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Recently, environmental and energy problems have been
receiving more and more attention. It is reported that
advanced materials are promising applications in environ-
mental and energy fields.Therefore, this special issue focused
on the development and fabrication of advancedmaterials for
energy and environment applications. It is expected that this
special issuewould provide a communication platformon the
recent development of these fields.

The Call for Papers of the special issue was posted online
onNovember 10, 2013, and closed for submission on February
21, 2014. We received 24 papers for submission in less than
four months. Finally, 19 papers were selected for publication.

J. C. Wang et al. applied the hydrothermal method for
the synthesis of the Cu/SAPO-34 catalysts with different Cu
contents, which was modified by impregnating Pd. It was
found that the Cu/SAPO-34 catalysts with Cu/Si ratios of
0.05, 0.1, and 0.2 had better de-NO

𝑥
activity than other

catalysts, by the selective catalytic reduction by C
3
H
6
and

NH
3
. Experimental results indicated that the maximum

conversion of NO with Pd could reach 90%.
L. Zeng et al. reported the synthesis and charac-

terization of calcium silicate hydrates by hydrothermal
method, which was used to adsorb carcinogenic aflatoxin
B1. It was shown that the adsorption followed the pseudo-
second-order kinetic model and the data of equilibrium

adsorption were fitted to Langmuir and Freundlich equa-
tions.

The mechanism especially for H
2
molecules adsorption

on solid C
60
under high pressure was proposed byH.Wang et

al. via a first principle comparative study.They demonstrated
that the initial H

2
adsorption on two adjacent C

60
gave a

much lower barrier 1.36 eV in comparison with the barrier
of adsorption on a single C

60
(about 3.0 eV).

S. Zhang et al. prepared the organic/inorganic super-
absorbent hydrogels based on xylan and inorganic clay
montmorillonite via grafting copolymerization of acrylic acid
and 2-acrylamido-2-methylpropanesulfonic acid with N,N-
methylenebisacrylamide as a cross-linking agent and potas-
sium persulfate as an initiator. Experimental results indicated
that the hydrogels exhibited the high compressive modulus
about 35–55 KPa. The maximum equilibrium swelling ratios
of hydrogels in distilled water and 0.9 wt% sodium chloride
solutions were up to 1423 g g−1 and 69 g g−1, respectively. The
effect of various cationic salt solutions (LiCl, CaCl

2
, and

FeCl
3
) on the swelling has the following order: Li+ > Ca2+ >

Fe3+.
X. Yu et al. prepared urea-formaldehyde paraffin capsules

modified by 𝛽-cyclodextrin with excellent energy storage
capacity using different emulsifiers. It was reported that OP-
10 for use with PCMs as emulsifier had a better emulsifying
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capacity, thermal stability, and mechanical stirring stability
than SDBS for use with PCMs as emulsifier.

J. Wang et al. synthesized Mn/Si complexes in super-
critical water using a tube reactor by a series of manganese
salts (Mn(NO

3
)
2
, MnCl

2
, MnSO

4
, and Mn(Ac)

2
) and silicon

materials (silica sand, silica sol, and tetraethyl orthosilicate).
It was found that MnO

2
, Mn
2
O
3
, and Mn

2
SiO
4
could be

obtained in supercritical water at 673K in 5min and the
hydroxyl groups on the surface of SiO

2
from different silicon

sources enhanced the reactivity of SiO
2
. H. S. Hassan et al.

prepared zinc oxide with 94.9% dye removal ability within
1 h by sol-gel technique, which was a promising adsorbent
material for dye decolorization from the polluted water.

As promising hydrogen storage materials, ammonia
borane (NH

3
BH
3
) and hydrazine borane (N

2
H
4
BH
3
) have

hydrogen content as high as 19.6 wt% and 15.4 wt%. Z.-H.
Lu et al. survey the research progresses in nanocatalysts for
hydrogen generation from the hydrolysis or methanolysis of
NH
3
BH
3
andN

2
H
4
BH
3
.Moreover, they synthesizedwell dis-

persedmagnetically recyclable bimetallic CoNi nanoparticles
supported on the reduced graphene oxide by one-step in
situ coreduction of aqueous solution of cobalt(II) chloride,
nickel(II) chloride, and graphite oxide with ammonia borane
as the reducing agent under ambient condition. It was found
that theCoNi/reduced graphite oxide nanoparticles exhibited
excellent catalytic activity with a total turnover frequency
value of 19.54molH

2
mol catalyt-1min−1 and a low activation

energy value of 39.89 kJmol−1 at room temperature.
C.-d. Gao et al. prepared miscible, biodegradable

poly(vinyl alcohol)/xylan blending films in the range of the
PVA/xylan weight ratio from 1 : 2 to 3 : 1 by casting method
using 1,2,3,4-butane tetracarboxylic acid as a new plasticizer.
It was shown that blending films were biodegraded almost by
41% with an addition of 10% 1,2,3,4-butane tetracarboxylic
acid in blending films within 30 days in soil.

As mentioned in the above results, this issue provides
the recent development of advanced materials for energy and
environment applications. More importantly, we hope that
more attention should be paid to the research of these fields
and rapid progress will be achieved in the near future.

Ming-Guo Ma
Wen Zeng

Jie-Fang Zhu
Shao-Wen Cao

Zhong-Chang Wang
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A simple, fast, and cost-effective method was developed in this paper for the high-throughput fabrication of nanohole arrays on
silicon (Si), which is utilized for antireflection.Wafer-scale polystyrene (PS)monolayer colloidal crystal was developed as templates
by spin-coatingmethod.Metallic shadowmaskwas prepared by lifting off the oxygen etchedPS beads from the deposited chromium
film. Nanohole arrays were fabricated by Si dry etching. A series of nanohole arrays were fabricated with the similar diameter but
with different depth. It is found that the maximum depth of the Si-hole was determined by the diameter of the Cr-mask. The
antireflection ability of these Si-hole arrays was investigated. The results show that the reflection decreases with the depth of the
Si-hole. The deepest Si-hole arrays show the best antireflection ability (reflection < 9%) at long wavelengths (>600 nm), which
was about 28 percent of the nonpatterned silicon wafer’s reflection. The proposed method has the potential for high-throughput
fabrication of patterned Si wafer, and the low reflectivity allows the application of these wafers in crystalline silicon solar cells.

1. Introduction

Solar cell is an important development direction for clean and
renewable energy [1]. Crystal silicon solar cells dominated a
significant position in the commercial solar cell market [2].
However, high reflectivity of silicon wafer on visible light
(more than 30%) has greatly hindered the light conversion
efficiency [2, 3]. Recently, various antireflectionmethods have
been developed to reduce the reflection loss of solar cells, such
as antireflection multilayer films and patterned coatings [4].

Constructing periodic patterns directly on silicon sub-
strates is attractive for solar cells due to its strong enhanced
light trapping and potential low cost [4]. For example,
vertically aligned nanowire, nanorod, nanocone, or nanohole
arrays have been studied to improve light absorption for
solar cells [4–9]. Theoretical research suggests that nanohole
architectures display strong optical absorption ability because
of the effective optical coupling between the array and the
incident sunlight as well as the large density of waveguide

modes [4]. Nanohole arrays also exhibit better mechanical
robustness, comparedwithmultilayer antireflection films and
free-standing nanowire structures.

Asmentioned above, nanohole arrays have great potential
for efficient solar photovoltaics. A simple, controllable, cost-
effective, and high-throughput fabrication method was of
primary importance for practical commercial application.
Deep ultraviolet lithography and electron beam lithography
have been used to fabricate the nanopatterns on silicon
wafer surface [4, 10]. However, the high cost and low-
throughput hindered its wide application. Laser holographic
lithography has also been used to fabricate silicon nanoholes
[11–13]. It was considered a potentially high throughput
process for periodic nanostructures fabrication. However, it
is limited by the light wavelength in fabrication and the huge
cost. Nanosphere lithography has been widely used in the
fabrication of periodic nanopatterns for its low cost and good
controllability [14–19]. Manufacturing efficiency may be the
biggest problem commonly encountered [2, 3, 9].

Hindawi Publishing Corporation
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(a) (b)

(c)(d)

Figure 1: Schematic of nanohole array fabrication procedures: (a) PS monolayer colloidal crystal prepared by spin-coating; (b) PS beads size
reduction by oxygen etching; (c) Si-hole preparation by lifting off the etched PS bead from the Cr-layer; (d) Si-hole array fabrication by silicon
dry etching.

Herein, we demonstrated a simple, fast, and cost-
effective strategy for high-throughput fabrication of antire-
flective nanohole arrays on silicon. Spin-coating method
was employed to fabricate wafer-scale crystal templates. And
some other standard microfabrication methods, such as O

2

reaction ion etching, metal film deposition, and silicon
dry etching, were in turn implemented to fabricate silicon
nanoholes arrays. A series of Si-hole arrays were successfully
fabricated in a controlled manner. And their antireflection
ability was further investigated.

2. Experimental
2.1. Materials and Instruments. PS beads with a mean diam-
eter of 310 nm were purchased from Sigma-Aldrich (Ger-
many). ⟨100⟩ silicon wafers (500 𝜇m thickness, n type, from
Tianjin Semiconductor Technology Research Institute) were
used as substrates. Other chemicals were purchased from
Sinopharm (Shanghai), including concentrated sulfuric acid
(H
2
SO
4
, 98%), hydrogen peroxide (H

2
O
2
, 30%), ethanol

(EtOH), and acetone. Cr etchants and deionized water (DI)
were prepared in laboratory. All chemicals were used as
received.

A spin-coater (EASYLINE-S-200TT, Solar-semi, Ger-
many) was employed to prepare well-organized crystal
domain. An inductively coupled plasma reactive ion etch-
ing system (ICP-2B, Chuangweina, Beijing) was utilized to
etch the PS beads and Si substrate. An e-beam evaporator
(ZZS500, Nanguang, Chengdu) was used for Cr-layer depo-
sition. Optical microscopy, scanning electron microscopy
(SEM, S-4800, Hitachi), and atomic force microscopy (AFM,
dimension Icon, Bruker Nano Surfaces Division) were used
to analyze the nanoscale morphologies. UV-VIS spectropho-
tometer (Hitachi U-4100) was used here for reflectivity
measurements.

2.2. Fabrication Procedures. The schematic of nanohole array
fabrication procedures was illustrated in Figure 1.

PS beads were first dispersed in a mixed solution of H
2
O

and EtOH (v : v = 1 : 1). The silicon wafers were cleaned in
the “Piranha” solution (v : v = 3 : 1 mixture of H

2
SO
4
and

H
2
O
2
) for one hour to improve their hydrophilicity. The

cleaned wafer was stored in ethanol and dried with a stream
of nitrogen gas before use. A drop (1200 𝜇L) of PS dispersions
was spread onto silicon wafer, and the solution was allowed
to uniformly cover the wafer surface for 30 s before spin-
coating process started.The rotation speed was 2000 rpm and
spinning time was 120 s. PS monolayer colloidal crystal was
developed on the 3-inch silicon wafer and used as starting
templates (Figure 1(a)).

The PS monolayer colloidal crystal was then etched in
the oxygen plasma to reduce size, operating at 4.6 e−1Pa
(chamber pressure), 32 sccm (flow rate), and 28W (RF
power) (Figure 1(b)). Subsequently, a 200 Å thick Cr film was
deposited in an e-beam evaporator with the evaporation rate
of 2∼5 Å/s. The etched PS beads were then lifted off from
the Cr-layer, leaving behind the Cr-hole mask (Figure 1(c)).
Silicon substrate dry etching process was employed to fabri-
cate the Si-hole arrays. A mixture of SF

6
gas and Ar

2
gas was

used as etching gas with the operating parameter characters
of 0.1 Pa (chamber pressure), 46 sccm (flow rate), and 45W
(RF power). Cr nanohole mask was then removed by the Cr
etchant as shown in Figure 1(d). Finally, silicon substrate was
ultrasonically cleaned in deionized water for several minutes.

3. Results and Discussions

3.1. Wafer-Scale Fabrication. Photovoltaic production calls
for simple, fast, and cost-effective fabrication process. Also,
the process should be compatible with current techniques.
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Figure 2: Optical microscopy photographs and SEM images of spin-coated PS monolayer. These points were randomly selected and kept a
great distance away from each other.
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Figure 3: SEM images of size reduced PS NCP beads and the Cr nanoholes. ((a)–(c)) SEM images of PS beads with average diameters of
235 nm, 215 nm, and 185 nm, respectively; ((e)-(f)) SEM images of Cr nanoholes with average diameters of 244 nm, 219 nm, and 191 nm,
respectively.

The nowadays widely usedmethods are either time-assuming
or of low-throughput. Herein, spin-coating technique was
utilized to prepare wafer-scale crystal domain. Spin-coating
is a facile, cost-effective, and laborsaving technique, which is
compatible with mature IC technique [20, 21].

Figure 2 shows a digital camera photograph of a 3-
inch silicon wafer, on which PS beads formed a uniform
monolayer by spin-coating technique. Nearly the whole wafer
presents yellow color when illuminated with white light.
As the color of PS film changed obviously with the layer
and the orientation of colloidal crystal, the homogeneity
color of the wafer demonstrates the uniformity of the PS

film [21]. The uniformity of PS film was further validated
by the microscope images as shown in Figures 2(a), 2(b),
and 2(c). The microscopy photographs were obtained at
randomly selected areas that are far away from each other.
It is monotonous yellowish green in the microscopy images.
The arrays of close-packed PS beads were filled in the field of
vision. The dark dots among the PS monolayer are a result of
the incomplete dispersion of the PS sol., which can be avoided
by complete dispersion.

Figures 2(d) and 2(e) show the low and high magnified
SEM images of the PS monolayer colloidal crystal. The
PS monolayer is constituted with regions of hexagonally
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Figure 4: SEM and AFM images of Si-hole arrays. ((a)-(b))The high and lowmagnification SEM images of Si-hole arrays after 3min etching;
(c) the 3D AFM images 3min etched Si-hole arrays; (d) height profile of the red line marked in (c); ((e)-(f)) SEM images of Si-hole arrays
after 5min and 7min etching, respectively.

close-packed (HCP) PS beads. Thus, the colloid film was
long-range ordered. It has been demonstrated that there is no
difference in photovoltaics for long-range ordered arrays and
strict-ordered arrays [22]. The area of the HCP regions was
on the order of several 1000𝜇m2.

3.2. EtchingMask Preparation. To control the diameter of Cr-
mask, the PS beads were etched in O

2
plasma. The oxygen

etching parameters, such as etching power and etching time,
were optimized to control the diameter of the PS beads.
Figures 3(a), 3(b), and 3(c) show the SEM images of etched
PS beads. The etched PS beads were nonclosed, packed,
and round in shape seen from the top view. The beads’
diameters were reduced to 235 nm, 215 nm, and 185 nm after

240 s, 260 s, and 300 s oxygen etching, respectively. These
nonclosed packed PS beads arrays were covered by Cr-layer
and then lifted off by adhesive tape leaving behind theCr-hole
arrays as shown in Figures 3(d), 3(e), and 3(f). The Cr-hole
arrays served as etchingmask in silicon nanohole fabrication.
The diameters of Cr-hole are 244 nm, 219 nm, and 191 nm,
respectively. They are a little larger than corresponding
colloidal templates, which is a result of the lateral growth of
the deposited metal [23].

3.3. Vertical Etching and Lateral Erosion. To investigate the
relationship between the antireflection ability and the depth
of the Si-hole, the diameters of Si-holes were controlled
to about 300 nm, which is much close to the period of
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Figure 5: (a) Specular reflectance curves of flat silicon wafer and Si-hole arrays that etched for 3min, 5min, and 7min; (b) homogeneity of
the Si-hole arrays substrate.

the Si-hole array (diameter of unetched PS sphere, about
310 nm).Themorphologies of these Si-hole arrays were char-
acterized by SEM and AFM imaging as shown in Figure 4.
Figure 4(a) shows the low-magnified SEM image of the Si-
hole arrays etched for 3min. These arrays are long-range
ordered following the orientation of spin-coated PS beads.
Figure 4(b) shows the high-magnified SEM image of Si-hole
arrays. And the inset shows the cross-section view of a Si-
hole. Figure 4(c) shows the 3D AFM image after etching for
3min. And Figure 4(d) shows the height profile of the red
line marked in Figure 4(c). These AFM images confirmed
the morphology of the Si-hole characterized by SEM. Figures
4(e) and 4(f) show the SEM images of Si-hole arrays that
etched for 5min and 7min, respectively. The insets show the
corresponding cross-sections.

Judging from the insets of Figures 4(b), 4(e), and 4(f),
the depths of the Si-holes after 3min, 5min, and 7min
etching processes were about 122 nm, 195 nm, and 285 nm,
respectively. All the diameters of the Si-holes are about
300 nm. There is lateral erosion in the Si etching process
considering that the corresponding diameters of Cr-masks
were 244 nm, 219 nm, and 191 nm, respectively. Seen from
the insets of Figures 4(e) and 4(f), the sidewalls of the Si-
holes were nearly triangle. Thus, the Si-hole would not be
deepened by extending the etching time due to the lateral
erosion. The Si-hole can be deepened if smaller Cr-mask was
utilized.Thus, the maximum depth of Si-hole was depending
on the diameter of Cr-mask.

3.4. Antireflection Characterization. The patterned Si wafers
were utilized for antireflection. These arrays were fabricated
with similar diameters but with different depth. The specular
reflectance curves of the substrateswere shown in Figure 5(a).

The incident light was perpendicular to the substrate sur-
face, and the reflectivity was measured between wavelengths
300 nm and 1000 nm.The black line represents the reflection
curve obtained from a flat Si wafer. The flat Si wafer exhibits
high reflectivity (>32%) in both visible and near infrared
wavelengths range. All patterned substrates perform much
better than the flat silicon substrate.The reflectivity decreased
with the depth of the Si-hole arrays. The Si-hole arrays that
etched for 7min exhibit the best antireflection ability (<9%),
which is about 28 percent of the nonpatterned silicon wafer’s
reflection.

To investigate the homogeneity of proposed Si-hole
arrays, redundancy reflection spectra weremeasured for each
substrate. The redundancy spots were selected far away from
the originally measured one on each wafer. These curves
were shown in Figure 5(b).The curves coincide to each other
well for corresponding etching time, which demonstrated the
homogeneity of the patterned antireflection wafer.

The proposed Si-hole based antireflection substrate per-
forms better than the reported colloid-based antireflection
coatings [2, 24]. Moreover, the advantages of the proposed
method are the cost-effectiveness, high-throughput, and con-
trollability. And the antireflection performance of proposed
structure can be further improved in future research by
optimizing the fabrication parameters.

4. Conclusions

In summary, a simple, fast, and cost-effective method is
developed based on nanosphere lithography in this paper for
high-throughput fabrication of wafer-scale nanohole arrays
on silicon.These patterned structures perform well in antire-
flection and have the potential in photovoltaic manufacture.
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The spin-coating technique was introduced herein to confirm
the simple, fast, and wafer-scale fabrication. And the fabrica-
tion procedure was of high-throughput and cost-effective. It
is found that the reflectivity of the substrate decreases with
the depth of the Si-hole. And the maximum depth of Si-
hole is dependent on the diameter of Cr-mask. The Si-hole
substrate with 285 nm depth shows the best antireflection
ability (<9%), which is about 28 percent of the nonpatterned
silicon wafer’s reflection.The fabricated structures are able to
reduce reflectivity at the visible and near infraredwavelengths
range.The proposed strategy is attractive for the antireflective
substrate fabrication, which have a great potential to improve
the solar cell conversion efficiency.
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In this work, nanoscale SnO
2
with various geometrical morphologies, including pine needle-like, sphere-like, sheet-like, grape-

like nanostructures, was prepared via a facile hydrothermal process. Microstructures and morphologies of all the as-synthesized
products were characterized by X-ray diffraction (XRD) and field emission scanning electron microscopy (FESEM). Meanwhile,
the specific surface areas of the as-prepared SnO

2
nanostructures were determined by Brunauer-Emmett-Teller (BET) analysis. Gas

sensors were fabricated and their gas sensing properties towards hydrogenwere systematically investigated.The results indicate pine
needle-like SnO

2
structure exhibits exclusive better gas sensing performances to hydrogen than the other morphologies, which can

be attributed to its novel shape with a large specific surface area. Such an unexpected morphology is a promising candidate for the
use of SnO

2
as a gas sensing material in future hydrogen sensor applications.

1. Introduction

As important fundamental materials, metal oxides such as
ZnO [1, 2], CuO [3], WO

3
[4, 5], and SnO

2
[6–8] have

attracted a remarkable interest due to their unique physico-
chemical properties. Among them, the n-type large gap semi-
conductor SnO

2
has been extensively applied in the field of

catalysts [9], Li-ion batteries [10], solar cells [11], and gas sen-
sors [12–14]. It is well known that factors such asmorphology,
crystal structure, and grain size, as well as synthesis method
can dramatically affect the gas sensing properties of SnO

2
-

based sensor [15–19]. Among these factors, the fabrication of
well-defined morphology is of great interest and significance
to enhance the sensing characteristics of SnO

2
gas sensors

for the past few years. Various SnO
2
nanoarchitectures with

special morphologies including nanorods [20], nanoflowers
[21], nanosheets [22], nanocubes [23], and nanowires [24]
have been successfully synthesized via different methods.
Indeed, these structures have showed good sensitivity and
selectivity to inflammable or toxic gases, such as C

2
H
5
OH,

CO, H
2
S, or NO

2
. However, up to now, little attention has

been paid to the effect of different SnO
2
morphologies on the

H
2
gas sensing performances. To date, a variety of methods

have been employed to prepare nanocrystalline SnO
2
, for

instance, sol-gel process [25], chemical vapor deposition [26],
coaxial electrospinning [27], and hydrothermal reaction [28].
Compared to other techniques, hydrothermal approach is
often adopted for its obvious advantages of simplicity, mild
fabrication condition, high purity of product, and low cost
[28–30].

In this work, several types of SnO
2
nanomaterials with

different morphologies were successfully prepared through
an environmentally friendly hydrothermal route. Further-
more, sensing properties of the sensors based on the samples,
such as sensitivity, optimumoperating temperature, response
and recovery times as well as the long-term stability, were
systematically tested and compared with each other.The pine
needle-like SnO

2
displays better sensitivity, lower working

temperature, and more rapid response-recovery time to H
2

than that of the other samples, which implies that the gas
sensing properties of SnO

2
sensors can be highly enhanced

by preparing SnO
2
with desired morphology.
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2. Experimental

2.1. Materials Synthesis. All the reagents purchased from
Chongqing Chuandong Chemical Reagent Co., Ltd. were of
analytical grade and used as received without any further
purification.

Pine needle-like, sphere-like, sheet-like, and grape-like
SnO
2
were realized by the hydrothermal synthesis route [28–

30].
(a) Pine needle-like SnO

2
structures were prepared as

follows: in a typical experiment, 0.05 g Na
2
SnO
3
⋅3H
2
O and

0.02 g NaOHwere dissolved into 40mL deionized water with
vigorous stirring for 10min, and then 0.03 gHMTwas added.
After the complete dissolution, the precursor was transferred
to aTeflon-lined stainless steel autoclave of 50mLvolume and
kept at 180∘C for 24 h.

(b) Synthesis of SnO
2

nanospheres: 4.0mmol
SnCl
2
⋅2H
2
O and 10mmol Na

3
C
6
H
5
O
7
⋅2H
2
O were mixed

together in 20mL distilled water and stirred for 5min.
0.02mmol NaOH was then added to the above solution with
continuous stirring to form a homogeneous solution, which
was finally transferred to a 25mL Teflon-lined stainless steel
autoclave and heated at 180∘C for 12 h.

(c) SnO
2

nanosheets were synthesized as the
following process, in which, 0.09 g SnCl

2
⋅2H
2
O, 0.15 g

Na
3
C
6
H
5
O
7
⋅2H
2
O, and 0.05 g NaOH were added into 40mL

basic mixture of ethanol and water (1 : 1, v/v) with intense
magnetic stirring over 30min. The reaction mixture was
transferred into a 50mL Teflon-lined stainless steel autoclave
at 180∘C in 12 h.

(d) The fabrication of grape-like SnO
2
structures is as

follows. In a typical procedure, 0.4 g SnCl
4
⋅5H
2
O was added

into NaOH solution (0.5 g, 20mL). After stirring for 5min,
30mmolHMTwas added into above solution under vigorous
stirring.Then, 20mL of absolute ethanol was dropwise added
to obtain awhite translucent suspended solution. Transfer the
well-mixed solution into a 50mL stainless steel autoclave at
180∘C for 24 h.

All the above heating autoclaves were cooled to room
temperature naturally. The obtained precipitates were
retrieved by centrifugation, and then washed several times
with distilled water and anhydrous ethanol to remove any
possible residues. Finally, all the samples were dried in air at
60∘C for about 12 h for further characterizations.

2.2. Fabrication of Gas Sensor. The detailed fabrication of a
side-heated gas sensor was as follows: first, each of the above
as-synthesized samples was mixed with diethanolamine and
ethanol to form a homogeneous paste and then coated onto
an alumina tube on which a pair of Au electrodes was
previously printed; later, a Ni-Cr heating wire was inserted
into the tube for adjusting the operating temperature of the
sensor. Finally, all the as-prepared sensors were aged at 300∘C
for 120 h to enhance their stability and repeatability. The
schematic diagram of the gas sensor is shown in Figure 1.

2.3. Characterization andMeasurement of Gas Sensing Proper-
ties. The crystalline structures of the prepared samples were

Alumina tube

Pt wire

Au electrode

Ni-Cr heater

Sensitive materials

Figure 1: The schematic diagram of the gas sensor.

identified by X-ray diffraction (XRD) with a Rigaku D/Max-
1200X diffractometer employing Cu K𝛼 radiation (40 kV,
200mA and 𝜆 = 1.5418 Å). The general morphologies and
microstructures were characterized by a Nova 400 Nano
field emission scanning electron microscopy (FESEM, FEI,
Hillsboro,OR,USA) operated at 5 kV.Meanwhile, the specific
surface areas of the products were estimated using the single
point Brunauer-Emmett-Teller (BET) method by the 3H-
2000 nitrogen adsorption apparatus.

Gas sensing properties were measured by the chemical
gas sensor-8 temperature pressure (CGS-8TP) intelligent gas
sensing analysis system (Beijing Elite Tech Co., Ltd). It is
convenient to gain parameters for sensor resistance, sensitiv-
ity, environmental temperature, and operating temperature,
as well as relative humidity from the analysis system. All
the sensors needed to be preheated at different operating
temperatures for about 30min. When the sensor resistance
value kept steady, a certain concentration of target gas was
then injected into the test chamber through a microinjector.
The tested gas and air were mixed together using two fans
of the analysis system. After the resistance of the sensor
attained a new stable value, the test chamber was opened
to recover the sensor. The whole experiment process was
carried out at constant environment temperature and relative
humidity. Repeat all the measurements a few times to ensure
the reproducibility of the gas sensing response.

The gas response in this paper was defined as the ratio
of sensor resistance in dry air to that in tested gases [31]. The
response and recovery times were expressed as the time taken
by the sensor to achieve 90% of the total resistance change in
the case of adsorption and desorption, respectively [32, 33].

3. Results and Discussion

3.1. Structural and Morphological Characteristics. Figure 2
presents the XRD patterns from the final SnO

2
products. All

diffraction peaks are well in accordance with the tetragonal
rutile SnO

2
structure (JCPDS file number 41-1445); no other

crystal phases and any characteristic peaks from the impuri-
ties are observed, confirming that all the samples are of high
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Figure 2: XRD patterns of all the SnO
2
samples.

purity and crystallinity. In addition, pine needle-like SnO
2

has broader peaks in comparison with other samples, which
demonstrates that the pine needle-like sample has smaller
crystal size. BET analysis results indicate that the surface area
of pine needle-like, sphere-like, sheet-like, and grape-like was
about 30.4m2 g−1, 21.3m2 g−1, 20.8m2 g−1, and 18.2m2 g−1,
respectively. Clearly, pine needle-like SnO

2
possesses much

higher specific surface area as compared to other samples.
Generally, larger surface area means more active sites and
diffusion pathways for gas exchange, which may lead to a
larger response.

To gain insight into the detailed morphology of SnO
2

products, typical FESEM images of all the samples can be
observed in Figure 3. From Figure 3(a), numerous SnO

2

nanoparticles with smooth surface are clearly observed.
They are uniformly distributed and have a nearly spherical
morphology with average diameter of 350 nm. As seen in
Figure 3(b), the sample contains a large scale of pine needle-
like leaves which are well arranged and rather uniform in
shape and size. These thin leaves are about 400–500 nm in
length and 50–80 nm in width. No other morphologies could
be detected, suggesting a high yield of these nanostructures.
To the best of our knowledge, such unique shape has not
been reported so far, and it may have an obvious influence
on promoting gas sensing performances of SnO

2
. Figure 3(c)

exhibits SnO
2
with grape-like structures assembled from

dozen of rugged spheres. Figure 3(d) presents a panoramic
image of the SnO

2
sample that consisted of randomly

arranged nanosheets and some unshaped nanosheets which
are growing.

3.2. H
2
Sensing Properties. Operating temperature is an

important fundamental characteristic of gas sensors for its
significant impact on sensor response. Figure 4 describes
the response curves of these sensors to 200 ppm of H

2
as a

function of temperature from 220 to 480∘C with an interval
of 20∘C. Apparently, the responses of the sensors increase
with a raise of temperature and reach the maximum and
then decrease with further increase of working temperature.

Usually, operating temperature of the oxide semiconductor
sensor depends on two parameters: electron density of the
sensor and reaction rate coefficient between H

2
molecules

and adsorbed oxygen species [34]. On one hand, they both
increase as the temperature rises. On the other hand, gas
response is proportional to reaction rate coefficient but
inversely proportional to electron density. Therefore, there
should be an optimal temperature to balance the two parame-
ters for achieving the maximum sensor response. In contrast,
SnO
2
sensors using samples of pine needle-like, sphere-

like, and sheet-like are more sensitive to H
2
than that of

grape-like at the same temperature. The highest gas response
for pine needle-like, sphere-like, sheet-like, and grape-like
SnO
2
was about 20.5, 18, 17, and 14 at temperature of 360∘C,

380∘C, 380∘C, and 400∘C, respectively. Herein, the optimal
operating temperatures were determined to further examine
the characteristics of the sensors. Furthermore, the higher
response of pine needle-like SnO

2
probably results from its

very fine grain size and large specific surface area.
Figure 5 shows the correlation between the response of

SnO
2
sensors and H

2
gas concentrations, where the sensors

worked at their own optimum operating temperature as
mentioned above. From the curves, it is evident that the
response of the sensors increases nonlinearly with no sign
of saturation when H

2
concentration ranges from 100 to

1000 ppm.This usually is explained through the gas-diffusion
theory by which the oxide based sensor response can be
written as 𝑆 = 𝑎𝐶𝑏 + 1 [34, 35]. In the formula, 𝑎 is a
controllable constant, 𝑏 is a charge parameter which reflects
oxygen ion species on the surface of SnO

2
sensors, and

𝐶 is the concentration of the tested gas. Normally, 𝑏 has
value of 1 for O− and 0.5 for O2−. Besides, it is necessary
to know that the growth trends are gradually slowed down
with a further rise of gas concentrations. The corresponding
data is not presented. This phenomenon might be owing
to both the change of stoichiometry about the elementary
reactions and the competitions of gas molecules for reaction
sites as gas concentrations increase progressively [36, 37].
Specifically, the SnO

2
sensor with pine needle-like structure

shows relatively higher sensitivity to H
2
than that of other

sensors.
The response and recovery characteristics were studied

with the sensors being orderly exposed to 200 ppm of H
2
gas

at their own optimum operating temperature, and the curves
are depicted in Figure 6.The response and recovery times for
the pine needle-like, sphere-like, sheet-like, and grape-like
SnO
2
were estimated to be 19–22 s, 22–26 s, 24–27 s, and 25–

29 s, respectively. Interestingly, it seems that voltages of all the
samples increase dramatically when H

2
is in but go back to

their original states when the gas is out. Comparing with the
other three SnO

2
nanostructures, it could be noted that the

pine needle-like SnO
2
has the shortest response and recovery

times, reflecting its excellent sensing performance once again.
Figure 7 displays the long-term stability of the sensors to

200 ppm of H
2
at their own optimum operating temperature

with relative humidity of 35%. It could be known that gas
response changed slightly after a month, suggesting that all
the sensors have good stability and repeatability.
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Figure 3: FESEM images of (a) sphere-like, (b) pine needle-like, (c) grape-like, and (d) sheet-like SnO
2
.

On the basis of above discussions, one can draw a
conclusion that pine needle-like SnO

2
exhibits the most

superior sensing properties to H
2
among the four samples.

3.3. Gas SensingMechanism. It is believed that the gas sensing
mechanismof SnO

2
sensors follows the surface chargemodel.

When sensors contact with different gases, the resistance
would have a change. Both the species and amount of oxygen
ions play crucial roles in the variation of resistance.When the
sensors are exposed to air, oxygenmolecules adsorbed on the
surface of SnO

2
nanostructures would be ionized to O2−, O−,

or O
2

− by capturing free electrons from the conduction band
of SnO

2
, which causes a depletion layer and consequently

increases the resistance of the sensors. As a reducing gas
such as H

2
is introduced, chemical reactions between the H

2

molecules and the ionized oxygen are active. This process
releases the trapped electrons back to the SnO

2
surface and

thus leads to an increase in the carrier concentration and
carrier mobility of SnO

2
. The gas sensing reaction process on

the SnO
2
surface is seen in Figure 8.

The possible reactions involved in the above process are
expressed as follows [38, 39]:

O
2
(gas) → O

2
(ads)

O
2
(ads) + e− → O

2

−

(ads)

O
2
(ads) + 2e− → 2O− (ads)

O
2
(ads) + 4e− → 2O2− (ads)

H
2
(gas) → H

2
(ads)

H
2
(ads) +O− (ads) → H

2
O (ads) + e−

H
2
(ads) +O2− (ads) → H

2
O (ads) + 2e−

(1)

In this experiment, the different sensing properties of
the four SnO

2
samples toward H

2
can be ascribed to the

different morphologies and nanostructures. Moreover, the
higher sensitivity of pine needle-like SnO

2
is mainly based

on its special structure with a large surface area which can
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Figure 5: Response of the sensors as a function of H
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gas concen-

trations (room temperature at 25∘C and relative humidity as 35%).

provide more active sites and quick passages for gas exchange
and thus enhance the interaction between SnO

2
surface and

H
2
molecules.

4. Conclusions

In summary, SnO
2
nanostructures with various morpholo-

gies including pine needle-like, sphere-like, sheet-like, and
grape-like were realized by hydrothermal preparation. Addi-
tionally, both their microstructures and gas sensing prop-
erties to H

2
were tested. As compared to other three sen-

sors, pine needle-like SnO
2
sensor exhibits more excellent

performances in terms of higher response, faster response-
recovery time, and lower working temperature. The good
sensing propertiesmay be attributed to the novel pine needle-
like structure which has a large specific surface area with
massive gas-diffusion channels. The obtained results indicate
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Figure 6: Response-recovery curves of the sensors to 200 ppm of
H
2
(room temperature at 25∘C and relative humidity as 35%).
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that the gas sensing properties of SnO
2
sensing materials

can be significantly improved by tailoring their surface struc-
tures and shapes. These findings offer new opportunities for
designing and developing high-performance H

2
gas sensors.
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The hierarchical SnO
2
sphere-like architecture, consisting of numerous thin nanosheets, was successfully synthesized via a facile

hydrothermal method. The structures and morphologies of this hierarchical architecture were characterized in detail by means
of powder X-ray diffraction (XRD), field-emission scanning electron microscopy (FE-SEM), and Brunauer-Emmett-Teller (BET).
Further comparative experiments of gas-sensing performances of the as-prepared SnO

2
were investigated towards ethanol. It shows

this three-dimensional, sheet-spheres, SnO
2
as a potential gas-sensing material for a broad range of future sensor applications, like

sensitive response to other gases such as hydrogen, carbonic oxide, and methane.

1. Introduction

In the nanoscale, tremendous efforts have been paid to
develop methods to adjust the microstructures of materials
and thus tuning their functionalities [1–4]. Tin oxide (SnO

2
),

as an n-type semiconductor with a wide band gap (𝐸
𝑔
=

3.6 eV, at 300K), has been the attractive material in various
fields, such as gas sensors [5], catalysts [6], Li-ion batteries
[7, 8], and electrode materials [9]. It has received consid-
erable attention in both fundamental studies and practical
applications due to unique properties such as photocatalysis
and gas-sensing [10, 11]. As we know, many fundamental
physical and chemical properties of semiconductor materials
rely not only on the composition but also on the structure,
phase, shape, and size; synthesis of nanomaterials with
a tunable shape or morphology has been the subject of
intensive research [12–14]. Recently, numerous studies have
demonstrated that materials with large surface area, efficient
catalytic activity, and structural stability, such as three-
dimensional (3D) structures (e.g., spheres-like [15], aloes-
like [16], and flowers-like [17]), exhibit enhanced gas-sensing
performance. There are various preparation methods, such

as thermal evaporation technique [18], sol-gel method [19],
and hydrothermal route [20] which have been developed
for 3D hierarchical architectures. Li et al. discuss porous
SnO
2
spheres which are synthesized through a solvothermal

method [15]; Wang et al. use a sol-gel template synthetic
technique to make SnO

2
tubes [21]; Qi et al. study SnO

2

fibers which are synthesized via a simple electrospinning
method [22]. Among them, the hydrothermal method has
been proved to be effective for preparation hierarchical
SnO
2
architectures [23]. Although the various nanostructure

spheres of SnO
2
have been synthesized, it still remains a

huge challenge to shape-controlled routes with well-defined
morphology and uniform size.

In this paper, we detailed a controllable synthesis of
SnO
2
sphere-like nanostructure through the straightfor-

ward hydrothermal process via the HMT (Hexamethylenete-
tramine) assisted. Both of these two SnO

2
spheres samples

exhibit the obvious high gas-sensing activities to ethanol
during the experiments such as response and recovery
time test, optimum operating temperature test, and differ-
ent gas concentration test. Based on comparative studies,
the possible formation mechanism was discussed basically.
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The gas-sensing properties of SnO
2
sheet-spheres are found

better than pointed columnar-spheres ones because of the
higher voltage during the response-recovery time, lower
working temperature, and more sensitive response in the
same concentration to ethanol. The results not only pro-
vide a cheap and effective way to control the morphology
and synthesize high performance three-dimensional sensing
SnO
2
to ethanol but also lay the foundation for the gas-

sensitive reaction to the other gases (hydrogen, carbonic
oxide, methane, etc.) for the future research.

2. Experimental

During the experiment, all chemicals are analytical-grade
reagents fromChongqingChuandongChemical ReagentCo.,
Ltd., and used without any further purification.

Both of the SnO
2
with nanostructures were compounded

via the stable and controllable hydrothermal process.

2.1. Synthesis of SnO
2
Sheet-Spheres. In a typical hydrother-

mal process, 0.53 g NaSnO
3
⋅3H
2
O (2mmol) and 0.20 g

NaOH (5mmol) were dissolved into 75mL deionized water.
Then with magnetic continuously stirring, we got cleared
solution. Next, 0.3 g HMT was dissolved into this cleared
solution and stirred for next 30 minutes to get the reaction
solution. Afterwards, the solution was transferred into a
Teflon-lined stainless steel autoclave andmaintained at 180∘C
for 24 h. Finally, the product was collected by centrifugation,
washed with deionized water and ethanol for six times,
respectively, and finally dried at 60∘C for 24 h to get the
powder.

2.2. Synthesis of SnO
2
Pointed Columnar-Spheres. Typically,

0.26 g SnCl
4
⋅5H
2
O, 0.32 g NaOH and 0.10 g Na

2
SO
4
were

dissolved into a 10mL deionized water to stir for 5 minutes.
Then 12mL ethanol was dissolved into it to get white trans-
parent suspension solution. After that, the evenly stirring
mixtures were transferred into a Teflon-lined stainless steel
autoclave and then heated in an oven at 180∘C for 24 h. After
cooling down to room temperature naturally, the product
was collected by centrifugation and washed six times with
deionized water and absolute ethanol, subsequently. Finally,
a white precipitate was harvested by glass culture dish and
dried at 60∘C overnight to get the solid powder.

2.3. Fabrication of Gas Sensor. The gas sensors were fabri-
cated by dispersing the powders with ethanol to form pastes.
The pastes were subsequently coated onto a ceramic tube to
form a thin layer of sensing film (thickness about 10–20𝜇m),
positioned with a pair of Au electrodes at each end point.
A Ni-Cr heating wire was inserted into the alumina tube to
control the operating temperature by tuning the heating volt-
age. Figures 1(a) and 1(b) show a photograph of the sensor on
the socket and a schematic image of the as-fabricated sensor,
respectively. All the as-prepared sensors were finally aged at
240∘C for 72 h to improve their stability and repeatability.
The gas sensing properties of the samples were conducted
using the Chemical Gas Sensor-8 (CGS-8) gas sensitivity

instrument and analysis system (Beijing Elite Tech Co., Ltd.)
that is a static test system with a heated area to place volatile
liquid in the chamber. All the sensors were put into the test
chamber and preheated at different operating temperature to
keep steady.Then saturated target vaporwas addedwhichwas
the volatilization of the ethanol after heating. When the gas
evenly filled the chamber, the system attained a new stable
value. After that, the test chamber was opened to recover the
sensor and repeated all the measurements several times to
make sure the reproducibility of the gas-sensing response.
The sensors are operated using a circuit voltage (𝑉

𝑐
), which

was applied to allow for a measurement of the output voltage
(𝑉out) across. When air and ppm-level target gases flowed
through the test chamber, the corresponding resistances of
the sensor in air (𝑅

𝑎
) and in the presence of the target

gas in air (𝑅
𝑡
) were measured by monitoring the 𝑉out. Gas-

sensing studies are carried out under laboratory condition
with room temperature as 27∘C and relative humidity as 40%.
Gas response in this paper is defined as 𝑆 = 𝑅

𝑎
/𝑅
𝑡
, in

which 𝑅
𝑎
and 𝑅

𝑡
are the resistance of the sensor in air and

in ethanol gas, respectively. And the response and recovery
time are counted as the time taken by the sensor to achieve
90% of the total resistance change in the case of adsorption
and desorption, respectively.

3. Result and Discussion

3.1. Structure Characterization. The phase purity of the pre-
pared samples was characterized by X-ray diffraction (XRD,
scanning rate: 0.02∘ s−1 in the 2-theta range of 10–90∘). All the
diffraction peaks of the sample in Figure 2 were well indexed
to the SnO

2
with the rutile structure (space group: P42,

JCPDS card number 41-1445) and no obvious characteristic
peaks from other impurities were detected, indicating the
high purity and crystallinity of the final products. It is easy
to see that both two samples have similar XRD patterns such
as location, intensity, and breadth, suggesting that the samples
exhibit almost the same crystal size. Meanwhile, the structure
of the solid powder was investigated using a Nova 400 Nano
field emission scanning electronic microscopy (FE-SEM).

Figure 3(a) displays the low-magnification SEM images
of the sheet-spheres samples. It shows that the SnO

2
sheet-

spheres products exhibit a unique hierarchical sheet archi-
tecture, and these spheres dispersed in the samples with
a diameter about 700 nm. An enlarged SEM image of an
individual sphere-like architecture is shown in Figure 3(b),
which apparently shows that the unique hierarchical sphere-
like architecture is regularly composed of numerous well-
ordered thin nanosheets. Figures 3(c) and 3(d) show the SnO

2

pointed columnar-spheres in 1 𝜇m and 500 nm, respectively,
and the diameter of it is larger than the sheet-sphere-like one.

Based on the experimental observations and analysis, we
propose a plausible growth mechanism for the morphologies
evolution of the SnO

2
, as shown in Figure 4. The SnO

2

nanocrystal was formed from the hydrolysis of Sn2+ ions.
To eliminate the surface energy, the SnO

2
colloids were

next aggregated to form nanosheets and finally formed
hierarchical sphere-like architectures. In our study, the HMT
plays a key role in the formation and the space distribution of
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Figure 1: (a) Fabricated sensor and (b) schematic diagram of indirect-heating sensor.
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Figure 2: XRD patterns of the samples.

Table 1: BET surface area and pore structure parameters.

Sample 𝑆BET (m
2/g) 𝑉

𝑝
(cm3/g) 𝑑

𝑝
(nm)

Sheet-spheres 22.3 0.04 23.8
Pointed columnar-spheres 17.8 0.02 23.9

the precursor. A large number of Sn2+ ions accumulated on
the long chains of HMT in the solution and decreased the
concentration of free Sn2+ ion; thus, HMT provided many
nucleation sites; with reaction time passing by, numerous tiny
SnO
2
crystals nucleated on HMT chains and grew further,

which resulted in the formation of SnO
2
nanosheets.

The main factors that affect the sensing mechanism
qualitatively are the specific surface area and pore structure of
the materials, which can be measured using the BET method
[24]. As shown in Table 1, the obtained specific surface
areas for the sheet-spheres and pointed columnar-spheres
are 22.3m2/g and 17.8m2/g. What counts is that the larger
specific surface areamay facilitate the interaction between the
material surface and the gas molecule, which triggers even
more substantial output in electric signal. This, together with
the scale of surface pores, suggests that the sheet-spheres of
SnO
2
may exhibit a better sensing behavior.

3.2. Gas Sensing Mechanism. It is well known that the SnO
2

belongs to an n-type semiconductor and its sensing character
is governed by the change of surface resistance; the species
and amount of chemisorbed oxygen on surface are critical
for the variation in resistance. As the sensor was first aged
in air, oxygen can be absorbed on its surface and can act as a
trap for the conduction band electrons of SnO

2
due to their

strong electronegativity, which would be ionized to O2−, O−,
or O
2

− by capturing free electrons from the conduction band
of SnO

2
. The entire adsorption and reaction process can be

expressed as follows [25–29]:

O
2
(gas) → O

2
(ads) ,

O
2
(ads) + e− → O

2

−

(ads) ,

O
2

−

(ads) + e− → 2O− (ads) ,

O− (ads) + e− → O2− (ads) .

(1)

The absorbed oxygen could cause a depletion layer and band
bending on the surface, which consequently increases the
energy barrier, namely, the resistance of the sensing material
SnO
2
. As the C

2
H
5
OH is introduced, chemical reactions

take place between the C
2
H
5
OH and the ionized oxygen

O
2
, which gives out electrons back to the SnO

2
surface.

The possible reactions are summarized by the following
equations:

C
2
H
5
OH (gas) +O2− (ads)

→ C
2
H
5
O− (gas) +OH− (ads) ,

2C
2
H
5
O− (gas) → (C

2
H
5
)
2
O (ads) +O− (ads) + e−,

C
2
H
5
OH (gas) +O2− (ads) → C

2
H
4
O2− (ads) +H

2
O,

C
2
H
4
O− (ads) → CH

3
CHO (ads) + e−,

CH
3
CHO (ads) + 5O2− (ads) → 2CO

2
+ 2H
2
O + 10e−.

(2)
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(a) (b)
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Figure 3: SEM images of the sheet-spheres and pointed columnar-spheres: (a) 1 𝜇m, (b) 500 nm, (c) 1 𝜇m, and (d) 500 nm.

Sn2+

SnO2

HMT

Figure 4: Schematic illustration of the evolution processes of the
SnO
2
sheet-spheres.

In general, there are two types of reactions occurring simulta-
neously on the oxide surface:A the target gasmolecules react
with the preabsorbed oxygen, andB the target gas molecules
react directly with the surface atoms of oxide. Whatever the
reaction type, the electrons that are produced from these
reactions would decrease the resistance significantly, which
results in drastic increase of output voltage, as generally
observed at the working stage of a sensor in Figure 5. It
presents a representative response-recovery characteristic for
the sensor operated at 340∘Cunder ethanol gas concentration
of 100 ppm. The response and recovery times are two key
quantities for a sensor, which are defined as the time needed
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Figure 5: Response-recovery characteristics of the sensors at 340∘C
under 100 ppm ethanol.

to reach 90% response or recovery when gas is in or out.
Under the definition described above, the response and
recovery times for the sheet-spheres and pointed columnar-
spheres are evaluated to be about 21–23 s and 19–21 s, which
meet the basic demands for an industrial application. As seen
in Figure 5, voltages of both two kinds of samples increase
when gas is in but return to their original statewhen gas is out.
The major difference among the sensors is that the voltage
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Figure 6: Gas response of the sensors to different operating
temperature under 250 ppm ethanol.

50 100 150 200 250 300 350 400
0

15

30

45

60

75

90

Pointed columnar-spheres

Concentration (ppm)

Re
sp

on
se

Sheet-spheres

Figure 7: Gas response of the sensors to different gas concentration
ranking from 50 to 400 ppm.

for the sheet-spheres is substantially larger than that for the
pointed columnar-spheres sensor at working stage, verifying
its better sensing performances.

To investigate how the various morphologies of SnO
2

impact their gas sensing properties, we further make a
systematic comparison of the gas sensing performance of
these two 3-dimensional SnO

2
nanostructure materials.

Obviously, the response of the sensors increases with a
raise of temperature till reaching the maximum value and
then decreases with any further increase of temperature.
The gas response to 250 ppm ethanol was firstly investigated
at different operating temperatures and the result is shown
in Figure 6. One can see that sheet-spheres SnO

2
exhibit

exclusive better sensing performances to ethanol than that
of pointed columnar-spheres. The highest gas response to
the ethanol is estimated to be 55 for SnO

2
sheet-spheres,

obviously higher than 40 for pointed columnar-nanospheres
case. Moreover, we further determine the optimum working
temperature of sheet-spheres sensor to be about 340∘C, lower
than that of the pointed columnar-spheres sensor with value
of 360∘C.

To further investigate how the gas concentration affects
the gas response, we present in Figure 7 the gas response to
ethanol with operating temperature of 340∘C. Independent
of the sensor types, the gas response increases dramatically
with no sign of saturation, as the concentration ranges from

50 to 400 ppm. We find again that in the two of the samples,
the sheet-spheres show higher response in the measured
concentrations, although it is well known that the response
may be affected by the concentration of examined gas.
Further, we notice that, independent of the samples, the
response increases in a nonlinear manner with the rise of gas
concentration, which can be explained from the gas-diffusion
theory [30].

According to the measurement above, we thus conclude
that the 3-dimensional SnO

2
for sheet-spheres exhibit dis-

tinctive better sensing properties than that of the pointed
columnar-spheres.

4. Conclusions

In summary, we have prepared nanostructure SnO
2
sheet-

spheres and pointed columnar-spheres through the effective
hydrothermal method and investigated their structures and
gas sensing properties. In particular, we compared system-
atically the ethanol sensing properties between these two
3D SnO

2
. The results show that SnO

2
sheet-spheres exhibit

higher gas response to ethanol as well as lower working tem-
perature as compared to that of pointed columnar-spheres.
These results indicate that the gas-sensing properties of SnO

2

materials can be enhanced by controlling their shapes and
surface structures. Also these samples lay the foundation for
the gas-sensitive reaction to other gases (hydrogen, carbonic
oxide, methane, etc.) for the future research.
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The removal of uranium (U) onto nanoscale zero-valent iron particles has been studied for uranium-bearing mine water and
synthetic uranyl solutions in the presence and absence of dissolved oxygen. The work has been conducted in order to investigate
the differential nanoparticle corrosion behaviour and associated mechanisms of U removal behaviour in conditions representative
of near-surface and deep groundwater systems. Batch systems were analysed over a 28-day reaction period during which the liquid
and nanoparticulate solids were periodically analysed to determine chemical evolution of the solutions and particulates. Analysis of
aqueous samples using inductively coupled plasma mass spectrometry recorded near-total U removal after 1 hour of reaction in all
systems studied. However, in the latter stages of the reaction (after 48 hours), significant rerelease of uranium was recorded for the
mine water batch system with dissolved O

2
present. In contrast, less than 2% uranium rerelease was recorded for the anoxic batch

system. Concurrent analysis of extracted nanoparticle solids using X-ray diffraction recorded significantly slower corrosion of the
nanoparticles in the anoxic batch system, with residual metallic iron maintained until after 28 days of reaction compared to only 7
days of reaction in systems with dissolved O

2
present. Results provide clear evidence that the corrosion lifespan and associated U6+

removal efficacy of nanoscale zero-valent iron replace enhanced in the absence of dissolved oxygen.

