectively.

Figure 4 shows the STEM images of the porous silica
wires prepared in the 50 nm EPC channels. Corresponding
to Figures 4(a) to 4(d), the TEOS aging times are 0.03, 1.5,
3, and 48 hours, respectively. The STEM images indicate
that, for all these aging times, the dominant phase in the
nanowires has worm-like feature, with a hint of hexagonal
pattern. A detailed STEM examination shows that the major
structure is the parallel discs for the aging time of 0.03
hours (Figure 4(a)), while much less structured silica solid
is observed when aging time extends to longer time such
as 48 hours (Figure 4(d)). Less aged solution (Figure 4(a))
indicates that lamellar mesostructure forms first in the time
course of polymer microphase separations, prior to its trans-
formation toworm-like or hexagonal structures.On the other
hand, long aged solution (Figure 4(d)) seems to kill the self-
assembly structure formation; most probably the microphase
evolution of the polymer is “frozen” by the rapidly condensed
silica solid material. Thus, near amorphous materials are
formed inside wires.
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(b)
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Figure 3: Z-contrast mode STEM images showing (a) the worm-like silica nanowires (formed in 100 nm EPC under low VER) with a hint
of hexagonal pattern and ((b) and (c)) the parallel structure of silica nanowires (formed in 100 nm EPC under high VER). Note that these
parallel lamellar structures have different orientation.

100nm
150nm

90nm90nm

0.03 hr 1.5hr

3hr 48hr

Figure 4: Representative STEM images (Z-contrast mode) of the structures in silica wires formed in 50 nm channels of EPC at various aging
times indicated.

The sameTEOS aging time experimental schemewas also
carried out with the 200 nm EPC channels and the results are
shown in Figure 5. A similar trend of structure changes with
aging time was observed, however, with most of the lamellar
structures formed at aging time of 1.5 hours. This indicates
that the structural evolution kinetics has a dependence on the
channel diameter.The aging time is significantly shorter, only
0.03 hours for self-assembly parallel disc formation inside a
smaller channel dimension of 50 nm as indicated in Figure 4.
The “critical” time for parallel disc evolution is prolonged to
1.5 hours in the larger 200 nm channels (Figure 5). In other
words, the space confinement by the smaller channels seems

to make faster of the self-assembly evolution of the silica
porous mesostructures.

The self-assembly process viamicrophase evolution of tri-
block copolymer P123 plays a key role in the final nanostruc-
ture of silica wires near the critical time. Complying of silica
to the polymer’s microphase templating often is hindered by
the condensation of TEOS after self-assembly of lamellar.The
packed lamellar perpendicular to the wire axis (as shown in
Figure 2) was observed in multiple occasions, such as in the
silica nanowires in the 200 nm EPC with 1.5 hour aging time
(Figure 5(b)), in 50 nm EPCwith 0.03 hour aging time, at low
VER (Figure 3(b)), and air-drying in ambient environment.
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Figure 5: Representative STEM images (Z-contrast mode) of mesoporous structures in the silica wires formed in 200 nm channels of EPC
for TEOS aging times indicated.

Themicrophase structure evolution of the triblock copolymer
was hindered or even immobilized by the sol-gel reaction
(and silica solid phase forming) process of inorganic species.
The final polymer-silica composite self-assembly structure
is determined by the timing between equilibrium/dynamics
of P123 microphase formation (induced by vacuum evapo-
ration) and sol-gel reaction kinetics of the silica precursor
(affected by aging time, as well as vacuum evaporation).
Also, the mechanical rigidness of the formed silica solid
material could hinder or even “freeze” the transient polymer
microphase, thus interfering with the normal pure polymer
microphase evolution process.

In summary, the prolonged aging time effectively
increases the hydrolytically condensed nanoparticle size
of the silica sol/gel components in the solutions which are
used to impregnate the substrate channels. The increased
silica component leads to enhanced steric hindrance to the
self-assembly of the P123-silica hybrid mesophases. Another
factor that increases the steric hindrance effect is significant
reduction in the dimension of the substrate channels (i.e.,
space confinement effect).

3.2.2. VER Effect. The VER represents the evaporation rate
of the bulk solution of P123-silica precursor mixture used for
impregnation of substrate channels under vacuum condition.
However, the solution soaked inside the substrate channels
may experience a different evaporation rate. Nonetheless,
the bulk evaporation rate is directly correlated to the in-
channel evaporation rate. As discussed above, a packed
lamellar disc structure (Figure 2(a)) was observed in the
silica wires produced by the 100 nm EPC under high VER,

but none of which was observed in the low VER. Instead,
for low VER, the worm-like morphology with the hint of
hexagonal pattern (Figure 3(a)) is the dominating feature in
the intrawire mesostructures.

The parallel structure (lamellar phase or hexagonal
packed cylinder phase) develops preferentially under high
VER for all silica wires in the 100 nm EPC, although with
varied orientations, that is, either normal or parallel to the
long wire axis, or having an angle to it (Figures 3(b) and 3(c)).
It is quite possible that higherVERproduced a suitable timing
for the P123 self-assembled into parallel structure without
being hindered by the silica components. Under lower VER,
however, the silica species already condensed large enough to
hinder the microphase transformation, resulting in a worm-
like structure with hint of hexagonal pattern. There are only
slight intrawire structural differences among those formed
under high VER and low VER in 50 nm EPC, 200 nm EPC,
and 200 nm AAO. This behavior may be due to the substrate
channel confinement of the critical sizes. VER effect on
intrawire nanostructure is also altered by the nanoscale chan-
nel confinement, which is a diffusion governing parameter.
Thus, VER is a combination effect influenced by solvent
evaporation, channel size, and the condensed size of silica
components.

3.2.3. Air-Dry Condition Effect. As shown in the procedure
flowchart, air-drying was performed immediately after the
vacuum impregnation.

The effect was investigated on the silica nanowires in
50 nm EPC, 200 nm EPC, and 200 nm AAO. Based on
the results of STEM images, under 60∘C air blow drying
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Figure 6: Representative STEM images (Z-contrast mode) showing the structures of silica wires in 200 nmAAO under 60∘C air blow drying
condition: (a) parallel lamellar planes along the axis, (b) parallel-packed channels perpendicular to the wire axis, and (c) circular channels in
the axial direction.

condition, the parallel structure is preferentially developed
in the silica wires produced in both 50 nm EPC and 200 nm
EPC channels. It should be noted that, according to Brinker
and Scherer [16], at a given vapor pressure, larger pores dry
faster because all menisci have the same curvature. Thus,
substrate channels with larger diameters imply faster solvent
evaporation. For the lamellar structure of silica wires in
200 nm EPC, there is no significant space distance difference
between ambient air-drying and 60∘C air blow drying.

For the same diameter channels, AAO shows a dif-
ferent behavior from the EPC regarding air-drying effect
on mesostructure formation in wires. STEM image in
Figure 6(a) indicates a small volume fraction (∼1 vol.%) with
parallel-lamellar-planes aligned with the wire axis. About
5 vol.% of the parallel-packed channel structure with the
channels perpendicular to the wire axis is observed in the
200 nm AAO, under 60∘C air blow drying, as shown in
Figure 6(b). The average pore size of the circular-channel
structure (Figure 6(c)) is 6.2 nm in silica wires from the
200 nm AAO, which is smaller than that by ambient air-
drying, (average of 10.6 nm). Therefore, it appears that the
drying condition has a pronounced effect on both the
structure and the pore size in the 200 nm AAO channels.