1. Introduction

Todate, a key environmental legacy ofmankind’smilitary and
civil nuclear activities has been the release of uranium (U)
into the natural environment. U can exist in five oxidation
states: +2, +3, +4, +5, and +6. However, in the natural
environment, the +4 and +6 valence states dominate. U4+
commonly exists in chemically reducing environments and
typically forms chemical species of relatively low solubility
[1]. In contrast, U6+ is predominant in oxidising environ-
ments and typically forms compounds of relatively high
solubility [2]. Reduction of U6+ to U4+ has therefore been
proposed as a suitable approach to U remediation.

In recent years, a wide range of electron donors have
been demonstrated to chemically reduce U6+ including
reduced iron, including magnetite, [3] ferrous hydroxides,
[4] Fe2+ sorbed on hematite surfaces [5], and zero-valent
iron [6]; microorganisms, including dissimilatory metal-
reducing bacteria [7] and sulphate reducing bacteria [8];

organic compounds, including acetate [9] and lactate [10];
and dissolved and solid sulphide species [11–16]. In contam-
inated sites the presence of competitive electron acceptors,
toxic heavy metals, and/or unfavourable pH/Eh conditions
can significantly limit the suitability of many biotic methods
for uranium remediation [17, 18]. As a consequence, much
focus has been applied in recent years on the use of chemical
reducing agents, namely, zero-valent iron [19–28]. Recent
work, investigating the removal of uranium in waste effluents
[19] and mine water [22], has determined that the key role
complexing agents, commonly found in natural waters, such
as carbonate, phosphate, and sulphate, play on the long
term removal of uranium onto nanoscale zero-valent iron.
Results have provided clear evidence that such complexing
agents (namely, carbonate) significantly enhance the relative
stability of U6+, promoting U desorption from particle
surfaces following an initial period of removal onto nanoscale
zero-valent iron. The mechanism has been attributed to
incomplete chemical reduction of surface-precipitated U6+,
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allowing U rerelease during subsequent nanoparticle cor-
rosion and the reformation of highly stable aqueous U-
complexes. There accordingly exists a fundamental need to
understand the reversible nature of U removal in complex
and/or natural waters using iron-based materials, specifically
the link between nanoparticle corrosion and U desorption.
The current work has therefore been established to contrast
the sorption-desorption behaviour of U onto nanoscale zero-
valent iron in natural waters containing dissolved oxygen
(anddissolved oxygen recharge), that is, the vadose zone,with
waters where dissolved oxygen is only available in trace levels,
that is, the phreatic zone.

2. Materials and Methods

2.1. Experimental Procedure. Four 500mL Schott Duran
jars were each filled with 400mL of the U-bearing mine
water. Further four jars were filled with 400mL of uranyl
solution at 0.5 ppm U, with the solution pH adjusted to 9.52
using 0.01M NaOH. The addition of NaOH was performed
slowly, dropwise, to avoid the formation of hydroxocarbonyl
complexes. Two of the mine water solutions and two of
the uranyl solutions were then purged with oxygen-free
N
2(g) (>99.998%) at 1 Lm−1 for 30 minutes to reduce the

content of O
2(g) to <0.1 ppm and left in a Saffron Scientific

glovebox for 7 days to equilibrate. The glovebox atmosphere
consisted of N

2
/H
2
(95 : 5) and a Coy Laboratory “Stak-

Pak” palladium catalyst was used to catalyse the removal
of O
2(g), via reaction with H

2(g), producing H
2
O
(l). The two

remainingmine water solutions were stored on the benchtop.
To two of the mine water solutions (one oxic and one anoxic)
and two of the uranyl solutions (one oxic and one anoxic),
0.2 g (0.5 g L−1) of nano-Fe0 was added. The two remaining
mine water solutions (oxic and anoxic) and the two uranyl
solutions (oxic and anoxic) were run as nanoparticle-free
control systems. In each case, the nano-Fe0 was suspended in
2mL of ethanol and dispersed by sonification for 30 seconds.
During the experiment, the glovebox containing the anoxic
batch systems was purged with N

2
/H
2
(95 : 5) gas at 0.5 bar

for 5 minutes every 24 hours.

2.2. Sampling Methods. Each system was sampled at 0 h, 1 h,
2 h, 4 h, 24 h, 48 h, 7 d, 14 d, and 28 d. Prior to sampling, the
jars were gently agitated to ensure homogeneity and pH and
Eh measurements were taken using a Hanna Instruments
meter (model HI 8424) with a combination gel electrode pH
probe and a platinum ORP electrode, respectively. Dissolved
oxygen (DO) measurements were taken using a Jenway 970
DO
2
meter. Aliquots of 10mL were taken from each jar

and centrifuged using a Hamilton Bell Vanguard V6500
desktop centrifuge at 6500 rpm for 30 seconds to separate
the liquid and solid phases. The liquid was decanted, fil-
tered through a 0.22𝜇m cellulose acetate filter, and then
prepared for inductively coupled plasma atomic emission
spectrometry (ICP-AES) and inductively coupled plasma
mass spectrometry (ICP-MS). The solid was prepared for X-
day diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS) by sequential rinsing in 3mL each of Milli-Q water,

ethanol, and then acetone, with the resultant suspension
pipetted onto a glass optical microscope slide and aluminium
stub, respectively.

2.3. Nanoparticle Synthesis. Iron nanoparticles were synthe-
sised following the method first described by Wang and
Zhang [29] using sodium borohydride to reduce ferrous
iron to a metallic state. 1.35 g of FeCl

3
⋅6H
2
O was dissolved

in 50mL of Milli-Q water (>18.2MΩ cm) and then a 4M
NaOH solution was used to adjust the solution pH to 6.8.
The addition of NaOH was performed slowly, dropwise, to
avoid the formation of hydroxocarbonyl complexes.The salts
were reduced to metallic nanoparticles by the addition of
2.0 g of NaBH

4
. The nanoparticle product was then isolated

through centrifugation and sequentially washed with water,
ethanol, and acetone (20mL of each). The nanoparticles
were dried in a dessicator under low vacuum (approx.
10−2mbar) for 48 hours and then stored in the oxygen-free
nitrogen environment of a Saffron Scientific glovebox until
required.

2.4. ICP-AES Preparation. The liquid samples were prepared
for ICP-AES analysis by a 10-time dilution in 1% nitric acid
(analytical quality concentrated HNO

3
in Milli-Q water).

Blanks and standards for analysis were also prepared in 1%
nitric acid, with Fe standards of 0.1, 0.25, 0.5, 1, 2.5, 5, and
10 ppm. A Jobin YvonUltima ICP-AES (sequential spectrom-
eter) fitted with a cyclone spray chamber and a Burgener
Teflon Mira Mist Nebulizer was used. The Fe concentration
was measured using the emission line at 259.94 nm.

2.5. ICP-MS Preparation. Samples were prepared for ICP-MS
analysis by a 10-time dilution in 1% nitric acid (analytical
quality concentrated HNO

3
in Milli-Q water). Blanks and

uranium standards at 0.1, 0.5, 1, 5, and 10 ppb were also
prepared in 1% nitric acid (analytical quality concentrated
HNO

3
in Milli-Q water). An internal Bi standard of 10 ppb

was added to blanks, standards, and samples. The ICP-MS
instrument used was Thermo Elemental PQ3.

2.6. XPS. Solid samples were analysed at <5 × 10−8mbar in
a Thermo Fisher Scientific Escascope equipped with a dual
anode X-ray source (AlK𝛼 1486.6 eV and MgK𝛼 1253.6 eV).
AlK𝛼 radiation was used at 400W (15 kV, 23mA). High
resolution scans were acquired using a 30 eV pass energy and
200ms dwell times. Following the acquisition of “wide” spec-
tra over a wide binding energy range, the regions containing
theC andUpeakswere scanned at a higher energy resolution.
Data analysis was carried out using Pisces software (Dayta
Systems Ltd.) with binding energy values of the recorded
lines referenced to the adventitious hydrocarbon C1s peak at
284.8 eV.

2.7. XRD. A Phillips Xpert Pro diffractometer with a CuK𝛼
radiation source (𝜆 = 1.5406 Å) was used for XRD analysis
(generator voltage of 40 keV; tube current of 30mA). XRD
spectra were acquired between 2𝜃 angles of 0–90∘, with a step
size of 0.02∘ and a 2 s dwell time.
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Table 1: Bulk and surface properties of the nano-Fe0 used in the
current work.

Parameter Nano-Fe0

Particle size distribution (%)
0–50 nm
50–100 nm
>100 nm

85
8
7

Crystallinity Amorphous
(𝛼-Fe)

Oxide thickness (nm) 3-4
Surface area (m2 g−1) 14.8

Surface composition (%)
Fe
O
C
B

30.5
32.1
14.5
22.9

Surface stoichiometry (Fe0/Fe2+ + Fe3+)
Fe2+/Fe3+

0.02
0.38

Note: a significant proportion of the carbon detected is likely to be
adventitious carbon.

3. Results

3.1. Preliminary Characterisation of the Nanoparticles. Pre-
liminary characterisation of the nano-Fe0 was performed
using Brunauer, Emmett, and Teller (BET) surface area
analysis, transmission electronmicroscopy (TEM), XRD, and
XPS. BET analysis determined that the starting surface area
of the nano-Fe0 was 14.8m2 g−1. TEM analysis determined
that the nano-Fe0 were roughly spherical, with an approx-
imate size range of 20–100 nm and an average diameter of
34 nm. The density contrast between the Fe0 core and oxide
shell in the nano-Fe0 was identified; however, the material
was recorded as relatively amorphous with no clear grain
structure. Individual particles were recorded as aggregated
into chains and rings, attributed to the magnetic properties
of the Fe0 cores. XRD analysis recorded a broad diffraction
peak at 44.9∘ 2𝜃 and other low intensity peaks at 65∘ and 82∘
2𝜃, implying the presence of amorphous Fe0. XPS analysis
confirmed the presence of a mixed valent (Fe2+/Fe3+) oxide
at the surface of the material. The results are summarised in
Table 1.

3.2. Preliminary Characterisation of the U-Bearing Mine
Water. Prior to nanoparticle addition, the U-bearing mine
water was characterised using ICP-AES (Fe, Mg, Cu, and
Mo), ICP-MS (U), volumetric titration (HCO

3

−, NO
3

−, and
PO
4

3−), and gravimetry (SO
4

2−) with supplementary Eh,
pH, and DO measurements. The analysis indicated that
HCO
3

−, well documented to form uranyl complexes of
high thermodynamic stability [30], was the most common
ligand species present, with a concentration of approximately
974 ppm (Table 2).

3.3. The Effect of Inert Gas Sparging. Following N
2
gas

sparging a decrease in solution Eh, from 65mV to −49mV,
was recorded concurrent with a significant decrease in DO,
from 8.93 ppm to 0.09 ppm, and ascribed to the expulsion

Table 2: Concentrations of notable chemical species present in
the mine water, analysed by ICP-MS (U), ICP-AES (Fe, Mg, Cu,
and Mo), volumetric titration (HCO

3

−, NO
3

−, and PO
4

3−), and
gravimetry (SO

4

2−) along with the recorded Eh, pH, and DO.

Chemical species Concentration (ppm)
Cations

Cu 0.044
Fe 0.021
Mg 12.11
Mo 0.21
U 1.41

Anions
HCO

3

− 974.42
NO
3

− 18.53
PO
4

3− 0.15
SO
4

2− 0.51
Solution conditions

DO (ppm) 8.84
Eh (mV) 65
pH 9.29

of DO from the mine water. An increase in solution pH,
from 9.29 to 9.52, was also recorded. This is a common
phenomenon reported for carbonate-rich solutions during
inert gas sparging and attributed to the expulsion of dissolved
CO
2
, resulting in the hydrolysis of HCO

3

− (in the form of
NaHCO

3
) and the formation of OH− [31–33].

3.4. Changes in DO/Eh/pH. Following the addition of the
nanoparticles a shift to chemically reducing Eh and near-zero
DO was recorded within 15 minutes of reaction for all batch
systems (Figure 1). An accompanying increase in system pH
was also recorded in all systems (Figure 1). For the oxic batch
systems, in the early stages of reaction (<15 minutes), the
predominantmechanismof nano-Fe0 corrosion is considered
to have been through reaction with H+ via the consumption
of DO (see (1) and (2)). For the anoxic batch systems (and
the oxic batch systems following total DO consumption) the
absence of DO dictates that corrosion could only proceed
through the direct reaction (hydrolysis) with water (see (3)
and (4)). The slower pH/Eh change recorded for the anoxic
batch systems in the current work is therefore ascribed to the
slower reaction kinetics of nano-Fe0 in the absence of DO:

2Fe0 + 4H+ +O
2
→ 2Fe2+ + 2H

2
O 𝐸

0

= +1.67V (1)

2Fe2+ + 2H+ + 1
2

O
2
→ 2Fe3+ +H

2
O 𝐸

0

= +0.46V
(2)

Fe0 + 2H
2
O
(l) → Fe2+ +H

2
+ 2OH− 𝐸

0

= −0.39V
(3)

2Fe2+ + 2H
2
O → 2Fe3+ +H

2
+ 2OH− 𝐸

0

= −1.60V
(4)
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Figure 1: (a) Eh (mV) as a function of reaction time (0–672 hrs). The control (nanoparticle-free) solutions (not shown) recorded a variation
of <10mV in all systems; (b) pH as a function of reaction time (0–672 hrs). The control (nanoparticle-free) solution (not shown) recorded a
variation of<0.2 pHunits in all systems; (c) dissolved oxygen (ppm) as a function of reaction time (0–672 hrs).The control (nanoparticle-free)
solution (not shown) recorded a variation of <0.05 ppm units in all systems.

In addition, fast pH/Eh changes were recorded for the
uranyl solutions compared to the mine water batch systems.
This is attributed to the lack of major ions in the former sys-
tems to buffer the aforementioned geochemical perturbation
imbued by nanoparticle corrosion.

After 4 hours of reaction, a recovery in DO and Eh was
recorded for the oxic batch systems only. In contrast, Eh and
DO were maintained as less than −430mV and <0.2 ppmO

2
,

respectively, for the entire 28-day reaction period for both
anoxic batch systems.Near-zeroDO (<0.1 ppm)was recorded
for the anoxic (nanoparticle-free) batch system for the entire
28-day reaction period. This provides clear evidence of
minimal oxygen ingress into the anoxic batch systems.

3.5. Changes in Aqueous U and Fe Concentration. Analysis of
liquid samples using ICP-MS recorded rapid and near-total U
removal in all systems treated using nano-Fe0 (Figure 2) with
removal of >99% U

(aq) recorded after 1 hour in all systems

and maintained until 48 hours of reaction. Onwards from 48
hours a gradual increase in U

(aq) concentration was recorded
for the oxic mine water batch system (Figure 2). In contrast,
no appreciable U rerelease was recorded for the anoxic mine
water and the uranyl batch systems in both oxic and anoxic
conditions. This is attributed to the presence of complexing
agents (namely, carbonate) in the mine water, allowing
the reformation of dissolved U-complexes concurrent with
nanoparticle corrosion during the ingress of atmospheric
gases into the batch systems as previously observed [22].
As reported by Crane et al., [22] it is likely that chemical
reduction of aqueous U6+ to solid U4+ (as UO

2
) occurred

for all batch treatment systems during the initial stage of U
sorption onto the nano-Fe0. However, for the mine water
solutions containing dissolved oxygen, oxidation back to
aqueous U6+ is likely to have occurred due to a combination
of (i) the increased availability of dissolved oxygen and (ii)
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Figure 3: X-ray diffraction (XRD) spectra (for the range of 10–90∘ 2𝜃) recorded for the oxic (a) and anoxic (b) mine water batch systems after
reaction times of 1 h, 2 h, 4 h, 24 h, 7 d, 14 d, and 28 d.

the enhanced solubility of U in the presence of complexing
agents, such as carbonate.

Analysis of liquid samples using ICP-AES recorded an
increase in Fe

(aq) following the addition of the nanoparticles,
with maximum Fe

(aq) concentrations recorded in all systems
within the first 48 hours of reaction and attributed to the rapid
corrosion of nanoparticulate surfaces. The greatest Fe

(aq)
concentrations were recorded for the uranyl solutions and
ascribed to the lower ionic concentration compared to the
mine water.

3.6. Analysis of Reacted Nanoparticulate Solids
3.6.1. X-RayDiffraction. XRDwas used to determine the bulk
crystallinity and composition of nano-Fe0 solids extracted
from both oxic and anoxic batch systems at periodic intervals
during the experiment (Figure 3). A transition from Fe0, with
peaks centred at 44.6, 65.6, and 82.6∘ 2𝜃 (lattice reflections:
Fe(110), Fe(200), and Fe(211), resp.), to a mixture of aka-
ganéite (𝛽-FeOOH), ferrihydrite (5Fe

2
O
3
⋅9H
2
O), and mag-

netite (Fe
3
O
4
) was recorded for both oxic and anoxic batch

systems. Total Fe0 conversion was, however, not recorded for
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the anoxic system with residual Fe0 present after 28 days of
reaction compared to full conversion exhibited by the oxic
batch system after 7 days of reaction. This is ascribed to
the slower corrosion of nano-Fe0 in the absence of DO as
discussed above.

The formation of ferrihydrite and magnetite was not
unexpected, given that both species are common Fe0 cor-
rosion products in near-neutral to alkaline solutions [34–
38]. The presence of chloride ions (which are necessary for
akaganéite formation) was likely to have been provided by
the dissolution of FeCl

2
, present in the nano-Fe0 due to

incomplete conversion of FeCl
2
to Fe0 during the nano-Fe0

synthesis. In the latter stages of the reaction (>7 days) the
akaganéite peak was recorded to shift by approximately −0.5∘
2𝜃, suggesting an increase in the lattice parameter of the
material. This was attributed to cationic substitution of a
larger ion, such as Ca2+ (0.212 nm compared to 0.166 nm),
into the lattice structure [39].

3.6.2. X-Ray Photoelectron Spectroscopy. X-ray photoelectron
spectroscopy (XPS) was used to determine the surface chem-
istry of extracted particulates including any sorbed species
extracted from the oxic and anoxic batch systems at regular
intervals throughout the experiment (Figure 4). Curve fit-
ting of recorded Fe 2p

3/2
photoelectron peaks (not shown)

determined a decrease in the Fe2+/Fe3+ ratio throughout the
reaction period, ascribed to the oxidation of the nanoparticle
surfaces. This occurred most rapidly during the initial stages
of the reaction, with oxic and anoxic systems recording a shift
in Fe2+/Fe3+ ratio to 0.23 and 0.32, respectively, after 1 hour of

reaction. The higher proportion of Fe3+ in the oxic system is
attributed to a greater concentration of DO at the start of the
reaction. Following this initial and rapid oxidation phase, a
more gradual decrease in the Fe2+/Fe3+ ratio was recorded in
all oxic systems to minima of 0.11 after 28 days of reaction. In
contrast, no appreciable change was recorded for all anoxic
systems, indicating that minimal nano-Fe0 oxidation had
occurred.

XPS data recorded from the samples of extracted par-
ticulates failed to record detectable peaks in the U 4f
binding energy region of the recorded photoelectron spectra
in all the reacted samples, even during the initial period
of maximum U removal. This was not unexpected, given
the small amount of U in each system (1413 𝜇 L−1) relative
to the large surface area presented by the nanoparticles
(14.8m2 g−1). U 4f photoelectron peaks were detected for
both oxic and anoxic mine water samples after 4 hours of
reaction. Curve fitting, following the method of Scott et
al., determined that U present was in a partially reduced
state for both systems with a U4+/U6+ ratio of 0.34 and 1.13
recorded for the oxic and anoxic system, respectively. Greater
proportion of U4+ relative to U6+ recorded for the anoxic
batch system is attributed to enhanced chemical reduction
of U in low oxygen conditions. This is likely to be due to
the significantly lower (and sustained) Eh conditions imbued
by the nano-Fe0 in the low oxygen environment, where Fe0
is maintained throughout the 28-day reaction period (see
Section 3.6.1). In contrast Fe0 was recorded to be oxidised
to (oxy)hydroxide species more rapidly in the batch systems
containing dissolved oxygen, which would have resulted in
lower chemical reduction of U6+ to U4+.

4. Discussion

Nano-Fe0 have been tested in the current work for the
removal of U from mine water batch systems in both
dissolved oxygen containing (starting DO ∼ 9.5 ppm and
batch systems handled and stored in the open laboratory) and
anoxic (starting DO < 0.1 ppm and batch systems handled
and stored in a nitrogen-filled glovebox) batch systems.
Nano-Fe0 were documented as highly effective for the rapid
removal of U despite the high concentration of complexing
agents present in the mine water, namely, bicarbonate at
974 ppm, with near-total U removal recorded after 1 hour
of reaction for all systems studied. Limited long term U
removal, however, was recorded for the batch systems with
DO present, with significant U rerelease recorded within
7 days of nano-Fe0 application. In contrast, no appreciable
U rerelease was recorded for the anoxic mine water batch
system. XRD analysis of nano-Fe0 extracted from both oxic
and anoxic systems determined that whilst total conversion of
nano-Fe0 to (oxy)hydroxide corrosion products had occurred
in the oxic systems, Fe0 was maintained in the anoxic
systems. Concurrent XPS analysis determined that sorbed
U was present in a partially reduced state in both oxic
and anoxic systems; however, greater chemical reduction
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Figure 5: Schematic diagram of the following: (a) a typical nanoparticle injection well: the technology is very similar to that used for injection
ofCO

2
into subterranean storage reservoirs; (b) in situ vadose (oxic) zone treatment ofmetal andmetalloid aqueous contaminant species using

nanoscale zero-valent iron particles: contaminants remobilise shortly after nanoparticle injection due to the abundant supply of dissolved
oxygen; and (c) in situ phreatic (anoxic) zone treatment of metal and metalloid aqueous contaminant species using nanoscale zero-valent
iron particles: contaminants remain immobilised due to the limited supply of dissolved oxygen.

was recorded for the anoxic systems. The mechanism of
U rerelease in the oxic systems is therefore attributed to
the incomplete chemical reduction of surface-precipitated U
(from soluble U6+ to insoluble U4+) within the mine water
samples, allowing the rerelease of U6+ during the ingress
of DO back into batch systems, and the reformation of
highly stable (nominally carbonate) aqueous U-complexes.
This was not recorded for the anoxic systems because the
absence of DO allowed Fe0 to be maintained (and associated
strongly chemically reducing conditions) throughout the 28-
day reaction period. Figure 5 displays a schematic diagram
of this hypothesis applied for the in situ treatment of metal
and metalloid aqueous contaminant species using nanoscale
zero-valent iron particles.

5. Conclusions

The rerelease of metal and metalloid contaminant species
following a period of “apparent remediation” is a key engi-
neering challenge which may limit the development of nano-
Fe0 as a new technology for mine water treatment. The cur-
rent work has provided clear evidence that nano-Fe0 is only
appropriate for the in situ treatment of U in surface and/or
vadose zone waters if extremely robust secondary method(s)
are applied to prevent DO ingress into the contaminant
treatment zone. Example materials include impermeable
geomembranes and bentonite. For the in situ treatment of
anoxic mine water, it is shown that U removal can be
maintained on a long term or even quasi-permanent basis
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if there is sufficiently low DO flux to maintain the strongly
chemically reducing groundwater conditions imbued by the
nano-Fe0.

Further work is required to examine the reversible nature
of metal and metalloid remediation in complex and/or
natural waters using nano-Fe0.This will provide validation of
the technology for sites where assurance of medium to long
term immobilisation of contaminants is required.
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A series of manganese salts (Mn(NO
3
)
2
, MnCl

2
, MnSO

4
, and Mn(Ac)

2
) and silicon materials (silica sand, silica sol, and tetraethyl

orthosilicate) were used to synthesize Mn/Si complexes in supercritical water using a tube reactor. X-ray diffraction (XRD), X-
ray photoelectron spectrometer (XPS), transmission electron microscopy (TEM), and scanning electron microscopy (SEM) were
employed to characterize the structure and morphology of the solid products. It was found that MnO

2
, Mn
2
O
3
, and Mn

2
SiO
4

could be obtained in supercritical water at 673K in 5 minutes. The roles of both anions of manganese salts and silicon species in
the formation of manganese silicon complexes were discussed. The inorganic manganese salt with the oxyacid radical could be
easily decomposed to produceMnO

2
/SiO
2
andMn

2
O
3
/SiO
2
. It is interesting to found that Mn(Ac)

2
can react with various types of

silicon to produce Mn
2
SiO
4
. The hydroxyl groups of the SiO

2
surface from different silicon sources enhance the reactivity of SiO

2
.

1. Introduction

Recently, the growth of manganese silicate (Mn
2
SiO
4
) and

manganese dioxide (MnO
2
) barrier layers on the SiO

2
surface

through the deposition of metal Mn and Mn/Cu alloys after
high temperature annealing has attracted considerable inves-
tigations [1, 2]. These self-forming diffusion barrier layers
can effectively prevent the diffusion of Cu, O, and H

2
O and

have been proposed as a scalable alternative to Ta/TaNbarrier
layers in the future [3, 4]. However, the synthesis method
employed was limited to high temperature annealing and
the unreacted metallic Mn still remained after the formation
of barrier layer, which would diffuse to the surface of the
deposited Cu interconnect. Moreover, the uncertainty of
chemical composition of products undermined the potential
application of this barrier layer [5, 6]. Furthermore, the low-
valence manganese oxides, supported and unsupported, have
attracted great attentions as catalytically active components
in a variety of catalytic reactions, for example, the selective

catalytic reduction of NO with NH
3
[7, 8], the oxidation

of alcohol [9, 10], and the removal of hydrogen sulfide
[11]. Various active manganese oxides and dispersion of
particles can be obtained using different precursors and
preparation methods, which seriously influence the activity
of the catalysts in catalytic reactions or other utilizations.

Supercritical water (SCW, above 647K and 22.1MPa) can
provide an excellent reaction environment for hydrothermal
synthesis. The physical and chemical properties of water,
such as viscosity, diffusion coefficient, dielectric constant, and
ionic product, vary dramatically around the critical point
depending on the state variables (pressure, temperature, and
density) [12–14]. These properties make fast reaction rate
and crystal nucleation rate which leads to high degree of
crystallinity, small grain size, and narrow size distribution
of the produce materials [15]. The size and morphology
of the produced particles can be controlled by the pres-
sure and temperature during preparation [16]. In addition,
there is no liquid-gas interface and surface tension in
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the supercritical state, and a homogenous reducing or oxi-
dizing atmosphere can be obtained by introducing oxygen,
hydrogen, or other gases [17, 18].The supercritical hydrother-
mal synthesismethod can also synthesizemanymaterials that
conventional hydrothermal synthesis method or solid-phase
synthesis cannot synthesize. Thus, these specific properties
of supercritical water have contributed to its widespread
applications in materials synthesis [19–22], catalysis [23–25],
and semiconductor [26, 27].

Our recent work found that the precursor of Mn plays a
crucial role during the supercritical water impregnation, and
Mn
3
O
4
and Mn

2
SiO
4
can be obtained from Mn(NO

3
)
2
and

Mn(Ac)
2
⋅4H
2
O reacting with Si species containing in coal-

derived active carbon, respectively [28].
In this work, we proposed a supercritical water synthesis

method for the production of Mn
2
SiO
4
and SiO

2
supported

manganese oxide. A series of manganese salts (Mn(NO
3
)
2
,

MnCl
2
, MnSO

4
, and Mn(Ac)

2
) and silicon materials (silica

sand, silica sol, and tetraethyl orthosilicate) were used as
raw materials. Three kinds of products (MnO

2
, Mn
2
O
3
, and

Mn
2
SiO
4
) can be selectively produced by choosing different

raw materials. The roles of both anions of manganese salts
and silicon sources in the formation of the products under
supercritical water conditions were discussed primarily.

2. Experimental

2.1. Materials. Manganese nitrate (50%Mn(NO
3
)
2

in
water), manganese chloride (MnCl

2
), manganese sulfate

monohydrate (MnSO
4
⋅H
2
O), manganese acetate tetra-

hydrate (MnC
4
H
6
O
4
⋅4H
2
O), and tetraethyl orthosilicate

(C
8
H
20
O
4
Si) were obtained from Aladdin Chemistry Co.

(Shanghai, China). JN-30 silica sol, N-butanol (C
4
H
10
O),

hydrofluoric acid, and silica sand were obtained from
Fengchuan Chemistry Co. (Tianjin, China). Distilled and
deionized (DDI) water was produced in our lab. The purities
of all chemicals except manganese nitrate are above 98%.

2.2. Apparatus. The sample synthesis was conducted using
a 16.7mL stainless steel tube reactor. Figure 1 shows the
schematic diagram of the tube reactor system. It was heated
by a molten salt bath, and the temperature of salt bath was
measured by a K-type thermocouple. The molten salt bath is
made of 45wt% KNO

3
and 55wt% NaNO

3
. It helps to keep

the temperature of the reaction system constant and translate
heat fast and uniformly. The reactor can be driven to swing
up and down by a motor at a speed of 120 cycles⋅min−1 over a
range from 613K to 773K with ±1 K error in our synthesis
experiments. The pressure was calculated according to the
temperature and the content of water in the reactor.

2.3. Synthesis

2.3.1. Reaction of Manganese Salt and Silica Sand. Four metal
manganese salts (Mn(NO

3
)
2
, MnCl

2
, MnSO

4
, and Mn(Ac)

2
)

were dissolved in water and the salt solutions were prepared
with a concentration of 1M. Each solution was then fed into
the reactor followed by an addition of silica sand. The mole

12

3 4

5
6

7

8

9

Figure 1: Schematic diagram of experimental apparatus. (1)
temperature-controlling instrument, (2) speed controller, (3) can-
tilever, (4)motor, (5) crank, (6) thermocouples, (7) tube reactor, (8)
KNO

3
-NaNO

3
salt, and (9) heater.

ration of Mn : Si was kept to 1 : 1 The reactor was immersed
into the salt bath when the desired reaction temperature was
reached. After the reaction, the reactor was rapidly quenched
and cooled to room temperature in a water bath. Every
reaction was conducted at the temperature of 673K with a
resident time of 5 minutes. The content of water was 6.0mL
and the corresponding pressure was about as 30MPa. The
products were filtered, washed with distilled water, and dried
at 343K for 12 hours. The solid powders were obtained and
characterized.

2.3.2. Reaction of Manganese Salt and Silica Sol. Each man-
ganese salt solution with a concentration of 1M was added
dropwise into the silica gel under magnetic stirring for 10
minutes. The temperature, contents of water, resistant time,
and other step were the same as those in Section 2.3.1.

2.3.3. Reaction of Manganese Salt and Tetraethyl Orthosilicate.
10.42 g tetraethyl orthosilicate was mixed with 11.12 g n-
butanol under magnetic stirring, in which n-butanol was
used to facilitate the followed hydrolysis and condensation
reaction. Then as catalyst, a mixture of 9 g water and 0.25 g
HF was added dropwise into the mixture. After 25 minutes,
the aqueous manganese salt solution with a concentration of
1M was added and then the mixture was fed into the reactor
under the same conditions as those in Section 2.3.1.

2.4. Characterization. The structure of each sample was
measured by X-ray diffraction (XRD) using a D/Max-2500
V/PC Rigaku X-ray diffractometer (Japan) with a Cu K𝛼
radiation source (𝜆 = 0.1543 nm) at room temperature in the
range of 2𝜃 = 5–80∘. The system was operated at 100mA and
40 kV.

Themorphology of each sample was studied using a JEOL
JSM-7001F scanning electron microscope (SEM).

X-ray photoelectron spectroscopy (XPS) was conducted
to determine the surface concentration and binding energy
of Mn 2p

3/2
, using a Kratos AXIS Ultra DLD spectrometer

(Shimadzu, Japan) equipped with an monochromated Al
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Figure 2: XRD patterns of samples prepared by manganese salt and
silica sand (A1, A2, A3, and A4 represent the solid products from
reaction of Mn(NO

3
)
2
, MnCl

2
, MnSO

4
, and Mn(Ac)

2
with silica

sand, resp.).

K𝛼 source (ℎ𝜐 = 1486.6 eV, 75W). The spectrometer was
calibrated using the photoemission lines of Au (Au 4f

7/2
=

83.95 eV), Ag (Ag 3d
5/2

= 368.2 eV), and Cu (Cu 2p
3/2

=
932.62 eV). No smoothing routine of data was applied to
analyze the results.

The crystalline phases of samplesweremeasured by trans-
mission electron microscopy (TEM) at room temperature
with a JEM-2010 microscope operating at 200 kV.

3. Results and Discussion

3.1. XRD Characterization. XRD patterns of the samples
synthesized by different manganese salts and silica sand in
supercritical water are shown in Figure 2. The diffraction
peaks of SiO

2
crystal and MnO

2
crystal can be identified in

the XRD patterns of the sample (A1) prepared by Mn(NO
3
)
2

and silica sand. Moreover, the intensity of SiO
2
diffraction

peak is much higher than that of MnO
2
. This means that

the crystal form or the degree of crystallinity of SiO
2
is far

better than that of MnO
2
in A1. However, all the diffraction

peaks of samples (A2 and A3) synthesized by the two
kinds of manganese salts (MnCl

2
and MnSO

4
) reacted with

silica sand clearly show the appearance of SiO
2
only. The

characteristic peaks of samples (A4) obtained by the reaction
ofMn(Ac)

2
and silica sand indicateMn

2
SiO
4
and SiO

2
crystal

although the peak intensity ofMn
2
SiO
4
(the inset in Figure 2)

is very low. Based on above results, it can be concluded
that Mn(NO

3
)
2
and Mn(Ac)

2
can react with silica sand in

supercritical water at 673K for 5 minutes and the main
products are MnO

2
and Mn

2
SiO
4
, respectively.

XRD patterns of the samples prepared by different man-
ganese salts and silica sol in supercritical water are given

Figure 3: XRD patterns of samples prepared by manganese salt and
silica sol. (B1, B2, B3, and B4 represent the solid products from
reaction of Mn(NO

3
)
2
, MnCl

2
, MnSO

4
, and Mn(Ac)

2
)
2
with silica

sol, resp.).

in Figure 3. The diffraction peaks of Mn
2
O
3
crystal can be

found in the XRD patterns of the samples B1 and B3. This
means that both Mn(NO

3
)
2
and MnSO

4
can react with silica

sol to produce Mn
2
O
3
at 673K for 5 minutes. The broad

peak at about 22∘ can be attributed to the amorphous SiO
2

hydrolyzed by the silica sol. There is no diffraction peak
except the characteristic peak of the amorphous SiO

2
in

the XRD pattern of the sample B2. It indicates that MnCl
2

cannot react with silica sol and only amorphous SiO
2
can

be obtained from this reaction. It is noted that the good
crystalline for Mn

2
SiO
4
in sample B4 was obtained from the

reaction between Mn(Ac)
2
and silica sol. Note that the SiO

2

characteristic peaks in B4 cannot be resolved. The reason
may be that they are marked by the peaks of the crystalline
Mn
2
SiO
4
. It can be concluded that Mn(NO

3
)
2
, MnSO

4
, and

Mn(Ac)
2
can react with silica sol in supercritical water at

673K for 5 minutes and the main products are Mn
2
O
3
and

Mn
2
SiO
4
.

Figure 4 shows the XRD patterns of samples prepared
by different manganese salts and tetraethyl orthosilicate in
supercritical water. It is found that the crystalline Mn

2
SiO
4

was produced by the reaction of Mn(Ac)
2
and tetraethyl

orthosilicate (C1). Both Mn(NO
3
)
2
and MnSO

4
can react

with tetraethyl orthosilicate to generate Mn
2
O
3
in supercrit-

ical water. It should be noted that no characteristic peaks of
SiO
2
, crystalline or amorphous, can be observed in the XRD

pattern of C1. It also can be found that MnCl
2
could not

react with tetraethyl orthosilicate in the cases of silicon sand
and silica sol. Tetraethyl orthosilicate can also produce the
amorphous SiO

2
in supercritical water.

Based on the XRD analyses, it can be concluded that
Mn(Ac)

2
is the best manganese precursor among the four

manganese salts to synthesizeMn
2
SiO
4
in supercritical water.

Both Mn(NO
3
)
2
and MnSO

4
can produce Mn

2
O
3
or MnO

2
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Figure 4: XRD patterns of samples prepared by manganese salt
and tetraethyl orthosilicate. (C1, C2, C3, and C4 represent the
solid products from reaction of Mn(NO

3
)
2
, MnCl

2
, MnSO

4
, and

Mn(Ac)
2
)
2
with tetraethyl orthosilicate, resp.).
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Figure 5:Mn 2p, O 1s, and Si 2p XPS spectra of samples prepared by
reaction between different aqueous manganese salt (A1: Mn(NO

3
)
2

with silica sand, B1: Mn(NO
3
)
2
with silica sol, B3: MnSO

4
with silica

sol, B4: Mn(Ac)
2
with silica sol, and C4: Mn(Ac)

2
with tetraethyl

orthosilicate, resp.).

while MnCl
2
could not react with any of the three kinds of

silicon materials.
On the aspect of silicon source, tetraethyl orthosilicate

and silica sol have similar activity and both can react with
Mn(Ac)

2
to produce Mn

2
SiO
4
. Silica sand has the least

reactive among the three kinds of silicon sources and only
Mn(Ac)

2
can react with it to generate small amount of

Mn
2
SiO
4
in supercritical water. That is due to the high

stability of the SiO
2
crystal which is the main component of

silicon sand.The diffraction peaks from SiO
2
of B4 and C4 in

Figures 3 and 4 may be covered by that of Mn
2
SiO
4
.

3.2. XPS Characterization. The chemical states of the surface
species of the representative products were investigated using
XPS and the results are presented in Figure 5. And the
surface atomic concentrations of samples characterized by
XPS results are shown in Table 1. The amounts of Mn on the
surface of sample A1 are 6.11%, while those of samples B1 and

Table 1: Surface atomic concentration (%) of samples characterized
by XPS.

Sample Mn 2p O 1s Si 2p N 1s C 1s
A1 6.11 69.62 23.21 1.06 —
B1 0.70 69.66 29.35 0.35 —
B3 0.39 65.82 27.46 0.26 6.07
B4 7.38 51.30 15.57 — 25.75
C4 2.99 36.46 4.99 — 55.56
Note: A1, B1, B3, B4, andC4 are the samples from reaction ofMn(NO3)2 with
silica sand, Mn(NO3)2 with silica sol, MnSO4 with silica sol, Mn(Ac)2 with
silica sol, and Mn(Ac)2 with tetraethyl orthosilicate, respectively.

B3 are only 0.70% and 0.39%, respectively. As for the Mn 2p
spectra, different products exhibit different binding energies
(BE) of Mn 2p

3/2
and Mn 2p

1/2
levels. The binding energies

of the Mn 2p
3/2

and Mn 2p
1/2

in the sample A1 are 642.0 eV
and 653.8 eV, which is attributed to MnO

2
[28–30]. Similarly,

the BE of the Mn 2p
3/2

and Mn 2p
1/2

in the samples B1 and
B3 are 641.7 eV and 653.7 eVwhich can be assigned toMn

2
O
3

[28, 29].This also agreeswell with theXRDresults. Compared
with the Mn 2p spectra of A1, the peak intensities belonging
to B1 and B3 are very weak; this is because the surface atomic
concentration of samples B1 and B3 is very low. In addition,
the BE of the Mn 2p

3/2
and Mn 2p

1/2
in the sample B4 and

C4 are in the range of 641.7–642.2 eV and 653.4–653.7 eV,
respectively. These may be attributed to Mn

2
SiO
4
/MnSiO

3
,

MnO, and/or their mixtures [31]. The peak intensity of B4
is the highest among the five lines, which is in agreement
with the surface atomic concentration. The surface atomic
concentration of Mn in sample B4 is the highest (7.38%,
Table 1).

As for the O 1s region, the BE of O 1s in the sample A1
are 532.5 eV and 529.4 eV, which are attributed to SiO

2
and

MnO
2
, respectively [30, 32].The BE of O 1s in samples B1 and

B3 are 532.9 eV, which can be assigned to SiO
2
[32]. However,

the O 1s peak assigned to Mn
2
O
3
in samples B1 and B3 is not

resolved; it is possibly because the XPS signal of Mn
2
O
3
in

samples B1 andB3 is tooweak comparing to SiO
2
.TheBEofO

1s in samples B4 andC4 appearing at the positions of 533.9 eV
and 531.6 eV can be attributed to SiO

2
andMn

2
SiO
4
/MnSiO

3
,

MnO, and/or their mixtures [31], respectively.
As for the Si 2p spectra, the Si 2p peak in sample A1

at 103.2 eV is attributed to SiO
2
[32] but is attributed to

SiO
2
in samples B1 and B3 appearing at the position of

103.7 eV, which shifted slightly higher. The Si 2p peaks in the
samples B4 and C4 at 103.5 eV and 102.4 eV are attributed
to SiO

2
and Mn

2
SiO
4
[31], respectively. Combined with the

XRD results, Mn2p XPS spectra, and O1s XPS spectra, the
products synthesized by Mn(Ac)

2
and silica sol or tetraethyl

orthosilicate contain Mn
2
SiO
4
and SiO

2
.

3.3. TEM Characterization. Figure 6 shows the representa-
tive TEM images of all samples. It was revealed that fine
particles with high level of dispersion were formed on the
bulk products in A1 and the morphology of bulk products
was single sphere. Based on the XRD analyses, the fine
particles were MnO

2
, and the bulk products were SiO

2
. TEM
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A1 B1 B3 B4 C4

Figure 6: High resolution TEM images of samples prepared by reaction between different aqueous manganese salt (A1: Mn(NO
3
)
2
with silica

sand, B1: Mn(NO
3
)
2
with silica sol, B3: MnSO

4
with silica sol, B4: Mn(Ac)

2
with silica sol, and C4: Mn(Ac)

2
with tetraethyl orthosilicate).

C 2CCCCCCC 2222222

A1 A2 A3 A4

B1 B2 B3 B4

C1 C2 C3 C4

Figure 7: SEM images of samples prepared by reaction between various sources of silica (A: silica sand, B: silica sol, C: tetraethyl orthosilicate)
and different aqueous manganese salt (1: Mn(NO

3
)
2
, 2: MnCl

2
, 3: MnSO

4
, and 4: Mn(Ac)

2
).

images of B1 and B3 samples were similar: highly dispersed
fine particles were formed on top of the bulk products, and
the bulk products were uniform spheres with a diameter
of approximate 20 nm. These spheres were bonded together
and formed some irregular rings with a diameter of about
40 nm. Based on the XRD analyses, the fine particles should
be Mn

2
O
3
, and the bulk products should be SiO

2
. TEM

images of samples B4 andC4were similar: stick-like products
were obtained with a length of about 200 nm. The chemical

composition of products may be Mn
2
SiO
4
or a mixture of

Mn
2
SiO
4
and SiO

2
.

3.4. SEM Characterization. SEM micrographs of the solid
products were shown in Figure 7. The products obtained
by different manganese salts reacting with silica sand are
some fine particles and irregular flaky polyhedron. While
the products generated by reactions between different salts
(Mn (NO

3
)
2
, MnSO

4
, and MnCl

2
) and silica sol or tetraethyl
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orthosilicate are regular spheres and fine particles, the prod-
ucts formed by Mn(Ac)

2
and silica sol or tetraethyl orthosil-

icate are slightly different, agglomerated to be unregular
ellipsoid and flaky polyhedron.

3.5. Reaction Mechanism. The main products synthesized
from four kinds of manganese salts and three kinds of silicon
sources under supercritical water conditions are one or
several of the followings: SiO

2
, MnO

2
, Mn
2
O
3
, andMn

2
SiO
4
.

And the reactionmechanismwill be discussed in this section.
The SiO

2
gel micronucleus can be formed by the hydrol-

ysis and condensation reaction of tetraethyl orthosilicate.
This is a fast and environmentally friendly process, and the
reaction equation can be expressed as follows:

Si (OC
2
H
5
)
4
+ 4H
2
O HF
→
C
4
H
10
O
4C
2
H
5
OH + Si(OH)

4

(Hydrolysis)

𝑛Si (OH)
4

HF
→
C
4
H
10
O
𝑛 (≡ Si −OH) +mH

2
O

(Condensation [39])

(1)

All the manganese salts can hydrolyze first in the water:

MnX
2/𝑦
 Mn2+ + 2/𝑦X𝑦− (Dissociation) (2)

(X is NO
3

−, SO
4

2−, Cl−, and Ac−, and 𝑦 = 1, 2)

Mn2++ 6H
2
O  Mn2+(H

2
O)
6
(Hydrolysis) (3)

The reaction equilibrium biases in favor of the left under
atmospheric conditions. However, under the supercritical
condition, the reaction equilibrium biases in favor of the
right [33, 34] and the radical ion under acidic conditions
such as NO

3

− will be decomposed. Chlistunoff et al. [35, 36]
investigated the decomposition of aqueous HNO

3
solution

in supercritical water and reported that NO
2
or HNO

2
and

O
2
can be formed at 673K. If a reducing agent was added,

NO and N
2
O can be generated. The reaction equation of

hydrothermal decomposition and oxidation can [27, 33, 34]
be expressed as follows:

(5 − 2𝑥)Mn2+ (H
2
O)
6
+2NO

3

−

 (5 − 2𝑥)MnO
2
+2NO

𝑥

+ (26 − 10𝑥)H
2
O + (8 − 4𝑥)H+

(Hydrothermal decomposition and oxidation [28, 34, 35])
(4)

The Mn(NO
3
)
2
can be transformed to MnO

2
or Mn

2
O
3

in supercritical water, but only Mn
2
O
3
can be produced from

MnSO
4
in supercritical water. This may be attributed to the

oxidative capacity of the acid ion in the supercritical water
and the effect of hydroxyl ligands generated by the silicon
sources. The supercritical water is an oxidative reaction
environment due to the dissolved O

2
and the NO

3

− has
strong oxidative capacity in the supercritical water [37].
Therefore, the Mn2+ species in the Mn(NO

3
)
2
supercritical

water solution can be oxidized into MnO
2
, and the SiO

2

crystal (silica sand) existing in the supercritical water almost
does not affect the reaction.The SO

4

2− with weaker oxidative
capacity is hard to be decomposed compared with NO

3

−

under acidic conditions, so the oxidized Mn species cannot
be produced.

The silica sands are crystal particles and the silica sol or
tetraethyl orthosilicate has irregular and porous structure.
There is almost no hydroxyl groups on the surface of silica
sand, but plenty on the surface of the silica hydrolyzed
from silica sol or tetraethyl orthosilicate [38]. Hair [39–41]
has investigated the hydroxyl groups on silica surface using
infrared (IR) gravimetric adsorption at various temperatures.
Their results indicated that the maximumwater sorption will
occur at 673K where both rehydration of the surface and
sorption can occur simultaneously. The hydroxyl groups on
the surface of SiO

2
can act as ligands. It is easy to combine

withMn2+ to form complexwhich enhances its reactivity.The
reaction of MnSO

4
with silica sol or tetraethyl orthosilicate

can produce Mn
2
O
3
, but the Mn(NO

3
)
2
with silica sol or

tetraethyl orthosilicate will form Mn
2
O
3
while reacting with

silica sand and will form MnO
2
. This may be because the

surface hydroxyl ligands suppress the oxidation of Mn2+.
Cl− has not oxidative capacity and cannot be decomposed,
so there was hardly manganese oxides produced in the
supercritical water by reaction of MnCl

2
with any silicon

sources.
The products prepared by Mn(Ac)

2
are obviously dif-

ferent from the other three Mn salts. The reason may
be that the Ac− is a good candidate which is easy to
be combined with Mn2+ via a ligand exchange reaction
to form Mn2+(H

2
O)
𝑥
(Ac−)

6−𝑥
instead of the hydrolysis of

Mn2+(H2O)
6
to form Mn oxides according to

Mn2+ (H
2
O)
6
+ (6 − 𝑥)Ac−  Mn2+(H

2
O)
𝑥
(Ac−)

6−𝑥

+ (6 − 𝑥)H
2
O

(Ligands exchange)

(5)

The H
2
O and Ac− ligands are further exchanged with

surface hydroxyl ligands of SiO
2
forming Mn

2
SiO
4
and the

reaction can be expressed as follows [27, 42]:

2Mn2+(H
2
O)
𝑥
(Ac−)

6−𝑥
+HO–Si ≡

→ Mn
2
SiO
4
+ CO
2
+H
2
O (Complexation)

(6)

By these ligands exchanging reactions, the Mn
2
SiO
4

loaded on the surface of SiO
2
was generated. Due to the

different morphology and chemical composition of SiO
2
,

the amount of resulting Mn
2
SiO
4
varied: the silica sol and

tetraethyl orthosilicate produced more Mn
2
SiO
4
for more

surface hydroxyl ligands and amorphous surface which is
easy to interact with the reactants, while the silica sand has
fewer hydroxyl ligands and regular crystal structure which
leads to poor reactivity.
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4. Conclusions

Reactions of various manganese salts (Mn(NO
3
)
2
, MnCl

2
,

MnSO
4
, and Mn(Ac)

2
) and various silicon sources (silica

sand, silica sol, and tetraethyl orthosilicate) have been inves-
tigated in supercritical water using a tube reactor. It is found
that the anion of manganese salt has a significant effect on
the composition of products. The inorganic manganese salt
with the oxyacid radical, which is easy to be decomposed,
can produceMnO

2
/SiO
2
andMn

2
O
3
/SiO
2
.The organicman-

ganese salt with ligands like Mn(Ac)
2
can react with various

types of silicon to generate Mn
2
SiO
4
. The hydroxyl groups

on the surface of SiO
2
from different silicon sources enhance

the reactivity of SiO
2
. Depending on the applications, the

selective materials can be fast synthesized in supercritical
water by choosing different Mn salt precursor and different
types of silicon sources.
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Different characterizations were carried out on unheated expansive soil and samples heated at different temperature. The samples
are taken from the western outskirts of Nanning of Guangxi Province, China. In the present paper, the mineral and chemical
composition and several essential physical parameters of unheated expansive soil are indicated byXRDandEDXanalysis.Moreover,
the structural transition and change of mechanical properties of samples heated in the range of room temperature to 140∘C are
proved by TG-DTA and SEM observation. The mean particle diameter, density, hydraulic behaviors, and bond strength also have
been investigated. The results indicate that, along with the loss of free water, physical absorbed water, and chemically bound water,
the microstructure experiences some obvious change. In addition, the particle size and density both will increase rapidly before
100∘C and undertake a slow growth or decline when higher than 100∘C. The hydraulic behaviors and strength performance of
unheated samples and the one heated at 100∘C are given out as well. All these researches play fundamental role in the pollution
prevention, modification, and engineering application of expansive soil.

1. Introduction

Expansive soils are soils that expand when water is added
and shrink when it dries out. This continuous change in
soil volume can cause homes and roads built on this soil
to move unevenly and crack [1–3]. The special engineering
properties of this soil are determined by the mineral phase
and the chemical composition [4]. Therefore, researches on
them are not only necessary for exploring the engineering
properties of expensive soils and discussing the expansion
mechanism but also indispensable as to the improvement
and reinforcement of expansive soils and the discussion of
new soil research techniques and methods [5, 6]. During
the application of expansive soils in the construction and
employment of embankment, the peculiarity is influenced
by both the nature of the denudation and deliquescence of
expansive soils [7–9].

The variation of temperature has a critical influence
on the engineering properties of soils [10–12]. The relevant
researches were as early as the 20th century AD, which were

mainly focused on the soil evaporation and the invasion of
precipitation [2, 13]. On the other hand, more recent studies
are primarily on how temperature affects the transformation
and the further strength character of soil [14–16]. De Bruyn
et al. have analyzed the results of triaxial test carried out at
different temperature (50∘C, 80∘C, and 110∘C) and different
confining pressure (2.1, 3.1, and 4.1MPa), given the conclu-
sion that the shear strength will increase with the rise of
temperature [17, 18]. However, researches on the influences
of temperature on the change of physical and chemical
properties including microstructure and hydraulic behaviors
have been rarely reported before.

In this research, the expansive soil samples collected from
the western outskirts of Hanzhong of Shanxi Province were
characterized to analyse the chemical and mineral compo-
nents. In addition, researches on the influence of temperature
on the microstructure and physiochemical properties were
also carried out. It is critically important to carry out
this research project for the further pollution prevention,
modification, and engineering application of expansive soil.
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Table 1: The mineral components and content of expansive soil (unit: %).

Components Montmorillonite Illite Kaolin Quartz Feldspar
Content 13 39 31 9 8

2. Materials and Experimental Procedure

2.1. Materials. Expansive soils samples were collected 1.3∼
1.5m below earth surface from the western outskirts of
Hanzhong of Shanxi Province, China. Approximately 3–5Kg
of soils samples was collected from six different sites. Samples
were separated into several portions. Powder batches of about
500 g were kept or dried for 6 h at 20, 40, 60, 80, 90, 100,
120, and 140∘C. Then the samples were removed from the
furnace and cooled to room temperature in air. A powder
batch of about 500 g was treated by air drying for the purpose
of comparison experiment and TG-DT analysis.

2.2. Experimental Methods. X-ray diffraction (XRD) analysis
was carried out on a Rigaku (Japan) D/MAX 2500C diffrac-
tometer using GuK𝛼 radiation, voltage 40 kV, and current
200mA, equipped with a graphite monochromator in the
diffracted beam. Crystalline phases were identified using
the database of the International Center for Diffraction
Data-JCPDS for inorganic substances. [JCPDS, International
Centre for Diffraction Data, 1601 Park Line, Swarthmore, PA,
1987.]

Thermal analysis was performed on aNetzsch (Germany)
STA 449 simultaneous analyzer. Thermogravimetric (TG)
and differential thermal (DT) analysis were performed in
the range of 20–140∘C (stripping gas: dry N2, helium flow =
100mL/min, and heating rate: 5∘C/min). Measurements were
carried out in 0.3 cm3 volume alumina crucibles using 𝛼-
alumina as reference, analyzing ≈100mg of dry sample.

The volume frequency of particle diameter is character-
ized by a Winner2008A (Chinese) laser particle size ana-
lyzer, whose measuring range is 0.01–2000𝜇m. The density
measurements were performed with a helium pycnometer
(Micromeritics, Model 1305, USA). And the strength per-
formance of expansive soil heated at different temperature
is tested on a Trautwein DigiShearTM (Chinese) multifunc-
tional direct shear test systemswith the following testing con-
dition: the shear rate is 0.03mm/minute and the maximum
shear displacement is 6.5mm.

SEM observation EDX analysis was performed on TES-
CAN VEGA II scanning electron microscope for the charac-
terization of the micromorphology of expansive soil treated
at different temperature.

3. Components and Properties in
Room Temperature

3.1. Chemical andMineral Components. Themineral compo-
nent of expansive soil consists of clay mineral and detrital
mineral. The ingredients of the clay mineral are mainly
quartz, mica, feldspar, and a few of the calcites and gypsums,
which are the major part of coarse grain [7]. Generally, due
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Figure 1: XRD patterns of untreated expansive soils (20∘C) and
samples heated at 60∘C, 100∘C, and 140∘C.

to the low content in expansive soil, the coarse grain has
low effect on the swell-shrink property. On the contrary, the
engineering properties of expansive soil are principally deter-
mined by the clay mineral, the fine grain, and especially the
mineral like smectites.

The X-ray diffraction patterns of expansive soil sam-
ples are shown in Figure 1, which reflects that the main
clay minerals are illite, montmorillonite, kaolinite, quartz,
potash feldspar, and plagioclase according to the JCPDS
cards. Moreover, the diffraction peaks have not waved and
the intensity also has not changed with the variation of
temperature (20, 60, 100, and 140∘C), which indicates that
the main mineral component has not changed. The mineral
composition and the component can be given through the
quantitative calculation of the intensity of the diffraction
peak and full width at half maximum, which are shown in
Table 1. It indicates that expansive soils from Hanzhong are
mainly composed of illite and kaolin, which separately take
39% and 31% part of the total air drying sample, while the
percentages of quartz and feldspar are lower than 10%. It
should be mentioned that the clay mineral component is not
exactly close to the soil from other sites, which is because of
the different depositional environment of mother rock and
rate of decay during the soil-forming process.

In this project, EDX analysis was also employed to study
the stability of expansive soil and the chemical composition
and component which are shown in Table 2. From this table,
it can be illustrated that, even though the result would vary
with the EDX detection sites and the main components are
SiO
2
, Al
2
O
3,
and Fe

2
O
3
, which three components accounting
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Table 2: The mineral components and content of expansive soil (unit: %).

Components Na2O MgO Al2O3 SiO2 K2O Fe2O3 SiO2/Al2O3

Content 3.2 6.7 19.5 47.3 8.4 12.8 2.1

Table 3: The physical parameters of expansive soil.

Index Specific weight Liquid limit Plastic limit Plasticity index Free swell ratio
𝛾/kN⋅m−3 𝜔

𝐿
/% 𝜔

𝑃
/% 𝐼

𝑃
𝛿ef/%

Soil 19.7 37.9 17.3 20.6 54
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Au
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Fe
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O

C

K

K

1086420

Mg

Si

Figure 2: The result of expansive soil sample with EDX.

for around 80% of expansive soil. As a consequence, the
enrichment of quartz mineral in course mineral and the
enrichment of aluminum silicate clayminerals in finemineral
can be concluded.

Among the chemical compositions of colloidal particle
of expansive soil, the molecular ratio of silicon aluminum
is 3.94, which indicates that the major mineral composition
is illite, corresponding to the identification result. The high
components of vivacious alkali metals and alkaline-earth
metals such as K, Na, Ca, andMg demonstrate the low degree
of the weathering leaching and chemical weathering and that
this soil can be further weathered when the climate, aqueous
medium, and oxidoreduction environment are different.
Consequently, the engineering properties would be worse for
the hydrophilic enhancement. The EDX pattern is shown in
Figure 2 where the existence of Au element is due to the
spraying for SEM observation.

3.2. Physical Property. The sample soils belong to the mound
hilly mudstone swell-shrinking soil area, the bed rock of
which is lacustrine deposition mud and silty mud and the
surface of which is soil from intense weathering and shows
the structure of stratiform and color of greyish-green [19].
What is more, this soil is interbedded by silty mudstone and
mudstone siltstone. That is the reason why strong expansive
soils from Hanzhong are famous. The physical parameters
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Figure 3: Thermogravimetric (TG) and differential thermal (DT)
analysis diagram of heated expansive soil.

including specific weight, liquid limit, and plastic limit of
expansive soil are given in Table 3.

Table 3 shows that the specific weight is 19.7 𝛾/kN⋅m−3,
which is similar to that of soil from the north of Hubei, China
[7], while the liquid limit and plastic limit are separately
37.9% and 17.3%, in which the two can be used to identify the
status of the soil and be further helpful for the application of
expansive soil. In addition, the plasticity index is 20.6, which
means that the expansive soil can have a high hydrophilic.
Except for the parameters on the plasticity given before,
another one is free swell ratio as large as 54%, which can
directly reflect the high expansibility of expansive soil.

4. The Influence of Temperature

4.1. TG-DTAnalysis. TheTG-DTAdiagram (Figure 3) shows
a continuousweight loss distributed in the range of 20–140∘C.
The figure shows twomain portions of mass loss as the rise of
temperature. The first one is during the heating temperature
interval of 20–100∘Cwhen the free water and some physically
absorbed water are off. Before the heating temperature is
up to 100∘C, the sample loses 8.74% of its total weight. The
proportion of physically absorbed water is small. Combined
with Table 3 of physical properties, it can be known that
the lost water is mainly from the free water. Therefore, the
moisture content of expansive soil is around 8%, which is
lower than the liquid limit and the airing treated expansive
soil is in the semisolid state.
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Figure 4: (a) Particle size distribution of expansive soil at room temperature (20∘C) and heated at 100∘C. (b) Mean particle size and density
at different heated temperature.

Then the mass of the sample undertakes a slight decline
in the range of 100∼140∘C with a mass change of 1.18%. This
portion of mass decrement is due to the drain of part of
physically absorbed water and chemically bound water. For
the existence of Al(OH)

3
and carbonate terrane in the clay

mineral of expansive soil, the lost chemically bound water
is mainly from the release of H

2
O and CO

2
separately from

the decomposition of Al(OH)
3
and carbonate terrane. The

comparison of the different parts of loss illustrates that the
loss of expansive soil during the heat treatment is occurring
mainly before 100∘C as a consequence of the elimination of
free water and physical absorbed water.

4.2. Particle Size and Density. Thephysical properties such as
particle size, density, and strength change with the increase
of the heated temperature of expansive soil. These properties
of expansive soil can significantly influence the occurring
possibility of landslide and the settlement of the foundation
[20].The particles size distribution of the unheated expansive
soil (20∘C) and expansive soil heated at 100∘C is shown
in Figure 4(a). It can be seen that the unheated expansive
soil particles are mostly in the range of 0.096–13.5𝜇m with
a mean value of 4.67 𝜇m. Compared with the unheated
expansive soil, the heat treated one has a relatively large
particle diameter. The particle diameter of expansive soil
heated at 100∘C is between 0.052 𝜇m and 11.7 𝜇m with an
average value of 8.81 𝜇m. It is believed that the rise of particle
size is due to the dehydration consolidation during the
evaporation process.

With the change of heated temperature from 20∘C to
140∘C, which can indicate from Figure 4(b) that the average
particle diameter of expansive soil rise from 4.67 𝜇m at 20∘C
to 9.03 𝜇m at 140∘C, the temperature from 20∘C to 100∘C
saw the rapid increase of mean particle size from 4.67 𝜇m
to 8.81 𝜇m, followed by a slow rise to 9.03 𝜇m at 140∘C.

With a similar increase tendency of mean particle size, the
density of expansive soil also sharply grows from 1.94 g/cm3
to 2.28 g/cm3

.
As the temperature is increasing from 20∘C

to 100∘C, the density of expansive soil experiences a rapid
increase to the value of 2.35. And then the density declines
slightly from 2.35 g/cm3 at 100∘C to 2.28 g/cm3 at 140∘C. As
well as the particle size, the density also rises up because of
the dehydration consolidation. As to the large growth rate
before 100∘C, it comes from the high water content and
fast free water loss during the heat treatment. While the
loss of physically absorbed water and chemically bonded
water will exert a weak influence on both the density and
the particle size. But the decomposition of Al(OH)

3
and

carbonate terrane can lead to the creak and transformation
of some clay mineral particle, which will further make the
density at a low value.

4.3. SEMCharacterization. Themicrostructure and the mor-
phology play important role in the status of expansive soil and
influence the expanding and shrinking behavior of expansive
soil [21]. For the purpose of further comprehending the phase
change progress of expansive soil during heat treatment,
untreated expansive soil and samples heated at 60∘C, 100∘C,
and 140∘C are dispersed in anhydrous alcohol and grinded by
ultrasonic vibration for the same time (4 h).Then the samples
were observed by scanning electronmicroscope to obtain the
micromorphology maps of these samples. The SEM images
of unheated expansive soil and heat treated one are shown in
Figure 5.

From Figure 5(a) it can be known that the microscopic
structure of untreated expansive soil is relatively loose, with
high porosity and small particle size. On the contrary, the
diagrams of expansive soil heated at a series of temperatures
(Figures 5(b)–5(d)) indicate that the heat treatment can
improve the value of particle diameter andmake the particles
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Figure 5: The SEM images of expansive soil (a) at room temperature (20∘C) and heated at (b) 60∘C, (c) 100∘C, and (d) 140∘C.

easy to gather together. The increasing tendency of particle
size is consistent with the values measured by laser particle
size analyzer as shown in Figure 4(b).

Different microstructures result from different physical
and chemical progresses. With the influence of heating at 60
and 100∘C, expansive soil lose the majority of its free water
and part of physically absorbed water. So Figures 5(b)–5(c)
present small particles and a high porosity, corresponding to
a low density as shown in Figure 4(b). When heated at 140∘C,
with the decomposition of phases like carbonate terrane,
expansive soil has lost almost all the physically absorbed
water and part of the chemically bound water. So it can have
larger particle and higher porosity (also higher density) than
when heated at 60∘C (Figure 5(d)).

4.4.Hydraulic Behaviors and Shearing Resistance. Asone type
of unsaturated soil, the existence of gaseous phase, water, and
soil skeleton in expansive soil is themain reason leading to the
complex properties. Thus, the research on the existing form
of gas phase and water phase and the migration law of gas

and water under stress is indispensable to know its physical
properties [20, 22, 23]. And the hydraulic behaviors and
strength performance play fundamental role in the pollution
prevention, modification, and engineering application of
expansive soil.Therefore, these relevant researches have been
carried out and the test results are shown in Figure 6.

Both unheated expansive soil (20∘C) and samples heated
at 100∘C for 6 h belong to alkaline engineering materials.
The hydraulic behaviors of expansive soil would critically
influence the spread of harmful substances in underground
water and further lead to serious pollution of the surrounding
soil, air, and groundwater. Therefore, a deep recognition
of the hydrodynamic characteristics of expansive soil is
necessary for the pollution prevention of underground water.
The measured hydraulic characteristics can be illustrated
by soil-water characteristic curve (SWCC) and hydraulic
conductivity characteristics curve (HCF), which are shown
in Figure 6(a).

The SWCC curves indicate that, with the same change
of water content, the change of matrix suction of unheated
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Figure 6: (a)The hydraulic characteristics of unheated (20∘C) and heated (100∘C) expansive soil. (b) Bond strength as the functions of heated
temperature.

expansive soil (matrix suction value is a function of several
factors like free water, electric combination water, cement
force, and electrochemical power) is greater than that of
expansive soil heated at 100∘C. This means that the water
sensitivity of unheated expansive soil is greater than heated
ones. As a consequence, under the same natural conditions,
the stability of expansive soil after heat treatment is lower
than that of unheated expansive soil. On the other hand, with
the same water content, the hydraulic conductivity of the
heated sample is better. It indicates that the liquid pollutants
in expansive soil under high temperature are easier to filtrate
and diffuse into the underground water and the surrounding
environment.

The measurement shows that the strength of heated
expansive soil is far higher than that of unheated soil. Then
the direct shear tests were carried out for the purpose
of further understanding the strength performance of the
expansive soil under different temperature conditions. The
testing results are shown in Figure 6(b).

The curves in Figure 6(b) indicate that, under the same
experimental conditions, expansive soil heated at 100∘C for
6 h has significantly high intensity. This is the same with the
conclusion obtained in the sites. The bond strength of the
two samples can be calculated through extending the strength
envelope curve towards the left to the longitudinal axis of the
coordinate system. The bond strength of heated expansive
soil, 178 kPa, is significantly greater than that of unheated
samples which is 26.3 kPa. In addition, it can be known that
the angles of internal friction of the two materials are almost
the same from the fact that two shear strength envelope
curves are roughly parallel. These phenomena illustrate that
the main reason why the strength of heated expansive soil is
substantially higher is that it comes from the increase of bond
strength.

5. Conclusion

In this project, the mineral and chemical composition and
several essential physical parameters of unheated expansive
soil samples taken from the western outskirts of Hanzhong of
Shanxi Province, China, are tested and given out. Moreover,
alongwith the change of temperature from20∘C to 140∘C, free
water, physical absorbed water, and chemically bound water
are lost in sequence. The mean particle diameter undertakes
a sharp increase and the SEM shows that the microstructure
becomes larger and more porous due to the decomposition
of phases like carbonate terrane. The hydraulic behaviors
and strength performance of unheated samples and the
one heated at 100∘C are also given out to demonstrate the
mechanical properties during the engineering application.
All these researches play fundamental role in the pollution
prevention, modification, and engineering application of
expansive soil.
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Well dispersedmagnetically recyclable bimetallic CoNi nanoparticles (NPs) supported on the reduced graphene oxide (RGO) were
synthesized by one-step in situ coreduction of aqueous solution of cobalt(II) chloride, nickel (II) chloride, and graphite oxide (GO)
with ammonia borane (AB) as the reducing agent under ambient condition.TheCoNi/RGONPs exhibits excellent catalytic activity
with a total turnover frequency (TOF) value of 19.54molH

2
mol catalyst−1min−1 and a low activation energy value of 39.89 kJmol−1

at room temperature. Additionally, the RGO supported CoNi NPs exhibit much higher catalytic activity than themonometallic and
RGO-free CoNi counterparts. Moreover, the as-prepared catalysts exert satisfying durable stability and magnetically recyclability
for the hydrolytic dehydrogenation of AB, whichmake the practical reusing application of the catalysts more convenient.The usage
of the low-cost, easy-getting catalyst to realize the production of hydrogen under mild condition gives more confidence for the
application of ammonia borane as a hydrogen storage material. Hence, this general method indicates that AB can be used as both
a potential hydrogen storage material and an efficient reducing agent, and can be easily extended to facile preparation of other
RGO-based metallic systems.

1. Introduction

Hydrogen, as a globally accepted clean and environmentally
friendly fuel, has attracted widespread research concerns and
interests [1]. However, for the widespread use of hydrogen as
an energy carrier to achieve sustainable mobility, developing
a compact, safe, and affordable means of storing hydrogen
remains a major obstacle [2]. Chemical hydrogen storage is
thought to be one of the most promising approaches to meet
this challenge, because of its considerably high gravimetric
and volumetric hydrogen density [3–6]. In recent years,
ammonia borane (AB) was discovered as an efficient and safe
storage medium for H

2
due to the high capacity (19.6 wt.%

and 0.145 kg H
2
/L) and stability in ambient atmosphere

[7–11]. In the presence of a suitable catalyst, three moles
of hydrogen can be released from one mole of AB at room

temperature. The hydrolysis of AB can be represented as
follows [12–14]:

NH
3
BH
3
(aq) + 2H

2
O (l) → NH

4
(BO
2
) (aq) + 3H

2
(g)
(1)

So, the discovery of suitable catalysts becomes the main
issue of the practical application of AB as an on-board
hydrogen medium. With the trend of nanocatalysts applied
in the hydrolysis of AB system, transitionmetal nanoparticles
(NPs) catalysts are considered to be a promising option
because of their novel structure, electronic properties, and
magnetic performances [15–18]. So far, not only nonnoble
metal NPs [12, 19–24] and noble metal NPs [13, 20, 25–29],
but also their composites [14, 30–38] have been tested for
hydrolytic dehydrogenation of AB; among them platinum
[20, 25, 26] shows the highest activity. However, concerning
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the element abundance and related economic issues, it is
clearly a desired goal to prepare low-cost catalysts with high
catalytic activity for the terminal practical application of this
reaction system in the fuel cell. The catalytic performance
of the metal NPs is highly dependent on the dispersion of
the active metals. Thus, the aggregation of metal NPs during
the catalytic process due to the high surface energies and
magnetic properties is themain impediment to restraint their
development [36]. To solve this problem, various surfactants
and substrates are successfully utilized to obtain catalystswith
preferable dispersity [12–14]. Graphene, a single layer of sp2
carbon lattices, could be an ideal substrate for growing and
anchoring metal NPs with good dispersion due to its high
specific surface area and large density of free electrons [37–
39].

In this work, we have discovered that the CoNi/RGO
exhibits excellent catalytic activity in hydrolysis of AB for
hydrogen generation. Separation of this catalyst from reactant
liquid is quite simple by using a magnet, as CoNi/RGO has
an excellent magnetic property. This mild and rapid strategy
provides great potential for application of ammonia borane
as an on-board hydrogen medium.

2. Experimental

2.1. Graphite Oxide (GO) Preparation. GO was made by a
modified Hummers method [40, 41]. Briefly, natural graphite
powder (325 mesh) was placed into an 80∘C solution of
concentrated H

2
SO
4
(30mL), K

2
S
2
O
8
(2.5 g), and P

2
O
5

(2.5 g). The mixture was carefully diluted with distilled water
and filtered using a 0.2 micron Nylon Millipore filter to
remove the residual acid. The product was dried at 80∘C
under ambient condition overnight.The preoxidized graphite
was put into cold concentrated H

2
SO
4
, then KMnO

4
was

added gradually under stirring, and the temperature of the
mixture was kept below 20∘C for 2.5 h. The mixture was
stirred at 35∘C for 4 h. Afterwards, 250mL of deionized water
was added and the suspensionwas stirred at 100∘C for another
2 h. Subsequently, additional 300mL of deionized water was
added. Shortly after that, 7mL of 30%H

2
O
2
was added to the

mixture to terminate the reaction. The suspension was then
repeatedly centrifuged andwashed first with 5%HCl solution
and then with water. Exfoliation of graphite oxide to GO was
achieved by ultrasonication of the dispersion for 30min [42].

2.2. In Situ Synthesis of RGO Supported CoNi NPs (Co/Ni =
0.5/0.5) and Their Catalytic Activities toward the Hydrolysis
of AB (Catalysts/AB = 0.05). 8mL aqueous solution con-
taining CoCl

2
(6.01mg), NiCl

2
(6.60mg), and GO solution

(1.77 g containing 0.68‰ GO) was kept in a 25mL two-
necked round-bottom flask. One neck was connected to
a gas burette and the other was connected to a pressure-
equalization funnel to introduce AB in 2 mL of aqueous
solution containing 34.3mg AB (1mmol).The reactions were
started when the aqueous AB solution was added to the flask
with vigorous stirring. The evolution of gas was monitored
using the gas burette. After the hydrogen generation reaction
was completed, 34.3mg AB (1mmol) was added to the flask

and the evolution of gas was monitored. A water bath was
used to control the temperature of the reaction solution.

For comparison, RGO supportedCoNiNPswith different
Co/Ni ratio, GO reduced by AB, RGO-free CoNi reduced
by AB, and CoNi/RGO reduced by NaBH

4
were synthesized

using the same method.

2.3. Different Supported Carbon Materials. Sets of experi-
ments with different supported carbon materials (such as
activated charcoal and graphite powder) were performed at
room temperature. All the experiments were performed in
the same way as described in Section 2.2.

2.4. Kinetic Studies of Hydrolytic Dehydrogenation of AB Cat-
alyzed by CoNi/RGO NPs. Temperature was varied at 25∘C,
30∘C, 35∘C, and 40∘C, while the ratio of the concentration of
CoNi (0.05mmol) and AB (1mmol) was kept constant at 0.05
to obtain the activation energy (𝐸

𝑎
).

2.5. Stability Test. For stability test, catalytic reactions were
repeated 5 times by adding other equivalents of AB (1mmol)
into the mixture after the previous cycle. The molar ratio of
catalyst/AB was kept at 0.05.

2.6. Catalyst Characterization. Transmission electronmicro-
scope (TEM), energy-dispersive X-ray spectroscopy (EDS),
and selected area electron diffraction (SAED) were observed
using FEI Tecnai G20 U-Twin TEM instrument operating
at 200 kV. Powder X-ray diffraction (XRD) studies were
performed on a Rigaku RINT-22005 X-ray diffractometer
with a CuK𝛼 source (40 kV, 20mA). X-ray photoelectron
spectroscopy (XPS) measurement was performed with a
Thermo ESCALAB 250XI multifunctional imaging electron
spectrometer. FTIR spectra were collected at room temper-
ature by using a Thermo Nicolet 870 instrument using KBr
discs in the 500–4000 cm−1 region. Raman spectrometer was
carried out using a confocal Raman microscope (LabRAM
HR).

3. Results and Discussion

3.1. Synthesis and Characterization. Chemical reduction
methods are widely employed for the synthesis of NPs in
solution phase in the presence of surfactant [43], whose
presence on the surface diminishes the activity to some extent
by blocking someof the active siteswhenNPs are employed as
a catalyst [44]. Surfactant-free NPs are difficult to synthesize
because growth of in situ generated nuclei cannot be halted.
Herein, RGO supported CoNi NPs were successfully synthe-
sized without using any external surfactant.We employed AB
itself (muchmilder than NaBH

4
) as the reducing agent in our

reactions.
When AB was added to the precursor solution con-

taining CoCl
2
and NiCl

2
at room temperature, reaction

started after an induction period of 55min, while with the
precursor solution with graphene oxide (GO), the induction
period time decreased to 3.5min, as shown in Figure S1
(see Figure S1 in Supplementary Materials available online
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Figure 1: (a) TEM images of GO sheets and (b) and (c) TEM images of CoNi/RGO, (d) HRTEM image of CoNi/RGO, (d inset) SEAD pattern,
and (e) EDS spectrum of CoNi/RGO.

at http://dx.doi.org/10.1155/2014/294350/). The decrease of
induction period may result from the cooperative effect
between RGO and metal NPs, which is mainly caused by the
charge transfer across the graphene-metal interface due to
the graphene-metal spacing and Fermi level difference. Just
before the onset of H

2
evolution, a black coloredmaterial was

formed. The black powder was RGO supported CoNi NPs
(CoNi/RGO).

The microstructures of the CoNi/RGO were charac-
terized by transmission electron microscopy (TEM), high-
resolution TEM (HRTEM), energy-dispersive X-ray spec-
trometer (EDS), and selective area electron diffraction
(SAED) (Figure 1). The GO sheets shown in Figure 1(a) are
transparent and corrugated together. As shown in Figures
1(b) and 1(c), the NPs were well dispersed on RGO, which
helps to prevent the agglomeration. A close examination of
the catalysts by HRTEM (Figure 1(d)) indicates that the d-
spacing of the particle lattice is∼0.203 nm,which is consistent
with the (111) plane of cubicNi (JCPDSnumber 04-0850).The
EDS spectrum of the specimen shows the presence of Co and
Ni (Figure 1(e), which was taken from the specially marked
area in the TEM image), with the atomic ratio for Co :Ni
being detected to be 0.02 : 0.02, which is in good agreement
with the appointed atomic ratio (1 : 1). Therefore, the Co NPs
may be in amorphous phase.

Figure 2S shows the power XRD pattern of the Co/RGO
and Ni/RGO. The diffraction peak attributed to Ni (111) is
observed. However, no diffraction peak of Co exists, which
may be caused by the amorphous phase of Co. Therefore,
the peak at around 44.10∘ in the power XRD pattern of the
as-prepared CoNi/RGO (Figure 2) corresponds to the Ni
(111). Furthermore, the most intense peak at around 11.5∘ that
corresponds to the (001) reflection of GO disappeared and a
new peak at around 25.1∘ is observed in the as-synthesized
RGO supported CoNi NPs, indicating that GO is successfully
reduced to RGO.

CoNi/RGO was further characterized by X-ray photo-
electron spectroscopy (XPS) to investigate the surface nature
of the CoNi NPs and RGO (Figure 3). Compared with
the peaks of GO (Figure 3(a)), the intensities of oxygen
containing functional groups (such as –C–O, –C=O, and –
COO) in Co/RGO (Figure 3(b)) decrease significantly, which
also reveal the reduction of GO to RGO. Figure 3(c) shows
the peaks of Co 2p. There are three peaks whose peak tops
are 778.6, 781.7, and 786.0 eV, which stand for zero valent Co
and oxidized Co [45]. Figure 3(d) shows the peaks of Ni 2p.
There are two peaks at 853.2 and 870.0 eVwhich are attributed
to zero valent Ni, while the other two peaks at 856.6 eV and
874.0 eV stand for oxidized Ni [46]. The formation of the
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Table 1: Catalytic activity of different catalysts used for the hydrolytic dehydrogenation of AB.

Catalyst TOF (molH2⋅mol catalyst−1⋅min−1) 𝐸
𝑎
(kJmol−1) Reference

Ru/𝛾-Al2O3 23.05 67 [27]
CoNi/RGO 19.54 39.89 This work
Ag@CoNi/graphene 15.89 47 [35]
Au@Co 13.64 — [40]
Co0.32Pt0.68/C 10.99 41.5 [31]
Ag@Co/graphene 10.24 20.03 [32]
PSMA-Ni 10.1 38.12 [21]
Cu@Co/graphene 8.36 51.3 [22]
Ag@Ni/graphene 7.7 49.56 [32]
Co0.75B0.25 7.24 40.85 [23]
RGO/Pd 6.25 51 ± 1 [28]
Ag/C/Ni 5.32 38.91 [33]
RuCo/𝛾-Al2O3 3.64 47 [34]
Ni/𝛾-Al2O3 2.45 — [20]
Co/𝛾-Al2O3 2.27 62 [20]
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Figure 2: XRD patterns of GO and CoNi/RGO.

oxidized Co and oxidized Ni most likely occurs during the
sample preparation process for XPS measurements.

Two peaks centered at 1316 and 1577 cm−1 appear in the
Raman spectra of the GO and RGO supported CoNi NPs
(Figure 4(a)), corresponding to the 𝐷 and 𝐺 bands of the
carbon products, respectively. The intensity ratio of the 𝐷 to
𝐺 band (𝐼

𝐷
/𝐼
𝐺
) is generally accepted to reflect the degree of

graphitization of carbonaceous materials and defect density.
After loading of the CoNi NPs, the 𝐼

𝐷
/𝐼
𝐺
of GO is increased

from 1.14 to 1.61. The relative changes in the 𝐷 to 𝐺 peak
intensity ratio confirm the reduction of GO during the in
situ fabrication. Figure 4(b) displays the FTIR spectra of GO
and CoNi/RGO NPs. After the formation of RGO supported
CoNi NPs, the disappearance of C=O peak at 1716 cm−1, C–
OH peak at 1399 cm−1, and C–O peak at 1064 cm−1 of GO
further indicates that the GOwas reduced to RGO during the
process.

3.2. Catalytic Activities for Hydrolysis of AB. Figure 5(a)
shows the composition effect of RGO supported Co

1−𝑥
Ni
𝑥
on

AB hydrolysis (𝑥 =Co:Co +Ni), with themolar ratio for cata-
lysts toABbeing 0.05.Obviously, by changing themolar ratio,
the NPs demonstrate different catalytic activities. As a result,
Co
0.5
Ni
0.5
/RGO displays the best catalytic performance in

the hydrolysis of AB, generating a stoichiometric amount
of hydrogen (H

2
/AB = 3.0) in the shortest time (3.07min)

with a turnover frequency (TOF) value of 19.54mol H
2
mol

catalyst−1min−1, which is higher than the most reported
nonnoble metal-based NPs and even many noble metal-
based NPs, as shown in Table 1, while CoNi/RGO show
better activity than pure Co NPs or pure Ni NPs supported
on RGO, indicating the positive effect of metal interaction
in the bimetallic CoNi NPs on hydrogen generation from
hydrolysis of AB. As shown in Figure S3, compared with the
NPs reduced by NaBH

4
, the as-synthesized NPs generated by

AB exhibit higher catalytic activities, which confirms that it
is possible to achieve much more control over the nucleation
and growth process of the RGO by choosing weaker reducing
agents.

Figure 5(b) presents the plots of the volume of hydrogen
generated from the AB solution versus the reaction time at
room temperature in the presence of pure Co

0.5
Ni
0.5
NPs, GO,

and the Co
0.5
Ni
0.5
/RGO catalysts. No hydrogen generation

was observed for GO, suggesting that GO has no catalytic
activity for the hydrolysis of AB. The hydrogen productivity
from AB catalyzed by pure Co

0.5
Ni
0.5
NPs is around 49.3%

in 79.7min. However, the activity of Co-Ni/RGO is much
higher than that of pure Co-Ni NPs without RGO. The
enhanced catalytic activity for AB hydrolysis reaction should
result from the cooperative effect between RGO and Co-
Ni NPs. Furthermore, to study the effects of the supported
carbon materials on the catalytic performances of the as-
synthesized bimetallic NPs, Co

0.5
Ni
0.5
/graphite powder and

Co
0.5
Ni
0.5
/activated charcoal are prepared and their cat-

alytic activities toward hydrolysis of AB are studied. As
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Figure 3: XPS of spectra of ((a) and (b)) C1s of GO and CoNi/RGO, (c) Co2p of CoNi/RGO, and (d) Ni2p of CoNi/RGO.

shown in Figure S4, their catalytic activities are inferior
to that of Co

0.5
Ni
0.5
/RGO NPs, highlighting the dominant

factor of RGO in facilitating hydrolysis of AB in our
system.

In order to get the activation energy (𝐸
𝑎
) of the AB

hydrolysis catalyzed by CoNi/RGO NPs, the hydrolytic reac-
tions at different temperatures in the range of 298–313 K were
carried out. The values of the rate constant 𝑘 at different
temperatures were calculated from the slope of the linear
part of each plot from Figure 6(a). The Arrhenius plot of ln
𝑘 versus 1/𝑇 for the catalyst is plotted in Figure 6(b), from
which the apparent activation energy was determined to be
approximately 39.89 kJ/mol, being lower than most of the

reported 𝐸
𝑎
values (Table 1), indicating the superior catalytic

performance of the as-synthesized CoNi/RGO catalysts.

3.3. Reusability and Recycle Ability. The reusability of the
catalysts is crucial in the practical application. The recy-
clability of CoNi/RGO catalysts up to the fifth run for
hydrolysis of AB is shown in Figure 7. The as-synthesized
CoNi/RGO catalysts retain 68% of their initial activities
in the hydrolysis of AB in the fifth run, indicating their
superior recycle stabilities. The observed activity loss is likely
to result from the precipitation of metaborates to the catalyst
surface [19]. Moreover, the in situ synthesized CoNi/RGO
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Figure 4: (a) Raman spectra and (b) FTIR spectra of the GO and CoNi/RGO.
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Figure 5: Hydrogen generation from hydrolysis of ammonia borane (0.10M, 10mL) over (a) the CoNi/RGO catalysts at ambient condition.
CoNi/AB = 0.05 (molar ratio) and (b) the Co

0.5
Ni
0.5
/RGO, Co

0.5
Ni
0.5
, and GO.

are magnetic and thus can be separated from the reaction
solution by an external magnet (Figure 7 inset), which makes
the practical recycling application of nanocatalysts more
convenient.

4. Conclusion

In summary, we have developed a facial in situ one-step
method for the synthesis of magnetic RGO supported
bimetallic CoNiNPs usingAB as a reductant.TheCoNi/RGO
exhibit superior catalytic activity, with a turnover fre-
quency (TOF) value of 19.54 H

2
mol catalyst−1min−1 and an

activation energy (𝐸
𝑎
) value of 39.89 kJmol−1. The RGO

supported CoNi NPs exhibit much higher catalytic activity
than the graphite powder and activated charcoal supported or
monometallic and RGO-free CoNi counterparts. Compared
with catalysts reduced by NaBH

4,
the CoNi/RGO catalysts

generated by the milder reducing agent AB exhibit higher
catalytic activities. Moreover, the CoNi/RGO catalysts show
good durable stability and magnetic recyclability for the
hydrolytic dehydrogenation of AB, whichmakes the practical
recycling application of the catalyst more convenient. This
simple synthetic method can be extended to other RGO-
based bimetallic systems for more application.
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Ammonia borane (denoted as AB, NH
3
BH
3
) and hydrazine borane (denoted as HB, N

2
H
4
BH
3
), having hydrogen content as high

as 19.6 wt% and 15.4 wt%, respectively, have been considered as promising hydrogen storage materials. Particularly, the AB and HB
hydrolytic dehydrogenation system can ideally release 7.8 wt% and 12.2 wt%hydrogen of the startingmaterials, respectively, showing
their high potential for chemical hydrogen storage. A variety of nanocatalysts have been prepared for catalytic dehydrogenation
from aqueous ormethanolic solution of AB andHB. In this review, we survey the research progresses in nanocatalysts for hydrogen
generation from the hydrolysis or methanolysis of NH

3
BH
3
and N

2
H
4
BH
3
.

1. Introduction

Hydrogen, as a globally accepted clean and source-independ-
ent energy carrier, has a high energy content per mass
(120MJ/kg) compared to petroleum (44MJ/kg). It can serve
as energy source for different end uses, such as hydrogen fuel
cell vehicles and portable electronics [1], which will enable a
secure and clean energy future.The use of hydrogen fuel cells
in portable electronic devices or vehicles requires lightweight
hydrogen storage or on-board hydrogen production. For
vehicular applications, the US Department of Energy (DOE)
has set storage targets; the gravimetric and volumetric system
targets for near-ambient temperature and moderate pressure
are 9.0 wt% and 81 g/L for 2015, respectively. In order to meet
the targets set by the US DOE, various storage solutions have
been developed and a large number of studies have been
performed on the hydrogen storage materials [2–9], such as
metal hydrides [2], organic hydrides [10], and metal organic
frameworks [11]. However, big challenges still remain.

Chemical storage materials with low molecular weight
and high gravimetric hydrogen density are highly promising
as hydrogen sources [12–14]. Particularly, ammonia borane
(AB, NH

3
BH
3
) and hydrazine borane (HB, N

2
H
4
BH
3
) have

attracted much attention. The simplest B-N compound of
ammonia borane, which has a hydrogen capacity as high as

19.6 wt% and a low molecular weight (30.9 g/mol), exceeding
that of gasoline and Li/NaBH

4
, has made itself an attractive

candidate for chemical hydrogen storage applications [14].
The closely related compound hydrazine borane contains
15.4 wt% of hydrogen, which is greater than the 2015 target
of US DOE, and needs to be considered as another B-N
compound that can be used for the storage of hydrogen [15].

Ammonia borane and hydrazine borane can release their
hydrogen through thermal dehydrogenation in solid state
and solvolysis (hydrolysis and methanolysis) in solution
[12]. Generally speaking, thermal dehydrogenation process
requires high temperature and power consumption. In con-
trast, ammonia borane and hydrazine borane are able to
release hydrogen via a room temperature solvolysis reaction
in the presence of a suitable catalyst [5, 12, 15]. Various
nanocatalysts have been tested for hydrogen generation from
the solvolysis of AB and HB. This review is to serve as an
up-to-date account of the recent progress in nanocatalysts for
hydrogen generation from AB and HB.

2. Ammonia Borane

Ammonia borane is a colorless molecular crystal under
ambient conditions with a density of 0.74 g cm−3 and soluble
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Figure 1: (a) Representative TEM images of the core-shell NPs Ru@SiO
2
with different Ru loadings: (A) 1 wt%, (B) 2wt%, (C) 6wt%, and (D)

10wt%. (b) Hydrogen generation from hydrolysis of NH
3
BH
3
(200mM, 10mL) by Ru@SiO

2
NPs (Ru loading = 6wt% and (Ru) = 0.5mM) at

298K.The inset shows the reaction time versus the loading of ruthenium. Reprinted with the permission from [38]. Copyright: 2014 Elsevier.

in water and other relatively polar solvents. The hydrogen
stored in AB can be released either by thermolysis in solid
state and nonaqueous medium or metal catalyzed reactions
in protic solvents (water and methanol) [14]. About 1mol
H
2
(i.e., 6.5 wt% H) per mol AB is released by thermal

decomposition of AB under moderate conditions (<100∘C)
[14]. However, to maximize the use of hydrogen in AB higher
temperature is needed, which also results in the release of the
side product borazine. To reduce the threshold temperature
and volatile byproducts, a number of approaches have been
achieved, including dehydrogenating AB on nanoscaffolding
[16], catalytic modifications [17], dispersion in an ionic liquid
[18], and the synthesis of derivatives (e.g., metal amidobo-
ranes) [9].

Thermal decomposition of AB usually required high tem-
perature and the reaction was relatively difficult to control. In
contrast, the catalytic hydrolysis or methanolysis provides a
more convenient strategy for hydrogen generation from AB
[19–25]. In the presence of a suitable catalyst, hydrolysis of
AB can release as much as 3mol of hydrogen per mol of AB
at room temperature via the following reaction:

NH
3
BH
3
+ 2H
2
O → NH

4
BO
2
+ 3H
2

(1)

In 2006, noble metal (Pt, Ru, and Pd) nanocatalysts were
firstly found by Xu’s group to have considerable activities
toward hydrolytic dehydrogenation of AB [26]. The Al

2
O
3
,

C, and SiO
2
supported noble metals (Ru, Rh, Pd, Pt, and Au)

nanoparticles were also investigated for hydrolysis of AB [27].

Among them, Pt-based nanocatalysts were found to be most
active. Recently, ultrafine Pt NPs immobilized inside metal
organic framework (MIL-101) were synthesized as highly effi-
cient catalysts for hydrolytic dehydrogenation from AB [28].
Metin and coworkers found that the poly(4-styrenesulfonic
acid-co-maleic acid) (PSSA-co-MA) stabilized Ru and Pd
NPs having average particle size of 1.9 ± 0.5 and 3.5 ± 1.6 nm,
respectively [29], were highly active catalysts for hydrolysis
of AB. In addition, Ru, Rh, and Pd NPs stabilized by xonotlite
[30], zeolite [31], hydroxyapatite [32], aluminum oxide [33],
carbon black [34], carbon nanotubes [35], and graphene
[36, 37] were also reported to have good catalytic activity
in the hydrolytic dehydrogenation of AB. Particularly, the
activation energy for the hydrolysis of AB in the presence
of Ru/graphene was reported to be 11.7 kJ/mol [37], which is
the lowest value ever reported for the same reaction. More
recently, Ru NPs embedded in SiO

2
nanospheres (Ru@SiO

2

core-shell NPs) have been synthesized by us and used as
catalysts for hydrolysis of AB [38], as shown in Figure 1. The
characterized results show that ultrafine Ru nanoparticles
(NPs) of around 2 nm are effectively embedded in the center
of well-proportioned spherical and porous silica nanospheres
(∼25 nm in diameter). Interestingly, the number of Ru NPs
increases inside the spherical particles of SiO

2
as the increase

of Ru loading. The as-synthesized Ru@SiO
2
exhibited high

catalytic activity and good durability for hydrogen generation
from AB.

The noble metal-based catalysts provide significant cat-
alytic activities in hydrogen generation from hydrolysis of
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AB. For practical use, the development of low-cost and
highly efficient catalysts is desired. Therefore, the devel-
opment of efficient and economical nonnoble catalysts to
further improve the kinetic properties is of great importance
for the practical application of hydrogen generation/storage
systems. The nonnoble metals (i.e., Fe, Co, Ni, and Cu)
containing catalysts have been extensively investigated in
the past several years [39–51], and among them, Co-based
catalysts with similar structure or stabilizer were found
to have the highest catalytic activity. The 𝛾-Al

2
O
3
, SiO
2
,

and C supported nonoble metals (Co, Ni, and Cu) NPs
were reported to be catalytically active, whereas supported
Fe NPs were inactive for catalytic hydrolysis of AB [39].
Unexpectedly, amorphous Fe NPs synthesized by in situ
reduction with AB andNaBH

4
exhibited the noble metal-like

catalytic activity in the hydrolysis of AB (Fe/AB = 0.12) [40].
And then, the amorphous Co and Ni NPs were also found
to have enhanced catalytic performance in comparison to
their crystalline counterparts [41–43].The high activity of the
amorphous metal NPs could be attributed to the amorphous
structure, which has a much greater structural distortion and
therefore a much higher concentration of active sites for the
reaction than its crystalline counterpart.

Unexpectedly, monodisperse 3.2 nm Ni NPs with a poly-
crystalline structure, supported on Ketjen carbon black [44],
were shown to be a highly active catalyst for the hydrolysis
of AB, with the total turnover frequency (TOF) reaching
8.8mol−1 H

2
mol−1 Nimin−1. But this Ni/C catalyst was not

stable during the hydrolysis reaction due to the agglom-
eration of Ni NPs on the carbon support. 3.2 nm Ni NPs
supported on SiO

2
were found by the same group to have

the excellent activity and durability [45]. Recently, the Ni NPs
(6.3 ± 1.7 nm) deposited into the nanoporous carbon (MSC-
30) showed an excellent catalytic activity with a TOF value
as high as 30.7 (mol−1 H

2
mol−1 Nimin−1) [46], which is the

highest one among all of the Ni nanocatalysts ever reported
for this reaction at room temperature.

Compared to the Fe-, Co-, and Ni-based catalysts, the
Cu-based catalysts were reported to have a lower catalytic
activity [52–57]. Iron, cobalt, and nickel oxides formed from
the corresponding metals under atmosphere condition were
difficult to be reduced by weak reductants such as AB.
Thus, before use to attain an effective catalyst, reductive
pretreatment is necessary. However, copper oxides are eas-
ily reduced by a milder reductant (such as AB) and are
exceptional catalysts workingwithout reductive pretreatment
in catalytic hydrolysis of AB. Nanostructured Cu, Cu

2
O,

and Cu@Cu
2
O NPs synthesized by the solvated metal atom

dispersion (SMAD) method were tested for the hydrolysis of
AB [53]. Cu@Cu

2
O showed better catalytic activity than Cu

and Cu
2
O. A series of Co

3
O
4
NPs in which Cu was loaded

on the surface were examined as catalysts in the hydrolysis of
AB [54]. Their catalytic activity was dependent on the shape
and size of nanosized Co

3
O
4
. Recently, capping of Cu

2
Owith

organic reagents or inorganic materials was performed and
tested in AB hydrolysis [55]. It was found that capping of
Cu
2
O with 50-facet Co

3
O
4
NPs was the most active. Cu NPs

supported on silica-coated cobalt(II) ferrite SiO
2
/CoFe

2
O
4

(CuNPs@SCF) were reported to have an initial TOF value
of 2400mol H

2
mol−1 Cu h−1 in air at room temperature

[56]. They claimed that the TOF value was the highest one
among the first row metal catalysts used in the hydrolysis
of AB. It was noted that the CoFe

2
O
4
of the support was

not considered in the TOF test. Iron and cobalt oxides were
difficult to be reduced byAB; however, theymight be reduced
by the Cu-H active species or H

2
generated in the hydrolysis

reaction. In addition, zeolite and hydrogel networks-confined
Cu NPs were synthesized and used as catalyst systems [48].
Graphene-supported Cu NPs were synthesized by us via a
facile in situ procedure using AB as a reductant, which exert
satisfied catalytic activity (3.61mol H

2
mol catalyst−1min−1)

[57], appearing to be the best Cu nanocatalysts up to now.
Bimetallic catalysts usually show improved catalytic per-

formance in comparison to their monometallic counterparts;
due to that the metal-metal interactions in the bimetallic
systems presumably account for the tuning of the bonding
pattern of reactants and stabilization of reaction intermedi-
ates on the catalyst surface. A number of bimetallic catalysts
[58–73], such as Au-Co [58, 59], Au-Ni [60, 61], Ru-Co
[62], Ru-Ni [63, 64], Ru-Cu [62], Pt-Ni [65, 66], Pd-Co
[67], Cu-Co [68, 69], Cu-Fe [70], Fe-Ni [71], Fe-Co [72],
and Co-Ni [73], have been employed in the hydrolysis of
AB. For example, small Au-Ni and Au-Co NPs (2–4 nm)
embedded in SiO

2
nanospheres (about 15 nm) exhibited

superior performance in the hydrolysis of AB [58, 61], in
contrast to monometallic counterparts Au@SiO

2
, Ni@SiO

2
,

and Co@SiO
2
. After heat treatment in vacuum, multiple Au-

Co NPs embedded in SiO
2
nanospheres merged into single

Au-Co NPs within SiO
2
, resulting in a size increase of the

bimetallic core NPs [58], as shown in Figure 2. Unexpectedly,
single Au-Co NPs within SiO

2
showed a better catalytic

activity than multiple small bimetallic core NPs within SiO
2
,

which is due to the decrease in the content of basic ammine by
the decomposition of metal ammine complexes (precursor)
during the heat treatment.

Bimetallic NPs with core-shell architecture have attracted
growing attention in recent years due to their unique and
novel optical, electrical, and catalytic properties compared
with their monometallic counterparts and alloys. Yan and
coworkers prepared Au@Co core-shell NPs through the one-
step seeding growth route with AB as the reductant [59].
By exposing a mixture of Au3+ and Co2+ precursors to the
aqueous solution of AB at the same time, the core Au NPs
can be formed first and then serve as the in situ seeds for
successive catalytic reduction leading to the growth of outer
shell Co NPs, which is to take advantage of the difference in
reduction potentials of the twometal ions. A relative stronger
reductant NaBH

4
, instead of AB, causes the formation of

Au-Co alloys. Therefore, a suitable reductant is essential
in this one-step synthesis method. Compared to alloy and
monometallic counterparts, the Au@CoNPs exhibited excel-
lent catalytic activity and long-term stability in the hydrolysis
of AB. A similar approach was used to synthesize bimetallic
Cu@M [74], Pd@M [75], Ag@M [76], and Ru@M (M = Fe,
Co, Ni) [77] and trimetallic Au@Co@Fe [78], Cu@FeNi [79],
Cu@CoNi [80], Cu@FeCo [81], Cu@CoCr [82], Ag@CoFe
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Figure 2: (a) Representative TEM images of the core-shell NPs Au-Cu@SiO
2
with multiple- (A-B) and single-core (C-D) NPs. (b) Hydrogen

generation from hydrolysis of NH
3
BH
3
(160mM, 5mL) by different catalysts at 298K. Reprinted with the permission from [58]. Copyright:

2012 Royal Society of Chemistry.

[83], Ag@NiFe [83], Ag@CoNi [84], and Ag@Co@Ni [85]
core shell NPs. It was found that all the obtained bimetallic or
trimetallic core-shell NPs showed higher activities than the
corresponding monometallic counterparts in the hydrolysis
of AB. However, the Cu-Fe bimetallic nanoalloys synthesized
by in situ reduction of Cu2+ and Fe2+ with AB and NaBH

4
as

the reductant exhibited excellent catalytic activity, especially
for Cu

0.33
Fe
0.67

alloy NPs outperforming the activity of
monometallic counterparts and even of Cu

0.33
@Fe
0.67

core-
shell NPs [70], as shown in Figure 3.

Besides the hydrolysis of AB, the methanolysis reaction
has also taken place in the presence of suitable catalysts
and has been developed to generate hydrogen. This catalytic
methanolysis reaction can be expressed as follows:

NH
3
BH
3
+ 4MeOH → NH

4
B(OMe)

4
+ 3H
2

(2)

The hydrogen capacity from this methanolysis reaction
is estimated to be about 3.9 wt%, lower than that from
the hydrolysis reaction (8.9 wt%). However, the hydrolytic
system with high-concentration AB solution can lead to the
release of small quantities of NH

3
along with H

2
, whereas

the methanolysis of AB can overcome this problem. What
is more, the methanolysis product of NH

4
B (OMe)

4
can

be converted back to AB by treatment of lithium alu-
minium hydride with ammonium chloride. In 2007, RuCl

3
,

RhCl
3
, PdCl

2
, CoCl

2
, NiCl

2
, Pd/C, and Raney-Ni were firstly

reported for the methanolysis of AB [86]. Since then, various
catalysts have been examined in hydrogen generation from

the methanolysis of AB, such as PVP-stabilized Pd and
Ru NPs [87, 88], Ru NPs immobilized in montmorillonite
[89], Co-Co

2
B, Ni-Ni

3
B, Co-Ni-B [90], zeolite stabilized Rh

NPs [91], and Cu@Cu
2
O [53]. Recently, monodisperse 7 nm

CoPd NPs with controlled compositions were synthesized
and used for catalytic methanolysis of AB [92]. The CoPd
NPs showed the composition-dependent methanolysis at
room temperature, with Co

48
Pd
52
/C being the most active.

More recently, various mesoporous Cu nanostructures with
diverse morphologies have been synthesized by us via a facile
and scaleable wet-chemical method and applied as catalyst
for hydrogen generation from the methanolysis of AB [93].
Among them, the flower-like mesoporous Cu showed the
highest catalytic activity.