4. Conclusions

A new intrawire nanostructure, namely, lamellar disc, per-
pendicular to the wire axis, in silica nanowires is reported
here via confinement in both AAO and EPC channels. The
processing conditions are varied to achieve different struc-
tural features and lamellar orientations. These conditions
include preassembly aging time, vacuum evaporation rate,
and air-drying environment. It has been found that the
intrawire nanopore structure is sensitive to the processing
conditions. Furthermore, the nanoscale confinement is also
an important parameter as it dictates the diffusion properties.
Therefore, in the P123-TEOS-water-EtOHquaternary system,
the nanostructure formation is the result of synergism of
the block copolymer and silica components cooperative
molecular self-assembly, affected by processing conditions
and the nanoscale space confinement. Based on the findings
in this study, it is to design and develop desired intrawire
nanostructure by controlling the processing conditions and
the substrate characteristics.
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The removal of dissolved sulfides in water and wastewater by nanoscale zero-valent iron (nZVI) was examined in the study. Both
laboratory batch studies and a pilot test in a 50,000-pig farm were conducted. Laboratory studies indicated that the sulfide removal
with nZVI was a function of pH where an increase in pH decreased removal rates. The pH effect on the sulfide removal with nZVI
is attributed to the formation of FeS through the precipitation of Fe(II) and sulfide.The saturated adsorption capacities determined
by the Langmuir model were 821.2, 486.3, and 359.7mg/g at pH values 4, 7, and 12, respectively, for nZVI, largely higher than
conventional adsorbents such as activated carbon and impregnated activated carbon. The surface characterization of sulfide-laden
nZVI usingXPS andTGA indicated the formation of iron sulfide, disulfide, and polysulfide thatmay account for the high adsorption
capacity of nZVI towards sulfide. The pilot study showed the effectiveness of nZVI for sulfide removal; however, the adsorption
capacity is almost 50 times less than that determined in the laboratory studies during the testing period of 30 d. The complexity of
digested wastewater constituents may limit the effectiveness of nZVI. Microbial analysis suggested that the impact of nZVI on the
change of microbial species distribution was relatively noticeable after the addition of nZVI.

1. Introduction

Anaerobic digestion of piggery wastewater is capable of pro-
ducing methane-rich biogas and minimizing the environ-
mental impact caused by the wastewater. The methane-
rich biogas is a renewable energy resource that can be
used to generate electricity. On the other hand, the Kyoto
Protocol has explicitly defined methane as one of the six
key greenhouse gases where the global warming potential of
methane is 25 times higher than that of carbon dioxide [1].
Thus, the use of methane for electricity generation can not
only provide energy but also reduce the methane emission.
According to the most recent statistics from the Council of
Agriculture in Taiwan, there are 128 pig farms with 5,000 or
more swines, an economically sound scale for methane to

energy projects [2].With reference to themethodology based
on the Kyoto Protocol mechanisms, this figure represents a
potential of over 46,000megawatt hour (MWh) annually and
800,000 tons of carbon dioxide equivalent (tCO

2eq) emission
reductions for trading carbon credits.

The biogas consists mainly of methane (50–80%), carbon
dioxide (20–50%), and a mix of trace gases including nitro-
gen (1–4%), hydrogen sulfide (50–5,000 ppm), and others.
Hydrogen sulfide is highly corrosive and quickly fractures the
cast iron and steel used for many electric generators. Farmers
have shown little interest in applying biogas for electricity
production because hydrogen sulfide has detrimental effects
on the equipment. Therefore, hydrogen sulfide must be
removed before biogas can be further utilized.
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Several methods for hydrogen sulfide removal have been
developed including biological fixation process, liquid-phase
absorption with either water or NaOH solution, and adsorp-
tion on solids such as activated carbon, iron hydroxide or
oxide [3–6]. Among these technologies, adsorption with
high adsorption capacity is recognized to be an energy
efficient technology for hydrogen sulfide removal. Because of
nanotechnology providing high surface areas of nanomateri-
als, developing a nanoscale adsorbent with high adsorption
capacity becomes promising for hydrogen sulfide removal
[7, 8].

The nanoscale zero-valent iron (nZVI) represents an
important nanotechnology of the environmental remediation
that has been developed since 1996 [9]. The nZVI with
a particle size of 1–100 nm has been implemented in the
field remediation of contaminated groundwater by direct
injection technology [10–12]. Extensive studies have indicated
the ability of nZVI to remove a wide variety of environ-
mental contaminants including PCBs, chlorinated aliphatic
and aromatic hydrocarbons, chlorinated pesticides, heavy
metals, and inorganic ions (e.g., nitrate and perchlorate) [8,
9, 13–15]. It has been reported that nZVI has an adsorption
capacity towards arsenic ranging from 9 to 174 times greater
than conventional ZVI because of its relatively high specific
surface areas [16]. The high adsorption capacity of nZVI
has been documented for the control of malodorous sulfide-
containing compounds generated in biosolids [7, 8].

Though nZVI has been demonstrated to effectively
remove sulfide species in the bench scale, the feasibility
of nZVI for field applications of sulfide removal has not
yet been investigated. In this work, we present here the
use of nZVI for effective removal of hydrogen sulfide from
the laboratory scale to the field pilot-scale in anaerobically
digested piggery wastewater. The pilot test was carried out
in a 50,000-pig farm in Taiwan. The objectives of this study
include (1) investigating the mechanisms of dissolved sulfide
removal by nZVI, (2) exploring the technical feasibility of
nZVI for sulfide removal at a pilot scale, and (3) examining
the potential impact of nZVI on the microbial community in
the anaerobical wastewater.

2. Experimental Methods

2.1. Chemicals and Materials. For the laboratory study, all
chemicals were reagent grade or above and used without fur-
ther purification. Phosphoric acid (85%) and sodium nitrate
(99%) were obtained from Scharlau and Showa, respectively.
Sodium borohydride (NaBH

4
, 98%), sodium sulfide, and

ferric chloride (FeCl
3
⋅ 6H
2
O, 98%) were obtained from

Aldrich. However, commercial grade chemicals, purchased
fromKantoChemical Co. Inc., Japan,were applied to the pilot
test in the field.

2.2. Synthesis of nZVI. In the laboratory studies, synthesis
of nZVI was carried out by adding 1 : 1 volume ratio of
NaBH

4
(0.25M) into FeCl

3
⋅ 6H
2
O (0.045M) solution. The

borohydride to ferric iron ratio was 7.4 times higher than that
of the stoichiometric requirement (1). A detailed synthetic
procedure has been described elsewhere [17].

Consider the following:

4Fe3+ + 3BH
4

−
+ 9H
2
O → 4Fe0 + 3H

2
BO
3

−

+ 12H+ + 6H
2

(1)

The suspension was mixed vigorously under room tem-
perature (22 ± 1∘C). The iron particles were magnetically
collected and then washed with a large volume of Milli-Q
water for at least three times and were used without further
treatments unless indicated otherwise.

In the field test, nZVI was produced on site by a batch
reactor where 250 g of nZVI was produced in each batch.
Approximately 1210 g of FeCl

3
⋅ 6H
2
O was dissolved in 10 L

water and slowly added into the 10 LNaBH
4
aqueous solution

(0.45M). After the completion of the reaction, nZVI was
magnetically collected andwashed thoroughlywith tapwater.

It should be pointed out that the characterization of
borohydride-synthesized nZVI, which possesses a core-shell
morphology with zero-valent iron as the core and iron
oxide/hydroxide in the shell has been widely published in
many literatures. The detail characterization of nZVI synthe-
sized by the borohydride reduction can be found elsewhere
[18–20].

2.3. Batch Experiments. For the study of sulfide removal,
experiments were conducted in 150mL serum bottles con-
taining 1–5 g/L nZVI in 100mL aqueous solution at 25 ±
1
∘C. Initial concentrations of sulfide were about 1,000mg/L.
Reaction vessels were placed on a rotary shaker (150 rpm).
The solution pH was adjusted at the beginning of the
reaction using 1MHCl or NaOH andmonitored periodically
throughout the experiment. The adsorption isotherm study
was carried out by varying the initial sulfide concentration
from 200 to 1,000mg/L in 100mL aqueous solution at the
nZVI dose of 1.0 g/L at 25 ± 1∘C.

2.4. Pilot Studies. Pilot studies were performed in a pig farm
in Pingtung, Taiwan. The pig farm has 50,000 pigs that
produce 600–700m3/d wastewater. The anaerobic digestion
tanks have a total volume of 8,640m3 resulting in a hydraulic
retention time of approximately 15 d. In pilot tests, the
anaerobically digested piggery wastewater was fed into a
1,000 L reaction tank containing 1 kg nZVI at the flow rate
of 66 L/d to achieve the same hydraulic retention time.
A second tank without nZVI was run in parallel under
the same conditions (Figure 1). Physicochemical parameters
of wastewater quality including temperature, pH, dissolved
oxygen (DO), and oxidation-reduction potential (ORP) were
measured in the field using a YSI 650MDS-6600 probe (V2-4
Sonde, YSI Inc.).

2.5. Identification of Anaerobic Bacteria. All the materials of
selection and identification of bacteria were purchased from
Creative Microbiologicals, Ltd. Taiwan. The fresh specimens
were collected from the pig farm in Pingtung, Taiwan.
Fresh specimens were inoculated to anaerobic blood agar
plate (anBAP) and the anBAP plates were put into MGC
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AnaeroPack Jar and cultured at 37∘C 24–48 h. According
to the morphology of colony growth on anBAP plate, the
different colonies were selected and inoculated once again
to anBAP plate until one single morphology of colony was
cultured. Each fresh single colony was selected in creating
slide smear and stained by Gram’s stain [21] according to
the manufacturer. The fresh single colony was selected and
applied to the tube of RapID ANA II system to make
an equivalent McFarland turbidity suspension. The entire
contents were then transferred into the right upper corner
of the panel and incubated at 37∘C for 4 h. The anaerobic
bacteria were identified by RapID ANA II ID Code.

2.6. Gene Sequencing and Identification. Samples are stored
at −20∘C for further identification. To clone 16S rRNA, the
polymerase chain reaction (PCR) was performed in MyCy-
clerTM Thermal Cycler (Bio-Rad) according to manual and
primers were designed based on NCBI database and the
literatures [22, 23]. PCR products were separated on an
agarose gel, eluted, and sequenced (Protech Technology
Enterprise, Taipei, Taiwan).

2.7. DNA Extraction. Samples (0.1 g) were extracted with
Lysis buffer (100mM Tris-HCl, 100mM EDTA, 0.75M
sucrose), resuspended, and lysed with 1 𝜇g/𝜇L lysozyme
and 0.1 𝜇g/𝜇L achromopeptidase for 30min at 37∘C. Pro-
teinase K (0.2 𝜇g/𝜇L) and 20% sodium dodecyl sulphate
(SDS) were added for reaction at 37∘C for 2 h; then, 10%
cetyl trimethylammonium bromide (CTAB) was added at
60∘C for 30min. Supernatant was collected and reacted
with Proteinase K for 30min at 60∘C. Equal amount of
phenol/chloroform/isoamyl alcohol (25 : 24 : 1) was added
and centrifuged at 14,000 rpm for 5min. Supernatant was
collected, mixed with 700 𝜇L of phenol/chloroform/isoamyl
alcohol, and centrifuged for 10min. Supernatant was mixed
with 500𝜇L of chloroform/isoamyl alcohol and centrifuged
for 10min. Equal amount of isopropanol was added. DNA
was precipitated at−20∘C. Pellet waswashedwith iced alcohol
(75%), dried, and dissolved in H

2
O.

2.8. Analytic Methods. Dissolved sulfide concentrations in
the water were analyzed by a spectrophotometer (DR 2700,
Hach Co.) using the methylene blue spectrophotometric
method. Dissolved iron (Fe(II)) was detected by UV detector
at 562 nm by adding ascorbic acid (1% w/v) and ferrozine
(3-(2-pyridyl)-5,6-bis (4-phenylsulfonic acid)-1,2,4-triazine)
to a 0.45 𝜇m-membrane-filtered sample. Each analysis was
performed in duplicate for sulfide and ferrous concentrations.

2.9. Solid Phase Characterization. Surface analysis of nZVI
was performed with a high resolution X-Ray photoelectron
spectrometer (Scienta ESCA 300 spectrometer). An Al rotat-
ing anode serves as the X-ray source generating an Al K𝛼 X-
ray beam at 1486.6 eV. The X-ray beam is monochromatized
using seven crystals mounted on three Rowland circles. The
energy was analyzed using a high-resolution 300mm mean
radius hemispherical electrostatic analyzer and detected by
a multichannel plate-CCD camera. Samples that had been

Reactor (A) Reactor (B)

Figure 1:The 1,000 L reaction tank containing 1 kg nZVI at the flow
rate of 66 L/d in the field test.

previously dried and stored in N
2
glove bag were mounted

on a stainless steel stub coated with conductive carbon tape
before being transferred to the analysis chamber. Spectra
were obtained using a takeoff angle of 90∘ with respect to
the surface plane of the samples. Binding energies of the
photoelectrons are correlated to the aliphatic adventitious
hydrocarbon C(1s) peak at 284.6 eV.

Morphological and elemental analyses of nZVI were per-
formed by a scanning electron microscope (SEM) (Hitachi
S-4300, Hitachi Science Systems, Ltd.) equippedwith energy-
dispersive X-ray (EDX) at 10 kV.Thermogravimetric analysis
(TGA) was conducted using a STA 6000 simultaneous ther-
mal analyzer (PerkinElmer Co.) with a temperature ramp of
20∘C/min. The system was purged with air at a flow rate of
20mL/min.

3. Results and Discussion

3.1. Laboratory Studies. Effectiveness of nZVI for sul-
fide removal under various pH conditions is illustrated
in Figure 2. The initial sulfide concentration was about
1,000mg/L in an aqueous solution. Approximately 95% of
initial sulfide concentration was removed at pH 4. However,
the sulfide removal efficiency decreased as pH increased.The
oxidation of nZVI leading to generation of Fe(II) is favorable
under acidic conditions:

Fe0
(𝑠)
+ 2H
2
O → Fe2+ +H

2(g) + 2OH
− (2)

Sulfide readily reacted with Fe(II) to form iron sulfide (FeS)
[4, 24]:

Fe2+ +H
2
S → FeS + 2H+

Fe2+ +HS− → FeS +H+
(3)

Accordingly, the pH effect on the sulfide removal with
nZVI may be attributed to the formation of FeS through
the precipitation of Fe(II) and sulfide. To verify the pos-
sibility, experiments were conducted to measure the Fe(II)
concentrations in the reaction system containing nZVI and
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Figure 2: Effect of pH on sulfide removal with nZVI.The nZVI dose
was 2.5 g/L.
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Figure 3: Production of dissolved Fe(II) in the reaction of nZVI
with sulfide at different pH. The nZVI dose was 2.5 g/L.

sulfide at various pH values. As shown in Figure 3, the Fe(II)
concentration increased as pH decreased. This is in a good
agreement with the theory of FeS formation.

Extensive studies have indicated that nZVI is an effective
reagent for nitrate reduction in the aqueous solution under
acidic conditions [14, 15]:

Fe0 +NO
3

−
+H+ → Fe2+ +NH

4

+
+H
2
O (4)

Nitrate is reduced to ammonium by nZVI that concur-
rently releases Fe(II). In other words, nitrate can serve as
a promoter of the Fe(II) generation. On the other hand,
phosphate is known to inhibit reaction rates of the nitrate
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Figure 4: Effect of nitrate and phosphate on sulfide removal with
n ZVI at pH 4.0. The nZVI dose was 2.5 g/L. The concentration of
nitrate and phosphate was 200mg/L, respectively.
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Figure 5: Production of dissolved Fe(II) in the reaction of nZVI
with sulfide in the presence of various anions. The nZVI dose was
2.5 g/L. The concentration of nitrate and phosphate was 200mg/L,
respectively.

reduction by ZVI [25] and to precipitate with Fe(II) to iron
phosphate Fe

3
(PO
4
)
2
[26]. Thus, phosphate can act as an

Fe(II) scavenger. Figures 4 and 5 show the results for the
effects of these anions on the sulfide removal and the Fe(II)
formation, respectively, in the presence of nZVI at pH 4. It is
clearly observed that an enhanced sulfide removal took place
and the Fe(II) concentration increased significantly in the
presence of nitrate. However, the sulfide removal efficiency
and the Fe(II) concentration declined in the presence of
phosphate.
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Table 1: Wastewater quality monitored during the period of the pilot test.

Day 0 Day 1 Day 7 Day 14 Day 30
Cont. Exp. Cont. Exp. Cont. Exp. Cont. Exp. Cont. Exp.

𝑇 (∘C) 29.69 29.61 33.9 35.2 31.27 32.88 28.5 29.47 32.8 31.2
DO (mg/L) 1.0 1.04 0.73 0.63 0.76 0.56 0.45 0.48 0.23 0.41
pH 7.19 7.04 7.15 7.32 7.2 7.35 7.05 7.17 7.2 7.35
ORP (mV) −384 −372 −388 −376 −312 −322 −325 −270 −398 −350
Fe(II) 4.3 4.1 5.0 19.3 3.25 2.0 4.1 3.25 3.0 3.0
Cont. means the control test; Exp. means the experimental test.
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Figure 6: Adsorption isotherms for sulfide reacting with nZVI
(1.0 g/L) at 25∘C.