Catalytic hydrolysis or methanolysis reaction of AB
proceeds with rapid kinetics in the presence of suitable
metal nanocatalysts at ambient temperatures. A portable
hydrogen generation system is expected to be established on
the basis of the metal-catalyzed dehydrogenation of AB. A
significant drawback of the hydrolysis system is that B–H
bonds are converted to much stronger B–O bonds. These
byproducts with B–O bonds generated during the hydrolysis
reaction will be energetically costly to regenerate. Further
experimental and theoretical researches toward the practical
application, including the highly efficient catalyst with the
low cost and long-time stability, and the regeneration of AB
are highly desired. Notably, the convenience and reliability
of performing AB hydrolysis reaction make it suitable for
application. Like CO oxidation, the hydrolysis of AB has
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nanoalloy. Reprinted with the permission
from [70]. Copyright: 2013 Elsevier.

already been widely used as a test (model) reaction for exam-
ining the catalytic activity of new nanomaterials.

3. Hydrazine Borane

Hydrazine borane (N
2
H
4
BH
3
, HB) is one of the hydrogen-

dense derivatives of ammonia borane and has a gravimetric
hydrogen capacity of 15.4 wt%, with 4H𝛿+ and 3H𝛿−.The first
report concerning HB dates back to 1961 when Goubeau and
Ricker published the synthesisHB by reaction of (N

2
H
5
)
2
SO
4

with NaBH
4
in dioxane at room temperature [94]. Since

then several studies were conducted [95–97], focusing on
synthesis, decomposition, and hydrogen generating systems.
Experimental spectroscopy and DFT calculation were per-
formed to understand the structure of HB [98–100]. The
release of hydrogen from HB can be obtained through either
thermolysis or solvolysis. The thermal decomposition of
solid HB was firstly studied by Goubeau and Ricker [94].
Hydrogen is released fromHB in a controlledmanner even at
temperatures as high as 200∘C. In the presence of LiH, 11 wt%
H
2
can be released fromHB at 150∘C in less than an hour [15].
The hydrolysis of HB was firstly reported by Karahan

and coworkers [4]. In the presence of RhCl
3
precatalyst, the

aqueous solution of HB undergoes fast hydrolysis to release
nearly 3.0 equivalent of H

2
with TOF = 1200 h−1 by hydrolysis

of the BH
3
group. They also reported the preparation and

characterization of the Rh NPs supported on hydroxylapatite
(Ca
10
(OH)
2
(PO
4
)
6
, HAP) and their catalytic hydrolysis of

HB with a TOF value of 6700 h−1 at room temperature [101].
The poly(4-styrenesulfonic acid-co-maleic acid) (PSSMA)
stabilized Ni NPs formed during the hydrolysis of HB were
found to be highly active catalyst releasing 2.6–3.0mol H

2

per mol HB with an initial TOF value of 3.05min−1 [102].
However, only about 3/7 of its hydrogen was released by the
hydrolysis of the BH

3
group of HB and the N

2
H
4
group was

not decomposed:

N
2
H
4
BH
3
+ 2H
2
O → N

2
H
5
BO
2
+ 3H
2

(3)

Like the BH
3
group of AB, the BH

3
group in HB is easy

to hydrolyze in the presence of a suitable catalyst. However,
unlike the NH

3
group of AB, the N

2
H
4
group of HB can also

be dehydrogenated in the presence of a selective catalyst (4),
although this reaction is in competition with NH

3
release (5).

Therefore, HB is of great interest in hydrolysis because the H
atoms stored in the N

2
H
4
moiety can be recovered as H

2
. The

real grand challenge is to dehydrogenate the N
2
H
4
group in

HB under mild conditions. The key point is to find a suitable
reactive and selective catalyst, active in dehydrogenating both
BH
3
and N

2
H
4
(6), while avoiding the occurrence of the

side reaction producing NH
3
. Hence, HB could be ideally

dehydrogenated into 5mol H
2
per mol HB. Great efforts

were devoted to synthesize a highly selective catalyst that
can achieve the completely dehydrogenated HB [5, 104–107].
Different catalysts for catalytic dehydrogenation fromHB are
summarized in Table 1:

N
2
H
4
→ N

2
+ 2H
2

(4)

N
2
H
4
→

4

3

NH
3
+

1

3

N
2

(5)

N
2
H
4
BH
3
+ 3H
2
O → B(OH)

3
+N
2
+ 5H
2

(6)

Singh and coworkers have studied the hydrogen evo-
lution reaction from a mixture of N

2
H
4
and NH

3
BH
3

(N
2
H
4
/NH
3
BH
3
= 1 : 1) in the presence of the Ni

0.99
Pt
0.01

nanocatalysts at 25 and 50∘C and proposed that the Ni-based
bimetallic catalysts can be used to release five equivalents
of H
2
and one equivalent of N

2
from an aqueous solution

of HB [7]. Following researches confirmed this proposal
[5, 104]. Hannauer and coworkers have investigated various
transition metal chlorides as precursors of in situ forming
catalysts by reduction in the presence of HB at 50∘C [105].
They concluded that the dehydrogenation of HB is a two-
step metal-catalyzed process, where first the hydrolysis of
the BH

3
moiety occurs and second the decomposition of the

N
2
H
4
moiety takes place.Themetals studied can be classified

into 3 groups: (1) Fe- and Re-based catalysts, showing an
incomplete conversion (<3mol H

2
) in the hydrolysis of

the BH
3
group; (2) Co-, Ni-, Cu-, Pd-, Pt-, and Au-based

catalysts, only active in the hydrolysis of BH
3
group (3mol

H
2
per mol BH

3
of HB); (3) Ru-, Rh-, and Ir-based catalysts,

being also active in the decomposition of N
2
H
4
group. With

the in situ formed Rh(0) nanorods (10 × 4 nm), 4.1mol (H
2
+

N
2
) per mol HB can be produced at 50∘C [105]. It was found

that most of the Ni-based bimetallic systems, with Pt, Ru, Rh,
or Ir as the second metal, outperform the monometallic Ni,
Pt, Ru, Rh, and Ir catalysts at 50∘C [104]. The performance
achieved is 5.1 ± 0.05mol (N

2
+ H
2
) per mol (HB) with

Ni
0.89

Rh
0.11

(reductant: NaBH
4
) and Ni

0.89
Ir
0.11

(reductant:
NH
3
BH
3
) nanocatalysts. Particularly, the hydrogen selectiv-

ity reaching 93 ± 1% and 5.79 ± 0.05 equiv. (H
2
+ N
2
) per



6 Journal of Nanomaterials

Table 1: Catalytic performance of metal nanocatalysts for hydrogen generation from hydrazine borane (HB).

Catalysts Temperature (∘C) 𝑛(H2 + N2)/𝑛HB Reference
RhCl3 precatalyst 25 2.93 [4]
RuCl3 precatalyst 25 ∼2.9 [4]
Rh NPs/Al2O3 25 ∼2.6 [4]
Ru NPs/Al2O3 25 ∼2.7 [4]
Rh NPs/hydroxyapatite 25 3 [101]
Ni NPs/PSSMA 25 2.6∼3 [102]
NiCl2 precatalyst 25 3 [103]
Ni NPs/CTAB 50 ∼3.1 [5]
Pt NPs/CTAB 50 3 [5]
Ru NPs/CTAB 50 3.30 ± 0.05 [104]
Rh NPs/CTAB 50 3.30 ± 0.05 [104]
Ir NPs/CTAB 50 2.25 ± 0.05 [104]
Ni
0.97

Pt
0.03

NPs/CTAB 50 5.07 ± 0.05 [5]
Ni
0.89

Pt
0.11

NPs/CTAB 50 5.79 ± 0.05 [5]
Ni
0.77

Pt
0.23

NPs/CTAB 50 5.29 ± 0.05 [5]
Ni0.89Rh0.11 NPs/CTAB 50 5.1 ± 0.05 [104]Ni0.89Ir0.11 NPs/CTAB
Ni0.77Ru0.23 NPs/CTAB 50 4 ± 0.05 [104]
RhCl3 precatalyst 50 4.1 [105]
RuCl3 precatalyst 50 3.3 [105]IrCl3 precatalyst
Rh NPs/CTAB 50 4.4 ± 0.2 [106]
Ni NPs/CTAB 50 3.5 ± 0.1 [106]
Rh4Ni NPs/CTAB 50 5.8 ± 0.2 [106]
Ni@(RhNi-alloy)/Al2O3 50 5.74 ± 0.2 [107]
Ni15Rh-alloy/Al2O3 50 ∼4.15 [107]

HB could be released in the presence of Ni
0.89

Pt
0.11

NPs
(reductant: NaBH

4
), suggesting that 9.7 wt% of H

2
of the

system HB-3H
2
O is recovered [5]. More recently, Zhang

and coworkers reported that the Rh
4
Ni nanocatalyst exhibits

high efficiency in dehydrogenation reaction of HB [106], as
shown in Figure 4. The hydrogen selectivity reaches almost
100% at 50∘C. Interestingly, the dehydrogenation of aqueous
hydrazine borane catalyzed by the Rh

4
Ni alloy cannot be

simply divided into two steps.Moreover, well-dispersed core-
shell Ni@(RhNi-alloy) NPs supported on Al

2
O
3
exhibited

high hydrogen production rate with complete hydrogen
generation of HB, that is, 5.74 ± 0.2 equiv. (H

2
+ N
2
) per HB

within 40min at 50∘C [107].
In addition, the hydrogen of HB can be released through

the catalytic methanolysis at room temperature (7). Karahan
and coworkers firstly reported themetal-catalyzedmethanol-
ysis of HB using a NiCl

2
precatalyst at room temperature

[103]. The methanolic solution of HB (HB/Ni ≥ 200) can
release 3 equiv. of H

2
with a rate of 24mol H

2
(mol Ni min)−1

at room temperature. The catalytic methanolysis of HB can
enable rapid and controllable hydrogen generation at ambient
temperatures. The hydrogen capacity of this methanolysis
reaction of HB is estimated to be only 3.5 wt%, lower than
that of the hydrolysis reaction of HB or AB. This then
makes this methanolysis reaction of HB less attractive than
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Figure 4: Evolution of the mol number of (H
2
+ N
2
) per mol of

N
2
H
4
BH
3
in the presence of Rh, Rh

4
Ni, and Ni nanocatalysts. The

data are from [106].

the hydrolysis reaction. Very recently, Thoms and coworkers
reported a study of the full dehydrogenation of HB to give H

2

and N
2
catalysed by a variety of group 4 metallocene alkyne

complexes in THF at 25 and 50∘C [108]. It was observed
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that the amount of hydrogen released is strongly dependent
on both the metal and the cyclopentadienyl ligands. This
work is the first example for a transition metal-catalysed
homogenous process for the dehydrogenation of HB:

N
2
H
4
BH
3
+ 4CH

3
OH → N

2
H
5
B(OCH

3
)
4
+ 3H
2

(7)

Hydrazine borane is a promising novel chemical hydro-
gen storage material because it stores 15.3 wt% (H) and can
dehydrogenate in mild conditions. It can release 5mol H

2

and 1mol N
2
per mol HB via the hydrolysis of BH

3
moiety

and the decomposition of N
2
H
4
moiety in the presence

of a suitable catalyst. The hydrolysis reaction system (HB-
2H
2
O) can ideally release 12.2 wt% H (excess GHSC) and

the byproduct gas N
2
is inert towards fuel cells. Similar

to AB hydrolysis, byproducts with strong B–O bonds are
produced during the hydrolysis reaction, which are difficult
to regenerate the B–Obonds to B–Hbonds due to the stability
of B–O bonds. Compared to AB, it has a higher potential
owing to a superior excess gravimetric hydrogen storage
capacity and the possibility to decompose the N

2
H
4
moiety

without liberation of NH
3
. The current challenge is to find

suitable reactive and selective catalysts to get a conversion of
100% while having selectivity in hydrogen of 100%.

4. Conclusion

Ammonia borane and hydrazine borane store 19.6 wt% and
15.3 wt% hydrogen, respectively, whose dehydrogenation can
be approached by either pyrolysis or solvolysis. They have
the potential to be used as hydrogen sources suitable for
portable fuel cells. This review has summarized some recent
progresses on the nanocatalysts for hydrogen generation
from catalytic solvolysis of ammonia borane and hydrazine
borane. Significant progresses have been obtained in the
development of nanocatalysts with high efficiency and low
cost, whichmakes AB andHB promising candidates for some
specialized applications of power generation (e.g., emergency
or portable power). However, big challenges still remain for
practical application of nanocatalysts, such as catalyst cost,
deactivation, and control of the reaction kinetics. We are
looking forward to the further progress of nanocatalysts for
catalytic dehydrogenation of AB and HB in the future.
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The sol-gel prepared zinc oxide nanopowder was immobilized onto alginate-polyvinyl alcohol polymer blend to fabricate
novel biocomposite beads. Various physicochemical characterization techniques have been utilized to identify the crystalline,
morphological, and chemical structures of both the fabricated zinc oxide hybrid beads and their corresponding zinc oxide
nanopowder. The thermal stability investigations demonstrate that ZnO nanopowder stability dramatically decreased with its
immobilization into the polymeric alginate and PVA matrix. The formulated beads had very strong mechanical strength and they
are difficult to be broken up to 1500 rpm.Moreover, these hybrid beads are chemically stable at the acidic media (pH < 7) especially
within the pH range of 2–7. Finally, the applicability of the formulated ZnO hybrid beads for C.I. basic blue 41 (BB41) decolorization
from aqueous solution was examined.

1. Introduction

The huge increment in pollution level urges scientific com-
munity to research with more and more dedication in
environmental remediation. One of the important classes
of the pollutants is dyes; dyes have been extensively used
in industries, such as textile, paper, printing, cosmetics,
plastics, and rubber, for the coloration of products [1, 2].They
usually have a synthetic origin and are based on complex
aromatic structures which make them stable and difficult
to be biodegraded [1]. A small quantity of dyes can color
large water bodies, which not only affects aesthetic merit but
also reduces light penetration and photosynthesis. Moreover,
many dyes are toxic in nature with suspected carcinogenic

andmutagenic effects that affect aquatic biota and also human
beings [3, 4]. Therefore, the decolorization of dye-containing
effluents is considered compulsory prior to discharge by the
environmental regulations in most of the countries [5, 6]. In
this respect, C.I. basic blue 41 (BB41) is a mono-azo-basic dye
of bright blue hue; it is particularly suitable for dyeing acrylic
substrates and can also be applied to some polyamide and
polyester types, viscose, cotton, and wool. It is also effective
as strainer for the identification of avian leukocytes and blood
and bone-marrow cells [7]. This basic dye may be considered
as one of the most toxic substances. It can cause eye burns
which may be responsible for permanent injury to the eyes
of human and animals. On inhalation, it can give rise to short
periods of rapid or difficult breathingwhile ingestion through
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the mouth produces a burning sensation and may cause
nausea, vomiting, profuse sweating, mental confusion, and
methemoglobinemia [8, 9]. Consequently, BB41 is selected
as one of the simulated dye pollutants to assess its sorption
behavior to be eliminated from polluted wastewaters.

Different techniques have been reported by various inves-
tigations for the removal of dyes from water and wastewater,
including biological processes, combined chemical and bio-
chemical processes, chemical oxidation, adsorption, coagu-
lation, and membrane treatments; each of these has specific
advantages and disadvantages. Among these several conven-
tional chemical and physicalmethods, the adsorption process
is one of the effective techniques that have been successfully
employed for dye removal from wastewater. Adsorption is a
classical technique which involves a variety of highly porous
adsorbents to ensure adequate surface area for adsorption
[10]. Accordingly, many porous adsorbent materials have
been tested on the possibility for dye removal such as
activated carbon [11], peat, chitin, and silica [12]. However,
intraparticle diffusion associatedwith porous adsorbentsmay
reduce the adsorption rate and capacity [13]. Consequently,
there is a need to develop alternative novel adsorbents with
both large surface area and small diffusion resistance char-
acteristics. Recent advances in the field of nanotechnology
offer a class of promising adsorbents that are ultrafine and
characterized by their large surface area. Nanosized metal
oxide nanoparticles have received considerable attention due
to the simple procedure involved in synthesis with low capital
cost compared to commercially available activated carbon.
Diverse inorganicmetal oxidesmay serve as good adsorbents,
due to their relatively high surface area and thermal and
chemical stabilities. Among these metal oxide nanopowders,
Zinc oxide was distinguished by its significant sorption
properties toward the polluted harmful ions presence in
wastewater [14].

A wide number of methods have been used to prepare
ZnO nanopowders, including homogeneous precipitation
in aqueous solution of Zn2+ cations, hydrothermal synthe-
sis, microwave synthesis, solution combustion, pulsed laser
deposition, emulsion precipitation, ultrasonic atomization,
spray pyrolysis, freeze-drying, and sol-gel processes [15–17].
Regarding the various stated preparation techniques, sol-gel
represents one of the fastest growing fields of contemporary
chemistry. Accordingly, this preparation technique was uti-
lized for synthesis of ZnOnanoparticles.This is due to the fact
that this preparation technique offers several advantages such
as being easy, fast, and able to deformmaterials into complex
geometries in a gel state with high purity [18]. Consequently,
zinc oxide nanoparticles can be easily prepared using sol-gel
technique. In spite of the prepared zinc oxide nanopowder
having good adsorbent for dyes, however it is difficult to be
handled in the adsorption techniques due to its small size and
hydrophobic nature. In order to overcome this limitation of
zinc oxide nanopowder, incorporation of a polymer material
with the inorganic metal oxide provides an innovative class
of hybrid materials [19]. Many investigators have introduced
organic-inorganic hybrid changers consisting of inorganic
sorbent materials and organic binding matrices [20, 21].

These materials have conjugated the mechanical properties
of the organic polymers with the intrinsic properties of
the inorganic compound creating a new class of hybrid
organic-inorganic materials with improvement in mechan-
ical properties, chemical inertness, high temperature and
radiation stability, reproducibility, and high selectivity for
harmful ions. Consequently, inorganic zinc oxide sorbent
materialmay be encapsulated into porous polymericmatrices
through the immobilization technique. The porous structure
of polymer matrices allows the harmful ions to diffuse
into the internal pores and be adsorbed into the internal
sorbent materials. So, the major focus was to select a suitable
support polymeric material for the immobilization of the
synthesized ZnO nanopowder. Various polymer matrices
have been employed as immobilized matrix such as algi-
nate, agar, polyacrylamide, chitosan, carrageenan, cellulose
acetate, and polyvinyl alcohol (PVA) [22]. PVA may be
considered as the largest synthetic water soluble polymer
produced in the world and its application as an immobilized
polymer matrix was initiated about 20 years ago [23, 24].
PVA is a polymer of great interest because of its desirable
characteristics specifically for various pharmaceutical and
biomedical applications [23]. PVA offers various advantages
over the conventional alginate hydrogels including lower cost,
higher durability, and chemical stability and its nontoxicity to
viable cells [25]. However, the agglomeration problem that is
associated with PVA gel beads is still the main drawback for
utilizing PVA as immobilizing polymer matrix. Nevertheless,
it is still used by many researchers through adding sodium
alginate; thus the agglomeration of PVA gel beads can be
reduced [26]. The combination of sodium alginate and PVA
has already been reported in PVA-boric acid method, but
usually the concentration of sodium alginate was below 0.4%.
Generally, sodium alginate used at such low concentration
would prevent the agglomeration of PVA gel beads [27].
In the present investigation, we are concerned with for-
mulation of the synthesized zinc oxide nanopowder into
innovative biocomposite beads, through the incorporation
of ZnO into polymer blend of alginate and PVA. According
to our best knowledge, this is the first report that deals
with ZnO nanoparticles immobilized into mixed polymer
matrices composed of alginate and PVA. So, the main focus
of this study is to investigate the physicochemical properties
of the fabricated zinc oxide biocomposite beads and their
corresponding zinc oxide nanopowder. The feasibility of the
formulated hybrid beads towards dye decolorization will be
assigned. The variation in the operational parameters that
affect behavior of the fabricated biocomposite beads will be
examined.

2. Materials and Methods

2.1. Materials. The selected polluted dye model is the azo dye
C.I. basic blue 41 (BB41) that was provided by Ciba Specialty
Chemicals Inc. and was utilized without further purification;
its characteristics and molecular structure are investigated
in Table 1. A stock solution of 1000mg/L was prepared by
dissolving 1 g of dye powder in distilled water to prevent and



Journal of Nanomaterials 3

Table 1: Chemical properties of C.I. basic blue 41 dye.

Molecular structure Molecular formula C.I. number Chemical
class

Molecular weight
(g/mol)

H3C

O

O

O

S

S N
N

N
CH3

OH

H3CO O−

CH3
+N

C20H26N4O6S2 11105 azo 482.57

minimize possible interferences and then used for further
studies by diluting as required. Zinc chloride, sodium algi-
nate, polyvinyl alcohol, hydrochloric acid, sodiumhydroxide,
ethanol, and other reagents used in this work were all A.R.
grade reagents.

2.2. Synthesis of ZnO Nanopowder Using Sol-Gel Precipitation
Technique. An ammonium hydroxide solution (1M) was
added dropwise into a solution of 0.2M zinc chloride in
the presence of polyvinylpyrrolidone (PVP) with constant
stirring till the solution pH is adjusted at 10. The reaction
temperature of the solution mixture was maintained at 70∘C
under constant stirring overnight. The formed fine powder
was separated and washed several times with distilled water
and ethanol. The washed precipitate was then dried by gentle
heating at 50∘C.Then the product is ground into fine powder
to be immobilized into the polymer matrix.

2.3. Fabrication of ZnO Hybrid Beads (ZOHB). 25 g of PVA
has been dissolved in 250mLof distilledwater in the presence
of known weight of sodium alginate until attaining clean
aqueous solution. After complete dissolution of polymer
matrix, 20 g from the synthesized zinc oxide nanopowder
has been dispersed into the previous solution.The suspended
ZnO slurry was stirred continuously using the homogenizer
to ensure the complete nano-zinc oxide dispersion into the
polymeric solution mixture. The resultant ZnO polymeric
slurry was pumped into the cross-linker solution mixture
composed of 3% CaCl

2
and 5% boric acid to be formu-

lated into microbeads. The formed spherical beads were
maintained under gentle stirring overnight to complete their
gelation. The formulated beads were separated from the
cross-linker solution and washed several times with distilled
water and then dried at 40∘C.

2.4. Characteristic Features of Fabricated ZnO Hybrid Beads
and Their Corresponding Nano-Zinc Oxide. Various physic-
ochemical characterization techniques have been utilized
to identify the crystalline, morphological, and chemical
structures for both the fabricated zinc oxide hybrid beads and
their corresponding zinc oxide nanopowder.

In order to identify the main functional groups respon-
sible for the dye sorption process, FT-IR spectra (Shimadzu

FTIR-8400 S) of synthesized zinc oxide before and after its
fabrication into hybrid beads were examined using KBr disc
technique over the wide wavelength range 500–4000 cm−1.

The morphological structures of the synthesized nano-
zinc oxide and its polymeric hybrid beads were detectable
using JEOL JSM 6360LA scanning electron microscope
(SEM). Chemical elemental analyses of these two samples
were performed using the energy-dispersive X-ray spec-
troscopy (EDX) unit that combined with SEM equipment.

The crystal structures of both zinc oxide nanopowder
and its polymeric hybrid were determined using X-ray
diffractometry (Shimadzu-7000 diffractometer) with Cu K𝛼
radiation beam (𝜆 = 0.154060 nm).

The thermal properties of both zinc oxide nanopowder
and its polymeric hybrid were investigated over temperature
range from ambient condition up to 800∘C with a heating
rate of 20∘C/min in flowing N

2
using Thermal Gravimetric

Analysis (Shimadzu TGA-50).
The BET surface area of nano-zinc oxide and its poly-

meric hybridwas calculated from the nitrogen gas adsorption
using the Chemisorption-Physisorption analyzer (Beckman
Coulter AS3100, USA).

The chemical stability of the prepared zinc oxide poly-
meric hybrid toward the hydrogen ion concentration was
determined. Different acidic solutions in pH range 1–5 were
prepared using hydrochloric acid. On the other hand, dif-
ferent alkaline solutions in pH range 8–12 were prepared
using sodium hydroxide. The synthesized hybrid beads were
immersed into these different acidic and alkaline solutions
for 48 h. After this period the wetted beads were separated
and then rinsed with distilled water and dried at 60∘C until
reaching constant weight [28].

The mechanical stability of the prepared zinc oxide
polymeric hybrid beads was assigned using mechanical
strength test. This test was performed using homemade
designed plexiglass beaker divided into 4 equal segments
through baffles (1 cm width). The cylindrical dimension of
the beaker was 11 cm in diameter and 13 cm in height. One
gram from zinc oxide hybrid beads was added to the beaker
followed by 200mL distilled water. The hybrid beads were
agitated in the beaker for 72 h at different controlled mixing
speed that varied from 500 rpm to 3000 rpm. The turbidity
measurements were detected after the mixing period for
each mixing speed. The remaining beads after mixing were
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counted and then dried in a desiccator until no further change
in weight was detected. Each run was performed in triplicate
and the average measurements were recorded.

2.5. Evaluation of the Decolourization Behaviour of Fabricated
ZnO Hybrid Beads. The decolourization availability of BB41
dye onto the fabricated ZOHB was evaluated through the
batch adsorption technique using shaking incubator. Stock
solution of BB41 dye (100mg/L) was prepared. In a typical
experiment, a known amount of dry ZnO hybrid beads was
mixed with 25mL of dye solution with specific concentra-
tion at conical flask and kept under constant agitation of
400 rpm for 60 minutes in the shaker incubator at different
temperatures. After finishing the mixing period, the residual
dye concentration was determined calorimetrically through
measuring the absorbance of the dye solution at 610 nm
using a UV-vis double beam spectrophotometer (Labomed
model). The corresponding dye concentration in the super-
natant solution was obtained using a previously constructed
calibration graph. All the experiments measurements were
carried out in duplicate and mean values are presented. The
percentage decolourization efficiencies were then obtained
using the following equation:

% dye decolourization = (
(𝐶
0
− 𝐶)

𝐶

) ∗ 100, (1)

where 𝐶
0
is the initial dye concentration (mg/L) and 𝐶 is

the final dye concentration in aqueous solution after phase
separation (mg/L).

TheZOHBadsorption capacitieswere evaluated using the
following mass balance equation:

𝑄 (mg/g) =
𝑉 (𝐶
0
− 𝐶)

𝑀

, (2)

where𝑄 is the stain uptake capacity (mg/g), 𝐶
0
and 𝐶 are the

initial and final dye concentrations (mg/L), 𝑉 is the volume
of dye solution (mL), and𝑀 is the ZOHB mass (g).

The equilibrium behavior of the basic dye adsorption
process onto the fabricated beads was established using
Langmuir and Freundlich equilibrium isotherm models.
Moreover the kinetic of dye adsorption process was tested
using the pseudo-first- and pseudo-second-order kinetic
models.

3. Result and Discussion

3.1. Characteristic Features of Fabricated ZnO Hybrid Beads
and Their Corresponding Nano-Zinc Oxide. Comparable
investigation was established between the fabricated zinc
oxide polymeric hybrid and its corresponding zinc oxide
nanopowder to declare their characteristic properties.

3.1.1. Crystalline Structure Identification Using XRD. The
XRD patterns of pure zinc oxide nanopowder (Figure 1(A))
clearly demonstrated that all the diffraction peaks of the
formed ZnO nanoparticles can be indexed to the hexagonal
wurtzite structure with high degree of crystallinity [29],
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Figure 1: XRD spectrums of synthesized pure zinc oxide and its
corresponding polymeric hybrid.

which is in good agreementwith the value obtained by JCPDS
(card number 01-089-1397). Comparing this spectrum with
the ZnO reference card, no impurity phase was detected in
the XRD pattern of the synthesized ZnO. The main ZnO
characteristic diffraction peaks and their orientation planes
for the prepared ZnO and its polymeric hybrid were indexed
in Figure 1.

However, after immobilizing the prepared nano-zinc
oxide onto the polymeric matrix composed of alginate and
PVA blend to fabricate the hybrid beads, a new broad
peak at 2𝜃 = 19.6∘ has appeared (Figure 1(B)) beside the
previous identified ZnO peaks. The broadening of this peak
illustrates the amorphous nature of alginate/PVA polymer
blend. This amorphous behaviour may be due to any weak
interaction that happened between the two polymers on
blending [30]. In fact, PVA structure is collapsed during
the complex formation generating the small crystallites and
hence an increase in interconnection between two phases
leads to the broadening of the peak. This characteristic
peak confirms alginate and PVA blending, where if the
two polymers have not blended properly, all the respective
peaks of both the polymers would have been seen separately
which is not present at this case study [31]. Noticeable peak
intensities decayed at the fabricated hybrid beads for all ZnO
characteristic peaks compared with that presented at the pure
zinc oxide nanopowder. This reduction in peaks intensities
for the fabricated ZnO hybrid beads was associated with
XRD spectrum distortions. This may be attributed to the
introduction of the amorphous polymer blend shell matrix
that immobilized the nanopowder zinc oxide [32].

3.1.2. Chemical Structure Identification Using FTIR. FTIR
analysis technique is utilized to recognize the materials
chemical bonding. It is used to identify the elemental con-
stituents of a material. The characteristic peaks exhibited by
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Figure 2: FTIR analysis of synthesized pure zinc oxide and its
corresponding polymeric hybrid.

FTIR spectrums of both zinc oxide hybrid beads and their
corresponding nano-zinc oxide were investigated in Figure 2.

All zinc oxide characteristic peaks appeared at the ZnO
polymeric hybrid with slight peaks shifting due to presence
of the polymer blend matrix that confirm ZnO immobi-
lization onto the polymeric matrix. Where the two FTIR
spectrums of ZnO nanoparticles and their polymeric hybrid
showed identical characteristic peaks at about 551 cm−1 in
case of pure ZnO which corresponds to the Zn–O bond
stretching vibration that shifted to about 505 cm−1 for the
polymeric hybrid [33]. Moreover the medium to weak bands
at 889 cm−1 for pure ZnO and 852 cm−1 at ZnO polymeric
hybrid are assigned to the vibrational frequencies due to
the change in the microstructural features into Zn–O lattice
[34]. The weak peaks sited at 1165 cm−1 and 1383 cm−1
for pure ZnO that shifted to 1064 cm−1 and 1392 cm−1 for
polymeric hybrid were regarding presence of C–O and C–
H vibration modes of PVP, which acts as a capping agent
for synthesis of nano-zinc oxide [35]. The remaining ZnO
characteristic peaks around 1600 cm−1 and 3400 cm−1 are due
to normal polymeric O–H stretching vibration of the H

2
O

small amount inside the ZnO nanocrystals [36]. Considering
the difference between the two spectrums of ZnO and
its polymeric hybrid, two new peaks appear at 3100 cm−1
and 1850 cm−1 for the ZnO polymeric hybrid that assigned
the interaction between alginate and PVA in its polymer
blend matrix [31]. It is worth mentioning that the bands
appearing in the region of 3100 cm−1belong to all types of
hydrogen bonded OH groups at the polymer blend and
the bands appearing at 1850 cm−1belong to all carboxylate
groups present at the polymermatrix [37].This FTIR analysis
strongly supports the idea that hydrogen bonding could be
formed between the hydroxyl groups of PVA and that group
of alginate that composes the immobilized polymer matrix
[37].

Table 2: EDX elemental analysis of formulated zinc oxide hybrid
beads.

Elements % atomic
C 29.75
O 51.4
Zn 13.86
Na 2.51
Ca 1.38
B 1.1

3.1.3. Morphological Structure Identification Using SEM. SEM
imaging is one of the promising techniques for the topogra-
phy study of the prepared samples, where it gives important
information regarding the shape and size of the synthesized
particles. The surface morphology of the prepared zinc oxide
and its corresponding polymeric hybrid beads is illustrated
in Figures 3(a)–3(c).Thefirst entire SEMpicture (Figure 3(a))
clearly showed that the as-prepared zinc oxide produced from
the sol-gel technique composed of agglomerated nanoparti-
cles with spherical shapes.

The average size of these sphere particles is of nanometer
size order with average diameter equivalent to 40 nm. The
incorporation of these ZnOnanoparticles onto the polymeric
hybrid matrix beads was explored in the beads cross-section
image (Figure 3(b)). The small lighted spots presence in
the bead cross-section area is repressive for ZnO nanopar-
ticles that immobilized onto alginate and PVA polymeric
matrix. The homogeneity and uniform distribution of ZnO
nanoparticles onto the polymeric matrix were observed from
this image. Also, this image investigated clearly the porous
structure of the formulated ZnO polymeric hybrid beads.
The macroporous structures of the formulated ZnO hybrid
beads were obviously clear fromFigure 3(c).Thismicrograph
investigates the open pores and cavities that are present
inside the hybrid polymeric chains, which serve as host
places for dye molecules entrapment during the dye sorption
process onto the ZnO hybrid beads. In order to confirm the
main constituents of the prepared hybrid beads, quantitative
elemental of these beads were performed using EDX analysis.
Table 2 investigates the atomic percentages of the hybrid
beads elemental composition. It was indicated from this table
that the beads are composed mainly of C, O, and Zn and
traces from Ca, Na, and B ions. This is confirming that the
main components of the hybrid beads are the host mixed
polymer matrix of alginate and PVA and the immobilized
ZnO nanoparticles.

3.1.4. Surface Area Identification Using BET. The nitrogen
adsorption-desorption isotherms of zinc oxide nanopowder
and its corresponding hybrid beads distinguish that both
prepared materials are characterized by their high surface
area. However, the calculated specific surface area of the
formulated ZnO beads that is equal to 22.8m2/g is compar-
atively less than that of the free ZnO nanopowder that is
equivalent to 64.9m2/g. Also, the calculated pore volume of
0.132 cm3/g value for the free powdered ZnO is much higher
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Figure 3: The SEM micrographs of (a) pure ZnO nanopowder, (b) cross-section of ZnO polymeric hybrid bead, and (c) internal structure
ZnO polymeric hybrid beads.
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corresponding polymeric hybrid.

than that of its corresponding hybrid beads that record 4.64∗
10
−2 cm3/g.These results may be respective to the conversion

of ZnOnanopowder fromnanoscale particles intomicroscale
polymeric beads.

3.1.5. Thermal Profile Identification Using TGA. The thermal
profiles of both as-prepared ZnO nanopowder and its corre-
sponding polymeric hybrid beads were explored in Figure 4.
It was evident from this figure that the thermal stability of
ZnO nanopowder was decreased with its immobilization into
the polymeric alginate and PVA matrix.

Zinc oxide nanopowder thermal profile shows one degra-
dation step that begins at 180∘C and finishes at 360∘C that
represent the surface adsorbed water molecules and the
decomposition of traces remaining PVP polymeric matrix
that utilized as stabilizing agent during its synthesizing
process. After this temperature range ZnO showed high
thermal stabilities up to 600∘C, which is the characteristic
property of all metal oxides. However, the thermal stability
of ZnO polymeric beads is comparatively less than its parent
ZnO nanopowder, where its thermal profile showed three
main degradation steps. The first degradation step at 40–
200∘C represented the physical water adsorbed onto the
polymeric beads. The second degradation step at 200–460∘C
is due to the thermal degradation of the immobilized polymer
matrix that is composed of PVA and alginate [31]. The final
degradation step may be corresponding to the byproduct
formation of PVA during the TGA thermal degradation
process. According to Holland and Hay’s observations [38],
thermal degradation could lead to the production of aldehyde
and alkene end groups in the molten state, which could lead
to the formation of vinyl ester by the rearrangement [37].This
result obvious that the ZnO hybrid beads were less thermally
stable compared with their parent ZnO nanopowder, which
is the leak property of the polymericmaterials comparedwith
inorganic compounds.

3.1.6. Chemical and Mechanical Stabilities of ZnO Hybrid
Beads. The hybrid beads chemical stability at the acidic
media (pH < 7) especially within the pH range of 2–7 indi-
cated that the number of beads remains constant throughout
the period of experiment that is confirmed from Figure 5,
where this figure investigated that there are no significant
weight losses for the hybrid beads at the acidic pH range.This
suggested the higher cross-linking inside the hybrid beads.
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Figure 5: Chemical stability of prepared ZnO polymeric hybrid
beads at various pH values.

Moreover, their physical appearance remains constant except
that their diameter varied due to the water swelling for the
porous polymeric hybrid. Accordingly, the hybrid beads were
very stable within the acidic pH range. In contrast, regarding
the alkaline media (pH > 7), Figure 5 showed notable weight
losses for the hybrid beads after drying.These results decided
that the excess OH ions that are present in the solutionmedia
may act as a chelating agent leading to the decross-linking of
the hybrid beads and leaching their immobilized zinc oxide
nanopowder that declines their weight. These results are in
accordance with the other researchers’ founding [39].

The mechanical properties of the prepared ZnO hybrid
beads were elucidated to determine their availability for
the column operations. Figure 6 shows evidence that the
formulated beads had very strong mechanical strength and
they are difficult to be broken, where slight decline in weight
losses was noticeable as the mixing speed improved above
1500 rpm. This is due to the rubber-like elastic properties
of ZnO hybrid beads, where PVA contributed strength
and durability to the beads while alginate improved the
surface properties that reduced the tendency to agglomerate
[40]. These good mechanical properties were confirmed
from the turbidity measurements after the stirring period.
Slight observed turbidity was noticed as the agitation speed
incremented above 2000 rpm (Figure 6). Accordingly, these
hybrids beads are suitable to be packed into the treatment
column to be utilized for continuous treatment operation.

3.2. Dye Decolorization Properties of Zinc Oxide Polymeric
Hybrid Beads. The feasibility of the formulated ZnO poly-
meric hybrid beads for C.I. basic blue 41 dye decolorization
from synthetic waste streamswas examined.The applicability
of the synthesized microbeads for dye removal was tested as
a function of the different factors that affect the dye sorption
process including the variation in contact time (0–120min),
initial dye concentration (1–100 ppm), dosage of ZnO hybrid
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Figure 6: Mechanical stability of prepared ZnO polymeric hybrid
beads at various mixing speeds.
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Figure 7: Effect of contact time on dye sorption process (pH =
6, initial dye concentration = 10 ppm, agitation speed = 400 rpm,
ZOHB dosage = 5 g/L, and temperature = 22∘C).

beads (1–10 g/L), dye solution pH (1–9), and dye solution
temperature (25–80∘C).

3.2.1. Effect of Contact Time on the Dye Sorption Process
onto ZnO Hybrid Beads. The effect of contact time on the
adsorption of the basic blue dye onto zinc oxide hybrid beads
was investigated over 120 minutes of time intervals. It can be
noticed from Figure 7 that the removal of dye by adsorption
onto ZOHB was found to be rapid at the initial period of
contact time and then to slow down with time until reaching
a constant value where no more dye was removed from the
solution. At this point, the amount of dye being adsorbed
onto the adsorbent was in a state of dynamic equilibrium
with the amount of dye desorbed from the adsorbent. The
time required to attain this state of equilibrium was termed
the equilibrium time and the amount of dye adsorbed at
the equilibrium time reflected the maximum dye adsorption
capacity of the adsorbent under these particular conditions
[41]. Figure 7 investigates that the equilibrium time of dye
sorption onto ZOHB was recorded within 60 minutes.

3.2.2. Effect of ZnO Hybrid Beads on the Dye Sorption Process.
The effect of ZOHB dosage on both the percentage dye
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Figure 8: Effect of ZnO hybrid beads dosage on both the percentage
of dye decolourization and dye uptake capacity (pH = 6, initial dye
concentration = 10 ppm, agitation speed = 400 rpm, contact time =
60min, and temperature = 22∘C).

removal and the beads sorption capacity was examined
after 60 minutes. Figure 8 indicated that the percentage of
dye decolorization was enhanced from 78.5 to 98.8% as
ZOHB improved from 1 to 10 g/L as well as an emphasized
decrease being noticeable for the beads sorption capacity
with increasing their concentrations. The decrease in unit
adsorption with increasing beads concentration is basically
due to adsorption sites remaining unsaturated during the
adsorption reaction [41, 42]. Meanwhile, the improvement
in the ZOHB dosage increases the adsorbent surface and
the availability of more adsorption sites for dye removal.
The optimum ZnO hybrid beads dosage that achieved the
optimum dye decolourization percentage of 94.9% has been
recorded from Figure 8 to be equal to 5 g/L.

3.2.3. Effect of Initial pH on Dye Adsorption Process. The pH
of the dye solution plays an important role in the whole
adsorption process. The dye adsorption process is highly
pH dependent especially for the cationic dye adsorption
[43]. The adsorption of these positively charged dye groups
onto the adsorbent surface is primarily influenced by the
surface charge of the adsorbent which in turn is affected
by the pH of solution. Many oxide surfaces create a surface
charge (positive or negative) [44]. Zinc oxide as most of
metal oxidematerials has an amphoteric character in aqueous
medium; that is, it has hydroxyl groups only in acidic
solutions (pH 4 and 6) and is converted into an anion-
exchanger as the solution pH improved above 6 [45]. In
this regard, the initial pH of the dye solution was studied
within pH range from 1 to 9 and all other parameters were
kept constant. Figure 9 investigates that, at the high acidic
dye solution (low pH value), the percentage dye sorption
removal was increased but with low limitations from 18% to
45.5% as the dye pH value increased from 1 to 3. Thereafter,
the decolorization process increases rapidly and reaches a
maximum level of 94.9% at the pH of 6. As the dye solution
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Figure 9: Effect of dye solution pH on the percentage of dye
decolourization (initial dye concentration = 10 ppm, ZOHB dosage
= 5 g/L, agitation speed = 400 rpm, contact time = 60min, and
temperature = 22∘C).

pH incremented above value 6, the dye sorption removal
dramatically decreased. These three different dye sorption
behaviours may be explained as, at low pH value, the lower
dye sorption onto ZOHB may be due to the presence of
excess H+ ions competing with the positive groups on the dye
for the beads adsorption sites. As the solution pH increased
(above 3), the active surface sites of the immobilized ZnO
onto the hybrid beads are deprotonated and the competition
between H+ and dye cationic for the adsorption sites lessens,
which increase the dye adsorption amount. So, the higher dye
uptake values obtained at higher pH (above 3) values are due
to the electrostatic attractions between the positively charged
dye anions and the immobilized negatively chargedZnO [46].
As the solution pH incremented above 6, the immobilized
ZnO nanospecies were positively charged and converted into
an anionic-exchanger; accordingly, electrostatic repulsion
forces between the ZOHB and the dye anions will be induced
that decrease the dye uptake onto the hybrid beads.

3.2.4. Effect of Initial Dye Concentration Process. The effect
of initial dye concentration on the equilibrium adsorption
capacity (𝑞

𝑒
) was carried out in the range of 1–100mg/L at pH

6 using 5 g/L from the ZOHB for 1 h. The effect of initial dye
concentration on the basic dye equilibrium adsorption capac-
ity (𝑞
𝑒
) and removal efficiency were illustrated in Figure 10.

This figure explores that there is linear enhancement in the
dye sorption capacity as the initial concentration of the dye
is increased from 1 to 100mg/L, which is in accordance with
the previous studied researches [47]. The improvement in
the dye sorption capacity as the initial dye concentration
incremented was companied with a lower removal efficiency
of the basic blue dye. This may be due to the saturation of
the adsorption sites on the ZnO beads as the concentration of
the dye increases. According to these results, the formulated
zinc oxide hybrid beads are effectively capable of removing
the C.I. basic blue 41 dye in solutions of a wide region of dye
concentration completely.
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Figure 10: Effect of initial dye concentration on both the percentage
of dye decolourization and dye uptake capacity (pH = 6, ZOHB
dosage = 5 g/L, agitation speed = 400 rpm, contact time = 60min,
and temperature = 22∘C).

3.2.5. Effect of Solution Temperature on Dye Adsorption
Process. Temperature is well known to play an important
role during the adsorption processes. It can affect several
aspects of adsorption, for example, dye solubility, the swelling
capacity of the sorbent, and the equilibrium position in
relation to the endo- or exothermicity of the adsorption
phenomenon [48]. So, the effect of temperature on the
equilibrium basic blue dye adsorption onto the synthesized
ZOHBwas investigated in the temperature range of 25–80∘C.
The increment in the dye solution temperature has a negative
effect on the dye adsorption process onto the prepared
material as predicted from Figure 11. This indicated that the
adsorption of the basic blue dye onto the synthesizedZOHB is
an exothermic process.The decrease in the rate of adsorption
with the increase in temperature may be attributed to the
tendency of dye molecules to escape from the solid phase
to bulk phase with the improvement in solution temperature
[49]. Accordingly, it was reliable that the dye sorption process
onto the fabricated composite beads is not favorable at the
elevated dye solution temperature (above 25∘C). This result
may be explained by the deactivation of the zinc oxide
polymeric beads surface or the destruction of somepolymeric
active sites on the adsorbent surface due to bond rupture [50].

Temperature dependence of the dye adsorption pro-
cess onto ZOHB is associated with various thermodynamic
parameters. To study the thermodynamics of the adsorption
process, the standard Gibbs free energy of the process was
evaluated by [51]

Δ𝐺
∘

= 𝑅𝑇 ln 𝑘
𝑐
. (3)

The equilibrium constant 𝑘
𝑐
was evaluated at each tempera-

ture using the relationship

𝑘
𝑐
=

𝐶Be
𝐶Ae
, (4)

where 𝐶Be and 𝐶Ae represent the equilibrium concentrations
of dye on the ZOHB adsorbent and solution, respectively.
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Figure 11: Effect of dye solution temperature on the percentage
of dye decolourization (initial dye concentration = 10 ppm, ZOHB
dosage = 5 g/L, agitation speed = 400 rpm, contact time = 60min,
and pH = 6).

Table 3: Thermodynamic parameters for dye adsorption onto
ZOHB.

𝑇 (K) Δ𝐺∘ (kJmol−1) Δ𝐻
∘ (kJmol−1) Δ𝑆

∘ (Jmol−1 K−1)
298 −7.24

−2.07 −4.199
308 −6.08
318 −5.53
338 −4.62
353 −3.15

Standard enthalpy (Δ𝐻∘) and entropy (Δ𝑆∘) were determined
from the Van’t Hoff equation:

ln 𝑘
𝑐
=

Δ𝑆
∘

𝑅

−

Δ𝐻
∘

𝑅𝑇

, (5)

where Δ𝐻∘ and Δ𝑆∘ were obtained from the slope and
intercept of the plot of ln 𝑘

𝑐
versus 1/T as shown in Figure 12

and listed in Table 3. Values of free energy changes Δ𝐺∘ are
negative, confirming that the dye adsorption process onto
ZOHB is spontaneous and thermodynamically favorable.The
decline in the negative values of Δ𝐺∘ with the improvement
in temperature decreases the driving force at the adsorption
process. Accordingly, the improvement in temperature has
negative impact on the dye sorption process. The value of
Δ𝐻
∘ is negative, indicating that the adsorption process is

exothermic in nature, while the negative value of entropy
change (Δ𝑆∘) shows a decreased disorder at the solid/liquid
interface during dye sorption. As the temperature increases,
the mobility of dye ions increases causing the ions to escape
from the solid phase to the liquid phase. Therefore, the
amount of dyes that may be adsorbed will be decreased [51].

3.3. Equilibrium Isotherm Analysis of Dye Adsorption Pro-
cess. Equilibrium data, commonly known as adsorption
isotherms, are basic requirements for the design of adsorp-
tion systems [52]. In this regard, the equilibriumdata for BB41
on the fabricated hybrid beads were modeled using the well-
known isothermmodels of Langmuir andFreundlichmodels.
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Figure 13: Langmuir isotherm for BB41 dye adsorption onto ZOHB.

The plot of𝐶
𝑒
/𝑞
𝑒
versus𝐶

𝑒
(Figure 13) indicates a straight line

with low value of the correlation coefficient (𝑅2 = 0.8017) for
the linearized plot of the equation that is represented as [53]

𝐶
𝑒

𝑞
𝑒

=

1

𝑞
𝑚
𝐾

+

𝐶
𝑒

𝑞
𝑚

, (6)

where 𝑞
𝑒
is the amount adsorbed (mg/g),𝐶

𝑒
is the equilibrium

concentration of the adsorbate ions (mg/L), and 𝑞
𝑚
and𝐾 are

Langmuir constants related to maximum adsorption capac-
ity (monolayer capacity) (mg/g) and energy of adsorption
(L/mg), respectively. Accordingly, the Langmuir isotherm
model may be not adequate to describe the dye sorption
process onto the fabricated zinc oxide hybrid beads.

Consider that Langmuir isotherm model assumes a
monolayer coverage and uniform activity distribution on the
adsorbent surface, which represent unexpected behavior for
the decolorization of studied case onto the fabricated beads.
However, the adsorption of basic blue dye onto ZOHHB
beads suggested being a quite complex process, probably
through forming multilayers and even closing some of the
available pores at the bead surfaces [54]. Also, a variation
of sorption activity is expected with surface coverage. So it
can be expected that the Freundlich isotherm model was
more suitable to describe the experimental data compared
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Figure 14: Freundlich isotherm for BB41 dye adsorption onto
ZOHB.

with Langmuir model. The linearized form of the Freundlich
equation may be expressed as [41]

ln 𝑞
𝑒
= ln𝐾

𝐹
+

1

𝑛
𝑓

ln𝐶
𝑒
, (7)

where𝐾
𝐹
and 𝑛
𝑓
are Freundlich constants related to adsorp-

tion capacity and adsorption intensity, respectively. The
Freundlich constants are related to the surface heterogeneity.
Figure 14 investigates the Freundlich linear fit for the dye
sorption process onto the fabricated hybrid beads. It is
obvious that the correlation coefficient value (𝑅2 = 0.991)
obtained through Freundlich isotherm is higher than that
of the Langmuir fitting. So, Freundlich model was more
appropriate for the prediction of the isothermal profiles for
the basic dye sorption process onto the zinc oxide polymeric
hybrid beads. This observation suggested that the sorption
process is heterogeneous in nature and accomplished with a
nonuniformdistribution of heat of adsorption.The calculated
𝑛
𝑓
value that is equal to 1.45 was greater than unity and

indicated that the dye sorption process onto ZOHB was
favorable.

3.4. Kinetic Model of Dye Adsorption Process. The rate at
which dissolved dye is removed from the aqueous solution by
solid sorbents is essential to evaluate the adsorption kinetics
using theoretical models in order to design and control the
sorption process units. So, the applicability of the pseudo-
first-order and pseudo-second-order models was tested for
the adsorption of BB41 onto ZOHB. The best-fit model was
selected based on the linear regression correlation coefficient,
𝑅
2, values.The Lagergren first-order equation is given as [55]

ln (𝑞
𝑒
− 𝑞
𝑡
) = ln 𝑞

𝑒
− 𝑘
1
𝑡, (8)

where 𝑞
𝑒
and 𝑞

𝑡
are amounts of dye ions sorbed (mg/g)

at equilibrium and at time t (min), respectively. 𝑘
1
(min−1)

is the first-order reaction rate constant. If the pseudo-first-
order kinetics is applicable to the experimental data, a plot
of ln(𝑞

𝑒
− 𝑞
𝑡
) versus 𝑡 should present a linear relationship, as

investigated in Figure 15; the calculated values of 𝑘
1
and 𝑞

𝑒

can be determined from the slope and intercept of the plot,
respectively. The values of 𝑅2 for the sorption of different
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Figure 15: Pseudo-first-order kineticmodel for BB41 dye adsorption
onto ZOHB.

initial concentrations of basic blue dye ions onto ZOHB are
tabulated in Table 4.

On the basis of linear regression values from this table
(𝑅2), it may be predicted that the kinetics of dye sorption onto
ZOHB be described well by the first-order kinetic model.
Comparing the values of 𝑞

𝑒
calculated from the reaction

kinetic curves (Table 4) with the experimental data, it is
noticeable that the calculated 𝑞

𝑒
values that were obtained

from the first-order kinetic model were compatible with the
experimental 𝑞

𝑒
values. Thus, the first-order rate expression

fits the data most satisfactorily. This gives prediction that the
dye sorption process may take place basically through the
physical sorption [56].