The adsorption capacity of nZVI for sulfide removal at
various pH values was determined by adsorption isotherm
experiments at 25∘C. A Langmuir model was tested:

𝑞
𝑒
=

𝑞max 𝐶𝑒
1 + 𝑎𝐶

𝑒

, (5)

where 𝑞e is the amount of adsorbed sulfide at equilibrium
(mg/g), 𝐶

𝑒
is the equilibrium concentration of dissolved

sulfide (mg/L), and 𝑞max and 𝑎 are Langmuir constants
indicating the saturated capacity of nZVI and an energy term,
respectively. Figure 6 illustrates the experimental data of the
adsorption isotherm for sulfide removal corrected with the
Langmuir equation. The coefficients of determination (𝑅2)
were 0.871, 0.885, and 0.689, at pH values 4, 7, and 12, respec-
tively. The saturated adsorption capacities determined by the
Langmuir model were 821.2, 486.3, and 359.7mg/g at pH
values 4, 7, and 12, respectively. Compared to the commonly
used adsorbents such as virgin activated carbon or impreg-
nated activated carbon, nZVI exhibited a high capacity of
sulfide adsorption. For example, the adsorption capacity was
estimated to be 62mg-H

2
S/g of 2%-KI impregnated activated

carbon in a small pig farm [6] while Yan et al. showed that the
capacity of H

2
S adsorption varied from 50 to 210mg-H

2
S/g

using alkaline activated carbon under different conditions
[3].

The adsorption kinetics of sulfide onZVIwas investigated
using pseudo-first order and pseudo-second order adsorp-
tion equations:

ln 𝐶
𝐶
𝑜

= −𝑘
1
𝑡,

1

𝐶

=

1

𝐶
𝑜

+ 𝑘
2
𝑡,

(6)

where 𝐶 is the dissolved sulfide concentration (mg/L), 𝐶
𝑜
is

the initial sulfide concentration (mg/L), 𝑘
1
is the rate constant

of the pseudo-first order adsorption (1/h), 𝑘
2
is the rate

constant of the pseudo-second order adsorption (L/mg ⋅ h),
and 𝑡 is time (h). Linear regression of the experimental data
obtained at pH 4 for these two kinetic models is shown in
Figure 6. Values of 𝑅2 were all in the range of 0.95–0.98 for
the pseudo-second order model while values of those were
0.78, 0.81, and 0.96 at the nZVI loadings of 1, 2.5, and 5 g/L,
respectively, for the pseudo-first order model. Accordingly,
the regression results suggested that the sulfide adsorption on
nZVI exhibited a second-order kinetic model. This implies
that a chemisorption is involved and two distinct sorption
sites may be available for the adsorption of sulfide on nZVI
[27] (see Figure 7).

3.2. Field Pilot Test. The use of nZVI for in-situ full and pilot
scale remediation of contaminated groundwater has been
implemented around the world including the US, Canada,
Czech Republic, Germany, and Taiwan [28]. The removal
efficiency of contaminants is generally dependent on the field
conditions and the injection amount of nZVI. In this study,
a pilot test was conducted to investigate the performance of
nZVI for sulfide removal under field conditions in a pig farm.
Experiments were carried out in the 1,000 L reaction tank
containing 1 kg nZVI at the flow rate of 66 L/d and a second
tank without nZVI under the same conditions as control.

Table 1 shows themonitoring results ofwastewater quality
in the experimental and control tank. The impacts of nZVI
on the wastewater quality were insignificant except for the
Fe(II) concentration measured at day 1. This is quite different
from the result observed in the groundwater remediation
with nZVI that influenced the groundwater quality such as
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Figure 8: Sulfide removal with nZVI in the pilot study.

pH, ORP, and Fe(II) concentrations largely. For example, the
addition of nZVI resulting in an increase in pHand a decrease
in ORP in the aqueous system was commonly found both
at the laboratory and field studies [8, 11]. It is likely that
the anaerobically digested wastewater may contain complex
matrices buffering the impact of nZVI on the water quality.

Figure 8 shows the sulfide removal with nZVI in the
pilot test during a period of 30 d. The sulfide concentra-
tion in the digested wastewater dropped from 8.4mg/L to
around 4.5mg/L and remained relatively stable in the con-
trol tank, while it declined to 0.25mg/L initially and then
gradually increased to 1mg/L at the end of the test in the
experimental tank. This indicates that nZVI is an effective

reagent for sulfide removal. However, the total amount of
sulfide removed during the pilot test was calculated to be
about 10,000mg, corresponding to the adsorption capacity
of 10mg/g. The adsorption capacity is almost 50 times less
than that determined in the laboratory studies at pH 7.
According to the results of Figure 8, the breakthrough of
sulfide did not actually occur in the pilot study; thus, the
adsorption capacity may be underestimated. Nevertheless,
the complexity of digested wastewater constituents may limit
the effectiveness of nZVI.

The effect of nZVI on the microbial species distribution
in the piggery wastewater was examined using gram staining
and culture and further confirmed by gene sequencing iden-
tification.The study was performed for five months to collect
the background information of microbial species before and
after the addition of nZVI. The results of the anaerobic
organisms identified in the pilot reaction system are listed in
Table 2. There were totally 12 species observed before nZVI
was added. Among them, only 4 species were identified after
the addition of nZVI. In addition, C. limosum was only
identified after the nZVI addition. The impact of nZVI on
the change of themicrobial species distribution was relatively
noticeable.

Impact of nZVI on the microorganisms in environments
has received increased attention since nZVI has been imple-
mented in the full-scale field remediation [29, 30]. Studies
have reported that no deleterious microbial effects of nZVI
were observed when it was applied to aquifer materials or soil
matrix [31–33]. Additionally, nZVI coatedwith biodegradable
polyaspartate stimulated microbial growth [31], which is
consistent with a field study where an enhanced biodegra-
dation by surfactant-modified nZVI was found [12]. Fajardo
et al. reported a lack of a broad bactericidal effect of nZVI
on the bulk soil microbial community; however, significant
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Table 2:Microbial species distribution before and after the addition
of nZVI.

Anaerobic microbial species Before After
C. tertium + +
Camp. gracilis + −

Ps. tetradius + −

C. perfringens + +
C. baratii + +
C. botulinum + −

C. septicum + −

Ps. prevotii + −

Prop. acnes + −

Wolinella sp. + +
Gemella morbillorum + −

F. mortiferum + −

C. limosum − +
“+”: identified; “−”: nonidentified.

changes in the structure and composition of the soil bacteria
populationwere detected in the presence of nZVI [33].On the
contrary, other studies showeddivergent results. For example,
Lee et al. found that nZVI had a strong bactericidal effect
on E. coli under deaerated conditions [34] while complete
inactivation of B. subtilis var. niger and P. fluorescens by nZVI
(10 g/L) was observed with vigorous shaking under aerobic
conditions [35]. It should be pointed out that our study
examined only the identification ofmicrobial species.There is
a need to attain quantitative information of microorganisms
in order to better understand the impact of nZVI on the
environments.

3.3. Removal Mechanisms. Surface characterization of nZVI
using EDX, TGA, and XPS was conducted to gain insight
into the mechanism of sulfide removal with nZVI. The EDX
analysis indicated a precipitate of sulfur species on the surface
of nZVI. The TGA analysis of the sulfide-laden nZVI was
performed over the temperature range 105–600∘C in air
(Figure 9). The first event of weight loss occurring at 195∘C
is caused essentially by water vaporization from the samples.
The weight gain occurring at 300∘C can be attributed to the
transformation of FeS to FeSO

4
[36], while another weight

gain appearing at 550∘C is likely due to the oxidation of iron
to hematite [37]. The results of TGA analysis suggested that
the formation of FeS took place on the nZVI surface when
nZVI reacted with sulfide.

Figure 10 presents the S 2p survey of nZVI in reactions
with and without sulfide after 17 d. The sulfur spectra were
fitted by using doublets 2p

1/2
and 2p

3/2
with the same full

width at half maximum (FWHM) separated by a spin-orbit
splitting of 1.2 eV. The S 2p

1/2
peak intensity was constrained

to be half that of S 2p
3/2

peak. It was decomposed into five
subsets of doublets with the 2p

3/2
peak binding energies at

161.3, 162, 163.4, 166.9, and 168.4 eV. These five peaks can be
assigned to monosulfide (S2−), disulfide (S

2

2−), polysulfide
(S
𝑛

2−), sulfite (SO
3

2−), and sulfate (SO
4

2−), respectively [38].
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Figure 9: Thermogravimetric plot of sulfide-laden nZVI heated at
a rate of 20∘C/min in 20mL/min air flow.