Moreover, the experimental kinetic data were further
analyzed using the pseudo-second-order kinetic model that
may be expressed in the following form [54]:

𝑡

𝑞
𝑡

= (

1

𝑘
2
𝑞
𝑒
2

) +

𝑡

𝑞
𝑒

, (9)

where 𝑘
2
is the second-order reaction rate equilibrium

constant (g/mgmin). The plotting of t/qt against t for dif-
ferent initial BB41 concentrations (Figure 16) investigated
straight lines with low values of correlation coefficients
compared with the first-order rate model (Table 4) for the
different studied dye concentrations especially for the high
dye concentrations. Also, the estimated values of 𝑞

𝑒
calculated

from the equation differed from the experimental values.
Accordingly, the first-order rate model is more appropriate to
describe the dye sorption process onto the zinc oxide hybrid
polymer compared with the second-order rate model.
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Figure 16: Pseudo-second-order kineticmodel for BB41 dye adsorp-
tion onto ZOHB.

4. Conclusion

A novel fabricated microbead was successfully prepared
from immobilization of the sol-gel synthesized zinc oxide
nanopowder onto the PVA and alginate polymer matrix.
The XRD and SEM results strongly support the physi-
cal interactions between zinc oxide nanoparticles and the
polymer blend matrix. Furthermore, SEM examination and
EDX analysis of the formulated hybrid beads confirm the
incorporation of ZnO nanoparticles onto the polymeric
hybrid matrix. Incorporation of polymeric matrix at the pre-
pared zinc oxide hybrid beads decreases its thermal stability
relatively compared with its immobilized pure zinc oxide.
However, this polymer matrix has not any significant effect
in the chemical and mechanical stabilities of the zinc oxide
hybrid beads, where it is characterized by its good chemical
and mechanical properties. The formulated hybrid beads
have high dye adsorption performance for the C.I. 41 basic
blue dye. The maximum dye sorption capacity was recorded
as 16.5mg/g using 100 ppm initial dye concentration. The
improvement in the beads dosage has positive impact on the
percentage dye removal. Meanwhile, the increment in both
initial dye concentrations and dye solution temperature has
negative impact on the dye sorption process onto the fabri-
cated beads.The experimental results andVan’tHoff equation
plot confirm that the dye adsorption process is exothermic.
The equilibrium isotherm data of the dye sorption process
was described well using the Freundlich isotherm model.
However, the kinetics of basic dye sorption process onto the
fabricated hybrid beads obeys the pseudo-first-order kinetic
model, indicating that the dye sorption process may take
place basically through the physical sorption.
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Table 4: Kinetic parameters of dye adsorption onto ZOHB at different dye concentrations.

Kinetic model (𝑞
𝑒
)exp (mg/g) Pseudo-first order Pseudo-second order

Dye concentration (mg/L) (𝑞
𝑒
)cal (mg/g) 𝐾

1
(min−1) 𝑅

2 (𝑞
𝑒
)cal (mg/g) 𝐾

2
(g/mgmin) 𝑅

2

1 0.193 0.19 −0.052 0.99 0.34 0.089 0.958
10 1.89 1.88 −0.0053 0.98 2.56 0.018 0.967
25 4.35 4.3 −0.0053 0.98 5.87 0.0079 0.985
50 8.5 8.9 −0.006 0.966 11.67 0.0041 0.975
75 12.54 18.9 −0.076 0.94 22.98 0.00114 0.917
100 16.25 19.1 0.078 0.94 25.2 0.0012 0.93
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In recent years, surfactants have been used to clean up soils and aquifers contaminated by petroleum and petroleum derivatives.
The purpose of this study was to develop and evaluate nanoemulsions for remediation of soil contaminated by petroleum, by using a
commercial solvent Solbrax. The nanoemulsions were prepared by the phase inversion temperature (PIT) method, using oil phase
Solbrax (a solvent extracted from naphtha with low aromatics content) and a nonionic ethoxylated lauryl ether surfactant. The
surfactant concentrations were varied from 10 to 12wt% and the oil phase was varied from 5 to 20wt%. A 23 factorial experimental
design with center point run was used to evaluate the soil washing process, varying time, temperature, and shear rate of the system.
The results show that the most efficient system (with 90% efficiency) was that using the nanoemulsion containing 5wt% of Solbrax
and 12wt% of surfactant after four hours of washing, on 240 rotation⋅min−1 of shear rate and at a temperature of 318 K.

1. Introduction

Contamination of the soil, water, and air has increased greatly
in recent years. One of themain contributors is the petroleum
industry, which causes contamination through release of var-
ious organic compounds along its productive chain. Among
the contamination sources are fuel leaks during transport and
spills caused by traffic accidents [1, 2].

Various chemical and physical treatment processes have
been developed and tested to remove hydrocarbons from
the soil. The processes used to contain spills on land vary
according to the quantity and type of oil or derivative and soil.
For example, the less viscous the oil is and the more porous
the soil is, the faster the spill will spread [3–5].

Under natural conditions, Kuyukina et al. have shown
that oil’s penetration in the soil is a complex process that
involves many chemical, physical, and biological factors.
Crude oil is highly hydrophobic, as most of its components,
with very low solubility in water [6]. According to the oil’s
origin, its chemical composition and physical properties can
vary greatly, affecting the methods of treating contaminated
areas. Physical characteristics of the oil such as density,
temperature and surface/interfacial tension all affect the

mechanisms that can be used to remove oil from soil without
causing chemical destruction or modification [7].

Chemical products such as surfactants have been used to
remediate soils and aquifers contaminated with petroleum
derivatives. Surfactants are compounds that have affinity
for both water and oil, because their molecules (called
amphiphilic molecules) have two functional groups: one that
is hydrophilic and one that is lipophilic. This structural
arrangement creates a monolayer at the water-oil interface,
reducing the interfacial tension and the mobility of the
contaminant [3, 7].

Since most organic contaminants are hydrophobic, the
objective of using surfactants is to reduce the interfacial
tension organic contaminant/water to increase its separation
from the soil, both from the surface and pores of the grains.
Under certain circumstances, electrolytes can also be used in
aqueous surfactant solutions, with the aim of increasing the
surfactant’s efficiency in removing the oil [6, 8].

Although the use of surfactants to remediate soil contam-
inated by hydrocarbons has excellent potential, one of the
drawbacks of this technique is the formation of macroemul-
sions, which are thermodynamically unstable and can break
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down and form two immiscible phases consisting of oil and
water. Besides this, due to the relatively large size of the
droplets in the macroemulsion (between 100 and 1000 nm in
diameter), these droplets tend to obstruct the pores during
their transport in the soil, hindering the clean-up process
[3, 9].

Oliveira and Maldonado [9] show that the use of
microemulsions as an alternative to clean up areas contam-
inated by heavy oil fractions has been shown to have great
potential. Among the advantages are these molecules’ high
capacities to dissolve the oil phase in aqueous systems and
their good efficiency in remediation at ambient temperature.
Vegetable oils and vegetable oils based nanoemulsions have
shown one sustainable alternative for removal of oil of
contaminated systems [10, 11].

Microemulsions and nanoemulsions are similar systems
composed of a phase containing droplets of nanometric size
(10 to 200 nm) dispersed in a continuous liquid medium.The
main differences between these two systems, when both are
prepared using surfactants, are related to the concentration
of the surfactants used (nanoemulsions are prepared in the
presence of lower surfactant concentrations in compari-
son with microemulsion), to the presence of cosurfactants
(nanoemulsions do not require the presence of cosurfactants)
and the methods used to prepare them [12–17].

Nanoemulsions can be prepared with high- and
low-energy emulsification. In low-energy emulsification,
nanoemulsions are prepared by altering the physical-
chemical properties of the system. This method uses the
energy stored within the molecular aggregates formed by the
surfactantmolecules present in the emulsion [18]. Among the
low-energy emulsification methods is induced transitional
phase inversion, also known as the phase inversion temper-
ature (PIT) method, which uses a particular characteristic of
emulsions stabilized by ethoxylated nonionic surfactants. In
a fixed composition of the emulsion, the relative affinity of the
surfactant for the different phases is altered and controlled by
the temperature [19]. This phenomenon is due to the specific
solubility of nonionic surfactants in function of temperature,
reflected in the behavior of the phases of an emulsion [20].

In this work we prepared oil/water nanoemulsions using
Solbrax Eco 225/255 and nonionic ethoxylated lauryl ether
surfactant, applying the PITmethod and characterizing them
regarding their stability and particle size. We then evaluated
these systems, according to the efficiency in removing the oil
on sand contaminated with petroleum, by the variation of
temperature, time, and shear rate washing with nanoemul-
sion flushing.

2. Experimental Procedure

2.1. Determination of the Cloud Point of the Nonionic Surfac-
tants. For using low energy emulsification, it is necessary to
identify the surfactants solubilization properties that change.
We used the nonionic ethoxylated lauryl ether surfactant
Ultrol L70, obtained fromOxiteno, Brazil (Ultrol L line), with
seven ethylene oxide (EO) units in its chains. As the aqueous
phase, we used distilled deionized water.

The cloud points of the aqueous surfactant solutions are
the main measure to view this properties alteration. They
were measured visually, using a test tube containing the
surfactant solution immersed in a beaker with water heated
over a hotplate.The temperature range analyzedwas from 293
to 343K, measured by a thermometer placed in the solution.
The cloud point was determined by the average between the
temperature at which the first visual indication of clouding
occurred and the temperature at which it disappeared. In
these analyses, aqueous solutions of Ultrol L70 were used at
concentrations of 10, 11, and 12wt%.

2.2. Measurement of the Oil/Water Interfacial Tension. The
interfacial tension of the oil phase with the aqueous sur-
factant solution (Ultrol L70) was measured to observe the
behavior of the surfactant at the water-oil interface. 40 g
of aqueous surfactant solutions was prepared, at the same
above concentrations. They were then left at rest for 24 hours
to allow the system to dissolve completely. The interfacial
tension measurements were performed with a Krüss K10
digital tensiometer, which uses the du Noüy ring method.

As the oil phase of the oil/water emulsion we used
Solbrax Eco 225/255. This is a commercial solvent produced
by Petrobras and was donated by its distribution subsidiary,
BR Distribuidora. It is extracted from petroleum naphtha
and composed mainly of aliphatic and naphthenic hydro-
carbons with a distillation range between 498 and 528K.
The solvent was characterized by carbon nuclear magnetic
resonance (NMR-13C), by which Costa et al. [21] observed
signals characteristic of linear or branched hydrocarbons and
monocyclic alkanes. The presence of other compounds, such
as alkenes, aromatics, or heteroatoms, was not observed.

2.3. Determination of the Phase Inversion Temperature (PIT)
of the Systems. ThePIT of the systems was determined with a
Haake RS600 rheometer with a DG41 double-gap accessory,
at a constant shear rate ( ̇𝛾) of 30 s−1 and temperature range
of 293–353K. The results were plotted on graphs of the loga-
rithm of the viscosity (𝜂) in function of the temperature (𝑇).
The dispersions were obtained by first adding the surfactant
in the aqueous phase. Then after 24 hours the oil phase was
added in the aqueous solution.

2.4. Preparation and Characterization of the Oil/Water
Nanoemulsions by the PIT Method. According to Souza et al.
[22], the process of preparing oil/water nanoemulsions by the
PIT method consists of heating the system to temperatures
near the PIT followed by rapid cooling, and the condition for
nanoemulsion formation is the complete solubilization of the
surfactant in the oil.

The Solbrax/water nanoemulsion was prepared by stir-
ring the oil phase containing the surfactant (by a mechanical
stirrer operating at 100 rpm) and then heating this phase
and the aqueous phase separately to a temperature of 288K
above the corresponding PIT for each system. The purpose
of the stirring and heating of the oil phase was to promote
the complete solubilization of the surfactant.
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When the desired temperature was reached, the two
phases were mixed, under stirring, and the mixture was
immersed in bain-marie and cooled slowly until reaching
275 to 279K below the predetermined PIT; at this point the
system was cooled further to room temperature (298K) in an
ice bath.

2.5. Analysis of Size and Size Distribution of the Droplets
of Prepared Emulsions. The emulsion so formed was then
left under light stirring for 5min and the size and size
distribution of the droplets formed were analyzed in a
ZetasizerNanoZS particle size analyzer (Malvern) that works
on the typical principal of dynamic light scattering. By the
photon correlation spectroscopy method and the refraction
index and viscosity values, we obtained quantitative results
in the form of graphs of scattered light volume as a function
of the particle size of each emulsion produced.

2.6. Use of the Nanoemulsions to Wash Sand Contaminated
with Oil. The tests to study the removal of oil from the sand
were performed in four steps: contamination of the sand,
mixture of the contaminated sand with the nanoemulsion,
extraction of the oil from the sand, and quantification of the
oil removed from the sand. The sand was contaminated by
adding 2 g of oil in 10 g of sand. After 24 hours, this mixture
was agitated in a shaker bath at a moderate speed of 60
cycles⋅min−1 for 3 hours, at a temperature of 298K. Then the
mixture was left to rest for 24 hours. (The crude oil used
came from a Brazilian well and was donated by the Petrobras
Research Center. It had the following characteristics: ∘API =
21.2; saturates content = 40.7%; aromatics content = 34.1%;
resins content = 22.9%; and asphaltenes content = 2.4%. And
the sand came from Mineração Jundu, with the following
characteristics: grain size from 150 to 500mesh, surface area
= 0.2284m2/g, and pore diameter = 77.8430A.)

The cleaning was done by adding 30mL of the nanoemul-
sion to this system and placing it in the shaker bath again.
Another two flasks were filled with 30mL of the nanoemul-
sion. One of these was left to rest at room temperature and
the other was submitted to the same conditions as the flask
containing the contaminated sand.The aim of this procedure
was to observe the stability of the nanoemulsions submitted
to the washing conditions.

To determine the best conditions to wash the contam-
inated sand, the time, temperature, and shaking speed in
the shaker bath were varied. After the preestablished time,
the flasks were removed from the shaker and left at rest for
24 hours, and then the nanoemulsion was separated out by
centrifugation for characterization of the size of the dispersed
droplets.

The process of extracting the oil from the sand was
initially performed by adding two 30mL aliquots of extractor
solvent (Solbrax Eco 255/255 and toluene). This system was
placed in the shaker bath at 298K and agitated at 150 rpm
for 1 hour. Then the system was left at rest for approximately
1 hour and placed in a centrifuge at 3000 rpm for 30min
to separate the sand from the solvent containing the oil. To
guarantee that all of the oil was removed from the sand, the

same procedure was repeated with another 30mL aliquot of
the extractor solvent.

The chemical makeup of the oil removed from the
sand was evaluated in a Varian Cary 50 series ultraviolet-
visible spectrophotometer, using quartz cuvettes with a 2mm
optical pathway. The absorption intensity (𝐴) readings of
the electromagnetic radiation at the wavelength utilized for
the extraction solutions were obtained directly from the
device, and the oil content was calculated with the help of
its respective response curve plotted from solutions in the
extractor solvent of known concentrations. The wavelength
chosen for the measurements was 750 nm, since at shorter
wavelengths the absorption intensity values were off the
device’s scale or presented deviations from Lambert-Beer’s
Law [23].

3. Results and Discussion

3.1. Determination of the Cloud Point of the Nonionic Sur-
factants. The cloud point of aqueous solutions of nonionic
surfactants is observed by increasing the temperature to the
pointwhere the ethylene oxidemolecules become dehydrated
and the surfactant separates out of the aqueous solution.
The cloud point temperatures at concentrations of 10, 11, and
12wt% are shown in Table 1.

It can be seen that an increasing surfactant concentration
did not cause a significant variation in the cloud point values,
which were within the measurement error range. The values
presented in Table 1 are related to the first indication of
clouding of the aqueous solutions of Ultrol L70.The clouding
of the solution became more evident at higher temperatures
(above 323K), and the complete separation was observed at
temperatures near 333 K.

3.2. Measurement of the Oil/Water Interfacial Tension. To
produce stable nanoemulsions it is necessary for the oil/water
interfacial tension to be minimized [24]. Therefore, analyses
of this tension are very important, because they supply
information about the surfactant concentrations at which
sufficiently low interfacial tension values can be attained.

The interfacial tension of the water/Solbrax system was
19.5mN⋅m−1. Analysis of the oil/water interfacial tension val-
ues in Table 1 shows that the surfactant at the concentrations
utilized reduced the tension values to very low levels.

3.3. Determination of the PIT of the Systems by Rheometry.
The PIT values of the oil/water dispersions were determined
by measuring the viscosity of the surfactant/water/Solbrax
system at varied concentrations: 5 wt% Solbrax and 10 and
12wt% surfactant (Figure 1) and 20wt% Solbrax and 10 and
12wt% surfactant (Figure 2).

The PITs of all the systems were above 338K, because
Solbrax is mainly composed of aliphatic solvents, so the
solubility inversion of the nonionic surfactant with increasing
temperature is hindered, requiring higher temperatures. The
lowest oil phase content (5 wt%) also retarded the phase
inversion of the system [14]. In the obtained graphs this
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Table 1: Cloud point of aqueous solutions of Ultrol L70 surfactant.

Surfactant Concentrations (wt.%) Cloud point (K) W/O interfacial tension (mN⋅m−1)

Ultrol L70
10 306 ± 1 0.9 ± 0.1
11 307 ± 1 0.5 ± 0.1
12 308 ± 1 0.5 ± 0.1

The analyses were made in triplicate and the results were presented as average of each measure with its standard deviation.

Table 2: Experimental matrix for each combination of levels of the washing process of the contaminated sand and their respective efficiencies.

Systems Time (h) Speed (cycles⋅min−1) Temperature (K) 𝑋
1

a
𝑋
2

a
𝑋
3

a
𝐸
b (%)

1 1 120 298 −1 −1 −1 17.33
2 1 120 318 −1 −1 1 39.13
3 1 240 298 −1 1 −1 26.65
4 1 240 318 −1 1 1 68.03
5 4 120 298 1 −1 −1 21.19
6 4 120 318 1 −1 1 83.29
7 4 240 298 1 1 −1 33.99
8 4 240 318 1 1 1 95.78
9 2.5 180 308 0 0 0 21.63
10 2.5 180 308 0 0 0 22.20
11 2.5 180 308 0 0 0 19.95
12 2.5 180 308 0 0 0 19.44
13 2.5 180 308 0 0 0 21.64
aRepresentation of minimum, maximum and center points run. bEfficiency calculated by the ratio of initial and final oil concentrations.

Table 3: Efficiency of the nanoemulsion of the washing process of
the sand.

Efficiency (%)
Factors Effect Standard error 𝑃

Average/interaction 48.17 1.17 0.000
(1) Time (L) 20.78 2.35 0.001
(2) Speed (L) 15.88 2.35 0.001
(3) Temperature (L) 46.77 2.35 0.001
1 by 2 −3.23 2.35 0.227
1 by 3 15.18 2.35 0.001
2 by 3 4.82 2.35 0.096

transition was not well observed because the PIT is near the
upper limit of the analysis.

3.4. Preparation and Characterization of the Nanoemulsions.
The nanoemulsions obtained were characterized in the parti-
cle size analyzer. All the testswere run in triplicate.Thegraphs
in Figures 3 and 4 show the average particle size distribution,
accompanied by the respective error bars. The size of the
droplets dispersed in the nanoemulsions was measured just
after preparation (time 0) and at other time intervals until
phase separation was observed.

It can be seen that as the concentration of the oil phase
increased the size of the particles dispersed in the continuous
phase increased as well. Also, the most stable nanoemulsion
was that prepared with the lowest oil phase and the highest

surfactant levels (5 wt% and 12wt%, resp., Figure 3(b)). This
nanoemulsion was the only one still stable after four months.

3.5. Performance of the Nanoemulsions in Washing Sand
Contaminated with Oil. There is growing interest in finding
better strategies to clean up contaminated soil. In this study,
we evaluated the use of nanoemulsions to remove crude oil
from sand.

When sand particles are contaminated, the oil is retained
both on the surface and in the pores of the grains. The
physical-chemical process to clean the sand with emulsions
entails dissolving the oil in the droplets dispersed in these
systems. The main advantage of using nanoemulsions is that
the droplets’ small size allows them not only to dissolve the
oil on the surface of the grains, but also to penetrate into the
pores to remove the oil retained there as well.

We tested the nanoemulsion prepared with 12 wt% of the
Ultrol L70 surfactant and 5wt% of Solbrax. We chose this
nanoemulsion, because it had the smallest particle size and
the best stability among those tested previously.

3.6. Influence of Time, Shear Rate, and Temperature on the
Efficiency of the Nanoemulsions to Wash Sand. We used a 23
factorial experimental setup with center point run to analyze
the performance of the nanoemulsion chosen in washing
sand contaminated with oil. The parameters varied were
temperature, shaking speed, and time in the shaker bath.The
most stable nanoemulsion was formed by Solbrax as the oil
phase was at surfactant concentrations of 5 wt% and 12wt%.
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Figure 1: PIT for the systems of 5 wt% Solbrax and different concentrations of surfactant: (a) 10 wt% and (b) 12 wt%.
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Figure 2: PIT for the systems of 20wt% Solbrax and different concentrations of surfactant: (a) 10 wt% and (b) 12 wt%.

From the results of the previous experiments, we set a
level for each variable to determine the interval that would be
analyzed.The starting point was a temperature of 308K, shear
rate of 180 cycles⋅min−1, andwashing time of 2.5 hours (called
the center point run: 0). The intervals used were ±10∘C, ±60
cycles/min, and ±1.5 h. This design consists of 2 levels and
3 factors, requiring 2 × 2 × 2 = 8 different tests. All told,
we conducted 13 tests; 5 of them are repetitions at the center
point run. Table 2 shows the experimental matrix and the
efficiencies observed for each combination of levels.

We used the Statistica program to obtain the values of the
effects of each parameter (time, speed, and temperature), as
shown in Table 3, on the efficiency of the systems. In all cases,
the results were considered significant when 𝑃 < 0.05.

As can be seen in Table 2, the nanoemulsion’s efficiency in
washing the oil-contaminated sand was significantly affected

by the time and shear rate: the higher the factors, the more
efficient the nanoemulsion. Regarding the interaction of one
factor with the other, only the synergy between time and
temperature was statistically significant. Figure 5 shows that
themodel proposed is able to represent the experimental data
very well (𝑟2 ≅ 1).

The results obtained show that the most efficient washing
was attained at the highest temperature studied (318 K).
The higher temperature probably facilitates the desorption
process. Besides this, the washing time is more significant
than the shear rate.

The predominance of these factors (temperature and
time) can be explained by the low concentration of the oil
phase in this emulsion (Solbrax Eco—5wt%). However, the
system’s good efficiency shows its potential application even
at low Solbrax Eco levels.
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Figure 3: Particle size distribution of emulsions as a function of preparation time, using a 5wt% Solbrax and different concentrations of
surfactant: (a) 10 wt% and (b) 12 wt%.
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Figure 4: Particle size distribution of emulsions as a function of preparation time, using a 20wt% Solbrax and different concentrations of
surfactant: (a) 10 wt% and (b) 12 wt%.

Finally, the nanoemulsions remained stable during the
entire cleaning process, for extraction of the quantity of
oil used in this work (66,666mg/L). The nanoemulsion
evaluated was stable with droplet sizes within the same
range presented in Figure 3(b), even under the varied
time and shear rate conditions to which it was submitted.

This behavior is desirable to ensure the nanoemulsion’s
efficiency in removing the contaminant in the oil phase.
As the temperature was varied from 298 to 318 K, there
was a slight increase in the droplet size, which can be
attributed to the lower solubility of the surfactant in the
aqueous solution.
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4. Conclusions

The phase inversion process caused by the variation in
temperature (PIT), a known method to produce stable
nanoemulsions, proved to be an effective method to produce
stable nanoemulsions from Solbrax/water, in the presence of
the nonionic ethoxylated lauryl ether surfactant (Ultrol L70),
containing seven ethylene oxide units.

Efficiencies of around 90% were achieved in removing oil
from contaminated sand using themost stable nanoemulsion
(containing 5wt% oil phase and 12wt% Ultrol L70 surfac-
tant).

The nanoemulsion utilized to wash the sand contami-
nated with crude oil remained stable, even when submitted to
the conditions employed in this process (time, temperature,
and shear rate).
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Miscible, biodegradable polyvinyl alcohol (PVA)/xylan blending films were firstly prepared in the range of the PVA/xylan weight
ratio from 1 : 2 to 3 : 1 by casting method using 1,2,3,4-butane tetracarboxylic acid (BTCA) as a new plasticizer. The properties
of blending films as functions of PVA/xylan weight ratio and BTCA amount were discussed. XRD and FT-IR were applied to
characterize the blending films. Experimental results indicated that tensile strength (TS) and elongation at break (EAB) of blending
films decreased along with the decrease of the PVA/xylan weight ratio. Both of TS and EAB firstly increased and then decreased
as the amount of BTCA was increased. More importantly, blending films were biodegraded almost by 41% with an addition of
10% BTCA in blending films within 30 days in soil. For all hydroxyl functionalized polymers (xylan and PVA), their molecular
interactions and miscibility with BTCA endowed blending films with the biocompatibility and biodegradability. Therefore, these
blending films are environmentally friendly materials which could be applied as biodegradable plastics for food packaging and
agricultural applications.

1. Introduction

In recent years, to meet the requirements for environmental
protection, multifunctional utilization of natural resources,
and increased pressure from related strict laws, efforts
have been made to develop biodegradable composite plastic
products by incorporating biocompatible polymers as an
alternative to conventional synthetic plasticmaterials derived
from petroleum [1, 2]. Moreover, there is an increasingly
important trend to explore natural renewable raw materials
for the food industries and nonfood industries owing to their
sustainable and biodegradable features.

Xylan is derived from hemicellulose which is one of the
three primary components of the plant cell wall [3] and
many researchers paid extensive attention to the exploration
of xylan because of its abundance and biodegradability.
Hemicelluloses (mainly xylans and mannans) were used
as sustainable packaging materials and more hydrophobic
films with the low water vapor and oxygen permeability

could be obtained [4, 5]. Xylan films modified by long-
chain anhydride were prepared [6]. Modified xylan had
better film-forming performance and the tensile strength
had increased and moisture-sensitive properties had been
lessened due to long carbon chains modification. Xylan
has poor film-forming ability and pure xylan films were
brittle due to the hydroxyl groups present in each of their
repeating units [7]. To solve this problem, different types of
plasticizers such as oligosaccharides, polyols, some organic
acids, lipids, and ether were added in order to improve
mechanical performance of biopolymers films [8–11]. It
was found that mechanical properties of xylan-based films
were strengthened by blending with nanosized particles [5].
More hydrophobic butylated xylan films were prepared by
Peresin et al. [11].The water sensitivity and wetting behaviour
of the xylan derivatives were altered during etherification.
Mikkonen et al. [12] studied arabinoxylan films plasticized
with glycerol and sorbitol; they found that an increase in the
total plasticizer content resulted in more permeable films.
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Polyvinyl alcohol (PVA) is excellently fit for blending
with natural polymers as it is highly polar and controllable
in water solutions [13]. Additionally, it is a biocompatible
synthetic crystalline polymer with high tensile strength and
flexibility [14]. Several investigations have been carried out on
blending PVA with other biopolymers, such as PVA/chitosan
[15], PVA/starch [16, 17], and PVA/gelatin [18]. Modification
and biocompatibility of PVA/chitosan films were investigated
by Zhuang et al. [15]. It was observed that the addition of
PVA could improve the film’s flexibility and wettability. All
prepared PVA/chitosan films were biocompatible. Moreover,
the tensile strength (TS) of the PVA/starch films increased
about 60% without additives, while EAB decreased about
420.5% [17]. And the films were degraded by about 45–65%
after 165 days in soil. Thus, the blending of PVA and natural
polymers could improve the properties of natural polymers
films for widening the application of films. However, few
researchers have made attempts to study biomaterial films by
blending PVA with xylan.

1,2,3,4-Butane tetracarboxylic acid (BTCA) is one of
polycarboxylic acids (PCAs). BTCA as a crosslinking agent
was used to produce a cotton fabric, and the treated fabric
showed a reasonable hydrophobicity [19]. Water-resistant
hemicelluloses (HC) films were prepared with about 10-11%
of BTCA [20].Thewater vapor permeability of HC films with
a modification of BTCA reduced about twice the untreated
films. The effects of BTCA on hydrophobic cellulose fabric
by scanning electron microscopy were investigated and the
better durable fabric was obtained [21]. So the addition of
BTCA could have important effects on the properties of films
and fabrics.

In view of the issue mentioned above, the objective of our
study was to prepare miscible and biodegradable PVA/xylan
blending films by casting method with the addition of BTCA
as a plasticizer for improving the properties of blending films.
The influences of the PVA/xylan weight ratio and BTCA
amounts on the blending films properties were discussed.
The mechanical properties, water vapor permeability, the
degree of solubility, thermal stability, and degradability were
evaluated for PVA/xylan blending films.

2. Experimental

2.1. Materials. Beech wood xylan (𝑀
𝑤
∼ 130,000 g/mol) and

PVA (𝑀
𝑤
of 146,000∼186,000 g/mol) were purchased from

Sigma Aldrich (Germany) and used without further purifi-
cation. BTCA was supplied by Aladdin Reagent Company
Limited (Shanghai, China). Anhydrous calcium chloride
(CaCl

2
) and sodium chloride (NaCl) were of analytical-

reagent grade and obtained from Guangzhou Chemical
Reagent Factory (Guangzhou, China). Deionized water was
used in the preparation of the blending films.

2.2. Blending Films Preparation. The PVA/xylan blending
films were prepared by solution casting method. A prede-
termined amount of PVA was added to ultrapure water. The
mixture was stirred for 0.5 h at room temperature and then
heated at 95∘C for 1.5 h. After PVA was dissolved completely,

Table 1: Detailed composition and abbreviations of PVA/xylan
blending films.

Samples PVA : xylan BTCA (%)
P3X1 3 : 1 20
P2X1 2 : 1 20
P1X1 1 : 1 20
P1X2 1 : 2 20
PX0 3 : 1 0
PX5 3 : 1 5
PX10 3 : 1 10
PX15 3 : 1 15
PX25 3 : 1 25
PX30 3 : 1 30

xylan was added. After 30minutes, BTCA as a new plasticizer
was added in the mixture solution. The resulting solution
reacted at 75∘C for 4 h and then poured onto a 110 × 110 ×
7mm teflon mould. Water was dried slowly in a ventilated
oven at 40∘C overnight. All films were obtained with a
uniform thickness and were stored at 23∘C with 50% RH at
least 48 h prior to all measurements. The blending films with
different PVA/xylan weight ratio and BTCA amounts were
shown in Table 1.

2.3. Method of Characterization

2.3.1. Tensile Strength (TS) and Elongation at Break (EAB).
TS and EAB of films were evaluated using a tensile testing
machine (Instron Universal Test Machine Model 5565, USA)
fitted with a 100 N load cell. Five samples (110mm length,
150mm width) of each film were cut by a paper cutter (FQ-
QZD15, Sichuan, China).The crosshead speeds of 30mm and
20mm/min were used for testing the mechanical properties.
Themaximum load and the final extension at breakwere used
for calculation of TS and EAB, respectively.

2.3.2. Water Vapor Permeability (WVP). The WVP assess-
ment was determined according to a gravimetric method
and performed as described by Kayserilioğlu et al. [22] with
minor modification. Film specimens were clamped on the
top of polyethylene bottles containing 3 g anhydrous CaCl

2

to maintain 0% RH inside the bottle, followed by sealing the
film over the edge of bottle with vaseline. And then the bottles
were located in a dryer at 23∘C and 75% RH. The RH was
maintained by placing 500mL of saturated NaCl solution in
the bottom of the dryer. The bottle was weighed every 24 h,
and WVP value was calculated by

WVP = Δ𝑤 × 𝐿
(Δ𝑡 × 𝐴)

, (1)

where WVP was water vapor permeability (g⋅𝜇m⋅cm−2⋅h−1).
Δ𝑤/Δ𝑡 was the gain rate of bottle (g/h). 𝐴 was exposed area
of the film (cm−2). 𝐿was themean thickness of the film (𝜇m).

2.3.3. The Water Absorption (WA), Solubility (S), and
Water Content (WC). A certain quality (𝑚

0
) of oven-dried
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PVA/xylan blending films was cut into 2 × 2 cm2 and dipped
in 20mL ultrapure water for 24 h at room temperature. Then
we wiped off the excess moisture in the surface of the swollen
samples and weighed the weight (𝑚

1
). Afterward, the soaked

films were dried again at 105∘C to the constant weight (𝑚
2
).

The water absorption (WA) and solubility (𝑆) are calculated
with

WA =
(𝑚
1
− 𝑚
2
)

𝑚
0

,

𝑆 (%) =
(𝑚
0
− 𝑚
2
)

𝑚
2

× 100.

(2)

Water content was determined at 23∘C and 50% RH for
two days when the weight of the films was regarded as 𝑚.
Then the sampleswere dried at 105∘C to reach constantweight
(𝑚
3
). Water content (WC) was calculated as follows:

WC (%) =
(𝑚 − 𝑚

3
)

𝑚
3

× 100%. (3)

2.3.4. Thermogravimetric Analysis (TGA). A simultaneous
thermal analyzer (TGA Q500, TA Instruments, New Cas-
tle, USA) was used for the thermogravimetric analysis of
blending films. Film samples of approximately 9∼11mg were
cut into pieces and heated at a rate of 10∘C/min from
room temperature to 600∘C under a nitrogen atmosphere (a
flow rate about 20mL/min). All films were conditioned at
23∘C/50% RH for one week before TGA.

2.3.5. FTIR Spectra. Film samples were cut into pieces
(10mm × 10mm) and dried in the infrared drying oven.
FTIR spectra were measured on a Fourier transform spec-
trophotometer (Nicolet 750, Florida, USA). The absorbance
spectrum (4000–400 cm−1) was acquired at 4 cm−1 resolu-
tion and recorded for a total of 32 scans, using Attenuated
Total Reflectance technique (see Figure 5).

2.3.6. X-Ray Diffraction. X-ray patterns of PVA, xylan, and
PVA/xylan blending film were analyzed using an X-ray
diffractometer (Bruker, model D8 advance) with Cu K𝛼
radiation at a voltage of 40 kV and 40mA.Themeasurements
were made with scattering angles of 3–40∘ and a scanning
speed of 2∘/min. The samples were dried and stored in a
desiccator before testing.

2.3.7.TheDegradability of Blending Films in Soil. Thedegrad-
ability of blending films was determined by soil burial
degradation. 3 × 3 cm squares were cut from the cast film and
buried in the soil at the depth of 10 cm in a gardening pot.The
pot was exposed to atmospheric conditions for 30 days. The
time required for blending films to disintegrate was recorded.
To determine the weight loss in specimens, films were first
dry-cleaned with a brush and the weight was recorded. A
specimen of each sample was quickly cleaned and then the
sample was dried in an oven at 70∘C to constant weight and
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Figure 1:The effect of the weight ratio of PVA/xylan on TS and EAB
of blending films with 20% BTCA.

allowed to equilibrate in desiccators prior to weighing. The
degradation degree (the weight loss) was determined by

Weight loss (%) =
𝑚ini − 𝑚dry

𝑚 ini
× 100%, (4)

where𝑚ini is the initial weight of the film sample before burial
and𝑚dry is the dryweight of the sample after burial for known
days.

3. Results and Discussion

3.1. Mechanical Properties. The thickness of blending films
which has a significant influence on mechanical properties
of the PVA/xylan blending films was measured by Lorentzen
& Wettre thickness gauge (Sweden) for precise specimens
(55–60 𝜇m). The effect of the weight ratio of PVA/xylan on
TS and EAB of the blending films with the addition of 20%
BTCA is shown in Figure 1. The results indicated that TS and
EAB of the blending composite films decreased obviously
along with the decrease of the weight ratio of PVA and xylan
from 3 : 1 to 1 : 2. The reason explained was that PVA has
high tensile strength with hydrogen bonds and xylan is brittle
and amorphous with its acetyl and feruloyl groups, as well
as 𝛼–D–glucopyranosyl uronic acid or 4–O–methyl ether
[4, 10, 23]. The values of TS and EAB reached to 22.4MPa
and 92.4%, respectively, as the weight ratio of PVA and xylan
was 3 : 1.

Figure 2 shows the effect of BTCA content onTS and EAB
of blending films at the PVA/xylan weight ratio of 3 : 1. When
BTCA content was 0%, the lowest value of EAB was obtained
while relatively high TS value was present. With increasing
BTCA content to 5%, a decrease in TS and an increase in EBA
were observed. With a further increment of BTCA amount
from 5% to 30%, both TS values and EAB increased first and
then decreased in the range of 16.4–22.4MPa and 45.5%–
92.4%, respectively. It could be explained that polymer-
polymer interactions strengthen intermolecular forces at the
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Figure 2: The effect of the BTCA content on TS and EAB of the
blending films.

beginning of adding BTCA. Subsequently, the formation of
polymer-plasticizer interactions among the macromolecules
restrained intermolecular mobility and revealed the decrease
of TS and EAB [24]. When BTCA amount reached 20%,
TS and EAB obtained their maximum values simultaneously
which were higher than the PVA/polysaccharides (angico
gum and/or cashew gum) blended films investigated by Silva
et al. [25]. Moreover, the addition of BTCA provided the
hydroxyl-rich chemicals with carboxyl functional groups.
Yoon et al. [26] verified that additives of the films with
hydroxyl and carboxyl groups were stronger and more flex-
ible than those with only hydroxyl groups. Thus BTCA had
the important impact onmechanical properties of PVA/xylan
blending films.

3.2. WVP Measurement. WVP is an important parameter
of film for potential applications such as food packag-
ing. Figure 3 illustrates the effect of the weight ratio of
PVA/xylan and the BTCA content on WVP. Clearly, WVP
was decreased slightly and then increased sharply with the
weight ratio of PVA/xylan changing from 3 : 1 to 1 : 2 at
the 20% BTCA content. The lowest value was achieved to
0.017 g⋅𝜇m⋅cm−2⋅h−1 when the PVA/xylan weight ratio was
2 : 1 (P2X1), and the highest value was 0.054 g⋅𝜇m⋅cm−2⋅h−1 at
the PVA/xylan weight ratio of 1 : 2 (P1X2).These results could
be attributed to the changes in the functionality properties
of the blending films prepared in the different PVA/xylan
weight ratio. Clearly, BTCA had a remarkable influence on
WVP. When the BTCA content was 5%, WVP of PVA/xylan
blending films had the lowest values for 0.015 g⋅𝜇m⋅cm−2⋅h−1
at the PVA/xylan weight ratio of 3 : 1. This meant that WVP
decreased with addition of a little amount of BTCA. This
result might be attributed to the water-resistant nature of
BTCA. Nevertheless, the WVP increase was directly pro-
portional to the BTCA content in the range of 10%–25%
and then incremented sharply up to the highest values of
0.0274 g⋅𝜇m⋅cm−2⋅h−1 at the content of 30% BTCA. The
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Table 2: TheWA, S, and WC of all the PVA/xylan blending films.

Samples WA 𝑆 (%) WC (%)
P3X1 0.45 19.16 8.53
P2X1 0.62 22.35 10.53
P1X1 0.84 26.38 11.65
P1X2 0.93 30.15 12.31
PX0 1.30 37.29 7.44
PX5 1.18 26.74 11.62
PX10 1.07 26.76 16.59
PX25 0.34 25.51 9.12
PX30 0.31 31.22 9.27

higher plasticizer content resulted in more permeable films
[27]. Mikkonen et al. [12] gained the same conclusions. This
may be due to the formation of intermolecular interactions
of BTCA and polyhydroxylic compounds with the increase
of BTCA content.

As reported in the literature, Garćıa et al. [28] speculated
many factors such as polymeric chain mobility and specific
interaction between the functional groups of the polymers
had effects on WVP. The decrease of WVP may be due
to the formation of new interchain interaction. Ghasemlou
et al. [29] decreased WVP and improved barrier properties
of starch films up to 50% relative to the control sample by
adding Zataria multiflora Boiss (ZEO) or Mentha pulegium
(MEO). They thought that the hydrogen and covalent inter-
actions between the starch network and these polyphenolic
compounds might limit the availability of hydrogen groups
to form hydrophilic bonds with water.

3.3. TheWA, S, and WC Determination. TheWA, S, andWC
of all the PVA/xylan blending films are shown in Table 2.
These data were used to further analyze barrier properties
of blending films according to the experimental design
previously presented (Table 1). When the BTCA content
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maintained 20%, theWA increased gradually with the weight
ratio of PVA and xylan from 3 : 1 to 1 : 2. Comparatively, the
highestWA value reached to 1.30 for the blending films in the
PVA/xylan weight ratio of 3 : 1 without the addition of BTCA.
When the weight ratio of PVA and xylan was 3 : 1, WA values
were decreased alongwith BTCA amount increasing from 5%
to 30%. So the addition of BTCA could efficiently reduceWA
of blending films. It was due to increasing moisture barrier
properties with addition of BTCA.The solubility of blending
films is a crucial influencing factor for potential application
such as food packaging. Inmost cases, water solubility should
be lower in order to improve thewater resistance and integrity
of films, especially for packaging foods [30]. As we can see
from Table 2, water solubility increased steadily from 19.16%
(P3X1) to 30.15% (P1X2) with 20% BTCA. The increase of
the solubility can be explained by the increase of content of
hydroxyl groups with the increase of xylan in the blending
films. The weight ratio of PVA and xylan was chosen for 3 : 1
which was superior to others as the solubility decreased up to
19.16%, lower than results of 20% solubility studied by Alves
et al. [18]. Then S decreased with increasing BTCA content
from 0% to 25%.However, when BTCA content reached 30%,
the water solubility had a sudden increase which might be
due to increment of hydrophilicity of blending films with
high concentration of BTCA. Additionally, water content
increased gradually with increasing weight ratio of PVA and
xylan. For plasticized films, the addition of 20% BTCA to
blending films (P3X1)was able to obtain relatively lowerwater
content for 8.53%.This is interpreted as a result of interactions
between BTCA and the PVA/xylan composite film matrix,
which reduces in the film’s affinity for water and limits the
accessibility of water molecules in the films [31]. With a
further increase of BTCA concentration, the film matrix
exposed more hydroxyl groups and increased water uptake.
Unplasticized samples had lower water uptake (7.44%).

3.4. Thermogravimetric Analysis (TGA). Thermogravimetric
analysis is a standard technique to determine the composition
or thermal stability of materials. The results of TGA and
DTG curves of PVA/xylan blending films with different
BTCA contents and PVA/xylan weight ratios are illustrated
in Figure 4. The pure PVA/xylan films (PX0) exhibited
apparently two-step degradation. With the degradation of
PVAand xylan chains, the first step region occurred at around
250–330∘C, and then carbonization of polymer matrix at
the high temperature around 390–470∘C formed the second
degradation region. In contrast, the BTCA-plasticized films
(P3X1, P1X1, and PX10) had three-step degradation process
without obvious demarcation line. Four degradations peaks
for PX0, P3X1, PX10, and P1X1 were observed at 316, 441,
361, and 433∘C, respectively. The sudden drop in weight with
increasing temperature occurred between 250 and 400∘C.
The decrease of hydrogen bonds may lead to the decreasing
thermal stability of films, because the rupture of hydrogen
bonds requires more energy during thermal degradation [6].
As expected, the total weight loss of the plasticized PVA/xylan
films was lower than that of pure composite film (PX0).
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Figure 5: FTIR spectra of PVA/xylan blending films.

This might be due to the incorporation of the BTCA which
stabilized the composites at high temperature.

3.5. FTIR Spectroscopy. FTIR spectroscopywas used to exam-
ine the interactions between PVA/xylan and BTCA. The
broad band at 3285 cm−1 originates from the stretching of
–OH groups; this peak was larger than the film PX0 due to
overlapping stretching of hydrogen bonds, O–H stretching of
the composite films [32], which shifts 22 cm−1 compared with
that of unplasticized PVA/xylan (3263 cm−1). It indicated
that BTCA interacted with PVA/xylan films matrix, and
the hydroxyl groups between PVA and xylan were partially
destructed [33]. And the peak at 2939 cm−1 is assigned to
CH– stretching. A sharp brand at 1709 cm−1 is the C=O bond
and suggested the presence of a carbonyl group mainly from
BTCA in the film matrix and the C=O bond stretching was
stronger with the increase of BTCA which had similar trend
with –OH stretching. The absorption bands at 1412 cm−1 in
P3X1 can be attributed to O–H, C–H bending from PVA
structure and the absorption bands at 1327 cm−1, 1232 cm−1
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Figure 6: X-ray diffraction of PVA/xylan blending films.

to 𝛿 (OH) with C–H wagging, respectively. The brands from
835 to 1088 cm−1 corresponded to the C–O bond stretching.

3.6. X-Ray Diffraction. X-ray diffractograms of PVA/xylan
blending films are shown in Figure 6. As observed, threemain
diffraction peaks (2𝜃 about 10.95∘, 12.38∘, and 19.62∘) were
seen in the X-ray diffraction pattern. The unplasticized films
had the highest intensity values corresponding to different
regions. When the BTCA content increased from 10% to
20%, the intensity of crystalline peaks decreased a little
and the diffraction patterns were quite similar and showed
no significant differences with the presence of plasticizer
(BTCA). However, the peak became wider and amorphous
when the weight ratio of PVA and xylan reduced to 1 : 1.
Furthermore, under this condition, two new peaks appeared
at 2𝜃 between 20∘ and 25∘. These changes demonstrated
an interaction between the components. The interaction
restricted the mobility of the polymer chains and may lead to
a considerable slowing of the recrystallization of the matrix
during the drying process.This changes the crystalline struc-
ture of the composite films. Crystallinity analysis indicated
that the xylan in the samples was semicrystalline [34]. Peng
et al. [35] also found that the xylan filmswere semicrystalline.

3.7. Film Deterioration in Soil. The current study focused
on increasing biocompatibility and degradability of blending
films by adding biodegradable biopolymers. All the films had
the same size and shape to prevent the external effects on
biodegradation of films [36]. The dependence of degradation
of PVA/xylan blending films with different BTCA contents
as a function of time is presented in Figure 7. The test was
carried out for 30 days of burial in soil under prevailing
environmental conditions. For unplasticized films (PX0), the
biggest characteristic of their decomposition rate was faster
than plasticized films (PX10, PX30) in a beginning dozen
days and then the weight loss gradually fell behind those
that were plasticized by BTCA. After deterioration in soil
about 12 days, blending films with 10% BTCA had higher
weight loss ratio and showed a clear advantage. When the
films were deteriorated for half a month, weight loss of PX10
reached 31.7%, while PX0 and PX30 were 28.5%, 26.6%,
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Figure 7:The effect of the different BTCA contents on the degrada-
tion of PVA/xylan blending films.

respectively. The weight loss of the PX30 films increased by
13.4% during the last 5 days in a month and rapidly surpassed
the PX0 films. Eventually, the PX10 films were biodegraded
by 41.29% within 30 days and the degree of disintegration
was considerable. Chai et al. [16] investigated effects of the
content of modified starch on the biodegradation of the
PVA/modified starch blending films and the optimal degree
of degradation was obviously below 40% within 30 days.
The films with 30% BTCA also achieved 37.8%, while the
weight loss of untreated films (PX0) was 35.3%, inferior to
the plasticized films. Therefore, the addition of BTCA had
a positive influence on degradation of PVA/xylan blending
films. Imam et al. [37] explained that the addition of a
plasticizer in formulations lowered the overall extent of
degradation in composites. Also, biopolymers themselves
like xylan have stronger biocompatibility and stimulate PVA
degradation in soil.

4. Conclusions

PVA/xylan blending films by casting method were success-
fully synthesized by using BTCA as a new plasticizer. It
was found that TS and EAB values reduced with the weight
ratio of PVA/xylan from 3 : 1 to 1 : 2. Additionally, under
the condition of optimal weight ratio of PVA/xylan for 3 : 1,
both TS and EAB increased firstly and then decreased along
with the increasing BTCA content. WVP was decreased first
and then increased sharply with the decreasing weight ratio
of PVA/xylan. The effect of BTCA content on WVP had
similar tendency. The WA values were decreased along with
increasing BTCA amount due to moisture barrier properties
with addition of BTCA. The thermal stability of the plasti-
cized blending films had improved. FTIR and XRD indicated
the presence of interactions and structural changes between
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BTCA and PVA/xylan matrix. During deterioration in soil
for 30 days, PVA/xylan blending films achieved 41.3% weight
loss. In summary, the PVA/xylan blending films performed
desired mechanical properties and excellent biocompatibility
and biodegradation, which indicate that PVA/xylan blending
films have promising applications for food packaging and
agricultural mulch owing to their sustainable and ecofriendly
features.
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Different crystalline calcium silicate hydrates (CSH) were synthesized under specific hydrothermal conditions and several methods
were used to analyze samples. Amorphous calcium silicate hydrates (ACSH) mainly consists of disordered calcium silicate
hydrate gel (C-S-H gel) and crystalline calcium silicate hydrates (CCSH) consists of crystallized tobermorite. The adsorption of
carcinogenic aflatoxin B1 (AFB1) onto ACSH and CCSH was investigated. The adsorption kinetics was studied using pseudo-
first-order and pseudo-second-order kinetic models and intraparticle diffusion model. The pseudo-second-order model provided
the best correlation and the intraparticle diffusion controlled the adsorption process of AFB1 onto CCSH. Adsorption isotherm
parameters were obtained from Langmuir and Freundlich and the adsorption data fitted to Freundlich much better. Based on the
results of N

2
adsorption/desorption, adsorption kinetics, and adsorption isotherms, the adsorptionmechanism of AFB1 ontoCCSH

was developed. All results indicate that CCSHhas a great potential to be a safe, easy-made, and cost-effectivematerial for the control
of AFB1 contamination.

1. Introduction

The synthesis of calcium silicate hydrate (CSH) under the
hydrothermal condition has been extensively studied to
manufacture some functional materials. Under different
hydrothermal conditions, varieties of CSH with different
structures can be prepared, such as amorphous calcium sil-
icate hydrate (ACSH) and crystalline calcium silicate hydrate
(CCSH). ACSH, for example, calcium silicate hydration gel
(C-S-H gel), consists of monomer silicate anions with silanol
groups [1]. CCSH, for example, tobermorite and xonotlite,
is built up of layers of Ca polyhedra and condensed by
wollastonite-type silicate chains on both sides [2, 3]. CSH
is used as functional Materials generally, especially as an
adsorbent due to its high specific surface area and a large
number of structural sites. In the study of Maeda and Ishida
[4], slurries consisting of diatomaceous earth and slaked lime
were hydrothermally reacted to synthesize composite C-S-H
gel, which has superior dye-adsorption ability. A synthetic
adsorbent of CCSH has been found highly effective for

endotoxin removal from aqueous solutions [5]. Katsumata et
al. [6] removed natural organic polyelectrolyte (humic and
fulvic acids) and their metal complexes by adsorption onto
xonotlite. Siauciunas et al. [7] evaluated the effects of CO

2

chemisorptions on synthetic tobermorite. Novel technique
for phosphorus recovery from aqueous solutions usingACSH
was reported recently [8], and also CCSH with a low Ca/Si
molar ratio of 0.8–1.0, such as tobermorite [9] and xonotlite
[10], has been used for phosphorus recovery. Both of them are
beneficial materials for phosphorus recovery and recycling.
Moreover, CSH plays an essential role in fixing heavy metals
by ways of ion-exchange, adsorption, and chemical restraint.
Heavy metals of Nd(III), Zn(II), Cd(II), Cr(IV), and Sr(II)
uptake by CSH have been reported in the literature [11–15].

Mycotoxins are secondary metabolites of filamentous
fungi and naturally occur in food. They represent a large
group of different substances produced by different myco-
toxigenic species. Aflatoxins are the most common myco-
toxins and aflatoxin B1 (AFB1) has been demonstrated to be
carcinogenic to animals and humans [16]. At present, the
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Table 1: Hydrothermal synthesis conditions.