The areas of the fitting curves suggested that approximately
25.8% of sulfur on the surface existed as monosulfide, 22.4%
as disulfide, 35.9% as polysulfide, 8% as sulfite, and 7.9%
as sulfate. Li et al. have reported the use of nZVI for
sulfide removal [9]. The XPS analysis of nZVI after 24 h of
reaction with hydrogen sulfide indicated that approximately
36% of sulfur on the surface existed as monosulfide and
64% as disulfide. In comparison to this study, it was found
that monosulfide and disulfide were significantly decreased,
whereas polysulfide became a dominant species when a
longer reaction period was conducted. This suggests that a
transformation of disulfide to polysulfide, which is a favorable
process for the enhanced adsorption of sulfide, may be
involved in the reaction of nZVI with sulfide.

Hydrosulfide that was anoxically converted into thiosul-
fate and polysulfides by iron/cerium oxide hydroxide has
been found at pH 8.0–11.0 under the ambient pressure and
temperature conditions [39]. The nZVI has a core-shell
structure containing a metallic core with a highly reducing
characteristic and a thin amorphous iron (oxy)hydroxide
layer promoting oxidation reactions [8, 40]. The formation
of polysulfides was attributed to an iron-polysulfide surface
complex at the iron (oxy)hydroxide surface [39]. In addition,
the second-order kinetic behavior for sulfide adsorption with
nZVI was observed in this study. Taken together, the reaction
mechanism of sulfide removal with nZVI can be considered
as a homogeneous-heterogeneous process.Thehomogeneous
process involves the iron dissolution to Fe(II) that reacts with
dissolved sulfide to form the FeS precipitate on the surface
of nZVI.The surface associated sulfide can further react with
H
2
S and form ≡FeS

2
:

≡ FeS +H
2
S → FeS

2
+H
2 (7)

where the symbol ≡ denotes the reactive sites at the nZVI sur-
face. This is consistent with the studies reported by Yan et al.
[8]. On the other hand, this work provides new evidence for
the formation of polysulfide, an aged product of nZVI react-
ing with sulfide. The formation of disulfide and polysulfide
suggests that the iron-polysulfide surface complex may take
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Figure 10: S 2p HR-XPS spectrum of nZVZI reacted (a) without sulfide over 17 d and (b) with sulfide over 17 d.

place at the iron (oxy)hydroxide surface of nZVI, which is
another process for sulfide removal by nZVI.

3.4. Cost Effectiveness of nZVI. The cost for synthesis of 1 g
nZVI using the sodiumborohydride reduction is about 1USD
based on the estimation of cost of industrial grade chemi-
cals. Sodium borohydride is an expensive reductant, which
accounts for nearly 99% of the total cost of borohydride-
producednZVI.Therefore, it is difficult to apply borohydride-
produced nZVI for sulfide removal in the real-world sit-
uation. Nevertheless, we have found that the elemental
aluminum rod is a low-cost reductant that may be used to
synthesize nZVI. The total cost of 1 g aluminum-produced
nZVI is estimated to be 0.01USD, which is more competitive
to be applied to the wastewater treatment in real conditions.

4. Conclusions

Nanoscale zero-valent iron (nZVI) developed since 1996
represents an important nanotechnology for environmental
protection and remediation. We have applied nZVI for
dissolved sulfide removal and performed a field pilot test in
a 50,000-pig farm to treat dissolved sulfide in anaerobically
digested wastewater. The field test suggests that nZVI is an
effective reagent for sulfide removal; however, the adsorption
capacity is calculated to be about 10mg/g, almost 50 times
less than that determined in the laboratory studies. The
complexity of digested wastewater constituents may limit
the effectiveness of nZVI. The impact of nZVI on microbial
species distribution was relatively noticeable. Further studies
are needed to better characterize the impact of nZVI on the
environments. Laboratory studies revealed that the reaction
mechanism of sulfide removal with nZVI can be considered
as a homogeneous-heterogeneous process. The dissolved
Fe(II) reacts with sulfide to form the FeS precipitate on the
surface of nZVI and an iron-polysulfide surface complexmay
be involved to form disulfide and polysulfide.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

The authors would like to thank the National Science Council
(NSC) and Environmental Protection Administration (EPA),
Taiwan, R.O.C., for the financial support under Grant nos.
NSC 98-2622-E-390-003-CC3 and 99-2622-E-390-002-CC3
and EPA-101-U1U1-02-101, respectively. Laboratory assistance
provided by Mr. Chia-Wei Yang, Ms. Nien-Chun Hsieh, and
Mr. Kuo-Ming Chiang are greatly appreciated.

References

[1] UnitedNations,Kyoto Protocol to the UnitedNations Framework
Convention on Climate Change, United Nations, New York, NY,
USA, 1998.

[2] Council of Agriculture, Agriculture Statistics Yearbook 119,
Council of Agriculture, Executive Yuan, Taiwan, 2010.

[3] R. Yan, D. T. Liang, L. Tsen, and J. H. Tay, “Kinetics and mecha-
nisms of H2S adsorption by alkaline activated carbon,” Environ-
mental Science and Technology, vol. 36, no. 20, pp. 4460–4466,
2002.

[4] A. H. Nielsen, P. Lens, J. Vollertsen, and T. Hvitved-Jacobsen,
“Sulfide-iron interactions in domesticwastewater froma gravity
sewer,”Water Research, vol. 39, no. 12, pp. 2747–2755, 2005.

[5] Y. H. Xiao, S. D. Wang, D. Y. Wu, and Q. Yuan, “Catalytic oxi-
dation of hydrogen sulfide over unmodified and impregnated
activated carbon,” Separation and Purification Technology, vol.
59, no. 3, pp. 326–332, 2008.

[6] S. Pipatmanomai, S. Kaewluan, and T. Vitidsant, “Economic
assessment of biogas-to-electricity generation system with H

2
S

removal by activated carbon in small pig farm,” Applied Energy,
vol. 86, no. 5, pp. 669–674, 2009.



Journal of Nanomaterials 9

[7] X. Q. Li, D. G. Brown, and W. X. Zhang, “Stabilization of
biosolids with nanoscale zero-valent iron (nZVI),” Journal of
Nanoparticle Research, vol. 9, no. 2, pp. 233–243, 2007.

[8] W. L. Yan, A. A. Herzing, C. J. Kiely, andW. Zhang, “Nanoscale
zero-valent iron (nZVI): aspects of the core-shell structure
and reactions with inorganic species in water,” Journal of
Contaminant Hydrology, vol. 118, no. 3-4, pp. 96–104, 2010.

[9] X. Q. Li, D. W. Elliott, and W. X. Zhang, “Zero-valent iron
nanoparticles for abatement of environmental pollutants: mate-
rials and engineering aspects,”Critical Reviews in Solid State and
Materials Sciences, vol. 31, no. 4, pp. 111–122, 2006.

[10] M. J. Borda, R. Venkatakrishnan, and F. Gheorghiu, “Status of
nZVI technology: lessons learned from north American and
international field implementations,” in Environmental Applica-
tions of Nanoscale and Microscale Reactive Metal Particles, C. L.
Geiger and K. M. Carvalho-Knighton, Eds., ACS Symposium
Series 1027, pp. 219–232, American Chemical Society, Washing-
ton, DC, USA, 2009.

[11] Y. T. Wei, S. C.Wu, C. M. Chou, C. H. Che, S. M. Tsai, and H. L.
Lien, “Influence of nanoscale zero-valent iron on geochemical
properties of groundwater and vinyl chloride degradation: a
field case study,”Water Research, vol. 44, no. 1, pp. 131–140, 2010.

[12] Y. T. Wei, S. C. Wu, S. W. Yang, C. H. Che, H. L. Lien, and
D. H. Huang, “Biodegradable surfactant stabilized nanoscale
zero-valent iron for in situ treatment of vinyl chloride and 1,2-
dichloroethane,” Journal of Hazardous Materials, vol. 211-212,
pp. 373–380, 2012.

[13] A. Taghavy, J. Costanza, K. D. Pennell, and L. M. Abriola,
“Effectiveness of nanoscale zero-valent iron for treatment of a
PCE-DNAPL source zone,” Journal of Contaminant Hydrology,
vol. 118, no. 3-4, pp. 128–142, 2010.