Samples Ca/Si 𝑤/𝑠 Incubating time (h) Temperature (∘C)
ACSH 1.0 5 8 120
CCSH 1.0 10 12 185

most probable approach for controlling AFB1 contamination
is the addition of nonnutritive adsorbent materials to the
diet. Minerals such as montmorillonite, sepiolite, zeolite, and
kaolinite are the main materials which have been used as
the adsorbents of AFB1 [17]. However, these materials are
nonrenewable and may be insecure as the natural substance
could suffer some contamination (e.g., heavy metals); the
US Food and Drug Administration (FDA) stated that “The
use of sodium aluminosilicate and hydrated calcium sodium
aluminosilicate as binders for mycotoxins is not considered
to be generally recognized as safe” [18], so their application
is limited in practice. To control AFB1 contamination, it
is essential to develop a simple, safe, and cost-effective
adsorbent.

Till now, CSH has not been used to bind AFB1 and the
structures of CSH which can impact the adsorption capacity
have not been studied too. In this study, different crystalline
CSH were prepared under specific hydrothermal conditions
and samples were characterized by several methods. The
adsorption capacities of CSH for the removal of AFB1 from
aqueous solutions were investigated and the adsorption
mechanism of AFB1 on CCSH was explained.

2. Materials and Methods

2.1. Synthesis and Characterization of CSH. CSH was synthe-
sized in an autoclave (Weihai Chemical Machinery Co. Ltd.).
For preparation of CSH, the calcium oxide (99.99% CaO,
Aladdin Co. Ltd.) and silicon oxide (99.99% SiO

2
, Aladdin

Co. Ltd) were mixed according to a certain proportion by
molar (Ca/Si). The mixture was added to the water with a
certain ratio of water-to-solid by mass (w/s), and then incu-
bated at the set temperatures for several hours tomanufacture
ACSH and CCSH; the hydrothermal synthesis conditions are
shown in Table 1 [19]. Samples of each synthesis were dried to
constant mass in an oven at 80∘C and then milled to less than
45 𝜇m for the adsorption experiments.

ACSH and CCSH were characterized by different meth-
ods, including X-ray powder diffraction (XRD), scanning
electron microscope (SEM), and N

2
adsorption/desorption.

XRDwas performed on a Rigaku D/max-1200 diffractometer
with CuK𝛼 radiation, in the range of 5∘–70∘ 2𝜃 and at a
step size of 0.02∘. SEM micrographs were performed using a
TESCAN VEGA II scanning electron microscope, operating
at the accelerating voltage of 20 kV and taking images at dif-
ferentmagnifications. Brunauer-Emmet-Teller (BET) specific
surface area (𝑆BET), total pore volumes (𝑉total),and average
pore diameter (𝐷

𝑝
) of the samples before and after adsorption

of AFB1 were measured from N
2
adsorption/desorption

isotherms at 77K, using an automatic specific surface area
measuring equipment (ASAP, 2020, Micromeritics, USA)
after a degassing under vacuum for 8 h at 110∘C.

OO

OH

OO
H

OCH3

Figure 1: Structure of AFB1.

2.2. Adsorption Experiments. The method of enzyme linked
immunosorbent assay (ELISA) was used to measure the
amount of AFB1. AFB1 was purchased from Sigma-Aldrich
Co and ELISA kits were purchased from R-Biopharm Co.
The chemical structure of AFB1 is presented in Figure 1 [20].
Firstly, an AFB1 stock solution (2 𝜇gmL−1) was prepared,
and then 20mg CSH was added to a tube that was filled
with 10mL AFB1 solution, adjusting the solution pH to 8
by adding 0.1M phosphate buffer as required. After 2 h at
28∘C in a 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 AFB1 remaining in
the supernatant layer of dispersion by the method of ELISA
was analyzed. The adsorbance of AFB1 was calculated from
the difference between initial and equilibrium concentrations
of AFB1. In addition, some experiments were performed at
solution temperatures of 301, 306, and 311 K to determine
the kinetic parameters with different time intervals. In order
to determine adsorption isotherms parameters, experiments
were carried out at solution temperatures of 301 K with
different initial concentration which varied from 0.5 to
3 𝜇gmL−1.

3. Results and Discussion

3.1. Characterization

3.1.1. XRD Characterization. TheXRD patterns of ACSH and
CCSH reveal the microstructure variety and comparative
XRD patterns of them are presented in Figure 2. As can
be seen, the ACSH consists of disordered calcium silicate
hydrate (C-S-H) gels with peaks at 3.05, 2.81, and 1.81 Å (cor-
responding to 29.1, 32.2, and 49.9∘ 2𝜃, resp.) and unreactive
SiO
2
from quartz as well due to the short incubating period.

The peak of C-S-H gel at 3.05 Å is strong and broad, but the
peaks at 2.81 and 1.81 Å areweak, indicating a low-crystallinity
structure [21]. On the contrary, themain composites of CCSH
are crystallized tobermorite. The peaks at 11.30, 3.07, 2.97,
2.80, 1.84, and 1.67 Å correspond to the main tobermorite
component, especially at 11.30 Å (corresponding to 8∘ 2𝜃)
which is strong and sharp, reflecting an ordered and high-
crystallinity structure [22]. Moreover, the peaks of quartz
disappear, indicating more SiO

2
was dissolved in the liquid,

which can be attributed to the higher reaction temperature
and longer reaction time [19].
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Figure 2: XRD patterns of ACSH and CCSH.

3.1.2. SEMCharacterization. TheSEMmicrographs of ACSH
and CCSH are shown in Figure 3. The microappearance is
different from each other. The ACSH is agglomerated with
some irregular flake and fibril. As a certain amount of water
is wrapped in the floc, the particle of ACSH is made up of
solids and solutions and its appearance is consistent with the
typical characteristics of C-S-H gels [23]. Meanwhile, it can
be seen that the CCSH consists of the crystals of a plate form
which correspond to the microappearance of tobermorite.
It is known that Ca2+ and H

2
O insertions exist among

tobermorite plates and space among tobermorite plates and
insertions are referred to as tubular pores [24]. In addition, a
small amount of floccules are observed in the micrograph of
CCSH due to the residual C-S-H gels, which did not turn into
tobermorite.

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

of the samples before and after adsorption of AFB1 were
measured.Meanwhile, the adsorbance of AFB1 on ACSH and
CCSH (𝐴AFB1) was measured. All of the data were summa-
rized in Table 2. The N

2
adsorption/desorption isotherms for

samples of original (ACSH and CCSH) and after adsorp-
tion of AFB1 (ACSH-AFB1 and CCSH-AFB1) are shown
in Figure 4. As can be seen from Figure 4(a), isotherms
exhibit Type II behaviors according to the IUPAC classifi-
cation [25], characteristics of major mesoporous, and a few
macroporous adsorbents. Seen from the formed hysteresis
loop, the N

2
adsorbance in the area of high relative pressure

is higher, which fits to the third type of hysteresis loop
(H3), indicating slit pores heaped up with flake particles.
Meanwhile, compared with ACSH, the N

2
adsorbance of

CCSH in the area of high relative pressure is much lower,
which may be attributed to pores that formed from layer
structure [25]. From Table 2, the 𝑆BET of ACSH is larger than
that of CCSH, because disordered ACSH has a structure of
three-dimensional networks, while CCSH mainly has two-
dimensional layer structure [26]. Moreover, it is shown in

Table 2: The structure characteristics of samples and adsorbance of
AFB1.

Sample 𝑆BET (m
2
⋅g−1) 𝑉total (cm

3
⋅g−1) 𝐷

𝑝
(nm) 𝐴AFB1 (𝜇g/g)

ACSH 89.636 0.469 20.372 274.355
CCSH 57.343 0.247 18.924 949.261
ACSH-AFB1 80.525 0.412 19.861 —
CCSH-AFB1 37.479 0.146 18.121 —

Figure 4(a) that, in the area of low relative pressure, there is
a slight difference between the N

2
absorbance of ACSH and

that of CCSH. As the relative pressure increased, within the
mesohigh relative pressure range and particularly within the
high relative pressure range, the N

2
adsorbance of ACSH is

significantly larger than CCSH, indicating a different pore
structure, which is the main reason why the 𝑉total and 𝐷𝑝 of
ACSH are larger than that of CCSH.

Figure 4(b) presents the N
2

adsorption/desorption
isotherms of ACSH-AFB1 and CCSH-AFB1. Compared with
the original sample, the 𝑆BET, 𝑉total, and 𝐷𝑝 of ACSH-AFB1
slightly decrease and the N

2
adsorbance in the area of

low relative pressure reduce, approaching closer to the
𝑥-axis, which can be attributed to micropore filling by the
adsorbed AFB1. However, in the area of mesohigh relative
pressure, the N

2
adsorbance does not show any obvious

changes, indicating that the mesoporous does not fill with
AFB1. As a mesoporous material, it was concluded that the
main way of the adsorption of AFB1 onto ACSH is surface
adsorption. On the contrary, the 𝑆BET, 𝑉total, and 𝐷𝑝 of
CCSH-AFB1 all are reduced significantly compared with the
original sample and the curve approaches more closer to the
𝑥-axis in various relative pressure ranges. Furthermore, the
adsorbance of AFB1 onto CCSH is much higher than that
of ACSH. Such a difference is associated with the existing
forms of AFB1 molecules in the layer structure of CCSH.
There are two reactive mechanisms between CCSH and
organic components [27]: one is the surface adsorption and
the other is the interlayer adsorption as organic molecules
insert into layers. The adsorbance of interlayer adsorption to
the organics is much higher than the surface adsorption. As
can be seen from Figure 1, AFB1 belongs to micromolecular
organics, after being adsorbed by CCSH; the 𝑆BET of CCSH-
AFB1 is much smaller than that of the original sample.
According to the effect of “pore blockage” when organic
molecules fill pores result in the decrease of 𝑆BET [28], it
indicates that the interlayer adsorption is the dominant
adsorption for the changes of CCSH isotherms before
and after adsorption of AFB1. Besides, the hysteresis loop
of CCSH-AFB1 fits to the second type of hysteresis loop
(H2), indicating that “pore blockage” effect changes the
pore structure, which forms ink-bottle pore (pores with
narrow necks and wide bodies) [25].Therefore, the interlayer
adsorption is the main way for CCSH adsorbing AFB1.

3.2. Adsorption Kinetics. In order to quantify the changes
in adsorption with time (Figure 5) and to evaluate kinetic
parameters, three models were assessed, including the
pseudo-first-order kinetic model, the pseudo-second-order
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Figure 3: SEM micrographs of ACSH (a) and CCSH (b).
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Figure 4: (a) The N
2
adsorption-desorption isotherms for ACSH and CCSH. (b) The N

2
adsorption-desorption isotherms for ACSH-AFB1

and CCSH-AFB1.

kinetic model, and the intraparticle diffusion model. The
pseudo-first-order kinetic model [29] can be expressed as
follows:

lg (𝑞
𝑒
− 𝑞
𝑡
) = lg 𝑞

𝑒
−

𝑘
1

2.303

𝑡, (1)

where 𝑞
𝑒
and 𝑞

𝑡
are the amounts of AFB1 adsorbed on CSH

(𝜇g g−1) at equilibrium and at different time 𝑡 (min) and 𝑘
1

(min−1) is a rate constant for the adsorption process. Kinetic
parameters (𝑞

𝑒
and 𝑘
1
) were calculated from the intercept and

the slope of the pseudo-first-order straight line.
The pseudo-second-order rate expression [30] can be

used to describe adsorption processes in which the reaction

rate is proportional to the square of the number of available
adsorption sites:

𝑡

𝑞
𝑡

=

1

𝑘
2
(𝑞
𝑒
)
2
+

1

𝑞
𝑒

𝑡, (2)

where 𝑘
2
(gmg−1min−1) is the rate constant and the values of

𝑞
𝑒
and 𝑘
2
were derived from the intercept and slope of a linear

plot of 𝑡/𝑞
𝑡
versus 𝑡.

An intraparticle diffusionmodel ofWeber andMorris [31]
is shown as

𝑞
𝑡
= 𝑘
3
𝑡
1/2

+ 𝑏, (3)
where 𝑏 represents the intercept and the values of intercept
give an idea of the boundary layer thickness which is asso-
ciated with the boundary layer effect. 𝑘

3
is the intraparticle
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Figure 5: Adsorption kinetics for AFB1 onto CCSH (a) and ACSH (b) at 301, 306, and 311 K.
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Figure 6: Intraparticle diffusion plot for AFB1 onto CCSH (a) and ACSH (b) at 301, 306, and 311 K.

diffusion constant (mg g−1min−1/2) and the values of 𝑘
3
and

𝑏 were obtained from the slope and intercept of a linear plot
of 𝑞
𝑡
versus 𝑡1/2 (Figure 6).

All parameters and correlation coefficients (𝑅2) are sum-
marized in Table 3. It can be found that the correlation
coefficients of the first-order kineticmodel are lower than 0.9,
which are less than the second-order kinetic model. There-
fore, the adsorption processes was considered to be explained
better by the second-order kinetic model. The values of 𝑞

𝑒

are close to constant with an increase in temperature for
adsorption of AFB1 onto ACSH and CCSH. It implies that
the temperature does not favor AFB1 adsorption onto ACSH
and CCSH and the type of adsorption can be considered as
physisorption. The adsorption rate is an important indicator
reflecting the properties of adsorbent that is described by the
Weber-Morris equation. Generally, the adsorption processes
include three stages. The first is considered as a diffusion
of adsorbate through the solution to the external surface of
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Table 3: Kinetic parameters for AFB1 adsorption onto ACSH and CCSH at different temperatures.

Kinetic models 𝑇 (K) ACSH CCSH

Pseudo-first-order

𝑘
1
(min−1) 𝑞

𝑒
(𝜇g g−1) 𝑅

2

𝑘
1
(min−1) 𝑞

𝑒
(𝜇g g−1) 𝑅

2

301 0.034 35.719 0.886 0.037 492.947 0.899
306 0.035 27.283 0.879 0.041 541.502 0.890
311 0.025 26.528 0.893 0.046 549.035 0.866

Pseudo-second-order

𝑘
2
(g 𝜇g−1 min−1) 𝑞

𝑒
(𝜇g g−1) 𝑅

2

𝑘
2
(g𝜇g−1 min−1) 𝑞

𝑒
(𝜇g g−1) 𝑅

2

301 0.0038 285.714 0.999 0.00017 981.448 0.998
306 0.0056 277.778 0.999 0.00018 977.279 0.998
311 0.0043 277.767 0.999 0.00021 966.428 0.998

Intraparticle diffusion

𝑘
3
(𝜇g g−1 min−1/2) 𝑏 𝑅

2

𝑘
3
(𝜇g g−1 min−1/2) 𝑏 𝑅

2

301 6.317 230.76 0.684 53.534 440.40 0.991
306 5.070 239.59 0.628 52.870 450.65 0.994
311 4.877 236.10 0.808 51.435 469.11 0.999

adsorbent or faster adsorption stage.The seconddescribes the
gradual layer adsorption stage, where intraparticle diffusion
is rate-controlled.The third stage is the final equilibrium stage
[32]. It is important to note that the correlation coefficients
are lower than 0.81 for ACSH at different temperatures,
which suggest a nonlinear relationship.Hence, the adsorption
process of AFB1 onto ACSH is not intraparticle diffusion
predominantly and three possible adsorption processes may
occur. In contrast, the correlation coefficients are higher than
0.99 for CCSH at different temperatures, indicating that the
intraparticle diffusion controls the adsorption process, but
the intraparticle diffusion curves do not pass through the
origin; it indicates that besides intraparticle diffusion, other
process may influence the adsorption rate. Moreover, the
values of intercept b give an idea about the boundary layer
thickness; the larger the intercept, the greater the boundary
layer effect [33]. FromTable 3, values of b of CCSH are greater
than that of ACSH. This means that the greater boundary
layer effect is in favor of AFB1 adsorption onto CCSH.

3.3. Adsorption Isotherms. Adsorption isothermal reflects the
relationship between adsorption capacity and the concen-
tration of solution at a fixed temperature. Analysis of the
isotherm data is important to examine the adsorption mode
of AFB1 onto ACSH and CCSH, and the results can be
used for the design of more efficient materials to bind AFB1.
Therefore, two main models of adsorption isotherm were
analyzed, one is Langmuir isotherm [34] and the other is
Freundlich isotherm [35], which is widely applied in liquid-
solid adsorption system.

The Langmuir isotherm theory assumes monolayer cov-
erage of adsorbate over a homogenous adsorbent surface. In
a modified form it can also describe a bilayer deposition.
Firstly, the adsorption data were fitted to the linear form
of Langmuir adsorption model (see (4)) and obtained the
Langmuir isotherm by plotting the particular adsorption
(𝐶
𝑒
/𝐶) against the equilibrium concentration of AFB1 (𝐶

𝑒
).

𝐶
𝑒
is the equilibrium concentration of AFB1 which means

the final concentration (𝜇g/L) of AFB1 in the solution after
adsorption, 𝐶

𝑚
is the maximum adsorbance (𝜇g/g), 𝐶 is the

amount of AFB1 being adsorbed by the sorbent at equilibrium

Table 4: Isotherm parameters for AFB1 adsorption onto ACSH and
CCSH.

Sample
Langmuir Freundlich

𝐶
𝑚

(mg g−1)
𝐾

(Lmg−1) 𝑅
2
𝐾
𝑓

(𝜇g g−1)
𝑛
𝑓
𝑅
2

ACSH −0.333 −0.284 0.807 0.005 1.483 0.996
CCSH 2.0 10.020 0.882 64.358 0.583 0.992

(𝜇g/g), and 𝐾 is a constant related to the adsorption energy.
The essential characteristics of the Langmuir isotherm can
be expressed in terms of a dimensionless constant separation
factor 𝑅

0
which is given by (5). 𝐶

0
is the initial AFB1

concentration (𝜇g/mL). When 𝑅
0
is between 0 and 1, it

indicates a favorable AFB1 adsorption, when𝑅
0
is higher than

1, it indicates an unfavorable AFB1 adsorption.
Consider

𝐶
𝑒

𝐶

=

1

𝐶
𝑚
𝐾

+

𝐶
𝑒

𝐶
𝑚

, (4)

𝑅
0
=

1

𝐾𝐶
0
+ 1

. (5)

The adsorption data were also fitted to the linear form of
Freundlich adsorption model which is shown as

lg𝐶 = lg𝐾
𝑓
+ 𝑛
𝑓
lg𝐶
𝑒
, (6)

where𝐾
𝑓
is Freundlich constant related to adsorption inten-

sity and 𝑛
𝑓
is constant as well related to adsorption intensity,

𝐶 (𝜇g/g) and 𝐶
𝑒
(𝜇g/L) denote adsorbance of AFB1 and

equilibrium concentration of AFB1, respectively. Freundlich
equation is an exponential variation in site energies and
assumes that the adsorbent has a heterogeneous energy dis-
tribution of active sites. Theoretically, the Freundlich model
is suitable for use with heterogeneous surfaces and with this
expression, an infinite amount of adsorption can occur [36].

The absorption isothermal curves of AFB1 onto CCSH
and ACSH are shown in Figure 7, and all isotherm values
are summarized in Table 4. For Langmuir isotherm shown
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Figure 7: Adsorption isotherms for AFB1 onto CCSH (a) and ACSH (b) at 301 K.
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Figure 8: Langmuir isotherm for AFB1 onto CCSH (a) and ACSH (b) at 301 K.

in Figure 8, 𝑅
0
of CCSH is between 0.166 and 0.032, which

indicates a favorable adsorption of AFB1 onto CCSH. 𝑅
0
of

ACSH is higher than 1, indicating an unfavorable adsorption.
Meanwhile, for Freundlich isotherm shown in Figure 9, 𝑛

𝑓

of ACSH at equilibrium is bigger than 1, as 𝑛
𝑓
is related to

adsorption intensity or surface heterogeneity, which ranges
between 0 and 1 when a favorable adsorption occurrs. This
result indicates that ACSH has a poor adsorption capacity
of AFB1 in the solution. Meanwhile, 𝑛

𝑓
of CCSH is smaller

than 1, so this adsorbent is favorable for adsorbing AFB1.
Comparing the values of 𝑅2, it is noted that the Freundlich
model yielded a much better fit than the Langmuir model
for both of ACSH and CCSH. It can be deduced that
the adsorptions of AFB1 on the surface of adsorbents are
uneven.

3.4. Adsorption Mechanism. All results above indicate that
CCSH is a suitable adsorbent for the adsorption of AFB1.
In order to study it further, the adsorption mechanism of
AFB1 onto CCSH was deduced in the following steps and the
description is shown in Figure 10.

Firstly, when CSSH and AFB1 were mixed together in
solution, the AFB1 molecules transfer from the bulk solution
to theCCSHexternal surface by diffusing through the bound-
ary layer. At thismoment, the adsorption of AFB1 onto CCSH
was surface adsorption. The main component of CCSH is
tobermorite and an important feature of the structure of
tobermorite is the cavity between two adjacent building
layers, the “interlayer space,” which contain water and Ca2+
ions [26]. When Ca2+ ions diffuse into the solution, CCSH
is electronegative. For AFB1 molecule, the center of positive
charges and that of negative charges does not coincide, which
belongs to polar molecule (Figure 1). Through the mode of
charge adsorption, polar molecules of AFB1 are adsorbed
onto CCSH with negative charges, while the Si-OH on the
surface of CCSH can also bind AFB1 through the hydrogen
bonding interaction [37]. This adsorption process has little
influence on the adsorption rate.

The second reactive stage is the gradual layer adsorption
stage. With the continuous adsorption reaction, the AFB1
molecules diffuse from the external surface into the interlayer
of CCSH. While more and more AFB1 molecules diffuse into
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Figure 9: Freundlich isotherm for AFB1 onto CCSH (a) and ACSH (b) at 301 K.
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Figure 10: Adsorption description of AFB1 onto CCSH.

the interlayer, the “pore blockage” effect occurs which results
in the decrease of 𝑆BET and 𝑉total. As the adsorption of AFB1
in the interlayer is uneven, several adsorption modes can
occur (Fit to Freundlich). It means monolayer adsorption
of AFB1 may occur in some locations of interlayer and
multilayer adsorption of AFB1 may occur too in some other
locations, and in the same way even zero adsorption may
exist somewhere. Due to such special adsorption mode, the
pore structure is changed and ink-bottle pores are formed.
As the adsorption process of AFB1 onto CCSH is mainly
controlled by intraparticle diffusion, most AFB1 are adsorbed
at this stage with the longest reaction time, which controls
the adsorption rate (Fit to intraparticle diffusion model).
Meanwhile, it is seen that the concentrations of AFB1 and
CCSH can also affect the adsorption rate (fit to the pseudo-
second-order kinetic model).

The last stage is the final equilibrium stage. The diffusion
of every substance in the system achieves a state of dynamic
equilibrium, such as Ca2+ ions, AFB1 molecules, particles of
adsorbent, and water molecules. At this stage, the adsorption
reaction tends to be stable and the adsorbance of AFB1 on
CCSH reaches the maximum value.

4. Conclusions

The results present in this paper demonstrate the characteris-
tics of CSH and their performance in the adsorption of AFB1

from aqueous solution. It shows that both ACSH and CCSH
can adsorb AFB1, but CCSH is more effective in the adsorp-
tion of AFB1.TheCSHwas characterized by several methods;
from the analysis of results, it indicates that a regular layered
structure is beneficial for the adsorption of AFB1. CCSH con-
sisting of crystallized tobermorite mainly adsorbs AFB1 into
its interlayer, resulting in a higher adsorption of AFB1 and
the decrease of 𝑆BET remarkably; it is also the reason for the
change of pore structure. For CSH, kinetic studies indicates
that the adsorption follows the pseudo-second-order kinetic
model (𝑅2 > 0.99) and the adsorbance of AFB1 is near con-
stant with an increase in temperature.The adsorption process
of AFB1 onto CCSH is intraparticle diffusion (𝑅2 > 0.99) pre-
dominantly but not for ACSH (𝑅2 < 0.81). The data of equi-
librium adsorption were fitted to Langmuir and Freundlich
equations; Freundlich isotherm model correlates the experi-
mental data better than Langmuir, which implies that adsorp-
tions of AFB1 on the surface of CSH are uneven. Summary
analysis of all results, the adsorptionmechanismofAFB1 onto
CCSH was deduced by dividing into three stages. As a result,
it can be concluded that CCSH has a great potential to be
used as an adsorbent for the removal of AFB1 from aqueous
solutions, which is safe, easy-made, and cost effective.
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[23] W. Nocuò-Wczelik, “Effect of Na and Al on the phase composi-
tion and morphology of autoclaved calcium silicate hydrates,”
Cement and Concrete Research, vol. 29, no. 11, pp. 1759–1767,
1999.

[24] H. Youssef, D. Ibrahim, S. Komarneni, and K. J. D. Mackenzie,
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Carbon nanomaterials were synthesized in situ on bulk 316L stainless steel, pure cobalt, and pure nickel by hybrid surface
mechanical attrition treatment (SMAT). The microstructures of the treated samples and the resulted carbon nanomaterials were
investigated by SEM and TEM characterizations. Different substrates resulted in different morphologies of products. The diameter
of carbon nanomaterials is related to the size of the nanograins on the surface layer of substrates. The possible growth mechanism
was discussed. Effects of themain parameters of the synthesis, including the carbon source and gas reactant composition, hydrogen,
and the reaction temperature, were studied. Using hybrid SMAT is proved to be an effective way to synthesize carbon nanomaterials
in situ on surfaces of metallic materials.

1. Introduction

Carbon nanofibers (CNFs) and nanotubes (CNTs) have
attracted extensive attention in the scientific field because of
their remarkable properties [1]. They are being investigated
for a wide range of applications, especially for the promising
applications in nanoelectronics and field emission devices [2–
5]. To meet the requirements of the applications, it is antici-
pated to produce CNFs/CNTs directly on many substrates.

Up to now, several methods have been studied to syn-
thesize CNFs/CNTs on various substrates. In many cases,
the hydrocarbons decomposed on dispersed catalytic metal
particles on a support [6, 7]. Also the possibility to use the
developedCVDmethods to synthesize carbon nanomaterials
directly on the transition metal surface that is catalytically
active exists [8–11]. However, difficulties persist in making
effective carbon nanomaterials directly on bulk metal surface
using a simple technique with low cost.

Surface mechanical attrition treatment (SMAT) has been
proved to be an effective way to achieve surface nanocrystal-
lization on various metallic materials [12–16] and can be used
to accelerate the chemical reaction of amaterial surface. Great
progress has been achieved in nitriding, chromizing, and syn-
thesizing functional nanoproducts via SMAT [17–23]. Hence,
we considermodifying the surface of themetallicmaterials by

SMAT and taking it as the catalyst as well as the substrate for
the fabrication of CNFs/CNTs. Carbon nanomaterials were
successfully synthesized in situ on bulk titanium by hybrid
SMAT process [24]. In this study, the traditional catalytic
transition metallic materials (Fe in its alloy forms stainless
steel, cobalt, and nickel) were subjected to hybrid SMAT pro-
cess to synthesize carbon nanomaterials. The morphologies
and structures of the obtained carbon nanomaterials were
investigated. The possible growth mechanism was discussed.
Effects of the main parameters of the synthesis were studied.
Hybrid SMAT is proved to be an effective and low-cost way
to synthesize carbon nanomaterials in situ on surfaces of
metallic materials. It is anticipated to get large-scale carbon
nanomaterials/metallic materials composites by using this
method to meet the application requirements.

2. Materials and Methods

Samples were stainless steel (AISI 316L), pure cobalt (purity
99.9%), and pure nickel (purity 99.9%) plates. The plates
were 20mm in diameter and 1mm in thickness and were
firstly subjected to the SMAT process. Details of SMAT
can be found in the previous work [15, 16]. After SMAT, a
nanocrystalline surface layer was achieved. During SMAT
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Figure 1: Bright-field (a, c, e) and dark-field (b, d, f) TEM images showing typical microstructures of the top surface layer in (a, b) SMAT
316L stainless steel; (c, d) SMAT Co; and (e, f) SMAT Ni. The insets are the corresponding SAED patterns.

process, a great amount of repeated and multidirectional
impacts induce a severe plastic deformation (SPD) on the
sample surface. Accordingly, grains of the surface layer were
successfully refined from micrometer into nanometer. In
the present work, the SMAT process was performed with a

vibration frequency of 20 kHz for 30min, using the shot with
a diameter of 2mm.

Samples treated by SMAT (SMAT samples) were then
subjected to a CVD process using a furnace with a quartz
tube. The typical parameters were as follows. The reaction
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Figure 2: Comparison of the morphology of carbon products synthesized on different SMAT metals: (a) on SMAT 316L, ×5K; (b) on 316L,
×20K; (c) on 316L, ×90K; (d) on SMAT Co, ×5K; (e) on SMAT Co, ×20K; (f) on SMAT Co, ×90K; (g) on SMAT Ni, ×5K; (h) on SMAT Ni,
×20K; and (i) on SMAT Ni, ×90K.

was maintained in 550∘C for 30min. The reactant gas
composition is C

2
H
2
: H
2
= 50 SCCM (mL/min): 100 SCCM

in a N
2
carrier of 300 SCCM. The main parameters of

CVD, including carbon source, gas reactant composition, and
temperature, were studied.

Transmission electron microscopy (TEM) observations
were performed to characterize SMAT samples and the
resulted carbon products using a Philips CM30 microscope
working under 300 kV accelerated voltage.

Scanning electron microscopy (SEM) was also used to
investigate the microstructures of the carbon products, using
a Sirion, FEI working at 3 kV accelerated voltage.

3. Results and Discussion

TEM characterizations indicate the microstructural features
of the very top surface of SMAT transitionmetallic materials,
as can be seen in Figure 1.

Although the mechanisms of the nanocrystallization of
three metallic materials are not the same [16], there is no
evident difference from the surface layer except for the grain
size. After SMAT under the same parameters, cobalt exhibits
the smallest average grain size (about 30 nm), followed in

order by 316L stainless steel (about 70 nm) and nickel (about
110 nm) according to the TEM images. In spite of the grain
size, the nanocrystalline surface layers of the SMAT metals
exhibit similar appearance. On the very top surface, there
are equiaxed nanograins with random crystallographic ori-
entations, as shown by the inserted SAED patterns. Between
this layer and the matrix, a transition layer with grain sizes
increasing gradually is presented.

After CVD process, thin black films were fabricated
on SMAT 316L stainless steel and SMAT Co, while soft
black products with a certain thickness were synthesized
on SMAT Ni. No product was found in the untreated
zone of samples. The carbon deposit yields were measured
experimentally. SMAT Ni has the largest carbon deposit
yield, up to 62.29mg/cm2, followed in order by SMAT Co
(16.4mg/cm2) and SMAT 316L stainless steel (9.26mg/cm2).

We compared the morphologies of the carbon nano-
materials synthesized on different SMAT metals. Figure 2
shows SEM images of carbon nanomaterials in connection
with various substrates at different magnifications.The lower
magnification pictures are used to convey the relative density
and uniformity of nanofiber growth. The higher magnifica-
tion pictures convey the relative morphology of the CNFs.
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Figure 3: TEM images of the CNFs synthesized on different SMAT metals (a) on SMAT 316L stainless steel; (c) on SMAT Co; (e) on SMAT
Ni and the related HREM images of the CNFs synthesized (b) on SMAT 316L stainless steel; (d) on SMAT Co; (f) on SMAT Ni.

It can be clearly seen that the morphologies and structures
of the substrate-synthesized carbon nanostructures signifi-
cantly depend on the type of substrate. CNFs synthesized
on SMAT Co possess a fairly uniform size distribution of
about 25 nm. In contrast to this, SMAT316L stainless steel and
SMAT Ni result in large diameter CNFs (more than 100 nm).

Besides the dimension, the morphologies are totally
different. CNFs synthesized on SMAT 316L stainless steel
are neither uniform nor dense, distributed among the metal
clusters, with a broad diameter distribution ranging from
tens of nanometers to several micrometers. Some of them
appear to undergo a further partial and simultaneous change
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Figure 4: TEM images of carbon products synthesized on SMATNi (a) image at lowmagnification showing CNTs as well as CNFs; (b) image
at high magnification showing details of CNTs; and (c) image showing the presence of the catalyst particles as well as CNFs.

in shape, rotating on an axis perpendicular to the direction
of fiber growth, and thus forcing the filament to a helical
form (Figure 2(c)). CNFs synthesized on SMAT Ni are
straighter, longer, and even thicker than those grown on
SMAT 316L stainless steel, tangled with microspheres (Fig-
ure 2(g)). The medium magnification (Figure 2(h)) reveals
that the microspheres are composed of thin curly entangled
fibers, twisted among the thick fibers. High magnification
image revealed that the thick fibers synthesized on SMAT Ni
are comprised of stacked graphene segments (Figure 2(i)).
Unlike SMAT 316L stainless steel or SMAT Ni, SMAT Co
results in quite uniform CNFs that entangle with each other,
giving the appearance like dense grass in low magnification
(Figure 2(d)). Twists are characteristic of the CNFs and no
straight regions are observed (Figures 2(e) and 2(f)). In
contrast to SMAT 316L stainless steel, occurrences of inactive
metal articles appearing as isolated particles or clusters are
rarely observed on SMAT Co and SMAT Ni.

TEM characterizations were performed to establish the
nature of the fibers observed in SEM. Figure 3 shows the TEM
images, which represent typical examples of the products
synthesized on SMAT 316L stainless steel, SMAT Co, and
SMAT Ni.

As shown in Figure 3(a), on the SMAT 316L stainless steel,
a mixture of amorphous carbon and encapsulated particles
is observed. Nanofibers are found stretched out from the
mixture. Many metallic particles are still inactive toward
nanofiber catalysis, becoming embedded. The catalysts are
quasi-spherical metal particles with an average diameter of
60∼70 nm, which is in accord with the results obtained by
the TEM of the substrates (Figure 1(a)). As for SMAT Co,
a significantly wide distribution in diameter and a greater
variation in morphology are observed (Figure 3(c)). The
fiber-like products are thin CNFs with an average diameter
of about 25 nm. These CNFs are much thinner and more
uniform than those synthesized on SMAT 316L stainless steel.
Figure 2(d) also shows that the metal particles locate at the
top ends of the nanofibers. Most of the pyrolysis products
are thick CNFs showing either curved or straight shapes.
Figure 3(e) shows the TEMviews of typical CNFs synthesized
on SMAT Ni, indicating thick CNFs of over 100 nm in
diameter. The HREM image (Figure 3(f)) reveals that the
nanofibers have a “herringbone” structure that consists of
graphite sheet oriented at a specific angle to the fiber axis with
an interlayer space of 0.34 nm. In addition to thick CNFs,
thin CNTs are also observed in the products synthesized on
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SMAT Ni. It can be clearly seen from Figure 4(a) that thick
fiber is twisted by uniform thin fibers, which is similar to the
products reported byDing et al., and so forth. using aNi-Ni

3
P

as a catalyst [25].
The curly fibers are entangled with each other. The

inset image is the corresponding SAED pattern. The higher
magnification (Figure 4(b)) revealed that those thin fibers are
thin MWNTs with a diameter of about 10 nm and without
any catalyst particle embedded at the tip. Thin CNTs are
also observed stretched out from catalyst clusters, as can be
seen from Figure 4(c).The observedmetal particles are much
bigger than the size of the carbon nanotubes.Therefore, it can
be deduced that those thin CNTs are catalyzed by the thick
CNFs rather than the Ni nanoparticles. Hollow thick CNFs
are also found (Figure 3(e)).

Corresponding to the grain size distributions of SMAT
transition metals, the diameter distributions of CNFs are
illustrated in Figure 5. It is noted that the variation tendency
of the CNFs sizes is similar to the variation of grain size of
SMAT transitionmetals. However, in the cases of SMAT 316L
stainless steel and SMAT Ni, the CNFs sizes are larger than
the nanocrystalline grains.

Here we discuss a possible mechanism of the CNFs
growth on the surface of SMAT metallic materials. The
catalyst particles wrapped with graphite (Figure 3(a)) and
encapsulated in aCNF (Figure 3(d)) have been found through
TEM observations. The experimental observations lead to
the proposal that the CNFs growth follows the mechanism
presented by Baker et al. [26]. It is supposed that when the
hydrocarbon meets the front-exposed metal particle surface,
it decomposes and releases active hydrogen and carbon
atoms. The carbon atoms dissolve and diffuse through the
metal particles and precipitate on the rear face to form
the carbon filament. The catalytic ability of the transition
metallic materials to form carbon nanomaterials is related
to a combination of factors that include the catalytic activity
for the decomposition of unstable carbon compounds such
as hydrocarbon, the formation of metastable carbides, and
the diffusion of carbon through the metal particles [27]. It
is known that a large number of grain boundaries and other
defects in nanocrystalline materials may serve as fast atomic
diffusion channels for the diffusion. In the previous work
[17–23], it was found that the high chemical reactivity of the
nanocrystalline that attributes to numerous grain boundaries
and a large excess energy in the form of nonequilibrium
defects such as dislocations and subgrain boundaries that
are induced by plastic deformation arouse a considerable
driving force which is stored on the surface of SMATmetallic
materials. At the same time, the high concentration of the
nonequilibrium defects may decrease the activation energy
of diffusion. Experiments have also proved that when the
grain size is reduced to nanoscale and defects are induced by
SPD, the chemical reaction kinetics will be enhanced severely
duringmechanical attrition of metals [28, 29]. As a result, the
atomic diffusivities were greatly enhanced after SMAT.When
carbon atoms diffuse into the surface layer of SMAT metallic
materials, the nanocrystalline grains act as catalyst particles,
providing nuclei for the carbon nanomaterials.
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Figure 5: Average grain size of different SMAT metals and the
average diameters of corresponding CNFs.

Using hybrid SMAT is proved to be an effective way
to synthesize carbon nanomaterials in situ on surfaces of
metallic materials. However, the whole process and mecha-
nism are rather complicated. Further studies are needed for
understanding the principles so that we could control the
diameter and the morphology of the CNFs by changing the
parameters of hybrid SMAT process.

Effects of the main parameters of the synthesis, including
the carbon source, gas reactant composition, hydrogen, and
the reaction temperature, were studied using SMAT Co.
Similar phenomena were found in SMAT Ni and SMAT 316L
stainless steel.

Carbon source is considered to contribute to the special
structure and the yield. A series of experiments has been done
on SMAT Co using CH

4
and C

2
H
2
as carbon source.

When using CH
4
as carbon source, no evidence for the

formation of filamentous carbon was observed upon SMAT
Co in the temperature range 550–900∘C, regardless of the
CH
4
/H
2
/N
2
ratio. This phenomenon can be explained; that

is, CH
4
is a most kinetically stable hydrocarbon and is hard

to pyrolyze. CH
4
does not decompose at lower temperature

(e.g., 550∘C), while at higher temperature (e.g., 900∘C), the
nanocrystalline grains on the SMAT metal surface grow up
and exhibit no catalytic activity. On the other hand, C

2
H
2
is

much easier to decompose at lower temperature and therefore
can be regarded as good carbon source in this work.

Synthesis of carbon nanostructures is dependent on
the reactant gas composition. The effect of the reactant
composition on the carbon product is listed in Table 1. Best
results were obtained with flow rates of C

2
H
2
and H

2
of

50 SCCM and 100 SCCM, respectively, in a N
2
carrier of

300 SCCM. The relative yield and purity of these nanofibers
are highly dependent upon the relative C

2
H
2
to H
2
ratio

and absolute C
2
H
2
concentration. Gas mixture with lower

C
2
H
2
concentration is less active towards CNFs synthesis.

Higher C
2
H
2
results in higher yield of nanofibers, yet further
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Figure 6: SEM images of the carbon products synthesized on SMAT Co after CVD process (a) without hydrogen and (b) with hydrogen.

Table 1: Carbon products related to different gas composition.

Gas composition
(C2H2 : H2 : N2, SCCM) Related products

30 : 100 : 300 Medium yield of CNFs
50 : 100 : 300 Abundant CNFs
50 : 50 : 300 CNFs with amorphous carbon

100 : 100 : 300 CNFs with encapsulated metal
particles

300 : 300 : 300 Encapsulated metal particles
with few CNFs

increasing in the C
2
H
2
concentration, led to deactivation of

the catalyst nanoparticles.
Hydrogen is also proved to be critical in creating

CNFs/CNTs. The influence of absence of H
2
is evident.

Without H
2
, the growth becomes sparse and irregular struc-

tures are prominent. However, extra H
2
is proved similarly

detrimental towards CNFs/CNTs growth. Figure 6 shows
the SEM images of SMAT Co after CVD process with and
without hydrogen. It is clearly shown that the presence of
hydrogen obviously affects CNFs growth.There were sintered
metal clusters when using 50 SCCM C

2
H
2
and 300 SCCM

N
2
without any hydrogen but lots of uniform CNFs when

50 SCCM C
2
H
2
, 100 SCCM H

2
and 300 SCCM N

2
were

supplied.
As indicated in the literature [30], hydrogen serves several

purposes within this growth process. Firstly, hydrogen can
be regard as the promoter of the catalyst. It not only forms
sufficient concentrations of hydrocarbons, but also satisfies
unfilled carbon valencies at the precipitating rear facets of
the metal catalyst. Thus, hydrogen can act to etch or remove
surface-adsorbed carbon from the catalyst particle rather
than accelerating soot formation [31]. Without this surface
cleaning process, the catalyst tended to be easily covered
by amorphous carbon and would be poisoned and lead to
catalyst deactivation. It is particularly important where the
rate of carbon deposition exceeds that of solvation. With
hydrogen being supplied, the catalyst keeps active so that the
decomposition, diffusion, and precipitation of carbon atoms

work smoothly. Secondly, hydrogen has been postulated to be
necessary to terminate dangling bonds located on edge-plane
carbon atoms.

The reaction temperature is proved to be a crucial param-
eter for the synthesis of CNFs/CNTs by CVD method. Since
the temperature affects the activity of the catalytic metallic
materials and the decomposition of the carbon source gases,
themicrostructure and the yield of CNFs/CNTs vary with the
growth temperature [32]. A series of experiments has been
done at temperature from300∘C to 900∘C in order to examine
the influences of reaction temperature. It is observed that
the optimum conditions for reaction are realized at 550∘C.
The carbon yield at 550∘C is 16.4mg/cm2. If the temperature
changes either above or below this point, this is a dramatically
drop in the yield of the product. No product has been
observed below 350∘C or over 850∘C.The reason is that C

2
H
2

does not decompose at the temperature below 350∘C, while
high temperature results in the growth of the nanograins on
the surface layer, leading to catalytic deactivation.

4. Conclusions

Carbon nanomaterials have been successfully synthesized
in situ on various bulk metallic materials by hybrid SMAT.
CNFs were formed on SMAT 316L stainless steel and SMAT
Co while CNFs and CNTs were formed on SMAT Ni.
SMAT Ni is the most active one compared with SMAT
Co and SMAT 316L stainless steel and has the largest
carbon deposit yield. Different SMAT metals resulted in
different morphologies of products. The diameter of CNFs
is related to the size of the nanograins on the surface
layer of SMAT metals. The possible growth mechanism was
discussed. The atomic diffusivities were greatly enhanced
after SMAT and the nanocrystalline grains act as catalyst
particles, being nuclei for the carbon nanomaterials. Effects
of the main parameters including the carbon sources, gas
reactant compositions, hydrogen, and reactant temperature
were also investigated. The optimized gas reactant compo-
sition is C

2
H
2
: H
2
: N
2
= 50 SCCM : 100 SCCM : 300 SCCM.

The appropriate reaction temperature is 550∘C.



8 Journal of Nanomaterials

Conflict of Interests

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

Acknowledgments

The work was supported by National Natural Science Foun-
dation of China (Grant no. 51201190), Natural Science Foun-
dation of Chongqing, China (CSTC. 2011BB4080), and Fun-
damental Research Funds for the Central Universities (no.
CDJZR12130043). The authors also gratefully acknowledge
sharing fund of Chongqing University’s large-scale equip-
ment (no. 2012121519).

References

[1] Y. Saito, Carbon Nanotube and Related Field Emitters: Funda-
mentals and Applications, Wiley-VCH, 2010.

[2] H. C. Chang, C. C. Li, S. F. Jen et al., “All-Carbon field emission
device by direct synthesis of graphene and Carbon nanotube,”
Diamond and Related Materials, vol. 31, pp. 42–46, 2012.

[3] B. Li, X. Cao, H. G. Ong et al., “All-Carbon electronic devices
fabricated by directly grown single-walled Carbon nanotubes
on reduced graphene oxide electrodes,”AdvancedMaterials, vol.
22, no. 28, pp. 3058–3061, 2010.

[4] S. Claramunt, O. Monereo, M. Boix et al., “Flexible gas sensor
array with an embedded heater based on metal decorated
Carbon nanofibres,” Sensors and Actuators B, vol. 187, pp. 401–
406, 2013.

[5] P.-C. Chen, G. Shen, Y. Shi, H. Chen, and C. Zhou, “Preparation
and characterization of flexible asymmetric supercapacitors
based on transition-metal-oxide nanowire/single-walled Car-
bon nanotube hybrid thin-film electrodes,” ACS Nano, vol. 4,
no. 8, pp. 4403–4411, 2010.

[6] Y. Chen, Z. L. Wang, J. S. Yin, D. J. Johnson, and R. H. Prince,
“Well-aligned graphitic nanofibers synthesized by plasma-
assisted chemical vapor deposition,” Chemical Physics Letters,
vol. 272, no. 3-4, pp. 178–182, 1997.

[7] Z.-H. Yuan, H.Huang, L. Liu, and S.-S. Fan, “Controlled growth
of Carbon nanotubes in diameter and shape using template-
synthesismethod,”Chemical Physics Letters, vol. 345, no. 1-2, pp.
39–43, 2001.

[8] R. L. Vander Wal and L. J. Hall, “Carbon nanotube synthesis
upon stainless steel meshes,” Carbon, vol. 41, no. 4, pp. 659–672,
2003.
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Sn doped TiO
2
nanocrystals were synthesized via a single-step hydrothermal method and the influences of Sn doping on TiO

2
have

been investigated. It is found that Sn doping not only facilitates the crystal transfer from anatase to rutile but also facilitates the
morphology change from sphere to rod.The states of Sn were studied by XPS and the creation of oxygen vacancies by Sn doping is
confirmed. Moreover, the HRTEM results suggest that Sn facilitates preferential growth of resulting nanocrystals along (110) axis,
which results in the formation of rod-like rutile nanocrystals.

1. Introduction

In recent years, the applications of semiconductors in photo-
catalysis and other fields have attracted much interest [1, 2],
and many semiconductor nanomaterials and their heteroge-
neous structures have been developed for their application
in energy and environmental applications [3–5], for example,
the investigations of TiO

2
on various organic pollutants pho-

todegradation [6] due to its excellent photocatalytic activity,
physical and chemical stability, and nontoxicity [7]. Because
most of the solar energy is focused on the visible light, it is
important to develop the visible-light-driven photocatalysts.
However, TiO

2
is only sensitive to UV light because of its

large band gap (3.2 eV). In order to efficiently use solar
energy, many methods have been studied. An effective way
is to introduce foreign ions into TiO

2
, including rare earth

element doping [8], metals doping [9], and nonmetals doping
[10, 11].

The property of TiO
2
can also be affected by foreignmetal

ions doping. It has been shown that the photocatalytic activity
of themodified TiO

2
improves to different extents depending

on different ion doping, such as Mn2+ [12], Zr4+ [13], and
Fe3+ [14]. Moreover, the phase transformation behavior and
structure of TiO

2
are also affected by foreign metal ions. For

example, Ag+ [15], Mn2+ [16], and Cr3+ [17] are proved to
promote phase transformation from anatase to rutile, while
silicon ion doping strongly restrains the phase transformation
[18] and lowers the phase transition temperature [19]. But,
so far, no detailed study has been reported on the influence
of Sn4+ doping on the phase transformation and structure of
hydrothermal synthesis TiO

2
.

In our work, Sn doped TiO
2
nanocrystals were prepared

by hydrothermalmethod.The existing states of Sn and its role
in phase transformation as well as the morphology evolution
were investigated. Sn facilitates the phase conversion from
anatase to rutile and prefers the morphology evolution from
spherical shape to nanorods.

2. Experimental Section

Sn doped TiO
2
nanoparticles were prepared by hydrothermal

method. 2.9mL acetic acid was added to 17mL tetrabutyl
titanate and stirred for 15min. The mixture was then poured
into 73mL of water and vigorously stirred for 1 hour. After
adding 1mL concentrated nitric acid, the mixture was heated
to 80∘C and peptized for 75min. Then the volume was
adjusted with water to 80mL. The mixture was kept in a
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Figure 1: XRD patterns of TiO
2
samples prepared with different Sn doping ratios: (a) 0%, (b) 0.25%, (c) 0.50%, (d) 0.75%, and (e) 1.00%.

100mL autoclave and heated at 200∘C for 12 h. For Sn doped
samples, appropriate volume of tin tetrachloridewas added to
distilled water in advance (the feedmolar ratios of Sn/Ti were
modulated as 0.25/100, 0.5/100, 0.75/100, and 1.0/100, resp.).

The powder XRD experiments were performed onBruker
D8 Advance X-ray diffractometer using monochromic Cu
K𝛼 radiation (𝜆 = 0.15418 nm). The scanning elec-
tron microscopy (SEM) images were recorded using S4700
Hitachi Ltd. The transmission electron microscopy (TEM)
was performed with a Tecnai G2 20 transmission electron
microscope of HongKong Co., Ltd. The X-ray photoelectron
spectroscopy (XPS) experiments were carried out onThermo
ESCALAB 250 and the binding energies are calibrated by C1𝑠
photoelectron peak (284.6 eV).

3. Results and Discussion

The X-ray diffraction patterns of TiO
2
samples with different

Sn doping ratios are shown in Figure 1. It can be seen that
the undoped TiO

2
is mainly composed of anatase and weak

diffraction peaks of rutile TiO
2
can also be found in the

XRD pattern. With the addition of Sn, the samples undergo
“reutilization” to give rutile as the predominant polymorph,
and the conversion from anatase to rutile is completed on
0.75% and 1.0% Sn doped samples, which suggests that the
doped Sn ions can promote the formation of rutile.

The TEM results in Figure 2 show that the particle shape
changed from sphere (diameter of 10–20 nm) to rod (width
of ∼20 nm and length of 100–200 nm) by Sn doping, which
are consistent with SEM results (not shown here). The space
between the lattice planes of Sn-free TiO

2
(Figure 2(a)) is

0.35 nm, which corresponds well to the 𝑑 value of (101) plane
for anatase. The lattice space of 0.33 nm displayed in Sn–
TiO
2
samples (Figures 2(b)–2(e)) is equal to the 𝑑 value of

(110) plane for rutile. Therefore, it is reasonable to conclude
that the Sn-free TiO

2
spherical nanocrystals are mainly

anatase structure and the Sn doped TiO
2
rod-like particles

are rutile. As for our samples, with an increasing of Sn
doping amount in TiO

2
, the content of the spherical anatase

decreases and the rod-like rutile increases, illustrating that Sn
doping facilitates the phase conversion from anatase to rutile,
which is consistent with XRD. Furthermore, the HRTEM
images reveal rod-like building units and nanocrystal growth
along the [110] axis, indicating that the formation of the
rod-like TiO

2
is the result of the preferential growth (PG)

in crystallographic orientation favored by Sn incorporation.
Since Ti (IV) and Sn (IV) ions have the similar ionic radii,
it is reasonable to deduce that Sn ions substitute lattice Ti,
which is confirmed by our subsequent experiment. The EDX
spectrum in Figure 2(e) also confirms the existence of Sn in
TiO
2
nanocrystals.