[14] A. Ryu, S. Jeong, A. Jang, and H. Choi, “Reduction of highly
concentrated nitrate using nanoscale zero-valent iron: effects of
aggregation and catalyst on reactivity,” Applied Catalysis B, vol.
105, no. 1-2, pp. 128–135, 2011.

[15] T. Suzuki, M.Moribe, Y. Oyama, andM.Niinae, “Mechanism of
nitrate reduction by zero-valent iron: equilibrium and kinetics
studies,” Chemical Engineering Journal, vol. 183, pp. 271–277,
2012.

[16] C. Yuan and H. L. Lien, “Removal of arsenate from aqueous
solution using nanoscale iron particles,”Water Quality Research
Journal of Canada, vol. 41, no. 2, pp. 210–215, 2006.

[17] H. L. Lien and W. X. Zhang, “Nanoscale Pd/Fe bimetallic
particles: catalytic effects of palladiumonhydrodechlorination,”
Applied Catalysis B, vol. 77, no. 1-2, pp. 110–116, 2007.

[18] J. T. Nurmi, P. G. Tratnyek, V. Sarathy et al., “Characterization
and properties of metallic iron nanoparticles: spectroscopy,
electrochemistry, and kinetics,” Environmental Science and
Technology, vol. 39, no. 5, pp. 1221–1230, 2005.

[19] J. E. Martin, A. A. Herzing, W. Yan et al., “Determination of the
oxide layer thickness in core-shell zerovalent iron nanoparti-
cles,” Langmuir, vol. 24, no. 8, pp. 4329–4334, 2008.

[20] X. Li and W. X. Zhang, “Sequestration of metal cations with
zerovalent iron nanoparticles: a study with high resolution x-
ray photoelectron spectroscopy (HR-XPS),” Journal of Physical
Chemistry C, vol. 111, no. 19, pp. 6939–6946, 2007.

[21] H. C. J. Gram, “The differential staining of Schizomycetes in tis-
sue sections and in dried preparations,” Fortschitte der Medicin,
vol. 2, pp. 185–189, 1884.

[22] T. Barry, C. M. Glennon, L. K. Dunican, and F. Gannon, “The
16 s/23 s ribosomal spacer region as a target for DNA probes to

identify eubacteria,” PCR Methods and Applications, vol. 1, no.
2, p. 149, 1991.

[23] P. Fach, S. Perelle, F. Dilasser et al., “Detection by PCR-enzyme-
linked immunosorbent assay of Clostridium botulinum in fish
and environmental samples from a coastal area in Northern
France,” Applied and Environmental Microbiology, vol. 68, no.
12, pp. 5870–5876, 2002.

[24] D. Rickard and G. W. Luther III, “Chemistry of iron sulfides,”
Chemical Reviews, vol. 107, no. 2, pp. 514–562, 2007.

[25] C. Su and R. W. Puls, “Nitrate reduction by zerovalent iron:
effects of formate, oxalate, citrate, chloride, sulfate, borate, and
phosphate,” Environmental Science and Technology, vol. 38, no.
9, pp. 2715–2720, 2004.

[26] O. Gutierrez, D. Park, K. R. Sharma, and Z. Yuan, “Iron salts
dosage for sulfide control in sewers induces chemical phospho-
rus removal during wastewater treatment,”Water Research, vol.
44, no. 11, pp. 3467–3475, 2010.

[27] Y.-S. Ho, “Review of second-order models for adsorption
systems,” Journal of HazardousMaterials, vol. 136, no. 3, pp. 681–
689, 2006.
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Université Laval, Québec, Canada, 2007.

[40] M. A. V. Ramos, Y. Weile, X. Li, B. E. Koel, and W. Zhang,
“Simultaneous oxidation and reduction of arsenic by zero-
valent iron nanoparticles:Understanding the significance of the
core-shell structure,” Journal of Physical Chemistry C, vol. 113,
no. 33, pp. 14591–14594, 2009.



Research Article
Preparation and Characterization of Montmorillonite
Intercalation Compounds with Quaternary Ammonium
Surfactant: Adsorption Effect of Zearalenone

Yujin Li,1 Lu Zeng,2 Yan Zhou,1 Tiefu Wang,1 and Yanji Zhang1

1 College of Earth Sciences, Jilin University, Changchun 130000, China
2 College of Materials Science and Engineering, Chongqing University, Chongqing 400030, China

Correspondence should be addressed to Lu Zeng; zool@foxmail.com

Received 24 September 2013; Accepted 14 December 2013; Published 9 February 2014

Academic Editor: Sun-Hwa Yeon

Copyright © 2014 Yujin Li et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Montmorillonite (Mt) was used as the original material to prepare intercalation compounds with quaternary ammonium surfactant
(QAS). The adsorption of zearalenone (ZEA) onto Mt and organomodified Mt was investigated in vitro. Effects of QAS in binding
ZEA were studied. By the method of intercalation with dioctadecylmethylbenzylammonium chloride (DOMBAC), the sample
exhibited the highest adsorption rate of ZEA (93.2%)whichwasmuch higher than that ofMt (10.5%). Severalmethodswere adopted
to characterize samples, including XRD, TG/DSC, N

2
adsorption/desorption, and FTIR. Adsorption isotherm parameters were

obtained from Langmuir and Freundlich and the adsorption data fitted better to Langmuir. All results indicate that organomodified
Mt has great potential to be a high-performance material to control ZEA contamination.

1. Introduction

Many types of clay minerals such as montmorillonite (Mt),
sepiolite, and kaolinite have shown high adsorption capacity.
Mt, a clay mineral with 2 : 1 layered structure, can hold
some cations between its layers. Substitution of Si4+ with
Al3+ in tetrahedral sheets and Al3+ with Mg2+ in octahedral
sheets make the lattice a net negative charge which is usually
balanced by cations of Li+, Na+, and Ca2+ located between
the layers. These cations can be easily replaced by other
organic or inorganic cations under certain conditions, which
endow Mt with some special properties [1]. Mt has been
widely used in industry and agriculture, particularly in
adsorption of mycotoxins. According to the Food and Agri-
culture Organization (FAO), 25% of the world’s cereal grain
production is contaminated by mycotoxins [2]. Zearalenone
(ZEA), along with others most of mycotoxins, commonly
found in animal feeds, can cause serious health problems
in livestock [3, 4]. Zearalenone is most notorious for its

effects on precocious development of mammae and other
estrogenic effects in young gilts [5]. The chemical structure
of ZEA is presented in Figure 1 [6]. It has been reported that
natural Mt are effective in adsorbing aflatoxins in vitro and
in vivo [7, 8]. However, their hydrophilic negatively charged
surfaces are less effective in binding other mycotoxins, which
are more hydrophobic, such as ZEA. According to some
literatures, organicmodification of clays with organic cations,
surfactants, can result in high affinity for in vitro adsorption
of hydrophobic ZEA [4–9].

The quaternary ammonium surfactant (QAS) is the most
commonly used organic modifier, which can enhance the
lipophilicity of Mt. However, QAS contains many different
kinds such as the types with short carbochain, medium
carbochain, long carbochain, and double carbochain and
the type with functional group of benzyl. In this study,
Mt intercalation compounds with QAS were prepared and
characterized; the adsorption effect of ZEA onto adsorbents
was compared. The objective of the research is to investigate
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Figure 1: The molecular structural formula of ZEA.

the adsorption of ZEAontoMt intercalation compoundswith
QAS and explore the optimum QAS in binding ZEA. To the
best of our knowledge similar research has not been reported.

2. Materials and Methods

2.1. Preparation and Characterization of Mt. Mt, the orig-
inal materials supplied by Sanding Company, consists of
a lot of Mt and a small amount of quartz, accord-
ing to powder X-ray diffraction (XRD) analysis shown
in Figure 2. The primary ion in the exchangeable posi-
tion is sodium and the cation exchange capacity of Mt
is 1.44mmol/g [10]. Mt was dried at 80∘C to constant
mass and then milled to less than 45 𝜇m. QAS, supplied
by Daochun Company, includes dodecyltrimethylammo-
nium chloride (DTAC), octadecyltrimethylammonium chlo-
ride (OTAC), behenyltrimethylammonium chloride (BTAC),
dodecyldimethylbenzylammonium chloride (DDBAC), oc-
tadecyldimethylbenzylammonium chloride (ODBAC), and
dioctadecylmethylbenzylammonium chloride (DOMBAC),
and the corresponding organomodified Mt is MDTAC,
MODAC,MBTAC,MDDBAC,MODBAC, andMDOMBAC,
respectively. The molecular structural formulas of QAS are
shown in Table 1.

For preparation of organomodified Mt, which was syn-
thesized by interaction (cation exchange) of Mt with OAS,
Mt reacted with 1.44mmol/g QAS at 90∘C in distilled water,
mixing speed 200 rpm for 1 h, according to the procedure
described previously [11]. When the reaction was over, the
suspensions were centrifuged and washed by distilled water
for several times and dried at 80∘C to constant mass and then
milled to less than 45 𝜇m.The effect of different kinds of QAS
on the adsorption of ZEA was investigated according to the
adsorption capacity of ZEA.

Samples were characterized by X-ray powder diffraction
(XRD) analysis, thermogravimetric/differential scanning
calorimetry analysis (TG/DSC), N

2
adsorption/desorption,

and Fourier transform infrared spectroscopy (FTIR) analysis.
XRD analysis was performed on a Rigaku D/max-3Bx
diffractometer with Cu K𝛼 radiation, in the range of 50–70∘
2𝜃 and at a step of 0.02∘. TG/DSC analysis was performed
on a STA 409 thermal analysis instrument, from 25∘C (room
temperature) to 1200∘C and with heating rate of 10∘C/min.
Brunauer-Emmet-Teller (BET) specific surface area (𝑆BET),
total pore volumes (𝑉total), and average pore diameter (𝐷

𝑝
) of

the samples were measured from N
2
adsorption/desorption

isotherms at 77K, using an automatic specific surface area
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Figure 2: XRD patterns of (a) Mt and (b) MDOMBAC.

measuring equipment (ASAP, 2020M, USA) after a degassing
under vacuum for 8 h at 110∘C. Infrared spectra were
recorded by means of Thermoelectron FTIR spectrometer
(Avatar370) in the range of 4000–400 cm−1.

2.2. Adsorption Experiments. The method of enzyme linked
immunosorbent assay (ELISA) was adopted to measure the
amount of ZEA which was purchased from Sigma-Aldrich
Co., and ELISA kits were purchased from R-Biopharm Co.
Firstly, ZEA stock solution (4 𝜇g/mL) was prepared, then
10mg of organomodified Mt was added to tube that was
filled with 10mL ZEA solution (4 𝜇g/mL) whose pH was
adjusted to 2 by adding 0.1M phosphate buffer as required.
After 1 h reaction at 37∘C in temperature-controlled shaking
water bath pot at a shaking rate of 120 rpm, the tube was
centrifuged for 10min at 5000 rpm and then the amount
of ZEA remaining in the supernatant layer of suspension
was analyzed with the method of ELISA. The adsorption
capacities were calculated from the difference between initial
and equilibrium concentrations of ZEA. For isotherm study,
Mt (10mg)was added to 10mLZEA solution (pH=2, 37∘C) at
different concentrations (0.25, 0.5, 1.0, 2.0, 4.0, and 6.0𝜇g/mL
resp.) and so was organomodified Mt but with increased
concentrations of ZEA solution (1.0, 2.0, 4.0, 6.0, 8.0, and
10.0 𝜇g/mL, resp.) due to its higher adsorbance of ZEA. The
adsorption data were fitted to the models of Langmuir and
Freundlich isotherm.

3. Results and Discussion

3.1. Effects of QAS. As can be seen from Table 1, Mt is
quite ineffective in adsorbing ZEA (10.5%) due to its poor
lipophilicity and different kinds of QAS can draw signifi-
cantly different influences on the adsorption of ZEA. For
QAS without benzyl, the type with medium carbochain is
beneficial to the adsorption of ZEA because MOTAC obtains
the maximum adsorbance of ZEA (45.8%), which is higher
than that of MDTAC (24.7%) and MBTAC (36.5%). The
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Table 1: Effects of QAS on the adsorbance of ZEA on adsorbents.

Samples QAS Molecular structural formula
of QAS

Initial amount of
ZEA (𝜇g)

Adsorption rate
(%)

Mt — — 40 10.5

MDTAC DTAC

CH3

CH3

H3C C12H25C1−N+
40 24.7

MDDBAC DDBAC

CH3

CH3

C12H25C1−N+

40 50.8

MOTAC OTAC

CH3

CH3

H3C N+ C18H37C1− 40 45.8

MODBAC ODBAC

CH3

CH3

N+ C18H37C1−

40 69.1

MBTAC BTAC

CH3

CH3

H3C N+ C22H45C1− 40 36.5

MDOMBAC DOMBAC
CH3

N+ C18H37

C18H37

C1−

40 93.2

result is attributed to that the lipophilicity of MOTAC with
longer carbochain is higher than that of MDTAC, but when
the carbochain is too long, it is hard for the intercalation
reaction which is adverse to the organic modification [12].
Moreover, the influence of intercalation reaction on pore size
of adsorbent has two completely opposite effects [13]: the
“pore blockage” effect, organic molecules fill pores and result
in the decrease of pore size and 𝑆BET, and the “pore prop”
effect, macromolecular organics insert into the interlayer
and cause the distraction of aluminosilicate layer and the

increase of pore size and 𝑆BET. Hence, the molecule sizes
of QAS have great influences on the absorption capacity of
adsorbents. Meanwhile, benzyl group has great influences on
the adsorption of ZEA, which can significantly increase the
adsorbance of ZEA on adsorbents. Herein, the adsorbance of
ZEA on MDDBAC (50.8%) and MODBAC (69.1%) is higher
than that of MDTAC and MOTAC, respectively. It can be
attributed to that the critical effect of benzyl ring into the
interlamellar space of Mt greatly enhances the penetration of
QAS, which results in a better effect of modification; besides,



4 Journal of Nanomaterials

TG

100

90

80

70

60

50

200 400 600 800 1000 1200

6

4

2

0

−2

−4

−6

−8

MDOMBAC-TG

DSC

M
as

s (
%

)

Mt-TG

Mt-DSC

MDOMBAC-DSC

t (∘C)

Th
er

m
al

 cu
rr

en
t (

m
W

m
g−

1
)

Figure 3: TG/DSC curves of Mt and MDOMBAC.

benzyl is beneficial to the increase of lipophilicity [14].
Furthermore, MDOMBAC has higher adsorption capacity of
ZEA (93.2%) than that of MODBAC, which is the maximum
in all of the organomodifiedMt, indicating that optimal QAS
with doublemedium carbochain and benzyl group does favor
the adsorption of ZEA onto adsorbent. The result obtained
shows that QAS plays an important role in binding ZEA and
it can be attributed to the physicochemical property of QAS
which has influences on the dispersion and lipophilicity of
organomodified Mt [15–17].

3.2. XRD Characterization. XRD patterns reveal the micro-
structure variety of samples. The comparative XRD patterns
of Mt and MDOMBAC are presented in Figure 2. It shows
that the d

001
values of Mt and MDOMBAC are 1.26900

and 1.93526 nm, respectively, indicating that Mt is inter-
calated by dioctadecylmethylbenzylammonium (DOMBA)
ions because the radius of DOMBA ions is larger than that
of sodium ion [18]. Besides, there is no significant difference
between their patterns, indicating that the basic structure
of Mt is not changed. By the way of organic intercalation,
MDOMBAC can obtain greater surface area and become
more porous theoretically, which can improve its adsorption
ability of ZEA greatly [19].Therefore, the adsorption capacity
of ZEA on MDOMBAC is much higher than that of Mt.

3.3. TG/DSC Characterization. The TG/DSC curves of Mt
and MDOMBAC are shown in Figure 3. The DSC curves of
Mt show that the first endothermic valley appears at 98.3∘C
for the loss of the physically adsorbed water and the second
endothermic valley appears at 153.9∘C corresponding to the
loss of the interlayerwater. About 5.3%ofweight loss is shown
in TG curve ofMt.With the increase of temperature, the third
endothermic valley appears at 689∘C with 5.26% of weight
loss, which is due to the dehydroxylation. Comparatively, the
TG/DSC curves of MDOMBAC show that there are only
one endothermic valley at 73.1∘C for the loss of physically
adsorbed water and interlayer water, because of the less
moisture content caused by hydrophobicity after organic
intercalation. Between 400 and 700∘C, a great exothermic

Table 2: The structure characteristics of Mt and MDOMBAC.