Figure 3 shows the XPS spectra of Sn doped TiO
2
sample

with Sn/Ti atomic ratio of 1%. As for Ti 2𝑝
3/2

spectrum in
Figure 3(a), the two peaks at 458.1 eV and 458.7 eV could be
assigned to O–Ti–O and Ti–O–Sn, respectively. Due to the
electronegativity of Sn (1.96) which is larger than Ti (1.54)
[20], the substitution of Sn for Ti in the lattice leads to the
shift of binding energy to a higher value.

As for O1𝑠 spectrum in Figure 3(b), the peak at 532.2 eV
is attributed to surface hydroxyl oxygen atoms. The peak at
529.3 eV is the binding energy of O1𝑠 in Ti–O–Ti, while the
occurrence of the peak at 530 eV is the result of Sn substitute
for Ti leading to the positive shift. These observations all
confirm the formation of Ti−O−Sn structure in the Sn doped
TiO
2
, owing to the substitution of Ti by Sn.

As shown in Figure 4, both anatase and rutile phase
coexist at short treatment time, and the ratio of rutile/anatase
increases with treatment time prolonging. A similar find-
ing was reported by Zhang and Gao [21] who stated that
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Figure 2: TEM images of TiO
2
samples prepared with different Sn doping ratios: (a) 0%, (b) 0.25%, (c) 0.50%, (d) 0.75%, (e) 1.00%, and (f)

EDX spectrum of 1% Sn doped TiO
2
nanocrystals.

phase transformation occurred simultaneously with particle
growth.

It has been shown that the oxygen vacancies of TiO
2

increase if foreign cations replace Ti4+ ions [22]. Vemury
and Pratsinis [23] found that the formation of rutile phase
was enhanced either by introducing dopant oxides with
the same crystal structure as rutile or by creating oxygen
vacancies by doping cations. It has been reported that the
rutile fraction increases at a higher Eu3+ addition owing to
the creation of oxygen vacancies by replacing the Ti4+ sites
with subvalent Eu3+ ions in the TiO

2
[24]. In our samples,

the creation of oxygen vacancies is by replacing the Ti4+ sites
with Sn4+ ions in TiO

2
and therefore the rutile formation

can be enhanced. Moreover, it was supposed that there is
a relationship between the phase transformation and the

nanocrystal growth process [25] and the preferential growth
process aids phase transformation. The minimization of the
area of high-energy surface faces promoted by the preferential
growth process may be an extra driving force for the phase
transformation from anatase to rutile phase.

4. Conclusions

In summary, the promoting roles of Sn4+ in both TiO
2

phase transformation and morphology change have been
confirmed in our study. The result demonstrated that mor-
phology transition was related to the preferential growth
process and the phase transformation was related to the
creation of oxygen vacancies caused by Sn. Our observations
of preferential growth coupled with phase transformation
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nanocrystals.
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Figure 4: XRD patterns of the 1% Sn doped samples with different times: (a) 3 h, (b) 6 h, (c) 9 h, (d) 12 h, and (e) 15 h.

process led us to understand the preferential growth process
aided phase transformation.
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The chemisorptions of H
2
on fullerenes C

60
and C

80
, endofullerene Sc

3
C@C
80
and solid C

60
were comparatively studied. A chain

reaction mechanism for dissociative adsorption of H
2
on solid C

60
is proposed under high pressure. The breaking of H–H bond

is concerted with the formation of two C–H bonds on two adjacent C
60
in solid phase. The adsorption process is facilitated by the

application of high pressure.The initialH
2
adsorption on two adjacentC

60
gives amuch lower barrier 1.36 eV in comparisonwith the

barrier of adsorption on a single C
60
(about 3.0 eV). As the stereo conjugate aromaticity of C

60
is destructed by the initial adsorption,

some active sites are created. Hence the successive adsorption becomes easier with much low barriers (0.6 eV). In addition, further
adsorption can create new active sites for the next adsorption. Thus, a chain reaction path is formed with the initial adsorption
dominating the whole adsorption process.

1. Introduction

From the beginning of the “fullerene area,” hydrogenated
fullerenes have attracted wide-spread attention due to their
potential application. It may not only be interesting for
hydrogen storage [1–5], but also be used as an additive for
lithium ion cells to significantly prolong the lifetime of these
cells [6].

Experimentally, studies on the interaction between
hydrogen and fullerenes have been focused on the chemical
process of hydrogenation, with the products C

60
HX and

C
70
HX being of fundamental interest as a model for other

fullerene derivatives [7, 8]. A variety of chemical procedures
have been devised to produce hydrogen radicals that could
adsorb readily on these carbon atoms, using either reducing
reagents [1, 9, 10], or catalysts [11]. In addition, direct hydro-
genation of C

60
and C

70
has also been achieved without the

usage of a catalyst by exposing solid-phase fullerenes to high-
pressure hydrogen gas (0.5–30 kB) at elevated temperature
(500–600K) [4].

Theoretically, hydrogen storage based on fullerene mate-
rials has attracted many attentions. Using first principle
calculations based on density functional theory, Sun and
coworkers reported that each B

36
C
36
cage can store at most 18

hydrogen molecules at zero temperature [12]. They also find
that an isolated Li

12
C
60

cluster where Li atoms are capped
onto the pentagonal faces of the fullerene not only is very
stable but also can store up to 120 hydrogen atoms inmolecu-
lar form with a binding energy of 0.075 eV/H

2
[13]. Zhao and

coworkers report that a particular Scandium organometallic
buckyballs can bind as many as 11 hydrogen atoms per
transition metal, which gives the maximum retrievable H

2

storage density 9wt% [14]. Kang and coworkers reports
that Ni-dispersed fullerenes are considered to be capable of
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storing 6.8 wt% H
2
, with H

2
desorption activation barrier

of 11.8 kcal/mol, which is ideal for many practical hydrogen
storage [15].

However, the mechanism for direct reactions between
H
2
and these fullerenes remains unexplained to the best

of our knowledge. Chan et al. proposed the mechanism of
H
2
molecule dissociative chemisorption on the close cousin

of fullerenes, carbon nanotubes, in solid phase under high
pressure [16]. The breaking of the H–H bond is concerted
with the formation of twoC–Hbonds on two adjacent carbon
nanotubes in solid phase, facilitated by the application of
high pressurewhich shortens the interstitial distance between
nanotubes. The adsorption behavior gives some hints on H

2

adsorption on fullerenes.
In this work, we proposed a chain reaction mechanism

for H
2
molecules dissociative adsorption on solid C

60
under

high pressure. In comparison, we also studied H
2
adsorption

on the most stable fullerenes C
60
and C

80
in gas phase as well

as endofullerene Sc
3
N@C
80
.

2. Computational Method

The first principles total energy and electronic structure
calculations were carried out within the framework of DFT
[17] with a plane wave basis set and pseudopotentials for
the atomic cores, as implemented in the Vienna ab initio
simulation package (VASP) [18, 19]. The PW91 gradient cor-
rection was added to the local density exchange-correlation
functional and projector augmented wave (PAW) pseudopo-
tentials [20, 21] were employed, with an energy cutoff of
400 eV for the plane-wave expansion as these approaches
have successfully applied to similar systems [16]. The super-
cell is sampled with a 1 × 1 × 1 𝑘-pointsmesh, generated by the
Monkhorst-Pack algorithm. The convergence criteria were
1.0 × 10−4 eV for the SCF energy, 1 × 10−3 eV for total energy,
and 0.05 eV/Å for atomic force, respectively.

A climbing image nudged elastic band method was
used to locate the transition states [22–24]. The vibrational
frequencies and normal modes were calculated by diagonal-
ization of the mass-weighted force constant matrix, which
was obtained using the method of finite differences of forces
as implemented in VASP. The ions are displaced in the +/–
directions of each Cartesian coordinate by 0.02 Å. There
is only one imaginary frequency for all these structures,
indicating that they are indeed the transition states in the
potential energy surface.

The adsorption energies (𝐸ads) for the adsorption of H
2

on fullerenes were calculated by

𝐸ads = 𝐸 (fullerence +H2) − [𝐸 (fullerene) + 𝐸 (H2)] , (1)

where 𝐸(fullerene+H
2
), 𝐸(fullerene), and 𝐸(H

2
) are the total

energies of H
2
adsorbed fullerene, total energies of fullerene

(fullerene = C
60
, C
80
, Sc
3
N@C
80
), and the total energies of

H
2
, respectively. The larger adsorption energy indicates the

stronger adsorption.

Table 1: Energy barriers and reaction energies (Δ𝐸) for H2 adsorp-
tion on C60, C80 and Sc3N@C80 in gas phase. Energies are given in
eV.

Absorption site Barrier (eV) Δ𝐸 (eV)

C60

6-6 parallel 3.68 −0.87
6-6 perpendicular 3.57 −0.86

5-6 parallel 3.04 −0.10
5-6 perpendicular 3.05 −0.09

C80

6-6 parallel 2.47 −0.50
6-6 perpendicular 2.47 −0.50

5-6 parallel 2.26 −1.10
5-6 perpendicular 2.27 −1.10

Sc3N@C80
Sc non-bonded C 3.60 −0.14
Sc bonded C 3.78 −0.04

3. Results and Discussion

3.1. H
2
Adsorption in Gas Phase. We firstly consider the

H
2
adsorption on fullerenes C

60
and C

80
and endofullerene

Sc
3
N@C
80
to explore the possible adsorption media without

any catalyst in gas phase. In the calculations, the interactions
betweenH

2
molecule and fullerenes (or endofullerenes) were

modeled in a supercell of size 16.0 Å × 16.0 Å × 16.0 Å, with
one 𝑘-point (gamma point).The energy barriers and reaction
energies are listed in Table 1.

3.1.1. H
2
Adsorption on C

60
in Gas Phase. The icosahedral

C
60

consists of 12 pentagons and 20 hexagons. Hence the
bonds can be categorized as two types, pentagon-hexagon
bonds (5-6 bond) and hexagon-hexagon bonds (6-6 bond).
Addition on adjacent sites such as 5-6 bond and 6-6 bond
engenders isomers. Furthermore, addition can take place on
nonadjacent sites, which would produce many isomers. For
C
60
H
2
, the simplest fullerene dihydride, there are 23 isomers.

However, there is only one isomer that has been charac-
terized. Among all kinds of C

60
H
2
isomers, (1,2) addition

products are considered as the most stable. To compare the
adsorption difference, we investigated H

2
adsorption on both

5-6 and 6-6 bonds. In addition, two adsorption modes are
considered. One case is that the H–H bond of incoming H

2

is to be considered to parallel the 6-6 bond (Structure A and
Structure E in Figure 1). The other one is that the incoming
H–H bond is to be considered to point perpendicularly to
the C–C bond (Structure C and Structure G in Figure 1).
Energetically, the total exothermic energy for the formation
of the two C–H bonds in 6-6 bond addition production is
0.77 eV favorable than that for 5-6 bond addition (Table 1),
indicating that 6-6 bond addition gives the most stable
structure. The two adsorption modes result in two possible
adsorption mechanisms. The parallel adsorption mode gives
a concerted mechanism, in which two H atoms bonded to
two C atoms (TS 1 in Figure 1), respectively. In contrast,
the perpendicular adsorption mode gives a step mechanism
(one H atom is adsorbed first, then the second one, TS 2 in
Figure 1). The barriers for both concerted mechanism and
step mechanism are so high that the reaction is very difficult
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Figure 1: Structures and transition states structures for H
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molecule adsorption on C
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in gas phase. Selective distances are given in Å.
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Figure 2: Optimized structures and transition states structures for H
2
molecule adsorption on C

80
in gas phase. Selective distances are given

in Å.

to take place, although the barrier for the step mechanism is
0.11 eV favorable than that for the concerted mechanism.

3.1.2. H
2
Adsorption on C

80
in Gas Phase. C

80
has the same

Ih symmetry as C
60
, so it can also be served as adsorption

media, although experimentally no hydrite of C
80

has been
characterized.We carried out the same calculations as we did
on C
60

as shown in Figure 2. The 6-6 parallel and perpen-
dicular adsorption modes have the same energy barrier of
2.47 eV whereas 5-6 parallel and perpendicular adsorption
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modes have the same barrier of 2.27 eV. Comparing to that
of C
60
, the calculated energy barrier is about 1 eV lower than

that for C
60
due to the less stability of C

80
.

3.1.3. H
2
Adsorption on Sc

3
N@C
80

in Gas Phase. As one
of the most stable endofullerene, Sc

3
N@C
80

has become

accessible in macroscopic quantities. Since the adsorption
barrier for C

80
has decreased more obviously than that

for C
60
, its stable derivative Sc

3
N@C
80

is expected to be a
promising hydrogenation material. As shown in Figure 3, we
considered twodifferent adsorptionmodes: either adsorption
to Sc bonded C or Sc nonbonded C. However, whichever
atom H bonds, the calculated energy barriers are more
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Table 2: Reaction barriers and reaction energies (Δ𝐸) for the second
H2 absorption on solid C60 with three different absorption modes.

Absorption site Barrier (eV) Δ𝐸 (eV)
(1,2)-(1,2) 0.76 −2.05
(1,2)-(1,4) 0.59 −1.82
(1,4)-(1,4) 0.52 −1.81
Former absorption 1.21 −1.77
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Figure 5: Reaction profile for the adsorption of the first H
2
on solid

C
60
array. Energies are given in eV.

than 3.5 eV, indicating that Sc
3
N@C
80

can hardly react with
H
2
. In addition, the overall exothermic energy is quite low

at 0.1 eV, indicating that the reaction is not very favorable
thermodynamically.

3.2.H
2
Adsorption in Solid Phase. In contrast, the solid phase,

composed of bundles of C
60
, provides a unique chemical

environment dependent on the external pressure andmakes it
much easier for H

2
dissociative chemisorption on C

60
bucky

balls. In our calculations, the interactions between hydrogen
molecule H

2
and C

60
were modeled in a supercell of size

9.55 Å×9.55 Å×13.50 Å, and an external pressure of ∼50 kB
was introduced.

3.2.1. Adsorption of the First H
2
on Solid C

60
. Under the

pressure of pressure of ∼50 kB, we explored the reactive
trajectory of the first H

2
dissociative chemisorption on C

60

as shown in Figure 4. There are three steps involved: first,
the incomingH

2
dissociation and deposition on two adjacent

C
60
, from structure U to V, through transition structures

(TS 11); second, the rotation of C
60
; and finally, hydrogen

migration through TS 12 to structure W, a 1,2-addition
product. Figure 5 gives the plot of the relative energies for the
dissociative H

2
chemisorption on solid C

60
. From this figure,

we can see that the initial dissociative chemisorption step has
a barrier of 1.36 eV, while the barrier for the subsequent H
migration is much lower at 0.5 eV. Compared to adsorption
barrier on single C

60
in gas phase, the barrier for H

2

molecules adsorption on two adjacent C
60

is quite low at
1.36 eV, which indicates that the reaction can easily take place

at room temperature [16]. The energy barrier differences are
mainly due to the rotation. In high pressure, C

60
does not

stand in his ownposition quietly but rotates around the center
of mass randomly. The rotation deforms the H–H bond to
help break the H–H bond, which leads to lower reaction
barrier.

In addition, we have made some comparison between
the first H

2
chemisorption on solid C

60
and solid (6,6)

armchair carbon nanotube. The barrier difference for initial
chemisorption is 0.14 eV. And the barrier difference for the
H atom migration is 0.38 eV. Both the barrier differences are
small. From this table, we can conclude that, energetically,
there are no significant differences between the chemisorp-
tion on solid C

60
and solid carbon nanotube under high

pressure.

3.2.2. Adsorption of the Second H
2
on Solid C

60
. To explore

whether it is possible to chemisorb more H
2
on the solid C

60

under high pressure, we investigate the reaction path for the
addition of the second H

2
on C
60

as shown in Figure 6. The
reaction mechanism is quite similar to the addition of the
first one. In this process, the second H

2
also dissociatively

chemisorbs on two adjacent C
60

in the initial step and then
rotates slightly; one of the H atom migrates from one C

60

to another and finally forms two 1,2-addition products. The
relative energies for the chemisorption of second H

2
on

solid C
60

were shown in Figure 7. Compared to the first
H
2
chemisorption, the calculated barrier for the second H

2

is 1.21 eV in the dissociation step, which is a littler lower
than that for the first H

2
adsorption. In addition, the overall

process is also more exothermic, from 0.44 eV to 1.77 eV.This
is mainly due to the fact that the first H

2
molecule adsorption

has already partially disrupted the conjugated system, so
further addition is much easier.

In the first H
2
adsorption process, we have mentioned

that one of the H atoms will transfer from one C
60
radical to

another. There is another probability that H
2
molecules react

with the intermediate radical directly.We also investigate this
kind of adsorption modes. For the C

60
H intermediate, there

are two active sites: site 2 and site 4. There are three probable
adsorption modes: (1,2)-(1,2) adsorption, (1,4)-(1,4) adsorp-
tion, and (1,2)-(1,4) adsorption. For (1,2)-(1,2) adsorption, it
means oneH atom is adsorbed in site 2 and anotherH atom is
also adsorbed in site 2 (Figure 8).The rules also apply for both
(1,2)-(1,4) adsorption and (1,4)-(1,4) adsorption. The barriers
of three category reactions are listed in Table 2. From this
table, we can see that all the barriers are no more than 0.8 eV.
They are much lower than the formerly calculated barrier
1.21 eV. The overall exothermic energies are also a little larger
than the former calculated exothermic energy 1.77 eV. Based
on these data, a conclusion can be drawn that the subsequent
H
2
molecules will easily react with C

60
intermediate radicals.

Thus the reaction is a chain reaction: once the first H
2
is

adsorbed, the H
2
will be adsorbed one by one. There is no

extra energy needed because the overall exothermic energy
will compensate the energy which is needed to overcome the
barrier. Herein the first H

2
molecule adsorption has become

the crucial step in the overall adsorption.
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4. Conclusions

Based on the investigation of H
2
molecules chemisorption

on fullerenes C
60

and C
80

and endofullerene Sc
3
C@C
80
, we

proposed a mechanism for H
2
molecules adsorption on solid

C
60

under high pressure. Due to the rotation of C
60
, the H

2

molecule will easily chemisorb on two adjacent C
60

under
high pressure, which is more favorable than the H

2
molecule

adsorption on single C
60
. The overall reaction is a chain

reaction.The first H
2
molecules adsorption is the crucial step

in the overall H
2
molecules adsorption process. Once the

first H
2
molecules is adsorbed on the C

60
, the second and

subsequent H
2
will easily be adsorbed on the C

60
due to the

lower reaction barrier.
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Cellulose possessing 𝛽-cyclodextrin (𝛽-CD) was used as a host molecule and cellulose possessing ferrocene (Fc) as a guest polymer.
Infrared spectra, differential scanning calorimetry (DSC), ultraviolet spectroscopy (UV), and contact angle analysis were used to
characterise the material structure and the inclusion behaviour. The results showed that the 𝛽-CD-cellulose and the Fc-cellulose
can form inclusion complexes. Moreover, ferrocene oxidation, and reduction of state can be adjusted by sodium hypochlorite
(NaClO) as an oxidant and glutathione (GSH) as a reductant. In this study, a physical gel based on 𝛽-CD-cellulose/Fc-cellulose was
formed under mild conditions in which autonomous healing between cut surfaces occurred after 24 hours. The physical gel can
be controlled in the sol-gel transition. The compressive strength of the Fc-cellulose/𝛽-CD-cellulose gel increased with increased
cellulose concentration. The host-guest interaction between the side chains of cellulose could strengthen the gel. The cellulose
physical gel may eventually be used as a stimulus-responsive, healing material in biomedical applications.

1. Introduction

In light of heightened environmental and energy concerns,
cellulose based on nature biomass has been receiving increas-
ing attention in recent years. Cellulose is the most abun-
dant naturally occurring polymer of glucose, found as the
main constituent of plants and natural fibres such as cotton
and linen and is considered a renewable and sustainable
resource of raw material to satisfy the increasing demand for
environmentally friendly [1] and energy-generating products
[2, 3]. Cellulose-based hydrogels are biocompatible and
biodegradable materials which show promise for a number
of industrial uses, especially in cases where environmental
issues are important. Such natural polysaccharides have
been widely used for the preparation of gels in various
fields [4–7], for example: wastewater treatment, the food
industry, cosmetics, biomedical, pharmaceutical, and tissue
engineering applications, due to their unique properties such
as high swelling capacity, biocompatibility, biodegradability,
and biological functions.

Cellulose, th cellulose, the most abundant renewable
polysaccharide on earth, is a strong candidate for the fab-
rication of gels and cellulose-based gels have been reported
including cellulose-polymer composite gels and cellulose-
inorganic hybrid gels. The design and use of cellulose-based
hydrogels, which usually couple their biodegradability with
a smart stimuli-sensitive behaviour, together with the large
availability of cellulose in nature and the low cost of cellu-
lose derivatives, make cellulose-based hydrogels particularly
attractive.

Cellulose-based gels [8, 9] can be obtained by either
physical or chemical stabilisation of aqueous solutions of
cellulosics [10–14]. Cellulose-based gels, either reversible or
stable, can be formed by properly cross-linking aqueous solu-
tions of cellulose ethers [12, 15, 16], such as methylcellulose,
hydroxypropyl methylcellulose, ethyl cellulose (EC), hydrox-
yethyl cellulose (HEC), and sodium carboxymethylcellulose
(NaCMC), which are among the most widely used cellulose
derivatives. Depending on the cellulose derivative used, a
number of cross-linking agents and catalysts can be used
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to form gels. Epichlorohydrin, aldehydes, aldehyde-based
reagents, urea derivatives, carbodiimides, and multifunc-
tional carboxylic acids are themost widely used cross-linking
agents for cellulose [17–21]. In light of material application
concerns, cellulose gels have received increasing attention
in recent years [22, 23]. Cellulose supramolecular materials
linked by noncovalent bondshave attractedmuchmore atten-
tion and have been widely studied [24]; their responsiveness
to the external environment [25], such as temperature [26],
pH [27], and medicine (drug release carriers) [28] have been
of particular interest.

However, there are few reports on the application of
cellulose gel used in healing. In this study, a novel cellulose
physical gel was synthesised by 𝛽-CD-cellulose and Fc-
cellulose. The host-guest interaction between the 𝛽-CD-
cellulose and the Fc-cellulose, the sol-gel transition, and the
redox stimuli properties of the supramolecular material were
also studied.

2. Experimental

2.1. Material and Methods. Cellulose, 𝛽-cyclodextrin, epi-
chlorohydrin, sodium hydroxide, lithium chloride, N,N-
dimethyl acetamide, methylene chloride, ferrocene car-
boxylic acid, oxalyl chloride, sodium hypochlorite and glu-
tathione were commercially available and used as received.

IR spectra were recorded by FTIR (Nicolet iN10 Thermo
Fisher Scientific China) in the region of 400–4000 cm−1.
DSC measurements were carried out using a Diamond DSC
apparatus (NETZSCHDSC 204). The dried samples were
placed in pressure tight aluminumDSC cells from 20 to 150∘C
with a heating rate of 10∘Cmin−1. Surface contact angles were
measured using a dynamic contact angle analyzer (HARKE-
SPCA, error value of ±0.1∘, Beijing HARKE Experimental
Instrument Factory). The cellulose powder samples were
compressed using an infrared tablet. Surface contact angles
were measured during liquid exposure to the test materials
for 1 s in order to avoid material penetration factors as far
as possible. The morphological characterization of gel was
performed with scanning electron microscopy (S-3400N,
HIACHI, Japan).

The gravimetric method was employed to measure the
swelling ratios of the gels in distilled water at 25∘C. After
immersion in distilled water for about 48 hr to reach swelling
equilibrium, the gel samples were taken out and weighed
after removing the excess water on the surfaces. Each data
was measured three samples, and the average value of three
measurements was taken.The equilibrium swelling ratio (SR)
was calculated as SR = 𝑊

𝑠
/𝑊
𝑑
, where𝑊

𝑠
is the weight of the

swollen gel and𝑊
𝑑
is the weight of the gel at the dry state.

Reswelling ratios of the gels were measured as follows:
the dry gel was placed in deionized water of 25∘C. At
predetermined time, the gel samples were taken out from the
aqueous solution and weighed the quality𝑊

𝑡
, until it reached

swelling equilibrium. Reswelling rate (𝑟SR): 𝑟SR = 100 ∗ (𝑊𝑡 −
𝑊
𝑑
)/𝑚
𝑑
.

2.2. Preparation of Cellulose Inclusion Complexes

2.2.1. Preparation of Cellulose-CDs. Cellulose was dissolved
in sodium hydroxide/urea. To this solution, cyclodextrin and
epichlorohydrin were added. After stirring for 2 h, 𝛽-CD
was added and the solution was stirred for another 12 h at
room temperature. The polymer product was reprecipitated
from distilled water and washed with distilled water. The
degree of substitution is 0.32 wt%, which was detected by the
phenolphthalein probe method [29].

In NaOH aqueous solution, cellulose and epichlorohy-
drin generate the epoxy cellulose, which connected hydroxy
of 𝛽-cyclodextrin by the epoxy group as a cross-linking
bridge.

2.2.2. Synthesis of Fc-COCl. Ferrocenecarboxylic acid was
suspended in dichloromethane (DCM).Then oxalyl chloride
was added dropwise, and the suspension was stirred for 3 h at
room temperature. The orange suspension turned into a red
solution. After evaporating the solvent, the solid product was
collected.

2.2.3. Synthesis of Cellulose-Fc. Cellulose was dissolved in
lithium chloride/dimethylacetamide (LiCl/DMAc). The fer-
rocenecarboxylic chloride solution was added dropwise.
After stirring overnight at room temperature, the solution
was washed with distilled water.The orange solid was washed
with lithium chloride; the solid product was collected via a
centrifuge and dried for 4 days at 50∘C to obtain cellulose-
Fc as a yellow powder. The ferrocene grafting rate is 0.57∼
5.7 wt%, which was detected by weighing before and after the
cellulose reaction.

2.2.4. Preparation of Redox Inclusion Complex. The oxidized
state (or educed state) products were prepared by shaking
appropriate amounts of NaClO aq. (14mM) (or GSH) and
Fc-CD-cellulose inclusion complexes (or oxidized state prod-
ucts) at room temperature for 24 h. The solution was washed
with distilled water and then the solid product was collected
via a centrifuge and freeze-dried. A complex mixture was
prepared by grinding powders for 20min.

2.2.5. Synthesis of Cellulose Gel. The ferrocene-cellulose and
cyclodextrin-cellulose were dissolved in N,N-Dimethylfor-
mamide (DMF) lithium chloride solution. We poured the
solution into a glass mould in a humid box until the gel was
stabilized.

3. Results and Discussion

3.1. Characterization. Figure 1 (curve (a)) and Figure 1 (curve
(b)) show the infrared spectra of the cellulose and 𝛽-CD-
cellulose. According to Figure 1 (curves (a) and (b)), absorp-
tion was observed at 3380 cm−1 (hydroxyl stretch influenced
by hydrogen bonding), 1646 cm−1 and 1354 cm−1 (carbonyl
stretch), 1043 cm−1 (carboxyl in ethers), and 2920 cm−1
(methylene), which were characteristic absorptions in cellu-
lose and 𝛽-CD-cellulose structures. As seen from Figure 1
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Figure 1: Infrared spectra of cellulose ((a) cellulose, (b) cellulose-
CD, (c) cellulose-Fc, and (d) cellulose-CD-Fc inclusion).
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Figure 2: DSC curves of the series of cellulose ((a) cellulose, (b)
cellulose-CD, (c) cellulose-ferrocene, (d) cellulose-CD-ferrocene
inclusion, (e) simple mixing of cellulose-ferrocene, and cellulose-
CD).

(curve (c)) the characteristic peaks of ferrocene-cellulose
were 1402 cm−1, 1100 cm−1VC-C (cyclopentadienyl ring), and
816 cm−1 DC-H (cyclopentadienyl ring). The characteristic
peaks of ferrocene disappeared from the infrared spectra
of the envelope of the inclusion compound (curve (d)).
This indicated that the ferrocene-cellulose and cyclodextrin
cellulose have been formed in the inclusion complex. Similar
findings were reported in the literature [30, 31].

3.2. Thermal Analysis. The thermal analysis curves of the
cellulosic inclusion complexes are shown in Figure 2 where
it can be seen that the curve (a) of cellulose is almost a
straight line, but the curves (b) (CD-cellulose) and (e) (simple
physical mixing of CD-cellulose and Fc-cellulose) had a
strong exothermic peak (cyclodextrin dehydration absorp-
tion peaks [32] at 88.9∘C and 95.9∘C, resp.), corresponding
to the loss of water from the CD cavity to atmosphere,
indicating that CD was free from guest complexation in
the physical mixture [32]. Otherwise, the curve (d) (the
inclusion complex) showed a lack of endothermic peaks,

which suggested that a different molecule was present in the
CD cavity, instead of the water molecules and a lack of pure
CD in the complex sample. Similar results were reported in
the literature for interactions between other drugs and CDs
[30, 31, 33, 34].

3.3. The Redox Properties. The redox regulation process of
inclusion complexes containing ferrocene has been studied
extensively.

The host-guest interaction between the metal ferrocene
with 𝛽-CD can also be a reversible regulation by oxidation
and reduction of the ferrocene. More than 20 years ago, it
was reported that the reduced ferrocene effectively forms an
inclusion compound with the 𝛽-CD, while the oxidation of
the ferrocene was impossible [35, 36].The nature of ferrocene
is hydrophobic in its reduced state and hydrophilic in its
oxidized state. The reversible regulation of the inclusion
complexes forming a binary complex can be achieved by
changing the redox state of the ferrocene. Therefore, the
cellulose materials were expected to have a redox response
performance by grafting ferrocene onto the cellulose.

The host-guest interaction between the metal ferrocene
with 𝛽-CD can also be a reversible regulation by oxidation
and reduction of the ferrocene.More than 20 years ago, it was
reported that the ferrocene reduced forms of the inclusion
compound with the 𝛽-CD effectively, while the ferrocene
oxidized is basically impossible [35, 36]. The nature of
ferrocene is hydrophobic in the reduced state and hydrophilic
in the oxidized state.The reversible regulation of the inclusion
complexes form of binary complex can be achieved by
changing the redox state of the ferrocene. Therefore, the
cellulose materials are expected to have the redox response
performance by grafting ferrocene on the cellulose.

The redox behaviour of ferrocene was studied by measur-
ing the surface contact angle with water. The cyclodextrin-
cellulose contact angle was 59.6∘ (Figure 3(a)) and the
ferrocene-cellulose contact angle was 82.1∘ (Figure 3(b)). The
contact angle changed from 82.1∘ to 61.2∘ (Figure 3(c)) when
the ferrocene-cellulose and cyclodextrin-cellulose formed
inclusion complexes. This demonstrated that the ferrocene
was an inclusion in the cyclodextrin cavity.

Aqueous NaClO was chosen as an oxidant and GSH
as a reductant. Adding aqueous NaClO to the cellulose-
𝛽CD/cellulose-Fc inclusion complexes increased the contact
angle from61.2∘ to 71.7∘ (Figure 3(d)). In contrast, continuous
addition of GSH to the inclusion complexes recovered the Fc
group, causing the contact angle to revert to its former value
(Figure 3(e)). Cellulose-𝛽-CD showed a high affinity for the
reduced state of the Fc group due to its hydrophobic nature,
whereas the oxidized state of the Fc group (Fc+) exhibited
a low affinity for cellulose-𝛽-CD due to the cationic Fc+
group [35–37]. Moreover, the cellulose inclusion complexes
exhibited excellent lock and unlock properties controlled by
the redox of ferrocene.

3.4. The Compressive Strength of Fc-Cellulose/𝛽-CD-Cellulose
Gel. Gels are composed of a three-dimensional hydrophilic
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Figure 3: Contact angle images of the series of cellulose ((a) cellulose-CD, (b) cellulose-ferrocene, (c) cellulose-CD-ferrocene inclusion, (d)
NaClO treated sample, and (e) GSH treated sample).
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Figure 4: The compressive strength of different cellulose content ((a) 1 wt%, (b) 3 wt%, (c) 4wt%, and (d) 5wt%).
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Figure 5: The compressive strength of different grafting ratio of ferrocene ((a) 5.66wt%, (b) 2.83 wt%, (c) 1.41 wt%, (d) 0.57 wt%).
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Figure 6: The swelling ratio of the Fc-cellulose/𝛽-CD-cellulose hydrogel.
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Figure 7: The reswelling ratio of the Fc-cellulose/𝛽-CD-cellulose hydrogel.

polymer network in which a large amount of water is inter-
posed. The cross-linking ratio of the network is important
to the mechanical properties. As the concentration of cellu-
lose increased from 1% (w/w) to 5% (w/w) the gel strength
increased from5 kPa to 100.5 kPa (Figure 4).Thiswas because
the number of cross-linking sites per unit volume of the
network increased with an increased number of functional
groups on the molecular chain which was caused by the
increased concentration of cellulose [38]. Similar improve-
ments in the mechanical strength were also observed when
increasing the cross-linking degree by changing the grafting
ratio of Fc. The compressive strength of Fc-cellulose/𝛽-CD-
cellulose gel changed from 13.32 kPa to 40.97 kPa as the
grafting ratio of Fc changed from0.57% (w/w) to 5.66% (w/w)
(Figure 5), indicating that the host-guest interaction between
the side chains of cellulose participated in the formation of
the three-dimensional network structure of the gel and also
affected its strength.

3.5. The Water Absorption of Fc-Cellulose/𝛽-CD-Cellulose
Gel. The swelling ratio of the gel was the most important

variable to be evaluated for given environmental conditions,
as it affected the diffusive, mechanical, optical, acoustic, and
surface properties of the gel itself. The swelling ratio of
the Fc-cellulose/𝛽-CD-cellulose gel decreased as the concen-
tration of cellulose increased (Figure 6). This was because
the amount of water retained by the mesh of the hydrogel
network depended on the structure of the polymer network
itself [39]. The Fc-cellulose/𝛽-CD-cellulose gel was formed
by properly cross-linking the cellulose chains. The number
of cross-linking sites per unit volume of the polymer network
increased with increasing cellulose concentration. The larger
degree of cross-linking was not conducive to the diffusion of
water molecules.

The reswelling ratio of the Fc-cellulose/𝛽-CD-cellulose
gel decreased from 3330% (w/w) (Figure 6) to 73.06% (w/w)
(Figure 7), when the dry gel was placed in deionised water
again. The pore sizes of the super-absorbent gel showed
that it was the water retention capacity that engendered the
efficiency of absorption. It can be observed that the larger
number of pores can retain more water. Figure 8 shows
the freeze-drying morphology of the cellulose gel and Fc-
cellulose/𝛽-CD-cellulose gel; comparedwith the cellulose gel,
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Figure 8: The SEM images of gel ((a) cellulose hydrogel and (b) Fc-cellulose/𝛽-CD-cellulose hydrogel).

the Fc-cellulose/𝛽-CD-cellulose gel had a more dense pore
structure. After drying the gel, the dense pore structure was
easily collapsed and confined; therefore, the reswelling ratio
of the Fc-cellulose/𝛽-CD-cellulose gel was poor.

3.6. The Surface Morphology of the Gel. The surface mor-
phology of the gel is also shown in Figure 8. Cellulose and
Fc-cellulose/𝛽-CD-cellulose inclusion complexes gels were
prepared by the same method. Cellulose gel (Figure 8(a))
had a relatively large, porous structure; as well as the Fc-
cellulose/𝛽-CD-cellulose inclusion complexes, the gel had
a relatively dense surface structure. This may have been
caused by the different intermolecular forces arising from the
alteration of the cellulose molecular chain structure.

4. Conclusions

Ferrocene and cyclodextrin were grafted onto the cellulose
surface, respectively. The cellulose physical gel was prepared
by Fc-cellulose and 𝛽-CD-cellulose at room temperature.
The 𝛽-CD-cellulose and the Fc-cellulose can form inclusion
complexes. Moreover, ferrocene oxidation and reduction of
state can be adjusted by sodium hypochlorite (NaClO) as
an oxidant and glutathione (GSH) as a reductant. The sol-
gel transition can be controlled. The compressive strength
of Fc-cellulose/𝛽-CD-cellulose gel increased with increasing
cellulose concentration. The host-guest interaction between
the side chains of cellulose can strengthen the gel.Thus, it was
believed that these stimulus-responsive, healing properties
may eventually be used in various biomedical applications.
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Urea-formaldehyde (UF) paraffin capsules (B-UPCS)modified by 𝛽-cyclodextrin (𝛽-CD) were successfully prepared with excellent
energy storage capacity using different emulsifiers. B-UPCS were characterized by FT-IR, DSC SEM, optical microscopy, and laser
particle size distribution analyzer.The effects of different emulsifiers and the stirring rate of emulsion on themicrostructure, average
particle diameter, and the content of paraffin were discussed in details.The results show that OP-10 for use with PCMs as emulsifier
has a better emulsifying capacity, thermal stability, and mechanical stirring stability than SDBS for use with PCMs as emulsifier. As
a result, the optimum dosage of OP-10 was 3% to 7%, and the suitable stirring rate of emulsion was 7500 to 12500 rpm. At this time,
the spherical particle diameter of B-UPCS was about 1.0𝜇m, the paraffin content was 78%, and the enthalpy of B-UPCS can reach
161.0 J/g.

1. Introduction

Phase change materials (PCMs) have been gradually attract-
ing attention of people as new types of energy storage media.
PCMs can store or release energy during the physical phase
change process. For solid-liquid PCMs and liquid-liquid
PCMs, they require a package to control and regulate energy
during the phase change process. Encapsulation technology
for use with PCMs is one kind of effective ways for preparing
the core-shell capsule energy storage materials. The capsule
shell acts like a container for PCMs encapsulation to achieve
different sizes package for PCMs [1]. PCMs can improve the
energy efficiency and expand the diversification of energy
in intelligent ways. As a result, it has become the focus of
research on PCMs in recent decades.

There are variousmethods for preparing PCMs, such as in
situ polymerization [2], interfacial polymerization [3], sol-gel
method [4], and spray drying [5].The shellmaterials of PCMs
are mainly melamine resin [6–9] and urea-formaldehyde

resin [10–12]. But these kinds of shell materials in the
preparation process require a large amount of formaldehyde,
which is known as teratogenic substance and easy to cause
environmental problems andpublic safety issues.Therefore, it
makes great senses to use less formaldehyde or formaldehyde-
free materials for preparing PCMs. At the same time, it is
necessary to improve the crosslinked degree of melamine
resin and urea-formaldehyde resin as shell materials.

At present, emulsifiers used for the preparation of PCMs
contain anionic surfactants, cationic surfactants, and non-
ionic surfactants, such as SMA [13, 14], SDBS [15], OP-10 [16],
imidazoline [17], and the compound emulsifier [18]. These
emulsifiers can reduce Gibbs free energy produced by the
mechanical agitation process of emulsion. And the thermal
stability and mechanical stability of the emulsion are very
important for the core material emulsion in avoiding phase
separation phenomenon in the preparation of PCMs [19, 20].
And emulsifiers have a great influence on the morphology
and encapsulation effects of the phase change capsules. Few
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studies about the effects of the different types of emulsifiers
on the preparing B-UPCS have been reported. In this study,
B-UPCSwere synthesized bymicroencapsulation technology
using different types of emulsifiers. In this paper, effects
of OP-10 and sodium dodecyl benzene sulfonate (SDBS)
in preparation of B-UPCS were discussed in detail. It also
offered some useful data for finding a suitable emulsifier
or compound emulsifier to get novel PCMs in the future
research work.

2. Experimental

2.1. Materials. Urea (Yongda Chemical Reagent Co., Ltd.,
Tianjin, China) and formaldehyde (37%, Tianli Chemical
Reagent Co., Ltd. Tianjin, China) were used to synthesise UF
resin. 𝛽-CD (Baishi Chemical Co., Ltd., Tianjin, China) was
used as modifier. OP-10 (Guangfu Fine Chemical Research
Institute, Tianjin, China) and SDBS (Bodi Chemical Co.,
Ltd., Tianjin, China) were used as emulsifiers. Resorcin
(Kermel Chemical Reagents Co., Ltd., Tianjin, China) and
ammonium chloride (Yongda Chemical Reagent Co., Ltd.,
Tianjin, China) were used as curing agent. Triethanolamine
(Hongyan Chemical Reagent Co., Ltd., Tianjin, China) and
citric acid (Tianjin Ruijinte Chemical Reagent Co., Ltd.,
Tianjin, China) were used as pH regulators. Paraffin (Ruhr
Energy Technology Co., Ltd., Hangzhou, China) was used as
the core material.

2.2. Preparation of Spherical 𝛽-UPCS. Urea, formaldehyde
aqueous solution (37wt%), and distilled water were mixed
and the pH was adjusted to 8-9 with triethanolamine, and
then the mixture was stirred at 70∘C with a stirring rate of
450 rpm for 60min to prepare UF precursor solution. 𝛽-
CD was added into the UF precursor solution and mixed
in ice bath for 15min to obtain the B-CD-UF mixture.
The emulsifier, paraffin melt, water, and cyclohexane were
dispersed at the high stirring speed for 15min to form an oil-
in-water dispersion. Afterwards, the B-CD-UFmixture, citric
acid solution, ammonium chloride, and resorcin were added
into the paraffin dispersion with a stirring rate of 500 rpm
and kept to 75∘C for 3 hours. After filtration, washing with
distilled water, and drying for 48 h at room temperature, B-
UPCS paraffin capsules were obtained.

2.3. Characterization. Fourier transform infrared spectro-
scopy (FTIR) spectra of B-UPCS were analyzed on aThermo
Fisher Nicolet 6700 FTIR spectrometer (USA) to determine
the chemical structure of B-UPCS. The morphology (SEM)
of B-UPCS was observed by an FEI QUANTA 200 scan-
ning electronic microscope (USA). Optical micrographs of
paraffin emulsions were obtained by a Nikon E200 optical
microscope (Japan). Particle sizes of the products were
studied by a Brookhaven ZetaPlus zeta potential analyzer
(USA).The thermal property measurements were carried out
on a TA Q20 differential scanning calorimeter (DSC) (USA)
at a heating rate of 5∘C/min in the range of 10 to 65∘C under
nitrogen atmosphere.
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Figure 1: FT-IR spectra of B-UPCS with different types of emulsi-
fiers.

2.4. Calculation of Paraffin Content in 𝛽-UPCS. The core
material content of B-UPCS directly affects heat storage
capacity. The content of the core material can be obtained in
different ways. In this study, the paraffin content of 𝛽-UPCS
was calculated as follows:

Ca (%) =
Δ𝐻microPCM
Δ𝐻PCM

× 100%, (1)

where Δ𝐻microPCM is enthalpy of 𝛽-UPCS, Δ𝐻PCM is enthalpy
of paraffin itself [20, 21].

3. Results and Discussion

3.1. FTIR Spectra of B-UPCS with Different Types of Emul-
sifiers. FTIR spectra of B-UPCS with different types of
emulsifiers are shown in Figure 1. As seen from Figure 1.
The peak at 3318 cm−1 corresponded to stretching vibrations
of N–H and O–H [22]. Bands of 2914 cm−1 and 2850 cm−1
can be attributed to –CH

2
stretching vibration asymmetric

and symmetric adsorption. The peaks around 1628 cm−1,
1545 cm−1 were attributed to stretching vibration of C=O and
deformation vibration of CN, N–H [23, 24]. The absorption
peak at 1380 cm−1 can be attributed to C–H bending vibra-
tion and the band at 1245 cm−1 was assigned to C–OH in-
plane stretching vibration.The band 1033 cm−1 corresponded
to asymmetric stretching vibration of C–O–C [25]. Thus,
in view of the above, it is established that B-UPCS have
been synthesized successfully both with OP-10 and SDBS as
emulsifier. Comparing the FTIR spectra of B-UPCS with OP-
10 and SDBS as emulsifier, the emulsifiers had emulsification
effects on forming homogeneous paraffin emulsion and there
were no significant impacts on the chemical structures of B-
UPCS.

3.2. Effects of the Dosage of Emulsifiers on the Average
Diameter of B-UPCS. Therelationships amongOP-10 dosage,
the average particle diameter of B-UPCS, and the particle
size of paraffin emulsion are shown in Figure 2. As seen
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Figure 2: Effect of the dosage of OP-10 on average particle diameter
of B-UPCS and the optical micrographs of paraffin emulsion.
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Figure 3: Effects of the dosage of SDBS on average particle diameter
of B-UPCS and the optical micrographs of paraffin emulsion.

from Figure 2, the particle sizes of B-UPCS and paraffin
emulsion were decreased rapidly with the increase of the OP-
10 dosage. When the dosage of OP-10 reached 3% to 7%,
the particle sizes of B-UPCS were approximately 0.1 𝜇m.The
result indicates that OP-10 adhered to the droplets surface
and brought a balance state between the prepolymers and the
curing resin. When the dosage of OP-10 reached 7% to 9%,
the average diameter of B-UPCS remained unchanged with
the increase of OP-10. At this condition, the effects of OP-10
on the average particle size of B-UPCS and paraffin emul-
sion were not remarkable. The drastic self-polymerization
reaction between methylolureas and 𝛽-CD did not occur in
the end due to the fact that the main composition of OP-
10 is polyoxyethylene alkylphenol with a high Hydrophile-
lipophile balance number (HLB) value of 14.5. OP-10 had
a strong emulsifying ability for paraffin to form a uniform,
stable, and well-dispersed emulsion solution because of the
nonpolar groups in OP-10 [26].Thus, the dosage of emulsifier
is a key factor for the droplet size of paraffin-water emulsion
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Figure 4: Effects of stirring rate of OP-10 on average particle diam-
eter of B-UPCS and the optical micrographs of paraffin emulsion.
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Figure 5: Effects of stirring rate of SDBS on average particle diam-
eter of B-UPCS and the optical micrographs of paraffin emulsion.

and the uniformity of the core material. Based on the above
results, the optimum dosage of OP-10 was 3% to 7%.

The relationships among SDBS dosage, the average par-
ticle diameter of B-UPCS, and the particle size of paraffin
emulsion are shown in Figure 3. With the increase of SDBS
dosage, the average particle diameter of B-UPCS presented
sudden decrease firstly and later increase trend. When the
dosage of SDBS was 1% to 5%, the average particle diameter
of B-UPCS decreased rapidly because the surface charges
of SDBS reduced oil-water interfacial tension and Gibbs
free energy of paraffin emulsion solution. With the increase
of the dosage of SDBS, a homogeneous paraffin emulsion
solution was gradually formed with a good resistance to
temperature and themechanical agitation.When the amount
of SDBS reached more than 7%, the particle diameter of
B-UPCS increased rapidly, and the probable reason for
this phenomenon was the violent curing reaction or the
sensitivity of SDBS for temperature or mechanical agitation
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(a) (b)

(c) (d)

Figure 6: SEM images of B-UPCS prepared with different emulsifiers. The dosage of emulsifiers was 0.3 g, and the stirring rate of paraffin
was 10000 rpm.

to result in phase separation phenomenon, thereby generat-
ing a large block of B-UPCS [27]. Thus, the optimum dosage
of SDBS was 4% to 6%.

3.3. Effects of the Stirring Rate of Emulsifiers on Average
Diameter of B-UPCS. The dosage of emulsifier is a key factor
on dispersing the core material of B-UPCS. It had great
influences on the preparing PCMs with uniform particle size.
Effects of stirring rate ofOP-10 on average particle diameter of
B-UPCS are shown in Figure 4.With the stirring rate ofOP-10
increasing, the average particle diameter of B-UPCS and the
size of paraffin droplets decreased rapidly (Figure 4). When
the stirring rate reached 10000 rpm, the core material began
to form uniform and stable emulsion solution, and the aver-
age particle diameter of B-UPCS remained unchanged. And
this trend is in accordance with the literature [28]. Thus, OP-
10 had a strong stability of temperature and the mechanical
agitation and the phase separation phenomenon was difficult
to occur. As a result, OP-10 can be used as an emulsifier
with a broader range of the stirring rate. In this study, the
optimum stirring rate of OP-10 was 7500∼12500 rpm with
desired emulsion effects.

Effects of stirring rate of SDBS on average particle
diameter of B-UPCS are shown in Figure 5. As seen from
Figure 5, the optimum stirring rate of SDBS as emulsifier was

10000 rpm. Phase separation phenomenon occurred when
the stirring speed increased to 12500 rpm, resulting in a
sharp increase of the particle diameter. The results were
consistent with the ones of the optical microscope.Therefore,
the stirring rate of SDBS was 10000 rpm.

3.4. Effects of Different Types of Emulsifiers on Microstructure
of B-UPCS. SEM images of B-UPCSwithOP-10 (Figures 6(a)
and 6(b)) and SDBS (Figures 6(c) and 6(d)) as emulsifier
are shown in Figure 6. It can be seen from Figures 6(a) and
6(b) that B-UPCS prepared by in situ polymerization were
spherical.The capsule particles were composed ofmany small
particles depositing on the surface of B-UPCS, only a few
collapse and breakage phenomenon in B-UPCS. B-UPCS had
uniform particle. This result indicated that OP-10 had good
emulsion effects on the dispersion of the core material, and
the result was consistent with the results above.

As seen from Figures 6(c) and 6(d), a large area of adhe-
sion and accumulation existed on the surfaces of B-UPCS.
The probable reason is that the prepolymer attached to the
surface of the paraffin droplets and cured violently. Besides,
it is obvious that B-UPCS consist of many small spherical
capsules with tightness surface, which is more suitable for
providing good encapsulation effects and almost no leakages
for the core material.
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3.5. DSCCurves of B-UPCS. TheDSC curves of B-UPCSwith
OP-10 and SDBS as emulsifier are shown in Figure 7. The
phase change enthalpy of B-UPCS with OP-10 as emulsifier
was higher than the one with SDBD as emulsifier. Most of B-
UPCS prepared with OP-10 as emulsifier were spherical with
good barrier properties and most paraffin was wrapped into
B-UPCS. For SDBS as emulsifier, too violent curing reaction
resulted in only part of paraffin wrapped in B-UPCS. The
main reason is that the poor dispersion capacity of SDBS led
to the self-polymerization reaction of monomer. As a result,
the enthalpy of B-UPCS with SDBS as emulsifier was low.
This result was consisted with SEM. As seen from Figure 7,
the phase transition temperatures of B-UPCS were different
form pure paraffin, probably due to the interactions between
the core and shell material in B-UPCS [21]. The results were
the same as our previous literatures [29–31].

3.6. Effects of Different Types of Emulsifiers on the Paraffin
Content. Effects of the dosage of OP-10 and SDBS as emul-
sifiers on the content of paraffin in B-UPCSare shown in
Figure 8. And in this paper, the paraffin content of 𝛽-UPCS
was calculated according to (1). With the dosage of OP-10
increasing, the content of paraffin in B-UPCS increased at
first and then decreased slightly. When the dosage of OP-
10 reached 3% to 7%, the content of paraffin was about 78%.
When the dosage of OP-10 reaches 9%, the content of paraffin
in B-UPCS tended to decrease. When the dosage of OP-10
was low, it helped to reduce Gibbs free energy, caused by tem-
perature and mechanical stirring, and promoted to help the
monomer adhere to the droplets surface of paraffin emulsion
and formed the core-shell structure capsules [31]. However,
when the dosage of OP-10 continued to increase, the paraffin-
water phase was separated and the polycondensation reaction
occurred among the monomers of the shell material. As a
result, the paraffin in B-UPCS declined. And, with SDBS as
emulsifier, the content of paraffin in 𝛽-UPCS was increased
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Figure 8: Effects of the emulsifier dosage on the content of paraffin
in B-UPCS.

slowly with the increase of SDBS dosage. This was perhaps
because SDBS was ionic surfactant and it has little influences
onwrapping paraffin inwater-oil phase. However, at the same
dosage of OP-10 as emulsifier, the paraffin content in B-UPCS
was significantly higher because OP-10 has better emulsion
effect than SDBS on dispersing the core material. Hence, it
could continuously promote prepolymers to curing on the
droplet surface of paraffin emulsion by crosslinked reaction
and formed well-encapsulated B-UPCS.