Sample 𝑆BET (m
2/g) 𝑉total (cm

3/g) 𝐷
𝑝
(nm)

Mt 41.217 0.087 7.854
MDOMBAC 147.745 0.276 9.121

peak appears due to the burning of organism and then a
lot of heat releases and about 43.73% of weight loss occurs,
which is close to the adding quantity of DOMBAC. When
the temperature rises continuously, the decomposition of
MDOMBAC occurs with 1.32% of weight loss [20, 21]. The
results obtained show that the dosage of DOMBAC is proper
and the structure of MDOMBAC is stable below 400∘C,
confirming that DOMBA ions added are bound in the
interlayer space of MDOMBAC [22].

3.4. N
2
Adsorption/Desorption. The 𝑆BET, 𝑉total, and 𝐷𝑝 of

Mt and MDOMBAC were measured, and all of the data
are summarized in Table 2. The N

2
adsorption/desorption

isotherms and pore size distribution curves of samples are
shown in Figure 4. It shows that isotherms exhibit Type
II behaviors according to the IUPAC classification [23],
and the 𝐷

𝑝
of samples was about 7–9 nm, characteristics

of major mesoporous adsorbents, seen from the formed
hysteresis loop which fits to the fourth type of hysteresis loop
(H4), indicating slit pores formed from layer structure [23].
The main differences obtained from the isotherms are that
the 𝑆BET and 𝑉total of MDOMBAC are significantly larger
than that of Mt, indicating the different pore structure of
MDOMBAC with more mesoporous. It can be attributed
to the “pore prop” effect; meanwhile, the incorporation of
DOMBA ions and Mt in the interlayer area forms a more
porous intercalation compound [24].The results demonstrate
that, with the special pore structure formed by intercalation,
MDOMBAC obtains a higher adsorption capacity of ZEA
than that of Mt.

3.5. FTIR Characterization. The FTIR spectra of Mt and
MDOMBAC are shown in Figure 5. The spectra of Mt
shows that the stretching vibration band of Al–OH–Al group
at octahedral layer is at about 3668 cm−1 and its bending
vibration band is at 915 cm−1. The band at around 3430 cm−1
is the stretching vibration of interlayer water molecule and
at 1639 cm−1 is the bending vibration. The two bands are
observed at 1077 cm−1 and 1031 cm−1 in the Si–O–Si stretch-
ing vibration region and the former is stronger; the band
at 463 cm−1 is the bending vibration of Si–O–Si. The weak
band at 525 cm−1 is bending vibration of Si–O–Al and the
band at 834 cm−1 is due to stretching vibration of AlIV
tetrahedra, when replacing Si with Al [25]. After intercalation
with DOMBAC, three new bands are observed at 1473 cm−1,
2921 cm−1, and 2852 cm−1which are bending vibration, asym-
metrical stretching vibration, and symmetrical stretching
vibration of CH due to the introduction of DOMBA ions
[26]. These results suggest that Mt and DOMBA ions have
been combined together, which results inmore active sites on
MDOMBAC and higher adsorption capacity of ZEA.
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Figure 4: The N
2
adsorption/desorption isotherms of (a) Mt and (b) MDOMBAC and the insert figures are pore size distribution curves.
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3.6. Adsorption Isotherms. It is important to analyze the
isotherm data so as to investigate the mechanism of ZEA
adsorption by Mt and MDOMBAC, and the results can
help realize better design to remove ZEA from the foods
for human and animal. Therefore, two main models of
adsorption isotherm were analyzed at pH = 2, Langmuir and
Freundlich, respectively [27, 28].

The Langmuir adsorption isotherm assumes that adsorp-
tion occurs at specific homogeneous sites inside the adsor-
bent. The adsorption data were fitted to the linear form of
Langmuir adsorption model (1) and the adsorption isotherm
was obtained by plotting the particular adsorption (𝐶

𝑒
/𝐶)

against the equilibrium concentration of ZEA (𝐶
𝑒
). 𝐶
𝑒
is

the equilibrium concentration of ZEA which means the final
concentration (mg/L) of ZEA in the solution after adsorbed,
𝐶
𝑚

is the maximum adsorbance of the sorbent, 𝐶 is the

amount of ZEA adsorbed by the adsorbent at equilibrium,
and 𝐾 is a Langmuir constant related to the adsorption
energy:

𝐶
𝑒

𝐶

=

1

𝐶
𝑚
𝐾

+

𝐶
𝑒

𝐶
𝑚

. (1)

Secondly, the adsorption data were fitted to the linear
form of Freundlich adsorption model:

ln𝐶 = ln𝐾
𝑓
+

1

𝑛
𝑓

ln𝐶
𝑒
, (2)

where𝐾
𝑓
is Freundlich constant related to adsorption inten-

sity and 𝑛
𝑓
is constant related to adsorption intensity as

well; 𝐶 and 𝐶
𝑒
denote adsorbance of ZEA and equilibrium

concentration of ZEA, respectively. Freundlich equation is an
exponential variation in site energies and it is assumed that
the adsorbent has heterogeneous energy distribution of active
sites. Theoretically, Freundlich model is suitable for use with
heterogeneous surfaces and with this expression; an infinite
amount of adsorption can occur.

The absorption isothermal curves (Figure 6) and all
isotherm values (Table 3) display that the data of Mt fit to
the Langmuir model much better (𝑅2 = 0.9997), whereas
the Freundlich model is less appropriate (𝑅2 = 0.8817);
meanwhile, comparing the 𝑅2 values of MDOMBAC, the
Langmuir model obtains much better fit too, indicating that
isotherms of both Mt and MDOMBAC are consistent with
the Langmuir model and conform to monolayer adsorption
over a homogenous adsorbent surface. The results show that
organic intercalation does not change the adsorption mode.
The 𝐶

𝑚
values of Mt and MDOMBAC shown in Table 3

present that the adsorbance of ZEA onMDOMBAC is higher
than that of Mt; as the type of interlayer ions is the key factor
for the adsorption [29, 30], it indicates that interlayer ions of
DOMBA inMDOMBAC have stronger interaction with ZEA
than that of sodium ions in Mt.
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Figure 6: Adsorption isotherms of ZEA onto (a) Mt and (b) MDOMBAC.

Table 3: Isotherm parameters for ZEA adsorption onto Mt and MDOMBAC.

Sample Langmuir Freundlich
𝐶
𝑚
(mg/g) 𝐾 (L/mg) 𝑅

2
𝐾f (mg/g) 𝑛

𝑓
𝑅
2

Mt 0.4529 4.1156 0.9997 0.3140 3.8610 0.8817
MDOMBAC 5.0761 6.6555 0.9989 3.497 1.8392 0.8199

4. Conclusions

The final results demonstrate the adsorption of ZEA onto
Mt and organomodified Mt. By the method of intercalation
with DOMBAC, an effective adsorbent of MDOMBAC for
removing ZEA was prepared, which exhibited the highest
adsorption rate of ZEA (93.6%). Mt and MDOMBAC were
characterized by several methods, including XRD, TG/DSC,
N
2
adsorption/desorption, and FTIR. According to the anal-

ysis of results, it can be concluded that the higher adsorption
capacity of ZEA on MDOMBAC mainly lies in the factors
of greater surface area, higher porosity, much more active
sites, and hydrophobicity. Determination of ZEA adsorption
isotherms for Mt and MDOMBAC shows that the ZEA
adsorption follows the Langmuir isotherm model and the
maximum adsorbance of ZEA on adsorbents was estimated
to be 5.0761mg/g.

Generally speaking, in the practical application, detox-
ification treatments with MDOMBAC are technically and
economically reliable, including (a) the elimination of ZEA,
(b) not having any secondary pollution, (c) the protection of
nutritive value, and (d) the antibacterial activity. Meanwhile,
this adsorbent is cost effective and has high removal efficiency
for ZEA from aqueous and organic solutions. Furthermore,
the adsorbent is adaptable and stable when applied in dif-
ferent environments, which are the most critical properties
for the removal of ZEA with variant concentrations in
natural contaminated food. Hence, in order to prevent the
hazardous effects of ZEA, Mt intercalation compound with

DOMBAC can be used as the potential adsorbent to prevent
mycotoxicosis.
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