4. Conclusion

In this study, the effects of two types of emulsifiers (OP-
10, SDBS) on paraffin content average particle size and
microstructure of B-UPCS were discussed by changing the
stirring rate and the dosage of emulsifiers. The experimental
results showed that when the dosage of OP-10 reached 4% to
7% and the stirring rate was 7500∼12500 rpm, the spherical
particle diameter of B-UPCS was uniform and the paraffin
content was 78%, and the enthalpy of B-UPCS can reach
161.0 J/g. When the dosage of SDBS reached more than 7%
or the stirring rate increased to 12500 rpm, demulsification
phenomenon of paraffin emulsion occurred, led to a rapid
curing reaction. Comparing with SDBS as emulsifier, OP-10
had good emulsion results with a high content of paraffin,
uniform particle size, and good dispersion effects. However,
there were some individual damaged capsules with OP-10 as
emulsifier. In the following study, we will explore different
types of compound surfactants for the preparation of the
core-shell energy storage materials.
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The unique organic/inorganic superabsorbent hydrogels based on xylan and inorganic clay montmorillonite (MMT) were
prepared via grafting copolymerization of acrylic acid (AA) and 2-acrylamido-2-methylpropanesulfonic acid (AMPS) with N,N-
methylenebisacrylamide (MBA) as a cross-linking agent and potassium persulfate (KPS) as an initiator. The effect of variables on
the swelling capacity of the hydrogels, such as the weight ratios of MMT/xylan, MBA/xylan, and AMPS/AA, was systematically
optimized. The results indicated that the superabsorbent hydrogels comprised a porous cross-linking structure of MMT and xylan
with side chains that carry carboxylate, carboxamide, and sulfate. The hydrogels exhibit the high compressive modulus (E), about
35–55KPa, and the compression strength of the hydrogels increased with an increment of the MMT content. The effect of various
cationic salt solutions (LiCl, CaCl

2
, and FeCl

3
) on the swelling has the following order: Li+ > Ca2+ > Fe3+. Furthermore, the

influence of pH values on swelling behaviors showed that the superabsorbent composites retained around 1000 g g−1 over a wide
pH range of 6.0–10.0.Thexylan-based hydrogelswith the highmechanical and swelling properties are promising for the applications
in the biomaterials area.

1. Introduction

Superabsorbent hydrogels are slightly cross-linked hydro-
philic polymers with a three-dimensional network structure.
They can absorb water in the amount from 10% up to
thousands of times based on their dry weight and retain large
amounts of aqueous fluids even under some pressure. Due to
the special characteristics, these materials have been widely
applied in various fields, such as agriculture [1, 2], biomedical
area [3, 4], waste-water treatment [5, 6], biosensors [7], and
tissue engineering [8, 9].

Polysaccharide-based hydrogels are currently attracting
much interest for their unique properties, that is, biocompati-
bility, biodegradability, renewability, and nontoxicity. Various
polysaccharides, such as chitosan [10], starch [11], cellulose
[12], alginate [13], carrageenan [14], and gellan gum [15], have
been investigated on hydrogel formulations. Typically, hemi-
celluloses are the second most abundant polysaccharides

in biomass, which are commonly defined as cell wall het-
erogeneous polysaccharides. Compared with other polysac-
charides, hemicelluloses have been somewhat neglected in
research and are normally disposed as organic waste from the
forest industry side streams.While recent research has shown
that hemicelluloses have significant potential as a material
resource for hydrogel preparation. A series of hemicelluloses-
based hydrogels were synthesized from galactoglucoman-
nans, via introducing functional monomers with unsatu-
rated bonds to the backbone of hemicelluloses and chemi-
cally cross-linking the modified hemicelluloses [16–20]. The
hydrogels, presenting good biodegradability, nontoxicity, and
controllable swelling capacity, were fully developed for drug
delivery systems. In addition, xylan-based hydrogels have
also shown potential applications as pH-sensitive controlled
drug delivery vehicles by blending aspen hemicelluloses
and chitosan in acidic conditions [21]. Furthermore, xylan-
rich hemicelluloses-based hydrogels were prepared and used
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as a novel porous bioabsorbent by graft copolymerization
of acrylic acid and hemicelluloses for absorption of heavy
metal ions from aqueous solutions [22, 23]. Therefore, the
applications of hemicelluloses in hydrogels field are gradually
expanding.

Arabinoxylans (AXs) are the main hemicelluloses of
Gramineae, which have been generally present in a variety
of tissue of the main cereals of commerce: wheat, rye, barley,
oat, rice, corn, and sorghum, as well as other plants: pangola
grass, bamboo shoot, and ray grass [24]. Gramineae is similar
to hardwood xylan, but the amount of L-arabinose is higher.
Hydrogels have been prepared from AXs extracted from
wheat bran as controlled release matrices, which were syn-
thesized via the oxidative cross-linking using either chemical
(ferulic chloride and ammonium persulphate) or enzymatic
(laccase/O

2
and peroxidase/H

2
O
2
) free radical-generating

agents [25–27]. The gels present interesting properties like
neutral taste and odor, high water absorption capability
(up to 100 g of water per gram of dry polymer), and
absence of pH, electrolyte, and temperature susceptibility
[28]. However, the water absorption capacity andmechanical
strength of the AXs hydrogels are much lower than those
of petroleum-based hydrogels such as poly(acrylic acid)
and poly(acrylamide) hydrogels. Furthermore, the absence
of multistimulus response properties severely restricts their
applications. Therefore, more research attention should be
paid to develop new approaches for modifying and cross-
linking AXs to improve the properties of the hydrogels, such
as absorption capacity, mechanical strength, and stimuli-
responsive physical properties (normally temperature-, pH-,
salt-, or osmosis-controlled changes).

Recently, much attention has been focused on inorganic
materials for preparation of superabsorbent composites, such
as attapulgite [29], kaolin [30], and sodium silicate [31]. The
introduction of inorganic clay into polysaccharides not only
reduces production costs but also improves the properties
(e.g., swelling ability, gel strength, and mechanical and
thermal stability) of hydrogels and accelerates the generation
of new materials for special application [32]. Among the
clays, montmorillonite (MMT), a layered aluminum silicate
with exchangeable cations and reactive –OH groups on the
surface, has been widely used to improve the properties of
hydrogels, due to its good absorption, extensive swelling in
water and cation exchange capacity [33]. Yet, to the best of
our knowledge, there has been no report on the preparation
of superabsorbent hydrogels based on xylan and inorganic
clays.

Acrylic acid (AA) and 2-acrylamido-2-methylprop-
anesulfonic acid (AMPS) are important monomers that are
widely used for the preparation of functional hydrogels.
AMPS is hydrophilic monomer containing nonionic and
anionic groups; meanwhile, AA is anionic monomer. The
incorporation of ionic groups in the superabsorbent is
known to increase their swelling capacity, while the nonionic
groups can improve their salt tolerance. In this paper, a
unique organic/inorganic hydrogel was prepared by grafting
copolymerization of AA and AMPS monomers along the
chains of AXs in the presence of MMT. The intermolecular
interaction and morphological change of the hydrogels

were characterized by FT-IR spectra and scanning electron
microscope (SEM). Moreover, the swelling properties and
behaviors under different pH and salt concentrations were
investigated.

2. Experimental

2.1. Materials. Xylan was isolated from bamboo (Phyl-
lostachys pubescens) holocellulose obtained by using 3%
NaOH at 75∘C for 3 h with a solid to liquid ratio of 1 : 25
(g⋅mL−1). The holocellulose was obtained by delignifica-
tion of the extractive-free bamboo (40–60 mesh) with 6%
sodium chlorite in acidic solution (pH 3.6–3.8, adjusted
by 10% acetic acid) at 75∘C for 2 h. The composition of
neutral sugars and uronic acids and the molecular weights
of the hemicellulosic samples were determined according
to the literature [34]. The sugar composition of the xylan
(83.5% xylose, 5.1% arabinose, 4.2% glucose, 0.4% galactose,
and 6.8% glucuronic acid (relatively molar percent)) was
tested by high performance anion exchange chromatography
(HPAEC).Themolecular weights obtained by gel permeation
chromatography (GPC) showed that the native xylan had a
weight average molecular weight (Mw) of 13,420 g⋅mol−1 and
a polydispersity of 4.1, corresponding to a degree of polymer-
ization of 88. 2-Acrylamido-2-methyl-1-propanesulfonic acid
(AMPS) and montmorillonite (MMT) were purchased from
A Johnson Mattey Company. N,N-Methylenebisacrylamide
(MBA) and potassium persulfate (KPS) were purchased
from Tianjin Jinke Refined Chemical Engineering Research
Institute, China. All of these chemicals were used without any
further purification. AA (Beijing Yili Fine Chemical Co., Ltd.,
China) was purified by distillation under reduced pressure
to remove the inhibitor hydroquinone before use. All other
reagents used were analytical grade, and all solutions were of
prepared with distilled water.

2.2. Preparation of Hydrogels. Xylan (1.0 g) was dissolved in
35.0mL of distilled water in a three-neck reactor equipped
with a mechanical stirrer, a reflux condenser, and a nitrogen
line at 85∘C until a homogeneous solution was obtained.
Then appropriate amounts (0.00–0.12 g) of MMTwere added
to this solution with stirring to form a uniform sticky
solution under nitrogen. After cooling the reactant to 70∘C,
0.08 g of KPS were added, stirred, and kept for 10min to
generate radicals. Subsequently, the mixture of AA (1.43–
2.86 g, neutralization degree of 70% with sodium hydroxide
solution), AMPS (1.14–2.57 g), and MBA (0.05–0.25 g) was
added to the flask. All the reactions were carried out under
nitrogen, and the reaction mixture was continuously stirred
for 4 h. At the end of the propagation reaction, the gel product
was poured into excess ethanol (200mL) and remained for
48 h to dewater. Then, the dewatered product was dried to
constant mass at 70∘C, grounded, and passed through 100-
mesh sieve. Finally, the powdered products were stored away
from moisture, heat, and light. The feed compositions of all
samples are listed in Table 1.
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Table 1: The reaction conditions for xylan-𝑔-poly(AA-AMPS)/MMT hydrogels.

Sample codes MMT/xylan (g g−1) AMPS (g) MBA (g) AA (g)
1 — 1.00 0.10 2.00
2 0.03 1.00 0.10 2.00
3 0.05 1.00 0.10 2.00
4 0.08 1.00 0.10 2.00
5 0.11 1.00 0.10 2.00
6 0.08 2.00 0.05 2.00
7 0.08 2.00 0.10 2.00
8 0.08 2.00 0.15 2.00
9 0.08 2.00 0.20 2.00
10 0.08 2.00 0.25 2.00
11 0.08 1.14 0.10 2.28
12 0.08 1.78 0.10 2.22
13 0.08 2.00 0.10 2.00
14 0.08 2.33 0.10 1.67
15 0.08 2.57 0.10 1.43

2.3. Method of Characterization

2.3.1. FT-IR Spectroscopy. FT-IR spectra of the MMT, xylan,
xylan-g-poly(AA-AMPS), and xylan-g-poly(AA-AMPS)/
MMT hydrogels were recorded using a Thermo Scientific
Nicolet iN 10 FT-IR Microscopy (Thermo Nicolet Corpo-
ration, Madison, WI) equipped with a liquid nitrogen cooled
MCT detector. Dried samples were grounded and palletized
using BaF

2
and their spectra were recorded from 4000 to

650 cm−1 at a resolution of 4 cm−1 and 128 scans per sample.

2.3.2. Surface Morphology of the Hydrogels. The equilibrium-
swollen samples of the hydrogels in deionized water at
room temperature were quickly frozen and then freeze-dried
for morphological analysis. Scanning electron microscopy
(SEM) of the hydrogel samples was carried out with a Hitachi
S-3400N II (Hitachi, Japan) instrument at 15 kV. Prior to
taking pictures, the samples were sputter-coated with a thin
layer of gold. Images were obtained at magnifications ranging
from 200x to 5000x, which was dependent on the feature to
be traced.

2.3.3. SwellingMeasurements. Thepreweighted dry hydrogels
were immersed into excessive distilled water to reach a state
of equilibrium swelling. The swollen superabsorbent was
filtered using 100-mesh sieve and drained for 20min until no
free water remained. After weighing the swollen hydrogels,
the equilibrium water absorption was calculated by using the
following equation:

𝑄eq =
𝑊
2
−𝑊
1

𝑊
1

, (1)

where 𝑄eq is the equilibrium water absorption defined as
grams of water per gram of sample;𝑊

1
and𝑊

2
are the mass

of sample before and after swelling, respectively.

2.3.4. Mechanical Measurement. Dynamic mechanical anal-
ysis (DMA, TA Instruments Q800 Series) was used to
determine the compressive modulus of the swollen hydrogel
samples. To reach swelling equilibrium, hydrogels were incu-
bated in distilled water for 24 h at room temperature before
test.The disk-shaped samples were 1 cm×0.5 cm (diameter×
height) in dimension and were tested in compression mode
at 25∘C. Rheological measurements were carried out at 25∘C
on ARES-RFS III rheometer (TA Instruments, USA). The
mixture of xylan (1.0 g), KPS (0.08 g), AA (1.0 or 2.0 g), MBA
(0.05–0.25 g), and MMT (0.00–0.12 g) was stirred to form
a homogeneous solution. This hybrid system was quickly
transferred into rheometer for testing.

2.3.5. Swelling in Various Salt Solutions. The swelling capacity
of the hydrogels was measured in different concentrations
(0.5, 1.0, 1.5, 2.0, and 2.5mol⋅L−1) of LiCl, CaCl

2
, and FeCl

3

salt solutions according to the above method described for
swelling measurement in distilled water.

2.3.6. Swelling at Various pHs. Individual solutions with
acidic and basic pHs were prepared by the dilution of NaOH
(pH 12.0) and HCl (pH 2.0) solutions to achieve pH ≥ 6.0
and <6.0, respectively. The pH values were precisely checked
by a pHmeter (PB-10, Sartorius).Then, the preweighted dried
hydrogelswere used for the swellingmeasurements according
to the above method described for swelling measurement in
distilled water.

2.3.7. Water Retention Measurement. The water retention
(WR) was determined by centrifuging the water-swollen
hydrogels at 2000 rpm.Theweight of the hydrogels was deter-
mined every 30 s. The WR of the hydrogels was calculated
according to

WR (%) =
𝑚
2

𝑚
1

× 100%, (2)
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where 𝑚
1
is the weight of the fully swollen hydrogel and 𝑚

2

is the weight of the hydrogel centrifuged for different times at
2000 rpm.

3. Results and Discussion

3.1. Synthesis and Spectral Characterization. The superab-
sorbent hydrogel was prepared by the graft copolymer-
ization of acrylic acid (AA) and 2-acrylamido-2-methyl-1-
propanesulfonic acid (AMPS) onto xylan in the presence
of a cross-linking agent (MBA), powdery montmorillonite
(MMT), and potassium persulfate (KPS) as an initiator. The
persulfate initiator was decomposed under heating to pro-
duce sulfate anion radicals that abstract hydrogen atoms from
the hydroxyl groups of the xylan backbones. Therefore, this
redox system resulted in active centers capable of radically
initiating the polymerization of AA and AMPS, leading to
a graft copolymer. Since a cross-linking agent (MBA) was
present in this system, the copolymer comprised a cross-
linked structure. The MMT in the polymerization reaction
can also be considered as a cross-linking agent [35]. The
proposed mechanism for the grafting and chemically cross-
linking reactions is outlined in Figure 1.

Infrared spectroscopy was carried out to confirm the
chemical structure of the superabsorbent hydrogel. FT-IR
spectra of MMT, xylan, xylan-g-poly(AA-AMPS), and
xylan-g-poly(AA-AMPS)/MMT superabsorbent hydrogel
are shown in Figure 2. In the spectrum (see Figure 2(c))
of xylan, the region between 3500 cm−1 and 1800 cm−1
presents two major peaks at about 3411 cm−1 (corresponding
to the absorption of stretching of the hydroxyl groups) and
at 2911 cm−1 (corresponding to the C–H stretching of the
CH
2
groups). The absorption peak at 1600 cm−1 is related

to the uronic acid carboxylate [36]. The bands at the range
of 1452 and 1048 cm−1 are assigned to the C–H and C–O
bond stretching frequencies. The low intensity of the peaks
at 990 and 1166 cm−1 suggests the presence of arabinosyl
units, which have been reported to be attached only at
position 3 of the xylopyranosyl constituents [37]. A sharp
band at 895 cm−1 is due to 𝛽-glycosidic linkages between the
sugar units. On comparing the spectra of xylan and xylan-
g-poly(AA-AMPS) (see Figure 2(d)), new characteristic
absorption bands at 1651, 1558, and 1442 cm−1 are assigned
to the stretching vibration of C=O, asymmetrical stretching
vibration of COO−, and symmetrical stretching vibration
of COO−, respectively [38]. Moreover, the characteristic
absorption peaks of AMPS units are shown at 1400, 1040, and
627 cm−1, which are attributed to C–N stretching vibration
of the amide, S–O stretching vibration of –SO

3
H, and C–S

stretching vibration, respectively [39]. These bands indicated
that AA and AMPS monomers were actually grafted onto
the backbone of xylan.

In the spectrum (see Figure 2(a)) of MMT, the character-
istic vibration bands are shown at 3400 and 3630 cm−1, which
correspond to –OH stretching band for absorbed interlayer
water and –OH stretching band for Al–OH, respectively.
The absorption peaks at 1631 and 1423 cm−1 are attributed
to the deformation vibration of the hydroxyl groups. The

characteristic peaks at 1150 and 1090 cm−1 are due to Si–
O stretching (out-of plane) for MMT and Si–O stretching
(in plane) vibration for layered silicates, respectively. The
peaks at 915, 845, and 796 cm−1 are assigned to Al–Al–OH,
Al–Mg–OH, and Si–O–Al bending vibrations, respectively
[40–42]. As can be seen, compared to the spectrum of
MMT (Figure 2(b)), the intensities of absorption bands at
3630 cm−1 ascribed to –OH of MMT disappeared in the
spectrum of xylan-g-poly(AA-AMPS)/MMT (Figure 2(a)).
In addition, the intensity of the absorption peaks due to Si–O
stretching also decreased. These results indicated that MMT
participated in polymerization reaction through its active –
OH groups and chemically cross-linked with polymer chains.
Therefore, it could be concluded that the superabsorbent
hydrogel product comprised a cross-linking structure of
xylan and MMT with side chains carrying carboxylate,
carboxamide, and sulfate.

3.2. Morphological Analysis. The morphologies of the
freeze-dried xylan-g-poly(AA-AMPS) and xylan-g-
poly(AA-AMPS)/MMT composites are depicted in Figure 3,
respectively. Obviously, the surface morphology of the
xylan-g-poly(AA-AMPS)/MMT hydrogel is different from
that of xylan-g-poly(AA-AMPS). It could be observed
that the cross-linked xylan-g-poly(AA-AMPS) (Figure 3(a))
displayed a porous structure withmany large pores. However,
for hydrogel containing MMT (Figure 3(b)), the pore size
became smaller and it showed a sheet-like structure with
significant interconnection forming a three-dimensional
network, which was beneficial for the diffusion of aqueous
fluid into the superabsorbent polymer and increasing the
water absorption rate [43, 44]. In addition, the degree of
dispersion of clay micropowder in the polymer matrix is
more important for an organic-inorganic composite [45, 46].
As can be seen from Figures 3(c) and 3(d), themicrostructure
of pure MMT clay was flaky (Figure 3(c)), while these clays
were randomly dispersed in the polymer matrix and
almost embedded within xylan-g-poly(AA-AMPS) in the
composites (Figure 3(d)), and no flocculation of MMT
particles could be observed. These SEM results confirmed
that the MMT was finely dispersed in the composite to form
a homogeneous composition.

3.3. Mechanical Properties of Hydrogels. The mechanical
properties of the xylan-based hydrogels with different ratios
of MMT to xylan have been determined. Figure 4(a) presents
the typical compressive modulus-strain curves of xylan-
based hydrogels at room temperature. Obviously, all the
samples exhibited the high compressive modulus (E), about
35–55KPa. This indicated that the hydrogels had excellent
mechanical properties. As expected, the compressive mod-
ulus of the hydrogels increased with the increment of the
MMT content in the hydrogels, in the order Gel 5> Gel 4>
Gel 3> Gel 2> Gel 1. The results strongly demonstrated that
MMT contributed to the enhancement of the mechanical
properties of the hydrogels. On the other hand, the strains of
hydrogels decrease from92% to 66%, when theMMTcontent
was increased in the hydrogel.
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Figure 1: Proposed reaction mechanism for synthesis of xylan-g-poly(AA-AMPS)/MMT superabsorbent hydrogels.

4000 3500 3000 2500 2000 1500 1000

Tr
an

sm
itt

an
ce

 (%
)

(a)

(b)

(c)

(d)
1452

1048
9901166

1651
1558

1442 1400
1040

3630 3400
1631 1423 1150 1090915 845

627

796

3411

2911 1600 895

Wavenumbers (cm−1)

Figure 2: FT-IR of (a) xylan-g-poly(AA-AMPS)/MMT, (b) MMT,
(c) xylan and (d) xylan-g-poly(AA-AMPS).

To monitor the gelation process, a time sweep measure-
ment for viscoelastic properties of each sample was carried
out at 25∘C [47]. Figures 4(b) and 4(c) show the storage
modulus (G) of hydrogels with different MMT concentra-
tions and various MBA contents, respectively. Apparently, a
significant increase of G values at about 300 s in Figure 4(b)
indicated that the rapid gelation process and phase separation
occurred during the initial stage. Moreover, the maximum
storage modulus of the hydrogels increased with the increase
of the MMT/xylan weight ratios from 0.00 to 0.11. It was

further proved that the MMT played an important role in
improving the strength of hydrogels. Meanwhile, Figure 4(c)
shows the time dependence of the storage modulus of the
hydrogels with different MBA contents. Cross-linking agent
induced a stable network with the polymers by covalent
bonds; thus, the increment of MBA content led to the regular
increase of the maximum storage modulus of the hydrogels.

3.4. Effect of MMT Content on Swelling Capacity. The influ-
ence of MMT/xylan weight ratio on water absorbency of
the superabsorbent hydrogels is shown in Figure 5. It is
obvious thatMMT content is an important factor influencing
water absorbency of the hydrogels. Increasing MMT/xylan
weight ratios from 0.00 to 0.08 caused an increment in water
absorbency.Themaximumwater absorbency (1423 g g−1) was
obtained at weight ratio ofMMT/xylan (0.08).This trend was
attributed to the fact that the active –OH groups of MMT
could react with the –OH, –SO

3
H, and –COOHgroups of the

polymeric chains, as indicated by FT-IR spectra (Figure 2).
Hence, it can relieve the entanglement of graft polymeric
chains and weaken the hydrogen-bonding interaction among
hydrophilic groups, which decreases the physical cross-
linking degree and improves polymeric network. As a result,
the water absorbency can be enhanced by introducing mod-
erate amount of MMT. However, a further increase of MMT
caused a decrease in water absorbency. This phenomenon
may be attributed to the fact that the MMT can act as an
additional cross-linking point in the polymeric network to
decrease the elasticity of polymers. Additionally, the excess
of MMT would also decrease the hydrophilicity as well as
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Figure 3: SEM images of (a) xylan-g-poly(AA-AMPS), (b) xylan-g-poly(AA-AMPS)/MMT at low magnification and (c) MMT, (d) xylan-g-
poly(AA-AMPS)/MMT at high magnification.

the osmotic pressure difference, resulting in shrinkage of the
composite [48].

3.5. Effect of MBA Content on Swelling Capacity. The amount
of cross-linking agent determines the cross-linking density
of the hydrogel network, which is an important swelling-
control element. The effect of cross-linker (MBA) to xylan
weight ratio on the swelling capacity of the superabsorbent
hydrogelswas investigated. As shown in Figure 6, the swelling
ratio rose from 585 to 864 g g−1 when the MBA/xylan weight
ratio increased from 0.05 to 0.2, while it decreased with a
further increase in the weight ratio. The hydrophilic polymer
chains would dissolve in an aqueous environment with just a
few cross-linkers. Therefore, the network cannot be formed
efficiently, and the water molecules cannot be held, which
results in a decrease in the water absorbency. Contrarily, the
excess cross-linking concentration causes the higher cross-
linking density and decreases the space of polymer three-
dimensional network, and consequently, it would not be
beneficial to expand the structure and hold a large quantity
of water.

3.6. Effect of Monomer Ratio on the Swelling Capacity.
The swelling capacity of hydrogels prepared with various
weight ratios of AMPS/AA is shown in Figure 7. As can
be seen, increasing the AMPS concentration at monomer
feed composition, the swelling capacity increased. Swelling
and absorption properties are attributed to the presence of

hydrophilic groups, such as –OH–, CONH–, –CONH
2
–, and

–SO
3
H in the network. –SO

3

− groups associated to AMPS
present better affinity than –COO− group of AA. Moreover,
the nonionic groups such as CONH– can improve their salt
tolerance.

3.7. Equilibrium Swelling at Various pH Values. The xylan-g-
poly(AA-AMPS)/MMT, containing carboxylate, carboxam-
ide, and sulfonate groups, are the majority of anionic-type
hydrogels. Ionic superabsorbent hydrogels exhibit swelling
changes for a wide range of pHs. Since the swelling capacity of
all “ionic” hydrogels is strongly influenced by ionic strength,
no buffer solutions are used. Hence, stock NaOH (pH 13.0)
and HCl (pH 1.0) solutions were diluted with distilled water
to reach desired basic and acidic pH values, respectively.
These results are illustrated in Figure 8. The swelling ratios
of the superabsorbent hydrogels were finely preserved around
1000 g g−1 in a wide range of pH (6.0–10.0). However, swelling
capacity was significantly decreased at pH lower than 6.0
and higher than 10.0, which reached to 108 g g−1 at pH 2.0
and 148 g g−1 at pH 12.0, respectively. In acidic media, the
carboxylate and sulfonate anions were protonated. Moreover,
the hydrogen-bonding interactions among carboxylate and
sulfonate groups were strengthened, which generated the
additional physical cross-linking. At higher pH (6.0–10.0),
nearly all of the –COOH and –SO

3
H groups were converted

to –COO− and –SO
3

−. Consequently, the hydrogen-bonding
interaction was eliminated and the electrostatic repulsion
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Figure 4: Compressive stress-strain curves for hydrogels with different MMT contents (a).The time dependence of storage modulus (G) for
hydrogels with different MMT contents (b) and different MBA contents (c).

among the anionic groups increased. Therefore, the polymer
network tended to swell more. At pHs greater than 10,
the excess Na+ cations from NaOH shielded the –COO−
and –SO

3

− groups, which prevented effective anion-anion
repulsion.

3.8. Swelling in Salt Solutions. The characteristics of external
solution such as salt concentration and charge valency greatly
influence the swelling behavior of the superabsorbent hydro-
gels. The swelling ratios of hydrogels in aqueous solution
of LiCl, CaCl

2
, and FeCl

3
with various concentrations are

shown in Figure 9. Obviously, the swelling ratio decreased

with increasing the concentration of external salt solutions.
This well-known undesired swelling loss is often attributed
to a “charge screening effect” of the additional cations caus-
ing a nonperfect anion-anion electrostatic repulsion [49].
Therefore, the osmotic pressure generating from the mobile
ion concentration difference between the gel and aqueous
phases decreased and resulted in shrinkage of the network.
In addition, as shown in Figure 9, the swelling ratio in multi-
valent cationic saline (CaCl

2
and FeCl

3
) solution was almost

close to zero at the concentration above 0.1mol L−1, while
it reached 31 g g−1 (0.1mol L−1) and 21 g g−1 (0.25mol L−1) in
monovalent cationic solution (LiCl), which are probably due
to the complexation of the carboxylate and sulfonate groups



8 Journal of Nanomaterials

0.00 0.02 0.04 0.06 0.08 0.10 0.12
900

1000

1100

1200

1300

1400

1500

In distilled water
In 0.9 wt% NaCl solution

MMT/hemicelluloses (g/g)

Sw
el

lin
g 

ra
tio

40

44

48

52

56

60

64

68

72

Sw
el

lin
g 

ra
tio

Figure 5: Effect of MMT contents on water absorbency of the
hydrogels.
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Figure 6: Effect of MBA contents on water absorbency of the
hydrogels.

with the multivalent cations inducing the formation of the
additional cross-link points at the surface of particles. Hence,
the network cross-link density was enhanced, resulting in the
shrinkage of the network. As a result, the water absorbency
was decreased considerably (LiCl > CaCl

2
> FeCl

3
).

3.9. Effect of MMT Content on Water Retention. The water
retention ability is an important parameter for hydrogels,
especially used in dry and desert regions.The water retention
abilities of the hydrogels with different MMT/xylan weight
ratios are shown in Figure 10. From this figure, the water
retention of the hydrogels was rapidly decreased within 30 s,
while small changes in the water retention occurred with
prolonging the time. This behavior may be explained as
follows: absorbed water in the network of hygrogels can exist
in three states: bound, half bond, and free water. Free water
is the easiest to remove, compared with bound and half-bond
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Figure 7: Effect of monomer ratios on water absorbency of the
hydrogels.
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hydrogels.

water. Additionally, the water retention of the hydrogels with
various MMT/xylan weight ratios of 0.00, 0.03, 0.05, 0.08,
and 0.11 was 65, 69, 74, 60, and 53%, respectively, centrifuged
at 2000 rpm for 360 seconds. It can be concluded that the
water retention can be enhanced with the moderate amount
of MMT. This may be explained by the barrier effect of
polymer/MMT hydrogels [50]. The nano-dispersed MMT
in the composite, acted as an additional crosslinking point,
impeded the diffusion of the water molecules, and made
the diffuse path for water vapor longer. However, a further
increase of MMT caused a decrease in water retention, which
was probably due to that it was difficult to disperse MMT in
the homogeneous network solution at higher MMT content,
resulted in decreasing the water retention ability.
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4. Conclusions

The superabsorbent hydrogels were prepared by the graft
copolymerization of AA and AMPS onto xylan in the pres-
ence of a cross-linking agent (MBA), MMT, and KPS as an
initiator.The results of FT-IR showed that the superabsorbent
hydrogel products comprised cross-linking structures of
xylan and MMT with side chains carrying carboxylate, car-
boxamide, and sulfate. SEM studies showed that a sheet-like
structure with significant interconnection formed a three-
dimensional network, where MMT was finely dispersed to
form a homogeneous composition. All the samples exhibited
the high compressive modulus (𝐸), about 35–55KPa. The

compressive modulus of the hydrogels increased with the
increment of the MMT content in the hydrogels, in the order
Gel 5>Gel 4>Gel 3>Gel 2>Gel 1.Themaximumequilibrium
swelling ratios of hydrogels in distilled water and 0.9 wt%
sodium chloride solutions were up to 1423 g g−1 and 69 g g−1,
respectively.The effect of various cationic salt solutions (LiCl,
CaCl
2
, and FeCl

3
) on the swelling has the following order:

Li+ >Ca2+ > Fe3+. As a result, these inorganic/organic hydro-
gels from xylan will have wide applications in the fields of
agriculture, foods, tissue engineering, and drug delivery, due
to their high swelling capacity and multistimulus response
properties.
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kovaá, R. H. Wilson, and P. S. Belton, “Characterisation of
xylan-type polysaccharides and associated cell wall components
by FT-IR and FT-Raman spectroscopies,” Food Hydrocolloids,
vol. 13, no. 1, pp. 35–41, 1999.

[37] A. Ebringerova, Z. Hromadkova, J. Alfoldi, and G. Berth,
“Structural and solution properties of corn cob heteroxylans,”
Carbohydrate Polymers, vol. 19, no. 2, pp. 99–105, 1992.



Journal of Nanomaterials 11

[38] W. Wang, Q. Wang, and A. Wang, “PH-responsive carbox-
ymethylcellulose-g-poly(sodium acrylate)/polyvinylpyrrolid-
one semi-IPNhydrogels with enhanced responsive and swelling
properties,” Macromolecular Research, vol. 19, no. 1, pp. 57–65,
2011.

[39] M. Dalaran, S. Emik, G. Güçlü, T. B. Iyim, and S. Özgümüş,
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The Cu/SAPO-34 catalysts with different Cu contents were prepared by in situ hydrothermal synthesis. The selected Cu/SAPO-
34 was modified by impregnating 1 wt% Pd(NO

3
)
3
. The morphology and structure of the samples were characterized via XRD

and SEM techniques. The effects of Cu contents and the Pd modification on the de-NO
𝑥
activity of the samples were investigated

through the selective catalytic reduction by C
3
H
6
and NH

3
. The Cu contents do not change the skeleton structure of the SAPO-34

crystalline and the Cu/SAPO-34 catalysts with Cu/Si ratios of 0.05, 0.1, and 0.2 have better de-NO
𝑥
activity than other catalysts.The

addition of Pd can improve the de-NO
𝑥
activity of the Cu/SAPO-34 catalysts. The maximum of NO conversion of samples with Pd

could reach 90%. Besides, the effect of aging treatment for Cu/SAPO-34 catalysts with and without Pd on the de-NO
𝑥
activity was

also investigated. The results indicated that the Cu/SAPO-34 catalysts modified by Pd have better antiaging performance than raw
samples.

1. Introduction

NOx can react with hydrocarbons (HC) and produce pho-
tochemical smog, which is increasingly highlighted and
to be concerned about [1–3]. Selective catalytic reduction
(SCR) is an effective method for controlling the emission of
NOx, which has already been used in industry [4–6]. The
development of high efficiency catalyst, as the key technology
of SCR, has receivedmore andmore concerns [7]. Depending
on high thermal and hydrothermal stability [8–11], metal-
SAPO-34 has a broad application prospect. The proper pore
structure makes it exhibit excellent properties in the region
of diesel engine exhaust purification [12]. As is known to
all, the dispersion of the active sites is closely related to the
metal loading for the supported catalysts. When the loading
amount of metal is much too high, it could aggregate easily
during the calcination process. Therefore, there should be
a suitable amount of active components, neither too much
nor too little, loading on the support. Meunier et al. [13]

found that a maximum NOx conversion could be available
on Ag/Al

2
O
3
when the Ag loading was 1%; however, the

conversion decreased obviously when Ag loading was 2%.
Horiuchi et al. [14] reported that the highest activity could be
achieved over Co/Al

2
O
3
when Co loading was 0.5%. These

results indicate that the active metal content of the catalysts
is very important for the catalytic activity.

As a kind of low-cost active constituent for the SCR of
NO, Cu has drawn the attentions of many researchers [15, 16],
but diesel exhaust is often at high temperatures (>650∘C) and
the antiaging capacity is required [17, 18]. Morever, as one of
the noble metals, Pd is a promising candidate for HC-SCR in
excess oxygen [19–21]. In this paper, a series of Cu/SAPO-34
catalysts were prepared by hydrothermal synthesis.The effect
of Cu content and Pd modifying on the de-NOx activity were
investigated. The morphology and structure of the samples
were characterized using XRD and SEM. In addition, the
influence of the aging treatment of the prepared catalysts was
studied.
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2. Experimental

2.1. Preparation of Catalysts. TheCu/SAPO-34 catalysts with
different Cu contents were prepared by insitu hydrothermal
synthesis, and the details were as follows: CuO, H

3
PO
4
,

Al(OH)
3
, and silica gel were used as the sources of Cu, P, Al,

and Si, respectively. Morpholine (C
4
H
9
NO) was selected as

the template. The crystallization gel was prepared according
to the mole ratio of 𝑛 CuO : 0.2 SiO

2
: 0.92 Al(OH)

3
: 0.9

H
3
PO
4
: 1.25 C

4
H
9
NO : 50 H

2
O : 0.01 HF (𝑛 = 0, 0.005, 0.01,

0.02, 0.04, and 0.08). Firstly, H
3
PO
4
was added to deionized

water, followed by CuO at 80∘C while stirring until dissolved
completely. And then, Al(OH)

3
, silica gel, morpholine, and

HF were added. The initial gel was loaded into the stainless
reaction kettles equipped with a polytetrafluorethylene liner
of 200mL and crystallized for 72 h at 190∘C. The product
was washed and then calcined. Finally, the Cu/SAPO-34
catalysts were obtained. And the preparation method had
been described in our previous paper [22].

The Pd modified Cu/SAPO-34 catalysts were prepared
with pore volume impregnation. The details were as follows:
the Cu/SAPO-34 catalysts were impregnated by Pd(NO

3
)
2

solution(1mol/L) overnight to give a 0.5% Pd loading, and
then dried at 120∘C and calcined at 600∘C for 3 h.

2.2. Characterization. The XRD patterns of powder samples
were obtained on a Japanese Rigaku D/MAX2500 diffrac-
tometer at 45 kV and 100mA with CuK𝛼 radiation (𝜆 =
0.154 nm). The scanning rate and range were 8∘/min and 5∘–
85∘, respectively.

The SEM images were obtained by a Japanese Jeol Jsm-
6700 F at 10 kV. The samples were covered with a thin gold
layer before scanning.

TheCu content wasmeasured using an atomic absorption
spectroscopy (AAS; Varian AA240FS, USA) with a 324.7 nm
Cu testing wavelength, operating at 3.0mA lamp current and
a fuel gas of C

2
H
2
(1700mL/min).

2.3. Activity and Antiaging Capacity Test. The activities of
the Cu/SAPO-34 catalysts for the selective catalytic reduction
(SCR) of NOx by C3H6 or NH3 at atmospheric pressure were
determined using a fixed-bed flow microreactor. The devices
were composed of a gas-way equipped with a flow controller,
fixed-bed quartz reactor (Φ = 8.5mm), a temperature
controller, and a detection system. A total flow rate of
100mL/min was used for the catalytic activity runs. The feed
gas consisted of 0.6% NO, 0.6% C

3
H
6
or 0.6% NH

3
, and 5%

O
2
with He as the balance gas. The catalyst powder (40–60

mesh) was placed into the center of the quartz reactor.
Firstly, He gas flow of 100mL/min was used to sweep off

for 2 h in order to eliminate the N
2
residue in the reactor

and then switched to the simulated exhaust. The reactor
was heated up to 50∘C, holden for 0.5 h, and then risen to
600∘C at a rate of 7∘C/min. NO, NO

2
, O
2
, and C

3
H
6
in the

gases before and after the catalytic reaction were analyzed
simultaneously online by gas chromatograph (GC-9890A,
Shanghai Linghua Instrument Company Limited) equipped
with column Porapak Q for separating N

2
O and CO

2
and

column molecular sieve 5A for separating N
2
, O
2
and CO.

The aging treatment is also carried out using the above-
mentioned fixed-bed flow microreactor. Catalyst samples
were exposed to a stream of gases containing 0.03% SO

2
and

10% vapor balancedwithArwith the total rate of 400mL/min
at the temperature of 720∘C for 10 h. Then, the same way as
described above was used to test the aged catalyst activity.

NO conversion was calculated using the following equa-
tion:

𝑋 =

(𝑐
1
− 𝑐
0
)

𝑐
1

× 100%, (1)

where 𝑋 is the conversion of NO and 𝑐
1
and 𝑐

0
are the

concentrations of NOx (NO, NO2, and N2O) before and after
the reaction, respectively.

3. Results and Discussion

3.1. Effect of Cu Content on NO Conversion. The NO con-
versions over the Cu/SAPO-34 catalysts with different Cu
contents were investigated using C

3
H
6
and NH

3
as the

reductant. The Cu content can be represented by the Cu/Si
atom ratio of the crystallization gel. In this paper, the Cu/Si
atom ratios included 0 (without Cu), 0.025, 0.05, 0.1, 0.2, and
0.4.

The NO conversions of the Cu/SAPO-34 catalysts with
different Cu/Si atom ratios are shown in Figure 1 ((a): C

3
H
6
-

SCR and (b): NH
3
-SCR). When the reductant was C

3
H
6
,

the NO conversions of all catalysts were below 70% in the
temperature range of 100–600∘C; Particulary, that of the
catalyst withoutCuwas below 20%. It can be also seen that the
NO conversions of the catalysts with Cu/Si atom ratios 0.05,
0.1 of and 0.2 were higher than these with Cu/Si atom ratios
of 0.025 and 0.4. The NO conversions of all Cu/SAPO-34
catalysts increased as the temperature increases from 100∘C
to 600∘C. Moreover, the NO conversions of all Cu/SAPO-
34 catalysts increased sharply at low temperature, while it
increased slowly at high temperature.

When the reductant was NH
3
, the NO conversions of all

catalysts were much higher than using C
3
H
6
as the reductant

in the temperature range of 100–600∘C. Particulary, at 600∘C,
theNO conversions of the Cu/SAPO-34 catalysts can reach to
about 96% using NH

3
as the reductant, while it only reached

65% using C
3
H
6
as the reductant. In addition, like C

3
H
6
, the

NO conversions of the catalysts with Cu/Si atom ratios from
0.05 to 0.2 were higher than these with Cu/Si atom ratios of
0.025 and 0.4.

On the basis of the above results, it can be concluded that
as the Cu/Si atom ratios of the crystallization gel were in the
range of 0.05–0.2, the de-NOx activity of the Cu/SAPO-34
catalysts was better than others.

The XRD patterns of the Cu/SAPO-34 catalysts with dif-
ferent Cu contents are shown in Figure 2. It can be obviously
found that all samples have SAPO-34 characteristic peaks
around 2𝜃 = 9.45∘∼9.65∘, 16.0∘∼16.2∘, 17.85∘∼18.15∘, 20.55∘∼
20.9∘, 24.95∘∼25.4∘, and 30.5∘∼30.7∘, indicating that SAPO-
34 was successfully formed using in-situ hydrothermal syn-
thesis. As the Cu content increases, the peaks position of all
the samples do not change. It indicates that the amount of
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Figure 1: Effect of the Cu contents of crystallization gel of Cu/SAPO-34 on NO conversion (GHSV: 10,000 h−1).
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Figure 2: XRD patterns of SAPO-34 catalysts with different Cu
contents in the crystallization gel.

Cu content has no effect on the CHA structure of SAPO-
34. Besides, it should be noted that the peaks became higher
and sharper as the SAPO-34 was modified by Cu because
the introduction of Cu into the framework could reduce the
crystal defects and increase the crystallinity [23–26]. It is
also found that no peaks related to CuO and Cu

2
O species

appeared in the XRD spectrum of catalyst, indicating that the
Cu loadings were low or the Cu species were not big enough
to be detected [27, 28].

The SEM images of the Cu/SAPO-34 catalysts with
different Cu contents are displayed in Figure 3. The mor-
phology features of the Cu/SAPO-34 catalysts with different

Cu contents were compared with those without Cu. It can
be found that all the samples were cubic crystals with
similar averaged sizes (0.6–2𝜇m), which suggested that the
addition of Cu did not change the CHA structure and crystal
morphology of SAPO-34. It is consistent with the XRD
results. When the Cu/Si atom ratios were 0 and 0.025, there
was no random-shaped material around the cubic crystals.
Some random-shaped materials appeared as the Cu content
in Cu/SAPO-34 catalysts increased. When the Cu/Si atom
ratio was 0.2, the surface of the crystals was nearly covered
with the random-shapedmaterial.When theCu/Si atom ratio
was 0.4, big cubic SAPO-34 crystals were formed with the
random-shaped material. It should be noted that the relative
crystallinity of all the samples was above 92% (Table 1). It
means that the random-shapedmaterial was not copper oxide
and they could be SAPO-34 crystals with different crystal
morphologies. Thus, it can be deduced that the high Cu
content could change the morphology of SAPO-34 crystal.

For clarifying the effect of different Cu contents in
Cu/SAPO-34 explicitly, the physical properties of samples
are summarized in Table 1. It is notable that the Cu/Si atom
ratios of Cu/SAPO-34 catalysts were quite different from
these of precursor solution, but the trend was inconsistent.
It indicated that only a part of Cu could enter into the pore
and the skeleton of SAPO-34. In addition, it can be seen
from Table 1 that the range of grain sizes of the Cu/SAPO-
34 catalysts became smaller as the Cu/Si ratio increases
from 0 to 0.2. The smaller grain sizes may be beneficial to
the catalytic activity. The sample 𝑒 (Cu/Si = 0.2) has the
highest crystallinity and the smallest grain sizes among the
six samples, which is consistent with its high de-NOx activity.
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Figure 3: SEM images of Cu/SAPO-34 catalysts with different Cu contents ((a): Cu/Si = 0, (b): Cu/Si: = 0.025, (c): Cu/Si = 0.05, (d): Cu/Si =
0.1, (e): Cu/Si = 0.2, and (f): Cu/Si = 0.4).

Table 1: Physical properties of the Cu/SAPO-34 catalysts with different Cu contents.

Physical properties Samples
a b c d e f

Cu/Si atom ratio of initial gel 0 0.025 0.05 0.1 0.2 0.4
Cu/Si atom ratio of Cu/SAPO-34 0 0.023 0.038 0.065 0.120 0.171
Relative crystallinity % 98.36 94.21 93.81 94.83 99.65 92.18
Grain size/𝜇m 0.6–2.0 1.5–2.0 1.2–2.0 0.8–2.0 1.0–1.5 0.6–18

3.2. Activity Test of Pd Modified Cu/SAPO-34. For further
improving the de-NOx activity of the Cu/SAPO-34 catalysts,
the noble metal Pd was introduced into the Cu/SAPO-
34 catalysts with Cu/Si = 0.05 and 0.2 by impregnated
using Pd(NO

3
)
2
as precursor. The Pd loading on catalyst

was 0.5% (denoted as PdCu/SAPO-34). Figure 4 illustrates
the NO conversions of the PdCu/SAPO-34 catalysts. The
experimental GHSV is 40,000 h−1, which is close to the real
diesel engine exhaust.

When C
3
H
6
was used as reducing agent and the tem-

perature was below 300∘C, the NO conversions of the
PdCu/SAPO-34 catalysts were similar to the samples without
Pd. However, when the temperature rises from 300∘C to
600∘C, the advantage of Pd became significant. The NO
conversions of PdCu/SAPO-34 catalysts were much higher
than these of Cu/SAPO-34 catalysts and it can reach to
around 70%. It is also found that the de-NOx activities of the
PdCu/SAPO-34 catalysts with Cu/Si = 0.2 were superior to
these of Cu/Si = 0.05, especially, at the higher temperature.

When NH
3
was used as reducing agent, the NO conver-

sions of the PdCu/SAPO-34 catalysts were similar to those of
the Cu/SAPO-34 catalysts, especially, at the low temperature.
The de-NOx activities of the PdCu/SAPO-34 catalysts with
Cu/Si = 0.2 were higher than these with Cu/Si = 0.05, and
the maximum of the NO conversion can reach to 90%. That
is because the reaction between NH

3
and NO with low

activation energy is quite easy [29]. According to the previous
reports [30], the ammonium ion would react with the NO-
Pd2+ species to give N

2
. Similarly, the activity of the Pd

modifiedCu/SAPO-34 sampleswas superior to thosewithout
Pd, especially, at the high temperature.

3.3. Antiaging Performance of Catalysts

3.3.1. Cu/SAPO-34 Catalysts. The effects of aging on the de-
NOx activity of the Cu/SAPO-34 catalysts with Cu/Si = 0.2
and Cu/Si = 0.05 were shown in Figures 4(a) and 4(c). The
NO conversion of the two kinds of the Cu/SAPO-34 catalysts
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Figure 4: NO conversion of PdCu/SAPO-34 and Cu/SAPO-34 catalysts (GHSV: 40,000 h−1).

decreased sharply after aging for C
3
H
6
-SCR, especially, when

the temperature is in the range of 200–600∘C. For NH
3
-

SCR, the NO conversions of the two kinds of Cu/SAPO-
34 catalysts decreased slightly at low temperature, but it
decreased significantly as the temperature was above 200∘C,
particularly, for the sample with Cu/Si = 0.05.

Figure 5 illustrates the XRD patterns of the Cu/SAPO-
34 catalysts before and after aging. The intensities of the
characteristic peaks weakened after aging compared with the
fresh samples, which indicated that the aging process had a
negative effect on the crystallinity. It may be the reason for
the decrease of the de-NOx activity.

In order to investigate the effect of aging on the morphol-
ogy and structure of the Cu/SAPO-34 catalysts, the samples
before and after aging were characterized by SEM and the
results are shown in Figure 6. Comparing with the fresh
samples, more random-shaped materials were found around
the crystal particles; the smooth and regular crystal grains
were partly destroyed, which leads to the decrease of the NO
conversion of the Cu/SAPO-34 catalysts.

3.3.2. PdCu/SAPO-34 Catalysts. The activity test of the
PdCu/SAPO-34 catalysts before and after aging in C

3
H
6

and NH
3
is also shown in Figures 4(b) and 4(d). The NO
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Figure 5: XRD patterns of Cu/SAPO-34 samples before and after aging.
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Figure 6: SEM images of Cu/SAPO-34 before ((a) and (b)) and after aging ((c) and (d)).

conversion of the two PdCu/SAPO-34 samples decreased less
than the samples without Pd after aging. Besides, the de-NOx
activities of the aged PdCu/SAPO-34 catalysts were superior
to that of the aged Cu/SAPO-34 catalysts. It indicated that the
addition of Pd can improve the antiaging performance of the
Cu/SAPO-34 catalysts.

The XRD patterns of the PdCu/SAPO-34 catalysts are
shown in Figure 7. Compared with Figure 1, it can be found

that the peaks positions are not remarkably changed by the
addition of Pd. No characteristic peak for Pd was visible,
which should be related to the low Pd addition amount. The
crystal type was still mainly occupied by the SAPO-34 cata-
lyst. The XRD patterns of the PdCu/SAPO-34 samples after
aging treatment are also displayed in Figure 7.The crystalline
types of samples before and after aging treatment had no
obvious changes and also mainly composed of the SAPO-34
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Figure 8: SEM images of PdCu/SAPO-34 before ((a) and (b)) and after aging ((c) and (d)).

catalyst. However, the peaks intensity of the SAPO-34 catalyst
corresponding to 2𝜃 = 16.0∘∼16.2∘, 17.85∘∼18.15∘, 20.55∘∼
20.9∘, 24.95∘∼25.4∘, and 30.5∘∼30.7∘ was weakened obviously,
indicating that the aging treatment partially destroyed the
regularity and crystallinity of SAPO-34.

The SEM images of the PdCu/SAPO-34 catalyst with
Cu/Si = 0.05 and 0.2 are given in Figure 8. All of the samples
were mainly composed of the cubic crystal grains, which
were the SAPO-34 crystals surrounded by some random-
shaped materials. Comparing with the fresh samples, the
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aged samples hadmore random-shapedmaterials whichwere
the fragment of SAPO-34 crystals. It suggested that more
SAPO-34 crystals had been broken after aging treatment,
which resulted in the decrease of the NO conversion of the
PdCu/SAPO-34 catalysts.

It can be concluded that the de-NOx activity of the
Cu/SAPO-34 and PdCu/SAPO-34 catalysts had a decrease
due to the rupture of SAPO-34 crystals resulted by the aging
treatment. But the antiaging performance of PdCu/SAPO-34
catalysts was better than Cu/SAPO-34 catalysts.

4. Conclusions

The Cu/SAPO-34 catalysts were successfully prepared by in-
situ hydrothermal synthesis. The results of XRD and SEM
analysis indicated that the addition of Cu does not change
the CHA structure of SAPO-34 crystal and the prepared
Cu/SAPO-34 catalysts were cubic crystals with similar aver-
aged sizes (0.6–2𝜇m). But the high Cu content could change
the morphology of the SAPO-34 crystals. The Cu/SAPO-34
catalysts with Cu/Si = 0.05, 0.1, and 0.2 had better de-NOx
activities than other Cu/SAPO-34 and SAPO-34 catalysts.

The antiaging performance of the Cu/SAPO-34 and
PdCu/SAPO-34 catalysts was studied and the experiment
results suggested that the de-NOx activity of the Cu/SAPO-
34 and PdCu/SAPO-34 catalysts had a decrease due to the
rupture of SAPO-34 crystals resulted by the aging treatment.
However, the addition of Pd could improve the de-NOx
activity and antiaging performance of the catalysts.
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